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[bookmark: _p59pz7j2b97y]I. Additional Methodology
I.1. Database Construction
To support protein identification and subsequent phylogenetic analysis, three curated protein databases were generated, each corresponding to a different analytical stage:
· DB_Preliminary: Initial screening database including enamel-associated and systemic proteins (72 proteins, 296 entries) from three extant Ursus species (U. americanus, U. maritimus, U. arctos) and Ailuropoda melanoleuca. Sequences were retrieved from NCBI.
· DB_Main: Updated database excluding Ailuropoda and incorporating additional ursid proteins (76 proteins, 140 entries), including translated sequences from Ursus thibetanus japonicus obtained from previous published whole-genome data.
· DB_Validation: A reduced and highly conservative set (21 proteins, 76 sequences) including only proteins consistently detected across multiple fossil samples with strong peptide support. This database served as the final reference for SAP confirmation and sequence reconstruction.
All three databases included a set of systemic proteins (e.g., AHSG, ALB, SERPINA1, SERPINC1 and APOA1). Although these proteins are not enamel-specific, they have been repeatedly identified in both modern and fossil enamel proteomes [1-3] and are considered recurrent components of the enamel proteome beyond the core enamel-specific proteins. 
Genomic Reconstruction of Ursid Proteins. Protein sequences from U. thibetanus japonicus and U. spelaeus were reconstructed when full or reliable reference proteins were unavailable. Sequence processing and protein translation were performed on the Castilla y León Supercomputing Infrastructure (SCAYLE; https://www.scayle.es/).
For the modern genome of Ursus thibetanus japonicus (~30×), raw sequencing data were obtained from the ENA (DRR320311) [4], derived from blood and hair of a male individual. Reads were quality-filtered and trimmed using fastP v0.20.4 [5], discarding those shorter than 30 bp. Paired-end reads were merged and mapped to the Ursus arctos reference genome (RefSeq GCF_023065955.2) [6] using BWA mem v0.7.17 [7]. Duplicates were removed with biobambam v2.0.35 [8] with the bammarkduplicates command. Variant calling was performed with GATK HaplotypeCaller algorithm [9]. Gene coordinates (coding sequences) were extracted from genome annotations [6]. Protein translation was carried out in silico using internally developed Python scripts [2,  https://github.com/RicardoFong/primate_enamelome]. This workflow yielded nearly complete sequences for 16 proteins, including AMELX, ENAM, AMBN, AMTN, COL17A1, COL1A1, ALB, ODAM, MMP20, SERPINC1, COL2A1, AHSG, KLK11, SERPINF1, and F2.
For Ursus spelaeus, an ancient genome (~2.85×) from Cova Eirós (Galicia, Spain) was obtained from the ENA (ERR2678619 and ERR2678620) [10]. The individual, dated to ~31 ka [11], corresponds to specimen E-VD-1838, also analyzed proteomically in this study. Given the degraded nature of ancient DNA, a modified pipeline was used: reads were trimmed and merged using fastp, then mapped to the Ursus arctos genome with BWA v0.7.74 [12] with the aln algorithm. Duplicates were removed with biobambam as described before. Base calling was performed using ANGSD with dofasta option[13], coding sequences were obtained through in-house bash scripts, and protein translation followed a modified version of the previously described Python-based protocol. Five enamel-related proteins were successfully reconstructed: AMBN, AMTN, MMP20, ODAM and SERPINC1. Missing regions were completed using consensus sequences generated with EMBOSS Cons [14] from homologous alignments within the reference set. These sequences were not used for peptide searches, but only for independent validation, avoiding circularity. 
Amelogenin (AMELX/AMELY) reconstruction. To enable peptide-based sex determination, AMELX and AMELY isoforms were reconstructed for Ursus arctos because database versions were incomplete. Canonical AMELX transcript of Ailuropoda melanoleuca (Ensembl v112, ENSAMET00000045715.1) was retrieved and translated. For Ursus arctos, the X and Y chromosome assemblies (RefSeq CM057520.1 and CM057521.1) were obtained from NCBI (PRJNA807323). Homologous regions corresponding to AMELX and AMELY exons were identified using BLAST+ v2.13.0+ with the following commands:
blastn -db Y_scaff_pbio_hap2.fasta -query ailme_amelx.fa -out ursarctos_amely.out
blastn -db X_scaff_pbio_hap2.fasta -query ailme_amelx.fa -out ursarctos_amelx.out
Exons were translated into amino acid sequences using the ExPASy Translate Tool [15] and assembled into full-length AMELX and AMELY proteins. These sequences were incorporated into the “DB_Main” and “DB_Validation”. To increase sequence diversity, AMELX proteins from Ursus maritimus and Ailuropoda melanoleuca were also included.
I.2. Protein Identification Parameters and Search Engines
Mass spectrometry data were processed using MaxQuant v2.0.2 [16] and PEAKS Studio Xpro v10.6, whose complementary strengths (database-dependent identification vs. powerful de novo detection) increased peptide recovery and SAP discovery. A two-stage approach was adopted for the peptide search, with a final stage for sequence validation:
· MQ1 – Preliminary search. MaxQuant search against DB_Preliminary to identify candidate proteins and estimate basic coverage.
· MQ2 – Main search. Parallel MaxQuant and PEAKS searches against DB_Main, which included reconstructed proteins and candidate SAPs predicted by the PEAKS SPIDER module.
· MQ3 – Validation search. MaxQuant search against the conservative DB_Validation to confirm protein identities and filter SAPs. High-confidence peptides uniquely identified in PEAKS were incorporated only if they met strict criteria: robust spectra, endogenous PTMs, and reproducibility across engines.
The final dataset used for all analyses presented in this study corresponds to the MQ3 workflow. Previous to sequence reconstruction, the results obtained in this third search were combined with the results from the advanced search in PEAKS to increase, in some cases, the coverage of the identified protein sequences. Any SAP observed by PEAKS was accepted only if validated in MQ3 under MaxQuant, ensuring consistency across platforms.
I.3. Sequence Reconstruction and SAP Identification
Protein reconstruction from ancient peptide fragments was carried out using a combined automated–manual workflow designed to maximize accuracy while minimizing false positives, particularly for single amino acid polymorphisms (SAPs).
Reconstruction of Sample-Specific Protein Sequences. For the reconstruction of proteins from ancient peptide fragments, MaxQuant output files (summary.txt, msms.txt, evidence.txt) were processed using an adapted semi-automated R pipeline [17] to map peptide coordinates onto the DB_Validation reference proteins, producing preliminary FASTA reconstructions for each specimen. All discrepancies between MaxQuant-derived sequences and de novo suggestions from MaxNovo and PEAKS were inspected manually. 
Peptides were excluded when they met one or more of the following criteria:
· Low-quality MS/MS spectra, including poor ion coverage, low Andromeda scores (<70), or absence of a consistent b/y ion series across the peptide sequence (limited gaps at terminal positions were tolerated).
· Very low signal intensity relative to background noise (< 20%).
· Peptides likely of non-endogenous origin (e.g., microbial or contaminant sequences).
Peptides uniquely identified by PEAKS were incorporated only if they satisfied the following conditions:
· Consistent recovery across PEAKS modules (de novo, DB and SPIDER).
· High-quality spectra, with well-resolved b/y ion series.
· Presence of ancient-typical PTMs, such as deamidation or hydroxylation.
· No conflicting evidence in overlapping peptides detected by MaxQuant.
Final sequences were exported in FASTA format. Ambiguous residues were denoted by a hyphen ("-") to indicate gaps in the sequence reconstruction.
SAP Identification and Validation. A multi-criteria validation framework was applied to all SAP candidates detected across search engines.
Candidate SAPs initially identified in PEAKS were also considered for further validation en MaxQuant even when supported by a single PSM, provided that the MS/MS spectra showed a high- quality fragmentation. These candidates where evaluated in MaxQuant (MQ2 and MQ3) to confirm their presence.  A variant was retained only when satisfying all of the following requirements:
· Redundant peptide-level support: at least two PSMs and/or overlapping peptides containing the same amino acid substitution [18,19].
· BLAST validation: peptides were aligned against public protein databases to confirm their taxonomic assignment and consistent alignment to the homologous position within the reference protein sequence.
· High-quality fragment-ion evidence: manual inspection of MS/MS spectra confirming clear ion series across the variable residue.
· PTM consideration: potential interference from PTMs (especially deamidation at N/Q) were evaluated to exclude modification-derived artefacts.
· Nucleotide substitution plausibility: substitutions were required to be compatible with realistic single-base or chemically plausible double-base changes.
· Reproducibility: where possible, recurrence of the same substitution across multiple specimens from the same species or stratigraphic context was considered as additional support.
SAPs meeting all criteria were considered high-confidence and retained for analysis. This filtering explains why, out of the 48 substitutions detected across all proteins, only a subset, including AMBN-249, AMBN-278 and SERPINA1-341, qualified as robust lineage-informative markers.
[bookmark: _Hlk227829103]I.4. Phylogenetic Methods and Tree Reconstruction
12 proteins were included in the final phylogenetic dataset: AHSG, ALB, AMBN, AMELX, AMTN, COL1A1, COL17A1, ENAM, MMP20, ODAM, SERPINA1, SERPINC1. The dataset includes both enamel-specific proteins, collagens and systemically expressed proteins (AHSG, ALB, SERPINA1, SERPINC1). Although their incorporation in enamel proteome may reflect more complex biological pathways, their inclusion increases the number of informative positions available for phylogenetic analysis. Proteins were selected based on the following criteria:
· Functional relevance (enamel-associated or highly expressed in the enamel proteome), in line with previous palaeoproteomic studies [17-20].
· Sequence variability, quantified as the number of validated SAPs supported across specimens.
· Reconstruction reliability, with priority given to proteins showing robust and overlapping peptide coverage.

In addition to proteins showing high numbers of informative SAPs, a subset of more conserved proteins (e.g., COL1A1, AMELX) was also retained due to their high sequence coverage. Although these proteins contribute limited amino acid variation, their inclusion helps avoid overrepresentation of highly variable loci and provides a more balanced representation of the recovered proteome. This approach reduces potential bias in phylogenetic inference and is consistent with recent work highlighting differences in evolutionary rates and informational content across enamel and collagen proteins [21].
For sequence reconstruction and downstream phylogenetic analyses, when multiple variants occurred at the same site, the amino acid supported by the highest number of high-confidence PSMs was selected. This step is required by FASTA format constraints, which allow only a single residue per position. As a result, in cases of heterozygosity, the majority-supported amino acid was retained for downstream phylogenetic analyses. While this approach enables the generation of complete alignments, it may lead to the loss of biologically relevant variation and should therefore be interpreted with caution.
To maximize phylogenetic signal and reduce missing data, consensus sequences were generated for phylogenetic analyses at the level of species, site, and stratigraphic unit using EMBOSS Cons (European Bioinformatics Institute, EMBL-EBI). This strategy increased coverage in poorly sampled regions and improved the robustness of downstream analyses. A conservative filtering scheme was applied, whereby only specimens displaying consistent amino acid patterns were merged, while sequences with ambiguous positions, were excluded from species-level consensus construction.
Despite this conservative framework, the use of consensus sequences may still obscure intra-population variability, including heterozygous positions and site-specific variation observed such as AMBN-249. As such, the resulting phylogenetic reconstructions primarily reflect dominant sequence patterns and should not be interpreted as capturing the full extent of underlying population-level diversity.
The origin of the sequences included in each species-level consensus is detailed below:
· For Ursus dolinensis, all specimens from level TD4 of Gran Dolina were merged.
· For Ursus deningeri, samples from Sima de los Huesos, Cueva Mayor, and Sala de las Oseras were combined.
· For Ursus spelaeus, sequences from Cova Eirós and Coro Trasito, and specimen from Monte Cucco were merged.
Reference Databases for Comparative Alignment. Two taxonomically structured reference sets were compiled:
· Carnivora Reference Database (“Carnivora Dataset”): A broad panel of 11 species representing six families (Ursidae, Canidae, Mustelidae, Phocidae, Odobenidae, Felidae). This dataset includes 132 curated entries for the 12 proteins, primarily retrieved from NCBI (see Supplementary Dataset S1, Table S1.5 for accession numbers). Missing sequences were reconstructed from published genomes when needed. Panthera tigris served as the outgroup.
· Ursid Reference Database (“Ursidae Dataset”): Focused on intra-family resolution, including Ursus arctos, U. maritimus, U. americanus, U. thibetanus, and Ailuropoda melanoleuca (outgroup: Canis lupus familiaris). This dataset comprises 60 entries for the same 12 proteins, predominantly retrieved from NCBI (see Supplementary Dataset S1, Table S1.6 for accession numbers).
All reconstructed ancient protein sequences and reference proteins were aligned using MAFFT v7.520 [22]. Reference proteins from the comparative database were aligned using the following parameters:
mafft --amino --maxiterate 1000 --globalpair reference_db.fasta > aligned_reference_db.fasta
Reconstructed sequences from ancient samples were added using the --addfragments method to minimize misalignment due to gaps or missing data:
mafft --reorder --keeplength --addfragments cavebear_samples.fasta --auto aligned_reference_db.fa > final_msa_cavebear.fa
Alignments were visually inspected and corrected manually. To retain only the most phylogenetically informative regions, alignments were filtered using GBlocks [23], which removes ambiguous or poorly aligned regions. To address the ambiguity caused by isobaric amino acids leucine (L) and isoleucine (I), which are indistinguishable in ancient proteomics, all isoleucine residues were converted to leucines at variable positions. Signal peptides, when present, were removed based on annotations from UniProt, with the exception of COL17A1, where the signal peptide was retained. Final per-protein alignments were concatenated in the following order: 
AHSG, ALB, AMBN, AMELX, AMTN, COL1A1, COL17A1, ENAM, MMP20, ODAM, SERPINA1, and SERPINC1.
Two concatenated alignments were generated based on the reference database used: a Carnivora-wide dataset and a Ursidae-focused dataset. Both alignments comprised 6614 amino acid positions. Non-missing positions per specimen (excluding gaps and ambiguous residues) were consistent across modern samples (~6600 positions), while fossil specimens showed reduced coverage, ranging from 1461 to 2528 positions (Table S1). Missing or unobserved sequence positions were encoded as "?" in final FASTA format.
	Especies
	No-missing positions

	Mustela erminea
	6600

	Mustela putorius furo
	6398

	Phoca vitulina
	6255

	Mirounga leonina
	6019

	Odobenus rosmarus
	6581

	Panthera tigris
	6595

	Canis lupus familiaris
	6598

	Ailuropoda melanoleuca
	6603

	Ursus americanus
	6569

	Ursus arctos
	6602

	Ursus maritimus
	6606

	Ursus thibetanus
	6604

	Ursus dolinensis
	1461

	Ursus spelaeus
	2528

	Ursus deningeri
	2278


Table S1. Summary of the number of non-missing amino acid positions per specimen in final concatenations, excluding gaps and ambiguous residues.
Phylogenetic Inference. Phylogenetic relationships were inferred from the concatenated protein alignments using both maximum likelihood (ML) and Bayesian inference (BI) methods:
· ML analyses were performed with IQ-TREE v1.6.12 [24] using partition-specific models selected by ModelFinder [25]. Ultrafast bootstrap (5,000 replicates) was used to assess node support. Main command: 
iqtree -nt 4 -s Namefile_concatenated.fasta -spp $partfile -alrt 5000 -bb 5000 -nstop 500 -nm 10000 -wsplits -pre $outdir
· MrBayes v3.2.7a [26] was used with the same partitioning scheme as in IQ-TREE. Each protein was defined as a separate partition with unlinked parameters. The mixed amino acid model prior was used to allow model averaging across substitution matrices:
mcmc nchains=8 nruns=4 ngen=3000000 samplefreq=100 diagnfreq=1000 burninfrac=0.25
All phylogenetic trees were visualized and annotated in R using the ape package. Final trees display both ML bootstrap values and Bayesian posterior probabilities where applicable.

I.5. Deamidation and Oxidation rates 
Deamidation of glutamine (Q) and asparagine (N), together with oxidation of methionine (M) and proline (P), was quantified using a custom script. The script calculates conversion ratios between modified and unmodified residues, normalized to peptide spectrum matches (PSMs), and validated by 1000 bootstrap replicates. Early Pleistocene specimens displayed more advanced diagenesis, with lower yields and shorter peptides.
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[bookmark: _cdvqknf4dfja]II. Supplementary Results
II.1. Proteomic Recovery Intensity
Relative peptide intensities (log10-transformed) were compared with the number of peptide-spectrum matches (PSMs) for all specimens (Main Text, Fig. 2A). Across the dataset, Pleistocene samples show comparable intensity values, while the modern Ursus arctos individual exhibits the expected higher abundance characteristic of fresh enamel. Some Middle and Late Pleistocene specimens display higher PSM counts than the modern bear despite comparable intensity. This mismatch reflects differences in spectrum assignment efficiency rather than true protein abundance, since intensity quantifies peptide signal directly, whereas PSM counts depend on database matching and fragmentation behavior. Thus, intensity provides a complementary metric of preservation, confirming that peptide abundance aligns with the expected diagenetic gradient even when PSM numbers vary. All samples were analyzed using identical extraction, LC–MS/MS, and instrument settings.

[image: ]
Figure S1. Total peptide intensity (log10 scale) across all enamel samples.

II.2. SAP Validation
A complete summary of all identified SAPs across specimens, including their phylogenetic support and confidence classification, is provided in Dataset S3- SAP Identification and Phylogenetic Support. The distribution of validated single amino acid polymorphisms (SAPs) varies across enamel and serum proteins. Enamel proteins such as AMBN and ENAM show the highest number of substitutions, while proteins including MMP20 and AHSG carry only limited variation. Some SAPs appear restricted to single individuals, whereas others are shared across multiple taxa or temporal ranges. Figure S2 illustrates the distribution of SAPs along the aligned protein sequences, highlighting regions of concentrated variability, whereas Table S1 lists all variations and their corresponding proteins, classified by phylogenetic significance.
[image: ]Figure S2. Distribution of identified single amino acid polymorphisms (SAPs) across protein sequences. Lollipop plot depicting variable amino acid positions along enamel and serum proteins. Each marker represents a SAP, scaled by frequency.

[image: ]
Table S2. Single amino acid polymorphisms (SAPs) identified in enamel and serum proteins. Summary of proteins with their respective number and positions of SAPs, including novel variants.


[bookmark: _5gv21skjt5at]II.2.1. SAP AMBN-249 (Y→S)
The AMBN-249 substitution [tyrosine (Y) → serine (S)] is consistently present in all Middle and Late Pleistocene U. deningeri and U. spelaeus specimens, as well as several individuals assigned to Ursus sp. (Main Text, Figure 3). High-quality, overlapping spectra from both MaxQuant and PEAKS confirm this variant (Figure S3- Figure S6).
[image: ]
Figure S3. Selection of mass spectra and corresponding fragment ions covering AMBN-249 obtained with MaxQuant from Ursus spelaeus specimens. (A) Sample CT.1. (B) Sample CT.2.
[image: ]
Figure S4. Selection of mass spectra and corresponding fragment ions covering AMBN-249 obtained with MaxQuant in Vis.1 sample Ursus deningeri.
[image: ]Figure S5. Selection of mass spectra and corresponding fragment ions covering AMBN-249 obtained with MaxQuant from Ursus deningeri specimens. (A) Sample TK.2. (B) Sample TK.1. (C) Sample TK.A3. (D) Sample TK.B5. 
[image: ]
Figure S6. Selection of mass spectra and corresponding fragment ions covering AMBN-249 obtained with MaxQuant in MC.A3 sample Ursus spelaeus.
In addition, two specimens (ARO.1 and TD8.J21) show evidence of heterozygosity at this position: both the reference and substituted peptide variants were identified within the same individual, with co-occurring spectra supporting true heterozygosity rather than analytical noise. All corresponding spectra are presented below, with annotated ion series confirming each variant.
Sample TD8.J21 from TD8 level in Gran Dolina Site, shows clear evidence of heterozygosity, with both tyrosine (Y) and serine (S, derived state) variants detected. Independent identifications from MaxQuant (Figure S7 and Figure S8) and PEAKS (Figure S9) confirmed the presence of both forms in equal proportions, with peptide-spectrum matches (PSMs) supporting each amino acid at 50%,ruling out analytical noise. Consistent post-translational modifications were observed in spectra of both variants.
[image: ]
Figure S7. Mass spectra and corresponding fragment ions covering AMBN-249 in TD8.J21 Ursus deningeri, obtained with MaxQuant. (A) Peptides containing serine (S). (B) Peptides containing Tyrosine (Y).
[image: ]
Figure S8. Peptide and fragment-ion coverage of AMBN; position 249 in specimen TD8.J21, marked with a red asterisk.
[image: ]
Figure S9. Mass spectra covering AMBN-249 in TD8.J21 Ursus deningeri obtained with PEAKS. (A) Unique peptides containing Y. (B) Unique peptides containing S.

Sample ARO.1 from Aroeira Site, shows tentative evidence for heterozygosity. MaxQuant identified a peptide carrying S, while PEAKS recovered both Y-containing peptides and one additional S peptide supported by a low-quality spectrum (Figure S10). Although engine-specific discrepancies and limited spectral support caution against over-interpretation, the co-occurrence of Y and S at this site is consistent with putative heterozygosity in this specimen.
[image: ]
Figure S10. Mass spectra and corresponding fragment ions covering AMBN-249 in ARO.1 Ursus deningeri (A) Unique peptides containing S obtained by PEAKS and MaxQuant. (B) Unique peptides containing Y obtained by PEAKS.

[bookmark: _siz786sdzxga]II.2.2. SAP AMBN-278 (L→V)
The AMBN-278 substitution was identified exclusively in the Sala Fantasma specimen SF30.A (Figure S11). Multiple overlapping peptides from both MaxQuant and PEAKS confirming the presence of a residue change from leucine (L) to valine (V) (Figure S12 and Figure S13). This substitution could be explained by a single nucleotide change affecting the codon for leucine (CUU, CUC, CUA, or CUG) into a codon for valine (GUU, GUC, GUA, or GUG), consistent with a transversion at the first nucleotide position. Both L and V are hydrophobic and nonpolar, suggesting that this substitution is unlikely to drastically alter the protein’s structure or function. 
[image: ]
Figure S11. Multiple sequence alignment of the ameloblastin (AMBN) protein generated with Jalview using the comparative dataset, showing the variable positions AMBN-249 and AMBN-278, with the latter highlighted by a red asterisk.
[image: ]
Figure S12. Mass spectra and corresponding fragment ions covering AMBN-278 in SF30.A Ursus sp. using MaxQuant, highlighted by a red asterisk.

[image: ]
Figure S13. Peptide and fragment-ion coverage of AMBN; position 278 in specimen SF30.A (Ursus sp.) marked with a red asterisk.
[bookmark: _89hy55ollmv5]II.2.3. SAP SERPINA1-341 (N→T)
The substitution at SERPINA1-341 [asparagine (N) → threonine (T)],  is widespread among Middle and Late Pleistocene U. deningeri, U. spelaeus, and several Ursus sp. individuals, as well as one U. arctos. Early Pleistocene specimens consistently retain the N. High-confidence spectra from both search engines confirm the substitution (Figure S14- S17).
[image: ]
Figure S14. Mass spectra and corresponding fragment ions covering SERPINA1-341 in TD10.4.J11 Ursus deningeri. (A) Unique peptides containing Threonine obtained by MaxQuant. (B) Unique peptides containing Threonine obtained by PEAKS.
[image: ]
Figure S15. Mass spectra and corresponding fragment ions covering SERPINA1-341 in Vis.1 Ursus deningeri specimen using MaxQuant.
[image: ]
Figure S16. Selection of mass spectra and corresponding fragment ions covering SERPINA1-341 obtained with MaxQuant from Ursus spelaeus specimens. (A) Sample EA.3. (B) Sample Ed.1. (C) Sample EG.1. (D) Sample EJ.1.


[image: ]
Figure S17. Selection of mass spectra and corresponding fragment ions covering SERPINA1-341 obtained with MaxQuant from Ursus deningeri specimens. (A) Sample SH.T18.L17. (B) Sample SH.Q20.F105. (C) Sample SH.T18.L75. (D) Sample SH.T16G.
The Monte Cucco Ursus samples reveal unusual signatures in SERPINA1. At position 341, both MC.879 and MC.A3 display T instead of the conserved asparagine (N) observed in all reference sequences. This variant is supported by overlapping peptides identified with MaxQuant and PEAKS (Fig. S22). In addition, MC.804 exhibits allelic diversity at position 355, with peptides containing lysine (K, ~75%) and methionine (M, ~25%). While K only matches U. americanus. Their co-occurrence suggests heterozygosity or unrecognized allelic variation at this site (Figure S20). These findings underscore that each Monte Cucco specimen carries a distinct proteomic signature, adding complexity to the evolutionary interpretation of the locus. A further possibility is misattribution of specimens, since U. spelaeus is also reported from Monte Cucco. However, the morphometric data do not support a reassignment to this taxon [27].
[image: ]
Figure S18. Variability in SERPINA1 from Monte Cucco specimens. (A) Multiple sequence alignment of SERPINA1 showing two variable sites (positions 341 and 355) in the Monte Cucco samples compared with the reference dataset. (B) Representative MS/MS spectra from MC.879 Ursus arctos, supporting the novel T substitution at position 341, identified with MaxQuant and PEAKS. (C) Equivalent spectra from MC.A3 Ursus spelaeus confirming the same substitution, identified with MaxQuant and PEAKS.
[image: ]
Figure S19. SERPINA1-355 variation in MC.804. Representative MS/MS spectra obtained with MaxQuant showing two coexisting variants at position 355.

II.2.4. SAP ENAM-269 (N→I)
ENAM-269 [asparagine (N)→ isoleucine (I)] was consistently detected in seven specimens of U. deningeri and U. spelaeus, as well as in U. maritimus, but not in U. dolinensis, where no peptide coverage was recovered at this site (Figure S20). High-confidence identifications and characteristic deamidation rates support authenticity [28]. At the nucleotide level, this change could result from two possible single-base substitutions (AAU→AUU or AAC→AUC), both requiring an A→U transition at the second codon position, although the exact codon change cannot be determined unambiguously from proteomic data alone. The presence of the same substitution in both cave bears and U. maritimus may reflect independent parallel evolution driven by similar selective pressures, or alternatively, complex demographic dynamics, given the documented hybridization of U. arctos with both U. maritimus and U. spelaeus [29,30]. Absence of Early Pleistocene coverage limits evaluation of its temporal origin (Figure S21).
[image: ]
Figure S20. Mass spectra and corresponding fragment ions covering ENAM-269 in several samples from the Middle and Late Pleistocene using MaxQuant. ENAM-1328 position is highlighted by a red asterisk.
[image: ]

Figure S21. Multiple sequence alignment of ENAM across different Carnivora species. ENAM-269 position is highlighted by a red asterisk.

II.3. Expanded Phylogenetic Trees
[bookmark: _GoBack]To complement the phylogenetic analyses presented in the Main Text, additional reconstructions were generated using both comparative datasets (Carnivora and Ursidae) and including all available specimens at the individual level (Figure S22- Figure S23). 
[image: ]
Figure S22. Bayesian phylogenetic tree generated using MrBayes and the “Carnivora Dataset”.

[image: ]
Figure S23. Maximum likelihood phylogenetic tree generated using IQTree and the “Ursidae Dataset”.

Analyses were restricted to specimens with sufficient peptide coverage. Individuals from Pirro Nord and Estació Vallparadís were excluded due to extensive fragmentation and limited SAP recovery: among the seven most informative sites, only AMBN-278 was detected consistently, and SERPINA1-355 was identified in two Vallparadís specimens (EVT7.1 and EVT12.2). Including these individuals would have introduced excessive missing data and reduced resolution.
Maximum likelihood analysis (Figure S24) recovered the expected split between arctoid and speleoid lineages, consistent with previous studies, although support values were moderate (bootstrap = 58/100). As in earlier analyses, Ursus maritimus clustered within the speleoid lineage, close to the divergence with U. arctos, albeit with weak support (IQ-TREE = 34/100). Notably, specimen SF30.A.G30 (Sala Fantasma, Ursus sp.) grouped with U. arctos with moderate support (IQ-TREE = 49/100), suggesting shared ancestry.
Bayesian inference (Figure S25) yielded a broadly congruent topology, generally recovering fewer resolved nodes but with higher posterior probabilities. In this framework, the separation between arctoid and speleoid lineages was not clearly recovered, and the placement of some specimens differed from the maximum likelihood reconstruction.
[image: ]
Figure S24. Maximum likelihood phylogenetic tree generated using IQTree and the “Ursidae Dataset”  including all recovered specimens.

[image: ]
Figure S25. Bayesian phylogenetic tree generated using MrBayes and the “Ursidae Dataset” including all recovered specimens.

II.4. Sex Determination: Peptides from AMELX/AMELY
The reconstructed Ursus arctos AMELX and AMELY sequences correspond to the canonical X- and Y-linked amelogenin isoforms. The present analysis focuses on the reference protein sequences used for database construction and peptide mapping. For consistency, amino acid positions are reported according to the AMELX sequence. These sequences reveal diagnostic sequence differences that enable sex determination in cave bear specimens. AMELX spans 201 amino acids, whereas AMELY comprises 182 amino acids, consistent with typical mammalian amelogenin divergence. Despite high overall identity (89.05%), several isoform-specific markers provide robust peptide-level differentiation: At the N-terminal region, AMELX contains an alanine at position 16, whereas AMELY displays a threonine (T), marking the earliest divergence point between the sequences (Figure S26). A single-residue deletion is observed relative to AMELX at position 45, where AMELY lacks a methionine present in AMELX. Further substitutions occur in the central portion of the sequence: at position 101, methionine in AMELX is replaced by valine in AMELY, while at position 104, leucine is replaced by valine. The most striking difference is located in the C-terminal domain, where AMELY exhibits an 18 amino acid deletion spanning positions 138–156 relative to the AMELX sequence, as defined in the reference sequence used for database construction. These features, particularly the deletion at position 45, substitutions at positions 101 and 104, and the C-terminal 18 aa deletion, produce distinct peptide signatures that were consistently detected in male individuals across the dataset. Multiple high-confidence MS/MS spectra from both MaxQuant and PEAKS confirm the presence of AMELY-specific peptides, ensuring reliable assignment. Importantly, absence of AMELY peptides must be interpreted cautiously: AMELY is naturally expressed at much lower levels (~10% of AMELX) [31], and allelic loss or taphonomic degradation can obscure its detection.
[image: ]
Figure S26. Alignment of reconstructed Ursus arctos AMELX and AMELY sequences. Amino acid alignment highlighting diagnostic differences between X- and Y-linked isoforms. Diagnostic ion series from representative peptides are shown below, illustrating the MS/MS fragmentation patterns that confirm the presence of the Y-specific isoform in male specimens. Amino acid positions are reported relative to the AMELX sequence.
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