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Materials and Methods: 
 

The Grotte du Renne: Research history and chronostratigraphy 

Excavated between, primarily, 1948 and 1966 (1, 2), the Grotte du Renne (Arcy-sur-Cure) has 

gained prominence for a suggested direct attribution of “advanced” cultural artefacts found 

within the Châtelperronian layers, artefacts of a type often associated solely with AMHs, and 

hominins morphologically identified as Neandertals in the same layers (3, 4). As discussed in the 

main text, various hypotheses have been proposed to explain this association. Here we 

specifically test the hypothesis that the hominin remains in the Châtelperronian layers at the 

Grotte du Renne are Neandertals but derive from the underlying Mousterian (hypothesis d in the 

main text; (5, 6)). 

 The stratigraphy of the Grotte du Renne as described originally (1, 2) contains 3 

Châtelperronian layers (VIII, IX and X), overlying various Mousterian layers (of which layer XI 

directly underlies the Châtelperronian layer X). The uppermost Châtelperronian layer is capped 

by a Proto-Aurignacian layer (VII) and various additional Aurignacian and Gravettian layers. 

The general stratigraphy has been verified and confirmed more recently by a small-scale 

excavation (7). Complex taphonomic processes are common to cave deposits, and the Grotte du 

Renne is no exception. The front rows (1-6) display extensive sloping (6, 8), while digging 

and/or levelling activities have disturbed part of the Mousterian and Châtelperronian deposits in 

squares X14 to B11 (6, 9, 10). It is therefore not inconceivable that some mixing of material has 

occurred, as demonstrated by lithic refits between different Châtelperronian layers and the 

presence of outlying radiocarbon dates in constructed Bayesian models (5, 8, 11). In relation to 

hypothesis d, the question is to what extent this has affected the hominin remains at the site. 

Direct radiocarbon dating of hominin specimens is capable to test such a hypothesis, and has 

been applied elsewhere to other hominin specimens or specific artefacts to answer similar 

questions (12–15). 

Lithic refits are present between layers IX and X (8, 16), and therefore these 

archaeological layers are currently combined into a single phase for Bayesian modelling (8, 11). 

From the available Bayesian models, it seems there is additional evidence for the movement of 

specimens between the Châtelperronian layer VIII and the combined Châtelperronian layers 

IX+X (for example dates EVA-29, EVA-56 and possibly dates OxA-21577, OxA-21591 and 

OxA-21593). For the Bayesian modelling conducted here, we keep the phasing separate for layer 

VIII and layers IX+X. 

 

The Grotte du Renne sample selection and ZooMS COL1 screening 

Bone specimen selection was based on two criteria. First, we selected 69 bone specimens that 

were put aside during the Leroi-Gourhan excavations as possible hominin fragments (1, 2). All 

these specimens come from squares C7 and C8, Châtelperronian Layers Xb2 and X(c?). These 

bone specimens remained unanalyzed after their discovery and preserve few to no diagnostic 

criteria to substantiate a direct identification as hominin. Their post-excavation history seems to 

have been separate from other bone specimens from the site. Second, 127 bone specimens were 

selected based on the spatial association with Neandertal teeth and the temporal bone (17), 

hominin-modified artefacts (18) or a combination thereof. These latter specimens come from 

squares A7, A11, B7, B10, B11, C8, C9, C10, C11, C12, D8, D9, D10, Y11, Z13, in 

Châtelperronian Layers IX, Xb and Xc. 
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ZooMS screening (Fig. S1) was performed on bone samples weighing between 0.9 and 

64.9 mg using a non-destructive ammonium-bicarbonate buffer protocol (19) to screen for the 

presence of diagnostic peptide markers B and D, the mass values of which are guiding in the 

identification of a potential hominin (20–23). In the case of a positive or unidentifiable result, the 

remaining bone sample was demineralised in 200 µl 0.5 M HCl. After demineralisation, samples 

were centrifuged (1 minute at 13k rpm) and the acid supernatant, containing the acid-soluble 

protein fraction, was stored separately before resuspending the demineralised sample in 100 µl 

ammonium-bicarbonate buffer. Further extraction steps and analysis followed protocols outlined 

elsewhere (24). A blank was included during all stages of analysis to monitor the introduction of 

exogenous, contaminating, proteins. 

For positive hominin identifications, Qubit fluorimetry (Life Sciences) was performed on 

selected samples to assess protein concentration in the analysed extracts. 

Deamidation calculations were performed on ZooMS spectra obtained through ammonium-

bicarbonate buffer extraction to assess the exogenous/endogenous origin of the extracted 

collagen using the code described by (25) and compared to values obtained in a similar manner 

for ammonium-bicarbonate COL1 database extracts (see Collagen Type I database section). 

 

Palaeoproteomic extraction 

An additional sample of 83.1 mg of AR-30 was powdered using a sterile micropestle. The 

sample was incubated at room temperature for one day in 0.5M EDTA to demineralise, 

centrifuged and resuspended in ammonium-bicarbonate buffer (50 mM; Sigma). The solution 

was gelatinized at 65℃ for 1 hour, centrifuged, and the pellet resuspended in GuHCl/Tris-HCl 

(6.0 M; Sigma and Life Technologies). The ammonium-bicarbonate fraction is not analyzed 

here. After homogenization, the solution was stored at 4°C for one day to further gelatinize. 

After protein extraction, cysteines were reduced (5 mM DTT at 60℃ for 1 hour; Sigma) and 

alkylated (15 mM Chloroacetamide for 45 minutes in the dark; Sigma). Proteins were digested 

using trypsin (Promega) overnight at 37°C. Digestion was terminated by the addition of trifluoric 

acid (TFA; Sigma). Peptide elution and purification took place on C18 Stage Tips (Thermo 

Scientific), with elution conditions similar to those reported elsewhere (26). The pH was checked 

throughout and adjusted where needed. Blanks were included throughout all stages to monitor 

potential contamination, and included in subsequent LC-MS/MS analysis. Peptide concentrations 

were determined using Qubit (Life Technologies) following manufacturers protocol. The 

palaeoproteomic extract from AR-30 was analyzed independently twice in different LC-MS/MS 

runs (hereafter named AR-30A and AR-30B). 

 

LC-MS/MS analysis 

LC-MS/MS analysis was performed on three ZooMS extracts (samples AR-7, AR-16 and AR-

30) and two additional extracts from AR-30 (AR-30A and AR-30B). These extracts were 

selected based on their ZooMS protein concentration as determined by Qubit analysis (AR-7 and 

AR-16), or morphologically non-informative status that would also allow ancient DNA analysis 

(AR-30). Peptide extracts were dried down, resuspended and analyzed following Quadrupole-

OrbiTrap details presented in (27). All LC-MS/MS runs were preceded by blanks to avoid the 

possibility of protein carryover between runs. 

.raw files were converted to mgf files using ProteoWizard 3.0 (28) and merged for bone 

specimen AR-7 using MergeMGF (ProteinMetrics). Next, the obtained data was searched in a 

four-step process. First, .mgf files were searched against a custom collagen type I database (see 
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below) built de novo for this project and containing COL1 sequences and common lab 

contaminants for all relevant genera to verify the ZooMS MALDI-TOF-MS taxonomic 

identification. Second, .mgf files were searched against the reviewed human Swiss-Prot database 

(20,206 entries) and common lab contaminants (115 entries). Third, .mgf files were searched 

against the reviewed human Swiss-Prot database with the addition of archaic-specific 

substitutions present for human proteins identified in the second search. These three searched 

were all performed in PEAKS (29). Fourth, .mgf files were searched on Mascot against the 

complete UniProt database to estimate the presence of non-vertebrate proteins in the analyzed 

datasets. Significant spectral hits from this search were then removed from analyses of the other 

three searches. 

In the first three cases, files were searched using PEAKS 7 (de novo to SPIDER) using a 

precursor mass tolerance of 10.0 ppm and fragment ion tolerance of 0.07 Da. Precursor masses 

were automatically corrected by PEAKS to enable accurate detection of possibly deamidated 

glutamine and asparagine residues. For the first search, variable modifications were set for 

hydroxylation (P), oxidation (M) and deamidation (NQ). For samples AR-30A and AR-30B, 

carbamidomethylation (C) was set as an additional fixed modification. In each search, the 

maximum number of PTMs was set at 5, with a maximum number of 2 missed cleavages 

allowed at both sides of the peptide. Spectral matches were accepted with a False Discovery Rate 

(FDR) equal to 1.0%, protein matches were accepted with a cumulative -10lgP ≥ 20.0 and 1 

unique peptide in two different datasets or 2 unique peptides in one dataset. De novo only hits 

were inspected manually when ALC% ≥ 50.0. For the fourth search, Mascot parameters were 

similar to those in PEAKS. Spectral matches were accepted with a Mascot ion score ≥30 and a 

significance threshold of p < 0.05. The mass spectrometry proteomics data have been deposited 

to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier 

PXD003208. 
 

Collagen type I database 

To facilitate reliable taxonomic identification of Pleistocene bone and dental specimens we 

constructed a reference collagen type I database composed of species present in the Late 

Pleistocene of western Eurasia, including members of all present Mammalian genera that are 

medium- or larger-sized (30–35). Some of the used specimens have been analyzed genetically 

before (36, 37). The only genera absent from this database are Homotherium and 

Stephanorhinus, both of which make sporadic appearances in the faunal record of the region 

during MIS4/3(38, 39). Instead, we included samples from four extant Rhinocerotidae species 

(Diceros bicornis, Rhinoceros sondaicus, Rhinoceros unicornis, Dicerorhinus sumatrensis), 

while the COL1 sequence of the fifth extant rhino species (Ceratotherium simum) is available 

through genomic sources (Dataset S2). We included several species of Cervidae not present in 

our study region or chronological period as previous ZooMS studies reported the absence of 

discriminating peptide marker masses for some clades within this family (24, 40). In addition and 

to be complete, we include additional species for which ZooMS peptide markers have been 

published or for which COL1 sequences are available through genetic sources. 

Skin, bone, dental and antler specimens of 41 species (Dataset S2) were treated and 

analysed similarly to the Grotte du Renne bone specimens to extract COL1. Obtained peptide 

mass fingerprints were compared to published peptide marker libraries (20, 41–43). 

Next, COL1 sequences were obtained using de novo peptide sequencing for a subset of 

the analyzed species (n=27). Analytical procedures followed those detailed in (27). In short, 
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extracts previously analysed by MALDI-TOF-MS were analyzed using LC-MS/MS. Obtained 

.raw data were converted to .mgf files using ProteoWizard 3.0 (28). Data was searched against 

online available and previously published COL1 sequences (27) using PEAKS v.7 (29) with a 

FDR of 0.5% (other settings similar to those reported above for LC-MS/MS analysis). Leucines 

(L) were converted into isoleucines (I) as these two amino acids are isobaric and cannot be 

separated based on mass alone. 

On average, we obtained 91.8% coverage for the COL1 sequences for the analyzed 

species. These include the first available COL1 sequences for the Cervidae, a group which is 

difficult to separate based on ZooMS peptide marker series (24, 40), as well as a large number of 

carnivores. COL1 sequences include examples where increased taxonomic specificity can be 

achieved using LC-MS/MS analysis (amongst cervids, caballine versus non-caballine horses and 

differentiation among Felidae), as well as examples where COL1 sequences are identical 

between closely related species (for example within the genus Ursus). 

The obtained COL1 sequences, in addition to those obtained from online genetic sources 

(44, 45), as well as those published before (27, 46), comprise a total of 127 species in 105 

genera. For those species for which ZooMS peptide marker masses are present as well, both 

COL1 amino acid sequences and observed peptide masses agree with each other. Peptide marker 

masses for species with only COL1 sequences available were predicted using the amino acid 

sequence and inferred (MALDI-TOF-MS) or directly observed (LC-MS/MS) hydroxylation 

frequency for closely related species. We did not predict peptide markers C, P2 and E for 

Leporidae and Rodentia due to several inconsistencies between amino acid sequences available 

online through genetic sources and MALDI-TOF-MS peptide marker masses published 

previously. Taxonomic identification of these taxa can be achieved through observation of 

additional peptide markers for which such conflicts were absent. No peptide marker masses were 

predicted for Chiroptera as no COL1 MALDI-TOF-MS spectra or LC-MS/MS datasets are 

available for this order. 

This database facilitates confident ZooMS identification of MALDI-TOF-MS COL1 

spectra, as well as subsequent verification of such identifications using LC-MS/MS. The 

database can easily be expanded to cover contemporaneous faunal communities in adjoining 

regions or chronologically preceding Early and Middle Pleistocene faunal communities in 

western Eurasia (23). The COL1 mass spectrometry proteomics data have been deposited to the 

ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier 

PXD003190. Generated COL1 consensus sequences are attached in Dataset S1, while accession 

data, coverage and peptide marker masses used in this study can be found in Dataset S2. 

 

Ancient DNA extraction and library preparation 

Samples of 8.2 mg and 22 mg were removed from AR-14 and AR-30, respectively, using a 

sterile dentistry drill. Prior to DNA extraction, the bone powder was treated with phosphate 

buffer (47) to remove some of the microbial and modern human DNA typically present in 

ancient specimens. Two DNA extracts (E3293 and E3295) were prepared using a silica-based 

method (48) in the implementation of (47). Ten µL (20% of the total volume) of each extract 

were converted into DNA libraries (A9328 and A9330) using a single-stranded DNA library 

preparation method (49) as modified elsewhere (47). Extraction and library negative controls 

were included in the experiments. The number of DNA molecules in each library was 

determined by digital droplet PCR (QX200 system, Bio-Rad), using 1 µL of a 5,000-fold library 

dilution in EB buffer (10 mM Tris-HCl pH 8.0, 0.05% Tween 20) as a template in an Eva Green 
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assay (Bio-Rad) with primers IS7 and IS8 (50). Each library was amplified with AccuPrime Pfx 

DNA polymerase (Life Technologies) as described (51) but using indexed primers for both 

adapters (52) at a final concentration of 1 µM in a reaction volume of 100 µl. Fifty µL of each 

amplified library were purified using the MinElute PCR purification kit (Qiagen) and eluted in 

30 µL TE buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA). DNA concentrations of the purified 

libraries were determined using a NanoDrop 1000 Spectrophotometer. 

 

Mitochondrial DNA (mtDNA) captures and sequencing 

Amplified libraries were enriched for human mitochondrial DNA (mtDNA) using a bead-based 

hybridization method (53). Capture baits covering the mtDNA genome in 1bp tiling were 

designed using the revised Cambridge Reference Sequence (rCRS, NC_012920) and cleaved 

from a microarray as described in (53). Enriched libraries were pooled and sequenced on 

Illumina’s MiSeq platform in a double index configuration (2 x 76 cycles)(52). 

Overlapping paired-end reads were merged into single sequences (54) and mapped to the 

rCRS using the Burrows-Wheeler Aligner (BWA; (55)). BWA parameters were adjusted for 

ancient DNA sequences (“-n 0.01 –o 2 –l 16500”) by allowing more mismatches and indels and 

turning off the seeding(56). Only sequences with index reads that perfectly matched one of the 

expected index combinations were retained for further analysis. PCR duplicates were removed 

by calling a consensus from sequences with identical alignment start and end positions using 

bam-rmdup (https://github.com/udo-stenzel/biohazard). We restricted further analyses to 

sequences mapped to the rCRS that were 35bp or longer and had a mapping quality of at least 

30. 

 

Collagen extraction for isotopic analysis 

Bone collagen was extracted from 21 faunal bone specimens and 1 hominin fragment (AR-14) at 

the Department of Human Evolution, Max Planck Institute for Evolutionary Anthropology (MPI-

EVA), Leipzig, Germany, using the method described in (57). All faunal specimens come from 

Layers IX and X at the Grotte du Renne. In short, the outer surface of the bone is cleaned by a 

shot blaster and ≈500mg of the bone is taken and subsequently decalcified in 0.5M HCl at room 

temperature until no CO2 effervescence is observed. 0.1M NaOH is added for 30 minutes to 

remove humics and followed by a final 0.5M HCl step for 15 minutes. The resulting solid is 

gelatinized following Longin (1971) at pH3 in a heater block at 75°C for 20h. The gelatin is then 

filtered in an Eeze-Filter™ (Elkay Laboratory Products (UK) Ltd.), to remove small (<80 µm) 

particles, and ultrafiltered with Sartorius “Vivaspin Turbo” 30 KDa ultrafilters. Finally, the 

samples are lyophilized for 48 hours. 

To identify the preservation of the collagen, C:N ratios, %C, %N, collagen yield and δ
13

C 

and δ
15

N values must be evaluated. The C:N ratio should be between 2.9 and 3.6 and the 

collagen yield not less than 1% of weight (58, 59). Stable isotope analysis was conducted using a 

ThermiFinnigan Flash EA coupled to a Delta V isotope ratio mass spectrometer. δ
13

C values are 

measured relative to the V-PDB standard and δ
15

N values are measured relative to the AIR 

standard. 

For AR-14, 6.8 mg of the collagen was weighed into a pre-cleaned tin capsule and sent to 

the Mannheim AMS laboratory (Lab Code MAMS), where it was graphitized and dated (60). 

The date was corrected for a residual preparation background estimated from pretreated 
14

C free 

bone samples, kindly provided by the MAMS and pretreated in the same way as the 

archaeological samples.  
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1. ZooMS screening 
Frido Welker*, Matthew J. Collins, Ian Barnes, Selina Brace, John R. Stewart, Pepijn 

Kamminga, Francine David, Michėle Julien, Jean-Jacques Hublin 

*to whom correspondence should be addressed: 

frido_welker@eva.mpg.de/frido.welker@palaeo.eu 

 

We screened 196 bone specimens using a stepwise workflow for the presence of possible 

hominin bone specimens (Fig. S1). Ammonium-bicarbonate spectra indicative of hominine 

identifications were verified with subsequent demineralization of the same bone sample. In all 

cases such follow-up analysis confirmed initial ZooMS identifications (Fig. S2). As the 

workflow aimed to identify hominins, we did not follow-up on incomplete ZooMS peptide 

marker series obtained through ammonium-bicarbonate screening when these spectra allowed 

excluding an identification as hominin. We note that ammonium-bicarbonate spectra of some 

bone specimens, but not all, contain repetitive peptides in the mass range up to ≈1200 m/z (Fig. 

S2a). They likely result from the fractionation of a non-organic consolidate or preservative. Mass 

values associated to this series did not interfere with peptide marker identifications and were not 

present in follow-up acid demineralised spectra. In addition, no identifications were made solely 

based on peptide markers P1 and A, for which some peptide marker masses fall within the range 

where these repetitive peptides were present. 

Following this approach, Hominoidea marker B (1477.8 m/z) and the presence of 

Homininae-informative peptide markers D (2115.1 m/z) and F (2832.4 m/z; Tab.S1), 28 bone 

specimens were identified as hominines (Fig. S10). All these specimens come from squares C7 

and C8, the Grotte du Renne Layers Xb and X(c?). Based on ZooMS peptide markers, the 

correct taxonomic assignment of these specimens is as Homininae (extant genera Pan + Homo; 

(61)). This would not have been possible without an extensive peptide marker database including 

COL1 sequences from most medium and large-sized mammals present in western Eurasia during 

the Late Pleistocene, as well as the incorporation of COL1 sequences available through genetic 

sources of closely related species (eg. Hominidae). Furthermore, it facilitates verification of 

ZooMS identifications by subsequent LC-MS/MS analysis (see below). 

We assessed the presence of possible COL1 contamination from modern sources by 

obtaining deamidation values for two peptides (P1105 and P1706) (62). Deamidation values 

were calculated for all COL1 database bone specimens extracted using ammonium-bicarbonate 

buffer, all faunal specimen studied for Arcy, as well as all specimens identified as hominins, 

following (25). Focusing on peptides P1105 and P1706 (Fig. 1A; (25)), we identify that all 

modern and permafrost samples are not to barely deamidated (values of 0.0 or close to 0.0%), 

indicating that our ammonium-bicarbonate buffer extraction did not induce glutamine 

deamidation. This is in agreement with observations made elsewhere using the same extraction 

protocol (62, 63). It also corresponds with previous observations that deamidation is dependent 

on local preservation conditions rather than age, given the chronological difference between our 

modern bone specimens and the permafrost samples (which are around 10 ka old, Fig. 1A; (64)). 

All studied reference specimens of Pleistocene age display values around or slightly above 

50.0%. Deamidation values for the Arcy specimens are comparable between faunal and hominin 

specimens, with no significant differences between the two (t-tests; P1105: p=0.85; P1706: 

p=0.55). The values are slightly below those for the included Pleistocene reference samples, but 

comparable to the values reported for Les Cottés previously (62). Conversely, deamidation data 
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for the Arcy hominins is significantly different from that obtained for modern bone specimens (t-

test; p=2.31E-11). 

Database searching against the COL1 database using LC-MS/MS ZooMS extract data for 

AR-7, AR-16 and AR-30 verified the identification of the analyzed extracts as hominines, with 

hits to Homo sapiens having the largest number of spectrum-peptide hits. The number of unique 

spectrum-peptide hits could not be used a criterion as there are no Homo-specific substitution in 

either COL1 chain (Tab. S1). In addition to spectral matches covering positions COL1α1 784S 

and COL1α1 1194A, positive spectral matches to COL1α2 420P firmly identify these bone 

specimens as hominins (e.g., on the Homo side of the Homo-Pan split; Tab. S1). ZooMS extracts 

analyzed by LC-MS/MS were selected based on their ZooMS protein concentration as 

determined by Qubit analysis (AR-7 and AR-16), or morphologically non-informative status that 

would also allow aDNA analysis (AR-30).  
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2. Morphological description 
Jean-Jacques Hublin*, Frido Welker 

*to whom correspondence should be addressed: hublin@eva.mpg.de 

 

A total of 28 bone specimens were identified as homininae (see SI Appendix Section 1). These 

specimens are generally very small with an average size of 17.7 mm (±6.0) by 13.4 mm (±4.6). 

All these specimens are from squares C7 and C8, outside the sloping section of the cave 

stratigraphy and outside the area supposedly affected by digging/levelling activities (6). They 

derive from the Châtelperronian layers Xb2 and X(c?), and have associated stratigraphic and 

contextual information written on them with ink (similar to other bone specimens excavated 

from the Grotte du Renne). 

Below, a short morphological description of these 28 bone specimens follows. Due to the 

fragmentary nature of the specimens studied here, only in a small number of instances is a 

specimen attributed to an element or successfully sided (Fig. S10). 

 

AR-3 

Square C8; Layer Xb2. 

AR-3 appears to be a portion of the right zygomatic arch. The specimen preserves parts of the 

frontal, maxillary and temporal processes. The zygomaticofacial foramen is present, while the 

masseteric origin is not preserved. The initial suggestion that this specimen represents a hominin 

was confirmed by ZooMS. The specimen measures 26.0 x 14.2 mm. 

 

AR-5 

Square C8; Layer Xb2. 

AR-5 is a cervical vertebral element composed of an inferior articular surface and a portion of 

the pedicle and circumference of the foramen. Maximum dimensions are 13.2 x 8.8 mm. 

 

AR-6 

Square C8; Layer Xb2. 

AR-6 is a square fragment measuring 11.7 x 11.4 mm with thin cortical bone on both surfaces. 

 

AR-7 

Square C8; Layer Xb2. 

AR-7 comprises a left hemi-arch of a cervical vertebra. Anterior, both the lower and upper 

articular facets are partly preserved with trabecular exposure of both facets laterally. Part of the 

foramen transversarium is present although closure cannot be assessed as both the posterior and 

anterior bars are not preserved. Further, the neurocentral junction is not preserved either, 

preventing assessment of the closure with the centrum. Posterior, there appear two unfused 

surfaces, one directed medially and the other laterally. The absence of fusion of the neural arch 

suggests it represents an individual younger than 2 years (65). The relative size and shape 

exclude attribution to an axis or atlas (66). The trabecular exposure on the lateral side of both 

articular facets and the absence of a preserved transverse process inhibits the assessment of this 

specimen to a more specific typical cervical vertebra (65, 67). Width and thickness of the lamina 

were measured following (68) and compared to the Neandertal La Ferrassie 8 C3/C4 left hemi-

arch, C3/C4/C5 right hemi-arch and C6 left hemi-arch and found to to be consistent with similar 

dimensions (Tab. S13; (67)).  
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A sample of 10.1 mg was taken for initial ZooMS screening and subsequently analyzed 

by LC-MS/MS three times. 

 

AR-8 

Square C8; Layer Xb2. 

AR-8 is a rectangular fragment measuring 9.8 x 9.0 mm with thin cortical bone on both surfaces. 

 

AR-9 

Square C8; Layer Xb2. 

AR-9 is an irregular specimen with a U-shaped cross-section and a large open space in its center. 

The specimen retains cortical bone on the outer surface of the cross-section but is broken on both 

ends. An element could not be assigned to this specimen. 

 

AR-11 

Square C8; Layer Xb2. 

AR-11 has an unclear shape but preserves portions of cortical bone. The maximum dimensions 

are 13.5 x 9.7 mm. 

 

AR-12 

Square C8; Layer Xb2. 

AR-12 is a rectangular fragment measuring 13.8 x 12.8 mm with thin cortical bone on both 

surfaces. 

 

AR-13 

Square C7; Layer X(c?). 

AR-13 is a rectangular fragment measuring 13.9 x 11.4 mm with thin cortical bone on both 

surfaces. The specimen preserves a suture on 1 side. The closed or unclosed status of this suture 

is unclear. 

 

AR-14 

Square C7; Layer X(c?). 

AR-14 is a relatively flat fragment measuring 21.1 x 20.2 mm with cortical bone on both 

surfaces and a possible suture visible on the interior surface. This specimen was subsequently 

used for direct radiocarbon dating, stable isotope analysis and ancient DNA analysis. 

 

AR-16 

Square C7; Layer X(c?). 

AR-16 is a partial right maxilla preserving part of the infraorbital sulcus, the roof of the 

maxillary sinus and the infraorbital foramen. The suture to the zygomatic process is partly 

present as well. The maximum dimensions are 36.0 x 16.6 mm. The initial suggestion that this 

specimen represents a hominin was confirmed by ZooMS. 

A sample of 31.2 mg was taken for initial ZooMS screening and subsequently analyzed 

by LC-MS/MS once. 

 

AR-29 

Square C7; Layer X(c?). 
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AR-29 is a slightly curving square piece with thin cortical bones on both sides. The maximum 

dimensions are 30.2 x 30 mm. 

 

AR-30 

Square C7; Layer X(c?). 

AR-30 is an irregularly shaped, slightly curved fragment with thin cortical bone on both sides 

measuring 23.6 x 18.0 mm. The overall shape suggests a cranial origin. This specimen was 

selected for ancient DNA and palaeoproteomic analysis. 

A sample of 6.1 mg was taken for initial ZooMS screening and subsequently analyzed by 

LC-MS/MS once. Following, an additional extraction was performed on this specimen and 

analyzed twice (AR-30A and AR-30B). 

 

AR-31 

Square C7; Layer X(c?). 

This specimen resembles AR-29, the maximum dimensions are 24.5 x 16.4 mm. 

 

AR-33 

Square C7; Layer X(c?). 

AR-33 has thin cortical bone on both surfaces and displays a slight curve. The maximum 

dimensions for this specimen are 21.0 x 13.3 mm. 

 

AR-34 

Square C7; Layer X(c?). 

AR-34 is a slightly elongated fragment with a curved cross-section and cortical bone on both 

sides. The specimen is broken on both ends and might represent the neck portion of an otherwise 

unspecified rib. Maximum dimensions are 12.9 x 12.4 mm. 

 

AR-35 

Square C7; Layer X(c?). 

The overall shape, including the presence of cortical bone on the majority of the surfaces, 

suggests this specimen preserves part of the onset of the spinal process of an unidentified 

vertebra. The specimen measures 12.4 x 9.4 mm. 

 

AR-163 

Square C7; Layer X(c?). 

This small (16.1 x 13.8 mm) irregular specimen preserved a possible unfused suture on one side. 

 

AR-164 

Square C7; Layer X(c?). 

This specimen is slightly curved and irregular. Maximum dimensions are 15.1 x 14.4 mm. 

 

AR-165 

Square C7; Layer X(c?). 

Specimen AR-165 preserved an unfused suture. The overall shape of the fragment is irregular, 

and measures 20.9 x 16.3 mm. 
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AR-167 

Square C7; Layer X(c?). 

Specimen AR-167 preserves thin cortical bone on both surfaces. Maximum dimensions are 14.7 

x 13.0 mm. 

 

AR-169 

Square C7; Layer X(c?). 

Specimen AR-169 preserves thin cortical bone on both surfaces. Maximum dimensions are 14.6 

x 9.7 mm. 

 

AR-170 

Square C7; Layer X(c?). 

Specimen AR-170 preserves thin cortical bone on both surfaces. Maximum dimensions are 18.7 

x 17.6 mm. 

 

AR-171 

Square C7; Layer X(c?). 

Specimen AR-171 preserves thin cortical bone on both surfaces. Maximum dimensions are 16.1 

x 11.5 mm. 

 

AR-172 

Square C7; Layer X(c?). 

Specimen AR-172 preserves thin cortical bone on both surfaces. Maximum dimensions are 17.7 

x 9.8 mm. 

 

AR-175 

Square C7; Layer X(c?). 

AR-175 is an irregular bone specimen with cortical bone preserved on one side and trabecular 

bone exposed on the opposing side. The specimen measures 15.2 x 9.0 mm. 

 

AR-176 

Square C7; Layer X(c?). 

Specimen AR-176 preserves thin cortical bone on both surfaces. Maximum dimensions are 13.6 

x 9.1 mm. 

 

AR-177 

Square C7; Layer X(c?). 

Specimen AR-177 preserves thin cortical bone on both surfaces. Maximum dimensions are 16.2 

x 9.9 mm. 
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3. Palaeoproteomics 
Frido Welker*, R. Fischer, B. Kessler, Matthew J. Collins 

*to whom correspondence should be addressed: 

frido_welker@eva.mpg.de/frido.welker@palaeo.eu 

 

LC-MS/MS analysis of ZooMS extracts of AR-7, AR-16 and AR-30, as well as additional 

palaeoproteomic data generated for AR-30 (A and B) resulted in the identification of 73 proteins 

(Tabs. 1, S2). All three ZooMS extracts contain proteins other than COL1, including various 

non-collagenous proteins (NCPs; Tab. 1). The main difference between the ZooMS extracts and 

the two palaeoproteomic extracts (AR-30A and AR-30B) is in the number of protein groups 

identified, especially for NCPs (Tab. 1). 

Of the identified proteins, 10 are known protein contaminants (human skin keratins, 

trypsin, bovine albumin and beta-casein). Some of these proteins were also present in the 

extraction blank (bovine trypsin, human skin keratins, trypsin), which also contained several 

proteins not present in other extracts (Histone H4, Histone H2A.V). Searching against the entire 

UniProt database using Mascot resulted in the detection of a limited number of significant 

spectral matches against non-vertebrate proteins. These consist of bacterial, fungi and other 

Eukaryota proteins (Fig. S4), but other than the blank, always comprise <1% of the total number 

of spectral matches. These spectra were removed from subsequent analysis. For the extraction 

blank, a total of 11 spectra were matched by Mascot, with three of those to Fungi and eight to 

vertebrate proteins. 

Deamidation spectral count analysis of LC-MS/MS spectra indicate elevated frequencies 

for 35 proteins, while for 24 proteins glutamine/asparagine spectral data was absent (Figs. 1B, 

S5; Tab. S2). Some of the proteins for which deamidation frequency could not be obtained have 

been reported previously in palaeoproteomic analysis of non-hominin bone specimens (POSTN, 

THBS1, ACTB, C3, IGHG1, NUCB2; (26, 69, 70)) or are supposed to have a role in the bone 

ossification process (DLL3; (71)). 

Next to the cellular-specific or development-specific proteins mentioned in the main text 

(COL10α1, COL27α1, DLL3, COL24α1), there are numerous spectral matches to collagenous 

propeptides. Propeptides for COL1α1 and COL1α2, for example, are cleaved off before triple-

helix formation and therefore before bone mineralization. Together with an overall enrichment 

for proteins involved in cartilage and bone developmental processes (Tab. S5), there are 

numerous indications of an active tissue in the process of formation and mineralization. Further, 

the presence of COL10α1 indicates that at least part of the sampled bone tissue has not yet 

undergone remodelling, consistent with osteological (SI Appendix Section 2) and isotopic (SI 

Appendix Section 7) evidence. 

Below, specific aspects such occurrence and frequency of post-translational 

modifications (PTMs), GO annotation analysis, and amino acid sequence analysis are presented. 

 

Post-translational modifications 

Post-translational modifications (PTMs) in ancient proteins have received increased attention in 

recent years. The majority focuses on glutamine (and asparagine) deamidation (62, 72, 73), while 

others focus on the detection of hitherto unseen PTMs in ancient proteins (74). The study of such 

modifications attempts to understand protein diagenesis and degradation mechanisms, while a 

recent study also highlights the potential of identifying in vivo PTMs preserved in ancient bone 

specimens (75). 
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PEAKS SPIDER analysis allows for the detection of additional PTMs that were not 

specified manually. Below, an overview of common classes of PTMs is given, excluding 

hydroxylation because of its ubiquitous presence in collagens. 

 

Deamidation and the identification of endogenous proteins 

Collagen deamidation has received considerable attention in palaeoproteomic studies as a 

suggested marker of non-enzymatic, diagenetic, alteration (62, 64, 72, 76). Recently, it was 

reported that non-collagenous bone proteins (NCPs) in a Pleistocene bone specimen had 

complete glutamine deamidation (74) in contrast to collagen glutamine deamidation from the 

same specimen. 

Here we take advantage of this observation and the presence of known contaminants in 

palaeoproteomic analysis (e.g. Trypsin, human skin keratins) to demonstrate that the spectral 

counts obtained for the identified proteins and their associated (non)deamidated status cluster in 

3 major groups (Figs. 1B, S5). These clusters are based on unsupervised clustering analysis 

through the R package Mclust (77) for protein groups containing 3 or more asparagine/glutamine 

positions. Analysis of glutamine and asparagine positions separately resulted in similar 

membership assignment (Fig. S5). The presence of known contaminants within our extracts 

allows assessment of deamidation due to extraction and analysis procedures, as these 

contaminants are either present before protein extraction (keratins) or introduced during protein 

extraction (trypsin). In addition, it implies that no a priori assumptions are made on expected 

deamidation frequencies for endogenous or exogenous proteins. We explicitly assume that all 

spectral matches to a protein come from a single source, which can either be endogenous or 

exogenous to the analyzed bone specimens. We realize that this is a limitation of our approach 

that needs to be addressed in future work. 

 

-Cluster 1 (Figs. 1B, S5; triangles): Includes (all identified) known contaminants containing no or 

few deamidated glutamines and asparagines. Among others, these include keratins, DCD 

and several non-hominin proteins (trypsin, bovine albumin and bovine CSN2). All 

proteins identified in our extraction blank with sufficient glutamine and/or asparagine 

positions fall within this cluster. The presence of COL4α6 as the only collagen member 

of this cluster can be explained as the COL4 heterotrimer it takes part in, is present in 

skin basement membranes (78, 79). This is in contrast to the other COL4 members, some 

of which are more ubiquitously distributed throughout basement membranes (78), 

including basement membranes located in vascularized areas of mineralized tissues. The 

low frequency of deamidation for known contaminants suggests protein deamidation 

during extraction has not significantly influenced overall protein deamidation. We 

acknowledge that exceptionally well-preserved proteins, or proteins that undergo 

different diagenetic pathways, might erroneously be included in this cluster (64). We see 

no reason to suspect the presence of such “exceptional” proteins in our analysis for AR-7, 

AR-16 and AR-30, however, and cautiously interpret all proteins of this cluster to 

represent contaminants. 

-Cluster 2 (Figs. 1B, S5; squares): This cluster is subdivided in two subclusters in all three 

analyses. The two subclusters both include fibrillar collagens, network forming collagens, 

and FACITs. Several collagen gene products form triple-helices together but are 

separated over both sub-clusters, for example COL4α3, COL4α4 and COL4α5 (Figs. 1B, 

S5; (78)). Components include most collagens (except COL4α6, see above, and 
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COL26α1 and COL8α1, see below) and two NCPs (lumican and human albumin). 

Deamidation frequencies for proteins included in this cluster range between 30-75%, well 

differentiated from both cluster 1 and cluster 3. There are no known contaminants present 

in this cluster. The two NCPs present in this cluster have the highest deamidation 

frequencies of the included proteins. 

-Cluster 3 (Fig. 1B, S5; filled circles): Includes NCPs and collagens (COL26α1, COL8α1) of 

which all determined glutamine/asparagine positions are deamidated. There are no known 

contaminants present in this cluster. Proteins included in this cluster have also been 

identified in previous palaeoproteomic studies on non-hominin bone specimens 

(CLEC3B, OMD, CHAD, AHSG, BGN). To this group can potentially be added several 

proteins with one or two determined and deamidated glutamine/asparagine positions 

(SERPINF1, OGN, C1), which have also been identified in previous palaeoproteomic 

studies. An increase in deamidation spectral frequency for NCPs compared to most 

collagens has been reported previously (74), and might be explained by differences in 

diagenetic pathways or protein structure (64, 74). 

 

It is well known that deamidation rates of glutamines and asparagines are dependent on the 

acidity/basicity of the following amino acid (n+1), as well as protein structure (80, 81). We did 

not correct for or separate by this as the number of glutamine and asparagine residues not 

followed by a glycine is relatively low. Averaging frequencies across a single protein, assuming 

all spectral matches originate from a single source, should partly mitigate such issues. 

Glutamines and asparagines followed by a glycine are known to have deamidation half-

times one to two orders of a magnitude faster than when glutamines and asparagines are 

followed by a different amino acid (72, 80). We note that when protein members of cluster 1 do 

contain a deamidated spectrum (KRT1, KRT9 and trypsin) such deamidated positions are 

followed by glycine, serine and threonine. Glutamines and asparagines followed by these amino 

acids are relatively fast-deamidating (80). Non-deamidated positions in the two NCPs that are 

not fully deamidated, lumican and human albumin, concern glutamines followed by a valine and 

a tyrosine, respectively. Glutamines followed by these amino acids are relatively slow-

deamidating (80). Finally, the two proteins with the lowest overall deamidation frequency in 

cluster two, COL10α1 and COL7α1, have asparagine positions followed by valine (COL10α1) 

and proline and glycine (COL7α1). Asparagines followed by a valine are relatively slow-

deamidating, explaining the presence of non-deamidated asparagines at position 128 for 

COL10α1. The picture for COL7α1 is slightly more complex, with Q+P being slow-deamidating 

and Q+G being fast-deamidating (80), while both are present in deamidated and non-deamidated 

states. 

 It has been observed elsewhere that deamidated peptides and 
13

C peaks of non-

deamidated peptides can be misassigned during MS/MS selection, resulting in the 

misidentification of non-deamidated spectra as deamidated spectra (82, 83). This is visible as an 

overrepresentation of positive ppm mass errors for spectra identified as containing a deamidated 

residue (but actually referring to the 
13

C peak of a non-deamidated peptide; (82)). First, PEAKS 

was enabled to correct for the misassignment of 
13

C peaks. Second, we observe no difference in 

mass accuracy (ppm) distribution between deamidated and non-deamidated spectral matches for 

glutamines (Kolmogorov-Smirnov test; D=0.0216, p=0.7583) and asparagines (Kolmogorov-

Smirnov test; D=0.0202, p=0.9277). Third, overall ppm distributions show a single continuous 

distribution primarily between -4 and 4 ppm (Fig. S7d). Together, this suggests incorrect 
13

C 
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peak assignment during data acquisition has not influenced the subsequent identification of 

deamidated positions. 

The observations made above allow us to conclude that the proteins in clusters 2 and 3 

(n=35) are likely endogenous to the analysed bone specimens, with a deamidation frequency 

significantly different from that observed for known contaminants. Cluster 1 (deamidation 

average 0.60 ± 2.07%) contains known contaminants, some of which were also present in our 

extraction blanks, and some additional proteins not previously mentioned as potential 

contaminants (DCD, COL4α6). Differences in deamidation frequency between the proteins 

included in clusters 2 and 3 are most likely explained by differences in primary sequence and 

protein structure. Experimental studies on protein preservation and the occurrence of diagenetic 

PTMs, including deamidation, methionine oxidation, methionine di-oxymethionine and others 

(75), have the potential to provide key insights into protein preservation in a variety of 

environmental conditions. For 24 proteins, no or only few spectral (≤2) observations of 

glutamine/asparagine positions were available. Their endogenous or exogenous status must be 

determined through other means. Future work incorporating total ion current (TIC) or other 

quantification approaches to spectral counts has the potential to provide more accurate 

quantification of deamidation. This has not been performed here due to the absence of TIC data 

when searching .mgf formatted data files. 

 

Oxidation and sulfones 

No reports of oxidation levels of methionines in ancient proteins exist, despite methionine 

oxidation being included as a variable PTM in almost all palaeoproteomic analyses reported 

previously. For COL1, we find that methionines are oxidized in a high frequency of matched 

spectra (79.4%%), while only a small portion of spectra is not oxidized (11.6%). The remainder 

(9.0%) contains sulfones (di-oxymethionine). Sulfones are detected on two positions in COL1α1 

(181, 580) and two in COL1α2 (417, 785), despite large numbers of identified spectra for other 

methionine positions (Tab. S3). Two of these positions, COL1α1 181 and COL1α2 417, 

contained sulfones in all three studied bone specimens. The presence of sulfones in bone 

specimens of this age is not surprising, and has been shown before in comparative studies on 

collagen diagenesis (84). In addition, oxidation levels generally are very comparable between the 

three specimens. Although assumed as originating from bone diagenesis and/or protein 

extraction procedures, we find it interesting to note that methionine oxidation levels are not 

uniformly distributed over the COL1 triple helix (Fig. S6). Although a majority of positions is 

oxidized in ≥75% of observations, COL1α1 181 (position 3 in the triple helix) is oxidized 

between in ≈40-60% of observations, COL1α1 217 (position 39 in the triple helix) is consistently 

oxidized in ≈40/50% of observations and COL1α1 1000 (position 822 in the triple helix) in ≈50-

60% of observations. These three positions are all preceded by a proline and followed by a 

glycine. The only other instance where a methionine is preceded by a proline and followed by a 

glycine is COL1α2 93 (position 4 in the triple helix). This position is oxidized at a high 

frequency (86.3%) and preceded within the triple helix by COL1α1 181, which is oxidized at a 

lower frequency (67.9%). 

In addition to the presence of oxidation on COL1 and other collagens, we note the 

presence of oxidized methionines in ANT3 and ALB. For albumin, oxidation and sulfone 

frequency is very similar in all three extracts where this protein is identified (Tab. S3). Future 

proteomic investigation of oxidation location and frequency has the potential to elucidate the 
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biological or diagenetic origin of methionine sulfoxide and methionine sulfone in collagens and 

NCPs. 

 

Acetylation and formylation 

Protein acetylation is a reversible enzymatic modification of lysine residues and N-terminal 

residues (85). Widely studied on histones and other nuclear proteins, lysine acetylation has also 

been investigated for numerous non-histone proteins (85, 86). The presence of other types of 

acyl-modifications of lysine residues such as formylation (87) are reported as well (reviewed in 

(88)). The presence of lysine formylation in the analytes might be due to the formic acid during 

LC-MS/MS analysis. Lysine acetylation has been implied in protein-protein interaction (89), and 

suggested to increase protein stability (90). 

We find a large number of acetyl- and formyl-modifications of lysines in the datasets. 

Focusing on positions for which total ion count (TIC) exceeds 2% and that are not N-terminal, 

we identify positions that are variably acetylated/formylated, positions that are consistently 

acetylated/formylated, and positions that contain both PTM modifications. For acetylated 

positions, the PTM modification was manually evaluated using the occurrence of reporter ions at 

143.1 and 126.1 m/z (Tab. S4; (91)). These reporter ions were present for all suggested 

acetylated positions with the exception of COL1α1 520 and COL5α2 968. For positions COL1α1 

505, COL1α1 594, COL1α1 1096, COL1α2 654 and COL1α2 1064, both formylation and 

acetylation are present in the same extract. 

 

Other PTMs 

Due to the nature of the PEAKS SPIDER search, multiple additional PTMs were identified. A 

complete analysis of these is beyond the scope of the current paper. These include several of the 

PTMs listed by (75). The presence of galactosyl and glucosyl-galactosyl, present in numerous 

previous palaeoproteomic studies (74) can be noted for COL5α1 (position 795) in extracts AR-7 

and AR-30. For additional lysine glycation sites mentioned by (74), we found the presence of 

formylation or acetylation modifications in COL1α1 and COL1α2 (see above). As well, we note 

the presence of a small number of hexose modifications. The diagenetic or biological origin of 

such PTMs requires further study. 

 

GO annotation analysis 

After exclusion of protein contaminants based on deamidation frequency, we performed GO 

annotation analysis on the remaining proteins in order to infer enrichment for specific molecular 

functions, biological processes and (extra)cellular components. The analysis indicates 

enrichment for extracellular, fibrillary, triple-helical domain containing proteins as cellular 

components and related biological processes (Tab. S5). This is not surprising given the 

dominance of collagens in the protein list. A large number of biological processes enriched 

within the network relate to neuron development (p=4.84E-06, GO:0031175; p=4.93E-05, 

GO:0048666) and projection (6.73E-06, GO:0048812) or blood vessel development (p=0.012, 

GO:0001568). Finally, several enriched GO biological processes are related to cartilage 

development (p=4.99E-05, GO:0051216; p=7.08E-03, GO:0060351). Proteins associated with 

such GO terms are COL1α1, COL2α1, COL10α1, COL11α1, COL11α2, COL27α1, CHAD, LUM 

and THBS1. 

There is a significant group of blood microparticles (GO:00725262; ALB, SERPINA3, 

AHSG, APOA4, SERPINC1 and C3) which is enriched in biological processes involved in the 
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regulation of endopeptidase activity (p=6.32E-3, GO:0010951), peptidase activity (7.62E-3, 

GO:0010466), proteolysis (p=2.72E-2, GO:0045861) and protein metabolic processes (p=4.32E-

2, GO:0051248). These proteins have been identified in non-hominin palaeoproteomes as well 

(26, 69) and are consistently incorporated into the mineralized bone matrix. Furthermore, none of 

these proteins cluster with the known contaminants (Figs. 1B, S5) when spectral data for 

glutamine and asparagine positions is available and are therefore interpreted as endogenous to 

the analyzed bone tissues. 

 

Amino acid variants 

Matching peptides and suggested amino acid substitutions were compared to Neandertal protein 

sequences provided by (92), Denisovan protein sequences provided by (56), and the 1000 

genomes (93) non-synonymous SNPs (phase 3). This resulted in the identification of several 

variable amino acid positions among the 1000G data at relatively high frequency (Tab. S6). 

Here, such positions are included when both amino acid allele states have a global frequency of 

≥1.0%. We identified 6 such positions covered by spectral matches in the dataset (Tab. S6). 

We note that in each instance the identified amino acid state for the studied bone 

specimens is the ancestral, Hominidae amino acid state. In one case, COL28α1 472, this 

concerns the ancestral state (amino acid P) for which the dominant variant among present-day 

humans (amino acid A at a global frequency of 93.5%) is a human-specific substitution 

(rs17167927; (92)). 

For COL10α1, we identified spectral matches to a peptide spanning positions 125-138 

(Fig. S7). At amino acid position 128, this protein is translated as a D in all three Neandertal 

exomes available (92), a D in 0.9% and an N in 99.1% of modern humans (dbSNP 

rs142463796). The high-coverage Denisovan genome from Denisova Cave (56) has a 

heterozygous distribution with alleles translating for both N and D. Comparison with available 

Hominidae amino acid sequences indicates that the D represents the ancestral amino acid state 

for COL10α1, position 128 (Tab. S7). 

COL10α1 is a network-forming collagen protein exclusively expressed by hypertrophic 

chondrocytes when considering bone formation (94). Hypertrophic chondrocytes and the 

expression and translation of COL10α1 RNA have been reported for endochondral ossification 

(95–97), intramembranous ossification, and unfused cranial sutures (98, 99) in Tetrapods. The 

deposition of COL10α1 networks precedes mineralization of the deposited bone matrix, into 

which they are incorporated. This indicates COL10α1 is not excreted during bone remodeling by 

osteoblasts. Furthermore, COL10α1 has been detected in dental tissues as well, again suggesting 

a role in dental tissue mineralization (100, 101). 

We tested whether the peptide-spectrum matches to COL10α1 belonged to the same 

protein population as the contaminating proteins (Cluster 1). Comparing the deamidation 

frequency for all spectral matches to this protein to the frequencies observed for the population 

of contaminant proteins (Cluster 1; Figs. 1B, S5), we obtained a Z-score of 16.98. We conclude 

therefore that COL10α1 is not part of the contaminant population (p<0.00001). The same 

comparison to proteins assigned to cluster 2 results in a Z-score of -1.62, which corresponds to a 

non-significant p-value of 0.053. We can therefore not reject that COL10α1 is part of the same 

population as proteins assigned to cluster 2. We interpret this cluster as representing endogenous 

ancient bone proteins. 

The restricted cellular origin of the protein, its specific occurrence during initial bone 

development and deamidation values obtained for this protein (Fig. 1B) and the absence of this 
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protein in our extraction blanks all support the notion that the identification of COL10α1 in AR-

7, AR-16 and AR-30 is endogenous. 

For Hominidae, there are several amino acid positions of phylogenetic interest present in 

COL10α1 (Tab. S7). We note the presence of one amino acid position, COL10α1 27 T>M, that 

could discriminate between Neandertals and Denisovans/AMHs but for which we have no 

spectral matches; one position that has a unique substitution on the Homo-lineage (COL10α1 61 

I>T) and for which we find spectral matches in AR-30 supporting the Homo-lineage state; as 

well as a unique non-synonymous substitution on position 128, D>N, which is derived in archaic 

hominins (Neandertals + Denisovan, see main text). 

The hominin specific peptide spanning positions 121-138 was identified in bone 

specimen AR-30 for four spectra in two independent extracts (AR-30A and AR-30B). 

Differentiation between both possible amino acid states for position 128, N and D, is 

complicated as the asparagine (N, 132.12 g/mol) can be deamidated (+0.985), and therefore 

appear in mass equal to aspartic acid (D, 133.10 g/mol), a problem further enhanced by the 

possibility of incorrect MS1 
13

C peak selection during MS/MS acquisition. Manual validation 

confirmed that the monoisotopic peak was selected for fragmentation and that the correct 

monoisotopic fragment ions were assigned for three out of four spectra. The fourth spectrum was 

triggered on the first isotopic peak and the spectrum is therefore discarded from further 

consideration here. The parts per million (ppm) accuracy on all three remaining spectra matching 

to COL10α1 are within 3σ of the mean error range and within the main distribution for extracts 

AR-30A and AR-30B (Fig. S7D+E). This further suggests that these spectra do not deviate from 

the other mass error assignments in our experiments. 

The identification of well-fragmented non-deamidated asparagines in two biological 

replicates (AR-30A and C; Fig. S7) indicates that these represent the unmodified amino acid 

sequence. The absence of y-ions in these spectra on the N-terminal end of the first proline is a 

common feature of peptides rich in prolines, as is the presence of (intense) non-assigned 

fragment ions (102, 103). All three spectra contain non-enzymatic cleavages at their N-terminal 

end. Such cleavages are a common feature of palaeoproteomic analysis, likely caused by protein 

diagenesis during burial (26, 70, 104). Backbone cleavage products are a common feature of 

glutamine and asparagine-containing peptides, and should therefore be expected in 

palaeoproteomic studies (76, 80). Furthermore, our data indicates identical placement of a 

hydroxylated proline towards the C-terminal end for all three spectra (position 135; Fig. 7A-C), 

again supporting consistency between our replicate analyses. 

We BLAST-searched the identified peptide sequence against the complete protein and 

nucleotide sequence databases of Genbank (protein_blast) and Uniprot to test whether there were 

significant matches for the identified amino acid sequence outside those present in the databases 

searched using PEAKS. In addition, this allowed testing of the presence of the identified amino 

acid sequence in Genbank, which contains a more comprehensive set of Bacteria, Fungi and 

Archaea protein sequences. In each case, sequence hits to the corresponding COL10α1 human 

sequence had the highest score/lowest E-value. Similarly, limiting the search to Bacteria, Fungi 

or Archaea did not result in significant sequence matches (Tab. S8). 

Taken together, we see the above as conclusive evidence of the presence of an aspartic 

acid (N) at amino acid position 128 for protein COL10α1 in bone specimen AR-30.  
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We identified an adenine variant in rs142463796 (hg19; chr6:116442897) that is at low 

frequency in some non-African populations, absent in African populations, and which matches 

the Neandertal and Denisovan genome sequences (56, 105). To test whether this allele may have 

been introduced into modern humans by admixture with Neandertals or Denisovans we tested 

whether the archaic-like variant of rs142463796 is located on an extended archaic-like 

haplotype. 

We used the 1000 Genomes individuals (phase III; (93)) to define archaic-like SNPs 

(aSNPs) which are likely to have been introduced by admixture between modern humans and 

Neandertals/Denisovans. We first defined a set of potentially aSNPs by identifying genomic sites 

where at least one allele in the Neandertal and/or Denisovan differs from the alleles carried by 

109 Yoruba individuals (an African group with no evidence for admixture from Neandertals or 

Denisovans). At a subset of these sites some of the non-African genomes carry the Neandertal or 

Denisovan-like allele. In each non-African individual we then scanned for consecutive aSNPs at 

which individuals carry the archaic-like allele. Among the 2028 non-African genomes we found 

43 individuals carrying the archaic allele at rs142463796 on 46 haplotypes. We found 

consecutive stretches of aSNPs ranging from 222kb to 1689kb in 46 haplotypes. We define a 

region of 146kb (chr6: 116436420-116582525) shared by all 46 haplotypes as the core archaic-

like haplotype (Fig. S8). 

 
Additional evidence for introgression 

To verify that these archaic-like haplotypes are the result of admixture between modern humans 

and Neandertals and/or Denisovans we carried out three additional analyses. 

i. We examined the genomes of the Altai Neandertal (105) and the Denisovan (56) to determine 

which is most similar to the 46 archaic-like haplotypes identified in non-Africans. At all 

72 of the aSNPs in the 146kb region all 46 archaic-like haplotypes are identical to the 

Altai Neandertal sequence while the Denisovan is homozygous for the Yoruba allele at 

19 positions and heterozygous at 53 positions. Using the exome data of two additional 

Neandertals we found that all three Neandertals (92) are homozygous for the archaic-

specific (not seen in Yoruba) allele of rs142463796 while the Denisovan is heterozygous 

(Fig. S8). The higher sequence similarity to the Neandertal rather than to the Denisovan 

genome suggests that the introgressed haplotype may be of Neandertal rather than 

Denisovan origin. 

ii. The presence of ancestral alleles in present-day human genomes is consistent with both 

introgression and with lineage sorting (ILS). Under ILS genomic regions can carry 

haplotypes that do not match the expected phylogeny (106), but such regions are 

expected to be short due to the extended time since the species split. By contrast, because 

introgression is more recent than the species split the genomic regions are expected to be 

longer. Using the approach presented by (107) and the parameters for the age of the 

Neandertal and Denisovan bones used by (108) we computed that a haplotype of at least 

146kb in a region with a recombination rate of 0.4 cM/Mb (109) is unlikely to arise due 

to ILS (p=2.2E4 and p=8.0E-9 for mutation rates of 1 x 10-9 and 0.5 x 10-9 per base pair 

per year respectively). 
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iii. We examined the geographic distribution of the archaic-like allele of rs142463796 in the 

1000 Genome data and the Simons Genome Diversity Panel (SGDP; 

www.simonsfoundation.org/life-sciences/simons-genome-diversity-project-dataset/). The 

archaic allele is almost exclusively found in South and East Asia and Oceania 

(additionally one archaic-like haplotype was identified in a Toscani individual from Italy; 

Tab. S9). The archaic-like allele of rs142463796 is at highest frequency in Oceania – 

present in 33% of the Australians (two haplotypes in three Australians) and 47% of the 

Papuans (15 of 32 haplotypes) (Fig. 2). In mainland Asia the archaic-allele of 

rs142463796 is at lower frequency with the maximum observed in the Bengali from 

Bangladesh (6.3%). 

 

We conclude that an archaic haplotype carrying rs142463796 was introduced into modern 

humans by admixture with archaic humans. Although the geographic distribution is consistent 

with admixture from either Neandertals or Denisovans, the higher sequence similarity of the 

haplotypes in modern humans to the Altai Neandertal genome suggests that the origin was more 

likely Neandertal. 
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5. Ancient DNA 
Mateja Hajdinjak, Matthias Meyer, Svante Pääbo 

*to whom correspondence should be addressed: mateja_hajdinjak@eva.mpg.de 

 

Ancient DNA analysis was performed on two hominin specimens. AR-14 was also directly dated 

(Fig. 3), and included in stable isotope analysis (Fig. S10). AR-30 was used for palaeoproteomic 

analysis, which included the archaic amino acid sequence identified for COL10α1 (Fig. 1; Tab. 

S7). 

 
Yield of DNA molecules and sequences 

The numbers of DNA molecules in the libraries from AR-14 and AR-30, as determined by 

digital droplet PCR, were 2.82 x109 and 2.57 x109, and thus higher than in the extraction and 

library negative controls (Tab. S10). After enrichment, mapping and duplicate removal, 48,469 

and 7,015 unique mtDNA sequences were obtained for both specimens (Tab. S10). Each unique 

sequence was seen 8.71 and 14.86 times on average, indicating that deeper sequencing of the 

libraries would not substantially increase the number of unique mtDNA sequences. 

 
Nucleotide substitutions and authentication of ancient DNA sequences 

Deamination of cytosine (C) to uracil (U) residues, which occurs primarily at single-stranded 

DNA overhangs, leaves characteristic C to T substitutions in ancient DNA sequence alignments, 

which are particularly frequent close to alignment ends (110). Elevated C to T substitution 

frequencies can thus provide evidence for the presence of authentic ancient DNA (111, 112). Of 

the sequences from specimen AR-14 that start or end at a C in the reference genome, 12.1% 

show a T at the 5’-end and 11.5% at the 3’-end, respectively (Tab. S11). These numbers are 

20.5% and 28.1% for AR-30, suggesting that at least some of the sequences recovered from the 

two specimens are of ancient origin. 

 
Phylogenetic inferences based on „diagnostic” positions 

To assess which hominin group the mitochondrial DNA of the two specimens belongs to, 

we studied the state of sequences overlapping four sets of positions that are „diagnostic“ for the 

modern human, the Neandertal, the shared modern human/Neandertal and the Denisovan/Sima 

de los Huesos branch in the mtDNA tree. These positions were identified using the mtDNA 

genome sequences of 311 present-day humans (113), ten Neandertals (105, 110, 113–115), three 

Denisovans (116–118), one Sima de los Huesos individual (119) and the chimpanzee (120), and 

requiring that the sequences of the individuals on the respective branch differ from those of all 

other individuals. We identified 14, 19, 26 and 34 such positions, respectively. We then 

determined the percentage of derived variants supporting the state diagnostic for each branch, 

using all unique mtDNA sequences and only those sequences with a C to T difference to the 

reference genome within the first and/or last three alignment positions, thereby using the 

deamination signal to enrich for putative endogenous ancient sequences. This analysis is similar 

to that introduced in the paper describing nuclear DNA analysis of the Sima de los Huesos 

individuals (121). 

When using all sequences, both specimens support the modern human state in more than 

70% of their sequences (Fig. S9). However, we also observe considerable sharing of derived 

variants with the Neandertal branch (17.7% for AR-14 and 31.6% for AR-30, respectively) but 

not with the Denisovan/Sima de los Huesos branch, indicating that DNA fragments from both 
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modern humans and Neandertals are present. When restricting the analysis to putatively 

deaminated DNA fragments, the support of the Neandertal branch increases to above 70%, while 

that of the human branch drops to below 30% in both specimens. This would be compatible with 

the human DNA fragments in both specimens occurring due to recent contamination, which is 

much less deaminated than the Neandertal DNA. 

To demonstrate this more directly, we separated putative Neandertal and present-day 

human sequences in silico using a fifth set of diagnostic positions where only those two hominin 

groups differ and studied the C to T substitution frequencies in both population of sequences. As 

expected, we observe low frequencies of damage-induced substitutions among the present-day 

human sequences (≤4%) and high frequencies (≥25%) among the sequences identified as 

Neandertal (Tab. S16). Even though there is too much residual contamination in the fraction of 

putatively deaminated sequences and their number is too small to enable reconstruction of useful 

mtDNA consensus sequences from the two specimens, the above analyses allow us to conclude 

that both specimens carry mtDNA of the type seen in Late Pleistocene Neandertals.  
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6. Radiocarbon dating and Bayesian modelling of AR-14 
Sahra Talamo*, Jean-Jacques Hublin 

*to whom correspondence should be addressed: sahra.talamo@eva.mpg.de 

 

In order to test the hypothesis of movement of the hominin specimens from the underlying 

Mousterian into the Chatelperronian layers directly (hypothesis d in the main text), one hominin 

sample (AR-14) was selected for direct AMS radiocarbon dating. Unfortunately, numerous other 

specimens are too small and could not be directly dated. Bone specimen AR-14 originated from 

square C7, archaeological Layer X. Specimen AR-14 was also analyzed genetically. After bone 

collagen extraction, isotopic measurements and the C:N ratios of the hominin bone at the Grotte 

du Renne fall in the acceptable range (Tab. S14). The collagen yield results in 3.9% which is 

above the accepted threshold of 1%. Consequently, it was concluded that the AR-14 specimen 

contained well-preserved protein suitable for radiocarbon dating. Together with the results 

obtained for additional bone specimens used for stable isotope analysis (Tab. S14), this generally 

confirms the good state of bone preservation at the site observed earlier (8). 

The uncalibrated radiocarbon date of AR-14 results in an age of 36,840±660 
14

C BP 

(Tab. S16). Stable isotopic values associated with this date are discussed in the next section in a 

dietary/ecological context (Fig. S11). 

We constructed four Bayesian models to test the compatibility of this date with 

previously obtained radiocarbon dates for the Grotte du Renne (5, 8), each addressing different 

criticisms on the Grotte du Renne chronostratigraphy. Both chronologies presented previously 

have been criticized. The first one (5) for the poor quality of extracted collagen (8, 18), the 

second one (8) for bone specimen selection criteria (11), and both for including specimens from 

possibly disturbed squares (9). The construction of four different models was used to estimate 

whether individual models provided different outlier probabilities for AR-14, and whether the 

estimated age boundaries for the Châtelperronian at the Grotte du Renne were significantly 

different between the models. 

In each model, the prior outlier probability of EVA-29 and EVA-56 was set to 100%, 

following suggestions by (8), but we also ran models with the prior outlier probability set to 5% 

for these two specimens. Phases were defined based on archaeological layers, with layers IX and 

X combined based on the presence of lithic refits between these two layers (8, 16). 

The first model, which we call the Hublin et al. model, included all radiocarbon dates 

reported in (8) (included are 26 samples in Layers IX+X and five samples in Layer VIII). The 

second model, which we call the hominin-modified model, included only radiocarbon dates from 

the (8) dataset from specimens containing hominin modifications (included are eight samples in 

Layers IX+X and two samples in Layer VIII). The third model, which we call the Discamps et al. 

model, excluded all radiocarbon dates from the Hublin et al. (8) dataset for specimens obtained 

from possibly disturbed squares, as discussed recently by (9) (included are 10 samples for Layer 

X). The fourth model, which we call the Higham et al. model, included all radiocarbon dates 

used by (11) (also containing a subset of (8) and only incorporating hominin-modified bone 

specimens). Bayesian modelling was performed using OxCal 4.2 (122) and IntCal13 (123). 

Bayesian CQL codes for the individual models are included at the end of this SI. 

The date obtained fits within the chronological boundaries for Layers IX/X at the Grotte 

du Renne for each of the four models (Tab. S16), with posterior outlier probabilities of 4, 8, 5 

and 4%, respectively (Fig. 3). Such probabilities would be sufficient to argue that the 

radiocarbon date from AR-14 does not deviate statistically from age estimate boundaries for the 
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Châtelperronian at the Grotte du Renne for each of the four Bayesian models. The radiocarbon 

date is also statistically similar to the date obtained for the Châtelperronian-associated Saint-

Césaire Neandertal (Fig. 3; (8)), see (124) for a discussion of the stratigraphic integrity in Saint-

Césaire). 

We initially noticed a low agreement index for the three Bayesian models based on the 

Hublin et al. (8) dataset due to two outliers (EVA-56 and EVA-29). These two outliers are 

located in archaeological Layers VIII and X and squares C8 and Z11 respectively, and are both 

attributed to the Châtelperronian. Their ages fit well within the phase boundaries for the other 

Châtelperronian layers at the site, and are suggestive of the presence of some mixing between the 

Châtelperronian layers (IX+X and VIII). Following Hublin et al. (8), the outlier probability for 

EVA-56 and EVA-29 was set at 100% and afterwards the agreement index for the first three 

models is above the threshold of 60% (Tab. S16). The main difference between the first tree 

models and the Higham et al. model is the presence of additional outliers between 

Châtelperronian and non-Châtelperronian layers in the Higham et al. model. The agreement 

index for this model remains low (A_overall = 7.5%). 

We stress that in all four models, with and without the outlier probability for EVA-56 and 

EVA-29 at 100%, the radiocarbon date for AR-14 does not deviate from the modelled 

boundaries for the Châtelperronian at the site, and neither does its outlier probability. 

According to the Hublin et al. model, the Châtelperronian at the Grotte du Renne starts at 

44,730 and finishes at 39,940 cal BP (68.2% probability). In the four models, the start boundaries 

for the Châtelperronian (Layers IX+X and VIII) agree within a range of 250 years (68.2% 

probability). A similar agreement is observed for the end of the Châtelperronian, with the 

exception of the hominin-modified model where the end Châtelperronian boundary VIII/VII is 

≈1000 years older (68.2% probability) compared to the other three models, most probably due to 

a reduced number of dates. 

The radiometric results therefore reject the hypothesis of movement of the hominin 

remains from the underlying Mousterian into the Châtelperronian (hypothesis d in the main text). 

The notion that the stratigraphic position of specimen AR-14 could result from major 

stratigraphic admixture can be rejected, as its date is incompatible with radiocarbon dates 

presented in (8) or (11) for both the Middle Palaeolithic Mousterian and Upper Palaeolithic 

Aurignacian assemblages at the site.  
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7. Stable isotope analysis of AR-14 and associated fauna 
Klervia Jaouen* 
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Carbon (C) and nitrogen (N) stable isotope analyses are commonly used in archaeology for 

palaeodietary reconstructions. This approach relies on the fact that isotopic compositions of body 

tissues record the signature of the types of food eaten by an individual, following a predictable 

isotopic fractionation (125). The isotopic composition of the chemical elements are expressed 

with the delta notation (δ), which corresponds to the normalized difference between an isotopic 

ratio measured in a sample to the same ratio measured in a standard. Carbon isotopic 

compositions (δ
13

C) are very low in terrestrial environments (δ
13

C » -20 ‰), except if the plants 

at the base of the food web have a C4 metabolism, such as corn or sorghum. However, such C4 

plants were not present in Europe in the Late Pleistocene (126). In this context, carbon isotope 

ratios can therefore be used to detect the consumption of marine foods, characterized by high 

isotope ratios (δ
13

C » -12 ‰). Nitrogen isotopic compositions (δ
15

N) of animal tissues are 

correlated to the trophic level of the animal: that is, there is an increase of 3-5‰ between the 

tissues of an individual and the protein in its diet. The δ
15

N values will be also higher in aquatic 

environments than in terrestrial ones at identical trophic levels. Therefore, these N isotope ratios 

can be used to assess whether a diet of an individual relied on fish, terrestrial meat or plants. 

Another parameter is, however, likely to significantly increase δ
15

N bone values: when infants 

are breastfeeding, they are in effect consuming their mother’s tissues. Consequently, in isotopic 

terms, breastfeeding infants are at a higher trophic level. The elevation of the collagen δ
15

N value 

between the infant and its mother is equivalent to the magnitude of a trophic level effect. During 

the weaning process, this elevation progressively disappears (127, 128). 

Over the past twenty years, C and N isotope analyses have been applied to Neandertals 

and anatomically modern humans (AMHs). These analyses documented a homogeneous diet of 

Neandertals, in time and space, with collagen isotopic compositions indicating that they were 

top-level carnivores but did not exploit significant amounts of aquatic resources (129). On the 

other hand, early AMH show a wider range of δ
15

N values, which can be explained by the 

consumption of variable amounts of freshwater or marine fish (129). 

Bone collagen is the material of choice for C and N isotope analyses. Because bone is 

slowly renewed throughout the life of the individual, collagen isotopic values record the average 

isotope composition of food consumed over several years before death (130, 131). In a protein, 

like collagen, these values actually reflect more the dietary protein sources rather than the diet as 

a whole (132). Variations of C and N isotopic baseline can exist between different regions due to 

environmental factors (133). It is therefore preferable to assess the bone isotopic compositions of 

the local fauna to avoid any bias in the interpretation of the diet of their potential consumers 

(129). For this reason, in addition to the AR-14 hominin bone, we conducted C and N isotope 

analyses on the associated fauna. 

 

Results and discussion 

The stable isotope results for the AR-14 specimen and associated fauna are presented in Tab. S14 

and Fig. S11. The amount of collagen extracted (>30 kDa fraction) and its C:N ratio meet 

published quality controls in all the analyzed samples, except one sample that failed collagen 

extraction (S-EVA 32918). The data previously reported in (8) for which taxonomic information 

was available are plotted in Fig. S11 and are taken into account in the average values for each 
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animal group reported in Tab. S15. Only samples from Layers IX and X were included, as these 

comprise one chronological and stratigraphic layer (Fig. 3). 

 

Isotopic composition and diet of the Grotte du Renne fauna 

The data obtained for this study are consistent with previous ones published in (8). The 

herbivores show a signature of a diet relying on C3 terrestrial plants. The reindeer exhibit higher 

δ
13

C values than other herbivores, which is commonly observed and interpreted as the result of 

lichen consumption (134, 135). δ
13

C values for one horse and the single Rhinocerotidae overlap 

with that of reindeer. This suggests that horse and Rhinocerotidae diet may have included a 

significant amount of lichen for some individuals. As previously observed for cave bears (136, 

137), the Ursidae specimen shows a low δ
15

N value indicating a plant-based diet. Two out of 

three Elephantidae exhibit relatively high δ
15

N isotope ratios (Fig. S11). This is in agreement 

with what is generally reported for this family (137–139). There is one unusual result: a single 

reindeer and a bovid with a high δ
15

N value (S-EVA 32904). As has been previously suggested 

for mammoths, this individual may be from an arid region characterized by higher baseline δ
15

N 

values (139–141). However, this could also be explained by suckling, since the analyses were 

conducted on small bone fragments and it was, therefore, not possible to assess if the animals 

were juveniles or not. Such an explanation would also account for its δ
13

C value, which does not 

differ from the other reindeer. 

On average, the carnivore δ
15

N values show an enrichment of 4 ‰ compared to that of 

herbivores (Tab. S15). The Pantherinae and Canidae have overlapping δ
13

C values with reindeer, 

pointing in the direction of a diet mostly relying on these animals. Considering this hypothesis, 

the trophic level effect would correspond to an enrichment of almost 4.6‰ (Tab. S15). The 

hyena’s prey choice looks less selective, given the fact that it exhibits intermediate δ
13

C value 

compared to the range observed for herbivores. 

 
Isotopic values and diet of the AR-14 hominin 

The δ
13

C and δ
15

N values of AR-14 are -19.5‰ and 14.3‰ respectively. Similar to the values 

observed for the associated fauna, the C isotopic composition of AR-14 indicates a diet based on 

terrestrial C3 plants and/or animals that consumed terrestrial C3 plants (Fig. S11a). There is no 

evidence of marine food consumption for this individual. The nitrogen isotope value is very 

high: the difference between AR-14 and the local herbivores is 9.3‰ on average (Δ
15

NAR-14-

herbivores) and 5.4‰ between AR-14 and the carnivores on average (Δ
15

NAR-14-carnivores; 

Tab. S15). 

Two factors could account for such a high value: 1) consumption of freshwater fish, or 2) 

breastfeeding. When compared to Neandertals and contemporary AMH (>30 000 ky BP), the 

AR-14 δ
15

N value is higher than all the values reported for Neandertals and falls in the range of 

those observed for AMH (Fig. S11b; (129, 133, 136, 142–147)). Among these early AMH, 

isotopic data for the associated fauna are only available for three individuals. These three 

individuals show significantly higher δ
15

N values than the local carnivores (Fig. S11b), a pattern 

generally interpreted as a signature of fish consumption (129, 142, 143). Higher δ
15

N values of 

hominins relative to carnivores were observed elsewhere for Neandertals before (148), but are 

potentially explained by hominin predation of megafauna such as mammoths. Similar to what 

was observed for the Neandertals from Goyet and AMH, AR-14 is above all the local carnivore 

δ
15

N values, but the magnitude of this Δ
15

NAR-14-carnivores value is, in this case, twice as high 

than the Δ
15

NAMH-carnivores (Fig. S11b). 
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Another possible explanation that could account for such a high δ
15

N value is 

breastfeeding. As mentioned before, nitrogen isotope ratios of bone collagen are between 3 and 

5‰ higher than dietary protein (149). Interestingly, the difference between δ
15

N values of AR-14 

and the associated herbivores is 9.3‰, which is consistent with the range expected for a 

secondary carnivore (Δ
15

N: +6 to +10 ‰). If AR-14 was breastfed, the δ
15

N collagen value of 

the mother should be one trophic level below the AR-14 value, around 9.65 ‰. This expected 

value falls in the range observed for the local carnivores (Fig. S11). This hypothesis is consistent 

with the fact that COL10α1 was identified in an associated bone specimen, indicating that the 

bone still contained (pre)hypertrophic chondrocytes and that 1-year old infant remains have been 

found nearby the AR-14 specimen. The fact that AR-14 was breastfed would also imply that the 

AR-14 mother was a top-level carnivore and had similar prey choices as hyena’s, considering the 

AR-14 δ
13

C bone value (Fig. S11). 
 

Conclusion 

The AR-14 hominin is characterized by the highest δ
15

N value compared to all European Late 

Pleistocene hominins for which we have data on associated fauna. This high value is most likely 

explained by breastfeeding, a conclusion supported by osteological analysis and protein 

identifications obtained for related bone specimens identified here through ZooMS. This would 

suggest its mother was a top-level carnivore, primarily consuming large herbivore. 
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Dataset S1: FASTA file containing de novo sequenced COL1 sequences. For 27 species the 

complete triple helical regions of COL1α1 and COL1α2 (length 1014 amino acids for both) is 

included. Both sequences are concatenated with a K and leucines have been converted into 

isoleucines. 

 

Dataset S2. COL1 database generated for this study. The file includes sample details, COL1 

sequence accession numbers and ZooMS peptide marker masses observed in MALDI-TOF-MS 

experiments or predicted from available COL1 sequences. Accession numbers refer to Genbank, 

UniProt, ENSEMBL or specific papers through which data is made available. For peptide 

markers, displayed masses are computed based on amino acid sequence and hydroxylation 

occupation when "Data origin = Genetic", and observed masses when "Data origin = Proteomic". 

For the latter, these masses have been verified using subsequent LC-MS/MS analysis of the same 

or an extract from a closely related species. 
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Figure S1. Flowchart depicting the palaeoproteomic workflow. a) ZooMS screening 

protocol, including the selection step for subsequent LC-MS/MS analysis. Numbers in brackets 

refer to number of samples for which a particular decision was made. b) Schematic nuclear 

hominin phylogeny and key protein amino acid positions. c) Hominin specimens subsequently 

used for multi-disciplinary analysis. Stable isotope analysis (δ
13

C and δ
15

N) was performed on an 

additional 21 faunal bone specimens (see table S14).  
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Figure S2. ZooMS MALDI-TOF-MS screening. a) Non-destructive ammonium-bicarbonate 

and demineralised COL1 ZooMS spectra of hominin AR-6. b) extraction blank spectrum 

containing keratin and trypsin peaks. c) Additional close-ups of hominin ZooMS peptide markers 

B (left) and D (right) for AR-7, 14, 16 and 30 (top to bottom). These are the bone specimens 

used for subsequent biomolecular and chronometric analyses. 
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Figure S3. Selected MS/MS spectra of ZooMS peptide marker B (COL1α2). Spectra include 

those of five species included in the COL1 database and the corresponding spectrum for the 

hominin bone specimen AR-16. Hydroxylated prolines are indicated by “p”, unmodified prolines 

by “P”. Additional spectral files can be found under ProteomeXchange accession numbers 

PXD003190 and PXD003208. 
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Figure S4. Protein composition from the Mascot search to the complete UniProt database 

(in percentages). Spectral matches (in %) are dominated to those from vertebrate origin, with 

only minimal presence of non-vertebrate proteins. 
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Figure S5. Deamidation frequency cluster analysis. a) Deamidation frequencies for all 

positions. b) Deamidation frequencies for glutamine positions. c) Deamidation frequencies for 

asparagine positions. COL10α1 is indicated in pink, and dotted lines indicate helical association 

between collagen alpha chains. Cluster analysis provides 3 clusters (filled triangles, squares and 

circles). Open circles represent proteins that have 2 or less spectral matches, and were not 

included in cluster analysis. COL10α1 is indicated in pink. 0% indicates no deamidation while 

100% indicates complete deamidation. 
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Figure S6. Methionine oxidation frequency for the COL1 helical region. Methionine 

oxidation frequencies across the COL1 triple helix for all three studied bone specimens. Values 

for AR-30 are averaged across the three biological replicates, and error bars represent the 

standard deviation. Sulfones are included. See Tab. S3 for individual position frequencies for 

oxidation and sulfones. 

 

 

 
Figure S7. LC-MS/MS spectra covering position COL10α1 128N (a-c) and their associated 

mass error (d-e). Biological replicates AR-30B (a-b) and AR-30A (c). For prolines, “p” 

represents hydroxylated prolines and “P” non-hydroxylated prolines. d) PPM error distribution 

for all peptides (blue, n=7,498) and those containing glutamines and asparagines (red, n=3,867). 

e) PPM error distribution by peptide mass with spectra matching to COL10α1 in open red circles 

and those matching to COL10α1 128N in filled red circles. The shaded error distribution area 

includes over two-thirds of the total number of assigned spectra.  
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Figure S8. Archaic-like haplotypes in individuals with archaic-like allele at rs142463796. 
Sharing of archaic-like alleles encompassing 817 aSNPs on chromosome 6 (115355562-

117076597) representing the longest archaic-like haplotypes for 46 haplotypes in the 1000 

Genomes data that carry the archaic-like allele at rs142463796 as well as the genome sequences 

across these positions of the Altai Neandertal and Denisovan. The individual identifiers for the 

individuals carrying these 46 haplotypes are shown on the left hand site. Genomic aSNP 

positions for the 46 modern human haplotypes carrying the Yoruba-like allele are shown in gray 

while archaic-like alleles are shown in red. The archaic human genome sequences are color 

coded accordingly with the addition of orange highlighting of heterozygous positions. A region 

of consecutive aSNPs with shared archaic alleles in all 46 modern human haplotypes is 

highlighted in black (chr6:116436420-116582525). The position of rs142463796 is highlighted 

by a green arrow. 
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Figure S9. Percentage of variants supporting the derived state at positions diagnostic for 

each branch in the hominin mtDNA tree. Provided in brackets are the number of derived 

variants shared by sequences overlapping diagnostic positions as well as the total number of 

observations. Grey numbers above the branch were determined using all mtDNA sequences and 

red numbers below the branch are from sequences with terminal C to T substitutions only. 
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Figure S10. Overview of all 28 bone specimens identified as hominines using ZooMS. 
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Figure S11. Isotopic analysis of AR-14 and associated fauna. a) Dietary stable isotopes for 

AR-14, herbivores and carnivores from the Grotte du Renne Layers IX and X. b) δ
15

N values of 

carnivores and hominins for different Late Pleistocene sites. Blue areas represent the range of 

values reported for all Neandertals (on the left) and AMHs (on the right), including individuals 

with no data available for associated fauna remains. Bone collagen values for Neandertals, 

AMHs and associated fauna come from the literature (see SI Appendix Section 7). Foxes are 

only represented for the sites where their diet has been interpreted as carnivorous. 
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Table S1. COL1 amino acid substitutions within the Hominidae family. Positions are 

according to UniProt accession number P02452 for COL1α1 and P08123 for COL1α2. The 

ancestral state is suggested from comparison to available Nomascus leucogenys and 

Cercopithecidae COL1 sequences. For COL1α1 1032 no amino acid is given in the Nomascus 

leucogenys reference sequence, while all present Cercopithecidae contain a proline (P). ZooMS 

peptide markers D and F are marked by * and **, respectively. 

Protein Position 

A
n

c
e
st

ra
l 

A
A
 

P
o

n
g

o
 a

b
el

ii
 

P
o

n
g

o
 

p
yg

m
a

e
u

s 

G
o

ri
ll

a
 

g
o

ri
ll

a
 

P
a

n
 

tr
o
g

lo
d

yt
e
s 

P
a

n
 p

a
n

is
cu

s 

H
o

m
o

 s
p

. 

AR-7 AR-16 AR-30 
COL1α1 172 T T T A T T T T T T 
COL1α1 784** T T T S S S S S S S 
COL1α1 1032 P/A? A A A A A A A A A 
COL1α1 1083 A A T A A A A A A A 
COL1α1 1194 G G G G A A A A A A 
COL1α2 96 M N M M M M M M M M 
COL1α2 279 A A A S A A A A A A 
COL1α2 420 P P P P A A P P P P 
COL1α2 435 N S S N N N N N N N 
COL1α2 564 A A A A T A A A A A 
COL1α2 743 A T A A A A A - A - 
COL1α2 894* P P P S P P P P P P 
COL1α2 990 A V V A A A A A A A 
COL1α2 1013 D E E E E E E E E E 
COL1α2 1044 P P P S P P P P P P 
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Table S2. Identified proteins per analyzed bone specimen. Endogenous and exogenous state 

determination is based on deamidation spectral counts. 
Gene UniProt Accession AR-7 

 
AR-16 

 
AR-30 

(ZooMS) 
AR-

30A 
 

AR-

30B 
 

Blank Endogenous/Exogenous 

state 

COL1α1 P02452 ● ● ● ● ● 
 

endogenous 
COL1α2 P08123 ● ● ● ● ● 

 

endogenous 
COL2α1 P02458 ● ● ● ● ● 

 

endogenous 
COL3α1 P02461 ● ● ● ● ● 

 

endogenous 
COL5α1 P20908 ● ● ● ● ● 

 

endogenous 
COL5α2 P05997 ● ● ● ● ● 

 

endogenous 
COL5α3 P25940 ● ● ● ● ● 

 

endogenous 
COL7α1 Q02388 ● ● ● ● ● 

 

endogenous 
COL10α1 Q03692 ● ● 

 

● ● 
 

endogenous 
COL11α1 P12107 ● ● 

 

● ● 
 

endogenous 
COL11α2 P13942 ● ● 

 

● ● 
 

endogenous 
COL22α1 Q8NFW1 ● ● 

 

● ● 
 

endogenous 
BGN P21810 ● ● 

 

● ● 
 

endogenous 
COL9α1 P20849 ● ● ● 

   

endogenous 
COL4α1 P02462 

 

● 
 

● ● 
 

endogenous 
COL4α3 Q01955 

 

● 
 

● ● 
 

endogenous 
ALB (human) P02768 

  

● ● ● 
 

endogenous 
CLEC3B P05452 ● ● 

    

endogenous 
COL16α1 Q07092 ● 

   

● 
 

endogenous 
COL24α1 Q17RW2 ● 

   

● 
 

endogenous 
COL26α1 Q96A83 ● 

   

● 
 

endogenous 
COL27α1 Q8IZC6 ● 

   

● 
 

endogenous 
COL4α5 P29400 

 

● ● 
   

endogenous 
COL28α1 Q2UY09 

 

● 
 

● 
  

endogenous 
SERPINF1 P36955 

 

● 
  

● 
 

endogenous 
COL25α1 Q9BXS0 

   

● ● 
 

endogenous 
AHSG P02765 

   

● ● 
 

endogenous 
CHAD O15335 

   

● ● 
 

endogenous 
COL9α3 Q14050 ● 

     

endogenous 
COL8α1 P27658 

 

● 
    

endogenous 
LUM P51884 

   

● 
  

endogenous 
OMD Q99983 

   

● 
  

endogenous 
SERPINC1 P01008 

   

● 
  

endogenous 
COL4α4 P53420 

    

● 
 

endogenous 
OGN P20774 

    

● 
 

endogenous 
  

    

 
 

 

COL21α1 Q96P44 ● ● ● ● ● 
 

unknown 
KCNQ4 P56696 ● ● ● ● ● 

 

unknown 
IGHG1 P01857 ● ● ● 

 

● 
 

unknown 
DLL3 Q9NYJ7 

 

● ● ● 
  

unknown 
CDC42EP1 Q00587 ● 

  

● ● 
 

unknown 
COL18α1 P39060 ● 

 

● 
   

unknown 
KATNA1 O75449 

 

● ● 
   

unknown 
COL6α2 P12110 

   

● ● 
 

unknown 
COL12α1 Q99715 

   

● ● 
 

unknown 
NUCB2 P80303 

   

● ● 
 

unknown 
THBS1 P07996 

   

● ● 
 

unknown 
ACTB P60709 ● 

     

unknown 
COL4α2 P08572 ● 

     

unknown 
MLLT4-AS1 Q9Y6Z5 ● 

     

unknown 
ERICH3 Q5RHP9 ● 

     

unknown 
USP15 Q9Y4E8 ● 

     

unknown 
KIF26A Q9ULI4 

 

● 
    

unknown 
COL8α2 P25067 

  

● 
   

unknown 
APOA4 P06727 

  

● 
   

unknown 
C3 P01024 

   

● 
  

unknown 



42 
 

P4HB P07237 
   

● 
  

unknown 
POSTN Q15063 

   

● 
  

unknown 
SERPINA3 P01011 

   

● 
  

unknown 
HB* protein group P68871 / P69905 / 

P02042 

    

● 
 

unknown 

  
    

 
 

 

HIST1H4A P62805 
     

● exogenous 
KRT25 Q7Z3Z0 

     

● exogenous 
H2AFV Q71UI9 

     

● exogenous 
TRYPSIN P00761 ● ● ● ● ● ● exogenous 
KRT1 P04264 ● ● ● ● ● ● exogenous 
COL4α6 Q14031 ● ● 

 

● ● 
 

exogenous 
ALB (bovine) P02769 

  

● ● ● ● exogenous 
DCD P81605 ● 

 

● 
 

● 
 

exogenous 
Ubiquitin-like protein 

group 
P0CG47 / P0CG48 / 

P62987 / P62979 

  

● 
 

● ● exogenous 

CSN2 P02666 ● 
     

exogenous 
KRT5 P13647 ● 

     

exogenous 
KRT6A P02538 ● 

     

exogenous 
KRT6B P04259 ● 

     

exogenous 
KRT9 P35527 ● 

     

exogenous 
KRT10 P13645 ●      exogenous 
KRT16 P08779 ● 

     

exogenous 
LATEX Gloves P42212 ● 

     

exogenous 
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Table S3. Methionine (M) oxidation sites and frequency detected in this study. Numbers in 

brackets refer to the total number of spectral observations for a given position. O=oxidation, 

S=sulfone. 
Protein Position AR-7 

 

AR-16 
 

AR-30 
ZooMS 

 

AR-30A 
 

AR-30B 
 

  

O (%) S (%) O (%) S (%) O (%) S (%) O (%) S (%) O (%) S (%) 
COL1α1 181 59.6 17.5 43.3 10.0 57.1 21.4 53.8 11.5 51.7 13.8 
COL1α1 217 40.6 

 

50.0 
 

0.0 
 

52.5 
 

45.5 
 

COL1α1 264 86.7 
 

100.0 
 

100.0 
 

100.0 
 

83.3 
 

COL1α1 301 93.6 
 

90.3 
 

93.3 
 

76.9 
 

84.6 
 

COL1α1 580 95.7 1.1 75.0 
 

98.0 
 

93.8 
 

86.2 3.4 
COL1α1 729 93.3 

 

72.2 
 

100.0 
 

92.3 
 

75.0 
 

COL1α1 1000 61.3 
 

63.6 
 

50.0 
 

52.7 
 

50.0 
 

COL1α2 93 95.8 
 

68.2 
 

100.0 
 

80.0 
 

87.5 
 

COL1α2 96 100.0 
 

68.2 
 

100.0 
 

80.0 
 

87.5 
 

COL1α2 417 87.5 10.0 87.5 6.3 80.0 20.0 75.0 
 

69.2 7.7 
COL1α2 447 98.5 

 

84.8 
 

100.0 
 

96.4 
 

100.0 
 

COL1α2 785 94.3 
 

94.4 
 

100.0 
 

100.0 
 

94.1 5.9 
COL2α1 239 100.0 

 

75.0 
   

0.0 
 

0.0 
 

COL2α1 602 90.9 
 

 

 

100.0 
 

100.0 
 

100.0 
 

COL2α1 751 100.0 
 

 

       

COL3α1 299 100.0 
 

 

 

0.0 
     

COL3α1 398 100.0 
 

 

       

COL3α1 410 33.3 
 

 

       

COL3α1 535 50.0 
 

0.0 
 

0.0 
     

COL3α1 578 90.9 
 

75.0 
 

100.0 
 

100.0 
 

100.0 
 

COL3α1 727 100.0 
 

 

       

COL3α1 964 100.0 
 

100.0 
 

100.0 
 

100.0 
 

100.0 
 

COL4α1 235 
 

 

100.0 
       

COL5α1 519 
 

 

 

   

100.0 
 

100.0 
 

COL5α1 521 
 

 

 

   

100.0 
 

100.0 
 

COL5α1 564 100.0 
 

 

   

100.0 
 

100.0 
 

COL5α1 701 
 

 

50.0 
       

COL5α1 1011 50.0 
 

0.0 
   

0.0 
   

COL5α2 248 100.0 
 

 

       

COL5α2 763 100.0 
 

 

       

COL5α2 997 100.0 
 

100.0 
   

100.0 
   

COL5α2 1006 
 

 

100.0 
     

100.0 
 

COL7α1 1262 
      

100.0 
   

COL11α1 492 0.0 
 

 

   

100.0 
 

100.0 
 

COL11α1 494 100.0 
 

 

   

100.0 
 

100.0 
 

COL11α1 668 0.0 
 

50.0 
   

0.0 
   

COL11α1 534 100.0 
 

66.7 
       

COL11α2 451 
 

 

100.0 
       

COL16α1 1569 16.7 
 

 

     

66.7 
 

ALB 147 
    

75.0 25.0 66.7 33.4 62.5 37.5 
ALB 572 

    

100.0 
 

100.0 
 

100.0 
 

ANT3 455 
      

100.0 
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Table S4. Acetylation sites detected in this study. N-terminal acetylation is excluded from 

analysis. For samples, numbers refer to observed acetylated spectra and total observed spectra 

for a given position (respectively). Only positions with TIC >2% in one of the samples are 

included. 
Protein Position AR-7 AR-16 AR-30 

(ZooMS) 
AR-30A AR-30B Ion 126.1 

m/z 
Ion 143.1 

m/z 
COL1α1 265 

    

1/6 
 

yes 
COL1α1 505 3/83 5/57 

 

2/24 1/24 yes yes 
COL1α1 520 

   

1/9 
   

COL1α1 594 5/39 2/34 
   

yes yes 
COL1α1 742 

   

1/9 
 

yes yes 
COL1α1 751 

 

1/40 
    

yes 
COL1α1 781 

   

1/65 
  

yes 
COL1α1 907 1/3 1/2 

   

yes yes 
COL1α1 1096 1/127 1/66 

    

yes 
COL1α2 354 

  

1/25 
   

yes 
COL1α2 360 

  

1/21 
   

yes 
COL1α2 621 2/64 

     

yes 
COL1α2 654 

   

2/9 2/7 yes yes 
COL1α2 1064 8/104 1/32 2/25 3/51 2/76 yes yes 
COL2α1 452 

  

1/1 
   

yes 
COL2α1 803 

  

1/3 1/7 
  

yes 
COL2α1 929 

 

1/1 
    

yes 
COL5α1 1326 

   

1/1 
  

yes 
COL5α1 1515 

    

1/1 
 

yes 
COL5α2 539 1/1 

     

yes 
COL5α2 968 

  

1/2 
    

COL11α1 933 
   

1/2 
  

yes 
COL22α1 954 

   

1/1 
  

yes 
COL22α1 1410 

 

1/1 
    

yes 
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Table S5. GO enrichment analysis at p<0.05 (Bonferroni corrected p-values). 
GO Molecular Functions Term p-value 
GO:0005201 extracellular matrix structural constituent 0.000 
GO:0005198 structural molecule activity 0.000 
GO:0048407 platelet-derived growth factor binding 0.000 
GO:0030020 extracellular matrix structural constituent conferring tensile strength 0.000 
GO:0004866 endopeptidase inhibitor activity 0.000 
GO:0061135 endopeptidase regulator activity 0.000 
GO:0030414 peptidase inhibitor activity 0.000 
GO:0061134 peptidase regulator activity 0.000 
GO:0019838 growth factor binding 0.001 
GO:0005539 glycosaminoglycan binding 0.002 
GO:0008201 heparin binding 0.006 
GO:0004867 serine-type endopeptidase inhibitor activity 0.011 
GO:0050839 cell adhesion molecule binding 0.016 
GO:0005178 integrin binding 0.029 
GO:0004857 enzyme inhibitor activity 0.044 
   

GO Biological Processes Term p-value 
GO:0044243 multicellular organismal catabolic process 0.000 
GO:0030198 extracellular matrix organization 0.000 
GO:0043062 extracellular structure organization 0.000 
GO:0030574 collagen catabolic process 0.000 
GO:0044236 multicellular organismal metabolic process 0.000 
GO:0032963 collagen metabolic process 0.000 
GO:0044259 multicellular organismal macromolecule metabolic process 0.000 
GO:0022617 extracellular matrix disassembly 0.000 
GO:0044712 single-organism catabolic process 0.000 
GO:0022411 cellular component disassembly 0.000 
GO:0009056 catabolic process 0.000 
GO:0030199 collagen fibril organization 0.000 
GO:0001501 skeletal system development 0.000 
GO:0016043 cellular component organization 0.000 
GO:0071840 cellular component organization or biogenesis 0.000 
GO:0044710 single-organism metabolic process 0.000 
GO:0007155 cell adhesion 0.000 
GO:0022610 biological adhesion 0.000 
GO:0007411 axon guidance 0.000 
GO:0007409 axonogenesis 0.000 
GO:0061564 axon development 0.000 
GO:0031175 neuron projection development 0.000 
GO:0048667 cell morphogenesis involved in neuron differentiation 0.000 
GO:0000904 cell morphogenesis involved in differentiation 0.000 
GO:0048812 neuron projection morphogenesis 0.000 
GO:0048513 organ development 0.000 
GO:0040011 locomotion 0.000 
GO:0009888 tissue development 0.000 
GO:0061448 connective tissue development 0.000 
GO:0010951 negative regulation of endopeptidase activity 0.000 
GO:0071230 cellular response to amino acid stimulus 0.000 
GO:0048731 system development 0.000 
GO:0010466 negative regulation of peptidase activity 0.000 
GO:0006935 chemotaxis 0.000 
GO:0042330 taxis 0.000 
GO:0048666 neuron development 0.000 
GO:0051216 cartilage development 0.000 
GO:0006928 movement of cell or subcellular component 0.000 
GO:0048858 cell projection morphogenesis 0.000 
GO:0032990 cell part morphogenesis 0.000 
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GO:0009653 anatomical structure morphogenesis 0.000 
GO:0000902 cell morphogenesis 0.000 
GO:0048699 generation of neurons 0.000 
GO:0030030 cell projection organization 0.000 
GO:0045861 negative regulation of proteolysis 0.000 
GO:0030182 neuron differentiation 0.000 
GO:0022008 neurogenesis 0.001 
GO:0032989 cellular component morphogenesis 0.001 
GO:0035987 endodermal cell differentiation 0.001 
GO:0048468 cell development 0.001 
GO:0043200 response to amino acid 0.001 
GO:0009605 response to external stimulus 0.001 
GO:0009887 organ morphogenesis 0.001 
GO:0052548 regulation of endopeptidase activity 0.001 
GO:0030154 cell differentiation 0.001 
GO:0071229 cellular response to acid chemical 0.002 
GO:0051346 negative regulation of hydrolase activity 0.002 
GO:0052547 regulation of peptidase activity 0.002 
GO:0048869 cellular developmental process 0.003 
GO:0048856 anatomical structure development 0.003 
GO:0006897 endocytosis 0.003 
GO:0001706 endoderm formation 0.003 
GO:0042221 response to chemical 0.004 
GO:0060350 endochondral bone morphogenesis 0.005 
GO:0001101 response to acid chemical 0.005 
GO:0060351 cartilage development involved in endochondral bone morphogenesis 0.007 
GO:0006898 receptor-mediated endocytosis 0.007 
GO:0001568 blood vessel development 0.012 
GO:0048646 anatomical structure formation involved in morphogenesis 0.012 
GO:0007275 multicellular organismal development 0.013 
GO:0048705 skeletal system morphogenesis 0.014 
GO:0001944 vasculature development 0.015 
GO:0072358 cardiovascular system development 0.018 
GO:0072359 circulatory system development 0.018 
GO:0007492 endoderm development 0.023 
GO:0043933 macromolecular complex subunit organization 0.027 
GO:0070208 protein heterotrimerization 0.028 
GO:0030168 platelet activation 0.028 
GO:0001503 ossification 0.034 
GO:0030162 regulation of proteolysis 0.041 
GO:0090596 sensory organ morphogenesis 0.042 
GO:0071822 protein complex subunit organization 0.044 
GO:0071560 cellular response to transforming growth factor beta stimulus 0.048 
GO:0071559 response to transforming growth factor beta 0.048 
   

GO Cellular components Term p-value 
GO:0005788 endoplasmic reticulum lumen 0.000 
GO:0005578 proteinaceous extracellular matrix 0.000 
GO:0031012 extracellular matrix 0.000 
GO:0005581 collagen trimer 0.000 
GO:0044420 extracellular matrix component 0.000 
GO:0005583 fibrillar collagen trimer 0.000 
GO:0044432 endoplasmic reticulum part 0.000 
GO:0005783 endoplasmic reticulum 0.000 
GO:0012505 endomembrane system 0.000 
GO:0043233 organelle lumen 0.000 
GO:0070013 intracellular organelle lumen 0.000 
GO:0044421 extracellular region part 0.000 
GO:0005604 basement membrane 0.000 
GO:0005576 extracellular region 0.000 
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GO:0044446 intracellular organelle part 0.000 
GO:0044422 organelle part 0.000 
GO:0044444 cytoplasmic part 0.000 
GO:0098644 complex of collagen trimers 0.000 
GO:0043227 membrane-bounded organelle 0.000 
GO:0043231 intracellular membrane-bounded organelle 0.000 
GO:0005615 extracellular space 0.000 
GO:0098642 network-forming collagen trimer 0.000 
GO:0098645 collagen network 0.000 
GO:0098651 basement membrane collagen trimer 0.000 
GO:0072562 blood microparticle 0.000 
GO:0043226 organelle 0.000 
GO:0043229 intracellular organelle 0.000 
GO:0070062 extracellular exosome 0.000 
GO:0043234 protein complex 0.000 
GO:0005737 cytoplasm 0.000 
GO:0005588 collagen type V trimer 0.000 
GO:0032991 macromolecular complex 0.000 
GO:0005587 collagen type IV trimer 0.000 
GO:0005593 FACIT collagen trimer 0.001 
GO:0031988 membrane-bounded vesicle 0.001 
GO:0031982 vesicle 0.001 
GO:0005592 collagen type XI trimer 0.011 
GO:0005584 collagen type I trimer 0.011 
GO:0044424 intracellular part 0.017 
GO:0005622 intracellular 0.017 
GO:0030934 anchoring collagen complex 0.032 
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Table S6. Amino acid variant analysis. Amino acid positions identified in bone specimens 

analyzed here and of which the most frequent modern allele present in the 1000G database has a 

frequency of ≤99.0%. Column “Hominidae” presents the amino acid state for respectively Pongo 

abelii, Gorilla gorilla and Pan troglodytes. 
Protein Position dbSNP Hominidae Neandertal Denisovan Human 

amino acids 
Frequencies 

(1000G global) 
Identified 

amino acid 
COL1α1 1075 rs1800215 A/A/A A A A , T 97.9 , 2.1 A 
COL1α2 549 rs42524 A/A/A A A P , A 82.2 , 17.8 A 
COL9α1 621 rs1135056 Q/Q/Q (?) (?) Q , R 67.3 , 32.7 Q 
COL10α1 128 rs142463796 D/D/D N N D , N 99.1 , 0.9 N 
COL28α1 327 rs10486176 S/S/S S S T , S 85.7 , 14.3 S 
COL28α1 472 rs17177927 P/P/P P P A , P 93.5 , 6.5 P 
COL28α1 677 rs115211979 P/P/P P P P , T 96.9 , 3.1 P 
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Table S7. COL10α1 amino acid substitutions present within the Homininae. Positions for 

which archaic data is lacking are omitted. States included in Hominidae are Pongo abelii/Gorilla 

gorilla/Pan troglodytes, respectively. Amino acid states for Pongo and Gorilla are given as 

indicators of the ancestral state, and unique substitutions on their phylogenetic lineages are 

excluded. 
Position Hominidae Neandertals Denisovan Human AR-30 
27 T/T/T T M M - 
61 I/I/I T T T T 
128 D/D/D N N D N 
155 S/S/S P P P - 
214 P/P/P S S S - 
243 M/M/I M M M - 
287 P/P/A P P P - 
354 N/N/N S S S - 
361 K/K/E K K K - 
393 E/E/E K K K - 
592 R/R/R X Q Q - 
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Table S8. BLAST results of amino acid sequence PKGNVGPAGLPGPR to GenBank and 

UniProt. 
Database Search Top hit Score E-value Identity 

(%) 
Query 

coverage 

(%) 
GenBank pblast COL10α1 – Homo sapiens 252 3.0E-07 94 100 
UniProt BLAST COL10α1 – Homo sapiens 123 1.5E-11 94.4 100 
GenBank – Archaea pblast Cobalamin biosynthesis protein CbiB - Thermoproteus sp. 

JCHS 4 
39.9 19 80 71 

GenBank – Bacteria pblast hypothetical protein - Rhodopseudomonas palustris 122 16 71 100 
GenBank - Fungi pblast hypothetical protein - Hypholoma sublateritium 27.8 18 82 78 
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Table S9. Frequency of the archaic-like allele of rs142463796 in modern human 

populations. The frequency of the archaic-like allele in modern human populations that include 

individuals carrying the archaic-like allele (1000 Genomes and SGDP data set). 
Population Dataset Frequency of archaic allele in % (number of haplotypes with 

archaic allele/total number of haplotypes in population) 
Han Chinese in Bejing 1000 Genomes 0.5% (1/206) 
Southern Han Chinese 1000 Genomes 1.4% (3/216) 
Gujarati Indian 1000 Genomes 1.9% (4/212) 
Punjabi 1000 Genomes 5.7% (11/192) 
Bengali 1000 Genomes 6.4% (11/172) 
Sri Lankan Tamil 1000 Genomes 2.4% (5/206) 
Indian Telugu 1000 Genomes 4.9% (10/206) 
Toscani 1000 Genomes 0.5% (1/216) 
Tajik SGDP 25% (1/4) 
Australian SGDP 33% (2/6) 
Papuan SGDP 46.9% (15/32) 
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Table S10. General characteristics of the libraries enriched for mitochondrial DNA. ENC – 

extraction negative control; LNC – library negative control; ddPCR – digital droplet PCR; C – 

cytosine; T - thymine. 
Library 

ID 
Specimen 

ID 
Powder used for 

extraction (mg) 
molecules in library 

(ddPCR) 
sequences 

generated 
Sequences 

mapped 

(%) 

unique 

mtDNA 

sequences 

Average 

number of 

duplicates 

# of sequences 

with C→T 

substitution 
A9340 AR-14 8.2 2.82E+09 2,624,306 3.52 48,469 8.71 4,083 
A9342 AR-30 22 2.57E+09 2,520,378 0.42 7,015 14.86 850 
A9344 ENC - 2.29E+07 343,405 0.17 208 272.11 3 
A9345 LNC - 1.28E+07 273,670 0.03 15 890.27 1 
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Table S11. Frequencies of C to T substitutions at the terminal positions of sequence 

alignments.  
Specimen ID 5’ C→T (%) 

(95% CI) 
[number of observations] 

3’ C → T (%) 
(95% CI) 

[number of observations] 
AR-14 12.1 (11.5-12.7) 

[1,449/11,978] 
11.5 (10.85-12.19) 

[1,007/8,756] 
AR-30 20.5 (18.6-22.6) 

[325/1,583] 
28.1 (24.9-31.5) 

[202/720] 
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Table S12. Frequencies of C to T substitutions at the terminal positions of sequenced DNA 

fragments identified as present-day human and Neandertal.  
Specimen 

ID 
Human sequences  Neandertal sequences  

 5’ C→T (%) (# of 
observations) 

3’ C → T (%) (# of 
observations) 

5’ C→T (%) (# of 
observations) 

3’ C → T (%) (# of 
observations) 

AR-14 1.8 
(39/2192) 

2.6 
(42/1,624) 

29.7 
(167/562) 

24.7 
(97/393) 

AR-30 3.4 
(9/267) 

4.4 
(6/137) 

33.3 
(43/129) 

71.4 
(40/56) 
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Table S13. Linear measurements (in mm) of AR-7, a partial cervical hemi-arch. Measured 

variables are abbreviated following (68). 
Variable 

abbreviation 
AR-7 LF-8, C3/C4  

(MAN-1970) 
LF-8, C3-C5 

 (MAN-1970) 
LF-8, C6  

(MAN-1970) 
LamCrCdDi 4.7 5.3 4.3 - 
LamTh 2.6 2.1 2.1 2.3 
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Table S14. Isotopic results for AR-14 and 35 additional faunal specimens from the Grotte 

du Renne. δ
13

C values are measured relative to the V-PDB standard and δ
15

N values are 

measured relative to the AIR standard. 
S-EVA Taxonomy Layer % Coll. δ13C δ15N %C %N C:N Reference 

S-EVA 32886 Hominin (AR-14) X(c?) 3.9 -19.5 14.3 40.1 14.5 3.2 this study 
S-EVA 32867 Bos/Bison Xb 3.7 -20.3 5.9 41.8 15.3 3.2 this study 
S-EVA 32870 Bos/Bison Xb 3.3 -21.3 7.1 41.6 15.2 3.2 this study 
S-EVA 32873 Bos/Bison Xb 3.1 -20.0 5.1 42.7 15.7 3.2 this study 
S-EVA 32874 Bos/Bison Xb 6.1 -19.0 3.5 43.3 15.8 3.2 this study 
S-EVA 32868 Equidae Xb 8.2 -20.5 4.6 41.0 15.1 3.2 this study 
S-EVA 32871 Equidae Xb 1.1 -20.9 5.1 39.7 14.4 3.2 this study 
S-EVA 32915 Equidae Xb 7.2 -20.8 5.2 44.9 16.4 3.2 this study 
S-EVA 32907 Equidae Xb2 6.1 -20.9 5.2 45.2 16.4 3.2 this study 
 EVA-44 Equidae IXa 1.6 -20.7 6.1 35.2 13.0 3.2 (8) 
 EVA-47 Equidae IXa 4.0 -21.3 4.7 39.4 14.6 3.2 (8) 
 EVA-38 Equidae Xa 1.5 -20.8 5.7 38.6 14.3 3.2 (8) 
 EVA-23 Equidae Xb1 2.6 -21.1 5.9 42.5 15.8 3.1 (8) 
 EVA-29 Equidae Xb2 1.7 -20.9 5.6 40.4 14.8 3.2 (8) 
 EVA-32 Equidae Xb2 5.1 -21.0 5.1 40.6 15.0 3.2 (8) 
S-EVA 32910 Rangifer Xb2 5.8 -18.8 3.3 47.3 17.2 3.2 this study 
S-EVA 32904 Rangifer Xb2 4.8 -19.3 7.8 39.6 14.4 3.2 this study 
S-EVA 32906 Rangifer Xb2 3.1 -19.4 5.5 19.2 6.7 3.3 this study 
 EVA-33 Rangifer IXb 4.4 -18.7 3.6 39.1 14.5 3.1 (8) 
 EVA-34 Rangifer IXb 4.5 -19.0 4.6 39.3 14.5 3.2 (8) 
 EVA-35 Rangifer IXb 3.4 -18.6 3.1 39.5 14.5 3.2 (8) 
 EVA-36 Rangifer IXb 3.5 -19.3 3.3 45.6 16.7 3.2 (8) 
 EVA-37 Rangifer IXb 4.3 -18.5 3.7 42.0 15.4 3.2 (8) 
 EVA-27 Rangifer Xb1 4.4 -18.7 3.5 41.9 15.4 3.2 (8) 
 EVA-48 Rangifer Xb2 3.5 -18.6 3.0 43.2 15.4 3.3 (8) 
 EVA-49 Rangifer Xb2 4.4 -18.9 3.9 41.9 15.5 3.1 (8) 
S-EVA 32916 Rhinocerotidae Xc 8.0 -18.9 2.4 46.7 17.0 3.2 this study 
S-EVA 32918 Rhinocerotidae Xc 0.0 failed failed failed failed failed this study 
S-EVA 32913 Elephantidae Xb2 1.8 -20.2 4.9 44.2 16.0 3.2 this study 
S-EVA 32914 Elephantidae Xb 5.6 -21.8 8.2 47.7 16.5 3.4 this study 
S-EVA 32911 Elephantidae Xb2 1.9 -21.5 6.8 20.1 7.0 3.3 this study 
S-EVA 32919 Hyaenidae Xc 10.3 -19.5 9.5 46.4 16.9 3.2 this study 
S-EVA 32908 Pantherinae Xb2 11.0 -18.8 8.9 48.0 17.6 3.2 this study 
S-EVA 32909 Pantherinae Xb2 8.6 -18.0 7.4 42.8 15.7 3.2 this study 
S-EVA 32912 Canidae Xb2 5.6 -18.9 9.9 46.5 16.8 3.2 this study 
S-EVA 32917 Ursidae Xc 3.9 -21.1 3.2 29.7 10.6 3.3 this study 
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Table S15. Average isotopic values and standard deviations for different animal categories 

at the Grotte du Renne (Layers IX and X). 
Animal category  δ13C   δ15N  Reference 
 # Average SD  Average SD  

AR-14 Hominin 1 -19.5 - 
 

14.3 - this study 
Herbivores 29 -20.0 1.1 

 

5.0 2.3 (8); this study 
Rangifer 11 -18.9 0.3 

 

4.1 1.4 (8); this study 
Equidae & Bos 14 -20.7 0.6 

 

5.3 0.6 (8); this study 
Omnivore 1 -21.1 - 

 

3.2 - this study 
Carnivores 4 -18.8 0.6 

 

8.9 1.1 this study 
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Table S16. Bayesian age models for the Grotte du Renne. Calibrated boundaries age range 

provided by OxCal 4.2 (122) using the International Calibration Curve IntCal13 (123) for the 

four different models (see text for details). Bayesian CQL Code is given below for individual 

models. 
Hublin et al. 2012 model (8) 68.2%  95.4%  

Indices: A_overall 105.1 from to from to 
End Protoaurignacian VII 34,230 32,760 35,400 30,400 
Transition Chȃtelperronian VIII/Protoaurignacian VII 40,810 39,940 41,050 39,380 
Transition Chȃtelperronian Layer IX+X/VIII 41,280 40,760 41,470 40,500 
AR-14 (MAMS-25149; 36840,660) 41,990 41,170 42,510 40,820 
Transition Mousterian XI/Chȃtelperronian Layer IX+X 44,730 44,150 45,050 43,900 
Start Mousterian XI 46,750 45,160 48,290 44,670 
Saint-Césaire OxA-18099 (36200,750) 41,540 40,110 42,140 39,340 
     

Only hominin-modified bones (n=10 samples in Châtelperronian 

layers, dates from (8)) 

    

Indices: A_overall 92.5 from to from to 
End Protoaurignacian VII 38,730 36,270 41,500 32,720 
Transition Chȃtelperronian VIII/Protoaurignacian VII 41,790 40,090 41,890 38,490 
Transition Chȃtelperronian Layer IX+X/VIII 42,140 41,610 42,370 41,250 
AR-14 (MAMS-25149; 36840,660) 42,450 41,770 43,160 41,320 
Transition Mousterian XI/Chȃtelperronian Layer IX+X 44,890 44,130 45,280 43,720 
Start Mousterian XI 46,100 44,770 47,590 44,360 
Saint-Césaire OxA-18099 (36200,750) 41,560 40,120 42,150 39,350 
     

Discamps et al. model (n=24 samples in the Châtelperronian layers, 

dates from (8)) 

    

Indices: A_overall 90.2 from to from to 

End Protoaurignacian VII 34,210 32,760 34,540 30,080 

Transition Chȃtelperronian VIII/Protoaurignacian VII 40,860 39,900 41,100 39,340 

Transition Chȃtelperronian Layer IX+X/VIII 41,390 40,960 41,590 40,720 

AR-14 (MAMS-25149; 36840,660) 42,000 41,270 42,480 40,980 
Transition Mousterian XI/Chȃtelperronian Layer IX+X 44,820 44,220 45,170 43,940 

Start Mousterian XI 47,430 44,950 50,690 44,460 

Saint-Césaire OxA-18099 (36200,750) 41,550 40,130 42,150 39,330 
     

Higham et al. 2014 model (11, dates from (5) and (8))     

Indices: A_overall 7.5 from to from to 
End Protoaurignacian VII 39,690 38,360 40,220 37,330 

Transition Chȃtelperronian VIII/Protoaurignacian VII 40,610 39,690 41,230 39,290 

Transition Chȃtelperronian Layer IX+X/VIII 40,980 40,010 41,800 39,790 
AR-14 (MAMS-25149; 36840,660) 42,080 41,050 42,560 40,460 

Transition Mousterian XI/Chȃtelperronian Layer IX+X 44,840 44,180 45,160 43,810 

Start Mousterian XI 45,260 44,450 45,810 43,980 
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Bayesian CQL Code 
 
1) Hublin et al. Model: 

Options() 
{ 
 Outlier_Model("General",T(5),U(0,4),"t"); 
 Resolution=20; 
 Plot("Saint Cesaire") 
 { 
  R_Date("OxA-18099", 36200, 750) 
  { 
    color="red"; 
    fill="Red"; 
  }; 
 }; 
 Plot() 
 { 
  Sequence(Arcy-sur-Cure) 
  { 
    Boundary("Start Mousterian XI"); 
    Phase("Mousterian XI") 
    { 
    R_Date("EVA-84", 43266, 929) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-77", 42122, 805) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-83", 41979, 821) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-85", 40898, 719) 
    { 
     Outlier(0.05); 
    }; 
    }; 
    Boundary("Transition Mousterian XI/CP Layer IX+X"); 
    Phase("Chatelperronian Layer") 
    { 
    R_Date("EVA-33", 40968, 424) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-28", 40925, 393) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-49", 40834, 778) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-34", 40519, 389) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-27", 40231, 395) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-51", 39958, 702) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-46", 39932, 361) 
    { 
     Outlier(0.05); 
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    }; 
    R_Date("EVA-47", 39754, 360) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-37", 39448, 340) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-26", 39393, 334) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-31", 39290, 334) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-44", 39277, 351) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-35", 39243, 341) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-48", 39071, 332) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-43", 39015, 352) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-41", 38733, 333) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-24", 38395, 317) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-42", 38065, 311) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-30", 37984, 284) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-36", 37742, 307) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-40", 37512, 275) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("MAMS-25149", 36840, 660) 
    { 
     color="red"; 
     fill="red"; 
     Outlier(0.05); 
    }; 
    R_Date("EVA-23", 36837, 335) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-32", 36815, 257) 
    { 
     Outlier(0.05); 
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    }; 
    R_Date("EVA-38", 36536, 248) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-25", 36207, 250) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-29", 35498, 216) 
    { 
     Outlier(1.0); 
    }; 
    }; 
    Boundary("Transition CP Layer IX+X/VIII"); 
    Phase("Chatelperronian Layer VIII") 
    { 
    R_Date("EVA-56", 37712, 533) 
    { 
     Outlier(1.0); 
    }; 
    R_Date("EVA-55", 36626, 452) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-53", 36232, 435) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-52", 35984, 432) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-54", 35379, 390) 
    { 
     Outlier(0.05); 
    }; 
    }; 
    Boundary("Transition CP VIII/Proto VII"); 
    Phase("Protoaurignacian VII") 
    { 
    R_Date("EVA-95", 34807, 210) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-81", 33849, 311) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-93", 33007, 182) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-92", 31610, 185) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-79", 29934, 208) 
    { 
     Outlier(0.05); 
    }; 
    }; 
    Boundary("End Protoaurignacian VII"); 
  }; 
 }; 
}; 
 
2) Cut-Marks bones Model: A_overall 92.5% 
Options() 
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{ 
 Outlier_Model("General",T(5),U(0,4),"t"); 
 Resolution=20; 
 Plot("Saint Cesaire") 
 { 
  R_Date("OxA-18099", 36200, 750) 
  { 
    color="red"; 
    fill="Red"; 
  }; 
 }; 
 Plot() 
 { 
  Sequence(Arcy-sur-Cure) 
  { 
    Boundary("Start Mousterian XI"); 
    Phase("Mousterian XI") 
    { 
    R_Date("EVA-77", 42122, 805) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-83", 41979, 821) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-85", 40898, 719) 
    { 
     Outlier(0.05); 
    }; 
    }; 
    Boundary("Transition Mousterian XI/CP Layer IX+X"); 
    Phase("Chatelperronian Layer") 
    { 
    R_Date("EVA-33", 40968, 424) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-34", 40519, 389) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-26", 39393, 334) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-41", 38733, 333) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-42", 38065, 311) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-30", 37984, 284) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("MAMS-25149", 36840, 660) 
    { 
     color="red"; 
     fill="red"; 
     Outlier(0.05); 
    }; 
    R_Date("EVA-29", 35498, 216) 
    { 
     Outlier(1.0); 
    }; 
    }; 
    Boundary("Transition CP Layer IX+X/VIII"); 
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    Phase("Chatelperronian Layer VIII") 
    { 
    R_Date("EVA-56", 37712, 533) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-55", 36626, 452) 
    { 
     Outlier(0.05); 
    }; 
    }; 
    Boundary("Transition CP VIII/Proto VII"); 
    Phase("Protoaurignacian VII") 
    { 
    R_Date("EVA-81", 33849, 311) 
    { 
     Outlier(0.05); 
    }; 
    }; 
    Boundary("End Protoaurignacian VII"); 
  }; 
 }; 
}; 
 
3) Discamp et al. Model: A_overall 90.2% 
Options() 
{ 
 Outlier_Model("General",T(5),U(0,4),"t"); 
 Resolution=20; 
 Plot("Saint Cesaire") 
 { 
  R_Date("OxA-18099", 36200, 750) 
  { 
    color="red"; 
    fill="Red"; 
  }; 
 }; 
 Plot() 
 { 
  Sequence(Arcy-sur-Cure) 
  { 
    Boundary("Start Mousterian XI"); 
    Phase("Mousterian XI") 
    { 
    R_Date("EVA-84", 43266, 929) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-85", 40898, 719) 
    { 
     Outlier(0.05); 
    }; 
    }; 
    Boundary("Transition Mousterian XI/CP Layer IX+X"); 
    Phase("Chatelperronian Layer") 
    { 
    R_Date("EVA-33", 40968, 424) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-28", 40925, 393) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-49", 40834, 778) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-34", 40519, 389) 
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    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-27", 40231, 395) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-46", 39932, 361) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-47", 39754, 360) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-37", 39448, 340) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-44", 39277, 351) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-35", 39243, 341) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-48", 39071, 332) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-43", 39015, 352) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-24", 38395, 317) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-30", 37984, 284) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-36", 37742, 307) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("MAMS-25149", 36840, 660) 
    { 
     color="red"; 
     fill="red"; 
     Outlier(0.05); 
    }; 
    R_Date("EVA-23", 36837, 335) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-32", 36815, 257) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-25", 36207, 250) 
    { 
     Outlier(0.05); 
    }; 
    }; 
    Boundary("Transition CP Layer IX+X/VIII"); 
    Phase("Chatelperronian Layer VIII") 
    { 
    R_Date("EVA-56", 37712, 533) 
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    { 
     Outlier(1.0); 
    }; 
    R_Date("EVA-55", 36626, 452) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-53", 36232, 435) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-52", 35984, 432) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-54", 35379, 390) 
    { 
     Outlier(0.05); 
    }; 
    }; 
    Boundary("Transition CP VIII/Proto VII"); 
    Phase("Protoaurignacian VII") 
    { 
    R_Date("EVA-95", 34807, 210) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-81", 33849, 311) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-93", 33007, 182) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-92", 31610, 185) 
    { 
     Outlier(0.05); 
    }; 
    R_Date("EVA-79", 29934, 208) 
    { 
     Outlier(0.05); 
    }; 
    }; 
    Boundary("End Protoaurignacian VII"); 
  }; 
 }; 
}; 
 
4) Higham et al. Model: A_overall 7.5% 
Options() 
{ 
 Resolution=20; 
 Curve("IntCal13","IntCal13.14c"); 
 Plot() 
 { 
  Outlier_Model("General",T(5),U(0,4),"t"); 
  Sequence() 
  { 
    Boundary("XII"); 
    Phase("XII Mousterian") 
    { 
    R_F14C("OxA-21594",0.00996,0.00126) 
    { 
     Outlier("General", 0.05); 
    }; 
    R_F14C("OxA-21595",0.00862,0.00127) 
    { 
     Outlier("General", 0.05); 
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    }; 
    }; 
    Boundary("Start XI"); 
    Phase("XI Mousterian") 
    { 
    R_Date("EVA-77*", 42120, 805) 
    { 
     Outlier("General", 0.05); 
    }; 
    R_Date("EVA-83*", 41980, 821) 
    { 
     Outlier("General", 0.05); 
    }; 
    R_Date("EVA-85*", 40900, 719) 
    { 
     Outlier("General", 0.05); 
    }; 
    }; 
    Boundary("end XI/Start X"); 
    Phase("X + IX Chatelperronian") 
    { 
    R_Date("EVA-30*", 37980, 284) 
    { 
     Outlier("General", 0.05); 
    }; 
    R_Date("MAMS-25149", 36840, 660) 
    { 
     color="red"; 
     fill="red"; 
     Outlier(0.05); 
    }; 
    R_Date("EVA-29*", 35500, 216) 
    { 
     Outlier("General", 1.0); 
    }; 
    R_Date("EVA-26*", 39390, 334) 
    { 
     Outlier("General", 0.05); 
    }; 
    R_Date("EVA-42*", 38070, 311) 
    { 
     Outlier("General", 0.05); 
    }; 
    R_Date("EVA-41*", 38730, 333) 
    { 
     Outlier("General", 0.05); 
    }; 
    R_F14C("OxA-21576",0.00621,0.00131) 
    { 
     Outlier("General", 0.05); 
    }; 
    R_F14C("OxA-21577",0.01338,0.00132) 
    { 
     Outlier("General", 0.05); 
    }; 
    R_Date("OxA-21590",21150,160) 
    { 
     Outlier("General", 1.00); 
    }; 
    R_F14C("OxA-21591",0.0132,0.00126) 
    { 
     Outlier("General", 0.05); 
    }; 
    R_F14C("OxA-21565",0.00895,0.00099) 
    { 
     Outlier("General", 0.05); 
    }; 
    R_F14C("OxA-21593",0.01231,0.00132) 
    { 
     Outlier("General", 0.05); 
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    }; 
    R_F14C("OxA-X-2279-18",0.00639,0.001) 
    { 
     Outlier("General", 0.05); 
    }; 
    R_F14C("OxA-X-2279-45",0.00618,0.00102) 
    { 
     Outlier("General", 0.05); 
    }; 
    R_F14C("OxA-X-2279-46",0.00807,0.001) 
    { 
     Outlier("General", 0.05); 
    }; 
    R_Date("OxA-X-2222-21", 23120, 190) 
    { 
     Outlier("General", 1.00); 
    }; 
    R_F14C("OxA-X-2226-7",0.0083,0.00134) 
    { 
     Outlier("General", 0.05); 
    }; 
    R_F14C("OxA-21577",0.01338,0.00132) 
    { 
     Outlier("General", 0.05); 
    }; 
    R_F14C("OxA-21592",0.01102,0.00149) 
    { 
     Outlier("General", 0.05); 
    }; 
    R_F14C("OxA-X-2226-12",0.0057,0.00137) 
    { 
     Outlier("General", 0.05); 
    }; 
    R_F14C("OxA-X-2226-13",0.00782,0.00136) 
    { 
     Outlier("General", 0.05); 
    }; 
    R_F14C("OxA-X-2279-44",0.00233,0.00104) 
    { 
     Outlier("General", 0.05); 
    }; 
    R_Date("EVA-34*", 40520, 389) 
    { 
     Outlier("General", 0.05); 
    }; 
    R_Date("EVA-33*", 40970, 424) 
    { 
     Outlier("General", 0.05); 
    }; 
    R_F14C("OxA-21574",0.00794,0.00127) 
    { 
     Outlier("General", 0.05); 
    }; 
    R_F14C("OxA-21575",0.01837,0.00129) 
    { 
     Outlier("General", 0.05); 
    }; 
    }; 
    Boundary("end X/Start IX"); 
    Phase("VIII") 
    { 
    R_Date("EVA-56*", 37710, 533) 
    { 
     Outlier("General", 1.0); 
    }; 
    R_Date("EVA-55*", 36630, 452) 
    { 
     Outlier("General", 0.05); 
    }; 
    R_F14C("OxA-21573",0.01018,0.0013) 
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    { 
     Outlier("General", 0.05); 
    }; 
    R_F14C("OxA-X-2279-14",0.01215,0.00112) 
    { 
     Outlier("General", 0.05); 
    }; 
    R_F14C("OxA-21683",0.00684,0.00099) 
    { 
     Outlier("General", 0.05); 
    }; 
    }; 
    Boundary("VIII/VII"); 
    Phase("VII Aurignacian") 
    { 
    R_F14C("OxA-21569",0.01062,0.00166) 
    { 
     Outlier("General", 0.05); 
    }; 
    R_F14C("OxA-21570",0.01347,0.00137) 
    { 
     Outlier("General", 0.05); 
    }; 
    R_F14C("OxA-21571",0.01444,0.00132) 
    { 
     Outlier("General", 0.05); 
    }; 
    R_F14C("OxA-21572",0.01343,0.00127) 
    { 
     Outlier("General", 0.05); 
    }; 
    R_F14C("OxA-21682",0.0128,0.001) 
    { 
     Outlier("General", 0.05); 
    }; 
    }; 
    Boundary("VII/VI"); 
  }; 
  Sequence() 
  { 
    Boundary("=end XI/Start X"); 
    Date("Arcy Chatelperronian"); 
    Boundary("=VIII/VII"); 
  }; 
  Sequence() 
  { 
    Boundary("=VIII/VII"); 
    Date("Arcy Protoaurignacian"); 
    Boundary("=VII/VI"); 
  }; 
  Sequence() 
  { 
    Boundary("=XII"); 
    Date("Arcy Mousterian"); 
    Boundary("=end XI/Start X"); 
  }; 
 }; 
}; 
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