







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	letters

	
                                    article


    
        
        
            
            
                
                    	Letter
	Published: 11 September 2019



                    Early Pleistocene enamel proteome from Dmanisi resolves Stephanorhinus phylogeny

                    	Enrico Cappellini1,2, 
	Frido Welker2,3, 
	Luca Pandolfi4, 
	Jazmín Ramos-Madrigal2, 
	Diana Samodova5, 
	Patrick L. Rüther5, 
	Anna K. Fotakis2, 
	David Lyon5, 
	J. Víctor Moreno-Mayar1, 
	Maia Bukhsianidze6, 
	Rosa Rakownikow Jersie-Christensen5, 
	Meaghan Mackie2,5, 
	Aurélien Ginolhac7, 
	Reid Ferring8, 
	Martha Tappen9, 
	Eleftheria Palkopoulou10, 
	Marc R. Dickinson11, 
	Thomas W. Stafford Jr12, 
	Yvonne L. Chan13, 
	Anders Götherström14, 
	Senthilvel K. S. S. Nathan15, 
	Peter D. Heintzman16,17, 
	Joshua D. Kapp16, 
	Irina Kirillova18, 
	Yoshan Moodley19, 
	Jordi Agusti20,21, 
	Ralf-Dietrich Kahlke22, 
	Gocha Kiladze23, 
	Bienvenido Martínez-Navarro20,21,24, 
	Shanlin Liu2,25, 
	Marcela Sandoval Velasco2, 
	Mikkel-Holger S. Sinding2,26, 
	Christian D. Kelstrup5, 
	Morten E. Allentoft1, 
	Ludovic Orlando1,27, 
	Kirsty Penkman11, 
	Beth Shapiro16,28, 
	Lorenzo Rook4, 
	Love Dalén13, 
	M. Thomas P. Gilbert2,29, 
	Jesper V. Olsen5, 
	David Lordkipanidze6 & 
	…
	Eske Willerslev1,30,31,32 

Show authors

                    

                    
                        
    Nature

                        volume 574, pages 103–107 (2019)Cite this article
                    

                    
        
            	
                        13k Accesses

                    
	
                        104 Citations

                    
	
                            560 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Evolutionary biology
	Evolutionary genetics
	Palaeontology
	Proteomics


    


                
    
    

    
    

                
            


        
            Abstract
The sequencing of ancient DNA has enabled the reconstruction of speciation, migration and admixture events for extinct taxa1. However, the irreversible post-mortem degradation2 of ancient DNA has so far limited its recovery—outside permafrost areas—to specimens that are not older than approximately 0.5 million years (Myr)3. By contrast, tandem mass spectrometry has enabled the sequencing of approximately 1.5-Myr-old collagen type I4, and suggested the presence of protein residues in fossils of the Cretaceous period5—although with limited phylogenetic use6. In the absence of molecular evidence, the speciation of several extinct species of the Early and Middle Pleistocene epoch remains contentious. Here we address the phylogenetic relationships of the Eurasian Rhinocerotidae of the Pleistocene epoch7,8,9, using the proteome of dental enamel from a Stephanorhinus tooth that is approximately 1.77-Myr old, recovered from the archaeological site of Dmanisi (South Caucasus, Georgia)10. Molecular phylogenetic analyses place this Stephanorhinus as a sister group to the clade formed by the woolly rhinoceros (Coelodonta antiquitatis) and Merck’s rhinoceros (Stephanorhinus kirchbergensis). We show that Coelodonta evolved from an early Stephanorhinus lineage, and that this latter genus includes at least two distinct evolutionary lines. The genus Stephanorhinus is therefore currently paraphyletic, and its systematic revision is needed. We demonstrate that sequencing the proteome of Early Pleistocene dental enamel overcomes the limitations of phylogenetic inference based on ancient collagen or DNA. Our approach also provides additional information about the sex and taxonomic assignment of other specimens from Dmanisi. Our findings reveal that proteomic investigation of ancient dental enamel—which is the hardest tissue in vertebrates11, and is highly abundant in the fossil record—can push the reconstruction of molecular evolution further back into the Early Pleistocene epoch, beyond the currently known limits of ancient DNA preservation.
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                    Fig. 1: Location of Dmanisi, stratigraphy, and specimen Dm.5/157–16635.


Fig. 2: Degradation of the enamel proteome.


Fig. 3: Sequence motif analysis of phosphorylation sites in the proteome of ancient enamel.


Fig. 4: Phylogenetic relationships between the comparative dataset of enamel proteomes and specimen Dm.5/157–16635.



                


                
                    
                
            

            
                Data availability

              
              All of the mass spectrometry proteomics data have been deposited in the ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE partner repository with the dataset identifier PXD011008. Genomic BAM files used for Rhinocerotidae protein sequence translation and protein sequence alignments used for phylogenetic reconstruction are available on Figshare (https://doi.org/10.6084/m9.figshare.7212746).

            

Code availability

              
              The in-house R script used to align the peptide sequences confidently identified by the PEAKS searches is available to everyone upon request to the corresponding authors.
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Extended data figures and tables

Extended Data Fig. 1 Generalized stratigraphic profiles for Dmanisi, indicating origins of the specimens.
a, Type section of the Dmanisi M5 excavation block. b, Stratigraphic profile of excavation area M6. M6 preserves a larger gully associated with the pipe-gully phase of stratigraphic–geomorphic development in stratum B1. The thickness of the stratum B1 gully fill extends to the basalt surface but includes ‘rip-ups’ of strata A1 and A2, showing that the deposits in stratum B1 post-date those of stratum A. c, Stratigraphic section of excavation area M17. Here, Stratum B1 was deposited after the erosion of stratum A deposits. The stratigraphic position of specimen Dm.5/157–16635 is highlighted with a red diamond. The Masavara basalt is about 50 cm below the base of the profile shown. d, Northern section of block 2. Following the collapse of a pipe and erosion to the basalt, the deeper part of this area was filled with local gully fill of strata B1x, B1y and B1z. Note the uniform burial of all stratum B1 deposits by strata B2, B3 and B4. The sampled specimens are indicated by the five-digit CGG numbers. Extended Data Table 1 provides both the CGG and GNM specimen numbers.


Extended Data Fig. 2 Proteome-sequence coverage for specimen Dm.5/157-16635.
a, c, e, g, i, j, Peptide–spectrum match (PSM) sequence coverage of the proteins AMBN (a), ENAM (c), AMELX (e), AMTN (g), MMP20 (i) and ALB (j). Annotations include ‘amino acid position, amino acid called in that position (number of PSMs and peptides covering that position)’ for the phylogenetically informative single-amino-acid polymorphisms within Rhinocerotidae. b, d, f, h, Frequency (per cent) of phosphorylated (green) and unphosphorylated (red) PSMs per amino acid position for AMBN (b), ENAM (d), AMELX (f) and AMTN (h). Numbers within the bars provide the PSM counts. k, Violin plot of distribution of PSM coverage for all covered sites (n = 693), and for sites of phylogenetic relevance (single-amino-acid polymorphisms, n = 30). The box plots define the range of the data, with whiskers extending to 1.5× interquartile range, boxes denoting the 25th and 75th percentiles and dots indicating the median. All panels are based only on MaxQuant search results. The Supplementary Data contains examples of MS/MS spectra, and fragment-ion series alignments for each of the marked single-amino-acid polymorphisms.

                          Source data
                        


Extended Data Fig. 3 Peptide and fragment-ion coverage of AMELX isoform 1 and isoform 2 from specimen Dm.M6/7.II.296–16856.
Peptides specific to AMELX isoform 1 and isoform 2 appear in the top and bottom parts of the figure, respectively. No AMELX isoform 2 is currently reported in public databases for the Cervidae group. Accordingly, the AMELX-isoform-2-specific peptides were identified by MaxQuant spectral matching against bovine (Bos taurus) AMELX isoform 2 (UniProt accession number P02817-2). AMELX isoform 2 (also known as leucine-rich amelogenin peptide (LRAP)) is a naturally occurring isoform of AMELX from the translation product of an alternatively spliced transcript.


Extended Data Fig. 4 Amino acid racemization.
Extent of intra-crystalline racemization in enamel for the free amino acid (FAA, x axis) fraction and the total hydrolysable amino acids (THAA, y axis) fraction for four amino acids (Asp plus Asn (here denoted Asx), Glu plus Gln (here denoted Glx), Ala and Phe). Note the differences in axis scale. Intra-crystalline data from Proboscidea enamel from a range of sites in the UK64 have been shown for comparison (grey crosses). Taxa from both Dmanisi and the UK exhibit a similar relationship between FAA and THAA racemization, and R2 values have been calculated on the basis of a polynomial relationship (order = 2, all > 0.93).

                          Source data
                        


Extended Data Fig. 5 Phosphorylation in the proteome of ancient enamel.
Annotated spectra including phosphorylated (here denoted ph) serine (S). a, Phosphorylation in the S-X-E motif of AMELX. b, Phosphorylation in the S-X-phosphorylated S motif of AMBN. Phosphorylation was independently observed in all three separate analyses of Dm.5/157–16635, including multiple spectra and peptides (Extended Data Fig. 2).


Extended Data Fig. 6 Phylogenetic relationships between the comparative reference dataset and specimen Dm.bXI–16857.
Consensus tree from Bayesian inference. The posterior probability of each bipartition is shown as a percentage to the left of each node.


Extended Data Fig. 7 AMELY-specific matches.
a, Specimen Dm.6/151.4.A4.12–16630. b, Specimen Dm.69/64.3.B1.53–16631. c, Specimen Dm.8/154.4.A4.22–16639. d, Specimen Dm.M6/7.II.296–16856. Note the presence of deamidated glutamine (deQ) and asparagine (deN), oxidated methionine (oxM) and phosphorylated serine (phS).


Extended Data Fig. 8 Effect of the missingness in the tree topology.
a, Maximum-likelihood phylogeny obtained using PhyML and the protein alignment that excludes Dm.5/157–16635. b, Topologies obtained from 100 random replicates of the woolly rhinoceros (C. antiquitatis). In each replicate, the number of missing sites was similar to that observed for the Dm.5/157–16635 specimen (72.4% missingness). The percentage shown for each topology indicates the number of replicates in which that particular topology was recovered. c, As in b, but for the Javan rhinoceros (R. sondaicus). d, As in b, but for the black rhinoceros (D. bicornis).


Extended Data Table 1 Genome and proteome survival in 23 specimens of fossil fauna from DmanisiFull size table


Extended Data Table 2 Proteome composition and coverageFull size table





Supplementary information
Supplementary Information
Supplementary Materials, Methods and Results, with Figures and Tables. Detailed description, enriched with figures and tables, of: (i) the studied specimens, (ii) the experimental procedures used to generate the data, and (iii) the results, both positive and negative, supporting the conclusions reported in the main text.


Reporting Summary

Supplementary Data
Selection of automatically and manually annotated tandem MS/MS spectra, retrieved from Dmanisi ~1.77 Myr old specimens as well as synthetic peptides, supporting the identification of: (i) phylogenetically informative amino acid positions observed in specimen Dm.5/157-16635, and (ii) phosphorylated sites.
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