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            Abstract
Denisovans are members of a hominin group who are currently only known directly from fragmentary fossils, the genomes of which have been studied from a single site, Denisova Cave1,2,3 in Siberia. They are also known indirectly from their genetic legacy through gene flow into several low-altitude East Asian populations4,5 and high-altitude modern Tibetans6. The lack of morphologically informative Denisovan fossils hinders our ability to connect geographically and temporally dispersed fossil hominins from Asia and to understand in a coherent manner their relation to recent Asian populations. This includes understanding the genetic adaptation of humans to the high-altitude Tibetan Plateau7,8, which was inherited from the Denisovans. Here we report a Denisovan mandible, identified by ancient protein analysis9,10, found on the Tibetan Plateau in Baishiya Karst Cave, Xiahe, Gansu, China. We determine the mandible to be at least 160Â thousand years old through U-series dating of an adhering carbonate matrix. The Xiahe specimen provides direct evidence of the Denisovans outside the Altai Mountains and its analysis unique insights into Denisovan mandibular and dental morphology. Our results indicate that archaic hominins occupied the Tibetan Plateau in the Middle Pleistocene epoch and successfully adapted to high-altitude hypoxic environments long before the regional arrival of modern Homo sapiens.
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                    Fig. 1: The Xiahe mandible.[image: ]


Fig. 2: Phylogenetic position of the Xiahe proteome within Hominidae.[image: ]


Fig. 3: The palaeoclimate background to human presence on the Tibetan Plateau.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        The earliest Denisovans and their cultural adaptation
                                        
                                    

                                    
                                        Article
                                        
                                         25 November 2021
                                    

                                

                                Samantha Brown, Diyendo Massilani, â€¦ Katerina Douka

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        A 3.8-million-year-old hominin cranium from Woranso-Mille, Ethiopia
                                        
                                    

                                    
                                        Article
                                        
                                         28 August 2019
                                    

                                

                                Yohannes Haile-Selassie, Stephanie M. Melillo, â€¦ Timothy M. Ryan

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Initial Upper Palaeolithic Homo sapiens from Bacho Kiro Cave, Bulgaria
                                        
                                    

                                    
                                        Article
                                        
                                         11 May 2020
                                    

                                

                                Jean-Jacques Hublin, Nikolay Sirakov, â€¦ Tsenka Tsanova

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Data availability

              
              All the proteomic mass spectrometry data have been deposited in the ProteomeXchange Consortium repository (http://www.proteomexchange.org/) with the identifier PXD011377. Protein consensus sequences for the Xiahe hominin used for phylogenetic analysis are available inÂ Supplementary Information 2. A surface scan model of the Xiahe mandible is publicly available at: https://www.eva.mpg.de/evolution/downloads/registration-form-xiahe.html.

            

Code availability

              
              All R code used to generate protein deamidation and peptide cleavage patterns are available upon request from F.W. (frido.welker@palaeo.eu).
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Extended data figures and tables

Extended Data Fig. 1 Location of Baishiya Karst Cave.
a, Location of Baishiya Karst Cave, archaic Homo sites, and selected Middle and Upper Palaeolithic sites in East and Central Asia. Numbers denoting the archaeological sites are: (1) Mezmaiskaya Cave; (2) Teshik-Tash Cave; (3) Okladnikov Cave; (4) Denisova Cave; (5) Kara-Bom; (6) Tongtian Cave; (7) Nyadem; (8) Quesang; (9) Chikhen Agui; (10) Shuidonggou; (11) Guanyin Cave, (12) Zhiren Cave; (13) Fuyan Cave; (14) Lingjing; (15) Xujiayao; (16) Tianyuan Cave; (17) Zhoukoudian Upper Cave; (18) Jinniushan. Denisovan ancestry is also detectable in other East and South Asian populations at low frequencies. b, Ganjia Basin with the Baishiya Karst Cave (red star) and two Palaeolithic sites (NML01, Nimalong01; WET01, Waerta01; blue triangles). Base maps generated by ArcGIS 10.3 using data provided by https://earthexplorer.usgs.gov/.


Extended Data Fig. 2 The Xiahe mandible with adhering carbonate crust.
aâ€“f, Lateral (a), buccal (b), occlusal (c), inferior (d), anterior (e) and posterior (f) views. Sampling locations for ancient proteins and ancient DNA can be seen on the M2 and ascending ramus, and sampling location for Uâ€“Th dating on the inferior surface.


Extended Data Fig. 3 Surface model of the Xiahe mandible after digital removal of the adhering carbonate crust.
aâ€“f, Lateral (a), buccal (b), occlusal (c), inferior (d), anterior (e) and posterior (f) views.


Extended Data Fig. 4 Preservation of the Xiahe dentine proteome.
a, Deamidation of five Xiahe proteins also identified in several proteomes from Middle and Late Pleistocene fossils. b, Glutamine deamidation of peptide P1105 observed in the zooarchaeology by mass spectrometry (ZooMS) analysis of the Xiahe dentine sample compared to reference data. nÂ =Â number of specimens included. c, Correlation between deamidation observed in LCâ€“MS/MS experiments for ammonium bicarbonate (AmBic) and acid-demineralization (Acid) extracts (R2Â =Â 0.99). d, Length distribution of non-tryptic peptides in a Late Pleistocene Neanderthal and the Xiahe dentine proteome. AA, amino acids. Violins stretch from the minimum to the maximum value; box plots indicate the median (middle line), 25% and 75% (boxes) and stretch to 1.5Ã— the interquartile range (whiskers). nÂ =Â number of unique spectra included. Deamidation is based on quantitative MALDIâ€“TOF-MS analysis (b) or semiquantitative LCâ€“MS/MS spectral counting methods (a, c). â€˜0%â€™ indicates an absence of deamidation and â€˜100%â€™ indicates complete deamidation of asparagine and glutamine. a, d, Combined data for all six LCâ€“MS/MS runs conducted on the Xiahe protein extracts. c, Combined data from the three replicates per extraction method. Samples are colour-coded according to geological age. Data were obtained from previous studies21,54,55,66.


Extended Data Fig. 5 Normalized frequencies of peptide cleavage patterns of selected proteins.
Spectral counts are based on the total number of ammonium bicarbonate and acid-demineralization PSMs (six runs) and include both N and C termini of each aligned PSM. Red colours indicate more PSMs than expected and green colours fewer PSMs than expected, compared to a random cleavage model for each protein separately. Note differences in colour scale. The title of each plot refers to the UniProt accession code for the relevant protein.


Extended Data Fig. 6 Geometric morphometrics of the mandible.
bgPCA of mandibular shape. Although some overlap exists, all groups show a distinct mandibular shape. Xiahe plots at the edge of the H. erectus distribution and within the range of Middle Pleistocene Homo. Surface models illustrate mandibular shape changes along bgPC1 (lateral view) and bgPC2 (lateral and superior view). Recent H. sapiens are shown in cyan, Upper Palaeolithic and Holocene H. sapiens in light blue, early H. sapiens in dark blue, Neanderthals in pink, H. erectus in green and other Middle Pleistocene fossil hominins in orange. SH, Sima de los Huesos. nÂ =Â number of unique individuals contained in each hull. Further specimen names can be found in Supplementary TableÂ 6.


Extended Data Fig. 7 Geometric morphometrics of the dental arcade.
a, bgPCA in form space. b, bgPCA in shape space. The wireframes illustrate form changes along bgPC1 and bgPC2. Colours are as in Extended Data Fig.Â 6. The wireframes show the form and shape changes along bgPC1 and bgPC2, respectively. Estimated wireframes used in the bgPCA are indicated by â€˜estâ€™. SH, Sima de los Huesos; D, Dmanisi. Further specimen names can be found in Supplementary TableÂ 6. nÂ =Â number of unique individuals contained in each hull.


Extended Data Fig. 8 Root morphology and EDJ shape.
a, The roots of the M1 are typical of lower molars with a mesial and distal plate-like root. There are mesial and distal plate-like roots on the M2; however, there is an additional accessory lingual root that splits off distally from the mesial root about 2/3 from the cervix. The P3 root is a Tomesâ€™ form with a distinct lingual groove. b, A bgPCA of the EDJ ridge and cervix shape reveals a clear separation between early Homo and H. erectus on one side and Neanderthals and H. sapiens on the other side, with Middle Pleistocene hominins in between. Colours are as in Extended Data Fig.Â 6 for relevant groups. KRP, Krapina; LQ, La Quina. nÂ =Â number of unique individuals contained in each hull. Note that the taxonomic status of Sangiran 5 is currently uncertain. Further specimen names can be found in Supplementary TableÂ 6.


Extended Data Table 1 Uâ€“Th ages of the crust attached on Xiahe mandibleFull size table


Extended Data Table 2 Endogenous protein coverage statisticsFull size table





Supplementary information
Supplementary Information
This file contains Supplementary Information Sections 1-4, including an additional description of U-Th dating, comparative samples for morphological analysis, further notes on additional morphological results and reference data for palaeoproteomic phylogenetic analysis. It includes Supplementary Tables 1-5, Supplementary Figures 1-4 and additional references.


Reporting Summary

Supplementary Data
File in .fasta format containing consensus sequences derived from the Xiahe mandible proteomic analysis used for phylogenetic analysis.


Supplementary Table 6
This table contains specimen names and numbers used for the various morphological analysis conducted in comparison to the Xiahe mandible.
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