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            Abstract
The high-dimensional data created by high-throughput technologies require visualization tools that reveal data structure and patterns in an intuitive form. We present PHATE, a visualization method that captures both local and global nonlinear structure using an information-geometric distance between data points. We compare PHATE to other tools on a variety of artificial and biological datasets, and find that it consistently preserves a range of patterns in data, including continual progressions, branches and clusters, better than other tools. We define a manifold preservation metric, which we call denoised embedding manifold preservation (DEMaP), and show that PHATE produces lower-dimensional embeddings that are quantitatively better denoised as compared to existing visualization methods. An analysis of a newly generated single-cell RNA sequencing dataset on human germ-layer differentiation demonstrates how PHATE reveals unique biological insight into the main developmental branches, including identification of three previously undescribed subpopulations. We also show that PHATE is applicable to a wide variety of data types, including mass cytometry, single-cell RNA sequencing, Hi-C and gut microbiome data.
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                    Fig. 1: Overview of PHATE and its ability to reveal structure in data.[image: ]


Fig. 2[image: ]


Fig. 3: Extracting branches and branchpoints from PHATE.[image: ]


Fig. 4: PHATE most accurately represents manifold distances in a 2D embedding.[image: ]


Fig. 5: Comparison of PHATE to other visualization methods on biological datasets.[image: ]


Fig. 6: PHATE analysis of embryoid body scRNA-seq data with n = 16,825 cells.[image: ]
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              The embryoid body scRNA-seq and bulk RNA-seq datasets generated and analyzed during the current study are available from the Mendeley Data repository at https://doi.org/10.17632/v6n743h5ng.1. Supplementary Figure 14a contains images of the raw single cells while Supplementary Fig. 14f contains scatter plots showing the gating procedure for fluorescence activated cell sorting populations for the bulk RNA-seq data.
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Integrated supplementary information

Supplementary Figure 1 Comparison of PHATE to DM on the artificial tree (n=1440 60-dimensional data points).
(A) PHATE applied to the artificial tree data. Only two PHATE coordinates are needed to separate all branches. (B) The first six diffusion map coordinates of the artificial tree data. At least five of these coordinates are necessary to separate all of the branches.


Supplementary Figure 2 Impact of potential distances and PHATE parameters on the resulting visualization.
(A) Comparison of Diffusion Maps (blue) and PHATE (orange) embeddings on data (black) from a half circle (left, n = 100 data points) and a full circle (right, n = 100 data points). Both the data and the embeddings have been centered about the mean and rescaled by the max Euclidean norm. For the full circle, both embeddings are identical (up to centering & scaling) to the original circle. However, for the half circle, the Diffusion Maps embedding (blue) suffers from instabilities that generate significantly higher densities near the two end points. The PHATE embedding (orange) does not exhibit these instabilities. (B) The Î±-decaying kernel \(K_{\alpha ,\sigma }\left( x \right) = \exp \left( { - \left( {\frac{{\left| x \right|}}{\sigma }} \right)^\alpha } \right)\) as a function of x for different values of Î± and Ïƒâ€‰=â€‰1 (left) and Ïƒâ€‰=â€‰4 (right). As Î± increases, \(K_{\alpha ,\sigma }\left( x \right)\) becomes more constant for \(x \in ( - \sigma ,\sigma )\) and the tails of the kernel become lighter (i.e., decay to zero more quickly) for \(x \notin ( - \sigma ,\sigma ).\) (C) Demonstration of the effect of the scale t on the PHATE visualization for the artificial tree data (n = 1440 60-dimensional data points) colored by branch. The first column shows the VNE H(t) (see Eq. 5) of the diffusion affinities as a function of the time scale t. The other columns give the PHATE visualization with different values of t. The red dots in the first column indicate the values of t chosen for the plots. The red dot surrounded by a black box indicate the chosen value of t for the visualization in Figure 1B of the artificial tree data. Values of t that are too low can give noisy visualizations while very high values of t can result in a loss of information in the visualization. (D) Visualization of scRNA-seq data measured from mouse retinal bipolar neurons (Shekhar et al., Cell, vol. 166, no. 5, pp. 1308-1323, 2016), using different informational distances defined via the parameter Î³. n = 27499 single cells.


Supplementary Figure 3 Comparison of PHATE to various methods on multiple artificial and non-biological datasets.
Note that methods with strong structural assumptions on the data, such as t-SNE (clusters) and Monocle2 (tree) are expected to fail on the subset of datasets which do not fit their assumptions. See Supplementary Note 2 for discussion. See the figure for the respective sample sizes for each dataset.


Supplementary Figure 4 Visual and quantitative demonstrations of the robustness of PHATE to subsampling and the choice of parameters.
(A) The PHATE visualization for the iPSC mass cytometry dataset from Zunder et al. (Cell Stem Cell, vol. 16, no. 3, pp. 323-337, 2015) with varying number of subsample sizes N. The main branches present for Nâ€‰=â€‰10000 are also visible for the other values of N, demonstrating that the PHATE embedding is robust to the size of the subsample. (B) The PHATE visualization of the same iPSC CyTOF dataset with varying scale parameter t with \(n = 50000\) cells. The embeddings for all t preserve the branching structure and the visualizations are very similar to each other, demonstrating that the embedding is robust to the choice of t. (C) Heatmap of the Spearman correlation coefficient between geodesic distances of the ground truth data and the Euclidean distances of the PHATE visualization applied to the simulated paths dataset using Splatter (Zappia et al., Genome Biology, vol. 18, no. 1, p. 174, 2017). The results are presented using different values for k, t, and Î±. The value of t selected using the kneepoint method in this case is 8. The number of simulated cells is nâ€‰=â€‰3000. (D) Heatmap of the Spearman correlation coefficient between geodesic distances of the ground truth data and the Euclidean distances of the PHATE visualization applied to the simulated groups dataset using Splatter. The results are presented using different values for k, t, and Î±. For both the groups and paths datasets, the results are very stable for \(\alpha \ge 10\). The value of t selected using the kneepoint method in this case is 8. The number of simulated cells is nâ€‰=â€‰3000.


Supplementary Figure 5 Visual and quantitative demonstrations of the reproducibility of PHATE compared to PCA, tSNE, and UMAP.
Reproducibility was computed on 4 different datasets (4 columns) that were generated using Splatter. The different runs had different random seeds and nâ€‰=â€‰2000 cells. (A) Boxplots show RMSE computed between 10 runs of each method. RMSE was computed between each unique pair of runs (thus 45 in total) after aligning the pair of embeddings with Procrustes. Thus, RMSE here quantifies how much embeddings change between runs, with lower RMSE signifying greater reproducibility. In the boxplots, the box limits indicate the lower and upper quartile values with a line at the median while the whiskers show the range of the data. (B) For each method (rows) and each dataset (columns) two example runs are shown (orange and blue points) to visually demonstrate the reproducibility. In line with the RMSE boxplots, PHATE and PCA show almost perfectly overlapping embeddings while tSNE and UMAP show significant variability between runs.


Supplementary Figure 6 Scalability tests of PHATE.
(A) Scalable PHATE embedding of iPSC CyTOF data \(\left( {n = 220450\,cells} \right)\) from Zunder et al. (Cell Stem Cell, vol. 16, no. 3, pp. 323-337, 2015) with a subset of the landmarks shown in red (200 out of 2000). (B) Robustness of PHATE to the number of landmarks chosen. PHATE on the EB data (\(n = 16825\) cells) computed using increasing numbers of landmarks (X-axis) was compared to exact PHATE, i.e. without landmarks. Comparison was done using Procrustes analysis (optimal linear transformation) and the sum of squared error (SSE, Y-axis) is shown. To ensure a stable embedding that accurately approximates exact PHATE we choose 2000 landmarks as default. The inset shows the histogram of pairwise distances in the visualization computed using fast PHATE (2000 landmarks) on the EB data vs. the pairwise distances from exact PHATE. The correspondence and the Pearson correlation coefficient are very high. (C) PHATE and t-SNE embeddings of a mouse brain cell dataset from 10X genomics with a large number of cells (\(n = 1,300,774\) cells). The PHATE embedding was calculated with 2000 landmarks and completed in three hours. A subset (10 of 60) of the clusters provided by 10X are shown in color, the rest in gray. t-SNE shatters the cluster structure, while PHATE retains clusters as contiguous groups of cells. (D) Runtime of PHATE, t-SNE and UMAP on increasingly large subsamples of the EB data. Runtime was averaged across four runs. (E) Runtime of 12 visualization methods shown in Figures S3 and S8 across 19 datasets and corresponding line of best fit for each method. Where a method ran out of memory or took longer than one hour, the runtime is not shown and linear fits are cut off accordingly.


Supplementary Figure 7 Annotated PHATE visualizations of CyTOF iPSC data (nâ€‰=â€‰50000 cells) from Zunder et al. (Cell Stem Cell, vol. 16, no. 3, pp. 323-337, 2015) and branch expression analysis.
(A) The primary branch point between the two major branches (reprogrammed and refractory) of the data is highlighted. (B) The PHATE visualization colored by Lin28 (a marker associated with the transition to pluripotency (Polo et al., Cell, vol. 151, no. 7, pp. 1617-1632, 2012)) and Ccasp3 (associated with cell apoptosis). Lin28 expression is limited to the reprogrammed branch while Ccasp3 is primarily expressed in the refractory branch, indicating that the failure to reprogram may initiate apoptosis in these cells. (C) Analysis of branches on the PHATE embedding for the same iPSC CyTOF data, (D) bone marrow scRNA-seq dataset (\(n = 2730\) cells) from Paul et al. (Cell, vol. 163, no. 7, pp. 1663-1677, 2015), and (E) newly generated embryoid body scRNA-seq data (\(n = 16825\) cells). (Left) The PHATE visualization with identified branches. (Middle) Expression level for each cell ordered by branch and ordering within the branch. Cell ordering is calculated using Wanderlust (Bendall et al., Cell, vol. 157, no. 3, pp. 714-725, 2014) starting on the left-most point of each branch. Expression levels are z-scored for each gene. A colorbar is given below the expression matrices that identifies each branch and (in the case of the bone marrow scRNA-seq data) cell type. (Right) DREMI scores (Krishnaswamy et al., Science, vol. 346, no. 6213, p. 1250689, 2014) between gene expression levels and cell order within each branch. MAGIC (van Dijk et al., Cell, vol. 174, no. 3, pp. 716-729, 2018) is applied first in (D) and (E) to impute missing values using the same kernel used for PHATE and smaller t. For branch analysis of the bone marrow data in (D), we used 3 PHATE dimensions to obtain clearer branch separation.


Supplementary Figure 8 Comparison of PHATE to various methods on multiple biological datasets.
Note that methods with strong structural assumptions on the data, such as t-SNE (clusters) and Monocle2 (tree) are expected to fail on the subset of datasets which do not fit their assumptions. See Supplementary Note 2 for discussion.


Supplementary Figure 9 PHATE preserves separations and cluster structure in addition to continuum structure.
To quantify the ability of PHATE to preserve cluster structure, we generated 30 random datasets with cluster structure using the Splatter package (Zappia et al., Genome Biology, vol. 18, no. 1, p. 174, 2017). Each dataset has \(n = 2000\) cells and between 7 and 14 clusters. We then computed the Adjusted Rand Index (Rand, Journal of the American Statistical Association, vol. 66, no. 336, pp. 846-850, 1971) (ARI, y-axis) between the ground truth clusters and clusters obtained by running k-means clustering on the embeddings. An ARI of 1 means perfect recovery of the clusters. We performed this analysis on Splatter data with increasing amounts of noise added during generation. For each noise level we compare clustering on the raw data, on 2-dimensional PCA, 2D t-SNE, 2D UMAP, and 2D PHATE. On average, PHATE preserves local cluster structure as well or better than the other methods. In the boxplots, the box limits indicate the lower and upper quartile values with a line at the median while the whiskers show the range of the data.


Supplementary Figure 10 PHATE reveals structure in a variety of high-dimensional datasets.
(A) A 3D PHATE visualization of the Frey Faces dataset (\(n = 1965\) images) used in Roweis and Saul (Science, vol. 290, no. 5500, pp. 2323-2326, 2000). Points are colored by time within the video. Multiple branches corresponding to different poses are clearly visible. (B) PCA and PHATE embeddings of microbiome data from the American Gut project (\(n = 9660\) human samples), colored by body site, and branches annotated by their dominant genera or phyla. (C) The PHATE embedding of the same data from the American Gut project colored by 2 genera (bacteroides and prevotella) and a phylum (actinobacteria) of bacteria. (D) The PHATE embedding of only the fecal samples from the American Gut project (\(n = 8596\)) colored by various genera (bacteroides and prevotella) and phyla (firmicutes, verrucomicrobia, and proteobacteria) of bacteria. Each PHATE branch is associated with one of these bacteria groups. (E) PCA and PHATE embeddings of SNP data from the Human Origins dataset (\(n = 2345\) present-day humans) showing genotyped present-day humans from 203 populations (Patterson et al., Genetics, vol. 192, no. 3, pp. 1065-1093, 2012) with the population legend in (F).


Supplementary Figure 11 PHATE reveals structure in a variety of connectivity datasets.
(A) 3D PHATE visualization of human Hi-C data (Darrow et al., Proceedings of the National Academy of Sciences, p. 201609643, 2016) using all 23 chromosomes at 50 kb resolution (\(n = 56702\) locations on the chromosomes), colored by chromosome. Each point corresponds to a genomic fragment. (B) PHATE visualizations of the same human Hi-C data in A for chromosome 1 at 10 kb resolution colored by chromosome location (\(n = 22128\) chromosome locations). (C) 2D PHATE visualization of the same human Hi-C data for chromosome 1 at 10 kb resolution, colored by selected chromatin modification markers from ChIP-seq data (\(n = 22128\) chromosome locations). (D) Force-directed layout and PHATE visualizations of Facebook network data with data points colored by their degree (number of connections). The subnetworks are taken from the friend networks of selected individuals within the entire network. In all cases, PHATE reveals more structure. For the entire network, \(n = 3927\) nodes. For subnetworks 1 and 2, \(n = 1034\) and 532 nodes, respectively.


Supplementary Figure 12 Additional analysis with PHATE on scRNA-seq data measured from mouse retinal bipolar neurons from Shekhar et al. (Cell, vol. 166, no. 5, pp. 1308-1323, 2016).
(A) i. Initial PHATE embedding (\(n = 27499\) cells). The rod bipolar cells cluster (cluster 1) is circled. ii. Subsequent PHATE embedding of cluster 1, colored by k-means clustering to show heterogeneity within rod bipolar cells (\(n = 10889\) cells). (B) Transcriptional characterization of subtypes of rod bipolar cells from cluster 1, using known bipolar cell markers.


Supplementary Figure 13 PHATE using reweighted distances to highlight specific biological processes or â€œviewsâ€� of the data.
(A) PHATE embedding of the CyTOF iPSC data (\(n = 220450\)) from Zunder et al. (Cell Stem Cell, vol. 16, no. 3, pp. 323-337, 2015) using (i) unweighted distances, (ii) distances after upweighting cell cycle markers, (iii) distances after upweighting stem cell markers, (iv) distances after upweighting mitotic markers. (B) PHATE embedding of the same dataset colored by different markers (columns). From top to bottom: (i) PHATE cell cycle â€œviewâ€�, (ii) PHATE stem cell â€œviewâ€� (iii) PHATE mitotic â€œviewâ€�.


Supplementary Figure 14 Further analysis of the EB scRNA-seq data.
(A) Inverted images of hESCs and EBs at each timepoint of data collection. Structures of different densities are clearly visible late in the time course (D15-D27) indicating the formation of distinct cell types. The experiments were repeated independently nâ€‰=â€‰3 times. (B) The PHATE embedding of the EB data (\(n = 16825\) cells) colored by expression levels of selected markers. (C) Heatmap showing gene expression level in each cell in four of the branches starting with ESC. The number of cells in each branch is \(n = 2294,9507,5543\), and 4938 for the EN, ME, NE, and NC branches, respectively. Cell ordering is determined using Wanderlust (Bendall et al., Cell, vol. 157, no. 3, pp. 714-725, 2014). Genes were selected either manually or by high DREMI scores (Krishnaswamy et al., Science, vol. 346, no. 6213, p. 1250689, 2014) between gene expression and cell ordering. (D) The PHATE embedding of the EB data (\(n = 16825\) cells) colored by CD49d expression level from the scRNA-seq data (top) and by Spearman correlation between the scRNA-seq transcription factor expression and the CD49d-sorted bulk RNA-seq transcription factor expression per cell (bottom, nâ€‰=â€‰1213 transcription factors). (E) Same as (D), with CD142 and CD82. The Spearman correlation coefficient is highest in branch vii, which is the branch with the highest CD142 and CD82 expression. Bottom right: Scatter plot of single cell expression levels (\(n = 16825\) cells) between CD82 and CD142. Color corresponds to the Spearman correlation between the scRNA-seq expression and the CD142+CD82+ sorted bulk RNA-seq expression (\(n = 15111\) genes). The branch with highest correlation corresponds to cells that are positive in both CD142 and CD82. (F) Scatter plots showing the gating procedure for FACS sorting cell populations of sub-branch iii (CD49d and CD63) and sub-branch vii (CD82 and CD142). The experiments were repeated independently nâ€‰=â€‰3 times.
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Reporting Summary

Supplementary Video 1
The mesoderm branch. Rotating video of 3D PHATE visualizations of the mesoderm branch of the EB scRNA-seq data colored by the geometric mean of selected genes at each stage of the lineage specification tree in Fig. 6b.


Supplementary Video 2
The mesoderm branch. Rotating video of 3D PHATE visualizations of the mesoderm branch of the EB scRNA-seq data colored by the geometric mean of selected genes at each stage of the lineage specification tree in Fig. 6b.


Supplementary Video 3
The neuroectoderm branches. Rotating video of 3D PHATE visualizations of the neuroectoderm branches of the EB scRNA-seq data colored by the geometric mean of selected genes at each stage of the lineage specification tree in Fig. 6b.


Supplementary Video 4
PHATE visualizing the Frey Face dataset. Video showing the PHATE visualization (left) for the Frey Face dataset used by Roweis and Saul6 (right). PHATE reveals multiple branches in the data that correspond to different poses. Two of the branches are highlighted in this video. The corresponding point in the PHATE visualization is highlighted as the video progresses.


Supplementary Video 5
PHATE visualizing chromosome 1 in Hi-C data. Rotating 3D PHATE visualization of chromosome 1 in the Hi-C data from Darrow et al.15 at a resolution of 10â€‰kilobases. Multiple folds are clearly visible in the visualization.


Supplementary Video 6
PHATE visualizing all chromosomes in Hi-C data. Rotating 3D PHATE visualization of all chromosomes in the Hi-C data from Darrow et al.15 at a resolution of 50â€‰kilobases. The embedding resembles the fractal globule structure proposed in Lieberman-Aiden et al.57.





Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Moon, K.R., van Dijk, D., Wang, Z. et al. Visualizing structure and transitions in high-dimensional biological data.
                    Nat Biotechnol 37, 1482â€“1492 (2019). https://doi.org/10.1038/s41587-019-0336-3
Download citation
	Received: 02 October 2018

	Accepted: 29 October 2019

	Published: 03 December 2019

	Issue Date: December 2019

	DOI: https://doi.org/10.1038/s41587-019-0336-3


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Benchmarking differential abundance methods for finding condition-specific prototypical cells in multi-sample single-cell datasets
                                    
                                

                            
                                
                                    	Haidong Yi
	Alec Plotkin
	Natalie Stanley


                                
                                Genome Biology (2024)

                            
	
                            
                                
                                    
                                        DELVE: feature selection for preserving biological trajectories in single-cell data
                                    
                                

                            
                                
                                    	Jolene S. Ranek
	Wayne Stallaert
	Jeremy E. Purvis


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        The single-cell transcriptomic atlas and RORA-mediated 3D epigenomic remodeling in driving corneal epithelial differentiation
                                    
                                

                            
                                
                                    	Mingsen Li
	Huizhen Guo
	Hong Ouyang


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Gene trajectory inference for single-cell data by optimal transport metrics
                                    
                                

                            
                                
                                    	Rihao Qu
	Xiuyuan Cheng
	Yuval Kluger


                                
                                Nature Biotechnology (2024)

                            
	
                            
                                
                                    
                                        SLIDE: Significant Latent Factor Interaction Discovery and Exploration across biological domains
                                    
                                

                            
                                
                                    	Javad Rahimikollu
	Hanxi Xiao
	Jishnu Das


                                
                                Nature Methods (2024)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Exploring a world of a thousand dimensions
                

                
	Catalina A. Vallejos



                
    
        
            Nature Biotechnology
        
        News & Views
        
        
            03 Dec 2019
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Collections
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Editorial Policies
                                
                            
	
                                
                                    Content Types
                                
                            
	
                                
                                    Web Feeds
                                
                            
	
                                
                                    Posters
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Research Cross-Journal Editorial Team
                                
                            
	
                                
                                    Reviews Cross-Journal Editorial Team
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    Submission Guidelines
                                
                            
	
                                
                                    For Reviewers
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature Biotechnology (Nat Biotechnol)
                
                
    
    
        ISSN 1546-1696 (online)
    
    


                
    
    
        ISSN 1087-0156 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	protocols.io
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
