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            Abstract
Microbial genes encode the majority of the functional repertoire of life on earth. However, despite increasing efforts in metagenomic sequencing of various habitats1,2,3, little is known about the distribution of genes across the global biosphere, with implications for human and planetary health. Here we constructed a non-redundant gene catalogue of 303 million species-level genes (clustered at 95% nucleotide identity) from 13,174 publicly available metagenomes across 14 major habitats and use it to show that most genes are specific to a single habitat. The small fraction of genes found in multiple habitats is enriched in antibiotic-resistance genes and markers for mobile genetic elements. By further clustering these species-level genes into 32 million protein families, we observed that a small fraction of these families contain the majority of the genes (0.6% of families account for 50% of the genes). The majority of species-level genes and protein families are rare. Furthermore, species-level genes, and in particular the rare ones, show low rates of positive (adaptive) selection, supporting a model in which most genetic variability observed within each protein family is neutral or nearly neutral.
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                    Fig. 1: Global Microbial Gene Catalogue, version 1.[image: ]


Fig. 2: The number of conspecific genes (gene pool per species) and the functional redundancy in each metagenome show significantly less variation within than between habitats.[image: ]


Fig. 3: Most genes are rare.[image: ]


Fig. 4: Rare unigenes are under lower selection pressure.[image: ]
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                Data availability

              
              All data analysed during the current study are publicly available. Supplementary Table 1 contains the accession numbers for all the metagenomes used. GMGCv1 is available for download at https://gmgc.embl.de. The full catalogue is available for download as are sub-catalogues specialized to individual habitats and the subset derived only from sequenced genomes (which can be further subset to obtain the pangenome of a species of interest). Both the full catalogue and a version containing only complete ORFs are available as they represent different tradeoffs: the complete catalogue achieves higher coverage, while the version with only complete ORFs may be more appropriate for analyses that require the whole gene. Similarly, protein families are available at different amino acid identity thresholds (see ‘Protein family cluster calculation’). In addition to being available for download, the catalogue can be queried with an amino acid sequence. We developed and use a novel k-mer based algorithm (see ‘k-mer based homology search’) to enable fast queries over the complete 303 million protein database and allow interactive use.

            

Code availability

              
              The source code implementing the analyses in this manuscript is available on Github (https://github.com/luispedro/Coelho2021_GMGCv1) and is archived at Zenodo (https://doi.org/10.5281/zenodo.4769556).
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Extended data figures and tables

Extended Data Fig. 1 Gene accumulation curves. Legend.
(a) For most (but not all) habitats, unigenes with high prevalence (≥ 5%) have been well-captured, while rare unigenes continue to be found in each new sample. (b-d) New unigenes continue to be found in each sample. Each grey line represents a random permutation of the samples, while the solid black line shows the mean over these random permutations. The dotted red line is least-squares fit of Heap’s Law (N = k · sample^alpha). In all cases, the parameter fit indicates that the number of has not reached saturation. (e) The number of assembled/detected genes per sample grows with sequencing depth without a plateau being reached. (f) Similarly, the number of detected ORFs per insert grows with sequencing depth.


Extended Data Fig. 2 Identity thresholds and their relationship to taxonomy and function in the GMGCv1.
Legend: (a) A 95% nucleotide identity threshold is a proxy for species. Shown is nucleotide identity of closest gene homolog within the same species or within the same genus (excluding within-species comparisons). The threshold used in this work (95%) is marked with a dashed red line. (b) Within well-conserved, universal, 40 single-copy orthologues (see Methods), the average pairwise amino acid identity is 49%, albeit with a wide range (27-75%) when considering within-orthologue averages. In dashed red, the thresholds used for building protein families are highlighted. Boxplots display quartiles and ranges (see Methods). (c) Proportion of genes annotated at each taxonomic level.


Extended Data Fig. 3 Short reads map to the GMGCv1 at higher rates (compared to a reference database of reference genomes).
Legend: (a) Mapping rates for short reads from metagenomes mapped against the GMGCv1 or the reference genomes in proGenomes2. (b) Fraction of short reads from human gut metagenomes mapping to a collection of sequenced genomes and the GMGCv1, per country, (c) Same data as (b), aggregated by the World Bank’s classification of countries into income groups. In all panels, boxplots show quartiles (including median) and range (except for outliers, see Methods). Blue boxes show mapping rates to proGenomes2, while orange boxes show mapping rates to GMGCv1.


Extended Data Fig. 4 MAGs only capture a small fraction of all genes in a sample.
Legend: Fraction of undetected genes when mapping to only the genes captured by metagenome-assembled genomes (MAGs) across the habitats compared to mapping to the full GMGCv1.


Extended Data Fig. 5 Species and protein cluster sharing between habitats is similar to unigene sharing, but sharing of protein families is more extensive.
Legend: (a) The sharing of metagenomic species between habitats mimics unigene sharing. Width of each ribbons represents the number of MGSs shared between the habitats (the largest number shared is between the human and the pig gut, which share 166 MGSs out of 1,908 MGSs in the human gut and 898 in pig gut, respectively). (b) Species-level unigene sharing between habitats by fraction of the number of unigenes from each habitat (cf. Fig. 1b, which uses abundance weighting). (c) Sharing of protein clusters (90% amino acid identity clusters) between habitats, abundance-weighted. (d) Sharing of protein families between habitats, abundance-weighted. When considering coarser clusterings of sequences, gene sharing between habitats increases, yet we still observed higher rates of sharing between similar habitats and significant fractions of habitat-specific families (e.g., in the marine environment, 31.3% of the genes, by abundance, are in marine-specific protein families).


Extended Data Fig. 6 Antibiotic resistance and mobile genes are more likely to be multi-habitat genes, while most species are found in a single habitat.
Legend: (a) Fraction of unigenes within each habitat which are multi-habitat genes (for all unigenes, or when considering only mobile elements or antibiotic resistance genes). (b) A total of 7,443 MGSs were built, across all the habitats as species proxies to reliably assess their habitats. Each circle shows the number of metagenomic species for each habitat, x-axis represents the number of genes in the catalogue specific to each habitat, the y-axis represents the number of samples. Note that differing sampling depth and habitat-specific biodiversity impact those numbers.


Extended Data Fig. 7 Determinants of functional community structure.
Legend: (a) principal coordinate analysis of all samples by protein family profile and the correlations with taxonomic and protein family richness (after rarefying to 1 million inserts to remove effects of sample depth). (b) Hierarchical clustering of the habitats using high-level functional profiles based.


Extended Data Fig. 8 Marine and soil richness patterns are a mixture of subpatterns.
Legend: Conspecific genes per species in marine (a) and (b) soil sub-habitats. The differences in the marine environment are particularly large when comparing the samples in the photic zones (the shallower, light-accessible, surface and deep-chlorophyll maximum samples) to the non-photic mesopelagic samples (deeper, beyond the reach of sunlight). The differences in the soil environment follow differences in acidity (with Podzol, Dystric Brunisol and Ultic soils being acidic, while Luvisols are usually neutral or alkaline) and differences in moisture (with Xeralfs being dry in the summer, while Glossudalfs are moist year round).


Extended Data Fig. 9 Most genes are detected only infrequently and rare genes are (on average) present at a lower abundance in metagenomes.
Legend: (a) Shown are the percentage of genes detected in at most 1,...,50 metagenomes (out of a total of 13,174). (b, c) Histograms of gene prevalence are roughly linear on a log-log scale, as predicted from neutral or nearly-neutral evolution models. Shown are histograms for 90% amino acid identity protein clusters (b) and 20% amino acid identity protein families (c), which behave similar to species-level unigenes (see Fig. 3). (d) Shown is the percentage of genes in each sample that is composed of rare genes (Count) and the total abundance represented by these (Abundance). Except for wastewater (likely due to under-sampling), rare genes represent a lower fraction of the abundance than of detection. Boxplots show quartiles (including median drawn as a line) and whiskers show the range of the data excluding outliers, which are shown as extra elements (see Methods).


Extended Data Fig. 10 More abundant and larger protein families are under more intense selection.
Legend: (a) dN/dS within each protein family, with protein families split into 5 abundance quintiles, showing a downward trend with abundance (higher negative selection). (b) dN/dS within each gene size category, similarly showing a downward trend with size. Categories are defined by increasing size, with each bin representing the same number of unigenes. Boxplots show quartiles and ranges (see Methods).





Supplementary information
Reporting Summary

Supplementary Table 1
List of samples included in the global gene catalogue including their habitat annotation. This table includes the accession ID of the metagenome, the GC fraction, and the size of the input (measured in total basepairs and number of inserts) both prior to (Raw) and post quality filtering (HQ, for high-quality). It also includes the number of ORFs predicted.


Supplementary Table 2
Mapping of our human-readable habitat terms to predefined ontology terms. List of habitat annotations used and their correspondence to EnvO/Uberon terms and NCBI taxonomic ID of the host (for host-associated habitat).


Supplementary Table 3
Statistics of (redundant) ORF predictions. The tables summarize the assembly statistics per habitat (including number of contigs, average contig size, N50) and the ORF stats per habitat, both complete ORFs and fragmentary ORFs.


Supplementary Table 4
Robustness checks for protein family definition and inclusion or exclusion of fragmentary ORFs. The major statements in the manuscript were tested using alternative protein family thresholds as well as including or excluding fragmentary ORFs to ensure robustness.


Supplementary Table 5
List of metagenome-assembled genomes and their statistics. All the assembled bins are included, including those marked as low-quality (following standard criteria, see Methods).


Supplementary Table 6
Pearson correlations between observed gene prevalence and theoretical prediction assuming neutral evolution.





Rights and permissions
Reprints and permissions


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



Cite this article
Coelho, L.P., Alves, R., del Río, Á.R. et al. Towards the biogeography of prokaryotic genes.
                    Nature 601, 252–256 (2022). https://doi.org/10.1038/s41586-021-04233-4
Download citation
	Received: 16 June 2019

	Accepted: 12 November 2021

	Published: 15 December 2021

	Issue Date: 13 January 2022

	DOI: https://doi.org/10.1038/s41586-021-04233-4


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

                
                    	
                            
                                
                                    
                                        A compendium of ruminant gastrointestinal phage genomes revealed a higher proportion of lytic phages than in any other environments
                                    
                                

                            
                                
                                    	Yingjian Wu
	Na Gao
	Wei-Hua Chen


                                
                                Microbiome (2024)

                            
	
                            
                                
                                    
                                        Largest genetic database of marine microbes could aid drug discovery
                                    
                                

                            
                                
                                    	Carissa Wong


                                
                                Nature (2024)

                            
	
                            
                                
                                    
                                        The journey to understand previously unknown microbial genes
                                    
                                

                            
                                
                                    	Jakob Wirbel
	Ami S. Bhatt
	Alexander J. Probst


                                
                                Nature (2024)

                            
	
                            
                                
                                    
                                        A genome and gene catalog of the aquatic microbiomes of the Tibetan Plateau
                                    
                                

                            
                                
                                    	Mingyue Cheng
	Shuai Luo
	Kang Ning


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Structure-guided discovery of anti-CRISPR and anti-phage defense proteins
                                    
                                

                            
                                
                                    	Ning Duan
	Emily Hand
	Akintunde Emiola


                                
                                Nature Communications (2024)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


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


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    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 (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	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 Korea
	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 — 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: ]
