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            Abstract
Cooperative phenotypes are considered central to the functioning of microbial communities in many contexts, including communication via quorum sensing, biofilm formation, antibiotic resistance, and pathogenesis1,2,3,4,5. The human intestine houses a dense and diverse microbial community critical to health1,2,4,5,6,7,8,9, yet we know little about cooperation within this important ecosystem. Here we test experimentally for evolved cooperation within the Bacteroidales, the dominant Gram-negative bacteria of the human intestine. We show that during growth on certain dietary polysaccharides, the model member Bacteroides thetaiotaomicron exhibits only limited cooperation. Although this organism digests these polysaccharides extracellularly, mutants lacking this ability are outcompeted. In contrast, we discovered a dedicated cross-feeding enzyme system in the prominent gut symbiont Bacteroides ovatus, which digests polysaccharide at a cost to itself but at a benefit to another species. Using in vitro systems and gnotobiotic mouse colonization models, we find that extracellular digestion of inulin increases the fitness of B. ovatus owing to reciprocal benefits when it feeds other gut species such as Bacteroides vulgatus. This is a rare example of naturally-evolved cooperation between microbial species. Our study reveals both the complexity and importance of cooperative phenotypes within the mammalian intestinal microbiota.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Figure 1: Direct and cooperative benefits of polysaccharide digestion by surface glycoside hydrolases (GH).[image: ]


Figure 2: B. ovatus does not require surface digestion for utilization of inulin.[image: ]


Figure 3: Cost of inulin digestion by surface glycoside hydrolases.[image: ]


Figure 4: Interspecies cooperation mediated by surface digestion of inulin is stabilized by reciprocal benefits.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Limited cooperation during polysaccharide utilization by B. thetaiotaomicron.
aâ€“d, Independent experiments for Fig. 1bâ€“e. a, b, Upper panels nâ€‰=â€‰2 biological replicates, lower panels nâ€‰=â€‰1; c, d, nâ€‰=â€‰2 biological replicates. e, TLC analysis of conditioned media from B. thetaiotaomicron grown in amylopectin (left panel) or levan (right panel) minimal media. EL, early log; ML, late log; LL, late log; Stat, stationary phase; Glu, glucose; Fru, fructose; Suc, sucrose. See Supplementary Information Fig. 1 for uncropped scanned images. In all panels, error bars represent standard error; P values derived from two-tailed Studentâ€™s t-test.

Source data



Extended Data Figure 2 Bo 04502 and 04503 mutants grow equivalently to wild type on limiting concentrations of inulin and do not require surface digestion for utilization of inulin.
a, Growth of Bo WT, Î”04502, Î”04503 and Î”04502/3 mutants in varying concentrations of inulin as indicated. Biological replicates of each condition are plotted as individual lines (nâ€‰=â€‰2 cell culture biological replicates). Upper and lower panels are independent experiments. b, Independent experiments for Fig. 2d. EL, early log; ML, mid log; LL, late log; St, stationary phase. See Supplementary Information Fig. 1 for uncropped scanned images. c, Complementation of Bo Î”04502 and Î”04502/3 mutants with the respective genes in trans. TLC analysis of conditioned media from Bo Î”04502/3 (left panel) complemented in trans with BACOVA_04502, BACOVA_04503, BACOVA_04502/3 or vector alone (pFD340) and Bo Î”04502 (right panel) with BACOVA_04502 or vector alone grown in defined inulin media. See Supplementary Information Fig. 1 for uncropped scanned images. S, stationary phase.

Source data



Extended Data Figure 3 SusC and SusD homologues BACOVA_04505 and BACOVA_04505 are required for inulin utilization.
a, Independent experiments for Fig. 2e. Left panel nâ€‰=â€‰2 biological replicates, right panel each line represents nâ€‰=â€‰1 sample per condition. b, Complementation of Bo Î”04504, Bo Î”04505 and Î”04504/5 mutants with the genes in trans. Growth of Bo Î”04504, Bo Î”04505, Bo Î”04504/5 with BACOVA_04504, BACOVA_04505, BACOVA_04504/5 or vector alone (pFD340) in trans in defined inulin media. Each line represents nâ€‰=â€‰1 sample per condition. In all panels, error bars represent standard error; P values derived from two-tailed Studentâ€™s t-test.

Source data



Extended Data Figure 4 Costs of extracellular inulin digestion by B. ovatus.
a, b, Independent experiments for Fig. 3a, c. nâ€‰=â€‰3 biological replicates at day 1, 2; nâ€‰=â€‰2, biological replicates at day 4 (a). In upper and upped middle panels biological replicates of each condition are plotted as individual lines (nâ€‰=â€‰2 cell culture biological replicates); in lower middle and lower panels each line represents nâ€‰=â€‰1 sample per condition (b). c, TLC analysis of conditioned media from Bo WT and Bo Î”04502/3 cultured in 0.5% inulin with trace (0.06%) amounts of fructose. St, stationary phase. See Supplementary Information Fig. 1 for uncropped scanned images. In all panels, error bars represent standard error; P values derived from two-tailed Studentâ€™s t-test.

Source data



Extended Data Figure 5 Preferential utilization of undigested inulin by B. ovatus and costs of inulin digestion by 04502/3.
a, Time to mid-log (estimated at 50% maximal OD (OD50) by linear regression analysis) of Fig. 3d. b, Additional independent experiments for Fig. 3d. Each line represents nâ€‰=â€‰1 sample per condition. c, Competition of Bo WT and Bo Î”04502/3 co-cultured in 0.5% inulin with trace (0.06%) amounts of fructose. nâ€‰=â€‰2 cell culture biological replicates; d, e, Growth (d) and TLC analysis of conditioned media (e) of Bo WT and Bo Î”04502/3 cultured in 0.1% inulin with trace (0.06%) amounts of fructose. See Supplementary Information Fig. 1 for uncropped scanned images. For d, each panel is an independent experiment. Each condition is plotted as individual lines in each panel (nâ€‰=â€‰2 cell culture biological replicates). In all panels, error bars represent standard error; P values derived from two-tailed Studentâ€™s t-test.

Source data



Extended Data Figure 6 A complex mouse microbiota differentially affects B. ovatus WT and Î”04502/3 pre-colonized gnotobiotic mice and analysis of cross feeding of the predominant murine Bacteroidales of the murine gut microbiota.
a, Germ-free mice were monocolonized with Bo WT or Î”04502/3 and maintained on a diet supplemented with inulin as the sole polysaccharide and housed under gnotobiotic conditions for 2 weeks. Bacteria were enumerated from faeces before gavage with intestinal microbiota of conventionally raised mice (nâ€‰=â€‰5 mice, cell culture biological replicates). b, Growth of two dominant mouse microbiota Bacteroidales strains (Parabacteroides goldsteinii and a strain with 96% 16S rRNA gene identity to B. thetaiotaomicron) with inulin breakdown products derived from the conditioned media of B. ovatus grown in inulin (all inulin had been digested) or undigested inulin minimal media. Each data point is a different isolate of the indicated species from the caeca of the conventionally raised mice used for gavage (nâ€‰=â€‰11 isolates for upper panel, nâ€‰=â€‰6 for lower panel). In all panels, error bars represent standard error.

Source data



Extended Data Figure 7 The B. ovatus, but not B. fragilis benefits from B. vulgatus in co-culture in inulin.
a, b, Independent experiments for Fig. 4b, d. The left panel corresponds to starting culture with ~107 CFU Bo corresponding to starting culture of ~106 CFU Bo in Fig. 4d. The two right panels are a duplicate pair of experiments of starting CFU of 106 and 107. In each panel nâ€‰=â€‰2 biological replicates. c, Enumeration of B. fragilis in monoculture or co-culture with Bv on defined inulin plates, nâ€‰=â€‰3 cell culture biological replicates. Letters in parentheses refer to values correlating to colour of line used for statistical analysis. In a, for example, p (g,r) refers to comparison of values of green (g) and red (r) values at the time-point indicated. In b, colour of P value indicates comparison of monoculture and co-culture for the given condition at the time-point indicated. For all panels, error bars represent standard error; P values derived from two-tailed Studentâ€™s t-test.

Source data



Extended Data Figure 8 Secreted factors from Bo and isogenic mutants, but not B. fragilis (Bf), support Bv survival.
a, Growth of Bv in conditioned media from Bo WT, Î”04502, Î”04502/3 or Bf grown in defined media with inulin as the sole carbohydrate and in inulin media. End time-point corresponded to peak growth of Bv in conditioned media derived from Bo WT. B. fragilis, which utilizes inulin1,3 but similar to Bo âˆ†04502/3 does not liberate inulin breakdown products3, does not support the survival of Bv during co-culture. Left and right panels are independent experiments. Left panel; start, nâ€‰=â€‰4 biological replicates; end, nâ€‰=â€‰2 biological replicates. Right panel; t0, nâ€‰=â€‰4 cell culture biological replicates; t13 and 24, nâ€‰=â€‰2 biological replicates. b, Growth of Bv in dialysed (2â€‰kDa MW membrane) or undialysed conditioned media from Bo Î”04502/3 grown in inulin, nâ€‰=â€‰2 cell culture biological replicates. c, Gas chromatographic analysis of acetate, propionate and succinate in conditioned media during growth of Bo WT and Î”04502/3 in defined media with inulin as the sole carbohydrate. Other volatile and non-volatile substances (as listed in Methods) were undetectable, nâ€‰=â€‰2 cell culture biological replicates, except Î”04502/3 stationary phase, nâ€‰=â€‰1. d, Growth of Bv in defined medium with inulin as the sole carbohydrate with or without addition with 15â€‰mM of acetate, propionate or succinate, tâ€‰=â€‰0, nâ€‰=â€‰4 biological replicates; tâ€‰=â€‰13 and 24â€‰h, nâ€‰=â€‰2 biological replicates. CM, conditioned media; UD, undetected. For all panels, error bars represent standard error; P values derived from two-tailed Studentâ€™s t-test.

Source data



Extended Data Figure 9 Spatial aspects of mutualism between Bo and Bv via cross feeding and interspecies cooperation in vivo via 04502/3.
a, Independent experiments for Fig. 4c, nâ€‰=â€‰4 biological replicates. b, Independent experiments for Fig. 4e, nâ€‰=â€‰3 cell culture biological replicates. c, Scatter plot of experiment in Fig. 4f, nâ€‰=â€‰3 cell culture biological replicates. d, Ratios of wild type and Î”04502/3 in faeces 21 days after co-colonization of three germ-free mice (nâ€‰=â€‰3 mice biological replicates) on a diet of inulin as the sole dietary polysaccharide (pre-Bv) and then four days after introduction of Bv (post-Bv). Each panel shows the ratio pre- and post- Bv of an individual mouse. P values are Fisher exact test comparing the frequency of Bo WT and Î”04502/3 pre- and post- colonization with Bv for each individual mouse. At day 21, all mice were colonized with a higher ratio of the mutant (ranging to 86% in the mouse depicted in the lowest panel), with each mouse showing a statistically significant increase in the proportion of the wild type after introduction of Bv. e, Growth of B. ovatus in 0.5% inulin (upper panel) or fructose (lower panel) in minimal media to which filter sterilized conditioned media from early log, A600â€‰nm matched growth of Bv or Bo in 0.125% fructose minimal media or fresh 0.125% fructose minimal media control was added at 1:1 ratio. In e, numbers refer to P values (*Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001) of comparison of values of green (g), red (r) or black (b) values by unpaired, two-tailed student t-test at the time-point indicated, nâ€‰=â€‰2 cell culture biological replicates. For all panels, error bars represent standard error; for all panels except d, P values derived from two-tailed Studentâ€™s t-test.

Source data



Extended Data Figure 10 Schematic of forms of cooperativity via polysaccharide digestion among Bacteroidales.
a, Limited cooperation. Privatization of extracellularly digested public goods by the individual performing the digestion leads to greater individual (thick arrow) than shared benefits (thin arrow) as seen in Bt during growth on levan and amylopectin. b, Cooperation between species is seen between Bo and Bv during growth on inulin. Surface digestion of inulin by Bo creates breakdown products that it does not need to grow on inulin. Rather, inulin breakdown represents a dedicated cross-feeding system that provides benefits to Bv, with reciprocal fitness benefits to Bo.





Supplementary information
Supplementary Information
Supplementary Figure 1 shows the uncropped TLC scans for Figures 2b, 2d (left), 2d (right) and Extended Data Figures 1e, 2b, 2c, 4c, 5e and Supplementary Table 1 which shows the primers used in this study. (PDF 136 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Source data
Source data to Fig. 1

Source data to Fig. 2

Source data to Fig. 3

Source data to Fig. 4

Source data to Extended Data Fig. 5

Source data to Extended Data Fig. 6

Source data to Extended Data Fig. 7

Source data to Extended Data Fig. 8

Source data to Extended Data Fig. 9

Source data to Extended Data Fig. 10

Source data to Extended Data Fig. 11

Source data to Extended Data Fig. 12

Source data to Extended Data Fig. 13




Rights and permissions
Reprints and permissions


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



Cite this article
Rakoff-Nahoum, S., Foster, K. & Comstock, L. The evolution of cooperation within the gut microbiota.
                    Nature 533, 255â€“259 (2016). https://doi.org/10.1038/nature17626
Download citation
	Received: 04 May 2015

	Accepted: 24 February 2016

	Published: 25 April 2016

	Issue Date: 12 May 2016

	DOI: https://doi.org/10.1038/nature17626


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

                
                    	
                            
                                
                                    
                                        Emerging tools for uncovering genetic and transcriptomic heterogeneities in bacteria
                                    
                                

                            
                                
                                    	Yi Liao


                                
                                Biophysical Reviews (2024)

                            
	
                            
                                
                                    
                                        Dissecting the microbial community structure of internal organs during the early postmortem period in a murine corpse model
                                    
                                

                            
                                
                                    	Ruina Liu
	Kai Zhang
	Zhenyuan Wang


                                
                                BMC Microbiology (2023)

                            
	
                            
                                
                                    
                                        Eco-evolutionary feedbacks in the human gut microbiome
                                    
                                

                            
                                
                                    	Benjamin H. Good
	Layton B. Rosenfeld


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Harnessing gut microbes for glycan detection and quantification
                                    
                                

                            
                                
                                    	Jennifer L. Modesto
	Victoria H. Pearce
	Guy E. Townsend


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Intrahost evolution of the gut microbiota
                                    
                                

                            
                                
                                    	Hugo C. Barreto
	Isabel Gordo


                                
                                Nature Reviews Microbiology (2023)

                            


                

            

        
    

            
                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
            
        

        
    



            

        
    


    
        Editorial Summary
Cooperation between gut microbes
Microbial communities are essentially cooperative networks and here Seth Rakoff-Nahoum et al. examine the mechanisms of cooperative behaviour among gut microbiota. Using a combination of in vitro experiments and a mouse model, the authors show that Bacteroides ovatus uses an enzyme system for the extracellular digestion of the dietary polysaccharide inulin, which is a costly process, but benefits other species such as Bacteroides vulgatus, by supplying a source of food. Potential routes by which B. vulgatus may provide return benefits to B. ovatus include detoxification of inhibitory substances and the secretion of a depleted or growth promoting factor. This is a rare example of naturally evolved cooperation within complex microbial communities that is likely to have an important role in stabilizing the ecosystem.
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