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            Abstract
The human gut microbiota produces dozens of metabolites that accumulate in the bloodstream1,2, where they can have systemic effects on the host. Although these small molecules commonly reach concentrations similar to those achieved by pharmaceutical agents, remarkably little is known about the microbial metabolic pathways that produce them. Here we use a combination of genetics and metabolic profiling to characterize a pathway from the gut symbiont Clostridium sporogenes that generates aromatic amino acid metabolites. Our results reveal that this pathway produces twelve compounds, nine of which are known to accumulate in host serum. All three aromatic amino acids (tryptophan, phenylalanine and tyrosine) serve as substrates for the pathway, and it involves branching and alternative reductases for specific intermediates. By genetically manipulating C. sporogenes, we modulate serum levels of these metabolites in gnotobiotic mice, and show that in turn this affects intestinal permeability and systemic immunity. This work has the potential to provide the basis of a systematic effort to engineer the molecular output of the gut bacterial community.
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                    Figure 1: Genes in the reductive pathway of phenylalanine metabolism map to a conserved gene cluster.[image: ]


Figure 2: A pathway for reductive aromatic amino acid metabolism by members of the gut microbiota.[image: ]


Figure 3: Metabolite profiling reveals shared and divergent features in AAA metabolic pathways.[image: ]


Figure 4: Gut bacteria-driven modulation of mouse serum metabolites alters host immune activation and intestinal permeability.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Search for an indolelactate dehydratase.
a, Phylogenetic analyses indicate that FldC (CLOSPO_00311) is distinct from its closest isospecific, heterofunctional homologue (HadC, CLOSPO_02758) in C. sporogenes. The neighbour-joining tree was built from the top 100 BLAST hits to FldC from the GenBank database. Sequences from very similar species and strains are collapsed into red branches. b, Genomic context for fldC and the most similar gene (hadC) in C. sporogenes. The amino acid sequence similarity between FldC and HadC is 47%.


Extended Data Figure 2 Generation of the phenyllactate dehydratase disruption mutant.
a, The ClosTron bacterial type II intron system was used to disrupt fldC (CLOSPO_00311) by insertion of an erythromycin-containing intron within the coding sequence at nucleotide position 561. b, Successful integration at the fldC locus was determined by amplifying DNA using primers flanking the region of insertion. The expected PCR product for the wild type is 600 bp as shown in the ethidium-bromide-stained agarose gel from a single experiment. Successful chromosomal integration was confirmed by Sanger sequencing.


Extended Data Figure 3 Summary of biochemical pathways for AAA metabolism by C. sporogenes.
Phenylalanine, tyrosine and tryptophan are all metabolized through the reductive pathway by the same enzymes. The first step is an aminotransferase reaction, probably catalysed by aromatic amino acid aminotransferase (Aat). This enzyme activity has been demonstrated in C. sporogenes cells, however, the gene encoding this enzyme has not been identified. The arylpyruvates are then converted to their corresponding aryllactates by phenyllactate dehydrogenase (FldH, CLOSPO_00316). The aryllactates are then dehydrated by phenyllactate dehydratase (FldBC, CLOSPO_00310-311) along with its activator (FldI, CLOSPO_00309). Previous studies indicate that the dehydration reaction requires the substrate to first be activated to a CoA thioester, probably catalysed by acyl-CoA ligase (FldL, CLOSPO_00307), and that the CoA is recycled by the action of acyl-CoA transferase (FldA, CLOSPO_00308). Finally, the arylacrylates are reduced by acyl-CoA dehydrogenase (AcdA, CLOSPO_00312) involving its two electron transport factors (EtfAâ€“EtfB, CLOSPO_00313â€“314). For the oxidative pathway, phenylpyruvate and 4-OH-phenylpyruvate are first oxidatively decarboxylated by pyruvate:ferredoxin oxidoreductase A (PorA, CLOSPO_00147-149), followed by phosphate acyltransferase and acyl kinase reactions that remain to be studied. The enzyme involved in indoleacetic acid production remains unknown, however, candidate genes in the genome include pyruvate:ferredoxin oxidoreductases B and C (PorB, CLOSPO_02262; PorC, CLOSPO_03792). Transformations for which the specific genes involved are not known are indicated in red.


Extended Data Figure 4 acdA, fldH and porA mutants exhibit growth defects when cultured with amino acids as the sole carbon source.
aâ€“f, The wild-type (aâ€“f) and acdA (a, d), fldH (b, e) and porA (c, f) mutant strains of C. sporogenes were cultured in minimal defined medium containing 10 amino acids at standard concentrations (SACC) with (dâ€“f) or without (aâ€“c) glucose (10â€‰mM) and growth was monitored spectrophotometrically. Representative curves from nâ€‰=â€‰3 biological replicates are shown and doubling times are reported as meanâ€‰Â±â€‰s.d.


Extended Data Figure 5 fldZ does not exhibit a growth defect during amino acid fermentation.
a, b, The wild-type and fldZ mutant strains of C. sporogenes were cultured in minimal defined medium containing 10 amino acids at standard concentrations (SACC) with (a) or without (b) glucose (10â€‰mM) and growth was monitored spectrophotometrically. Representative curves from nâ€‰=â€‰3 biological replicates are shown and doubling times are reported as meanâ€‰Â±â€‰s.d.


Extended Data Figure 6 The fldZ mutant is defective in conversion of phenylacrylate and 4-OH-phenylacryalte.
Resting cell suspensions of wild-type and fldZ mutant C. sporogenes were prepared and incubated with phenylacrylate, 4-OH-phenylacrylate or indoleacrylate for 1â€‰h at 37â€‰Â°C. Cells were then collected by centrifugation and the corresponding arylacrylates were detected in the supernatant by LCâ€“MS/MS. The presence of a peak corresponds to a defect in the conversion of the indicated substrate (that is, retention of precursor). Representative chromatograms from nâ€‰=â€‰3 biological replicates are shown.


Extended Data Figure 7 porA is important for phenylacetate and 4-OH-phenylacetate production, but not indoleacetate.
Resting cell suspensions of wild-type and porA mutant C. sporogenes were prepared at a fourfold higher cell density (for example, 1/20 culture volume), and incubated with phenylalanine, tyrosine, tryptophan (red) or indolepyruvate (green) for 1â€‰h at 37â€‰Â°C. Cells were then collected by centrifugation and the arylacetates were detected in the supernatant by LCâ€“MS/MS. The absence of a peak indicates a defect in the conversion of the indicated substrate to the corresponding arylacetate. Representative chromatograms from nâ€‰=â€‰3 biological replicates are shown.


Extended Data Figure 8 Broad overview of scaffold maps of mass cytometry data.
Scaffold maps of immune cells in the peripheral blood of mice colonized with wild-type or fldC mutant C. sporogenes. The full scaffold maps are presented here to provide topological context; zoomed-in regions are shown in Extended Data Fig. 9.


Extended Data Figure 9 Fine detail scaffold maps of mass cytometry data.
Scaffold maps of mass cytometry data from the peripheral blood of mice colonized with wild-type (top) or fldC mutant (bottom) C. sporogenes. Red nodes represent landmarks, or canonical immune cell populations defined manually. These landmarks facilitate the interpretation of the graph. Other nodes represent unsupervised clusters of similar cells, providing a data-driven representation of the cells present in the samples. The size of these nodes reflects the number of cells in that particular cluster. Unsupervised clusters are coloured according to their nearest landmark node. Edges in the graphs connect similar cells, with the length of each edge inversely proportional to that similarity. Cells that are most similar to one another are thereby connected by a short edge.


Extended Data Figure 10 Unsupervised force-directed graph of T cells in the peripheral blood.
T cells from mice colonized with wild-type and fldC mutant C. sporogenes were clustered together. Each cluster of T cells is coloured by the log2 fold change of the frequency in mice colonized with fldC mutant over wild-type C. sporogenes to visualize differences between the groups.





Supplementary information
Life Sciences Reporting Summary (PDF 72 kb)

Supplementary Information
This file contains supplementary tables 1-8. (PDF 483 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Rights and permissions
Reprints and permissions


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



Cite this article
Dodd, D., Spitzer, M., Van Treuren, W. et al. A gut bacterial pathway metabolizes aromatic amino acids into nine circulating metabolites.
                    Nature 551, 648â€“652 (2017). https://doi.org/10.1038/nature24661
Download citation
	Received: 22 September 2016

	Accepted: 25 October 2017

	Published: 22 November 2017

	Issue Date: 30 November 2017

	DOI: https://doi.org/10.1038/nature24661


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

                
                    	
                            
                                
                                    
                                        The gut metabolite indole-3-propionic acid activates ERK1 to restore social function and hippocampal inhibitory synaptic transmission in a 16p11.2 microdeletion mouse model
                                    
                                

                            
                                
                                    	Jian Jiang
	Dilong Wang
	Ningning Li


                                
                                Microbiome (2024)

                            
	
                            
                                
                                    
                                        Microbiota-derived indoles alleviate intestinal inflammation and modulate microbiome by microbial cross-feeding
                                    
                                

                            
                                
                                    	Gang Wang
	Yuxin Fan
	Xiangfang Zeng


                                
                                Microbiome (2024)

                            
	
                            
                                
                                    
                                        Effects of dietary fibre on metabolic health and obesity
                                    
                                

                            
                                
                                    	Edward C. Deehan
	Valentin Mocanu
	Karen L. Madsen


                                
                                Nature Reviews Gastroenterology & Hepatology (2024)

                            
	
                            
                                
                                    
                                        Gut microbial metabolite facilitates colorectal cancer development via ferroptosis inhibition
                                    
                                

                            
                                
                                    	Weiwei Cui
	Meng Guo
	Bo Chu


                                
                                Nature Cell Biology (2024)

                            
	
                            
                                
                                    
                                        Microbiotaâ€“gutâ€“brain axis and its therapeutic applications in neurodegenerative diseases
                                    
                                

                            
                                
                                    	Jian Sheng Loh
	Wen Qi Mak
	Kooi Yeong Khaw


                                
                                Signal Transduction and Targeted Therapy (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
            
        

        
    



            

        
    


    
        Editorial Summary
Gut bacterial pharmacy
The human microbiome has a substantial effect on our health. Our gut microbes produce a range of small molecules, many of which can reach relevant concentrations, yet we know surprisingly little about microbial metabolic pathways and how they affect the host. Here, Justin Sonnenburg, Michael Fischbach and colleagues use genetics and metabolic profiling to identify the gene cluster of Clostridium sporogenes that metabolizes aromatic amino acids, several of the products of which are produced exclusively by the microbiota. For example, the neuroprotective agent indolepropionic acid (IPA) was also produced by several other gut bacteria. In mice with controlled bacterial colonies, the serum levels of IPA and host physiology can be modulated by genetic modification of C. sporogenes.

show all

    

    
    

    
        
            
                
                    
                        
                            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
	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: Translational Research]
                    Sign up for the Nature Briefing: Translational Research newsletter â€” top stories in biotechnology, drug discovery and pharma.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


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

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get what matters in translational research, free to your inbox weekly.
            Sign up for Nature Briefing: Translational Research
            
        


    









    [image: ]







[image: ]
