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            Abstract
Breviatea form a lineage of free living, unicellular protists, distantly related to animals and fungi1,2. This lineage emerged almost one billion years ago, when the oceanic oxygen content was low, and extant Breviatea have evolved or retained an anaerobic lifestyle3,4. Here we report the cultivation of Lenisia limosa, gen. et sp. nov., a newly discovered breviate colonized by relatives of animal-associated Arcobacter. Physiological experiments show that the association of L. limosa with Arcobacter is driven by the transfer of hydrogen and is mutualistic, providing benefits to both partners. With whole-genome sequencing and differential proteomics, we show that an experimentally observed fitness gain of L. limosa could be explained by the activity of a so far unknown type of NAD(P)H-accepting hydrogenase, which is expressed in the presence, but not in the absence, of Arcobacter. Differential proteomics further reveal that the presence of Lenisia stimulates expression of known â€˜virulenceâ€™ factors by Arcobacter. These proteins typically enable colonization of animal cells during infection5, but may in the present case act for mutual benefit. Finally, re-investigation of two currently available transcriptomic data sets of other Breviatea4 reveals the presence and activity of related hydrogen-consuming Arcobacter, indicating that mutualistic interaction between these two groups of microbes might be pervasive. Our results support the notion that molecular mechanisms involved in virulence can also support mutualism6, as shown here for Arcobacter and Breviatea.
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                    Figure 1: Relatives of animal-associated Arcobacter colonize Breviatea.


Figure 2: Symbiotic metabolism of L. limosa and Arcobacter.


Figure 3: The fitness of L. limosa depends on its symbiont.
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Extended data figures and tables

Extended Data Figure 1 Micrographs for L. limosa and epibiotic Arcobacter.
a, Scanning electron micrograph showing L. limosa and associated bacteria. Pilus (1) connecting Arcobacter (5) with L. limosa. Pseudopodial extensions (2) are used for the acquisition of prey bacteria (3) (Alteromonas). Short anterior flagellum (4). Long posterior flagellum (6). bâ€“e, CARD-FISH labelling with probes targeting the SSU rRNA of L. limosa (Euk516 in red) and Arcobacter (Epsy914 in green). The scale bar applies to all figures. fâ€“i, CARD-FISH labelling of L. limosa with probes targeting the SSU rRNA of A. macleodii (Alt184 in green). The scale bar applies to all figures. jâ€“r, Transmission electron micrographs showing different structural features of L. limosa. Mitochondria-related organelle (mro), nucleus (nucl), digestive vacuoles (dv), double basal body (bb), endoplasmic reticulum (er), inner (im) and outer membrane (om), tubular cristae (cristae), extracellular matrix (ex), bacterium (bac), membrane (mem), flagellum (flag), multivesicular body (mb). For aâ€“i, each specimen shown represents at least ten specimens for which images were recorded.


Extended Data Figure 2 Relative abundance of L. limosa and co-enriched bacteria under different growth conditions.
The abundance of L. limosa and its associated microbiota was determined at three different conditions (treatments) with three independent experiments per treatment: 1â€“3, presence of nitrous oxide and prey bacteria; 4â€“6, absence of nitrous oxide and presence of prey bacteria; 7â€“9, presence of nitrous oxide, dissolved organic nutrients and hydrogen and absence of prey bacteria. Relative abundances were determined via proteomics and estimated on the basis of the total normalized spectrum count per population.


Extended Data Figure 3 Genome statistics for L. limosa and epibiotic Arcobacter.
The pie chart represents the classifications of gene models into functional categories for Arcobacter. Gene classifications were performed with the RAST functional annotations and the SEED subsystem database32.


Extended Data Figure 4 A new type of NAD(P)H-dependent Fe-hydrogenase.
The genome of L. limosa encoded a so far undescribed NAD(P)H-dependent Fe-hydrogenase. Genes with identical domain architecture were also identified in P. biforma and T. vaginalis (shown in bold type). The scale bars represent substitution rate per site. a, Phylogeny of the Fe-hydrogenases domain. b, Phylogeny of the NAD/NADP binding domain. Phylogenies were inferred by RAxML using the WAG amino-acid replacement matrix. c, Domain architecture of the NAD(P)H-dependent Fe-hydrogenase (2) compared with the domain architecture of Fe-hydrogenase (3) and the NADPH accepting domain of the cyt P450 reductase (1). The scale bar shows approximate amino-acid positions. d, Predicted electron flow within the NAD(P)H-dependent Fe-hydrogenase indicates the capability for a proton-dependent recycling of NAD(P)H. Note: the shape of the model does not intent to depict the actual three-dimensional structure of the protein.


Extended Data Figure 5 Maximum likelihood tree of quinone-reactive Ni/Fe-hydrogenases (subunit hydB).
The tree shows the phylogenetic relation of quinone-reactive Ni/Fe-hydrogenases from Arcobacter associated with S. tetraspora, P. biforma and L. limosa (indicated in red). Circles represent bootstrap support values for each node. The scale bar represents substitution rate per site.


Extended Data Figure 6 The fitness of L. limosa depends on its symbiont.
Syntrophy was enabled by the presence of nitrous oxide acting as electron acceptor for bacterial hydrogen oxidation. a, Inhibition of nitrous oxide reduction (addition of the competitive inhibitor acetylene, see arrow) led to a reduced growth of L. limosa and reduced respiration rates. To monitor respiration rates, 13C-enriched Alteromonas were added together with acetylene. Digestion of 13C-labelled bacteria by L. limosa led to the production of 13C-bicarbonate, which was measured after conversion to 13CO2 (right). Similar effects on the growth and respiration rates were observed after adding hydrogen (b) or hydrogen and acetate (c) to a culture. d, Growth of L. limosa and production of hydrogen and fatty acids while growing syntrophically (nitrous oxide present). e, Growth of L. limosa in the presence of antibacterial antibiotics (nitrous oxide absent). f, Growth of L. limosa in the presence of antibacterial antibiotics (nitrous oxide present). g, Growth of L. limosa in the presence of nitrate (2â€‰mM) and oxygen (0.2â€‰mM). Growth of L. limosa was compared with a culture that contained nitrous oxide (2.2â€‰mM) and with a control culture that did not contain an electron acceptor for hydrogen oxidation. Each panel shows the results of at least five independent experiments, with cell numbers depicted as averages of seven cell counts per experiment; error bars, s.d.


Extended Data Figure 7 Expression levels for Arcobacter proteins involved in attachment and chemotaxis.
a. Expression level of proteins involved in attachment in the presence (red) and absence of L. limosa (blue). b, Expression level of proteins involved in chemotaxis. Expression levels were measured and averaged for three independent experiments per treatment (see also Extended Data Fig. 2). Error bars, s.d. See Supplementary Table 1 for gene accession numbers and statistical tests.


Extended Data Figure 8 Domain architecture of L. limosa fibronectin type III domain-containing proteins.
Protein architectures and conserved protein domains were identified using the SMART protein domain detection tools. See Supplementary Table 1 for gene accession numbers and expression levels.


Extended Data Table 1 Potential presence of Breviatea and Breviatea-associated Arcobacter detected in currently available shotgun metagenomes from marine sedimentsFull size table





Supplementary information
Supplementary Table 1
Accession numbers and per gene expression levels as determined with proteomics. (XLS 273 kb)


Supplementary Table 2
Calculation of the thermodynamic and kinetic feasibility of hydrogen transfer between L. limosa and Arcobacter. (XLS 10 kb)


Supplementary Information
This file contains Supplementary Notes regarding the diagnosis of Lenisia limosa gen. et sp. Nov (PDF 80 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3




Rights and permissions
Reprints and permissions


About this article
       



Cite this article
Hamann, E., Gruber-Vodicka, H., Kleiner, M. et al. Environmental Breviatea harbour mutualistic Arcobacter epibionts.
                    Nature 534, 254â€“258 (2016). https://doi.org/10.1038/nature18297
Download citation
	Received: 03 August 2015

	Accepted: 05 May 2016

	Published: 01 June 2016

	Issue Date: 09 June 2016

	DOI: https://doi.org/10.1038/nature18297


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

                
                    	
                            
                                
                                    
                                        Phagotrophic protists preserve antibiotic-resistant opportunistic human pathogens in the vegetable phyllosphere
                                    
                                

                            
                                
                                    	Chenshuo Lin
	Li-Juan Li
	Yong-Guan Zhu


                                
                                ISME Communications (2023)

                            
	
                            
                                
                                    
                                        The microbiome of a bacterivorous marine choanoflagellate contains a resource-demanding obligate bacterial associate
                                    
                                

                            
                                
                                    	David M. Needham
	Camille Poirier
	Alexandra Z. Worden


                                
                                Nature Microbiology (2022)

                            
	
                            
                                
                                    
                                        Emergent â€œcore communitiesâ€� of microbes, meiofauna and macrofauna at hydrothermal vents
                                    
                                

                            
                                
                                    	S A Murdock
	V Tunnicliffe
	S K Juniper


                                
                                ISME Communications (2021)

                            
	
                            
                                
                                    
                                        Horizontal acquisition of a patchwork Calvin cycle by symbiotic and free-living Campylobacterota (formerly Epsilonproteobacteria)
                                    
                                

                            
                                
                                    	Adrien AssiÃ©
	Nikolaus Leisch
	Jillian M Petersen


                                
                                The ISME Journal (2020)

                            
	
                            
                                
                                    
                                        Improved culture enrichment broth for isolation of Arcobacter-like species from the marine environment
                                    
                                

                            
                                
                                    	Faiz Ur Rahman
	Karl B. Andree
	M. Dolors Furones


                                
                                Scientific Reports (2020)

                            


                

            

        
    

            
                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
A 'virulence factor' mediates mutualism
This study describes a previously unknown type of mutualistic symbiosis between a newly discovered breviate protist (Lenisia limosa) and the animal-associated bacterium Arcobacter spp. Marc Strous and colleagues show that the symbiosis is driven by the transfer of hydrogen and is mutualistic, providing benefits to both partners. The symbiont induces expression of a novel NAD(P)H-accepting hydrogenase, offering a fitness gain to the breviate as the symbiont acts as a hydrogen scavenger. In turn, the breviate induces expression of proteins in the symbiont that seem to be related to classical bacterial virulence factors, acting in this instance to promote the mutualistic relationship.

show all

    

    
    

    
        
            
                
                    
                        
                            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


    





        
    
        
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    
                    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
            
        


    









    








