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            Abstract
Since their discovery, giant viruses have revealed several unique features that challenge the conventional definition of a virus, such as their large and complex genomes, their infection by virophages and their presence of transferable short element transpovirons1,2,3,4,5. Here we investigate the sensitivity of mimivirus to virophage infection in a collection of 59 viral strains and demonstrate lineage specificity in the resistance of mimivirus to Zamilon6, a unique virophage that can infect lineages B and C of mimivirus but not lineage A. We hypothesized that mimiviruses harbour a defence mechanism resembling the clustered regularly interspaced short palindromic repeat (CRISPR)-Cas system that is widely present in bacteria and archaea7,8,9,10. We performed de novo sequencing of 45 new mimivirus strains and searched for sequences specific to Zamilon in a total of 60 mimivirus genomes. We found that lineage A strains are resistant to Zamilon and contain the insertion of a repeated Zamilon sequence within an operon, here named the ‘mimivirus virophage resistance element’ (MIMIVIRE). Further analyses of the surrounding sequences showed that this locus is reminiscent of a defence mechanism related to the CRISPR–Cas system. Silencing the repeated sequence and the MIMIVIRE genes restores mimivirus susceptibility to Zamilon. The MIMIVIRE proteins possess the typical functions (nuclease and helicase) involved in the degradation of foreign nucleic acids. The viral defence system, MIMIVIRE, represents a nucleic-acid-based immunity against virophage infection.
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                    Figure 1: Chromosomal environment of the MIMIVIRE locus of Mimiviridae and virophage infection.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Histogram depicting the replication of Zamilon and Sputnik 3 DNA in Mimiviridae after its phylogenetic classification into lineages A, B and C.
The replication of each virophage was measured after 24 h using qPCR. The term Δ CT corresponds to the difference between the CT value specific to virophage at H0 and H24.


Extended Data Figure 2 The MIMIVIRE defence system.
a, A comparative model between prokaryotic CRISPR–Cas system and the viral MIMIVIRE system in APMV-A. b, The chromosomal environment of Mimiviridae lineage A is illustrated using mimivirus as an example. This organization is conserved across all APMV-A genomes. The 28-nucleotide-long Zamilon insert sequence is AATCTGATAATGAATCTGATAATGAATC, and the derived 15-nucleotide repeated unit is TGATAATGAATCTGA. The four repeats units are separated by 9, 48 and 63 nucleotides, respectively.


Extended Data Figure 3 Agarose gel electrophoresis of different DNA products treated with and without nuclease and/or helicase enzymes.
C, control; N, nuclease treatment for 2 h; H, helicase treatment for 2 h; H+N, helicase and nuclease treatment for 2 h; H*, helicase treatment for 2 h followed by heating at 94 °C for 10 min; H+N*, helicase and nuclease treatment for 2 h followed by heating at 94 °C for 10 min.


Extended Data Figure 4 Phylogenetic trees based on the sequences of the two Cas proteins.
a, R350. b, R354.


Extended Data Table 1 Identification of the Zamilon sequences that were found inserted into the 60 genomes of MimiviridaeFull size table


Extended Data Table 2 Functional inferences of the open reading frames in the vicinity of the MIMIVIRE locus in mimivirusFull size table
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        Editorial Summary
MIMIVIRE, a viral immune mechanism
The B and C lineages of mimivirus, a giant virus with predatory amoebae as its natural host, can be infected by a unique virophage known as Zamilon. Lineage A, however, is resistant to Zamilon infection. Here Didier Raoult and colleagues identify a nucleic-acid-based defence mechanism present in lineage A mimivirus which protects against Zamilon infection. These lineage A viruses contain an insertion of a repeated Zamilon sequence, termed mimivirus virophage resistance element or MIMIVIRE, within an operon that also encodes nuclease and helicase functions. Silencing the repeated sequences and the related genes restores susceptibility to Zamilon. This work demonstrates that MIMIVIRE acts as a virophage resistance factor, just as CRISPR acts as a resistance factor against bacteriophages.

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
	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: ]
