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            Abstract
Circadian oscillators, which provide internal daily periodicity, are found in a variety of living organisms, including mammals, insects, plants, fungi and cyanobacteria1. Remarkably, these biochemical oscillators are resilient to external and internal modifications, such as temperature and cell division cycles. They have to be â€˜fluctuation (noise) resistantâ€™2 because relative fluctuations in the number of messenger RNA and protein molecules forming the intracellular oscillators are likely to be large. In multicellular organisms, the strong temporal stability of circadian clocks, despite molecular fluctuations, can easily be explained by intercellular interactions3,4,5. Here we study circadian rhythms and their stability in unicellular cyanobacteria Synechoccocus elongatus. Low-light-level microscopy has allowed us to measure gene expression under circadian control in single bacteria, showing that the circadian clock is indeed a property of individual cells. Our measurements show that the oscillators have a strong temporal stability with a correlation time of several months. In contrast to many circadian clocks in multicellular organisms, this stability seems to be ensured by the intracellular biochemical network, because the interactions between oscillators seem to be negligible.
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                    Figure 1: Circadian oscillation of bioluminescence in individual bacteria.[image: ]


Figure 2: Growing micro-colonies of cyanobacteria, oscillating with different phases.[image: ]


Figure 3: Temporal evolution of individual oscillators' phase is independent of close proximity.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Systematic analysis of negative and positive feedback loops for robustness and temperature compensation in circadian rhythms
                                        
                                    

                                    
                                        Article
                                         Open access
                                         11 February 2023
                                    

                                

                                Suchana Chakravarty, Christian I. Hong & Attila CsikÃ¡sz-Nagy

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Low-dimensional dynamics of two coupled biological oscillators
                                        
                                    

                                    
                                        Article
                                        
                                         05 August 2019
                                    

                                

                                Colas Droin, Eric R. Paquet & Felix Naef

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Macroscopic waves, biological clocks and morphogenesis driven by light in a giant unicellular green alga
                                        
                                    

                                    
                                        Article
                                         Open access
                                         04 October 2023
                                    

                                

                                Eldad Afik, Toni J. B. Liu & Elliot M. Meyerowitz

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Young, M. W. & Kay, S. A. Time zones: a comparative genetics of circadian clocks. Nature Rev. Genet. 2, 702â€“715 (2001)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Barkai, N. & Leibler, S. Circadian clocks limited by noise. Nature 403, 267â€“268 (2000)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Pikovsky, A., Rosenblum, M. & Kurths, J. Synchronization: A Universal Concept in Nonlinear Sciences (Cambridge Univ. Press, Cambridge, 2001)
BookÂ 
    
                    Google ScholarÂ 
                

	Liu, C., Weaver, D. R., Strogatz, S. H. & Reppert, S. M. Cellular construction of a circadian clock: period determination in the suprachiasmatic nuclei. Cell 91, 855â€“860 (1997)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Yamaguchi, S. et al. Synchronization of cellular clocks in the suprachiasmatic nucleus. Science 302, 1408â€“1412 (2003)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kondo, T. et al. Circadian rhythms in prokaryotes: luciferase as a reporter of circadian gene expression in cyanobacteria. Proc. Natl Acad. Sci. USA 90, 5672â€“5676 (1993)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Liu, Y. et al. Circadian orchestration of gene expression in cyanobacteria. Genes Dev. 9, 1469â€“1478 (1995)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Katayama, M., Tsinoremas, N. F., Kondo, T. & Golden, S. S. cpmA, a gene involved in an output pathway of the cyanobacterial circadian system. J. Bacteriol. 181, 3516â€“3524 (1999)
CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Tsinoremas, N. F., Schaefer, M. R. & Golden, S. S. Blue and red light reversibly control psbA expression in the cyanobacterium Synechococcus sp. strain PCC 7942. J. Biol. Chem. 269, 16143â€“16147 (1994)
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Kondo, T. et al. Circadian rhythms in rapidly dividing cyanobacteria. Science 275, 224â€“227 (1997)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Mori, T. & Johnson, C. H. Independence of circadian timing from cell division in cyanobacteria. J. Bacteriol. 183, 2439â€“2444 (2001)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Mori, T., Binder, B. & Johnson, C. H. Circadian gating of cell division in cyanobacteria growing with average doubling times of less than 24 hours. Proc. Natl Acad. Sci. USA 93, 10183â€“10188 (1996)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Gaspard, P. The correlation time of mesoscopic chemical clocks. J. Chem. Phys. 117, 8905â€“8916 (2002)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Elowitz, M. B., Levine, A. J., Siggia, E. D. & Swain, P. S. Stochastic gene expression in a single cell. Science 297, 1183â€“1186 (2002)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kiss, I. Z., Zhai, Y. & Hudson, J. L. Emerging coherence in a population of chemical oscillators. Science 296, 1676â€“1678 (2002)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Levine, J. D., Funes, P., Dowse, H. B. & Hall, J. C. Resetting the circadian clock by social experience in Drosophila melanogaster. Science 298, 2010â€“2012 (2002)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Winfree, A. T. The Geometry of Biological Time, 2nd edn (Springer, New York, 2001)
BookÂ 
    
                    Google ScholarÂ 
                

	Goldbeter, A. Computational approaches to cellular rhythms. Nature 420, 238â€“245 (2002)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Gonze, D., Halloy, J. & Goldbeter, A. Robustness of circadian rhythms with respect to molecular noise. Proc. Natl Acad. Sci. USA 99, 673â€“678 (2002)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We thank S. Golden for the AMC412 strain and for advice, D. Peoples for advice and technical assistance, B. Houchmandzadeh, J. Paulsson, J. Vilar, C. Weitz and M. Young for discussions, and N. Questembert-Balaban, E. Kussell and M. Vallade for comments on the manuscript. This work was supported partially by Princeton University through the Lewis Thomas Fellowship (I.M.), the National Institutes of Health, the Howard Hughes Medical Institute and the Centre National de Recherche Scientifique through an ATIP and an AC â€˜Dynamique et rÃ©activitÃ© des assemblages biologiquesâ€™.


Author information
Author notes	Weihong Hsing
Present address: Johnson & Johnson PRD, PO Box 300, Raritan, New Jersey, 08869, USA


Authors and Affiliations
	Laboratoire de SpectromÃ©trie Physique, UniversitÃ© Joseph Fourier â€“ Grenoble I, BP87, 38402, St-Martin d'HÃ¨res CÃ©dex, France
Irina Mihalcescu

	Department of Molecular Biology, Princeton University, Princeton, New Jersey, 08544, USA
Weihong Hsing

	Laboratory of Living Matter and Centre for Studies in Physics and Biology, The Rockefeller University, 1230 York Avenue, New York, 10021, USA
Stanislas Leibler


Authors	Irina MihalcescuView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Weihong HsingView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Stanislas LeiblerView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Corresponding author
Correspondence to
                Irina Mihalcescu.


Ethics declarations

              
                Competing interests

                The authors declare that they have no competing financial interests.

              
            

Supplementary information

Supplementary Discussion
This has four sections containing discussions and Supplementary Figures S1 to S7. 1. Circadian oscillations of individual bacteria; 2. Estimation of the oscillator noise; 3. Extraction of the detection noise; 4. Detection limit of the coupling strength between oscillators. (PDF 1599 kb)





Rights and permissions
Reprints and permissions


About this article
Cite this article
Mihalcescu, I., Hsing, W. & Leibler, S. Resilient circadian oscillator revealed in individual cyanobacteria.
                    Nature 430, 81â€“85 (2004). https://doi.org/10.1038/nature02533
Download citation
	Received: 23 November 2003

	Accepted: 30 March 2004

	Issue Date: 01 July 2004

	DOI: https://doi.org/10.1038/nature02533


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

                
                    	
                            
                                
                                    
                                        Noise control and utility: From regulatory network to spatial patterning
                                    
                                

                            
                                
                                    	Qing Nie
	Lingxia Qiao
	Wei Zhao


                                
                                Science China Mathematics (2020)

                            
	
                            
                                
                                    
                                        Circadian oscillator proteins across the kingdoms of life: structural aspects
                                    
                                

                            
                                
                                    	Reena Saini
	Mariusz Jaskolski
	Seth J. Davis


                                
                                BMC Biology (2019)

                            
	
                            
                                
                                    
                                        High protein copy number is required to suppress stochasticity in the cyanobacterial circadian clock
                                    
                                

                            
                                
                                    	Justin Chew
	Eugene Leypunskiy
	Michael J. Rust


                                
                                Nature Communications (2018)

                            
	
                            
                                
                                    
                                        Revealing circadian mechanisms of integration and resilience by visualizing clock proteins working in real time
                                    
                                

                            
                                
                                    	Tetsuya Mori
	Shogo Sugiyama
	Toshio Ando


                                
                                Nature Communications (2018)

                            


                

            

        
    

            
                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
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    As time glows by in bacteria
                

                
	Carl Hirschie Johnson



                
    
        
            Nature
        
        News & Views
        
        
            01 Jul 2004
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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 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
            
        


    









    [image: ]







[image: ]
