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            Abstract
Bacterial biofilms are surface-associated, multicellular, morphologically complex microbial communities1,2,3,4,5,6,7. Biofilm-forming bacteria such as the opportunistic pathogen Pseudomonas aeruginosa are phenotypically distinct from their free-swimming, planktonic counterparts7,8,9,10. Much work has focused on factors affecting surface adhesion, and it is known that P.â€‰aeruginosa secretes the Psl exopolysaccharide, which promotes surface attachment by acting as â€˜molecular glueâ€™11,12,13,14,15. However, how individual surface-attached bacteria self-organize into microcolonies, the first step in communal biofilm organization, is not well understood. Here we identify a new role for Psl in early biofilm development using a massively parallel cell-tracking algorithm to extract the motility history of every cell on a newly colonized surface16. By combining this technique with fluorescent Psl staining and computer simulations, we show that P.â€‰aeruginosa deposits a trail of Psl as it moves on a surface, which influences the surface motility of subsequent cells that encounter these trails and thus generates positive feedback. Both experiments and simulations indicate that the web of secreted Psl controls the distribution of surface visit frequencies, which can be approximated by a power law. This Pareto-type17 behaviour indicates that the bacterial community self-organizes in a manner analogous to a capitalist economic system18, a â€˜rich-get-richerâ€™ mechanism of Psl accumulation that results in a small number of â€˜eliteâ€™ cells becoming extremely enriched in communally produced Psl. Using engineered strains with inducible Psl production, we show that local Psl concentrations determine post-division cell fates and that high local Psl concentrations ultimately allow elite cells to serve as the founding population for initial microcolony development.
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                    Figure 1: Efficiency of surface coverage by bacterial trajectories and correlation with Psl trails.[image: ]


Figure 2: Visit frequency distribution and its effect on bacterial movement.[image: ]


Figure 3: Local Psl levels determine post-division cell fates.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Spatial regulation of cell motility and its fitness effect in a surface-attached bacterial community
                                        
                                    

                                    
                                        Article
                                        
                                         10 November 2021
                                    

                                

                                Emrah ÅžimÅŸek, Emma Dawson, â€¦ Minsu Kim

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Cellular advective-diffusion drives the emergence of bacterial surface colonization patterns and heterogeneity
                                        
                                    

                                    
                                        Article
                                         Open access
                                         06 June 2019
                                    

                                

                                Tamara Rossy, Carey D. Nadell & Alexandre Persat

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Bacteria solve the problem of crowding by moving slowly
                                        
                                    

                                    
                                        Article
                                        
                                         23 November 2020
                                    

                                

                                O. J. Meacock, A. Doostmohammadi, â€¦ W. M. Durham

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Costerton, J. W., Stewart, P. S. & Greenberg, E. P. Bacterial biofilms: a common cause of persistent infections. Science 284, 1318â€“1322 (1999)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Oâ€™Toole, G. A. & Kolter, R. Flagellar and twitching motility are necessary for Pseudomonas aeruginosa biofilm development. Mol. Microbiol. 30, 295â€“304 (1998)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Oâ€™Toole, G., Kaplan, H. B. & Kolter, R. Biofilm formation as microbial development. Annu. Rev. Microbiol. 54, 49â€“79 (2000)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Stoodley, P., Sauer, K., Davies, D. G. & Costerton, J. W. Biofilms as complex differentiated communities. Annu. Rev. Microbiol. 56, 187â€“209 (2002)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Klausen, M., Aaes-JÃ¸rgensen, A., Molin, S. & Tolker-Nielsen, T. Involvement of bacterial migration in the development of complex multicellular structures in Pseudomonas aeruginosa biofilms. Mol. Microbiol. 50, 61â€“68 (2003)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Davies, D. G. et al. The involvement of cell-to-cell signals in the development of a bacterial biofilm. Science 280, 295â€“298 (1998)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Mann, E. E. & Wozniak, D. J. Pseudomonas biofilm matrix composition and niche biology. FEMS Microbiol. Rev. 36, 893â€“916 (2012)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lyczak, J. B., Cannon, C. L. & Pier, G. B. Establishment of Pseudomonas aeruginosa infection: lessons from a versatile opportunist. Microbes Infect. 2, 1051â€“1060 (2000)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Tatterson, L. E., Poschet, J. F., Firoved, A., Skidmore, J. & Deretic, V. CFTR and pseudomonas infections in cystic fibrosis. Front. Biosci. 6, d890â€“897 (2001)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Singh, P. K. et al. Quorum-sensing signals indicate that cystic fibrosis lungs are infected with bacterial biofilms. Nature 407, 762â€“764 (2000)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Friedman, L. & Kolter, R. Two genetic loci produce distinct carbohydrate-rich structural components of the Pseudomonas aeruginosa biofilm matrix. J. Bacteriol. 186, 4457â€“4465 (2004)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Ma, L. Y., Lu, H. P., Sprinkle, A., Parsek, M. R. & Wozniak, D. J. Pseudomonas aeruginosa Psl is a galactose- and mannose-rich exopolysaccharide. J. Bacteriol. 189, 8353â€“8356 (2007)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Byrd, M. S. et al. Genetic and biochemical analyses of the Pseudomonas aeruginosa Psl exopolysaccharide reveal overlapping roles for polysaccharide synthesis enzymes in Psl and LPS production. Mol. Microbiol. 73, 622â€“638 (2009)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Ma, L., Jackson, K. D., Landry, R. M., Parsek, M. R. & Wozniak, D. J. Analysis of Pseudomonas aeruginosa conditional psl variants reveals roles for the psl polysaccharide in adhesion and maintaining biofilm structure postattachment. J. Bacteriol. 188, 8213â€“8221 (2006)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Byrd, M. S., Pang, B., Mishra, M., Swords, W. E. & Wozniak, D. J. The Pseudomonas aeruginosa exopolysaccharide Psl facilitates surface adherence and NF-ÎºB activation in A549 cells. mBio 1, e00140â€“10 (2010)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Gibiansky, M. L. et al. Bacteria use type IV pili to walk upright and detach from surfaces. Science 330, 197 (2010)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Newman, M. E. J. Power laws, Pareto distributions and Zipfâ€™s law. Contemp. Phys. 46, 323â€“351 (2005)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Gabaix, X. Power laws in economics and finance. Annu. Rev. Econ. 1, 255â€“294 (2009)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Eagon, R. G. Composition of an extracellular slime produced by Pseudomonas aeruginosa. Can. J. Microbiol. 8, 585â€“586 (1962)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Sutherland, I. W. The biofilm matrix: an immobilized but dynamic microbial environment. Trends Microbiol. 9, 222â€“227 (2001)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Whitchurch, C. B., Tolker-Nielsen, T., Ragas, P. C. & Mattick, J. S. Extracellular DNA required for bacterial biofilm formation. Science 295, 1487 (2002)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Colvin, K. M. et al. The Pel and Psl polysaccharides provide Pseudomonas aeruginosa structural redundancy within the biofilm matrix. Environ. Microbiol. 14, 1913â€“1928 (2012)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Monroe, D. Looking for chinks in the armor of bacterial biofilms. PLoS Biol. 5, e307 (2007)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Flemming, H. C., Neu, T. R. & Wozniak, D. J. The EPS matrix: the â€œhouse of biofilm cellsâ€�. J. Bacteriol. 189, 7945â€“7947 (2007)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Newman, J. R. & Fuqua, C. Broad-host-range expression vectors that carry the l-arabinose-inducible Escherichia coli araBAD promoter and the araC regulator. Gene 227, 197â€“203 (1999)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Skerker, J. M. & Berg, H. C. Direct observation of extension and retraction of type IV pili. Proc. Natl Acad. Sci. USA 98, 6901â€“6904 (2001)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Solomon, S. & Richmond, P. Power laws of wealth, market order volumes and market returns. Physica A 299, 188â€“197 (2001)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Holloway, B. W. Genetic recombination in Pseudomonas aeruginosa. J. Gen. Microbiol. 13, 572â€“581 (1955)
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Heydorn, A. et al. Experimental reproducibility in flow-chamber biofilms. Microbiology 146, 2409â€“2415 (2000)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Sternberg, C. & Tolker-Nielsen, T. Growing and analyzing biofilms in flow cells. Curr. Protocols Microbiol. 21, 1B.2.1â€“1B.2.17 (2006)

                    Google ScholarÂ 
                

	Lecuyer, S. et al. Shear stress increases the residence time of adhesion of Pseudomonas aeruginosa. Biophys. J. 100, 341â€“350 (2011)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Ma, L. et al. Assembly and development of the Pseudomonas aeruginosa biofilm matrix. PLoS Pathog. 5, e1000354 (2009)
ArticleÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
K.Z., B.S.T., M.R.P. and G.C.L.W. are supported by the US National Institutes of Health (NIH 1RO1HL087920). K.Z. and G.C.L.W. also acknowledge support from the US National Science Foundation (NSF DMR1106106) and a UCLA Transdisciplinary Seed Grant. B.S.T., J.J.H. and M.R.P. also acknowledge support from the NIH (R01AI077628, R01AI081983, R56AI061396) and NSF (MCB0822405). B.S.T. is supported by the Cystic Fibrosis Foundation Postdoctoral Fellowship (TSENG11F0). J.J.H. was supported by a postdoctoral fellowship from the Natural Sciences and Engineering Research Council of Canada. B.B. and E.L. acknowledge support from the NSF under DMR-1006430 (E.L.) and DGE-0824162 (B.B.). The authors would like to thank J. Copic for discussions and R. J. Siehnel for technical assistance. We dedicate this paper to the memory of M. Shannon.


Author information
Author notes	Kun Zhao and Boo Shan Tseng: These authors contributed equally to this work.


Authors and Affiliations
	Department of Bioengineering, University of California, Los Angeles, 90095, California, USA
Kun Zhao,Â Maxsim L. GibianskyÂ &Â Gerard C. L. Wong

	Department of Microbiology, University of Washington, Seattle, 98195, Washington, USA
Boo Shan Tseng,Â Joe J. HarrisonÂ &Â Matthew R. Parsek

	Department of Materials Science and Engineering, Northwestern University, Evanston, 60208, Illinois, USA
Bernard BeckermanÂ &Â Erik Luijten

	CAS Key Laboratory of Soft Matter Chemistry, University of Science and Technology of China, Hefei, Anhui 230026, China, 
Fan Jin

	Department of Engineering Sciences and Applied Mathematics, Northwestern University, Evanston, 60208, Illinois, USA
Erik Luijten

	Department of Chemistry and Biochemistry, University of California, Los Angeles, 90095, California, USA
Gerard C. L. Wong

	California NanoSystems Institute, University of California, Los Angeles, 90095, California, USA
Gerard C. L. Wong


Authors	Kun ZhaoView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Boo Shan TsengView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Bernard BeckermanView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Fan JinView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Maxsim L. GibianskyView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Joe J. HarrisonView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Erik LuijtenView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Matthew R. ParsekView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Gerard C. L. WongView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
G.C.L.W., M.R.P. and K.Z. conceived the project. K.Z., B.S.T., M.R.P. and G.C.L.W. designed studies. K.Z. and B.S.T. performed experimental measurements. K.Z. and G.C.L.W. performed image analysis. F.J. helped in performing image analysis. M.L.G. helped in collecting experimental data. B.S.T., J.J.H. and M.R.P. constructed strains. B.B. and E.L. designed the model and performed computer simulations. K.Z., B.S.T., B.B., E.L., M.R.P. and G.C.L.W. wrote the paper. All authors discussed the results and commented on the manuscript.
Corresponding authors
Correspondence to
                Erik Luijten, Matthew R. Parsek or Gerard C. L. Wong.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Supplementary information

Supplementary Information
This file contains Supplementary Figures 1-16, Supplementary Methods, Supplementary Tables 1-3 and Supplementary References. (PDF 1308 kb)


Evolution of surface coverage by bacterial trajectories 
The left panels show the bright field videos while the right panels show the corresponding evolution of surface coverage by bacterial trajectories (WT (top row) and Î”pslD (bottom row)). In the right panels, red and black regions indicate used and fresh surfaces, respectively. For clarity, cells that reside on fresh surfaces are colored yellow, whereas cells that reside on used surfaces are colored purple. (MOV 30225 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
Zhao, K., Tseng, B., Beckerman, B. et al. Psl trails guide exploration and microcolony formation in Pseudomonas aeruginosa biofilms.
                    Nature 497, 388â€“391 (2013). https://doi.org/10.1038/nature12155
Download citation
	Received: 19 September 2012

	Accepted: 08 April 2013

	Published: 08 May 2013

	Issue Date: 16 May 2013

	DOI: https://doi.org/10.1038/nature12155


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

                
                    	
                            
                                
                                    
                                        A narrative review on bacterial biofilm: its formation, clinical aspects and inhibition strategies
                                    
                                

                            
                                
                                    	S. Vani
	Kayeen Vadakkan
	Bince Mani


                                
                                Future Journal of Pharmaceutical Sciences (2023)

                            
	
                            
                                
                                    
                                        Active layer dynamics drives a transition to biofilm fingering
                                    
                                

                            
                                
                                    	Ellen Young
	Gavin Melaugh
	Rosalind J. Allen


                                
                                npj Biofilms and Microbiomes (2023)

                            
	
                            
                                
                                    
                                        Impacts of Biofilm Formation on the Physicochemical Properties and Toxicity of Microplastics: A Concise Review
                                    
                                

                            
                                
                                    	Joshua Moyal
	Preeti H. Dave
	Raymond W. M. Kwong


                                
                                Reviews of Environmental Contamination and Toxicology (2023)

                            
	
                            
                                
                                    
                                        The Determination, Monitoring, Molecular Mechanisms and Formation of Biofilm in E. coli
                                    
                                

                            
                                
                                    	FÄ±rat Yavuz Ã–ztÃ¼rk
	Cihan Darcan
	Ergin KariptaÅŸ


                                
                                Brazilian Journal of Microbiology (2023)

                            
	
                            
                                
                                    
                                        Generation of a recombinant antibody for sensitive detection of Pseudomonas aeruginosa
                                    
                                

                            
                                
                                    	Gyu-Min Lim
	Joo-Kyung Kim
	Hee-Jin Jeong


                                
                                BMC Biotechnology (2022)

                            


                

            

        
    

            
                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 'rich-get-richer' mechanism for biofilm formation
How bacteria self-organize into microcolonies â€” the first step towards forming biofilms â€” is poorly understood. Here Gerard Wong and colleagues use a massively parallel cell-tracking algorithm to extract the motility history of every cell during colonization of a new surface. This system reveals that Pseudomonas aeruginosa deposits a trail of exopolysaccharide which influences the motility of any other cells that subsequently encounter it, generating a positive feedback that directs the cells to form a microcolony. The positive feedback observed here is analagous to the 'rich-get-richer' power law observed in wealth distribution.

show all

    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Bacterial communities as capitalist economies
                

                
	Ute RÃ¶mling



                
    
        
            Nature
        
        News & Views
        
        
            08 May 2013
        
    


            

        

    


                        

                    
                        
                            
    
        
            
                
                    Precision-engineering the Pseudomonas aeruginosa genome with two-step allelic exchange
                

                
	Laura R Hmelo
	Bradley R Borlee
	Joe J Harrison



                
    
        
            Nature Protocols
        
        Protocol
        
        
            22 Oct 2015
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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: ]
