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            Abstract
The great therapeutic achievements of antibiotics have been dramatically undercut by the evolution of bacterial strategies that overcome antibiotic stress1,2. These strategies fall into two classes. â€˜Resistanceâ€™ makes it possible for a microorganism to grow in the constant presence of the antibiotic, provided that the concentration of the antibiotic is not too high. â€˜Toleranceâ€™ allows a microorganism to survive antibiotic treatment, even at high antibiotic concentrations, as long as the duration of the treatment is limited. Although both resistance and tolerance are important reasons for the failure of antibiotic treatments3,4,5,6, the evolution of resistance7,8,9 is much better understood than that of tolerance. Here we followed the evolution of bacterial populations under intermittent exposure to the high concentrations of antibiotics used in the clinic and characterized the evolved strains in terms of both resistance and tolerance. We found that all strains adapted by specific genetic mutations, which became fixed in the evolved populations. By monitoring the phenotypic changes at the population and single-cell levels, we found that the first adaptive change to antibiotic stress was the development of tolerance through a major adjustment in the single-cell lag-time distribution, without a change in resistance. Strikingly, we found that the lag time of bacteria before regrowth was optimized to match the duration of the antibiotic-exposure interval. Whole genome sequencing of the evolved strains and restoration of the wild-type alleles allowed us to identify target genes involved in this antibiotic-driven phenotype: â€˜tolerance by lagâ€™ (tbl). Better understanding of lag-time evolution as a key determinant of the survival of bacterial populations under high antibiotic concentrations could lead to new approaches to impeding the evolution of antibiotic resistance.
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                    Figure 1: Resistance and tolerance of the evolved strains.[image: ]


Figure 2: Changes in the single-cell lag-time distributions underlie antibiotic tolerance.[image: ]


Figure 3: Optimization of lag time.[image: ]
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                Whole genome sequence data of KLY (ancestral), tbl3a tbl5a and tbl8a, as well as reconstructed ancestral genome sequence data, have been deposited in the BioProject database under the accession number PRJNA229104.
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Extended data figures and tables

Extended Data Figure 1 Killing curves of the evolved clones indicate tolerance to ampicillin treatment.
a, Cultures were grown overnight from a single colony for each evolved tbl clone. The survival of the cultures was determined as previously described2. Data are presented as the meanÂ Â±Â s.d. of two independent experiments. b, Determining whether the evolved strains show a persistent phenotype: a sub-population of persisters is characterized by a significant slowing of the killing rate compared with the rate at which the bulk of the bacterial population (99%) is dying from the treatment, as indicated by the straight line on each graph. The point (on the y axis) at which an upward departure from this line occurs indicates the size of that subpopulation. The hipA7 strain (orange) shows such a slowing corresponding to 10âˆ’2â€“10âˆ’1 of the cells being persistent. The wild-type ancestral strain (grey) also exhibits this behaviour but at a persister population that is at least two orders of magnitude smaller. None of the evolved strains shows a marked decrease in the killing rate at frequencies comparable to or larger than the ancestral persistence level. Therefore, the increased survival of the evolved strains is characterized as tolerance.


Extended Data Figure 2 Extended phenotypic analysis of the ancestral strain and the clones evolved under cyclic antibiotic exposure.
a, The growth rates of evolved clones show no significant difference from the ancestral strain. The cultures of each clone were grown in a 24-well plate and the optical density at 630Â nm (OD630) was measured over time. The doubling times were extracted from the fit to the exponential growth phase. Data are presented as the meanÂ Â±Â s.d. of four replicates. b, Survival rates after 10Â h under 8Â ÂµgÂ mlâˆ’1 norfloxacin treatment of the ancestral strain and the evolved clones. Data are presented as the meanÂ Â±Â s.d. of two independent experiments.


Extended Data Figure 3 Evolution under the same protocol without antibiotic exposure shows no lag extension.
Two parallel bacterial lines (â€˜No antibioticâ€™, orange shades) were subjected to the same protocol as the cyclic antibiotic exposure but without antibiotics. Instead, the cultures were diluted 1:100 in fresh medium without ampicillin. The colony appearance time was continuously monitored by ScanLag, an automated scanner system16. The histograms show the fraction of CFUs detected at each time point for the ancestral strain (grey), line one (dark orange) and line two (light orange) (n = 1,080, 1,320 and 1,833, respectively).


Extended Data Figure 4 Restoration of tbl gene wild-type alleles restores the ancestral single-cell lag-time distribution.
Colony appearance time was continuously monitored by ScanLag, an automated scanner system16. The histograms show the fraction of CFUs detected at each time point: ancestral strain (grey), tbl5a (red), tbl5a with restored metG (orange) (n = 1,409, 1,099 and 1,029, respectively; temperature (T) = 32Â Â°C) (a); ancestral strain (grey), tbl8a (blue), tbl8a with restored prsA (orange) (n = 2,245, 1,288 and 2,285, respectively) (b); ancestral strain (grey), tbl3b (green), tbl3b with restored prsA (orange) (n = 2,245, 441 and 1,936, respectively) (c); and ancestral strain (grey), tbl3a (green), tbl3a with deletion of toxinâ€“antitoxin vapBC (n = 1,140, 1,571 and 902, respectively; T = 32Â Â°C) (d). All evolved bacterial clones form colonies at later times, whereas restoration of the wild-type alleles, or deletion of the mutated module, abolishes the long lag.


Extended Data Table 1 tbl genes identified by whole genome sequencing of evolved strainsFull size table


Extended Data Table 2 Additional mutations identified by whole genome sequencing of evolved strainsFull size table


Extended Data Table 3 Evaluation of fixation frequencies of the tbl genesFull size table
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ScanLag imaging of colony appearance for ancestral and evolved strain tbl5a
This video shows typical appearance of colonies on an LBL agar plate for the ancestral strain (left) and evolved strain (right). Appearance of evolved bacterial colonies is stretched over many hours. (AVI 2517 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
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Fridman, O., Goldberg, A., Ronin, I. et al. Optimization of lag time underlies antibiotic tolerance in evolved bacterial populations.
                    Nature 513, 418â€“421 (2014). https://doi.org/10.1038/nature13469
Download citation
	Received: 01 November 2013

	Accepted: 12 May 2014

	Published: 25 June 2014

	Issue Date: 18 September 2014

	DOI: https://doi.org/10.1038/nature13469


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

                
                    	
                            
                                
                                    
                                        Adaptive evolution of Salmonella Typhimurium LT2 exposed to carvacrol lacks a uniform pattern
                                    
                                

                            
                                
                                    	Elisa Pagan
	Natalia Merino
	Rafael Pagan


                                
                                Applied Microbiology and Biotechnology (2024)

                            
	
                            
                                
                                    
                                        Accurate and rapid antibiotic susceptibility testing using a machine learning-assisted nanomotion technology platform
                                    
                                

                            
                                
                                    	Alexander Sturm
	Grzegorz JÃ³Åºwiak
	Danuta Cichocka


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Empowering drug off-target discovery with metabolic and structural analysis
                                    
                                

                            
                                
                                    	Sourav Chowdhury
	Daniel C. Zielinski
	Eugene I. Shakhnovich


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Distribution of fitness effects of cross-species transformation reveals potential for fast adaptive evolution
                                    
                                

                            
                                
                                    	Isabel Rathmann
	Mona FÃ¶rster
	Berenike Maier


                                
                                The ISME Journal (2023)

                            
	
                            
                                
                                    
                                        Intermittent antibiotic treatment of bacterial biofilms favors the rapid evolution of resistance
                                    
                                

                            
                                
                                    	Masaru Usui
	Yutaka Yoshii
	Christophe Beloin


                                
                                Communications Biology (2023)

                            


                

            

        
    

            
                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
Lag phase key to antibiotic tolerance
Bacteria can evade the effects of antibiotics either by evolving resistance, so that they can grow despite the presence of antibiotics, or tolerance, the ability to survive until antibiotic concentration diminishes. This study of Escherichia coli populations adapted to clinically relevant concentrations of ampicillin demonstrates the evolution of tolerance through the extension of the lag phase, a routine period of stasis that occurs before bacterial growth resumes in a new environment. The bacteria evolve a lag time that is optimized to the length of the antibiotic pulses they have experienced. Tolerance is a particular problem in the clinic, since its phenotypes can confer a survival advantage against a broad spectrum of drugs and might facilitate the development of resistance. Interventions that target the pathways controlling lag phase might therefore impede the emergence of antibiotic resistance.
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