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            Abstract
Microorganisms are often studied as populations but the behaviour of single, individual cells can have important consequences. For example, tuberculosis, caused by the bacterial pathogen Mycobacterium tuberculosis, requires months of antibiotic therapy even though the bulk of the bacterial population dies rapidly. Shorter courses lead to high rates of relapse because subpopulations of bacilli can survive despite being genetically identical to those that are easily killed1. In fact, mycobacteria create variability each time a cell divides, producing daughter cells with different sizes and growth rates2,3. The mechanism(s) that underlie this high-frequency variation and how variability relates to survival of the population are unknown. Here we show that mycobacteria actively create heterogeneity. Using a fluorescent reporter and a fluorescence-activated cell sorting (FACS)-based transposon screen, we find that deletion of lamA, a gene of previously unknown function, decreases heterogeneity in the population by decreasing asymmetric polar growth. LamA has no known homologues in other organisms, but is highly conserved across mycobacterial species. We find that LamA is a member of the mycobacterial division complex (the â€˜divisomeâ€™). It inhibits growth at nascent new poles, creating asymmetry in polar growth. The kinetics of killing individual cells that lack lamA are more uniform and more rapid with rifampicin and drugs that target the cell wall. Our results show that mycobacteria encode a non-conserved protein that controls the pattern of cell growth, resulting in a population that is both heterogeneous and better able to survive antibiotic pressure.
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                    Figure 1: Heterogeneity is important for survival in rifampicin.[image: ]


Figure 2: Screen for mutants altered in calcein distribution.[image: ]


Figure 3: Validation of mutants from screen and identification of lamA.[image: ]


Figure 4: LamA creates asymmetry in polar growth and is a member of the divisome.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Validation of screen and identification of mutant with decreased heterogeneity.
a, The average of three biological replicates of the eight gene-deletion strains is stained with calcein and analysed by flow cytometry. The median of the distribution of each strain (in units of wild-type s.d.) is compared to the value expected from the screen (slopeâ€‰=â€‰1; R2â€‰=â€‰0.95; error bars represent s.d. assuming independence in the measurements of wild type and mutant). b, Survival of three biological replicates of each strain is measured by plating and counting survivors after 42â€‰h in rifampicin treatment and compared to wild type (**Pâ€‰<â€‰0.01, *Pâ€‰<â€‰0.05, calculated by a two-sided Studentâ€™s t-test in comparison to wild type). c, The average fluorescence value of calcein-stained M. smegmatis cells measured by microscopy (nâ€‰=â€‰147 for wild type; nâ€‰=â€‰174 for Î”lamA).


Extended Data Figure 2 Loss of lamA results in a more homogenous response to drug.
a, Two examples of growing lineages of wild-type M. smegmatis cells exposed to 5 Î¼g mlâˆ’1 rifampicin. Blue, growing cells; pink, non-growing cells. The thick dotted line indicates the time at which rifampicin was added. Thin dotted lines represent division events. Data for around 100 of cells were recorded. The behaviour of single cells was highly variable: many cells stopped growing immediately whereas others were able to grow and divide in a non-heritable manner. Bulk measurements were recorded in Fig. 3d as a way of quantifying the variability over many more cells (approximately 1,000,000 cells). b, The geometric mean of two biological replicates for wild-type and mutant M. smegmatis cells growing in sub-MIC concentrations of rifampicin. c, The mean survival of four biological replicates at 40â€‰h in rifampicin at normalized drug concentrations: wild typeâ€‰=â€‰10â€‰Î¼g mlâˆ’1; Î”lamAâ€‰=â€‰5â€‰Î¼g mlâˆ’1; Î”umaAâ€‰=â€‰5â€‰Î¼g mlâˆ’1.


Extended Data Figure 3 mmpS3 is different than the other mmpS genes.
a, A clustal omega alignment of all the mycobacterial membrane protein, small (mmpS) genes in the M. tuberculosis genomes. b, The percentage identity of the mmpS genes are compared to the others.


Extended Data Figure 4 Growth properties of Î”lamA cells compared to wild type.
a, Using a pulseâ€“chase experiment as in Fig. 4a, the amount of growth at the new and old poles (total growthâ€‰=â€‰new pole + old pole) over the duration of a cell cycle is measured for both wild-type (grey, nâ€‰=â€‰137) and Î”lamA (blue, nâ€‰=â€‰125) cells. Dark black lines represent medians. b, Slopes were fitted to the data displayed in Fig. 4a. A P value was calculated using a t-test to compare the slopes of wild type and Î”lamA. c, d, Growth of wild type (grey), Î”lamA (blue), and complement (yellow) as measured by elongation rate (c, nâ€‰=â€‰49 for wild type; nâ€‰=â€‰71 for Î”lamA) and cell cycle time (d, nâ€‰=â€‰49 for WT; nâ€‰=â€‰71 for Î”lamA). Dark black lines represent medians. e, f, Optical density (e) and colony-forming units (f) are measured over time for three biological replicates.


Extended Data Figure 5 LamA functions during the switch between division and elongation.
a, The maximum values of FtsZâ€“mCherry2B, eGFPâ€“Wag31, and GFPmut3â€“LamA in the middle of the cell are measured as a function of cell cycle time in both wild-type and Î”lamA cells. Shaded areas represent standard deviations across 20 cells for each strain. b, An example of the time lapse images that were quantified for a. Each panel is 15â€‰min apart. Arrows, point to the appearance of either FtsZ or LamA at the septum. Data was recorded around 100 cells, and 20 cells were used for fine quantification shown as shown in a. Scale bar, 5â€‰Î¼m. c, d, For each phase indicated in a, the data were fit to a line and the slope was calculated; the averaged data are shown in c, while slopes for individual cells are plotted in d.


Extended Data Figure 6 Overexpression of LamA inhibits growth at the new pole.
a, The birth length of a strain carrying a replicating plasmid with LamA under an inducible promoter, pTetOR (circles), is compared to wild type (squares, nâ€‰=â€‰142) in the presence (red) or absence (grey) of inducer (aTc) over many division cycles (nâ€‰=â€‰10 division 0; nâ€‰=â€‰20 division 1; nâ€‰=â€‰36 division 2; nâ€‰=â€‰60 division 3). b, Average birth length of 10 cells as a function of birth length before inducer is measured for individual cells overexpressing LamA. Oldest pole cells have poles that were established before inducer was added. Newest pole cells have poles that were the newest in the presence of inducer. (***Pâ€‰<â€‰0.001 by a two-sided Studentâ€™s t-test with Welchâ€™s correction.)


Extended Data Figure 7 Loss of lamA leads to more uniform drug response for a variety of antibiotics.
a, Single-cell intensity of fluorescent-vancomycin-stained cells (nâ€‰=â€‰151 wild type; nâ€‰=â€‰140 Î”lamA; nâ€‰=â€‰126 Î”lamA L5::lamA). Black lines represent fit of the data to a Guassian curve. Survival over time for wild-type M. smegmatis (grey), Î”lamA (blue), and the complemented strain (yellow) are measured using colony-forming units (nâ€‰=â€‰3 biological replicates). b, Rifampicin 20â€‰Î¼g mlâˆ’1; c, teicoplanin 100â€‰Î¼g mlâˆ’1; d, ceftrioxone 50â€‰Î¼g mlâˆ’1 with 5â€‰Î¼g mlâˆ’1 clavulanate; e, vancomycin 3â€‰Î¼g mlâˆ’1. (*Pâ€‰<â€‰0.05 by a two-sided Studentâ€™s t-test in comparison to wild type, dotted line represents limit of detection.) f, Cell density of three biological replicates in the presence of a range of vancomycin concentrations compared to a no-drug control for two strains: wild-type M. smegmatis and Î”lamA. The solid line represents the fit of the data to a sigmoid function. s is the best-fit value for the slope.


Extended Data Figure 8 The variation in a lamA deletion population is similar to the variation seen in other rod-shaped bacteria.
a, The variation in length of cells at the time of division (mother cells) for a variety of rod-shaped bacteria. b, Length of 130 C. glutamicum cells before division. Black line represents the fit of the data to a Gaussian function.


Extended Data Figure 9 The addition of a copy of lamA onto the chromosome under the native promoter complements all phenotypes and restores heterogeneity.
Wild-type (grey), Î”lamA (blue), and complement (yellow). a, Ratio of daughter cells at the time of division (nâ€‰=â€‰71 sister cell pairs for wild type; nâ€‰=â€‰63 sister cell pairs for Î”lamA; nâ€‰=â€‰60 sister cell pairs for complement). b, c, The length of cells at the time of division (b; nâ€‰=â€‰71 cells for wild type; nâ€‰=â€‰63 cells for Î”lamA; nâ€‰=â€‰60 cells for complement) and birth (c; nâ€‰=â€‰142 cells for wild type; nâ€‰=â€‰126 cells for Î”lamA; nâ€‰=â€‰120 cells for complement). Using a pulseâ€“chase experiment as in Fig. 4a and Extended Data Fig. 6a, growth at the poles is measured. d, e, The absolute values (d) and the ratio (e) of new pole growth to old pole growth. nâ€‰=â€‰137 cells for wild type; nâ€‰=â€‰125 cells for Î”lamA; nâ€‰=â€‰45 cells for complement. Dark black lines represent medians.


Extended Data Table 1 MICs of various strainsFull size table
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Cells carrying a multi-copy plasmid, encoding LamA under an inducible promoter are imaged by time-lapse
The inducer aTc is added at the indicated time and then remains for the remainder of the experiment. (AVI 449 kb)
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        Editorial Summary
Role for LamA in antibiotic tolerance
Here the authors report the discovery of a new protein (LamA) that functions as part of the 'divisome' in mycobacteria. The authors report that LamA functions as an inhibitor of cell wall synthesis at the nascent cell pole, contributing to asymmetry in polar growth. Asymmetric growth and division increases population heterogeneity, which has been linked to antibiotic tolerance and persistent infection. Here they show that removal of LamA leads to a more uniform cell population that is more effectively killed by antibiotics. Thus, LamA represents a much-needed new target for the development of anti-tuberculosis therapies.
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