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            Abstract
What mechanisms underlie the transitions responsible for the diverse shapes observed in the living world? Although bacteria exhibit a myriad of morphologies1, the mechanisms responsible for the evolution of bacterial cell shape are not understood. We investigated morphological diversity in a group of bacteria that synthesize an appendage-like extension of the cell envelope called the stalk2,3. The location and number of stalks varies among species, as exemplified by three distinct subcellular positions of stalks within a rod-shaped cell body: polar in the genus Caulobacter and subpolar or bilateral in the genus Asticcacaulis4. Here we show that a developmental regulator of Caulobacter crescentus, SpmX5, is co-opted in the genus Asticcacaulis to specify stalk synthesis either at the subpolar or bilateral positions. We also show that stepwise evolution of a specific region of SpmX led to the gain of a new function and localization of this protein, which drove the sequential transition in stalk positioning. Our results indicate that changes in protein function, co-option and modularity are key elements in the evolution of bacterial morphology. Therefore, similar evolutionary principles of morphological transitions apply to both single-celled prokaryotes and multicellular eukaryotes.
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                    Figure 1: Natural variation and evolution of stalk positioning correlates with SpmX localization.


Figure 2: SpmX specifies the location of stalk synthesis in Asticcacaulis.


Figure 3: Evolution of the C-terminal region of SpmX drives the morphological transition in stalk positioning.


Figure 4: The co-option of SpmX in stalk synthesis leads to sequential morphological transitions.
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Extended data figures and tables

Extended Data Figure 1 SpmX localization precedes, and is required for, stalk synthesis in Asticcacaulis.
a, Stalk synthesis occurs at the junction between the cell body and stalk in A. biprosthecum and A. excentricus. Cell surface proteins were pulse-labelled with TRSE, excess TRSE was removed and cells were allowed to grow for seven to eight doublings. The cell body and cell body proximal stalk label were diluted by cell elongation, whereas the cell body distal part of the stalk remained stained, indicating that new material is incorporated at the base of the stalk both in A. biprosthecum (left) and in A. excentricus (right). b, Fluorescent d-amino acids track stalk peptidoglycan synthesis to its base. Cells were stained with the fluorescent d-amino acid 7-hydroxycoumarin-amino-d-alanine (HADA) (blue), which labels regions of peptidoglycan synthesis, in A. biprosthecum (left) and A. excentricus (right). c, d, SpmX localization precedes stalk synthesis in Asticcacaulis. Time-lapse microscopy tracks the dynamics of native SpmXâ€“eGFP localization in A. biprosthecum (c) and A. excentricus (d), images taken every 50 (c) and 30 (d) minutes, respectively. Arrows indicate the early localization of SpmXâ€“eGFP in the swarmer compartment of pre-divisional cells. Schematics of dynamic localization patterns are shown on top. e, Structured illumination micrographs of the localization of SpmXâ€“eGFP at different stages of the life cycle in A. biprosthecum (top) and in A. excentricus (bottom). Cells were stained with the red outer membrane protein stain TRSE and SpmXâ€“eGFP was expressed from its native chromosomal locus. SpmXâ€“eGFP localizes at the future position of stalk synthesis in the daughter swarmer-cell compartment of the pre-divisional cell. f, g, SpmX is required for stalk elongation in A. biprosthecum (f) and A. excentricus (g). Cells expressing a xylose-inducible spmX allele were depleted of SpmX and the cell body and stalks were stained with the red outer membrane protein stain TRSE. Cells were then grown in the presence or absence of the xylose inducer. Schematics of the pulse-chase results are shown below each group. h, i, SpmX is required for the initiation of stalk peptidoglycan synthesis. Cells were stained for 5â€‰min with HADA. The blue HADA staining correlates with SpmXâ€“eGFP at the base of the stalks in A. biprosthecum (h) and A. excentricus (i). Dashed arrows indicate where peptidoglycan synthesis co-localizes with the SpmXâ€“eGFP foci at the base of the stalks. Arrows indicate the localization of SpmXâ€“eGFP in the swarmer cell or the swarmer-cell compartment. j, k, HADA staining of the spmXâˆ’ mutant in A. biprosthecum (j) and A. excentricus (k). HADA staining no longer produces the foci seen at the base of stalks in wild-type strains. All data are representative of at least two biological repetitions analysing at least 100 cells each. Scale bars, 1 Âµm.


Extended Data Figure 2 DivJ localizes to the base of the stalk, and the effects of SpmX overexpression and phosphate starvation on stalk synthesis.
a, DivJ localizes to the base of the stalk (left) and the divJâˆ’ mutant still synthesizes stalks (right) in A. biprosthecum. b, Localization dynamics of DivJâ€“eGFP tracked by time-lapse microscopy, images taken every 80â€‰min. Note that DivJâ€“eGFP only localizes in the daughter cell after cytokinesis (arrow). c, SpmX is required to localize DivJ (top) but DivJ is not required to localize SpmX (bottom) in A. biprosthecum. d, Micrographs of wild-type A. excentricus cells overexpressing SpmXâ€“eGFP. e, Structured illumination micrographs of wild-type (left) and spmXâˆ’ (right) A. excentricus cells growing under low phosphate conditions. Cells (red) are stained with TRSE and the polar holdfast (green) is stained with a fluorescent wheat-germ agglutinin lectin. Phosphate starvation induces polar stalk synthesis in the A. excentricus spmXâˆ’ mutant, pushing the holdfast to its tip as shown in the right schematic. f, g, Micrographs of wild-type (left, with SpmXâ€“eGFP) and spmXâˆ’ (right) A. biprosthecum (f) or A. excentricus (g) grown under phosphate starvation. h, Transmission electron micrographs of A. excentricus grown under phosphate starvation. The diffuse structure around the cell body and the stalk is a sheath whose synthesis is induced in response to environmental stress39. All data are representative of at least two biological repetitions analysing at least 100 cells each. Scale bars, 1 Âµm.


Extended Data Figure 3 Expression and integrity of various SpmXâ€“eGFP fusions.
a, b, Expression of SpmXâ€“eGFP in strains used in this study. All fusion proteins were expressed from a xylose-inducible promoter on a replicating plasmid in the presence of 0.05% (w/v) xylose. SpmXâ€“eGFP expression was measured by quantifying the fluorescence intensity of the fusion proteins. Corrected fluorescence is calculated as (integrated fluorescenceâ€‰âˆ’â€‰integrated background)/area. Measurements for each strain were done in duplicate and at least 500 cells were quantified in each case. Error bars, standard error of the mean. c, Western blot of SpmXâ€“eGFP fusion proteins expressed from either the chromosomal locus or a replicating plasmid in different species probed with anti-GFP antibody. Wild-type strains were used as controls. Note that only SpmXABâ€“eGFP seems to have a clipping/degradation pattern. Data are representative of three biological repetitions. d, Western blot of various chimaeric/heterologous SpmXâ€“eGFP fusions when expressed in the A. excentricus spmXâˆ’ mutant, probed by anti-GFP antibody. Note that the relative amounts of expression correlate with the results from quantitative fluorescence analysis (a). The size of SpmXâ€“eGFP fusions ranges from 76 to 120â€‰kDa, and free eGFP is expected to be around 31â€‰kDa. Data are representative of three biological repetitions. e, f, SpmXâ€“mCherry and SpmXâ€“eGFP share the same localization pattern in A. biprosthecum (left, Pearson r = 0.79â€‰Â±â€‰0.1) and A. excentricus (right, Pearson r = 0.81â€‰Â±â€‰0.08) cells. Both strains are expressing SpmXâ€“eGFP fusions from the chromosomal locus and the SpmXâ€“mCherry fusions from a replicating plasmid. Scale bars, 1â€‰Âµm. Data are representative of two biological repetitions. g, The elevated cytoplasmic fluorescence in A. biprosthecum may correlate with the clipping/degradation pattern of SpmXABâ€“eGFP. Data are representative of two biological repetitions analysing at least 100 cells each. Error bars, standard deviation.


Extended Data Figure 4 Localization of SpmXâ€“eGFP fusions in various strain backgrounds.
Full length or chimaeric SpmXâ€“eGFPs were expressed in wild-type A. biprosthecum and A. excentricus as indicated on the left. Representative pictures are shown. All data are representative of three biological repetitions analysing at least 100 cells each. Scale bars, 1â€‰Âµm.


Extended Data Figure 5 Overview of the subcellular localization quantification method and characteristics of newly sequenced genomes.
a, Output images provided by the customized ImageJ-based software package. Fluorescent (left) and corresponding phase contrast (right) images are shown. The cell boundary is represented in green or orange according to the side of the cell. The major and the minor axes of the cell are represented in cyan. In each cell, fluorescent foci of SpmXâ€“eGFP (white spot, left panel) were detected and outlined by a yellow circle centred to their respective sub-pixel resolution positions. The dark blue line links the focus coordinates to its relative position on the major axes. b, Schematic representation of the polar coordinate system in which each point is defined by three coordinates: the distance from the pole or from the major axis (r1, r2), the angle relative to the major axis (Î¸1, Î¸2) and the distance from the mid-cell (d1, d2). A null angular coordinate means that the focus is localized at the tip of the cell pole, whereas 90Â° means that the focus is localized on cell sides. The symbol dP represents the distance between the pole (P or Pâ€²) and the cell boundary (red dot). F1 and F2 represent subpolar and lateral localized objects with their respective coordinates. c, Variation of the position of discrete points on the cell boundary relative to the pole (P or Pâ€²) as determined by the polar coordinates (n = 100). Each point represents the normalized position on the major (rb/dpâ€‰Ã—â€‰cosÎ¸b) and minor (rb/dpâ€‰Ã—â€‰sinÎ¸b) axis of discrete positions along the cell boundary in the pole region. The shaded region indicates the interquartile range as a measure of the dispersion between the upper and lower quartiles of values observed for discrete values of Î¸b. d, Schematic showing how localization of SpmXâ€“eGFP is quantified by measuring the angle (Î¸) and the radial distance (r) of each focus using the geometric centre of the pole as the origin of a polar coordinate system within a normalized cell body (see aâ€“c). Red, purple and yellow coloured circles represent SpmX in C. crescentus (CC), A. excentricus (AE) and A. biprosthecum (AB), respectively. P, S and L in parentheses are shorthand to denote the native polar, subpolar and lateral stalk positioning of their respective SpmX proteins. e, Density plot of the absolute values of measured angles (|Î¸|) of heatmaps in Fig. 2b (same n). Measurements are binned for every 10Â°. Error bars in the angle profiles denote standard deviation of the sample evaluated by the Jackknifing method (see Methods). f, The general characteristics of five Asticcacaulis genomes. PD denotes the permanent draft status of the genome. g, Differential interference contrast micrographs of the sequenced strains in (f) except for A. benevestitus, which was previously published39. Scale bars, 1â€‰Âµm. h, Phylogenetic tree inferred from SpmX sequences of different species. The alignment from Extended Data Fig. 8 was used to infer this tree based on the maximum likelihood method. Note that because E. coli and P. aeruginosa do not have spmX orthologues, species from the Hyphomonadaceae family serve as the outgroup (Maricaulis maris and Oceanicaulis alexandrii). We estimated the statistical support for each node by performing 500 bootstrap repetitions. The overall SpmX protein tree topology matches that of the species tree (Fig. 1d). The only exception is that Brevundimonas subvibriodes is placed differently, owing to the difficulty of resolving its phylogeny40. Scale, number of substitutions per position.


Extended Data Figure 6 SpmX fusion proteins are functionally equivalent to the native SpmXs.
a, Microscopic images and heatmaps of A. excentricus (left) or A. biprosthecum (right) expressing SpmXâ€“mCherry fusions from the chromosomal locus. Note that the localization as well as the function in stalk synthesis is identical to that of the respective spmX::spmX-egfp and wild-type strains (Figs 1 and 2). b, c, Microscopic images of the A. excentricus spmXâˆ’ (left) and A. biprosthecum spmXâˆ’ (right) strains expressing non-tagged SpmX. Note that SpmXAB(L) induces mostly polar stalks in the A. excentricus spmXâˆ’ mutant (b) and SpmXAE(S) induces mostly subpolar stalks in the A. biprosthecum spmXâˆ’ mutant (c). Both SpmXs were able to complement the stalkless phenotype. d, e, Microscopic images and heatmaps of expression of SpmXâ€“mCherry fusions in the A. excentricus spmXâˆ’ (left) and A. biprosthecum spmXâˆ’ (right) mutants. The phenotypes are identical to that of the non-tagged SpmX (as well as SpmXâ€“eGFP in Fig. 3). f, Expression of SpmXAE(S)â€“mCherry (left) and SpmXAE(S) (right) in wild-type A. excentricus both induce synthesis of many stalks, as is the case for SpmXâ€“eGFP (Extended Data Fig. 2). All data are representative of three biological repetitions analysing at least 100 cells each. Scale bars, 1â€‰Âµm.


Extended Data Figure 7 SpmX is required for stalk positioning in Asticcacaulis and the integrity of SpmX is critical for its function in A. biprosthecum.
a, Holdfast (red) localizes to the pole both in A. biprosthecum (left) and in A. excentricus (right) spmXâˆ’ mutants. b, Dual-labelling images of SpmXâ€“eGFP (green) and holdfast (red) in the A. biprosthecum spmXâˆ’ mutant complemented by SpmXAE(S) (left) and the A. excentricus spmXâˆ’ mutant complemented by SpmXAB(L) (right). c, SpmXAE(S) localizes and initiates stalk synthesis at the subpolar position in the A. biprosthecum spmXâˆ’ mutant (left). SpmXAB(L) localizes to polar or subpolar locations before triggering either polar and subpolar stalk synthesis in the A. excentricus spmXâˆ’ mutant (right). We noticed that SpmXâ€“eGFP sometimes localizes in the stalk, probably because of stalk outgrowth from its base because it should not be able to diffuse to positions in already synthesized stalks, where diffusion is constrained by cross-bands9 (Fig. 1a). d, From top to bottom: 1, SpmXâ€“mCherry (825 amino acidsâ€‰+â€‰mCherry, 121â€‰kDa) localizes to the base of stalks. This fusion protein was expressed from its native chromosomal locus (spmX::spmX-mcherry); 2â€“4, different truncated alleles of SpmX fail to complement the stalkless phenotype of the A. biprosthecum spmXâˆ’ mutant. Both C-terâˆ’ SpmXâ€“mCherry (1â€“150 amino acidsâ€‰+â€‰mCherry, 45â€‰kDa) and TMâˆ’ SpmXâ€“mCherry (1â€“750 amino acidsâ€‰+â€‰mCherry, 111â€‰kDa) were expressed from the native spmX chromosomal locus replacing the natural allele. N-terâˆ’ SpmXâ€“mCherry (150â€“825 amino acidsâ€‰+â€‰mCherry, 104â€‰kDa) was expressed from a replicating plasmid (YB7129) in the A. biprosthecum spmXâˆ’ mutant. e, Western blot of truncated SpmXâ€“mCherry fusions detected with anti-mCherry polyclonal antibodies. Data are representative of two biological repetitions. Micrographs are representative of three biological repetitions analysing at least 100 cells each. Scale bars, 1 Âµm.


Extended Data Figure 8 Alignment of SpmX sequences from species/strains used in this study (as shown in Fig. 1d).
Sequences were aligned in Jalview (http://www.jalview.org/). Coloured residues denote conservation across species. Vertical dashed lines denote the boundaries of the N-terminal muramidase domain (black) and the two transmembrane domains (red), respectively. Chimaeras were constructed using the end of the muramidase domains as the boundary between N- and C-terminal moieties (Fig. 3). Red arrows indicate the three main species used in this study: A. biprosthecum, A. excentricus and C. crescentus, respectively. From top to bottom, the order of the sequences reflects the tree topology as deduced from Fig. 1d. The coloured vertical lines next to the names of the species/strains denote their respective stalk positioning as shown in Fig. 1d (yellow, bilateral; purple, subpolar; red, polar). The numbers next to the names of the species/strains indicate the lengths of their respective SpmX proteins.


Extended Data Figure 9 Expression of SpmXAB(L)â€“eGFP or SpmXAE(S)â€“eGFP in C. crescentus does not induce ectopic stalk synthesis.
a, b, The localization of SpmXCC(P)â€“eGFP/SpmXCC(P)â€“mCherry and the phenotypes of the strains are identical. câ€“e, Asticcacaulis SpmXâ€“eGFP variants localize mostly to the pole in wild-type C. crescentus (left) and C. crescentus spmXâˆ’ (right) strains. No ectopic stalks were observed, indicating that the alternative targets are lacking in C. crescentus. It should also be noted that the expression of variants of SpmXAEâ€“eGFP can cause cell filamentation. f, SpmXCCâ€“eGFP localizes to the pole in the A. biprosthecum spmXâˆ’ strain and cannot rescue stalk synthesis. All data are representative of three biological repetitions analysing at least 100 cells each. Scale bars, 1Âµm.
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