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Abstract 18	

 19	

Accurate spatial and temporal positioning of the tubulin-like protein FtsZ is key for 20	

proper bacterial cell division. Streptococcus pneumoniae (pneumococcus) is an oval-21	

shaped, symmetrically dividing human pathogen lacking the canonical systems for 22	

division site control (nucleoid occlusion and the Min-system). Recently, the early 23	

division protein MapZ was identified and implicated in pneumococcal division site 24	

selection. We show that MapZ is important for proper division plane selection; thus the 25	

question remains what drives pneumococcal division site selection. By mapping the cell 26	

cycle in detail, we show that directly after replication both chromosomal origin regions 27	

localize to the future cell division sites, prior to FtsZ. Perturbing the longitudinal 28	

chromosomal organization by mutating the condensin SMC, by CRISPR/Cas9-mediated 29	

chromosome cutting or by poisoning DNA decatenation resulted in mistiming of MapZ 30	

and FtsZ positioning and subsequent cell elongation. Together, we demonstrate an 31	

intimate relationship between DNA replication, chromosome segregation and division 32	

site selection in the pneumococcus, providing a simple way to ensure equally sized 33	

daughter cells without the necessity for additional protein factors. 34	

  35	
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Introduction 36	

In eukaryotic cells, DNA replication, chromosome segregation and cell division are tightly 37	

coordinated and separated in time (1–3). In most bacteria this is less obvious as these 38	

processes occur simultaneously. However, in the last decade, it has become evident that the 39	

bacterial cell cycle is a highly regulated process, in which both cell cycle proteins as well as 40	

the chromosome have defined spatial and temporal localization patterns (4, 5). The tubulin-41	

like protein FtsZ (forming the Z-ring) is key for initiating divisome assembly in virtually all 42	

bacteria (6). Accurate cell division is mostly exerted through regulation of FtsZ positioning in 43	

the cell. However, the mechanisms that control FtsZ positioning can be highly diverse 44	

between bacterial species. In well-studied rod-shaped model organisms, such as Bacillus 45	

subtilis and Escherichia coli, precise formation of the Z-ring at midcell is regulated by the so-46	

called Min-system and nucleoid occlusion (7, 8). These are both negative regulators of FtsZ 47	

polymerization, which prevent premature Z-ring formation and cell division near cell poles 48	

and across unsegregated chromosomes, respectively. These two regulatory mechanisms have 49	

been found in many bacteria. However, in some species other dedicated proteins are used for 50	

this purpose, including MipZ in Caulobacter crescentus (9), SsgB in Streptomyces 51	

coelicolor(10) and PomZ in Myxococcus xanthus (11). It is important to note, however, that 52	

none of these FtsZ regulation mechanisms are essential for bacterial growth, and other 53	

mechanisms of cell cycle control must therefore also exist (12–14). In this context, is has been 54	

suggested that there are important links between different cell cycle processes, such as DNA 55	

replication and Z-ring assembly (13–16).  56	

 As for the opportunistic pathogen S. pneumoniae, the orchestration of replication and 57	

chromosome dynamics remains largely unknown. Ovococcal S. pneumoniae lack a nucleoid 58	

occlusion system and has no Min-system (17, 18). Recently, the putative division site selector 59	

MapZ (or LocZ) was identified in S. pneumoniae (19, 20). This protein localizes early at new 60	
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cell division sites and positions FtsZ by a direct protein-protein interaction (19). MapZ is 61	

binding peptidoglycan (PG) via an extracellular domain, and is also a target of the master 62	

regulator of pneumococcal cell shape, the Ser/Thr kinase StkP (19–21). Together, this 63	

suggests that for division site selection in S. pneumoniae, FtsZ is controlled via the MapZ 64	

beacon at midcell (13, 22, 23). Furthermore, the mechanisms of chromosome segregation in 65	

pneumococci also seem to be different than in rod-shaped model bacteria; S. pneumoniae 66	

harbors a single circular chromosome with a partial partitioning system that only contains the 67	

DNA-binding protein ParB with parS binding sites, but lacks the ATPase ParA. Furthermore, 68	

the ubiquitous condensin protein SMC is not essential (24). Although both ParB and SMC are 69	

involved in chromosome segregation in pneumococci, parB and smc mutants have minor 70	

growth defects and a low percentage of anucleate cells (1-4 %) (24, 25). In contrast, in B. 71	

subtilis deletion of smc is lethal at normal growth conditions (26). To gain more 72	

understanding of the progression of the pneumococcal cell cycle, we therefore investigated 73	

the relationship between DNA replication, chromosome segregation and division site 74	

selection in the pneumococcus. We show that MapZ is not involved in division site selection 75	

as suggested before, but is crucial for correctly placing the Z-ring perpendicularly to the 76	

length axis of the cell. By establishing new tools to visualize the replisome and different 77	

genetic loci, we show that there is an intimate relationship between DNA replication, 78	

chromosome segregation and division. Importantly, we demonstrate that correct chromosomal 79	

organization acts as a roadmap for accurate division site selection in pneumococcus and 80	

possibly other bacteria.  81	

  82	
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Results 83	

MapZ sets the pneumococcal division plane 84	

In contrast to what can be expected for a protein involved in division site selection, ΔmapZ 85	

mutants are not elongated but on average shorter than wild type cells (19, 20) with relatively 86	

minor distortions in cell morphology (20, 27), raising questions on what the actual biological 87	

function of MapZ is (27). To reassess the ΔmapZ phenotype, we fused MapZ at its N-88	

terminus to a monomeric superfolder green fluorescent protein (GFP). Using the cell-89	

segmentation software Oufti (28), to detect cell outlines and fluorescent signals, in 90	

combination with the newly developed R-package SpotprocessR to analyze the microscopy 91	

data (see Methods), GFP-MapZ localization was determined in exponentially growing cells 92	

(balanced growth). Note that balanced growth, by re-diluting exponentially growing cells 93	

several times, pneumococcal cell length becomes an accurate proxy for the cell cycle state 94	

(18, 21). Cells were ordered by length, and this order was plotted as a density plot against the 95	

position of GFP-MapZ on the long axis of the cells (Fig. 1A). In line with previous reports 96	

(19, 20), GFP-MapZ localized to the division site (Fig. 1A). As new cell wall is synthesized at 97	

midcell (17), MapZ seems to move along with the current division site, probably via 98	

attachment to PG, and ends up at the interface between the new and old cell halves. This 99	

position will eventually become the future division site where the Z-ring assembles. Deleting 100	

mapZ in the encapsulated D39 genetic background led to irregularly shaped and shorter, 101	

sometimes branched or clustered cells (Fig. 1B). Similar observations were made in serotype 102	

4 strain TIGR4 and in the unencapsulated R6 laboratory strain (fig. S1A and B). To examine 103	

FtsZ localization, we constructed a C-terminal monomeric red fluorescent protein (mCherry) 104	

fusion to FtsZ expressed from its own locus as the only copy (29). While the FtsZ-mCherry 105	

strain showed a normal cell size distribution in a wild type background, when combined with 106	

the ΔmapZ mutant, a clear synthetic phenotype arose and cells were misformed (fig. S2A and 107	
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B), suggesting that the previously described mapZ phenotype in the presence of FtsZ-fusions 108	

should be interpreted with caution (27). Therefore, we replaced FtsZ-mCherry by a functional 109	

FtsZ-CFP or FtsZ-mKate2 (FtsZ-RFP) fusion (fig. S2C and D), and reassessed FtsZ 110	

localization in ΔmapZ cells. As reported before (19, 20), localization of FtsZ to future 111	

division sites occurs when MapZ is already localized at this position (Fig. 1A and C). Note, 112	

however, that in stark contrast to MapZ, which gradually moves as new cell wall is 113	

synthesized, FtsZ is highly dynamic and remodels quickly from the previous to the future 114	

division site. Thus, there is only a brief moment in the cell cycle where MapZ and FtsZ 115	

colocalize (cf. Fig. 1A with Fig.1C). Importantly, FtsZ localization over the length axis of the 116	

cell was not affected in ∆mapZ cells, suggesting that MapZ is not essential for accurate timing 117	

of Z-ring assembly. To gain more insights into the role of MapZ during septum formation, we 118	

stained cells with fluorescently-labeled vancomycin (Van-FL) to image sites of cell wall 119	

synthesis (30). By measuring the angle of the areas in the cell enriched with Van-FL relative 120	

to the long axis, we observed that the septum was formed perpendicular to the cell axis in the 121	

wild type (median deviation from 90 degrees = 3.08, se = 1.47 degrees), while in ΔmapZ cells 122	

this angle was skewed (Fig. 1D, median deviation from 90 degrees = 7.65, se = 1.27 degrees, 123	

significant difference p = 0.014, Kolmogorov-Smirnov test). Measuring the angle of FtsZ-124	

CFP in the same manner confirmed that the angle of the Z-ring was skewed in ∆mapZ cells 125	

(fig. S2E). These results are in line with previous observations (19, 20) and could explain the 126	

variability in cell shapes observed in ΔmapZ mutants. The observed cell shape alterations are 127	

reminiscent of E. coli mutants lacking certain low molecular weight penicillin binding 128	

proteins (LMW-PBPs) such as PBP5 that have defected division plane selection and 129	

mislocalized Z-rings (31). LMW-PBPs modify PG by trimming amino acid linkages from the 130	

glycan side chains (32). Since MapZ has a large extracellular PG binding domain and is 131	

controlled by the Ser/Thr kinase StkP (19, 33), which is proposed to be a key player in tuning 132	
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peripheral and septal peptidoglycan synthesis (21, 34), it is tempting to speculate that MapZ 133	

has a function in cell wall remodeling and subsequently maintaining the perpendicular Z-ring 134	

plane. 135	

 136	

The replisome of S. pneumoniae is dynamic around midcell  137	

Since the ΔmapZ mutant has moderate effects on division site selection under our 138	

experimental conditions, another system must be in place. Since S. pneumoniae lacks the 139	

canonical systems, we hypothesized that ovococci might coordinate division via chromosome 140	

replication and segregation (15). To test this, we first aimed at imaging the DNA replication 141	

machine (replisome) and constructed inducible, ectopic fusions of the single-strand binding 142	

protein (SSB), the β sliding clamp (DnaN) and the clamp loader (DnaX) with GFP or RFP 143	

(mKate2). Fluorescence microscopy showed enriched signals as bright diffraction limited 144	

spots for all fusions, mainly localized in the middle of the cells, similar to what has been 145	

observed for B. subtilis and E. coli (35, 36) (Fig. 2A). Notably, the background signal of SSB-146	

RFP was higher than the background of the other fusions, as also reported for E. coli (36). 147	

Chromosomal replacements of the fusion constructs with the original gene could only be 148	

obtained for dnaX, but not for ssb and dnaN, suggesting that the fusion tags of these two latter 149	

genes are not fully functional. To validate that the localizations of the fusions represent 150	

biologically active replisomes, we examined their colocalization patterns. As expected, the 151	

ectopically expressed fluorescent fusions of DnaX, DnaN and SSB to RFP colocalize with the 152	

functional DnaX-GFP fusion in live cells (91 % colocalization or more, fig. S3A).  153	

In order to study the localization and dynamics of DnaX-GFP relative to the cell poles 154	

and the Z-ring, a DnaX-GFP/FtsZ-mKate2 double-labeled strain was made and exponentially 155	

growing cells were analyzed by fluorescence microscopy. These plots show that DnaX-GFP is 156	

positioned close to midcell with a similar pattern as FtsZ-mKate2, although the DnaX-GFP 157	
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localization is less precise than FtsZ-RFP (Fig. 2B). To validate these results, tracking single 158	

cells during growth using time-lapse fluorescence microscopy (Fig. 2D and D, fig. S3B, 159	

Movie S1) showed that although the replisome(s) is dynamic, it stays in near proximity to the 160	

Z-ring. Surprisingly, the replisomes move to the future division sites with the same timing as 161	

FtsZ, and the Z-ring does not linger for cell division to finish (Fig. 2D). 162	

To gain more insight into the nature of the movement of the replisome, we imaged 163	

DnaX-GFP in short-time interval movies (1 sec, Movie S2) using total internal reflection 164	

fluorescence (TIRF) microscopy. We tracked DnaX-GFP using the single molecule tracking 165	

software U-track (37) and analyzed mobility using SpotprocessR (fig. S3C). As expected, 166	

replisome mobility was significantly lower than that of free diffusing GFP (38). However, 167	

compared to ParB-GFP, which binds to the origin of replication (oriC) (24), DnaX-GFP 168	

showed a nearly two-fold higher mobility (MSD = 2.66 *10-2 µm2, Dapp = 2.44*10-3µm2/s-1 169	

compared to MSD = 8.8 * 10-3 µm2, Dapp = 3.19*10-4 µm2/s-1; fig. S3D and D), indicating that 170	

DnaX movement is not strictly confined by the chromosome. 171	

 172	

The pneumococcal chromosome segregates in a longitudinal fashion 173	

The on average midcell localization of the replication machineries in S. pneumoniae suggests 174	

that DNA replication at midcell might determine an ordered chromosomal organization. To 175	

examine this, methods for tagging chromosome positions in this bacterium were established 176	

(figs. S4 and S5). We first constructed a novel chromosome marker system based on 177	

fluorescent protein fusions to ParB of plasmid pLP712 (39) from Lactococcus lactis (hereafter 178	

named ParBp), which was found to require insertion of only a 18 bp parS binding site 179	

(hereafter named parSp) in the pneumococcal genome for visualizing genetic loci by 180	

microscopy (figs. S4A-C). The parSp sequence is simpler compared to existing ParB/parS 181	

systems and does not require additional host factors (40, 41). Importantly, our system does not 182	
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perturb DNA replication and is completely orthogonal to S. pneumoniae chromosomal ParB 183	

(figs. S4B and S5A-D). Secondly, we adapted the TetR/tetO fluorescence repressor-operator 184	

system (FROS) (42) for S. pneumoniae and validated that it does not interfere with DNA 185	

replication (figs. S4D and S5A-C). To verify the localization patterns and compatibility of 186	

both systems, we constructed a strain containing both parSp and tetO near oriC and showed 187	

that parBp-gfp and tetR-rfp foci colocalize (figs. S5E and F).  188	

In total, five chromosomal locations were marked using ParBp/parSp and/or TetR/tetO; 189	

the origin-region (359° degrees), right arm (101°), ter-region (178° and 182°) and two 190	

positions on the left arm (259° and 295°) (Fig. 3A). Using double-labeled strains under 191	

balanced growth, the localizations of loci were compared revealing that the pneumococcal 192	

genome is organized in a longitudinal fashion (Fig. 3B, fig. S6). The left and right arms move 193	

at the same time to the new daughter cells (Fig. 3B). The terminus region seemed less 194	

confined in space during the cell cycle (Fig. 3B). Strikingly, the origins never localized near 195	

the cell poles as is common in other bacteria (5, 42–44), and arrived to future division sites at 196	

a very early stage, before DnaX and FtsZ, with a similar timing as MapZ (Fig 3B, left panel, 197	

D and E). The early segregation of oriC was also observed when single cells were tracked 198	

over time (Fig. 3F, fig. S7 and Movie S3). 199	

 200	

SMC is required for correct segregation of oriC and cell shape 201	

The observation that oriC arrives at future cell division sites prior to FtsZ opens the question 202	

whether MapZ has a role in directing the chromosome. However, the origin still localized to 203	

the future division site in ΔmapZ (Fig. 4A). The localizations of MapZ and oriC were further 204	

analyzed in a wild type background by sorting the cells into four subgroups according to cell 205	

size and plotting the localizations as histograms over the cell lengths (Fig. 3C, right panel). 206	

This shows that MapZ is localized slightly closer to the old mid-cell in smaller, newborn cells 207	

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 14, 2016. ; https://doi.org/10.1101/087627doi: bioRxiv preprint 

https://doi.org/10.1101/087627
http://creativecommons.org/licenses/by-nc-nd/4.0/


10 

(Fig. 3C, right panel, stars indicate a significant difference in the first three groups of cells, 208	

Kolmogorov-Smirnov test, p < 0.05), and that oriC localizes to the new mid-cell before 209	

MapZ. Given the early movement of the origin to the future cell division sites, we wondered 210	

whether instead the chromosome or nucleoid associated proteins could play a role in guiding 211	

Z-ring positioning.  212	

In many prokaryotes, condensin-like proteins called Structural Maintenance of 213	

Chromosomes (SMC) play a role in the organization and compaction of the chromosome (45). 214	

In S. pneumoniae, deletion of smc leads to approximately 2% anucleate cells and problems in 215	

chromosome segregation (24, 25). In order to specifically investigate how the absence of 216	

SMC affected chromosome organization, the origin, terminus and left/right arm chromosome 217	

positions were determined in Δsmc cells. In line with what has been found using temperature-218	

sensitive or degradable alleles in B. subtilis (46, 47), the origin region arrived to the new 219	

midcell at a considerable delay when SMC was absent (Fig. 4B). Quantitative analysis of the 220	

origin localization showed a significant different localization of oriC in Δsmc vs wild type 221	

(p<1.5*10-3, Kolmogorov-Smirnov test, Fig. 4B). Eventually, however, the origins still 222	

segregated to their correct localization in subsequent larger cells. Also note that, segregation 223	

of the left arm, right arm and terminus did not differ significantly from wild type (fig. S8). 224	

Thus, S. pneumoniae SMC is specifically important for the early segregation of oriC. 225	

 In the current data, we also found that Δsmc cells are longer, more irregularly shaped 226	

and form long chains (Fig. 4B). The same observation was also made upon deletion of smc in 227	

strains TIGR4 and R6 (fig. S1A and B). This suggests that smc mutants are somehow 228	

defective, not only in chromosome segregation, but also in cell division. We therefore 229	

compared the localization of MapZ and FtsZ in wild type and Δsmc cells and found that the 230	

timing and accuracy of MapZ and FtsZ localization was altered in Δsmc (Fig. 4D). MapZ 231	

showed an obvious mislocalization; part of the MapZ-rings arrived at the new septa at a later 232	
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stage, while a large fraction stayed at midcell in larger cells (11% of the MapZ-localizations 233	

in the largest quartile of the cell population stayed at midcell in ∆smc cells vs. 4% in wild type 234	

cells, Fig. 4d). For FtsZ, the effect is less pronounced, but a difference in localization 235	

accuracy is observed at the time when new Z-rings were formed (Fig. 4d). Note that the angle 236	

of the division ring is not affected in Δsmc cells (fig. S1C). Together these results suggest that 237	

SMC and/or origin localization is important for timely and precise positioning of the cell 238	

division machinery in S. pneumoniae. 239	

 Knowing that both origins and MapZ localize very early in the pneumococcal cell 240	

cycle to the future division sites and that perturbation of both of these individually cause 241	

division problems, we deleted both smc and mapZ in order to understand more about the link 242	

between them. The double mutant strain was readily obtained, although the strain had severe 243	

defects in growth and cell shape (fig. S1C and D). Notably, the phenotype of the double 244	

mutant looked like a combination of the single mutants; like ΔmapZ, the cells were on 245	

average smaller with large cell shape variation due to non-perpendicular division ring 246	

formation (fig. S1D), and like Δsmc, they displayed a chaining phenotype probably reflecting 247	

problems with timing of division ring formation leading to consecutive problems in timing of 248	

division and cell wall splitting (fig. S1D). These observations suggest that MapZ and SMC 249	

have independent roles in pneumococcal cell division, where SMC in important for timely 250	

localization of the division site, while MapZ is involved in correct, perpendicular placement 251	

of the division ring. 252	

 253	

Proper localization of oriC is crucial for division site selection in S. pneumoniae 254	

We show above that deletion of smc caused a cell division defect in S. pneumoniae distinct 255	

from the ΔmapZ phenotype. To untangle whether this was a direct effect of SMC or whether 256	

it was caused by the resulting chromosome organization defect, we exposed S. pneumoniae to 257	

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 14, 2016. ; https://doi.org/10.1101/087627doi: bioRxiv preprint 

https://doi.org/10.1101/087627
http://creativecommons.org/licenses/by-nc-nd/4.0/


12 

sublethal concentrations of ciprofloxacin in order to disturb chromosome organization while 258	

keeping smc intact. Ciprofloxacin is a broad-spectrum antibiotic which blocks the activities of 259	

type II topoisomerases and thereby affects DNA supercoiling and chromosome decatenation 260	

(48). Strikingly, when exponentially growing cells are transferred to a non-lethal 261	

concentration of ciprofloxacin (0.4 µg/mL), cells rapidly increase in cell length and form 262	

longer chains when compared to untreated cells (Fig. 5A and B). Origin splitting was clearly 263	

delayed in ciprofloxacin treated cells, and the timing and accuracy of Z-ring formation was 264	

severely affected (Fig. 5C). Moreover, localization of the replisome was less confined to the 265	

center of the cells, as was observed for Δsmc cells (fig. S9). Note that, at the ciprofloxacin 266	

concentration used in this experiment, replication elongation is reduced, but new rounds of 267	

replication are still initiated (49). 268	

 Finally, we also perturbed the DNA biology by cutting the chromosome at two 269	

different locations; close to oriC (at 0°) and on the left arm (at 295°), using an inducible 270	

CRISPR/Cas9 system (see Methods). Whole-genome marker frequency analysis of these 271	

strains after induction of Cas9, showed the expected cleavage of the chromosomal DNA at 272	

these two positions in the respective strains and major alterations in the replication patterns 273	

were observed (Fig. 5D). Cutting of the chromosome also caused severe problems with 274	

mistimed localization of FtsZ (Fig. 5E and F) and increased cell sizes (Fig. 5G). Interestingly, 275	

the effects on DNA replication were more pronounced when Cas9 was targeted to oriC 276	

compared to the left arm location, and, subsequently, proper control of Z-ring formation was 277	

completely lost in the former case. Together, these results further confirm that normal 278	

chromosome segregation, and origin segregation in particular, is key for well-timed Z-ring 279	

assembly and cell division progression in S. pneumoniae. 280	

  281	
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Discussion 282	

By detailed mapping of DNA replication and chromosome segregation in live S. pneumoniae 283	

cells, we found that proper segregation of the chromosomal origin is crucial for division site 284	

selection in this bacterium. We show that the pneumococcal chromosome is organized in a 285	

longitudinal fashion (ori-left/right-ter-ter-left/right-ori; Fig. 3 and fig. S6) with specific 286	

subcellular addresses for each locus. In contrast to B. subtilis, C. crescentus and fast-growing 287	

E. coli (5, 42–44), the origins never localize near the cell poles in S. pneumoniae, and the 288	

organization is in this aspect more similar to the situation in slow-growing E. coli (50). 289	

Importantly, the newly replicated origins immediately mark the future cell division sites while 290	

the terminus remains at midcell. This organization is somewhat reminiscent of the 291	

chromosomal organization in B. subtilis and E. coli but is slightly simpler as every replicated 292	

locus eventually segregates to midcell before a new round of replication initiates (Fig. 6). 293	

Segregation of the chromosomal origin was directed by SMC and deletion of smc caused a 294	

marked delay in origin segregation, which in turn led to alterations in the timing of 295	

localization of important cell division proteins such as MapZ and FtsZ. Mistimed MapZ and 296	

FtsZ ultimately resulted in chain-forming cells with increased size. Importantly, the observed 297	

cell division defects are not caused by the deletion of smc per se; treatment of the cells with 298	

sublethal concentrations of ciprofloxacin or a CRISPR/Cas9-induced segregation block also 299	

caused similar cell division defects (ie. larger cells and chaining). Together, this indicates that 300	

timely segregation and positioning of the chromosomal origin at the quarter position in cells is 301	

important for orchestrating pneumococcal cell division.  302	

 Recently it was found that MapZ localizes to future division sites before FtsZ and 303	

positions the Z-ring correctly via protein-protein interactions (19, 20). We found that MapZ 304	

gradually moves with a similar timing as the chromosomal origins, but MapZ is not important 305	

for correct oriC positioning. On the other hand, perturbation of oriC segregation clearly 306	
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resulted in altered MapZ localization, thus indicating the pivotal role of chromosomal origin 307	

positioning for proper cell division coordination. Notably, MapZ plays an important role in 308	

establishing the correct division plane, since the Z-ring frequently became non-perpendicular 309	

to the cell length axis when mapZ was deleted (Fig. 1d). Taken together, this suggests that 310	

while timely oriC positioning determines the timing of assembly and position of the cell 311	

division machinery, MapZ is a ruler for the correct angle of the division ring across the cell 312	

(Fig. 6). This explains the highly variable size and shape of ΔmapZ cells, as well as the cell 313	

division defect resulting from the mislocalized origins in Δsmc and ciprofloxacin-treated cells. 314	

Note, however, that although oriC segregation is clearly delayed in both the Δsmc strain as 315	

well as in the ciprofloxacin-treated cells, it eventually segregates to the future division sites in 316	

time before Z-ring assembly. This means that there are additional cues, and not solely SMC or 317	

topoisomerases which are involved in segregation and localization of oriC, explaining why 318	

the cell division defects resulting from smc deletion or ciprofloxacin treatment are not too 319	

severe. How the origin finds or simply remains attached to the future division site is unclear. 320	

We cannot rule out an as-of-yet unknown protein factor playing a role in this, for instance in 321	

keeping the newly replicated origins near the future division site. Perhaps coupled 322	

transcription-translation-transertion of membrane proteins encoded near oriC aid in transitory 323	

attachment of the chromosome to the membrane (51, 52). Alternatively, physical, entropy-324	

driven processes might be at play. In this respect, it is tempting to speculate that the origin 325	

region, which was recently shown to be highly structured and globular in shape (53), is 326	

pushed outside the region of active DNA replication and remains rather stationary in the 327	

crowded cytoplasm (54). The large globular structure of the origin can then act as a landmark 328	

for FtsZ polymerization and Z-ring formation. This hypothesis is in line with previous 329	

cytological observations demonstrating the absence of nucleoid occlusion in S. pneumoniae 330	

and efficient Z-ring formation over the nucleoid (25, 55). The here-described division site 331	
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selection mechanism by chromosomal organization is a simple way to coordinate DNA 332	

replication, chromosome segregation and division without the need for specialized regulators 333	

of FtsZ. Future research should reveal if this mechanism is also in place in other bacteria and 334	

whether the intimate relation between chromosome segregation and cell division can be used 335	

to treat bacterial infections using combination therapy targeting both processes. 336	

 337	
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Figures and legends 479	

 480	

Fig. 1. MapZ sets the pneumococcal division plane but is not involved in division site 481	

selection. (A) Fluorescence microscopy of 2976 cells, 7020 spot localizations were quantified 482	

and analyzed using Ouftie & SpotprocessR (see Methods). The distance of GFP-MapZ (strain 483	

RR101) from midcell was plotted in a heatmap where all localizations are ordered by cell 484	

length, and the color saturation represents protein density. MapZ is present at midcell at an 485	

early stage during the cell cycle. (B) Cell size distribution of wild type D39 and ΔmapZ cells 486	

(strain RR93), respresenting measurements of 1692 and 705 cells, respectively. Top: phase 487	

contrast microscopy images. Scale bar is 2 µm. (C). The localization of FtsZ-CFP in wild type 488	
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(strain RR23) and ΔmapZ (strain RR105) cells as shown by histograms and micrographs from 489	

overlays of phase contrast images with CFP signal. Scale bar is 2 µm. The plots are based on 490	

data from 617 cells/957 localizations for ΔmapZ and 1717 cells/2328 localizations for wild 491	

type. (D). The angle of the septum relative to the length axis of the cells is less precise in 492	

ΔmapZ cells. Left: wild type D39 and ∆mapZ cells (strain RR93) were stained with 493	

fluorescently labeled vancomycin (VanFL). Fluorescence image (top), phase contrast image 494	

(middle) and a schematic drawing of the analysis (bottom) are shown. The angle, αSEPTUM, 495	

was measured automatically by measuring the angle between the long axis of the bounding 496	

boxes of the cell outlines and the long axis of the bounding box of the VanFL signal. Scale 497	

bar is 1 µm. Right: the αSEPTUM plotted in wild type cells and ∆mapZ cells. 177 and 181 cells 498	

were measured for wild type and ΔmapZ, respectively. 499	

  500	
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 501	

502	
Fig. 2. Localization of the pneumococcal replisome. (A) Localization of DnaX-GFP 503	

(RR31), GFP-DnaN (DJS02) and SSB-GFP (RR33). A cartoon of the bacterial replication 504	

fork shows the role of DnaX (clamp loader), SSB (single-strand binding protein) and DnaN (β 505	

sliding clamp). (B) Plotting the localization of DnaX-GFP (RR22) shows that the replisome is 506	

localized at midcell. Data from a total of 3574 cells, 3214 unique localizations. (C) Snap shots 507	

from a representative time-lapse movie of strain MK396 (dnaX-GFP, ftsZ-mKate2). Overlays 508	

of GFP, RFP and phase contrast are shown. Scale bar is 1 µm (D) Transcript of the cell shown 509	

in Fig. 2C. The distance of FtsZ (red), DnaX (green) and the cell poles (black) to midcell is 510	

plotted against time. The data is also shown in Movie S1. Transcripts of more single cells are 511	

shown in fig. S3. 512	

  513	
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 514	

Fig. 3. Chromosomal organization in S. pneumoniae. (A) Visualizing specific genetic loci 515	

in live cells by fluorescence microscopy was done by developing two independent 516	

chromosomal markers systems; TetR-mKate/tetO (tetO integration sites indicated by red 517	

triangles on the chromosome map) and ParBp-GFP/parSp (parSp integration sites indicated by 518	

green circles). tetR-RFP and parBp-GFP are ectopically expressed from the non-essential 519	

bgaA locus under control of the Zn2+-inducible promoter PZn. (B) Localization of the origin 520	

and terminus (MK359, left panel) and left and right arm (MK352, right panel) in 521	

exponentially growing cells. Overlays of  GFP signal, RFP signals and phase contrast images 522	
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are shown. Scale bars are 2 µm. The data represents 2561 cells/3815 GFP-localizations/2793 523	

RFP-localizations from MK359 and 3711 cells/5288 GFP-localizations/4372 RFP-524	

localizations from MK352. (C) Localization of the origin (ParBp-GFP/parSp at 359°) and 525	

RFP-MapZ (RR128) on the length-axis of the cell shown as heatmaps (left) and overlay of 526	

both localization density plots when the cells are grouped in four quartiles by cell length 527	

(right). Stars indicate a significant difference between GFP and RFP localization 528	

(Kolmogorov-Smirnov test, p<0.05). The data represents 3882 cells/1785 GFP-529	

localizations/8984 RFP localizations. (D) Localization of the origin (ParBp-GFP/parSp at 530	

359°) and DnaX-RFP (MK387). The data represents 4470 cells/5877 GFP-localizations/4967 531	

RFP-localizations. (E) Localization of the origin (ParBp-GFP/parSp at 359°) and FtsZ-RFP 532	

(MK392). The data represents a total of 5611 cells/6628 GFP-localizations/26674 RFP-533	

localizations.  (F) Time-lapse microscopy shows that the origins move to the next cell halves 534	

before FtsZ. Snap shots from a representative time-lapse experiment (top) and plotting of the 535	

distances of FtsZ, the origins and the cell poles relative to midcell in a single cell (bottom) are 536	

shown. More examples of origin and FtsZ localizations in single cells are shown in fig. S7. 537	

  538	
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 539	

Fig. 4. SMC is required for origin segregation and accurate division site selection. (A) 540	

Localization of the chromosomal origin (ParBp-GFP/parSp at 359°) in a ΔmapZ background 541	

shows that MapZ does not affect origin segregation (RR99). The data represents 2976 542	

cells/7020 localizations. (B) The origins (ParBp-GFP/parSp at 359°) are segregated at a later 543	

stage in the cell cycle in Δsmc compared to wild type. The localizations are shown as 544	

heatmaps when cells are sorted according to length (left) and as overlay of both localization 545	
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density plots when the cells are grouped in four quartiles by cell length (right). The data 546	

represents 2012 cells/3815 localizations for wild type (MK359) and 3908 cells/5192 547	

localizations for the Δsmc mutant (MK368). (C) Phase contrast images of wild type D39 and 548	

Δsmc cells (AM39). The scale bar is 2 µm (top). Comparison of cell lengths between the wild 549	

type (1407 cell analyzed) and Δsmc (1035 cells analyzed, bottom). (D) Localization of GFP-550	

MapZ and FtsZ-CFP in wild type versus Δsmc. Fluorescence and phase contrast micrographs 551	

are shown along with heatmaps. The arrowhead in the micrograph points to a cell with clearly 552	

mislocalized MapZ. The arrowheads in the heatmap point the time when FtsZ remodels and 553	

assembles at the new division site in the wild type and in Δsmc. Data represents 2560 554	

cells/5314 localizations (∆smc, GFP-MapZ, RR110), 1300 cells/2257 localizations (∆smc, 555	

FtsZ-CFP, RR84), 3908 cells/3128 localizations (wild type, GFP-MapZ, RR101) and 3422 556	

cells/29464 localizations (wild type, FtsZ-CFP, RR70). 557	

  558	
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 559	

Fig. 5. Perturbed chromosome segregation delays cell division. (A-C) Comparison of S. 560	

pneumoniae D39 wild type cells treated or untreated with sublethal concentrations (0.4 µg/ml) 561	

of ciprofloxacin for 60 min. (A) Images of strain MK392 (ParBp-GFP/parSp at 359°, FtsZ-562	

RFP) with overlay of phase contrast, GFP signals representing the origin and RFP signal 563	

representing FtsZ-RFP. Scale bar is 2 µm. (B) Subcellular localization of the origin (left) and 564	

FtsZ (right) in MK392 cells treated (blue) or untreated (yellow) with ciprofloxacin. 565	

Localization density plots when the cells are grouped in four quartiles by cell lengths are 566	

shown. Data represents 1138 cells/2518 RFP-localizations/2762 GFP-localizations for cells 567	

treated with ciprofloxacin and 1402 cells/2940 RFP-localizations/2540 GFP-localizations for 568	

untreated cells. (C) Cell length comparison of ciprofloxacin-treated (total 1138) and non-569	

treated (total 1402) cells (MK392). (D-G). Comparisons of cells with or without Cas9-570	

nuclease cut chromosome. The expression of Cas9 (together with a constitutively expressed 571	
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single-guide RNA directed to the luc-gene) was induced in cells with or without the luc gene 572	

located on the chromosome. The luc gene was inserted either in the origin region (0°) or at the 573	

left arm (301°). (D) Whole genome marker frequency analysis of strains without luc 574	

(MK453), luc at 301° (MK454) or luc at the origin (DCI15). The number of mapped reads 575	

(gene dosage) is plotted as a function of the position on the circular chromosome. The 576	

chromosomal position of the inserted luc gene is indicated in the plot and on the schematic 577	

chromosome maps. (E) Cell size comparison of cells with and without cut chromosomes. The 578	

number of cells measured were 643 for the non-cut strain (MK453), 393 for the strain cut at 579	

301° (MK454) and 383 for the strain cut near the origin (DCI15). (F) Overlay of FtsZ-CFP 580	

signals with phase contrast images show that cell morphologies are affected in cells with cut 581	

chromosomes. Scale bar is 2 µm. (G) Localization of FtsZ-CFP shown as heat maps where 582	

cells are ordered according to cell length. The data represents 1323 cells/3117 localizations 583	

for MK455, 1128 cells/3509 localizations for MK456, 721 cells/1133 localizations for 584	

MK457 and 683 cells/1209 localizations for MK458.  585	

 586	

 587	
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 588	

Fig. 6. A schematic model for division site selection in pneumococci. 589	

  590	
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