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Abstract

Research on chromosome organization and cell cycle progression in spherical bacteria,
particularly Staphylococcus aureus, remains limited and fragmented. In this study, we
established a working model to investigate chromosome dynamics in S. aureus using a
Fluorescent Repressor-Operator System (FROS), which enabled precise localization of specific
chromosomal loci. This approach revealed that the S. aureus cell cycle and chromosome
replication cycle are not coupled, with cells exhibiting two segregated origins of replication at
the start of the cell cycle. The chromosome has a specific origin-terminus-origin conformation,
with origins localizing near the membrane, towards the tip of each hemisphere, or the “cell
poles”. We further used this system to assess the role of various proteins with a role in S. aureus
chromosome biology, focusing on the ParB-parS and SMC-ScpAB systems. Our results
demonstrate that ParB binds five parS chromosomal sequences and the resulting complexes
influence chromosome conformation, but play a minor role in chromosome compaction and
segregation. In contrast, the SMC-ScpAB complex plays a key role in S. aureus chromosome

biology, contributing to chromosome compaction, segregation and spatial organization.
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Additionally, we systematically assessed and compared the impact of proteins linking
chromosome segregation to cell division—Noc, FtsK, SpolllE and XerC—on origin and terminus
number and positioning. This work provides a comprehensive study of the factors governing
chromosome dynamics and organization in S. aureus, contributing to our knowledge on

chromosome biology of spherical bacteria.

Introduction

Bacteria exhibit an exquisite spatiotemporal organization of cellular components. From
generating their own shape, to dividing with precision and placing structures and organelles in
specific locations, these microorganisms coordinate their cellular activities and machinery’s
localization with remarkable accuracy. One key example is chromosome dynamics, which
includes the spatial organization of the chromosome, its replication and proper segregation into
daughter cells, all of which are essential for the faithful transmission of genetic information to

the next generation (1, 2).

Studies on multiple bacterial model organisms have revealed specific arrangements for the
chromosome during the processes of replication and segregation (Fig. S1). Some organisms like
Caulobacter crescentus (3), Myxococcus xanthus (4), or the chromosome 1 of Vibrio cholerae (5)
display an organization known as linear (Ori-Ter) chromosome arrangement in which the
replication origin (Ori) is in a polar (sub-polar in M. xanthus) region and the replication terminus
(Ter) sits on the opposite pole in newborn cells. After the initiation of chromosome replication,
one of the newly replicated Ori is segregated to the opposite cell pole, and the Ter region moves
to the cell center, near the division site, creating an Ori-Ter-Ori arrangement. Such dynamics
ensures that both daughter cells inherit a copy of the chromosome which is in the same

orientation as in the mother cell.

Newborn cells of the model organism Bacillus subtilis, in slow-growing conditions, also present
an Ori-Ter-Ori orientation of partially replicated chromosomes. However, after their complete
replication, B. subtilis chromosomes adopt a Left-Ori-Right configuration, with the Ori and Ter
regions of each chromosome in the % and % positions of the cell (6, 7). As chromosome
replication re-starts before the end of the cell cycle, the origins segregate to the poles and the

septum regions (Fig. S1). The actinobacterium Corynebacterium glutamicum has a similar cycle,
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but starting with two completely replicated chromosomes, and the origins remain in the polar
positions during the entire cell cycle (8). On the other hand, Escherichia coli in slow-growing
conditions adopts a Left-Ori-Right organization, with the origin in the cell center in newborn cells
(9—12). After the initiation of replication, the origins segregate to the % and % positions, where
they remain until replication is finished and the cells divide (Fig. S1). Although phylogenetically
distant to E. coli, a similar chromosomal arrangement can be found in both the ovococcoid
firmicute Streptococcus pneumoniae (13) and the actinobacterium Mycobacterium smegmatis
(14). Besides the diversity of chromosome arrangements, an additional factor that adds
complexity to the process of chromosome segregation is the presence of multifork replication,
that is, the initiation of new replication rounds in chromosomes that are still being replicated,
which increases the number of origins per cell. This has been observed in some organisms, such
as B. subtilis (15) and E.coli (16) in fast growth conditions, and in the slow-growing

M. smegmatis (17).

Chromosome organization is highly dependent on the correct segregation of the origin regions,
which is mediated by multiple factors that vary among bacterial species. In B. subtilis (18),
C. crescentus (19), V. cholerae (20) or M. xanthus (21), among others, ParABS systems play a
direct role in origin segregation. In brief, the ParB component of the system is a CTPase that
interacts with itself and with parS sequences generally located near the origin, forming a
kinetochore-like structure that can be mobilized through cyclic dimerization and
monomerization of the ParA component, an ATPase whose dimers interact both with ParB and
the DNA (22). There is evidence that these systems might be present in the majority of bacterial
species (23). A second function of ParB is to load SMC-ScpAB condensin-like complexes onto
chromosomal pars sites (24-26). These complexes contribute to the overall compaction of the
nucleoid and to the segregation of sister chromosomes as they are being replicated (27-30).
SMC molecules dimerize spontaneously, forming a V-shaped structure, with long coiled-coil
arms connecting two complete ATPase domains (or heads), formed by the C- and N- terminus of
each monomer, to a central hinge. ScpA interacts with SMC by bridging the two heads of the
dimer, forming a ring-like structure that is able to entrap DNA, while ScpB dimers associate to
ScpA and are required for the loading of SMC-ScpAB complexes onto the chromosome (31, 32).
The current model proposes that ParB-parS nucleocomplexes load the SMC complexes onto the
chromosome, which then travel from the origin region to the terminus, juxtaposing and aligning

the two chromosome arms and therefore contributing to the overall spatial organization and


https://doi.org/10.1101/2025.02.18.638847
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.02.18.638847; this version posted February 19, 2025. The copyright holder for this
preprint (which 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 available under aCC-BY-NC-ND 4.0 International license.

91 compaction of the chromosome (26, 29, 30, 33—35). Depending on the bacterial species, the role
92 of SMC-ScpAB or ParABS systems can vary from being essential for survival (particularly in fast
93 growing conditions) to their absence causing only mild phenotypes (19, 21, 33, 34, 36—43).
94 Besides specific proteins with a role in chromosome segregation, the physico-chemical
95 properties of the chromosome are proposed to contribute to the spontaneous unmixing of sister
96  chromatids (44). In turn, chromosome organization plays a role in the regulation of other cellular
97 processes, like cell division. In many organisms, nucleoid-associated proteins prevent the
98 progression of septum-formation, coordinating both processes and preventing guillotining of

99  the chromosome (45-49).

100  Most knowledge on chromosome segregation comes from a selected group of rod-shaped
101 model organisms. The geometry of the bacterium is a key player in its spatial organization, as
102  the presence of topologically different regions allows to determine separate spaces in the cell
103 (50, 51). For example, proteins sensing curvature are involved in chromosome positioning (52),
104 division site placement (53, 54) and cell morphogenesis (55-57). Therefore, the existence of
105  spherical bacteria which, during part of the cell cycle, appear to have a constant curvature in
106 every direction of their surfaces, raises questions about how their chromosomes are spatially

107 organized and how this organization is maintained.

108 The model organism used in this work, Staphylococcus aureus, is a firmicute with a nearly
109  spherical morphology. S. aureus is a human opportunistic pathogen that generally inhabits the
110  skin asa commensal but can cause a variety of infections. Moreover, many S. aureus strains have
111 acquired resistance to beta-lactam antibiotics, and some pathogenic strains are resistant to
112 most antibiotic classes (58). Its widespread presence in the human population, combined with
113 its drug resistance, makes S. aureus a significant threat to human health and a major cause of
114 death from antibiotic-resistant infections (59). Besides its clinical relevance, S. aureus is an
115 important model organism in the bacterial cell biology field, as it is one of the few intensively
116  studied coccoid organisms. Its cell cycle is divided into three stages (60, 61): it begins with Phase
117 1 (P1), characterized by a nearly spherical newborn cell. As the cell starts to build a septum, it
118  transitions into Phase 2 (P2), during which the DNA must be segregated into each of the
119  developing compartments or hemispheres. Previous data suggest that septum formation is
120  determined by the orientation of the segregated chromosomes, linking nucleoid spatial

121  organization with cell division (47, 62). Once the septum is completed, the cell enters Phase 3
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122 (P3), characterized by two compartmentalized cytoplasmic spaces. At the end of P3 the septum

123 splits rapidly, giving rise to two P1 cells.

124 Dynamics of chromosome segregation in S. aureus is currently understudied, with most
125 information available deriving from studies of ParB localization as a proxy for Ori localization (47,
126 63, 64). In the present study, we localized specific chromosomal loci in S. aureus and showed
127  that newborn cells generally have a partially replicated chromosome with two segregated
128 origins. We show that the origin has a preferential localization pattern towards the tip of each
129 hemisphere, henceforth referred to as “cell poles”, while the terminus is restricted to the cell
130  center, resulting in an Ori-Ter-Ori chromosomal organization. Furthermore, we systematically
131  analyzed the role of proteins known to influence chromosome segregation/dynamics, offering a

132  comprehensive understanding of the factors contributing to chromosome biology of S. aureus.
133

134  Results.

135  S. aureus cell cycle and chromosome replication cycle are not coupled.

136 The number, orientation and dynamics of the S. aureus chromosome have not been
137  comprehensively investigated. Localization studies of fluorescent derivatives of ParB (also
138 known as Spo0J) show that cells generally have two to four origins (47, 62, 63). One limitation
139  of these studies is that, in our hands, fluorescently tagged versions of ParB produce dim and
140  poorly condensed foci, not ideal for a precise analysis (47). Therefore, we adapted a fluorescent
141 repressor operator system (FROS) initially developed for E. coli (11) for the visualization of
142 specific chromosomal loci in S. aureus. This system makes use of fluorescent derivatives of the
143 Lac repressor (Lacl) and the Tet repressor (TetR) that bind to, and allow visualization of, arrays
144  containing 48 copies of lacO or tetO operator sequences, respectively, which are introduced at
145 specific locations on the bacterial chromosome. For this purpose, we first introduced the /lacO
146 and tetO arrays at chromosomal loci near the Ori or Ter regions. We then introduced the lac/
147 and tetR genes fused to sequences encoding the fluorescent proteins eCFP and eYFP (11),
148 respectively, under the control of a cadmium-inducible promoter (65) in the spa locus of
149  S.aureus JE2 chromosome (66), generating strains JE2_Ori_CFP_Ter_YFP and
150  JE2_Ori_YFP_Ter_CFP which allowed us to simultaneously visualize two different loci in each

151  strain. We tested two different cadmium induction times and two combinations of operator
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152 arrays, and observed the formation of fluorescent foci corresponding to Ori and Ter localization
153 in the cells (Fig. S2). Cells usually had two to four origins, similar to what had been reported
154 using a ParB fluorescent derivative in S. aureus (47, 62, 63). However, we noticed that the
155 average number of foci per cell varied slightly depending on the duration of cadmium induction
156  and the type of operator sequence array (tetO/lacO) used to label each region (Fig. S2B). Such
157  variability could compromise quantitative studies comparing different strains. Fortuitously, we
158 noticed that a fusion of mNeonGreen (67) to TetR (TetR-mNG, strain JE2_FROS®") was
159  sufficiently expressed in the absence of inducer to allow clear foci formation. Thus, we used this
160  constitutive single-locus FROS system (Fig. 1A) when labelling only one chromosomal position
161 was sufficient, eliminating variations due to induction time and/or to cellular responses to the

162 presence of cadmium.

163 In addition to the FROS system to localize different chromosomal loci, we constructed a HaloTag
164  fusion (68) to DnaN, a component of the replisome whose localization has been used as a proxy
165  for the replisome in studies of other organisms (42, 69). These tools allowed us to follow cellular
166  localization of chromosome loci and of the replisome, enabling us to characterize the

167 chromosome replication cycle of S. aureus.

168 In a first approach, we classified S. aureus cells according to the number of origin foci and
169  correlated that information with the cell cycle stage. When quantifying the number of origins in
170  aspherical cell, two factors can result in an underestimation: (i) two foci separated by a distance
171  smaller than the resolution limit appear as a single focus; (ii) two foci with similar coordinates in
172  the xy plane (parallel to the microscope slide) but different coordinate in the z axis
173 (perpendicular to the microscope slide) appear as a single focus in a microscopy image. To
174  overcome the latter limitation, we imaged JE2_FROS°' DnaN-Halo cells in three Z-planes
175  followed by manual analysis of each plane to count all detected foci (Fig. 1B and S3). Using this
176 approach, we rarely observed cells with a single Ori focus (<1%), with cells typically having two
177  (~27%), three (~34%) or four (~38%) Ori foci (Fig. 1B). As expected, the number of origins
178  increases as the cell cycle progresses, with P2 and P3 cells having three or four Ori foci, indicating

179  that four origins are the typical maximum.

180 We then asked when, during the cell cycle, is replication initiated. For that, we assessed
181 colocalization of the origin and the replisome protein DnaN in strain JE2_FROS°" DnaN-Halo.

182  This colocalization was only observed in P1 cells, suggesting that re-initiation of chromosome
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183 replication happens during that stage (Fig. 1C). Furthermore, the replisome was assembled, i.e.
184  formed one or more foci (as opposed to having a diffuse cytoplasmic signal) in >95% of the cells

185 (Fig. S3), indicating that DNA replication occurs during almost the entire cell cycle.

186  Todirectly show, in time-lapse movies, that cells start their cell cycle with two segregated origins
187 of replication, JE2_FROS®" DnaN-Halo cells were labelled with red fluorescent dye JF549-HTL
188 and imaged every 3 minutes. By analyzing the frame immediately after the splitting of the
189 mother cell in two daughter cells, we showed that more than 90% of newborn cells had two Ori
190 foci (Fig. 1D). Additionally, around 70% of cells had an assembled replisome that did not
191 colocalize with the origins, indicating that cells are typically born with a partially replicated
192 chromosome (Fig. 1D). We have also observed newborn cells (~¥20%) containing two origins
193  either with a diffuse DnaN signal (no active replisome, indicating that the replication round is
194  finished) or with DnaN colocalizing with the Ori foci (replisome initiating a next round of
195 replication), indicating that in these cases cells are born with two completely replicated
196  chromosomes (Fig. 1D). When following the cell cycle in time-lapse experiments, we could also
197  identify cells with two Ori that underwent the completion of one round of replication and
198 initiated a new round, followed by origin segregation, resulting in cells with four Ori foci (Fig. S4).
199 These observations further support that, during its cell cycle, S. aureus generally progresses

200 from a partially replicated chromosome to two partially replicated chromosomes.

201  Collectively, the data show that the S. aureus cell cycle (from one cell division to the next) and
202  chromosome replication cycle (a complete round of chromosome replication) are not coupled:
203 during a single cell cycle, most cells complete one replication cycle and initiate another, resulting
204 in cells with four origins and two partially replicated chromosomes that will be distributed to the
205  two daughter cells. This chromosome replication cycle resembles what has been described for

206  B. subtilis under slow-growing conditions (6).
207
208 8. aureus chromosome adopts a linear Ori-Ter-Ori conformation.

209 Bacterial species generally have specific spatial arrangements of their chromosomes,
210  particularly regarding the position of the Ori and Ter regions (Fig. S1). To study chromosome
211  organization in S. aureus, we used the FROS system to label not only the Ori and Ter, but also

212  theleft and right arms of the chromosome (Fig. 2A, B). To systematically analyze the localization
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213 of labelled chromosome loci in thousands of cells, we developed a pipeline using the e-Hooke
214  software version 1.1 (70) for cell segmentation, and TrackMate (71) for foci detection. This
215 pipeline uses a maximum intensity projection of the TetR-mNG foci signal obtained from three
216  Z-planes. Foci detection data is then used to generate average maps of the locations of different
217  chromosomal regions within the cell (Fig. 2C). To generate these maps, cells were first aligned
218  to the slightly longer axis, which is perpendicular to the future division plane. The relative
219 position of each focus center in individual cells was recorded and mapped onto a model cell with
220  median dimensions for length and width specific for each dataset. Heat maps were then created
221 by calculating the average localization of foci, which correlates with the probability of a focus
222 being found at each location. The resulting data showed that origins are typically positioned at
223 the cell periphery, on opposite ends of the longer cell axis (the cell poles), termini are confined
224  to the cell center, and the left and right arms occupy intermediate locations (Fig. 2C). These
225  findings indicate that S. aureus cells adopt an Ori-Ter-Ori organization, with origins located in

226  close proximity to the cell periphery.

227  The analyzed cells of the JE2_FROS®" and JE2_FROS™" strains were also manually classified
228 according to their cell cycle phase, as described in (60), allowing us to quantify the number of
229 origins and termini per cell at each cell cycle phase (Fig. 2D). Similarly to the data shown in Fig. 1B,
230  we observed that P1 cells had two (~40%), three (~25%) or four (~25%) origins, with the number
231 of Ori per cell increasing as the cell cycle progresses (Fig. 2D). As for the termini, the majority of
232 P1 cells had a single focus (~60%), while most P2 and P3 cells had 2 foci (~80%) (Fig. 2D). We also
233 generated heatmaps of cells automatically classified according to their cell cycle phase (Fig. 2E),
234  which showed that the Ori’s polar localization and the Ter’s central positioning were maintained
235  throughout the cell cycle. These results confirm that S. aureus cells generally start the cell cycle
236  with two origins, indicating that origin segregation usually occurs before septum synthesis is
237  initiated. As the cell cycle progresses, a new round of chromosome replication produces cells

238  with four origins and two termini.
239
240  SMC complex, but not ParB, plays a major role in chromosome segregation in S. aureus.

241 Having established the spatial organization and dynamics of the staphylococcal chromosome,
242 we aimed to investigate the role of proteins reported to be involved in bacterial chromosome

243 segregation and/or organization, specifically ParB and SMC. ParB is a key component of the
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244 ParABS system in various bacterial species (22). However, no ParA homolog has been identified
245 in S. aureus, meaning that its ParABS system is incomplete, which makes the role of ParB in this
246 bacterium particularly intriguing. It has been previously assumed that, similar to other ParABS
247 systems, S. aureus ParB binds to Ori-proximal parS sequences, with one study predicting four
248  such sequences in its genome (23). To experimentally determine the pars sites, we performed
249  ChIP-Seq analysis using JE2_ParB-3xFLAG strain. We identified ParB enrichment at five loci, all
250 near the Ori region (Fig. S5A). At each of these five locations, we found a parS motif, three of
251  which (parS1, parS3 and parS5) coincide with those previously predicted (23) (Fig. S5B).
252 Moreover, each ParB enrichment peak spanned 8-10 kb encompassing the parS sequence,
253  indicating that, like in other organisms, S. aureus ParB nucleates around origin-proximal parS

254  sequences and spreads to neighboring regions.

255  To understand the role of ParB and the SMC complex on the global organization of the
256  chromosome, we used chromosome conformation capture (Hi-C) assay (72), a technique that
257  involves crosslinking nearby DNA regions to capture the chromosome conformation by
258  detecting the frequency of interaction between DNA loci across the whole genome. The
259  S. aureus chromosome contact map for JE2 wild type strain (Fig. 3) displays a primary diagonal
260 and a secondary diagonal. The primary diagonal has stronger signal, resulting from a high
261  frequency of contacts between adjacent sequences in the chromosome, while the secondary
262 diagonal has weaker signal, resulting from inter-arm, long distance DNA contacts. This
263 interaction pattern supports that the chromosome has an Ori-Ter linear organization. Upon
264 deletion of parB, the secondary diagonal disappears, consistent with previous findings (73),
265 presumably because SMC is no longer loaded at specific parS loci, which is required for a
266 constant set of inter-arm interactions. Furthermore, deletion or mutation of the five identified
267  parsS sites also abolished the secondary diagonal, confirming that both ParB and parS form a
268  functional unit for chromosome organization (Fig. 3). Importantly, we constructed the strain
269  JE2_AdparsS, in which 4 pars sites were deleted or mutated and parS2 remained as the sole parS
270  on the chromosome. This strain showed a more defined secondary diagonal compared to the
271  wild type JE2, shifted towards the right arm, where parS2 is located (Fig. 3). Presumably, this
272 occurs because SMC is loaded onto the chromosome from the single parS2 locus, resulting in a

273 specific subset of inter-arm interactions.

274  To assess the role of the SMC complex in chromosome organization, we made a clean deletion

275  of the genes scpA and scpB (JE2_AscpAB), whose inactivation in B. subtilis leads to the same
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276 phenotype as that of SMC (74). Similarly to deletion of parB, deletion of scpAB also abolished
277  the secondary diagonal in the HiC map, consistent with the idea that ParB loading SMC
278 complexes to parS sites generates arm alignments. In addition, deletion of scpAB caused a
279 reduction in the Hi-C signal outside of the primary diagonal (i.e. long-range DNA interactions)
280 and an increase in the signal of the primary diagonal (i.e. short-range DNA interactions), in
281  comparison to both JE2_AparB and JE2 wild type (Fig. 3). Indeed, when we analyzed the global
282  contact probability curve, Pc(s) curve, which shows the averaged contact probability for all loci
283  separated by a set distance, we found that the JE2 and JE2_AparB had almost identical curves,
284  but JE2_AscpAB showed reduced long-range DNA interaction (Fig. S5C). These results indicate
285  that the SMC complex is responsible for forming DNA interactions between regions that are
286  more than 400 kb apart, but this activity does not require specific loading of the SMC complex
287 at pars sites.

288  To assess the role of ParB and the SMC complex in chromosome segregation, we examined the
289 localization and number of Ori and Ter foci, as well as the occurrence of anucleate cells, in
290  mutants lacking these proteins. Deletion of parB in the background of strains JE2_FROS®" and
291  JE2_FROS™ did not alter the localization of Ori and Ter foci in comparison with the parental
292  control strains (Fig. 4A), but led to a reduction in cells with four Ori foci (Fig. 4B). Importantly,
293  the JE2_AparB strain produced only 0.14+0.04% of anucleate cells (vs. 0.03+0.05% in JE2 wild
294  type, Fig. S6), consistent with previous reports suggesting that parB deletion causes only a very

295 mild chromosome segregation defect in S. aureus (63, 75).

296  The function of the SMC complex in chromosome segregation was evaluated using two different
297 mutants: the JE2_AscpAB strain described above and a second mutant in which we introduced

STOP strain),

298 an array of premature STOP codons near the start of the smc gene (JE2_smc
299 preventing potential polar effects on the two essential genes (ftsY and ffh) downstream of smc
300 (76). Both mutants exhibited ~17% of anucleate cells (Fig. S6). In agreement with this increased
301 number of anucleate cells, mutants lacking a functional SMC complex showed a higher number
302  of cells with no Ori foci and a decrease in cells with 3 or 4 Ori foci when compared with the
303 parental strain (Fig. 4B). The localization of origins in both AscpAB or smc>™P backgrounds was
304  altered, with a distribution less restricted to the cell poles, though still in close proximity to the
305 membrane (Fig. 4A). The termini also showed a more diffuse pattern, although still positioned

306 around the cell center. Altogether, our data indicate that the SMC complex plays a key role in

307 the spatial organization and segregation of the S. aureus chromosome. We note that previous

10
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308 reports on the effect of deletion of smc had conflicting results, with anucleate cells frequencies
309 varying from 1-2% (63, 77) to 10% (78), while deletion of scpB led to the production of ~14% of
310 anucleate cells (79). The discrepancy might be due to the occurrence of suppressor mutations

311 in previous mutants.

312 Finally, we constructed a double mutant lacking both parB and scpAB (JE2_AparB_AscpAB) and
313  found that it was very similar to JE2_AscpAB in terms of anucleate cells frequency (Fig. S6).
314  Together with the Hi-C data from the JE2_AparB and JE2_AscpAB strains (Fig. 3), this result
315 suggests that in S. aureus, which is missing ParA, the main role of ParB is to load SMC complexes

STOP and

316 at the pars sites. Since AparB alone had little effect on chromosome segregation but smc
317  AscpAB each had a strong defect in chromosome segregation, we conclude that the SMC
318 complex does not need to be specifically loaded onto the parsS sites to segregate chromosomes;
319  without ParB/parS, randomly loaded SMC-ScpAB molecules can compact and segregate the

320 chromosome quite well, although the overall organization of the chromosome is altered (Fig. 3).
321
322 Role of factors connecting the divisome with the chromosome

323 One important link between the cell division machinery and chromosome segregation is the FtsK
324 protein family of DNA pumps that ensure segregation of the chromosomes before the
325 completion of the division septum (80). In E. coli, FtsK works together with the recombinase
326  XerCD complex to resolve chromosome dimers that would otherwise prevent proper
327 chromosome segregation (81). S. aureus has two FtsK family proteins, FtsK and SpolllE. Each
328 protein is individually dispensable, but the presence of at least one is required for correct
329 chromosome segregation (82). Visualization of the Ori and Ter regions in mutants lacking FtskK
330 or SpolllE revealed a moderate reduction in the number of cells with four Ori foci (Fig. 5A, B),
331  decreasing from 25% in the JE2_FROS®" strain to 19% in the Aftsk mutant and 15% in the AspolllE
332 mutant. However, the two mutants had opposite phenotypes regarding the number of terminus
333  foci (Fig. 5A, C). The JE2_FROS™"_AftsK mutant produced about 10% of cells with more than two
334  termini, compared to only 1% in the JE2_FROS™" parental strain. This could be a consequence of
335 the delay in cell division caused by the deletion of ftsk which, in S. aureus, leads to a longer cell
336  cycle Phase 3 (83) allowing chromosome replication time to complete before cell division. On
337  the other hand, the JE2_FROS™"_AspollIE strain produced around 17% of cells with no terminus

338 foci (compared to 4.5% in the JE2_FROS™" parental strain). A similar, but more pronounced,
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339 phenotype was observed in the JE2_FROS™"_AxerC strain, with 35% of cells lacking a terminus
340 focus. Marker frequency analysis, used to examine the relative abundance of specific DNA
341 sequences across the genome, revealed a decreased DNA copy number at the terminus region
342 in the population of AxerC mutant cells (Fig. S7, blue arrows). This suggests that the absence of
343  XerCresults in degradation of the terminus region (where the tetO array is located), preventing
344  the formation TetR-mNG foci in the affected cells. Interestingly, marker frequency analysis did
345 not show an obvious decrease in the terminus region in the JE2_FROS™ AspolllE strain,
346  indicating that another process may be interfering with the TetR association to the tetO arrays
347  in this strain (and potentially also in the JE2_FROS™"_AxerC strain). Furthermore, in AxerC and
348  AspolllE mutants, we observed two peaks, one in each replication arm, indicating increased DNA
349  amplification in these genomic regions (Fig. S7, red arrows). These regions encompass genes
350 thatare annotated as encoding phage proteins, including capsid proteins, phage terminases and
351 phage DNA primases (genes SAUSA300 1921-1940 in the left arm peak and SAUSA300 0809-
352 0815 in the right arm peak). Therefore, it is likely that the observed DNA amplification in these

353 regions is due to the activation of prophages, triggered by the deletion of xerC or spolllE.

354 Despite the changes in the number of origins and termini in mutants lacking ftsK, spolllE or xerC,
355  the cellular localization of Ori and Ter foci remained similar suggesting that these proteins act
356 on chromosome segregation but do not have a major role in the spatial placement of

357 chromosome loci.

358 We alsoinvestigated the role of the nucleoid occlusion protein Noc, which in both B. subtilis and
359  S. aureus prevents the assembly of the divisome over the nucleoid to avoid its guillotining (47,
360  49). Additionally, in S. aureus, Noc is a negative regulator of the initiation of DNA replication (75).
361 In agreement with published data, the JE2_FROS®"_Anoc strain exhibited over 30% of cells with
362 more than four origin foci (Fig. 5A, B), and showed an increased number of cells with more than
363  two terminus foci (Fig. 5C). Despite the increased number, the Ori foci remain spaced from each
364  other, although they were more dispersed around the cell periphery compared to the
365  JE2_FROS°"parental strain (Fig. 5A). Overall, our data supports the role of Noc as a key regulator

366  of chromosome replication in S. aureus.
367

368
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369 Discussion

370  The spatial and temporal organization of the bacterial chromosome may seem particularly
371 challenging for a nearly spherical bacterium, as there are fewer geometric cues available
372 compared to rod-shaped or asymmetric cells. Yet, S. aureus elegantly solves this problem for
373 chromosome segregation, by becoming a pseudo-diploid and decoupling its chromosome
374 replication cycle (one complete round of chromosome replication) from its cell division cycle
375 (from completion of one cell division to the next). S. aureus newborn cells, in fast growing
376  conditions, typically have two origins of replication and one active replisome (Fig. 6A), similar to
377 B. subtilis in slow growing media (6). The origins tend to localize at the cell periphery, near the
378 membrane, positioned opposite to each other, at the cell’s poles. This arrangement establishes
379  an axis of chromosome segregation, breaking the internal spherical symmetry of the cell. As
380 chromosomes segregate along this axis, a DNA free region is generated between them, providing
381  space for a division site, where the septum can form without guillotining the DNA (Fig. 6B).
382 Mechanistically, this is mediated by the nucleoid occlusion protein Noc, which binds the origin-
383 proximal region of the chromosome and prevents spurious FtsZ assembly in those regions (47).
384  Asecond round of replication can begin in Phase 1 cells, i.e., even before septum synthesis starts.
385  This is supported by the observation that ~35% of Phase 1 cells have three to four segregated
386  origins (Fig. 1B), indicating that the presence of a septum is not required for origin segregation.
387  Asthe cell cycle progresses and the septum begins to be synthesized (Fig. 6B), the cell becomes
388 increasingly divided in two hemispherical compartments. These compartments now have a long
389 axis (parallel to the nascent septum) and a short axis (perpendicular to the nascent septum). Our
390 data show that, within each hemisphere, the two origins generally segregate away from each
391 other along a long axis parallel to the septum (Fig. 6C). Therefore, when P3 cells split and give
392 rise to newborn P1 cells, the future division plane is already defined within the spherical
393  cytoplasmic compartment, located between the segregated chromosomes, where the septum
394  will form. In turn, the septum demarcates the possible directions for the next round of

395 chromosome segregation.

396  Some fast-growing organisms, such as B. subtilis (15) and E. coli (16), as well as slow-growing like
397 M. smegmatis (17) can undergo multifork replication which occurs when multiple rounds of
398 replication take place during one cell cycle, usually under rich media conditions. However, we
399  did not detect S. aureus cells with assembled replisomes colocalizing with the origins while a

400  second set of replisomes was located further away from the origins. Combined with the absence
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401 of newborn cells exhibiting more than two origin foci, this indicates that multifork replication is
402 not typical in S. aureus cells under the tested fast-growth conditions. Coincidentally, the
403 ovococcal S. pneumoniae is also thought not to engage in multifork replication (13). It is possible
404  that the small size and the geometry of S. aureus (and other coccoid bacteria) makes it difficult

405  to coordinate multiple rounds of replication in a single cell cycle.

406  The chromosomal origin in S. aureus is primarily localized at the cell periphery, near the
407 membrane, throughout the cell cycle (Fig. 2C, E), even in mutants affecting its number (Anoc,
408  Fig. 5A) or segregation (AscpAB, smc>™F, Fig. 4A). This localization is not exclusive of S. aureus,
409 as other bacteria also position their origins in close proximity to the membrane, such as
410  B. subtilis during sporulation or S. pneumoniae (84, 85), or in polar or sub-polar regions, like
411 C. crescentus, or M. xanthus (3, 4). These bacteria employ molecular mechanisms to restrict the
412 movement of the origins, leading us to hypothesize that S. aureus likely has a similar mechanism,
413 perhaps similar to those in other firmicutes, such as the RacA protein in B. subtilis (85—87) or

414 RocS in S. pneumoniae (84).

415  The forces driving chromosomal segregation in S. aureus are not yet fully understood, but our
416  datafrom the AscpAB and smc>™P mutants strongly suggest that the SMC complex plays a crucial
417 role in the process, perhaps by promoting the unmixing of the sister chromosomes as they are
418 replicated (29). Furthermore, the steep increase in cells with a single Ori focus in the AscpAB and
419  smc™™" mutants (Fig. 4B) suggests that the SMC complex has an important role in the
420  segregation of the Ori regions. This is in line with the drastic decrease in cells with three or four
421 origins in these mutants, compatible with the possibility that chromosomes are replicated but
422 origins remain together and are thus indistinguishable using the FROS system. Such a failure in
423 origin segregation would compromise the overall chromosome segregation process, resulting in
424  the production of anucleate cells, as observed (Fig. S6). Importantly, ParB is dispensable for
425 overall chromosome segregation in S. aureus, although its presence organizes the loading of the
426  SMC complexes (Fig. 3). In the AparB background, we measured a reduction in cells with four
427  Ori foci, suggesting that ParB-mediated loading of the SMC complexes slightly increases the
428  efficiency or speed of Ori segregation. Overall, our findings indicate that ParB binding to parS
429 loads SMC, which globally organizes the chromosome, creating a defined inter-arm alignment.
430  However, this specific alignment by itself is not a major contributor to chromosome segregation.

431 Rather, SMC loading onto the chromosome (not necessarily at parsS sites) and its translocation
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432 away from the loading position, generates DNA loops (long-range DNA contacts), which

433 simultaneously compacts the chromosomes and promotes their segregation.

434  Two additional proteins involved in chromosome segregation in S. aureus are the DNA pumps
435 FtsK and SpolllE. Each protein is individually dispensable, but at least one must be present for
436  correct chromosome segregation, suggesting partial redundancy (82). However, FtsK and SpolllE
437 do not colocalize, and while ftsK deletion causes cell morphology defects such as multi-septated
438 cells and cell size heterogenicity, deleting spolllE leads to an increase of cells with condensed
439 chromosomes, altogether indicating that they have partially independent functions (82). In this
440  study, deletion of ftsK led to an increase in the number of Ter foci (Fig. 5C). Previous research
441 has shown that FtsK mutants have a delay in P3, resulting in cells remaining for longer in a pre-
442  divisional stage. This delay is due to an additional role of S. aureus FtsK in promoting the export
443  of the autolysin Slel, a peptidoglycan hydrolase that plays an important role in splitting the
444  septum at the end of the cell cycle (83). Therefore, it is plausible during this delay, chromosome
445 replication has time to complete, explaining the observed increase in the number of Ter foci. In
446  contrast, deletion of spolllE results in approximately 17% of cells lacking a terminus focus, a
447 phenotype similar to that observed in the AxerC mutant. In E. coli, the XerC recombinase works
448  together with FtsK to resolve chromosome dimers during the final stages of chromosome
449 replication and segregation (81, 88). In S. aureus, previous studies have shown that deleting
450 either spolllE or xerC increases the number of cells with condensed nucleoids, with this effect
451 being more pronounced in the AxerC mutant (82). However, we found no correlation between
452 cells with condensed nucleoids and cells lacking Ter foci. Furthermore, we also showed that
453 deletion of xerC results in degradation of the Ter region, potentially explaining why a subset of
454  cells lack a Ter focus (Fig. S7). However, the literature presents conflicting evidence regarding
455  Ter degradation in E. coli xerC mutants. While one study reports Ter degradation (89), another
456  finds minimal differences compared to the wild-type strain (90). Collectively our findings serve
457  as astarting point for further investigation into possible functional connections between SpolllE

458  and XerC, a link suggested by a previous study (82).

459 Finally, our data supports the proposed role of Noc as a key regulator of initiation of DNA
460 replication (75), given that its absence led to a sharp increase in the number of cells with more

461  than four origins.
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462  This study provides the first comprehensive characterization of chromosome positioning and
463 dynamics in a small, spherical bacterium, highlighting the role of chromosome segregation in
464 division site positioning. When comparing to other studied organisms, S. aureus chromosome
465 organization and replication cycle resembles that of slow-growing B. subtilis, where newborn
466  cells typically start with one hemi-replicated chromosome and origins positioned at opposite
467 poles. However, key differences were observed in S. aureus, such as origin being consistently
468  associated with the cell periphery and segregation occurring along an axis parallel to the septum.
469 Future research will determine whether other spherical coccoid organisms follow a similar

470 pattern.

471

472  Materials and Methods
473 Bacterial growth conditions

474  Strains of E. coli were grown in lysogeny broth (LB, VWR) or on lysogeny broth agar (LA, VWR) at
475  37°C.S. aureus was grown in tryptic soy broth (TSB, Difco) with agitation (200 rpm) or on tryptic
476  soy broth agar (TSA, VWR). When required, media were supplemented with antibiotics
477 (100 pg mL™*  ampicillin, Sigma-Aldrich; 10 ug mL™ erythromycin, Apollo Scientific). For
478 blue/white colony screening, TSA plates were supplemented with 5-bromo-4-chloro-3-indolyl B-
479 d-galactopyranoside (X-Gal, Apollo Scientific) at 100 pg mL™. When required, Cadmium chloride
480  (Fluka) was added to liquid cultures at 1 uM and Isopropyl B-D-1-thiogalactopyranoside (IPTG,
481 NZYtech) added at 100 pM.

482
483 Plasmid and strain construction

484  The complete lists of strains, plasmids and oligonucleotides are in Supplementary Table 1, 2, and
485 3, respectively. Plasmids were assembled as described in Supplementary Table 2, propagated in
486  E.coli DC10B and purified using the QlAprep Spin miniprep kit (Qiagen) and verified by
487  sequencing. Purified plasmids were used to transform by electroporation S. aureus RN4220 cells
488  as previously described (91) and subsequently transduced into S. aureus JE2 or strains in this

489 background using the bacteriophage 80 a (92). S. aureus strain construction was done using

490 derivatives of the temperature-sensitive vector pMAD (93), indicated in Supplementary Table 1,
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491 by performing allelic replacement through double homologous recombination, creating marker-

492 less strains. Allelic replacement was confirmed by colony polymerase chain reaction (PCR).
493
494  Molecular biology methods

495  Amplification of DNA fragments for plasmid construction was carried out using a Phusion high-
496  fidelity polymerase kit (Thermo Scientific) following the manufacturer instructions. For PCR
497 using as a template a S. aureus bacterial colony, a small portion of the colony was resuspended
498 in phosphate buffered saline (PBS; 137 mM NacCl, 2.7 mM KCI, 10 mM Na;HPO4, 1.8 mM KH;P0Q,)
499  and cells were disrupted mechanically (by adding glass sand and three cycles of shaking for 45s
500 ataspeedof 6.5msina FastPrep-24, MP Biomedicals) or enzymatically (by incubation at 37°C
501 for 1 h in the presence of 10 ug mL™? of lysostaphin, Sigma) and the lysate was used as PCR
502  template. For the PCR reaction, the Phire Hot Start Il PCR Master Mix (Thermo Scientific) was

503 employed following the manufacturer instructions.

504  Cloning was performed using restriction enzymes (FastDigest, Thermo Scientific) indicated, for
505  each construct, in Supplementary Table 2. Fragments were ligated using T4 DNA ligase (Thermo

506  Scientific). For Gibson Assembly, the Gibson Assembly Master Mix (NEB) was employed.
507
508 Microscopy

509  S. aureus strains were streaked from cryo-stocks onto TSA plates. Single colonies were used to
510 inoculate independent cultures in TSB that were grown overnight at 37°C with agitation. The
511 next day, the cultures were diluted 1:200 in TSB and grown at 37°C with agitation until they
512 reached mid-exponential phase (ODeoo 0.6-0.8). Fluorescent dyes for membrane labelling (FM4-
513 64, 5 ug mL™, Invitrogen; CellBrite Fix 640 3.3 nM, Biotium), DNA labelling (Hoechst 33342, 1 ug
514  mL™, Invitrogen) or HaloTag (HT) labelling (Janelia Fluor 549 HT ligand, 500 nM, Janelia Research
515 Campus) were added when required to 1 mL of the exponential culture, which was then
516  incubated for 20 minutes at 37°C with agitation. Afterwards, the culture was centrifuged at
517 10000 xg for one minute and the pellet was resuspended in 50 puL of PBS and 1 uL of the

518  suspension was spotted on a pad of 1.2% Topvision Agarose (Thermo Fisher) in PBS.
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519 For time-lapse microscopy, the aforementioned procedure was followed, but cells were spotted
520  on pads of 1.2% Topvision Agarose (Thermo Fisher) in M9 minimal medium (KH,PO, 3.4gL™?,
521 VWR; K;HPO4 2.9gL Y, VWR; di-ammonium citrate 0.7 g L%, Sigma-Aldrich; sodium acetate
522  0.26 gL, Merck; glucose 1% (w/v), Merck; MgS0O4 0.7 mg L™}, Sigma-Aldrich; CaCl, 7mgL™,
523 Sigma-Aldrich; casamino acids 1% (w/v), Difco; minimum essential medium amino acids 1x,
524 Thermo Fisher Scientific; and minimum essential medium vitamins 1x, Thermo Fisher Scientific).

525  The cells were kept at 37°C during the imaging procedure and were imaged every three minutes.

526 Imaging was performed in a DeltaVision OMX SR microscope equipped with a hardware-based
527  focus stability (HW UltimateFocus) and an environmental control module (set to 37° for time-
528 lapses). Z-stacks of three epifluorescence images with a step size of 500 nm were acquired using
529 a 405 nm laser (100 mW, at 10% maximal power; for the Hoechst 33342 DNA dye), a 488 nm
530 laser (100 mW, at 15% maximal power for the mNeonGreen fusions), a 568 nm laser (100 mW,
531  at 30% maximal power; for JF549-labelled DnaN-Halo and FM4-64 membrane dye) or a 640 nm
532 laser (100 mW, at 40% maximal power; for the CellBrite Fix 640 dye), each with an exposure
533  time of 100 ms. When required, a maximum intensity projection of the three images from each
534  Z-stack, fluorescence channel alignment and SIM image reconstruction was performed using

535 SoftWoRx v7.2.1.

536  For cell cycle automated classification (Fig. 2E), cells were imaged in a Zeiss Axio Observer
537 microscope equipped with a Plan-Apochromat 100x/1.4 oil Ph3 objective, a Retiga R1 CCD
538 camera (Qlmaging), a white-light source HXP 120V (Zeiss) and the software ZEN blue v2.0.0.0
539  (Zeiss). For image acquisition, the filters (Semrock USA) Brightline TXRED-4040B (FM4-64),
540  Brightline GFP-3035B (mNeonGreen), and Brightline DAPI-1160A (Hoechst 33342) were used.

541
542 Image processing and automated analysis.

543 Images were examined using Imagel Fiji (94), which was also used to produce crops of illustrative

544 regions. Lateral drift in time-lapse datasets was corrected with the ImagelJ plugin NanoJ (95).

545 For cell cycle automated classification and generation of foci average heatmaps from images
546  obtained using the Zeiss Axio Observer microscope (figure 2E), crops of single cells and
547 automated cell cycle phase analysis were generated using eHooke software version 1.1, as

548 previously described (70).
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549 For foci quantification and generation of foci average heatmap from images acquired in the OMX
550 microscope (figures 2C, 2D, 4A, 4B, 5A, 5B, 5C), cell segmentation was performed using an in-
551 house fine-tuned StarDist model (96) applied on images with fluorescence signal from
552 membrane labelling. When mentioned, the cell cycle phase analysis was performed manually

553 (figure 2D).

554  After cell segmentation (and cell cycle classification if required) we used a PCA transform applied
555  tothe coordinates of the pixels that constitute the cell outline to calculate the orientation of the
556 major axis of each cell. Then cell crops were aligned by their major axes as previously described
557  (83). Foci localization was determined using TrackMate 7.11.1 (71) using the Laplacian of
558 Gaussian filter with subpixel localization. The blob diameter was set to 0.24 um, the quality
559  threshold was manually adjusted for each field of view, and the results were exported as a .xm|
560 file. In each cell crop, foci were represented as a circle of 1 pixel radius, intensity 1, and the same
561 relative coordinates as the foci, in a rectangle with the same dimensions as the cell crop (model
562 image), with background set to 0. All model images were then resized to a common width and
563 height equal to the median of the width and height of all cell crops. Heatmaps were generated
564 by averaging all model images, and colored using the coolwarm colormap provided by matplotlib

565  (97).
566
567 High-throughput Chromosome Conformation Capture (Hi-C)

568  The Hi-C procedure used for S. aureus was adapted from a previously described protocol used
569  for B. subtilis (98, 99). Briefly, S. aureus strains were streaked from cryo-stocks onto TSA plates.
570  Single colonies were used to inoculate independent cultures in TSB that were grown overnight
571 at 37°C with agitation. The next day, the cultures were diluted 1:1000 in TSB and grown at 37°C
572 with agitation until they reached early-exponential phase (ODego 0.3-0.4). Cells were crosslinked
573 by adding formaldehyde (Sigma) to a final concentration of 7% (v/v) at room temperature (RT)
574  for 30 min and quenched with 125 mM glycine (Sigma). Cells were lysed using Ready-Lyse
575 Lysozyme (Epicentre, R1802M) and 200 pg mL™ lysostaphin (Sigma-Aldrich, L9043) at RT for 1 h,
576  followed by the treatment with 1% SDS (v/v) at RT for 30 min. Solubilized chromatin was
577 digested with Dpnll for two hours at 37°C. The digested ends were filled in with Klenow and
578 Biotin-14-dATP, dGTP, dCTP, dTTP. The products were ligated with T4 DNA ligase at 16°C for

579  about 20 h. Crosslinks were reversed at 65° C for 17-20 h in the presence of EDTA, proteinase K
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580 and 0.5% SDS. The DNA was then extracted twice with phenol/chloroform/isoamylalcohol
581  (25:24:1) (PCl), precipitated with ethanol, and resuspended in 20 pL of 0.1X TE buffer (10 mM
582  Tris-HCI, 1 mM EDTA). Biotin from non-ligated ends was removed using T4 polymerase (4 h at
583 20°C) followed by extraction with PCl. The DNA was then sheared by sonication for 12 min with
584  20% amplitude using a Qsonica Q800R2 water bath sonicator. The sheared DNA was used for
585 library preparation with the NEBNext Ultrall kit (E7645). Biotinylated DNA fragments were
586  purified using 5 L streptavidin beads. DNA-bound beads were used for PCR in a 50 L reaction
587  for 14 cycles. PCR products were purified using Ampure beads (Beckman, A63881) and
588  sequenced at the Indiana University Center for Genomics and Bioinformatics using NextSeq500.
589 Paired-end sequencing reads were mapped to the genome of S. aureus JE2 (NCBI Reference
590 Sequence GCF_002085525.1) using the same pipeline described previously (99). The genome
591 was divided into 5-kb bins. Subsequent analysis and visualization were done using R scripts. Hi-C
592 scores, which quantify the interaction between loci and correct for biases in the abundance of

593  the different bins in each experiment, were calculated as described in (99).
594
595  Whole Genome Sequencing (WGS)

596 For genomic DNA extraction, cells from the relevant strains were grown in TSB at 37°C with
597  agitation overnight. The next day the cultures were diluted 1:200 in 50 mL of TSB and grown at
598 37°C with agitation until the mid-exponential phase (ODgyo 0.6-0.8). Then cultures were
599  centrifuged at 6000 xg for 10 min and the supernatants were discarded. Cells were resuspended
600 in 180 pL of Enzymatic lysis buffer (20 mM TRIS, VWR; 2 mM sodium EDTA; 1.2% (v/v) Triton X-
601 100, Sigma, adjusted to pH 8 using HCl, Sigma), supplemented with 100 pg mL™ of lysostaphin
602  (Sigma) and were incubated at 37°C for 15 min. Afterwards, the samples were processed using
603  the DNeasy Blood & Tissue Kit (Quiagen) following the indications from the manufacturer. The
604 extracted DNA was sonicated using a Qsonica Q800R2 water bath sonicator, prepared using the
605 NEBNext Ultrall kit (E7645), and sequenced at the Indiana University Center for Genomics and
606 Bioinformatics using NextSeq500. The reads were mapped to the genome of S. aureus JE2 (NCBI
607 Reference Sequence GCF_002085525.1) using CLC Genomics Workbench (CLC Bio, QIAGEN). The
608 mapped reads were normalized by the total number of reads. Plotting and analysis were

609 performed using R scripts.

610
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611  Chromatin immunoprecipitation (ChlP-seq)

612  The S. aureus strains JE2_ParB-3xFLAG and JE2_3xFLAG-mNG were grown overnight in TSB at
613 37°C with agitation. The next day the cultures were diluted 1:200 in 50 mL of TSB and incubated
614 at 37°C with agitation until they reached the mid-exponential phase (ODgoo 0.6-0.8). Cultures of
615  the strain JE2_3xFLAG-mNG were supplemented with 100 uM IPTG to induce expression of
616  3xflag-mng. Formaldehyde (Sigma) was added to a final concentration of 1% (v/v) and the
617 mixture was incubated at room-temperature with shaking for 30 min. Afterwards, glycine was
618 added to a final concentration of 125 mM and cultures were further incubated at room-
619  temperature with shaking for 10 min. The mixture was cooled down on ice and centrifuged at
620 7000 xg for 10 min at 4°C. The pellet was resuspended in ice-cold PBS and centrifuged again as
621  in the previous step. This was repeated three times, before snap-freezing the pellet in liquid
622 nitrogen and storing it at -80°C. When required, samples were thawed, resuspended in 300ul IP
623 buffer (50 mM Tris/HCl pH 7.5, 5 mM EDTA, 150 mM NaCl, 25 mM sucrose, 1 ug mL* lysostaphin,
624  Sigma, 0.3 ug mL* RNase A, Sigma, and 1 tablet of cOmplete protease inhibitor cocktail, EDTA
625 free, Roche, per 10 mL of buffer) and incubated at 37°C for 1h with shaking. Afterwards the
626  samples were cooled on ice, followed by addition of TritonX-100 to a final concentration of 1%
627 (v/v). Samples were then sonicated using a Bioruptor Plus bath sonicator at 4°C using 50 cycles
628 of alternating 30s on and 90s off in the high-power mode, followed by centrifugation at 20000 xg
629  for 10 min at4°C. The supernatants were mixed with 50 pl of anti-Flag M2 agarose beads (Sigma,
630 pre-washed in 1mL of IP buffer supplemented with 1% Triton X-100), and the mixture was
631 incubated overnight at 4°C with tumbling. Afterwards, the IP-samples were centrifuged at
632 800 xg for 2 min at 4°C, the supernatant was discarded, and the beads were resuspended in
633 1 mL of IP buffer with 1% Triton X-100. The IP-samples were centrifuged as in the previous step
634 and resuspended in 1 mL of High-Salt Buffer (50 mM Tris/HCl pH 7.5, 5 mM EDTA, 700 mM NacCl,
635 0.1% Na-deoxycholate, Calbiochem, 1% Triton X-100). IP-samples were centrifuged as in the
636  previous step and resuspended in 1 mM of TE buffer (10 mM Tris/HCl pH 8, 1 mM EDTA), this
637  step was done twice. Then, the IP-samples were centrifuged and resuspended in 300 pL of
638 Reversal Buffer (RB, 10 mM Tris/HCl pH 8, 1 mM EDTA, 300 mM NacCl), followed by addition of
639 SDS to a final concentration of 1% (w/v). All samples were then incubated at 65°C with 1500 rpm
640  shaking for 14-16 h. Afterwards, the IP-samples were centrifuged at 800 xg for 2 min and the
641 supernatant was transferred to a new tube. Then 300 pL of phenol-chloroform-isoamyl alcohol

642 mix (Roth) were added to each sample, the mixture was vigorously mixed by vortexing for 10 s
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643 and centrifuged at 20000 xg for 5 min at RT. 250 pL were taken from the aqueous phase and
644  transferred to a new tube where they were combined with 25 uL of 3 M sodium-acetate (pH
645 5.2), 1.5 pL of 20 mg mL™* glycogen and 690 pl of absolute ethanol. The samples were placed at
646  -80°C for 1 h and then centrifuged at 20000 xg for 15 min at RT. The supernatant was discarded
647 and the pellet was washed with 1mL of ice-cold 70% (v/v) ethanol. Samples were centrifuged at
648 20000 xg for 1 min at RT and the supernatant was discarded. The pellet was left to air-dry.
649  Afterwards the pellet was resuspended in 25pl of Nuclease-free water and incubated at 55°C for
650 10 min with gentle shaking. Samples were sent to Lausanne Genomic Technologies Facility for
651 next-generation sequencing. Sequencing results were assembled to the reference genome (NCBI
652 Reference Sequence GCF_002085525.1) using the CLC workbench (Qiagen) and plotted using
653 Microsoft Excel.
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Data and code availability

The codes used to create average localization heatmaps were deposited to github

(https://github.com/BacterialCellBiologyLab/AverageCellLoc/releases/tag/1.0.0).
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977

978  Figure 1. Single-Locus FROS reveals number of origins across cell cycle stages. A Schematic of
979  the single-locus FROS system used in this study. A sequence encoding the TetR repressor fused
980 tothe mNeonGreen (mNG) fluorescent protein, under the control of a cadmium-inducible

981 promoter with leaky expression, was integrated in the spa locus (right). TetR-mNG binds to an
982  array of 48 tetO operator sequences introduced at the locus of interest (left). B Bar chart

983 representing the relative frequency of cells of the JE2_FROS®" DnaN-Halo strain with 1-4 Ori
984  fociin P1 (yellow, no septum) or P2/P3 (blue, incomplete and complete septum) cell cycle

985 stages. Data from three biological replicates (n=100 each), error bars indicate standard
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deviation. C Bar chart showing the relative frequency of P1 and P2/P3 cells of the

JE2_FROS°" DnaN-Halo strain with Ori and replisome (visualized using DnaN as a proxy) either
colocalizing (yellow) or not (blue). Data from three biological replicates (n=100 each), error
bars indicate standard deviation. D Classification of newborn cells by Ori number and Ori
/replisome colocalization. Left, brightfield and fluorescence microscopy images of a
representative cell from JE2_FROS°"_DnaN-Halo strain that underwent division between frame
Oand frame +1, showing two newborn cells with two Ori each in the latter frame (3 min
interval between frames). JF549-labelled DnaN-Halo signal in red and TetR-mNG (Ori) signal in
green. Right, bar chart showing the relative frequency of each class of newborn cells,
categorized by Ori number, replisome assembly, and Ori/replisome colocalization. Data from

three biological replicates (n= 36, 36, 30), error bars indicate standard deviation.
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998

999 Figure 2. Localization of chromosomal regions during the cell cycle. A Schematic of the
1000  S. aureus chromosome showing the locations of (tetO)ass arrays used to localize the
1001 chromosomal origin, terminus, left arm and right arm. B Fluorescence microscopy images of
1002 cells with indicated chromosomal regions labeled by TetR-mNG (green) and membrane labeled
1003 with FM 4-64 dye (red). Scale bar: 2um. C Heatmaps showing the average localization of
1004 detected fluorescent TetR-mNG spots in strains indicated in B. The color scale in each dataset
1005 ranges from red (maximum spot density) to dark blue (no spots detected), n>2500 cells per

1006  dataset. D Bar charts showing the distribution of the number of origin (left, strain JE2_FROS®")
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1007 or terminus (right, strain JE2_FROS™) foci for cells in each cell phase of the cell cycle. Data
1008  from three biological replicates (n>600 each), error bars indicate standard deviation. E

1009 Heatmaps showing the average localization of detected fluorescence spots for cells of strains
1010  JE2_FROS°" (Ori) and JE2_FROS™" (Ter) in each phase of the cell cycle. Color scale as in panel C.
1011 From left to right n=3036, 1099, 436 (origin heatmaps); 1956, 610, 256 (terminus heatmaps).
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Figure 3. Role of ParB-parS and SMC-ScpAB in chromosome organization. Normalized Hi-C
maps showing contact frequencies for pairs of genomic regions (5-kb bins) which are
represented by the Hi-C score (lower right color scale) in the indicated strains. The
chromosomal origin is at the center of the axes. The primary diagonal, running from lower-left
to upper-right, represents local, short-range interactions, while the secondary diagonal,
running upper-left to lower-right, represents interactions between loci equidistant from the
Ori and on opposite chromosomal arms. Green dotted lines cross the maps horizontally and
vertically, through the center (Ori), where the two diagonals intersect in JE2, but not in

JE2_A4parS. Below each map a scheme shows the proposed chromosome arrangement, with
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1022  the Oriin green, the parsS sites in red and the Ter in yellow. Pairs of loci that, in JE2, would be
1023 on opposite arms and in physical proximity (long-range contacts), are represented as colored
1024 line segments. Note that the specific pattern of long-range contacts that results in the

1025 secondary diagonal in JE2, is lost in the JE2_AparB and JE2_A5parsS strains. In these strains SMC
1026  is no longer loaded at specific pars sites, leading to different possible chromosome

1027  arrangements, three examples of which are represented.
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Figure 4. Role of ParB and SMC-ScpAB in chromosome segregation. Fluorescence microscopy
images of the indicated strains showing localization of Ori (top) or Ter (bottom) labeled with
the FROS system (green) and membrane labeled with FM 4-64 dye (red). Scale bar: 2um.
Heatmaps of the average localization of detected fluorescence spots of each strain are shown
below each microscopy image. The color scale in each dataset ranges from red (maximum spot
density) to dark blue (no spots detected), n>3000 per dataset. B Bar charts showing the
relative distribution of the number of Ori (left, n>800) and Ter (right, n>900) foci in cells of
strains shown in A. Data from three biological replicates, error bars indicate standard

deviation.
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1040 Figure 5. Impact of FtsK, SpolllE, XerC and Noc absence on Ori and Ter copy nhumbers. A

1041 Fluorescence microscopy images of the indicated strains showing localization of Ori or Ter
1042 labeled with the FROS system (green) and membrane labeled with FM 4-64 dye (red). Scale
1043 bar: 2um. Heatmaps of the average localization of detected fluorescence spots of each strain
1044  are shown below each microscopy image. The color scale in each dataset ranges from red
1045  (maximum spot density) to dark blue (no spots detected), n>2500 each. B Bar chart showing
1046  the relative distribution of number of origin foci in cells of the strains shown in A. Data from
1047  three biological replicates, error bars indicate standard deviation, n>500. C Bar chart showing
1048  the relative distribution of number of terminus foci in cells of the strains shown in A. Data from

1049 three biological replicates, error bars indicate standard deviation, n>800.
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1052 Figure 6. Representation of chromosome organization and dynamics of a typical S. aureus
1053  cell cycle. The cell envelope (brown), origins (green circles), active replisomes (magenta
1054  circles), termini (yellow circles) and the chromosome (orange and brown) are illustrated. A
1055  Typical newborn cell (P1), with two segregated origins and a hemi-replicated chromosome. B
1056 P2 cell, after the new round of replication has begun, and origins segregation has initiated. C
1057 P3 cell, which generally has four segregated origins and each hemi-replicated chromosome
1058  occupying one of the hemispheres, which become spherical again after cell division. Notice
1059  that the cell cycle and chromosome replication cycle are not coupled and Ori segregation can

1060  occur as early as P1, leading to ~35% of P1 cells having three or four origins.
1061
1062
1063
1064
1065

1066
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1067  Supplementary Figures and Tables
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1069  Supplementary Figure 1. Chromosome organization and dynamics in various bacteria.

1068

1070  Chromosome are depicted as black lines, with the origin and terminus as green and yellow
1071  dots, respectively. Species are arranged according to their taxonomy, as indicated by the

1072  colored boxes labelled with the corresponding phyla. Cells are represented, from left to right,
1073  as newborn, in an intermediate stage and pre-divisional. For species marked with an asterisk,
1074  the diagram represents chromosome dynamics under slow growing conditions (in the absence

1075  of multifork replication). References are provided in the main text.
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1078  Supplementary Figure 2. Dual labeling of origins and termini using the FROS system. A Phase

1079  contrast (left) and fluorescence (middle and right) microscopy images of cells expressing TerR-
1080  eYFP and Lacl-eCFP in strain JE2_Ori_CFP_Ter_YFP (top) with a (/lacO)as array integrated near
1081  the origin and a (tetO)as array near the terminus, and in strain JE2_Ori_YFP_Ter_CFP (bottom)
1082  with a (lacO)ss array integrated near the terminus and (tetO)ss array near the origin. B Bar
1083 chart showing the number of Ori/cell and Ter/cell for the strains showed in A, after 1 or 2

1084  hours of induction with 1uM of CdCl, (n>1200 per condition).

1085

43


https://doi.org/10.1101/2025.02.18.638847
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.02.18.638847; this version posted February 19, 2025. The copyright holder for this
preprint (which 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 available under aCC-BY-NC-ND 4.0 International license.

30 A

c

kel

T 25 1

>

&

a 20 A

o

=

‘S 15 -+

[

&

£ 10 A1

©

e

& N i

ol mim  mm n =
Number of
Ori foci 2 2 3 4

Replisome Y N Y v v v v v v v

assembled
Replisome-Ori
colocalization N N Y N Y N Y N N
Septum (partial N N N v v

or complete)

‘Q
Membrane

Replisome H

m@@@@@@@@“

1086

1087  Supplementary Figure 3. Origin number and co-localization with replisome during the S.
1088  aureus cell cycle. Bar chart showing the distribution of JE2_FROS®" DnaN-Halo cells manually
1089 classified according to the number of origin foci, replisome assembly, colocalization of DnaN-
1090 Halo with origins and presence of a visible septum (partial or complete). Data from three

1091 biological replicates, error bars indicate standard deviation, n=100. Below the chart are images
1092 of representative cells with origins labeled by TetR-mNG, DnaN-Halo labeled with JF549 and
1093 membrane labeled with CellBrite Fix 640 dye. The bottom row shows schematic

1094 representations of these cells to illustrate the classification.
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1097  Supplementary Figure 4. Representative time-lapse of the S. aureus chromosome cycle.

1098 Images from time-lapse microscopy of S. aureus cells of the strain JE2_FROS®"_DnaN-Halo with
1099 origins labeled by TetR-mNeonGreen (green) and DnaN-Halo fusion labeled with JF549 (red).
1100  Frames were captured at 3 min intervals. For periods without relevant changes, only the initial
1101  frame is shown and the range is indicated in the lower right corner. Cell outlines are shown in
1102  white. Arrows mark key events: replication termination (yellow), re-initiation (blue) and visible

1103  origin segregation (red).

1104
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1105
1106  Supplementary Figure 5. Identification of ParB binding sites and role of ParB and SMC-ScpAB
1107  complex in chromosome organization. A DNA regions enriched by anti-FLAG
1108  immunoprecipitation in JE2_ParB-3xFLAG (red) compared to JE2_3xFLAG-mNG control (blue).
1109  The x-axis indicates genomic position and the y-axis represents the number of reads for each
1110 position. Red arrows mark the position of parS sequences. B List of the five identified parsS sites
1111 in S. aureus, including genomic position, sequence and whether the shown sequence is in the

1112 (+) or (-) strand of the chromosome. The sites parS1, parS3 and parS5 were previously
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1113  described (23). C Contact probability curves for JE2 (red), JE2_AparB (yellow) and JE2_AscpAB
1114 (blue) strains. The curves represent the averaged probability of a contact (y-axis) between two
1115 loci separated by a given genomic distance indicated in the x-axis. Sequences separated by
1116  shorter distances (left side) have a higher probability of being in contact, and as the distance
1117  grows (moving towards the right side), the probability of contact decreases. Since the

1118 chromosome is circular, the curve rises again at its rightmost end.
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1120  Supplementary Figure 6. Quantification of anucleate cells in mutants lacking ParB or SMC-
1121 ScpAB. Bar graph showing the fraction of anucleate cells in the indicated strains. Data from

1122  three biological replicates, n>800 each. Error bars indicate standard deviation.
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1124

1125  Supplementary Figure 7. Genome-wide marker frequency analysis of S. aureus mutants
1126 lacking SpollIE or XerC. Marker frequency analysis based on whole genome sequencing of
1127  indicated strains. JE2_Aspa was used as a reference as the FROS strains also lack the spa gene.
1128  The x axis represents the genomic position, with the origin at the center. Sequencing reads
1129  were normalized to the total number of reads for each sample (reads per million) and mapped
1130  in 10-kb bins. Red arrows mark peaks that are absent in the reference strain. Blue arrows

1131  indicate drops that are absent in the reference strain.
1132

1133
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Strain name

E. coli DC10B

S. aureus JE2

S. aureus RN4220

JE2_Aspa

JE2_ori-tetO48

JE2_ter-tetO48

JE2_left-tetO48

JE2_right-tetO48

JE2_ori-lacO48

JE2_ori-tetO48_ter-

laco48

JE2_ori-lacO48_ter-
tetO48

JE2_Ori_YFP_Ter_CFP

JE2_Ori_CFP_Ter_YFP

JE2_FROS®"

Relevant information

dam+ dcm+ AhsdRMS endA1
recAl
Community acquired MRSA

Restriction deficient
derivative of S. aureus
NCTC8325-4
spa::Aspa-Notl

Ori-(tetQ)as

Ter-(tetO)ss

Left-(tetO)ss

Right-(tetO)ss

Ori-(lacO)us

Ori-(tetQ)as Ter-(lacO)as

Ori-(lacQ)as Ter-(tetO)as

Aspa::tetR-eYFP lacl-eCFP Ori-

(tetO)as Ter-(lacO)as

Aspa::tetR-eYFP lacl-eCFP Ori-
(lacO)as Ter-(tetO)ss

Aspa::.tetR-mneongreen Ori-
(tetR)ss

Supplementary Table 1: Strains used in the study

Construction/Source

(100)

(66)

(101)

Plasmid pMAD-Aspa was transduced into strain JE2,
followed by an integration/excision process to delete
the spa gene.

Plasmid pBCBSS289 was transduced into strain JE2,
followed by an integration/excision process to introduce
(tetO)asnear the origin region (between genes
SAUSA300_2631 and SAUSA300_2632).

Plasmid pBCBSS285 was transduced into strain JE2,
followed by an integration/excision process to introduce
(tetO)asnear the Ter region (between genes
SAUSA300_1326 and SAUSA300_1327)

Plasmid pBCBSS315 was transduced into strain JE2,
followed by an integration/excision process to introduce
(tetO)asin the left arm of the chromosome (between
genes SAUSA300_1984 and SAUSA300_1985)

Plasmid pBCBSS317 was transduced into strain JE2,
followed by an integration/excision process to introduce
(tetO)asin the right arm of the chromosome (between
genes SAUSA300_0660 and SAUSA300_0661)

Plasmid pBCBSS290 was transduced into strain JE2,
followed by an integration/excision process to (lacO)ss
near the origin region (between genes SAUSA300_2631
and SAUSA300_2632).

Plasmid pBCBSS283 was transduced into strain JE2_ori-
tet048, followed by an integration/excision process to
introduce (lacO)ss near the Ter region (between genes
SAUSA300_1326 and SAUSA300_1327)

Plasmid pBCBSS285 was transduced into strain JE2_ori-
lac048, followed by an integration/excision process to
introduce (tetO)ssnear the Ter region (between genes
SAUSA300_1326 and SAUSA300_1327)

Plasmid pBCBSS292 was transduced into strain JE2_ori-
tetO48_ter-lac048, followed by an integration/excision
process to introduce in the spa locus a laci-ecfp and
tetR-eyfp fusions under a cadmium inducible promotor.
Plasmid pBCBSS292 was transduced into strain JE2_ori-
lacO48_ter-tet048, followed by an integration/excision
process to introduce in the spa locus a laci-ecfp and
tetR-eyfp fusions under a cadmium inducible promotor.
Plasmid pBCBAIMO018 was transduced into strain
JE2_ori-tet048, followed by an integration/excision
process to replace spa by a tetR-mNG fusion under a
cadmium inducible promotor.
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JE2_FROS™"

JE2_FROS'eft

JE2_FROSRisht

JE2_FROS"_DnaN-
Halo

JE2_FROS®"_AparB

JE2_FROS®"_smcS™"

JE2_FROS®"_AscpAB

JE2_FROS®_AftsK

JE2_FROS®"_Anoc

JE2_FROS®"_AspollIE

JE2_FROS®"_AxerC

JE2_FROS'"™"_AparB

JE2_FROS'*"_smc°T°?

JE2_FROS'"_AscpAB

JE2_FROS'®"_Aftsk

Aspa::tetR-mneongreen Ter-
(tetO)as

Aspa::tetR-mneongreen Left-
(tetO)as

Aspa::tetR-mneongreen
Right-(tetO)ss

Aspa::tetR-mneongreen Ori-
(tetR)ss dnaN::dnaN-halo

Aspa::tetR-mneongreen Ori-
(tetO)as parB::AparB

Aspa::tetR-mneongreen Ori-
(tetR)sg smc3TOP

Aspa::tetR-mneongreen Ori-
(tetO)as AscpAB

Aspa::tetR-mneongreen Ori-
(tetR)ss AftsK

Aspa::tetR-mneongreen Ori-
(tetR)as Anoc

Aspa::tetR-mneongreen Ori-
(tetR)as AspolllE

Aspa::tetR-mneongreen Ori-
(tetR)as AxerC

Aspa::tetR-mneongreen Ter-
(tetR)as AparB

Aspa::tetR-mneongreen Ter-
(tetR)ss smc> TP

Aspa::tetR-mneongreen Ter-
(tetR)ss AscpAB

Aspa::tetR-mneongreen Ter-
(tetR)as AftsK

Plasmid pBCBAIMO018 was transduced into strain
JE2_ter-tet048, followed by an integration/excision
process to replace spa by a tetR-mNG fusion under a
cadmium inducible promotor.

Plasmid pBCBAIMO018 was transduced into strain
JE2_left-tetO48, followed by an integration/excision
process to replace spa by a tetR-mNG fusion under a
cadmium inducible promotor.

Plasmid pBCBAIMO018 was transduced into strain
JE2_right-tet048, followed by an integration/excision
process to replace spa by a tetR-mNG fusion under a
cadmium inducible promotor.

Plasmid pBCBAIMOO01 was transduced into strain
JE2_FROS®", followed by an integration/excision process
to introduce a dnaN-halo fusion into the native locus
Plasmid pBCBMS073 was transduced into strain
JE2_FROS®", followed by an integration/excision process
to delete parB.

Plasmid pBCBDB013 was transduced into strain
JE2_FROS®", followed by an integration/excision process
to introduce an array of STOP codons near the start of
the smc gene. Positive clones were identified by colony
PCR followed by Bglll digestion of the PCR product.
Plasmid pBCBMS086 was transduced into strain
JE2_FROS®", followed by an integration/excision process
to delete scpA and scpB

Plasmid pBCBHV012 was transduced into strain
JE2_FROS®", followed by an integration/excision process
to delete ftsK.

Plasmid pBCBHV001 was transduced into strain
JE2_FROS®", followed by an integration/excision process
to delete noc.

Plasmid pBCBHV009 was transduced into strain
JE2_FROS®", followed by an integration/excision process
to delete spolllIE.

Plasmid pBCBHV046 was transduced into strain
JE2_FROS®", followed by an integration/excision process
to delete xerC.

Plasmid pBCBMS073 was transduced into strain
JE2_FROS™", followed by an integration/excision process
to delete parB.

Plasmid pBCBDBO013 was transduced into strain
JE2_FROS™, followed by an integration/excision process
to introduce an array of STOP codons near the start of
the smc gene. Positive clones were identified by colony
PCR followed by Bglll digestion of the PCR product.
Plasmid pBCBMS086 was transduced into strain
JE2_FROS™", followed by an integration/excision process
to delete scpA and scpB.

Plasmid pBCBHV012 was transduced into strain
JE2_FROS™, followed by an integration/excision process
to delete ftsK.
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JE2_FROS'*"_Anoc

JE2_FROS'®"_AspolllE

JE2_FROS'®"_AxerC

Aspa::tetR-mneongreen Ter-
(tetR)s noc::Anoc

Aspa::tetR-mneongreen Ter-
(tetR)as spolllE::AspolllE

Aspa::tetR-mneongreen Ter-
(tetR)as xerC::AxerC

Plasmid pBCBHV001 was transduced into strain
JE2_FROS™, followed by an integration/excision process
to delete noc.

Plasmid pBCBHV009 was transduced into strain
JE2_FROS™, followed by an integration/excision process
to delete spollIE.

Plasmid pBCBHV046 was transduced into strain
JE2_FROS™, followed by an integration/excision process
to delete xerC.

JE2_AparB AparB Plasmid pBCBMS073 was transduced into strain JE2,
followed by an integration/excision process to delete
parB.

JE2_smcS™°P smc’T°P Plasmid pBCBDB013 was transduced into strain JE2,
followed by an integration/excision process to introduce
an array of STOP codons near the start of the smc gene.
Positive clones were identified by colony PCR followed
by Bglll digestion of the PCR product.

JE2_AscpAB AscpAB Plasmid pBCBMS086 was transduced into strain JE2,
followed by an integration/excision process to delete
scpA and scpB.

JE2_AscpAB_AparB AscpAB AparB Plasmid pBCBMS086 was transduced into strain
JE2_AparB, followed by an integration/excision process
to delete scpA and scpB.

JE2_AparS(-1°) AparS(-1°) Plasmid pBCBSS322 was transduced into strain JE2,
followed by an integration/excision process to delete
the parsS site at -1° (parS5). Positive clones were
identified by colony PCR followed by Bglll digestion and
sequencing of the PCR product.

JE2_A2parS AparS(-1°) Plasmid pBCBSS319 was transduced into strain

*parS(+3°) JE2_AparS(-1°), followed by an integration/excision
process to mutate the parsS site at +3° (parS1). Positive
clones were identified by colony PCR followed by Pmli
digestion and sequencing of the PCR product.

JE2_A3parS AparS(-1°) Plasmid pBCBSS321 was transduced into strain

*parS(+3°) JE2_A2pars, followed by an integration/excision process

AparS(-12°) to delete the parsS site at -12° (parS4). Positive clones
were identified by colony PCR followed by Bglll digestion
and sequencing of the PCR product.

JE2_AA4parS AparS(-1°) Plasmid pBCBSS320 was transduced into strain

*parS(+3°) JE2_A3pars, followed by an integration/excision process

AparS(-12°) to delete the parsS site at +35° (parS3). Positive clones

AparS(+35°) were identified by colony PCR followed by Bglll digestion
and sequencing of the PCR product.

JE2_A5parS AparS(-1°) Plasmid pBCBSS379 was transduced into strain

*parS(+3°) JE2_A4pars, followed by an integration/excision process
AparS(-12°) to mutate the pars site at +6° (parS2). Positive clones
AparS(+35°) were identified by colony PCR followed by Acll digestion

*parS(+6°) and sequencing of the PCR product.

RN4220_ParB-

3xFLAG

parB::pMUTIN4-parB-3xflag

Plasmid pBCBSS269 was electroporated into strain
RN4220 and clones that integrated the plasmid into the
chromosome to express a parB-3xflag fusion from the
native parB locus were obtained after selection with
erythromycin.
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JE2_ParB-3xFLAG parB::pMUTIN4-parB-3xflag Plasmid pBCBSS269 was transduced from RN4220_ParB-
3xFLAG into strain JE2 to express a parB-3xflag fusion
from the native parB locus. Clones that acquired the
plasmid were obtained after selection with
erythromycin.

JE2_3xFLAG-mNG Aspa::Pspac-3xflag- Plasmid pBCBSS135 was transduced into strain JE2,

mneongreen followed by an integration/excision process replace spa
by a 3xflag-mNG fusion. Positive clones were identified
by colony PCR.
1135 Plasmids were initially introduced by electroporation into RN4220 and then transduced into the
1136 required strain using phage 80a as described in materials and methods. The integration/excision
1137 process used for allelic replacement is described in the methods section. Except where stated otherwise,
1138 positive clones were identified by colony PCR.

1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150
1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
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Plasmid name

pMAD

pCN51

pBCB13

pBCBSS135

pMUTIN4
pBCBHV004
pMAD-Aspa

pLAU53

pLAU29
pLAU23
pBCBHV012
pBCBHV001
pBCBHVO009
pBCBHV046
psav-mSc-|

pBCBAIM001

pBCBSS270

pBCBSS269

pBCB33
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Resistance
in E. coli

Ampicillin

Ampicillin

Ampicillin

Ampicillin

Ampicillin
Ampicillin
Ampicillin

Ampicillin

Ampicillin
Ampicillin
Ampicillin
Ampicillin
Ampicillin
Ampicillin
Chloramph

enicol
Ampicillin

Ampicillin

Ampicillin

Ampicillin

Resistance in
S. aureus

Erythromycin

Erythromycin

Erythromycin

Erythromycin

Erythromycin
Erythromycin
Erythromycin

Erythromycin
Erythromycin
Erythromycin

Erythromycin

Erythromycin

Erythromycin

Erythromycin

Erythromycin

Supplementary Table 2: Plasmids used in the study.

Construction/Source

E. coli-S. aureus shuttle vector with a thermosensitive origin of
replication for Gram-positive bacteria (93)
Plasmid carrying a cadmium-inducible promotor (65)

pMAD-spa derivative with Pspac-lacl region (102)

pBCB13 containing 3XFLAG-mNeonGreen under Pspac control
(83)

Integration vector containing lacZ (103)

PMUTINYFP containing spoOJ-yfp (47)

pPMAD containing spa upstream region-Notl restriction site-
spa downstream region (83)

Plasmid containing a module with the lacl-eCFP and tetR-eYFP
fusions (11)

Plasmid containing a (tetO)as array (11)

Plasmid containing a (lacO)asarray (11)
pMAD derivative to delete ftsK (82)
pMAD derivative to delete noc (47)
pMAD derivative to delete spolllE (82)
pMAD derivative to delete xerC (82)

N. Meiresonne and T. den Blaauwen

pMAD derivative to introduce a dnaN-halo fusion in the native
locus. Three fragments were amplified: A (oligos OBCBAIMO003/
OBCBAIMO004), halo (oligos OBCBAIM005/ OBCBAIMO006) and B
(oligos OBCBAIM007/ OBCBAIMO0O08). Fragments were
combined by extension PCR into a single fragment, which was
cloned, using Gibson Assembly, into pMAD, previously digested
with EcoRI and Ncol.

pMUTIN4 derivative, intermediate plasmid to make C-terminal
FLAG fusions. A DNA fragment generated by hybridization
between the two oligos 3xFLAG_oligol and 3xFLAG_oligo2 was
ligated into Eagl/BamHI-digested pMUTIN4.

pMUTIN4 derivative to introduce a parB-flag fusion in the
native locus. A DNA fragment containing parB was removed
from pBCBHV004 by Hindlll/Eagl digestion and ligated into
equally digested pBCBSS270.

pPMAD containing up- and downstream regions of the spa gene
and Cadmium inducible promoter Pcad. Primers P1_pBCB33 and
P2 _pBCB33 were used to amplify the Pcg promoter from
pPCN51, which was cloned into pBCB13 via EcoRI & Nhel.
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pBCBSS311

pBCBAIMO018

pBCBMS073

pBCBMS086

pBCBDB013

pBCBSS279

pBCBSS283

pBCBSS285

pBCBSS288
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Ampicillin
Ampicillin
Ampicillin
Ampicillin
Ampicillin
Ampicillin
Ampicillin
Ampicillin
Ampicillin

Erythromycin

Erythromycin

Erythromycin

Erythromycin

Erythromycin

Erythromycin

Erythromycin

Erythromycin

Erythromycin

pMAD derivative, to replace spa by a laci-mScl and tetR-mNG
fusions under a cadmium inducible promotor. Four DNA
fragments were amplified: lacl from pLAUS53 (oligos
GA_st7laclcfp-st7tetRyfp_1/ GA_lacl_rev), mScarletl from psav-
mSc-1 (oligos GA_mScarletl_fwd/ GA_mScarletl_rev), tetR from
pLAUS53 (oligos GA_tetR_fwd/ GA_tetR_rev), and mNeonGreen
from pBCBSS270 (oligos GA_mNG_fwd/ GA_mNG_rev). The
fragments were cloned into Xhol/Smal-digested pBCB33 using
Gibson Assembly.

pMAD derivative, to replace spa by a tetR-mNG fusion under a
cadmium inducible promotor. pBCBSS311 was amplified by PCR
with oligos OBCBAIMO082/ OBCBAIMO083 to remove the lacl-sc/
module. Amplification product was treated with Dpnl and
directly used for transformation.

pMAD derivative to delete parB. Two fragments were
amplified: A (oligos mNG-parB P1 fw/ d-parB P2 rv) and B
(oligos d-parB P3 fw/ parB-fusion P4 rv). Fragments were
combined by extension PCR into a single fragment, which was
cloned, using Gibson Assembly, into pMAD previously digested
with EcoRI and Ncol.

pPMAD derivative to delete scpA and scpB. Two fragments were
amplified: A (oligos d-scpAscpB P1 fw/ d-scpAscpB P2 rv) and B
(oligos d-scpAscpB P3 fw/ d-scpAscpB P4 fw). Fragments were
combined by extension PCR into a single fragment, which was
cloned, using Gibson Assembly, into pMAD previously digested
with EcoRI and Ncol.

pPMAD derivative to introduce an array of STOP codons near
the start of the smc gene. Two fragments were amplified: A
(oligos GA_Smc-up_1/ smc+24_stop-Bglll_rev) and B (oligos
smc+24_stop-Bglll_fwd/ GA_Smc-N_6). Fragments were
combined by extension PCR into a single fragment, and cloned
into pMAD via EcoRI and BamHI.

pMAD derivative, intermediate plasmid to introduce operator
arrays near the Ter region. Two DNA fragments were amplified:
SAUSA300_ 1326 (oligos 1326_Bam_fwd/ 1326_MCS_rev) and
SAUSA300_ 1327 (oligos 1327_MCS_fwd/ 1327 _Pvull_rev). The
fragments were digested with BamHI/Sall and Sall/Pvull,
respectively, and ligated into BamHI/Smal-digested pMAD.
pMAD derivative to introduce a lacO array near the Ter region.
A DNA fragment containing the (lacO)as array was removed
from pLAU23 by Nhel/Sall digestion and ligated into equally
digested pBCBSS279.

pMAD derivative to introduce a tetO array near the Ter region.
A DNA fragment containing the (tetO)ss array was removed
from pLAU29 by Nhel/Sall digestion and ligated into equally
digested pBCBSS279.

pMAD derivative, intermediate plasmid to introduce operator
arrays near the Ori region. Two DNA fragments were amplified:
SAUSA300_2631 (oligos 2631_Bam_fwd/ 2631_MCS_rev) and
SAUSA300_2632 (oligos 2632_MCS_fwd/ 2632_Pvull_rev). The
fragments were digested with BamHI/Sall and Sall/Pvull,
respectively, and ligated into BamHI/Smal-digested pMAD.
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pBCBSS289

pBCBSS290

pBCBSS292

pBCBSS313

pBCBSS314

pBCBSS315

pBCBSS317

pBCBSS319

pBCBSS320

Ampicillin

Ampicillin

Ampicillin

Ampicillin

Ampicillin

Ampicillin

Ampicillin

Ampicillin

Ampicillin

Erythromycin

Erythromycin

Erythromycin

Erythromycin

Erythromycin

Erythromycin

Erythromycin

Erythromycin

Erythromycin

pMAD derivative to introduce a tetO array near the Ori region.
A DNA fragment containing the (tetO)ss array was removed
from pLAU29 by Nhel/Sall digestion and ligated into equally
digested pBCBSS288.

pMAD derivative to introduce a /lacO array near the Ori region.
A DNA fragment containing the (lacO)as array was removed
from pLAU23 by Nhel/Sall digestion and ligated into equally
digested pBCBSS288.

pMAD derivative to replace spa by a laci-ecfp and tetR-eyfp
fusions under a cadmium inducible promotor. Two DNA
fragments were amplified from pLAU53: lacleCFP (oligos
GA_st7laclcfp-st7tetRyfp_1/ GA_st7laclcfp-st7tetRyfp_2) and
tetReYFP (oligos GA_st7laclcfp-st7tetRyfp_3/ GA_st7laclcfp-
st7tetRyfp_4). The fragments were cloned into Xhol/Smal-
digested pBCB33 using Gibson Assembly.

pMAD derivative, intermediate plasmid to introduce operator
arrays in the left arm of the chromosome. Two DNA fragments
were amplified: SAUSA300_1984 (oligos 1984_Bam_fwd/
1984_MCS_rev) and SAUSA300_1985 (oligos 1985_MCS_fwd/
1985_Pvull_rev). The fragments were digested with BamHI/Sall
and Sall/Pvull, respectively, and ligated into BamHI/Smal-
digested pMAD.

pMAD derivative, intermediate plasmid to introduce operator
arrays in the right arm of the chromosome. Two DNA
fragments were amplified: SAUSA300_0660 (oligos
0660_Bam_fwd/ 0660_MCS_rev) and SAUSA300_0661 (oligos
0661_MCS_fwd/ 0661_Pvull_rev). The fragments were
digested with BamHI/Sall and Sall/Pvull, respectively, and
ligated into BamHI/Smal-digested pMAD.

pPMAD derivative to introduce a tetO array in the left arm of the
chromosome. A DNA fragment containing the (tetO)as array
was removed from pLAU29 by Nhel/Sall digestion and ligated
into Spel/Sall-digested pBCBSS313.

pMAD derivative to introduce a tetO array in the right arm of
the chromosome. A DNA fragment containing the (tetO)as array
was removed from pLAU29 by Nhel/Sall digestion and ligated
into Spel/Sall-digested pBCBSS314.

pMAD derivative to mutate the pars site at +3° (parS1). Two
DNA fragments were amplified: A (oligos parS1-
1_up_Bam_fwd/ parS1-1_up_EFHVK_rev) and B (oligos parS1-
1_down_EFHVK_fwd/ parS1-1_down_Eco_rev). The fragments
were combined by extension PCR into a single fragment,
digested with BamHI/EcoRI and ligated into equally digested
pMAD.

pMAD derivative to delete the pars site at +35° (parS3). Two
DNA fragments were amplified: A (oligos parS1-

2 _up_Bam_fwd/ parS1-2_up_Bglll_rev) and B (oligos parS1-
2_down_Bglll_fwd/ parS1-2_down_Sma_rev). The fragments
were digested with BamHI/Bglll and Bglll/Smal, respectively,
and ligated into BamHI/Smal-digested pMAD.
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pBCBSS321 Ampicillin
pBCBSS322 Ampicillin
pBCBSS379 Ampicillin

Erythromycin

Erythromycin

Erythromycin

pMAD derivative to delete the parS site at -12° (parS4). Two
DNA fragments were amplified: A (oligos parS1-

4 up_Bam_fwd/ parS1-4_up_Bglll_rev) and B (oligos parS1-
4 down_Bglll_fwd/ parS1-4_down_Eco_rev). The fragments
were digested with BamHI/Bglll and Bglll/EcoRlI, respectively,
and ligated into BamHI/EcoRI-digested pMAD.

pMAD derivative to delete the parsS site at -1° (parS5). Two
DNA fragments were amplified: A (oligos parS1-

3 _up_Bam_fwd/ parS1-3_up_Bglll_rev) and B (oligos parS1-
3 _down_Bglll_fwd/ parS1-3_down_Eco_rev). The fragments
were digested with BamHI/Bglll and Bglll/EcoRlI, respectively,
and ligated into BamHI/EcoRI-digested pMAD.

pMAD derivative to mutate the pars site at +6° (parS2). Two
DNA fragments were amplified: A (oligos parS+6_up_Sma_rev/
parS+6_up_RFTLN_fwd) and B (oligos
parS+6_down_RFTLN_rev/ parS+6_down_Bam_fwd). The
fragments were combined by extension PCR into a single
fragment, digested with Smal/EcoRlI and ligated into equally
digested pMAD.

1162 Except if stated otherwise, JE2 genomic DNA was used as a template for PCR reactions

1163

1164

1165

1166

1167

1168

1169

1170

1171

1172

1173

1174

1175

1176

1177

57


https://doi.org/10.1101/2025.02.18.638847
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.02.18.638847; this version posted February 19, 2025. The copyright holder for this
preprint (which 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 available under aCC-BY-NC-ND 4.0 International license.

1178  Supplementary Table 3: oligonucleotides used in the study.

Name
OBCBAIMO003
OBCBAIMO004
OBCBAIMO005
OBCBAIMO006
OBCBAIMO007
OBCBAIMO008
OBCBAIMO082
OBCBAIMO083
parB-fusion P1
fw
parB-fusion P4
rv

mNG-parB P1
fw

d-parB P2 rv
d-parB P3 fw
parB-fusion P4
rv

d-scpAscpB P1
fw

d-scpAscpB P2
rv

d-scpAscpB P3
fw

d-scpAscpB P4
fw

GA_Smc-
up_1
smc+24_stop-
Bglll_rev
smc+24_stop-
Bglll_fwd
GA_Smc-N_6
1326_Bam_fwd
1326_MCS_rev

1327_MCS_fwd

1327_Pvull_rev
2631_Bam_fwd
2631_MCS_rev

2632_MCs_fwd

2632_Pvull_rev

GA_st7laclcfp-
st7tetRyfp_1

Sequence (5'->3')
CTAGACAGATCTATCGATGCATGCCATGGCAGCGACTGACTCACACCGC
CCTCCACTTCCACCGTAAGTTCTGATTGGTAAAATTAATTGCGTTACCG
ATCAGAACTTACGGTGGAAGTGGAGGTGGAAGT
ATATTTATTTTTATTAACCACTGATTTCTAAAGTAGATAACC
ATCAGTGGTTAATAAAAATAAATATAAATAAAGGATGACGTGATTAATT
CAGCCTCGCGTCGGGCGATATCGGATCCGAAAGAACCAGCATCTTCAGG
CGGGAAAAAATAAGGAGGAAAAAAAATGGTGTCTAGA
CCATTTTTTTTCCTCCTTATTTTTTCCCGGG
CGATGCATGCCATGGTACCCAAAATTGCTGGTCTAAAATACG

CTTCTAGAATTCGAGCTCCCTGTACCACCGTTATTTATCTTAAC
CGATGCATGCCATGGTACCCATAAAAAGGACGAAAGCTTATG

CTGTTGTTATCAAATAAAAAGTGAT
TATCAAATAAAAAGTGATTTACACAATTTTATATAATAACTCTTTGTG
GTTAAGATAAATAACGGTGGTACAGGGAGCTCGAATTCTAGAAG

ATGCATGCCATGGTACCCTGGCGATTACGACCTTCTGTAATTG
CATTATTTTCTCCTTTTTGATTGACAATATCTACCTCGTATTG
AATATCTACCTCGTATTGCGTC
GAAAACATAGACGTAATTAATCGGGAGCTCGAATTCTAGA
GTATCGATAAGCTTGATATCGAATTCGTCTTGAAAAATAATAAATCTTACATC
CCAATGGCAGATCTTTATCACTATTAATCTATTGATTTTAAATAAACC
TAATAGTGATAAAGATCTGCCATTGGATTTAAGTCTTTTGC

GCGGCCGCTCTAGAACTAGTGGATCCTTTGTTTACTTTTCAGAGACTTATAAG
ATATGGATCCTCGTCGTCCCACCCCAACTTGCATTGTCTGT
ATATGTCGACACCCGGGAGCTAGCACTCGAGCGATTGACATCACATCAGTCGGTGCTCCT

ATATCTCGAGTGCTAGCTCCCGGGTGTCGACGTGCTCCTCTATTTATCAAAGAAACAAATT
A

ATATCAGCTGAGAGATATTAATAATGCGCATACATTACAGCA
ATATGGATCCATGAATATTGCGAAGTTAGAGAATTATTTAC
ATATGTCGACACCCGGGAGCTAGCACTCGAGAAGCATAAAAAAGGGGCGCTACCTACAA
TAAG
ATATCTCGAGTGCTAGCTCCCGGGTGTCGACCATAAACACAACAAAAAGGATATGACACA
AACTTC

ATATCAGCTGAACATGTTGCACTGATAATATCGTCATAGTC
CAATGTCTGAACCTGCACCCGGGAAAAAATAAGGAGGAAAAAAAATGGTGGTGAATGT
GAAACC
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GA_st7laclcfp-
st7tetRyfp_2
GA_st7laclcfp-
st7tetRyfp_3
GA_st7laclcfp-
st7tetRyfp_4
1984_Bam_fwd

1984_MCS_rev
1985_MCS_fwd
1985_Pvull_rev
0660_Bam_fwd
0660_MCS_rev
0661_MCS_fwd
0661_Pvull_rev

parS1-
1_up_Bam_fwd
parS1-
1_up_EFHVK_r
ev

parS1-
1_down_EFHVK
_fwd

parS1-
1_down_Eco_r
ev

parS1-
2_up_Bam_fwd
parS1-
2_up_Bglll_rev
parS1-
2_down_Bglil_f
wd

parS1-
2_down_Sma_r
ev

parS1-
3_up_Bam_fwd
parS1-
3_up_Bglll_rev
parS1-
3_down_Bglil_f
wd

parS1-
3_down_Eco_r
ev

parS1-
4_up_Bam_fwd
parS1-
4_up_Bglll_rev

TTATCTAGACTTGTACAGCTCG
AGCTGTACAAGTCTAGATAATGAATAGCTAAGGTAATAAAAAATAAGGAGGAAAAAAAA
TGGTGTCTAGATTAGATAAAAGTAAAGTG
ATTAATGCAGCGCTAGCTACTCGAGGGTACCCGGCCGTCTCATCCGCCAAAACAGCC

ATATGGATCCCATCATTGCTAACTGTTATT
ATATGTCGACACCCGGGAACTAGTACTCGAGCGTGTGTGATTCGTTTTTTT
ATATCTCGAGTACTAGTTCCCGGGTGTCGACGATTATCGTCGCTGTGATTCG
ATATCAGCTGCCAGATCCAGATAAACCAAAGCCA
ATATGGATCCTCCAGGATACGCTTCAACAC
ATATGTCGACACCCGGGAACTAGTACTCGAGCTAAATTACAGTTACCGAA
ATATCTCGAGTACTAGTTCCCGGGTGTCGACTGATTTTATCATTAACAGTAC
ATATCAGCTGCGTTTAATATGATATGATTGACCT
ATATGGATCCGCAACAGACCGCCGTGGAC

GTGGATTTTGCTTTACATGAAATTCGACACGTTTATCGCCTCT

AATTTCATGTAAAGCAAAATCCACTTTATAATCGAATG

ATATGAATTCTTGAAATTGAAATGATTTGGTAC

ATATGGATCCGTTATTAGCTAAAGATGGTTATAC

ATATAGATCTAATAGTGACAATTAGATTTATATAAAATG

ATATAGATCTCTTTTTTAACTCCAAAAAGTATTCCTATTCCACTC

ATATCCCGGGGGATTATGGGTCATGGCAGCA

ATATGGATCCGGATGATGAAGAGACGGCTGTTG

ATATAGATCTAAAAAAAAGACAAAGCTGTTATGATCTTAGC

ATATAGATCTTAAAAATTTATATTTATATGTTGATCAGG

ATATGAATTCGACAATTGCTCCAGTACTAAG

ATATGGATCCATGCTAACATGGCATATGGTCAT

ATATAGATCTTTTTTGTGTATCAGCAAATTGCGCC
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parS1- ATATAGATCTTAGATTTAGCTTATAGTTTTATCATC
4_down_Bglil_f

wd

parS1- ATATGAATTCGATGTGTTGAAACTGAGTTCAATT

4 _down_Eco_r
ev
parS+6_up_Sm  ATATCCCGGGCGATAGCCATGTCCTTTGGCATA

a_rev

parS+6_up_RFT AGATTTACACTTAATATATTGTACCCCTATATTGAAAC

LN_fwd

parS+6_down_ = GGGTACAATATATTAAGTGTAAATCTTTTTTGAATAATATTTTGAATGATGTG

RFTLN_rev

parS+6_down_  ATATGGATCCACCCTATCAAGTTCGTAACATTATC

Bam_fwd

GA_lacl_rev ACCAGAACCTTGACCAGATCCTGGTCCTTGTCCTGATCCTTCCAAGCCCAGCTGCATTAAT
GAATC

GA_mScarletl_f TTGGAAGGATCAGGACAAGGACCAGGATCTGGTCAAGGTTCTGGTGTGAGCAAGGGCG

wd AGGCAGTG

GA_mScarletl_r TTTTTTTCCTCCTTATTTTTTATTACCTTAGCTATTCATTACTTGTACAGCTCGTCCATGCC

ev

GA_tetR_fwd TGAATAGCTAAGGTAATAAAAAATAAGGAGGAAAAAAAATGGTGTCTAGATTAGATAAA
AGTAAAG

GA_tetR_rev AGAGCCACCTCCGCCAGAACCGCCTCCACCGATGTCAGACCCACTTTCAC

GA_mNG_fwd GGTGGAGGCGGTTCTGGCGGAGGTGGCTCTATAATTAAAGTATCAAAAGGTGAAGAAG
GA_mNG_rev ATTAATGCAGCGCTAGCTACTCGAGTTATTTGTATAACTCATCCATGCC

P1_pBCB33 GCCGAATTCGCATGCGCACTTATTCAAGTG

P2_pBCB33 GCCGCTAGCTACTCGAGTACCCGGGTGCAGGTTCAGACATTGAC

3xFLAG_oligol = GGCCGTCCTGCGGCGCCTCCGATTACAAAGATGATGATGACAAAGATTATAAAGATGAC
GACGATAAAGACTACAAGGATGATGACGATAAATAAG
3xFLAG_oligo2  GATCCTTATTTATCGTCATCATCCTTGTAGTCTTTATCGTCGTCATCTTTATAATCTTTGTCA
TCATCATCTTTGTAATCGGAGGCGCCGCAGGAC
1179
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1181
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1183

1184

1185

1186

1187
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