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Published: 06 March 2017 : period), a new round of replication begins before the previous round terminates. Thus, newborn cells
* inherit partially duplicated chromosomes. This phenomenon, which is termed multifork replication,
occurs among fast-growing bacteria such as Escherichia coli and Bacillus subtilis. In contrast, it was
historically believed that slow-growing bacteria (including mycobacteria) do not reinitiate chromosome
replication until the previous round has been completed. Here, we use single-cell time-lapse analyses
to reveal that mycobacterial cell populations exhibit heterogeneity in their DNA replication dynamics.
In addition to cells with non-overlapping replication rounds, we observed cells in which the next
replication round was initiated before completion of the previous replication round. We speculate that
this heterogeneity may reflect a relaxation of cell cycle checkpoints, possibly increasing the ability of
slow-growing mycobacteria to adapt to environmental conditions.

Bacteria must precisely coordinate growth rate with major cell cycle events, including chromosome replication.
The bacterial cell cycle can be divided into three periods: the time between cell division and the initiation of rep-
lication (B period); chromosome replication (C period); and the time between the termination of replication and
the completion of subsequent cell division (D period)'. When the doubling time (Td) is shorter than the duration
of chromosome replication (C period), a new round of replication begins before the previous round terminates.
Thus, newborn cells inherit partially duplicated chromosomes. This phenomenon, termed multifork replication,
is well described in fast-growing model organisms'~!! but has not previously been observed in slow-growing bac-
teria such as mycobacteria. Mycobacteria exhibit an unusual mode of cell elongation and division'?"'*. In contrast
to Escherichia coli and Bacillus subtilis, they grow by polar extension and often divide asymmetrically to generate
daughter cells that differ in size. Recent studies used DnaN-FP (FP stands for fluorescent proteins such as EGFP
or mCherry) to mark the sliding clamp and enable visualization of DNA replication forks (replisomes) in myco-
bacteria'®"’. In these studies, the appearance and disappearance of DnaN-FP foci indicate assembly and disas-
sembly, respectively, of the replisome complex and are considered to correspond to the initiation and termination
of DNA replication, respectively. These studies found that DNA replication occurs near the midcell and that the
replisomes are highly dynamic, frequently splitting over a short distance and then merging back together. These
prior reports also revealed that shortly after the initiation of chromosome replication, two copies of a newly rep-
licated chromosomal origin (oriC) are bound by the segregation protein (ParB) and move towards the cell poles.
Moreover, it was found that after mycobacteria complete chromosome replication, a new round of replication is
initiated prior to cytokinesis of the mother cell (monitored using Wag31-GFP) and is completed in the daughter
cells'?. However, the processes involved in the multifork replication of mycobacteria have not yet been described.

Results and Discussion

In our earlier time-lapse fluorescence microscopic (TLFM) analyses of single-cell replisome dynamics in
Mycobacterium smegmatis, we noted that a subfraction of cells had more than two DnaN-FP foci'”. Moreover,
distances between individual DnaN-FP foci were frequently longer than the corresponding distances in cells with
two fluorescent spots. The presence of widely separated DnaN foci could reflect that a sliding clamp is associated
longer with the template (especially on lagging-strand Okazaki fragments), that DnaN-mediated DNA repair and
recombination is underway'®-?! or that chromosome replication has been re-initiated.
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Alpha-EYFP* 37 1454/-10 74/-15 160+/-25
120+/-9 30+/—12 157 +/-30

DnaN-FP/ParB-mNeon** 30 170 +/—-16 40+/-19 215+/-26
25 226+4/—-24 52+/-22 274+4/-29

Table 1. Cell cycle parameters of alpha-EYFP* and DnaN-FP** strains grown in rich medium at various
temperatures. *The alpha-EYFP and alpha-EYFP/ParB-mCherry strains were equivalent for the listed
parameters; n = 100. **The DnaN-FP (mCherry or EGFP) and ParB-mNeon strains were equivalent for

the listed parameters; n,, = 84, n;o =62, n,; = 61. Generation time was measured as the time between two
subsequent initiation events (in mother cell and daughter cells). This corresponds to the total of C+B+D
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Figure 1. Kinetics of the appearance and disappearance of DnaN-mCherry foci with respect to alpha-EYFP
foci. (top panel) Initiation of DNA replication; t =0 indicates the simultaneous appearance of both replisome
subunits. (bottom panel) Termination of DNA replication; t =0 indicates the simultaneous disappearance of
both replisome subunits (n =53).

To assess whether the appearance of additional DnaN foci reflects replication reinitiation, we visualized the
alpha (catalytic) subunit, which is directly involved in DNA synthesis. We constructed two strains: one encoding
the DNA polymerase III alpha subunit fused with EYFP and one encoding the two replisome fluorescent mark-
ers, alpha-EYFP and DnaN-mCherry. In both strains, the fusion proteins were expressed from their native loci.
A snap-shot analysis revealed that the localization pattern of alpha-EYFP was similar to those observed in the
DnaN-FP strains (Supplementary Fig. 1a)"”. To test whether fusion of the alpha subunit to EYFP disturbed DNA
replication, we used TLFM to compare the cell cycle parameters of the analyzed fluorescent reporter strains. We
found that the duration of DNA replication was shorter in the strain expressing the sliding clamp fused with
mCherry (120 +/—9 min) than in those expressing the alpha subunit fused to EYFP or both fluorescent replisome
markers (145 4/—10min, Table 1). Overall, replication was slightly delayed in strains expressing the catalytic
subunit fused to EYFP. However, we did not note any significant difference in the growth rates of the alpha and
DnaN strains (see growth curves, Supplementary Fig. 1b). The lack of a difference in growth rate was most likely
a consequence of the shortened B and/or D periods of the alpha-labeled strain (see Table 1). Next, we used TLFM
to simultaneously track the dynamics of both replisome subunits at 2-min intervals. During replisome assembly,
both subunits appeared nearly simultaneously (Fig. 1). In contrast, the DnaN-mCherry focus disappeared up to
10 min after alpha-EYFP disassembly in most (98%) cells (Fig. 1). Thus, our data confirmed that the sliding clamp
had a longer association period with the DNA template than the alpha subunit.

Because both the DnaN-mCherry and alpha-EYFP strains have some limitations (longer association with
the DNA and delayed DNA synthesis, respectively), parallel studies were performed using fluorescent repli-
some markers. We tracked the spatiotemporal dynamics of replisomes at different time intervals. The dynam-
ics of alpha-labeled replisomes (Supplementary Movie 1) were similar to those previously described for
DnaN-FP-marked replisomes!”. Our TLFM analysis of both reporter strains revealed that a relatively large
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fraction of cells (more than 10% of each) contained multiple alpha- or DnaN-FP foci and that these were often
widely separated (Supplementary Fig. 1¢). A careful examination of cells with widely separated foci revealed that
the appearance of new alpha- or DnaN-FP-marked replisomes preceded the disappearance of earlier foci, suggest-
ing the onset of another round of replication (see Fig. 2a—c and Supplementary Movies 2 and 3). For DnaN-FP,
we only considered cells in which an additional replication round began a minimum of 10 min before the previ-
ous replisome spot(s) disappeared (i.e., longer than the interval between the disappearances of alpha-EYFP and
DnaN-mCherry).

The initiation of a new round of replication should be followed by the subsequent separation of daughter oriCs,
which can be monitored by visualizing ParB complexes. As ParB-DNA complexes do not disassemble at any stage
of the cell cycle, ParB-FP represents a reliable marker of oriC'®1722. To directly monitor the duplication of oriC
regions, we replaced the parB gene with a parB-mneon or parB-mcherry fusion gene in the DnaN-mCherry or
alpha-EYFP strains, respectively. In canonically dividing cells, the ParB-FP focus will duplicate once per cell cycle,
soon after the appearance of DnaN-mCherry (or alpha-EYFP). Thereafter, both nascent foci move towards the
cell poles (Fig. 2a). In multifork cells (Supplementary Movies 4 and 5) during the first round of replication, we
observed that the oriC is duplicated (similar to cells with non-overlapping rounds of replication) almost imme-
diately after replisome appearance (phase I in Fig. 2a—c); the sister oriCs segregate to positions near the cell poles.
In these cells, however, we observed that an additional replisome focus appeared at one of the segregated oriCs
(phase II); there was a subsequent additional oriC duplication event (phase III). In a substantial fraction of these
reinitiating cells (90%), only one of the two previously segregated oriCs underwent a second duplication event,
which occurred several frames (taken at 5- or 10-min intervals) before the first round of replication terminated
(i.e., the first replisome disappeared). As a consequence of this asynchronous reinitiation, three oriC regions (i.e.,
ParB foci) were observed per single cell: two near the cell poles and a third close to the midcell (see Fig. 2a—c).
In the remaining 10% of reinitiating cells, both sister oriCs were reduplicated. We observed a larger fraction of
multifork cells in the alpha-EYFP/ParB-mCherry strain (18%, n=205) than in the DnaN-mCherry/ParB-mNeon
strain (11%, n=417). Presumably, this difference indicates that the C-period is longer and the B and/or D peri-
ods are shorter in the alpha-EYFP strain compared to the DnaN-mCherry strain. Together, our findings clearly
demonstrate that in a subset of M. smegmatis cells, a new round of replication begins before the previous one has
terminated. Interestingly, in mycobacteria only one of the two sister oriC regions is typically reduplicated, while
in fast-growing bacteria such as E. coli and B. subtilis, reinitiation is triggered at both oriCs.

To exclude the possibility that the fusion of a fluorescent protein with a replisome subunit could affect replica-
tion dynamics and trigger the observed reinitiation, we examined this phenomenon using a strain that expressed
only the ParB-mNeon fusion. Staining with the membrane-specific dye FM5-95 revealed that even though most
dividing cells (89%) had two ParB-mNeon foci, there were a number of cells (11%) in which additional dupli-
cation(s) of ParB foci preceded septum formation, usually resulting in three distinct ParB-mNeon foci per cell
(Fig. 2d). The division of mother cells with three ParB foci usually gave rise to two daughter cells of unequal size:
one with a single ParB complex and one with two ParB complexes (Fig. 2a-d). Thus, one cell inherited a complete
chromosome, while the other contained two partially replicated chromosomes (phase IV in Fig. 2a—c).

The replication reinitiation observed in a fraction of M. smegmatis cells raises an interesting question: Do these
cells exhibit different growth and/or division patterns? A closer look revealed that cells exhibiting multifork rep-
lication were longer at birth than their non-reinitiating counterparts (5.9 pm vs. 4.9 um, respectively, p =1.72e-06
by t-test; Fig. 3a). In addition, septum placement was more often asymmetric (p = 6.84e-08; Fig. 3b), the elonga-
tion velocity was greater (2.0pum h™! vs. 1.7pm h™, respectively, p=1.818e-05 by t-test; Fig. 3¢), and the doubling
time was shorter (136 vs. 158 min, respectively, p =0.0030; Fig. 3d) in multifork-replicating cells than in cells with
non-overlapping C-cycles. When we compared the duration of the C-period in cells that undergo multifork repli-
cation with the corresponding period in the mother cell (i.e., from the previous generation), we failed to detect a
statistically significant difference between the two groups. Thus, reinitiation was not triggered in daughter cells as
a means to compensate for a longer replication time in the mother cell. As it was difficult to observe the dynamics
of multiple foci within a single cell, we could not exclude the possibility that reinitiation may compensate for elon-
gated replication in the same generation in which a multifork event occurs. Analyses of the growth parameters
of reinitiating cells suggested that this reinitiation might be advantageous: cells with overlapping C-cycles grow
faster and divide more frequently than normal cells.

In E. coli and B. subtilis, multifork replication occurs under optimal temperature and nutrient conditions***2,
To test whether these parameters are also crucial for the occurrence of over-replication in M. smegmatis, we
reduced the temperature in the TLFM analyses. As expected, the time required for chromosome replication was
found to be longer at lower temperatures when we compared the C-period obtained at 37°C (120 4-/—9 min) with
those obtained at 30°C (170 +/—16 min) and 25°C (226 +/—24 min) (Table 1). However, we still observed multi-
fork replication at lower temperatures. Surprisingly, the highest fraction of cells with overlapping C-periods was
observed at the lowest tested temperature (25% of cells at 25°C vs. 11% at 37 °C). At both non-optimal tempera-
tures, cells with overlapping C-cycles were significantly longer and had a significantly higher elongation velocity
compared to their normally growing counterparts (p < 0.005 for all comparisons; Supplementary Fig. 1d). We
also analyzed the replication dynamics of cells grown in minimal medium (M9 broth supplemented with 0.05%
Tyloxapol and 0.1% glycerol) at 37 °C. Even under such conditions, we still observed multifork replication (data
not shown), although the fraction of reinitiating cells was lower (6%) than the corresponding fraction of cells
growing in rich medium (11%). Thus, unlike E. coli, mycobacteria do not appear to employ replication reinitiation
exclusively under optimal growth conditions.

Our observation that there is cell-to-cell variation in the replication dynamics of M. smegmatis raises the fol-
lowing question: Is this heterogeneity generated by stochastic or deterministic mechanisms? This is particularly
interesting considering the peculiar mode of growth and division of mycobacteria, which results in daughter
cells that differ in both size and elongation rate. A recent study indicated that there is a deterministic component
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Figure 2. Multifork DNA replication in mycobacteria. (a) Replisome patterns of canonically replicating

and multifork cells. In most (90%) non-canonically replicating cells, only one of the two previously segregated
origins (oriC) undergoes a second duplication. Chromosomes within cells (gray line), oriC/ParB (magenta dot)
and replisomes (green dot) are shown schematically. Examples of cells from different cell cycle phases (I-IV)

are shown below (b and ¢). (b and ¢) Replisome dynamics in cells with overlapping rounds of DNA replication.
TLFM of cells expressing alpha-EYFP (green) (b) or DnaN-mCherry (magenta) (c). The oriC region was
visualized using ParB protein fused to mCherry (b) or mNeon (c). Scale bar, 5um. d, Origin localization in
canonically replicating and multifork cells. TLFM of cells expressing ParB-mNeon (green focus). Cell walls were

stained with FM 5-95 (styryl dye, magenta color). Scale bar, 5 um.
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Figure 3. Comparison of various features between canonically replicating and over-replicating cells. (a)
Cell length. (b) Shifting of the division site with respect to the midcell. (¢) Elongation velocity. (d) Doubling
time (n=>50). Doubling time was measured as time between two subsequent “snapping” events.

to this cell-to-cell heterogeneity in size and elongation rate'®>. However, we observed only minor differences in
the multifork replication frequencies between cells that inherited new and old poles (57% vs. 43%, respectively).
Thus, our data suggest that chromosome replication reinitiation may be a random process in M. smegmatis.
Moreover, we speculate that asynchronous reinitiation may be a consequence of competition between sister cell
origins for limiting replication factor(s), such as proteins responsible for replication initiation and/or pools of
precursors that are required for DNA synthesis in slow-growing bacteria. Asynchronous reinitiation may also be
a consequence of the absence of a sequestration mechanism. We cannot exclude the possibility that heterogeneity
in replication dynamics may be a consequence of relaxed cell cycle checkpoints. It may be tempting to speculate
that such relaxation may be associated with a mycobacterial ability to enter a dormant state and/or return to active
cell division.

In summary, we unexpectedly discovered multifork replication in a slow-growing bacterium, namely M. smeg-
matis. This phenomenon is even more intriguing when we consider that under optimal growth conditions, the
doubling time is longer than the C-period. Moreover, our studies demonstrate for the first time that a clonal pop-
ulation of M. smegmatis exhibits cell-to-cell heterogeneity in replication dynamics: some cells exhibit multifork
replication, while others do not. Surprisingly, we observed a larger fraction of over-replicating cells under unfa-
vorable growth conditions compared to optimal conditions (24% vs. 11% when grown at 25°C and 37 °C, respec-
tively). Over-replicating cells extended more quickly and had shorter doubling times than canonically dividing
cells. We speculate that the cell-to-cell heterogeneity in chromosome replication dynamics may result from
relaxed cell cycle checkpoints and that this helps M. smegmatis adapt to different environmental conditions (e.g.,
nutrient limitations or lower temperatures). Our results can be extrapolated to other species of Mycobacterium,
including M. tuberculosis, because most of the cell cycle proteins, including those involved in chromosome rep-
lication, are nearly identical. For example, DnaN protein from M. smegmatis shares high homology with the
corresponding protein from M. tuberculosis (99% identity).

Methods

Bacterial strains and plasmids. Al plasmids used for mycobacterial transformation were propagated in
the E. coli DH5a strain. Cells were incubated in LB broth or on LB agar plates (Difco) supplemented with proper
antibiotic(s) (ampicillin, kanamycin) and/or other compounds (X-Gal, isopropyl-3-D-1-thiogalactopyranoside
[IPTG]) according to standard procedures®. Mycobacterial strains were cultured either in 7H9 broth or on 7H10
agar (Difco) supplemented with OADC (BD) and 0.05% Tween80 and/or proper antibiotics. Strains, plasmids
and primers are listed in Supplementary Table 1.

The allelic replacement of genes encoding the alpha (Msmeg_3178) or beta (dnaN, Msmeg_0001) subunits of
polymerase DNA III with either alpha-eyfp or dnaN-mcherry fusion genes, as well as the replacement of the parB
gene with a parB-mneon green/parB-mcherry fusion gene, was performed as previously described?. The eyfp gene
with a short DNA fragment that encoded a 10-amino acid sequence at the 5"-terminus was PCR-amplified using
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the primers L_EYFP_Eco_Fw and L_EYFP_STOP_Nhe_Rv. Flanking sequences containing the Msmeg 3178
gene were amplified using mc? 155 (WT) chromosomal DNA as a template and the primer pairs alphal_Bam_Fw
and alphal_Bsr_Nhe_Rv and alpha2_Bsr_Nhe_Fw and alpha2_Pac_Rv (Supplementary Table 1). The latter two
products were cloned into a p2NIL (kan?®) vector, and an EYFP-encoding fragment was inserted at the EcoRV
and Nhel restriction sites. The obtained plasmids were verified by sequencing. Finally, the pGoall7 cassette was
cloned into the Pacl site of the p2NIL derivative. The p2NILdnaN-mCherry-pGoal plasmid was constructed as
previously described!”. To prepare the p2NilparB-mneon vector, the mneon green gene preceded by a 19-aa encod-
ing linker was amplified from pVV04 (kindly provided by Dr. R. Reyes-Lamothe) using the primers KK_Neon_
Fw and KK_Neon_Rv. Next, the vector p2NILparB-mcherry* was amplified with the primers KK_ParBNeon_Fw
and KK_ParBNeon_Rv. Gibson Assembly (NEB) was used to assemble the two PCR products, and the pGoall7
cassette was cloned into the Pacl site of the p2NIL derivative. M. smegmatis cells were transformed with 100 ng of
NaOH/EDTA-treated plasmid DNA, and the unmarked mutants were selected as previously described®.

The alpha-EYFP and ParB-mNeon strains were generated by transformation with p2NIL alpha-EYFP-pGoal
and p2NIL-parB-mNeon-pGoal, respectively. The alpha-EYFP/DnaN-mCherry and ParB-mNeon/
DnaN-mCherry strains were obtained by transforming the alpha-EYFP and ParB-mNeon strains with
Pp2NIL DnaN-mCherry-pGoal. Alpha-EYFP/ParB-mCherry was obtained by transforming alpha-EYFP with
P2NILparB-mCherry-pGoal”. The correct allelic replacement and incorporation of integration vectors were con-
firmed via PCR, Southern blotting and Western blotting. The fusion of the functional fluorescent protein was
confirmed using semi-native SDS-PAGE followed by analysis on a Bio Rad PharosFX-Plus Molecular Imager.
Western blotting was performed with polyclonal anti-mCherry and/or monoclonal anti-GFP antibodies (Santa
Cruz Biotechnology) using standard procedures?®.

Microscopy. For live-cell snap-shot imaging, M. smegmatis was grown to mid-log phase (0D, = 0.5)
in liquid medium, centrifuged (8000 rpm, 5 min), resuspended in PBS, and smeared onto microscope slides.
The samples were dried, mounted on coverslips using 5 pl of PBS-glycerol (1:1) solution, and visualized using
a Delta Vision Elite imager (GE Healthcare) equipped with soft WoRx software (provided with GE Healthcare
equipment). Analyses were performed using the “R”* and FIJI software platforms (Image J; https://imagej.
nih.gov). For all measurements, two-sided, parametric Student’s t-test was applied. To avoid generation of
false assumptions in the case of non-normal distributions, the statistical significance of differences in meas-
ured values was confirmed with the non-parametric two-sided Wilcoxon test with minimum 0.995 confi-
dence intervals. For time-lapse observations of the ParB-mNeon strain stained with FM5-95 (membrane
dye), cells in mid-log phase were spread on 7H10 agar (supplemented with 10% OADC, 0.5% glycerol, and
0.25 pg/ml FM5-95) and placed in an ibidi 35-mm dish (ibidi GmbH, Germany). Images were acquired at 10-min
intervals at 37°C.

Microfluidic experiments. TLFM was performed as previously described!” using the CellASIC Onix plat-
form (Merck Millipore). For all experiments, 1.5 psi pressure was applied to the incubation plate. The data were
collected using a Delta Vision Elite imager equipped with SoftWorx software and analyzed with the “R*** and FIJI
software platforms.

References
1. Wang, J. D. & Levin, P. A. Metabolism, cell growth and the bacterial cell cycle. Nat. Rev. Microbiol. 7, 822-827 (2009).
2. Cooper, S. & Helmstetter, C. E. Chromosome replication and the division cycle of Escherichia coli B/r. J. Mol. Biol. 31, 519-540
(1968).
3. Fossum, S., Crooke, E. & Skarstad, K. Organization of sister origins and replisomes during multifork DNA replication in Escherichia
coli. EMBO J. 26, 4514-4522 (2007).
4. Skarstad, K., Boye, E. & Steen, H. B. Timing of initiation of chromosome replication in individual Escherichia coli cells. EMBO J. 5,
1711-1717 (1986).
5. Yoshikawa, H., O’Sullivan, A. & Sueoka, N. Sequential replication of the bacillus subtilis chromosome, iii. Regulation of initiation.
Proc. Natl. Acad. Sci. USA 52, 973-980 (1964).
6. Jensen, R. B., Wang, S. C. & Shapiro, L. A moving DNA replication factory in Caulobacter crescentus. EMBO J. 20, 4952-4963
(2001).
7. Wang, X., Lesterlin, C., Reyes-Lamothe, R., Ball, G. & Sherratt, D. J. Replication and segregation of an Escherichia coli chromosome
with two replication origins. Proc. Natl. Acad. Sci. USA 108, E243-250 (2011).
8. Bates, D. & Kleckner, N. Chromosome and replisome dynamics in E. coli: loss of sister cohesion triggers global chromosome
movement and mediates chromosome segregation. Cell 121, 899-911 (2005).
9. Reyes-Lamothe, R., Possoz, C., Danilova, O. & Sherratt, D. ]. Independent positioning and action of Escherichia coli replisomes in
live cells. Cell 133, 90-102 (2008).
10. Migocki, M. D., Lewis, P. J., Wake, R. G. & Harry, E. J. The midcell replication factory in Bacillus subtilis is highly mobile:
implications for coordinating chromosome replication with other cell cycle events. Mol. Microbiol. 54, 452-463 (2004).
11. Michael T. Laub Lucy, Shapiro & McAdams, H. H. Systems Biology of Caulobacter. Annu. Rev. Genet. 41, 429-441 (2007).
12. Joyce, G. et al. Cell Division Site Placement and Asymmetric Growth in Mycobacteria. PLoS ONE 7, e44582 (2012).
13. Aldridge, B. B. et al. Asymmetry and aging of mycobacterial cells lead to variable growth and antibiotic susceptibility. Science 335,
100-104 (2012).
14. Santi, I, Dhar, N., Bousbaine, D., Wakamoto, Y. & McKinney, J. D. Single-cell dynamics of the chromosome replication and cell
division cycles in mycobacteria. Nat. Commun. 4 (2013).
15. Kieser, K. J. & Rubin, E. ]. How sisters grow apart: mycobacterial growth and division. Nat. Rev. Microbiol. 12, 550-562 (2014).
16. Santi, I. & McKinney, J. D. Chromosome Organization and Replisome Dynamics in Mycobacterium smegmatis. mBio 6, €01999-14
(2015).
17. Trojanowski, D. et al. Choreography of the Mycobacterium Replication Machinery during the Cell Cycle. mBio 6, €02125-14 (2015).
18. Moolman, M. C. et al. Slow unloading leads to DNA-bound (32-sliding clamp accumulation in live Escherichia coli cells. Nat.
Commun. 5, 5820 (2014).
19. Suetsugu, M. & Errington, J. The Replicase Sliding Clamp Dynamically Accumulates behind Progressing Replication Forks in
Bacillus subtilis Cells. Mol. Cell 41, 720-732 (2011).

SCIENTIFIC REPORTS | 7:43836 | DOI: 10.1038/srep43836 6


https://imagej.nih.gov
https://imagej.nih.gov

www.nature.com/scientificreports/

20. Cox, M. M. A broadening view of recombinational DNA repair in bacteria. Genes Cells Devoted Mol. Cell. Mech. 3, 65-78 (1998).

21. Sutton, M. D. & Walker, G. C. Managing DNA polymerases: Coordinating DNA replication, DNA repair, and DNA recombination.
Proc. Natl. Acad. Sci. 98, 8342-8349 (2001).

22. Jakimowicz, D. et al. Characterization of the mycobacterial chromosome segregation protein ParB and identification of its target in
Mycobacterium smegmatis. Microbiol. Read. Engl. 153, 4050-4060 (2007).

23. Youngren, B., Nielsen, H. J,, Jun, S. & Austin, S. The multifork Escherichia coli chromosome is a self-duplicating and self-segregating
thermodynamic ring polymer. Genes Dev. 28, 71-84 (2014).

24. Wang, X., Montero Llopis, P. & Rudner, D. Z. Bacillus subtilis chromosome organization oscillates between two distinct patterns.
Proc. Natl. Acad. Sci. USA 111, 12877-12882 (2014).

25. Sambrook, J. & Russell, D. W. Molecular cloning : a laboratory manual. Cold Spring Harbor, N.Y.: Cold Spring Harbor Laboratory
(2001).

26. Parish, T. & Stoker, N. G. Use of a flexible cassette method to generate a double unmarked Mycobacterium tuberculosis tlyA plcABC
mutant by gene replacement. Microbiol. Read. Engl. 146 (Pt 8), 1969-1975 (2000).

27. Ginda, K. et al. ParA of Mycobacterium smegmatis co-ordinates chromosome segregation with the cell cycle and interacts with the
polar growth determinant DivIVA. Mol. Microbiol. 87, 998-1012 (2013).

28. Hinds, J. et al. Enhanced gene replacement in mycobacteria. Microbiol. Read. Engl. 145 (Pt 3), 519-527 (1999).

29. Towbin, H., Staehelin, T. & Gordon, J. Electrophoretic transfer of proteins from polyacrylamide gels to nitrocellulose sheets:
procedure and some applications. Proc. Natl. Acad. Sci. USA 76, 4350-4354 (1979).

30. Wickham, H. ggplot2: elegant graphics for data analysis. Springer New York (2009).

Acknowledgements

We are grateful to Agnieszka Strzatka for providing assistance with data analysis using the R statistical
programming language. We thank Dr. Rodrigo Reyes-Lamothe for providing the pVV04 plasmid and Patryk
Kedzior for offering assistance with graphics. This study was supported by the National Science Center, Poland
(MAESTRO grant 2012/04/A/NZ1/00057). The cost of publication was supported by the Wroclaw Centre of
Biotechnology under the Leading National Research Centre (KNOW) program, 2014-2018. KG acknowledges
financial support from the Polish Ministry of Science and Higher Education “Mobilnosc Plus” (1083/
MOB/2013/0)) for postdoctoral research at Prof. D. Sherratt’s laboratory at the University of Oxford.

Author Contributions

D.T. constructed most of the strains. J.H. constructed the alpha-EYFP/ParB-mCherry strain and performed the
in vitro experiments. K.G. constructed the p2NILParB-mNeon-pGoal plasmid and ParB-mNeon strain. D.T.
designed and performed the microscopy experiments. D.T. and D.J. analyzed the data. D.T. and J.Z.C. wrote the
manuscript. D.J. and J.H. corrected the manuscript. All authors discussed and approved the results.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing Interests: The authors declare no competing financial interests.

How to cite this article: Trojanowski, D. et al. Multifork chromosome replication in slow-growing bacteria. Sci.
Rep. 7,43836; doi: 10.1038/srep43836 (2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images
M o1 other third party material in this article are included in the article’s Creative Commons license,

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFICREPORTS | 7:43836 | DOI: 10.1038/srep43836 7


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Multifork chromosome replication in slow-growing bacteria

	Results and Discussion

	Methods

	Bacterial strains and plasmids. 
	Microscopy. 
	Microfluidic experiments. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Kinetics of the appearance and disappearance of DnaN-mCherry foci with respect to alpha-EYFP foci.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Multifork DNA replication in mycobacteria.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Comparison of various features between canonically replicating and over-replicating cells.
	﻿Table 1﻿﻿. ﻿ Cell cycle parameters of alpha-EYFP* and DnaN-FP** strains grown in rich medium at various temperatures.



 
    
       
          application/pdf
          
             
                Multifork chromosome replication in slow-growing bacteria
            
         
          
             
                srep ,  (2017). doi:10.1038/srep43836
            
         
          
             
                Damian Trojanowski
                Joanna Hołówka
                Katarzyna Ginda
                Dagmara Jakimowicz
                Jolanta Zakrzewska-Czerwińska
            
         
          doi:10.1038/srep43836
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep43836
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep43836
            
         
      
       
          
          
          
             
                doi:10.1038/srep43836
            
         
          
             
                srep ,  (2017). doi:10.1038/srep43836
            
         
          
          
      
       
       
          True
      
   




