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Abstract
Spreading resistance to antibiotics and the emergence of multidrug-resistant strains have
become frequent in many bacterial species, including mycobacteria. The genus Mycobacterium
encompasses both human and animal pathogens that cause severe diseases and have profound
impacts on global health and the world economy. Here, we used a novel system of microfluidics,
fluorescence microscopy and target-tagged fluorescent reporter strains of M. smegmatis to perform
real-time monitoring of replisome and chromosome dynamics following the addition of replicationaltering drugs (novobiocin, nalidixic acid and griselimycin) at the single-cell level. We found that
novobiocin stalled replication forks and caused relaxation of the nucleoid, nalidixic acid triggered
rapid replisome collapse and compaction of the nucleoid, and griselimycin caused replisome
instability with subsequent over-initiation of chromosome replication and over-relaxation of the
nucleoid. This work is an example of using a microscopy-based approach to evaluate the activity of
potential replication inhibitors and provides mechanistic insights into their modes of action. Our
system also enabled us to observe how the tested antibiotics affected the physiology of
mycobacterial cells (i.e., growth, chromosome segregation, etc.). Because proteins involved in the
DNA replication are well conserved among bacteria (including mycobacterial species), the
properties of various replication inhibitors observed here in fast-growing M. smegmatis may be
easily extrapolated to slow-growing pathogenic tubercle bacilli, such as M. tuberculosis.
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Significance
The growing problem of bacterial resistance to antibiotics and the emergence of new strains
that are resistant to multiple drugs raise the need to explore new antibiotics and re-evaluate the
existing options. Here, we present a system that allows the action of antibiotics to be monitored at
the single-cell level. Such studies are important in the light of bacterial heterogeneity, which may be
enhanced in unfavorable conditions, such as under antibiotic treatment. Moreover, our studies
provide mechanistic insights into the action modes of the tested compounds. As combined therapies
have recently gained increased interest, it is also notable that our described system may help
researchers identify the best combination of antimicrobials for use against infections caused by a
variety of bacteria.
Introduction
Bacterial resistance to antibiotics, which is an increasing health problem worldwide, is a
concern for every commercially used antimicrobial (1–7). Recent years have seen the constant
emergence of new strains that are resistant to multiple drugs (multidrug-resistant, MDR, and
extensively resistant, XDR), including last-resort antibiotics (e.g., strains of Neisseria gonorrhoeae
that resist third-generation cephalosporins, strains of Klebsiella pneumoniae that resist carbapenems
and strains of Enterobacteriaceae that resist colistin) (8). Moreover, relatively few novel
compounds have been approved for managing bacterial infections in recent years, with fewer than a
dozen such drugs approved in the last 10 years. Therefore, novel antibiotics are urgently needed.
Antibiotics target basic cellular processes, such as the synthesis and integrity of the cell wall
(penicillins, cephalosporins, lipoglycopeptides, polymyxins, etc.), transcription (rifampicin),
translation (aminoglycosides, macrolides, linkosamides, tetracyclines, oxazolidinones), and
metabolic pathways (sulphonamides, diaminopyrimidines) (9–13). Since the proteins that govern
bacterial DNA replication differ from their eukaryotic counterparts, chromosome replication
represents another promising therapeutic target (14–17). However, bacterial chromosome
replication is targeted by only a few current antibiotics, such as quinolones, aminocoumarins and
metronidazole (18–23). Recently, it has also been reported that nonsteroidal anti-inflammatory
drugs exert an inhibitory effect on bacterial chromosome replication (24). Interestingly, quinolones,
which are important anti-tuberculosis (TB) drugs, are among the most frequently prescribed
antibiotics in modern medicine.
The genus Mycobacterium encompasses both human (M. leprae and M. tuberculosis) and
animal (M. bovis) pathogens that cause severe diseases and have profound impacts on global health
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and the world economy. Although the number of new M. tuberculosis (Mtb) infection cases has
been decreasing annually (25), TB remains one of the most prominent causes of death worldwide
and the main cause of death among HIV-infected individuals (26). It is estimated that one-third of
the human population is latently infected with Mtb and that tubercle bacilli may be reactivated from
the latent state upon immunosuppression later in life (27). As with other pathogens, resistance of
Mtb is becoming a serious obstacle in effective drug therapy. According to the WHO, of the 10
million new TB cases in 2016, nearly half a million were classified as MDR-TB (resistant to two
anti-TB drugs), and among them, about 6% were caused by XDR strains (resistant to more than four
anti-TB medications)(26). The increasing number of resistant Mtb strains coupled with the short list
of anti-TB drugs prompted researchers to reevaluate some commonly used antibiotics (e.g.,
linezolid, clofazimine, amoxicillin/clavulanate) for off-label treatment of TB (28, 29). One serious
challenge in the treatment of TB caused by both susceptible and resistant Mtb strains is the high
population heterogeneity of mycobacterial cells (30–38). Asymmetric growth (mycobacteria
elongate preferentially from the old pole) and asymmetric septum placement give rise to daughter
cells of unequal sizes and growth rates and, as indicated by some reports, different susceptibilities
to antibiotics (30, 39, 40). Moreover, exposure to stress further diversifies the population (41, 42),
suggesting that mycobacteria utilize heterogeneity as key survival strategy under stressful
conditions. Thus, there is a critical need for researchers to explore how anti-TB drugs act on
individual cells.
Single-cell techniques have an advantage over traditional bath cultures in terms of providing
insights into the mechanism of action of tested compounds, assuming that an appropriate reporter
system is available (strains carrying fluorescent fusions to drug-targeted proteins, reporter genes,
metabolic pathway indicators, etc.). However, only a few studies have examined the direct impact
of antibiotics at single-cell resolution. Such studies are of great interest given that bacterial
heterogeneity is seen under non-optimal conditions in the host environment and is likely to
contribute to antimicrobial tolerance and/or resistance.
Here, we present a system that combines time-lapse microfluidic microscopy (TLMM) and
replisome-tagged (Fig. 1A) fluorescent strains of M. smegmatis to allow real-time observation of
how antibiotics affect chromosome replication. We show how the replisome and chromosome
dynamics is altered upon the addition of novobiocin (an aminocoumarin), nalidixic acid (a
quinolone) and griselimycin (43) (a novel antimicrobial agent), all of which exhibit different modes
of action. To date, these antibiotics have been analyzed entirely using in vitro or batch studies.
Because the proteins involved in DNA replication are highly conserved among mycobacteria, our
results regarding the properties of various replication inhibitors obtained in fast-growing M.
smegmatis may be easily extrapolated to the slow-growing tubercle bacilli, such as M. tuberculosis.
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As expected given that the tested antibiotics had different modes of action, we observed different
cellular responses during the antibiotic treatments, particularly in terms of the replisome and
chromosome dynamics. We thus describe a microscopy-based approach that can be used to evaluate
the activity of potential replication inhibitors, while also providing mechanistic insights into the
action modes of the studied drugs. The system described herein can allow researchers to
simultaneously observe the target along with other processes (e.g., replication, growth and
segregation), and thus provides additional results beyond the simple measurement of target protein
inhibition.
Results
TLMM allows changes in chromosome and replisome dynamics to be observed in real-time
during antibiotic treatment
In this study, we used fluorescent reporter strains of M. smegmatis and a microfluidic
CellASIC Onix platform to observe in real-time the actions of novobiocin, nalidixic acid and
griselimycin at the single-cell level. The bacterial replisome (a multiprotein complex that is
involved in chromosome replication) and the targets of the studied antibiotics are schematically
depicted in Figure 1A. Both nalidixic acid (Ndx) and novobiocin affect replisome passage indirectly
by inhibiting the enzymatic activity of DNA gyrase, which normally triggers relaxation of positive
supercoils ahead of the replication fork to resolve the torsional tension and allow DNA synthesis to
proceed. Although the two drugs act on the same target, Ndx prevents the re-ligation of cleaved
DNA by binding to the gyrase/DNA cleavable complex, resulting in double-strand breaks (44, 45),
whereas novobiocin competes with ATP for binding to the GyrB subunit, and thus inhibits cleavage
but not the binding of DNA (46–48). Ndx (as well as other quinolones) also inhibits the activity of
topoisomerase IV (another type-II topoisomerase), which is crucial for resolving decatenates and
chromosome dimers. More importantly, M. tuberculosis possesses only one type-II topoisomerase
(i.e., DNA gyrase) whose activity combines those of a classical DNA gyrase (found in other
bacteria) and topoisomerase IV (49, 50). In contrast to novobiocin and Ndx, griselimycin acts
directly on the replication machinery; it prevents the interaction between the beta-clamp and the
catalytic subunit alpha of DNA polymerase III to hinder the processivity of the replisome (43). We
used previously constructed strains in which replisome subunits (catalytic subunit alpha and/or the
beta-clamp), a chromosomal marker (HupB) and/or oriC (ParB bound to oriC-proximal parS sites)
were tagged with different fluorescent proteins (FPs) (51–54). The strains used in this study are
presented in Table S1. The growth of all strains was similar to that of the wild-type (WT) M.
smegmatis mc2155 strain (Fig. S1 bottom right panel). We calculated the inhibitory concentration
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(IC) of the three tested antibiotics for all fluorescent reporter strains using a Bioscreen C instrument
(see Methods and Fig. S2). The concentrations at which growth was inhibited by 50% (IC50) are
presented in Table 1. For novobiocin and griselimycin, the IC50 values were lower for the reporter
strains compared to WT cells, indicating that the reporter strains had higher susceptibilities to the
tested antibiotics. This emphasizes the importance of determining inhibitory values for any strain
selected for study.
To examine replisome and chromosome dynamics in cells treated with sublethal doses of the
selected antibiotics, we used concentrations of 5x and 10x IC50, which were expected to trigger
discrete and observable changes without rapidly killing the bacterial cells. Cells loaded into
microfluidic chambers were observed using the same protocol: 5 hours of growth under optimal
conditions followed by 5 hours of antibiotic treatment (this constituted approximately twice the
chromosome replication time) and 7 hours of washout. In the absence of any antibiotic, cells usually
initiated one replication round per cell cycle (excluding the 10-15% multifork cells observed herein,
which was consistent with a previous studies (51, 52)). Replication initiation corresponded to the
appearance of a fluorescent spot that was positioned slightly asymmetric to the mid-cell. Under our
experimental conditions, replication lasted for 119 +/- 16 min (C period, n=60) in the DnaNmCherry/ParB-mNeon strain and 149 +/- 9 min (n=64) in the DnaN-mCherry/α-EYFP strain;
thereafter, replication was terminated, which was observed as the disappearance of the DnaNmCherry and/or α-YFP signal(s). This was followed by a period during which the fluorescence
signal of the tagged replisomes was dispersed (B+D period); it lasted 27 +/- 10 min (n=60) in
DnaN-mCherry/ParB-mNeon strains and 13 +/-11 (n=81) minutes in DnaN-mCherry/α-YFP strains
(see kymographs in Fig. 1B). Contrary to the recent observations (55) in E. coli and B. subtilis, but
consistent with our previous findings (51, 52), in M. smegmatis, we observed that replisomes
frequently split and merged back together during C period.
Novobiocin stalls replication forks but only moderately affects the cell elongation rate
In the presence of novobiocin, the replisomes (both Alpha-EYFP and DnaN-mCherry)
remained visible but exhibited significantly decreased mobility along the cell (Fig. 2A-C, Supp.
Movie 1). Because Alpha-EYFP fusion causes prolongation of the C period and shortening of the
B+D period ((52) and see kymographs in Fig. 1B), we used DnaN-mCherry/ParB-mNeon to
analyze the changes in replisome dynamics during novobiocin treatment. After the addition of
novobiocin, the mobility of replisomes decreased in a dose-dependent fashion (Fig. 2C). As a
consequence of this replication fork hold-up, the C period was profoundly prolonged under both 5x
IC50 and 10x IC50 novobiocin (mean 178% and 195%, respectively, when we compared the mean C
period in cells that terminated replication during novobiocin treatment versus that in untreated cells;
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n=50 cells per group). At a dose of 25x IC50 novobiocin, the replisomes were almost completely
stalled. Two major group of cells were observed during novobiocin exposure, as depicted in the
representative kymographs presented in Figure 2A and B. The first group (45% of 92 cells in the 5x
IC50 group and 34% of 187 cells in the 10x IC50 group) comprised cells in which replisome foci
were visible throughout the antibiotic treatment due to the delay in replication fork passage (black
arrows on the kymographs). The second group comprised cells that terminated replication in the
presence of novobiocin (55% and 66% under 5x IC50 and 10x IC50, respectively; magenta arrows).
In the latter group, 81% of the cells in the 5xIC50 group (n=40) but only 17% of the cells in the 10x
IC50 group (n=20) initiated the next replication round during antibiotic treatment. In those cells, we
observed significant prolongation of the B+D period (86 +/- 74 min and 101 +/- 64 min under 5x
IC50 and 10x IC50, respectively). Interestingly, we found that the proportion of cells that underwent
multifork replication was larger under 5x IC50 novobiocin than under the optimal conditions (16%
vs. 11%, respectively), whereas this fraction dropped to 3% under 10x IC50 novobiocin. This is
likely to reflect the lengthening of the C period, and suggests that multifork replication may be a
key strategy for bacterial survival under non-optimal conditions. The decrease of this fraction under
10x IC50 novobiocin may suggest that even though multifork replication serves as an initial
response to replicative stress, higher concentrations of novobiocin lead to further gyrase inhibition
and may affect global organization of the chromosome to prevent initiation (and re-initiation) of
subsequent rounds of replication. In cells undergoing replication under novobiocin treatment, we
clearly observed splitting of ParB-mCherry foci, suggesting that the segregation of nascent oriCs
was not significantly impaired; however, the ParB foci were closer together within cells exposed to
novobiocin (see kymograph in Fig. 2B). During novobiocin exposure, cells elongated only 30% (5x
IC50) to 50% slower (10x IC50) than seen under the optimal conditions. Interestingly, after removal
of novobiocin, we frequently observed additional spots of DnaN-mCherry that did not colocalize
with α-YFP, indicating that the beta clamp is involved in processes other than chromosome
replication (e.g., DNA repair) and/or that residual sliding clamps accumulate on the lagging DNA
strand as shown previously (56–59).
Addition of nalidixic acid results in growth arrest and replisome disassembly
In contrast to novobiocin, the addition of Ndx (at both 10x IC50 and 5x IC50) resulted in
replisome collapse (Fig. 3A and B, Supp. Movie 2). The timing of replisome disassembly was
proportional to the applied concentration of Ndx, occurring at 40 min for 10x IC50 but 214 min for
5x IC50 (n=45 and 50 cells, respectively). As a consequence of the replisome collapse, the oriCs
failed to properly segregate. This is intuitive, as after replisome disassembly newly replicated
regions do not emerge behind the forks and that stops the segregation process. As shown in Figure
6
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3B, in cells that had begun replicating shortly before being switched to Ndx-containing medium, the
ParB complexes remained in close proximity rather than reaching their native positions proximal to
the cell poles. This pole-proximal localization of ParB-mNeon was not restored in these cells until
very late during the washout period. Unexpectedly, after Ndx washout, replisomes assembled at the
same site from which they had previously disassembled in approximately 70% of cells in both the
DnaN-mCherry/ParB-mNeon and DnaN-mCherry/α-YFP strains (n=100 per strain).
M. smegmatis cells stopped growing soon after the addition of Ndx, and the timing of
growth restoration during the washout period was not dependent on the utilized concentration of the
drug. This growth arrest in M. smegmatis was strikingly different from our results obtained in E.
coli (YPet-DnaN strain kindly provided by dr. Reyes-Lamothe (60)) subjected to a similar Ndx
treatment scheme (the exception was the use of a 2-hour Ndx exposure which is also twice the
duration of the C period in this bacterium (61)). Consistent with previous reports (62, 63), we
observed that E. coli cells became filamentous during Ndx treatment, indicating that there was
dysregulation between cell growth and division. Additionally, in our study a single YPet-DnaN
focus appeared transiently in the central part of each filamentous E. coli cell (Fig. 3C). It remains
unclear whether the YPet-DnaN foci observed in Ndx-treated E. coli cells are due to the replication
hold-up rather than the involvement of the beta clamp in the DNA repair of double-strand breaks in
the chromosome. Interestingly, elongating Ndx-exposed E. coli cells observed in the DIC channel
exhibited the transient formation of “holes” that presumably reflected differences in the density of
the cytoplasm. This was not accompanied by any disruption of the cell integrity, as all cells were
viable and their growth was not arrested. Similar observations were also described in previous
studies (62), in which the holes were regarded as vacuole-like structures. The filamentation of E.
coli cells was attributed to initiation of the SOS response after the induction of double-strand breaks
by Ndx (64, 65). In the case of M. smegmatis, in contrast, we did not observe similar changes in
Ndx-exposed cells, nor did we observe any of the additional DnaN spots observed in the
corresponding novobiocin-treated cells.
Griselimycin affects replisome processivity and leads to the formation of oriC-proximal loops
Unlike novobiocin and Ndx, which impose indirect effects on replisomes, griselimycin
(GM) potently inhibits the interaction of DnaN (a beta clamp) with the catalytic subunit alpha in the
core of DNA Pol III (Fig. 1A). Thus, the Alpha-EYFP/DnaN-mCherry strain was ideal for
investigating the action of GM, as the interacting proteins are tagged with different fluorophores in
this strain. Based on previous report (43), we expected GM to block the proper assembly of
replisomes in vivo. Indeed, after GM was added to M. smegmatis cells, the DnaN-mCherry foci
rapidly disappeared and the fluorescence signal remained diffuse for the rest of the antibiotic
7
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treatment period (Fig. 4A-C, Supp. Movie 3). Strikingly, we also observed several appearances of
short-lasting Alpha-EYFP fluorescent foci during GM exposure; the lifetimes of these foci were
much shorter than the C period in the absence of antibiotic treatment, suggesting that cells
presenting such foci underwent abortive replication or replication restart after replisome collapse.
To investigate this further, we used an additional reporter strain that expressed Alpha-EYFP and
ParB-mCherry from their native chromosomal loci. TLMM analysis revealed that during GM
treatment, the appearance of the Alpha-EYFP foci was accompanied by ParB-mCherry (oriC)
duplication, suggesting that a new round of replication had been initiated. The Alpha-EYFP foci
disappeared soon after duplication of the ParB-mCherry complex (39 +/- 20 min in the 10x IC50
group, as assessed at 2-min frame intervals; n=47). During GM treatment, we observed up to
several duplication events at the oriC region, each of which was preceded by the colocalization of
Alpha-EYFP with ParB-mCherry. To emphasize, we did not observe colocalization of DnaNmCherry with Alpha-YFP foci in DnaN-mCherry/Alpha-YFP cells exposed to GM. Hence, during
GM exposure, the replisome can assemble in the oriC region, but its inability to interact with the
sliding clamp results in loss of processivity of the core polymerase and consequent abortive
replication. Several loops containing an oriC-proximal region might therefore arise (which is
consistent with the presence of multiple ParB-mCherry foci in a single cell, Fig. 4C) and the length
of these loops presumably correlates with the lifetime of individual Alpha-EYFP foci.
Interestingly, the fluorescence intensities of both Alpha-EYFP and DnaN-mCherry varied
significantly across individual cells during GM washout, but not during the pre-treatment period.
This variation in fluorescence intensity was only partially due to replisome assembly, as we
observed high-intensity dispersed fluorescence in addition to well-defined foci. This was
particularly noticeable in the DnaN-mCherry/Alpha-EYFP strain. During washout, we observed
different levels of DnaN-mCherry and Alpha-EYFP in various cells even within a single
microcolony (Fig. S3). This clearly supports the idea that bacterial heterogeneity can arise under
stressful conditions (e.g., under antibiotic treatment) and may be a key factor not only for survival
under stress but also during the recovery phase and the recolonization of the previously occupied
niche. In addition to the heterogeneity of fluorescence intensities, we also observed that the DnaNmCherry foci were generally overrepresented in comparison to Alpha-EYFP during the washout
period. Only some of the DnaN-mCherry complexes colocalized with Alpha-EYFP, confirming that
the beta clamp could be involved in DNA repair and/or recombination events.

Chromosome dynamics are differentially affected by the various replication inhibitors
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In addition to its effects on transcription, DNA replication influences the overall nucleoid
organization (66–70). We thus examined how antibiotic-triggered replisome collapse (Ndx),
replication fork hold-up (novobiocin) or the loss of processivity (GM) affected the nucleoid
structure. To answer these questions, we used the DnaN-mCherry/HupB-EGFP strain, which
allowed us to simultaneously observe chromosome dynamics (HupB is a homolog of the HU
protein from E. coli, which occupies the whole nucleoid and is used as a chromosomal marker (53,
54, 71)) and track the progression of replication. Our previous studies demonstrated that
mycobacterial nucleoid adopts a bead-like structure spread along the cell. However, positioning of
the nucleoid is asymmetric, being closer to the new cell pole for almost the entire cell cycle (54).
Antibiotic exposure of DnaN-mCherry/HupB-EGFP cells yielded replication patterns similar to
those described in the other strains of M. smegmatis exposed to each drug (see above). Interestingly,
we observed that the various antibiotic-induced alterations in replisomes dynamics reflected
different changes in chromosome organization.
The area occupied by the mycobacterial chromosome, which was measured by comparing
the total area occupied by HupB-EGFP before and during antibiotic treatment, was decreased by
exposure to nalidixic acid (10x IC50) (Fig. 5A, B and E). The chromosome shrank rapidly after Ndx
was introduced to the medium (29 +/- 7.5 min, n=57), then decondensed slowly during washout,
beginning at 120 min after the removal of Ndx. The chromosome was condensed to approximately
30% of its initial size (27 +/- 20%, n=49), which accounts for the observed increase in the
fluorescence intensity of HupB-EGFP. Interestingly, in cells that initiated replication less than 60
minutes before being switched to Ndx-containing medium (i.e., those in which replication had
progressed less than halfway) the chromosome area shrank to the point that it was visualized as a
single fluorescent cluster per cell (Fig. 5A and the left cell in 5E). In contrast, in the cells in which
replication had proceeded more than halfway before the addition of the drug (i.e., those that
initiated replication a minimum of 60 min before Ndx addition), the chromosome was compacted to
the point that we observed two separate fluorescent clusters (Fig. 5B and the right cell in 5E). These
clusters presumably reflected newly replicated sister chromosome regions. In this, our observations
parallel the previous description of bilobed chromosomes in slow-growing E. coli cells (72, 73).
The characteristic bead-like structure of the mycobacterial chromosome was lost upon Ndx
treatment, to be replaced by a large uniform fluorescent patch. Chromosome compaction and
replisome disassembly together explain why the nascent oriCs remained in close proximity
throughout Ndx treatment and even longer after its removal. The changes in nucleoid density were
reversible in all observed cells, and the chromosome regained its normal morphology (i.e., a beadlike pattern) after Ndx washout. Our observations are in line with those previously obtained in Ndxexposed E. coli cells (62, 63), which showed that the chromosome was compacted around the
9
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midcell. However, we did not observe decondensation of the chromosome during prolonged Ndx
exposure, as previously reported in E. coli (62). We hypothesize that the decondensation seen in
Ndx-treated E. coli reflected fragmentation subsequent to the introduction of double-strand breaks.
Our present results suggest that, unlike E. coli cells, M. smegmatis cells do not undergo
chromosome fragmentation upon Ndx treatment.
In contrast to the effects observed in Ndx-treated cells, those exposed to novobiocin
exhibited preservation of the bead-like chromosome structure throughout the antibiotic treatment
(Fig. 5C and F). Even in the 10x IC50 group, replication still proceeded (albeit with a delay), as did
cell elongation. We observed chromosome decondensation, which presumably reflected the
increased cell volume. The area occupied by the nucleoid was extended, but the intensities of the
HupB-EGFP foci were decreased only marginally. Notably, the chromosomes of novobiocin-treated
cells formed clusters consisting of regular HupB-EGFP foci, which were further apart along the
long cell axis compared to the foci of actively replicating cells growing in novobiocin-free medium.
This may indicate that newly replicated sister chromosomes are more likely to separate in
filamentous cells.
In cells exposed to GM, the chromosome structure underwent dynamic rearrangements. As
seen for novobiocin treatment, GM treatment triggered chromosome decondensation; however, the
area occupied by the nucleoid was much larger under GM exposure than under novobiocin exposure
(Fig. 5D and G). In most GM-treated cells, the HupB-EGFP foci were heterogeneous in size and
intensity, and they were distributed unevenly along the cell (Fig. 5G, top cell). Moreover, in 17% of
the cells (n=155 cells), the bead-like pattern of the HupB-EGFP complexes was lost and only
dispersed fluorescence was observed (Fig. 5G, bottom cell). We hypothesized that this might reflect
that HupB binding is diminished by the over-relaxation of the chromosome, which fills more space
in growing filamentous cells, and/or the induction of DNA damage, as seen in Ndx-treated E. coli
strains (62). To test the first possibility, we treated cells with GM for 5 hours and performed
Hoechst33342 staining. This staining overlapped with the fluorescence arising from the HupBEGFP complexes (Fig. S4), indicating that there was no change in the binding of HupB to the
chromosome of GM-treated M. smegmatis cells. This suggests that the dispersed HupB-EGFP
fluorescence seen in some cells is likely to reflect a change in chromosome organization. Indeed,
further analyses revealed that 50% of cells that exhibited dispersed fluorescence (n=20) continued
to grow and 37% of them regained the normal chromosome structure after GM washout. The
remaining 50% of cells did not elongate further and were believed to be dead; notably, their
dispersed fluorescence signal was preceded by the sudden condensation of the nucleoid to a single
bright HupB-EGFP spot, which then rapidly disappeared. Thus, the decrease of the HupB-EGFP
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intensity and loss of regular chromosomal pattern may contribute to the DNA damage, at least in
some of the cells.
In summary, our present results indicate that treatment of M. smegmatis cells with Ndx,
novobiocin or griselimycin induced various rearrangements of the chromosome structure, reflecting
differences in the action modes of the tested antibiotics.
Discussion
Here, we present a novel system that allows to monitor in real time the action of antibiotics
at the single-cell level. Using time-lapse microfluidic microscopy (TLMM) and a set of reporter
strains, we show how replication-affecting drugs alter the replisome and chromosome dynamics of
mycobacterial cells. To date, only a few studies have examined the action of antimicrobials at a
single-cell level in real time. Given that antibiotic treatment increases bacterial heterogeneity (41,
42), such studies are needed to shed light on bacterial physiology during antibiotic exposure and
after its removal. Our present work reveals that combining single-cell techniques with appropriate
target-tagged strains can provide new insights into the action mechanisms of the tested
antimicrobial compounds. We chose M. smegmatis as a well-established model for studying the
biology of the tubercle bacilli, some of which (e.g., M. tuberculosis, M. bovis) cause severe diseases
that have enormous impacts on global health and the world economy. The use of such a model is
important because mycobacteria substantially differ from the extensively examined model bacteria,
such as E. coli, B. subtilis and C. crescentus. In particular, asymmetric septum placement and
variations in the elongation rates at the cell poles of mycobacteria create heterogeneous populations
in which individual cells may respond differently to stress-inducing stimuli (30, 31, 39).
We tested three replication-affecting drugs (Fig. 1): Nalidixic acid (Ndx) and novobiocin
target different sites of the heterotetrameric DNA gyrase (GyrA and GyrA/GyrB/DNA,
respectively) (44, 48) to alter replisome passage, whereas griselimycin (GM) prevents the beta
clamp from interacting with the core DNA polymerase III complex, causing the replisome to lose its
processivity. The tested inhibitors had various impacts on the dynamics of the replication complex.
Novobiocin stalled the replisomes (observed as prolongation of the C period and a decrease in the
subcellular mobility of the tagged replisomes) and moderately decreased the cell elongation rate
(30% and 50% decreases under 5x IC50 and 10x IC50, respectively). In contrast, Ndx completely
halted replication, as indicated by the disappearance of the replisome foci. Surprisingly, unlike the
situation in E. coli (Fig. 3C and (62, 63)), Ndx arrested the growth of mycobacterial cells. This may
suggest that the action mechanism of Ndx may differ between bacteria. Finally, we found that GM
aborted the interaction of the core DNA polymerase III complex with the sliding clamp, which was
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observed as a loss of colocalization for DnaN-mCherry and Alpha-EYFP. Interestingly, AlphaEYFP foci (but not DnaN-mCherry foci) were still observed during GM treatment, but their lifetime
was profoundly shorter than the C period in WT M. smegmatis. Additionally, the appearance of
Alpha-EYFP foci during GM exposure was followed by duplication of the ParB-mCherry focus,
which was attributed to duplication of the oriC region. These results suggest that the core
polymerase can assemble at oriC, but it shows poor processivity due to the loss of the beta clamp
interaction. This is in line with previous reports showing that the hydrophobic cleft through which
GM binds to the beta clamp contributes to both catalytic subunit interactions and the binding of the
clamp loader to the delta subunit (59). Blockage of the hydrophobic cleft by GM probably abolishes
the loading of the beta subunit, but not the Alpha subunit (which binds with the tau subunit), onto
the DNA strand. As a result, replication is initiated in the presence of GM, but loss of processivity
of the replicative complex, probably mediated through a dynamic turnover of replisome subunits
(particularly of the core complex) (74, 75), leads to the generation of chromosomal loops consisting
of newly replicated DNA fragments. If we combine the mean lifetime observed herein for the
Alpha-EYFP focus during GM treatment (39 +/- 20 min) with the calculated DNA synthesis
velocity in Alpha-EYFP strains giving 390 bp/sec and assume that this rate is not decreased by the
loss of the interaction with the sliding clamp, we predict that the generated loops will be 1.85 Mbp
in length (mean; range 565 kbp to 3.9 Mbp; n=47) and cover the oriC-flanking chromosomal
fragment. We hypothesize that these loops may undergo recombination, which in turn may cause
multiplication of oriC-proximal regions. In fact, multiplication of the fragment encompassing oriC
(and the dnaN gene) has been reported in GM-resistant strains of M. smegmatis (43). During the
GM washout period, we observed multiple DnaN-mCherry foci, only some of which colocalized
with the Alpha-EYFP complexes. We speculate that these DnaN-mCherry foci may be involved in
aforementioned recombination between the oriC-proximal loops.
All three tested antibiotics also impacted the overall nucleoid structure. Novobiocin
displayed the most modest effect. The bead-like structure of the chromosome was maintained
throughout novobiocin treatment, although there was an increase in the distance between individual
nucleoid clusters. This stretching of the area occupied by the nucleoid was probably a consequence
of the increased cell volume of filamentous cells. GM treatment triggered a more pronounced
decondensation of the nucleoid: the bead-like pattern was lost and there was a decrease in the
fluorescence intensity of HupB-EGFP. Loss of the bead-like structure might reflect either overrelaxation of the chromosome or chromosome fragmentation and subsequent cell death (similar to
that observed in quinolone-treated E. coli; (62)). Because the genes encoding both subunits of DNA
gyrase are located very near oriC in M. smegmatis (approx. 5 kb away from the oriC), the
generation of oriC-proximal loops might result in multiplication of the gyrA and gyrB genes and the
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consequential increased level of gyrase. This might, in turn, affect global supercoiling and overall
chromosome organization. This hypothesis is supported by our observation that the Ndx-mediated
blockade of gyrase activity led to chromosome compaction. Temporal loss of the regular
chromosome structure was also observed in a fraction of GM-treated cells during the washout
period, mirroring the heterogeneity arose during the adaptation to new growth conditions (i.e., the
resumption of growth after antibiotic treatment). Interestingly, in some cells exposed to GM, the
HupB-EGFP signal was reduced to a single fluorescent spot that became visible for a short time and
then disappeared. This was accompanied by a sudden growth arrest that was not reversed during the
washout period. In such cells, only dispersed fluorescence was visible. Similar changes were
described earlier in E. coli cells exposed to quinolones (62, 76). It is possible that frequent collapse
of replisomes may, at least in some cells, trigger the SOS response, and that the dramatic decrease
in fluorescence intensity may be a hallmark of chromosome fragmentation. Unexpectedly, we did
not observe similar changes in Ndx-exposed M. smegmatis cells, and the observed chromosome
condensation was reversed upon washout in these cells. This phenomenon, which was accompanied
growth arrest, was strikingly different from that previously reported in E. coli (62, 63). However, it
is consistent with previous findings that classical quinolones (including Ndx) do not induce the
cleavage activity of M. tuberculosis gyrase (77, 78). This is presumably due to the presence of
alanine in the 90th position of the GyrA sequence; this corresponds to the conserved Ser83 found in
many other bacterial species, which has been implicated (together with an acidic residue four
positions downstream) in the ability of GyrA to interact with quinolones via a water-metal ion
bridge. The substitution of serine with alanine in the corresponding region of M. tuberculosis GyrA
is believed to be a key factor responsible for the intrinsic resistance of mycobacteria to quinolones
(at least the classical ones). In the present study, we confirmed on the single-cell level that Ndx
does not induce double-strand breaks in M. smegmatis (the chromosome was condensed rather than
fragmented, as was observed for E. coli; (62)), and probably therefore, does not induce the
mechanism(s) responsible for the SOS response. As mentioned above, gyrase activity-altering
antibiotics may affect global supercoiling and thereby alter the expression levels of chromosome
topology-regulated genes. In fact, chromosome topology serves as a specific stress-sensing system
that enables the expression levels of many genes to be rapidly and simultaneously altered.
Importantly, many genes involved in virulence are regulated by changes in DNA topology (79–81).
In addition to determining the single-cell action of replication-affecting drugs, our system
also enabled us to observe a high degree of cells heterogeneity.,during both the antibiotic exposure
and the washout period. The between-cell differences in replisome and chromosome dynamics,
which were more pronounced at lower inhibitor concentrations (i.e., 5x IC50 and 10x IC50), likely
reflected between-cell differences in the cell cycle progression. Future studies measuring individual
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responses in synchronized bacterial cultures are needed to provide more details about this cell
heterogeneity.
Our present work may also shed light on the effectiveness of combining different antibiotics
in the treatment of mycobacterial infections. Previous studies showed that combination therapy may
yield either synergy or antagonism between various antibiotics (82, 83). Synergy was observed
most often when the combined drugs acted on the same process (e.g., cell wall synthesis), such as
when different 𝛽-lactams were combined. In contrast, the combination of drugs belonging to
different classes (especially DNA and protein synthesis inhibitors) tended to have an antagonistic
effect. Interestingly, strong synergy was observed when an aminoglycosides (e.g., gentamycin) was
coupled with 𝛽-lactams. Antagonism has been observed more frequently than synergy in such
studies, indicating that extreme caution is required when combining drugs to battle bacterial
infections. Our present results suggest that in mycobacteria combining a cell wall synthesis inhibitor
with nalidixic acid (or other quinolones) would not be likely to show any additional benefit beyond
the use of Ndx alone, as the cells stopped growing immediately after Ndx was introduced to the
medium. On the other hand, it seems that 𝛽-lactams may be useful when combined with
griselimycin or novobiocin. Given that the standard treatment for TB consists of combining
rifampicin, isoniazid, pyrazinamide and ethambutol for multiple months (84, 85), the system
introduced herein may be useful in efforts to determine the optimal drug combination for use
against mycobacterial infections and to test new combinations involving second-line compounds,
such as fluoroquinolones. In future, it may also prove beneficial in assessing the usefulness of the
combination therapy consisting of newly-developed drugs.

Methods
Bacterial strains and culture conditions
Allelic replacement of the genes encoding the alpha (Msmeg_3178) or beta (dnaN, Msmeg_0001)
subunits of DNA polymerase III with the alpha-eyfp or dnaN-mCherry fusion genes, as well as
replacement of the parB gene with the parB-mNeon green or parB-mCherry fusion genes, was
performed as previously described (51, 52). Replacement of the hupB gene with hupB-egfp was
performed as described by Holowka and coworkers (53, 54). Mycobacterial strains were cultured
in 37°C in 7H9 broth or on 7H10 agar (Difco) supplemented with OADC (BD), 0.05% Tween80
and (when needed) proper additives (kanamycin 50 µg/ml, X-Gal, 2% sucrose). Correct allelic
replacement and proper incorporation of the integration vectors were confirmed using PCR and
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Western blotting. Fusion of the functional fluorescent protein was confirmed by semi-native
SDS-PAGE and visualized using a Typhoon phosphoimager. Western blotting was performed
using standard procedures (86) with polyclonal anti-mCherry, monoclonal anti-GFP (Santa Cruz
Biotechnology), and anti-mNeon antibodies (Chromotec).
Determination of IC50
For the growth curve analysis, cells were cultured in a Bioscreen-C instrument (37°C, high speed,
3 days) with or without the tested inhibitors (concentration ranges: GM, 0.1 – 1 µg/ml; Ndx, 30 –
150 µg/ml; Nov, 0.5 – 9 µg/ml). Data were collected every 20 min using a brown filter (600 nm).
The growth rate (OD600/min) was estimated by analyzing the slope of the linearly fitted
correlation in the exponential growth phase. The percentage of growth inhibition was calculated
by comparing the growth rates obtained in the presence of the tested antibiotics to the growth rate
obtained without any inhibitor (which was defined as 100%), as described previously (87). The
IC50 was calculated for each strain from the inhibition curve plotted using the R-package
software, and was taken as the concentration of a particular compound that inhibited the cell
growth rate by 50%.
TLMM
TLMM was performed as previously described (51, 87) using B04A plates with an ONIX flowcontrol system (Merck-Millipore). Cells loaded into the observation chamber were exposed to
fresh 7H9/OADC/Tween for 5 hours, 7H9/OADC/Tween/inhibitor for 5 hours and fresh
7H9/OADC/Tween without antibiotic for 7 hours. All experiments were performed under
continuous pressure (1.5 psi) at 37°C. Images were recorded in 2- or 10-min intervals using a
Delta Vision Elite inverted microscope equipped with a 100 × or 60 × oil immersion objective.
Movies were analyzed with the ImageJ Fiji suite.
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Tables.

Table 1. IC50 concentration of tested antibiotics for various strains used in the study.
Antibiotic / IC50 (µg/ml)
Novobiocin
Nalidixic acid
Griselimycin
4.8
50
0.43

Strain
mc 155
2

DnaN-mCherry / ParB-mNeon
DnaN-mCherry / α-YFP
DnaN-mCherry / HupB-EGFP

4.0

50

0.22

1.2
2.9

50
49

0.12
0.17

Table S1. Characterisctics of strains used in this study
Strain name

Relevant genotype

Reference

Alpha-EYFP/DnaN-mCherry

M. smegmatis Mc2 155 alpha-eyfp, dnaN-mCherry

(52)

DnaN- mCherry/ParB-mNeon

M. smegmatis Mc2 155 dnaN-mcherry , parB-mNeon,

(51)

Alpha-EYFP/ParB-mCherry

M. smegmatis Mc2 155 alpha-eyfp, parB-mCherry

(52)

DnaN-mCHerry/HupB-EGFP

M. smegmatis Mc2 dnaN-mcherry, hupB-egfp

(54)

E. coli AB1157 (thr-1, araC14, leuB6(Am), Δ(gpt-proA)62,
lacY1, tsx-33, qsr'-0, glnV44(AS), galK2(Oc), LAM-, Rac-0,

RRL196

hisG4(Oc), rfbC1, mgl-51, rpoS396(Am), rpsL31(strR),

(60)

kdgK51, xylA5, mtl-1, argE3(Oc), thi-1) ypet-dnaN
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Fig. 1. Replisomes are highly dynamic entities in M. smegmatis. (A) A schematic representation of the replisome,
which is a multiprotein complex engaged in DNA replication. Core DNA polymerase III (core DNA Pol III) is loaded
by the clamp loader complex via the tau subunit, whereas the beta clamp is loaded via the delta subunit of the clamp
loader complex. The catalytic subunit alpha of core DNA Pol III interacts with the beta clamp in its hydrophobic cleft to
give the replisome a high degree of processivity. Both Ndx and novobiocin target DNA gyrase. Novobiocin binds to the
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GyrB subunit, while Ndx binds to the gyrase/DNA complex (cleavable complex). Griselimycin abolishes the alpha-beta
interactions by binding in the hydrophobic cleft of the sliding clamp. (B) Kymographs of representative cells from two
M. smegmatis strains: DnaN-mCherry/Alpha-EYFP (top panel) and DnaN-mCherry/ParB-mNeon (bottom panel). The
fluorescence intensities over time are depicted in magenta for DnaN-mCherry and in green for Alpha-EYFP or ParBmNeon. “C period” refers to the time during which DnaN-mCherry and/or Alpha-EYFP is/are observed as diffractionlimited foci, while “B+D period” refers to the time between the termination of DNA replication and the initiation of
another round of replication in the next generation.

Fig. 2. Novobiocin stalls replisomes but has only a moderate effect on growth in M. smegmatis cells. Kymographs of
representative cells of two M. smegmatis strains exposed to novobiocin: DnaN-mCherry/Alpha-EYFP (A) and DnaNmCherry/ParB-mNeon (B). The left kymographs show DnaN-mCherry fluorescence over time (A and B), while the
right ones present Alpha-EYFP (A) or ParB-mNeon (B) fluorescence over time. Time-lapse images of the cells depicted
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on the kymographs are presented in the bottom panel and a schematic graph of analyzed cells is presented in the right
panel. Antibiotic treatment is indicated by gray rectangles; black arrows mark cells in which replication proceeds in the
presence of novobiocin; red arrows mark cells in which replication terminates during novobiocin treatment; gray and
cyan arrows indicate the corresponding poles on both images and kymographs. Scale bar, 5 µm. (C) Dose-dependent
inhibition of replisome mobility during novobiocin exposure of DnaN-mCherry/ParB-mNeon cells. Box-plots represent
replisome mobility (defined as the relative distance a replisome traveled along the cell per minute) under increasing
concentrations of novobiocin (0x, 5x, 10x and 25x IC50, n=20 for each concentration). Measurements were performed
from the old pole.

Fig. 3. Nalidixic acid treatment results in replisome disassembly and growth arrest of M. smegmatis cells. Kymographs
of representative cells of two M. smegmatis strains exposed to Ndx: DnaN-mCherry/Alpha-EYFP (A) and DnaNmCherry/ParB-mNeon (B). The left kymographs show the DnaN-mCherry fluorescence over time, while the right ones
present the Alpha-EYFP (A) or ParB-mNeon (B) fluorescence over time. Time-lapse images of the cells depicted on the
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kymographs are presented in the bottom panel, and the schematic graph of analyzed cells is presented in the right panel.
Antibiotic treatment is indicated by the gray rectangle; gray and cyan arrows indicate the corresponding poles on both
images and kymographs; and the dotted line indicates the boundary between two daughter cells. (C) TLMM analysis of
E. coli cells harboring the YPet-DnaN fusion, as assessed during Ndx treatment. Scale bar, 5 µm.

Fig. 4. Griselimycin treatment results in loss of replisome processivity and multiplication of oriC-proximal regions.
Kymographs of representative cells of three M. smegmatis strains exposed to GM: DnaN-mCherry/Alpha-EYFP (A),
DnaN-mCherry/ParB-mNeon (B) and Alpha-EYFP/ParB-mCherry (C). The left kymographs show the fluorescence of
DnaN-mCherry (A, B) or Alpha-EYFP (C) over time, while the right ones present the fluorescence of Alpha-EYFP (A),
ParB-mNeon (B) or ParB-mCherry (C) over time. Time-lapse images of the cells depicted on the kymographs are
presented in the bottom panel and a schematic graph of analyzed cells is presented in the right panel. Antibiotic
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treatment is indicated by the gray rectangle; gray and cyan arrows indicate the corresponding poles on both images and
kymographs; and a dotted line indicates the boundary between two daughter cells. Scale bar, 5 µm.
Ndx
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Fig. 5. All three analyzed antibiotics affect chromosome organization and dynamics. A-D) Fluorescence profiles of
HupB-EGFP over time for representative cells (n=5) under treatment with the different antibiotics. (A) In cells with
overall replication progression of <50%, (cells in which replication progressed beyond the halfway point). Ndx
exposure causes the chromosome to shrink until only a single fluorescent cluster is visible. (B) In cells with overall
replication progression of >50%, Ndx exposure causes the chromosome to shrink until two fluorescent clusters are
visible. (C) During novobiocin treatment, chromosome decondensation is visualized as separate fluorescent clusters.
(D) During GM treatment, chromosome decondensation is followed by a decrease in the fluorescence intensity. (E-G)
TLMM images of representative cells under treatment with Ndx (E), novobiocin (F) or GM (G). Scale bar, 5 µm.
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Fig. S1. Growth curves of the M. smegmatis strains used in this study in the presence of the different antibiotics. The
right bottom panel presents the growth of all strains in antibiotic-free medium.
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Fig. S2. Inhibition curves calculated from the growth curves plotted in Figure S1. Top panel, griselimycin; middle
panel, nalidixic acid; bottom panel, novobiocin. IC50 is marked with a red dotted line.
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Fig. S3. GM treatment induces heterogeneous expression of both Alpha-EYFP and DnaN-mCherry during the
subsequent washout period. TLMM images of representative microcolonies of DnaN-mCherry/Alpha-EYFP after the
removal of GM. Scale bar, 5 µm.
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A

B

C

Fig. S4. The binding of HupB-EGFP to the chromosome is not affected under GM treatment, and reflects the nucleoid
structure. Micrographs and corresponding fluorescence intensity profiles of DnaN-mCherry/HupB-EGFP cells stained
with Hoechst 33342 before (A) and after 5 hours of GM treatment (B and C). During GM treatment, the chromosome is
decondensed in some cells (B), while diffuse fluorescence is observed in others (C).

References
1.

Cooper MA, Shlaes D (2011) Fix the antibiotics pipeline. Nature 472(7341):32.

2.

Roca I, et al. (2015) The global threat of antimicrobial resistance: science for intervention.

New Microbes New Infect 6:22–29.
3.

Ventola CL (2015) The Antibiotic Resistance Crisis. Pharm Ther 40(4):277–283.

4.

Munita JM, Arias CA (2016) Mechanisms of Antibiotic Resistance. Microbiol Spectr 4(2).

doi:10.1128/microbiolspec.VMBF-0016-2015.
5.

Zhou C, Chen X, Wu L, Qu J (2016) Distribution of drug-resistant bacteria and rational use

of clinical antimicrobial agents. Exp Ther Med 11(6):2229–2232.
6.

Hiltunen T, Virta M, Laine A-L (2017) Antibiotic resistance in the wild: an eco-

evolutionary perspective. Philos Trans R Soc B Biol Sci 372(1712). doi:10.1098/rstb.2016.0039.
7.

Bengtsson-Palme J, Kristiansson E, Larsson DGJ (2018) Environmental factors influencing
23

bioRxiv preprint doi: https://doi.org/10.1101/477141; this version posted November 23, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

the development and spread of antibiotic resistance. FEMS Microbiol Rev 42(1).
doi:10.1093/femsre/fux053.
8.

WHO (2018) GLASS | Global antimicrobial resistance surveillance system (GLASS) report.

WHO. Available at: http://www.who.int/glass/resources/publications/early-implementationreport/en/ [Accessed September 15, 2018].
9.

Kahne D, Leimkuhler C, Lu W, Walsh C (2005) Glycopeptide and lipoglycopeptide

antibiotics. Chem Rev 105(2):425–448.
10.

Kohanski MA, Dwyer DJ, Collins JJ (2010) How antibiotics kill bacteria: from targets to

networks. Nat Rev Microbiol 8(6):423–435.
11.

Prescott JF (2013) Sulfonamides, Diaminopyrimidines, and Their Combinations.

Antimicrobial Therapy in Veterinary Medicine (Wiley-Blackwell), pp 279–294.
12.

Velkov T, Roberts KD, Thompson PE, Li J (2016) Polymyxins: a new hope in combating

Gram-negative superbugs? Future Med Chem 8(10):1017–1025.
13.

Kapoor G, Saigal S, Elongavan A (2017) Action and resistance mechanisms of antibiotics:

A guide for clinicians. J Anaesthesiol Clin Pharmacol 33(3):300–305.
14.

Sanyal G, Doig P (2012) Bacterial DNA replication enzymes as targets for antibacterial drug

discovery. Expert Opin Drug Discov 7(4):327–339.
15.

van Eijk E, Wittekoek B, Kuijper EJ, Smits WK (2017) DNA replication proteins as

potential targets for antimicrobials in drug-resistant bacterial pathogens. J Antimicrob Chemother
72(5):1275–1284.
16.

Chatterji M, Unniraman S, Mahadevan S, Nagaraja V (2001) Effect of different classes of

inhibitors on DNA gyrase from Mycobacterium smegmatis. J Antimicrob Chemother 48(4):479–
485.
17.

Płocinska R, Korycka-Machala M, Plocinski P, Dziadek J (2017) Mycobacterial DNA

Replication as a Target for Antituberculosis Drug Discovery. Curr Top Med Chem 17(19):2129–
2142.
18.

Kirby WMM, Hudson DG, Noyes WD (1956) Clinical and Laboratory Studies of

Novobiocin, a New Antibiotic. AMA Arch Intern Med 98(1):1–7.
19.

Hooper DC, Wolfson JS, McHugh GL, Winters MB, Swartz MN (1982) Effects of

novobiocin, coumermycin A1, clorobiocin, and their analogs on Escherichia coli DNA gyrase and
bacterial growth. Antimicrob Agents Chemother 22(4):662–671.
20.

Müller M (1983) Mode of action of metronidazole on anaerobic bacteria and protozoa.

Surgery 93(1 Pt 2):165–171.
21.

Butler MM, et al. (2007) Antibacterial activity and mechanism of action of a novel

anilinouracil-fluoroquinolone hybrid compound. Antimicrob Agents Chemother 51(1):119–127.
24

bioRxiv preprint doi: https://doi.org/10.1101/477141; this version posted November 23, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

22.

Dhand A, Snydman DR (2009) Mechanism of Resistance in Metronidazole. Antimicrobial

Drug Resistance (Humana Press).
23.

Heide L (2014) New aminocoumarin antibiotics as gyrase inhibitors. Int J Med Microbiol

304(1):31–36.
24.

Yin Z, et al. (2014) DNA replication is the target for the antibacterial effects of nonsteroidal

anti-inflammatory drugs. Chem Biol 21(4):481–487.
25.

Sulis G, Roggi A, Matteelli A, Raviglione MC (2014) Tuberculosis: Epidemiology and

Control. Mediterr J Hematol Infect Dis 6(1). doi:10.4084/MJHID.2014.070.
26.

WHO WHO | Global tuberculosis report 2017. WHO. Available at:

http://www.who.int/tb/publications/global_report/en/ [Accessed September 15, 2018].
27.

WHO | Latent TB Infection : Updated and consolidated guidelines for programmatic

management WHO. Available at: http://www.who.int/tb/publications/2018/latent-tuberculosisinfection/en/ [Accessed September 15, 2018].
28.

D’Ambrosio L, et al. (2015) New anti-tuberculosis drugs and regimens: 2015 update. ERJ

Open Res 1(1):00010–02015.
29.

Gualano G, Capone S, Matteelli A, Palmieri F (2016) New Antituberculosis Drugs: From

Clinical Trial to Programmatic Use. Infect Dis Rep 8(2). doi:10.4081/idr.2016.6569.
30.

Aldridge BB, et al. (2012) Asymmetry and aging of mycobacterial cells lead to variable

growth and antibiotic susceptibility. Science 335(6064):100–104.
31.

Joyce G, et al. (2012) Cell Division Site Placement and Asymmetric Growth in

Mycobacteria. PLoS ONE 7(9):e44582.
32.

Vijay S, Nagaraja M, Sebastian J, Ajitkumar P (2014) Asymmetric cell division in

Mycobacterium tuberculosis and its unique features. Arch Microbiol 196(3). doi:10.1007/s00203014-0953-7.
33.

Logsdon MM, et al. (2017) A Parallel Adder Coordinates Mycobacterial Cell-Cycle

Progression and Cell-Size Homeostasis in the Context of Asymmetric Growth and Organization.
Curr Biol 27(21):3367-3374.e7.
34.

Singh B, et al. (2013) Asymmetric growth and division in Mycobacterium spp.:

compensatory mechanisms for non-medial septa. Mol Microbiol 88(1):64–76.
35.

Vijay S, Mukkayyan N, Ajitkumar P (2014) Highly Deviated Asymmetric Division in Very

Low Proportion of Mycobacterial Mid-log Phase Cells. Open Microbiol J 8:40–50.
36.

Mukkayyan N, Sharan D, Ajitkumar P (2018) A Symmetric Molecule Produced by

Mycobacteria Generates Cell-Length Asymmetry during Cell-Division and Thereby Cell-Length
Heterogeneity. ACS Chem Biol 13(6):1447–1454.
37.

Ginda K, et al. (2017) The studies of ParA and ParB dynamics reveal asymmetry of
25

bioRxiv preprint doi: https://doi.org/10.1101/477141; this version posted November 23, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

chromosome segregation in Mycobacteria. Mol Microbiol. doi:10.1111/mmi.13712.
38.

Santi I, Dhar N, Bousbaine D, Wakamoto Y, McKinney JD (2013) Single-cell dynamics of

the chromosome replication and cell division cycles in mycobacteria. Nat Commun 4:2470.
39.

Richardson K, et al. (2016) Temporal and intrinsic factors of rifampicin tolerance in

mycobacteria. Proc Natl Acad Sci:201600372.
40.

Vijay S, et al. (2017) Mycobacterial Cultures Contain Cell Size and Density Specific Sub-

populations of Cells with Significant Differential Susceptibility to Antibiotics, Oxidative and Nitrite
Stress. Front Microbiol 8. doi:10.3389/fmicb.2017.00463.
41.

Vijay S, et al. (2017) Influence of Stress and Antibiotic Resistance on Cell-Length

Distribution in Mycobacterium tuberculosis Clinical Isolates. Front Microbiol 8:2296.
42.

Manina G, Dhar N, McKinney JD (2015) Stress and host immunity amplify Mycobacterium

tuberculosis phenotypic heterogeneity and induce nongrowing metabolically active forms. Cell Host
Microbe 17(1):32–46.
43.

Kling A, et al. (2015) Antibiotics. Targeting DnaN for tuberculosis therapy using novel

griselimycins. Science 348(6239):1106–1112.
44.

Aldred KJ, Kerns RJ, Osheroff N (2014) Mechanism of Quinolone Action and Resistance.

Biochemistry 53(10):1565–1574.
45.

Sugino A, Peebles CL, Kreuzer KN, Cozzarelli NR (1977) Mechanism of action of nalidixic

acid: Purification of Escherichia coli nalA gene product and its relationship to DNA gyrase and a
novel nicking-closing enzyme. Proc Natl Acad Sci U S A 74(11):4767–4771.
46.

Sugino A, Higgins NP, Brown PO, Peebles CL, Cozzarelli NR (1978) Energy coupling in

DNA gyrase and the mechanism of action of novobiocin. Proc Natl Acad Sci U S A 75(10):4838–
4842.
47.

Brock TD (1967) Novobiocin. Mechanism of Action. Antibiotics, Vol 1. (Springer, Berlin,

Heidelberg).
48.

Bryskier A, Klich M (2005) Coumarin Antibiotics: Novobiocin, Coumermycin, and

Clorobiocin. Antimicrob Agents:816–825.
49.

Bouige A, et al. (2013) Mycobacterium tuberculosis DNA gyrase possesses two functional

GyrA-boxes. Biochem J 455(3):285–294.
50.

Mdluli K, Ma Z (2007) Mycobacterium tuberculosis DNA gyrase as a target for drug

discovery. Infect Disord Drug Targets 7(2):159–168.
51.

Trojanowski D, et al. (2015) Choreography of the Mycobacterium Replication Machinery

during the Cell Cycle. mBio 6(1):e02125-14.
52.

Trojanowski D, Hołówka J, Ginda K, Jakimowicz D, Zakrzewska-Czerwińska J (2017)

Multifork chromosome replication in slow-growing bacteria. Sci Rep 7:43836.
26

bioRxiv preprint doi: https://doi.org/10.1101/477141; this version posted November 23, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

53.

Hołówka J, et al. (2017) HupB Is a Bacterial Nucleoid-Associated Protein with an

Indispensable Eukaryotic-Like Tail. mBio 8(6):e01272-17.
54.

Hołówka J, Trojanowski D, Janczak M, Jakimowicz D, Zakrzewska-Czerwińska J (2018)

The Origin of Chromosomal Replication Is Asymmetrically Positioned on the Mycobacterial
Nucleoid, and the Timing of Its Firing Depends on HupB. J Bacteriol 200(10).
doi:10.1128/JB.00044-18.
55.

Mangiameli SM, Cass JA, Merrikh H, Wiggins PA (2018) The bacterial replisome has

factory-like localization. Curr Genet 64(5):1029–1036.
56.

Moolman MC, et al. (2014) Slow unloading leads to DNA-bound β2-sliding clamp

accumulation in live Escherichia coli cells. Nat Commun 5. doi:10.1038/ncomms6820.
57.

Su’etsugu M, Errington J (2011) The Replicase Sliding Clamp Dynamically Accumulates

behind Progressing Replication Forks in Bacillus subtilis Cells. Mol Cell 41(6):720–732.
58.

López de Saro FJ, Georgescu RE, Goodman MF, O’Donnell M (2003) Competitive

processivity-clamp usage by DNA polymerases during DNA replication and repair. EMBO J
22(23):6408–6418.
59.

López de Saro FJ (2009) Regulation of interactions with sliding clamps during DNA

replication and repair. Curr Genomics 10(3):206–215.
60.

Reyes-Lamothe R, Sherratt DJ, Leake MC (2010) Stoichiometry and Architecture of Active

DNA Replication Machinery in Escherichia coli. Science 328(5977):498–501.
61.

Fossum S, Crooke E, Skarstad K (2007) Organization of sister origins and replisomes during

multifork DNA replication in Escherichia coli. EMBO J 26(21):4514–4522.
62.

Chai Q, et al. (2014) Organization of Ribosomes and Nucleoids in Escherichia coli Cells

during Growth and in Quiescence. J Biol Chem 289(16):11342–11352.
63.

Shechter N, et al. (2013) Stress-induced condensation of bacterial genomes results in re-

pairing of sister chromosomes: implications for double strand DNA break repair. J Biol Chem
288(35):25659–25667.
64.

Malik M, Zhao X, Drlica K (2006) Lethal fragmentation of bacterial chromosomes mediated

by DNA gyrase and quinolones. Mol Microbiol 61(3):810–825.
65.

Lewin CS, Howard BM, Ratcliffe NT, Smith JT (1989) 4-quinolones and the SOS response.

J Med Microbiol 29(2):139–144.
66.

Thanbichler M, Wang SC, Shapiro L (2005) The bacterial nucleoid: a highly organized and

dynamic structure. J Cell Biochem 96(3):506–521.
67.

Le TBK, Imakaev MV, Mirny LA, Laub MT (2013) High-resolution mapping of the spatial

organization of a bacterial chromosome. Science 342(6159):731–734.
68.

Le TB, Laub MT (2016) Transcription rate and transcript length drive formation of
27

bioRxiv preprint doi: https://doi.org/10.1101/477141; this version posted November 23, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

chromosomal interaction domain boundaries. EMBO J 35(14):1582–1595.
69.

Badrinarayanan A, Le TBK, Laub MT (2015) Bacterial chromosome organization and

segregation. Annu Rev Cell Dev Biol 31:171–199.
70.

Srivatsan A, Tehranchi A, MacAlpine DM, Wang JD (2010) Co-Orientation of Replication

and Transcription Preserves Genome Integrity. PLOS Genet 6(1):e1000810.
71.

Fisher JK, et al. (2013) Four-dimensional imaging of E. coli nucleoid organization and

dynamics in living cells. Cell 153(4):882–895.
72.

Joshi MC, et al. (2011) Escherichia coli sister chromosome separation includes an abrupt

global transition with concomitant release of late-splitting intersister snaps. Proc Natl Acad Sci U S
A 108(7):2765–2770.
73.

Bates D, Kleckner N (2005) Chromosome and replisome dynamics in E. coli: loss of sister

cohesion triggers global chromosome movement and mediates chromosome segregation. Cell
121(6):899–911.
74.

Beattie TR, et al. (2017) Frequent exchange of the DNA polymerase during bacterial

chromosome replication. eLife 6. doi:10.7554/eLife.21763.
75.

Lewis JS, et al. (2017) Single-molecule visualization of fast polymerase turnover in the

bacterial replisome. eLife 6. doi:10.7554/eLife.23932.
76.

Tamayo M, Santiso R, Gosalvez J, Bou G, Fernández JL (2009) Rapid assessment of the

effect of ciprofloxacin on chromosomal DNA from Escherichia coli using an in situ DNA
fragmentation assay. BMC Microbiol 9:69.
77.

Aldred KJ, Blower TR, Kerns RJ, Berger JM, Osheroff N (2016) Fluoroquinolone

interactions with Mycobacterium tuberculosis gyrase: Enhancing drug activity against wild-type
and resistant gyrase. Proc Natl Acad Sci U S A 113(7):E839-846.
78.

Aubry A, Pan X-S, Fisher LM, Jarlier V, Cambau E (2004) Mycobacterium tuberculosis

DNA gyrase: interaction with quinolones and correlation with antimycobacterial drug activity.
Antimicrob Agents Chemother 48(4):1281–1288.
79.

Dorman CJ, Corcoran CP (2009) Bacterial DNA topology and infectious disease. Nucleic

Acids Res 37(3):672–678.
80.

Dorman CJ, Dorman MJ (2016) DNA supercoiling is a fundamental regulatory principle in

the control of bacterial gene expression. Biophys Rev 8(Suppl 1):89–100.
81.

Dorman CJ, Ní Bhriain N (1993) DNA topology and bacterial virulence gene regulation.

Trends Microbiol 1(3):92–99.
82.

Brochado AR, et al. (2018) Species-specific activity of antibacterial drug combinations.

Nature 559(7713):259–263.
83.

Cottarel G, Wierzbowski J (2007) Combination drugs, an emerging option for antibacterial
28

bioRxiv preprint doi: https://doi.org/10.1101/477141; this version posted November 23, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

therapy. Trends Biotechnol 25(12):547–555.
84.

Hall RG, Leff RD, Gumbo T (2009) Treatment of Active Pulmonary Tuberculosis in Adults:

Current Standards and Recent Advances. Pharmacotherapy 29(12):1468–1481.
85.

Treatment for TB Disease | Treatment | TB | CDC (2018) Available at:

https://www.cdc.gov/tb/topic/treatment/tbdisease.htm [Accessed October 7, 2018].
86.

Sambrook J, Russell DW (David W, Cold Spring Harbor Laboratory (Cold Spring Harbor,

N.Y. : Cold Spring Harbor Laboratory, c2001) Molecular cloning : a laboratory manual / Joseph
Sambrook, David W. Russell (Cold Spring Harbor Laboratory, Cold Spring Harbor, N.Y).
87.

Szafran MJ, et al. (2018) Amsacrine Derivatives Selectively Inhibit Mycobacterial

Topoisomerase I (TopA), Impair M. smegmatis Growth and Disturb Chromosome Replication.
Front Microbiol 9. doi:10.3389/fmicb.2018.01592.

29

