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Abstract 
All viable bacterial cells, whether they divide symmetrically or asymmetrically, must 
coordinate their growth, division, cell volume and shape with ‘chromosome inheritance’, the 
processes that together maintain genome integrity over generations as chromosomes 
duplicate and segregate during each cell cycle. These processes include the organisation of 
DNA into nucleoids, controlled and faithful DNA replication, chromosome unlinking and 
faithful segregation into daughter cells. Chromosome inheritance also influences the timing 
and activity of physiological processes that lead to growth and cell division. We highlight the 
applications of quantitative single-cell studies that are revolutionising our mechanistic 
understanding of the cell cycle. Furthermore, we address how the study of a growing number 
of bacterial species enable the search for common principles that underlie chromosome 
inheritance coordinated with the cell cycle.  
 
 
[H1] Introduction 
Bacterial diversity is enormous, with the cellular volumes of different bacterial species 
spanning over seven orders of magnitude 1 and genome size spanning two orders of 
magnitude [from ~0.11 Mbp in the obligate symbiont Candidatus Nasuia deltocephalinicola, 
to ~15 Mbp in the myxobacterium Sorangium cellulosum 2-4]. Yet, all bacterial species 
maintain a characteristic cell volume and shape over generations, which requires the 
coordination of the processes that determine these phenotypes with inheritance of the 
genome in the form of the chromosome(s). Some bacteria produce multiple differentiated 
states either through asymmetric cell divisions and/or by morphological changes induced in 
response to changing environmental conditions. The ability to undergo and survive these 
transitions also has to be encoded in the genome. Feedback systems between the genome 
and other cellular factors influence each other – as observed, for example, in the interaction 
between metabolism and gene expression.  
Unlike eukaryotes, many bacteria do not have distinct cell cycle. Consequently, checkpoints 
that act to prevent inopportune shift to the next cell cycle phase appear not to be generally 
present. Historically, the period from initiation of DNA replication of a bacterial 
chromosome to completion of its replication is defined as the C-period, which can be 
compared with the S-phase of eukaryotes, the period during which replication of all 
chromosomes occurs. The period from completion of replication to bacterial division is 
called the D-period, while that from birth to initiation of chromosome replication is the B-
period (FIG. 1). The bacterial chromosome is organised by a ~103-fold linear compaction into 
a structure called the nucleoid, which contains DNA and DNA-binding proteins. Cytologically, 
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the nucleoid may appear as a discrete compact structure with cytoplasm and polyribosomes 
between it and the inner membrane, or as a more amorphous form that appears to fill the 
whole cellular volume.  Examples of the former are the nucleoids of Escherichia coli and 
Bacillus subtilis, and of the latter, Caulobacter crescentus. In the former case, the compact 
structure is at least partly maintained by molecular crowding caused by the huge number of 
polyribosomes and their associated proteins 5, because polyribosome disruption after 
addition of the transcriptional inhibitor, rifampicin, leads to a decompacted nucleoid filling 
the whole cell 6. Duplication of the long chromosomal DNA molecules starts at a single 
sequence-specific point, the origin of replication. DNA synthesis proceeds bidirectionally 
from this point, and takes typically tens of minutes for completion in model bacteria grown 
in the laboratory. Segregation of chromosomal DNA into the developing daughter cells 
occurs in parallel to DNA replication. In rod-shaped bacteria, segregation begins with the 
movement of the replication origin to symmetrical positions on the two halves of the long 
axis of the cell – near the one quarter and three-quarter positions, or at the cell poles. This 
is followed by the movement of replicated loci to cell locations that depend on the position 
of the replication origin, and ultimately result in one of two possible types of nucleoid 
folding (FIG. 2). Cell division normally initiates in nucleoid-free areas when chromosomes 
have been segregated. It starts by the formation of a positioned Z-ring, formed by the 
bacterial tubulin FtsZ, and other cell division proteins, that act along with membrane 
invagination and cell wall biosynthetic enzymes to complete cell division. 

Recent technological advances have enabled DNA inheritance, cell growth and cell 
division events to be followed at high throughput and with great precision over generations 
in single bacterial cells. Genetic loci and molecular machines can be imaged with 
unprecedented spatial and temporal resolution. These advances, and complementary 
theoretical simulations and modelling studies, have ‘re-ignited’ interest in the coordination 
of events that relate directly or indirectly to the bacterial cell cycle (BOX 1). We refer the 
reader to excellent recent reviews that describe the mechanisms for DNA replication, 
chromosome segregation 7-9, and cell division 10, and that critically discuss the complexities 
and state of play that have emerged from recent studies of cell volume control and its 
coordination with those cellular events 1,11.  

In this Review, we describe the intimate links between the chromosome and the cell 
cycle, taking a DNA-centric view of how cells coordinate their DNA inheritance with cell 
growth and division. We first explore the principles of how the cell cycle is coupled to cell 
growth and cell volume, and we describe the contributions of chromosome structure and 
nucleoid folding to cell cycle regulation. Moreover, we detail the cellular processes involved 
in the initiation of DNA replication and DNA segregation and explore how those processes are 
linked to cell growth and cell division.  
 
[H1] Cell volume, growth and DNA replication  
Pioneering ensemble studies of the Escherichia coli cell cycle in the period 1958-1968 
provided important insights into the bacterial cell cycle in a model organism in which the 
generation time can be shorter than the time it takes to replicate its chromosome 12-14 
(reviewed in 1,11). Therefore, overlapping rounds of replication are required to achieve a 
constant DNA content/cell over generations, with new born cells having partially replicated 
chromosomes at birth (FIG. 1). Three visionary inter-related principles emerged from this 
early work. First, a growth law proposed that bacterial cell volume depends exponentially on 
growth rate and increases exponentially as growth proceeds 12. Second, during growth in 
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which the generation time is shorter than the replication time, the combined time of C and D 
periods is constant and independent of growth rate 13. Third, in populations of cells, initiation 
of DNA replication occurs at a fixed cell volume per origin 14. Fast-growing bacteria that 
include E. coli, Bacillus subtilis and Vibrio species have all evolved to coordinate overlapping 
replication cycles with cell growth, chromosome segregation and subsequent cell division. By 

contrast, slower growing bacterial species (for example, the -proteobacteria Caulobacter 
crescentus and Rhodobacter sphaeroides), and potentially fast-growing bacteria in nutrient- 
limited conditions, complete replication in the same generation as it was initiated 15-18, as do 
characterized Archaea 19 (FIG. 1).  
 Although, each of the three principles, when applied to bacterial populations, has 
largely stood the test of time, mechanistic insight into the processes that underlie these 
observations has been elusive. Nevertheless, the advances in imaging alluded to above have 
provided important phenomenological information at the single-cell level, which is providing 
a rich platform for discussion of the possible biological processes and controls responsible for 
the observed behaviour (BOX 1). Studies examining cell volume, growth properties and DNA 
replication in steady state and perturbed conditions 20-22 have resulted in multiple predictions 
relating to the coordination between the cellular events and the genome. Among them is the 
demonstration from most studies that initiation of E. coli DNA replication occurs at a fixed cell 
volume/ori, independent of birth size and growth rate in individual cells 20-22, in-line with 
Donachie’s original paper, suggesting that replication initiation is a reset point in the cell cycle. 
Initiation of replication is therefore likely to be crucial during cell cycle control, but other 
aspects of the genome, such as gene content, orientation and arrangement, as well as 
chromosome architecture (see below), also have important contributions.  
  
[H1] The structure of chromosomes and nucleoids  
Bacteria have evolved to thrive in specific environmental niches. Genome content and 
organisation provide the platform for determining the nature of the cell cycle and its 
regulation. As such, the genomes of many bacteria have not evolved for fast growth, but 
rather to survive and proliferate in their specific niche(s), with some bacteria having evolved 
to inhabit at least two very different niches. Gene content defines the potential for metabolic 
versatility and the capacity to generate energy and extract the essential compounds from the 
environment needed for growth and proliferation. Metabolic diversity generates a wide range 
of generation times among species, ranging from few minutes in the common model bacteria 
used in the lab to thousands of years such as in bacteria living in deep sub-floor sediments 
23,24. 

In addition to the gene content, other traits of the chromosomes, like the 
arrangement and orientation of genes, play important roles for the coordination of genome 
inheritance with the cell cycle. Characterized bacteria have a single or multiple gene-dense 
chromosome(s), with each having a single replication origin. The arrangement and orientation 
of genes in the chromosome influence cell physiology, by facilitating genome duplication and 
by regulating the expression level of genes. There is a strong bias for essential genes – 
regardless of their expression level – to be coded in the leading strand. As replication and 
transcription occur simultaneously, the strand bias presumably avoids head-to-head collisions 
of RNA polymerases with the replisome which could lead to genome instability 25-28. In 
addition, cells exploit the positioning of genes relative to the replication origin to modulate 
their relative gene dosage in actively replicating cells. This effect is particularly strong in fast 
growing bacteria, where the generation time is shorter than the time needed for 
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chromosome synthesis, and origin-proximal genes can be present in eight or more copies per 
cell during active growth. Indeed, a predicting feature of fast-growing bacteria is the 
positioning of genes involved in protein synthesis and their copy number in the genome. The 
RNA polymerase, ribosomal RNA genes and ribosomal protein genes in fast-growing bacteria 
are all positioned near the replication origin (FIG. 2). Given that the rate of cell growth is 
correlated to the concentration of ribosomes in the cell 29, the resulting transient gene 
amplification allows cells to bypass the limitation imposed by the rates of transcription in the 
production of proteins, and hence maximizes proliferative growth 30.  
 The position and orientation of short non-coding sequences in the chromosomes also 
help to direct the cell cycle (reviewed in 31). Taking E. coli as an example, there are multiple 
sites required to avoid over-replication near the place where replication forks encounter (ter 
sites); and for chromosome segregation (KOPS sequences). A site, datA, situated near oriC 
binds the ATP-form of the replication initiation protein DnaA and stimulates ATP hydrolysis 
(described later). GATC sequences, that become hemimethylated for a short time after 
replication, act to prevent premature replication initiations – via binding to the SeqA protein 
– as well as directing mismatch repair to the newly synthesized DNA strand. Chi sequences 
stimulate and direct homologous recombination initiated by double-strand breaks. Finally, 
sequences that bind the nucleoid occlusion factor SlmA are responsible for ensuring cell 
constriction is initiated once the bulk of chromosomal DNA has been segregated. This is an 
incomplete list that include many other short sequences, and their cognate proteins, having 
other roles in the cell.  

Inside the cell, chromosomes are compacted ~1000 times linearly into the nucleoid. DNA 
supercoiling, molecular crowding and DNA-binding proteins contribute to this compaction 32. 
Simple topological considerations predict that chromosomes must be organised into looped 
structures, rather than having the DNA wrapped into a ball. Such chromosomal loops have 
been visualised in prokaryotes and eukaryotes 33,34. They form independent supercoiled 
topological domains, which are organized such that genes have approximate addresses in the 
bacterial nucleoid that change predictably during replication 8,35-39. Furthermore, the 
replichores have specific cellular arrangements, depending on the bacterial species and cell 
physiology (FIG. 2). It now appears that SMC complexes have key roles in organising this loop 
structure through ‘loop extrusion’ 40,41, while bacterial NAPs probably stabilise such 
structures. A higher order ‘macrodomain’ organisation, which is particularly evident for the 
replication termination region (ter), has also been revealed in E. coli 42. Indeed, the E. coli ~0.7 
Mbp ter macrodomain contains multiple matS sites, which bind MatP, and this interaction is 
responsible for specifying the ter macrodomain.  Binding of MatP to matS leads to depletion 
of the SMC complex MukBEF from ter, which results in an altered organization 43,44. 
Compaction and organisation of chromosomes facilitate their partition before cell division 
and regulate cell volume, as evidenced by the increased anucleated cell formation in mutants 
affecting these processes, such as in the case of Muk- mutants 45. 

 
[H1] Replication initiation  
Commitment to genome duplication is arguably the most important event in the cell cycle. 
Initiation of DNA replication represents a Rubicon cross-commitment of cells to DNA 
elongation, once initiated DNA replication must reach completion, taking up a significant 
fraction of the cell cycle. In most bacteria, only one initiation event occurs per cell generation 
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in steady state conditions; exceptions may include polyploid bacteria (see section below on 
cyanobacteria). Initiation occurs at a specific site of the chromosome, thus controlling the 
region in which pairs of replication forks will meet. Multiple predictions have been made on 
the regulation of initiation based on studies on the cell cycle 20-22; here we highlight two of 
them. First, initiation occurs at a fixed volume per origin, marking the start of the cell cycle. 
Second, the relation between volume increase and initiating capacity during growth makes 
models for initiation incompatible with a mechanism where regulation occur only through 
changes in the copy number of proteins, including the initiator. It requires other type of 
mechanisms that can sense exquisitely small changes in cell volume. These predictions are 
interrelated, and are also linked to the growth law, but it is still uncertain what are the 
molecular mechanisms driving the regulation of initiation. Based on the current knowledge 
on initiation from multiple organisms, we highlight below the role of DnaA-ATP filament 
growth as a key element in the still partially-understood regulation of initiation.  
 
[H2] Replication origin melting.  
DNA replication initiates with the loading of the ring-shaped helicase at the replication origin. 
The conserved initiator protein DnaA mediates DNA melting and the recruitment of the 
helicase and its loader to the bacterial chromosome, or to the primary chromosome in species 
with multiple chromosomes (see below). Like other AAA+ proteins, multiple copies of DnaA 
oligomerize in an ATP-dependent manner, forming a helical structure 46. The consensus 
binding sequence for the DnaA protein in most bacteria is a highly-conserved asymmetric 
nine-nucleotide long DNA motif (DnaA box). Replication origins contain multiple copies of 
DnaA boxes positioned close to an AT-rich DNA unwinding element (DUE) 47. The replication 
origins vary in sequence, length and structure in different organisms 47. It is widely thought 
that the arrangement of DnaA boxes in the replication origin promotes the formation of DnaA 
filaments around DNA, exerting helical torsion as it grows on DNA, resulting in the unwinding 
of the DUE. However, this model has recently been challenged by the observation that 
unwinding of the DUE can be achieved in the absence of DnaA-ATP or DnaA filaments in a 
synthetically engineered oriC 48, suggesting that DnaA oligomerization is important for full-
occupancy of DnaA at oriC, but that any deformation resulting from filament growth is 
dispensable for DNA melting.  
 
[H2] Timing initiation of DNA replication. 
What determines when origins fire? Reducing the prototypical E. coli system to its bare 
principles shows that DnaA must be in its DnaA-ATP state, and that the weak-binding DnaA 
boxes in the replication origin have to be fully-occupied to unwind the DUE. The replication 
origin in E. coli contains three strong-binding DnaA boxes (R1, R2 and R4) that flank two sets 
of four weak-binding boxes (R5M, τ2, I1-I3, and C1-C3) 49-51, although only a subset of these 
boxes are essential for activity 52,53. The strong-binding boxes are occupied throughout the 
cell cycle and bind DnaA in both of its nucleotide-binding states. These sites serve as 
nucleation points for DnaA oligomerization and also to suppress the intrinsic capacity of DUE 
to unwind prematurely 54,55. DnaA in E. coli binds ATP tightly, but only weak has weak ATPase 
activity on its own. The fraction of DnaA bound by ATP fluctuates over the cell cycle 56, 
defining periods of high initiating activity by DnaA, accompanied by occupancy of weak-
binding sites and formation of DnaA-ATP filaments 48-50 (FIG. 3). The Hda protein and the datA 
locus independently mediate the increase in the DnaA ATPase activity after replication 
initiation, thereby preventing immediate re-initiation 57,58. Other mechanisms stimulate the 
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accumulation of DnaA-ATP later in the cell cycle, through DARS loci and interaction with 
phospholipids 59,60. Hundreds of DnaA boxes distributed across the genome increasingly 
capture free copies of DnaA as the genome duplicates, but this process plays only a modest 
effect as timing of initiation is insensitive to moderate concentration changes in DnaA 61. In 
addition, accessory proteins, SeqA, IHF, Fis and DiaA, all modulate binding of DnaA at the 
weak DnaA boxes, thereby fine-tuning initiation time. SeqA prevents rebinding of DnaA at 
weak-binding boxes, hence subsequent re-initiations at the same origin, by binding to 
hemimethylated GATC sites for about 10 minutes after origin firing 62-64. We refer to multiple 
recent reviews on initiation for the details on this process 65-67.  
 Studies of initiation timing in other bacteria reveal that limiting DnaA filament growth 
is a conserved strategy, although the mechanisms by which this is mediated vary. For 
example, B. subtilis exploits the use of protein partners to prevent the formation of DnaA 
filaments. Nucleotide-binding by DnaA in this organism is weaker than in E. coli – at least in 
vitro – resulting in almost 10-fold faster exchange with a half-life of 5 minutes 68, suggesting 
a relatively invariant ratio of ATP:ADP bound to DnaA, and explaining a lack of reported 
mechanisms to activate its ATPase. Three different systems limit the filament growth of DnaA 
by direct binding to this protein during active cell growth: the initiation factor DnaD 69; the 
beta-clamp binding protein YabA 69; and the partition system component Soj 70. In C. 
crescentus, DNA replication has to align with its two differentiation states 16. DNA replication 
only occurs in stalked cells. Similar to E. coli, timing of initiation seems to largely depend on 
the regulation of the nucleotide state of DnaA, which is at least partly regulated by an Hda 
orthologue, HdaA 71-73. Repression of DNA replication in swarmer cells is mediated by the 
protein CtrA, which binds the replication origin and inhibits DnaA binding shortly after 
initiation. In replicating stalked cells, CtrA copy number fluctuates during the cell cycle, but 
the timing of initiation is only modestly affected by CtrA 73,74.  

 

[H2] Regulation of initiation in cells with multiple chromosomes. 
About 10% of characterized bacteria carry additional smaller secondary chromosomes, which 
have clearly evolved from low-copy plasmids 75. Plasmids, regardless of length and copy 
number, initiate stochastically with respect to the start of the cell cycle, but maintain a fixed 
copy number per cell volume 76,77. In contrast to plasmids, secondary chromosomes have 
acquired mechanisms to synchronize their duplication with the primary chromosome. 
Proteobacteria with multipartite genomes, including Vibrio cholerae, Burkholderia 
cenocepacia, Sinorhizobium meliloti and Brucella abortus, initiate DNA replication 
sequentially, starting with the primary chromosome and followed, typically with a delay of 
tens of minutes, by the secondary chromosome(s) 78-81. In V. cholerae, currently the best 
understood system, initiation at its primary chromosome indirectly controls the secondary 
chromosome 82. Initiation of the primary chromosome is controlled by DnaA and accessory 
initiation proteins shared with its relative, E. coli. Initiation of the secondary chromosome is 
instead reminiscent to that of iteron plasmids and uses a specific initiator called RctB 83,84. 
This protein becomes competent for initiation as a chromosomal locus – called ctrS – in the 
primary chromosome duplicates 82 85. Hence, it is the synchrony in termination of the two 
chromosomes, and not in their initiation, which is important, perhaps because this ensures 
that segregation of both chromosomes is timely with respect to cell division 78. 

Yet another genome management strategy in bacteria is polyploidy, the presence of 
multiple complete copies of the same chromosome in the cell. Ploidy in cyanobacteria ranges 
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from one, as in E. coli and other model bacteria, to over twenty copies of the chromosome 
per cell 86. In the case of the Synechococcus elongatus, which carries an average of 4 
chromosomes 86, DNA replication is both light-dependent and dependent on photosynthetic 
electron transport 87,88, and occurs asynchronously among the chromosomes in the same cell, 
resulting in only one chromosome duplicating at a given time during exponential growth, 
hence breaking the rule of one replication event per cell cycle as multiple replication events 
are needed to duplicate the copy number 88-90. It has been suggested that polyploidy and 
stochastic firing of replication, reminiscent to that of plasmids, may help to minimize gene 
dosage effects paired with the cell cycle on the circadian clock of cyanobacteria 91. A linear 
relation between cell volume and number of chromosomes 89,90, suggests that origin firing 
occurs after a fixed increase in cell volume as in other organisms, but that this organism has 
decoupled its replication and division cycles. Cell cycle control of DNA replication must apply, 
although likely allowing considerable error, in extreme cases of polyploidy, like in the 
firmicute Epulopiscium, which can carry tens of thousands of copies of its single chromosome, 
but maintains a linear relation between cell volume and chromosome copy number 92. 
 
[H1] Replication elongation and termination 
Cell volume homeostasis requires not only that DNA replication initiates at a specific time 
during the cell cycle, but also that it progresses at an appropriate rate during the elongation 
stage. The maximal rate of elongation varies about one order of magnitude in characterized 
bacteria belonging to multiple taxa 93,94. Individual organisms also modulate the rate of DNA 
synthesis according to their growth rate 95,96 – although seemingly with a defined upper limit, 
as fast growing cells with overlapping cell cycles have almost constant C and D periods 
independent of growth rate1, 16-18 (FIG. 1).  

DNA replication is carried out by a multiprotein molecular machine, the replisome 97,98 
(FIG. 4). At replication initiation, DNA unwinding by the helicase at the replication origin 
subsequently recruits the rest of the replisome subunits. Directional unwinding of the 
antiparallel double strand DNA (dsDNA) by the helicase permits continuous elongation on one 
of the strands (leading strand). The second strand (lagging strand) requires that synthesis 
proceeds in Okazaki fragments of 1-2kbp. The replisome is a dynamic structure as most of its 
subunits, except for the helicase, every few seconds 99-101. Despite some differences in 
composition, the majority of the proteins contained in the replisome are conserved across 
bacteria 102. The mechanisms known to modulate the rate of DNA replication act by 
controlling the pool of dNTPs or by allosterically regulating primase activity. Changes in the 
activity of the ribonucleotide reductase (RNR), the enzyme that synthesizes dNTPs, coded by 
nrdAB in E. coli in aerobic conditions, results in a slowdown of the replication rate when 
downregulated 103 95 104, or in faster rates when this enzyme is overproduced 105. Both of these 
perturbations are accompanied by changes in the average cell volume in a population. Activity 
of the RNR is regulated allosterically at the level of the enzyme. However, coordination with 
the cell cycle is achieved by regulation of gene expression. Expression from this operon peaks 
near the time of initiation, activates as response to inhibition of DNA replication, and is 
expected to vary according to growth rate – hence the different elongation rates 106-108. DnaA 
acts as a transcription factor, binding to three sites in the nrdAB promoter. Regulation of 
expression by DnaA can explain its link to DNA replication, but so far it seems not to be linked 
to the timing of expression 106. DnaA-ATP acts as an activator or inhibitor of expression when 
it is present at low or high concentration in the cell, respectively 106. Consequently, an 
essential function of Hda in the cell is to prevent the repression of this promoter by excessive 



 8 

DnaA-ATP 109,110. NrdR is a likely candidate to regulate the expression of nrdAB according to 
the metabolic state of the cell 111. This transcription factor oligomerizes in response to the 
phosphorylation state of the nucleoside it binds – it can bind to AMP, ADP and ATP 112. Longer 
oligomers, incapable of repressing nrdAB expression, are formed when bound to ATP 112, 
suggesting that greater levels of expression occur at times when cells are metabolically more 
active.  

A second known mechanism that modulates the rate of DNA synthesis acts by 
modulating primase activity. In response to starvation, synthesis of the signal molecules 
ppGpp and pppGpp inhibit primase activity in both B. subtillis and E. coli 113. Inhibition is 
significantly stronger in B. subtillis, where DNA replication is halted within few minutes from 
exposure to amino acid starvation 114. Drastic regulation in response to the metabolic state of 
cells is also observed in S. elongatus, where DNA synthesis is completely inhibited  –by a still 
unknown mechanism – immediately after shifting cells from light to dark conditions 87. Stalled 
replication forks are normally a substrate for DNA recombination and a signal for the SOS 
response – which has high mutagenic potential 115. However, for still unclear reasons, halting 
the replication fork through the inhibition of primase does not induce DNA recombination, or 
the SOS response 114.  

Replication ends as two converging replication forks meet. Multiple factors act to 
ensure complete replication, prevent over-replication and preserve genome integrity, 
including the Ter-tus system in E. coli, and enzymes that act by preventing the formation of 
specific DNA structures, although the details of how this process occurs are still emerging 116-

118. These systems have no influence on cell cycle regulation as there is no evidence that 
replication termination itself provides a signal that initiates the beginning of the D period. 
Rather, movement of chromosomal DNA away from the potential division site allows a 
functional divisome to form, and the timing at which this occurs, relative to replication 
termination, sets the length of the D period. 
 
[H1] Chromosome unlinking and segregation 
Timely partition of the genome is a requisite for accurate timing of cell division. Despite its 
importance, evidence suggest that chromosome segregation is not a point of regulation for 
the cell cycle. As such, we only discuss them briefly, but refer to recent reviews on this subject 
7,9,119. Genome partition can be divided in two distinct problems, the resolution of topological 
links between the sister chromosomes, and the correct spatial positioning of chromosomes 
to ensure even distribution of the copies of the genome among sister cells. Nucleoid 
positioning is linked to cell division through nucleoid occlusion, which prevents the formation 
of the septum formation until chromosome segregation is completed. This regulation is likely 
due to the incapacity of the divisome to assemble properly, perhaps because there is 
insufficient space in the extranucleoid region, and may be enhanced by any membrane 
association of the nucleoid 10. Nucleoid occlusion is also mediated through dedicated systems: 
in E. coli, SlmA binds the chromosome other than in ter and inhibits FtsZ polymerisation. 
Similarly, in B. subtilis Noc binds DNA but is excluded from the  ter domain, although in this 
case its membrane association prevents divisome formation 120. 
 
As a consequence of the inter-wound strands of duplex DNA and semi-conservative DNA 
replication, ~105 links in every megabase of chromosomal DNA need to be removed during 
every replication cycle (DNA topology and DNA replication is discussed in 121). This can only 
be achieved by the action of topoisomerases. The two major topoisomerases that act in 
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unlinking in most bacteria are DNA gyrase and topoisomerase IV, both type 2 topoisomerases 
121. The relative contribution of these systems to the total unlinking burden remains to be 
determined. Decatenation of these physical linkages by topoisomerase IV influences the time 
between replication of a locus and its subsequent segregation 122,123. DNA recombination 
events, followed by crossovers between sister chromosomes, result in the generation of 
chromosome dimers once every few generations. The XerCD-dif-FtsK dimer resolution system 
acts within the ter region to separate the covalently linked chromosomes dimers 124. In 
addition, this system can also act locally in decatenation 125,126, potentially helping in the last 
stages of chromosome segregation.  

  
The elusive search for bacterial chromosome segregation systems has revealed one family 
of segregation systems, which were initially identified as being necessary for the segregation 
of large low copy plasmids. Such ParAB-parS systems are widespread, but not ubiquitous, 
and frequently they are not essential other than for secondary chromosomes and large 
plasmids, leading to the idea of entropic processes driving separation 127. Additionally, the 
action of bacterial SMC proteins, including E. coli MukBEF, in organizing and individualising 
chromosomes is important for efficient chromosome segregation 7,44. Like replication, 
segregation is progressive and sequential in those bacteria that have been investigated 8,35-

39, with cohesion time being determined largely by the time for decatenation 122,123. The 
DNA translocator FtsK and its orthologues, like SpoIIIE, are likely to be involved in late steps 
of chromosome segregation. These proteins act as a coordinator between chromosome 
segregation and cell division, by participating in both processes 128. 
 

 [H1] Conclusions and Perspective 
Multiple connections have been established between these processes, encompassing the 
structure of chromosomes and nucleoids, and the processes of DNA replication and 
segregation. It is expected that greater mechanistic detail in the description of these links, 
and a greater number of examples from non-model organisms will be reported in the future. 
A major outstanding question is how the timing of initiation is regulated. It is foreseeable that 
single-cell quantitative approaches in model and a growing number of non-traditionally 
studied bacteria will help answering this question.  

In the wild, the conditions that permit steady-state growth of bacteria will most 
frequently last for short periods of time. The norm in most environments is for bacteria to 
experience near-starvation or stress conditions, which they must adapt to survive 129. Hence, 
by necessity bacteria must adapt to survive through long periods of cell dormancy. These 
same strategies will also be important in biofilms, and the generation of bacterial persisters 
after exposure to antibiotics and other stresses. It follows that bacterial chromosomes must 
have evolved genes and processes to help in their survival during non-growth states. Although 
much remains to be explored in this area, some insight can be obtained from the available 
studies. For example, a striking difference is the regulation and role of DNA replication during 
quiescence, as coordination of the cell volume and chromosomal inheritance is unnecessary. 
In contrast to steady-state growth, the timing and location of origin firing is much more 
flexible in these situations. In some circumstances, even completion of DNA replication seems 
not to be the goal. Streptococcus pneumoniae responds to antibiotics targeting DNA 
replication by allowing continued initiation of DNA replication, with accompanying slow 
replication forks progression. This leads to increased gene dosage around the replication 
origin and consequent activation of competence, because competence genes are found close 
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to the origin 130. A different example is the dispensability of DnaA in at least some 
cyanobacteria, which is not only not detrimental for growth, but improves their survival 
during the stationary phase 131.  
 A final area of interest for the future is the study of the evolutionary origin of the 
coordination between the chromosome and the cell cycle. Early cells are thought to have 
lacked a cell wall, which must have resulted in a variable volume and copy number of genomes 
per cell 132. Study of many more diverse bacteria, some of which lack detectable 
peptidoglycans and cell division machinery, will help in the understanding of how 
coordination between chromosome ‘management’, growth and the cell cycle evolved and 
occurs mechanistically.  
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Figure 1 |  Stages of the cell cycle and its relation to growth rate. a| During slow growth, the 
generation time is longer than the C + D periods, resulting in complete replication from 
initiation to termination occurring in a single cell generation 133. b| In fast growth, the 
generation time is shorter than the C + D periods, resulting in multiple DNA replication 
initiation events and overlapping replication cycles in each cell; in this case, multiple 
replication origins initiate replication synchronously 17,134. c| In species that have a 
developmental program, as in C. crescentus, only one of type of the differentiate cells is 
competent for DNA replication. Therefore, initiation of DNA replication is only initiated under 
suitable growth conditions 135.  
 
Figure 2 | Chromosome and nucleoid organization. A diagram of the chromosomal structure 
for two bacteria capable of fast growth (top). Red and blue halves of the circle represent the 
two replichores. Green arrows starting at the replication origin represent the direction of the 
replication forks. Relative position and orientation of relevant genes and short sequences is 
shown. Organization of the DNA molecule requires the formation of DNA loops, which then 
occupy predictable positions in the cell (bottom left). Four macrodomains, and two 
unstructured regions (in grey), are depicted. In characterized bacteria, two possible 
arrangements of the replichores in the nucleoid have been observed (bottom right). In the 
first case, replichores diverge from each other, occupying different halves of the nucleoid. In 
the second, they arrange so that they are parallel to each other along the long axis of the cell. 
For simplicity, the proposed 3D arrangement described in studies that use chromosome 
conformation capture methods 43,136 is not depicted. 
 
Figure 3 | Control of initiation of DNA replication. a| DNA replication initiation occurs at a 
fixed cell volume/origin, with multiple replication origins initiating replication synchronously. 
This is accompanied by the observation that the ratio of DnaA-ATP / DnaA-ADP fluctuates 
during the cell cycle, peaking at initiation and dropping shortly afterwards. Red dots in the 
plots represent the state of DnaA in the cell diagram shown to the left, respectively. The link 
between these two observations is the key to understanding the timing of initiation. b| In E. 
coli, high concentrations of DnaA-ATP are needed to form DnaA-ATP filaments that will fully 
occupy oriC, which in turn is needed for DNA melting. Multiple mechanisms contribute to vary 
the concentration of DnaA-ATP in the cell, in the diagram only two of them are depicted as 
example. The Hda protein bound to the β-clamp promotes ATP hydrolysis in DnaA-ATP (left). 
Binding of DnaA-ADP to the DARS sites leads to the exchange of ADP for ATP. c| In B. subtilis, 
filament formation and full occupancy of oriC are also needed for initiation. However, DnaA 
filament formation is regulated through direct interactions with other proteins. Three 
proteins – DnaD, YabA, and Soj – inhibit the formation of DnaA filaments in this organism. d| 
Known bacteria carrying multiple chromosomes initiate DNA replication in sequence, from 
the largest to the smallest starting with the primary chromosome. e| S. elongatus, which is 
polyploid, initiates DNA replication asynchronously, but it maintains a linear relation between 
the number of chromosomes and cell volume.  
 
Figure 4 | Regulation of the rate of synthesis of DNA. a| In E. coli, DNA synthesis is catalysed 
by DNA Pol III coupled to a ring-shaped processivity factor, the β-clamp. Simultaneous 
polymerization of both strands is facilitated by the interaction of up to 3 copies of Pol III with 
the heteropentameric clamp loader. Lagging strand synthesis is initiated at short RNA 
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primers, periodically synthesized by the primase, and requires loading of the β-clamp by the 
clamp loader at each primer. Single-strand DNA (ssDNA), which accumulates at the lagging 
strand, is covered by the single strand-binding protein SSB. SSB functions to protect and to 
prevent formation of secondary structures on the ssDNA. b| Rate of DNA replication is largely 
controlled by the concentration of RNR. This in turn is controlled through transcription, with 
DnaA-ATP acting as both a transcription activator and repressor, depending of its 
concentration in the cell, and linking the RNR levels to the rate of DNA replication. In addition, 
the transcription factor NrdR acts as a repressor, binding to the promoter at low 
concentrations of ATP or dATP. c| Inhibition of primase is a second mechanism for regulation 
of the rate of DNA replication. The secondary messengers ppGpp and pppGpp repress 
primase activity.  
 
Box 1 | Tools for single-cell studies of the cell cycle 
The exploitation of single-cell and single-molecule imaging avoids the compromises of 
ensemble averaging and is revealing major insight into the behaviour of individual cells and 
the molecular machines that act within them. The ability to grow and analyse individual cells 
over many generations in microfluidic devices reveals much more information than bulk 
averages, because the nature of the measured distributions of a given observable reflects the 
underlying mechanisms of the processes under investigation, while following the changes in 
observables over time gives further invaluable information on the underlying processes 22,137-

139. For example, cells in a population may have two alternative states, ‘process on’ or ‘process 
off’. These states can be revealed and analysed in individual cells over time, but would be 
unresolved in bulk studies. Similarly, two different processes can have the same distribution 
of states (or molecule numbers, or reaction rates), but fluctuate on different timescales, 
underpinning the value of high temporal resolution studies 137. Furthermore, adaptations of 
these methods are being used to follow non-steady state growth in colonies, biofilms and 
mixed communities 140-143. At the same time, improved genetic methods and the ability to 
rapidly activate or inactivate specific molecular processes are allowing the researcher to move 
from simple observation, to analysis under perturbed conditions 144. Improvements in high-
throughput quantitative imaging, single-molecule tracking and in image analysis are also 
having important impacts on the quality of data. Genomics is also making important 
contributions, particularly when combined with single-cell analysis 43. What is still missing in 
bacterial systems is the ability to apply chromosome conformation capture (Hi-C) and ChIP-
Seq to single cells at different stages of their cell cycles. Analysis of large data sets, whether 
they be cell-based, or macromolecule- or gene-based, requires powerful bioinformatic 
analytical regimes that may utilize machine learning algorithms; this is particularly important 
in the analysis of large data-set automated cell imaging analysis (eg ref. 145). 
 
Box 2 | Measuring cell cycle parameters: to mother-machine from baby-machine  
Since the birth of molecular biology, scientists have addressed how bacterial generation 
times relate to the time to replicate a whole chromosome (C period), the period between 
replication termination of a chromosome to the subsequent completion of cell division (D 
period), and any period between birth to the initiation of DNA replication (B period) 1,13. 
Cells with overlapping replication cycles that are born with replicating chromosomes have 
no B period (FIG. 1b). These studies very much focussed on E. coli, partly because it is readily 
manipulable for synchronisation, DNA labelling and perturbation studies. In addition, it was 
clear from early work that the time to replicate a complete E. coli chromosome can be much 
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longer than the generation time, therefore demanding regulatory controls in which 
initiation of DNA replication must occur on chromosomes that have not completed 
replication. Ensemble studies of synchronised bacteria, or the analysis of chromosomes in 
single bacteria using flow cytometry or microscopy techniques are required to determine 
the values of B, C and D periods. In the 1960s, exploitation of a membrane elution technique 
in which new born E. coli cells are released from progenitor cells bound to a membrane (the 
baby-machine) enabled the first detailed studies of synchronous populations of cells as they 
passed through their cell cycle from birth 146. Pulse-labelling of DNA allowed the C-period to 
be measured in relation to other cell cycle parameters. Complementary modelling 13 
provided much of the framework for subsequent bacterial cell cycle studies. Then in the 
1980s, adaptation of flow cytometry for bacterial cultures allowed the analysis DNA content 
as a function of cell size 147.  Typically, the DNA content patterns in steady state cells, which 
have a mixture of replicating and non-replicating chromosomes, are deconvolved. At the 
same time an aliquot of cells is subjected to ‘run-out’, in which drug treatment allows 
completion of DNA replication in division-inhibited cells, thereby giving cells with an integral 
number of chromosomes, determined by the number of replication origins present at the 
time of drug addition. This type of approach revolutionised the determination and analysis 
of cell cycle parameters in those bacteria amenable to flow cytometry analysis (for example, 
148). Subsequently, the ability to label genetic loci and the replisome in live cells growing on 
agarose pads 35,36,122,149,150, or in microfluidic devices, has enabled direct measurement of B, 
C and D periods in cells, along with the periods of cohesion/catenation between newly 
replicated chromosomes (Box 1). Now, the use of microfluidic mother machines, 
accompanied by replisome and genetic locus labelling, is providing unprecedented insight 
into cell cycle parameters and their variance over many tens of generations, both in steady 
state and perturbed conditions  22,130.  
 
Box. 3 |Does DNA replication occur in factories? 
The replication factory model posits that a discrete cellular structure organises the activity 
of multiple replisomes contained within it 151. The model gained acceptance in bacteria after 
multiple copies of fluorescently labelled replisome were shown to co-localize in B. subtilis 
152. A similar spatial concentration containing two or more copies of the replisome has been 
shown for other bacteria 79,89,150, and concentration of replisomes into a ‘factory-like’ 
organization, where sister replisomes co-localize frequently (but not exclusively),  have been 
proposed for E. coli 153. But does co-localization assayed by light microscopy demonstrate a 
physical (and coordinated) link between replisomes? In our opinion it does not. Even if 
multiple replisomes are present in a diffraction-limited spot, individual replisomes could be 
tens to hundreds of nanometers away from each other, far from the few-nanometer 
distances that characterize interacting proteins. Furthermore, the vast majority of data 
suggest that replisomes can act independently of each other. Indeed, time-lapse microscopy 
have showed that replisomes in E. coli can act for long periods of time at distant parts in the 
cell, even though their localization over time is variable 149. Quantitative imaging showed 
that a single replisome ‘spot’ had stoichiometries only consistent with a single replisome 
being present in that spot 154. Separation of sister replisomes is much clearer in cells unable 
to segregate their chromosomes 122. Furthermore, even in species with close localization 
between sister replisomes, they are also known to separate transiently by hundreds of 
nanometres 8,155. There is also no evidence of a functional role for replisomes to be 
concentrated into factories. The activity of a replisome is not influenced by its sister that 
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originated from the same initiation event 156. And given that segregation of chromosomal 
loci occurs minutes after their replication, the hypothesis that DNA replication provides a 
force for DNA segregation seems untenable 36,149,157. How then can co-localization of 
replisomes be explained? We favour the idea that local high concentration of replisomes 
has more to do with how the parental chromosome and the newly replicated sisters are 
organised during DNA replication, rather than implying a cellular structure that physically 
links multiple replisomes. Therefore, the position of replisomes can be explained by small 
cell volumes, relative movement of newly replicated DNA with respect to the unreplicated 
DNA, and limited optical resolution (See accompanying figure; topo IVts indicates cells 
where chromosome segregation does not occur).  
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Glossary  
Generation time_ average time needed for a newly born cell to divide.  
Replication origin_ sequence on a chromosome or plasmid where DNA replication initiates.  
Replisome_ multi-subunit protein complex that carries out DNA replication. 
Replication fork_ the Y-shape DNA structure formed at the point where DNA is unwound 
during DNA replication. 
Ter sites_ sequence that stalls the progression of the replication fork in an orientation-
dependent manner  
KOPS _ sequence that modulates the direction of translocation of the motor protein FtsK on 
DNA 
Chi sequences_ sites that modulate the activity of the protein complex RecBCD during 
recombination 
Nucleoid_ Cell body that contains the chromosomal DNA and DNA-binding proteins 
Replichores_ the two chromosomal halves starting at the replication origin, each replicated 
by a different replication fork 
SMC complex_ Structural Maintenance of Chromosomes.  
NAPs_ Nucleoid Associated Proteins 
B-period_ period from cell birth to initiation of DNA replication 
C-period_ period from initiation to termination of DNA replication 
D-period_ period from the end of DNA replication to cell division 
Cohesion time_ time from the replication of a locus to the separation of the newly replicated 
sister loci 
Swarmer cell_ the mobile developmental state in C. crescentus.  
Stalked cell_ the sessile developmental state in C. crescentus.  
Iteron plasmids_ characterized by a replication origin composed of repeated sequences that 
bind to a cognate initiator protein. 
Primase_ replisome subunit that synthesizes short RNA primers which can then be elongated 
by the DNA polymerase 
SOS response_ cellular response to DNA damage leading to inhibition of cell division and 
induction of DNA repair systems. 
Divisome_ Structure that forms around the middle of the cell, composed of multiple proteins 
required for cell division. 
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