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Bacterial cells often inhabit environments where condi-
tions can change rapidly. Therefore, a lot of bacterial 
species developed control strategies allowing them to 
grow and divide very fast during feast and slow down 
both parameters during famine. Under rich nutritional 
conditions, fast-growing bacteria can divide with time 
interval equal to half of the period required to synthe-
size their chromosomes. This is possible due to multifork 
replication which allows ancestor cells to start copying 
genetic material for their descendants. This reproduc-
tion scheme was most likely selected for, since it ena-
bles maximization of growth rate and hence – effective 
competition for resources, while ensuring that DNA rep-
lication will not become limiting for cell division. Even 
with this complexity of cell cycle, isogenic bacterial cells 
grown under defined conditions display remarkably nar-
row distribution of sizes. This may suggest that mecha-
nisms exists to control cell size at division step. Alterna-
tive view, with great support in experimental data is that 
the only step coordinated with cell growth is the initia-
tion of DNA replication. Despite decades of research we 
are still not sure what the driving forces in bacterial cell 
cycle are. In this work we review recent advances in un-
derstanding coordination of growth with DNA replica-
tion coming from single cell studies and systems biology 
approaches. 
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EARLY MODELS OF CELL CYCLE COORDINATION IN 
BACTERIA – A BIT OF HISTORY

Bacterial cell cycle is defined as a set of consecutive 
events leading to production of two daughter cells. It is 
traditionally divided into three stages: a phase between 
cell birth and initiation of DNA replication (B period), 
genome duplication step (C period) and a phase be-
tween completion of replication and cell division (D 
period) (Skarstad et al., 1983; Michelsen et al., 2003). 
The two main processes of the cell cycle – DNA rep-

lication and cell division – have to be coordinated with 
cellular growth, so that reproduction is accompanied by 
the maintenance of characteristic cell size and shape. 
Such coordination is particularly important for microor-
ganisms whose environment of can change very quickly 
and thus – rapid adaptation of bacterial cell cycle pa-
rameters to variable growth conditions is crucial for 
survival.

Over 60 years ago Schaechter, Maaloe and Kjeld-
gaard (SMK) formulated the principles of bacterial 
growth, also known as the growth law (Schechter et 
al., 1958). They cultivated Salmonella enterica in differ-
ent media and observed that cells grown under condi-
tions supporting faster growth rate exhibit larger size 
and higher DNA, RNA and protein content per cell, 
irrespective of particular media composition. In other 
words, they proposed that the macromolecular compo-
sition of cells and their size is a function of growth 
rate, regardless of the specific nutrients present in the 
medium (Schaechter et al., 1958). In their results, cell 
size scaled linearly with growth rate and was inverse-
ly correlated with doubling time. These observations 
linked also cell growth to cell cycle. 

The C and D period in Schaechter’s experiments 
were approximately constant and last for 40 and 20 
minutes, respectively, whereas doubling time of fast 
growing bacteria is about 20 minutes. This paradox of 
bacterial cell cycle was solved in 1968 by Copper and 
Helmstetter’s model, assuming that under fast growth 
conditions bacteria initiate the subsequent round of 
chromosome replication before the previous one is fin-
ished. Thus, the cell contains several replicating chro-
mosomes, but replication is still initiated only once dur-
ing the cell cycle (Cooper & Helmstetter, 1968). Coop-
er-Helmstetter’s model of multifork replication together 
with the growth law led to the hypothesis that in the 
cell cycle replication is triggered by the achievement of 
a critical cell size (mass) per origin, which is constant 
regardless of growth conditions (Donachie, 1968). It 
was therefore assumed that there is a factor conveying 
the information about cell size growth directly to the 
replication machinery, however a perfect candidate for 
such a mechanism is still missing (for reasons why, see 
(Flåtten et al., 2015; Barber et al., 2017; Willis & Huang, 
2017)).

Recently, development of single-cell techniques which 
enables testing the rules governing the cell cycle with re-
spect to individual cells, renewed the interest in its prin-
ciples. In this review we summarize the current knowl-
edge about cell cycle coordination in bacteria, starting 
from brief description of the molecular mechanisms and 
regulation of main cell cycle stages followed by the new-
est insight into the role of cell size in proper cell cycle 
progression.
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TOP-DOWN AND BACK AGAIN – MOLECULAR 
MECHANISMS UNDERLYING CONTROL OF THE KEY 
CELL CYCLE PROCESSES

Unless stated otherwise, mechanisms and protein ter-
minology described below refer to the model Gram-neg-
ative bacterium Escherichia coli.

DNA replication

DNA replication has to be tightly controlled to ensure 
that bacterial chromosome is duplicated faithfully and 
only once during the cell cycle. This provides the stabil-
ity and integrity of the next generations’ genome. 

The main regulatory mechanisms known so far, fo-
cus on the initiation of replication. The central player 
of that stage and the subject of control mechanisms is 
a highly conserved initiator protein DnaA, found in al-
most all eubacteria. DnaA binds to oriC and leads to the 
initial unwinding of the double DNA helix, permitting 
further formation of the replisome (reviewed in: Leonard 
& Grimwade, 2015; Jameson & Wilkinson, 2017; Katay-
ama, 2017) 

High degree of structural conservation pertains par-
ticularly to one of the four domains of DnaA, namely to 
domain III, responsible for ADP and ATP binding and 
hydrolysis of the latter (Erzberger et al., 2002; Nishida 
et al., 2002; Kawakamii et al., 2005). Decades of stud-
ies brought detailed understanding of the mechanism of 
DnaA action and its regulation. It was shown that DnaA 
binds to several types of sequences within the oriC 
((Leonard & Grimwade, 2015) and references therein). 
OriC has a modular structure and consists of the DnaA 
Assembly Region (DAR), where DnaA binds initially, 
and DNA Unwinding Element (DUE) where DNA 
strands become separated during the initiation step. 
Three high affinity DnaA binding sites (R1, R2, R4) pre-
sent in the oriC sequence are occupied throughout most 
of the cell cycle, and both DnaA- ADP and DnaA-ATP 
can interact with them. However, only DnaA-ATP can 
bind several low-affinity sites, forming two oppositely ar-
rays between R1-R2 and R2-R4 DnaA-boxes (Hansen & 
Atlung, 2018). 

Accumulation of a critical amount of DnaA-ATP 
bound to the oriC eventually results in the unwinding of 
the AT-rich DUE region (Kurokawa et al., 1999; Ozaki 
& Katayama, 2012; Sakiyama et al., 2017). Then further 
replication proteins are recruited to the so-called „open 
complex”, namely DnaB helicase is loaded with the aid 
of DnaC, followed by DnaG primase and multi-subunit 
DNA polymerase III (Katayama, 2017).

DnaA concentration is stable during the cell cycle, but 
the ratio of the form associated with ATP to that bound 
to ADP changes – the level of DnaA-ATP peaks at the 
time of initiation, reaching 80% of the total cell pool of 
DnaA and shortly after initiation it falls up to around 
20% (Kurokawa et al., 1999). There are several mecha-
nisms responsible for the fluctuations of the levels of 
DnaA-ATP and DnaA-ADP and for the access of DnaA 
to oriC, which allow for precise control of the initiation 
timing and prevent premature reinitiation. 

DnaA-ATP is converted to DnaA-ADP upon initia-
tion via two independent mechanisms – RIDA (regula-
tory inactivation of DnaA) and DDAH (datA-dependent 
DnaA-ATP hydrolysis). In the first case, Hda protein, 
a homologue of DnaA, interacting with the β clamp 
of DNA polymerase III stimulates ATPase activity of 
DnaA during DNA synthesis (Kato & Katayama, 2001). 
In the second, chromosomal datA region with unusually 

high DnaA-binding capacity, stimulates ATP hydrolysis 
by DnaA in a manner dependent on IHF, one of the 
nucleoid associated, DNA-bending proteins (Kasho & 
Katayama, 2013; Kasho et al., 2017). DnaA-ADP can 
be also reactivated to DnaA-ATP by acidic phospholip-
ids of the cell membrane (Saxena et al., 2013) and two 
chromosomal regions, called DARS (DnaA Reactivating 
Sequences) (Fujimitsu et al., 2009; Kasho et al., 2014) 
suggesting that cellular membrane synthesis and repli-
cation initiation may be related to each other. Moreo-
ver, DnaA autoregulates its cognate gene expression in 
an ATP-dependent manner (Speck et al., 1999; Grant et 
al., 2011). After the initiation, when Dna-ATP level is 
still high, unscheduled re-initiation is prevented by the 
SeqA protein, which sequesters both oriC region and the 
dnaA promoter for about one-third of the cell cycle (von 
Freiesleben et al., 2000; Hiraga et al., 2004; Guarné et al., 
2005; Waldminghaus & Skarstad, 2009).

Another important regulatory protein that positively 
affects the initiator activity of DnaA is the DiaA (DnaA 
initiator-associating factor) protein. It directly interacts 
with DnaA, supporting its assembly to weak DnaA-
affinity sites in the oriC (Ishida et al., 2004). Although 
DiaA is not an essential protein, its activity significantly 
promotes the initiation of replication and ensures that 
every origin in a cell is fired simultaneously (Ishida et 
al., 2004; Keyamura et al., 2007). Interestingly, DiaA also 
has a negative effect on the initiation of replication at 
its later stage. The protein binds to DnaA at the same 
site as DnaB helicase. Thus, as long as DiaA is bound 
to DnaA, it is impossible to recruit DnaB to the repli-
some and proceed with the initiation stage (Keyamura 
et al., 2009). Mild overexpression of DiaA does not af-
fect the timing of replication in the cell cycle (Flåtten 
et al., 2015), so it is suggested that the inhibitory effect 
of DiaA on helicase loading does not result simply from 
binding competition, but a specific molecular mechanism 
allowing to release DiaA from the DnaA-DiaA complex. 
However, what cellular factor promotes replacement of 
DiaA with DnaB, is still unknown.

Chromosome segregation and cell division

Proper segregation of the replicated bacterial chromo-
some is essential for each of the daughter cells to inherit 
a full copy of the genome. However, this is the least 
understood process in bacteria, especially in Escherichia 
coli which lacks specific partition system. In contrast to 
eukaryotic organisms, chromosome segregation in bacte-
ria occurs concomitantly with DNA replication, so the 
origin-close region is segregated first, followed by the 
rest of the chromosome with a certain delay (reviewed in 
(Badrinarayanan et al., 2015)).

It is assumed that the chromosome segregation occurs 
spontaneously and is driven by physical forces derived 
from the nucleoid topology, rather than by a biologi-
cal mechanism (Jun & Wright, 2010; Le Chat & Espéli, 
2012). Thus, proteins involved in the proper organiza-
tion, compaction and maintenance of chromosome may 
also be involved in segregation process. These are nucle-
oid-associated proteins (NAPs) – key factors of proper 
chromosome organization – such as IHF, Fis, HU and 
H-NS, that are able to wrap, bend or bridge the DNA 
(Wang et al., 2013), as well as global chromosome or-
ganization factor – structural maintenance of chromo-
some (SMC) complex, in E. coli consisting of MukBEF 
proteins (Rybenkov et al., 2014). 

It is also worth noting that during the replication, 
the emerging sister chromosomes are topologically in-
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terwound – in order to be effectively segregated, they 
should be separated. Here, topoisomerase IV, which is 
essential in the segregation process, is involved in sis-
ter chromosomes decatenation (Zechiedrich et al., 1997; 
Sand et al., 2003; Joshi et al., 2011; Zawadzki et al., 2015). 

Contrary to E. coli, up to 65% of bacterial species 
possess parABS partitioning system for the origin seg-
regation (for more information see (Funnell, 2016)). It 
consists of parS sequences located near oriC and two 
protein components, ParA and ParB. ParB recognizes 
and binds to parS sequences, to which ParA protein is 
substequently recruited. The whole nucleoprotein com-
plex is then pulled to the opposite poles of the cell in an 
ATP-dependent mechanism whose details have not been 
fully explained yet.

After completion of chromosomal DNA synthesis and 
segregation, the cell divides into two progeny cells of ap-
proximately equal size. This process is controlled by a 
protein complex called divisosome. Assembly of the di-
vision machinery is orchestrated by a tubulin homologue 
protein – FtsZ, which polymerizes in a GTP-dependent 
manner into a so-called Z-ring in the future septation 
region (Erickson et al., 2010; Szwedziak et al., 2014). 
In E. coli, B. subtilis and several other bacteria, the divi-
some structure has been proposed to assemble in two 
temporally distinct phases. During the first, the Z ring 
is formed and membrane-associated proteins (ZipA and 
FtsA in E. coli) tether it to the cell envelope, forming 
a complex called proto-ring. In the second stage, proto-
ring recruits late divisome proteins responsible for pep-
tidoglycan synthesis at the septum (FtsI in E. coli) and 
several proteins whose role relies most likely on coor-
dinating the crosstalk between the proto ring and pepti-
doglycan synthetases (E. coli – FtsN, FtsLBQ) (for more 
detailed information see: (Rowlett & Margolin, 2015; 
Haeusser & Margolin, 2016). Constriction of the cyto-
plasmic membrane, cell wall synthesis at the septum and 
outer membrane invagination by the divisome finish the 
fission process. 

Molecular regulation of cell division in bacteria con-
centrates basically on proper Z-ring positioning, coordi-
nated in E. coli by at least two systems. The first, Min 
complex, ensures that FtsZ polymerization occurs ex-
actly at midcell. Two components of this system, MinC 
and MinD oscillate between cell poles thanks to the help 
of a third protein, MinE. Min complex inhibits FtsZ po-
lymerization, so the Z-ring cannot form at the poles, oc-
cupied with MinCD proteins (Rowlett & Margolin, 2013; 
Shih & Zheng, 2013). Second mechanism, named nucle-
oid occlusion, consists of SlmA – the protein that binds 
to the chromosome and represses Z ring formation over 
the nucleoid (for a recent review and references see: 
(Ortiz et al., 2016)). The SlmA-specific sequences are dis-
persed throughout the genome with the exception of the 
replication terminus site. Thus, SlmA, directly interacting 
with FtsZ, restrains septum formation until the segrega-
tion process is almost completed. FtsZ is additionally 
linked to the ter region by such proteins as ZapA, ZapB 
and MatP, which contribute to the coupling between 
chromosome segregation and cell division (Espeli et al., 
2012). DNA translocase FtsK, which is an essential pro-
tein for E. coli, orchestrates chromosome segregation and 
cell division by interacting with chromosomal DNA, the 
divisome and topoisomerase IV (Crozat et al., 2014).

Growth

Rapid growth is a guarantee of outgrowing competi-
tors and producing progeny cells, so a maximization of 

growth rate and quick adaptation to changes in environ-
mental conditions are the universal evolutionary strategy 
of most bacteria. However, bacterial growth rate de-
pends directly on environmental conditions, i. e. on the 
availability of nutrients. Growth rate changes correspond 
to alterations in the scale of protein production, metab-
olism and synthesis of external cell layers – cell mem-
branes and peptidoglycan.

The growth rate of bacterial cells is limited by the ef-
ficiency of cellular translation machinery, i.e. the amount 
and activity of rybosomes. Indeed, it has been confirmed 
that the fraction of ribosomal proteins increases linearly 
with growth rate (Dennis et al., 2004; Jin et al., 2012). 
However, apart from proper amount of ribosomes, 
growth is guaranteed also by a proper supply of ami-
noacids and tRNA and growth rate maximization is ob-
tained when all rybosomes are saturated with their sub-
strate. The translation rate is therefore regulated by both 
the amount of ribosomes and the diffusion of the com-
plexes transporting aminoacyl-tRNA in the cytoplasm 
(Klumpp & Hwa, 2014; Scott et al., 2014).

Systems biology research aiming to discover the com-
plex interaction network within the cell has revealed that 
the cellular protein pool is partitioned into three frac-
tions: a growth rate-independent fraction, ribosomal pro-
tein fraction and metabolic fraction including catabolic 
and anabolic enzymes (Scott & Hwa, 2011; Scott et al., 
2014). Two latter fractions always add up to a constant 
value as the total cellular protein concentration is fixed. 
However, the ratio between them changes depending on 
growth conditions. Namely, in the nutrient-rich environ-
ment the supply of nutrients such as amino acids is high 
and they do not need to be synthesized, so the meta-
bolic fraction of proteins is reduced. As a result, pro-
duction of ribosomal proteins increases, allowing for the 
cell to maximize the global translation rate (Scott et al., 
2014). Therefore, allocation of proteins between riboso-
mal and metabolic fraction is correlated with growth rate 
and – consequently - growth rate-dependent control of 
gene expression reflects that protein economy (Scott et 
al., 2010, 2014; Scott & Hwa, 2011). 

The genes encoding translational machinery are highly 
expressed and therefore, they need to be precisely regu-
lated, because any deviation from the optimal level has a 
large impact on the proteome. Production of tRNA-affil-
iated and ribosomal proteins is co-regulated (Klumpp & 
Hwa, 2014). Ribosomes consist of rRNA and r-proteins 
and it is the rRNA component which is mainly subjected 
to precise, growth-rate dependent regulation ((Jin et al., 
2012) and references therein). rRNA genes are regulated 
by the alarmone of stringent response – ppGpp ((Pot-
rykus & Cashel, 2008; Hauryliuk et al., 2015) and refer-
ences therein), and thus ppGpp is considered as a main 
source of growth rate control (Murphy et al., 2010). In 
E. coli cells, ppGpp is produced by two proteins RelA 
and SpoT, the former is responsible for ppGpp synthe-
sis during amino acid starvation. Appearance of an un-
charged tRNA at the ribosomal A site activates RelA 
and induces ppGpp production. ppGpp in turn, inhib-
its rRNA promoters activity at the transcription initia-
tion stage (Gralla, 2005; Brown et al., 2016). As a result, 
a downshift in amino acids concentration will reduce 
tRNA charging and hence – increase ppGpp level, result-
ing in rRNA promoters inhibition. Consequently, a drop 
of ppGpp level upon an upshift of amino acids supply 
will have a contrary effect. Taken together, ppGpp-de-
pendent regulation of rRNA synthesis contributes to the 
balance between amino acid supply and protein synthe-
sis (Scott et al., 2014) and supports the maintenance of 



142           2019J. Morcinek-Orłowska and others

ribosomes saturated with their substrate under different 
growth conditions (Bosdriesz et al., 2015). 

Corse-grained model of growth-dependent protein al-
location has also implications for the cell cycle control. 
Namely, it has been shown that E. coli cells during bal-
anced growth under perturbations in various cellular 
processes, change their sizes and/or growth rate but 
maintain a remarkably stable initiation mass (mass per 
origin at the moment of initiation or a unit cell) (Si et 
al., 2017). The authors proposed that this invariance of 
the unit cell under perturbations targeting transcription, 
translation, fatty acids or cell wall synthesis etc. can be 
explained assuming that cell size is the sum of all unit 
cells under any steady-state growth conditions. Further-
more, taking into account that cells attain a critical size 
prior to initiation and that the initiator concentration is 
constant under different steady-state growth conditions 
(as was shown for DnaA), the model of protein alloca-
tion predicts the existence of a specific protein sector 
that is constant despite changes of the ribosomal frac-
tion of the proteome under different perturbations. Af-
filiation of replication initiators with that sector ensures 
invariance of initiation mass during balanced growth (Si 
et al., 2017).

BACTERIAL CELL CYCLE COORDINATION – NEW 
INSIGHTS FROM SINGLE CELL STUDIES AND 
MATHEMATICAL MODELING

The moments of replication initiation and division in 
the cell cycle need to be optimally chosen to meet cer-
tain criteria. Each initiation of DNA replication needs 
to be followed by division to maintain one genome du-
plication per cell cycle. Moreover, it has to be assured 
that each daughter cell receives a full copy of genetic 
material and maintains characteristic size after division. 
Despite availability of often detailed molecular descrip-
tion of mechanism underlying cell cycle progression, the 
big picture how key events are coordinated is still miss-
ing. In eukaryotic organisms it is achieved by a complex 
system of cell cycle checkpoints, however in bacteria no 
such cell cycle engine has been identified (Harashima et 
al., 2013). A recent insight from single cell studies on 
cell size control and the chromosome cycle brings new 
scenarios and integrates previously described models, 
providing hints where to look for molecular control 
mechanisms. In this chapter, we review the conclusions 
of those studies and propose the role of metabolic cues 
in the integration of cell cycle events.

Cells of a defined type, under the same conditions 
display a narrow distribution of cell sizes (Amir, 2014). 
Early on, this fact resulted in the search of cell size 
control mechanisms and two models how such control 
can be achieved have been proposed. According to the 
first, cells divide upon reaching a certain size (‘sizer’) 
(Fig 1a). In the second, spending a certain amount of 
time in the cell cycle is the signal to trigger cell division 
(‘timer’) (Fig. 1b). The advent of single cell techniques 
enabled to revise these model by studying rules followed 
by individual cells. ‘Sizer’ or ‘timer’ models can be veri-
fied in such studies by analyzing the correlation of cells 
birth size and the amount of growth within the doubling 
time interval. Cells behaving like a perfect ‘timer’ would 
show no such correlation, whereas in the case of perfect 
‘sizer’, the need to attain a defined size by cells in order 
to divide, would lead to the negative correlation between 
the birth size and the amount of growth prior to divi-
sion (Willis & Huang, 2017). 

Recently, high-throughput microfluidic techniques al-
lowed to monitor the size and cell cycle of many indi-
vidual bacterial cells simultaneously (reviewed in (Taheri-
Araghi et al., 2015a)). High amount of data collected 
from thousands of cells combined with mathematical 
modelling brought a third paradigm, dubbed ‘adder’ 
(Fig. 1c), stating that cells add a nearly constant volume 
between subsequent initiations or divisions irrespective 
of their birth size. ‘Adder’ principle turned out to be 
consistent with a large amount of data from evolutionar-
ily distant bacterial species such as Caulobacter crescentus, 
E. coli, Bacillus subtilis and Pseudomonas aeruginosa (Deforet 
et al., Osella et al., 2014; Taheri-Araghi et al., 2015b; Jun et 
al., 2017). However, this coarse-grained model does not 
identify the mechanism by which the cells measure the 
added size or the point of the cell cycle where such reg-
ulation takes place. We also note here, that slow growing 
E. coli cells do not seem to follow “adder” growth mode, 
which will be described in more detail below.

The ‘adder’ model seems to finally disprove “sizer” 
based on feedback size-driven mechanisms. However, 
the question still remains what are the mechanisms un-
derlying this constant size extension during the cell cycle. 
Later works based on single-cell data propose different 
schemes explaining which cell cycle stage is subjected to 
size-dependent control. 

The prevalent view places cell size control at the ini-
tiation of DNA replication. The classical model of bacte-
rial cell cycle control derived by Donachie from Cooper 
and Helmstetter and SMK data claimed that replication 
is initiated after reaching a critical size per origin at the 
moment of initiation regardless of growth conditions 
(Donachie, 1968; Donachie & Blakely, 2003). Cell di-
vision occurs after a fixed amount of time needed for 
completion of DNA replication and chromosome seg-
regation (C+D period of cell cycle). A recent study by 
Wallden and coworkers (2016) based on monitoring of 
individual cell behavior supported this view and stated 
that initiation of DNA replication is set by a constant 
volume per origin ratio (“sizer” between initiations) and 
the respective division occurs C+D time after. The du-
ration of C+D period is dependent on growth rate. In 
fast growing cells with overlapping replication rounds, 

Figure 1. Alternative models of cell size control. 
(a) “sizer” – bacteria cells divide after reaching defined size; (b) 
“timer” – cells divide after a certain period of time since birth; (c) 
“adder” – cells add a constant amount of volume between subse-
quent divisions. Adapted from (Willis & Huang, 2017).
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the initiation of DNA replication started in previous 
generations and the respective cell division will occur 
C+D time after, which is nearly constant under those 
conditions. Therefore the added size prior to division is 
uncorrelated to birth size, but depends on the individu-
al cell’s growth rate. In addition, Wallden and cowork-
ers (2016) observed that E. coli cells grown under slow 
growth conditions do not follow “adder” behavior and 
instead behave like “sizers”. The authors proposed that 
the observed negative correlation between birth size and 
the added volume in slow growing E. coli stems from 
size-dependent control of the initiation of DNA replica-
tion. Under conditions supporting only single replication 
round, cells small at birth add a greater volume before 
they can start DNA replication – and this results in a 
greater added volume, and hence – greater size prior to 
division. 

Other works claimed that a threshold of size at any 
cell cycle stage, assuming nearly constant growth rate, 
would result in the loss of correlation between the birth 
volume and the division volume, in contrast to the situ-
ation seen in the data underlying “adder” principle. The 
authors proposed that cells add a constant volume per 
origin subsequent initiation rounds (behave like “adder” 
between initiations). This scenario preserves the “mem-
ory” of the previous cell cycle and predicts a strict rela-
tionship between cell size and the number of origin per 
cell (Haschemi et al., 2012; Ho & Amir, 2015).

In other words, in those chromosome-centric views – 
DNA replication and segregation are rate limiting steps 
for cell division. On the other hand, there are several 
opposite models, stating that the cell division, not initia-
tion of replication is the rate-limiting process for the cell 
cycle progression. Along with the parallel discoveries of 
‘adder’ phenomenon by several research group, some of 
them place control of the a constant volume preferen-
tially at division step (Campos et al., 2014; Osella et al., 
2014) or at a sub-period between initiation of replication 
and cell division (Adiciptaningrum et al). According to 
them, implementing cell size increment at division step 
ensures the compensation of the stochastic differences 
of cells’ birth size and consequently, maintains cell size 
homeostasis (Campos et al., 2014). 

Recently, another model standing in opposition to the 
chromosome-centric view has appeared. Namely, Harris 
and Theriot proposed that cells add a certain surface area 
between subsequent divisions (Harris & Theriot, 2016). 
They observed that although single cells may differ in in-
dividual sizes and shapes, they maintain surface (SA) to 
volume (V) ratio characteristic for given conditions (Har-
ris & Theriot, 2016). They proposed that SA/V is the 
parameter controlled by cells and determined by the ratio 
of surface growth to volume growth. They based on the 
assumption that synthesis of cell surface precursors in 
the cytoplasm sets the rate of surface growth and leads 
to its scaling with volume. Harris and Theriot noted that 
as individual cell grows during the cell cycle SA/V drops 
due to larger proportion of low SA/V cylindrical body 
to high SA/V end-cap and the synthesis of the new cell 
polls restores characteristic SA/V, which implies that the 
rates of volume or surface growth must also display vari-
ation over the cell cycle. Indeed, the authors observed 
that cell volume growth rate is stable over the cell cycle, 
whereas SA growth speeds up at the end of the cycle 
which coincides with septation. They proposed that as 
the cell grows, cell surface material accumulates in the 
cell and is subsequently used up during the new cell pole 
synthesis. As artificial reduction of peptidoglycan (PG) 
synthesis leads to delay of cell division, Harris and The-

riot concluded that accumulation of PG precursors may 
serve as a signal for cell division machinery to end sep-
tation process. This strategy ensures that cells accumu-
lated enough material to finish this precursor-demanding 
step. The model based on accumulation of a threshold 
amount of cell wall building blocks reproduced the con-
stant amount of volume added from birth to division, 
postulated by “adder” growth mode (Harris & Theriot, 
2016, 2018).

Cell size control models, centralized either on either 
replication initiation or cell division seem to be incom-
patible and contrast one another. On the other hand, it 
has been shown recently that these models separately do 
not fit with all experimental observations from single-
cell analysis. Namely, Micali et al. (Micali et al., 2018a, 
2018b) reexamined previous single-cell data and con-
cluded that neither the model, assuming DNA replica-
tion as the sole rate-liming process for cell division, nor 
models based on chromosome-independent interdivision 
cycles recapitulate the growth patterns observed in those 
studies. Instead the authors proposed that both mecha-
nisms are at play and division is set by the slowest pro-
cess, i.e. when chromosome replication and segregation 
is completed and when septum-synthesizing machinery 
is equipped with enough building-blocks (Fig. 2). This 
concurrent cycles view assumes that both chromosome 
replication-segregation and cell division are subjected to 
size-dependent control and these two size scales work in 
parallel. It results in a model where between subsequent 
initiations cells behave like ‘adders’ or ‘sizers’, depending 
on growth conditions, whereas interdivision process is 

Figure 2. Competing models explaining timing of cell division 
during the cell cycle. 
In the first scheme, DNA replication is always limiting for the cell 
cycle progression as proposed by Wallden and coworkers (Wall-
den et al., 2016) and Amir (Amir, 2014). In the second, chromo-
some replication is never limiting, i.e. division is set by accumula-
tion of a certain amount of cell wall precursors, as proposed by 
Harris & Theriot (Harris & Theriot, 2016). Recently, Micali and cow-
orkers (Micali et al., 2018a) have shown that neither of the two 
models recapitulates experimental data and proposed that both 
conditions have to be fulfilled – chromosome duplication and 
segregation has to be completed and divisome ready to finish off 
septation process. Division timing is set by the slowest of the two 
processes. Adapted from (Micali et al., 2018a).
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always an ‘adder’ (Micali et al., 2018a). Thus, the integra-
tion of two processes sets the final decision about cell 
cycle progression. 

The concept of integration of concurrent processes – 
DNA replication and cell division in setting the division 
time can be extended with a proposal of molecular pro-
gression control complex (PCC) (Stouf et al., 2018). This 
system would constrain the onset of cell division as well 
as subsequent initiation of DNA replication until chro-
mosome duplication and segregation is completed AND 
cells finished divisome maturation (Fig. 3). After both 
conditions are fulfilled progression permission is granted 
and cells complete division. At molecular level, this sys-
tem is suggested to act as a link between chromosome 
segregation and division by direct physical interaction 
of the sister chromosomes terminus region with nascent 
septum, dependent on MatP, ZapAB and FtsK proteins. 
In support of this proposal, the authors observed that 
tethering of chromosomal DNA to cell membrane leads 
to inhibition of next replication rounds most likely due 
to loss of the negative supercoiling (Magnan & Bates, 
2015; Magnan et al., 2015). In addition, the authors argue 
that in conditional ftsZ and ftsK mutants chromosomal 
cell cycle progresses despite the lack of cell division and 
explain it by the absence of progression control complex 
in such cells. It is worth emphasizing that progression 
permission works as a licensing factor, not the mecha-
nism controlling timing of replication initiation or cell 
division. Assumption that both replication and interdivi-
sion processes set division timing allows for existence of 
processes controlling both replication initiation and cell 
division. Such models account for the role of numerous 
proteins found in distinct bacterial species that regulate 
FtsZ assembly in response to the level of certain me-
tabolites. For instance, moonlighting glucosyltransferas-
es OpgH and UgtP link the UDP-glucose level to cell 
division in E. coli and B. subtilis, respectively (Weart et 
al., 2007; Hill et al., 2012; Westfall & Levin, 2017). For 
detailed molecular mechanisms and further examples of 
such proteins we refer the reader to recent excellent re-
views on that subject (Chien et al., 2012; Vadia & Levin, 
2015; Jun et al., 2017; Sperber & Herman, 2017; Westfall 
& Levin, 2017).

It is worth noting that eukaryotic cells also follow 
“adder” behavior leading to cell size homeostasis. To 
achieve this, they modulate both growth rate and cell 
cycle duration (Srivastava et al., 2018). Therefore, one 

could say that genetically distinct organisms use differ-
ent molecular strategies to achieve the same size control 
principle. This supports the view that cell size control is 
a result of coordination of many cellular functions like 
cell cycle, metabolism, protein synthesis, synthesis of the 
cell envelope. Indeed, mutation of many genes involved 
in very different cellular processes lead to changes in cell 
size (Cornet et al., 2018). At molecular level, this coor-
dination between cellular functions requires flow of in-
formation between the processes. Metabolic proteins 
engaged in the regulation of cell division, mentioned 
above, are an excellent example of such communication. 
In this light, it is also interesting that nucleotide sugars, 
used for cell envelope synthesis provide a link between 
replication precursors and cell surface expansion. Inter-
estingly, also the level of S7P, a precursor of both nu-
cleotides and outer cell membrane components seems 
to have a profound effect on the cell size, as shown by 
opposing effects of deletion of genes encoding enzymes 
that produce and consume it in the pentose-phosphate 
pathway (tktA and talB, respectively) (Westfall & Levin, 
2018). Evidence has also accumulated suggesting a direct 
crosstalk between metabolism and regulation of DNA 
replication in E. coli and B. subtilis (Dalmais et al., 2007; 
Węgrzyn et al., 2011; Barańska et al., 2013). In this light 
we also propose that DiaA protein could integrate the 
information on cell surface expansion and/or nucleotide 
synthesis capacity. DiaA contains a well conserved sugar 
isomerase domain (SIS) (Keyamura et al., 2007). The role 
of the SIS domain in DiaA function is unknown. Nota-
bly, the SIS domain closely resembles that of another E. 
coli protein, sedoheptulose 7-phosphate isomerase GmhA 
(alternative name - LpcA) and its homologues in other 
bacterial species (Taylor et al., 2008; Harmer, 2010; Do 
et al., 2015). GmhA catalyzes isomerization of D-sedo-
heptulose-7-phosphate (S7P) into D-glycero-D-manno-
heptose-7-phosphate (M7P), which constitutes a step in 
the pathway of lipopolysaccharide (LPS) synthesis – a 
part of the outer membrane of gram-negative bacteria 
(Kneidinger et al., 2002; Taylor et al., 2008). Interestingly, 
some bacteria encode only a single GmhA homologue, 
like for instance P. aeruginosa whose GmhA contains 
amino acid residues that were proven crucial for DiaA-
DnaA interaction in E. coli (Keyamura et al., 2007; Taylor 
et al., 2008). This suggests that such proteins could join 
GmhA and DiaA functions. Binding of S7P or M7P by 
DiaA could regulate its activity with respect to DnaA 
and couple metabolism to DNA replication. Future ef-
fort in studies on cell cycle and size control should focus 
on clarification of a crosstalk between major processes: 
replication, cell envelope, metabolism and cell division.

REFERENCES

Adiciptaningrum A, Osella M, Moolman M, Lagomarsino M, Tans S 
Stochasticity and homeostasis in the E. coli replication and division 
cycle. Sci Rep 5: 18261

Amir A (2014) Cell size regulation in bacteria. Phys Rev Lett 112: 
208102. https://doi.org/10.1103/PhysRevLett.112.208102

Badrinarayanan A, Le TBK, Laub MT (2015) Bacterial chromosome 
organization and segregation. Annu Rev Cell Dev Biol 31: 171–199. 
https://doi.org/10.1146/annurev-cellbio-100814-125211

Barańska S, Glinkowska M, Herman-Antosiewicz A, Maciag-
Dorszyńska M, Nowicki D, Szalewska-Pałasz A, Wegrzyn A, Wegr-
zyn G (2013) Replicating DNA by cell factories: Roles of central 
carbon metabolism and transcription in the control of DNA repli-
cation in microbes, and implications for understanding this process 
in human cells. Microb Cell Fact 12: https://doi.org/10.1186/1475-
2859-12-55

Barber F, Ho P-Y, Murray AW, Amir A (2017) Details Matter: noise 
and model structure set the relationship between cell size and cell 
cycle timing. 5: 1–16. https://doi.org/10.3389/fcell.2017.00092

Figure 3. A model explaining cell cycle control by formation of 
Progression Control Complex (PCC). 
Progression Control Complex is formed by physical interaction 
of the chromosome terminus with cell membrane in the form-
ing septum after replicated sister chromosomes have moved to 
daughter cell compartments with termini situated on both sides 
of the septum. When other growth conditions are met and divi-
some maturates, progression permission is granted, allowing for 
subsequent cell division and initiation of DNA replication. Thus, 
progression permission is a licensing decision and it does not de-
cide about timing of the downstream cell cycle events. Adapted 
from (Stouf et al., 2018).

https://doi.org/10.1103/PhysRevLett.112.208102
https://doi.org/10.1146/annurev-cellbio-100814-125211
https://doi.org/10.1186/1475-2859-12-55
https://doi.org/10.1186/1475-2859-12-55
https://doi.org/10.3389/fcell.2017.00092


Vol. 66       145Coordination of growth and cell cycle in bacteria

Bosdriesz E, Molenaar D, Teusink B, Bruggeman FJ (2015) How fast-
growing bacteria robustly tune their ribosome concentration to ap-
proximate growth-rate maximization. FEBS J 282: 2029–2044. htt-
ps://doi.org/10.1111/febs.13258

Brown A, Fernandez IS, Gordiyenko Y, Ramakrishnan V (2016) Ri-
bosome-dependent activation of stringent control. Nature 534: 277–
280. https://doi.org/10.1038/nature17675

Campos M, Surovtsev I V, Kato S, Paintdakhi A, Beltran B, Ebmei-
er SE, Jacobs-Wagner C (2014) A constant size extension drives 
bacterial cell size homeostasis. Cell 159: 1433–1446. https://doi.
org/10.1016/j.cell.2014.11.022

Le Chat L, Espéli O (2012) Let’s get ‘Fisical’ with bacterial nucleoid. 
Mol Microbiol 86: 1285–1290. doi:10.1111/mmi.12073.

Chien A-C, Hill NS, Levin PA (2012) Cell size control in bacteria. Curr 
Biol 22: R340-9. https://doi.org/10.1016/j.cub.2012.02.032

Cooper S, Helmstetter CE (1968) Chromosome replication and the di-
vision cycle of Escherichia coli B/r. J Mol Biol 31: 519–540. https://
doi.org/10.1016/0022-2836(68)90425-7

Cornet F, Jacobs-Wagner C, Dobihal GS, Campos M, Irnov I, Govers 
SK (2018)  Genomewide phenotypic analysis of growth, cell mor-
phogenesis, and cell cycle events in Escherichia coli. Mol Syst Biol 14: 
e7573. https://doi.org/10.15252/msb.20177573

Crozat E, Rousseau P, Fournes F, Cornet F (2014) The FtsK family of 
DNA translocases finds the ends of circles. J Mol Microbiol Biotechnol 
24: 396–408. https://doi.org/10.1159/000369213

Dalmais B, Bolotin A, Monnier A-F, Kanga S, Canceill D, Titok M, 
Ehrlich SD, Jannière L, Chapuis J, Lestini R, Chatelier E Le, Suski 
C (2007) Genetic evidence for a link between glycolysis and DNA 
replication. PLoS One 2: e447. https://doi.org/10.1371/journal.
pone.0000447

Deforet M, Ditmarsch D van, Xavier J Cell-size homeostasis and the 
incremental rule in a bacterial pathogen. Biophys J 109: 521–528

Dennis PP, Ehrenberg M, Bremer H (2004) Control of rRNA Synthe-
sis in. 68: 639–668. https://doi.org/10.1128/MMBR.68.4.639

Do H, Yun J-S, Lee CW, Choi YJ, Kim H-Y, Kim Y-J, Park H, Chang 
JH, Lee JH (2015) Crystal structure and comparative sequence anal-
ysis of GmhA from Colwellia psychrerythraea Strain 34H provides in-
sight into functional similarity with DiaA. Mol Cells 38: 1086–1095. 
https://doi.org/10.14348/molcells.2015.0191

Donachie WD (1968) Relationship between cell size and time of ini-
tiation of DNA replication. Nature 219: 1077–1079. https://doi.
org/10.1038/2191077a0

Donachie WD, Blakely GW (2003) Coupling the initiation of chromo-
some replication to cell size in Escherichia coli. Curr Opin Microbiol 6: 
146–150. https://doi.org/10.1016/S1369-5274(03)00026-2

Erickson HP, Anderson DE, Osawa M (2010) FtsZ in bacterial cytoki-
nesis: cytoskeleton and force generator all in one. Microbiol Mol Biol 
Rev 74: 504–528. https://doi.org/10.1128/MMBR.00021-10

Erzberger JP, Pirruccello MM, Berger JM (2002) The structure of 
bacterial DnaA: implications for general mechanisms underlying 
DNA replication initiation. EMBO J 21: 4763–4773. https://doi.
org/10.1093/emboj/cdf496.

Flåtten I, Fossum-Raunehaug S, Taipale R, Martinsen S, Skarstad K 
(2015) The DnaA protein is not the limiting factor for initiation 
of replication in Escherichia coli. PLoS Genet 11: 1–22. https://doi.
org/10.1371/journal.pgen.1005276.

von Freiesleben U1, Krekling MA, Hansen FG, Løbner-Olesen A 
(2000) The eclipse period of Escherichia coli. Embo J 19: 6240–6248. 
https://doi.org/10.1093/emboj/19.22.6240

Fujimitsu K, Senriuchi T, Katayama T (2009) Specific genomic se-
quences of E. coli promote replicational initiation by directly re-
activating ADP-DnaA. Genes Dev 23: 1221–1233. https://doi.
org/10.1101/gad.1775809

Funnell BE (2016) ParB Partition proteins: complex formation and 
spreading at bacterial and plasmid  centromeres. Front Mol Biosci 3: 
44. https://doi.org/10.3389/fmolb.2016.00044

Gralla JD (2005) Escherichia coli ribosomal RNA transcription: Regu-
latory roles for ppGpp, NTPs, architectural proteins and a pol-
ymerase-binding protein. Mol Microbiol 55: 973–977. https://doi.
org/10.1111/j.1365-2958.2004.04455.x

Grant MA, Ferrari U, Sclavi B, Cosentino Lagomarsino M, Bassetti B, 
Saggioro C (2011) DnaA and the timing of chromosome replication 
in Escherichia coli as a function of growth rate. BMC Syst Biol 5: 201. 
https://doi.org/10.1186/1752-0509-5-201

Guarné A, Brendler T, Zhao Q, Ghirlando R, Austin S, Yang W 
(2005) Crystal structure of a SeqA-N filament: Implications for 
DNA replication and chromosome organization. EMBO J 24: 1502–
1511. https://doi.org/10.1038/sj.emboj.7600634

Haeusser DP, Margolin W (2016) Splitsville: Structural and functional 
insights into the dynamic bacterial Z ring. Nat Rev Microbiol 14: 305–
319. https://doi.org/10.1038/nrmicro.2016.26

Hansen FG, Atlung T (2018) The DnaA Tale. In Front Microbiol 9: 319. 
https://doi.org/10.3389/fmicb.2018.00319

Harashima H, Dissmeyer N, Schnittger A (2013) Cell cycle control 
across the eukaryotic kingdom. Trends Cell Biol 23: 345–356. https://
doi.org/10.1016/j.tcb.2013.03.002

Harmer NJ (2010) The Structure of sedoheptulose-7-phosphate 
isomerase from Burkholderia pseudomallei reveals a zinc binding site 
at the heart of the active site. J Mol Biol 400: 379–392. https://doi.
org/10.1016/j.jmb.2010.04.058

Harris LK, Theriot JA (2016) Relative rates of surface and volume 
synthesis set bacterial cell size. Cell 165: 1479–1492. https://doi.
org/10.1016/j.cell.2016.05.045

Harris LK, Theriot JA (2018) Surface area to volume ratio: A natural 
variable for bacterial morphogenesis. Trends Microbiol 26: 815–832. 
https://doi.org/10.1016/j.tim.2018.04.008

Haschemi A, Kosma P, Gille L, Evans CR, Burant CF, Starkl P, 
Knapp B, Haas R, Schmid JA, Jandl C, Amir S, Lubec G, Park J, 
Esterbauer H, Bilban M, Brizuela L, Pospisilik JA, Otterbein LE, 
Wagner O (2012) The sedoheptulose kinase CARKL directs mac-
rophage polarization through control of glucose metabolism. Cell 
Metab 15: 813–826. https://doi.org/10.1016/j.cmet.2012.04.023

Hauryliuk V, Atkinson GC, Murakami KS, Tenson T, Gerdes K (2015) 
Recent functional insights into the role of (p)ppGpp in bacterial 
physiology. Nat Rev Microbiol 13: 298–309. https://doi.org/10.1038/
nrmicro3448

Hill NS, Kadoya R, Chattoraj DK, Levin PA (2012) Cell size and the 
initiation of DNA replication in bacteria. PLoS Genet 8: e1002549. 
https://doi.org/10.1371/journal.pgen.1002549

Hiraga S, Kanaya S, Yamazoe M, Adachi S, Ohsumi K (2004) Sequen-
tial binding of SeqA protein to nascent DNA segments at replica-
tion forks in synchronized cultures of Escherichia coli. Mol Microbiol 
55: 289–298. https://doi.org/10.1111/j.1365-2958.2004.04389.x

Ho P-Y, Amir A (2015) Simultaneous regulation of cell size and chro-
mosome replication in bacteria. Front Microbiol 6: 662. https://doi.
org/10.3389/fmicb.2015.00662

Ishida T, Akimitsu N, Kashioka T, Hatano M, Kubota T, Ogata Y, 
Sekimizu K, Katayama T (2004) DiaA, a novel DnaA-binding pro-
tein, ensures the timely initiation of Escherichia coli chromosome rep-
lication. J Biol Chem 279: 45546–45555. https://doi.org/10.1074/jbc.
M402762200

Jameson KH, Wilkinson AJ (2017) Control of initiation of DNA rep-
lication in Bacillus subtilis and Escherichia coli. Genes (Basel) 8: https://
doi.org/10.3390/genes8010022

Jin DJ, Cagliero C, Zhou YN (2012) Growth rate regulation in Escheri-
chia coli. FEMS Microbiol Rev 36: 269–287. https://doi.org/10.1111/
j.1574-6976.2011.00279.x

Joshi MC, Bourniquel A, Fisher J, Ho BT, Magnan D, Kleckner N, 
Bates D (2011) Escherichia coli sister chromosome separation includes 
an abrupt global transition  with concomitant release of late-split-
ting intersister snaps. Proc Natl Acad Sci U S A 108: 2765–2770. 
https://doi.org/10.1073/pnas.1019593108

Jun S, Levin PA, Taheri-Araghi S, Bradde S, Hill NS, Vergassola M, 
Paulsson J, Sauls JT (2017) Cell-size control and homeostasis in bac-
teria. Curr Biol 27: 1392. https://doi.org/10.1016/j.cub.2017.04.028

Jun S, Wright A (2010) Entropy as the driver of chromosome segre-
gation. Nat Rev Microbiol 8: 600–607. https://doi.org/10.1038/nrmi-
cro2391

Kasho K, Fujimitsu K, Matoba T, Oshima T, Katayama T (2014) 
Timely binding of IHF and Fis to DARS2 regulates ATP-DnaA 
production and replication initiation. Nucleic Acids Res 42: 13134–
13149. https://doi.org/10.1093/nar/gku1051.

Kasho K, Katayama T (2013) DnaA binding locus datA promotes 
DnaA-ATP hydrolysis to enable cell cycle-coordinated replication 
initiation. Proc Natl Acad Sci 110: 936–941. https://doi.org/10.1073/
pnas.1212070110

Kasho K, Tanaka H, Sakai R, Katayama T (2017) Cooperative 
DnaA binding to the negatively supercoiled datA locus stimulates 
DnaA-ATP hydrolysis. J Biol Chem 292: 1251–1266. https://doi.
org/10.1074/jbc.M116.762815

Katayama T (2017) Initiation of DNA replication at the chromosomal 
origin of E. coli, oriC. Adv Exp Med Biol 1042: 79–98. https://doi.
org/10.1007/978-981-10-6955-0_4

Kato J, Katayama T (2001) Hda, a novel DnaA-related protein, regu-
lates the replication cycle in Escherichia coli. EMBO J 20: 4253–4262. 
https://doi.org/10.1093/emboj/20.15.4253

Kawakamii H, Keyamura K, Katayama T (2005) Formation of an 
ATP-DnaA-specific initiation complex requires DnaA arginine 285, 
a conserved motif in the AAA+ protein family. J Biol Chem 280: 
27420–27430. https://doi.org/10.1074/jbc.M502764200

Keyamura K, Abe Y, Higashi M, Ueda T, Katayama T (2009) DiaA 
dynamics are coupled with changes in initial origin complexes lead-
ing to helicase loading. J Biol Chem 284: 25038–25050. https://doi.
org/10.1074/jbc.M109.002717

Keyamura K, Fujikawa N, Ishida T, Ozaki S, Su’etsugu M, Fujimitsu 
K, Kagawa W, Yokoyama S, Kurumizaka H, Katayama T (2007) 
The interaction of DiaA and DnaA regulates the replication cycle in 
E. coli by directly promoting ATP DnaA-specific initiation complex-
es. Genes Dev 21: 2083–2099. https://doi.org/10.1101/gad.1561207

Klumpp S, Hwa T (2014) Bacterial growth: Global effects on gene ex-
pression, growth feedback and proteome partition. Curr Opin Biotech-
nol 28: 96–102. https://doi.org/10.1016/j.copbio.2014.01.001

https://doi.org/10.1111/febs.13258
https://doi.org/10.1111/febs.13258
https://doi.org/10.1038/nature17675
https://doi.org/10.1016/j.cell.2014.11.022
https://doi.org/10.1016/j.cell.2014.11.022
https://doi.org/10.1016/j.cub.2012.02.032
https://doi.org/10.1016/0022-2836(68)90425-7
https://doi.org/10.1016/0022-2836(68)90425-7
https://doi.org/10.15252/msb.20177573
https://doi.org/10.1159/000369213
https://doi.org/10.1371/journal.pone.0000447
https://doi.org/10.1371/journal.pone.0000447
https://doi.org/10.1128/MMBR.68.4.639
https://doi.org/10.14348/molcells.2015.0191
https://doi.org/10.1038/2191077a0
https://doi.org/10.1038/2191077a0
https://doi.org/10.1016/S1369-5274(03)00026-2
https://doi.org/10.1128/MMBR.00021-10
https://doi.org/10.1093/emboj/cdf496
https://doi.org/10.1093/emboj/cdf496
https://doi.org/10.1371/journal.pgen.1005276
https://doi.org/10.1371/journal.pgen.1005276
https://doi.org/10.1093/emboj/19.22.6240
https://doi.org/10.1101/gad.1775809
https://doi.org/10.1101/gad.1775809
https://doi.org/10.3389/fmolb.2016.00044
https://doi.org/10.1111/j.1365-2958.2004.04455.x
https://doi.org/10.1111/j.1365-2958.2004.04455.x
https://doi.org/10.1186/1752-0509-5-201
https://doi.org/10.1038/sj.emboj.7600634
https://doi.org/10.1038/nrmicro.2016.26
https://doi.org/10.3389/fmicb.2018.00319
https://doi.org/10.1016/j.tcb.2013.03.002
https://doi.org/10.1016/j.tcb.2013.03.002
https://doi.org/10.1016/j.jmb.2010.04.058
https://doi.org/10.1016/j.jmb.2010.04.058
https://doi.org/10.1016/j.cell.2016.05.045
https://doi.org/10.1016/j.cell.2016.05.045
https://doi.org/10.1016/j.tim.2018.04.008
https://doi.org/10.1016/j.cmet.2012.04.023
https://doi.org/10.1038/nrmicro3448
https://doi.org/10.1038/nrmicro3448
https://doi.org/10.1371/journal.pgen.1002549
https://doi.org/10.1111/j.1365-2958.2004.04389.x
https://doi.org/10.3389/fmicb.2015.00662
https://doi.org/10.3389/fmicb.2015.00662
https://doi.org/10.1074/jbc.M402762200
https://doi.org/10.1074/jbc.M402762200
https://doi.org/10.3390/genes8010022
https://doi.org/10.3390/genes8010022
https://doi.org/10.1111/j.1574-6976.2011.00279.x
https://doi.org/10.1111/j.1574-6976.2011.00279.x
https://doi.org/10.1073/pnas.1019593108
https://doi.org/10.1016/j.cub.2017.04.028
https://doi.org/10.1038/nrmicro2391
https://doi.org/10.1038/nrmicro2391
https://doi.org/10.1093/nar/gku1051
https://doi.org/10.1073/pnas.1212070110
https://doi.org/10.1073/pnas.1212070110
https://doi.org/10.1074/jbc.M116.762815
https://doi.org/10.1074/jbc.M116.762815
https://doi.org/10.1007/978-981-10-6955-0_4
https://doi.org/10.1007/978-981-10-6955-0_4
https://doi.org/10.1093/emboj/20.15.4253
https://doi.org/10.1074/jbc.M502764200
https://doi.org/10.1074/jbc.M109.002717
https://doi.org/10.1074/jbc.M109.002717
https://doi.org/10.1101/gad.1561207
https://doi.org/10.1016/j.copbio.2014.01.001


146           2019J. Morcinek-Orłowska and others

Kneidinger B, Marolda C, Graninger M, Zamyatina A, McArthur F, 
Kosma P, Valvano MA, Messner P (2002) Biosynthesis pathway of 
ADP-l-glycero-beta-d-manno-heptose in Escherichia coli. J Bacteriol 
184: 363–369

Kurokawa K, Nishida S, Emoto A, Sekimizu K, Katayama T (1999) 
Replication cycle-coordinated change of the adenine nucleotide-
bound forms of DnaA protein in Escherichia coli. EMBO J 18: 6642–
6652. https://doi.org/10.1093/emboj/18.23.6642

Leonard AC, Grimwade JE (2015) The orisome: structure and func-
tion. Front Microbiol 6: 545

Magnan D, Bates D (2015) Regulation of DNA replication initiation 
by chromosome structure. J Bacteriol 197: 3370–3377. https://doi.
org/10.1128/jb.00446-15

Magnan D, Joshi MC, Barker AK, Visser BJ, Bates D (2015) DNA 
replication initiation is blocked by a distant chromosome-membrane 
attachment. Curr Biol 25: 2143–2149. https://doi.org/10.1016/j.
cub.2015.06.058

Micali G, Grilli J, Marchi J, Osella M, Cosentino Lagomarsino M 
(2018a) Dissecting the control mechanisms for DNA replication 
and cell division in E. coli. Cell Rep 25: 761–771.e4. https://doi.
org/10.1016/j.celrep.2018.09.061

Micali G, Grilli J, Osella M, Lagomarsino MC (2018b) C E L L B I O 
L O G Y Concurrent processes set E. coli cell division. 1–7

Michelsen O, Teixeira de Mattos MJ, Jensen PR, Hansen FG (2003) 
Precise determinations of C and D periods by flow cytometry in 
Escherichia coli K-12 and B/r. Microbiology 149: 1001–1010. https://
doi.org/10.1099/mic.0.26058-0

Murphy H, Potrykus K, Murphy H, Philippe N, Cashel M (2010) 
ppGpp is the major source of growth rate control in E-coli ppGpp 
is the major source of growth rate control in E. coli. 13: 563–575. 
https://doi.org/10.1111/j.1462-2920.2010.02357.x

Nishida S, Fujimitsu K, Sekimizu K, Ohmura T, Ueda T, Katayama T 
(2002) A nucleotide switch in the Escherichia coli DnaA protein initi-
ates chromosomal replication: evidnece from a mutant DnaA pro-
tein defective in regulatory ATP hydrolysis in vitro and in vivo. J Biol 
Chem 277: 14986–14995. https://doi.org/10.1074/jbc.M108303200

Ortiz C, Natale P, Cueto L, Vicente M (2016) The keepers of the 
ring: regulators of FtsZ assembly. FEMS Microbiol Rev 40: 57–67. 
https://doi.org/10.1093/femsre/fuv040

Osella M, Nugent E, Cosentino Lagomarsino M (2014)  Concerted 
control of Escherichia coli cell division. Proc Natl Acad Sci 111: 3431–
3435. https://doi.org/10.1073/pnas.1313715111

Ozaki S, Katayama T (2012) Highly organized DnaA-oriC complexes 
recruit the single-stranded DNA for replication initiation. Nucleic Ac-
ids Res 40: 1648–1665. https://doi.org/10.1093/nar/gkr832

Potrykus K, Cashel M (2008) (p)ppGpp: Still Magical? Annu 
Rev Microbiol 62: 35–51. https://doi.org/10.1146/annurev.mi-
cro.62.081307.162903

Rowlett VW, Margolin W (2013) The bacterial Min system. Curr Biol 
23: R553-6. https://doi.org/10.1016/j.cub.2013.05.024

Rowlett VW, Margolin W (2015) The bacterial divisome: ready for 
its close-up. Philos Trans R Soc Lond B Biol Sci 370: https://doi.
org/10.1098/rstb.2015.0028

Rybenkov V V, Herrera V, Petrushenko ZM, Zhao H (2014) Muk-
BEF, a chromosomal organizer. J Mol Microbiol Biotechnol 24: 371–
383. https://doi.org/10.1159/000369099

Sakiyama Y, Kasho K, Noguchi Y, Kawakami H, Katayama T (2017) 
Regulatory dynamics in the ternary DnaA complex for initiation 
of chromosomal replication in Escherichia coli. Nucleic Acids Res 45: 
12354–12373. https://doi.org/10.1093/nar/gkx914

Sand O, Gingras M, Beck N, Hall C, Trun N (2003) Phenotypic char-
acterization of overexpression or deletion of the Escherichia coli 
crcA, cspE and crcB genes. Microbiology 149: 2107–2117. https://doi.
org/10.1099/mic.0.26363-0

Saxena R, Fingland N, Patil D, Sharma AK, Crooke E (2013) Cross-
talk between DnaA protein, the initiator of Escherichia coli chro-
mosomal replication, and acidic phospholipids present in bacterial 
membranes. Int J Mol Sci 14: 8517–8537. https://doi.org/10.3390/
ijms14048517

Schechter M, Maaloe O, Kjeldgaard NO (1958) Dependency on me-
dium and temperature of cell size and chemical composition dur-
ing balanced grown of Salmonella typhimurium. J Gen Microbiol 19: 
592–606. https://doi.org/10.1099/00221287-19-3-592

Scott M, Hwa T (2011) Bacterial growth laws and their applications. 
Curr Opin Biotechnol 22: 559–565, https://doi.org/10.1016/j.cop-
bio.2011.04.014.

Scott M, Klumpp S, Mateescu EM, Hwa T (2014) Emergence of ro-
bust growth laws from optimal regulation of ribosome synthesis. 
Mol Syst Biol 10: 747–747. https://doi.org/10.15252/msb.20145379

Scott M, Mateescu EM, Zhang Z, Hwa T (2010) Interdependence of 
cell growth origins and consequences. Science (80-) 330: 1099–1102. 
https://doi.org/10.1126/science.1192588

Shih Y-L, Zheng M (2013) Spatial control of the cell division site by 
the Min system in Escherichia coli. Environ Microbiol 15: 3229–3239. 
https://doi.org/10.1111/1462-2920.12119

Si F, Li D, Cox SE, Sauls JT, Azizi O, Sou C, Schwartz AB, Erickstad 
MJ, Jun Y, Li X, Jun S (2017) Invariance of Initiation Mass and 
Predictability of Cell Size in Escherichia coli. Curr Biol 27: 1278–
1287. https://doi.org/10.1016/j.cub.2017.03.022

Skarstad K, Steen HB, Boye E (1983) Cell cycle parameters of slowly 
growing Escherichia coli B/r studied by flow cytometry. J Bacteriol 154: 
656–662

Speck C, Weigel C, Messer W (1999) ATP- and ADP-dnaA protein, a 
molecular switch in gene regulation. EMBO J 18: 6169–6176. htt-
ps://doi.org/10.1093/emboj/18.21.6169

Sperber AM, Herman JK (2017) Metabolism shapes the cell. J Bacteriol 
199: 1–14. https://doi.org/10.1128/jb.00039-17

Srivastava N, Cadart C, Sáez PJ, Grilli J, Terriac E, Attia R, Monnier 
S, Cosentino-Lagomarsino M, Piel M, Baum B (2018) Size control 
in mammalian cells involves modulation of both growth rate and 
cell cycle duration. Nat Commun 9: https://doi.org/10.1038/s41467-
018-05393-0

Stouf M, Fisher JK, Kleckner NE, Chatzi K, White MA (2018) Co-
ordination of growth, chromosome replication/segregation, and cell 
division in E. coli. Front Microbiol 9: 1–12. https://doi.org/10.3389/
fmicb.2018.01469

Szwedziak P, Wang Q, Bharat TAM, Tsim M, Lowe J (2014) Architec-
ture of the ring formed by the tubulin homologue FtsZ in bacterial 
cell division. Elife 3: e04601. https://doi.org/10.7554/eLife.04601

Taheri-Araghi S, Bradde S, Sauls JT, Hill NS, Levin PA, Paulsson 
J, Vergassola M, Jun S (2015a) Cell-size control and homeosta-
sis in bacteria. Curr Biol 25: 385–391. https://doi.org/10.1016/j.
cub.2014.12.009

Taheri-Araghi S, Bradde S, Sauls JT, Hill NS, Levin PA, Paulsson J, 
Vergassola M, Jun S (2015b) Cell-size control and homeostasis in 
bacteria – Supplemental Information. Curr Biol 25: 385–391. htt-
ps://doi.org/10.1016/j.cub.2014.12.009

Taylor PL, Blakely KM, De Leon GP, Walker JR, McArthur F, Ev-
dokimova E, Zhang K, Valvano MA, Wright GD, Junop MS (2008) 
Structure and function of sedoheptulose-7-phosphate isomerase, 
a critical enzyme for lipopolysaccharide biosynthesis and a target 
for antibiotic adjuvants. J Biol Chem 283: 2835–2845. https://doi.
org/10.1074/jbc.M706163200

Vadia S, Levin PA (2015) Growth rate and cell size: A re-examina-
tion of the growth law. Curr Opin Microbiol 24: 96–103. https://doi.
org/10.1016/j.mib.2015.01.011

Waldminghaus T, Skarstad K (2009) The Escherichia coli SeqA protein. 
Plasmid 61: 141–150. https://doi.org/10.1016/j.plasmid.2009.02.004

Wallden M, Fange D, Lundius EG, Baltekin O, Elf J (2016) The syn-
chronization of replication and division cycles in individual E. coli 
cells. Cell 166: 729–739. https://doi.org/10.1016/j.cell.2016.06.052

Wang X, Llopis PM, Rudner DZ (2013) Organization and segregation 
of bacterial chromosomes. Nat Rev Genet 14: 191–203. https://doi.
org/10.1038/nrg3375

Weart RB, Lee AH, Chien AC, Haeusser DP, Hill NS, Levin PA 
(2007) A metabolic sensor governing cell size in bacteria. Cell 130: 
335–347. https://doi.org/10.1016/j.cell.2007.05.043

Węgrzyn G, Szalewska-Pałasz A, Maciąg M, Nowicki D, Janniere L 
(2011) Genetic response to metabolic fluctuations: correlation be-
tween central carbon metabolism and DNA replication in Escherichia 
coli. Microb Cell Fact 10: 19. https://doi.org/10.1186/1475-2859-10-
19

Westfall CS, Levin PA (2017) Bacterial cell size: multifactorial and mul-
tifaceted. Annu Rev Microbiol 71: 499–517. https://doi.org/10.1146/
annurev-micro-090816-093803

Westfall CS, Levin PA (2018) Comprehensive analysis of central car-
bon metabolism illuminates connections between nutrient availabil-
ity, growth rate, and cell morphology in Escherichia coli. PLOS Genet 
14: e1007205

Willis L, Huang KC (2017) Sizing up the bacterial cell cycle. Nat Rev 
Microbiol 15: 606–620. https://doi.org/10.1038/nrmicro.2017.79

Zawadzki P, Stracy M, Ginda K, Zawadzka K, Lesterlin C, Kapanidis 
AN, Sherratt DJ (2015) The localization and action of topoisomer-
ase IV in Escherichia coli chromosome segregation is coordinated by 
the SMC Complex, MukBEF. Cell Rep 13: 2587–2596. https://doi.
org/10.1016/j.celrep.2015.11.034

Zechiedrich EL, Khodursky AB, Cozzarelli NR (1997) Topoisomerase 
IV, not gyrase, decatenates products of site-specific recombination 
in Escherichia coli. Genes Dev 11: 2580–2592. https://doi.org/10.1101/
gad.11.19.2580

https://doi.org/10.1093/emboj/18.23.6642
https://doi.org/10.1128/jb.00446-15
https://doi.org/10.1128/jb.00446-15
https://doi.org/10.1016/j.cub.2015.06.058
https://doi.org/10.1016/j.cub.2015.06.058
https://doi.org/10.1016/j.celrep.2018.09.061
https://doi.org/10.1016/j.celrep.2018.09.061
https://doi.org/10.1099/mic.0.26058-0
https://doi.org/10.1099/mic.0.26058-0
https://doi.org/10.1111/j.1462-2920.2010.02357.x
https://doi.org/10.1074/jbc.M108303200
https://doi.org/10.1093/femsre/fuv040
https://doi.org/10.1073/pnas.1313715111
https://doi.org/10.1093/nar/gkr832
https://doi.org/10.1146/annurev.micro.62.081307.162903
https://doi.org/10.1146/annurev.micro.62.081307.162903
https://doi.org/10.1016/j.cub.2013.05.024
https://doi.org/10.1098/rstb.2015.0028
https://doi.org/10.1098/rstb.2015.0028
https://doi.org/10.1159/000369099
https://doi.org/10.1093/nar/gkx914
https://doi.org/10.1099/mic.0.26363-0
https://doi.org/10.1099/mic.0.26363-0
https://doi.org/10.3390/ijms14048517
https://doi.org/10.3390/ijms14048517
https://doi.org/10.1099/00221287-19-3-592
https://doi.org/10.1016/j.copbio.2011.04.014
https://doi.org/10.1016/j.copbio.2011.04.014
https://doi.org/10.15252/msb.20145379
https://doi.org/10.1126/science.1192588
https://doi.org/10.1111/1462-2920.12119
https://doi.org/10.1016/j.cub.2017.03.022
https://doi.org/10.1093/emboj/18.21.6169
https://doi.org/10.1093/emboj/18.21.6169
https://doi.org/10.1128/jb.00039-17
https://doi.org/10.1038/s41467-018-05393-0
https://doi.org/10.1038/s41467-018-05393-0
https://doi.org/10.3389/fmicb.2018.01469
https://doi.org/10.3389/fmicb.2018.01469
https://doi.org/10.7554/eLife.04601
https://doi.org/10.1016/j.cub.2014.12.009
https://doi.org/10.1016/j.cub.2014.12.009
https://doi.org/10.1016/j.cub.2014.12.009
https://doi.org/10.1016/j.cub.2014.12.009
https://doi.org/10.1074/jbc.M706163200
https://doi.org/10.1074/jbc.M706163200
https://doi.org/10.1016/j.mib.2015.01.011
https://doi.org/10.1016/j.mib.2015.01.011
https://doi.org/10.1016/j.plasmid.2009.02.004
https://doi.org/10.1016/j.cell.2016.06.052
https://doi.org/10.1038/nrg3375
https://doi.org/10.1038/nrg3375
https://doi.org/10.1016/j.cell.2007.05.043
https://doi.org/10.1186/1475-2859-10-19
https://doi.org/10.1186/1475-2859-10-19
https://doi.org/10.1146/annurev-micro-090816-093803
https://doi.org/10.1146/annurev-micro-090816-093803
https://doi.org/10.1038/nrmicro.2017.79
https://doi.org/10.1016/j.celrep.2015.11.034
https://doi.org/10.1016/j.celrep.2015.11.034
https://doi.org/10.1101/gad.11.19.2580
https://doi.org/10.1101/gad.11.19.2580

