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Bacteria inhabit many different environments and often have to cope
with rapidly changing conditions. By sensing and reacting to these
changes, bacteria can improve their chances of surviving and
reproducing.
   Bacterial growth and reproduction involves taking up nutrients,
increasing in size, replicating their genetic material and dividing into
two daughter cells. When nutrients are scarce, or in the presence of
other stresses, bacteria often interrupt these proliferative processes.
   This thesis investigates how the aquatic bacterium Caulobacter
crescentus and the enteric bacterium Escherichia coli regulate the
replication of their genetic material when nutrients are exhausted, and
how environmental conditions which affect the balance between
growth, chromosome replication and cell division can lead to bacteria
dramatically changing their shape.
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Abstract
Bacteria have adapted to diverse environments, which are often unpredictable and constantly changing. In order to survive,
bacteria need to make the most of nutrients while they are available, while being prepared to rapidly change their behaviour
when conditions take a turn for the worse. One of the most central processes that must be regulated to ensure survival
when conditions change is the cell cycle, the succession of DNA replication, chromosome segregation and cell division
connecting growth and proliferation.

In this thesis, we investigate how environmental information, specifically nutrient availability, is used to modulate
cell cycle progression. In Paper I, we uncover a mechanism used by Caulobacter crescentus to arrest DNA replication
in response to nutrient depletion. We find that the essential replication initiator protein DnaA is eliminated under these
conditions, and determine that this occurs by a mechanism based on constant degradation of DnaA by the protease Lon.
This constant degradation is coupled with regulated translation of the dnaA mRNA to decrease DnaA synthesis as nutrient
levels decrease. We found that this regulated translation of dnaA depends on its long 5′ untranslated region.

The replication initiator DnaA is conserved in almost all bacteria, and although some aspects of its regulation are
maintained, others work differently in distantly related bacteria. In Paper II, we investigate how the enteric bacterium
Escherichia coli regulates DNA replication at the onset of the stationary phase. We found that although DnaA is eliminated
as growth slows, this downregulation is not required to arrest replication. We also found that the signalling molecule ppGpp,
which is produced in response to starvation, is required for the elimination of DnaA at entry to stationary phase. High ppGpp
levels lead to a block of replication initiation, however we found that chromosome content is still dramatically reduced at
the onset of stationary phase in the absence of ppGpp, indicating that a ppGpp-independent mechanism is involved.

While bacteria are usually studied over short timeframes and under optimal conditions in the laboratory, in nature,
bacteria are often found in environments where only very slow growth is possible. In Paper III, we investigate a change in
morphology observed to occur in a small subpopulation of cells in cultures of C. crescentus after extended incubation in the
stationary phase. These cells form long, helical filaments. We determined that the filamentation arises as a result of a block
of DNA replication and cell division while growth continues, and that this can be induced by a combination of conditions
in the medium: low phosphate, high pH and excess ammonium. We find that these conditions occur in freshwater lakes
during persistent algal blooms in the summer months, indicating that this response might occur in the wild.

In summary, this thesis provides new insight into the mechanisms bacteria use to adapt their cell cycle, and specifically,
DNA replication to changes in their environment, how bacteria are able to change their morphology by disrupting the
coupling between growth and the cell cycle, and investigates how this morphological plasticity may be advantageous in
natural environments.
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Summary

Bacteria have adapted to diverse environments, which are often unpre-
dictable and constantly changing. In order to survive, bacteria need
to make the most of nutrients while they are available, while being
prepared to rapidly change their behaviour when conditions take a turn
for the worse. One of the most central processes that must be regulated
to ensure survival when conditions change is the cell cycle, the suc-
cession of DNA replication, chromosome segregation and cell division
connecting growth and proliferation.

In this thesis, we investigate how environmental information, spe-
cifically nutrient availability, is used to modulate cell cycle progression.
In Paper I, we uncover a mechanism used by Caulobacter crescentus
to arrest DNA replication in response to nutrient depletion. We find
that the essential replication initiator protein DnaA is eliminated under
these conditions, and determine that this occurs by a mechanism based
on constant degradation of DnaA by the protease Lon. This constant
degradation is coupled with regulated translation of the dnaA mRNA
to decrease DnaA synthesis as nutrient levels decrease. We found that
this regulated translation of dnaA depends on its long 5′ untranslated
region.

The replication initiator DnaA is conserved in almost all bacteria, and
although some aspects of its regulation are maintained, others work
differently in distantly related bacteria. In Paper II, we investigate
how the enteric bacterium Escherichia coli regulates DNA replication
at the onset of the stationary phase. We found that although DnaA is
eliminated as growth slows, this downregulation is not required to arrest
replication. We also found that the signalling molecule ppGpp, which
is produced in response to starvation, is required for the elimination of
DnaA at entry to stationary phase. High ppGpp levels lead to a block of
replication initiation, however we found that chromosome content is
still dramatically reduced at the onset of stationary phase in the absence
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Summary

of ppGpp, indicating that a ppGpp-independent mechanism is involved.
While bacteria are usually studied over short timeframes and under

optimal conditions in the laboratory, in nature, bacteria are often found
in environments where only very slow growth is possible. In Paper III,
we investigate a change in morphology observed to occur in a small
subpopulation of cells in cultures of C. crescentus after extended incuba-
tion in the stationary phase. These cells form long, helical filaments. We
determined that the filamentation arises as a result of a block of DNA
replication and cell division while growth continues, and that this can
be induced by a combination of conditions in the medium: low phos-
phate, high pH and excess ammonium. We find that these conditions
occur in freshwater lakes during persistent algal blooms in the summer
months, indicating that this response might occur in the wild.

In summary, this thesis provides new insight into the mechanisms
bacteria use to adapt their cell cycle, and specifically, DNA replication
to changes in their environment, how bacteria are able to change their
morphology by disrupting the coupling between growth and the cell
cycle, and investigates how this morphological plasticity may be advant-
ageous in natural environments.
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Populärvetenskaplig sammanfattning

Bakterier lever i många olika omgivningar och behöver kunna anpassa
sig när förhållanden förändras. Genom att känna av och reagera mot
sådana förändringar förbättrar de sina chanser att överleva och föröka
sig.

Bakteriell tillväxt innebär att bakterierna tar upp näring, blir större,
kopierar arvsmassan och delar sig i två dotterceller. När näringsbrist
eller andra ogynnsamma förhållanden råder avbryter bakterier ofta
dessa processer och dirigerar istället resurser till att skydda sig. I labbet
studeras bakterier oftast i konstgjorda odlingsmedier med höga halter
av näringsämnen. Genom att studera det som händer när halterna av
näringsämnen minskar och bakterierna måste överleva länge utan att
näring tillsätts kommer vi att bättre förstå hur de lever i naturen.

Denna avhandling fokuserar på hur den vattenlevande bakterien
Caulobacter crescentus och tarmbakterien Escherichia coli anpassar kopi-
erandet av deras arvsmassa när näringen börjar ta slut, samt hur vissa
förhållanden i omgivningen kan leda till att balansen mellan bakteriers
tillväxt och celldelning ändras och på så sätt påverkar deras form.
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Abbreviations

5′-UTR 5′ untranslated region

AAA+ ATPases associated with diverse cellular activities

DARS DnaA-reactivating sequence

DNA deoxyribonucleic acid

dsDNA double stranded DNA

DUE DNA unwinding element

FISH fluorescence in situ hybridisation

GTP guanosine triphosphate

LB lysogeny broth – a rich medium containing
tryptone/peptone and yeast extract

mRNA messenger RNA

polyP polyphosphate

ppGpp used to refer collectively to guanosine tetra- and
pentaphosphate; sometimes referred to as (p)ppGpp

PYE a rich medium containing peptone and yeast extract

RIDA regulatory inactivation of DnaA

RNA ribonucleic acid

RNAP RNA polymerase

rRNA ribosomal RNA
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RSH Rel Spo homologue

SMC structural maintenance of chromosomes

TSS transcriptional start site

UPEC uropathogenic E. coli

xiv



Contents

Summary vii

Populärvetenskaplig sammanfattning ix

List of publications xi

Abbreviations xiii

List of figures xvii

Introduction 1
1. Bacteria and their environment . . . . . . . . . . . . . . . 1

1.1. Escherichia coli . . . . . . . . . . . . . . . . . . . . . 2
1.2. Caulobacter crescentus . . . . . . . . . . . . . . . . . 2

2. The bacterial cell cycle . . . . . . . . . . . . . . . . . . . . . 3
2.1. DNA replication . . . . . . . . . . . . . . . . . . . . 5
2.2. Chromosome segregation . . . . . . . . . . . . . . . 7
2.3. Cell division . . . . . . . . . . . . . . . . . . . . . . . 7
2.4. Cell size homeostasis . . . . . . . . . . . . . . . . . 8

3. The Caulobacter cell cycle . . . . . . . . . . . . . . . . . . . 9
3.1. The ‘master regulator’ CtrA . . . . . . . . . . . . . 10
3.2. Other transcription factors . . . . . . . . . . . . . . 11

4. Stationary phase and starvation . . . . . . . . . . . . . . . 12
4.1. ppGpp . . . . . . . . . . . . . . . . . . . . . . . . . . 13
4.2. Polyphosphate . . . . . . . . . . . . . . . . . . . . . 15

5. Regulation of replication initiation in E. coli . . . . . . . . 16
5.1. DnaA concentration . . . . . . . . . . . . . . . . . . 16
5.2. DnaA-ATP and DnaA-ADP . . . . . . . . . . . . . . 16
5.3. Other DNA-binding proteins . . . . . . . . . . . . . 19
5.4. Transcription near the origin . . . . . . . . . . . . 20
5.5. ppGpp and replication initiation in E. coli . . . . . 20

xv



Contents

6. Regulation of replication initiation in C. crescentus . . . . 21
6.1. DnaA concentration . . . . . . . . . . . . . . . . . . 21
6.2. CtrA and replication initiation . . . . . . . . . . . . 22
6.3. ppGpp and replication initiation in C. crescentus . 23
6.4. Other mechanisms . . . . . . . . . . . . . . . . . . . 23

7. Maintenance of bacterial cell shape . . . . . . . . . . . . . 24
7.1. FtsZ . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
7.2. MreB . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
7.3. CreS and Caulobacter cell curvature . . . . . . . . 25

8. Bacterial filamentation . . . . . . . . . . . . . . . . . . . . . 26
8.1. Filamentation as a stress response . . . . . . . . . 26
8.2. Filamentation and grazing . . . . . . . . . . . . . . 27
8.3. Filamentation in pathogenesis . . . . . . . . . . . . 28

Aims of this thesis 29

Main findings 31

Discussion and future perspectives 39

Acknowledgements 45

References 47

xvi



List of figures

1. The cell cycle and multi-fork replication . . . . . . . . . . 4
2. Factors affecting replication initiation . . . . . . . . . . . . 6
3. The Caulobacter cell cycle . . . . . . . . . . . . . . . . . . . 10
4. dnaA’s promoters and 5′-UTR . . . . . . . . . . . . . . . . . 17
5. oriC and Cori . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
6. Nutrient-dependent regulation of dnaA mRNA translation 32
7. Caulobacter filamentation . . . . . . . . . . . . . . . . . . . 38
8. Model for the regulation of dnaA translation . . . . . . . 41

xvii





Introduction

1. Bacteria and their environment

Bacteria comprise the most numerous and diverse domain of life and
have adapted to nearly every environment and source of nutrition. They
account for the majority of the Earth’s biomass, and carry out processes
essential to enabling life on earth as we know it. Although some bacteria
are only found in relatively stable environments, such as inside the
cells of host organisms, most are free-living, and have to cope with
changes in their external milieu as best they can to ensure their survival
and proliferation. This means growing rapidly when conditions are
favourable, and conserving resources and defending themselves against
stress to ensure their survival under less favourable conditions.

Due to historical and practical reasons, most of our understanding
of bacterial physiology comes from fast-growing, easily cultured organ-
isms, which in turn are grown as fast as possible in ‘rich medium’ usually
made from digested meat. This ability to grow bacteria quickly and ob-
tain large numbers of cells in ‘steady state’ exponential growth has
enabled experimentation by genetic manipulation and molecular ana-
lyses, but also means that most of our knowledge is concentrated around
a small number of model organisms, and largely concerns growth under
nutrient-rich laboratory conditions.

While many of the mechanisms that have been uncovered in model
bacteria have proven to be highly conserved and shared by bacteria sep-
arated by billions of years of evolution, the extreme diversity of bacteria
guarantees that many will be novel, and the diversity of the environ-
ments bacteria inhabit ensures that even highly conserved mechanisms
will differ in some way.

In this thesis, the model organisms Caulobacter crescentus and Escheri-
chia coli are used to investigate how bacteria adapt when going from
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Introduction

conditions of fast growth to starvation, and more specifically, how their
cell cycle is regulated to cope with this transition.

1.1. Escherichia coli

First isolated in 1885 by Theodor Escherich, E. coli has become one of the
most well-understood model organisms (Schaechter et al. 2004). E. coli
belongs to the γ-proteobacteria and is the most abundant facultative
anaerobe in the human intestine, where it is thought to grow primarily
in the mucus layer, using mucus as a source of nutrients. Its doubling
time in the intestine is thought to be between 4 and 40 h on average,
while in rich medium in the laboratory it is around 20 min (Krogfelt et al.
2004). E. coli is also found in the intestines of other mammals and birds,
and can survive in external environments such as freshwater (Gordon
2004). The ability to survive in cold, low nutrient environments while
still being able to grow fast enough to colonise the competitive intestinal
environment and keep up with mucosal shedding and the movement
of gut contents requires metabolic flexibility and the ability to quickly
adjust the cell cycle in response to changes in nutrient availability.

1.2. Caulobacter crescentus

C. crescentus is an α-proteobacterium belonging to the Caulobacter-
aceae, a family of strictly aerobic oligotrophic chemorganotrophs (Sta-
ley et al. 2006). Caulobacter can be found in ‘any kind’ of freshwater,
in soil and the ocean (Poindexter 1981). While Caulobacter have tra-
ditionally been detected by phase-contrast microscopy, more recently
metagenomic methods have shown that Caulobacter are even more
abundant in soil than in water, as well as being abundant in high nutri-
ent environments such as decaying plant matter and the rhizosphere
(Bai et al. 2015; Luo et al. 2019; Walters et al. 2018). Interestingly, the
same species are often present in both aquatic and soil environments
(Wilhelm 2018), which suggests considerable metabolic flexibility. Al-
though Caulobacter are usually grown in relatively dilute media, it has
previously been noted that Caulobacter can grow with 1% peptone, the
same concentration used in LB, but that the cells appear ‘unusually

2



2. The bacterial cell cycle

elongated’, with short stalks (Poindexter 1964). This suggests that nu-
tritional conditions can, in some cases, affect Caulobacter morphology.
In accordance with this idea, in Paper III we find that Caulobacter forms
helical filaments under conditions similar to those found in freshwater
during algal blooms.

The main Caulobacter strains used in this thesis are C. crescentus
CB15 and NA1000 – a CB15 derivative with only a few mutations
which lead to phenotypic differences such as synchronisability, a lack of
holdfast production and faster growth (Marks et al. 2010). CB15 was
isolated from a lake (Poindexter 1964), and is therefore presumably
well-adapted to freshwater environments.

2. The bacterial cell cycle

In all organisms, survival and success ultimately depend on the cell’s
ability to grow, accurately replicate its genomic DNA and divide. While
much is known about how DNA replication and cell division proceed,
in bacteria the regulatory mechanisms determining their exact timing
during steady-state growth and how they are adjusted in response to
changes in external conditions remain incompletely understood.

The bacterial cell cycle consists of highly regulated, coordinated, re-
peated rounds of replication of genetic material and cell division, usu-
ally accompanied by an increase in cell mass (Heinrich et al. 2015).
In contrast to eukaryotes, the bacterial cell cycle often lacks the strict
checkpoints and temporal separation of chromosome replication, se-
gregation and cell division. Rather, all three processes frequently occur
simultaneously, especially in fast-growing bacteria under conditions
allowing rapid growth. The time periods within which these processes
take place are referred to as the B, C and D periods (Fig. 1), although
occasionally the terms G1, S and G2 phase are used (especially when
describing the Caulobacter cell cycle). Beginning with replication ini-
tiation, the C period (S phase) is the time required to replicate the
chromosome. The D period (G2 phase) is the time from completed rep-
lication to cell division, and the B period (G1 phase) is the time from the
birth of the new cell to initiation of replication (Cooper and Helmstetter
1968).
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C (S)B (G1) D (G2) B (G1)

DNA replication
chromosome segregation

cell division
growth

DNA replication
chromosome segregation

cell division
growth

FAST GROWTH

SLOW GROWTHa)

b)

: origin

Figure 1: The cell cycle and the Cooper & Helmstetter model of multi-
fork replication. A. The cell cycle during slow growth. Here, replica-
tion, segregation and division occur sequentially while growth continues
throughout the cell cycle. B. Multi-fork replication, as found in E. coli and
B. subtilis during fast growth (Cooper and Helmstetter 1968). DNA replic-
ation continues throughout the cell cycle and replication initiation occurs
periodically and simultaneously at all origins in the cell. Reproduced
from Heinrich et al. (2015).
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2. The bacterial cell cycle

2.1. DNA replication

With few exceptions, bacteria have circular chromosomes and replic-
ation proceeds bidirectionally from a fixed locus known as the origin
(called oriC in E. coli and Cori in C. crescentus). Replication initiation
from the origin is generally the rate-limiting step of replication, that
is, after initiation, replication proceeds to completion, although Bacil-
lus subtilis is able to arrest replication fork progression without losing
viability (Levine et al. 1991; J. D. Wang et al. 2007; see section 4.1).

In all free-living bacteria studied to-date, DNA replication requires the
essential initiation protein DnaA, with the exception of some cyanobac-
teria (Ohbayashi et al. 2015). DnaA is an AAA+ (ATPases associated
with diverse cellular activities) ATPase, and also has double- and single-
stranded DNA binding domains. DnaA recognises and binds a conserved
motif known as the DnaA box (Skarstad and Katayama 2013). Once
bound to the origin, DnaA forms an oligomeric structure, aids in melting
the DNA duplex and recruits the replisome, allowing DNA replication
to begin (Fig. 2). DnaA activity is regulated at many levels and has been
the subject of intensive research for over 40 years. Although much is
known, our knowledge of the mechanisms controlling DnaA-dependent
replication remains incomplete. The regulation of DNA replication ini-
tiation is discussed in more detail in sections 5 and 6.

Early in the history of investigations into the bacterial cell cycle, re-
searchers were faced with an apparent paradox: fast-growing E. coli
and Salmonella require around 40 min to fully replicate their genetic
material, but are able to divide every 20 min. The solution to this was
termed multi-fork replication (Cooper and Helmstetter 1968). By initiat-
ing a new round of replication before the previous round has completed,
cells are able to increase their chromosome content and rate of DNA
synthesis, without needing to increase the rate of progression of the
individual replication forks. Accordingly, the number of origins per cell
varies with growth rate. When grown in nutrient-poor medium, for ex-
ample acetate minimal medium, where the doubling time is ~270 min,
each cell contains a single chromosome for most of that time, replicating
its chromosome shortly before cell division. In rich medium, with a ~20
min doubling time, each cell contains four to eight origins after division,
with this increasing to eight following replication initiation. Under these
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DnaA-ATP

DnaA-ADP

DnaB/DnaC
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replisome

DnaC

nutrients / growth rate 
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Figure 2: Factors affecting replication initiation. Replication initiation re-
quires DnaA-ATP binding at the origin, which leads to DNA denaturation
and recruitment of DnaB (helicase) and DnaC (helicase loader). The re-
maining replisome components are recruited and elongation begins. This
process can be regulated both at the level of initiation and elongation,
shown for E. coli (Ec), C. crescentus (Cc) and B. subtilis (Bs). The effect of
ppGpp on elongation in E. coli is thought to be significantly milder than
in B. subtilis (see section 4.1). Modified from Heinrich et al. (2015).
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2. The bacterial cell cycle

conditions, replication, segregation and cell division overlap (Cooper
and Helmstetter 1968, Fig. 1). Interestingly, multi-fork replication can
be induced even at low growth rates by artificially limiting the replica-
tion elongation rate (Si et al. 2017).

2.2. Chromosome segregation

Before the cell can divide, the newly replicated chromosomes must be
segregated to ensure each new daughter cell inherits a complete copy
of the genome. This is an active process which, unlike in eukaryotes,
overlaps temporally with chromosome replication.

In E. coli, the origin is maintained near midcell, and it is here that the
replisome assembles. The replisome maintains its position as the newly
synthesised chromosomes move towards the cell poles. The SMC (struc-
tural maintenance of chromosomes) complex, also known as MukBEF
in E. coli, is important for proper chromosome segregation, and the
mechanism by which it achieves this is the subject of ongoing research
(Hofmann et al. 2019).

In the C. crescentus swarmer cell, prior to replication initiation the
origin is located at the same pole as the flagellum. As the cell transforms
into a stalked cell and initiates replication one origin immediately moves
to the other pole (Jensen and Shapiro 1999; Viollier et al. 2004), while
the replisome moves slowly towards midcell (Jensen et al. 2001). The
parABS system is essential in C. crescentus, and consists of two proteins,
ParA and ParB, and a sequence downstream of parB called parS. ParB
is a DNA binding protein that recognises parS (Mohl and Gober 1997).
Duplication of parS, which is located near the origin, is required before
an origin can move to the opposite pole (Toro et al. 2008). Movement of
parS-bound ParB to the opposite pole requires ParA, an ATPase, although
there is a lack of consensus as to the exact mechanism (Sundararajan
and Goley 2017).

2.3. Cell division

Having replicated its genetic material and segregated the two new
chromosomes to opposite cell halves, the cell proceeds to divide. This
process is mediated by FtsZ, an essential tubulin homologue conserved
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in most bacteria. FtsZ polymerises into filaments upon binding GTP, and
forms a ring structure, known as the Z-ring, along the inner cytoplasmic
membrane at the future division site. FtsZ is required for assembly
of the divisome, which is the name given to a large complex of at
least 20 proteins (in E. coli) that are responsible for constriction of the
cell envelope and cytokinesis (den Blaauwen et al. 2017). While FtsZ
itself is highly conserved, the mechanisms governing Z-ring positioning
vary greatly between bacteria (Kiekebusch and Thanbichler 2014). In
C. crescentus, initiation of DNA replication has shown to be required
for accurate positioning of the Z-ring at midcell (Quardokus and Brun
2002), while in E. coli nucleoid occlusion helps ensure that division
occurs at midcell (L. J. Wu and Errington 2012). Due to its essential
role in cell division, regulation of FtsZ and its assembly can affect cell
length. This is discussed in more detail in section 7.1.

2.4. Cell size homeostasis

Although many of the mechanisms required for DNA replication initi-
ation and cell division are understood, it remains unclear how their
precise timing is determined during steady-state growth. Donachie
(1968) proposed that initiation occurs at a fixed cell-volume to origin
ratio, which would explain the observation of Schaechter et al. (1958)
that cell volume increases exponentially with growth rate when the
growth rate is varied by altering the composition of the medium. Sub-
sequent studies found evidence both for and against this model. While
the original studies relied on techniques to synchronise the cell cycle
at a population level, newer technologies such as microfluidics and
timelapse microscopy have allowed much more detailed insights into
what happens at a single cell level. Precise measurements of cell size
over time have revealed that individual cells of both E. coli and C. cres-
centus grow exponentially, their growth rate increasing as cell volume
increases (Iyer-Biswas et al. 2014; Osella et al. 2014; P. Wang et al.
2010). There is increasing evidence for the ‘adder’ model, in which cells
divide after adding a fixed amount of material. (Campos et al. 2014;
Harris and Theriot 2016; Si et al. 2019; Taheri-Araghi et al. 2015).
Interestingly, it was recently shown that in E. coli this is regulated at the
level of cell division rather than replication initiation (Si et al. 2019).

8



3. The Caulobacter cell cycle

Nevertheless, both processes must be tightly coupled, since division
cannot occur until replication and segregation are complete. When the
tight coupling between growth and cell cycle progression is broken, cells
become filamentous. Inhibition of either DNA replication or cell division
is sufficient to induce filamentation. When cell division is blocked, DNA
replication sometimes continues, for example during the SOS response
or in C. crescentus under salt stress conditions (Heinrich et al. 2016). In
Paper III, we find that both division and DNA replication are blocked
in filamentous late-stationary-phase C. crescentus. It has been proposed
that filamentation might enhance survival in some situations. This is
discussed in section 8.

3. The Caulobacter cell cycle

While the first investigations into the bacterial cell cycle were done
in Salmonella, E. coli and B. subtilis, C. crescentus has become increas-
ingly popular for cell cycle studies, and cell biology in general. A slower
growing bacterium than E. coli and B. subtilis, C. crescentus replicates its
chromosome only once per cell division. Caulobacter has an asymmet-
ric cell cycle (Fig. 3), which makes it easy to synchronise cultures and
follow them through the cell cycle (Degnen and Newton 1972; Evinger
and Agabian 1977; Stove and Stanier 1962). There are two cell types –
the sessile, surface-attached stalked cell, and the motile swarmer cell.
Replication only takes place in the stalked cell, which is followed by
division, giving rise to a stalked cell and a swarmer cell. Swarmer cells
are arrested in G1 phase, that is, they are unable to initiate DNA replica-
tion. When conditions allow, swarmer cells eventually differentiate into
stalked cells, ejecting their single polar flagellum and gaining a stalk –
an extension of the cell envelope tipped with a sticky ‘holdfast’, which
allows the cell to anchor itself to a surface (Wagner and Brun 2007).
Simultaneously, DNA replication is initiated and the cell prepares to
divide.

DnaA replication requires the conserved initiator protein DnaA, but
although its function is conserved, DnaA is regulated differently in
C. crescentus and E. coli. This is discussed in section 6. As is also the
case in E. coli, in C. crescentus DnaA also functions as a transcription
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G1 S G2

Figure 3: The Caulobacter cell cycle. The motile, flagellated swarmer cell
(left) has a single chromosome (inner circle) until it differentiates into
a stalked cell and initiates DNA replication. The newly replicated chro-
mosomes are segregated as the cell begins to constrict. DNA replication
is inhibited in the newly formed swarmer cell but can be initiated again
immediately in the stalked cell.

factor. While a number of cell-cycle associated genes are known to
be under the control of DnaA, the full extent of DnaA’s activity as a
transcription factor is not yet understood (Felletti et al. 2018).

While aspects of the C. crescentus cell cycle such as DNA replication
initiation appear to be regulated by mechanisms similar to those found
in other bacteria, C. crescentus also has another layer of regulation,
coordinated by the master regulator CtrA, which enables its asymmetric
cell cycle (Jonas et al. 2011). At least 553 genes are cell-cycle regulated
in C. crescentus (Laub et al. 2000), and a number of factors are required
to achieve this regulation.

3.1. The ‘master regulator’ CtrA

CtrA is a response regulator, a transcription factor whose activity is
regulated by phosphorylation. Around 95 genes are directly under its
control, many of which are involved in cell-type specific processes such
as DNA replication, cell division, and motility (Laub et al. 2002; Quon
et al. 1996), and it is conserved in many α-proteobacteria (Panis et al.
2015). CtrA recognises a 9-mer sequence found in the promoters it
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regulates as well as five times at the origin of replication. It is abund-
ant and phosphorylated in swarmer cells, where it binds to the origin,
blocking DNA replication (Quon et al. 1996, 1998). Although it is also
able to bind DNA even when unphosphorylated, binding is greatly in-
creased as a result of phosphorylation (Siam and Marczynski 2000).
The G1-to-S phase transition is accompanied by dephosphorylation and
degradation of CtrA, which is eliminated in the newly-differentiated
stalk cell by the time of replication initiation, and first resynthesised
during S-phase (Domian et al. 1997; Quon et al. 1996). The regulation
of this process is controlled by the histidine kinase CckA, which controls
the phosphorylation of CtrA and another response regulator, CpdR, via
the histidine phosphotranferase ChpT (Biondi et al. 2006; Chen et al.
2009; Iniesta et al. 2006). It was shown that CtrA degradation involves
CpdR acting as a protease adaptor and binding to the protease ClpXP
and that the CpdR/ClpXP complex is localised to the cell pole (Iniesta
et al. 2006), however recent results suggest that this localisation is not
required for CpdR-dependent CtrA degradation (Joshi et al. 2018). In
the predivisional cell, CckA is localised to the poles, acting as a kinase
at the swarmer pole and a phosphatase at the stalked cell pole, which
creates a gradient of CtrA phosphorylation (Chen et al. 2011). This
establishes differentiated programmes of gene expression in the two
daughter cells.

3.2. Other transcription factors

Although phosphorylated CtrA is present for most of the cell cycle, ex-
cept for just before replication initiation, some of the genes in its regulon
are expressed primarily in predivisional cells, and not in swarmer cells
(Laub et al. 2002). This is due to the presence of a CtrA inhibitor, SciP,
which is present only in swarmer cells. SciP was shown to interact
with CtrA (Gora et al. 2010), but it can also bind DNA directly itself
(Tan et al. 2010). It primarily targets a group of CtrA-dependent pro-
moters (Fumeaux et al. 2014), and has an additional interdependence
on CtrA in that sciP transcription is activated by CtrA, and SciP inhibits
ctrA transcription. In addition to its transcriptional regulation, SciP is
also regulated through degradation by the protease Lon, ensuring its
elimination alongside CtrA at the G1 to S-phase transition (Gora et al.
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2013).
GcrA is another cell cycle-regulated transcription factor, controlling

a regulon of ~200 genes (Haakonsen et al. 2015). GcrA associates
with RNAP and recognises palindromic, methylated GANTC sites which
are found throughout the genome (X. Wu et al. 2018). These sites
are methylated by the CcrM methylase, which is expressed at the end
of S-phase, just before cell division, with the consequence that the
GANTC sites are hemimethylated in stalked cells and fully methylated in
swarmer cells (Zweiger et al. 1994). As a result, GcrA is able to activate
expression of genes with these sites in their promoters in a cell cycle de-
pendent manner. While it was initially thought that dnaA transcription
was controlled by GcrA and CcrM (Collier et al. 2007), later research
suggests that this is not the case (Haakonsen et al. 2015). GcrA was
originally thought to be essential (Holtzendorff 2004), but later found
to be dispensable, with its deletion causing very slow growth, which is
also the case for ccrM deletion (Murray et al. 2013).

4. Stationary phase and starvation

The term stationary phase refers to the stage reached by bacteria grown
in a batch culture when cell density ceases to increase. Physiologically,
this condition is poorly defined, since there are many potential reasons
for growth to cease, such as depletion of nutrients or oxygen, or ac-
cumulation of toxic waste products (Nyström 2004). Therefore, when
studying bacterial behaviour in the stationary phase it is important to
keep in mind the growth conditions used. The model organisms E. coli
and C. crescentus are commonly studied in rich media, LB and PYE re-
spectively, both of which contain a 2:1 ratio of peptone to yeast extract
as the sole source of both carbon and nitrogen. In these media, growth
ceases due to starvation, rather than accumulation of waste products
(Leslie et al. 2015; Sezonov et al. 2007). Since little to no metabolisable
sugars are present (in the case of LB – when it is prepared without gluc-
ose), it is largely amino acids that provide the carbon source, and when
these are depleted cells experience carbon starvation. In LB, growth
slows gradually over time (Sezonov et al. 2007), which is probably the
result of favoured carbon sources being depleted causing the bacteria
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to switch to less favourable sources, slowing growth. Adding to this
complexity, the range of carbon sources is not limited to those originally
present in the medium – for example, when grown in the presence of
glucose, E. coli is known to excrete usable carbon sources such as acetate
during fast growth, which can later be taken up, supporting continued
growth at a lower rate (Wolfe 2005). It is possible that similar effects
occur with other metabolites in rich media. It is therefore important
that studies are designed in a way that minimises the unwanted con-
tribution of such effects, for example by using defined media with a
limiting concentration of a specific nutrient (see Paper I).

4.1. ppGpp

One of the main players in signalling a state of starvation, enabling
bacteria to respond appropriately is ppGpp, a collective term referring
to the small signalling molecules guanosine tetra- and pentaphosphate,
which are found in most bacteria and plants and have important and
diverse roles as signalling molecules. The effects of both molecules were
initially thought to be similar (Potrykus and Cashel 2008), but it has now
been shown that, at least for some targets, guanosine tetraphosphate
has more potent effects than guanosine pentaphosphate (Mechold et al.
2013).

ppGpp is synthesised by RSH (Rel Spo Homologue) enzymes, named
after the two ppGpp synthetases found in E. coli, RelA and SpoT. Both of
these enzymes synthesise ppGpp, but do so under different conditions.
RelA is traditionally thought to be the main synthetase, with SpoT
possessing only weak synthetase activity (Potrykus and Cashel 2008),
however this depends on the type of starvation experienced by the
cell. RelA associates with the ribosome and synthesises ppGpp when
uncharged tRNAs enter the ribosomal A-site (A. Brown et al. 2016),
which acts as a signal of starvation. In contrast, SpoT has been shown
responsible for ppGpp synthesis under fatty-acid and carbon starvation
conditions (Potrykus and Cashel 2008). SpoT is bifunctional and also
possesses ppGpp hydrolase activity, which is crucial for maintenance of
ppGpp levels. Mutations which lower SpoT’s synthetase activity lead
to slow growth, and deletion of spoT is lethal in the presence of relA
(Gentry and Cashel 1996). In other bacteria, including C. crescentus,
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only one RSH is found, which in the case of C. crescentus is named SpoT,
and is required for both synthesis and degradation of ppGpp (Lesley
and Shapiro 2008).

ppGpp’s effects are broad and incompletely understood – since it
impacts gene expression across the genome, it is difficult to distinguish
direct effects of ppGpp from secondary, downstream consequences. In
E. coli, ppGpp binds directly to RNAP at two sites, modulating transcrip-
tion initiation positively or negatively, depending on the promoter. At
one of the sites, ppGpp binds alongside DksA, a transcription factor
that also influences RNAP activity (Ross et al. 2016). ppGpp can act
independently of DksA, however DksA can amplify the effects of ppGpp
(Haugen et al. 2008). A number of transcriptomics studies have been
performed to determine the extent of the ppGpp regulon, with large
numbers (~500) of genes being identified (Durfee et al. 2008; Traxler
et al. 2008). However, due to the large number of targets of ppGpp
and the use of starvation conditions to induce ppGpp production, it
was difficult to distinguish direct and indirect effects. A recent study
attempted to overcome these difficulties by comparing the response
of wild type E. coli to a strain with a ppGpp-insensitive RNAP lacking
the binding sites described above, overproducing ppGpp enzymatically
over a short time frame, and identified 757 directly ppGpp-regulated
genes, of which ~60% were downregulated (Sanchez-Vazquez et al.
2019).

One of the most strongly affected targets of ppGpp is rRNA (ribosomal
RNA) promoters, transcription from which is inhibited by ppGpp in a
DksA-dependent manner (Paul et al. 2004). Even in the absence of
starvation, basal ppGpp levels regulate ribosome number (Potrykus and
Cashel 2008), demonstrating that ppGpp plays an important physiolo-
gical role under optimal conditions and is not just a stress signal. ppGpp
also stimulates the transcription of genes involved in amino acid bio-
synthesis, with the result that ΔrelAΔspoT E. coli are unable to grow in
minimal medium lacking amino acids (Xiao et al. 1991).

In addition to its indirect effects via transcription and decreasing
ribosome production, ppGpp also inhibits translation directly. It has
been shown in vitro that ppGpp binds to the initiation factor IF2, pre-
venting translation initiation (Milon et al. 2006; Mitkevich et al. 2010;
Yoshida et al. 1972). In addition, ppGpp has been shown in vitro to
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inhibit translation by targeting EF-G and EF-Tu (Rojas et al. 1984).

There is growing evidence that ppGpp is also able to target other
metabolic processes directly (rather than via transcription). A number
of proteins have been found to interact with ppGpp in vitro, and a recent
study identified a number of proteins that interact directly with ppGpp
in cell lysates, and showed that PurF, required for purine nucleotide
synthesis, is allosterically inhibited by ppGpp (B. Wang et al. 2019).

ppGpp has also been shown to regulate DNA replication. In B. subtilis,
it has been shown that ppGpp can cause the arrest of replication forks
in a non-destructive manner (Levine et al. 1991) by inhibiting the
activity of DNA primase (J. D. Wang et al. 2007). In E. coli, this does
not appear to be the case (Levine et al. 1991), with only a slight decrease
in fork progression rate observed in response to ppGpp overproduction
(DeNapoli et al. 2013). However, in E. coli, there is evidence that ppGpp
inhibits replication initiation. ppGpp’s effects on replication initiation in
E. coli and C. crescentus are discussed in sections 5.5 and 6.3 respectively.

4.2. Polyphosphate

One of the effects of ppGpp is to stimulate production of polyphosphate
(polyP) in both E. coli (Rao et al. 1998) and C. crescentus (Boutte and
Crosson 2011). PolyP is a molecule found in cells from all domains of
life (M. R. W. Brown and Kornberg 2004) that has also been found to
play a role in adaption to starvation. An E. coli ΔppkΔppx mutant, which
is unable to produce polyP, has a significantly longer lag phase when
shifted from rich to minimal medium, which could be alleviated by
providing amino acids (Kuroda et al. 1999). It was proposed that polyP
stimulates the protease Lon to degrade ribosomal proteins, freeing up
amino acids (Kuroda et al. 2001). polyP has also been shown to act
as a chaperone, providing protection against proteotoxic stress (Gray
et al. 2014). It was also shown to induce expression of rpoS, the general
stress response sigma factor (Shiba et al. 1997). In C. crescentus, polyP
also plays a role in adaption to starvation and it has been shown that
Δppk1 (polyphosphate kinase) C. crescentus fail to arrest replication
during glucose exhaustion (Boutte et al. 2012).
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5. Regulation of replication initiation in E. coli

As mentioned in section 2.1, initiation is the critical step at which DNA
replication is regulated in E. coli. Its regulation has been studied intens-
ively but is sufficiently complex that many details remain unclear, and
takes place on a number of different levels.

5.1. DnaA concentration

One of the first mechanisms proposed for the regulation of replication
initiation was the concentration of an initiator molecule reaching a cer-
tain threshold (Donachie 1968), and this molecule was later proposed
to be DnaA. Later work in E. coli has shown that overproduction of DnaA
causes premature initiation (Atlung and Hansen 1993; Løbner-Olesen
et al. 1989), although a substantial decrease in DnaA levels could be tol-
erated with no effect. Since DnaA appears to be stable in E. coli, at least
under optimal growth conditions and upon entry to stationary phase
(Atlung and Hansen 1999; Paper II), its concentration is thought to be
regulated at the level of synthesis. dnaA is transcribed from two pro-
moters, p1 and p2 (Fig. 4). Transcription of dnaA has been reported to
be autorepressed by DnaA protein (Atlung et al. 1985), and to increase
with growth rate (Chiaramello and Zyskind 1990). Promoter p2 has
been shown to be the stronger of the two during exponential growth
(Atlung et al. 1985; Chiaramello and Zyskind 1990), but is inactive
in stationary phase while transcription from p1 continues (Polaczek
and Wright 1990). There is evidence to suggest that the dnaA mRNA
has a very short half-life, and a low frequency of translation (Hansen
and Atlung 2018), however it remains unclear if this contributes to its
regulation.

5.2. DnaA-ATP and DnaA-ADP

DnaA is an AAA+ ATPase, and exists in ATP-bound and ADP-bound
forms. DnaA-ATP is required for oligomerisation and melting of the ori-
gin region, which is accompanied by hydrolysis of ATP to ADP (Fig. 2),
however it seems that ATP hydrolysis is mainly important for regulation
of DnaA activity, rather than being required for initiation (Sekimizu
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dnaA
dnaAp1 dnaAp2 UTR – 153 nt 

dnaA
UTR – 155 nt 

E. coli

C. crescentus

Figure 4: dnaA’s promoters and 5′-UTR. In E. coli, dnaA is transcribed
from two promoters. There are five DnaA boxes upstream of dnaAp2
(shown as rectangles). The shaded boxes were shown in vitro to bind
only DnaA-ATP, the remaining boxes bind both DnaA-ATP and DnaA-ADP
(Speck et al. 1999). In C. crescentus, dnaA is transcribed from a single
promoter. A possible DnaA box is shown (Zweiger and Shapiro 1994).
The spacing of the genetic elements is shown to scale.

et al. 1987). In E. coli, the origin contains a number of so-called DnaA
boxes, 9-mer sequences recognised by DnaA’s double-stranded DNA
(dsDNA) binding domain. There are three high affinity DnaA boxes,
and two sets of four low affinity boxes (Reyes-Lamothe and Sherratt
2019; Fig. 5). While the high affinity boxes bind both DnaA-ATP and
DnaA-ADP and are occupied throughout the cell cycle, some of the
low affinity boxes preferentially bind DnaA-ATP. It has been found that
DnaA-ATP is required for duplex melting and initiation (Duderstadt
et al. 2011; Sekimizu et al. 1987). In a recent study the low affinity
boxes were mutated to bind DnaA-ADP with equal affinity, which res-
ulted in over-initiation and the ability of DnaA-ADP to unwind oriC in
vitro, suggesting that the difference in potential for replication initi-
ation between DnaA-ATP and DnaA-ADP is at least partly a result of the
binding preferences of these low affinity sites (Grimwade et al. 2018).

During exponential growth, at a population level 15–30% of DnaA
molecules are bound to ATP (Kurokawa et al. 1999), and a number
of mechanisms are involved in regulating the DnaA-ATP:DnaA-ADP
ratio. The most important is probably RIDA (Regulatory Inactivation of
DnaA), which involves a protein called Hda. Hda interacts with the β-
sliding clamp DnaN, which along with another protein, IdaB, stimulates
hydrolysis of the ATP bound to DnaA after initiation (Katayama et al.
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gidA mioC
DUE

AT-rich
duf299

CCNA_R0094

E. coli

C. crescentus

hemE

DnaA G-box (medium affinity)
CtrA

DnaA W-box (low affinity)

DnaA-ATP/ADP, high affinity
DnaA-ATP/ADP, low affinity
DnaA-ATP, low affinity

Figure 5: Schematics showing selected elements of the E. coli and C. cres-
centus origins. Transcriptional start sites (TSSs) are shown as arrows,
CtrA and DnaA binding sites are indicated by coloured boxes. In E. coli,
opening of the DNA during initiation begins at the DNA unwinding ele-
ment (DUE); the location of the C. crescentus equivalent has not been
determined but an AT-rich region thought to have a similar function is
labelled. Coding sequences are shown by rectangular (truncated) arrows.
CCNA_R0094 is a non-coding RNA, the region corresponding to the tran-
script is indicated with a line. Compiled from: E. coli; gidA TSS, Kölling
et al. (1988), DUE and DnaA boxes, Leonard and Grimwade (2015) and
Rozgaja et al. (2011), C. crescentus; Felletti et al. (2018).
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1998). RIDA is the main mechanism for conversion of DnaA-ATP to
DnaA-ADP (Leonard and Grimwade 2015), and deletion of hda causes
significant overinitiation (Camara et al. 2005).

Although the main source of DnaA-ATP is thought to be de novo syn-
thesis (Kurokawa et al. 1999) and spontaneous nucleotide exchange is
very slow (Sekimizu et al. 1987), mechanisms to promote nucleotide ex-
change have been described. Two regions on the chromosome, named
DARS1 (DnaA-Reactivating Sequence) and DARS2 were identified and
shown to promote nucleotide exchange, regenerating DnaA-ATP from
DnaA-ADP (Fujimitsu et al. 2009). It has been suggested that this sys-
tem is important during fast growth, where de novo DnaA synthesis is
unable to produce sufficient DnaA-ATP (Leonard and Grimwade 2015).
Another chromosomal region, datA, contains DnaA boxes and sequesters
large amounts of DnaA (Ogawa et al. 2002), as well as promoting ATP
hydrolysis (Kasho and Katayama 2013; Kasho et al. 2016), two mech-
anisms that could both potentially reduce the amount of DnaA-ATP
available to bind at the origin. It has also been reported that acidic
phospholipids are able to facilitate the conversion of DnaA-ADP to
DnaA-ATP (Castuma et al. 1993; Sekimizu and Kornberg 1988), but it
not known whether this is an important source of DnaA-ATP in vivo.

5.3. Other DNA-binding proteins

There are also other proteins besides DnaA which bind at the origin
to modulate replication initiation. In E. coli, the protein SeqA binds to
hemi-methylated GATC sites found at the origin directly after replication
begins, preventing reinitiation (Skarstad and Katayama 2013). These
sites gradually become fully methylated through the action of the Dam
methylase (Skarstad et al. 2000). SeqA’s activity also appears to be
influenced by ppGpp, see section 5.5.

The DNA-binding protein DiaA, which interacts with DnaA, also ap-
pears to have an effect on replication initiation. Both the deletion of
diaA and its overexpression cause inhibition of initiation (Katayama
2017), however it remains unclear what role this protein plays in regu-
lating initiation.
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5.4. Transcription near the origin

Another factor that plays a role in replication initiation is transcription.
It has long been known that transcription is required for replication
initiation, which is demonstrated by the ability of rifampicin to inhibit
initiation (Lark 1972), however the exact mechanism is unknown. Two
conserved genes flank E. coli’s origin, mioC and gidA (Fig. 5). It has
been proposed that the transcription of these genes affects the super-
coiling of the oriC region, with their orientation meaning that gidA
transcription facilitates initiation and mioC transcription inhibits initi-
ation. Although it was shown that transcription near oriC is needed for
minichromosome replication, perplexingly, deletion of these genes from
the chromosome had no detectable effect on initiation (Magnan and
Bates 2015). However, it was recently shown that ppGpp-dependent
modulation of transcription near the origin affects initiation (Kraemer
et al. 2019; see section 5.5).

5.5. ppGpp and replication initiation in E. coli

In E. coli, it has been shown that overproduction of ppGpp leads to a
block of replication initiation (Ferullo and Lovett 2008; Herman and
Węgrzyn 1995; Kraemer et al. 2019; Schreiber et al. 1995). A ppGpp-
dependant decrease in DnaA levels has been proposed to be responsible
(Potrykus and Cashel 2008), however more recent results indicate that
this is not so important (Kraemer et al. 2019). seqA and dam were also
proposed to play a role, and mutants in either of these genes failed
to arrest replication in response to treatment with serine hydoxam-
ate, a serine analogue which induces ppGpp production (Ferullo and
Lovett 2008). Since replication is linked to growth rate, one of the
difficulties in investigating ppGpp’s effect on initiation is in isolating
direct effects of ppGpp from indirect effects caused by ppGpp’s inhibi-
tion of transcription and growth. The recent discovery of RNAP mutants
insensitive to the effects of ppGpp (Ross et al. 2016) have made the
more isolated study of these effects possible. It was recently shown
that ppGpp overproduction no longer causes a replication arrest in a
background with a ppGpp-insensitive RNAP, indicating that ppGpp’s
effects on initiation are indirect and a result of changes in transcription.
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Inserting a ppGpp-insensitive T7 promoter near the origin was suffi-
cient to prevent ppGpp-induced replication arrest, suggesting both that
transcription near the origin is required for initiation (see section 5.4),
and that ppGpp affects initiation because it prevents this transcription
(Kraemer et al. 2019).

6. Regulation of replication initiation in C.
crescentus

In C. crescentus, the regulation of DNA replication initiation has much
in common with E. coli, but there are also some important differences.
Similarly to E. coli, the C. crescentus origin, Cori, contains 9-mer DnaA-
boxes of varying affinity (Fig. 5). Of the seven DnaA-boxes, two have
moderate affinity for DnaA (termed G-boxes), while five have low af-
finity (W-boxes). The affinity of these boxes appears to be carefully
‘calibrated’ to ensure correct replication timing, since replacing W-boxes
with higher-affinity boxes, or one of the G-boxes with a high-affinity
E. coli DnaA box, led to increased replication (Taylor et al. 2011). Along-
side DnaA, CtrA also binds to the origin, introducing asymmetry to the
regulation of initiation.

6.1. DnaA concentration

During steady-state growth, DnaA synthesis varies slightly throughout
the cell cycle, however its levels remain relatively constant (Gorbatyuk
and Marczynski 2004, reviewed in Felletti et al. 2018). These fluctu-
ations in synthesis rate seem to be driven by similar fluctuations in
dnaA mRNA levels (Felletti et al. 2018). It has been shown that the
methylation of the dnaA promoter affects its transcription, and that this
methylation varies throughout the cell cycle through the action of the
CcrM DNA methylase (Collier et al. 2007). Although these fluctuations
likely affect the DnaA-ATP:DnaA-ADP ratio, it remains unclear whether
this has a role to play in determining initiation timing.

Under certain stress conditions, DnaA is eliminated. The mechanism
by which this happens depends on the stress – proteotoxic stress leads
to increased DnaA degradation (Jonas et al. 2013), while starvation
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causes the rate of dnaA mRNA translation to decrease (Leslie et al.
2015). In both cases, degradation depends on the Lon protease, which
constitutively degrades DnaA. Under optimal conditions, it has a short
half life of ~45 min (Gorbatyuk and Marczynski 2004; Jonas et al. 2013;
Leslie et al. 2015), decreasing to around 14 minutes under proteotoxic
stress conditions due to increased Lon activity and levels, causing DnaA
to be eliminated and blocking replication initiation (Jonas et al. 2013).
In the case of carbon starvation and entry to stationary phase, DnaA is
eliminated but the rate of degradation remains unchanged, as do dnaA
mRNA levels. Rather, the translation of the dnaA mRNA is regulated
in response to nutrient availability via a mechanism requiring its long
5′ untranslated region (5′-UTR) (Leslie et al. 2015; Fig. 4). A previous
study suggested that the UTR had a repressing effect on dnaA expression,
but whether this was due to an effect on transcription or translation
was not determined (Cheng and Keiler 2009). A transcriptional lacZ
reporter (with its own ribosome binding site) was used, which most
likely abrogated any post-transcriptional regulation.

Interestingly, the protease ClpAP was also shown to degrade DnaA,
however at a lower rate than Lon (Liu et al. 2016). It is not yet clear
what role this plays in regulating initiation.

6.2. CtrA and replication initiation

While DnaA is required for replication initiation and determines its
timing in stalked cells, CtrA, the ‘master regulator’ which is involved in
enforcing asymmetry (see section 3), binds at the origin and prevents
replication initiation in swarmer cells (Quon et al. 1998). CtrA bind-
ing to Cori was shown to displace DnaA in vitro (Taylor et al. 2011).
Although this mechanism is important to ensure that swarmer cells
remain G1 arrested, the timing of replication initiation under optimal
conditions is determined by DnaA, as shown by the finding that initi-
ation continues to occur at the same frequency in the absence of active
CtrA (Jonas et al. 2011).
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6.3. ppGpp and replication initiation in C. crescentus

In C. crescentus, ppGpp has been found to play a role in regulating initi-
ation under some conditions. It was shown that ppGpp was required
to arrest replication in carbon-starved swarmer cells, and that ppGpp
affected DnaA degradation (Lesley and Shapiro 2008). A later study
found that ppGpp is required to maintain CtrA in swarmer cells under
carbon starvation conditions (Boutte et al. 2012). Since CtrA is able
to block initiation, this suggests an alternate mechanism of replication
arrest in carbon-starved swarmer cells. Another study looked at the
effect of artificially raised ppGpp levels (by overexpression of a consti-
tutionally active fragment of E. coli relA) and found a dramatic increase
in CtrA stability but little effect on DnaA stability (Gonzalez and Collier
2014). We also found that DnaA elimination is unaffected in a ΔspoT
mutant under these conditions, but that ΔspoT cells have a defect in
replication arrest in stationary phase and under conditions of carbon
starvation (Leslie et al. 2015). It has also been shown that ppGpp is
required to maintain CtrA levels and arrest the cell cycle in response to
a block of lipid biosynthesis (Stott et al. 2015).

6.4. Other mechanisms

As in E. coli, whether DnaA is bound to ATP or ADP is also important.
C. crescentus has a homologue of E. coli’s hda, called hdaA. As in E. coli,
depletion of HdaA causes overinitiation (Collier and Shapiro 2009; Jo-
nas et al. 2011; Wargachuk and Marczynski 2015), and it interacts with
the β-sliding clamp (Fernandez-Fernandez et al. 2013). hdaA transcrip-
tion was shown to be activated by DnaA (Collier and Shapiro 2009). It
has additionally been proposed that HdaA affects DnaA degradation in
C. crescentus (Wargachuk and Marczynski 2015). In E. coli, additional
mechanisms of DnaA-ATP:DnaA-ADP regulation are known (see sec-
tion 5.2). It is possible that similar mechanisms exist in C. crescentus,
however they remain to be discovered (Felletti et al. 2018).

In E. coli, transcription near the origin has been shown to influ-
ence replication initiation (see section 5.4). In C. crescentus, hemE and
duf299 flank Cori, transcribed outwards, while the non-coding RNA
CCNA_R0094 is transcribed inwards (Fig. 5). It was shown that muta-
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tions impairing hemE expression also affected replication (Marczynski
et al. 1995), although it remains unclear if the experimental setup
used affected other components of the origin (Felletti et al. 2018).
CCNA_R0094 appears to be cell cycle regulated (Zhou et al. 2015), but
its role remains to be determined.

7. Maintenance of bacterial cell shape

Bacteria have a wide range of morphologies, although most of our un-
derstanding of how morphology is determined comes from a few model
organisms (Kysela et al. 2016). The peptidoglycan cell wall is the most
important determinant of cell morphology (Yang et al. 2016), which
is demonstrated by the spherical shape of cell-wall deficient bacteria
such as L-forms (Allan et al. 2009). Spatial regulation of peptidoglycan
synthesis and remodelling plays an important role in determining cell
shape, and the cytoskeletal proteins FtsZ and MreB are important in
directing these processes, helping to determine cell length and width.
In C. crescentus, an additional protein, CreS, provides curvature.

7.1. FtsZ

As a result of its essential function in cell division (see section 2.3),
FtsZ is important for maintaining cell length. Depletion of FtsZ leads
to filamentation, and a slight decrease in FtsZ levels increases cell size
in E. coli (Palacios et al. 1996; Zheng et al. 2016). Thus, FtsZ is good
candidate for being involved in cell-size regulation. However, ftsZ ex-
pression is constant in E. coli under fast growth conditions (Rueda et al.
2003), suggesting that FtsZ concentration does not determine division
timing. Although overexpression of ftsZ has been shown to cause the
formation of minicells (small cells lacking a chromosome) and decrease
cell length in E. coli (Ward and Lutkenhaus 1985), it has since been
argued that this is not evidence of FtsZ concentration determining divi-
sion timing, but only that FtsZ overproduction leads to the formation of
multiple Z-rings (Weart and Levin 2003). More recent studies in E. coli
do however suggest that FtsZ levels might not be constant under slower
growth conditions. FtsZ levels have been observed to fluctuate over the
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course of the cell cycle as a result of both changes in synthesis, and
degradation by ClpXP (Männik et al. 2018).

In C. crescentus, on the other hand, FtsZ levels are clearly cell-cycle
regulated. This is achieved by a combination of transcriptional and post-
translational regulation. ftsZ expression is activated by DnaA (Hottes
et al. 2005), repressed by CtrA (Kelly et al. 1998), and promoted by
methylation of its promoter by the CcrM methylase (Gonzalez and
Collier 2013). FtsZ is stable in stalked cells, but in swarmer cells it is
degraded by ClpXP and ClpAP (Williams et al. 2014). Altogether these
mechanisms keep FtsZ levels low in swarmer cells, increasing as they
become stalked cells and initiate DNA replication, and peaking in the
predivisional cell (Sundararajan and Goley 2017).

Although FtsZ levels vary greatly throughout the cell cycle in C. cres-
centus, it is unlikely that FtsZ levels alone determine division timing,
since several other mechanisms controlling FtsZ activity have also been
described. The protein MipZ has been shown to prevent FtsZ poly-
merisation before chromosome segregation is complete (Thanbichler
and Shapiro 2006), and the NAD-dependent glutamate dehydrogenase
GdhZ also interferes with FtsZ polymerisation, suggesting a possible
mechanism for coupling metabolism and cell division (Beaufay et al.
2015).

7.2. MreB

The actin homologue MreB forms membrane-bound, spiral filaments
and is essential in many rod-shaped bacteria (Shi et al. 2018). In E. coli,
MreB depletion leads to spherical cells (Kruse et al. 2005), while in
C. crescentus they become lemon-shaped (Figge et al. 2004), and in both
cases cells eventually lyse. These results, together with the observation
that MreB point mutations can lead to cells with different widths and
even branching morphologies (Shi et al. 2018) indicate that MreB is a
crucial component in determining cell shape, especially cell width.

7.3. CreS and Caulobacter cell curvature

Caulobacter’s distinguishing curved shape is caused by the protein cres-
centin, also known as CreS. This protein has similar properties to in-
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termediate filaments and plays a cytoskeleton-like role, polymerising
along the inner curvature of the cell (Ausmees et al. 2003). Interest-
ingly, the metabolic enzyme CTP synthase (CtpS) has been shown
to form filaments, which also localise to the inner curvature and af-
fect cell curvature in a CreS-dependent manner, with CtpS depletion
increasing curvature, and CtpS overexpression almost abolishing it
(Ingerson-Mahar et al. 2010). CreS is required for the helical form
of late-stationary phase filaments (see section 8) which still form but
have a straighter morphology in its absence (Ausmees et al. 2003).

8. Bacterial filamentation

As well as having a wide range of morphologies to begin with, many bac-
teria are also able to undergo significant changes in their size and shape
(Kysela et al. 2016). While perhaps not as dramatic as the shapeshifting
of Streptomyces (Flärdh and Buttner 2009), one phenomenon which has
received considerable attention is filamentation of rod-shaped bacteria.

8.1. Filamentation as a stress response

Filamentation has been observed in the laboratory in a number of bac-
teria as a response to stress. One of the most well-studied examples
is the SOS response, which is activated in response to DNA damage
and causes a block of cell division (Cohen et al. 2008; Modell et al.
2011). Another example is C. crescentus filamentation in response to
salt and ethanol stress, which involves the elimination of CtrA, blocking
cell division (Heinrich et al. 2016).

Starvation can also cause filamentation; in C. crescentus, phosphate
starvation leads to elongation of the cell, but most noticeably extensive
stalk growth (Gonin et al. 2000; Poindexter 1984; Woldemeskel and
Goley 2017). Whether this provides an advantage is unknown, but it has
been suggested that this might provide more surface area for nutrient
uptake (Poindexter 1984). Another theory is that the lengthened stalk
might enable cells to better compete for nutrients with other surface-
attached organisms, or to rise to the surface of a biofilm (Klein et al.
2013).
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Late stationary phase also leads to filamentation in C. crescentus.
After about a week of incubation, cells with a distinctive helical shape
begin to form (Heinrich et al. 2019; Poindexter 1964; Wortinger et
al. 1998). In Paper III, we show that these filamentous cells form as
a result of a combination of nutritional stress conditions. Phosphate
depletion is required, but the morphology differs from phosphate star-
vation alone and lacks the extreme stalk elongation typical of phosphate
starvation. Whether this filamentation confers an advantage remains
to be determined, however we show that the conditions which induce
this morphology are similar to those found in a eutrophic lake during
persistent algal blooms during the summer months.

8.2. Filamentation and grazing

There is evidence to suggest that filamentous bacteria are more resist-
ant to grazing by protists (Pernthaler 2005). While several studies have
shown that grazing pressure causes the composition of mixed bacterial
cultures to shift in favour of filamentous bacteria (Güde 1979; Matz and
Jürgens 2003; Pernthaler et al. 1997, 1996), there is only limited evid-
ence to suggest that bacteria of the same species are able to modulate
their morphology in response to grazing, either by genetic mutation or
more transient regulatory mechanisms. In one experiment, 20 μm-long
rods occurred when a culture of 1.5 μm-long gram-negative rods was
serially transferred in the presence of a ciliated protozoa, presumably
as a result of grazing pressure, however the bacterial species used was
not specified (Shikano et al. 1990). In another study, a rapid increase
in bacterial cell length observed upon addition of flagellates led the
authors to speculate that the bacteria were responding to a chemical
stimulus (Pernthaler et al. 1997). It was also shown that phosphate
limitation led to an increase in the numbers of grazing resistant fila-
mentous cells, while carbon starvation led to an increase in motility
(Matz and Jürgens 2003). This raises the possibility that morphological
changes or altered motility induced by nutritional conditions might be
protective against grazing.
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8.3. Filamentation in pathogenesis

Filamentous bacteria have been implicated in pathogenesis, with a num-
ber of bacteria observed to take on a filamentous form at some stage of
interaction with the host (Justice et al. 2008). The most well-studied
example is of uropathogenic E. coli (UPEC) in a mouse bladder model,
where filamentation occurs during infection, and is thought to be a
reaction to the innate immune response (Justice et al. 2004). It was
shown that the filamentation occurs as a result of activation of the SOS
response, which blocks cell division (Justice et al. 2006), and there is
evidence to suggest that these filamentous cells are more resistant to
phagocytosis (Justice et al. 2014). Interestingly, a more recent study us-
ing the same strain but a different, human bladder epithelial cell-based
model found another, SOS-independent mechanism of UPEC filament-
ation. In this case, filamentation was associated with upregulation of
DamX, a non-essential protein whose overexpression inhibits cell di-
vision (Khandige et al. 2016). This suggests that there are multiple
mechanisms for inducing filamentation in UPEC. Filamentous UPEC
have been found in human patients with urinary tract infections, sug-
gesting that they also play a role in human disease (Rosen et al. 2007).
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Aims of this thesis

The aim of this thesis was to gain a better understanding of how bac-
teria cope with less than optimal conditions, specifically starvation, how
the cell cycle is regulated under these conditions and what molecular
processes take place both during transition from nutrient-replete condi-
tions to starvation conditions and during longer periods of starvation.
This thesis is divided into the following specific aims:

I: To understand how Caulobacter crescentus regulates the initiation
of chromosome replication upon entry into the stationary phase
and under conditions of carbon starvation.

II: To determine if the mechanisms investigated in Aim I are similar in
Escherichia coli, and what role ppGpp plays in adjusting replication
initiation upon entry to stationary phase.

III: To investigate the effects of long term starvation on cell cycle reg-
ulation in C. crescentus, determine the conditions that lead to late-
stationary-phase filamentation and what its ecological relevance
might be.
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I. Nutritional control of DNA replication
through the proteolysis and regulated
translation of DnaA

Although the regulation of DNA replication has been studied intensely
over the last 60 years, how DNA replication is adjusted upon transition
to stationary phase and starvation conditions remained poorly under-
stood. In this paper we showed how C. crescentus eliminates the essential
replication initiator DnaA under these conditions, and uncovered the
molecular mechanisms involved.

DnaA elimination depends on proteolysis by the protease
Lon

Previous work showed that the protease Lon constitutively degrades
DnaA with a half-life of ~45 min under optimal conditions, and that
this half-life changes under conditions of proteotoxic stress (Jonas et al.
2013). In this paper, we found that Lon is required for DnaA elimination
upon entry to stationary phase, but that DnaA’s half-life did not change
sufficiently to account for this elimination.

DnaA synthesis is regulated post-transcriptionally by a
mechanism involving the 5′-UTR of dnaA

The finding that the rate of DnaA proteolysis remained unchanged upon
entry to stationary phase indicated that DnaA synthesis must be regu-
lated to ensure DnaA downregulation. Indeed, when we overrode the
regulation of DnaA synthesis using a Plac-dnaA strain, we found that
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Figure 6: DnaA levels are determined by nutrient-dependent regulation
of dnaA mRNA translation coupled with constitutive degradation. Our
findings in Paper I support a model in which nutrient availability reg-
ulates dnaA mRNA translation. Upon nutrient starvation, translation is
downregulated by a mechanism involving the dnaA 5′-UTR, leading to
elimination of DnaA due to constitutive degradation by the protease
Lon. In contrast, under conditions of proteotoxic stress the rate of Lon-
dependent degradation of DnaA is increased, leading to DnaA elimination.
Reproduced from Paper I.

DnaA was not eliminated. We measured dnaA mRNA levels upon entry
to stationary phase and found that they remained stable, indicating that
the translation of DnaA might be affected. The C. crescentus dnaA gene
has a long (155 nt) 5′ untranslated region (5′-UTR). When we tested a
strain lacking most of the 5′-UTR, we found that DnaA levels remained
steady upon entry to stationary phase. We were able to observe elim-
ination of DnaA in a Plac-UTR-dnaA strain, indicating that the UTR is
required for DnaA downregulation, rather than the PdnaA promoter.

DnaA elimination is ppGpp-independent

It was previously suggested that ppGpp, which is produced in response
to starvation, is involved in the regulation of DnaA under starvation
conditions (Gonzalez and Collier 2014; Lesley and Shapiro 2008). When
we tested a ΔspoT mutant, we found that DnaA elimination upon entry
to stationary phase was unaffected. Nevertheless we found that ΔspoT
cells had a defect in stationary-phase replication arrest, as well as under
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conditions of carbon starvation in accordance with previous results
(Boutte et al. 2012).

DnaA levels respond to nutrient availability

Having seen that DnaA is eliminated both at the entry to stationary
phase and at the onset of carbon starvation in minimal medium, we
tested whether there was a correlation between nutrient availability
and DnaA levels. We observed that DnaA levels were lower during
steady-state growth in minimal medium (M2G) compared to rich me-
dium (PYE), and could be titrated between these two levels by the
increasing addition of PYE components to M2G. These differences were
also dependent on dnaA’s 5′-UTR and were eliminated in Plac-dnaA and
PdnaA-ΔUTR-dnaA strains.

II. Regulation of DnaA and DNA replication at
the onset of stationary phase in E. coli

As in C. crescentus, how replication and nutrient availability are linked
in E. coli has also remained unclear. In this paper we investigated how
E. coli chromosome content changes as cells enter the stationary phase,
and the factors causing these changes.

Replication is arrested and DnaA eliminated upon entry to
stationary phase

When grown to stationary phase in LB, E. coli chromosome content
decreased dramatically as growth began to slow, leaving almost all cells
with one or two chromosomes. This decrease in chromosome content co-
incided with a decrease in the levels of the essential replication initiator
DnaA.
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E. coli arrests replication even when DnaA levels are
maintained

Since the decrease in chromosome content seen upon entry to stationary
phase coincided with a decrease in DnaA levels, we tested whether
constitutive expression of dnaA would lead to continued replication. We
observed that chromosome numbers continued to decrease dramatically
at the entry to stationary phase, and most cells arrested replication with
an integer number of chromosomes.

A lack of ppGpp leads to increased chromosome content
and prevents DnaA elimination, but replication is still
blocked upon entry to stationary phase

Previous work in E. coli showed that increases in ppGpp levels can cause
replication arrest (Ferullo and Lovett 2008; Schreiber et al. 1995), and
a more recent study showed that this is at least partially due to ppGpp-
dependent inhibition of transcription from promoters near the origin,
affecting the supercoiling of the origin (Kraemer et al. 2019). We found
that ppGpp is required to ensure that DnaA is downregulated upon
entry to stationary phase. Notably, although chromosome content was
higher in the absence of ppGpp, we still observed a strong decrease in
chromosome content upon entry to stationary phase, and after 24 h
most cells had one or two chromosomes. This indicates that although
ppGpp affects replication initiation, the replication arrest at the onset
of stationary phase happens by a ppGpp-independent mechanism.

Cell size and chromosome content remain proportional
between growth conditions and phases, both in cells
lacking ppGpp and during artificial ppGpp induction

A key question in microbiology concerns how bacteria maintain their
cell size. There is evidence that rather than depending on modulation of
growth rate, cell size is determined by the timing of cell division, which
must be preceded by replication initiation. As growth slows upon entry
to stationary phase, both cell size and chromosome number decrease,
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but remain proportional. Similarly, although cells lacking ppGpp are
much larger than wild type cells, their chromosome content is increased
proportionally. As previously observed, overproduction of ppGpp leads
to a decrease in cell size, and chromosome content decreases. Altogether,
these results indicate that although ppGpp is important for the regu-
lation of growth and the cell cycle in response to nutrient availability,
coordination of the cell cycle and growth is ppGpp-independent.

III. Molecular basis and ecological relevance of
Caulobacter cell filamentation in freshwater
habitats

While Caulobacter has previously been observed to form helically-shaped
filamentous cells after extended incubation in the stationary phase
(Poindexter 1964; Wortinger et al. 1998), it remained unclear what
molecular mechanisms lead to this dramatic departure from the mor-
phology exhibited during exponential growth and in the early stationary
phase, and whether these filamentous cells have a survival advantage. In
this paper we determine that filamentation occurs due to a block of both
DNA replication and cell division while growth continues, we identify
the metabolic conditions that induce C. crescentus to form helical fila-
ments and find that these conditions occur in natural environments of
C. crescentus. We speculate that filamentation might benefit C. crescentus
under such conditions.

Filamentation is the result of continued growth in the
absence of DNA replication and cell division

In a previous study, it was not possible to accurately measure the levels
of proteins in the late stationary phase filamentous cells, since they only
make up a small proportion of the total population in late stationary
phase cultures. We developed a method to purify the filamentous cells
by gradient centrifugation, allowing us to measure DNA content by
flow cytometry, and protein levels by Western blotting and quantitative
proteomics. We found that these filamentous cells mainly contained
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one or two chromosomes, similarly to early stationary phase (24 h)
cells. We also found that the replication initiator DnaA was absent,
suggesting that DNA replication is blocked. Interestingly, the master
cell regulator CtrA, required for cell division and usually present in the
early stationary phase, was also absent in these cells, along with the
other cell cycle-regulatory proteins GcrA, CcrM and SciP.

In contrast, housekeeping proteins involved in protein homeostasis,
transcription and translation remained, consistent with the continued
growth implied by the increase in cell length over time.

A combination of phosphate depletion, high pH and excess
ammonium leads to filamentation

We sought to determine the conditions present in the late stationary
phase which lead to filamentation, and found that it was possible to
induce filamentation by resuspending exponentially growing C. cres-
centus in ‘spent medium’ harvested from late stationary phase cultures.
Adding components of minimal medium to this medium abrogated fila-
mentation, indicating that nutrient depletion is involved, rather than
the presence of an excreted signal. Based on these experiments with
spent medium, we were able to develop a minimal medium which in-
duces the formation of filaments similar to those observed in the late
stationary phase.

Phosphate depletion, increased pH and excess ammonium
occur in freshwater lakes during persistent algal blooms in
the summer months

We wondered if Caulobacter filamentation might occur in the natural
environments in which Caulobacter is found. We found that conditions
similar to those under which we observed filamentation in the laborat-
ory have been observed in the eutrophic Lake Ekoln in Sweden during
the summer months. Using a FISH (fluorescence in situ hybridisation)
probe, we detected cells that are likely to be filamentous Caulobacter-
aceae. We also tested other, independently isolated Caulobacter and
Brevundimonas strains during late stationary phase growth and found
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that filament formation under these conditions is not limited to C. cres-
centus NA1000 and CB15.

Filamentation may be advantageous during
biofilm-associated growth

Whether filamentation in C. crescentus confers a survival advantage
remains unclear. As has previously been suggested for stalk elongation
in C. crescentus, increasing the length of the cell might be advantageous
in biofilm environments, allowing access to nutrients and the ability
to disperse progeny (Klein et al. 2013). We grew C. crescentus CB15
in a microfluidics chamber and indeed observed that filamentous cells
emerged, which crossed the biofilm reaching into the medium beyond.
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Figure 7: A. Model of late stationary phase filamentation in C. crescentus.
Under optimal conditions growth is accompanied by DNA replication
and cell division. Under conditions of increased pH, low phosphate and
high ammonium, replication and division are inhibited while growth
continues. B. Potential ecological roles of Caulobacter filamentation (re-
produced from Paper III). Conditions which induce filamentation in the
laboratory occur near the surface of freshwater lakes during persistent
algal blooms in the summer months. This might confer an advantage in
the presence of grazing protists. Caulobacter is also present in biofilms,
where filamentation might aid it in reaching nutrients, and to release
progeny beyond the biofilm’s surface aiding dispersal.
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Discussion and future
perspectives

Post-transcriptional regulation of DnaA levels

In Paper I, we have described the regulated translation of the dnaA
mRNA in C. crescentus in response to nutrient availability by a mech-
anism involving its 155 nt 5′-UTR. This poses the question of what the
molecular mechanisms behind this regulation are. Work on this project
continues in our laboratory and has so far focused on determining the
secondary structure of the 5′-UTR and developing a reporter system
to enable the rate of translation to be measured directly, without the
effects of DnaA proteolysis.

While regulation of translation via the 5′-UTR coupled with con-
stitutive proteolysis appears to be the main mechanism responsible for
regulation of DnaA expression in response to carbon starvation and
upon entry to stationary phase, there are some discrepancies between
the two conditions that remain unexplained. This is especially interest-
ing since, if depletion of carbon sources is also the reason for growth
arrest in PYE (see section 4), we would expect similar behaviour. In
particular, we observe that CtrA levels remain steady in both wild type
and ΔspoT cells at the entry to stationary phase, whereas during carbon
starvation, CtrA levels increase in the wild type but decrease in ΔspoT.
The mechanism behind this difference remains to be determined.

In both cases (stationary phase and carbon starvation), in the ΔspoT
strain, fewer cells arrest replication with a single chromosome. The
reason for this failure to arrest replication remains to be found, although
one possibility is that CtrA, which is able to inhibit initiation, is involved.
It is also possible that ppGpp itself influences replication initiation. It
has been shown in C. crescentus that increased ppGpp levels can cause
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replication arrest (Gonzalez and Collier 2014) which might explain this
observation. However, overproduction of ppGpp inhibits growth, and
ΔspoT cells fail to stop growing and reach a higher OD600 than wild
type cells. There is likely another mechanism linking DNA replication
to growth, independent of DnaA levels, and it is possible that the effects
of ppGpp are indirect, acting by affecting growth. Another possibility
is that ppGpp affects replication initiation by modulating transcription
and thereby supercoiling near the origin, as was recently shown in E. coli
(Kraemer et al. 2019).

Another open question concerns the regulation of DNA replication
under other starvation conditions. DnaA was also shown to be elim-
inated under nitrogen starvation, which was attributed to proteolysis
(Gorbatyuk and Marczynski 2004), however whether regulated trans-
lation is involved remains to be determined. DnaA is also eliminated
under phosphate and sulfur starvation conditions (M. Felletti, unpub-
lished data), as well as during starvation for fatty acids, induced by
depleting fabH (Stott et al. 2015), but the mechanisms involved are not
yet known.

Regulation of replication initiation in E. coli

In Paper II, we have seen that replication initiation remains tightly
coupled to growth, ensuring that replication is arrested as cells cease
to grow upon entry to the stationary phase. A key candidate for main-
taining this coupling is DnaA, the essential replication initiator protein,
which we found is eliminated as E. coli enters stationary phase. However,
constitutive expression of dnaA did not prevent chromosome content
decreasing as growth slowed. Future work should focus on how DnaA
activity is regulated. We also found that ppGpp, which is produced
in response to starvation and has previously been shown to inhibit
replication initiation, is required to reduce DnaA levels upon entry to
stationary phase. However, chromosome content decreased dramatic-
ally as growth slowed even in the absence of ppGpp. This indicates
that although ppGpp contributes to the regulation of initiation, another
robust, ppGpp-independent mechanism exists, which remains to be de-
scribed. The effects of ppGpp on replication initiation have mostly been
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Figure 8: Model for regulation of dnaA translation in C. crescentus. In
the absence of other stress conditions, DnaA levels are determined by
nutrient-dependent regulation of dnaA mRNA translation coupled with
constitutive degradation of DnaA. A. In this model, nutrient availability
modulates translation by triggering a change in secondary structure of
the dnaA mRNA, affecting the accessibility of the ribosome binding site
(RBS). B. Predicted structure of the C. crescentus dnaA 5′-UTR (M. Felletti,
unpublished data). Prediction was performed using mfold (Zuker 2003)
and confirmed by structural probing. The putative RBS (green) and start
codon (purple) are indicated.
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studied under conditions of artificial induction of ppGpp production.
Another direction for future work is therefore to identify the role of
ppGpp in modulating replication initiation in response to starvation.

Molecular mechanisms leading to uncoupling of
cell cycle and growth

In Paper III, we found that the filamentous cells observed in late sta-
tionary phase Caulobacter cultures after extended incubation arose due
to a block of DNA replication and cell division. The central cell cycle
regulators DnaA and CtrA were absent in these cells, while protein
synthesis and growth continued. This resulted in a breakdown of the
usually very tight coupling of growth and cell division. We found that
a combination of low phosphate, increased pH and high ammonium
was sufficient to induce the elimination of CtrA and DnaA and led to
the formation of helical filaments, however the exact mechanism the
metabolic conditions to regulation of CtrA and DnaA remains unknown.
As discussed above, it is possible that the elimination of DnaA is a res-
ult of phosphate starvation. Elimination of CtrA has previously been
shown to be induced by chemical stresses through an as-yet unknown
mechanism that causes CckA to dephosphorylate CtrA (Heinrich et al.
2016). It is possible that the combination of stresses present in the late
stationary phase activates a similar mechanism.

Ecological relevance and prevalence of
filamentation

While in Paper III we saw that conditions similar to those that led
to filamentation in the lab also occur in nature and detected some
cells in environmental samples with a filamentous morphology that
stained with a Caulobacter FISH probe, it would be possible to do a
more detailed study. One possibility to improve the efficiency would be
to use a method to selectively isolate the Caulobacter cells, for example
using wheat germ agglutinin or other materials that bind holdfasts.
Another possibility would be to test Caulobacter strains, either lab stocks
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or strains isolated from the environment in question, when grown in
filtered environmental water samples in the lab (Hentchel et al. 2019).
In this way, the numbers of Caulobacter present could be increased
enough so as to make FISH unnecessary.

Another question concerns the possible advantages of the filamentous
morphology. One possible future experiment would be to test whether
the late stationary phase helical filaments have an advantage over
regular-sized Caulobacter when exposed to grazing protists in the labor-
atory.
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Herman, A. and Węgrzyn, G. (1995). Effect of increased ppGpp concen-
tration on DNA replication of different replicons in Escherichia coli.
Journal of Basic Microbiology 35 (1):33–39.

Hofmann, A., Mäkelä, J., Sherratt, D. J., Heermann, D. and Murray,
S. M. (2019). Self-organised segregation of bacterial chromosomal
origins. eLife 8:e46564.

Holtzendorff, J. (2004). Oscillating global regulators control the genetic
circuit driving a bacterial cell cycle. Science 304 (5673):983–987.

Hottes, A. K., Shapiro, L. and McAdams, H. H. (2005). DnaA coordin-
ates replication initiation and cell cycle transcription in Caulobacter
crescentus. Molecular Microbiology 58 (5):1340–1353.

Ingerson-Mahar, M., Briegel, A., Werner, J. N., Jensen, G. J. and Gitai,
Z. (2010). The metabolic enzyme CTP synthase forms cytoskeletal
filaments. Nature Cell Biology 12 (8):739–746.

Iniesta, A. A., McGrath, P. T., Reisenauer, A., McAdams, H. H. and Sha-
piro, L. (2006). A phospho-signaling pathway controls the localiz-
ation and activity of a protease complex critical for bacterial cell
cycle progression. Proceedings of the National Academy of Sciences
103 (29):10935–10940.

Iyer-Biswas, S., Wright, C. S., Henry, J. T., Lo, K., Burov, S., Lin, Y., Crooks,
G. E., Crosson, S., Dinner, A. R. and Scherer, N. F. (2014). Scaling
laws governing stochastic growth and division of single bacterial
cells. Proceedings of the National Academy of Sciences 111 (45):15912–
15917.

Jensen, R. B. and Shapiro, L. (1999). The Caulobacter crescentus smc
gene is required for cell cycle progression and chromosome segrega-
tion. Proceedings of the National Academy of Sciences 96 (19):10661–
10666.

52



Jensen, R. B., Wang, S. C. and Shapiro, L. (2001). A moving DNA
replication factory in Caulobacter crescentus. The EMBO Journal 20
(17):4952–4963.

Jonas, K., Chen, Y. E. and Laub, M. T. (2011). Modularity of the bacterial
cell cycle enables independent spatial and temporal control of DNA
replication. Current Biology 21 (13):1092–1101.

Jonas, K., Liu, J., Chien, P. and Laub, M. T. (2013). Proteotoxic stress in-
duces a cell-cycle arrest by stimulating Lon to degrade the replication
initiator DnaA. Cell 154 (3):623–636.

Joshi, K. K., Battle, C. M. and Chien, P. (2018). Polar localization hub
protein PopZ restrains adaptor-dependent ClpXP proteolysis in Cau-
lobacter crescentus. Journal of Bacteriology 200 (20):e00221–18.

Justice, S. S., Harrison, A., Becknell, B. and Mason, K. M. (2014). Bac-
terial differentiation, development, and disease: mechanisms for sur-
vival. FEMS Microbiology Letters 360 (1):1–8.

Justice, S. S., Hung, C., Theriot, J. A., Fletcher, D. A., Anderson, G. G.,
Footer, M. J. and Hultgren, S. J. (2004). Differentiation and devel-
opmental pathways of uropathogenic Escherichia coli in urinary tract
pathogenesis. Proceedings of the National Academy of Sciences 101
(5):1333–1338.

Justice, S. S., Hunstad, D. A., Cegelski, L. and Hultgren, S. J. (2008).
Morphological plasticity as a bacterial survival strategy. Nature Re-
views Microbiology 6 (2):162–168.

Justice, S. S., Hunstad, D. A., Seed, P. C. and Hultgren, S. J. (2006).
Filamentation by Escherichia coli subverts innate defenses during
urinary tract infection. Proceedings of the National Academy of Sciences
103 (52):19884–19889.

Kasho, K. and Katayama, T. (2013). DnaA binding locus datA promotes
DnaA-ATP hydrolysis to enable cell cycle-coordinated replication ini-
tiation. Proceedings of the National Academy of Sciences 110 (3):936–
941.

Kasho, K., Tanaka, H., Sakai, R. and Katayama, T. (2016). Co-
operative DnaA binding to the negatively supercoiled datA
locus stimulates DnaA-ATP hydrolysis. Journal of Biological Chem-
istry:jbc.M116.762815.

53



References

Katayama, T. (2017). Initiation of DNA replication at the chromosomal
origin of E. coli, oriC. DNA Replication. Ed. by H. Masai and M. Foiani.
Vol. 1042. Singapore: Springer Singapore, pp. 79–98.

Katayama, T., Kubota, T., Kurokawa, K., Crooke, E. and Sekimizu, K.
(1998). The initiator function of DnaA protein is negatively regulated
by the sliding clamp of the E. coli chromosomal replicase. Cell 94
(1):61–71.

Kelly, A. J., Sackett, M. J., Din, N., Quardokus, E. and Brun, Y. V. (1998).
Cell cycle-dependent transcriptional and proteolytic regulation of
FtsZ in Caulobacter. Genes & Development 12 (6):880–893.

Khandige, S., Asferg, C. A., Rasmussen, K. J., Larsen, M. J., Overgaard,
M., Andersen, T. E. and Møller-Jensen, J. (2016). DamX controls
reversible cell morphology switching in uropathogenic Escherichia
coli. mBio 7 (4):e00642–16.

Kiekebusch, D. and Thanbichler, M. (2014). Spatiotemporal organiza-
tion of microbial cells by protein concentration gradients. Trends in
Microbiology 22 (2):65–73.

Klein, E. A., Schlimpert, S., Hughes, V., Brun, Y. V., Thanbichler, M. and
Gitai, Z. (2013). Physiological role of stalk lengthening in Caulobacter
crescentus. Communicative & Integrative Biology 6 (4):e24561.

Kölling, R., Gielow, A., Seufert, W., Kücherer, C. and Messer, W. (1988).
AsnC, a multifunctional regulator of genes located around the replic-
ation origin of Escherichia coli, oriC. Molecular and General Genetics
MGG 212 (1):99–104.

Kraemer, J. A., Sanderlin, A. G. and Laub, M. T. (2019). The stringent
response inhibits DNA replication initiation in E. coli by modulating
supercoiling of oriC. mBio 10 (4):e01330–19.

Krogfelt, K. A., Cohen, P. S. and Conway, T. (2004). The life of com-
mensal Escherichia coli in the mammalian intestine. EcoSal Plus 1
(1).

Kruse, T., Bork-Jensen, J. and Gerdes, K. (2005). The morphogenetic
MreBCD proteins of Escherichia coli form an essential membrane-
bound complex. Molecular Microbiology 55 (1):78–89.

Kuroda, A., Nomura, K., Ohtomo, R., Kato, J., Ikeda, T., Takiguchi, N.,
Ohtake, H. and Kornberg, A. (2001). Role of inorganic polyphosphate
in promoting ribosomal protein degradation by the Lon protease in
E. coli. Science 293 (5530):705–708.

54



Kuroda, A., Tanaka, S., Ikeda, T., Kato, J., Takiguchi, N. and Ohtake,
H. (1999). Inorganic polyphosphate kinase is required to stimulate
protein degradation and for adaptation to amino acid starvation in
Escherichia coli. Proceedings of the National Academy of Sciences 96
(25):14264–14269.

Kurokawa, K., Nishida, S., Emoto, A., Sekimizu, K. and Katayama,
T. (1999). Replication cycle-coordinated change of the adenine
nucleotide-bound forms of DnaA protein in Escherichia coli. The EMBO
Journal 18 (23):6642–6652.

Kysela, D. T., Randich, A. M., Caccamo, P. D. and Brun, Y. V. (2016).
Diversity takes shape: understanding the mechanistic and adaptive
basis of bacterial morphology. PLOS Biology 14 (10):e1002565.

Lark, K. G. (1972). Evidence for the direct involvement of RNA in
the initiation of DNA replication in Escherichia coli 15T-. Journal of
Molecular Biology 64 (1):47–60.

Laub, M. T., McAdams, H. H., Feldblyum, T., Fraser, C. M. and Shapiro, L.
(2000). Global analysis of the genetic network controlling a bacterial
cell cycle. Science 290 (5499):2144–2148.

Laub, M. T., Chen, S. L., Shapiro, L. and McAdams, H. H. (2002). Genes
directly controlled by CtrA, a master regulator of the Caulobacter cell
cycle. Proceedings of the National Academy of Sciences 99 (7):4632–
4637.

Leonard, A. C. and Grimwade, J. E. (2015). The orisome: structure and
function. Frontiers in Microbiology 6.

Lesley, J. A. and Shapiro, L. (2008). SpoT regulates DnaA stability and
initiation of DNA replication in carbon-starved Caulobacter crescentus.
Journal of Bacteriology 190 (20):6867–6880.

Leslie, D. J., Heinen, C., Schramm, F. D., Thüring, M., Aakre, C. D.,
Murray, S. M., Laub, M. T. and Jonas, K. (2015). Nutritional control
of DNA replication initiation through the proteolysis and regulated
translation of DnaA. PLOS Genetics 11 (7):e1005342.

Levine, A., Vannier, F., Dehbi, M., Henckes, G. and Séror, S. J. (1991).
The stringent response blocks DNA replication outside the ori region
in Bacillus subtilis and at the origin in Escherichia coli. Journal of
Molecular Biology 219 (4):605–613.

55



References

Liu, J., Francis, L. I., Jonas, K., Laub, M. T. and Chien, P. (2016). ClpAP is
an auxiliary protease for DnaA degradation in Caulobacter crescentus.
Molecular Microbiology 102 (6):1075–1085.

Løbner-Olesen, A., Skarstad, K., Hansen, F. G., von Meyenburg, K. and
Boye, E. (1989). The DnaA protein determines the initiation mass of
Escherichia coli K-12. Cell 57 (5):881–889.

Luo, D., Langendries, S., Mendez, S. G., De Ryck, J., Liu, D., Beirinckx,
S., Willems, A., Russinova, E., Debode, J. and Goormachtig, S. (2019).
Plant growth promotion driven by a novel Caulobacter strain. Molecu-
lar Plant-Microbe Interactions:MPMI-12-18-0347–R.

Magnan, D. and Bates, D. (2015). Regulation of DNA replication
initiation by chromosome structure. Journal of Bacteriology 197
(21):3370–3377.

Männik, J., Walker, B. E. and Männik, J. (2018). Cell cycle-dependent
regulation of FtsZ in Escherichia coli in slow growth conditions. Mo-
lecular Microbiology 110 (6):1030–1044.

Marczynski, G. T., Lentine, K. and Shapiro, L. (1995). A developmentally
regulated chromosomal origin of replication uses essential transcrip-
tion elements. Genes & Development 9 (12):1543–1557.

Marks, M. E., Castro-Rojas, C. M., Teiling, C., Du, L., Kapatral, V.,
Walunas, T. L. and Crosson, S. (2010). The genetic basis of laborat-
ory adaptation in Caulobacter crescentus. Journal of Bacteriology 192
(14):3678–3688.

Matz, C. and Jürgens, K. (2003). Interaction of nutrient limitation and
protozoan grazing determines the phenotypic structure of a bacterial
community. Microbial Ecology 45 (4):384–398.

Mechold, U., Potrykus, K., Murphy, H., Murakami, K. S. and Cashel, M.
(2013). Differential regulation by ppGpp versus pppGpp in Escheri-
chia coli. Nucleic Acids Research 41 (12):6175–6189.

Milon, P., Tischenko, E., Tomšic, J., Caserta, E., Folkers, G., Teana, A. L.,
Rodnina, M. V., Pon, C. L., Boelens, R. and Gualerzi, C. O. (2006).
The nucleotide-binding site of bacterial translation initiation factor 2
(IF2) as a metabolic sensor. Proceedings of the National Academy of
Sciences 103 (38):13962–13967.

Mitkevich, V. A., Ermakov, A., Kulikova, A. A., Tankov, S., Shyp, V.,
Soosaar, A., Tenson, T., Makarov, A. A., Ehrenberg, M. and Hauryliuk,
V. (2010). Thermodynamic characterization of ppGpp binding to EF-

56



G or IF2 and of initiator tRNA binding to free IF2 in the presence of
GDP, GTP, or ppGpp. Journal of Molecular Biology 402 (5):838–846.

Modell, J. W., Hopkins, A. C. and Laub, M. T. (2011). A DNA damage
checkpoint in Caulobacter crescentus inhibits cell division through a
direct interaction with FtsW. Genes & Development 25 (12):1328–
1343.

Mohl, D. A. and Gober, J. W. (1997). Cell cycle–dependent polar localiz-
ation of chromosome partitioning proteins in Caulobacter crescentus.
Cell 88 (5):675–684.

Murray, S. M., Panis, G., Fumeaux, C., Viollier, P. H. and Howard, M.
(2013). Computational and genetic reduction of a cell cycle to its
simplest, primordial components. PLoS Biology 11 (12).

Nyström, T. (2004). Stationary-phase physiology. Annual Review of
Microbiology 58 (1):161–181.

Ogawa, T., Yamada, Y., Kuroda, T., Kishi, T. and Moriya, S. (2002).
The datA locus predominantly contributes to the initiator titration
mechanism in the control of replication initiation in Escherichia coli.
Molecular Microbiology 44 (5):1367–1375.

Ohbayashi, R., Watanabe, S., Ehira, S., Kanesaki, Y., Chibazakura, T.
and Yoshikawa, H. (2015). Diversification of DnaA dependency for
DNA replication in cyanobacterial evolution. The ISME journal.

Osella, M., Nugent, E. and Lagomarsino, M. C. (2014). Concerted
control of Escherichia coli cell division. Proceedings of the National
Academy of Sciences 111 (9):3431–3435.

Palacios, P., Vicente, M. and Sánchez, M. (1996). Dependency of Escheri-
chia coli cell-division size, and independency of nucleoid segregation
on the mode and level of ftsZ expression. Molecular Microbiology 20
(5):1093–1098.

Panis, G., Murray, S. R. and Viollier, P. H. (2015). Versatility of global
transcriptional regulators in alpha-Proteobacteria: from essential cell
cycle control to ancillary functions. FEMS Microbiology Reviews 39
(1):120–133.

Paul, B. J., Barker, M. M., Ross, W., Schneider, D. A., Webb, C., Foster,
J. W. and Gourse, R. L. (2004). DksA: a critical component of the
transcription initiation machinery that potentiates the regulation of
rRNA promoters by ppGpp and the initiating NTP. Cell 118 (3):311–
322.

57



References

Pernthaler, J., Posch, T., Simek, K., Vrba, J., Amann, R. and Psenner,
R. (1997). Contrasting bacterial strategies to coexist with a flagel-
late predator in an experimental microbial assemblage. Applied and
Environmental Microbiology 63 (2):596–601.

Pernthaler, J., Sattler, B., Simek, K., Schwarzenbacher, A. and Psenner,
R. (1996). Top-down effects on the size-biomass distribution of a
freshwater bacterioplankton community. Aquatic Microbial Ecology
10:255–263.

Pernthaler, J. (2005). Predation on prokaryotes in the water column and
its ecological implications. Nature Reviews Microbiology 3 (7):537–
546.

Poindexter, J. S. (1981). The caulobacters: ubiquitous unusual bacteria.
Microbiological Reviews 45 (1):123–179.

Poindexter, J. S. (1984). The role of calcium in stalk development
and in phosphate acquisition in Caulobacter crescentus. Archives of
Microbiology 138 (2):140–152.

Poindexter, J. S. (1964). Biological properties and classification of the
Caulobacter group. Bacteriological Reviews 28 (3):231–295.

Polaczek, P. and Wright, A. (1990). Regulation of expression of the dnaA
gene in Escherichia coli: role of the two promoters and the DnaA box.
The New Biologist 2 (6):574–582.

Potrykus, K. and Cashel, M. (2008). (p)ppGpp: Still Magical? Annual
Review of Microbiology 62 (1):35–51.

Quardokus, E. M. and Brun, Y. V. (2002). DNA replication initiation is re-
quired for mid-cell positioning of FtsZ rings in Caulobacter crescentus.
Molecular Microbiology 45 (3):605–616.

Quon, K. C., Marczynski, G. T. and Shapiro, L. (1996). Cell cycle control
by an essential bacterial two-component signal transduction protein.
Cell 84 (1):83–93.

Quon, K. C., Yang, B., Domian, I. J., Shapiro, L. and Marczynski, G. T.
(1998). Negative control of bacterial DNA replication by a cell cycle
regulatory protein that binds at the chromosome origin. Proceedings
of the National Academy of Sciences 95 (1):120–125.

Rao, N. N., Liu, S. and Kornberg, A. (1998). Inorganic polyphosphate
in Escherichia coli: the phosphate regulon and the stringent response.
Journal of Bacteriology 180 (8):2186–2193.

58



Reyes-Lamothe, R. and Sherratt, D. J. (2019). The bacterial cell cycle,
chromosome inheritance and cell growth. Nature Reviews Microbio-
logy 17 (8):467.

Rojas, A.-M., Ehrenberg, M., Andersson, S. G. E. and Kurland, C. G.
(1984). ppGpp inhibition of elongation factors Tu, G and Ts dur-
ing polypeptide synthesis. Molecular and General Genetics MGG 197
(1):36–45.

Rosen, D. A., Hooton, T. M., Stamm, W. E., Humphrey, P. A. and Hult-
gren, S. J. (2007). Detection of intracellular bacterial communities
in human urinary tract infection. PLOS Medicine 4 (12):e329.

Ross, W., Sanchez-Vazquez, P., Chen, A. Y., Lee, J.-H., Burgos, H. L. and
Gourse, R. L. (2016). ppGpp binding to a site at the RNAP-DksA
interface accounts for its dramatic effects on transcription initiation
during the stringent response. Molecular Cell 62 (6):811–823.

Rozgaja, T. A., Grimwade, J. E., Iqbal, M., Czerwonka, C., Vora, M. and
Leonard, A. C. (2011). Two oppositely-oriented arrays of low affinity
recognition sites in oriC guide progressive binding of DnaA during E.
coli pre-RC assembly. Molecular microbiology 82 (2):475–488.

Rueda, S., Vicente, M. and Mingorance, J. (2003). Concentration and
assembly of the division ring proteins FtsZ, FtsA, and ZipA during
the Escherichia coli cell cycle. Journal of Bacteriology 185 (11):3344–
3351.

Sanchez-Vazquez, P., Dewey, C. N., Kitten, N., Ross, W. and Gourse, R. L.
(2019). Genome-wide effects on Escherichia coli transcription from
ppGpp binding to its two sites on RNA polymerase. Proceedings of the
National Academy of Sciences:201819682.

Schaechter, M., Maaløe, O. and Kjeldgaard, N. O. (1958). Dependency
on medium and temperature of cell size and chemical composition
during balanced growth of Salmonella typhimurium. Journal of Gen-
eral Microbiology 19 (3):592–606.

Schaechter, M. and The View From Here Group (2004). Escherichia coli
and Salmonella 2000: the view from here. EcoSal Plus 1 (1).

Schreiber, G., Ron, E. Z. and Glaser, G. (1995). ppGpp-mediated regu-
lation of DNA replication and cell division in Escherichia coli. Current
Microbiology 30 (1):27–32.

59



References

Sekimizu, K. and Kornberg, A. (1988). Cardiolipin activation of dnaA
protein, the initiation protein of replication in Escherichia coli. Journal
of Biological Chemistry 263 (15):7131–7135.

Sekimizu, K., Bramhill, D. and Kornberg, A. (1987). ATP activates dnaA
protein in initiating replication of plasmids bearing the origin of the
E. coli chromosome. Cell 50 (2):259–265.

Sezonov, G., Joseleau-Petit, D. and D’Ari, R. (2007). Escherichia
coli physiology in Luria-Bertani broth. Journal of Bacteriology 189
(23):8746–8749.

Shi, H., Bratton, B. P., Gitai, Z. and Huang, K. C. (2018). How to build
a bacterial cell: MreB as the foreman of E. coli construction. Cell 172
(6):1294–1305.

Shiba, T., Tsutsumi, K., Yano, H., Ihara, Y., Kameda, A., Tanaka, K., Taka-
hashi, H., Munekata, M., Rao, N. N. and Kornberg, A. (1997). Inor-
ganic polyphosphate and the induction of rpoS expression. Proceed-
ings of the National Academy of Sciences 94 (21):11210–11215.

Shikano, S., Luckinbill, L. S. and Kurihara, Y. (1990). Changes of traits in
a bacterial population associated with protozoal predation. Microbial
Ecology 20 (1):75–84.

Si, F., Le Treut, G., Sauls, J. T., Vadia, S., Levin, P. A. and Jun, S. (2019).
Mechanistic origin of cell-size control and homeostasis in bacteria.
Current Biology 29 (11):1760–1770.e7.

Si, F., Li, D., Cox, S. E., Sauls, J. T., Azizi, O., Sou, C., Schwartz, A. B.,
Erickstad, M. J., Jun, Y., Li, X. and Jun, S. (2017). Invariance of initi-
ation mass and predictability of cell size in Escherichia coli. Current
Biology 27 (9):1278–1287.

Siam, R. and Marczynski, G. T. (2000). Cell cycle regulator phosphoryla-
tion stimulates two distinct modes of binding at a chromosome rep-
lication origin. The EMBO Journal 19 (5):1138–1147.

Skarstad, K. and Katayama, T. (2013). Regulating DNA replication in
bacteria. Cold Spring Harbor Perspectives in Biology 5 (4):a012922–
a012922.

Skarstad, K., Lueder, G., Lurz, R., Speck, C. and Messer, W. (2000). The
Escherichia coli SeqA protein binds specifically and co-operatively to
two sites in hemimethylated and fully methylated oriC. Molecular
Microbiology 36 (6):1319–1326.

60



Speck, C., Weigel, C. and Messer, W. (1999). ATP– and ADP–DnaA
protein, a molecular switch in gene regulation. The EMBO Journal
18 (21):6169–6176.

Staley, J. T., Brenner, D. J. and Krieg, N. R. (2006). Bergey’s manual
of systematic bacteriology: volume two: the proteobacteria. Springer
Science & Business Media. 1409 pp.

Stott, K. V., Wood, S. M., Blair, J. A., Nguyen, B. T., Herrera, A., Mora,
Y. G. P., Cuajungco, M. P. and Murray, S. R. (2015). (p)ppGpp mod-
ulates cell size and the initiation of DNA replication in Caulobacter
crescentus in response to a block in lipid biosynthesis. Microbiology
161 (3):553–564.

Stove, J. L. and Stanier, R. Y. (1962). Cellular differentiation in stalked
bacteria. Nature 196 (4860):1189–1192.

Sundararajan, K. and Goley, E. D. (2017). Cytoskeletal proteins in Cau-
lobacter crescentus: spatial orchestrators of cell cycle progression,
development, and cell shape. Prokaryotic cytoskeletons: filamentous
protein polymers active in the cytoplasm of bacterial and archaeal cells.
Ed. by J. Löwe and L. A. Amos. Subcellular Biochemistry. Cham:
Springer International Publishing, pp. 103–137.

Taheri-Araghi, S., Bradde, S., Sauls, J. T., Hill, N. S., Levin, P. A., Paulsson,
J., Vergassola, M. and Jun, S. (2015). Cell-size control and homeo-
stasis in bacteria. Current Biology 25 (3):385–391.

Tan, M. H., Kozdon, J. B., Shen, X., Shapiro, L. and McAdams, H. H.
(2010). An essential transcription factor, SciP, enhances robustness of
Caulobacter cell cycle regulation. Proceedings of the National Academy
of Sciences 107 (44):18985–18990.

Taylor, J. A., Ouimet, M.-C., Wargachuk, R. and Marczynski, G. T. (2011).
The Caulobacter crescentus chromosome replication origin evolved
two classes of weak DnaA binding sites. Molecular Microbiology 82
(2):312–326.

Thanbichler, M. and Shapiro, L. (2006). MipZ, a spatial regulator co-
ordinating chromosome segregation with cell division in Caulobacter.
Cell 126 (1):147–162.

Toro, E., Hong, S.-H., McAdams, H. H. and Shapiro, L. (2008). Caulobac-
ter requires a dedicated mechanism to initiate chromosome segrega-
tion. Proceedings of the National Academy of Sciences 105 (40):15435–
15440.

61



References

Traxler, M. F., Summers, S. M., Nguyen, H.-T., Zacharia, V. M., Hightower,
G. A., Smith, J. T. and Conway, T. (2008). The global, ppGpp-mediated
stringent response to amino acid starvation in Escherichia coli. Mo-
lecular Microbiology 68 (5):1128–1148.

Viollier, P. H., Thanbichler, M., McGrath, P. T., West, L., Meewan, M.,
McAdams, H. H. and Shapiro, L. (2004). Rapid and sequential move-
ment of individual chromosomal loci to specific subcellular locations
during bacterial DNA replication. Proceedings of the National Academy
of Sciences 101 (25):9257–9262.

Wagner, J. K. and Brun, Y. V. (2007). Out on a limb: how the Cau-
lobacter stalk can boost the study of bacterial cell shape. Molecular
Microbiology 64 (1):28–33.

Walters, W. A., Jin, Z., Youngblut, N., Wallace, J. G., Sutter, J., Zhang, W.,
González-Peña, A., Peiffer, J., Koren, O., Shi, Q., Knight, R., Rio, T. G.
del, Tringe, S. G., Buckler, E. S., Dangl, J. L. and Ley, R. E. (2018).
Large-scale replicated field study of maize rhizosphere identifies her-
itable microbes. Proceedings of the National Academy of Sciences 115
(28):7368–7373.

Wang, B., Dai, P., Ding, D., Rosario, A. D., Grant, R. A., Pentelute, B. L.
and Laub, M. T. (2019). Affinity-based capture and identification of
protein effectors of the growth regulator ppGpp. Nature Chemical
Biology 15 (2):141.

Wang, J. D., Sanders, G. M. and Grossman, A. D. (2007). Nutritional con-
trol of elongation of DNA replication by (p)ppGpp. Cell 128 (5):865–
875.

Wang, P., Robert, L., Pelletier, J., Dang, W. L., Taddei, F., Wright, A. and
Jun, S. (2010). Robust growth of Escherichia coli. Current Biology 20
(12):1099–1103.

Ward, J. E. and Lutkenhaus, J. (1985). Overproduction of FtsZ induces
minicell formation in E. coli. Cell 42 (3):941–949.

Wargachuk, R. and Marczynski, G. T. (2015). The Caulobacter crescentus
homolog of DnaA (HdaA) also regulates the proteolysis of the replic-
ation initiator protein DnaA. Journal of Bacteriology 197 (22):3521–
3532.

Weart, R. B. and Levin, P. A. (2003). Growth rate-dependent regulation
of medial FtsZ ring formation. Journal of Bacteriology 185 (9):2826–
2834.

62



Wilhelm, R. C. (2018). Following the terrestrial tracks of Caulobacter
– redefining the ecology of a reputed aquatic oligotroph. The ISME
Journal 12 (12):3025.

Williams, B., Bhat, N., Chien, P. and Shapiro, L. (2014). ClpXP and
ClpAP proteolytic activity on divisome substrates is differentially reg-
ulated following the Caulobacter asymmetric cell division. Molecular
Microbiology 93 (5):853–866.

Woldemeskel, S. A. and Goley, E. D. (2017). Shapeshifting to survive:
shape determination and regulation in Caulobacter crescentus. Trends
in Microbiology 25 (8):673–687.

Wolfe, A. J. (2005). The acetate switch. Microbiology and Molecular
Biology Reviews 69 (1):12–50.

Wortinger, M. A., Quardokus, E. M. and Brun, Y. V. (1998). Morpho-
logical adaptation and inhibition of cell division during stationary
phase in Caulobacter crescentus. Molecular microbiology 29 (4):963–
973.

Wu, L. J. and Errington, J. (2012). Nucleoid occlusion and bacterial
cell division. Nature Reviews Microbiology 10 (1):8–12.

Wu, X., Haakonsen, D. L., Sanderlin, A. G., Liu, Y. J., Shen, L., Zhuang, N.,
Laub, M. T. and Zhang, Y. (2018). Structural insights into the unique
mechanism of transcription activation by Caulobacter crescentus GcrA.
Nucleic Acids Research 46 (6):3245–3256.

Xiao, H., Kalman, M., Ikehara, K., Zemel, S., Glaser, G. and Cashel, M.
(1991). Residual guanosine 3’,5’-bispyrophosphate synthetic activity
of relA null mutants can be eliminated by spoT null mutations. Journal
of Biological Chemistry 266 (9):5980–5990.

Yang, D. C., Blair, K. M. and Salama, N. R. (2016). Staying in shape: the
impact of cell shape on bacterial survival in diverse environments.
Microbiology and Molecular Biology Reviews 80 (1):187–203.

Yoshida, M., Travers, A. and Clark, B. F. C. (1972). Inhibition of transla-
tion initiation complex formation by MS1. FEBS Letters 23 (2):163–
166.

Zheng, H., Ho, P.-Y., Jiang, M., Tang, B., Liu, W., Li, D., Yu, X., Kleckner,
N. E., Amir, A. and Liu, C. (2016). Interrogating the Escherichia coli
cell cycle by cell dimension perturbations. Proceedings of the National
Academy of Sciences 113 (52):15000–15005.

63



References

Zhou, B., Schrader, J. M., Kalogeraki, V. S., Abeliuk, E., Dinh, C. B.,
Pham, J. Q., Cui, Z. Z., Dill, D. L., McAdams, H. H. and Shapiro, L.
(2015). The global regulatory architecture of transcription during
the Caulobacter cell cycle. PLoS Genet 11 (1):e1004831.

Zuker, M. (2003). Mfold web server for nucleic acid folding and hybrid-
ization prediction. Nucleic Acids Research 31 (13):3406–3415.

Zweiger, G. and Shapiro, L. (1994). Expression of Caulobacter dnaA as
a function of the cell cycle. Journal of Bacteriology 176 (2):401–408.

Zweiger, G., Marczynski, G. and Shapiro, L. (1994). A Caulobacter DNA
methyltransferase that functions only in the predivisional cell. Journal
of Molecular Biology 235 (2):472–485.

64


	Summary
	Populärvetenskaplig sammanfattning
	List of publications
	Abbreviations
	List of figures
	Introduction
	1 Bacteria and their environment
	1.1 Escherichia coli
	1.2 Caulobacter crescentus

	2 The bacterial cell cycle
	2.1 DNA replication
	2.2 Chromosome segregation
	2.3 Cell division
	2.4 Cell size homeostasis

	3 The Caulobacter cell cycle
	3.1 The "master regulator" CtrA
	3.2 Other transcription factors

	4 Stationary phase and starvation
	4.1 ppGpp
	4.2 Polyphosphate

	5 Regulation of replication initiation in E. coli
	5.1 DnaA concentration
	5.2 DnaA-ATP and DnaA-ADP
	5.3 Other DNA-binding proteins
	5.4 Transcription near the origin
	5.5 ppGpp and replication initiation in E. coli

	6 Regulation of replication initiation in C. crescentus
	6.1 DnaA concentration
	6.2 CtrA and replication initiation
	6.3 ppGpp and replication initiation in C. crescentus
	6.4 Other mechanisms

	7 Maintenance of bacterial cell shape
	7.1 FtsZ
	7.2 MreB
	7.3 CreS and Caulobacter cell curvature

	8 Bacterial filamentation
	8.1 Filamentation as a stress response
	8.2 Filamentation and grazing
	8.3 Filamentation in pathogenesis


	Aims of this thesis
	Main findings
	Discussion and future perspectives
	Acknowledgements
	References



