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Abstract
All organisms have to respond to environmental changes to maintain cellular and genome integrity. In particular, unicellular
organisms like bacteria must be able to analyze their surroundings and rapidly adjust their growth mode and cell cycle
program in response to environmental changes, such as changes in nutrient availability, temperature, osmolarity, or
pH. Additionally, they have to compete with other species for nutrients and evade possible predators or the immune
system. Bacteria exhibit a myriad of sophisticated regulatory pathways that allow them to cope with various kinds of
threats and ensure their survival. However, the precise molecular mechanisms underlying these responses remain in
many cases incompletely described. This thesis focuses on the mechanisms that adjust growth and cell cycle progression
of Caulobacter crescentus under adverse conditions.

In paper I we describe a mechanism by which environmental information is transduced via the membrane-bound cell
cycle kinase CckA into the cell division program of C. crescentus. This mechanism ensures rapid dephosphorylation and
clearance of the cell cycle master regulator CtrA under salt and ethanol stress. The downregulation of CtrA leads to a cell
division block and cell filamentation, which provides a growth advantage under these conditions.

Cell filamentation of C. crescentus can also be observed in the late stationary phase, in which a small subpopulation of
cells transforms into helical shaped filaments. In these cells not only CtrA but all major cell cycle regulators are cleared
(paper II), leading to a situation in which cells block their cell cycle but continue to grow. We found that a combination
of different stresses, namely phosphate starvation, high pH, and excess nitrogen, triggers this response. These stresses can
also be observed in C. crescentus’ natural freshwater habitat during algae blooms. Furthermore, our results indicate that
filamentous cells are able to reach beyond biofilm surfaces, possibly enabling cells to reach nutrients and to release progeny.

While our studies highlight that cell filamentation is a common bacterial response to stress, some stress conditions, such
as acute proteotoxic stress, lead to a growth arrest. In paper III we show that the regulatory interaction between the major
chaperone DnaK and the heat shock sigma factor σ32 adjusts growth rate in response to changes of the global protein folding
state. We show that high σ32 activity inhibits growth by re-allocating cellular resources from proliferative to maintenance
functions. Under stress conditions when σ32 is active, this re-allocation likely helps cells to survive. However, under non-
stress conditions unrepressed σ32 activity is detrimental. We demonstrate that in the absence of stress, the DnaK chaperone
is absolutely necessary to limit σ32 activity and in this way to allow rapid proliferation.

In summary, the described studies highlight critical pathways that allow C. crescentus to integrate environmental
information with cell cycle and growth regulation and shed new light onto the mechanisms by which bacteria adapt to their
environment and in this way ensure their survival.
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SUMMARY 

All organisms have to respond to environmental changes to maintain cellular and 

genome integrity. In particular, unicellular organisms like bacteria must be able to 

analyze their surroundings and rapidly adjust their growth mode and cell cycle 

program in response to environmental changes, such as changes in nutrient 

availability, temperature, osmolarity, or pH. Additionally, they have to compete with 

other species for nutrients and evade possible predators or the immune system. 

Bacteria exhibit a myriad of sophisticated regulatory pathways that allow them to 

cope with various kinds of threats and ensure their survival. However, the precise 

molecular mechanisms underlying these responses remain in many cases 

incompletely described. This thesis focuses on the mechanisms that adjust growth 

and cell cycle progression of Caulobacter crescentus under adverse conditions. 

In paper I we describe a mechanism by which environmental information is 

transduced via the membrane-bound cell cycle kinase CckA into the cell division 

program of C. crescentus. This mechanism ensures rapid dephosphorylation and 

clearance of the cell cycle master regulator CtrA under salt and ethanol stress. The 

downregulation of CtrA leads to a cell division block and cell filamentation, which 

provides a growth advantage under these conditions. 

Cell filamentation of C. crescentus can also be observed in the late stationary phase, 

in which a small subpopulation of cells transforms into helical-shaped filaments. In 

these cells not only CtrA but all major cell cycle regulators are cleared (paper II), 

leading to a situation in which cells block their cell cycle but continue to grow. We 

found that a combination of different stresses, namely phosphate starvation, high pH, 

and excess nitrogen, triggers this response. These stresses can also be observed in 

C. crescentus’ natural freshwater habitat during algae blooms. Furthermore, our 

results indicate that filamentous cells are able to reach beyond biofilm surfaces, 

possibly enabling cells to reach nutrients and to release progeny. 

While our studies highlight that cell filamentation is a common bacterial response 

to stress, some stress conditions, such as acute proteotoxic stress, lead to a growth 
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arrest. In paper III we show that the regulatory interaction between the major 

chaperone DnaK and the heat shock sigma factor σ32 adjusts growth rate in response 

to changes of the global protein folding state. We show that high σ32 activity inhibits 

growth by re-allocating cellular resources from proliferative to maintenance 

functions. Under stress conditions when σ32 is active, this re-allocation likely helps 

cells to survive. However, under non-stress conditions unrepressed σ32 activity is 

detrimental. We demonstrate that in the absence of stress, the DnaK chaperone is 

absolutely necessary to limit σ32 activity and in this way to allow rapid proliferation. 

In summary, the described studies highlight critical pathways that allow 

C. crescentus to integrate environmental information with cell cycle and growth 

regulation and shed new light onto the mechanisms by which bacteria adapt to their 

environment and in this way ensure their survival. 
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POPULÄRVETENSKAPLIG SAMMANFATTNING 

En organism måste producera en avkomma för att säkerställa sin arts överlevnad. 

Encelliga organismer, såsom bakterier, åstadkommer detta mestadels genom att dela 

sig på mitten för att bilda två i stort sett likadana dotterceller. Innan en cell kan dela 

sig måste dess arvsmassa kopieras i en process som kallas DNA-replikation. DNA:t 

måste sedan separeras och transporteras in i de båda cellhalvorna. Cellen växer 

fortfarande under DNA-replikationen för att säkerställa att dottercellerna kommer att 

vara lika stora som modercellen efter celldelningen. Celldelningen avslutas med 

bildandet av en ny cellvägg som delar modercellen och separerar den till två 

dotterceller. Dessa steg bildar tillsammans cellcykeln. 

Bakterier är överlevnadsspecialister. De klarar sig i extremt varma eller kalla 

omgivningar såsom vulkaniska områden eller arktiska vatten, i Döda havets hårda 

omgivningar med höga saltkoncentrationer eller i värdorganismer, till exempel 

människor, där de framgångsrikt undkommer eller övervinner immunförsvaret. 

Bakterier uppnår dock inte allt detta enbart genom att snabbt reproducera sig utan 

också genom att känna av och anpassa sig till sin omgivning. Vid stressande 

förändringar i deras närmiljö svarar de inte bara med att dra igång processer för att 

förhindra och reparera cellskador utan även med förändringar i cellcykeln. DNA-

replikation, celldelning och celltillväxt regleras så att bakterien kan anpassa sig till de 

nya förhållandena i omgivningen. Detta gör det möjligt för bakterier att kontrollera 

intracellulära processer som kan påverkas direkt eller indirekt av olika stressfaktorer 

och därigenom överleva tills förutsättningarna ändras till det bättre. 

Celler måste kunna känna av sin omgivning för att kunna svara på den. Hos 

bakterier möjliggörs detta av proteiner i bakteriernas cellvägg. Vid stress interagerar 

dessa proteiner med andra cellulära proteiner som för signalen vidare in i cellen vilket 

innebär att cellen kan genomföra förändringar för att anpassa sig till de nya 

förutsättningarna. En bakteriecell kan till exempel öka mängden proteiner som 

hjälper till att reparera cellskador; stoppa ökad celltillväxt eller till och med förhindra 

DNA-replikation eller celldelning. 
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För att förstå hur bakterier kan överleva i utmanande och skiftande förhållanden 

är det viktigt att förstå hur information från cellens utsida överförs till en signal in i 

cellen som i sin tur leder till att cellen reagerar och anpassar sig till de nya 

förutsättningarna. Det främsta målet med denna avhandling har varit att undersöka 

vilka mekanismer som gör att cellen känner av stressfaktorer, hur denna information 

transporteras in i cellen samt hur cellen svarar och anpassar sig därefter. 
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PREFACE 

Bacteria are able to survive under strenuous conditions. They constantly monitor 

their surroundings and adjust their behavior accordingly to cope. Under acute stress 

conditions they can pause growth and cell division and instead shift their resources 

to repair and maintenance functions. The rapid and precise adaptation of cellular 

processes renders them survival specialists that can persist in almost every ecological 

niche. This enormous adaptability makes it difficult to combat pathogenic bacteria in 

medical settings and to prevent bacterial contamination in industry. Understanding 

how bacteria sense their surroundings and how they regulate their cell cycle and 

growth program to survive is thus essential for containment and manipulation of 

bacterial growth in diverse disciplines. Despite a long history of research in the field 

of bacteriology, the exact mechanisms of how bacteria adjust their growth mode and 

cell cycle in response to external cues remain incompletely understood. In this thesis 

I focused on how the model organism C. crescentus alters its cell cycle and growth rate 

in response to different stress conditions. The study provides mechanistic insight into 

the regulatory mechanisms that directly target cell cycle regulators and how this 

affects cellular growth and morphology. 
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INTRODUCTION 

Bacteria are ubiquitous organisms that occur in nearly every environmental niche 

where they fulfill wide-reaching functions for mankind and the ecosystem. They have 

been studied in great detail since Antonie van Leeuwenhoek took the first glance 

through his self-manufactured magnification lens. Although most bacteria are 

beneficial, certain bacteria can generate serious problems by causing infectious 

diseases or contaminations. Pioneering work by Louis Pasteur, Robert Koch, Emil von 

Behring, Alexander Fleming and others led the way in the fields of food preservation 

and pathogen control. Yet today, bacteria still manage to outlast and even proliferate 

in the most hostile habitats such as low-nutrient terrains, host immune systems, and 

cleaned industrial surfaces. To survive in these diverse environments, bacteria are 

well equipped to adapt to fluctuating conditions and to cope with environmental 

stress. So far much research has focused on how bacteria alter their gene expression 

program following stress exposure to increase their survival. However, relatively 

little is known about how bacterial cell cycle progression is regulated in response to 

environmental stress. This PhD thesis focuses on mechanisms that allow bacteria to 

regulate their cell cycle and growth mode in response to environmental changes. 

1. The bacterial cell cycle 

The cell cycle is the series of events that leads to the generation of two daughter cells. 

Traditionally, the bacterial cell cycle is divided into B, C, and D periods that are under 

slow growth conditions comparable to the G1, S, and G2 phases of the eukaryotic cell 

cycle (Fig. 1). The B period (≈G1) is the time between cell division and initiation of 

DNA replication, the C period (≈S) is set during chromosome replication, and the D 

period (≈G2) is the time between replication termination and completion of cell 

division. Under optimal conditions, fast growing bacteria such as Escherichia coli and 

Bacillus subtilis can start new rounds of replication before the previous round has 

finished. This phenomenon, called multi-fork replication, leads to a situation in which 

one cell can possess 4, 8 or 16 replication forks and in which the different cell cycle 
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periods overlap (1). The different cell cycle phases must be regulated in a strict 

manner to ensure cell and genome integrity. 

 

Figure 1. Different processes belong to the bacterial cell cycle. Shown is a schematic of 
the bacterial cell cycle with stages indicated below. The duration of the different processes are 
indicated with the grey boxes. Critical factors for cell cycle progression are depicted above the 
arrows. The bacterial cell cycle starts with the initiation of DNA replication. During DNA 
replication the chromosomes are segregated into the daughter cells. After cell division the cell 
cycle starts anew. 

1.1. DNA replication and segregation 

DNA replication is tightly regulated and precisely coordinated with other processes 

of the bacterial cell cycle to ensure proper proliferation. One of the most important 

challenges for cellular survival is maintaining genome integrity, as any damage to the 

DNA could potentially lead to cell death. In addition to sophisticated DNA repair 

systems, the decision of if and when to initiate the DNA replication process is critical 

for cellular survival. 
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Initiation of DNA replication 

In nearly all bacteria replication initiation depends on the highly conserved 

replication initiator DnaA (2). This protein binds to specific sites within the origin 

region and oligomerizes into a filament-like structure that unwinds DNA (3) and 

subsequently recruits components of the replication machinery, the replisome 

(Fig. 2). DnaA consists of four different domains: an N-terminal domain (domain I) 

that mediates interactions with the helicase and DnaA oligomerization, a linker 

domain (domain II), an AAA+ ATPase domain (domain III) that forms a tight complex 

with either ATP or ADP and binds ssDNA, and a dsDNA binding domain (domain IV) 

that promotes interactions with the DNA (4, 5). 

 

Figure 2. Initiation of DNA replication depends on DnaA. Displayed is the recruitment 
model of the initiation of DNA replication in E. coli (6). The AT-rich region (DUE), the binding 
sites of the integration host factor (IHF) and DnaA (DnaA boxes) are highlighted with blue, 
purple, and yellow boxes, respectively. DnaA binds to the DnaA boxes and forms filaments 
along the DNA. Together with the IHF DnaA bends the DNA. The DNA separates at the DUE 
and replisome components can be loaded. 

DnaA binds to specific 9-mer sequences, called DnaA boxes (7, 8). DnaA boxes are 

present within the origin region and some bacteria also contain DnaA boxes in distinct 

promoters where DnaA functions as a transcription factor (9). At the origin, DnaA-

ATP oligomerizes along the DnaA boxes, opening the strand for loading of the subunits 

of the replication complex. Melting of the helix happens at an AT-rich region, the DNA 
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unwinding element (DUE), close to the DnaA-boxes. In B. subtilis, the DnaA-trio has 

been shown to be required for oligomerization and unwinding of the DUE (10). 

Additionally, in some bacteria, including E. coli and C. crescentus, the binding of the 

integration host factor (IHF) promotes melting by bending the DNA (Fig. 2) (6, 11). 

Because of its important role in replication initiation, DnaA activity is tightly 

regulated (2, 12). In E. coli and other proteobacteria one important way to control 

DnaA is via ATP hydrolysis. Recently, it has been shown that DnaA-ADP can 

mechanically activate the origin (13), but cannot bind to all DnaA boxes required for 

initiation. Instead, only the DnaA-ATP form can bind to several essential low affinity 

boxes located in the origin of replication (8, 14, 15). In E. coli DnaA-ATP levels 

fluctuate over the cell cycle, thus, regulation of DnaA-ATP determines initiation 

frequency (13). During replication initiation DnaA is inactivated (RIDA, replication 

inactivation of DnaA) via hydrolysis of DnaA-bound ATP to ADP which is triggered by 

Hda or HdaA in E. coli or C. crescentus, respectively, as well as the β-clamp DnaN (16-

18). ATP hydrolysis is enabled by a conformational change through direct binding to 

Hda/HdaA. In this way, the levels of DnaA-ATP decrease rapidly and prevent re-

initiation. To initiate the next round of replication DnaA-ATP levels must again rise 

above the critical threshold. This is mainly achieved by de novo synthesis of DnaA or 

in E. coli also via the DnaA-reactivating sequence (DARS) (12, 19). 

In many bacteria, additional levels of regulation target DNA replication initiation. 

In C. crescentus, the cell cycle regulator CtrA competes with DnaA-ATP for binding to 

the origin (12, 20). Moreover, DnaA steady state levels are regulated in response to 

different environmental conditions (12, 21-23). These processes are addressed in 

more detail in section 3.1. 

Replication elongation, termination and chromosome segregation 

After melting of the DNA and loading of all components of the replisome, the 

machinery starts to replicate the DNA (24). Most bacteria possess a single circular 

chromosome on which the two replication forks proceed bidirectionally until they 

meet, approximately opposite the origin. Replication is terminated when the resulting 

sister chromosomes are separated via homologous recombination through the 

translocase FtsK. 
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Segregation of the resulting chromosomes takes place while DNA replication is 

ongoing. The chromosomes are segregated through entropy-driven forces that push 

the chromosomes apart, but also by active mechanisms (24). The nature of these 

active mechanisms differs between different species (24, 25). First discovered in the 

partitioning of plasmids (26), the ParAB-parS system was found to be critical for 

chromosome segregation in some bacteria. In C. crescentus, the ParAB-parS system is 

the main mechanism that ensures proper chromosome segregation (27, 28). ParB is a 

DNA binding protein that interacts with parS sites near the origin of the chromosome. 

The complex of ParB and DNA is then translocated by the ATPase ParA using an ATP-

hydrolysis powered retracting movement involving ParA oligomerization (29). It was 

recently suggested for C. crescentus that loading of SMC (structural maintenance of 

chromosomes) dimers at parS sites and their subsequent travel along the 

chromosome could enforce individualization of sister chromosomes after DNA 

replication at least in the ori-proximal region (30). Regions distal from the origin are 

proposed to be likely segregated by physical force (31). 

1.2. Cell division 

After successful DNA replication and segregation and the required accumulation of 

cell mass, cells divide by building and remodeling peptidoglycan (PG) around the 

midcell area, followed by invagination of the phospholipid layer(s) that results in 

separated cytoplasmic spaces and at least two daughter cells. 

FtsZ and the placement of the division site 

Like DNA replication initiation, the onset of cell division must be tightly regulated to 

ensure genome integrity and to maintain cell shape and size (25). The process of cell 

division starts with the assembly of the major cell division factor FtsZ, the bacterial 

tubulin homolog, at the site at which the mother cell will separate into two daughter 

cells. FtsZ is a GTPase, and in the presence of GTP it self-assembles into polymeric 

protofilaments at the chosen division site (32-34). These protofilaments oligomerize 

and subsequently form bundles on the inner side of the cytoplasmic membrane (33, 

35). Together, the FtsZ bundles comprise a highly dynamic ring-like structure called 

the Z-ring (36), which treadmills around the division plane to guide PG synthesis (37, 

38). FtsZ is highly conserved in most bacteria, some archaea, and even in a few 
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eukaryotes (39). FtsZ contains four domains: a variable N-terminal domain, a core 

domain which is highly conserved and responsible for GTP binding, hydrolysis, and 

oligomerization, a spacer domain, and a C-terminal domain that interacts with other 

divisome components and regulating factors (40, 41). 

Similar to DnaA, FtsZ is tightly regulated (32, 35, 42, 43). The placement of FtsZ can 

be regulated by various mechanisms to ensure similar size of the daughter cells. In 

E. coli and B. subtilis the Min system ensures proper positioning of FtsZ, but the mode 

of operation differs between these two organisms (44-47). Besides the Min system, 

the nucleoid occlusion (NO) system ensures that cell division does not occur before 

segregation has been mostly completed (48-51). C. crescentus possesses neither Min 

nor NO system. Here, the dimeric form of the ATPase MipZ inhibits FtsZ 

polymerization at places other than midcell by binding to origin complexes, which are 

located at both poles (52). Recent research in many non-model organisms has 

highlighted the diverse mechanisms of cell division control in bacteria (53). 

Divisome assembly and cell separation 

After placement and assembly of the Z-ring at mid-cell, a series of early and late 

divisome components gather to form the divisome, the large multimeric complex that 

mediates cell wall invagination and cytokinesis. Many of the cell division proteins are 

essential and mutation of the corresponding genes causes drastic cell filamentation; 

accordingly, these are designated as fts genes (filamentation temperature sensitive). 

While many bacteria divide symmetrically into two nearly identical daughter cells, 

cell division can also be asymmetric, yielding two morphologically distinct daughter 

cells. For example, many α-proteobacteria produce daughter cells that differ with 

regard to cell size, morphology and physiology. C. crescentus is the best-characterized 

asymmetrically dividing α-proteobacterium, whose cell cycle will be described in 

detail in section 2. Additionally, in the spore-forming bacterium B. subtilis an 

asymmetric cell division event gives rise to a larger mother cell and a smaller 

forespore compartment that differentiates into an endospore (54). 

Despite differences in the mode of cell division, the composition of the divisome is 

highly conserved (55). It had been suggested earlier that the assembly of components 

is sequential (56), however, there is evidence that a much more complex network of 

interactions exists (57-59). While in E. coli and B. subtilis a model of a two-step 
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process for divisome assembly has been described (60, 61), a recent study in 

C. crescentus enabled the discrimination between at least seven steps (57). 

 

Figure 3. Many essential proteins belong to the core divisome in bacteria. Shown is the 
schematic of the core divisome and its components based on E. coli. Letters indicate the 
cognate Fts protein (e. g. Z=FtsZ). Inner membrane (IM) and peptidoglycan (PG) are indicated. 
Arrows indicate FtsZ dynamics and dashed arrow indicates treadmilling of FtsZ filaments. FtsA 
and ZipA tether FtsZ to the membrane while other core components such as FtsEX, FtsK, 
FtsQLB, FtsW, FtsI, and finally FtsN are recruited. Arrival of FtsN activates cell wall remodeling. 

In E. coli, FtsA and ZipA tether FtsZ protofilaments to the membrane (Fig. 3) (62, 

63). Together with FtsEX, a complex regulating PG synthesis and hydrolysis, FtsZ, 

FtsA, and ZipA belong to the early divisome components and build the Z-ring (59, 64, 

65). Once the Z-ring is built the DNA translocase FtsK clears DNA from the septum 

region (58, 66). Nearly simultaneously FtsQ, L, B, W, and I arrive and work together 

in PG remodeling (62, 67, 68). With the arrival of FtsN the divisome is activated and 

constriction with synthesis of PG is initiated (Fig. 3) (69, 70). Additional cell wall 

remodeling enzymes then arrive and work with the core divisome to separate the 

cells. 

1.3. Coupling growth with cell cycle 

Maintaining cell shape and size under proliferative conditions is a tightly regulated 

process. To keep the same size cells must coordinate cell growth with DNA replication 

and cell division. 
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In fast growing bacteria such as E. coli and B. subtilis replication has to keep up with 

rapid cell mass accumulation by initiating new rounds of replication before the 

previous rounds have completed. This multi-fork replication enables generation 

times faster than the time needed for the doubling of one chromosome (1). In contrast, 

when cells grow slowly, for example in nutrient poor minimal medium, the frequency 

of replication initiation has to be reduced to match the accumulation of cell mass. It 

has been proposed that DnaA couples initiation of replication with growth through its 

growth dependent accumulation and activity (71). However, the detailed mechanism 

of the regulatory connection needs further investigation. 

Recent studies suggest that cell division is coupled with cell size and growth rate, 

thus, when cells reach a certain length, division is initiated (72, 73). Moreover, 

bacteria such as E. coli and B. subtilis change their cell size dependent on the growth 

rate (74-76). This is achieved through the inhibition of FtsZ by UDP-glucose, which 

accumulates during growth in rich media (77, 78). In C. crescentus the oxidoreductase 

homolog KidO is proposed to inhibit FtsZ assembly dependent on NAD(H) binding 

(79). In this way, FtsZ assembly is delayed and cells accumulate more cell mass before 

division, increasing the cell size under favorable growth conditions. There are likely 

numerous mechanisms consisting of regulators that dependent on diverse metabolic 

factors to coordinate growth rate with other cell cycle processes. 

Importantly, although bacteria tightly coordinate cell growth with the cell cycle to 

maintain their cell size under optimal growth, these processes can be uncoupled in 

genetic mutants or under certain stress conditions. For example, genetic mutants 

specifically blocked in cell division continue to accumulate cell mass and 

chromosomes, leading to multinucleated cell filaments. Similar phenotypes of cell 

filamentation can be observed under certain environmental stress conditions that will 

be further discussed in section 3. 
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2. Model organism Caulobacter crescentus 

C. crescentus is an oligotrophic, prosthecate α-proteobacterium found in freshwater 

habitats such as lakes and rivers. The relatively short doubling time of around 90 

minutes under optimal conditions, a fully sequenced genome, and a large molecular 

toolbox make Caulobacter easily accessible for laboratory investigations. Because of 

its well-defined cell cycle stages and the ease to cell cycle-synchronize large 

populations of cells, C. crescentus is a popular model organism for bacterial cell cycle 

studies. 

2.1. The Caulobacter cell cycle 

C. crescentus possesses an asymmetric cell cycle, which results in two morphologically 

and functionally different daughter cells (80-83). One daughter cell is a motile 

swarmer cell with a unipolar flagellum that possesses a chemotaxis system which 

allows searching for beneficial surroundings. The other daughter cell is a sessile 

stalked cell which is able to stick to surfaces through a polysaccharide called ‘holdfast’ 

that is secreted at the stalk tip. In most laboratory examinations strains deficient in 

holdfast production used to ease experimental procedures. 

The asymmetric cell cycle begins with a swarmer cell, which is blocked in DNA 

replication initiation and thus locked in G1 phase until it transforms into a stalked cell 

by losing the flagellum and synthesizing a stalk at the formerly flagellated pole (Fig. 4) 

(81). The stalked cell is able to initiate DNA replication and divides after successful 

replication and segregation into a swarmer and a stalked cell, of which the latter is 

able to immediately re-enter chromosome replication. Density gradient 

centrifugation allows synchronization through the isolation of swarmer cells from a 

mixed culture which then can be released and followed as they progress through the 

cell cycle. 

CtrA - A critical master cell cycle regulator 

Like most bacteria, C. crescentus possesses DnaA and FtsZ that initiate the processes 

of DNA replication and cell division, respectively. In addition, the critical master cell 

cycle regulator CtrA (cell cycle transcriptional regulator) is responsible for cell cycle 

progression and asymmetry. 
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Figure 4. Schematic of the C. crescentus cell cycle. Cell cycle stages are indicated below. 
Steady-state protein levels of the cell cycle regulator CtrA are displayed in red. The flagellated 
motile swarmer cell transforms into a sessile stalked cell that can initiate DNA replication. After 
DNA replication and chromosome segregation, cells divide asymmetrically, resulting in one 
swarmer and one stalked cell. 

The regulatory circuitry that controls CtrA activity and thus asymmetry and cell 

cycle progression in C. crescentus is complex and involves numerous additional 

regulatory factors, which will be discussed below. A comparative analysis of the 

different factors involved in CtrA regulation showed a high degree of conservation 

within α-proteobacteria (84). Interestingly, the regulatory circuitry centering on CtrA 

not only controls the cell cycle, but also processes such as symbiosis in Sinorhizobium 

meliloti (85-87) or pathogenicity in Brucella abortus (88, 89). The fact that CtrA 

regulates various developmental programs in different bacteria, makes it important 

to study how environmental signals alter CtrA regulation. 

CtrA was found in a genetic screen for essential cell cycle regulators that also act 

on the initial stages of flagellar expression (90). The screen identified the temperature 

sensitive mutation ctrA401 that when shifted to the restrictive temperature is not 

viable. The loss-of-function mutant is, at higher temperatures, blocked in cell division 

which leads to strong filamentation (90). CtrA is a response regulator similar to 

E. coli’s OmpR protein and belongs to the same subclass. Response regulators function 

as part of two-component systems and are phosphorylated by a kinase in response to 

a triggering signal. Most commonly, they regulate cellular responses by inducing or 
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repressing specific sets of genes (91). Important conserved residues of CtrA include 

the phosphorylation site D51 (aspartate at position 51) within the N-terminal region, 

the DNA-binding domain at the C-terminus, and the last three amino acids that 

constitute degradation signal (Fig. 5A) (90, 92). 

CtrA binds to distinct 9-mer binding sites with the consensus TTAA-N7-TTAAC, 

where the N7 spacing enables binding of CtrA dimers (Fig. 5B) (90, 93). Other binding 

sites with slightly altered sequences or spacing lengths are also present and proposed 

to form sites with different affinities (93). Binding sites for CtrA are found in 

promoters of many cell cycle regulated genes, in the promoters of CtrA itself, and in 

the origin region (Fig. 5C) (90, 93, 94). 

CtrA acts both as a transcription factor and a replication initiation inhibitor and its 

abundance and activity oscillate over the cell cycle (Fig. 4) (92). In swarmer cells, CtrA 

inhibits initiation of DNA replication and is then rapidly cleared from the cell upon 

swarmer to stalked cell transition to enable replication initiation (92, 95). During S-

phase CtrA levels increase again and CtrA acts as a transcription factor. As a 

transcriptional regulator CtrA controls various genes important for cell cycle 

progression. From the identified 553 cell cycle-regulated genes in C. crescentus 144 

are affected in a CtrA loss-of-function mutant (96). Out of these genes, CtrA controls 

at least 95 genes directly, including genes involved in regulation, cell division, 

chemotaxis, and flagellar and pili biogenesis (94). As an inhibitor of DNA replication 

initiation CtrA adds another layer of regulation besides DnaA. The origin region 

harbors five CtrA binding sites out of which two are partially overlapping or are in 

close proximity to two important DnaA boxes (Fig. 5C) (20, 97, 98). When CtrA binds 

to the origin it blocks origin access of DnaA (97), thus preventing DnaA-dependent 

replication initiation in swarmer cells and in late pre-divisional cells (99). 

It has been suggested that CtrA originally evolved as a cell cycle transcription factor 

within the α-proteobacteria. The generation of binding sites in the origin of 

replication might have recruited CtrA to enforce replicative asymmetry in some α-

proteobacteria (99, 100), adding an additional spatial layer of replication control to 

the DnaA-dependent temporal regulation. 
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Figure 5. CtrA binding sites are present in promoters and the origin and CtrA is 
regulated by SciP. A) Structural organization of the CtrA protein. CtrA consists of an N-
terminal regulatory domain and a C-terminal DNA-binding domain. Phosphorylation takes 
place at the aspartate residue at position 51 (D51). Removal of the last three amino acids 
(Δ3Ω) results in decreased CtrA degradation. B) Schematic of the proposed CtrA dimer 
formation and binding to the consensus sequence TTAA-N7-TTAA(C). Studies diverge on 
including the cytosine in the consensus sequence (93, 94). C) Outline of the C. crescentus 
origin of replication. DUE, IHF, and DnaA sites depicted as in Fig. 2. Binding sites of CtrA are 
labelled (a-e). CtrA functions as an inhibitor of replication initiation in swarmer cells by binding 
to its consensus sequences within the origin. Sites a and b are located in the AT-rich region, 
site c overlaps with a DnaA binding site at the IHF consensus sequence, and site e is close to 
another main DnaA box. CtrA is suggested to not only prevent DnaA from binding but also to 
actively remove DnaA from the DNA through direct interaction. D) Model of SciP’s regulation 
on CtrA adapted from Gora et al. (101). In G1 phase SciP binds directly to CtrA and thus 
prevents active CtrA from inducing genes required only in predivisional cells. 

How to control a master regulator 

In the past years detailed insight into how CtrA is regulated under standard growth 

conditions has been obtained. Steady-state levels and activity of CtrA are regulated on 
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multiple levels, via transcription, phosphorylation, protein-protein interaction, and 

regulated protein degradation.  

Two promoters regulate ctrA transcription, P1 and P2. The expression of CtrA from 

its first promoter is induced by GcrA, a cell cycle regulated cofactor of the 

housekeeping sigma factor ơ70 that binds to the polymerase prior to DNA binding 

(102-105). GcrA was suggested to preferentially interact with promoters that harbor 

CcrM methylation sites, of which one is present in ctrA P1. CcrM itself is a relatively 

unstable protein expressed in predivisional cells and introduces N6-methyl-adenine 

(m6A) modifications at specific GANTC recognition sites. In case of ctrA P1, binding of 

GcrA varies based on the methylation state of the DNA, however, the full impact on 

expression and its connection to the cell cycle requires further elucidation (106). ctrA 

promoter P2 is activated by CtrA, leading to a positive feedback loop which results in 

a fast increase of CtrA abundance. Interestingly, CtrA in turn inhibits gcrA expression, 

resulting in a decrease of the cofactor and subsequently reduced activity of the first 

promoter (105). While these transcriptional mechanisms certainly help to precisely 

time the availability of CtrA, they do not seem to greatly affect the ability of cells to 

progress through the cell cycle. Strains constitutively expressing ctrA do not show cell 

cycle defects (92), which led early on to the assumption that other levels of CtrA 

regulation must exist. 

 

A critical aspect of CtrA regulation concerns its phosphorylation state which 

controls the activity and stability of the response regulator. This is achieved by the 

CckA-ChpT phosphorelay, which either phosphorylates and activates CtrA or 

dephosphorylates and thereby inactivates it (Fig. 6) (90, 92, 107-109). The 

phenotype of CckA loss of function mimics the phenotype of ctrA401 cells (108), 

highlighting its importance for proper CtrA function. CckA is a membrane-bound 

bifunctional histidine kinase (109-112). It has two N-terminal transmembrane 

domains followed by two sensory PAS domains: PAS-A and PAS-B. The core region 

harbors a dimerization and histidine phosphorylation domain (DHp) as well as an 

ATP-binding catalytic assisting (CA) domain. The receiver domain (RD) is located at 

the C-terminus and transfers the phosphate to downstream factors. Interestingly, the 

two PAS domains exhibit different functions: PAS-A is responsible for inducing kinase 

activity when CckA accumulates at the cell poles and PAS-B is important for c-di-GMP 
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(cyclic dimeric guanosine monophosphate) mediated phosphatase activity (111) and 

interaction with the upstream regulatory factor DivL (113). 

 

Figure 6. CtrA activity and stability is regulated by the CckA-ChpT phosphorelay. Shown 
is the model of the regulatory pathway controlling CtrA under proliferative conditions. Black 
arrows indicate genetic interactions, blue arrows indicate phosphotransfer between two 
interaction partners, and gray arrows indicate inhibited genetic interaction. DivL activates 
CckA’s kinase activity which results in phosphorylation of CtrA and CpdR via ChpT. Activated 
CtrA induces genes of the CtrA regulon. DivK induces a switch from kinase to phosphatase 
activity in CckA. This leads to dephosphorylation and inactivation of CtrA. Simultaneously 
CpdR gets dephosphorylated and thus activated, mediating ClpXP dependent degradation of 
CtrA. 

Under activating conditions, CckA phosphorylates the phosphotransferase ChpT, 

which in turn phosphorylates and thus activates CtrA (107, 109). In addition to CtrA, 

ChpT also phosphorylates the adaptor protein CpdR, which – in its dephosphorylated 

state – facilitates degradation of CtrA by the protease ClpXP (107, 114-117). The dual 

phosphotransfer from ChpT connects CtrA activity with its stability, granting either 

activation and stabilization or deactivation and degradation of CtrA (Fig. 6) (107). 

ClpP is an essential protease that requires its unfoldase ClpX and an arrangement of 

specific adaptors including CpdR, RcdA, PopA and the ligand c-di-GMP at the stalked 

pole to degrade CtrA (116-118). Recently, a hierarchy model for the adaptor complex 

has been proposed (116) in which CpdR and RcdA interact first with ClpX. CtrA can 
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only be degraded when PopA and its ligand c-di-GMP join the complex. Lack of one 

adaptor changes ClpXP’s substrate specificity to degrade alternative proteins (116). 

 

CckA activity is regulated by a cascade of upstream regulators that promote either 

CckA's kinase or phosphatase activity in response to certain cell cycle cues (107, 119-

122). CckA is mostly delocalized in swarmer cells, bipolar or at the stalked pole in 

stalked cells, and displays primarily bipolar localization in predivisional cells, thus, 

polar localization alone does not correspond to the periodic kinase activity (123). The 

atypical histidine kinase DivL is required to activate the kinase mode by directly 

interacting with CckA (120, 124). DivL in turn is regulated by the single-domain 

response regulator DivK (125). DivK, when phosphorylated and active, prevents DivL 

from inducing CckA’s kinase activity through direct interaction (Fig. 6) (122). What 

regulators ensure the asymmetric activity of CckA that leads to two distinct daughter 

cells? 

Phosphorylation of DivK is promoted by its primary kinase DivJ and 

dephosphorylation by the phosphatase PleC (125-127). In swarmer cells, PleC keeps 

DivK dephosphorylated and inactive, permitting DivL to activate the kinase activity of 

CckA (122). During the transition from the swarmer to the stalked cell, PleC is 

replaced by DivJ. DivJ activates DivK which ensures the switch from kinase to 

phosphatase activity of CckA and the subsequent inactivation of CtrA. CtrA is rapidly 

cleared from the stalked cell which enables replication initiation. Polar organization 

of PleC, DivJ, and DivL is facilitated by a polar complex involving the factors PopZ and 

SpmX (128-131). DivL recruits and activates CckA, leading to increased 

phosphorylated CtrA at the swarmer pole. Recently, it has been proposed that a yet 

unknown activator at the new pole is required for DivL mediated kinase activation of 

CckA (113). However, with DivK active at the stalked pole, CckA continues to 

inactivate CtrA. The difference of CckA activity at the poles in predivisional cells has 

been shown to form a gradient of phosphorylated CtrA from the new swarmer pole to 

the old stalked pole, establishing cellular asymmetry during cell division (122, 132). 

Active DivK keeps CtrA clear from the stalked cell which allows immediate replication 

initiation while the resulting swarmer cell is locked in G1 phase (122, 133). 

Additionally, recent work showed that CckA activity is modulated by the small 

molecule c-di-GMP which directly binds CckA during the G1-to-S transition and 
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thereby stimulates its phosphatase activity through noncovalent domain crosslinking 

(Fig. 6) (134, 135). C-di-GMP is a second messenger involved in controlling diverse 

bacterial behaviors such as motility, virulence or biofilm formation (136). One major 

diguanylate cyclase is PleD which is active in stalked but inactive in swarmer cells 

(137), leading to low or high levels of c-di-GMP, respectively (138). 

As a membrane-bound protein CckA might also directly respond to external signals 

and transduce environmental information into cellular regulatory pathways. 

However, external conditions that influence CckA activity have not been identified 

previously. Paper I of this thesis describes environmental stresses such as increased 

salt and ethanol concentrations that lead to a switch from CckA kinase to phosphatase 

activity, with subsequent inactivation and degradation of CtrA (139). However, if 

CckA senses these stresses directly or indirectly remains to be elucidated. 

 

Finally, CtrA’s activity is additionally regulated via protein-protein interaction. 

Although CtrA is phosphorylated in both swarmer and predivisional cells, its 

transcriptional activity is restricted to the predivisional cells. It has been found that 

the small regulatory protein SciP (Fig. 5D) directly binds to CtrA during G1 phase, and 

prevents CtrA from activating target genes that are required only in predivisional cells 

(101). When forming a complex on the DNA both proteins protect each other from 

degradation by their respective proteases, and furthermore, degradation of one 

enhances degradation of the other (140). At the end of G1 phase, SciP is degraded by 

the protease Lon at the same time as CtrA is degraded by ClpXP, allowing the cells to 

enter S-phase (140). 

 

To summarize, CtrA is strictly regulated on at least four different levels, ensuring 

cell cycle progression under optimal conditions and generating a multitude of 

opportunities to control this master regulator in response to diverse environmental 

signals. 

2.2. The natural habitat of C. crescentus 

In laboratory experiments C. crescentus strain NA1000, also known as CB15N, is 

usually used. It is a holdfast-deficient derivate of the CB15 strain that was isolated in 
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1960 from a pond in California by Jeanne S. Poindexter (141). Multiple isolations from 

various freshwater bodies indicated that C. crescentus commonly occurs in freshwater 

habitats and interestingly, to a higher degree at the surface of the water column (142). 

Related Caulobacter species were also isolated from sea water and soil (141). It was 

long assumed that Caulobacter species only appear in nutrient poor habitats, 

however, many strains could be isolated from nutrient rich environments such as 

sewage treatment systems (143). 

Organisms that live in aquatic surroundings are subject to occasionally extreme 

changes. Fluctuating temperature and nutrient availability are characteristics of 

freshwater habitats (144, 145). Additionally, aquatic environments can exhibit spatial 

heterogeneity if concentrations of nutrients, or abiotic factors vary between different 

locations within the habitat (146). Temporal changes in nutrient availability, pH, and 

temperature are well known to affect community composition of planktonic 

organisms (145, 147). For example, warm temperatures during the summer months 

lead to the emergence of phototrophic species such as cyanobacteria that form carpet-

like films below the water surface, the so-called algae blooms (148). Likewise, it has 

been observed that the abundance of α-proteobacteria can peak in freshwater 

habitats during summer (149), possibly as a consequence of algae blooming. The 

sudden rise of certain bacterial groups can have wide reaching consequences on 

nutrient availability and other chemical properties and thus can greatly impact the 

microbial community.  

On a single cell level, bacteria must provide measures to react to changing 

environmental conditions in aquatic habitats. Free-living bacteria have different 

lifestyles to address critical variations: motile bacteria often use chemotaxis to search 

for nutrient-rich surroundings, whereas non-motile bacteria are passively exposed to 

changing conditions (144). Typically, bacterial species maintain one particular 

lifestyle, however, diverse lifestyle strategies are also observed in asymmetrically 

dividing bacteria such as C. crescentus. The motile and chemotactically active swarmer 

cell is highly adapted to nutrient poor environments, possessing the ability to actively 

search for favorable niches. In contrast, the non-motile stalked cell either passively 

floats or sticks to surfaces and must find ways to outlast challenging conditions. 

Furthermore, environmentally induced morphological changes such as filamentation 

can result in an altered survival strategy. Filamentous cells are rarely motile, thus, the 
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increase in cell length possibly provides an advantage distinct from one motility 

grants. For example some species within the bacterioplankton form filamentous cells 

in response to grazing by nano-sized flagellated protists (150-153), providing 

measures to evade predation (154, 155). 

2.3. Biofilm of C. crescentus – another way to grow 

Bacterial biofilms are tightly packed cell assemblages that enable microbes to survive 

harsh surroundings in hosts or environmental habitats. Biofilm-associated bacteria 

can exhibit a remarkable phenotypic diversity and display different cellular behaviors 

dependent on their location within the biofilm (156-158). Biofilms have been 

intensely studied in pathogenic bacteria, as they are one of the main reasons for 

persistent infections and antibiotic tolerance. However, biofilms also play 

fundamental roles in aquatic environments in regards to nutrient turnover, with a 

greater proportion of microorganisms being biofilm-associated than living 

planktonically (157). Aquatic biofilms consist of numerous species and the 

community composition is strongly influenced by factors such as grazing and seasonal 

changes (159). 

The C. crescentus holdfast polysaccharide enables permanent attachment to a 

variety of surfaces. Studies on C. crescentus biofilm formation suggest a model in 

which both flagellated swarmer cells and holdfast-expressing stalked cells form an 

initial monolayer on surfaces (160). This stage is followed by the thickening of the 

layer through further attachment and cell division events. The mature stage of the 

biofilm can involve mushroom-like structures consisting of multiple layers of cells. It 

has been shown that flagella, pili, and the holdfast are important for proper biofilm 

formation and that absence of one of these extracellular structures can lead to biofilm 

instability during its maturation (160). Although a number of recent studies have 

provided deeper insight into the mechanisms of Caulobacter surface adhesion (161, 

162), little is known about the structure and architecture of mature Caulobacter 

biofilms and how they are formed in the natural freshwater habitat. 

Although cells within a biofilm are better protected from various external stresses, 

they also face a number of challenges caused by the close proximity of cells (157, 158). 

Nutrient and oxygen limitation are common stresses that are faced by cells that live 
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together in such a high cell density. Additionally, the accumulation of toxic metabolic 

byproducts as well as changes in pH affect biofilm-associated bacteria (158). 

Accordingly, bacteria within a biofilm have been shown to induce the stress response 

and genes required for survival in stationary phase (163). Differential expression of 

such genes often causes cells to exhibit different states of metabolic activity 

depending on their positions within the biofilm (164). 
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3. Stress conditions affecting bacterial cell cycle progression 

Bacteria have to respond to various environmental changes to survive. They not only 

have to repair stress-inflicted cellular damage, they also have to adjust their 

proliferative mode and their cell cycle to adapt accordingly. Modulation of the cell 

cycle often leads to changes in cell size, because bacteria can, unlike eukaryotes, 

regulate different cell cycle processes relatively independently from one another. As 

mentioned above, a specific block of cell division does not necessarily block DNA 

replication and cell growth; instead, growth and replication continue, leading to 

filamentous cells with multiple chromosomes. How such drastic changes in cell size 

and shape affect the ecology of cells remains a subject of discussion (21). This chapter 

describes mechanisms regulating cell cycle processes in response to stress, primarily 

focusing on C. crescentus. 

3.1. Molecular mechanisms regulating the cell cycle 

In their natural environment bacteria often face nutrient limitation or environmental 

stress. To maintain cellular and genome integrity, proliferation and growth should be 

downregulated. Cells have evolved diverse mechanisms to modulate cell cycle 

processes according to environmental changes. One well studied response is 

sporulation in B. subtilis (Fig. 7) (165), which results in an absolute shut down of 

cellular processes after differentiation and thus will not be discussed in this section. 

Cell cycle arrest under starvation or stationary phase 

Free-living bacteria often have to cope with nutrient limitation. As a response, cells 

transiently arrest growth and the cell cycle (Fig. 7). For example, when nutrients run 

low, cells are unable to complete DNA replication due to its energetically high 

demand, leading to stalled replication forks that can collapse and result in DNA 

damage. Thus, the regulation of replication initiation is an important checkpoint of 

the cell cycle. Previous work showed that many bacteria inhibit replication initiation 

at the onset of nutrient depletion and thus arrest their cell cycle with a complete 

number of chromosomes. C. crescentus arrests its cell cycle in the G1 phase with a 

single chromosome (Fig. 7). 
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Figure 7. Stress can lead to cell cycle modulations and subsequent altered cell 
morphology. Displayed is a schematic of morphological alteration in bacteria upon stress 
exposure. Depending on environmental cues responses can differ greatly. Bacteria can induce 
growth and replication arrest to outlast challenging conditions. Some bacteria form spores to 
survive even extremely long periods of stress. In some cases cell division is blocked while 
growth continues, leading to filament formation. If replication initiation is not inhibited, 
filamentous cells will accumulate multiple chromosomes. 

During carbon starvation replication initiation is blocked by inverse regulation of 

DnaA and CtrA (23, 166-169). It has been shown that DnaA is rapidly downregulated 

in response to starvation or entry into stationary phase both through regulated 

translation and proteolysis by Lon (23). The 5’UTR of DnaA was shown to be involved 

in the starvation-induced downregulation of DnaA, however, the exact mechanism 

remains to be elucidated. In contrast to DnaA, CtrA is stabilized during these 

conditions. The stabilization of CtrA during carbon starvation requires the small 

signaling molecule guanosine tetra- and pentaphosphate ((p)ppGpp) (170). It has 

been suggested that the polar localizing protein MopJ together with (p)ppGpp is 

involved in CtrA stabilization upon entry into stationary phase (171, 172), however, 

recent discussion noted that (p)ppGpp could control CtrA stability independently of 

MopJ via a still unknown mechanism (170). 
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In paper II of this thesis we show that filamentation of C. crescentus in late 

stationary phase is due to a combination of stresses that lead to the downregulation 

of critical cell cycle regulators, blocking replication initiation and cell division. 

Regulation of DNA replication and cell growth in response to proteotoxic stress 

Other conditions like heat stress, chaperone failure, or oxidative stress lead to 

perturbation of the global protein folding state. In C. crescentus proteotoxic stress 

results in a block of replication initiation in G1 phase and growth arrest. Replication 

initiation is blocked through increased proteolysis of DnaA by the protease Lon (22). 

It was shown that heat shock conditions induce DnaA proteolysis in two ways: First, 

upregulation of Lon levels as a consequence of high activity of the heat shock sigma 

factor σ32 increases DnaA degradation, and second, unfolded proteins that are also 

Lon substrates seem to stimulate Lon to degrade DnaA (22). Our data published in 

paper III show that independent of the block in DNA replication, cells block cell 

growth under stress conditions that lead to the induction of the heat shock response. 

This growth arrest is due to wide gene expression changes induced by high σ32 activity 

and a re-allocation of cellular resources from proliferative to maintenance functions. 

Cell division control upon stress exposure 

DNA damage can appear through UV-radiation or DNA-damaging reagents. To survive 

this, bacteria have developed diverse mechanisms to repair DNA damage. E. coli, 

C. crescentus, and other bacteria also block cell division after DNA damage (Fig. 7) 

(173-175). Cellular growth continues and results in filamentous cells. In different 

bacteria, it was shown that the SOS-response induces small inhibitory proteins that 

directly block cell division after DNA damage. In C. crescentus the protein SidA is 

expressed as part of the SOS-response (175). SidA inhibits cell separation at a late 

stage of the cell division process by directly binding to FtsW and FtsN. Additionally, 

another protein is expressed after DNA damage, however, in a SOS-independent 

manner. Similar to SidA, this protein, called DidA, blocks cell division by interacting 

with late divisome components (176). In E. coli, the small inhibitory protein SulA is 

induced as part of the SOS response. In contrast to SidA and DidA, SulA acts on cell 

division by inhibiting FtsZ polymerization (177). When the DNA is repaired SulA is 

rapidly cleared from the cell by the protease Lon, allowing the cells to resume cell 

division (178). 
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In paper I of this thesis we show that in C. crescentus salt and ethanol stress lead 

to a cell division block and subsequent filamentation through a mechanism 

independent of the DNA damage repair pathways. In this case, the cell division block 

is due to the downregulation of the major cell cycle regulator CtrA. Inactivation and 

degradation of CtrA is induced via the CckA-ChpT phosphorelay. Interestingly, none 

of the known upstream factors of CckA is involved in this stress-induced regulation of 

CckA activity (139), suggesting that CckA might directly respond to these stresses. 

3.2. Filamentation as a survival strategy 

Filamentous bacteria occur frequently in the environment or in association with host 

organisms. Many of these bacteria do not show a filamentous cell shape under optimal 

growth conditions but can transiently change their morphology in response to certain 

environmental cues. Cellular filamentation occurs when cell division is blocked but 

cell growth continues, leading to an increase in cell length over time. Some bacterial 

species form long chains of cells that appear filamentous, but the cytoplasm is 

separated (179). If cell division is completely blocked however, the cytoplasm 

remains connected, forming one elongated cell body. This morphological change is 

often induced by distinct environmental stresses (21, 180). In the past, cellular 

filamentation has often been assumed to be a dying phenotype. However in recent 

years, many examples have been described in which filamentation occurs as a specific 

response to certain conditions under which it confers a survival advantage (180). 

Filamentation has been proposed to promote virulence in uropathogenic E. coli 

(UPEC) as it was found to be critical for evading the innate immune system. 

Filamentous cells were more unlikely to be taken up by macrophages than their 

shorter counterparts (181). In the case of several free-living aquatic bacteria it has 

been shown that a filamentous phenotype protects cells against protist predation 

(182). Indeed, filamentous cells are frequently found in environmental samples and 

in some cases it has been shown that filamentation is triggered by grazing pressure of 

protists in aquatic habitats. For example, it was observed that the filamentous 

phenotype only emerged under predator grazing, but not in the absence of predators 

(151, 152). Additionally, starvation conditions seem to promote the emergence of 

certain filamentous cells (153). 
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Another study argues that multinucleated filamentous cells induced by the SOS-

response can act as an area of ‘rapid evolution’ through recombination between the 

chromosomes. Cells originating from these filaments were more likely to possess 

antibiotic resistance (183). Multiple chromosomes within the filamento are suggested 

to enable DNA damage repair via homologous recombination. 

In paper I we show that C. crescentus forms long multinucleated filaments in 

response to increased salt and ethanol concentrations. Comparative growth 

experiments suggested an advantage of cells that were able to downregulate CtrA 

through CckA’s phosphatase activity and displayed a filamentous phenotype (139). 

Stresses like salt or osmotic shock have also been shown to lead to filamentation in 

Listeria monocytogenes, Campylobacter jejuni and Salmonella enterica (184-186). 

During late stationary phase it has been shown that a subpopulation of 

C. crescentus forms long helical filaments (187). Wortinger et al. proposed that the 

filamentous cells were more resistant to stresses such as heat shock, oxidative stress, 

and changes in pH compared to small stationary phase cells, however, we could not 

confirm this observation in paper II. Instead, our data show that filamentous cells 

reach from the most inner parts of a C. crescentus biofilm beyond the surface. This 

might help cells to access nutrients and to release progeny to the environment. 

In most cases the mechanisms underlying cellular plasticity remain unknown. 

What possible advantages cells might gain by altering cell morphology in response to 

stress is strenuous to address. Potential benefits remain often part of discussion 

without being experimentally addressed. Thus, what advantage filamentation has 

remains an open question. 
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4. Stress response pathways and their impact on the cell cycle 

Cellular survival under changing environmental conditions also requires that cell 

cycle networks are linked with global stress response pathways. Such stress response 

pathways are induced when stresses become challenging and threaten survival. 

Generally these pathways induce repair mechanisms and factors that enhance stress 

tolerance, but they can also interfere with cell growth and cell cycle progresses. This 

chapter will focus on global stress pathways that are mediated by (p)ppGpp and 

alternative sigma factors. 

4.1. Stress response control by (p)ppGpp 

The small signaling molecule (p)ppGpp is produced during starvation and directly 

binds to the RNA polymerase (RNAP) (188-190). This interaction downregulates the 

transcription of genes encoding components required for protein synthesis, such as 

ribosomal RNA, and globally alters gene expression (188-190). Collectively, this 

alteration is called the stringent response and it arrests cellular growth until nutrients 

are available. In E. coli (p)ppGpp is synthesized by RelA and SpoT (191). C. crescentus 

only possesses one RelA-SpoT homologue (192) which is called SpoT and responds to 

amino acid/carbon and nitrogen starvation (193, 194). In addition to globally slowing 

down growth rate, (p)ppGpp also affects DNA replication in C. crescentus. While the 

clearance of DnaA at the onset of carbon starvation and stationary phase does not 

depend on (p)ppGpp, the small signaling molecule is required for stabilizing CtrA 

during carbon starvation (23), as already mentioned in section 3.1. 

4.2. The general stress response 

Under optimal conditions the house keeping sigma factor σ70 associates with the RNA 

polymerase to drive the expression of genes required for growth and proliferation. 

However, under stress conditions, different alternative sigma factors are activated 

that can replace σ70 and re-direct RNAP to genes required to survive these conditions. 

One well-described example of a stress response that depends on alternative sigma 

factors is the general stress response (GSR), which is typically upregulated under 

stresses such as high osmolarity, low pH, and heat stress (195, 196). In E. coli and 
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B. subtilis the GSR is regulated by the sigma factors σS and σB, respectively. In α-

proteobacteria the corresponding sigma factor is EcfG (σEcfG), which belongs to the 

group of extracytoplasmic function (ECF) sigma factors (197). In C. crescentus the GSR 

sigma factor is also annotated as σT (198). Stress-regulated sigma factors are 

commonly inhibited under proliferative conditions by anti-sigma factors that bind 

and prevent unintentional stress response induction. There are different ways of 

regulating the release of a sigma factor from its cognate anti-sigma factor. One is a 

partner-switching mechanism that involves an anti-anti-sigma factor which is 

proposed to mimic a sigma factor to titrate the anti-sigma factor. In α-proteobacteria 

the roles of anti-sigma and anti-anti-sigma factors for the GSR are taken by NepR and 

PhyR, respectively (195, 196, 199). PhyR itself acts as a single-domain response 

regulator that is phosphorylated by at least one kinase that reacts to various 

environmental or cellular signals (199, 200). In the α-proteobacterium Sphingomonas 

melonis a complex network of seven histidine kinases, whose distinct motife is 

conserved in kinases of other α-proteobacteria, regulates the induction of the GSR in 

response to diverse stresses (201). 

4.3. Chaperones and the heat shock response 

Another global stress response dependent on the activity of an alternative sigma 

factor is the heat shock response (HSR). The HSR is induced when proteotoxic stress 

threatens protein homeostasis. Heat, oxidative stress, and antibiotics can lead to 

denaturing conditions that result in protein unfolding and aggregation (Fig. 8). 

Denatured proteins lose their function and accumulate inside the cell. They either 

have to be refolded or degraded and the HSR induces various factors to perform these 

functions and restore protein homeostasis. Many proteins that are induced via the 

HSR are called Hsps (heat shock proteins) and include proteases and chaperones that 

contribute to the maintenance of protein homeostasis. 

In proteobacteria, upregulation of heat shock genes is facilitated by σ32, which is 

transcribed by the rpoH gene. The activity of σ32 is strictly controlled to prevent 

induction of the HSR in the absence of stress. One of the main negative regulators of 

σ32 is the highly conserved chaperone DnaK (Hsp70). DnaK binds σ32 and promotes 

its degradation by the membrane bound protease FtsH (202, 203), which involves 
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transport of σ32 to the membrane by a small recognition particle (204). Several 

studies suggest that other proteases such as Lon, HslUV, and ClpP might also degrade 

σ32 to ensure complete silencing of the HSR (205, 206). When proteotoxic stress leads 

to an increase of unfolded proteins within the cell, DnaK is titrated away from σ32 to 

refold aberrant proteins or to aid their delivery to the cognate proteases. Free σ32 can 

now bind the RNA polymerase and induce the HSR (Fig. 8). This regulation links the 

requirement of increased protein folding activity to the induction of the HSR. 

 

Figure 8. The HSR is induced when DnaK is titrated away from σ32 under proteotoxic 
stress. The model indicates the activation of the heat shock response (HSR) as proposed in 
E. coli. Graphic adapted from paper III (207). During optimal growth conditions DnaK prevents 
σ32 from activating the HSR. Under proteotoxic stress, denatured proteins accumulate within 
the cell, titrating DnaK away from σ32 to perform its chaperone function. Free σ32 can then 
exchange the house keeping sigma factor at the RNA polymerase (RNAP) and induce genes 
of the HSR regulon. 

Chaperones are important for maintaining protein homeostasis under non-stress 

conditions as well as during stress. They ensure proper protein folding and thus 

influence nearly every cellular process. Hsp60 (GroE), Hsp70 (DnaK), and Hsp90 are 

three major chaperone systems, of which the last is absent in C. crescentus. They are 
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involved in de novo protein folding and are strongly upregulated under proteotoxic 

conditions (208-210). Additionally, they can have specific regulatory roles by 

affecting the conformation, stability, and function of specific substrates (211, 212). 

DnaK is highly conserved and present in essentially all bacteria. In E. coli DnaK is not 

essential when grown at lower temperatures (213, 214) whereas in C. crescentus it is 

required even under optimal conditions (215). DnaK has an N-terminal ATP-binding 

domain and a C-terminal substrate-binding domain. Substrate binding and ATP 

hydrolysis are enhanced by J-domain co-chaperones that are required for proper 

chaperone function (216). After binding, substrate folding is driven by ATP 

hydrolysis, and after ADP+Pi and substrate release a new ATP-binding cycle can be 

initiated. 

Previous work suggests that cell cycle processes are tightly connected with 

chaperone networks (214, 215, 217). In bacteria DnaK and GroE are connected with 

cell cycle processes since mutations in either of these leads to distinct defects in DNA 

replication, chromosome segregation, and cell division, even under optimal growth 

conditions (214, 217, 218). However, the molecular basis underlying these mutant 

phenotypes are poorly understood. In C. crescentus depletion of DnaK leads to 

inhibition of replication initiation and growth arrest (22). Loss of available DnaK 

through accumulation of unfolded proteins induces expression of the protease Lon 

that degrades the replication initiator DnaA. Furthermore, unfolded proteins enhance 

Lon’s activity to degrade DnaA. This leads to a block of replication initiation and a cell 

cycle arrest (22). In paper III we show that the growth arrest of DnaK-depleted cells 

is connected to DnaK’s regulatory role on σ32, but not its function as a folding catalyst 

(207). 

In contrast to DnaA, depletion of GroE causes a cell division block (215). In E. coli 

GroE is suggested to fold the essential division factor FtsE (219). On the contrary, in 

C. crescentus FtsE is not essential, therefore another crucial division component 

depends on GroE for folding (220). Our unpublished work suggests that GroE is 

required for a late step in divisome function in C. crescentus. The specific functions of 

both chaperone systems highlight the involvement of chaperones in essential cellular 

processes. This link likely promotes correspondence between the global folding 

status and important cellular processes such as growth and cell division.  
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AIM OF THESIS 

The aim of this thesis was to better understand how C. crescentus modulates its cell 

cycle under different stress conditions, to elucidate the precise molecular 

mechanisms that integrate environmental information into the cell cycle, and to study 

how these mechanisms contribute to cellular survival. 

 

 

 

Aims of the projects: 

 

• To elucidate how cell cycle progression is affected during salt and ethanol 

stress (Paper I). 

• To unravel the molecular basis of Caulobacter cell filamentation during the late 

stationary phase (Paper II). 

• To analyze the possible ecological relevance for cell filamentation in 

C. crescentus’ natural habitat (Paper II). 

• To investigate how the DnaKJ chaperone is linked to growth control in 

C. crescentus (Paper III). 
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MAIN FINDINGS 

Paper I 

A kinase-phosphatase switch transduces environmental information into a bacterial 
cell cycle circuit 

 

This study describes a new mechanism that directly integrates environmental signals 

into the cell cycle of C. crescentus without the need to induce stress-regulated genes. 

A membrane bound bifunctional histidine kinase directly or indirectly senses stress 

and switches into phosphatase mode, which leads to the inactivation and degradation 

of the critical cell cycle regulator CtrA, a block in cell division and subsequent cell 

filamentation (Fig. 9). This is the first study to show that a phosphorelay integrates 

cell cycle cues with stress signals to adjust cell cycle progression under environmental 

stress. 

 

Cell filamentation in response to stress through an atypical mechanism 

We observed that in response to salt and ethanol stress, C. crescentus cells elongate, 

resulting in long filaments with multiple chromosomes. These filamentous cells were 

able to recover and regain cell division after stress release. By using a fluorescent 

reporter strain we showed that the SOS response is not induced under these 

conditions. Furthermore we analyzed the localization of FtsZ during stress and ruled 

out the disruption of Z-rings as source of cell filamentation. Thus, another as of yet 

unreported mechanism must be responsible for the cell division block under salt and 

ethanol stress. 

 

CtrA stability and activity is affected via the CckA-ChpT phosphorelay 

RNA-seq analysis showed that the CtrA regulon is strongly affected during salt and 

ethanol stress. Interestingly, the regulatory response was strikingly similar to a CtrA 

loss-of-function mutant (divLts). This was supported by Western blot analysis that 

showed that CtrA steady-state levels are downregulated during stress (Fig. 9). 
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Figure 9. CckA’s phosphatase activity ensures rapid elimination of CtrA after salt and 
ethanol stress (paper I). Shown is the proposed model of CckA’s switch from kinase to 
phosphatase activity during salt and ethanol stress adapted from paper I (139). Oscillations of 
CtrA are illustrated by a Western blot showing CtrA protein levels over the curse of one cell 
cycle every 15 minutes after synchronization. The fluctuations are schematically indicated in 
Fig. 4. Elimination of CtrA is shown by a Western blot of CtrA levels from a mixed culture 0, 
15, 30, and 60 minutes after treatment with 4 % ethanol. Displayed below are representative 
phase contrast microscopy pictures of the morphology of C. crescentus cells under non-stress 
(left, exponential phase) or ethanol stress (right, 4 % for 6 hours) conditions. Under proliferative 
conditions the CckA-ChpT phosphorelay (see also Fig. 6) ensures CtrA fluctuations and the 
progression through the cell cycle and cell division. Salt and ethanol stress activate CckA 
phosphatase activity which leads to elimination of CtrA and a subsequent cell division block. 
Continued growth and replication leads to filamentous cells with multiple chromosomes. 

Furthermore we observed that CtrA stability decreased under these stresses. Using a 

mutant defective in CtrA degradation, we analyzed CtrA activity by performing qPCR 
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on CtrA-regulated genes. Even though CtrA steady-state levels were stable under 

stress we still observed the downregulation of CtrA regulated genes. This result shows 

that CtrA activity decreases when cells face salt and ethanol stress. 

 

CckA switches into phosphatase mode upon salt and ethanol stress 

To address if CckA is actively destabilizing CtrA by switching from its kinase to its 

phosphatase function, we used mutants that lacked phosphatase activity (cckAV366P) 

or were hyperactive as a kinase (cckAG319E). We saw that in these mutants CtrA was 

stabilized and remained active following stress treatment, showing that CckA’s 

phosphatase activity is required for the downregulation of CtrA under salt and 

ethanol stress. 

 

CckA’s switch during stress is not induced by the known upstream regulators 

CckA activity during cell cycle progression is regulated by several upstream factors. 

Using a fluorescently tagged version of CckA and a regulator important for CckA 

activation (DivL), we analyzed their localization during stress. However, no difference 

in the localization pattern was observed. Moreover, we analyzed a cold sensitive 

mutant of DivK (divKcs), which is responsible for CckA’s cell cycle dependent 

phosphatase activity. Even under restrictive conditions CckA was able to inactivate 

CtrA under stress. Previous work showed that the second messenger c-di-GMP 

directly binds CckA and induces phosphatase activity (135). We used a c-di-GMP-

blind CckA mutant (cckAY514D) and a strain lacking the second messenger (cdG0) for 

stress treatment. However, these strains were still able to downregulate CtrA during 

salt and ethanol stress. Together, these results show that the stress-induced 

downregulation of CtrA does not depend on DivL, DivK or c-di-GMP, indicating that 

another yet unknown regulatory mechanism, or sensing by CckA itself, leads to the 

switch in CckA activity. 

 

Efficient downregulation of CtrA is required to maintain cell viability 

We compared the growth behavior of cells expressing wild-type CckA with a strain 

expressing the CckA mutant that lacks phosphatase activity CckA(V366P). We 

observed that the mutant grew with the same rate as the wild type under non-stress 

conditions, but that it displayed a growth defect under ethanol stress. Thus, the 
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efficient downregulation of CtrA under stress conditions is important for growth and 

cell integrity. 

 

In summary, we showed that a phosphorelay important for cell cycle progression 

integrates environmental cues directly into the cell cycle via the downregulation of 

the critical cell cycle regulator CtrA (Fig. 9). 
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Paper II 

Molecular basis and ecological relevance of Caulobacter cell filamentation in fresh 
water habitats 

 

In this study, we show that helical-shaped filamentous cells, first observed in late 

stationary phase (187), result from a cell cycle shutdown while growth and 

metabolism continue slowly. This phenotype is induced by a combination of three 

different stresses: phosphate starvation, high pH, and excess ammonium. We show 

that filament-inducing conditions are also found in C. crescentus’ natural freshwater 

habitat during algae bloom. Finally, we observed filamentous cells breaching the 

biofilm surface into cell-free surroundings in a microfluidic device. The results 

suggest two different possible gains from filamentation for Caulobacter: nutrient 

scavenging by reaching out of the biofilm, and predator evasion by prohibiting uptake 

by protists through cell size. 

 

Downregulation of major cell cycle processes in filamentous cells from late stationary 

phase 

A subpopulation of cells become filamentous after prolonged growth in rich medium. 

These cells can regain cell division when nutrients are reintroduced. We developed a 

method to purify these filamentous cells via density gradient centrifugation. This 

enabled us to analyze the cell cycle state of these cells. We observed that even though 

the cells are elongated they contain mainly one or two chromosomes, indicating that 

replication initiation is inhibited. 

Proteomics and Western blot analysis showed that major cell cycle factors are 

downregulated in these filamentous cells, leading to a block of cell division and 

replication initiation. Furthermore, we observed that ribosomal proteins are 

downregulated, indicating reduced metabolic activity. Thus, even though the cell cycle 

in these cells is inhibited, growth and metabolism continue slowly. 

 

A combination of three different stresses induces the late stationary phase phenotype 

We found that supernatant isolated from late stationary phase cultures, or ‘spent 

medium’, can induce helical filamentation in exponentially growing cells. We 
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therefore assessed the nutrient content of this spent medium. We found that addition 

of phosphate abolished filamentation, indicating a lack of phosphate in the spent 

medium. Besides phosphate starvation, cells in spent medium also face high pH 

conditions. Additionally, we suspected excess ammonium/ammonia to be present, 

since the main carbon source for cells grown in rich medium is amino acids. We thus 

formulated an artificial minimal medium that exhibited all three different stresses: 

phosphate depletion, increased pH, and excess nitrogen. Growth in this medium led 

to the formation of helical filamentous cells that resemble the morphology of 

filaments isolated from late stationary phase (Fig. 10A). Our data showed that all 

three stresses are required to induce the filamentous phenotype. Exposure to single 

stresses or the combination of two was not sufficient to induce a comparable 

phenotype. 

 

Figure 10. Filamentation could aid in nutrient scavenging and predator evasion 
(paper II). Displayed is the proposed model of C. crescentus’ filamentation induction and 
possible advantages, adapted from paper II. A) Helical-shaped filamentous cells observed in 
late stationary phase are induced by the combination of phosphate starvation (-P), high pH (pH 
8.5), and excess ammonium (++N). B) Microfluidics experiments lead us to propose a model 
in which filamentation could aid in nutrient scavenging when cells are able to reach out of the 
biofilm and take up nutrients from their surroundings. Infrequent cell division events during 
filamentation could indicate the capability to release progeny into the environment. The 
combination of these filament-inducing stresses can be found in freshwater habitats during 
algae bloom. This indicates that filamentous C. crescentus could develop during these natural 
conditions. We suggest that filamentation might aid in predator evasion for planktonically living, 
non-motile C. crescentus. 
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Stresses inducing filamentation occur in freshwater during algae bloom 

We were wondering if the specific stresses that we found to induce helical-shaped 

filamentous cells occur in C. crescentus’ natural habitat. Indeed we found that the 

phosphate concentration drops drastically while pH and ammonium concentration 

increase during algae bloom below the water surface. 

 

Filamentous cells can reach beyond the biofilm surface 

When growing Caulobacter as a biofilm in a microfluidic chamber we detected 

filamentous cells sticking out into the cell-free surroundings. Furthermore, when 

inducing filamentation with spent medium we observed rare cell division events 

during the process of cell elongation, some at the tip of the filament. Taken together 

these data suggest that filamentation enables cells in a biofilm to reach nutrients and 

release progeny into their surroundings. 

 

In summary, this study elucidated the molecular basis of cell filamentation in the late 

stationary phase and provides new insight into the ecological relevance that cell 

filamentation might play in C. crescentus’ natural habitat (Fig. 10B). 
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Paper III 

An essential regulatory function of the DnaK chaperone dictates the decision between 
proliferation and maintenance in Caulobacter crescentus 

 

In this study we show that the essentiality of DnaKJ under normal growth conditions 

in C. crescentus is due to its role in inhibiting the heat shock sigma factor σ32. By using 

a suppressor screen approach we found that mutations restoring the viability of 

DnaKJ depleted cells reduced σ32 activity. When σ32 is active, it inhibits growth by 

globally altering gene expression, leading to large-scale proteome changes that shift 

cellular resources from proliferation to maintenance. Thus, in C. crescentus DnaKJ has 

an essential role in gene expression regulation. More generally, this study highlights 

how stress response pathways are linked to cell growth and suggests how cells may 

regulate growth under proteotoxic stress conditions. 

 

DnaKJ impacts growth under non-stress conditions independently of its folding function 

and its role in regulating DnaA 

It was previously shown that depletion of DnaKJ leads to the degradation of the 

replication initiator DnaA (22). Hence, it was suggested that DnaKJ’s essential 

function under normal conditions was a result of its impact on replication. However, 

when we restored DnaA levels under DnaKJ depletion conditions, cells were still 

unable to grow, showing that the essential function was not due to an effect on 

replication alone. Moreover, by performing aggregation assays we showed that 

DnaKJ-depleted cells did not accumulate more protein aggregates than the wild type, 

excluding proteostasis collapse as a reason for the observed growth inhibition. 

 

Mutations that result in viability during DnaKJ depletion reduce σ32 activity 

In a suppressor screen we identified a set of mutants that restored growth of DnaKJ-

depleted cells. Gene sequencing as well as whole genome sequencing mapped these 

mutations to rpoH (encoding σ32), the promoter region of rpoD (encoding σ70), rpoB 

(encoding β-subunit of RNAP), and hslU (encoding the HslU subunit of the HslUV 

protease). By using lacZ reporter assays and qPCR we show that all identified 

mutations reduced the expression of the heat shock response. Interestingly, even the 
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mutations outside the rpoH gene led to a decrease in σ32-dependent gene expression. 

The mutation of the β-subunit of the RNAP, RpoB(P1272S), lies in a region required 

for sigma factor interaction (221). Thus, this mutation might impair the interaction 

with σ32. This is supported by our qChIP analysis that shows reduced σ32 promoter 

occupancy when the RpoB(P1272S) mutation is present. 

In the case of the PrpoD(Δ11bp) mutation, we found that this mutation leads to 

elevated σ70 levels, supporting a model in which σ70 outcompetes σ32 for binding to 

the RNAP, thus leading to lowered σ32-dependent transcription. Consistent with this 

model, overexpression of rpoD rescues viability of DnaKJ-depleted cells. 

In the HslVU(Δ201-203HKT) mutant we observed low σ32 levels and fast σ32 

degradation despite DnaKJ depletion. A series of genetic experiments revealed that 

this mutation renders HslUV capable of recognizing and degrading σ32. 

Taken together, these results from the suppressor screen strongly suggested that 

sustained activity of σ32 is detrimental for cells and the reason why DnaKJ is essential 

in the absence of stress. This conclusion was confirmed by overexpression 

experiments, which showed that high levels of σ32 inhibit growth. 

 

Figure 11. DnaK mediates between proliferation and maintenance (paper III). Shown is a 
schematic of DnaK’s function in non-stress and proteotoxic stress conditions in C. crescentus, 
adapted from paper III (207). DnaK inhibits σ32 through binding and promoting its degradation 
by FtsH. Under proteotoxic stress conditions DnaK functions as a chaperone and releases σ32 
to interact with the RNA polymerase (RNAP) and induce the σ32 regulon. This leads to the 
expression of stress pathway involved factors and downregulation of protein synthesis and 
DNA replication. 
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σ32 reprograms the cell from proliferative mode to maintenance 

Using RNA sequencing analysis we compared cells depleted of DnaKJ with the 

suppressor mutant rpoH(D252G) and with overexpression of the stable variant 

rpoH(V56A). We additionally integrated ChIPseq data of σ32 in our analysis (102) to 

characterize the σ32-regulon in C. crescentus. These data revealed that this sigma 

factor controls a large set of genes with diverse functions that go far beyond Hsp 

encoding genes. 

This result was also reflected in our proteomics data in which we compared the 

proteome of DnaKJ-depleted cells with cells expressing dnaKJ. While proteome 

fractions involved in maintenance functions were strongly upregulated, proliferative 

functions like translation and cell cycle functions were strongly downregulated. 

 

In conclusion, this study demonstrates that DnaK’s essentiality in the absence of 

stress is due to its inhibitory function on σ32 activity (Fig. 11). 
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CONCLUDING REMARKS AND FUTURE PERSPECTIVE 

To gain knowledge about how bacteria are able to survive in hostile environments we 

have to understand how bacteria sense extracellular and intracellular changes, how 

they integrate this information into cellular processes, and what advantages the 

subsequent adaptation brings. The studies presented above provide a better 

understanding of different mechanisms that help bacteria adjust their cell cycle and 

cell growth in response to changes in their surroundings. 

In paper I we found that salt and ethanol stress lead to the rapid downregulation 

of CtrA via the histidine kinase CckA. Future investigations could identify the 

molecular triggers of salt and ethanol stress and how exactly CckA senses 

environmental stress conditions. Furthermore, we identified in paper II three 

stresses, phosphate starvation, high pH, and excess of nitrogen, which occur both in 

late stationary phase and in freshwater during algae bloom, and lead to filamentation 

by uncoupling growth and metabolism from the cell cycle. Our study suggests that cell 

filamentation may aid Caulobacter in scavenging nutrients when grown in biofilms, or 

in escaping protist predation when grown planktonically. Further research will be 

required to elucidate the ecological relevance of cell filamentation. For example, 

observing filamentous C. crescentus cells in the natural habitat and grazing 

experiments would aid greatly in answering this question. Lastly, we uncovered in 

paper III the essential function of the chaperone DnaKJ under physiological 

conditions in C. crescentus, which is to mediate between proliferation and 

maintenance by inhibiting the sigma factor σ32. Various layers of σ32 regulation ensure 

inhibition of the HSR. Our paper highlighted a mutation rendering the protease HslUV 

capable of degrading σ32, which could be used for understanding mechanistic details 

of degradation by HslUV. 

Our results unravel that stress-induced morphological changes can be achieved by 

directly integrating environmental signals into the cell cycle. We showed in 

C. crescentus that critical regulators such as CtrA and DnaA are targeted to rapidly 

modulate cellular processes. DnaA is conserved in nearly all bacteria, regulating 
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initiation of DNA replication and acting as a transcriptional regulator. Environmental 

cues which were discovered to act on DnaA in C. crescentus (22, 23) might also affect 

DnaA in other bacteria. The transcription factor CtrA is conserved among most α-

proteobacteria (84, 222). Thus, it is likely that CtrA is environmentally controlled also 

in other α-proteobacteria. In Brucella abortus CtrA is involved in pathogenicity (88, 

89) and in Sinorhizobium meliloti it impacts symbiosis (85-87). These important 

functions are highly coordinated with the cell cycle and therefore also affected under 

stress. To easily integrate environmentally induced regulation, it is plausible to target 

a critical factor such as CtrA. Although CtrA is exclusively found in α-proteobacteria, 

it is possible that environmental cues are directly integrated into the cell cycle of other 

bacteria via similar mechanisms involving alternative major regulators. 

The chaperone DnaK is highly conserved among the domains of life and plays an 

important role for protein homeostasis especially under proteotoxic conditions (208-

210). We show that in C. crescentus DnaK is not only a folding agent but functions as 

a regulator essential for the decision between proliferation and HSR by inhibiting σ32. 

It has been shown that the HSR affects cell cycle processes and growth through 

downregulation of the DNA replication initiator DnaA (22) and protein translation 

(paper III) (207). We thus propose that in addition to the upregulated folding and 

degradational capacity, inhibition of vulnerable proliferative processes constitutes a 

line of defense by the HSR. Interestingly, in E. coli (223) and yeast (224) in which DnaK 

homologs have been shown to negatively regulate HSR induction, reducing the 

activity of the responsible transcription factor could improve growth in the absence 

of stress. Downregulation of proliferative processes by the heat shock response might 

therefore represent a common theme in heat stress adaptation. 

 

Bacteria respond to stresses in various ways. Most mechanisms depend on stress-

induced changes in gene expression that result in global re-programming of the cell. 

Another means is to directly modulate the cell cycle, e. g. through inhibition of DNA 

replication initiation or cell division, which can lead to peculiar changes in cell shape. 

What bacteria gain from morphologic plasticity often remains elusive. The advantages 

of bacterial shapes that are genetically encoded have been discussed in detail (179, 

225, 226). Recently, the importance of reversible changes in cell shape to adapt to the 

environment has received more attention (180, 226). Investigating the mechanisms 
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that induce morphological changes and understanding the biological role of such 

changes remain challenging. 

However, more insight into the tools that bacteria use to withstand unfavorable 

conditions will provide new strategies in contemporary problems from treating 

bacterial infections to understanding the effects of changing ecosystems. 
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