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Chapter 1: 
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The pneumococcus: the accidental pathogen
The story of  the pneumococcus as a pathogen is not a very logical one. The natural niche of  the 
pneumococcus, or Streptococcus pneumoniae, is the human nasopharynx. It colonizes approximately 
50% of  children under five years old and about 10% of  the adult population (Regev-Yochay 
et al. 2004; Southern et al. 2018). The pneumococcus is a commensal bacterium, causing no 
disease in most carriers, and its life cycle does not require pathogenicity for transmission to new 
hosts (Bogaert, de Groot, and Hermans 2004). Even more so: killing its host without increasing 
the chance of  transmission will have a biological cost rather than being beneficial for the 
pneumococcus (Weiser 2010). Against the odds, the pneumococcus is a pathogen nonetheless. 
It can cause pneumonia, inner ear infections, meningitis or sepsis when it moves from the 
nasopharynx into the respiratory tract. In this way, the pneumococcus causes over one million 
deaths worldwide annually, especially in young children, the elderly and the immunocompromised 
(Troeger et al. 2018). Yet, how the pneumococcus transforms from a quiet inhabitant of  the 
nasopharynx to a notorious killer is still one of  the greater mysteries in pneumococcal research. 

Pneumococcal conjugate vaccines were introduced in the national immunization program of  
142 countries (Troeger et al. 2018) since the beginning of  this century. This lowered the global 
mortality rate of  lower respiratory tract infections caused by S. pneumoniae by 7.24%. The two 
vaccines on the market target respecitively ten or thirteen of  the most dangerous variants, or 
serotypes, of  the pneumococcus. When an infection occurs, medical guidelines advise to use 
amoxicillin, doxycycline, macrolides or, as a last resort, fluoroquinolones (Metlay et al. 2019). 
Many of  these antibiotics target essential processes of  the bacterial cell cycle, like formation of  
the cell wall (such as the penicicillins), protein synthesis (such as erythromicin) or chromosome 
organization (such as the quinolones). 

While it might be an involuntary pathogen, the pneumococcus is a shape-shifter and an escape 
artist (Slager et al. 2019) that masters the evasion of  the immune system. The pneumococcus 
can change its genome by taking up DNA from its environment and incorporating it into its 
genome, a process called competence. 

By this, and by acquiring mutations, the pneumococcus can change the composition of  its 
polysaccharide capsule, the target of  antibodies. Even without any change into its genome, 
it can temporarily stop the expression of  the capsule, making the pneumococcus invisible to 
the immune system. According to the CDC (Centre for Disease Control in the United States), 
in 30% of  the severe S. pneumoniae infection cases in the United States, the pneumococci are 
resistant to one or more antibiotics, mainly to penicillins and erythromycins (CDC Antibiotic 
Threats Report, CS298822-2, 2019). 

More than a bag of  molecules
For a long time, bacterial cell biology was a bit of  an ugly duckling. While in eukaryotic cells, 
cell growth, DNA replication, chromosome segregation and cytokinesis are strictly separated 
processes, bacterial cells do all at the same time. Bacteria do not have organelles and are so 
small, that it might seem hard to imagine that there is much regulation going on in this ‘bag 
of  molecules’. Still, already since the nineteen-thirties, researchers were trying to identify and 
explain what is going on inside bacterial cells. In particular, Streptococcus pneumoniae has a claim 
to fame in these early days of  bacteriology. In 1929, Frederick Griffith reported the discovery 
of  the transforming principle in the pneumococcus, nowadays known as bacterial competence 
(Griffith 1928). Fifteen years later, a variant of  his experiment was the basis for the first evidence 
by Avery, MacLeod, and McCarty (1944) that DNA is the carrier of  genetic information. 
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Between these paradigm-shifting experiments, the invention of  the first nucleic acid stains made 
it possible to see DNA inside bacterial cells. In the end of  the nineteen-thirties, Berthe Delaporte, 
Gerhard Piekarski, and others started to image these nucleal-positive bodies and speculated that 
these bodies were propagating inside cells during cell growth (Delaporte 1939; Piekarski 1937; 
Stille 1937). Piekarski was the first to coin the term nucleoid and, while not knowing the role 
of  these nucleoids in bacterial cells, he observed a difference in nucleoid-propagation in fast-
growing and slow-growing bacilli (Figure 1.A). 

Early pneumococcal cell biology
In the next decade, the first scientific papers on pneumococcal cell biology were published, 
deploying both nucleic acid staining and electron microscopy. Some of  the conclusions in these 
early papers were based on sample preparation artefacts – there are reports of  membrane-
enclosed organelles as well as the existence of  pneumococcal mitochondria (McLean, Mudd, and 
Davis 1955; Tomasz, Jamieson, and Ottolenghi 1964). The first proposition of  the cell cycle of  
the related species S. faecalis included the fusion of  nuclei as an intermediate stage (Figure 2.A). 
In the meantime, paradigm after paradigm was built: by the end of  the decade, the structure of  
DNA was deciphered, DNA polymerases were discovered and the central dogma of  molecular 
biology proposed. This set the foundation for understanding bacterial growth, leading to a new 
uplift in bacterial cell biology.

While studies on the cell cycles of  B. subtilis, E. coli and Caulobacter crescentus were getting off  
the ground (for instance Donachie et al. 1979; Kolter and Helsinki 1979; Shapiro 1976), S. 

Figure 1. A. Deduction of the propagation of “nucleal-positive bodies” during the cell cycle of fast (A.A)
and slow (A.B) growing bacteria by Gerhard Piekarski (1937). B. Micrograph of slow growing ‘paraphytus 
bacilli’, hydrolyzed and stained with Giemsa-staining, imaged by Gerhard Piekarski. The indicated a, b and 
c correspond to the cell cycle stages depicted in A.A. A and B reprinted with permission from Piekarski 
1937, licence nr. 4744770845916. C. An electron micrograph of an isolated E. coli nucleoid bound to cyto-
chrome C. Scale bar represents 1 µm. Reprinted with permission from Kavenoff and Bowen, 1976. 
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pneumoniae and related species were mostly studied to find ways to eradicate them. There are some 
exceptions. Studies as Higgins and Shockman, 1970 depicted beautiful electron micrographs to 
support their theory that both septal and peripheral peptidoglycan is formed from mid-cell in S. 
faecalis (Figure 2.D). In the same year, Briles and Tomasz, 1970 elegantly showed the localization 
of  the old cell poles of  the pneumococcus by switching from a chemically defined medium with 
radioactive choline-3H to medium where choline was replaced by ethanolamine (Figure 2.C). 

A new era of  microbial cell biology
While bacteria were classified as Gram-positive versus negative as well as by shape, the vast 
diversity among bacteria only became clear decades later, with the entrance of  whole genome 
sequencing. This revolution coincides with significant advances in microscopy and genetics. 
Without the discovery and development of  fluorescent proteins as a tool to see proteins inside 
the cell in real-life and even follow them over time, no chapter of  this thesis would exist. 

While fluorescent proteins were used as a tool for fluorescence microscopy for a while in bacteria 
as E. coli and B. subtilis, this does not always easily translate to other bacteria. S. pneumoniae 
grows in microaerophilic conditions, while fluorescent proteins need oxygen to mature properly. 
When studying gene expression, fast maturation is important, but when studying localization, 
a bright signal and no protein degradation can be more important than maturation time. In 
our lab, different variants of  green fluorescent proteins were tested to see which one to use for 

Figure 2. A. Model of the chromosome cycle of S. faecalis, a member of the same clade as S. pneumoniae, 
by Bisset (1948) based on Giemsa stained cells. Reprinted with permission. B. Early imaging of the cell 
wall of the pneumococcus using Carol Hale’s cell wall staining procedure (Hale 1953). Reprinted from 
(McLean, Mudd, and Davis 1955). C. Electron microscopic image, scale bar: 1 µm. Silver grains on both 
ends of the cell chain of S. pneumoniae switched from choline-3H medium to ethanolamine medium show 
the localization of the old cell poles. Reprinted with permission from Briles and Tomasz, 1970.D. Electron 
micrographs showing a nearly divided (10) and a divided (11) S. faecalis cell. Scale bar: 0.1 µm. Reprinted 
with permission from Higgins and Shockman 1970.



GENERAL INTRODUCTION

13

1.

which purpose (Overkamp et al. 2013). In the same spirit, in chapter 2, we tested different red 
fluorescent proteins in Streptococcus pneumoniae to give advice to the pneumococcal cell biology 
community on the use of  red fluorescent proteins for both promoter and protein fusions. The 
protein fusions ade for this study, to cell cycle protein FtsZ and nucleoid associated protein HU, 
are used in the next chapters to follow the bacterial cell and chromosome cycle.

From images to insight
Along with the possibility to live-track single cells comes the next problem. How to transform 
the data of  hundreds to thousands of  single cells into useful biological insights? While in the 
beginning, many observations were done by eye and measurements were done by hand, soon 
different cell segmentation and fluorescence tracking programs were developed by different 
laboratories. This is an important development, not only to get a better understanding of  the 
microscopy data, but also because automated segmentation can reduce bias. It is unavoidable to 
see patterns in images sometimes; measurements of  these images and subsequent analysis can 
help to test whether these patterns are true. 

Currently, many different cell segmentation programs exist for phase-contrast images of  bacteria, 
all slightly different in their performance. However, after measuring the cells and localizing 
proteins inside the cell, it is still quite a challenge to analyze this data. To aid researchers in this 
process, we developed the R package BactMAP, a set of  functions to gather cell segmentation 
data from different programs and experiments, analyze the data and visualize the cellular 
localization in different ways. The program is described in chapter 3.

Replication: a moving force for DNA?
One of  the key questions in the seventies – and now, still – was how bacterial chromosomes 
manage to segregate properly after replication. As shown in Figure 1.C, bacterial chromosomes 
have to be compacted some orders of  magnitude in size to be able to fit inside a small cell. 
This makes it even more astonishing that the chromosomes can still be accessed for replication, 
translation and segregate properly at the same time. If  this does not happen in a coordinated way, 
it would probably be as hard as trying to disentangle the chord of  your headphones while keeping 
the buds in your ears. One of  the hypotheses was that bacterial chromosomes were membrane-
bound, with conflicting evidence (Kleppe, Ovrebo, and Lossius 1979; Ryter 1968). In 1974, 
C. Wesley Dingman proposed his factory model for replication. Most bacteria have a circular 
chromosome with a single origin of  replication from which replication occurs bidirectionally. 
When the replication machineries of  both arms of  the chromosome are fixed together at mid-
cell, the chromosome arms have to move through – like products on an assembly line (Dingman 
1974). 

This is an attractive model, mostly because it is so simple. It requires no other regulation factors 
than something that pins down the replisomes (or replication forks). Over the years, reports 
supporting and rejecting this hypothesis have come out (Bates and Kleckner 2005; Japaridze et 
al. 2019; Lau et al. 2003; Mangiameli et al. 2018; Molina and Skarstad 2004; Reyes-Lamothe et 
al. 2008). Alternative hypotheses, like the ‘track’ model, where the replisomes move along the 
chromosome like a train on a track, and a combined model, were proposed (see Bates 2008 
for a review). To this point, two careful conclusions could be made: firstly, there might be no 
general answer accounting for all bacteria. Secondly, in most cases, the replisomes are close 
together in the cell, but no compelling evidence for a physical linker between the two replisomes 
has been given so far. In many symmetrically dividing bacteria, such as E. coli, B. subtilis and M. 
smegmatis, the replisomes localize at mid-cell (Mangiameli et al. 2017; Santi and McKinney 2015). 
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Using time-lapse imaging of  fluorescent protein-fusions of  members of  the replisome, the two 
replisomes are visible as one single spot at mid-cell. However, over time, the spot splits into two 
spots occasionally (Mangiameli et al. 2017; Reyes-Lamothe et al. 2008). In Caulobacter crescentus, the 
replisomes colocalize and move gradually from the pole to mid-cell (Jensen, Wang, and Shapiro 
2001). 

When the chromosome becomes less compacted due to the widening of  E. coli cells (Japaridze 
et al. 2019), replisomes tracking along the chromosome can be observed. Similarly, deleting 
important chromosome organization genes parB or smc in Mycobacterium smegmatis separated and 
drastically changed the movement of  the replisomes (Santi and McKinney 2015). In chapter 3 
and 4, we will investigate the localization and dynamics of  the pneumococcal replisome. 

Figure 3. A. Two models for replication: the replication factory (top), where the two replisomes are phys-
ically bound and the DNA is spooling through. The tracking model (bottom), where the replication forks 
are moving along the chromosome while replicating the DNA. B. Simplified model for pneumococcal cell 
division. MapZ (pink) moves along with the newly synthesized peptidoglycan. FtsZ filaments are treadmill-
ing around the septum, where it recruits the cell division machinery. The filaments move to the ¼ positions 
of  the new cell before cell division to start a new division round. C. Overview of  the currently known 
proteins involved in chromosome structure. HU (pink) binds to the chromosome and is involved in DNA 
supercoiling. FtsK (blue) is an essential protein in S. pneumoniae, which localizes at the closing septum (see 
chapter 5). ParB (green) binds to the origin of  replication, where it recruits SMC (yellow). RocS colocalizes 
with the chromosomal origin and interacts with ParB and the cell membrane.
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Keeping it together (or apart)
There are other factors than replication managing the structure and shaping of  the chromosome, 
so it can replicate and segregate while being available for transcription. Maintanance of  the 
chromosome structure is necessary for the chromosome to be able to maintain compacted 
while being flexible. In vitro, long DNA molecules in undergo positive supercoiling in high 
concentrations. In vivo, bacterial chromosomes are actively maintained in a negatively supercoiled 
state.  This is especially important during replication: as the replication forks unwind the DNA 
duplex, bacteria maintain their DNA in a negatively supercoiled state with the help of  several 
proteins: topoisomerases, DNA gyrase and nucleoid associated proteins (NAPs) (Agarwal et al. 
2019). DNA gyrase induces negative supercoiling, while topoisomerases are important for DNA 
relaxation. In addition to that, topoisomerase IV (topoIV) is responsible for decatenation of  the 
DNA close to replication termination (El Houdaigui et al., 2019). DNA gyrase and topoIV are 
essential for cell viability and the target of  antibiotics of  the fluoroquinolones class. 

Nucleoid associated proteins are generally small proteins with low DNA binding specificity. 
There are many NAPs known and their abundance and essentiality varies among bacterial 
species. One of  the most abundant NAPs is HU (Heat Unstable protein, J Rouvière-Yaniv and 
Gros 1975). This small, dimer-forming protein was thought to be a bacterial version of  histones 
because addition of  (large amounts of) HU to DNA resulted in small round DNA knots in vitro 
(Josette Rouvière-Yaniv, Yaniv, and Germond 1979). Still, even then, this idea was coined with 
some caution, because the number of  HU molecules inside the bacterial cell simply would not 
be high enough to have the same effect in vivo. Short after the discovery of  HU in E. coli, HU 
homologs were reported in a wide range of  prokaryotes and even in mitochondria (Drlica and 
Rouviere-Yaniv 1987; Haselkorn and Rouvière-Yaniv 1976). 

Many functions are attributed over the years to this small, highly conserved protein. In different 
bacteria, HU affects gene expression in different ways. While it generally binds to all chromosome 
regions, in some bacteria it has a preference for AT-rich regions, or a higher binding profile closer 
to the origin of  replication. In Streptococcus pneumoniae, HU (also known as HlpA for Histone-
Like protein A) is the only known NAP. Pneumococcal HU facilitates negative supercoiling of  
DNA and is essential. In chapter 5, we investigate the role of  HU in DNA organization in the 
pneumococcus. 

Two other key players in chromosome organization and segregation are the Par(A)BS 
(Partitioning) system and the SMC (Structural Maintenance of  Chromosomes) complex. ParB 
is a CTPase that binds to specific DNA sequences (parS) located close to the chromosomal 
origin (Osorio-Valeriano et al. 2019; Soh et al. 2019). ParA is a Walker-A-type ATPase whose 
activity can be stimulated by ParB and DNA. The interaction between ParB and ParA drive a 
directional movement of  origin-bound ParB away from mid-cell. Several models exist explaining 
the mechanism by which ParA directs the movement of  ParB (Hürtgen et al. 2019). Interestingly, 
S. pneumoniae lacks ParA (Minnen et al. 2011). Pneumococcal ParB binds to parS sites near the 
origin of  replication, and GFP-bound ParB forms bright foci that segregate from mid-cell to 
the ¼ positions of  the cell (Kjos and Veening 2014). How this movement is directed is unclear. 
Pneumococcal cells lacking ParB are impaired in chromosome segregation (Minnen et al. 2011; 
Kjos and Veening 2014), but the defect is not as severe as one might expect. 

ParBS is however needed to properly load SMC onto the chromosome (Minnen et al. 2011). 
SMC is a member of  the condensin family. Condensins are found in bacteria, archaea and 
eukaryotes alike. SMC forms a ring-like structure, which wraps around the chromosome at 
the origin of  replication (Gruber 2018). From there, SMC migrates along the chromosome. 
SMC has an important role in the global organization of  the chromosome, keeping the two 
chromosome arms together and/or forming large DNA loops (Ganji et al. 2018; Gruber 2018; 
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Wang, Montero Llopis, and Rudner 2013). In S. pneumoniae, deleting SMC leads to a slightly more 
severe phenotype than a ParB deletion (Kjos and Veening 2014; Minnen et al. 2011), but it is not 
essential under laboratory conditions. 

Two other proteins are known to impact chromosome segregation in the pneumococcus. The 
recently discovered membrane-bound protein RocS interacts and colocalizes with ParB. While 
the mechanism through which it impacts chromosome segregation is unknown, RocS deletion 
mutants show defects in segregation, and RocS is synthetic lethal with SMC and ParB (Mercy 
et al. 2019). The second protein is important for late chromosome segregation. FtsK is a motor 
protein that translocates DNA through the nearly-closing septum (Stouf, Meile, and Cornet 
2013). FtsK is essential in S. pneumoniae, in contrast to the situation in B. subtilis (Marquis et al. 
2008).

Apart from these chromosome shapers, there are more mechanisms influencing chromosome 
organization and segregation. In the last years, the role of  phase separation in compacting and 
segregating the nucleoid has come to the surface. The size and compaction of  the nucleoid 
seems to be correlated with ribosome concentration and mobility (Gray et al. 2019). Experiments 
with elongated E. coli as well as with L-form entrapped in microfluidic channels show that 
chromosomes segregate orderly as long as a rod shape is maintained (F. Wu, Swain, et al. 2019; L. 
J. Wu et al. 2019). Different models suggest that the combination of  molecular crowding and a 
tubular confinement is enough to stimulate chromosome segregation (Dias, Dias and Rita 2019; 
Fisher et al. 2013; Jun and Wright 2010; De Vries 2010).

Following the chromosome
The bacterial chromosome is so condensed, that conventional fluorescence microscopy images 
using DNA staining generally reveal not much more than one or more intercellular ‘blobs’. 
Especially in small bacteria such as pneumococcus, the imaging resolution is not sufficient to 
reveal any more details. One way to get more information, is to move from snapshots to time-
lapse microscopy. Fluorescent protein fusions to HU are popular for this, since HU is highly 
abundant and is generally distributed along the complete chromosome. In S. pneumoniae, a strain 
carrying HU-mKate2 and ParB-GFP was used to follow both the origin of  replication and the 
nucleoid at the same time. This showed that the origin of  replication splits early during the cell 
cycle (Kjos and Veening 2014).

A more detailed way to follow the chromosome is by marking specific loci on the chromosome 
with fluorescent DNA-binding proteins. There are several methods to achieve this. The FROS 
(Fluorescent Repressor-Operator) system uses promoter-repressor systems (for instance TetR/
tetO): the operator sites are encoded on the location on the chromosome to be visualized, while 
the repressor is fused to a fluorescent protein (Belmont and Straight 1998). Another, similar 
method uses ParB/parS of  another species than the host species, where ParB is bound to a 
fluorescent protein (Wang, Reyes-Lamothe, and Sherratt 2008). These methods have been used 
simultaneously to not only follow chromosomal locations, but also relate their localization to the 
localization of  other parts of  the chromosome. This led to the insight that different bacterial 
species segregate their chromosome in a different method: while the E. coli splits its chromosome 
from the middle to the ¼ positions from origin to terminus (Bates and Kleckner 2005), the 
chromosome of  B. subtilis has a slightly more complex organization (Wang, Montero Llopis, 
and Rudner 2014). Cells dividing asymmetrically generally also segregate their chromosomes 
in an asymmetric manner (Viollier et al. 2004). In chapter 4, we elucidate the chromosomal 
organization of  the pneumococcus by developing FROS systems for S. pneumoniae and following 
different chromosomal loci.
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Since the development of  superresolution microscopy a small decade ago, another way of  
unveiling the chromomal shape has arrived. PALM (PhotoActivated Localization Microscopy) 
makes use of  fluorescent proteins that, upon activation, can switch from one excitation/
emission wavelength pair to another (photoswitchable) or where the fluorescence can be 
activated stochastically (photoactivatable). In both cases, not all fluorescent proteins are 
activated/switched at the same time. The blinking fluorescent proteins are recorded, after which 
the localization of  each single protein is estimated. This is much more precise than normal 
fluorescence microscopy, because single molecules are localized without the noise of  other 
molecules. Using PALM imaging, people have tried to determine chromosomal domains in B. 
subtilis and E. coli chromosomes (Marbouty et al. 2015; Spahn, Endesfelder, and Heilemann 2014). 

SIM (Structured Illumination Microscopy) makes use of  a patterned grid to enhance the 
resolution. It has the advantage over PALM that it does not require special fluorescent proteins 
and that less images are needed for the resulting image. However, the resolution limit of  SIM is 
50 nm (in x and y directions), while that of  PALM is theoretically limitless. In the last years, SIM 
has become more and more common as a microscopy technique for bacterial cell biology. F. Wu, 
Japaridze, et al. 2019 used SIM on E. coli cells that are forced into a flat, round state to reveal a 
circular chromosome. They observed multiple chromosomal domains, but when removing HU, 
these clear domains turned into two large domains (left and right chromosome arm). In chapter 
5, we used both PALM and SIM to image the dynamics and organization of  the pneumococcal 
nucleoid. 

Orchestrating the cell cycle
Even when we know how the bacterial chromosomes segregate after replication, the question 
is how  chromosome segregation is coordinated together with cell division. How can the cell 
divide at the same time without ending up with guillotined nucleoids? How does the cell neatly 
keep an average of  1.5 chromosome per cell? In different bacteria, different players have been 
identified that can play a role in this process. The pneumococcus, however, lacks homologues of  
well-known systems such as Min or nucleoid occlusion. 

What we do know, is that pneumococcal cell division revolves around FtsZ, which forms a ring 
(Z-ring) at mid-cell, where it recruits cell division proteins. FtsZ filaments are moving around 
in this ring (treadmilling). When the peptidoglycan synthesis machinery is assembled, the cell is 
growing (peripheral peptidoglycan synthesis, see Figure 3.B). The cell division protein MapZ 
is localized at the place where the new peptidoglycan is formed. Time-lapse microscopy of  
fluorescent fusions of  MapZ show two rings, moving gradually from the old septum to the 
two new septa. There, FtsZ filaments will form two new Z-rings at the end of  the cell cycle. 
Meanwhile, the septum closes by forming a cross-wall (septal peptidoglycan synthesis, see 
Figure 3.B). 

SMC mutants are not only impaired in chromosome segregation, but are also larger, a phenotype 
more often found in cell division mutants. In chapter 4, we explore this further and propose a 
model where correct chromosome segregation is crucial for proper FtsZ placement. Recently, 
Gallay et al. 2019 discovered a novel protein CcrZ that is important for DNA replication 
initiation. CcrZ colocalizes and interacts with FtsZ and depletion mutants lead to large numbers 
of  anucleate cells and chromosome guillotining. Interestingly, CcrZ mutants also have reduced 
DNA initiation. Gallay et al. 2019 propose a model where CcrZ is responsible for the firing of  
DnaA at the origin of  replication when it is close to the Z-ring.
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Disentangling the pneumococcal chromosome
In this thesis, we aim to understand and visualize the organization of  the pneumococcal 
chromosome. In order to do this, we developed several tools. In chapter 2, we investigate which 
red fluorescent proteins are the most suitable for fluorescent fusions. This is crucial for dual-
color fluorescence microscopy, which we use frequently throughout the rest of  the thesis. In 
addition, we show that transforming linear Gibson Assembly products directly into S. pneumoniae 
is a fast and efficient cloning technique. In chapter 3, we introduce BactMAP, an R package that 
can be used to analyze and visualize the data from different cell segmentation programs. We 
also visualize the origin of  replication in three different Gram-positive bacteria, and follow the 
replisome of  S. pneumoniae. BactMAP was used to analyze the data in chapter 4. In this chapter, 
we investigate the role of  correct origin localization on cell division in S. pneumoniae and show 
that cells with delayed chromosome segregation also have mislocalized MapZ and – to a lower 
extent – FtsZ. We also show that MapZ is important for the correct placement of  FtsZ on 
the width axis on the cell. Finally, in chapter 5, the role of  nucleoid associated protein HU on 
chromosome segregation and structure is investigated. We show that cells with less HU have less 
condensed chromosomes and chromosome segregation defects. We also use SIM and PALM to 
investigate the shape and dynamics of  the pneumococcal chromosome. 
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