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Chapter 6:
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This thesis presents the mapping of  the pneumococcal chromosome cycle, as well as an 
exploration of  the available tools for fluorescence microscopy and analysis of  pneumococcal 
cells. In line with the order of  the chapters, I will first discuss the technical advances and 
challenges related to this thesis, in the order as they appeared: from the assessment of  fluorescent 
proteins, to analysis and visualization of  microscopy data, to superresolution microscopy. After 
this, I will point out the major biological conclusions from the previous chapters and look ahead 
for future directions of  research.

Benchmarking fluorescent proteins for pneumococcal 
cell biology
While bacterial cell biology has been studied for nearly a century, pneumococcal cell biology as 
a separate field of  study just got started about ten years ago. Now, our lab and many others have 
a range of  tools for visualizing the pneumococcal cell cycle at their disposal. In our lab alone, 
we have used and tried out a plethora of  fluorescent proteins and continue to test the latest 
variants. There is a considerable turnover of  new fluorescent proteins, since the news of  new, 
promising proteins travels fast through preprints and social media. While the red fluorescent 
protein mScarlet-I is winning in popularity in our lab (see Keller, Rueff, Kurushima & Veening, 
2019), the value of  a systematic comparison of  fluorescent proteins for different purposes 
still stands and might even be more important with a high turnover of  new tools. Results like 
the partial degradation of  mCherry fused to HU (HlpA) and FtsZ, or the slow maturation 
times of  the other red fluorescent proteins show that there are several things to consider 
when designing experiments with fluorescence. Since the publication of  chapter 2 (Beilharz, 
van Raaphorst, Kjos & Veening, 2015), we added a range of  new proteins to our toolbox (for 
instance mNeonGreen, mScarlet-I, mTurquoise2, tagBFP2, spDendra and mEos3.2), and it 
might be wise to systematically compare their functionality for protein and promoter fusions to 
the previous benchmarked GFPs (Overkamp et al., 2013) and RFPs.

Depicting reality
Similarly, it is necessary to be critical when looking at microscopy data. As fluorescent proteins 
have evolved, a lot has changed in the processing and analysis of  the data as well over the 
last ten to twenty years. Since it is possible to do automated cell segmentation, statements 
on subcellular localization or cell morphology are generally backed up by measurements of  
hundreds to thousands of  cells, providing insight in the heterogeneity of  the population. This 
is a large improvement in the field. Probably every microbiologist has looked at a microscopy 
image thinking: “are these cells larger than wild type, or do I just think they are?” Automatic 
measurements can prevent bias.

However, it is dangerous to think of  automatic segmentation or fluorescence detection as bias-
free. Researchers have to check the segmentation process, set the parameters and manually 
edit the results when needed. This might not necessarily be a bad thing: to depict the biology, 
human eyes tend to be better than most segmentation programs (up to now). The differences in 
segmentation results in our laboratory were a striking and slightly alarming example of  how not 
only different segmentation software, but also differences in decisions made by our lab members 
largely influenced the segmentation results (chapter 3). So what can we do to depict and quantify 
biology in the best possible way when doing cell measurements?

Supervised machine learning algorithms might be a solution for the problem of  having different 
lab members choosing different parameters. Still, we would need to find a consensus of  what 
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outline of  a phase-contrast image reflects the real cell parameters the best. As shown in chapter 
5, using SIM images of  a membrane marker for cell measurements comes closer to reality and, 
in contrast to cell sizes measured by phase contrast imaging, cell sizes as determined by SIM 
highly correlate with transmission electron microscopy images (see chapter 5 of  this thesis). The 
distribution of  cell lengths is reflecting reality in a better way, not only because the cell outline is 
more clear, but also because it is possible to determine when the septum is closed. Not only do 
we seem to overestimate the cell widths proportionately when using phase contrast, we also do 
not estimate septum closing correctly (a problem highlighted earlier for B. subtilis in Syvertsson 
et al., 2016). Using a membrane marker could therefore significantly improve the accuracy in cell 
segmentation data. When it is not possible to use another fluorescent marker, it is important 
to double-check data in other ways, for instance by using time-lapse microscopy. When this 
is not an option, using another marker – for instance FtsZ (chapter 4) – to know the point in 
the cell cycle of  each single cell, can be a method to compare different conditions or mutants. 
Either way, it is important to be careful when interpreting data with a time component when it 
is impossible to directly measure over time. Figure 2.A from the introduction of  this thesis is a 
good reminder for that.

Visualization Strategies
For the development of  BactMAP (chapter 3), it was important to think about the way 
visualization influences the way people think about their data. I tried to make visualization 
strategies that show as much raw data as possible, because it is easy to forget about the noisiness 
of  data when the noise is out of  sight. While there can be a use for bar plots (for instance, 
chapter 3, Figure S1), it is better to avoid them when there is more information hiding behind 
the bars (see for instance Evanko, 2013).

Visualizations that are more difficult are the density-kymographs presented in chapter 4, since 
they show no raw data, but localization data. This is vastly improving the resolution of  the 
localization, making it easier to follow noisy fluorescence data. Without plotting techniques like 
this, it would not have been possible to track the low-fluorescence signals obtained by labelling 
chromosome loci in live cells in chapter 4. On the other hand, ordering the cells by length gives 
the incorrect impression that you follow localization over time, while cell size distribution is 
influencing the shape of  the graphs. In exponentially growing cells, the overall distribution is 
similar, but cell chaining, addition of  Zn2+, centrifugation of  cells before microscopy and many 
other factors can potentially change the distribution of  (measured) cell sizes. I anticipate that 
using more membrane markers and time-lapse microscopy will help reduce the effect of  cell 
chaining on the final cell length distributions in the future. Until then, it is important to be critical 
on what a data visualization like a density plot can and cannot tell.

What I hope to include in a new version of  BactMAP, are visualizations that take into account the 
single cell information available in each dataset. Instead of  plotting grouped localizations based 
on cell size, we can visualize distances between proteins or groups of  cells on the relative septal 
closure. Both MicrobeJ and SuperSegger have made great progress in the last years, providing 
software updates with options for grouping and filtering cells based on many parameters 
(Cass, Stylianidou, Kuwada, Traxler & Wiggins, 2017; Ducret et al., 2016, see https://microbej.
com for recent updates). The analysis on DnaX localization in chapter 3 already showed that 
there is large heterogeneity in the movement of  the replisome and the timing of  replication 
initiation. Using single cell information on for instance cell length and septum closure might 
help the understanding of  the heterogeneity and, at the same time, make it easier to group 
cells appropriately. It becomes easier to build interactive visualizations in R with tools as Shiny 
(https://shiny.rstudio.com), Plotly (https://plot.ly) and D3 (https://rstudio.github.io/r2d3/). 
This will be of  good use when exploring cell-to-cell heterogeneity using R.
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Using superresolution microscopy to understand 
chromosomal shaping
In chapter 5, we use both PALM and SIM to image the pneumococcal chromosome. Rather 
than being interchangeable, these techniques complement each other to better understand the 
shaping and dynamics of  the chromosome. Where PALM is useful for single-molecule dynamics, 
SIM can reveal the dynamics of  the complete chromosome over a longer time span. The high 
resolution of  the PALM reconstructions could reveal thin chromosome regions at a late cell 
cycle stage, while dual-color SIM could confirm that the septum is indeed near closing at this 
point. 

Nevertheless, both SIM and PALM are technically challenging and prone to artefacts. In both cases, 
the preparation of  the sample is the greatest bottleneck for a good image. In the pneumococcus, 
the signal intensity obtained from samples for fluorescence microscopy is generally not very 
high. Until now, only HU-mEos3.2 fusions led to enough blinking events for a reliable PALM 
reconstruction in our laboratory. Jaqc et al., 2015 showed good results using the also highly 
abundant FtsZ protein fused to spDendra. For SIM imaging, the greatest problem is the stability 
of  the red fluorescent proteins when doing dual color imaging, even using the latest mScarlet-I. 
However, the stability of  (sf)GFP and mNeonGreen in the pneumococcus is sufficient. With 
this, SIM could become a routine technique for localization in the pneumococcus. Note that it 
will always be an addition and not a replacement to wide-field fluorescence microscopy, where 
samples are easier to prepare and the phototoxicity is much lower.

From tools to insight
The benchmarking of  fluorescent proteins, development of  microscopy analysis tools and 
assessment of  superresolution techniques together form a powerful toolset for a better 
understanding of  the pneumococcal chromosome cycle. To discuss the major biological 
conclusions of  this thesis, I will go up in scale: from the localization of  DNA replication and the 
chromosomal origin towards the global organization of  the chromosome. Finally, I will describe 
the order of  events in the pneumococcal chromosome cycle (see Figure 1).

Replication at the new septum
To understand the dynamics of  the replication fork, we had to look beyond bulk imaging and 
into single cell measurements. While bulk images in chapter 4 showed unspecific replisome 
localization, time-lapse imaging showed that the replisome was moving in a zone of  the cell 
that also accommodates the Z-ring. Finally, in chapter 3, clustering analysis and colocalization 
with FtsZ made clear that replication indeed initiates at the Z-ring position. It would be good to 
repeat the localization of  the replication fork using SIM, to pinpoint the timing of  replication 
termination and initiation compared to septum closure.

The observation that there is barely a moment in the pneumococcal cell cycle where the 
replisome is completely dissociated is consistent with the ori-ter ratio of  pneumococcal cells 
of  1.4-1.8 in optimal growth conditions: the pneumococcus is literally replicating its DNA, 
segregating its chromosome and building its cell wall at the same time. The recent findings from 
our lab that replication firing through DnaA is connected to the formation of  the Z ring (Gallay 
et al., 2019) fits the observations in this thesis. At the same time, modeling and experimental 
studies on the regulation of  cell size homeostasis also puts DNA replication as key in cell size 
control in bacteria (Si et al., 2019). 



DISCUSSION AND CONCLUSION

147

6.

The replisome is mislocalized in smc mutants and cells treated with ciprofloxacin, where the 
replisome is still very dynamic, but not confined to mid-cell. This is similar to experiments in B. 
subtilis where they showed that the replication forks in decondensed nucleoids are not as confined 
to mid-cell anymore (Mangiameli, Veit, Merrikh & Wiggins, 2017). While the phenotype of  smc 
mutants in the pneumococcus is leading to anucleate cells and mislocalized chromosomes, the 
replisome mislocalization during replication does not seem to have great influence on the cell 
cycle. 

Until now, it has been technically very challenging to follow replication initiation in the 
pneumococcus because of  the fast replication turnover, but it would be interesting to see if  it is 
possible to follow and disturb proper localization of  the origin before replication initiation. If  
DnaA firing at the mid-cell position is indeed key, this should be detrimental for DNA replication 
in single cells.

Localization of  the chromosomal origin 
The results on the replisome and Z-ring localization point to the crucial localization of  the origin 
of  replication during the cell cycle. Indeed, in chapter 4, we noticed that the localization of  
the chromosomal origin is robust. While the replication fork and the terminus are dynamically 
localized during the largest part of  the cell cycle, the origin of  replication gradually moves 
from mid-cell to the ¼ positions of  the cell. The localization of  the origin  is undisturbed by 
perturbation of  cell division by deleting cell cycle protein mapZ, but it is disturbed by deleting 
parB or smc or the addition of  antibiotics that disrupt the organization of  the chromosome 
(ciprofloxacin or HPUra). Note that to visualize the origin-proximal region, we have labeled 
the position at 3 kb from the actual DnaA-trio (Richardson et al., Nature 2016) with a parS site/
tetO array, so the exact origin position and origin dynamics might be slightly different from our 
observations (chapter 4).

Rather than completely mislocalizing the origin of  replication, the splitting of  the origin 
is delayed in these cells. Cells with delayed origin localization have anucleate cells, but also 
mislocalized MapZ and – to a much lesser extent – FtsZ. This mild defect in cell division could 
possibly be connected to the mislocalization of  the replication origin at the point of  replication 
firing in a small subset of  the cells. Alternatively, origin localization is crucial for the correct 
placement of  the septal ring. Again, analysis with higher spatial- and time resolution, using 
single-cell information can help separate these two hypotheses.

What places the chromosomal origin?
Whether chromosomal origin placement is crucial for septal formation directly, as hypothesized 
in chapter 4, or through replication firing, as hypothesized in Gallay et al., 2019, the question 
remains what segregates and moves the origin of  replication to the right spot so robustly. 
Perturbing SMC, ParB, or both only leads to relatively mild defects. The membrane protein 
RocS was recently discovered as an interactor with ParB. rocS deletion leads to similar, though 
slightly more severe, phenotypes as parB or smc deletions (Mercy et al., 2019). In time-lapse 
registrations of  these deletion mutants, chromosomes failing to segregate stay in the middle 
of  the cell or on one side of  the closing septum. In some cases, this leads to anucleate cells or 
chromosome guillotining, but the chromosome often segregates at the very last moment. These 
observations suggest that even when segregation of  the chromosomal origin is perturbed, there 
are mechanisms in place ensuring bulk chromosome segregation before septation. 
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One protein that might be responsible for the rescue of  chromosome segregation in these 
mutants is FtsK, a topic we started to explore in chapter 5. FtsK is a highly conserved cell cycle 
protein that acts as a motor, by translocating DNA (Jean, Rutherford & Löwe, 2019). In E. coli, 
FtsK is an essential protein that localizes at the Z-ring early during division. Its deletion leads 
to mislocalized chromosomes and cell filamentation. However, its deletion phenotype can be 
partially rescued by overexpression of  FtsQAZ or introduction of  a gain-of-function mutant 
of  FtsA (Dubarry, Possoz & Barre, 2010; Geissler & Margolin, 2005). In B. subtilis, FtsK (or 
SpoIIIE) is mainly localized at the cell membrane, but single-molecule studies suggest FtsK 
hexamers stabilize at the septum upon DNA damage (El Najjar et al., 2018). However, B. subtilis 
FtsK is primarily involved in sporulation and not essential (Errington, Bath & Wu, 2001; Koo 
et al., 2017), while it also harbors another unessential DNA translocase – a cytoplasmic FtsK 
homolog called SftA (El Najjar et al., 2018). 

On the contrary, FtsK is essential in the pneumococcus and cells slowly die upon depletion 
of  FtsK by CRISPRi. This effect is strongly exacerbated when SMC, CcrZ and HU are also 
depleted (Julien Denereaz and Jan-Willem Veening, unpublished). In chapter 5, we show that 
FtsK localizes at the membrane and moves to the closing septum late during the cell cycle, at 
the moment in time when the chromosome is nearly segregated. Until now, several attempts 
by different members of  our laboratory to make deletions and depletions failed, but using 
alternative approaches such as combining CRISPR interference with the degron system described 
in chapter 5 could possibly help investigating the role of  FtsK further. The recent description of  
the mechanism of  action of  E. coli FtsK (Jean et al., 2019) can also aid in the design of  functional 
mutants in the pneumococcus. It would also be interesting to follow the movement of  FtsK in 
the membrane during cell division in both wild type as in segregation mutants to see if  there are 
changes in FtsK recruitment to the septum.

Chromosome shape and composition as a segregation 
factor
Interestingly, mutations disrupting chromosome segregation, ccrZ depletion, hu degradation 
and blocking gyrase with ciprofloxacin all lead to similar events as observed by microscopy: 
guillotining of  chromosomes, anucleate cell formation and last-minute segregation of  
chromosomes (chapter 5, Gallay et al., 2019). The underlying mechanisms behind these defects 
are very different. This suggests that overall chromosome integrity and DNA replication have a 
significant role in chromosome segregation. This is a good reminder that as DNA replication, 
chromosome segregation and compaction, cell growth and cell division all happen at the same 
time; these processes all influence each other.

Theoretical studies on the conformation of  the chromosome in bacteria combined with recent 
in vivo studies are pointing in the direction that molecular crowding and cell morphology are 
important drivers for chromosome segregation and compaction. The simplest model leading 
chromosomes to segregate consists of  DNA and crowders, confined in a tube. Theoretical 
models are supported by the observation that L-form bacteria can segregate their chromosome 
accordingly when they are confined in microfluidic channels (L. J. Wu et al., 2019). Similarly, E. 
coli cells forming large cell filaments still segregate their chromosomes at the ¼ positions of  the 
cell (F. Wu et al., 2019). The nucleoids of  these filamentous E. coli cells also scale up when the 
cells get larger. 

The work of  (Gray et al., 2019) showed that in a large range of  bacteria, the mobility and 
localization of  the ribosomes is correlated with the cell-to-nucleoid size scaling. In other words, 
in cells where the nucleoid is highly compacted, the ribosome localization is anti-correlated 
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with the nucleoid and the ribosomes are very mobile. Ribosomes are thought to be important 
molecular crowders. When they are caught in the meshwork of  the nucleoids, as in C. crescentus, 
it can be interesting to find out what keeps the chromosome decondensed in this bacterium. 

As for Streptococcus pneumoniae, which is not a rod-shaped bacterium but oval-shaped, many of  
the geometrical principles laid out in these studies (Gray et al., 2019, L. J. Wu et al., 2019) can still 
count. Since the cell is nearly round when starting to grow, the segregation forces from the cell 
shape might only come to play late during cell division. This might explain the essentiality of  
FtsK in the pneumococcus, as well as the importance of  DNA flexibility and compaction in the 
pneumococcus for fast segregation during late cell division. 

Unlike C. crescentus, the nucleoid-to-cell size ratio of  the pneumococcus is rather small (between 
0.25-0.5 depending on the way of  measurement vs. 0.75 for C. crescentus). Interestingly, addition 
of  sublethal concentrations of  ciprofloxacin makes the cell population lose the nucleoid-cell 
size scaling, though this experiment would have to be repeated using SIM images combined with 
a membrane marker to be sure of  the cell sizes. If  ciprofloxacin indeed disrupts nucleoid size 
scaling of  the pneumococcus, it would be interesting to see what the role of  topoisomerase IV 
is in the maintenance of  the nucleoid-to-cell size ratio. This would again lead to the investigation 
of  the latest point in chromosome segregation, something we have not focused on to a great 
extent in the chapters of  this thesis. 

It is important to note that the nucleoid-to-cell ratio measurements could be influenced by 
more than the segmentation of  phase contrast images. A drawback of  using HU-FP fusions to 
measure nucleoid sizes in cells with disrupted chromosome organization is that HU might be 
differently localized, over- or underexpressed. Even though syto-13 and HU localization show 
a good overlap and ChIP-seq did not show any high localization peaks (chapter 5), it is difficult 
to rule this out completely. However, as long as DNA staining always has some effect on cell 
viability, using HU-FP fusions is the most trustworthy DNA localization method at hand. When 
drawing conclusions on nucleoid sizes, it might be wise to use two different DNA visualization 
methods or check HU levels inside the cell.

The anatomy of  the pneumococcal chromosome
This thesis presents a detailed description of  the organization of  the pneumococcal chromosome 
during the cell cycle. To conclude, I will go through the chromosome cycle, highlighting the order 
of  events. The pneumococcal cell cycle is also summarized in Figure 1 on the previous page.

While the septum closes and two daughter cells are born, DNA replication starts bidirectionally 
from the origin of  replication, which localizes at the new mid-cell position (or ¼ position of  
the mother cell).  Whether a new round of  replication is fired before or after septum closure is 
an open question. Imaging the replisome and the septum together with high time- and spatial 
resolution could answer this, if  it is possible to overcome the technical challenges of  fluorescence 
bleaching and phototoxicity. 

After replication has started, the origin of  replication migrates steadily to the ¼ positions of  
the cell, as does cell cycle protein MapZ (Figure 1). As the chromosome is replicated further 
at mid-cell, where the replisomes are dynamically localized, the chromosome arms move away 
from mid-cell. During the cell cycle, the terminus is not specifically localized inside the cell, until 
the final stage of  chromosome segregation, where the terminus is localized at the septum. FtsK 
localizes here as well. FtsZ assembles at the ¼ positions of  the cell. The replisomes dissociate 
from mid-cell, associate near FtsZ and the septum closes. A new round of  replication begins 
when CcrZ is brought to midcell by a direct interaction with FtsZ and then stimulates DnaA to 
trigger replication (Gallay et al., Figure 1).
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The segregation of  the chromosomes is mediated by SMC, ParB, RocS, HU and possibly 
FtsK. Both HU and SMC influence chromosome condensation, shaping and flexibility, which 
is important for the proper segregation of  the chromosome. Hi-C will be a next step in the 
mapping of  the chromosome organization of  the pneumococcus to understand the differences 
in the influence of  the different proteins on chromosome organization. Combining this with 
high resolution microscopy of  the chromosome in different conditions, if  possible using dual-
color SIM of  HU-FP fusions with markers for chromosomal loci, could complete the anatomy 
of  the pneumococcal chromosome as laid out in this thesis. In order to do this, there are some 
technical challenges to overcome, as mentioned above and in chapter 5 of  this study. 

With its low number of  (known) proteins involved in chromosome segregation and robust 
chromosome cycle, S. pneumoniae could be a good model for investigating the role of  other, 
passive processes on chromosome segregation. Where E. coli has many different NAPs, the 
pneumococcus only has one. The known chromosome segregation mediators are not essential. 

Figure 1. Summary of the pneumococcal cell cycle. Main panel: From top, clockwise: in a new-born cell, 
DNA is replicated at the septum, while the ParB-bound origin and MapZ are migrating towards the ¼ po-
sitions of the cell. FtsZ filaments are moving towards the ¼ positions of the cell afterwards, while the old 
septum is closing. When a full FtsZ-ring is visible at the ¼ positions of the cell, a new round of replication 
is fired close to the Z-ring. This is mediated by CcrZ, that colocalizes with FtsZ. The replication termini are 
close to the closing septa, where FtsK is localized, possibly to translocate the last parts of the chromosome 
towards both daughter cells. Top-right panel: Proteins important for chromosome segregation and chro-
mosome conformation: ParB (orange) is bound to the origin of replication and aids the loading of SMC 
(pink) to the chromosome. Both SMC and HU (green) are important for the global conformation of the 
chromosome. RocS (blue) is a membrane-bound protein that interacts with ParB. Bottom-right panel: 
the chromosome is a dynamic structure, of which the conformation switches from a twisted, wet-towel like 
structure, to a straight structure where the two newly formed chromosomes oppose each other.
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Of  course, there could be more unknown proteins interacting with the pneumococcal 
chromosome. Synthetic lethal screens and/or localization studies could help identify novel 
players for chromosome segregation in the pneumococcus. 

Where we could follow the movement of  the chromosomal origins using conventional 
fluorescence microscopy, there are steps to be taken in mapping the final stage of  chromosome 
segregation. Getting a more complete description of  late chromosome segregation events 
could help understand the forces behind the robust segregation of  the chromosomes in the 
pneumococcus, even when early chromosome segregation fails. Coming to the end of  this 
chapter, the most exciting unknown of  the pneumococcal chromosome cycle might lie in its tail.
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