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CHAPTER

7
Summary and Discussion

Yongqiang Gao
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Summary
This thesis deals with three questions: (i) How are early and late cell division connected, (ii)
can FtsZ constrict the cell membrane, and (iii) do cell division proteins function in other
cellular processes.

Link between early and late division proteins
Bacterial cell division is initiated by polymerization of the tubulin homologue FtsZ into a ringlike structure at midcell 1, and after some time, which can last ~20% of the cell cycle

2,3

, the

late division proteins involved in synthesis of the septal wall are recruited 4. However, in
Gram-positive bacteria it is unclear which proteins in the Z-ring recruit the late cell division
proteins. For the Gram-negative bacterium E. coli, it was shown that the two membrane
anchors of the Z-ring, FtsA and ZipA, function as the main linkers connecting Z-ring with the
rest of divisome complex. However, FtsA is not essential in B. subtilis, and Gram-positive
bacteria do not contain ZipA homologues

5-7

. In chapter 2, I found that overexpression of

protein SepF, which is the alternative membrane anchor of the Z-ring in Gram-positive
bacteria, blocks assembly of late cell division proteins, without interfering with Z-ring
assembly, suggesting that SepF might support the recruitment of late cell division proteins. In
fact, extra SepF aggregates into large clusters at the cell membrane, triggering large
membrane invaginations, and late proteins tend to accumulate at these sites, whereas FtsZ
is not recruited to these membrane invaginations. I also showed that SepF, FtsA and EzrA
compete for FtsZ binding, and that the balance in this competition is important for the
recruitment of late cell division proteins. In Chapter 4, I used an artificial FtsZ-anchoring
system to test whether FtsZ itself can recruit late cell division proteins. For this I used FtsZ
and SepF from Acholeplasma laidlawii, a cell wall lacking mycoplasma-like bacterium that I
examine in Chapter 3. These proteins are able to assemble into Z-rings when expressed in
B. subtilis, without support of B. subtilis own early cell division proteins FtsZ, FtsA, SepF,
EzrA and ZapA. Intriguingly, this artificial Z-ring can form a mixed Z-ring together with native
B. subtilis FtsZ, even in absence of its own membrane anchors BsFtsA and BsSepF. Based
202

on this artificially mixed Z-ring system, I found that B. subtilis FtsZ alone is unable to recruit
the late cell division protein Pbp2B, which is a representative for the late cell division proteins.
The recruitment of Pbp2B requires the presence of FtsA and EzrA. In addition, the absence
of either ZapA or SftA reduced the recruitment of Pbp2B slightly. This data suggests that
there are multiple interactions between early and late cell division proteins in B. subtilis, but
the details of these interactions are still obscure.

Constriction of the cell membrane by FtsZ
The second problem dealt with was the question whether FtsZ can constrict the cell
membrane. Currently, there are two models proposed to describe the constrictive force for
cytokinesis. One is the so called ‘FtsZ-centric’ model, in which hydrolysis of GTP bends FtsZ
polymers, thereby constricting the Z-ring and pulling the cell membrane inwards 8-13. However,
constriction of only the cell membrane has never been observed in bacteria, and the
invagination of the cell membrane is always closely linked to septal peptidoglycan synthesis
14,15

, and the consensus is now shifting towards a ‘peptidoglycan-centric’ model, whereby the

membrane is pushed inwards by synthesis of the septal cell wall

16

. To address this, I tried to

examine cell division in natural existing, cell wall-lacking bacteria, such as mycoplasmas,
which lack peptidoglycan so cell division cannot be driven by peptidoglycan synthesis. Yet
these species contain an FtsZ homologue and appear to divide by binary fission

17,18

,

suggesting that they divide according to the FtsZ-centric model. In Chapter 3, I used
Acholeplasma laidlawii as the mycoplasma model organism because it uses the canonical
genetic code for protein translation and grows reasonably fast

19,20

. I identified the A. laidlawii

gene acl_0703 as SepF homologue, and found that A. laidlawii SepF and FtsZ can form Zrings in B. subtilis devoid of its native division proteins FtsZ, FtsA, SepF, EzrA and ZapA.
However, no Z-rings were detected in A. laidlawii itself, instead, AlFtsZ forms a cluster
attached to the A. laidlawii cell membrane. In fact, time-lapse movies indicated that A.
laidlawii propagates by budding instead of binary fission, and the AlFtsZ-AlSepF clusters
initiate bud formation. Interestingly, when B. subtilis was transformed into round-shaped cells
203

by forming either spheroplasts, L-forms or by deleting mreD, the Z-rings formed by AlFtsZAlSepF switched to clusters, similar to its localization in A. laidlawii. So in this chapter we
propose that round-shaped cells cannot divide according to the FtsZ-centric model for the
reason that a contractile Z-ring cannot be stably maintained at midcell in round-shaped cells
without cell wall anchoring. That also gives an explanation for the failed attempts to stimulate
Z-ring triggered cell division in artificial liposomes 21.

Early cell division proteins and other cellular processes
Cell division is considered to be an autonomous process, and the inactivation of early cell
division proteins and its regulators does not affect growth, with the exception of ftsA mutants
that grow slower. In chapter 5, I tried to confirm this by measuring the global gene
transcription, using RNA-seq, of a clean ΔftsA, ΔsepF, ΔezrA, ΔzapA, ΔminC, Δnoc and
ΔsftA mutant, and also that of FtsZ-depleted cells. This gave a surprising result and showed
that all mutants affected the expression of genes unrelated to cell division. Some of the same
regulons were affected, including prophages, biofilm formation (epsA-O) and the SigBtriggered stress response. In addition, many genes involved in carbon metabolisms were
influenced and belonged to the CcpA regulon. However, I could not find a regulator that was
associated with the Z-ring, although I have not explored all possibilities. However, when
verifying the transcriptome data by qRT-PCR and lacZ promoter fusions, I found that the
qRT-PCR data was in line with RNA-seq data, whereas in several cases the lacZ expression
was unaffected. We speculate that the mRNA stability is affected in many of these mutants.
Of the tested mutants, only an ftsA deletion showed a clear effect on the overall
growth rate. In Chapter 6, I tried to determine the genetic factors involved in this, by finding
suppressor mutations using transposon mutagenesis. I found that deletion of yczN and yczM,
partially restored growth. YczN and YczM are classified as type I toxins

22,23

, but we did not

find any indication that the expression of these toxins was affected, and it remains unclear
how a ΔftsA mutation affects growth.
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Future studies
In this thesis I have answered the question whether FtsZ is able to function as membrane
constrictor, and I showed that cell division proteins are involved in processes that are
unrelated to cell division, and that FtsZ alone is not able to recruit the late cell division
proteins in B. subtilis. But my work also generated many new questions. In Chapter 4, it was
shown that the recruitment of late division proteins requires the presence of FtsA and EzrA. It
is now time to elucidate how these proteins bind to the late proteins in detail. The mixed Zring system can be a first step as it provides the possibility to make domain deletions and
swaps to determine which regions in these proteins are important, and the same can be
done for the key late proteins. Another possibility is to use chemical crosslinking to try to find
the interaction domains in the early and late cell division proteins. In Chapter 5, the
inconsistency between qPCR results and some lacZ promotor fusions suggested that mRNA
stability might be affected in a number of cell division mutants. This should be confirmed by
determining the half-life of related mRNAs, using the RNA polymerase inhibitor rifampicin

24

.

If this is the case, it might be possible to check strains that have been mutated for different
RNases and check which strains shows the same effect as the division mutants. Two-hybrid
or pull down experiments can then be used to examine whether there is an interaction
between the relevant RNase and cell division protein. However, the RNAseq data showed a
plethora of different gene regulation effect that differed between the mutants and it is likely
that mRNA instability is not the only explanation. Thus, there is still plenty of research to do
in order to explain the transcriptome data. In conclusion, my PhD research have provide a
few answers, but it will take many more years of research before we can say that we fully
understand bacterial cell division.

205

REFERENCES

1
2
3
4
5

6

7

8
9
10
11

12
13
14
15

16
17
18
19
20
21

Adams, D. W. & Errington, J. Bacterial cell division: assembly, maintenance and disassembly
of the Z ring. Nature Reviews Microbiology 7, 642 (2009).
Aarsman, M. E. et al. Maturation of the Escherichia coli divisome occurs in two steps.
Molecular microbiology 55, 1631-1645 (2005).
Gamba, P., Veening, J.-W., Saunders, N. J., Hamoen, L. W. & Daniel, R. A. Two-step assembly
dynamics of the Bacillus subtilis divisome. Journal of bacteriology 191, 4186-4194 (2009).
den Blaauwen, T., Hamoen, L. W. & Levin, P. A. The divisome at 25: the road ahead. Current
opinion in microbiology 36, 85-94 (2017).
Hamoen, L. W., Meile, J. C., De Jong, W., Noirot, P. & Errington, J. SepF, a novel FtsZinteracting protein required for a late step in cell division. Molecular microbiology 59, 989999 (2006).
Ishikawa, S., Kawai, Y., Hiramatsu, K., Kuwano, M. & Ogasawara, N. A new FtsZ-interacting
protein, YlmF, complements the activity of FtsA during progression of cell division in Bacillus
subtilis. Molecular microbiology 60, 1364-1380 (2006).
Duman, R. et al. Structural and genetic analyses reveal the protein SepF as a new membrane
anchor for the Z ring. Proceedings of the National Academy of Sciences 110, E4601-E4610
(2013).
Osawa, M., Anderson, D. E. & Erickson, H. P. Reconstitution of contractile FtsZ rings in
liposomes. Science 320, 792-794 (2008).
Osawa, M., Anderson, D. E. & Erickson, H. P. Curved FtsZ protofilaments generate bending
forces on liposome membranes. The EMBO journal 28, 3476-3484 (2009).
Osawa, M. & Erickson, H. P. Inside-out Z rings-constriction with and without GTP hydrolysis.
Molecular microbiology 81, 571-579 (2011).
Milam, S. L., Osawa, M. & Erickson, H. P. Negative-stain electron microscopy of inside-out
FtsZ rings reconstituted on artificial membrane tubules show ribbons of protofilaments.
Biophysical journal 103, 59-68 (2012).
Osawa, M. & Erickson, H. P. Liposome division by a simple bacterial division machinery.
Proceedings of the National Academy of Sciences 110, 11000-11004 (2013).
Szwedziak, P., Wang, Q., Bharat, T. A., Tsim, M. & Löwe, J. Architecture of the ring formed by
the tubulin homologue FtsZ in bacterial cell division. Elife 3, e04601 (2014).
Daley, D. O., Skoglund, U. & Söderström, B. FtsZ does not initiate membrane constriction at
the onset of division. Scientific reports 6, 33138 (2016).
Strauss, M. P. et al. 3D-SIM super resolution microscopy reveals a bead-like arrangement for
FtsZ and the division machinery: implications for triggering cytokinesis. PLoS biology 10,
e1001389 (2012).
Monteiro, J. M. et al. Peptidoglycan synthesis drives an FtsZ-treadmilling-independent step of
cytokinesis. Nature 554, 528 (2018).
Vishnyakov, I. et al. Localization of division protein FtsZ in Mycoplasma hominis. Cell and
Tissue Biology 3, 254-262 (2009).
Maniloff, J. Ultrastructure of Mycoplasma laidlawii during culture development. Journal of
bacteriology 102, 561-572 (1970).
Liss, A. & Maniloff, J. Infection of Acholeplasma laidlawii by MVL51 virus. Virology 55, 118126 (1973).
Maniloff, R., McEthaney, N., Fuch, L. & Baseman, J. Mycoplasmas: Molecular biology and
pathogenesis, 1992. American Society for Microbiology, Washington, DF.
Furusato, T. et al. De novo synthesis of basal bacterial cell division proteins FtsZ, FtsA, and
ZipA inside giant vesicles. ACS synthetic biology 7, 953-961 (2018).

206

22
23
24

Durand, S., Jahn, N., Condon, C. & Brantl, S. Type I toxin-antitoxin systems in Bacillus subtilis.
RNA biology 9, 1491-1497 (2012).
Fozo, E. M. et al. Abundance of type I toxin–antitoxin systems in bacteria: searches for new
candidates and discovery of novel families. Nucleic acids research 38, 3743-3759 (2010).
Gamba, P., Jonker, M. J. & Hamoen, L. W. A novel feedback loop that controls bimodal
expression of genetic competence. PLoS genetics 11, e1005047 (2015).

207

