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Abstract
In virtually all bacteria cell division is essential and tightly regulated both temporally
and spatially to ensure that cells divide precisely at the centre between segregated
chromosomes. Failure to do so can lead to cell death. The earliest event in bacterial cell
division is the polymerization of the highly conserved tubulin-like protein, FtsZ, to
form a contractile structure called the Z ring, on the inner side of the cytoplasmic
membrane at midcell and between chromosomes. The Z ring subsequently contracts
causing the cell envelope to invaginate, generating two newborn cells. Thus the Z ring
defines the position of the division site in bacterial cells.
How the Z ring is positioned precisely at midcell is a controversial topic that remains
unresolved. Division site positioning has long been believed to occur via the combined
action of two factors: the Min system and nucleoid occlusion. Both factors have been
proposed to prevent Z ring assembly along the length of the cell, allowing it to
assemble only once chromosomes segregate and nucleoid occlusion is relieved
specifically at midcell. The research described in this thesis challenges this paradigm,
providing compelling evidence that other mechanisms in addition to nucleoid occlusion
and the Min system act to position the Z ring at midcell in B. subtilis. Moreover, this
work also shows that nucleoid occlusion and the Min system do not define the Z ring
position at midcell but rather ensure that the midcell division site is utilized efficiently.
A clue to an additional mechanism for positioning the Z ring has emerged from studies
investigating the relationship between chromosome replication and Z ring position. The
nature of this relationship has remained obscure for years. Part of this thesis involves a
closer examination of this relationship. It was found that the ability to position the Z
ring at midcell is linked specifically to the progress of the initiation stage of DNA
replication, such that the frequency of Z rings at midcell increases as this stage of DNA
replication is progressively completed. Moreover, this link was found to be nucleoid
occlusion independent.
Spatial and temporal control of Z ring assembly has been widely attributed to the Min
system and nucleoid occlusion. While inactivating both systems substantially affects
XIX

cell division, it is currently unknown whether their absence affects precise midcell Z
ring positioning. This thesis deals with this question, and it was found that the
combined effect of Min CD and Noc proteins actually affects the timing and efficiency
of Z ring assembly, but not its spatial precision between nucleoids at midcell.
If Noc and MinCD proteins do not position the Z ring at midcell, what other factores
may play this role? Two hypotheses were proposed to help explain the precise Z ring
positioning observed in absence of nae and minCD: 1) Noc-independent nucleoid
occlusion or 2) factors completely independent of nucleoid occlusion position the Z
ring at midcell. Experiments designed to discriminate between these hypotheses
showed that they are actually both valid: while the data obtained suggests that factors
completely independent of nucleoid occlusion (Noc inclusive) and the Min system
position the Z ring at midcell, it also suggested that other Noc-independent nucleoid
occlusion factors prevent the Z ring from assembling at midcell over unreplicated
DNA.

xx
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Preface
Bacteria, once considered simple unicellular organisms, have over the last two decades
been shown to possess intricate and very well coordinated mechanisms to regulate their
biology. A fundamental process in the life of any bacteria is cell division. This process
has fascinated biologists for decades and the apparent simplicity of cell division, which
essentially requires splitting a cell in two equal genetic parts, is now known to be
highly complex.
The question of how bacterial cells decide where, and when, to divide opens up a
plethora of other questions, for example: how do bacteria define the position of the
division site? How do they coordinate the timing of chromosome replication with the
timing of cell division? The study of three main bacterial model organisms, the two
Gram-negatives, Escherichia coli and Caulobacter crescentus, and the Gram-positive

Bacillus subtillis, has shed much light on the answer to these questions and it has
become clear that different bacterial organisms utilize similar mechanisms to regulate
the vital process of cell division.
Understanding how bacterial cells divide is of invaluable importance. The identification
of new mechanisms that regulate bacterial cell division opens up new possibilities into
the identification of essential division proteins. The cell division proteins have not been
targeted by antibacterial drugs, thus cell division is a totally new avenue to explore
potential antibacterial targets to aid in the development of new antibiotics to combat the
wide spread phenomena of bacterial antibiotic resistance (Lappchen et al., 2005; Stokes

et al. , 2005; Paradis-Bleau et al., 2007; Haydon et al., 2008; Lock and Harry 2008).
Furthermore because bacterial cells have such a versatile biology, understanding the
basics of cell division is also likely to be advantageous for new applications in food
microbiology, industrial microbiology and in bioprocesses, such as biotransformation
and bioremediation.
This work is concerned with the cell division of B. subtilis. B. subtilis is an aerobic
Gram-positive, rod-shaped, spore-forming bacterium naturally existing as a soil
saprophyte. Its relatively large size, genetic amenability and biphasic life-cycle have
2
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made it a highly utilized model organism, not only for the basic study of cell division
but also for the study of many applied aspects of microbiology. Furthermore, with a
complete genome sequence and the identified (and predicted) function of many
encoded proteins, B. subtilis is indeed an ideal bacterium to study in a laboratory setup.

1. 1 Bacillus subtilis: a model organism
The B. subtilis life cycle is subdivided in two separate events known as vegetative
growth and sporulation (Fig. 1.1 ). Vegetative growth occurs when, for example, there is
high nutrient abundance and ideal environmental conditions. In this case, the
vegetatively-growing cells form a centrally-located septum to produce two genetically
identical daughter cells (Fig. 1.1 ). The process of septum formation (i.e. septation) is
highly regulated and involves the coordinated invagination, and growth, of the two cell
envelope layers, the cytoplasmic membrane and the peptidoglycan cell wall. Once
formed the septum is then hydrolysed to yield two separate daughter cells.
Generally during vegetative growth, cells double in mass faster then they can replicate
their DNA, essentially resulting in cells containing multiple replicating copies of the
chromosome (Yoshikawa et al. , 1964; Sherratt 2003). Furthermore, cell division does
not occur simultaneously in all cells within a population. For this reason understanding
the coordination of different cell cycle events, such as the coordination between ON A
replication and Z ring formation, during vegetative growth has proven difficult. To
overcome this problem in B. subtilis, the spore outgrowth system has been extensively
utilized. The germination of B. subtilis spores occurs relatively synchronously
essentially allowing the examination of the first cell cycle of division and DNA
replication following germination, without the complications of multiple overlapping
cell cycles (Partridge and Wake, 1995; Harry et al., 1999; Regamey et al., 2000).

1.1.1 Sporulation and the spore outgrowth system
Under conditions of stress (e.g. starvation, desiccation), B. subtilis is able to undergo a
differentiation pathway called sporulation. During sporulation the septum is positioned
asymmetrically, close to the cell pole, to divide the cell into a larger mother cell and a
3
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smaller fores pore compartment (Fig. 1.1 ). Once replicated, the DNA is then extended
into an axial filament and "pushed" through the invaginating forespore septum so that
the spore contains the full complement of DNA (Lin et al. 1997). The smaller foresp ore
compartment then develops into a highly resistant dormant spore (Hauser and Errington
1995). Upon lysis of the mother cell the spore is then finally released into the
environment.

Sporulation

Vegetative growth

\

\

\

-t

DNAreplication

-t

DNAsegregation and div ision

-t

Daughter cell sepa ration

-t

Engulfment of spore

-t

Spore co rtex and coat formation

-----~-

\,{.:}oat

Spo re germination
and o utgrowth

--

-t

Mother cell lysis

M ature dormant spore

Figure 1.1: The cell cycle of B. subtilis. When nutrients are available, vegetative growth occurs (left).
Septum formation occurs at midcell between segregated chromosomes (black) to produce two identical
daughter cells. In response to starvation, B. subtilis cells enter sporulation to result in a dormant spore
(right). This involves the formation of a septum close to one of the poles. A single copy of the replicated
nucleoid is translocated through the invaginating septum into the smaller forespore compartment. The
forespore is then engulfed by the larger mother cell and matures by developing spore cortex material and
a spore coat. The dormant spore is finally released once the mother cell lysis occurs. The spore will
germinate in the presence of sufficient nutrients. Following spore germination and outgrowth, the new
cell enters the vegetative growth cycle.

The spores can be germinated under specific conditions to yield a relatively
synchronous population of newborn vegetative cells (Harry et al. , 1999; Barak et al.,
2005 ; Harry et al., 2006). Due to its relative synchronicity, spore germination allows
the examination of the first round of replication (ROR) and division that is relatively
uncomplicated by previous division events. This system facilitates studies examining
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the coordination between different cell cycle events, such as DNA replication and cell
division. The spore outgrowth system has been extensively utilized and can be used to
provide information on cell cycle events occurring during vegetative growth as the first
round of DNA replication and cell division occur in an identical manner (Yoshikawa
and Wake 1993).

1.2 DNA replication
Bacteria have evolved multicomponent protein machines, termed replisomes, to
replicate their chromosomes very rapidly and with high fidelility. Chromosome
replication consists of three characteristic stages: initiation, elongation (also known as
DNA synthesis or DNA chain elongation) and termination. B. subtilis duplicates its
single circular chromosome by initiating DNA replication at a single locus, the origin
of replication (oriC). The process of initiation requires several proteins and these
essentially remodel the DNA, or help load the different replisome components onto the
DNA, to prepare for the start of the elongation stage. The most important event during
initiation is the assembly of DNA polymerase llI holoenzyme into the replisome. This
process marks the completion of the initiation stage. Once loaded into the medially
located replisome, the DNA polymerase III is responsible for DNA synthesis.
Replication of the chromosome occurs on two replication forks

that move

bidirectionally from the oriC (one clockwise, the other anti-clockwise) towards a region
located approximately opposite oriC called the terminus region (terC) . At this region,
the two forks fuse and the two chromosomes are formed.

1.2.1 Initiation of DNA replication
The initiation step of DNA replication in bacteria involves the unwinding or 'opening'
of double-stranded DNA at the oriC, and the assembly of the replisome at this site (Fig.
1.2). At oriC, double-stranded DNA is specifically bound and unwound by the
replication initiation protein DnaA (Mariya et al., 1999; Krause and Messer, 1999).
DnaA is involved in the initiation of chromosome replication in many bacteria and the
basic structure of oriC and dnaA genes are conserved in B. subtilis and E. coli (Mariya

et al., 1985). In B. subti/is, the DnaA protein interacts with 9-mer sequences, termed
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DnaA boxes, located in non-coding regions upstream and downstream of dnaA (Moriya

et al. , 1999; Mott and Berger, 2007). DnaA then unwinds a 27-mer AT rich cluster
(Krause et al. , 1997; Mori ya et al. , 1999; Mott and Berger, 2007) and the DnaC
helicase is recruited to this single stranded DNA region by DnaB, DnaD and DnaI
initiation proteins (Bruand et al. , 1995; Moriya et al. , 1999). In B. subtilis a very recent
study has shown that DNA replication initiation occurs through the ordered, and
progressive, association of replication initiation proteins with oriC (Smits et al. , 2010).
The proposed order of the assembly of the initiation protein at oriC according to Smits

et al. , (2010), is DnaA, DnaD, DnaB and then DnaI and DnaC. Once loaded, the DnaC
helicase then extends the unwound DNA template and the remainder of the replisome
(including the holoenzyme DNA polymerase III) is recruited to this unwound region
(Fig. 1.2).
The initiation of DNA replication is tightly linked to the growth rate of the cell by an
unknown mechanism (Donachie, 2001). More recently, DNA replication initiation has
also been shown to be directly linked to chromosome segregation through interactions
between DnaA and the chromosome segregation Soj/SpoOJ system (Murray and
Errington, 2008).
DnaA boxes

dnaA

DnaA boxes

...........,._ _·H A.. Hc===--AT region
r "'-.

DnaA
DnaD
DnaB
•

Dnal

OonaC

Figure 1.2: Steps in the DNA replication initiation of B. subtilis at oriC. DnaA (red circle) is
produced and initiates unwinding of double stranded DNA at oriC, at the AT rich sequence (in dark
grey). DnaB (green triangle), DnaD (blue hexagon) and Dnal (purple % circle) are involved in the
loading the DnaC helicase (green open circle) onto the replication fork . The DNA polymerase Ill ('r
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subunit, not shown) is then assembled to complete the formation of the replisome at oriC. Figure based
on Mori ya et al., ( 1999), with changes to incorporate the findings of Smit et al. , (2010) .

1.2.2 DNA chain elongation
Several proteins are involved in the replication of the chromosome in B. subtilis and
these are assembled into a multiprotein complex, known as the replisome. The major
component of the replisome at the replication fork is the DNA polymerase III
holoenzyme. In B. subtilis, two different polymerases are involved in DNA synthesis at
the fork, PolC and DnaE (Dervyn et al., 2001 ), with the PolC catalytic subunit present
at the leading strand and DnaE likely to be responsible for lagging strand elongation
(Dervyn et al., 2001 ). In E. coli the DnaE polymerase synthesizes DNA on both strands
of the DNA (Lemon et al., 2002) and two subunits of DnaE are contained in the DNA
polymerase III holoenzyme. As a whole molecule, DnaE exhibits functional asymmetry
allowing replication on both strands (Glover and McHenry, 2001 ). Both polymerases in
E. coli and B. subtilis are bound together by a dimer of the

T

protein, DnaX (McHenry,

1982; Kelman and O'Donnell, 1995; Lemon et al., 2002). This ability of T to bind both
polymerases, couples the replication of both DNA strands, and this is an essential
requirement for DNA replication in vivo in both E.coli and B. subtilis (Baker and Bell,
1998). The other main constituents of the replisome in B. subtilis are the DnaC
helicase, which unwinds the DNA template, the primase (DnaG), responsible for
synthesis of RNA primers on the lagging strand and DnaI, a helicase loading protein.
Together, DnaC, DnaG and DnaI are termed the primosome. A schematic
representation of the replisome in B. subtilis is shown in Figure 1.3.
A summary of the proteins found at the replication fork of B. subtilis and E. coli is
described in Table 1.1. While many of the replication proteins are conserved between
B. subtilis and E. coli, some of the essential replication proteins in both organisms do
not have significant sequence homology. For example, three proteins required for the
initiation of DNA replication in B. subtilis, DnaB , DnaD and DnaI, have no known
homologs in E. coli (Lemon et al., 2002). Furthermore, B. subtilis does not contain
homologues of the 8, x and \Jf subunits of the E. coli DNA polymerase III (Kunst et al.,
1997).
7
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-

Overall Fork movement
Sliding
clamp~

3'
5'

5'
3'

Figure 1.3: Simplified model of the B. subti/is replication fork. Black lines show the DNA template
strands, grey lines show the nascent daughter strands. PolC is the holoenzyme subunit involved in
leading strand DNA synthesis (in red, top) and DnaE (in red, bottom) is involved in Jagging strand DNA
synthesis. 5' to 3' DNA synthesis of the lagging strand is achieved in 1000 nucleotide fragments called
Okazaki fragments. On the lagging strand, the primase (pink) is transiently associated with the DnaC
helicase (yellow) while it synthesizes an RNA primer for Okazaki fragment synthesis. SSBP (singlestranded binding protein, in bright blue) binds to ssDNA (single-stranded DNA). Figure based on an
image in Lemon et al., 2002.
Table 1.1: Comparison of the B. subti/is and £. coli proteins involved in chromosomal DNA
replication (adapted with modifications from Noirot et al., 2007).
B.

E.coli

Protein functiona

References

subtilis
DnaA

DnaA

Initiator of DNA replication, oriC binding and
unwinding

Krause et al., 1997; Krause and
Messer, 1999; Moriya et al.,
1990
Bruand et al., 1995; Bruand et
al., 2001; Velten et al., 2003
Velten et al., 2003
Bruand et al., 2001; Bruand et
al., 2005; Rokop et al., 2004
Dervyn et al., 200 l; Inoue et
al., 2001; Le Chatelier et al.,
2004
Bird et al., 2000

DnaB
DnaC
DnaD

DnaB

DnaE

DnaG

DnaG

DnaI
DnaN

DnaN
DnaC
DnaQ

Initiation at oriC, component of the replication
restart primosome, co-loader of DnaC helicase
Replicative helicase
Initiation at oriC, component of the replication
restart primosome
DNA poiymerase essential for replication fork
progression, putative lagging strand polymerase,
error prone synthesis
DNA primase, primer synthesis on lagging
strand template
Co-loader of the DnaC helicase, component of
the replication restart primosome
~-sliding clamp, processivity factor of the
replicative polymerase
Loader of the replicative helicase
E subunit of the DNA polymerase III, proof

Bruand et al., 200 l; Velten et
al., 2003
Bruck and O'Donell , 2000;
Ogasawara et al., 1986
Davey and O'Donell, 2003
Scheuermann and Echols, 1984
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HolA

HolA

HolB

HolB

reading exonuclease
Pri-dependent replication restart primosome
T subunit of the DNA polymerase Ill, clamp
loader, coupling of leading and lagging strand
synthesis
Regulatory inactivation of DnaA-bound ATP in
the presence of sliding clamp loaded onto the
DNA
8 subunit of DNA polymerase Ill, clamp loader
wrench
()'subunit of DNA polymerase Ill, clamp loader

HolC
HolD
HolE

x subunit of DNA polymerase III
ll' subunit of DNA polymerase Ill
8 subunit of DNA polymerase Ill

Bruck and O'Donnell, 2000;
Noirot-Gros et al., 2002
Bruck et al., 2005; Bruck and
O'Donell, 2000
Johnson and O'Donell, 2005
Johnson and O ' Donell, 2005
Johnson and O'Donell, 2005

DNA helicase, essential for DNA replication and
DNA repair
DNA polymerase I, removal of RNA primers
and gap filling. Translesion DNA synthesis
a subunit of the replicative polymerase DNA Ill
with proofreading exonuclease activity
Single-strand binding protein

Petit et al., 1998; Petit and
Ehrlich, 2002
Duigou et al., 2005; Yasuda
and Okasaki , 1985
Bruck and O 'Donnell, 2000;
Sanjanwala and Ganesan, 1991
Polard et al., 2002

Regulation of initiation through complex
formation with DnaA and DnaN

Noirot-Gros et al. , 2002;
Noirot-Gros et al. , 2006

DnaX

DnaT
DnaX

Hda

PcrA
Pol A
PolC
SSB
YabA

UvrD,
Repb
PolAb -

Sandler and Marians, 2000
Lemon and Grossman, 1998;
Mc Henry, 2003
Kato and Katayama, 2001;
Su 'etsugu et al., 2004

0

- For B. subtilis proteins, the function is summarized from studies performed in B. subtilis or related
Gram-positive bacteria. For proteins that are not present in B. subtilis, the function indicated is that for E.
coli.
b - The E. coli protein is not the strict functional homo log of the B. subtilis protein.

1.2.3 Termination of DNA replication
The two replisomes synthesize DNA bidirectionally until they reach a region of the
chromosome approximately opposite to oriC, known as the terminus or terC. The terC
region contains multiple ter sites, where the binding of the replication terminator
protein (RTP) to these sites stalls the replication forks causing replisome disassembling
from the DNA (Duggin and Wake, 2002). Once chromosome replication is completed,
the chromosome dimers are resolved by recombination events at dif sites which are
present at the terminus region in both B. subtilis and E. coli (Duggin and Wake, 2002).
Upon recombination the sister chromosomes are decatenated by the protein
topoisomerase IV (Wake and Errington, 1995). To avoid splicing of the DNA by the
constricting septum, in E. coli, the FtsK protein couples the final stages of chromosome
segregation with cell division. FtsK localizes to the growing edge of the septum late in
division and functions as an ATP-dependent DNA pump, removing any DNA caught in
9
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the newly formed septum (Wang and Lutkenhaus, 1998; Sherratt et al., 2001; Wang et

al., 2005). In B. subtilis, SpoIIIE performs a similar role to FtsK during sporulation.
SpoIIIE localizes to the invaginating polar septum during sporulation where it is
required for the translocation of the chromosome into the forespore compartment (Wu
and Errington, 1994; Bath et al., 2000). During vegetative growth, SpoIIIE has been
also shown to rescue chromosomes trapped at the septum (Sharpe and Errington, 1995).
More recently, the protein SftA (Ytps) has also been shown to contribute to clearing
DNA from the septum and plays a similar role to the E. coli FtsK (Biller and
Burkholder, 2009; Kaimer et al., 2009).

1.3 Chromosome segregation
After oriC replication, replicating chromosomes are rapidly segregated towards
opposite poles of the cell as part of a coordinated regulatory network that ensures
accurate chromosome partitioning (Errington et al., 2005; Thanbichler and Shapiro,
2006). As part of this network, chromosome partitioning proteins ParA and ParB are
present on the chromosomes of many bacteria found in all branches of the prokaryotic
world and are often located in regions near oriC (Gerdes et al., 2000; Livny et al. ,
2007). ParA and ParB proteins have been shown to affect accurate chromosome
segregation in several species, and one of the best studied chromosomal partitioning
systems is the B. subtilis par operon [referred to as so) (parA), spoOJ (parB), and parS].
This system until recently was thought to be required for many cellular processes
including chromosome replication and segregation, chromosome origin localization and
separation, cell division, and developmental gene regulation in Bacillus subtilis
(Hranueli et al. , 1974; Ireton et al., 1994; Lee et al., 2003; Ogura et al., 2003; Sharpe
and Errington, 1996; Wu and Errington, 2003; Lee and Grossman, 2006). However, it
has recently been suggested that they are primarily involved in regulating chromosome
replication and segregation. Given the crucial importance of these two cellular
processes, there is some speculation that many of the diverse phenotypes attributed to

parAB mutations, including those in cell division, could be secondary to altered
regulation of DNA replication/segregation (Murray and Errington, 2008; Gruber and
Errington, 2009).
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parS is a specific DNA sequence motif that acts as the binding site for the DNAbinding protein SpoOJ (Leonard et al., 2004; Lin and Grossman, 1998) and are believed
to confer centromere-like activity to DNA regions surrounding oriC (Yamaichi and
Niki, 2000; Livny et al., 2007). In B. subtilis eight of the ten parS sites are located close
to the origin of DNA replication, and the sites closest to oriC are most frequently bound
by SpoOJ (Breier and Grossman, 2007; Lin and Grossman, 1998). parS nucleates the
spreading of SpoOJ into flanking regions of DNA to create large nucleoprotein
structures that extend for several kbp around a parS site (Breier and Grossman, 2007;
Murray et al. , 2006).
Soj is a Walker-type ATPase that interacts with SpoOJ and is required for proper
separation of sister origins and synchronous DNA replication, as well as for the
regulation of sporulation (Ireton et al. , 1994; Lee and Grossman, 2006; Leonard et al. ,
2005 ; Ogura et al. , 2003). Biochemical and structural analysis of Thermus thermophilis
Soj has shown that the protein acts as a molecular switch that is capable of forming an
ATP dependent '' sandwich '' dimer (Leonard et al. , 2005). The ATP-bound dimer binds
cooperatively to nonspecific DNA and contains ATP-hydrolysis activity (Hester and
Lutkenhaus, 2007; Leonard et al. , 2005; McLeod and Spiegelman, 2005). Soj appears
to interact with MinD, but the nature and significance of this interaction remains
unknown (Autret and Errington, 2003). Unexpectedly, Soj has recently been shown to
be involved in coupling DNA replication initiation to chromosome segregation, via a
direct interaction with DnaA and SpoOJ (Murray and Errington, 2008).
Structurally, SpoOJ belongs to the helix-tum-helix family of site-specific DNA-binding
proteins (Leonard et al., 2004). SpoOJ binds to parS sequences within the originproximal

~20 %

of the chromosome (Lin and Grossman, 1998; Murray et al. , 2006;

Breier and Grossman, 2007).

B. subtilis spoOJ mutants produce

~ 100

fold more

anucleate cells than wild-type cells (Ireton et al. , 1994), suggesting a role for SpoOJ in
chromosome segregation. Analysis of SpoOJ localisation during the cell cycle shows
that SpoOJ localizes as a single foci per oriC, and that this foci correlates with the rapid
movement of the origin regions after replication (Glaser et al. , 1997; Lewis and
Errington, 1997; Lin et al., 1997) supporting a role for SpoOJ in chromosome
segregation. The current view is that SpoOJ organizes the origin region by gathering the
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dispersed origin-proximal parS sites into a single nucleoprotein complex. However,
migration of the origin regions could still occur in the absence of SpoOJ (Webb et al.,
1998) or a functional Soj/SpoOJ system, suggesting other mechanisms are also present
to segregate nucleoids (Ireton et al., 1994; Autret et al., 200 l ).
Another component of the segregation apparatus is the SMC (structural maintenance of
chromosome) complex, composed of SMC, ScpA and ScpB, which collectively are
known as condensin. Similar to their eukaryotic counterparts, SMC proteins (MukBEF
in E. coli) are involved in nucleoid organization and compaction. Consistent with this
idea SMC mutants display nucleoid partitioning defects (Moriya et al., 1998; Britton et

al., 1998; Jensen and Shapiro, 1999; Niki et al., 2000). In a B. subtilis smc mutant, for
example,

~ 10%

of cells were anucleate (Britton et al., 1998). SMC is also required for

the proper positioning of the origin and terminus regions of the chromosome in B.

subtilis and C. crescentus (Britton et al., 1998 ; Moriya et al., 1998; Jensen and Shapiro,
2003). SMC, and MukB, have been observed to localise with the replisome at midcell
and at the future division sites at the quarter cellular positions in B. subtilis and E. coli
(den Blaauwen et al., 200 l; Lindow et al., 2002). It appears likely from these studies
that the primary function of SMC is to condense the replicated DNA. Recently, SpoOJ
has been shown to be required for efficient recruitment of SMC to parS on the
chromosome (Gruber and Errington, 2009; Sullivan et al., 2009) revealing a major role
of SpoOJ in regulating chromosome organization during segregation via SMC.
More recently, a series of studies have elegantly shown how the SMC complex, Soj and
SpoOJ, coordinate the process of chromosome segregation, coupling it to chromosome
replication initiation. The emerging view is that SpoOJ plays a central role in coupling
both processes (Murray and Errington, 2008; Gruber and Errington, 2009; Sullivan et

al., 2009). Soj accumulates in two forms during the cell cycle: l) an inactivator
monomer-ADP form that binds with DnaA, preventing its activity and thus
chromosome replication initiation (Murray and Errington, 2008) and 2) an activator
dimer-ATP bound form that binds to SpoOJ and allows DNA replication initiation
(Murray and Errington, 2008; Gruber and Errington, 2009). Thus, SpoOJ appears to
help control Soj activity and therefore DNA replication initiation. lt is still not known
however what signal switches Soj from its inactivator to activator form or how the
12
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activator form actually stimulates replication initiation (Murray and Errington, 2008 ;
Gruber and Errington, 2009). SpoOJ bound to parS is then required to directly recruit
SMC proteins to sites around the origin of replication, promoting efficient chromosome
segregation through the compaction of the DNA (Gruber and Errington, 2009; Sullivan

et al., 2009) as it is synthesized by the replisome at midcell (Lemon and Grossman,
1998).

1.4 Cell division
In rod-shaped bacteria, septum formation occurs precisely at midcell between two
segregated nucleoids, through the invagination of the cell envelope layers (Harry et al. ,
2006). The division process is driven by a group of proteins that assemble in a
hierarchal manner to the midcell division site, known as the divisome, to drive the ingrowth of the division septum (EITington, 2003). The first known protein of the
divisome to assemble at midcell is FtsZ, marking the initial step of the division process
(Errington et al., 2003 , Rothfield et al. , 2005 ; Harry et al., 2006; Lutkenhaus, 2007;
Adams and Errington, 2009).
Over the last twenty years, FtsZ has been the center of attention for most studies
regarding cell division. While our knowledge on the biochemistry and cell biology of
FtsZ has largely increased over the past two decades, many questions regarding its role
in bacterial cell division and biology remain largely unresolved. For example: What
controls precise midcell Z ring assembly? The main focus of this thesis is in addressing
this question using B. subtilis as a model organism.

1.4.1 The FtsZ protein
FtsZ is often regarded as the ancestor of eukaryotic tubulin. Despite its low amino acid
sequence similarity with tubulin (de Pereda et al. , 1996; Romberg and Levin 2003),
FtsZ and tubulin have a high similarity at the level of protein tertiary structure (Lowe
and Amos, 1998; Nogales et al. , 1998). FtsZ is highly conserved and widespread, being
found in most eubacteria, archae, and endosymbitoic organelles such as chloroplasts
and some mitochondria (Rothfield et al. , 1999; Beech et al. , 2000a; Beech et al. ,
2000b; Margolin, 2000; Gilson and Beech, 2001; Osteryoung 2001 ; Addinall and
13
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Holland, 2002; Kiefel et al. , 2006). However not all bacterial species possess an ftsZ
homologue in their genome, these include members of the Chlamydiaceae family
(Stephens et al., 1998; Kalman et al. , 1999) and the cell wall-less Ureaplasma

urealyticum (Vaughan et al., 2004) from the Mycoplasmataceae. Thus some bacteria
utilize an FtsZ-independent process of cell division. Interestingly, B. subtilis cells that
also completely lack cell wall (known as L-forms) have been recently shown to divide
without FtsZ, dividing instead by an FtsZ-independent mechanism involving extrusionresolution of spherical wall-less cells (Leaver et al. , 2009). Thus, FtsZ-mediated cell
division might only be required for bacteria that possess a cell wall.
FtsZ is required for division but not chromosome replication or segregation (Bi et al. ,
1991; Dai and Lutkenhaus, 1991; Wang and Lutkenhaus, 1993 ; Harry et al., 2006).
When FtsZ is depleted over several generations in B. subtilis for example, the resulting
cells continue to replicate their DNA, elongating along the long-axis of the cell,
becoming filamentous (Beall and Lutkenhaus, 1992; Patrigde and Wake, 1995). Cell
death associated with FtsZ depletion results from the lysis of extremely filamentous
cells (Beall and Lutkenhaus, 1992). Not surprisingly, the ftsZ gene of the Gram-positive
filamentous bacterium Streptomy ces coelicolor is dispensable for vegetative growth
and survival, (McCormick et al. , 1994 ), as vegetative growth in this organism can
occur via cell filamentation.
Due to its highly conserved status and essentiality in many bacteria, FtsZ is highly
regarded as a potential drug target for the development of new antibiotics (Lappchen et

al. , 2005 ; Stokes et al., 2005 ; Paradis-Bleau et al. , 2007; Haydon et al., 2008; Lock and
Harry, 2008). This new applied perspective of FtsZ as a potential drug target certainly
highlights the importance of basic research, including this work, investigating how
FtsZ-driven cell division occurs.

1.4.2 FtsZ biochemistry and the Z ring
An early study in E. coli using immuno-electron microscopy suggested that FtsZ forms
a ring-like structure at midcell on the inner side of the cytoplasmic membrane (Bi and
Lutkenhaus, 1991 ). Later studies confirmed this observation using more advanced
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microscopy and imaging techniques such as immunofluorescence microscopy (IFM)
and fluorescent-fusion microscopy (Addinall et al. , 1996; Levin and Losick, 1996; Ma

et al. , 1996). These studies also revealed that FtsZ assembles at midcell prior to septum
formation, forming a Z ring (Fig. 1.4) that constricts with the developing septum. Since
then, Z ring formation is considered the first detectable event of the cell division
process in bacteria.

Figure 1.4: FtsZ localization in the form of Z rings. (A) Z rings in vegetati vely-growing wild-type
cells prepared for immunofluorescence (IFM) and (B) Z rings viewed in vegetati vely-growing li ve
genetically-modified cells containing FtsZ-YFP (yellow fluorescent-protein of FtsZ). Image is from this
work.

One of the major questions about the Z ring is how does FtsZ assemble into a
contractile ring? Similar to the eukaryotic tubulin, FtsZ also possesses GTPase activity.
This GTPase activity allows FtsZ to polymerise with itself to form protofilaments
which are thought to constitute the Z ring (de Boer et al. , l 992a; Romberg and Levin,
2003 ; Harry et al. , 2006). FtsZ protofilament assembly is widely accredited to the
GTPase activity of FtsZ (Romberg and Levin, 2003; Harry et al. , 2006 and references
therein). In the presence of GTP in vitro, FtsZ reversibly assembles into protofilaments
that are arranged in a head-to-tail fashion, forming a linear protofilament of FtsZ (Fig.
1.5 A; de Boer et al. , l 992a; Ray-Chaudhuri and Park, 1992; Mukherjee et al. , 1993 ;
Mukherjee and Lutkenhaus, 1994; Erickson et al. , 1996; Lowe and Amos, 1999; Oliva

et al. , 2004 ). Interestingly, it has been suggested that protofilament assembly is
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directional with the FtsZ subunits being added primarily at the minus-end of the
growing protofilament (see Fig. 1.5 B; Osawa and Erickson, 2005). Furthermore, not
only is the GTPase activity of FtsZ required for protofilament and Z ring formation, but
GTP hydrolysis appears to be the rate-limiting step in FtsZ subunit turnover within the
protofilaments (Romberg and Mitchison, 2004; Weiss 2004).
The precise arrangement of FtsZ protofilaments within the Z ring in vivo remams
unknown. Unlike tubulin, FtsZ protofilaments do not form tube-like microtubules in

vitro. Instead FtsZ protofilaments associate laterally to form protofilament sheets,
ribbons, helical tubes and protofilament bundles (Bramhill and Thompson, 1994;
Erickson et al., 1996; Yu and Margolin, 1997; Lowe and Amos, 1999; 2000; Oliva et

al. , 2003, Dajkovic and Lutkenhaus, 2006; Harry et al., 2006). While it is unknown
which of these higher order structures actually exists in vivo, and is biologically
relevant, the possibility has been raised that FtsZ protofilaments in the in vivo Z ring
are laterally associated to form multi-protofilament structures (Fig. 1.5 C; Stricker et

al., 2002; Monahan et al., 2009). Lateral interactions between FtsZ protofilaments are
thought to determine the curvature of the protofilaments (Oliva et al., 2007; Dajkovic et

al. , 2008; Scheffers, 2008), which consequently may be crucial for constriction of the Z
ring (Ghosh and Sain, 2008). A very recent study using high-resolution electron
cryotomography (ECT) has provided some insight into the in vivo architecture of the Z
ring (Li et al., 2007). This work in C. crescentus showed that the Z ring consists of
only a few short (approximately 100 nm in length) FtsZ protofilaments oriented almost
perpendicularly but arranged somewhat randomly to the long axis of the cell (Li et al. ,
2007). This study reveals that the Z ring structure might not be a continuous ring after
all (Li et al., 2007). More recently, experiments using structured illumination
microscopy (SIM) in B. subtilis, and Staphylococcus aureus, support the view that the
Z ring is a discontinuous arrangement of FtsZ (Elizabeth Harry, Michael Strauss and
Andrew Liew; unpublished observations). Super-resolution Photoactivated Localization
Microscopy (PALM) experiments looking at Z ring assembly in E.coli, further support
the view that the Z ring is composed of a loose bundle of FtsZ protofilaments that
randomly overlap with each other in both longitudinal and radial directions of the cell
(Fu et al. , 2010).
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Figure 1.5: FtsZ polymerization and the formation of the Z ring. (A) The head-to-tail association of
FtsZ monomers, results in a growing chain that produces (B) a linear protofilament with a distinct 'plus'
and ' minus' end. (C) FtsZ protofilaments associate laterally to form higher-order structures which are
thought to constitute (D) the completed Z ring. The precise arrangement of FtsZ protofilaments within
the Z ring is poorly understood (illustrated by the question mark). FtsZ assembly is a reversible process,
as indicated by the reverse dashed arrows. ln the cell, this equilibrium is controlled by FtsZ-binding
proteins that either promote or inhibit FtsZ polymerization (see text later). Figure based on an image in
Harry et al. , (2006).

Once the Z ring has formed, it remains as a Z ring for a large part of the cell cycle
(Ben-Yehuda and Losick, 2002). However, the movement of FtsZ within the Z ring is
highly dynamic. Fluorescence recovery after photobleaching (FRAP) studies have
shown that FtsZ turnover within the Z ring has an approximate half-time of 8-9 seconds
in E. coli and B. subtilis (Stricker et al., 2002; Anderson et al., 2004). Furthermore, in

vivo FRET (fluorescence resonance energy transfer) experiments found a similar
approximate half-time of 7 seconds (Chen and Erickson, 2005). While these studies
reveal that FtsZ is continually remodeling itself both before and during constriction, it
is still not known whether Z ring dynamics derives from the exchange of molecules
along the length of the polymer, or only at the ends of FtsZ polymers (Mingorance et

al. , 2005; Shih and Rothfield, 2006). However, more recent experiments using atomic
force microscopy (ATM) indicate that FtsZ protofilaments undergo fragmentation and
re-annealing at internal locations, supporting the view that FtsZ dynamics possibly
occur along the entire length of the polymer (Mingorance et al. , 2005; Shih and
Rothfield, 2006; Mingorance et al., 2010).
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How Z nng constriction occurs ts not entirely known. One model for Z nng
constriction speculates that the constriction of the Z ring is driven by the depolymerization of its protofilaments, where GTP hydrolysis is believed to play a major
role (Addinall and Holland 2002; Harry et al., 2006; Huecas et al., 2007; Lan et al.,
2007; Niu and Yu, 2008; Mingorance et al., 2010). Consistent with this idea, a recent

in vitro study has shown that a genetically-modified form of FtsZ containing a
membrane binding a-helix can self-assemble into ring-like structures on the inner side
of lipid vesicles in the presence of GTP; moreover these Z rings are capable of pinching
and causing deformation to the lipid vesicles surface (Osawa et al., 2008; Osawa et al.,
2009). This suggests that FtsZ attached to the membrane lipids is capable of providing
some of the constricting force required for initiating constriction. An alternative model
suggests that Z ring constriction occurs via an unidentified motor-like protein that
slides overlapping FtsZ protofilaments against one another (Bramhill, 1997; Erickson,
1997; Ryan and Shapiro, 2003).

1.4.3 Cellular localization of Z ring assembly
For many years it was thought that a midcell Z ring arises from a nucleation of FtsZ
monomers at a site on the membrane, polymerising from this site in a bi-directional
fashion to form a ring-like structure (Bi and Lutkenhaus, 1991; Addinall and
Lutkenhaus, 1996; Sun et al. , 1998). However, in recent years, cumulative evidence has
challenged this idea and it has become clear that midcell Z ring formation in rod-shaped
cells occurs via a completely different process.
FtsZ is a very abundant protein, and both B. subtilis and E. coli produce more FtsZ than
that required to form the Z ring (Margolin, 2005). Only about 30% of cellular FtsZ is
contained at any one time within the Z ring (Stricker et al., 2002). Moreover, Western
blot analysis has shown that the average intracelular level of FtsZ remains constant
during vegetative growth, suggesting that Z ring formation at midcell does not occur
via changes in FtsZ protein levels but instead by changes to FtsZ polymerization
dynamics during the cell cycle (Rueda et al., 2003; Weart and Levin, 2003). In light of
these observations, it seemed obvious that FtsZ outside the Z ring must play some role
in the Z ring assembly process.
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FtsZ outside of the Z ring has been shown to assemble into helices (or spirals) in vivo
(Ben-Yehuda and Losick, 2002; Thanedar and Margolin, 2004; Grantcharova et al. ,
2005 ; Chauhan et al. , 2006; Thanbichler and Shapiro, 2006; Peters et al. , 2007;
Monahan et al., 2009). These FtsZ helices were first identified in an E. coli FtsZ mutant
that formed helically invaginating septa and were thought to represent aberrant mutant
accumulations of FtsZ (Addinall and Lutkenhaus, 1996). However, later it was shown
that in wild-type cells FtsZ also forms helices. FtsZ helices have been observed in wildtype B. subtilis and Streptomyces coelicolor cells undergoing sporulation (Ben-Y ehuda
and Losick, 2002 ; Grantcharova et al. , 2005). Helices have also been observed in
vegetatively growing cells of C. crescentus, E. coli and My cobacterium tuberculosis
(Thanedar and Margolin, 2004; Chauhan et al. , 2006; Thanbichler and Shapiro, 2006).
Studies using time-lapse microscopy in E. coli also demonstrated that the FtsZ helices
were highly mobile and capable of oscillating from one cell pole to another (Thanedar
and Margolin, 2004). Most importantly, these helices were seen at all stages of the cell
cycle and even before the appearance of the Z ring, suggesting that FtsZ helices are an
important aspect of Z ring formation.
An examination of vegetatively-growing B. subtilis cells also identified helical patterns
of FtsZ (Peters et al., 2007). These FtsZ structures were visible in cells prepared for
IFM and in Jive cells using FtsZ-YFP. A detailed examination of these FtsZ localization
patterns using time-lapse microscopy and deconvolution identified two precursor Z ring
structures which include a long-extended FtsZ-helix and a short FtsZ-helix (see Fig.
1.6; Peters et al. , 2007). Using the spore outgrowth system, this study convincingly
demonstrated that the localization of FtsZ helical patterns changes at different stages of
the cell cycle to yield a Z ring. Furthermore, FtsZ within the helical patterns appeared
to be highly dynamic. Based on these observations, a new model for midcell Z ring
assembly was proposed that essentially challenged the midcell nucleation model
proposed many years earlier (Bi and Lutkenhaus, 1991; Addinall and Lutkenhaus,
1996; Sun et al., 1998). In short, early in the cell cycle the long helix is present
throughout the cell, and as the cell cycle proceeds, this long helix is remodeled so that
FtsZ accumulates at the central region of the cell into a short helix. This short helix is
then further converted into a stable Z ring. Upon Z ring constriction, FtsZ helices spiral
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out of the constricting Z nngs and proceed to accumulate, following the same
transitions, into a new Z ring at the division sites of the future daughter cells (Peters et
al., 2007).
G

(m1J)
+

Figure 1.6: Visualisation of FtsZ helices using FtsZ-YFP as marker for FtsZ localization in
outgrown spores of B. subtilis. (A to F) Different cells at different stages of the cell cycle, from (A)
early in the cell cycle to (F) late in the cell cycle. Schematic representations of various cells (C, D, E and
F) are shown below the images to depict the localization of FtsZ in the cell. The constricting Z ring is
marked with an arrowhead in (F) and is accompanied by helices of FtsZ at the future '14 and % division
division sites. The asterisk in (B) marks an autofluorescent spore coat. Scale bar is l µm. (G) Model for
the pathway of FtsZ polymerisation during the cell cycle, leading to establishment of the Z ring at the
division site at midcell. Solid lines indicate the dominant location and pattern of FtsZ at the different
stages of the cell cycle, with dotted lines denoting a lower concentration of FtsZ, representing a
permanent helix. Adapted with modifications from P. Peters, PhD thesis (2008).

The proposal of a new model for midcell Z ring formation in B. subtilis has raised
several important questions. For example, how does the helix-to-ring transition occur in
a cell-cycle mediated fashion? While, the mechanism between these transitions has not
been fully clarified, growing evidence suggests that the transitions represent the
reorganization of different FtsZ protofilaments into the Z ring, by a process of lateral
interactions between protofilaments (Dajkovic et al., 2008; Scheffers, 2008; Monahan
et al., 2009). Consistent with this idea recent studies show that the temperature-

sensitive FtsZ mutant tsl appears to be trapped in the short helix stage of FtsZ
remodelling at the non-permissive temperature (Michie et al., 2006; Monahan et al.,
2009). At the non-permissive temperature, this mutant cannot form Z rings due to a
defect in lateral contacts between FtsZ protofilaments (Monahan et al., 2009).
20

Chapter 1 - Introduction

Consistent with the idea that lateral interactions between FtsZ protofilaments are
required for midcell Z ring assembly, overproduction of ZapA (a positive regulator of Z
ring assembly) appears to rescue this mutant in vivo, by stimulating lateral interactions
(Monahan et al. , 2009). On the other hand MinC (a negative regulator of Z ring
assembly) appears to prevent lateral interactions between FtsZ protofilaments, a
process that can be counteracted by the stimulatory effects of ZapA (Dajkovic et al. ,
2008 ; Scheffers, 2008).

1.4.4 The divisome: FtsZ accessory proteins
Once the Z ring has assembled at the division site, attaching to the membrane through
interactions with proteins that stabilize it to the membrane, the Z ring serves as a
scaffold for the assembly of other division proteins that comprise the septa! ring (see
Fig. l.7 ; reviewed in Errington et al. , 2003 ; Weiss, 2004; Goehring and Beckwith,
2005 ; Lock and Harry, 2008 ; de Boer, 2010). Many proteins of the divisome have been
found to interact directly with FtsZ, playing an important role in the regulation on Z
ring polymerization and ultimately the formation of the septal ring (see Dajkovic and
Lutkenhaus, 2006; Harry et al., 2006; Lock and Harry, 2008 ; de Boer, 2010).
The divisome proteins interact through protein-protein interactions, as shown with
bacterial and yeast two-hybrid experiments and immunoprecipitation (reviewed in
Errington et al. , 2003 ; Goehring and Beckwith, 2005; Lock and Harry, 2008).
Moreover, some are thought to interact with multiple partners forming complexes that
localize to the division site: for example, FtsQ, FtsL, FtsB in E. coli (Buddelmeijer and
Beckwith, 2004) and DivIB, FtsL, Div IC in B. subtilis (Karimova et al. , 2005). The
exact function of the divisome proteins, in many cases, has not been totally uncovered,
but they are believed to assist in several different roles. A detailed description of the
different proteins and their roles in division is beyond the scope of this thesis, however
some of their roles include: formation and stabilization of the Z ring; recruitment and
stabilization of the divisome at the division site; clearance of replicated DNA from the
division site and decatenization and resolution of replicated nucleoids into the daughter
cells and finally orientating the ingrowth of the cell wall and cell membrane to form the
division septum (Errington et al. , 2003 ; Goehring and Beckwith, 2005 ; Harry et al.,
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2006). Most of the divisome proteins are widely conserved while others are strictly
confined to a particular bacterial subgroup (Goehring and Beckwith, 2005; Harry et al. ,
2006; Lock and Harry, 2008).

+ FtsN

+

Figure 1.7: Recruitment of divisome components to the septa l ring in E. coli an d B. subtilis. The cell
division proteins localize to the Z ring at the midcell of the rod-shaped bacterial cell. The divisiome
recruitment pathway in £ . coli appears to be linear, whereas in B. subtilis it appears to occur in two
phases. This diagram shows only the most studied components of the divisome in E. coli and B. subtilis
(proteins depicted with the same colour are homologous). B. subtilis has no equivalent of the £. coli
ZipA or FtsN proteins, and the FtsK homologue (SpolIIE) is not required for division. The EzrA protein
of B. subtilis has a similar topology to ZipA, but it is not required for division. The time of assembly of
the FtsW homologue in B. subtilis is not known, and so it is not shown. Dotted square boxes indicate that
a protein is not required under laboratory conditions for downstream recruitment but acts to stabilize the
divisome. Figure based on an image in Lock and Harry, 2008.

1.5 Regulation of cell division
Cells division is tightly regulated both spatially and temporally so that each new born
daughter cell receives a correct copy of the chromosome. An important unsolved aspect
of bacterial cell division in B. subtilis and E. coli is how FtsZ (and the Z ring) is
positioned at the midcell location at the correct time. While many division proteins play
a regulatory role in Z ring formation, contributing for example to the efficiency of its
formation, none of the known divisome proteins are directly involved in midcell Z ring
positioning (Harry et al., 2006; Adams and Errington, 2009). So what factors position
the Z ring at midcell?
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Two well studied factors that affect the temporal and spatial regulation of Z ring
assembly are the Min system and nucleoid occlusion. Both factors are regarded as
negative regulatory factors involved in division site positioning (Errington et al. 2003 ,
Rothfield et al., 2005 ; Harry et al. , 2006; Lutkenhaus, 2007; Adams and Errington,
2009). The combined action of these two regulators is currently thought to ensure that a
Z ring is positioned only in the DNA-free region created at midcell upon chromosome
replication and segregation (Errington et al. 2003, Rothfield et al., 2005; Harry et al.,
2006; Lutkenhaus, 2007; Adams and Errington, 2009).
Importantly, not all bacteria utilize a negative mode of regulation for the spatial control
of Z ring positioning. Up until very recently, it was not known what targets FtsZ to
between nucleoids during sporulation in gram-positive actinomycete Streptomyces

coelicolor, which appears to divide without the influence of the Min system and
nucleoid occlusion (Grantcharova et al., 2005). It now appears that two proteins, SsgA
and SsgB are involved in promoting Z ring assembly to between nucleoids during
sporulation in this organism (Willemse et al., 2011 ). This new mode of regulation of
division-site positioning will be discussed further in the discussions sections of this
thesis.

1.5.1 The Min system
The Min system consists of a group of proteins that act together to block Z ring
formation in the nucleoid-free polar region of the cell during vegetative growth
(Errington et al. 2003 , Rothfield et al. , 2005; Harry et al., 2006; Lutkenhaus, 2007;
Adams and Errington, 2009). Its name derives from the observation that Min system
mutants in E. coli and B. subtilis display small, DNA-less 'minicells', that form as a
result of improper septum formation at the cell poles (Adler et al., 1967; Reeve et al.,
1973). Min system mutants still divide at the correct midcell site, and are viable, but
they consist of a heterogeneous population of cells of variable length and anucleate
minicells (Teather et al., 1974). Since the discovery of the Min system phenotype,
studies have identified the components of the Min system and have shown how these
components cooperate to block Z ring assembly at polar sites. For many years, the
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mechanism of Min system inhibition in E. coli and B. subtilis was thought to be
different, however recent studies point to the possibility that they are similar.

1.5.1.1 The Min system of E. coli
In E. coli, the Min system is encoded by a single operon composed of three different
genes: minC, minD and minE (de Boer et al., 1988; de Boer et al., 1989). The Mine
protein is the actual inhibitor of the system, and data suggests that it inhibits Z ring
formation by interacting and destabilizing FtsZ polymers (de Boer et al., 1990; de Boer

et al., 1992b; Hu et al., 1999; Hu and Lutkenhaus, 2000; Dajkovic et al., 2008). The
ability of Mine to block Z ring assembly in vivo is dependent on the activity of the
MinD protein (de Boer et al., 1991 ). MinD is a membrane associated ATPase that
directly interacts with Mine to recruit it to the inner membrane (de Boer et al., 1991;
Huang et al., 1996; Hu et al., 2002; Hu et al., 2003). This interaction activates the
inhibitory activity of Mine towards FtsZ and it increases the local Mine concentration
in the vicinity of FtsZ. Furthermore, recent biochemical data demonstrates that in E.

coli Mine does not inhibit FtsZ protofilament polymerization, but rather inhibits lateral
interactions between FtsZ protofilaments (Dajkovic et al., 2008).
The third protein of the E. coli Min system is MinE. It acts as a spatial regulator of the
MineD complex localization, ensuring that MineD blocks Z ring formation
predominantly in the polar region of the cells (de Boer et al., 1989). The examination of
the subcellular localization of Min-GFP fusions proteins has revealed that all three Min
proteins exhibit a dynamic oscillatory behavior in the cell, moving from pole-to-pole
with a periodicity of approximately 50 seconds (Hu and Lutkenhaus, 1999; Raskin and
de Boer, l 999a; Raskin and de Boer, 1999b; Fu et al., 2001; Hale et al., 200 l ). The
dynamic oscillation of the E. coli Min system was further shown to be the result of the
Min proteins being organized into membrane associated helices that appear to oscillate
along the cell (Shih et al., 2003; Gitai and Shapiro, 2003). The MinD protein is thought
to provide a scaffold for this helical oscillation, as it has been shown to polymerize on
lipid subtrates in vitro and interact directly with both Mine and MinE (Huang et al. ,
1996; Hu et al., 2002). Biochemical data indicates that MinE achieves oscillatory
movement by directly binding MinD and by stimulating its ATPase activity, causing it
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to dissociate from both the membrane and from Mine (Hu and Lutkenhaus, 2001; Hu

et al. , 2002; Hu et al., 2003; Lackner et al., 2003). In the absence of MinE, both Mine
and MinD fail to oscillate, and this causes inhibition of Z ring assembly along the entire
length of the cell (Hu and Lutkenhaus, 1999; Rowland et al., 2000).
The pole-to-pole oscillation of Min system proteins in E. coli results in a time averaged
concentration of MineD that is highest at the poles and lowest at midcell (Meinhardt
and de Boer, 2001 ). This oscillation pattern most likely explains the specific inhibition
of Z ring assembly near the polar regions of the cell (see Fig. 1.8). As well as inhibiting
polar ring formation, the Min system has been shown to influence the dynamics of
helical FtsZ localizations in E. coli (Thanedar and Margolin, 2004).
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Figure 1.8: Comparison between the B. subtilis and£. coli Min system. In B. subtilis Div IV A (green)
pilots the MinCDJ division inhibitor complex (red) to the cell poles. This allows Z ring formation to
occur only at the midcell position. Once the Z ring (green ring) and the divisome have been assembled,
DivIV A recruits the MinCDJ complex to midcell. When division is complete, Div IV A retains MinCDJ at
the poles, so that division is again inhibited at the poles in the two daughter cells. In E. coli, MinE (red
ring) , like Div IVA, acts as the topologic regulator of the MinCD division inhibitor complex (blue). MinE
oscillates the MinCD complex from one pole to the other so that MinCD undergoes periodic pole-to-pole
movement. ln both organisms the overall effect is thought to be similar: the concentration of MinCD is
highest at the poles and lowest at midcell.
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1.5.1.2 The Min system of B. subtilis
For many years, the B. subtilis Min system was thought to be composed of three
proteins that bind statically to the cell poles to block polar Z ring formation (Cha and
Stewart, 1997; Edwards and Errington, 1997; Marston et al., 1998; Marston and
Errington, 1999). However, recent publications have not only identified a new
component of the B. subtilis Min system (Patrick and Keams, 2008; Bramkamp et al.,
2008), but have also challenged the view that the Min system is static and localizes
predominantly at the cell poles (Barak et al., 2008; Gregory et al., 2009).
The B. subtilis Min system is composed of four poteins: MinC, MinD, MinJ and
DivIV A. MinC and MinD are homologues of the corresponding E. coli counterparts
(Levin et al., 1992; Varley and Stewart, 1992; Lee and Price, 1993), and just like E.coli
MinC, B. subtilis MinC is thougth to inhibit FtsZ polymer assembly by preventing
lateral interactions between FtsZ protofilaments (Scheffers, 2008). DivIV A, although
unrelated to the E.coli MinE, plays a similar role as a topological factor to help localize
MinCD to the polar regions of the cell (Cha and Stewart, 1997; Edwards and Errington,
1997). More recently, a fourth new Min protein was identified in B. subtilis - MinJ
appears to interact with both MinD and DivIV A, thus mediating a link between these
two proteins (Patrick and Keams, 2008; Bramkamp et al., 2008). min.! lies downstream
of the a swrA gene, involved in swarming motility, and MinJ mutants also appear to
affect swarming behavior (Patrick and Keams, 2008; Bramkamp et al. , 2008).
Prior to the discovery of MinJ, the apparent polar localization pattern of the MinCD
was believed to be achieved via DivIVA (Edwards and Errington, 1997; Marston et al.,
1998; Marston and Errington, 1999). While, DivIV A does indeed link MinCD to the
cell poles, it does so via MinJ (Bramkamp et al., 2008, Patrick and Keams, 2008). MinJ
binds both DivIV A and MinD, thus bridging the MinCD complex to DivIV A
(Bramkamp et al. , 2008, Patrick and Keams, 2008). The current view is that once the Z
ring and the divisome have been assembled, DivIVA recruits the MinCDJ complex to
midcell (see Fig. 1.8). When division is complete, DivIV A retains MinCDJ at the poles,
so that division is again inhibited at the poles in the two daughter cells. Interestingly,
Bramkamp et al. , (2008) also reveal a potential new function for the Min system. While

26

Chapter 1 - Introduction

MinJ mutants are able to form Z rings at potential division sites, these Z rings are
unable to result in septation events, resulting in filamentous cells with multiple Z rings.
This result suggests that MinJ has a role in regulating the later stages of division.
Indeed, in support of this view, the authors show that MinJ interacts with later division
proteins (Bramkamp et al., 2008).
For many years it was unknown how DivIV A manages to localize to the cell poles.
Although DivIV A localizes very late to the division site, it localizes to the cell poles
before Z ring formation occurs, and independently of FtsZ (Hamoen and Errington,
2003 ; Harry and Lewis, 2003). This observation was the first to suggest that DivIVA
localization to the cell poles (and the division site) could be governed by an FtsZindependent mechanism. Indeed very recently, DivIVA has been shown to localize to
the cell poles by binding specifically to negatively-curved membranes of the polar
region of the cell (Lenaric et al., 2009; Ramamurthi and Losick, 2009). This finding
highlights that the major role of DivIV A is then to confine MinCDJ activity to the cell
poles to ensure that Min system inhibition is sequestered well away from midcell prior
to Z ring assembly (Fig. 1.8). However, a new view of the Min system and its role in
cell division is currently emerging (Barak et al., 2008 ; Gregory et al. , 2008).
1.5.1.3 An emerging view of the B. subtilis Min system
The prevailing view of topological regulation of the Min system in B. subtilis is that it
appears to predominantly block aberrant Z ring formation in the nucleoid-free polar
region of the cells (see Fig. 1.8). This has the most obvious effect of inhibiting Z ring
formation at positions close to the poles. However, in B. subtilis this view has been
recently challenged. Gregory et al., (2008) show that the Min system does not block Z
ring assembly to the same extent at each cell pole, but instead preferentially at the
nascent poles. In support of this view, using time lapse microscopy they show that l)
minicells are predominantly formed at the most recent pole (79%) rather than the old
cell poles and 2) MinC-GFP (green fluorescent protein) is mostly localized close to,
and on either side of, the developing division septum (nascent pole) rather than the old
cell pole. In short, an additional role for the Min system appears to be in preventing
reutilization of the midcell site division site, by preventing reassembly of the Z ring at
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midcell, and thus minicell formation upon medial division. This study also shows that
Min system mutants have very long interdivisional times, suggesting that the Min
system is required to tightly control the timing of cell division. The proposed model for
this timing defect is that in the absence of MinC, FtsZ polymers (and perhaps other
division proteins) concentrate at the new cell pole as well as the mid-cell, thus titrating
these proteins between two sites instead of a single midcell site as in wild-type cells.
This presumably causes the cell to grow longer until both locations accumulate enough
FtsZ (and other proteins) to support division, ultimately extending the period between Z
ring assembly and constriction (Gregory et al., 2008).
Recent evidence has also challenged the idea that Min system proteins are statically
confined to the polar region of the cell and the developing septum (i.e. new cell poles).
Instead, MinCD activity might extend to other regions of the cell, other than the cell
poles (Barak et al., 2008), raising the possibility that the B. subtilis Min system is as
dynamic as the E. coli one. Using FRET, GFP-MinD has been shown to co-localize
with the cytoplasmatic membrane along the entire length of the cell in a helical fashion,
but concentrating mainly at the cell poles (Barak et al., 2008). This study also reports
that MinD localization to the cell membrane is dependent on membrane lipid
composition. Furthermore, using total internal reflection fluorescence (TIRF)
microscopy, the MinC-GFP protein in B. subtilis has also been shown to have dynamic
behavior, moving from the newly formed cell pole to the medial division site (Gregory

et al., 2009). Although, this movement of MinC is different from E.coli MinC that
oscillates from pole-to-pole, it is quite possible that the B. subtilis Min system is as
dynamic as the E. coli one.
Finally, does the Min system play a more direct role in defining the midcell site for Z
ring assembly by restricting FtsZ polymerisation to the region of lowest MinCD
activity? Several lines of evidence argue against a role for the Min system in
establishing the position of the division site. First, deletion of the Min system in B.

sub ti/is has no effect on the precision of midcell Z ring placement (Migocki et al. ,
2002). Secondly, Min mutants in minimal medium form midcell Z rings far more
predominantly than polar Z rings (~ I%), indicating that mechanisms other than the
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Min system restrict Z ring assembly to midcell (Levin and Grossman, 1998). Thirdly,
many species of bacteria, both Gram-positive and Gram-negative, lack any
recognizable Min system homologues but are still able to divide precisely at midcell.
This is the case for C. crescentus (see Section 1.9), Haemophilus influenza,

Streptomyces, Mycoplasma spp. and Staphylococcus aureus (Margolin, 2001; Flardh,
2003). Furthermore, the Min system has not been found to be essential for cell division
in any organism (Margolin, 2001 ). Collectively, these observations indicate that other
Min system-independent mechanisms must exist to ensure the correct spatial regulation
of division in bacteria. Evidence suggests that the bacterial nucleoid has a role in the
spatial and temporal regulation of division.

1.5.2 Nucleoid occlusion
Around two decades ago, it was discovered that septum formation is inhibited in
regions of the cell occupied by the nucleoid (Mulder and Woldringh, 1989). By
examining various DNA replication and nucleoid segregation mutants of E. coli, in
which the nucleoid remains at midcell at the time of septation, it was found that these
mutants rather than septating over the nucleoid, septated acentrally to one side of the
chromosomal ON A mass, generating anucleate daughter cells (Mulder and Woldringh,
I 989) . ln contrast, wild-type bacteria septated within a nucleoid-free gap between
segregated chromosomes at the cell centre. This phenomenon was later termed nucleoid
occlusion (Woldringh et al.,

1990; Woldringh et al. , 1991). Based on these

observations, it was suggested that the segregation of chromosomes to opposite sides of
the cell establishes the position of the division site by relieving the effects of nucleoid
occlusion at midcell (Woldringh et al. , 1991 ).

1.5.2.1 The Transertion hypothesis
The molecular mechanism behind the nucleoid occlusion effect is not completely
understood. Woldringh and colleagues initially suggested that the activities of the
nucleoid, such as co-transcriptional translation and protein translocation (also known as
transertion) occurring in the proximity of the DNA mass at the cell membrane, mediate
nucleoid occlusion and prevent the formation of an active division site (Woldringh et

al., 1991 ). Transertion is known as the process involving the co-transcriptional
29

Chapter 1 - Introduction

translation of genes encoding membrane proteins and their insertion into the cell
membrane (Lynch and Wang, 1993; Norris, 1995; Woldringh et al., 1995; Woldringh,
2002). Transertion is also believed to contribute to chromosome structure based on the
observations made in E. coli that nucleoids change conformation, contracting and
shrinking, following treatment with transcription and translation inhibitors, such as
rifampicin and chloramphenicol, respectively (van Helvoort et al., 1996; van Helvoort

et al., 1998).
The idea that transertion could physically prevent division was supported by the
observation that peptidoglycan synthesis associated with septation is repressed until
nucleoids have segregated (Mulder and Woldringh, 1991). However, Z ring assembly,
the earliest detectable event in cell division, occurs well before any peptidoglycan
synthesis associated with septation (de Pedro et al. , 2002). Thus, if transertion actually
plays a role in nucleoid occlusion, it is very unlikely it acts on Z ring assembly. Some
studies however have suggested that a transertion based mechanism is capable of
establishing the correct midcell placement of the Z ring. This suggestion is based on a
study that shows that the genes present near the terminus region of the chromosome are
transcriptionally less active (Pedersen et al., 2000). It was proposed that the reduced
transcription around the terminus region results in reduced transertion. Thus, reduced
nucleoid occlusion effects in the proximity of the terminus region, to allow Z ring
assembly late in the ROR when chromosomes are almost segregated (Pedersen et al. ,
2000). While transertion activity is a possible mechanism for nucleoid occlusion, it
does not explain why Z rings can form earlier during the ROR (Lau et al. , 2003; Wu et

al. , 1995; Harry et al., 1999; Regamey et al. , 2000), over the chromosome and in
regions of likely high rates of transertion. Despite many models, the molecular basis of
the transertion hypothesis of nucleoid occlusion has never been the target of thorough
experimentation and thus still remains a mystery.

1.5.2.2 N ucleoid occlusion proteins
Insight into how nucleoid occlusion affects Z ring assembly was uncovered fairly
recently with the discovery of nucleoid occlusion proteins in B. subtilis (Noc; Wu and
Errington, 2004) and in£. coli (SlmA; Bernhardt and de Boer, 2005). While Noc and
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SlmA appear to be equivalent at a functional level, they do not display any significant
amino acid sequence identity (Bernhardt and de Boer, 2005). Consistent with their role
in nucleoid occlusion, both proteins associate specifically with the chromosome
(Bernhardt and de Boer, 2005; Wu et al., 2009) and inhibit division when overproduced
(Sievers et al. , 2002; Wu and Errington, 2004; Bernhardt and de Boer, 2005; Wu et al.,
2009).
Perhaps the most important role of Noc and SlmA during the cell cycle is to prevent
division over unreplicated/unsegregated DNA. In their absence and under conditions in
which DNA replication or segregation are perturbed, these proteins prevent
guillontining of the DNA by the septum (Wu and Errington, 2004; Bernhardt and de
Boer, 2005). Surprisingly, under normal growth conditions, cells deleted for Noc or
SlmA alone are completely viable, exhibiting an essentially wild-type phenotype with
no apparent defects on Z ring positioning at midcell (Wu and Errington, 2004;
Bernhardt and de Boer, 2005). This brings into question the role of Noc and SlmA in
the regulation of Z ring assembly and cell division under normal, unperturbed growth
conditions and suggests that there may be additional redundant components of the
nucleoid occlusion system that compensate for loss of N oc/S lmA.
The in vivo localization data for Noc and SlmA raises the possibility that the relief of
nucleoid occlusion could occur through a change in the distribution of these proteins as
segregation of replicating nucleoids occur, rather than a change in DNA concentration
at midcell (Wu and Errington, 2004; Bernhardt and de Boer, 2005) . Indeed, this might
well be the case for Noc. Very recently, Noc has been shown to localize to specific
DNA sequences along the chromosome (Wu et al. , 2009). Furthermore, these Nocbinding sequences are frequently distributed throughout the chromosome but become
less abundant towards the terminus region. This result suggests that Noc-dependent cell
division inhibition is relieved as DNA replication nears completion and the terminus
region occupies a midcell location (Wu et al., 2009). Thus, Noc appears to have a dual
role in the cell cycle as a spatial regulator of cell division but also to couple cell
division to chromosome segregation (Wu and Errington, 2004; Wu et al. , 2009).
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Interestingly, when the nae or slmA genes are deleted in the absence of a functional
Min system, a severe cell division defect arises due to mislocalisation of the FtsZ
protein (Wu and Errington, 2004; Bernhardt and de Boer, 2005). Instead of Z rings,
FtsZ assembles into irregular, non-functional helical-like localizations at many
positions along the length of the cell, including over nucleoids (Wu and Errington,
2004; Bernhardt and de Boer, 2005). This finding significantly highlighted the
combined importance of nucleoid occlusion and Min system proteins in preventing
FtsZ localization at inappropriate cellular locations. Since then, Noc and the Min
system are thought to be two essential requirements for midcell Z ring assembly and
positioning. Intriguingly, a Noc-independent pathway for nucleoid occlusion was
proposed by Wu and Errington (2004) based on their observations that Z ring assembly
was weakly biased towards intemucleoid regions in cells mutated for both Noc and the
Min system (Wu & Errington, 2004). A similar proposal was put forward by Bernhardt
and de Boer based on an analysis of E. coli cells lacking SlmA and the Min system
(Bernhardt & de Boer, 2005). This suggestion raises the possibility that other Noc/Min
system-independent mechanisms are present and involved in spatial regulation of cell
division.
Together, nucleoid occlusion and the Min system are thought to block aberrant FtsZ
localization along the entire length of the cell, enabling division to occur at the right
time and place at midcell (Errington et al. 2003, Rothfield et al., 2005; Harry et al.,
2006; Lutkenhaus, 2007; Adams and Errington, 2009). The current model for division
site placement is shown in Fig. 1.9. This model provides an explanation for the timing
of assembly, and positioning of the Z ring at midcell using only the well-documented
nucleoid occlusion and Min system.

32

Chapter 1 - Introduction

occlusion
Min system

L-------"~-----~Nucleoid
_

_

-.;__

_

_

---o11_

_

• • • • • • • • •Net inhibition

Figure 1.9: Prevailing view of division site placement in B. subtilis and £. coli - positioning the Z
ring through the combined action of the Min system and nucleoid occlusion. (A) At the early stages
of the cell cycle, the Min system and nucleoid occlusion proteins together block Z ring formation along
the entire length of the cell. The nucleoid (red) occupies the central region of the cell, while the Min
proteins (blue circles) are predominantly located at the cell poles. (8) According to the nucleoid
occlusion model of Woldringh et al. ( 1990, 1991 ), the segregation of replicated chromosomes allows the
Z ring (in green) to form at midcell later in the cell cycle by creating a DNA-free gap at this position.

1.5.2.3 The role of relief of nucleoid occlusion in midcell Z ring positioning
An important aspect of the nucleoid occlusion model that has yet to be resolved is the
role of chromosome segregation and relief of nucleoid occlusion in positioning the
division site. It was originally suggested that the total removal of DNA from the cell
centre, facilitated by the complete segregation of replicated chromosomes, is both
necessary and sufficient for the Z ring/septum to form at this site (Woldringh et al. ,
1991; Yu and Margolin, 1999). Despite this model being a paradigmatic view in the
field, several lines of evidence question whether relief of nucleoid occlusion at midcell
is required for Z ring positioning at this site.
Several studies using a variety of DNA replication/segregation mutants have reported
septa forming directly over the nucleoid, leading to guillotining of the chromosome in

E.coli (Sun et al., 1998; Cook and Rothfield, 1999; Yu and Margolin, 1999; Gullbrand
and Nordstrom, 2000) and in B. subtilis (Wu et al., 1995; Harry et al., 1999; Regamey

et al. , 2000). In these studies, midcell Z rings were observed over a decrease in the
DNA concentration at the cell center (i.e. some relief of nuceloid occlusion), possibly
caused by changes in nucleoid morphology as a result of the different mutations
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studied. Thus, while some relief of nucleoid occlusion at the cell center (i.e. decrease in
DNA concentration) facilitates midcell Z ring positioning (Sun et al., 1998; Harry et

al., 1999; Yu and Margolin., 1999; Regamey et al., 2000), it is still not known whether
this relief of nucleoid occlusion actually defines the position of the division site.
Furthermore, partitioning mutants that contain a large elongated unsegregated nucleoid
at the centre of the filamentous cell commonly contain medially located Z rings (Sun et

al., 1998). Together these observations indicate that relief of nucleoid is not an absolute
requirement in positioning the division site. Studies investigating the timing of midcell
Z ring assembly in relation to chromosome replication in E. coli have also shown that
complete nucleoid segregation is not necessary for midcell Z ring assembly (Den
Blaauwen et al., 1999; Lau et al., 2003; Sherratt, 2003; Wang et al., 2005).
Whether or not relief of nucleoid occlusion is required for the precise placement of the
Z ring at midcell, cumulative evidence indicates that it is not sufficient. Several studies
point to the existence of an as yet unidentified regulatory mechanism that is required in
addition to both nucleoid occlusion and the Min system to ensure that the Z ring forms
at the correct place. In B. subtilis, Z rings have been shown to form at positions other
than midcell under conditions where an obvious lowering of DNA concentration at
midcell is observed (Harry et al. , 1999; Regamey et al. , 2000). In this case, it appears
that relief of nucleoid occlusion at midcell is not enough to allow Z ring assembly at
this site. Moreover, in E. coli, a study using chromosome partitioning mutants has
shown that cells lacking a nucleoid can still position their Z rings within the central
zone of the cell (Sun et al., 1998), but not with the same precision as that found in wildtype cells. This implies that in the absence of the nucleiod, Z rings are still directed to a
midcell location. Together, these results suggest that other mechanisms are required to
position the Z ring at the proper midcell location. One possibility is that DNA
replication itself is another important factor in Z ring positioning (Harry et al., 1999;
Regamey et al., 2000).
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1.6 The coordination between DNA replication and cell
division
Another factor that affects Z ring placement is chromosome replication. Early studies
established that the completion of DNA replication termination, as proposed by the
nucleoid occlusion model, is not required for midcell septation in B. subtilis
(McGinness and Wake, 1979; Wu et al., 1995), C. crescentus (Quardokus et al., 2001;
Quardokus and Brun, 2002) or E.coli (Bemander and Nordstrom, 1990). Considering
that Z ring formation occurs well before septation, it seems possible that midcell Z ring
formation can occur much earlier in the round of replication and that a signal for a Z
ring to form is also present very early in the round of replication.

1.6.1 A link between the early stages of DNA replication and
cell division in Bacillus subtilis
ln an attempt to understand what stage of DNA replication is required for Z ring
formation, Harry and co-workers ( 1999, 2000) investigated the effect of blocking DNA
replication initiation and elongation on Z ring formation using the spore outgrowth
system (Harry et al., 1999; Regamey et al. , 2000). They found that it is not so much the
ability of FtsZ to assemble into the Z ring that is affected by interfering with the early
stages of a ROR, but instead the ability to assemble at the correct midcell location. It
was found that blocking DNA replication initiation using the temperature-sensitive

dnaB mutant (dna-1) resulted in acentral Z ring formation, to one side of the centrallylocated unreplicated nucleoid. In contrast, allowing initiation but blocking entry into
DNA chain elongation by thymine starvation (thymineless condition) resulted in
precise positioning of a substantial number of Z rings at midcell (between 50- 70%)
over the unreplicated nucleoid (Harry et al., 1999). Thus, initiation of DNA replication
appeared to be required for midcell Z ring formation. However the possibility was
raised that some residual thymine in the medium in the thymineless condition allowed
some DNA synthesis (i.e DNA chain elongation) to allow midcell Z ring formation. ln
a later study, it was found that this possibility seemed extremely unlikely as the
addition of 0.1 µg/ml thymine to the culture medium, which allows DNA chain
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elongation, resulted in acentrally located Z rings (Regamey et al., 2000). Thus, DNA
chain elongation actually blocks midcell Z ring formation in B. subtilis.
An intriguing observation raised by Harry et al., 1999, was that the addition of DNA
polymerase III inhibitor HPUra [6-(para-hydroxyphenylazo )-uracil] (Arwert and
Rutberg, 1974) to thymineless cells (+HPUra condition), resulted in acentrally located
Z rings, similarly to the dna-1 mutant at the non-permissive temperature. This raised
the question: why can midcell Z ring formation occur in thymineless conditions as
opposed to the +HPUra condition, if both conditions prevent entry into chain
elongation? Perhaps the differences in Z ring formation could be inherent to the way
each condition inhibits DNA replication at a molecular level: HPUra in its active
reduced state inhibits DNA synthesis by forming a ternary complex with the DNA
template and DNA polymerase III (Bazill and Gross, 1972; Cozzarelli, 1977), while
presumably in the thymineless condition the DNA polymerase III is active but unable
to incorporate thymine into the DNA. Furthermore, these differences in the way each
block acts at a molecular level could have resulted in very small differences in
progression into the ROR. Although no DNA replication was detected in the earlier
study of Harry et al. , ( 1999; by quantification of the intensity of DAPI-stained
nucleoids ), the relatively low sensitivity of this approach would not have allowed the
detection of an extent of progression into the round of replication of < 5% (Regamey et

al. , 2000). To this end, Regamey et al., (2000) investigated how much DNA synthesis,
if any, had occurred in each of these conditions (thymineless and +HPUra). They
examined the extent of replication in loci close to oriC in the thymine less condition and
the +HPUra conditions using a highly sensitive and quantitative DNA-DNA
hybridization approach. They found that while no DNA chain elongation had occurred
in either condition, the thymineless condition resulted in chromosome degradation,
specifically in regions surrounding oriC. Given that the thymineless condition results in
midcell Z ring formation, the immediate conclusion was that oriC degradation is
required for midcell Z ring formation. However, degradation of oriC did not occur
when 0.03 µg/ml thymine was added to the culture, a condition that also prevented
DNA synthesis and allowed midcell Z ring assembly. Thus, oriC degradation was
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found not to be essential for midcell Z ring assembly when the very early stages of
DNA repplication are blocked.
Importantly, Regamey et al (2000) also examined the nucleoid morphology in
methanol-fixed DAPI-stained nucleoids in the various conditions of DNA replication
with the view of understanding whether changes in nucleoid occlusion could explain
the different Z ring positioning observed for each condition. They concluded that relief
of nucleoid occlusion is not entirely responsible for the differences in Z ring
positioning observed between the conditions of DNA replication inhibition that yield
acentral Z rings (dna-1 mutant and +HPUra condition) and those that yield midcell Z
rings (thymineless condition). Based on this, the authors proposed a model suggesting
that in addition to the Min system and nucleoid occlusion, a midcell signal linked to the
DNA replication establishes the position of the Z ring during the very early stages of
DNA replication. This idea came about in the Checkpoint model (Fig. 1.10).
This model raised the possibility that the cell creates a "checkpoint" upon completing
the initiation of DNA replication. Given that the DNA polymerase Ill (main component
of the replisome) has been shown to located at midcell for approximately 80% of the
round of DNA replication (Lemon and Grossman, 1998), the model stipulated that the
midcell replisome (including the DNA polymerase III) has a role in blocking midcell Z
ring assembly at the midcell division site, during most of the ROR, until 60-70%
completion of a round of chromosome replication occurs to allow division at midcell
(McGinness and Wake, 1979; Wu et al. , 1995). In other words, the midcell localization
of the replisome during the ROR directly controls the utilization of the midcell Z ring
site by occupying this site during DNA replication and then desocupying this site at the
time of DNA segregation, freeing it for midcell Z ring assembly. According to the
model, the +HPUra condition prevents midcell Z ring formation by forming a stable
complex with the DNA polymerase III at the midcell located oriC; whereas in the
thymineless condition, and as a result of oriC degradation, the initial replisome (and
thus the DNA polymerase III) is destabilized, consequently releasing the replisome
from the medially located oriC to allow Z ring assembly at midcell.
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This model also postulated that the completion of initiation of replication is involved in
the formation or maturation of a midcell site on the membrane that signals the site for Z
ring formation. This site would presumably be blocked by the replisome and then
utilized by the Z ring later in the ROR, once the replisome moves away from midcell.
While the nature of this site remains elusive, several possibilities have been put
forward. These possibilities, will be brought up later in the discussion sections
throughout this thesis where they become more relevant

8

D

Figure 1.10: Checkpoint model linking DNA replication to cell division. (A) During the early stages
of the round of replication, a midcell site for Z ring assembly (black square) in masked by the mediallylocated replisome (white circle). (8 and D) The site becomes available for Z ring assembly much later in
the round (following 70-80% completion of replication) when each replisome (one on each replication
fork) moves away from midcell with the segregating chromosomes, as proposed by Lemon and
Grossman ( 1998). (C and E) In the absence of thymine, no DNA synthesis occurs and consequently the
oriC-replisome complex is destabilized prematurely exposing the putative midcell Z ring assembly site.
Under these conditions, the replisome-mediated checkpoint is broken down. The model stipulates that Z
ring assembly is prevented from occurring in nucleoid-free regions by the Min system and is promoted at
the unmasked midcell site as a result of replisome separation at this site.

The studies of Migocki et al (2004) tested the Checkpoint model by simultaneously
examining the localization of the replisome and the Z ring during a single cell cycle
following spore germination. In this study it was found that the replisome is
significantly more scattered around midcell, than the Z ring. The authors concluded that
the replisome does not act as a direct physical block to midcell Z ring assembly early in
the ROR. As a result, the question of how the early stages of DNA replication are
linked to Z ring positioning remains unsolved.
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1.7 Regulation of Z ring assembly as a result of DNAdamage related stress: the SOS response
When bacterial cells experience DNA damage, for example as a result of DNA
replication fork arrest, an important mechanism prevents cell division over the
chromosome until the damage is repaired. This mechanism is known as the SOS
response (Walker, 1996). This process is mediated by the highly conserved
recombination protein RecA, and results in the induction of more than 30 different
genes via RecA-dependent cleavage of the transcriptional repressor protein LexA
(Fernandez de Henestrosa et al. , 2000; Au et al. , 2005). In E. coli, the SulA protein is
responsible for delaying division during the SOS response. It accomplishes this via a
direct interaction with FtsZ (Jones and Holland, 1985 ; Higashitani et al. , 1995 ; Huang

et al., 1996), preventing the formation of the Z ring (Bi and Lutkenhaus, 1993).
Consistent with this observation, it has been established by biochemical and structural
studies that SulA-mediated-inhibition of Z ring assembly occurs at the level of the
polymerisation and GTPase activity of FtsZ in vitro (Mukherjee et al. , 1998; Trusca et

al. , 1998; Cordell et al. , 2003). Moreover, SulA is thought to disassemble any preexisting Z rings by inactivating FtsZ subunits during the dynamic turnover of the Z ring
(Mukherjee et al., 1998 ; Trusca et al. , 1998; Cordell et al., 2003) . The SulA protein is
poorly conserved among bacteria, being found primarily in E. coli and closely related
species.
In B. subtilis, the inhibition of cell division during the SOS response is mediated, at
least in part, by the unrelated protein YneA (Kawai et al., 2003). While expression of

y neA decreases Z ring formation (Kawai et al. , 2003 ; Mo and Burkholder, 2010), it is
currently unclear whether Y neA actually targets FtsZ directly. In addition to the RecA
mediated SOS-response, during DNA replication fork arrest DnaA in B. subtilis also
induces a transcriptional response that affects cell division, but not at the level of Z ring
formation. Rather it is at the level of septation via the late-acting division proteins FtsL
and PbpB (Goranov et al. , 2005).
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1.8 Regulation
crescentus

of

cell

division

.

ID

Caulobacter

Clues regarding the regulation of division site placement have emerged also from the
study of the curious Caulobacter crecentus cell cycle. Unlike E. coli and B. subtilis,
progression through the C. crescentus cell cycle is tighly coupled with cellular
differentiation and DNA replication/segregation (Quardokus et al., 2002; Thanbichler
and Shapiro, 2006). Furthermore, cell division occurs without Min system and Noc
protein homologues (Thanbichler and Shapiro, 2006).

C. crescentus undergoes a very unique life cycle, in which division gives rise to two
different cell types: a sessile stalked cell, which undergoes DNA replication and
cytokinesis, and a motile swarmer cell, which only divides upon the differentiation into
a stalked cell. Consistent with this idea, swarmer cells do not contain FtsZ as ftsZ is
transcriptionally repressed by the CtrA protein and targeted to proteolytic degradation
(Quardokus et al., 1996; Kelly et al., 1998). ftsZ expression begins only during the
swarmer-to-stalked transition, with FtsZ levels reaching a maximum prior to division
(Quardokus et al., 1996; Kelly et al., 1998). This control over FtsZ synthesis represents
a unique timing mechanism that ensures that Z ring formation occurs only in
differenting stalked cells.
The first evidence of a link between cell division and DNA replication in C. crescentus
arose from analyzing the effect of over-producing FtsZ in swarmer cells. It was found
that although over-production of FtsZ in swarmer cells resulted in an increase in FtsZ
levels, no Z ring formation was observed (Quardokus et al., 2001). Z ring formation
was found only to occur in developing stalked cells or differentiating swarmer cells that
had already initiated DNA replication (Quardokus et al. , 2001). This suggested that Z
ring formation was dependent on an early cell cycle event. Using temperature-sensitive
DNA replication mutants, it was later found that the initiation of DNA replication is
required for midcell Z ring formation (Quardokus and Brun, 2002). When the initiation
of DNA replication was blocked in differentiating swarmer cells, polar Z rings formed;
when DNA replication was allowed to initiate and blocked at a later stage, midcell Z
rings formed (Quardokus and Brun, 2002). Thus, Z ring localization appeared to be
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sensitive to the stage of DNA replication (Quardokus and Brun, 2002). It was also
shown that upon DNA replication inhibition, Z ring localization coincided with regions
where the concentration of DNA was lowered, consistent with the observations of the
nucleoid occlusion model (Woldringh et al., 1991 ). Several hypotheses were put
forward to explain the results. Interestingly, one of the hypotheses involving DNAbinding proteins involved in chromosome segregation, ParA and ParB , proved to be
relevant for the discovery of the MipZ protein.
The MipZ protein can be described as a "two-in-one" protein. It integrates both spatial
and cell cycle signals, promoting Z ring formation at the right time and place in the cell
cycle (Thanbichler and Shapiro, 2006). The ParA-like MipZ was found to be an
essential protein in C. crescentus with distant homology to the MinD proteins. Overproduction and depletion of MipZ was shown to result in phenotypes that were in some
ways similar to MinCD over-production and depletion phenotypes. MipZ depleted cells
divided less frequently becoming filamentous and producing mini-cells as the result of
polar divisions. When MipZ was overproduced, cells were not able to form Z rings and
also became filamentous. MipZ was also found to form a complex with ParB and
directly inhibit FtsZ GTPase activity affecting FtsZ protofilament polymerization in

vitro. These two characteristics are of vital importance for its function in cell division:
while interacting with ParB , MipZ localizes to the origin of replication initially at the
stalked pole and as DNA replication occurs it localizes with the duplicated origins of
replication at the stalked pole and flagellated pole. In this way, MipZ creates a gradient
for the inhibition of FtsZ protofilament polymerization, allowing midcell Z ring
formation to occur in regions of the cell where the concentration of MipZ is lowest (i.e.
between chromosomes).
The discovery of this new protein in C. crecentus adds evidence that many bacteria
divide without the molecular elements ruling the current paradigm for bacterial cell
division in E. coli and B. subtilis - the Min system and nucleoid occlusion proteins.
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1.9 Thesis aims
Vegetative cell division in B. subtilis is an essential process and is tightly regulated
both temporally and spatially so that it occurs precisely at midcell between replicated
and segregated nucleoids. It is the general belief that in rod-shaped cells the position of
division site is determined by the combined action of the Min system and nucleoid
occlusion (Errington et al. 2003, Rothfield et al., 2005; Harry et al. , 2006; Adams and
Errington, 2009). However midcell Z ring positioning has also been shown to be
affected by the progress of the early stages of chromosome replication, in a way that
appears to be independent of nucleoid occlusion (Harry et al. , 1999; Regamey et al.,
2000). While the molecular processes governing this DNA replication effect on Z ring
positioning remain elusive, it seems possible that other mechanisms besides the Min
system and nucleoid occlusion exist and contribute to the regulation of division site
positioning. Consistent with this possibility, in the absence of Min system and nucleoid
occlusion proteins, Z ring are still biased to form between replicated/segregated DNA
(Wu and Errington, 2004; Bernhardt and de Boer, 2005). This thesis investigates the
problem of how bacterial cells position the division site, and aims at discriminating
between the effects DNA replication, the Min system and nucleoid occlusion have on
midcell Z ring positioning.
Chapter 3 addresses the effect the very early stages of DNA replication have on midcell
Z ring positioning and whether this effect is directly the result of changes to nucleoid
occlusion at midcell or due to an as yet unidentified mechanism. A thorough
examination was conducted to determine whether relief of nucleoid occlusion via
changes in nucleoid morphology could explain the differences in Z ring positioning
observed when the early stages of DNA replication are prevented at different steps
leading up to replisome assembly at oriC. Moreover, in the absence of Noc, there was a
correlation between the frequency of midcell Z rings and the progression into the
initiation stage of DNA replication such that the frequency of Z rings at midcell
increases as this stage of DNA replication is progressively completed. These results
favour a model in which the early stages of DNA replication are linked to Z ring
positioning, independently of nucleoid occlusion.
42

Chapter 1 - Introduction

Chapter 4 addresses the role of Min system and Noc in establishing the position of the
Z ring at midcell. In the absence of minD and nae, the Z ring is biased towards
intemucleoid regions (Wu and Errington, 2004).This observation challenges the idea
that the Min system and Noc are all that is needed to position the Z ring at midcell and
raises speculation regarding their actual role in B. subtilis. The primary aim of this
chapter was to investigate whether they are required to position the Z ring precisely
between nucleoids. Firstly it was shown that they are not required for precise midcell Z
ring positioning. Secondly, other observations were made that point to the real role of
Noc and the Min system in the cell cycle. A model is proposed that explains the role of
these proteins in ensuring an efficient and opportune Z ring assembly at midcell during
the cell cycle.
Chapter 5 also deals with the role of nucleoid occlusion and the Min system in midcell
Z ring positioning, but from a different perspective. In Chapter 4, nae and minCD are
shown not to be required for midcell Z ring positioning. Two hypotheses were
developed to explain this result: 1) nucleoid occlusion factors other than Noc play a
role in midcell Z ring positioning or 2) other factors completely independent of
nucleoid occlusion position the Z ring at midcell. By developing an ingenious
experimental system, the primary aim of this chapter was to discriminate between these
two hypotheses. The results point to the possibility that factors completely independent
of all nucleoid occlusion and the Min system position the Z ring at midcell.
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2.1 Chemicals, reagents and solutions
The chemicals and reagents used throughout this work were typically analytical reagent
grade and were obtained from Arnresco, BDH Chemicals or Sigma unless otherwise
specified. Commonly used aqueous buffers and solutions are listed in Table 2.1.
Table 2.1: Commonly used aq ueous buffers and solutions
Buffer/ Sol ution

Constituents

GTE

50 mM glucose, 20 mM Tris-Cl, 10 mM EDTA, pH 7.5

PBS

137 mM NaCl, 2.7 mM KCl, 10.1 mM Na 2HP0 4, 1.8 mM KH 2P0 4:
pH 7

SDS-PAGE loading buffer

62.5 mM Tris-HCl pH 6.8, 10% (v/v) glycerol, 5% (v/v) 2mercaptoethanol, 2% (w/v) SDS , 0.1 % bromophenol blue, pH 8.5

Lysis buffer

10 mM MgCh,
500 µg/mL
lysozyme, 300 µg/mL
phenylmethylsulfonyl fluoride (PMSF), 100 µg/mL DNase I, lX
TE

PC buffer ( 1OX)

0.63 mM trisodium citrate (Na 3C 6H 50 7 ·2H20) , 6.1 mM K 2HP04,
4.4 mM KH 2P0 4; pH 7

TSE

89 mM Tris-HCl, 89 mM boric acid, 2.5 mM EDTA , pH 8.3

TE

10 mM Tris-HCl, 1 mM EDTA, pH 8.0

TES

200 mM Tris-HCl, 5 mM EDTA, 100 mM NaCl, pH 7.5

MSA

8 mM K 2HP0 4, 4.4 mM KH 2P0 4, 1.5 mM (NH 4)2S0 4, 340 mM trisodium citrate dihydrate (Na3 C 6H 5 0 1·2H20)

Trace metals

50 mM CaC!i, 5 mM MnCh, 0.005 mM FeCl3 ·6H20 , 2.5mM
CuCl 2.2H 20 , 1.25 m!v1 ZnCh, 0.25 mM CoC}i.6H 20, 0.29 mM
Na 2Mo04·2H20

XS buffer (2X)

2% (w/v) potassium ethyl xanthogenate, 1600 mM ammonium
acetate, 200 mM Tris-HCl, 36 mM EDTA, 2% (w/v) SDS , pH 7.4

HP Ura

6-(para-hydroxyphenylazo )-uracil

a

Solutions are listed at the normal working concentration (IX). lf used at different concentrations, the
concentration is specified.

a> -

2.2 B. subtilis strains and growth conditions
All B. subtilis strains used in this thesis are listed in Table 2.2. For those strains
produced as part of this work, experimental details regarding strain construction are
described in the text when the strains are first used. The B. subtilis 168 backgrounds
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used throughout this work are SU8 (trpC2, thyA, thyB) and SUS (trpC2). The SU8
background was used in experiments where thymine limitation was utilized as a method
to block DNA replication. The SUS background was used for all other experiments
described in this work. In Chapter 3, the following strains were used: SU8, SU46,
SU434, SU472, SU624, SU62S , SU626, SU627, SU628 and SU647. In Chapter 4, the
following strains were used: SUS , SU492, SUSS8, SUS61, SU6S6, SU6S7, SU6S9,
SU660, SU663, SU681, SU684 and SU68S. In Chapter S, the following strains were
used SUS, SU46, SU434, SU4S6, SUSS6, SUS61, SU649, SU6SO, SU6S l, SU6S6,
SU661 , SU662, SU671, SU678, SU680, SU683, SU71S and SU716.
Table 2.2: Bacillus subtilis strains
Strain
1284

Genotypea

AIG3
SB19b

trpC2 minD::pSGl737 (minCD'-lacZ ermC P
minD),
spactinoc::tet
tirecA: :neo
trpC2 +

SUS
SU8
SU46
SU434

168 trpC2
168 thyA thyB trpC2
thyA thyB trpC2 dna-1
thyA thyB trpC2 amyE::(spc P_n 1jisZ-yfp)

SU456

trpC2 jtsZ:: (phleo Pspac-ftsZ)
thyA thyB trpC2 dnaFJ33
trpC2 amyE::(spc Pxr1-ftsZ-yfp)

SU472
SU492

Reference or Source
Wu and Errington (2004)
Alan Grossman
E. Nester
E. Nester
A.T. Ganesan
N. Sueoka
Migocki et al., (2002)
Jensen et al., (2005)
S. Moriya
Lab stock
Lab stock

SU558

trpC2 thyA thyB timinCD:: cat amyE::(spc Pxyl-ftsZ-yfp)
trpC2 amyE::(neo Pspach_v-ftsZ)

SU56l
SU624

trpC2 timinCD::cat
thyA thyB trpC2 dna-1 amyE::(spc Px.r1-ftsZ-yfp)

Lab stock
S. Moriya

SU625

thyA thyB trpC2 dnaFJ 33 amyE::(spc Pxv1-ftsZ-yfp)

This work

SU626
SU627
SU628
SU647

thyA
thyA
thyA
thyA

S. Moriya
S. Moriya
S. Moriya
This work

SU649

yfp)
trpC2ftsZ::(phleo Pspac-ftsZ) timinCD::cat
trpC2 ftsZ::(phleo Pspac-ftsZ) MecA::neo

SU556

SU650

thy B
thy B
thyB
thyB

trpC2
trpC2
trpC2
trpC2

!inoc:: tet
dna-1 !inoc:: tet
dnaF133 tinoc::tet
dna-1 !inoc::tet amyE::(spc P_-.v1-ftsZ-

Lab stock

This work
This work
This work

SU656
SU657

trpC2 ftsZ::(phleo Pspac -ftsZ) timinCD::cat MecA::neo
trpC2 !inoc:: tet
trpC2 !inoc::tet amyE::(spc Pxvl-ftsZ-yfp)

SU659

trpC2 minD::pSGJ737 (minCD'-lacZ ermC Pspac-minD),

This work

minD),
spac-

This work

SU651

SU660

tinoc::tet
trpC2 minD::pSGl 737 (minCD '-/acZ ermC P

Lab stock
Lab stock
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SU66 lb
SU662
SU663
SU671
SU678

6.noc::tet amyE::(spc Pxyl-ftsZ-yfp
trpC2 + dna-1
trpC2+ dna-1,ftsZ::(phleo P -ftsZ)
spac
trpC2 amyE: : (spc P.1yl-ftsZ-yfp) Llnoc::tet LlminCD::cat

This work
This work
This work

-ftsZ) amyE::(spc P -ftsZspac
xvi

This work

-ftsZ) amyE::(spc P -ftsZspac
xyl

This work

trpC2 + dna-1 ftsZ::(phleo Pspac-ftsZ) amyE::(spc Pxyl-ftsZ-

This work

trpC2+ dna-1 ftsZ::(phleo P

yfp)
trpC2+ dna-1 ftsZ::(phleo P
yfp) !3.minCD::cat

SU680
SU681
SU683
SU684
SU685
SU7l5
SU716

yfp) !3.minCD::cat Llnoc::tet
trpC2 Llnoc: :tet 6.minCD::cat
trpC2 + dna-1 ftsZ::(phleo Pspac -ftsZ) amyE::(spc Pxyl-ftsZyfp) Llnoc::tet
trpC2 amyE: (neo Pspachv-ftsZ) !3.minCD: :cat
trpC2 amyE::(neo P
-ftsZ) 6.minCD::cat 6.noc::tet
spachv
thyA thyB trpC2, amyE: (spc P -ftsZ-yfp) Llnoc::tet
xvi
thyA thyB trpC2 amyE::(spc Pxv1-ftsZ-yfp) Llnoc::tet,

This work
This work
This work
This work
This work
This work

6.minCD: :cat

Antibiotic resistance genes are expressed as follows: cat, chloramphenicol; spc , spectinomycin, tet,
tetracycline; neo, neomycin; ermC, erythromycin; phleo, phleomycin. b) This strain was obtained by
congression (see section 2.3.1.1), and contains a reversion of the trpC2 marker - trpC2+.

a -

Growth media used to cultivate B. subtilis cells are shown in Table 2.3. Unless
otherwise stated, the vegetative cells were grown in liquid Antibiotic medium 3 (also
known as Penassay broth; PAB) or on tryptose blood agar base (TBAB). Spores were
germinated and outgrown in Germination Medium Defined (GMO) or PAB. Axenic
liquid cultures were incubated with vigorous shaking in a gyratory water-bath (G76;
New Brunswick) and growth was monitored by recording the optical density at 600 nm
(00 600) using a spectrophotometer (UV-120-02, Shimadzu or GeneQuant™ Pro, GE

Healthcare Biosciences).

GMO and Spizizen minimal

medium (SMM) were

supplemented with L-tryptophan (50 mg/mL), and when required PAB, GMO and
SMM were supplemented with thymine (20 µg/mL), glucose, xylose or isopropyl-1thio-~-Ogalactopyranoside

(IPTG), as specified in the text. Antibiotics were used for

selection as described in Table 2.4. B. subtilis strains were stored as stationary phase
cultures suspended in 16% (v/v) glycerol at -80°C or as spores on sporulation agar
slopes.
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Table 2.3: Bacillus subtilis growth media
Medium

Constituents

Penassay broth (PAB)

1.75% Bacto antibiotic medium 3

Tryptose blood agar base (TBAB)

3.3% TBAB

Spizizen minimal medium (SMM)

1.4% K 2HP04, 0.6% KH2P04, 0.5% D-glucose,
0.2% (NH4) 2S0 4, 0.14% MgS0 4.7H20 , 0.1 %
Bacto casamino acids, 0.1 % tri-sodium citrate
dehydrate (Na 3C 6H 50 7 ·2H20), 1% (v/v) trace
metals

Germination medium defined (GMD)

80 mM K1HP04, 44 mM KH2P04, 15 mM
(NH 4) 2S04, 3.4 mM sodium citrate, 0.5% glucose,
0.3% monosodium glutamate, 0.3% asparagine,
0.05% Bacto casamino acids, 0.02% MgS04.7H 20

MD medium

10% (v/v) lOX PC buffer, 2% glucose, 2.5 µg/mL
tryptophan, 0.5% ammonium ferric citrate
[Fe(NH 4) 3(C 6H 507) 2] , 2.5 µg/mL aspartate, 0.3 %
MgS04

Sporulation agar

0.8% Bacto nutrient broth, 13.4 mM KCl, l mM
Ca(N0 3) 2, 0.5 mM NaOH, 0.0 l mM MnC1 2 , 0.00 l
mM FeS0 4, 0.001 mM MgS0 4.7H 20 , 1.5% Bacto
agar

a,b

All media were prepared in purified and deionized water (Milli-Q water, MQW) and sterilised by
autoclaving or 0.2 µm filtration. TBAB, Bacto Agar, Bacto antibiotic medium 3, Bacto casamino acids
and Bacto nutrient broth were from Difeo. All percentages are given as w/v, unless otherwise stated. b)
All media was supplemented with L-tryptophan.

a -

Table 2.4 Antibiotics used for selection of B. subtilis
Drug/Antibiotic

Working concentration a (µg/mL)

Chloramphenicol
Erythromycin
Phleomycin
Neomycin
Tetracycline
Spectinomycin

5
0.5-1
2
1-2
l0
40-80

- Stock solutions were prepared by dissolving antibiotics either in 95 % ethanol (chloramphenicol,
erythromycin), MQW (spectinomycin, neomycin), 95 % methanol (tetracycline, phleomycin), and filter
sterilized (0.2 µm filter). All antibiotics were stored at 4°C.

2.2.1 Testing the status of the amyE locus of B. subtilis
The genetic manipulation of B. subtilis in this work often involved insertion of gene
cassettes into the amyE locus of the B. subtilis chromosome. The amyE gene encodes
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an enzyme, alpha-amylase, which breaks down starch into less complex sugars (Feucht
and Lewis, 2001 ). To test if amyE has been disrupted (i.e. does not produce amylase
gene) and therefore indicative of a gene cassette insertion, B. subtilis cells were
streaked out onto TBAB plates containing 1% (w/v) starch and incubated overnight at
3 7°C or 30°C. Plates were then stained by vaporizing iodine crystals in the inverted
plate lids. In the vicinity of colonies with a functional amy E gene, the agar remained
colorless, while for colonies carrying an inactivated amyE gene, the agar stained purple.
This is due to the fact that iodine complexes starch and that starch is degraded in the
presence of a functional amyE gene.

2.2.2 Testing for thymine auxotrophy
The thymine auxotroph background SU8 (trpC2 thyA thyB) was used in this work to
allow inhibition of DNA replication by omitting thymine from the medium. For all
transformations involving the SU8 (trpC2 thyA thy B) background, the resulting
transformants were checked for thymine auxotrophy to ensure their reproducibility in
experiments involving thymine limitation. For this purpose, colonies of potential
thymine auxotrophic strains were streaked out on SMM plates with and without
thymine and incubated overnight at 37°C or 30°C. Colonies that grew on SMM agar
plates with thymine but did not grow on SMM agar plates without thymine were
considered thymine auxotrophs. The same procedure was performed when spores of the
thymine auxotroph strains were made to confirm that the spores of thymine auxotroph
strains were indeed thymine-requiring.

2.2.3 Testing for temperature-sensitive DNA replication
mutations
Two temperature-sensitive (ts) DNA replication mutants (dna-1 and dnaFJ 33) of B.

subtilis were used in this work to specifically inhibit DNA replication initiation. For all
strains containing temperature-sensitive DNA replication mutations, temperature
sensitivity was checked to ensure their reproducibility in experiments involving DNA
replication initiation blocks. For this purpose, colonies of temperature-sensitive strains
were streaked out on TBAB plates (with thymine) and incubated overnight at 48°C (the
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non-permissive temperature) or 30°C (the permissive temperature). Colonies that grew
overnight at 30°C but did not grow at 48°C were considered to be temperature
sensitive. The same procedure was performed when spores of the temperature-sensitive
DNA replication mutant strains were produced to confirm that the spores were also
temperature-sensitive for DNA replication.

2.2.4 Testing for UV sensitivity and growth of UV-sensitive
strains
Strains containing a disruption of the recA gene are UV-sensitive (Goranov et al.,
2006) and were used in this work to allow a block in DNA chain elongation without
induction of the RecA-mediated SOS-response (Goranov et al., 2006). The disruption
of the recA gene was confirmed by UV sensitivity. The UV sensitivity tests were
performed by firstly serial diluting (I o0 to I 0-5) an exponentially growing culture
(OD 600 0.4-0.6) diluted down to OD 600 of O.I5 into IX MSA and then by spot patching
I 0 µL of the resulting serial dilutions on to a TBAB agar plate. Once dry, the agar
plates were exposed (inverted and without the lid) to a bacteriocidal level of UV light
(A.=300nm, Bachem and Dushkin, 1935) on a UV box (Ultra-lum UVB-20) for 0, 5, 15
and 30 seconds. After exposure, the agar plates were incubated at 3 7°C overnight to
allow the growth of colonies. Strains containing an inactive recA gene are UV sensitive
and for this reason were grown in flasks wrapped in aluminum foil to avoid exposure to
UV radiation.

2.2.5 Determining cell viability
Cell viability assays were performed to compare the viability of several mutant strains
relative to wild-type strains. The assays were performed by serial diluting (from I o0 to

1o-5) an exponentially growing culture (OD 600 0.4-0.6) diluted down to an OD 600 of

0.15 into IX MSA and by spot patching I 0 µL of the resulting serial dilutions onto
TBAB. The agar plates were incubated at 37°C or 30°C overnight to allow the growth
of colonies. Alternatively, instead of spot patching, I 00 uL of the serial-diluted culture,
was spread onto TBAB and incubated at 3 7°C or 30°C overnight to allow the growth of
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colonies. In the latter case, the serial dilutions yielding between 30-300 colonies were
used to calculate the average plating efficiency(%) relative to the wild-type.

2.2.6 Depletion of the

Pspac

inducible promoter

Several strains used in this work contain the

P spac

IPTG-inducible promoter. This

promoter was used to control native ftsZ and minD expression in several strains (see
Table 2.2). To deplete these two genes, and check for the effect of their depletion on
cell division, cells were grown in the absence of IPTG as follows. A volume of
exponentially-growing cells grown in the presence of IPTG were removed from the
culture so that a new culture grown in the absence of IPTG would initiate with an
OD 600

~

0.05. Before transferring this volume of cells to the culture medium without

IPTG, the cells were washed twice by centrifugation and resuspension in medium
without IPTG. This step was intended to remove residual amounts of IPTG from the
cell pellet. Next the cell pellet was resuspended in the medium without IPTG and the
cell culture was grown for 2 to 3 hours to deplete the

P .spac

inducible-promoter.

Simultaneously as a control the above procedure was performed but instead cells were
transfered to culture medium with IPTG. The cells (depleted and not depleted) were
then prepared for ethanol-fixation (see section 2.6.2).

2.3 Preparation of competent B. subtilis cells and
transformation
ln culture, B. subtilis cells naturally acqmre competence and can uptake DNA as
growth reaches stationary phase (Cutting and Vander Hom, 1990). Competent B.

subtilis cells were prepared as follows. A single colony of the parent strain to be made
competent was cultivated overnight at 30°C in PAB supplemented with auxotrophic
requirements. The overnight culture was used to inoculate MD medium ( 10 mL, see
Table 2.3), containing 100 µL of 10% (w/v) casamino acids (CAA, Difeo), to an OD 600
of 0.05. The MD medium was incubated at 37°C (30°C if the strain was temperature
sensitive), with vigourous shaking until early stationary phase (an 00 600

~ 1).

At this

stage an equal volume of MD medium was added to the culture and shaken for a further
hour at the appropriate temperature to fully induce competence. The culture of
51

Chapter 2 - Materials and Methods

competent cells in glycerol (final concentration of 16% ), and 800 µL aliquots were
stored at -80°C.

2.3.1 Transformation of competent B. subtilis cells
Chromosomal DNA (see section 2.5.1) was added (5 µL - 10 µL;

~100-150

µg), to an

aliquot of competent cells (800 µL), along with a no DNA control. This mixture was
then incubated with constant agitation for 30 min at 37°C (or if required 1 hour at
30°C). After this time, 50 µL of 10% (w/v) casamino acids (CAA, Difeo) was added to
the tubes and incubated for another hour at 37°C (or if required 1 hour and 30 min, at
30°C). The entire sample was then centrifuged for 2 min at 12 000 g and the resulting
cell pellet was then resuspended into 200 µL of IX MSA (see Table 2.1). 100 µL were
then plated and spread onto PAB plates supplemented with the appropriate auxotrophic
requirements and antibiotics. The plates were incubated at 3 7°C overnight or 30°C for
24 hours until potential transformants appeared.
2.3.1.1 Transformation of competent B. subtilis cells by congression
Congression essentially involves transferring two genetic markers into competent cells
simultaneously, using a first marker to select transformants, and then selecting for the
second marker in the cells transformed with the first marker. Transformation by
congression was used to transform wild-type SUS (trpC2) with SU46 (trpC2 thyA thyB
dna-1) DNA, to obtain a strain containing the temperature-sensitive dna-1 mutation but

in the SUS genetic background. For this purpose, chromosomal DNA from both SB 19
(Trp+) and SU46 (dna-1; temperature sensitive) in the proportions of 1:3 (100 to 300
ng) respectively, were used to transform SUS competent cells, using the procedure
described in section 2.3.1. Firstly, transformant colonies exhibiting the ability to grow
on SMM agar without tryptophan were selected. Secondly, these transformants were
then patched onto SMM plates that were incubated overnight at 30° or 48°C, to select
for temperature-sensitive colonies. Over 400 colonies were screened and two colonies
displayed both phenotypes, the ability to grow on medium without tryptophan and
temperature sensitivity (dna-1). These two colonies were then sequenced (see section
2.5.5) to confirm the presence of the dna-1 mutation.
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2.4 Preparation, germination and outgrowth of B.
subtilis spores
B. subtilis spores were prepared using a method based on that of Harry et al., ( 1999).
An overnight culture was prepared by inoculating 10 mL PAB with a single colony of

B. subtilis and then incubated overnight in a water bath at 30°C, with constant agitation.
The overnight culture was subsequently used to inoculate 10 mL of PAB to an OD6oo of
approximately 0.05 and incubated at 37°C (or 30°C where necessary) with vigorous
agitation. Early stationary phase cells (0.5 mL at OD 600

~ 1)

were spread onto a

sporulation agar plate ( 18 cm petri dish) and incubated in a 30°C oven, for
approximately 7-10 days until the majority of cells had formed phase-bright mature
spores, as determined by phase-contrast microscopy. Spores were harvested by
resuspension in sterile MQW and centrifugation at 12 000 g at 4 °C for 10 min. Spores
were then washed twice in MQW, resuspended in 25 mL TE buffer containing
lysozyme ( l mg/mL; Sigma) and incubated at 3 7°C with shaking for 1 h. SDS [2%
(v/v)] was added and incubated at 37°C for 20 min. In this case, lysozyme was used to
lyse any vegetative cells (spores are resistant to lysosyme) and SDS acts to dissolve the
cell membrane of these cells. Together both agents remove the vegetative cells from the
resuspension. The resuspension was then centrifuged at 12 000 g at 4 °C for 10 min and
the pellet was washed (8-10 times) with sterile MQW until only phase-bright spores
remained, as determined by phase-contrast microscopy. Spores were stored in sterile
reverse osmosis water (ROW) at 4 °C. The concentration of spores was estimated by
absorbance, given that 10 10 spores/mL yields an OD 625 =50. Spores were germinated at
a concentration of 2 x 10 8 spores/mL in GMD or PAB with vigourous agitation at 34 °C.

2.5 General DNA methods
2.5.1 Purification of chromosomal DNA from B. subtilis
B. subtilis chromosomal DNA was extracted and purified based on the method of
Errington (1984) with the following modifications. An overnight culture (3 mL) of B.

subtilis cells was pelleted, washed once with 1.0 mL TES and then resuspended in 500
µl TES. Lysozyme (25 µL; 10 mg/mL in TES) was then added and the mixture was
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incubated for 30 min at 37°C. Next, 2X XS buffer (500 µL, Table 2.1) was added and
incubated at 65 °C for a further 1-2 h. After the 65 °C incubation, the cell suspension
was vortexed for 10 sec and placed on ice for 30 min. This suspension was pelleted by
centrifugation at 14 000 g for 10 min in a microcentrifuge. The supernatant was
removed, and an equal volume of isopropanol was added to the supernatant. This was
incubated at room temperature for 5 min before rapid inversion to precipitate the DNA.
The DNA was pelleted by centrifugation at 12 000 g for 5 min in a microcentrifuge and
washed by resuspension and centrifugation in ice-cold ethanol (70%). The DNA pellet
was allowed to air-dry and then resuspended in TE containing RNase (100 µg/mL).
Chromosomal DNA was stored at 4 °C and used for transformation and PCR.

2.5.2 Agarose gel electrophoresis of DNA
Agarose gels were prepared on a horizontal slab gel apparatus (Bio-rad). Agarose (type
1: low electroendosmosis; Sigma) at 1.5 % (w/v) was dissolved in electrophoresis
buffer (TBE) and gels were cast with a well-forming comb in place. The PCR amplified
DNA was prepared in 6X gel loading dye blue (New England Biolabs) and loaded into
the pre-cast wells. Bacteriophage A DNA pre-cut with HindIII (New England Biolabs)
was used for size standards. Agarose gels were run submerged under a volume of 1X
TBE electrophoresis buffer that lay above the surface of the gel at 120 V for 1-2 h. Gels
contained 60 ng/mL of GelRed® (Biotium) as a safer alternative to ethidium bromide.
The gels were exposed to short-wavelength UV light (254 nm) using a transilluminator
(EC-40; UltraLum) and recorded as a digital image using a charge-coupled device
(CCD) camera (EDAS 290; Kodak) linked to Kodak ID molecular imaging software,
version 4.5 (Kodak).

2.5.3 Determination of DNA concentration
DNA concentrations were determined spectrophotometrically as described by
Sambrook et al. ( 1989).

2.5.4 Polymerase chain reaction (PCR)
PCR was used to amplify specific regions of the B. subtilis chromosome, as well as for
strain construction and validation (Section 2.3 ), and to check the presence of specific
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mutations. PLATINUM® Pfx DNA polymerase (lnvitrogen), a high-fidelity enzyme
with proofreading 3' to 5' exonuclease activity, was used for sequencing purposes (see
2.5.5). For all other purposes Taq DNA polymerase (New England Biolabs) was used.
Each enzyme was specifically prepared in their corresponding amplification buffer, 1X
Pfx amplification buffer (lnvitrogen) or lX Thermo Pol buffer (New England Biolabs).
Single-stranded oligonucleotide primers for PCR were synthesised by Sigma and
supplied in a lyophilised form. Primers were dissolved in MQW to a final concentration
of 100 µMand stored at - 20°C. The PCR reaction mixtures consisted of template DNA
(100 ng for chromosomal DNA), 500 nM of each primer (see Table 2.5), lX
amplification buffer, 200 µM of dNTP mix (Ferrnentas) and 1.25 U of DNA
polymerase (Pfx or Taq polymerase), made up to 50 µLin MQW. PCR mixtures were
subjected to the following temperature cycle using a thermal cycler (PCR Express;
Hybaid): 94°C for 2 min (initial template denaturation), 30 cycles of 94°C for 30 sec
(template denaturation) , X°C for 30 sec (primer annealing) and 68°C for Y min
(extension), followed by a final extension at 68°C for a further 5 min [where X =
predicted oligonucleotide annealing temperature (Sambrook and Russel; 2001) minus
~3-5 ° C ,

and Y

=

1 min per kb of DNA to be amplified]. The PCR reaction products

were analysed by agarose gel electrophoresis (Section 2.5.2) and purified using the
QIAquick® PCR purification

kit (Qiagen)

according to

the

manufacturer ' s

instructions if sent for sequencing.
Table 2.5: Primers used for PCR reactions
Primer

630
775
787
788

1023
1028
1125
1136

Sequence 5' to 3'

AACCTTCTTCAACTAACGGG
TGGCCTGAGAAAGTGATCG
AATCGGACATCGCATTGG
GGATTTGAGCGTAGCGAAAACTGTTCCTT
CTCACCAAGC
ACAGTTCGGCAAAGGTTCCATT
TGCTGCACTACTCCGTTATTATC
CCCTTAATCGGCCCTGTTGC
CATGCGTTCCCTGACCGTTTC

Description

cat reverse
minCD.forward
noc for ward
noc reverse downstream
recA forward
recA reverse
dnaB forward upstream
dnaB reverse downstream
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2.5.5 DNA sequencing
Specific regions of the B. subtilis chromosome were amplified and sequenced during
this study to confirm the correct construction of strains and/or the presence of particular
mutations (Section 2.3). PCR was employed to amplify the regions of interest, as
described in Section 2.5.4. Purified PCR products, along with appropriate primers, were
then sent to the Australian Genome Research Facility (AGRF; University of
Queensland, Australia), where sequencing reactions were performed. Sequencing data
was analyzed using the Lasergene® (DNAST AR) software.

2.6 Microscopy methods
2.6.1 Immunofluorescence microscopy (IFM)
IFM was used for the detection of the FtsZ protein in various strains of B. subtilis under
various conditions as described in the text. The method used for IFM of FtsZ in this
thesis is based on the previously described method in Harry et al. ( 1995) with the
modification that methanol was used as a fixative in the cell fixation process. Multiwell microscope slides (ICN Biochemicals) were prepared for cell adhesion by
incubating the wells with 0.1 % solution of poly-L-lysine (Sigma) for 2 min, by
aspirating the wells dry and rinsing them twice with MQW. Slides were allowed to dry
before applying the cell samples.
Vegetative cells and outgrown spores were fixed using methanol (as described by
Teleman et al. 1998). Mid-exponential phase vegetative cells or outgrown spores ( 1
mL) were concentrated by centrifugation and resuspended in 500 µL PBS. This was
then added to 10 mL ice-cold methanol (-20°C), mixed by inversion and fixed at -20°C
for 1 h unless otherwise stated in the text. Fixed cells were washed once in 0.5 mL PBS
by centrifugation in a microfuge ( 12 000 g, 5 min) and the supernatant discarded. Cells
were then resuspended in 90 µL GTE. Cells were permeabilized with the addition of
lysozyme (to a final concentration of l mg/mL) and immediately added to the wells on
the multi-well slide. Cells were incubated on the slides for 2-3 min and the excess
liquid was removed from the slides by aspiration until dry. Each well was then
incubated with blocking solution (2% BSA (w/v), 0.05% (v/v) Tween 20 in PBS) for 15
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min. After this point, the wells were not allowed to dry out. The wells were washed
once with PBS. Primary antibodies specific to FtsZ (see Table 2.6 for dilutions and
details) were diluted in PBS containing 2% BSA. Antibody solution ( 10 µL) was added
to each well and the slide was incubated at 4 °C overnight in a humidified chamber.
The following morning, the primary antibody solution was aspirated off and the slide
was washed ten times with PBS (note: never allowing the slide to dry completely).The
wells were then blocked with 5% goat serum (diluted in PBS) for 30 min. The blocking
solution was aspirated off and the wells were washed once with PBS. A secondary
antibody with a fluorescence conjugate (i.e. goat anti-rabbit secondary antibody
conjugated to Alexa 488; see Table 2.6) was diluted in PBS containing 2% BSA. DAPI
(0.4 µg/mL), where required, was added to the wells and incubated at room temperature
for 1 h in the dark. The wells were then washed ten times with PBS. The slide was
mounted with PBS containing glycerol (50%) and a coverslip. Finally, the edges of the
coverslip were sealed with nail polish. Images were acquired as described in Section
2.6.5. Slides were stored at -20°C.
Table 2.6: Antibodies used for primary and secondary detection for both IFM and western blot
analysis
Antibody

Source

Origin

Dilution used
(IFM)

FtsZ (primary)

S. Moriya

Rabbit

1: 10 000

Rabbit lg
(secondary)

Molecular
Probes

Goat antirabbit

1: 10 000

Rabbit lg
(secondary)

Pro mega

Goat antirabbit

Dilution used
(Western
blotting)
1:10000

Antibody type
Whole serum
Alexa 488

1: 1000

Horseradish
peroxidase

2.6.2 Ethanol fixation of cells
Cells were fixed for cell length measurements using an ethanol-fixation method. Cells
( 1 mL) were collected and pelleted at 6700 g for 2 min in a microcentrifuge. The pellet
was resuspended in 300 µL PBS and cells were fixed with the addition of 700 µL cold
ethanol (95% (v/v), 4°C). Cells were fixed at 4°C (for 1 to 5 nights). The fixed cell
suspension (500 µL) was pelleted at 12 000 g for 3 min in a microcentrifuge and
washed twice by resuspension and centrifugation in 200 µL PBS. The cells were
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resuspended in 200 µL PBS. The fixed, washed cells (10 µL) were transferred to polyL-lysine treated multi-well slides (ICN Biochemicals; as described in Section 2.6.1)
and incubated at room temperature for 5 min. The excess liquid was aspirated off and
the wells were washed once with PBS. The slide was mounted in PBS containing
glycerol (50%) and the edges of the coverslip were sealed with nail polish. Slides were
stored at -20°C.

2.6.3 Methanol fixation for nucleoid visualisation
Vegetative cells and outgrown spores were fixed using methanol fixation (as described
by Teleman et al. 1998). Mid-exponential phase vegetative cells or outgrown spores ( 1
mL) were concentrated by centrifugation and resuspension in 500 µL PBS. This was
then added to 10 mL ice-cold methanol (-20°C), mixed by inversion and fixed at -20°C
for 1 h unless otherwise stated in the text. Fixed cells were washed once in 0.5 mL PBS
by centrifugation in a microcentrifuge ( 12 000 g , 5 min) and the supernatant discarded.
The cell pellet was then resuspended in 90 µL GTE. The fixed , washed cells (10 µL)
were transferred to poly-L-lysine treated multi-well slides (ICN Biochemicals; see
Section 2.6.1) and incubated at room temperature for 5 min. The excess liquid was
aspirated off and the wells were washed once with PBS. The slide was mounted in PBS
containing glycerol (50%) and DAPI (0.4 µg/mL) and the edges of the coverslip were
sealed with nail polish. Slides were stored at -20°C in the dark.

2.6.4 Preparation of cells for live cell fluorescence microscopy
To examine the in vivo localization of FtsZ-YFP fusion proteins, live cells expressing
the fusion were collected and immobilised on agarose coated microscope slides as
follows. First, a small rectangular well was created on the surface of the glass slide
using Gene Frame (AB gene; slides were obtained from Livingstone). Agarose (type 1;
Sigma) was dissolved at 2% (w/v) in MQW using a microwave oven and 65 µL of this
solution was applied to the centre of the well. A coverslip was immediately placed on
top and the agarose was allowed to solidify within the well for

~5

min, producing a flat

agarose pad. To mount cells for fluorescence microscopy, the coverslip was gently
lifted away and 3 µL of live centrifuge-concentrated cell culture was placed on the flat
surface of the agarose pad. The same procedure was performed with using outgrown
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spores. The coverslip was then reapplied and the cells were viewed immediately. To
visualise the nucleoid in live cells, DAPI (0.4 µg/mL) was added prior to centrifugation
of the cells.

2.6.5 Phase-contrast and fluorescence microscopy
Fixed cells were observed using phase-contrast and fluorescence on a Zeiss Axioplan 2
fluorescence microscope. The Zeiss Axioplan 2 microscope was equipped with a Plan
ApoChromat (oil immersion objective, lOOx, NA 1.4; Zeiss) objective lens or an UPlan
Fluorite phase contrast objective (oil immersion objective, magnification, 1OOx; NA
1.3; Olympus). The light source was a 100 W high pressure mercury lamp passed
through the following filter blocks: for visualising Alexa 488 (Filter set 09, Zeiss; 450490 nm BP excitation filter, 515 nm LP barrier filter), for visualising DAPI (Filter set
02, Zeiss; 365 nm excitation filter, 420 run LP barrier filter) and for visualizing YFP
(Filter set 41029, Chroma Technology). Images were collected using an AxioCam
MRm camera. Image processing was performed using Axio Vision 4.5 or 4.6 software
(Zeiss) and scoring of these images was performed using AxioVision software. lmage
quality was improved by applying the cubic spline interpolation algorithm (to reducing
pixilation) on the Axio Vision (Zeiss) software. Images were exported as TIFF or JPEG
files.

2.6.6 Cell scoring and statistics
Pixel to µm scaling for images collected by an AxioCam MRm camera were used to
calculate cell lengths from digital images. Correct scaling conversions for digital
images were calibrated using images of a slide micrometer (Zeiss) placed under a Plan
ApoChromat (lOOx NA 1.4; Zeiss) or an UPlan Fluorite phase contrast objective (oil
immersion objective, lOOx; NA 1.3; Olympus) objective lens on a Zeiss AxioPlan 2
microscope by an AxioCam MRm camera. Cell lengths were scored on untreated
images using the Axio Vision software 4.5 or 4.6, with the appropriate scaling.
Numerical values for each cell length was exported from the AxioVision software as a
text file, and imported into Excel (Microsoft) for final analysis. Excel was used to
calculate mean, standard deviation, standard error of the mean (SEM) and the number
of cells counted (n) for each data set.
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Statistical analyses were carried out using SPSS software version 17 (IBM). Statistical
analyses included the the "two-tailed Fisher's Exact" test, the "Kolmogorov-Smirnov"
test, the "Kendall's tau coefficient" and "Spearman's rho coefficient". The "two-tailed
Fisher's Exact" test was used to compare the percentage of midcell Z ring formation
between different strains exhibiting DNA replication blocks. The "Kolmogorov Smirnov" test was used to compare the precision of midcell Z ring positioning in wildtype and mutant strains. The "Kendall's tau coefficient" and "Spearman's rho
coefficient" were used to identify correlations between the size of internucleoid
distances and Z ring positioning. All statistics were performed using a 95% confidence
interval, where p<0.05 indicates a statistically significant difference between the
comparisons made.

2. 7 Western blot analysis
2.7.1 Whole cell protein extraction for Western blotting
Cell lysates for Western blot analysis were prepared in the following way. B. subtilis
cells (10 mL of exponentially-growing vegetative cells; OD 600 0.4-0.6) were
centrifuged ( 12 000 g, 3 min) and the supernatant removed. The pellets were
resuspended in adjusted amounts of lysis buffer (Table 2.1) so that each sample would
contain an equal OD 600 once resuspended (as a reference, the sample with the highest
OD 600 was always resuspended in 250 µL of lysis buffer, and the other samples were
adjusted relative to this sample). This would ensure an equal loading of protein onto the
SDS-PAGE gels. The samples were then incubated at 37°C for 5 min and snap frozen
in liquid nitrogen. SDS-PAGE loading buffer was added to a IX final concentration
(see Table 2.1) to the samples, and the samples were then heated at 95°C for 5 min and
stored at -20°C until required. Thawed samples were heated at 100°C for 2 min prior to
loading onto a denaturing polyacrylamide gel (Section 2.7 .2).

2.7.2 Denaturing SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) of proteins
Protein samples prepared in the SDS-PAGE loading buffer were incubated at 100°C for
2 min prior to loading. The samples ( 10 µL; within the linear range of quantification,
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see section 2.7.4) were then loaded into pre-cast NuPAGE 4-12% Bis-Tris gels
(Invitrogen) which were assembled in a vertical apparatus (Mini-PROTEAN Tetra
system; Bio-Rad), and electrophoresized in lX NuPAGE-MES SDS running buffer
(lnvitrogen) for 45 min at 180 V, until the bromophenol blue dye front had migrated off
the bottom of the gel. After electrophoresis, the gel was prepared for Western blotting.
The SeeBlue® pre-stained markers (Invitrogen) were used for gels to be prepared for
Western blotting (Section 2.7.3 and 2.7.4). Following electrophoresis, the gel was
either prepared for Western blotting (Section 2.7.3 and 2.7.4) or stained in a staining
solution [0.125% (w/v) Coomassie Brilliant Blue R250, 30% (v/v) methanol, 10% (v/v)
acetic acid] for 2-4 h before finally destaining with 2 or 3 changes of destain solution
[30% (v/v) methanol, 10% (v/v) acetic acid] over 3-4 h.

2.7.3 Western transfer
For the transfer of protein from the gel to the Western blot membrane, the iBlot
(lnvitrogen) semi-dry transfer system was used, according to the manufacturer' s
instructions. Transfer program 2 of the iBlot system was used.

2.7.4 Immunodetection and quantification
After Western transfer, the blot was incubated in blocking solution [PBS + 5% (w/v)
skim milk] for 2 h at RT with rocking. The blot was then incubated with primary
antibody (see Table 2.6 for antibody types and concentrations) diluted in blocking
solution for 2 h at room temperature with rocking. The blot was rinsed three times, 5
min each, in PBS + 0.05% (v/v) Tween 20 + 5% (w/v) skim milk), then incubated in
HRP-conjugated secondary antibody (see Table 2.6) diluted in blocking solution for l h
at room temperature. The blot was rinsed three times in PBS for 5 min each then rinsed
well with ROW. Following this, the blot was incubated with the ECL (enhanced
chemiluminescence; GE Healthcare) kit reagents and prepared for chemiluminescent
detection according to the manufacturer's instructions. The membrane was then
scanned for chemiluminescent reaction between the ECL reagents and the horseradish
secondary antibody, using the ChemiDoc XRS+ imaging system (Bio-Rad). The ECL
reaction peaks after a couple of minutes and for this reason the chemiluminescent
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reaction was acquired 6 times over 300 seconds to ensure that at least one of the images
acquired would represent the peak-point of the reaction (i.e. generally the image with
highest intensity that is not saturated). Band intensities were analysed by densitometry
using Quantity One software (version 4.6.1 , Bio-Rad).
To ensure quantification of protein band intensities within a linear range, a standard
curve of quantification was obtained by 2-fold serially diluting the proteins samples
(1: 1 to 1: 16). The 1:8 serially-diluted protein samples were used for gel loading (see
section 2.7.2) as these fell within the linear range of the standard curve of
quantification.

2.8 Suppliers of chemicals, reagents and equipment
Table 2.7: Suppliers of chemicals, reagents and equipment
Supplier

Full name and location

Alpha lnnotech

Alpha Innotech Corporation, San Leandro, CA, USA

Amresco

Amresco Inc. OH, USA

Amyl Media

Amyl Media Pty Ltd., Moorabbin, VIC, Australia

BDH

BDH Chemicals Australia Pty Ltd. , Kilsyth, VIC, Australia

Bio-Rad

Bio-Rad Laboratories, Hercules, CA, USA

Biotium

Biotium, Inc. Hayward, CA, USA

Branson

Branson Ultrasonics Corporation, Danbury, CT, USA

DNASTAR

DNASTAR, Inc. Madison, WI, USA

Difeo

Difeo Laboratories, Detroit, Ml, USA

Digital Optics

Digital Optics Ltd. , Auckland, New Zealand

GE Healthcare

GE Healthcare, Uppsala, Sweden

Geno med

Genomed Inc. , Research Triangle Park, NC, USA

ICN Biochemicals

ICN Biochemicals Australasia Pty Ltd., Sydney, NSW, Australia

lnvitrogen

In vitrogen Life Technologies, Carlsbad, CA, USA

lmmunoresearch

Jackson lmmunoresearch Laboratories Inc ., West Grove, PA, USA

Kodak

Eastman Kodak Company, Rochester, NY , USA
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Livingstone

Livingstone International Pty Ltd, Australia

MBI Fermentas

MBI Fermentas GMBH, Germany

Microsoft

Microsoft Corporation, USA

Molecular Devices

Molecular Devices, Sunnyvale, CA, USA

Molecular Probes

Molecular Probes Inc. , Eugene, OR, USA

New Brunswick Scientific

New Brunswick Scientific Company, Edison, NJ, USA

New England Biolabs

New England Biolabs Inc., Beverly, MA, USA

Novex

NOVEX, San Diego, CA , USA

Olympus

Olympus Optical Co. Ltd. , Tokyo, Japan

Promega

Promega Corporation, Madison, WI, USA

ProSciTech

ProSciTech, Thuringowa, QLD, Australia

Qiagen

Qiagen Inc., Chatsworth, CA, USA

Shimadzu

Shimadzu Corporation, Kyoto, Japan

Sigma

Sigma Chemical Company, St. Louis, MO, USA

Thermo Fisher Scientific

Thermo Fisher Scientific, Inc. , Waltham, MA, USA

UltraLum

UltraLum Inc ., Claremont, CA, USA

Zeiss

Carl Zeiss, Oberkochen , West Germany
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between the Early Stages of
DNA Replication and
Z ring positioning
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3.1 Introduction
3.1.1 Early studies examining the link between cell division
and DNA replication
Cell division must be coordinated with other major cell cycle events to ensure the
viability of newborn cells. An important process that must be coupled to cell division is
DNA replication so that the two newborn daughter cells obtain the correct copy of the
genetic material (Harry et al. , 2006). For many years, coordination between DNA
replication and cell division was thought to be achieved by a link between the initiation
of septation and termination of a round of DNA replication (Donachie, 1993).
However, using outgrown spores of Bacillus subtilis, it was shown that midcell
septation can occur after only 70% progression into the first round of replication and in
the absence of termination, with the division septum closing onto the partially
replicated chromosomes (McGinness and Wake, 1979; Wu et al. , 1995). These studies
established that termination of replication is not required for midccell division in B.

subtilis and that septation can occur before the daughter chromosomes have separated
completely from one another. Furthermore, and because septation is the final stage of
cell division, these studies raised the possibility that the initial stages of cell division
(e.g. assembly of the cytokinetic Z ring) could occur much earlier in the round of
replication than expected. In light of these studies, others followed with the aim of
understanding how midcell Z ring formation, the earliest step in cell division, is
coordinated with DNA replication. Three main studies using the synchronous spore
outgrowth system have been concerned with the elucidation of the exact relationship
between DNA replication and the initiation of cell division in Bacillus subtilis .
Harry et al (1999) investigated the effect of blocking DNA replication initiation and
entry into DNA chain elongation on Z ring positioning. It was found that blocking
DNA replication initiation using the temperature-sensitive dnaB mutant (dna-1)
resulted in the majority of the Z rings being positioned acentrally, to one side of a
centrally-located unreplicated nucleoid. In contrast, completing initiation but blocking
entry into DNA chain elongation, by limiting thymine from the culture medium during
spore germination (thymineless condition), resulted in a substantial number of Z rings
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at midcell (between 50- 70%) over the unreplicated nucleoid (Harry et al. , 1999). These
results suggested that while DNA replication initiation is required for midcell Z ring
positioning, DNA synthesis is not. However, even though the DAPI-staining of the
nucleoids suggested that DNA replication was completely inhibited in the thymineless
condition, the possibility was raised that residual thymine in the medium allowed some
DNA synthesis, and thus midcell Z ring formation. To test this possibility, DNA chain
elongation was blocked by the addition of the DNA polymerase III inhibitor, HPUra [6(para-hydroxyphenylazo )-uracil] (Arwert and Rutberg, 1974) also in the absence of
thymine (+HPUra condition) to essentially block any possible DNA chain elongation
resulting from any residual thymine present in the starvation medium. Intriguingly, the
addition of HPUra also resulted in acentrally located Z rings, similarly to the dna-1
mutant at the non-permissive temperature. This result was consistent with the idea that
some chain elongation was afforded under the thymineless conditions, thus allowing Z
ring assembly at midcell.
Regamey et al (2000) revisited the above studies and investigated why midcell Z ring
formation can occur in the thymineless condition as opposed to the +HPUra condition.
In this study the authors focused on the possibility that in the thymineless condition,
some chain elongation had occurred to allow midcell Z ring formation . This seemed
unlikely as the addition of 0.1 µg/mL thymine to the culture medium during spore
outgrowth, to allow entry into the round of replication and some DNA synthesis,
blocked midcell Z ring formation, resulting instead in acentrally located Z rings.
Furthermore, a highly sensitive DNA-DNA hybridization approach with appropriate
probes binding near oriC showed that no DNA chain elongation had occurred in the
thymineless condition. Rather the chromosome was specifically degraded in regions
surrounding oriC. This degradation did not occur in the +HPUra condition. Neither did
it occur when 0.03 µg/mL thymine was added to the culture medium, which like the
thymineless condition also prevented DNA synthesis and allowed midcell Z ring
assembly. In other words, oriC degradation was found not to be essential for midcell Z
ring assembly. The question remained - why the difference between the thymineless
and HPUra condition since both entry into DNA chain elongation?
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Regamey et al (2000) also examined the nucleoid morphology in methanol-fixed
DAPI-stained nucleoids in each condition of DNA replication inhibition, with the goal
of understanding whether relief of nucleoid occlusion could account for the different Z
ring positioning observed. It was concluded that relief of nucleoid occlusion was not
entirely responsible for the differences in Z ring positioning observed between the
conditions of DNA replication inhibition that yield acentral Z rings (dna-1 mutant and
+HPUra condition) and those that yield midcell Z rings (thymineless condition). Thus,
another mechanism linking the early stages of DNA replication to midcell Z ring
positioning was called for to explain these observations. A model, initially suggested by
Harry et al. ( 1999) and further developed by Regamey et al. (2000), brought together
these findings into a possible mechanism that links the early stages of DNA replication
with midcell Z ring positioning in B. subtilis (see section 1.6 of the Introduction for
more detail). This model raised the possibility that the medially located replisome
creates a "checkpoint" that directly controls the utilization of a midcell Z ring site (or
signal) by masking and then unmasking this site at the time of DNA segregation.
The studies of Migocki et al (2004) tested the model proposed by Regamey et al
(2000), that the midcell localisation of the replisome directly controls the utilization of
a midcell Z ring site. In this study, it was shown that the replisome was mobile around
midcell, and therefore less precise than the midcell Z rings. Based on this observation,
it was concluded that the replisome does not act as a direct physical block to midcell Z
ring assembly early in the round of replication. Since then no studies have addressed
the question of how the very early stages of DNA replication are linked to Z ring
positioning, and this question has essentially remained unsolved.

3.1.2 The identification of dnaF133: a DNA replication
initiation mutant that allows Z ring assembly at midcell
How are the early stages of DNA replication linked to Z ring positioning? In other
words, why does a block to initiation of DNA replication (i.e. dna-1 mutant) differ so
much in Z ring positioning to a block to entry into chain elongation (i.e. thymineless
conditions)? Shigeki Moriya started investigating this difficult question by looking at it
from a different perspective. Moriya asked the question: is the thymineless condition
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unique in its ability to allow midcell Z ring formation in the absence of any DNA
synthesis? A preliminary study investigating the Z ring positioning phenotypes of
different DNA replication mutants identified dnaF 133 as a mutation that allowed
midcell Z ring assembly. dnaF 133 is a DNA replication initiation mutation that resides
in the polC gene encoding the a-subunit of DNA polymerase III (Karamata and Gross,
1970; Attolini et al., 1976; Sanjanwala and Ganesan, 1991; Moriya et al., 2010).
Consistent with an initiation defect, the dnaF 133 mutant showed a slow cut-off in DNA
synthesis (Vrooman et al., 1978; Moriya et al., 2010) and the Ori/Ter (purA /metB)
marker ratio decreased from 3.1 to 1.6 after 30 min at the non-permissive temperature
(Moriya et al., 2010). As expected, 3 H-thymine incorporation into DNA during spore
germination and outgrowth showed that DNA synthesis was blocked after an early shift
of germinated dnaF 133 spores to the non-permissive temperature (i.e. before the
expected time of initiation of the first round of replication, Mori ya et al., 2010). Most
importantly, the dnaF 133 mutation at the non-permissive temperature (48°C) allowed
the assembly of a significant number of midcell Z rings (between 35% to 45%; Moriya

et al., 2010). This result not only established that the thymine less condition is not
unique in its ability to allow midcell Z ring formation but it also showed that
completion of the initiation phase of DNA replication is not essential for midcell Z ring
assembly, as originally suggested (Harry et al., 1999; Regamey et al. , 2000).

3.1.3 Chapter aims
The primary objective of the work presented in this chapter was to investigate why
different DNA replication mutants blocked at initiation, dna-1 (resulting in a mutated
DnaB protein) and dnaF 133 (resulting in a mutated a-subunit of the DNA polymerase
III), yield distinct Z ring positioning phenotypes. As a starting point to answer this
question, an examination into whether relief of nucleoid occlusion could explain the
difference in Z ring positioning between these two mutants was conducted. For this
purpose, the Z ring and the nucleoid were co-visualized under in vivo conditions, using
FtsZ-YFP, and DAPI, respectively. Indeed, using this in vivo approach a relationship
between midcell Z ring assembly and nucleoid morphology was identified. Also using
this approach, the nucleoid morphology of the thymineless and +HPUra condition was
investigated with the aim of understanding whether relief of nucleoid occlusion via
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changes in nucleoid morphology could also explain the differences in Z nng
positioning between these two conditions. Here, a similar relationship between Z ring
positioning and nucleoid morphology was observed, as that for dna-1 and dnaF 133.
With the recent discovery of the nucleoid occlusion protein Noc (Wu and Errington,
2004), the effect of Noc in all of the above mentioned conditions of DNA replication
inhibition was investigated. In the absence of Noc, the frequency of midcell Z rings
increased to varying degrees according to the specific stage of ON A replication
inhibited. The implications of these results are discussed and a new model for how
midcell Z ring formation is linked to the early stages of DNA replication in wild-type
cells is proposed.
This work has been published in Molecular Microbiology (Mori ya et al., 2010). This
publication· was the combined effort of Shigeki Mariya, Rebecca Rashid, Elizabeth
Harry and myself. The work presented here in this chapter was included in this
publication and has been performed by me unless otherwise directly stated in the text in
brackets.
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3.2. Results
3.2.1 Midcell Z rings form preferentially over unreplicated
bilobed nucleoids in the DNA replication initiation mutant
dnaFl33
3.2.1.1 Characterization of Z ring positioning in live cells of dna-1 and dnaF133 at
the non-permissive temperature
To examine the relationship between Z ring positioning and nucleoid morphology, a
live cell approach was chosen, instead of IFM - a fixed cell approach. While IFM does
allow the visualization of Z rings, it does not preserve the nucleoid morphology very
well due to the permeabilization and fixation treatments (Harry et al. , 1999; see section
2.6.1 in the Materials and Methods). To visualize Z rings in live cells, a yellowfluorescent-protein fusion to the C-terminal end of FtsZ (FtsZ-YFP) was tested at the
non-permissive temperature to investigate whether it yields similar Z ring positioning
phenotypes for dna-1 and dnaF 133 as those obtained by IFM. This ftsZ-yfp expression
cassette is under the control of the Pxyt promoter (xylose inducible) and is integrated
into the chromosome at the non-essential amyE locus (encoding a starch degrading
enzyme, amylase; Feucht and Lewis, 2001). When xylose is added to the growth
medium, FtsZ-YFP is produced in addition to native FtsZ and results essentially in
decoration of native FtsZ localizations (Peters et al. , 2007). The addition of xylose to
induce Pxy1-ftsZ-yfp does not affect Z ring assembly and cell division is normal.
Furthermore this particular expression cassette has been extensively used to study FtsZ
localization in live cells (Migocki et al. , 2002; Migocki et al., 2004; Peters et al. , 2007;
Monahan et al. , 2009).
To obtain strains for the live visualization of FtsZ in the DNA replication mutant
backgrounds, strains SU46 (dna-1) and SU472 (dnaFJ 33) were transformed with
SU434 (ftsZ-yfp) chromosomal DNA (see Materials and Methods, section 2.2, refer to
Table 2.2), to obtain SU624 (dna-lftsZ-yfp ,· S. Moriya) and SU625 (dnaF133ftsZ-yfp).
Spectinomycin resistant transformants were checked for temperature sensitivity,
thymine auxotrophy and disruption of the amyE locus (see Materials and Methods,
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section 2.2.1 , 2.2.2 and 2.2.3). Consistent with previous results (Migocki et al., 2004;
Peters et al. , 2007; Monahan et al., 2009), the addition of 0.01 % xylose to express
FtsZ-YFP did not significantly affect the growth rate or cell length of SU624 (dna-1

ftsZ-yfp) and SU625 (dnaFl 33 ftsZ-yfp) at the permissive temperature when compared
to the parent strains SU46 and SU472, respectively (data not shown).
To confirm the Z ring phenotypes in dna-1 and dnaF 133 mutant strains in live cells at
the non-permissive temperature, Z rings were initially visualized in live vegetativelygrowing cells ofSU624 (dna-1 ftsZ-yfp), SU625 (dnaF133ftsZ-yfp) and, as a wild-type
control, SU434 (ftsZ-yfp ). However, the temperature shift to the non-permissive
temperature of asynchronous exponentially-growing cell cultures did not allow a clear
distinction between Z rings that formed at the permissive temperature versus those that
formed at the non-permissive temperature (data not shown). In other words, it was
difficult to accurately determine the Z ring positioning phenotype associated with the
temperature shift and therefore that of each DNA replication mutant. To overcome this
problem, the spore outgrowth system was used. The spore outgrowth system is
particularly advantageous for this study for two reasons. First, it results in a relatively
synchronous population of cells; and second, it provides a way of completely blocking
the first round of replication. For example, germinating spores of temperature-sensitive
DNA replication initiation mutants can be transferred to the non-perm1ss1ve
temperature prior to the start of initiation. This ultimately allows the positioning
analysis of the first Z ring that forms as a consequence of the DNA replication block to
which it is coupled.
Spores of SU624 (dna-1 ftsZ-yfp) and SU625 (dnaF133 ftsZ-yfp) were prepared (see
Material and Methods, section 2.4). During spore outgrowth, Z rings form after the cell
has reached a certain length and the time it takes to reach this length varies between
different spore preparations (Elizabeth Harry, personal communication). To determine
a suitable time point for the Z ring positioning analysis, in a population of cells
containing a significant number of cells with Z rings, spores of both strains were
germinated for 20 min at the permissive temperature (34 °C), shifted to the nonpermissive temperature (48 °C) and collected at different time points thereafter. At 60
min after the temperature shift, the germinating spores were too short and thus only a
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minority contained Z rings

(~30%).

At 75 min after the temperature shift, the majority

of outgrown spores contained one Z ring (60 % ), with the remainder of cells containing
precursor Z ring structures (faint helical forms of FtsZ). Shorter cells contained no
observable FtsZ localization (data not shown). This time point was chosen as the ideal
time point to analyze the position of the first Z ring that forms as a result of blocking
DNA replication in SU624 (dna-1 ftsZ-yfp) and SU625 (dnaF133 ftsZ-yfp) at the nonpermissive temperature. Examples of Z rings and the Z ring positioning measurements
for both mutant strains and the control strain SU434 (jtsZ-yfP) at the non-permissive
temperature for 75 min are shown in Figure 3.1 Band C.
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Figure 3.1: Z ring positioning in live outgrown spores of dna-1 and dnaF/33 at the non-permissive
temperature. Wild-type control spores of SU434 (ftsZ-yfp) were germinated in the same conditions as
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described here. (A) Representative images of multiple helical structures in SU624 (dna-1 ftsZ-yfp)
outgrown spores germinated in PAB with thymine (20 µg/mL) and 0.01 % xylose (v/v) for 20 min at
permissive temperature (34 °C) and then shifted to the non-permissive temperature (48 °C) for 90 min. (B)
Representative images of outgrown spores germinated in PAB with thymine (20 µg/mL) for 20 min at
34 °C and then shifted to the non-permissive temperature (48°C) for 7 5 min. (i) midcell Z rings in S U434
(jtsZ-yfp), (ii) midcell Z rings in SU625 (dnaFJ 33 .ftsZ-yfp ) and (iii) acentral Z rings in SU624 (dna-1
ftsZ-y.fp). (C) Z ring positioning frequency distribution (n> 100) in (i) SU434 (jtsZ-yfp), (ii) SU625
(dnaFJ33 ftsZ-y.fp ) and (iii) SU624 (dna-1 ftsZ-yfp) outgrown spores germinated as in (8). Top left hand
corner shows mean length (µm ± SEM) . Images shown are phase contrast (left) and FtsZ-YFP (right).
Scale bars are 1 µm. White arrow heads point to autofluorescent spore coats .

The Z ring position was determined by measuring the distance from the Z ring to the
neareast cell pole and by dividing this value by the cell length, with 0.5 being exactly
midcell. A Z ring was considered to be at midcell if it was positioned within the range
of 0.45-0.50, where essentially most Z rings (85%) formed in the wild-type control
(SU434) under the same conditions (Fig. 3.1 Ci). As expected few midcell Z rings were
observed (4%) in the dna-1 mutant (SU624, dna-1 ftsZ-yfp; Fig. 3.1 Ciii) whereas a
significant proportion of midcell Z rings formed (43 %) in dnaF 133 (SU625, dnaF 133
ftsZ-yfp; Fig. 3.1 Cii). The same Z ring positioning phenotypes, at the same time point,

were obtained using IFM with the parent strains that do not contain the FtsZ-YFP
fusion, SU46 (dna-1) and SU472 (dnaF133) (R. Rashid and S. Moriya; see Appendix I,
Fig. 1). This result confirms that FtsZ-YFP yields similar observations to IFM and that
the dnaF 133 mutant results in substantially more midcell Z rings than the dna-1 mutant
at the non-permissive temperature .
Interestingly, at 90 min after the temperature shift, while the majority of cells (50%)
contained one Z ring, a significant proportion of the cells (20%) contained multiple Z
rings or helical localizations of FtsZ throughout the cell (Fig. 3.1 A). These were
present in the longer cells within the population of both dnaF133 (SU625) and dna-1
(SU624). Are these multiple Z rings, or helical FtsZ localizations, the result of DNA
replication inhibition or a temperature defect of the FtsZ-YFP at the non-permissive
temperature? To exclude the possibility of a temperature defect of FtsZ-YFP, outgrown
spores of the wild-type strain SU434 (ftsZ-yfp) (with no DNA replication mutation)
were examined at 90 min after the shift to the non-permissive temperature. Consistent
with previous studies that have used SU434 (ftsZ-yfp) at a non-permissive temperature
(Monahan et al., 2009), no abnormalities were observed in this strain at this high
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temperature at any time after the temperature shift (data not shown). Furthermore, IFM
was also performed on the parent strains (not containing FtsZ-YFP) of SU624 (dna-1
ftsZ-yfp) and SU625 (dnaF133 ftsZ-yfp), SU46 (dna-1) and SU472 (dnaF133),
respectively, to determine if these helical- localization structures are an artifact of the
FtsZ-YFP. In SU46 (dna-1) and SU472 (dnaF133), at 90 min after the temperature
shift these multiple FtsZ localizations were also observed using IFM (see Appendix I,
Fig. 2). Thus, these structures are not an artifact of the FtsZ-YFP used. Given that these
structures were observed in longer cells, it is possible that when DNA replication is
blocked at the non-permissive temperature, after the formation of the first Z ring other
FtsZ helical localizations (or other Z rings) are capable of forming (discussed later).
3.2.1.2 Characterization of unreplicated nucleoid morphologies in live cells of dna-

1 and dnaF133 at the non-permissive temperature
Given the significant proportion of midcell Z rings in the dnaF 133 mutant, it seemed
possible that midcell Z rings would be present in cells containing nucleoids associated
with a decrease in nucleoid occlusion (i.e. less DNA) at the cell center. To investigate
whether the difference in Z ring positioning between dnaF 133 and dna-1 was a direct
result of nucleoid occlusion effects, nucleoids were examined in live outgrown spores
of these mutants. Initially, a strain that contains a fluorescent-fusion protein that binds
to the DNA was used - HBsu-CFP - as it had been previously shown to co-localize with
DAPI-stained nucleoids (Marcelle Freeman, PhD thesis). An initial characterization of
the HBsu-CFP strain in the DNA replication mutant and wild-type backgrounds at the
permissive temperature (34 °C) revealed significant phenotypic defects, such as
abnormal nucleoid morphologies, formation of anucleate cells and bulging at the cell
poles (data not shown). Thus, HBsu-CFP was not suitable for this analysis.
As an alternative, the commonly used DNA-dye, DAPI, was used to stain the nucleoid.
DAPI can be used in live cells to give an accurate representation of the nucleoid if a
single DAPI image is acquired for each field of view. Otherwise, the DAPI-stained
nucleoids in the following images (i.e. after further UV exposure) of that particular
field of view undergo expansion resulting in an inaccurate representation of the DNA
(Elizabeth Harry, personal communication). To exclude any possibility of this
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experimental artifact, the nucleoids were also examined in methanol-fixed cells. Four
types of nucleoid morphologies were observed in live and methanol fixed outgrown
spores upon transfer of dna-1 (SU624, dna-1 ftsZ-yfp) and dnaFl 33 (SU625 , dnaFl 33
ftsZ-yfp) to the non-permissive temperature for 75 min (Fig. 3.2 A). The nucleoids were

classified as follows: "single lobed", with a single uniform region of staining;
"bilobed", with two distinct regions of staining that were very close together;
"separated", with two regions of staining that were well separated, and "spread" when
the nucleoid had more than two regions of staining or the staining was diffuse. The
frequency of nucleoid types in live and methanol-fixed outgrown spores of dna-1
(SU624, dna-1 ftsZ-yfp) and dnaFl 33 (SU625, dnaF 133 ftsZ-yfp) are shown in Figure
3.2 8.
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Figure 3.2: Nucleoid morphology in live and methanol-fixed DAPI-stained outgrown spores of dna1 and dnaF 133. Spores were germinated in PAB with thymine (20 µg/mL) and 0.0 l % xylose for 20 min
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at permissive temperature (34°C) and then shifted to the non-permissive temperature (48°C) for 75 min.
(A) Representative images of the four types of nucleoid morphologies observed in live cells of SU625
(dnaFJ33 ftsZ-yfP). (B) Comparison between the frequency of nucleoid morphologies observed in
methanol fixed (see Material and Methods, section 2.6.4) and live outgrown spores (n > 100). Images
shown are phase contrast (left) and DAPI (right). Scale bars are 1 µm.

In live cells, the most common nucleoid morphology in dna-1 (SU624, dna-1 ftsZ-yfp)
was single lobed nucleoids (74.8%), followed by bilobed nucleoids (21.8%). Separated
(2. 7%) and spread (0. 7%) represented a minor proportion of the population. In contrast,
in dnaF 133 (SU625, dnaF 133 ftsZ-yfp) the most common nucleoid morphology was
bilobed nucleoids (49.3%), followed by single lobes (40.1 %), separated nucleoids
(9.9%) and spread (0.7%). Overall, the frequency of each nucleoid type is similar
between live and methanol-fixed outgrown spores (Fig. 3.2 B). Furthermore, similar
frequencies of these nucleoid morphologies were also observed in the parent strains of
SU624 (dna-1 ftsZ-yfp) and SU625 (dnaFl 33 ftsZ-yfp) that do not contain ftsZ-yfp
(SU46 and SU472, respectively), indicating that expression of FtsZ-YFP does not
affect the nucleoid morphology (data not shown; performed by Rebecca Rashid). Taken
together, these results establish that dna-1 and dnaF 133 have different nucleoid
morphology frequencies at the non-permissive temperature.
3.2.1.3 Co-visualization of the Z ring and unreplicated nucleoids in live cells of

dna-1 and dnaF133 at the non-permissive temperature
By comparing the Z ring positioning and nucleoid morphologies of dna-1 and dnaF 133
it was obvious that dnaF 133 had more midcell Z rings and more bi lobed nucleoids
compared to dna-1 . Based on this observation, midcell Z rings were predicted to be
present in cells containing a bilobed nucleoid, as the bilobed would allow partial relief
of nucleoid occlusion at midcell due to lowering of DNA concentration between the
two lobes (Harry et al., 1999; Regamey et al., 2000). To test this, nucleoids and Z rings
were co-visualized in live outgrown spores of dna-1 and dnaF 133 expressing ftsZ-yfp,
SU624 and SU625 , respectively. Table 3.1 shows the frequency of acentral and midcell
Z rings relative to each nucleoid type and the frequency of midcell Z rings that were, or

were not, over the nucleoid. Figure 3.3 shows examples of the most representative cell
types observed in dna-1 (SU624) and dnaF133 (SU625) and also a histogram
representation of Table 3 .1.
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In both mutants, when a single lobed nucleoid was located at the cell centre, the Z ring
formed to one side of it, in an acentral position (Fig. 3.3 Ci and Di for dna-1 and

dnaFl 33, respectively). This was the most common cell type in the dna-1 mutant
representing 75.8% of all Z rings scored (Fig. 3.3 A). In contrast, the most common cell
type in the dnaF 133 mutant were cells containing a midcell Z ring between the two
lobes of DNA of a centrally-located bilobed nucleoid (26.1 %, Fig. 3.3 Dii; see
Appendix I, Fig. 3 for more images). In the dnaFJ33 mutant bilobed nucleoids were
also associated with acentral Z rings (23%, Fig. 3.3 B). However, in this case, the
bilobed nucleoid appeared to be slightly off-center, such that one of the lobes was
positioned at the cell center (Fig. 3.3 Diii). Surprisingly, midcell Z rings were never
observed over bilobed nucleoids of dna-1, even though centrally-located bilobed
nucleoids represented 15.8% of the population (Fig. 3.3 A and Cii; see Appendix I, Fig.
3 for more examples).
Table 3.1: Frequency of acentral and midcell Z rings in live cells of dna-1 (strain SU624) and
dnaF/33 (strain SU625) and the relative position of midcell Z rings to the nucleoid.
N ucleoid type
Bilobed

Single lobed
Acentral Z ring
(%)
Midcell Z ring
over the nucleoid
(%)

Separated a

Spread

dna-1

dnaF133

dna-1

dnaF133

dna-1

dnaF133

dna-1

dnaF133

75.8

26.l

15.8

23

1.2

4.3

2.6

l.9

0

1.6

0

25.3

1.9

6.6

0

0.8

Midcell Z ring
not over the
2.3
6.6
0.4
3.9
0
0
0
0
nucleoid
(%)
Mean lengths were 4.6 ± 0.06 and 4.1 ± 0.04 (µm ± SEM) for SU624 (dna-1 jisZ-yfp) (n=260) and
SU625 (dnaFJ33 ftsZ-yfp) (n=257), respectively.
a-In the case of separated nucleoids, while the DNA appeared to be physically absent from midcell, the
midcell Z rings that fonned in these cells were still classified as being over the DNA.
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Figure 3.3: Co-visualization of the Z ring and nucleoids in dna-1 and dnaFJ33 live outgrown
spores. Spores were germinated in PAB with thymine (20 µg/mL) and 0.01 % xylose for 20 min at
permissive temperature (34°C) and then shifted to the non-permissive temperature (48°C) for 75 min. (A
and 8) Histogram representation of Z ring position relative to different nucleoid type in (A) SU624
(dna-1 ftsZ-yfp) and (8) SU625 (dnaFJ 33 ftsZ-yfp) at the non-permissive temperature. The height of
each bar represents the frequency of each nucleoid type, showing the proportion of acentral Z rings
(white), midcell Z rings over the nucleoid (black) and midcell Z rings not over the nucleoid (grey). (C)
Representative images of Z rings and nucleoids in SU624 (dna- 1 ftsZ-yfp): (i) acentral Z ring beside the
si ngle lobed nucleoid and (ii) acentral Z ring beside a bilobed nucleoid. (D) Representative images of Z
rings and nucleoids in SU625 (dnaF 133 ftsZ-yfp): (i) midcell Z ring beside the single lobed nucleoid, (ii)
a midcell Z ring over a bilobed nucleoid and (iii) an acentral Z ring beside a bilobed nucleoid. Mean cell
lengths (µm ± SEM) were 4.6 ± 0.06 for SU624 (dna-1 ftsZ-yfp) (n=260) and 4.1 ± 0.04 for SU625
(dnaFJ 33 ftsZ-yfp) (n=257). Images are DAPI pseudocoloured in red (left), FtsZ-YFP pseudocoloured in
green (middle) and overlay (right). Scale bars are 1 µm.

The only time Z rings formed at midcell in the dna-1 mutant was when the DNA
appeared to be physically absent from the cell centre, either because the nucleoid was
separated into two segments, or because the nucleoid was away from midcell (in total
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4.6% of Z rings scored). Interestingly, even under these circumstances the dnaF 133
mutant was twice as likely to have a midcell Z ring compared to dna-1 (two-tailed
Fisher's Exact test, p<0.05, data not shown). These results point to the possibility that
the early stages of DNA replication are linked to Z ring positioning in a way that is
independent of changes to nucleoid morphology and thus nucleoid occlusion.

3.2.1.4 Characterization of unreplicated nucleoid morphologies at an earlier time
point before the bulk of Z ring formation
To rule out the possibility that bilobed nucleoids actually form as a result of Z rings
forming over the DNA, the nucleoids in dna-1 and dnaFl 33 were examined at an
earlier time point during spore outgrowth, before the bulk of Z ring formation takes
places within the population. If midcell Z ring positioning over bilobed nucleoids
occurs as a consequence of the nucleoid itself, and not the other way around, bilobed
nucleoids would be expected to be present before the Z rings. To test this, the nucleoid
morphology was examined in outgrown spores of dna-1 (SU624) and dnaF133
(SU625) at the non-permissive temperature for 60 min. At 60 min, the outgrown spores
are shorter and there are fewer cells with bright Z rings within the population

(~30%) ,

compared to 75 min (used in the previous sections). The nucleoid morphologies for the
60 min time point are shown in Fig. 3.4. They are comparable to those obtained at 75
min (compare Fig 3.4 with Fig 3.2 8), with the dnaF/33 having more bilobed (50.9%)
than single lobed nucleoids (40.2%) and dna-1 having more single lobed (76.7%) than
bi lobed nucleoids (11. 7% ). These results show that the characteristic nucleoid
morphologies of the dna-1 and dnaF 133 are present before the majority of Z ring
formation within the population takes place. This suggests that midcell Z rings form
over DNA in the dnaF 133 mutant as a result of a particular nucleoid morphology and
not the other way around.
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Figure 3.4: Nucleoid morphology in dna-1 and dnaFJ33 methanol-fixed DAPI-stained outgrown
spores. Spores of SU624 (dna-1 ftsZ-yjp) and SU625 (dnaFJ 33 ftsZ-yjp) were germinated in PAB with
thymine (20 µg/mL) and 0.01% xylose for 20 min at permissive temperature (34°C) and then shifted to
the non-permissive temperature (48°C) for 60 min. Mean cell lengths (µm ± SEM) were 3.3 ± 0.05 for
SU625 (dnaFl 33 ftsZ-yjp) and 3.5 ± 0.05 for SU624 (dna-1 ftsZ-yfp) (n > 100).

3.2.2 Midcell Z rings also form over bilobed nucleoids when
entry into DNA chain elongation is blocked
3.2.2.1 Characterization of unreplicated nucleoid morphologies in fixed cells when
entry into DNA chain elongation is blocked
The previous section shows that when initiation of DNA replication is blocked, midcell
Z ring formation correlates with a higher frequency of bilobed nucleoids. Based on this,
it seemed possible that other conditions that block DNA replication and yield midcell Z
rings should also result in a higher frequency of bilobed nucleoids. The absence of
thymine (thymineless condition) which prevents entry into DNA chain elongation
results in a high frequency of midcell Z rings (between 50 to 70%; Harry et al., 1999;
Regamey et al., 2000). In contrast, the absence of thymine but addition of HPUra
(+HPUra condition), which also prevents entry into DNA chain elongation, results in a
lower frequency of midcell Z rings (between 20 to 25%; Harry et al., 1999; Regamey et

al. , 2000). Thus, it seemed likely that the +HPUra condition should result in more
single lobed than bilobed nucleoids and the thymineless condition in more bilobed than
single lobed nucleoids. To test this, nucleoids in methanol-fixed DAPI-stained
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outgrown spores of SU46 (dna-1) were examined at the permissive temperature (34°C).
SU46 (dna-1) was used at the permissive temperature as it produces an identical Z ring
phenotype as the parent thymine-requiring strain that has a wild-type dnaB gene (SU8;
Regamey et al., 2000).
Four types of nucleoid morphologies were observed. These nucleoids were classified as
previously described (section 3.2.1.2): "single lobed", with a single uniform region of
staining: "bilobed", with two distinct regions of staining that were very close together;
"separated", with two regions of staining that were well separated and "spread", when
the nucleoid had more than two regions of staining or the staining was diffuse. The
frequency and examples of each nucleoid type, in methanol-fixed outgrown spores of
SU46 (dna-1) at the permissive temperature in the thymineless and +HPUra conditions
are shown in Fig. 3.5.
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Figure 3.5: Nucleoid morphology in methanol-fixed DAPI stained outgrown spores in the
thymineless and +HPUra conditions. Spores of strain SU46 (dna-1) were germinated in GMD without
thymine (thymineless) or without thymine with addition of HPUra (+HPUra, 100 µM) for 150 min at the
permissive temperature (34°C). (A) Representative images of the four types of nucleoid morphologies
observed in live cells in the thymineless condition. (8) Comparison between the frequency of nucleoid
morphologies in the thymineless (white bars) and +HPUra condition (black bars) (n > 200). Mean
lengths (µm ± SEM) were 4.4 ± 0.03 for +HPUra and 4.9 ± 0.05 for the thymineless condition. Images
shown are phase contrast (left) and DAPI (right) . Scale bars are 1 µm.

As predicted, the most common nucleoid morphology in the thymineless condition was
the bi lobed nucleoid (46% ), followed by single lobed nucleoids (26%) and spread
(21 % ). Separated nucleoids (7%) represented a minor proportion of the population. In
81

Chapter 3 - Results

contrast, in the + HPUra condition the most common nucleoid morphology was single
lobed (70.6%), followed by spread (20.1 %). Bilobed (8.8%) and separated nucleoids
(0.5%) were a minority in the population.
Unlike the DNA replication initiation resulting from dna-1 and dnaF 133 mutant at the
non-permissive temperature (48°C), cells in both the +HPUra and thymineless
conditions showed a higher frequency of nucleoids that were "spread" in morphology
(compare Fig. 3.2 B with Fig. 3.5 B). Furthermore, in the +HPUra and thymineless
conditions the nucleoids appeared to occupy a larger volume within the cell (e.g.
compare single lobed nucleoid in Fig. 3.2 A to Fig. 3.5 A). Regardless of this slight
difference in nucleoid appearance, these results show that the frequency of midcell Z
rings also relates to the frequency of bi lobed nucleoids when ON A chain elongation is
blocked.

3.2.2.2 Co-visualization of the Z ring and unreplicated nucleoids in live cells when
entry into DNA chain elongation is blocked
Like the dnaF 133 mutant, the thymineless condition also resulted in a large proportion
of cells with unreplicated bilobed nucleoids. Thus, it seemed likely that the thymineless
condition should also result in midcell Z rings forming over bilobed nucleoids.
Likewise, as with the dna-1 mutant, the +HPUra condition should also result in most Z
rings forming acentrally beside an unreplicated single-lobed nucleoid. To confirm this,
Z rings and nucleoids were co-visualized in live outgrown spores of SU624 (dna-1 ftsZ-

yfp) in the thymineless and +HPUra conditions at the permissive temperature (inactive
dna-1 mutation, 34 °C).
First, the Z ring positioning phenotype of the thymineless and +HPUra conditions was
confirmed using FtsZ-YFP as marker in SU624 (dna-1 ftsZ-yfp) live outgrown spores
germinated at 34 °C. At 180 min of spore outgrowth the majority of cells contained Z
rings (~60% ). A Z ring was considered to be at midcell if it was positioned within the
range of 0.45-0.50, where essentially most Z rings (85%) formed in the wild-type
control (SU434, Fig. 3.6 Ai and Bi). The thymineless condition resulted in the majority
of Z rings forming at midcell (71 %, Fig. 3.6 Aii and Bii) while the addition of HPUra
resulted in lower proportion of cells with midcell Z rings (25%, Fig. 3.6 Aiii and Biii).
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This Z ring positioning phenotype is similar to that obtained with a strain that has a
wild-type dnaB gene [SU434 (ftsZ-yfp); data not shown)] and to that reported
previously using IFM (Harry et al., 1999; Regamey et al., 2000).
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Figure 3.6: Z ring positioning when entry into DNA chain elongation is blocked during spore
outgrowth in the thymineless and +HPUra conditions. SU624 (dna-1 ftsZ-yfp) spores were
germinated in GMD containing 0.01 % xylose (v/v), without thymine (thymineless) or without thymine
with addition of HPUra (100 µM, +HPUra) for 180 min at the pennissive temperature (34°C). As a wildtype control, spores of SU434 (jtsZ-yfp) were germinated in the same conditions as described above but
with thymine (20 µg/mL). {A) Representative images of Z rings observed in live cells in (i) the wildtype, (ii) thymineless and (iii) +HPUra conditions. (8) Z ring positioning in the (i) wild-type, (ii)
thymineless and (iii) +HP Ura conditions (n > 100). Images shown are phase contrast (left) and FtsZ-YFP
(right). In the histograms, top left hand corner shows mean length (µm ± SEM). Scale bars are 1 µm.
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Next, the Z ring and nucleoid were co-visualized in the thymineless and + HPUra
conditions. Table 3 .2 shows the frequency of acentral and midcell Z rings relative to
each nucleoid type and the frequency of midcell Z rings that were, or were not, over the
nuceloids. Figure 3. 7 shows examples of the most representative cell types observed in
the thymineless and +HPUra conditions and a histogram representation of Table 3.2.
Co-visualization of the Z ring and the nucleoids revealed that under both conditions,
when a single lobed nucleoid was located at the cell centre, the Z ring formed to one
side of it, in an acentral position (Fig. 3.7 A, B and C). This was the most common cell
type in the +HPUra condition representing 47.9% of all Z rings scored (Fig. 3.7 C). In
contrast, the most common cell types in the thymineless condition were cells with a
midcell Z ring forming over a centrally located bilobed nucleoid (43.2%, Fig. 3. 7 A and
C). Intriguingly, unlike the dna-1 mutant at the non-permissive temperature that formed
no Z rings over bilobed nucleoids, the +HPUra condition allowed midcell Z ring
formation in such cells ( 6.1 %, Fig. 3. 7 B and C), even though bi lobed nucleoids
represented a minor proportion of the population (10.2% for +HPUra vs 15.8% for dna1, compare Fig. 3.3 A with 3.7 B).
Table 3.2 Frequency of acentral and midcell Z rings and the relative position of midcell Z rings to
the nucleoid in thymineless and +HPUra conditions during spore outgrowth.
N ucleoid type

Acentral Z ring

Single lobed
+HP Ura

-Th~

Bilobed
+HPUra

-Th~

Separated a
+HP Ura

-Th~

-Th~

Spread
+HPUra

(%)

11.9

47 .9

9.2

4.2

1.1

0.6

6.5

22.4

Midcell Z ring
over the nucleoid

0

0

43.2

6.1

5.4

1.8

17.3

7.3

(%)

Midcell Z ring
not over the
4.9
8.5
0.5
0
0
0
0
1.2
nucleoid (%)
Mean lengths were 4.5 ± 0.04 and 4.8 ± 0.05 (µm ± SEM) for thymineless (n= 185) and +HPUra (n= 165)
conditions, respectively. -Thy: thymine less

a-In the case of separated nucleoids, while the DNA appeared to be physically absent from midcell, the
midcell Z rings that formed in these cells were still classified as being over the DNA
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Figure 3.7: Co-visualization of the Z ring and nucleoids in when entry into chain elongation is
blocked during spore outgrowth. SU624 (dna-1 ftsZ-yfP) spores were germinated in GMD containing
0.01 % xylose (v/v). (A) without thymine (thymineless) or (8) without thymine with addition of HPUra
(100 µM) for 180 min at the permissive temperature (34°C).The height of each bar represents the
frequency of each nucleoid type , showing the proportion of acentral Z rings (white), midcell Z rings over
the nucleoid (black) and midcell Z rings not over the nucleoid (grey). Mean lengths (µm ± SEM) were
4.5 ± 0.04 for - thymine (n=l85) and 4.8 ± 0.05 for +HPUra (n=l65). (C) Representative images of Z
rings and nucleoids in the thymineless (left panel) and +HPUra conditions (right panel). Images are
DAPI pseudocoloured in red (left), FtsZ-YFP pseudocoloured in green (middle) and overlay (right).
Scale bars are 1 ,um.

These results show that when DNA chain elongation is blocked, either in the
thymineless or +HPUra condition, midcell Z rings can form over bilobed nucleoids.
Thus, the dna-1 mutant at the non-permissive temperature is the only condition that
does not allow midcell Z ring formation over bilobed nucleoids. These results
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strengthen the possibility that DNA replication is linked to Z ring positioning in a way
that is independent of changes to nucleoid morphology and thus nucleoid occlusion.

3.2.3 In the absence of noc, midcell Z ring frequency increases
to varying degrees, depending on the type of DNA replication
block
3.2.3.1 Z ring positioning in the absence of noc when DNA replication initiation is
blocked
In section 3.2.1.3, it was found that while the dnaF 133 mutant at the non-permissive
temperature allowed midcell Z ring formation over bilobed nucleoids, the dna-1 mutant
under the same conditions did not. These results point to the possibility that the early
stages of DNA replication are linked to Z ring positioning in a way that is not entirely
dependent on changes to nucleoid morphology (i.e. nucleoid occlusion). However, one
known factor that acts to prevent Z rings from forming over unreplicated DNA is the
nucleoid occlusion protein, Noc. Noc binds specifically to the DNA and prevents Z
rings from forming over unreplicated DNA (Wu and Errington, 2004; Wu et al., 2009).
Based on this, it seemed possible that Noc might prevent midcell Z ring positioning in
the conditions of DNA replication inhibition tested here. If Noc is the only factor
preventing Z rings from forming at midcell when DNA replication is blocked, then a

nae deletion should result in all Z rings being positioned at midcell.
To create nae deletions strains, chromosomal DNA from strain 1284 (Wu and
Errington, 2004), which contains a nae: :tet deletion cassette, was transformed into
SU46 (dna-1), SU472 (dnaFl 33) and the parent wild-type background strain, SU8, to
create SU627 (dna-1 !inae; Shigeki Mariya), SU628 (dnaFl 33 tinae; Shigeki Mariya)
and SU626 (SU8 !inae) respectively. Tetracycline resistant transformants were checked
for temperature sensitivity (where relevant) and thymine auxotrophy.
Z ring positioning was then examined in SU626 (SU8 !inae), SU627 (dna-1 tinae) and

SU628 (dnaFl 33 !inae) outgrown spores at the non-permissive temperature using IFM.
This is shown in Fig. 3.8. Consistent with previous results (Wu and Errington, 2004), a
deletion of nae in the wild-type parental background, strain SU626 (SU8 !inae), had no
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affect on Z ring positioning with 85% Z rings forming at midcell at the non-permissive
temperature (0.45-0.50 range, Fig. 3.8 Ai and Bi). In the DNA replication initiation
mutant background at the non-permissive temperature, the absence of Noc resulted in
an increase in midcell Z ring formation at the non-permissive temperature, 63% in

dnaFl 33 (SU628; Fig. 3.8 Aii and Bii) and 42% in dna-1 (SU627 ; Fig. 3.8 Aiii and
Biii). These results show that Noc does prevent some midcell Z ring formation when
the initiation of DNA replication is blocked. However, despite the frequency of midcell
Z rings increasing substantially in both mutants in the absence of noc, some cells still
contain acentral Z rings. Furthermore, the frequency of midcell Z rings in the absence
of noc is still different between the dna-1 and dnaF 133 mutant, with dna-1 still having
less midcell Z rings. This suggests that even in the absence of noc, the dna-1 mutant
still results in less midcell Z rings than the dnaF 133 mutant at the non-permissive
temperature.
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Figure 3.8: Z ring positioning in the absence of noc when DNA replication initiation is blocked.
SU627 (dna-1 !inoc), SU628(dnaF133 !inoc) and SU626 (SU8 !inoc) spores were germinated at 34°C in
P AB with thymine (20 µg/mL) for 15-20 min prior to initiation of replication. They were then transferred
to the non-permissive temperature (48°C) for 75 min and prepared for IFM to visualize FtsZ. In these
conditions, approximately 40-50% of the cells have Z rings. (A) Representative images of Z rings as
visualized by IFM (i) SU626 (SU8 !inoc), (ii) SU628 (dnaFl 33 !inoc) and (iii) SU627 (dna-1 !inoc). (8)
Z ring positioning in (i) SU626 (SU8 !inoc) , (ii) SU628 (dnaF 133 !inoc) and (iii) SU627 (dna-1 !inoc).
Top left hand comer in histograms shows mean length (µm ± SEM). n> 100. Scale bars are 1 µm.

3.2.3.2 Z ring positioning in the absence of noc when DNA chain elongation is
blocked
When DNA replication initiation is blocked in the absence of nae, there is an increase
in midcell Z ring frequency for the dna-1 and dnaF 133 mutants. Does midcell Z ring
frequency increase under the thymineless and +HPUra conditions? To test this, the
thymine-requiring dna-1 nae-deleted spores (SU627) at the permissive temperature
(34 °C) were used. When thymine is added to the medium, Z ring positioning in the
absence of nae is essentially wild-type (84% of Z rings are at midcell; Fig. 3.9 Ai and
Bi). In the thymineless condition when nae is deleted, the frequency of midcell Z rings
increased to the wild-type levels (84%, Fig. 3.8 Aii and Bii). Surprisingly, the deletion
of nae in the presence of HPUra resulted in a very significant increase in midcell Z ring
positioning, almost to wild-type levels (75%, Fig. 3.9 Aiii and Biii). The same results
were obtained with the parent strain that has a wild-type dnaB gene in the absence of
Noc (SU596; Patricia Quach, PhD thesis, data not shown).
These results show that Noc also prevents some midcell Z ring formation when
initiation is completed but DNA chain elongation is completely blocked. Most
importantly, when Noc is absent, the Z ring positioning of the +HPUra and thymineless
condition are quite similar. Furthermore, when nae is absent, it appears that blocking
entry into DNA chain elongation results in substantially more midcell Z rings than
blocking initiation (compare Fig. 3.8 to Fig. 3.9). These surprising results suggest that
in the absence of nae, blocking the initiation stage of DNA replication results in a lower
frequency of midcell Z rings than blocking chain elongation. These results point to the
possibility that the progression into the early stages of DNA replication is linked to Z
ring positioning in a way that is independent of Noc.
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Figure 3.9: Z ring positioning in the absence of noc when entry into DNA chain elongation is
blocked during spore outgrowth. SU627 (dna-1 tlnoc) spores were germinated at 34°C for 180 min
with thymine (20 µg/mL), no thymine (thymineless) or no thymine but with addition of HPUra (100
µM). They were then prepared for IFM to visualize FtsZ. In these conditions approximately 40-50% of
the cells have Z rings. (A) Representative images of Z rings as visualized by IFM in cells grown (i) with
thymine, (ii) without thymine (thymineless) and (iii) with HPUra (+HPUra). (B) Z ring positioning in
outgrown spores germinated (i) with thymine, (ii) without thymine (thymineless) and (iii) without
thymine but with HPUra (100 µM; +HPUra). Top left hand comer in the histograms shows mean length
(µm ± SEM). Scale bars are l µm.

3.2.3.3 Co-visualization of the Z ring and unreplicated nucleoids in live cells in the
absence of noc
ln Noc+ cells, the dna-1 mutant at the non-perm1ss1ve temperature and +HPUra
condition are similar in the sense that they both result in a low frequency of midcell Z
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rings and more single lobed nucleoids than bilobed nucleoids. Intriguingly however, the
absence of nae in the +HPUra condition resulted in substantially more Z midcell rings
when compared to the dna-1 mutant (45% vs 75% midcell Z rings, dna-1 mutant and
+HPUra, respectively). Why is this so? Three possibilities were considered. First, the
absence of Noc might result in changes to the nucleoid morphology (i.e. more bilobed
nucleoids) to allow more midcell Z rings in the +HPUra condition than the dna-1
mutant. This was considered unlikely as a deletion of nae has no obvious effect on
nucleoid morphology (Sievers et al., 2002; Wu and Errington, 2004). Second, if other
Noc-independent nucleoid occlusion mechanisms are present, then it is possible that
they are more active in the dna-1 mutant than the +HPUra condition. For example, the
dna-1 Noc- mutant single-lobed nucleoids might mediate more Noc-independent

nucleoid occlusion than those in the +HPUra Noc- condition. Third, some event
completely independent of nucleoid occlusion is linking the early stages of DNA
replication to midcell Z ring frequency. To distinguish between these possibilities, Z
rings and nucleoids were co-visualized in live cells in the absence of Noc, in the dna-1
mutant and +HPUra condition.
To create a strain for the live visualization of Z rings, SU627 (dna-1 Llnae) competent
cells were transformed with SU434 (jtsZ-yfp) chromosomal DNA. Spectinomycin and
tetracycline resistant colonies were then screened for thymine auxotrophy, temperature
sensitivity and disruption of the amyE locus. Outgrown spores of the resulting strain,
SU647 (dna-1 Llnae ftsZ-yfp) , were then used to co-visualize the Z ring and the
nucleoid, at the non-permissive temperature (inactive DnaB) or at the permissive
temperature (active DnaB) in the +HPUra condition. The nae-deleted dna-1 mutant
cells at the non-permissive temperature resulted in 43% midcell Z rings, while the naedeleted +HPUra cells, at the pem1issive temperature (34°C), resulted in 77% midcell Z
rings (0.45-0.50 range) . These results are similar to those obtained using IFM, in strains
not expressing FtsZ-YFP (see section 3.2.3.1 and 3.2.3.2 for dna-1 and +HPUra Noc+
cells, respectively).
Next the Z rings and nucleoids were co-visualized. Table 3.3 shows the frequency of
acentral and midcell Z rings relative to each nucleoid type and frequency of midcell Z
rings that were, or were not, over the nucleoid. Fig. 3 .10 shows examples of the most
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representative cell types observed in nae-deleted dna-1 mutant and +HPUra treated
cells, and a histogram representation of Table 3.3. As expected the frequency of
nucleoid morphologies in the nae-deleted dna-1 mutant cells and the nae-deleted
+HPUra treated cells, was identical to that when Noc is present (compare Fig. 3.10 A
with 3.3 A and 3.10 B with 3.7 B, for the dna-1 mutant and +HPUra condition,
respectively). Thus, consistent with previous results, the deletion of nae does not result
in changes to nucleoid morphology (Sievers et al. , 2002; Wu and Errington, 2004). In
the dna-1 mutant cells, a significant amount of midcell Z rings formed over single
lobed nucleoids (25.3 %, Fig. 3.10 Ci). Furthermore, midcell Z rings also formed over
bi lobed nucleoids (7.4%, Fig. 3 .10 Cii). Thus, a deletion of nae in the dna-1 mutant,
allows midcell Z ring formation over bilobed nucleoids. In the HPUra-treated naedeleted cells, midcell Z rings formed over single lobed (27%, Fig. 3.10 Di) , bilobed
(12 .1%, Fig. 3.lODii) and spread nucleoids (18.4%, Fig. 3.10 Diii).
These results show that the deletion of nae results in midcell Z ring formation over
single lobed nucleoids in the dna-1 mutant and +HPUra treated cells. This argues
against the possibility of a Noc-independent nucleoid occlusion mechanism that
prevents midcell Z ring formation in the dna- 1 mutant at the non-permiss ive
temperature. Interestingly in both the dna-1 mutant and +HPUra nae-deleted cells, the
frequency of cells with single lobed nucleoids that were no longer centrally located
increased relative to Noc+ cells; thus allowing midcell Z ring assembly, but not over the
DNA (see Table 3.3 and compare Fig. 3.10 A with 3.3 A and 3.10 Band 3.7 B, for the

dna-1 mutant and +HPUra condition, respectively). While this last observation raises
the possibility that another weak mechanism might function to remove the DNA from
midcell to prevent Z ring assembly over DNA when Noc is absent, or that Noc helps
centre the nucleoid, the overall conclusion from these experiments is that midcell Z ring
assembly is linked to the early stages of DNA replication in way that is not solely a
result of changes in nucleoid occlusion.
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Table 3.3 Frequency of acentral and midcell Z rings and the relative position of midcell Z rings to
the nucleoid in dna-1 mutant at the non-permissive temperature and +HPUra condition.
N ucleoid type

Acentral Z ring

Single lobed
dna-1
+HPUra

Bilobed
dna-1 +HPUra

(%)

47.5

14.4

9.3

0.6

Midcell Z ring
over the nucleoid

25.3

27.0

7.4

12.1

7.4

16.1

0.6

0.6

(%)

Midcell Z ring
not over the
nucleoid (%)

Separated a
dna-1 +HPUra
1.1

0.6

dna-1

Spread
+HPUra

0.6

6.9
18.4

1.1

1.7

-Mean lengths were 4.2 ± 0.04 and 4.0 ± 0.05 (µm ± SEM) for dna-1 (n= 162) and +HPUra (n=l 74)
condition, respectively.
a-In the case of separated nucleoids, while the DNA appeared to be physically absent from midcell, the
midcell Z rings that formed in these cells were still classified as being over the DNA.

A

B

dna-1

90
o acentral

80

60

?!-

~

60

g 50
5- 40

Q)

LL

Q)

40

~

LL

30

30

20

20

10

10
0

0

single lobes

c

• midcell, over the nucleoid

>.

CJ
c: 50

5-

• midcell, not over the nucleoid

70

• midcell, over the nucleoid

>.

o acentral

80

• midcell, not over the nucleoid

70

?!-

+ HPUra

90

bilobes

separated

single lobes

spread

bilobes

separated

spread

D

Figure 3.10: Co-visualization of the Z ring and nucleoids in noc-deleted dna-1 active or +HPUra
treated outgrown spores. SU647 (dna-1 .dnoc fisZ-yfp) spores were germinated in GMD containing
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0.01 % xylose (v/v), with (A) thymine (20 µg/mL) for 20 min at 34°C and then transferred for 75 min to
the non-permissive temperature (48°C) to activate the dna-1 mutation, or (8) without thymine with
addition of HPUra (+HPUra) for 180 min at the permissive temperature (34°C). ln these conditions the
majority of cells have Z rings (~ 60%). The height of each bar represents the frequency of each nucleoid
type, showing the proportion of acentral Z rings (white), midcell Z rings over the nucleoid (black) and
midcell Z rings not over the nucleoid (grey). Mean lengths were 4.2 ± 0.04 and 4.1 ± 0.05 (µm ± SEM)
for dna-1 (n=l62) and +HPUra (n=l 74) condition, respectively. (C) Representative images of Z rings
and nucleoids in nae-deleted dna-1 mutant cells, showing (i) a midcell Z ring over a single lobed
nucleoid and (ii) a midcell Z ring over a bilobed nucleoid. (D) Representative images of nae-deleted
+HPUra treated cells showing (i) a midcell Z ring over a single lobed nucleoid, (ii) a midcell Z ring over
a bilobed nucleoid and (iii) a midcell Z ring over a spread nucleoid. lmages are DAPI pseudocoloured in
red (left), FtsZ-YFP pseudocoloured in green (middle) and overlay (right) . Scale bars are 1 µm.
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3.3 Discussion
Previous studies have shown that the early stages of DNA replication play a role in
positioning the Z ring at midcell (Harry et al., 1999, Regamey et al., 2000). However,
while these earlier studies raised the possibility that the progress of the early stages of
DNA replication itself affects Z ring positioning, the direct effects of blocking DNA
replication on nucleoid occlusion could not be completely ruled out. In this study, the
link between the early stages of DNA replication and Z ring positioning was reinvestigated. The data in this study supports the idea that Z ring positioning is linked to
the progress of the early stages of DNA replication in a way that is not solely the result
of nucleoid occlusion effects. Based on these results, an additional mechanism for the
spatial regulation of Z ring positioning that acts in addition to nucleoid occlusion and
the Min system is proposed.

3.3.1 Why do unreplicated nucleoids form bilobed nucleoids?
Bilobed nucleoids have previously been observed in the B. subtilis dna-1 mutant
outgrown spores at the non-permissive temperature (McGinness and Wake, 1979,
Hariharan et al. , 1982). These studies speculated that the bilobed nucleoid contains two
large domains, corresponding to the two chromosome arms, which fold in upon each
other. Consistent with this observation, in E. coli, the left and right arms (also known as
left and right replicores) of the unreplicated chromosome are specifically separated in a
left and right manner (Wang et al., 2005; 2006). Based on these observations, it is
possible that when DNA replication is blocked and the cell elongation continues, the
two arms of the chromosome separate to form the two lobes of the bilobed nucleoids
that were observed in this study.
It would be interesting to examine the above possibility by localizing chromosomal loci

that are located specifically on each arm of the chromosome, using for example the

lacO/lacl operator-repressor system (Lee et al., 2003; Berkman and Grossman, 2006).
With this system, lacO arrays can be integrated in the chromosome at specific loci, and
via the binding of a Lael fluorescent-fusion protein to the lacO arrays, it is possible to
visualize the location of certain loci relative to the each lobe of the bi lobed nucleoid.
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3.3.2 Why do Z rings form preferentially over bilobed
nucleoids when noc is present, except in the dna-1 mutant?
It is intriguing that in the presence of Noc, midcell Z rings can form over centrally

located bilobes under all DNA replication inhibition conditions tested in this study,
except in the dna-1 mutant strain at the non-permissive temperature. A common feature
of the bilobed nucleoids is their distinct decrease in DNA concentration between each
lobe. This decrease in DNA concentration perhaps allows relief of Noc-mediated
nucleoid occlusion between the two lobes to allow midcell Z ring formation for all
conditions of DNA replication tested, except the dna-1 mutant strain at the nonpermissive temperature.
One possibility that might explain why midcell Z rings do not form over bilobed
nucleoids in dna-1 mutant cells when Noc is present is that Noc might be distributed
differently in bilobed nucleoids of dna-1 compared to all the other conditions of DNA
replication tested. In wild-type cells, Noc binds to specific sites on the chromosome
(Wu et al. , 2009). These Noc-binding sites (NBS) are localized throughout the
chromosome but become less abundant closer to the terminus region of the
chromosome (Wu et al. , 2009). Although at a gross morphological level the bilobed
nucleoids in cells grown under the different conditions of DNA replication inhibition
appear similar, the DNA organization within the bilobe (i.e. in other words the location
of certain chromosomal loci or regions) might be altered in each condition of DNA
replication inhibition; thus affecting Noc localization within the bilobed nucleoid and
presumably Z ring assembly over bilobed nucleoids. ln the dna-1 case for example,
chromosomal loci containing NBS might be more abundantly located at midcell,
between the lobes of bilobed nucleoid, thereby preventing midcell Z ring assembly
between nucleoids. In these circumstances, Noc would prevent Z ring formation
between the lobes of bilobed nucleoids of the dna-1 mutant, despite the reduction in
DNA concentration at midcell. This possibility could be easily tested simply by
localizing Noc in the dna-1 mutant and comparing its localization with all the other
conditions of DNA replication inhibition used in this chapter.
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Alternatively, it is possible that Noc has the same activity and distribution on the
bilobed nucleoids (i.e. the chromosome organization is the same) under all conditions
of DNA replication inhibition tested here, but an unknown positive mechanism that
contributes to midcell Z ring formation is capable of competing with Noc to enhance Z
ring formation between the lobes of bilobed nucleoids under all conditions of DNA
replication inhibition tested, but not in the dna-1 mutant strain. Indeed, the results in
this chapter show that when Noc is deleted, the frequency of midcell Z rings increased
incrementally according to the stage of DNA replication inhibited, with the dna-1
mutant having the lowest frequency of midcell Z rings. Thus, if there is a positive
mechanism for Z ring assembly competing with Noc, then it would be less active in

dna-1 mutant cells at the non-permissive temperature than, for example, under
thymineless conditions. Consequently, midcell Z rings would not be able to form over
bilobed nucleoids (or single lobes) in the dna-1 mutant when Noc is present.

3.3.3 Does chromosome organization affect Z ring positioning
when the early stages of DNA replication are blocked?
lt is interesting that different conditions that block DNA replication give nse to

different nucleoid morphology distributions. Furthermore, it is also interesting that the
thymineless and +HPUra nucleoids occupy more volume within the cells, relative to
cells of the dnaF133 and dna-1 mutant of similar cell length. These two observations
raise the possibility that some underlying aspect of chromosome organization is linked
to the gross morphology of the nucleoid and affect Z ring positioning. Various
possibilities are raised below.
One way in which chromosome organization might be linked to cell division is directly
through the DNA replication proteins themselves. Some DNA replication initiation
proteins in B. subtilis have been implicated in chromosome remodelling during DNA
replication initiation. It has been proposed that the primary role of DnaB and DnaD is
in bacterial nucleoid architecture control, as both proteins bind ssDNA and form large
nucleoprotein complexes at oriC (Zhang et al. , 2005). Interestingly, the dna-1 mutation,
located at amino acid 113 of the open reading frame (resulting in an amino acid change
from proline to leucine), is close to a possible DNA-binding domain (Hoshino et al. ,
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1987). Thus, it is conceivable that the DnaB mutant protein encoded by dna-1 is
defective in DNA-binding at the non-permissive temperature. More recently, it has
been shown in B. subtilis that association of DnaB with the oriC is asymmetric and
extensive, encompassing an area of the chromosome from the middle of the dnaA loci
to the end of the yaaA (i.e. noc) loci (3.2 kb to the right of oriC), including also the
initiation AT-rich melting region (Grainger et al., 2010). These observations together
imply that the DNA-remodelling activity of DnaB may actually extend to other regions
of the chromosome (Grainger et al. , 2010). If this is so, then it is possible that dnaB
mutants (or other conditions that block DNA replication) affect chromosome
organization causing pleiotropic effects on unidentified mechanisms governing Z ring
positioning.
Another way in which chromosome organization might affect Z ring positioning is
through possible unidentified nucleoid occlusion proteins. These unidentified proteins
might bind to the DNA in a similar fashion to Noc (see section 3.3.2). If chromosome
organization has changed as a result of DNA replication inhibition, these unidentified
nucleoid occlusion proteins might have also changed their specific localization within
the cell, thereby affecting midcell Z ring formation. This mi ght be the case in dna-1
Noc- cells. For example, a potential protein that might act as a nucleoid occlusion factor
to prevent midcell Z ring formation over unreplicated DNA when DNA replication
initiation is blocked is the SpoOJ protein. SpoOJ is involved in chromosome segregation
and in DNA replication initiation synchrony via its partner Soj that interacts with DnaA
(Murray and Errington, 2008). SpoOJ displays high homology with Noc (~40 %, Sievers

et al., 2002) and binds specifically to 10 parS sites located throughout the chromosome,
8 of which are near oriC (Brier and Grossman, 2007). Indeed, recently it has been
shown that deletion of SpoOJ causes an increase in midcell Z ring assembly over
unreplicated DNA resulting from DNA replication road-blocks (Bernard et al., 20 l 0).
Collectively, while this view raises the possibility of other nucleoid occlusion proteins,
the observation that midcell Z rings form readily over single lobed nucleoids of the

dna-1 mutant and +HPUra condition in the absence of Noc suggests that these other
possible nucleoid occlusion proteins do not largely influence midcell Z ring formation
in the very early stages of DNA replication analysed here. Nevertheless, it would
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interesting to examine the effect of deleting spoOJ, so} or both, on Z ring positioning
and nucleoid morphology in each condition of DNA replication tested here. If SpoOJ is
a nucleoid occlusion protein, then deleting it, for example in the dna-1 mutant in the
absence of Noc, might result in a further increase in midcell Z ring assembly over
unreplicated DNA.

3.3.4 Why do multiple helical FtsZ patterns form when DNA
replication is inhibited at the non-permissive temperature
using dna-1 and dnaF133?
In this study, in addition to Z rings, multiple bright helical patterns of FtsZ (or multiple
Z rings) were observed in dna-1 or dnaFJ33 at the non-permissive temperature. These
became evident in longer cells at 90 min of incubation (approximately 30 min after the
first Z rings appeared) at the non-permissive temperature during spore outgrowth and
were localized in regions of the cell not occupied by the nucleoid. These patterns
appear to be a result of DNA replication inhibition and not an artifact of the FtsZ-YFP
fusion used for live visualization of the Z rings. Indeed IFM of dna-1 and dnaFl 33
strains not carrying ftsZ-yfp, at the non-permissive temperature, also revealed these
multiple FtsZ structures. Multiple helical structures have been observed in wild-type
replicating B. subtilis cells (Peters et al., 2007). These wild-type Z ring structures
appear as faint helical patterns in the central region of the cell and generally occur prior
to Z ring formation. For this reason they are considered precursor Z ring structures
(Peters et al., 2007). In this study, faint precursor Z ring structures were also observed
when DNA replication is blocked and these appeared in shorter cells, prior to Z ring
formation (acentral and midcell Z rings), consistent with the findings of Peters et al
(2007). However, what is the significance of these multiple helical patterns of FtsZ that
form when cell elongation continues in the absence of DNA replication?
Previously, it had been shown that when DNA replication is inhibited m the
thymineless condition the percentage of Z rings that result in visible septa is relatively
low (Harry et al., 1999). Consistent with this observation, preliminary observations
indicate that the frequency of acentral septation in the dna-1 mutant at the nonpermissive temperature is also very low ( < 10%, data not shown). Together, these
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observations raise the possibility that when DNA replication is blocked, something
occurs to the Z rings after they have formed, that does not allow them to constrict and
form septa. Why is Z ring constriction so low in the absence of DNA replication and is
this related to the FtsZ helical structures observed in this chapter? One possibility is
that DNA replication somehow affects divisome maturation, either by interfering with
the divisome recruitment pathways that lead up to septum formation and/or by
interfering with proper Z ring formation and therefore Z ring constriction. Thus,
although Z rings appear to assemble at midcell in the absence of DNA replication they
are not stabilized, and consequently disassemble into helical FtsZ structures (or
multiple Z rings) that are incapable of proper divisome recruitment and septation. In
future experiments it would be interesting to investigate the fate of the Z rings under all
of the conditions of DNA replication inhibition examined in this study, using timelapse microscopy. It would be also interesting to examine the downstream recruitment
of divisome components. These two experiments might shed some light on the
possibility that DNA replication is required for efficient and stable Z ring assembly.

3.3.5 Linking the early stages of DNA replication to midcell Z
ring assembly: the "Ready-Set-Go" model
The results in this chapter show that differences in Z ring positioning as a consequence
of blocking the early stages of DNA replication, leading up to assembly of the
replisome at oriC, influence Z ring positioning in a way that is not solely due to
nucleoid occlusion. The observation that the frequency of midcell Z rings in the
absence of Noc increases with progression into the early stages of DNA replication,
prompts the proposal of a model for wild-type cells in which the midcell region
becomes increasingly 'potentiated' for Z ring formation as the early stages of DNA
replication are progressively completed. This model is illustrated in Fig. 3.11.
This model is based on the following ideas and observations. The dna-1 mutation,
affecting the putative helicase co-loader DnaB (Velten et al., 2003; Nunez-Ramirez et

al., 2007) acts very early in the initiation phase of replication after DnaA and DnaD
(Velten et al., 2003; Smits et al., 2010), while the dnaFJ 33 mutation, which inactivates
PolC (the a-subunit of the replicative DNA polymerase lll-Pollll) assembles at oriC at
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the completion of initiation (Attolini et al., 1976; Love et al. , 1976; Moriya et al.,
1999). Based on this information, there would be less potentiation at midcell when
DnaB is inactivated compared to PolC inactivation, thus less ability to form midcell Z
rings in the dna-1 than the dnaFl 33 mutant. While the precise defect in DNA
replication initiation in the dnaF 133 mutant at the non-permissive temperature is
unknown, it is possible that the loading of PolC into the replisome (DNA replication
machinery) at oriC is defective under these conditions.
In contrast, in the thymineless and +HPUra condition it is likely that the DNA
polymerase III is loaded into the replisome but is unable to proceed with DNA chain
elongation. Presumably, in the thymineless condition the DNA polymerase cannot
incorporate deoxythymidine into DNA, while HPUra would act as a bridge between the
DNA template and the DNA polymerase, sequestering the PolC enzyme into a ternary
complex, stalling the replication fork and thus preventing incorporation of nucleotides
(Arwert and Rutberg 1974). Essentially, under these two conditions, the replisome is
presumably complete and assembled at oriC, but unable to synthesize new DNA.
Indeed, consistent with this suggestion, a PolC-GFP focus has been observed in the
midcell region of thymineless and +HPUra-treated cells (Margaret Migocki, PhD
thesis). In comparison to the earlier acting dna-1 and dnaFJ33 mutations, in these two
conditions, there would be near maximum potentiation at midcell, and essentially a
wild-type frequency of midcell Z rings in the absence of Noc.
The "Ready-Set-Go" model makes several testable predictions. It predicts that the
different proteins involved in initiation of DNA replication assemble in a step-wise
fashion. Consistent with this prediction, a recent study in B. subtilis shows that
initiation of DNA replication occurs through the ordered (i.e. progressive) association
of replication initiation proteins with oriC (Smits et al., 2010). Furthermore, because
the DnaA protein is the first to act in DNA replication initiation (Moriya et al. , 1999;
Smits et al. , 2010), the "Ready-Set-Go" model also predicts that DnaA is essential for
midcell Z ring assembly. Indeed, in the temperature-sensitive (Noc+) dnaAl mutant of

B. subtilis (Moriya et al., 1990), the vast majority of Z rings are positioned acentrally in
outgrown spores at the non-permissive temperature (S. Moriya, unpublished results).
However, a small number of these outgrown cells were able to replicate DNA at the
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non-penmss1ve temperature and formed midcell Z rmgs (S. Moriya, unpublished
results). This is presumably due to reversion or suppression of the dnaAJ mutation. In
E. coli also, cells harbouring the temperature-sensitive dnaA 46 mutation, midcell Z ring

formation over the nucleoid is blocked at the non-permissive temperature (Sun and
Margolin, 2001 ).
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Figure 3.11: Linking DNA replication with Z ring positioning: the 'Ready-Set-Go' model.
(A-D) During normal vegetative growth in Bacillus subtilis, early events of the initiation phase of DNA
replication, leading up to the complete assembly of the replisome at oriC, promote the maturation of a
midcell site. This possibly occurs through the accumulation of a positive factor for midcell Z ring
formation at this site (increasing darkness of green shading). (A) The binding of the early initiation
protein DnaA at oriC results in unwinding of DNA to trigger the start of the midcell 'potentiation '. Other
early DNA replication initiation proteins, such as DnaB, then bind to this region of the chromosome and
increase midcell potentiation (light green area at midcell). (8) DnaC helicase is then loaded, followed by
assembly of the other components of the replisome at the newly formed replication fork. This includes
PolC , the a-subunit of the replicative polymerase, and results in a further increase in potentiation at
midcell (green area at midcell) . (C) Recruitment and proper assembly of the remaining components of
the replisome completes initiation and DNA synthesis is ready to occur. At this stage, midcell is l 00%
potentiated (dark green area at midcell) for Z ring formation (red line). (D) Midcell Z ring formation
however only takes place once the bulk of replicating DNA and Noc are cleared from midcell. This
would occur when significant replication of the chromosome (up to 70%) has occurred (Wu et al., 1995).
(E-H) This lower panel shows what effect the various conditions of DNA replication inhibition have on
(i) events occurring in the oriC region of the chromosome, (ii) the degree of potentiation at midcell and
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(iii) nucleoid morphology. (E) A block early in the initiation phase of DNA replication, such as
inactivation of DnaB (as in the dna-1 strain), would result in acentral Z ring formation because of the low
potentiation level at midcell. Midcell Z rings do not form over bilobed nucleoids, as the amount of
potentiation is not enough to overcome the nucleoid occlusion even when the nucleoid is bilobed. (F) A
block at a later stage in DNA replication initiation, such as inactivation of PolC (as in the dnaFJ 33
strain), would result in more midcell potentiation and more midcell Z rings. This level of potentiation is
high enough to allow a significant number of Z rings over bilobed nucleoids, despite some remaining
nucleoid occlusion. (G and H) After initiation of replication is complete, but entry into the round of
replication (chain elongation) is inhibited, such as that resulting from the addition of HPUra (G) or the
omission of thymine from the media (H), potentiation at midcell has already reached 100%. In these
cases, the ability of the midcell Z ring to form is totally reliant on the level of nucleoid occlusion,
dictated by the morphology of the nucleoid in this region. The only reason midcell Z rings are more
frequent in Noc+ cells in the thymineless case compared with the +HP Ura one is that there are more
bilobes in the former situation. For all cases described here (E-H) the single lobed nucleoid prevents
midcell Z ring formation even when potentiation levels are high.

Since Noc is not an essential protein in B. subtilis (Wu and Errington, 2004), this model
also predicts that in wild-type cells either another nucleoid occlusion protein besides
Noc, or another mechanism blocks Z ring assembly at midcell at the start of DNA chain
elongation (i.e. beyond the stages of DNA replication that were inhibited in this study).
Finally, the "Ready-Set-Go" model also predicts that upon completion of initiation of
replication, and once the midcell division site is potentiated, it remains potentiated until
it is utilized when the chromosome has been replicated beyond 70%, and the bulk of
segregating DNA (and Noc) have cleared midcell (Wu et al., 1995).

3.3.5.1 How does "potentiation" occur?
The "potentiation" of midcell Z ring formation possibly occurs through maturation of a
midcell site as previously proposed (Harry et al., 1999; Regamey et al., 2000; Migocki

et al., 2004) or perhaps through the accumulation of a positive midcell factor that
contributes to midcell Z ring formation, as the cells prepare to enter the elongation
stage of DNA replication (see legend in Fig. 3.11 ). Alternatively, this mechanism might
occur through relief of unidentified inhibitory factors at midcell.
The idea that a structure at midcell establishes the precise midcell Z ring position has
long been considered an attractive one (Harry, 2001; Margolin, 2000; Regamey et al.,
2000; Sherratt, 2003; Addinall and Holland, 2002; Harry et al., 2006). Furthermore, the
possibility has been raised that a common signal at midcell may be targeting both the
division apparatus and the replication proteins to this location (Harry, 2001; Margolin,
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2000; Regamey et al. , 2000; Addinall and Holland, 2002; Sherratt, 2003; Harry et al.,
2006). Consistent with this possibility, beside the Z ring, other cellular elements
localize to the midcell position. These include specific regions of the chromosome such
as oriC (Roos et al., 1999; Regamey et al. , 2000; Lau et al. , 2003) and terC (Lemon et

al., 2001; Lau et al., 2003; Webb et al., 1998), proteins associated with DNA
replication such as PolC (Lemon and Grossman, 1998), SeqA (Hiraga et al., 1998;
Onogi et al., 1999), and low copy plasmids such as P 1 and F (Niki and Hiraga, 1997;
Gordon et al., 1997). Thus, it is possible that these proteins are recognizing and
responding to the same positional cue at midcell. The positional cue could be a specific
membrane-attached protein acting as a scaffold for replisome assembly and
subsequently Z ring formation. Alternatively, this midcell signal may be a physical
difference in the conformation or type of membrane lipids at midcell (Mileykovskaya
and Dowhan, 2000; Huang et al., 2006; Matsumoto et al., 2006). Indeed, cumulative
evidence in both B. subtilis and E. coli suggests the existence of distinct membrane
domains at midcell (Fishov and Woldringh, 1999; Mileykovskaya et al., 1998;
Mileykovskaya and Dowhan, 2005; Matsumoto et al., 2006). While it is possible that
DNA replication and division proteins recognize the same positional cue at midcell, the
" Ready-Set-Go" model goes further in that it proposes that the events occurring during
DNA replication initiation are somehow coupled to midcell Z ring positioning.
ln both E. coli and B. subtilis, there is evidence to suggest that the membrane has a role
in the spatial and temporal regulation of division and DNA replication initiation
(Fishov and Woldringh, 1999; Mileykovskaya et al., 1998; Mileykovskaya and
Dowhan 2005 ; Barak et al., 2008). Thus, the coupling between DNA replication and Z
ring positioning might occur at the level of the membrane. With regards to DNA
replication proteins, in E. coli certain phospholipids have been implicated in the
activation of DnaA, thereby promoting efficient initiation of chromosome replication
(Crooke, 2001; Boeneman and Crooke, 2005). In B. subtilis, the DnaB protein has some
role in connecting DNA replication initiation with the membrane (Sueoka, 1998). The
DnaB protein, besides a DNA-binding motif, also contains a hydrophobic region
(Sueoka, 1998). Consistent with this idea, dnaB temperature-sensitive mutants appear
to have decreased membrane binding capacity near oriC (Winston and Sueoka, 1980).
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Furthermore, the presence of a hydrophobic region in DnaB is also consistent with the
observation that DnaB is enriched in the membrane fraction of cells (Rokop et al.,
2004 ). With regards to cell division proteins, one of the earliest proteins to localize to
the division site, beside FtsZ, is the membrane-tethering protein FtsA (Jensen et al.,
2005; Harry et al., 2006, Peters et al., 2007). Similar to other membrane-associated
proteins, FtsA has an amphipathic positively charged a-helix that is required for
localization to the membrane (Yim et al., 2000). The possibility has been raised that
FtsA in B. subtilis might recognize anionic phospholipids on the membrane to help
localize FtsZ to the membrane (Barak et al., 2008). These observations collectively
suggest that the membrane lipid composition may an important factor in linking
different unknown protein interactions between DNA replication and cell division.
It is also possible that metabolic pathways might be coupling DNA replication and cell

division. For example, in B. subtilis, the pyruvate dehydrogenase protein complex
(PDC), a membrane-bound protein complex involved in transforming pyruvate into
acetyl-CoA (thus linking glycolysis to the citric acid cycle) has been shown to regulate
DNA replication in vitro in B. subtilis (Stein and Firshein, 2000). Moreover, this
complex was shown to interact directly with the DnaG primase, a component of the
replisome (Noirot-Gros et al., 2002). More recently, a genetic link between DNA
replication and glycolysis has been identified in Bacillus subtilis (Janniere et al., 2007).
The authors show that mutations affecting genes whose products act in the
glycolysis/gluconeogenesis

pathway

suppress

the

temperature-sensitive

growth

phenotype of specific replication mutants in the DnaC, DnaE and DnaG proteins.
Importantly, Z ring assembly is now known to be directly regulated by a protein, UgtP,
involved in glucolipid biosynthesis; this newly identified protein helps to couple
increased nutrient availability, and cell size, to Z ring assembly (Weart et al., 2007).
Collectively, these observations imply that DNA replication, cell division and nutrient
metabolism are all linked together (Haeusser and Levin, 2008) and that unidentified
proteins factors linking all three pathways are possibly providing a bridge of
information to contribute to precise Z ring positioning at midcell.
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Finally, while there are some differences in the sets of genes involved in replication
initiation (e.g. DnaD, DnaB and Dnal) between the low GC-content Gram-positive
Firmicutes, such as B. subtilis and Staphylococcus aureus, and the Gram-negative E.

coli (Bruand & Ehrlich, 1995; Bruandet al. , 1995 ; Moriya et al., 1999; Li et al. , 2007),
it is possible that the "potentiation" effect described here occurs in other bacterial
species as many core replisome components are conserved amongst Gram-positive and
Gram-negative bacteria (see section 1.2.2 in the Introduction).
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4.1 Introduction
In wild-type cells Z rings form precisely at midcell between replicated and segregated
nucleoids (Goehring and Beckwith, 2005; Harry et al. , 2006; Adams and Errington,
2009). For two decades, the paradigm in the field is that in rod-shaped cells, such as E.

coli and B. subtilis, division site placement at midcell is achieved through the combined
action of nucleoid occlusion and the Min system (Goehring and Beckwith, 2005; Harry

et al. , 2006; Adams and Errington, 2009). This idea has gained further support with the
identification of nucleoid occlusion proteins in both B. subtilis and E. coli. In B.

subtilis, for example, the discovery of the Noc protein not only provided a molecular
basis for the nucleoid occlusion phenomena, but also provided insight into how the
combined action of nucleoid occlusion and the Min system affect division site
positioning (Wu and Errington, 2004). Since this discovery, the prevailing belief is that
Noc and Min proteins are both sufficient and necessary to position the Z ring precisely
at midcell in B. subtilis (Adams and Errington, 2009).
Prior to the di scovery of Noc as a nucleoid occlusion protein, the gene yyaA (also
known as noc) encoding it had been characterized (Sievers et al., 2002). In this study,
Noc was identified as a SpoJ-like DNA-binding protein that causes a sporulation defect
when overproduced (Sievers et al., 2002). Intriguingly, yyaA -deleted cells were
essentially wild-type, revealing no obvious defect in cell division or chromosome
segregation (Sievers et al. , 2002). Noc only came into the spotlight when it was found
that a strain of B. subtilis containing a deletion of nae and minD genes resulted in a cell
division defect characterized by reduced division (i.e. very long cells) and Z ring
formation: with FtsZ localizing predominantly in the form of multiple helices, bands
and dots (Wu and Errington, 2004). A year later, similar observations were made in E.

coli with the discovery of the nucleoid occlusion protein, SlmA (Bernhardt and de
Boer, 2005). In this case, it was found that a slmA minCDE mutant is lethal. Consistent
with this idea, depleting Min proteins in the absence of SlmA, also resulted in cell
filamentation (i.e. cell elongation without division) and FtsZ localization in the form of
multiple helices, bands and dots (Bernhardt and de Boer, 2005).
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While current data is consistent with the idea that the Min system and Noc are required
for midcell Z ring positioning, several observations question this hypothesis. Firstly,
overproducing FtsZ partially rescues the cell division defect in either noc minD or slmA
minCDE double mutants and results in increased Z ring formation and division (Wu
and Errington, 2004; Bernhardt and de Boer, 2005). Most importantly, under these
conditions it was noticed that Z ring formation was biased towards internucleoid
regions (Wu and Errington, 2004; Bernhardt and de Boer, 2005). The significance of
this bias however has never been thoroughly investigated and thus it is still not known
to what extent the double mutant defect actually affects Z ring positioning. Given that
neither noc or minCD single mutants of B. subtilis affect the precision of midcell Z ring
assembly between nucleoids, this bias to midcell in noc minD double mutants brings
into question the exact degree to which the combined action of Noc and the Min system
contribute to division site positioning. It also raises the possibility that a mechanism
independent of Noc/SlmA and the Min system acts to position Z rings at midcell in
these organisms. Consistent with this idea, the data presented in Chapter 3 support the
idea that DNA replication has a role in defining the position of the division site (Moriya
et al., 2010).
Secondly, since the discovery of Noc and SlmA, and their combined effect with Min
proteins, FtsZ in wild-types B. subtilis (Ben-Yehuda and Losick, 2002; Peters et al.,
2007; Monahan et al., 2009) and E. coli (Thanedar and Margolin, 2004; Fu et al., 2010)
cells have consistently been shown to assemble into multiple helices (or spirals) and
dots in vivo. Thus, the once "aberrant" FtsZ localizations patterns observed in the noc
minD (or slmA minCDE) double mutant cells (Wu and Errington, 2004; Bernhardt and
de Boer, 2005) might not be so aberrant after all, and might reflect a different role for
Noc and the Min system in the cell cycle. Moreover, these FtsZ helical-like patterns
appear to be dynamic and change with the progression of the cell cycle in both B.
subtilis (Peters et al., 2007) and E. coli wild-type cells (Thanedar and Margolin, 2004;
Fu et al., 2010). The importance of these dynamic FtsZ helical patterns has been further
highlighted by the proposal of a new model for midcell Z ring assembly in B. subtilis
suggesting that Z ring assembly occurs via cell-cycle mediated transitions between
different helical-forms of FtsZ into a Z ring (Peters et al., 2007; see section 1.4.3 in the
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Introduction). This model for midcell Z ring formation in B. subtilis has raised several
important questions, for example, how does the helix-to-ring transition occur in a cellcycle mediated fashion and what role do Noc and the Min system play in these
transitions?
Thirdly, many bacteria do not have Noc (or SlmA) or Min system homologues
(Margolin, 2004; Harry et al., 2006), suggesting that other mechanisms must exist that
regulate division site positioning in rod-shaped bacteria.

4.1.1 Chapter aims
The primary objective of the work presented in this chapter was to investigate whether
the combined action of Noc and the Min system is required for precise positioning of
the midcell Z ring in B. subtilis. As a starting point to answer this question, a noc

minCD double mutant was created and characterized. It was found that at 30°C this
double mutant, despite forming long cells, is as viable as a wild-type strain. Z ring
positioning was examined in the double mutant using the spore outgrowth system. It
was found that midcell Z ring positioning in the noc minCD double mutant is as precise
as wild-type cells. These results indicate that neither the Min system nor Noc are
required for positioning of the Z ring at midcell.
Interestingly, while investigating this first aim it was found that unlike wild-type cells,
Z ring formation in noc minCD double mutant cells was very inefficient in the first cell
cycle following spore germination. When Z rings eventually formed in the double
mutant outgrown spores, the cells where much longer than wild-type and often
contained weak localizations of FtsZ at other division sites. It therefore appears that the
primary role of Noc and the Min system is to ensure correct timing of Z ring formation
at midcell by allowing it to form at the first division site available, rather than being
diluted due to the availability of multiple division sites. Consistent with this idea, FtsZ
overproduction and growth in minimal medium improved the efficiency and timing of
division relative to these other cell cycle events. Together these results suggest that
while the combined activity of Noc and the Min system is not required for positioning
Z rings to midcell, it is required for efficient Z ring formation at division sites.
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The results presented in this chapter are then discussed in relation to recent discoveries,
culminating in a new model describing the role of Noc and the Min system during the
cell cycle.
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4.2 Results
4.2.1 Noc and MinCD are not required for midcell Z ring
positioning
In order to understand whether the combined action of Noc and the Min system is
required for midcell Z ring positioning, preliminary experiments were performed in a
strain containing a deletion of noc and native minD expression under the control of the

Pspac IPTG-inducible promoter. This strain, SU660, also contains a xylose-inducible
copy of ftsZ-yfp at the amyE locus to allow visualization of Z rings in live cells. This
strain is equivalent to strain 1284 used by Wu and Errington (2004), except that it
contains Pxyt-ftsZ-yfp rather than Pxyt-ftsZ-gfp at the amyE locus, and is in the SU5
laboratory background (B. subtilis 168, refer to Table 2.2 in the Material and Methods).
Depletion of MinD in this strain allows examination of the noc minD double mutant
defect.
Consistent with the observations of Wu and Errington (2004), when MinD was
depleted in PAB for 2 hours at 3 7°C, the cells became filamentous relative to Min+
cells (compare Fig. l A and B in Appendix II). Furthermore, overproducing FtsZ in the
form of FtsZ-YFP by adding increasing concentrations of xylose to the growth medium
during MinD depletion partially rescued the double mutant cell division defect
(Appendix II Fig. 2 B and data no shown). However, unlike reported previously, in the
partially rescued FtsZ-overproducing cells of the conditional noc minD double mutant,
Z rings appeared to form precisely between replicated nucleoids, and not over them,
just like the MinD+ cells (compare Fig. 2 A to B in Appendix 2). Given that the strain
used in these preliminary studies is a conditional double mutant, in other words MinD
is depleted rather than absent, the possibility that a small cellular level of MinD present
allowed midcell Z rings to form away from the DNA could not be ruled out. To
overcome this issue, studies proceeded with the aim of examining Z ring positioning in
a strain containing a deletion of both genes (strain SU68 l ), which results in similar cell
lengths as when MinD is depleted in the absence of noc, strain SU659 (Pspac-minD

!J.noc; see later).
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4.2.1.1 Characterization of the noc minCD double mutant during vegetative
growth
To examine Z ring positioning when both the nae and minCD genes are absent, a nae

minCD double mutant strain was created and characterized during vegetative growth.
Strain SU561 (b..minCD: :cat) was used as a donor of chromosomal DNA to transform a

nae deletion strain (see below).The minCD::cat cassette in strain SU561 replaces most
of the minC and minD ORFs: only the first 22 amino acids of minC and the final 23
amino acids remain intact (P. Peters, PhD thesis; 2008). Consistent with a Min system
defect, relative to the wild-type strain (SU5) this strain displayed polar Z rings and
minicell formation. Moreover, the cells were longer than wild-type (7.3 ± 0.30 vs 4.5 ±
0.06 µm; ± SEM) and often contained multiple Z rings (Fig. 4.1 A and compare B to

C).
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Figure 4.1: Mean cell length and IFM images of vegetatively-growing wild-type, minCD mutant
and noc min CD double mutant cells at 30°C. Cells were grown in P AB at 30°C, collected during midexponential phase and prepared for ethanol fixation or IFM (A) Cell length distribution in the wild-type
(SUS , black bars), in the minCD mutant (SUS61; dark grey bars) and in the double mutant (SU681 , light
grey bars) prepared for ethanol fixation . (8 through D) Representative images of (B) wild-type (SUS),
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(C) minCD mutant (SU561) and (D) the double mutant (SU681) prepared for IFM. (Di) Zoomed region
of white square box in (D) highlighting other localization patterns of FtsZ. White arrows point to polar Z
rings, white long arrowheads point to FtsZ localizations patterns and white open arrowhead points to a
constricting Z ring. Images are phase (left), and FtsZ (right). Scale bars are 5 µm.

To create the double mutant strain, chromosomal DNA from SUS61 (11minCD) was
transformed (see Materials and Methods, section 2.3) into strain SU6S6 (11noc: :tet),
which contains the same 11noc: :tet cassette as described in Wu and Errington (2004)
but in the B. subtilis 168 background (SUS; see Table 2.2 in the Material and Methods).
Selection for chloramphenicol-resistant colonies was performed overnight at 30°C.
Colonies that were resistant to both chloramphenicol and tetracycline were further
screened by PCR to confirm the deletion of both minCD and noc (see Appendix II, Fig.
3). The resulting strain was designated as SU681 (11minCD 11noc).
At 30°C in PAB, SU68 l (11minCD 11noc) displayed close to wild-type doubling times
(around 43 min for both strains), and in line with previous results (Wu and Errington,
2004) the double mutant cells were filamentous and had an average cell length that was
almost three times longer than that of wild-type ( 11.8 ± O.S4 vs 4.S ± 0.06; Fig. 4.1 A
and compare B to 0). At 30°C, the population of double mutant cells was somewhat
heterogeneous in cell length: while some double mutant cells were very long, others
were not so long. Similar cell lengths, were obtained when MinD was depleted in the
absence of noc at 30°C for 3 hours in strain SU6S9(Pspac-minD11noc; averaging 11.8 ±
0.37 µm; see Appendix II, Fig. 4). Interestingly, it was noticed that at a higher
temperature (37°C) the noc minCD double mutant strain became more filamentous
(with cells averaging over 18 µm long, see later). Moreover, while the double mutant
grew almost identically to the wild-type at this temperature in PAB, a spot-plating
assay revealed a decrease in cell viability in the order of 2-3 fold relative to wild-type
(SUS; see Appendix II, Fig. S and data not shown). Consistent with this idea, cell lysis
was occasionally observed in very long cells, in both liquid and solid media (data not
shown).
To determine how FtsZ localizes in the double mutant strain, FtsZ localization was
examined using IFM at 30°C in PAB. The majority of the double mutant cells
contained at least one distinguishable bright Z ring (Fig. 4.1 D). These Z rings appeared
to be functional as Z ring constriction was often observed at different positions in the
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longer cells (Fig. 4.1 D and Di open arrow). However relative to wild-type and minCD
mutant cells, FtsZ in the double mutant (SU68 l) also contained other obvious
localizations that appeared as dots, bands and helical-like patterns (compare Fig. 4.1 B
and C with D). These secondary localizations of FtsZ appeared much fainter than Z
rings and were often correctly interpolated along the cell length (Fig. 4.1 Di), and thus
probably represent precursor localizations to Z rings at potential division sites (PDS;
Peters et al. , 2007).

4.2.1.2 Double mutant Z ring positioning in outgrown spores using IFM
To examine whether the combined action of Noc and MinCD is required for midcell Z
ring positioning, the Z ring position in double mutant was measured during spore
outgrowth. The spore outgrowth system is particularly advantageous because it allows
the analysis of the first Z rings that form in the cell cycle following spore germination,
in a relatively synchronous population of cells (Harry et al., 1999; Regamey et al. ,
2000). Furthermore, this system overcomes issues associated with measuring the Z ring
position in vegetative cells producing minicells: a cell that has produced a minicell at
one pole will result in a disparity in the cell length of the cells from which it originated,
ultimately causing a bias in the Z ring position measurement.
Strain SU68 l (!J..minCD !J..noc) sporulated at 30°C on sporulation agar, even though its
sporulation efficiency was much less than the wild-type (data not shown). The double
mutant spores obtained were germinated at 34°C in P AB . As expected for a noc min CD
double mutant, several generations after germination of these spores, the cells became
filamentous and divided infrequently (Fig. 4.2 A). This was in striking contrast to the
wild-type (SU 5) that retained a short cell length during the different time points
following spore germination (Fig. 4.2 A). Using IFM, Z ring formation was examined
during spore outgrowth to find out at which time point the first Z rings formed in the
wild-type (SU5) and double mutant (SU681). At an early time point of spore
outgrowth, 120 min, the majority of wild-type cells contained a single Z ring, always
located at midcell (81 %, Fig. 4.2 B). Intriguingly, at the same time point the frequency
of double mutant (SU681 ) outgrown spores with Z rings was extremely low: only 4%
of cells contained Z rings (12 out of 340 cells counted; Fig. 4.2 C), out of which 72%
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contained a midcell Z ring and 28% contained a polar Z ring. The rest of the double
mutant cell population contained a diffuse localization of FtsZ dots and bands (see Fig.
4.2 C). These observations suggest that Z ring formation in the double mutant is much
less efficient.
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Figure 4.2: Spore outgrowth of the noc minCD double mutant. Spores of double mutant (SU68 l) and
the wild-type (SU5) were outgrown at 34°C in PAB and collected at different time points for ethanol
fixation or immunofluoresce microscopy (IFM). (A) Average length in µm of ethanol-fixed outgrown
spores, up until 180 min. (8 and C) FtsZ localization in (B) wild-type and (C) double mutant outgrown
spores prepared for IFM at 120 min of spore outgrowth. (D) FtsZ localization in double mutant outgrown
spores prepared for IFM at 150 min of spore outgrowth. (E) FtsZ localization in the double mutant
outgrown spores prepared for IFM at 180 min of spore outgrowth. (Ei) Amplification of the white
rectangle in (E) showing helical-like patterns of FtsZ. Arrow heads point to weak FtsZ localization
patterns. Error bars are ± SEM. Images are phase (left) and FtsZ (right) . Scale bars are 2 µm

At 150 min, the proportion of double mutant outgrown spores with bright Z rmgs
increased significantly to 30% (Fig. 4.2 D). Out of these cells with Z rings, 60%
contained a single Z ring at the medial division site, 5% at the pole, and 27% positioned
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at other division sites (e.g. quarter division sites). Cells with more than one bright (i.e.
mature) Z ring represented 8% of the population. The remainder of the population
contained diffuse patterns of FtsZ, that appeared as faint bands or helical-like patterns,
evenly distributed along the cell length (Fig. 4.2 D). Consistent with the observation
made in vegetatively-growing cells, at 180 min and as the cells became longer, the
majority of cells contained at least one bright Z ring (Fig. 4.2 E). However, beside Z
rings a large number of secondary localizations patterns of FtsZ were observed (Fig.
4.2 E). These secondary FtsZ localizations appeared as faint Z rings and helical-like
patterns evenly spaced along the length of these longer cells (Fig. 4.2 E and Ei).
Given the significant number of double mutant (SU681) cells with a single mediallylocated Z ring at 150 min of spore outgrowth, their position was measured relative to
wild-type (SU5) Z rings at 120 min - the first time point during spore germination at
which the majority of the wild-type population formed Z rings. The position of Z rings
was determined by measuring the distance from the Z ring to nearest pole, and dividing
this value by the cell length, with 0.5 being exactly midcell. To facilitate this analysis
cells containing a single Z ring located near the cell center where chosen. This is shown
in Fig. 4.3 A. A Z ring was considered to be at midcell if it was positioned within the
0.45-0.50 region of the cell length, where essentially the vast majority of Z rings (91 %)
formed in the wild-type strain (SU5) at 120 min (Fig. 4.3 A and C). In the double
mutant strain at 150 min, almost all Z rings (99%) were located between this same
wild-type range, 0.45-0.5 (Fig. 4.3 B and D). A statistical analysis on the precision of
midcell Z ring positioning demonstrated that Z rings were more precisely located at
midcell in the double mutant compared to the wild-type strain (p<0.05; KolmogorovSmirnov test; data not shown). Thus Noc and the Min system are not required for
precise positioning of the Z ring at midcell.
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Figure 4.3: Z ring positioning at the midcell division site in wild-type and noc minCD double
mutant outgrown spores. Spores were outgrown at 34°C in PAB and collected at different time points
for immunofluoresce microscopy (IFM). (A and B) Z ring positioning at the medial division site in (A)
the wild-type (SU5) and (B) the double mutant (SU68 l) outgrown spores prepared for IFM at 120 min
and 150 min of spore outgrowth, respectively (n>230) . (C and D) Centrally located Z rings in (C) the
wild-type (SUS) and (D) double mutant outgrown (SU68 l) spores prepared for IFM at 120 and 150 min
of spore outgrowth. Top left hand comer of scatter plots shows the average cell length (µm ± SEM).
Images are phase (left), and FtsZ (right). Arrow heads point to weak FtsZ localization patterns. Scale
bars are 2 µm.

4.2.2 The absence of noc and minCD affects the efficient
utilization of division sites
The double mutant cells (SU681) are able to position the midcell Z ring as precisely as
wild-type cells. Intriguingly, during the first cell cycle following spore germination, the
efficiency of Z ring formation in the nae min CD double mutant strain (SU681) was
very low relative to the wild-type strain (SU5). Furthermore, when Z rings eventually
formed in the double mutant strain, the mutant cells were 2 to 3 times longer than wildtype. These observations suggest that rather than being involved in Z ring positioning,
Noc and the Min system affect the efficiency and timing of Z ring formation.
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In B. subtilis, cell division must be tightly coupled to DNA replication/segregation.
Failure to do so, results in longer-than-normal cells with multiple chromosomes and
thus multiple division sites. One way in which Noc and the Min system might
contribute to efficient and proper timing of Z ring assembly at midcell is by spatially
restricting FtsZ to a single site, the midcell division site, to ensure an efficient coupling
between a round of replication/segregation and division. Thus, one possibility is that in
their absence, multiple division sites become exposed (i.e. the poles, midcell, and
quarter positions), allowing FtsZ to be titrated to multiple division sites and resulting in
a delaying in division. Indeed, consistent with this idea, overproducing FtsZ in double
mutant vegetatively-growing cells partially rescues its cell division defect, the cells
becoming shorter, indicating a higher frequency of division (Wu and Errington, 2004).
Thus, rather than being involved in defining the position of the Z ring, Noc and the Min
system might be involved in the temporal regulation of division site utilization.
If the above mentioned possibility is correct, then overproducing FtsZ in the double

mutant during spore outgrowth should restore efficient Z ring assembly at midcell
during the first cell cycle following spore outgrowth. To investigate this, FtsZ was
overproduced in the double mutant during spore outgrowth.

4.2.2.1 Characterization of the noc minCD double mutant when FtsZ is
overproduced during vegetative growth
Prior to investigating the effects of overproducing FtsZ in the double mutant during
spore outgrowth, it was important to examine the effects of overproducing FtsZ in
vegetatively-growing double mutant cells. This was particularly required because while
it has been reported that overproducing FtsZ in the double mutant partially rescues its
cell division defect in vegetatively-growing cells (Wu and Errington, 2004), no
quantitative data was reported. Thus the extent to which FtsZ overproduction rescues
the double mutant defect remains uncharacterized. Furthermore, in the study of Wu and
Errington (2004), FtsZ was overproduced in double mutant cells at 37°C, by
overproducing FtsZ-GFP in a strain that contained

P xyl

-ftsZ-gfp under xylose-inducible

control (with 0.5 % xylose) at the amyE locus and native FtsZ under the

P.~pac

IPTG-

inducible promoter (with 1 mM IPTG; Wu and Errington, 2004). Given that FtsZ-GFP
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is not a fully functional protein and most importantly temperature-sensitive at 37°C
(Levin et al., 1999), these experiments were not ideal and might be affected by
artifacts. Therefore in this chapter, firstly native FtsZ was overproduced in double
mutant by introducing a second inducible copy of the native ftsZ gene. This was
followed by overproduction of FtsZ by introducing a second copy of the ftsZ gene in
the form of an ftsZ-yfp fusion gene. This second approach uniquely allows covisualization of Z rings and nucleoids in live cells.

a) Native FtsZ overproduction in the double mutant during vegetative growth
FtsZ was overproduced in the double mutant using the Pspachy IPTG-driven promoter
(Quisel et al. , 2001 ). At high induction levels ( 1 mM IPTG), this promoter has been
reported to be 1O-to-20 fold stronger than the original Pspac promoter (Levin et al. ,
2001; Quisel et al., 2001 ). Strain SU 558 (Pspachy -jisZ) , which derives from strain PL950
(Weart and Levin, 2003), contains Pspachy -jisZ at the amyE locus but is transformed into
the laboratory SUS (trpC2) background. In SU558, the presence of IPTG induces ftsZ
expression and FtsZ is produced in addition to that occurring at the native fts Z locus.
This strain is the parental strain used to obtain a strain containing a deletion of both

minCD and noc, strain SU685 (Pspachy -jisZ !1minCD !1noc).
To obtain strain SU685 (P.spachy -ftsZ !1minCD 11noc), firstly chromosomal DNA from
SU561 (!1minCD:: cat) was transformed in SU558 (Pspachy-jisZ: :neo) competent cells,
by selecting for chloramphenicol and neomycin resistant colonies, to produce strain
SU684 (Pspachy-ftsZ !1minCD). To obtain a strain containing a deletion of both minCD
and noc, chromosomal DNA from SU656 (!1no c::tet) was transformed into SU684

(Pspachy-jisZ !1minCD) competent cells to yield strain SU685 (Pspachy -jisZ !1minCD,
!1noc). Tetracycline resistant colonies were screened for chloramphenicol and
neomycin resistance. Colonies that were resistant to all three antibiotics were then
confirmed by PCR to contain deletions of both min CD and noc (data not shown).
During vegetative growth in PAB at 30°C, the addition of IPTG (0.05 mM) to
overproduce FtsZ in the wild-type strain (SU558) did not significantly affect cell length
(Fig. 4.4 A), but occasionally mini cells were observed (data not shown). This is
possibly due to the excess FtsZ overcoming the Min system block at the cell poles
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(Weart and Levin, 2003). Furthermore, relative to the wild-type cells (strain SU558)
not overproducing FtsZ (Fig. 4.4 B), the wild-type cells overproducing FtsZ
occasionally contained cells with more than one Z ring: a bright Z ring at the cell center
and fainter Z rings at future division sites (compare Fig. 4.4 B to C). As expected, the
addition of IPTG (0.05 mM) to induce FtsZ overproduction in the double mutant (strain
SU685) partially rescued the double mutant cell division defect, reducing the mean cell
length from 12.5 to 8.0 µm (Fig. 4.4 A and D). At concentrations above 0.1 mM IPTG,
a detrimental effect on cell length and cell growth (as judged by growth curves) was
observed both in the wild-type and double mutant strain (Fig. 4.4 A and data not
shown). This was possibly due to very high concentrations of FtsZ (Weart and Levin,
2003).
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Figure 4.4: Mean cell length and IFM images of wild-type and noc minCD double mutant
vegetatively-growing cells when FtsZ is overproduced. Cells were grown in P AB at 30°C, with
increasing concentrations of IPTG , collected during mid-exponential phase and prepared for ethanol
fixation. (A) Cell lengths during overproduction of FtsZ in the wild-type (SU558, dark grey bars) and
the double mutant (SU685, light grey bars). (8 to D) Representative images of (8) wild-type (SU558)
with no IPTG (C) wild-type (SU558) grown with 0.05 mM IPTG and (D) the double mutant (SU685)
grown with 0.05 mM IPTG. Error bars are ± SEM. Images are phase (left) , and FtsZ (right). White
arrows point to Z rings at new division sites and white stars point to mini-cells. Scale bars are 5 µm.
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In the presence of 0.05 mM IPTG, Western blot analysis (see Material and Methods,
section 2. 7) confirmed that the double mutant (SU685) and wild-type strain (SU558)
containing P spachy-ftsZ, contained approximately 30% more FtsZ, relative to the wildtype strain (SU5) and double mutant strain (SU68 l) not containing Pspachy-ftsZ. This is
shown in Fig. 4.5. In summary, overproduction of native FtsZ in vegetatively-growing
cells rescues the double mutant. Next, FtsZ-YFP was overproduced in the double
mutant to enable visualization of Z ring in live cells.
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2811Figure 4.5: Western analysis of FtsZ levels in the wild-type and noc minCD double mutant
vegetatively-growing cells overproducing FtsZ. Cells were grown in P AB at 30°C, in the absence or
presence of IPTG (0.05 mM), and cells collected at mid-exponential phase for preparation of cell lysates.
Whole cell lysates of exponentially growing cells were run at a 1 in 8 dilution, facilitating detection of
FtsZ within the linear range. As a control, (l) the wild-type strain not containing Pspachv-ftsZ (SU5); (2)
the double mutant strain not containing Pspachv-ftsZ (SU 681 ); (3) the wild-type strain containing PspachyftsZ, in the absence of IPTG (SU558); (4) the wild-type strain containing Pspach.v-ftsZ, in the presence of
0.05 mM IPTG (SU558); (5) the double mutant strain containing P,pachv-ftsZ, in the absence of IPTG
(SU685) and (6) the double mutant strain containing Pspach.v-ftsZ, in the presence of 0.05 mM IPTG
(SU685). (8) The corresponding coomassie-stained protein gel to demonstrate equal loading of samples .
MWM are molecular weight markers, and numbers on the side are estimated protein sizes in kDa.

b) FtsZ-YFP overproduction in the double mutant during vegetative growth
To observe FtsZ overproduction in cells that enables co-visualization of Z rings and
nucleoids, FtsZ was overproduced in the double mutant cells in the form of FtsZ-YFP.
The addition of xylose (from 0 to 0.5%) to induce Pxy1-ftsZ-yfp in wild-type cells does
not affect Z ring assembly and cell division is essentially normal (see later).
Furthermore this particular expression cassette has been extensively used to study FtsZ
localization in live cells using both high (0.2%) and low concentrations of xylose
(Migocki et al., 2002; Migocki et al., 2004; Peters et al., 2007; Monahan et al., 2009).
121

Chapter 4 - Results

To create a double mutant strain expressing.ftsZ-y/p, chromosomal DNA from SU561
(!1minCD::cat) was transformed into SU657 (jtsZ-yfp, 11noc) competent cells, to create

SU663 (ftsZ-yfp 11noc 11minCD). Chloramphenicol resistant colonies were selected for
tetracycline and spectinomycin resistance (marker for Pxyt-ftsZ-yfp) resistance. Clones
showing resistance to all three antibiotics were confirmed by PCR to contain deletions
of both noc and min CD (data not shown).
During vegetative growth, in the wild-type strain (SU492; ftsZ-yfp) the addition of
0.5% xylose did not cause any significant changes to the wild-type cell length (5. 7 ±
0.09 µm with and without FtsZ-YFP overproduction; Fig. 4.6 A). Occasionally
however minicells were observed, possibly due to the excess FtsZ (in the form FtsZYFP) overcoming the Min system block at the cell poles (Fig. 4.6 B). As expected, at
30°C in PAB in the absence of xylose, the noc minCD double mutant strain, SU663
(ftsZ-yfp 11noc 11minCD), displayed a filamentous phenotype with cells averaging 12.9

± 0.43 µm in length (± SEM, Fig. 4.6 A). The addition of increasing concentrations of
xylose (up to 0.5%) to the growth medium, to induce ftsZ-yfp expression, partially
rescued the double mutant filamentous cell length phenotype, with 0.5% xylose
reducing the cell length from 12.9 to 8.3 µm, closer to the 5.7 µm average length of
wild-type cells grown under the same conditions (Fig. 4.6 A). Minicells were also
observed in the double mutant when FtsZ-YFP was overproduced, and as reported
previously by Wu and Errington (2004), these double mutant minicells appeared
slightly longer than those found in the wild-type in the same conditions (compare Fig.
4.6 Band C).
Most importantly, just like the wild-type strain (SU492) grown in the presence of 0.5%
xylose, the Z rings observed in the double mutant strain (SU663) where located
between replicated nucleoids. This is shown in Fig. 4.6 B and C, for the wild-type and
double mutant respectively. Moreover, FtsZ helical-like patterns were also observed in
the double mutant strain between and over nucleoids (Fig. 4.6 C). These patterns were
also present in the wild-type at new division sites and in pre-divisional cells, but were
less intense than those observed in the double mutant (compare Fig. 4.6 B and C and
data not shown). Importantly, these FtsZ patterns closely resembled those observed
previously with this FtsZ-YFP fusion (Peters et al., 2007; Monahan et al., 2009),
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highlighting that Z ring assembly at division sites in the double mutant possibly occurs
via the same FtsZ helical-like intermediates, as those encountered in wild-type cells.

A 15

-E

• wild-type

I

2:10
.c::
.....

I

double mutant
I

I

C>

c:

C1>
C1>

u

5

0
0

0.1

0.2

0.5

Concentration of xylose (%)

Figure 4.6: Mean cell lengths and representative images of wild-type and noc minCD double
mutant vegetatively-growing cells when FtsZ-YFP is overproduced. Cells were grown in PAB at
30°C, with increasing concentrations of xylose, collected during mid-exponential phase and prepared for
ethanol fixation. (A) Cell lengths during overproduction of FtsZ-YFP in the wild-type (S U492, dark grey
bars) and the double mutant (SU663 , light grey bars). (8 and C) Representative images of live cells
overproducing FtsZ-YFP in the (8) wild-type (SU492) and (C) the double mutant (SU663) at 30°C in
PAB with 0.5% xylose. Error bars are µm ± SEM. Images are DAPI pseudocoloured in red (left), FtsZYFP pseudocoloured in green phase (middle), and phase overlay (right). White stars denote minicells and
white pointy arrowheads indicate FtsZ helical-like patterns. Scale bars are 5 µm.
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Western blot analysis confirmed that when 0.5% xylose was added to the medium, the
double mutant (SU663) and wild-type strain (SU492) contained approximately 25%
more FtsZ (i.e FtsZ-YFP), relative to the wi ld-type strain (SU5) and double mutant
strain (SU681) not containing Pxy1-ftsZ-yfp (see Fig. 4.7). These levels of FtsZ-YFP
overproduction are similar to those in observed in the wild-type and double mutant
strains overproducing just native FtsZ (SU558 and SU685, respectively) induced with
0.05 mM IPTG (see previous section). Moreover, the double mutant cell length rescue
obtained by overproducing FtsZ-YFP and FtsZ is also similar (compare Fig. 4.4 with
4.6).
~
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Figure 4.7: Western analysis of FtsZ-YFP and native FtsZ levels in the noc minCD double mutant
and the wild-type vegetatively-growing cells. Cells were grown in PAB at 30°C, in the absence or
presence of xylose (0.5%), and collected at mid-exponential phase for the preparation of cell lysates.
Whole cell lysates were run at a 1 in 8 dilution, facili tating detection of FtsZ-YFP and wild-type FtsZ
within the linear range. As a control, (1) the wild-type strain not containing Px.vrftsZ-yfp; (2) the double
mutant strain not containing Px.vrftsZ-yfp, SU681 ; (3) SU492 (jtsZ-yfp) with no xylose; (4) SU492 with
0.5 % xylose; (5) SU663 (t!lnoc t!lminCD ftsZ-yfp) in the absence of xylose and (6) SU663 with 0.5%
xylose. (B) The corresponding coomassie-stained protein gel to demonstrate equal loading of samples.
MWM are molecular weight markers, and numbers on the side are estimated protein sizes in kDa.

In summary, FtsZ overproduction (in the form of FtsZ or FtsZ-YFP) partially rescues
the nae minCD double mutant defect. Of particular importance, is the fact that when
FtsZ was overproduced in the double mutant, Z rings formed between replicated
nucleoids, just like a wild-type strain under the same conditions. These results strongly
suggest that Z ring positioning between nucleoids is not affected in the double mutant.
Rather it is the efficiency of Z ring formation that is affected in the absence of these
genes.
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4.2.2.2 FtsZ overproduction in the double mutant during spore outgrowth
partially rescues the efficiency and timing of Z ring assembly at midcell
It was hypothesized that Noc and the Min system might contribute to efficient and
proper timing of Z ring assembly at midcell by spatially restricting FtsZ to a single site,
the midcell division site, thus ensuring an efficient coupling between a round of
replication/segregation and division. Consistent with this idea, overproducing FtsZ in
vegetatively-growing double mutant cells partially rescued the efficiency of cell
division between nucleoids: the cells becoming shorter, indicating a higher frequency
of division. However does FtsZ overproduction actually rescue the Z ring timing defect
of the noc minCD double mutant? To answer this question, the spore outgrowth is
particularly advantageous because unlike vegetatively-growing cells it allows the
analysis of the timing of Z ring formation in a single cell cycle.
Using germinated spores of the wild-type and double mutant strains containing

psz,

P spachy -

SU558 and SU685 respectively, Z ring formation in the double mutant was

examined during spore outgrowth at 34°C in PAB with 0.05 mM IPTG to overproduce
FtsZ. When FtsZ was overproduced in the double mutant (SU685) the frequency of
outgrown spores with Z rings at 120 min increased dramatically from 6% to 53% (Fig.
4.8 A; compare Fig. 4.8 E with F and G). Out of the 53% double mutant outgrown
spores with Z rings, 42% contained a single midcell Z ring, 28% a polar Z ring, and 6%
a Z ring at other potential division sites (PDS: division sites at quarter positions; data
not shown). 24% of the cells contained more than one Z ring - predominantly a Z ring
at midcell and another Z ring at the pole (Fig. 4.8 F and G). Thus, the frequency of cells
with at least one midcell Z ring is well over 42%. As expected, and as a consequence of
FtsZ overproduction, the double mutant cell length during spore germination was
partially rescued over time, relative to when FtsZ is not overproduced (data not shown).
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Figure 4.8: FtsZ overproduction improves the efficiency and timing of Z ring assembly in the noc
minCD double mutant during the first cell cycle following spore germination. Spores were outgrown
at 34 °C in P AB without or with IPTG (0.05 mM) and collected at different time points for visualization
of FtsZ using immunofluorescence microscopy (IFM). (A) Frequency of double mutant (SU685) and
wild-type (SU558) outgrown spores with Z rings, germinated with IPTG (0.05 mM, ++FtsZ) and without
IPTG (FtsZ) at 120 min of spore outgrowth (n>400). The height of the bar shows the total frequency of
cells with Z rings. Each bar is subdivided in sub-percentage of cells with a single midcell Z ring (in
black), a single polar Z ring (dark grey), a single Z ring located a another potential division site (PDS,
light grey) and cells with more than one Z ring (in white). Average cell length for the wild-type were 2.8
± 0.05 (µm ± SEM) with IPTG (++FtsZ) and 2.6 ± 0.06 without IPTG (FtsZ); and for the double mutant
were 3.1 ± 0.07 with IPTG (++FtsZ) and 3.3 ± 0.07 without IPTG (FtsZ). (B to D) FtsZ localization in
the wild-type outgrown (B) with IPTG at 120 min, (C) without IPTG at 180 min and (C) with IPTG at
180 min. (E to G) FtsZ localization in the double mutant strain (SU685) at 120 min outgrown (E)
without IPTG and (F and G) with IPTG. Images are phase (left), and FtsZ (right). Arrow heads point to
bright polar Z rings. Scale bars are 2 µm.

When FtsZ was overproduced in the wild-type strain (SU558) the frequency of Z rings
at 120 min was 64%, lower than when FtsZ is not overproduced (88%; see Fig. 4.8 A).
Regardless of the decrease in the number of cells with Z rings, most of them were
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located at midcell (57%, Fig. 4.8 A). Moreover, a small portion of cells contained polar
Z rings (1 %) or Z rings located at quarter division sites (6%; Fig. 4.8 A and data not
shown). The slight difference in Z ring frequency between wild-type (strain SU558)
cells overproducing and not overproducing FtsZ is probably due to some midcell Z
rings forming slightly earlier in the cell cycle. In fact, at 90 min of spore outgrowth
some wild-type cells overproducing FtsZ already contained fainter Z rings in very short
cells (data not shown). This leads to new born cells at 120 min that have just
constricted and do not yet contain bright Z rings. Thus, FtsZ overproduction might have
a slight effect on the timing of Z ring assembly even in wild type cells, such that some
cells accumulate enough FtsZ at midcell earlier in the cell cycle and therefore divide
earlier. In support of the idea that Z rings can form slightly earlier in the cell cycle
when FtsZ is overproduced, the wild-type strain overproducing FtsZ at 150 and 180
min of spore outgrowth also contained fainter Z rings at quarter division sites, relative
to cells not overproducing FtsZ (compare Fig. 4.8 C and D). This is similar to what had
been observed in the wild-type vegetatively-growing cells overproducing FtsZ (see and
compare Fig. 4.6 B to C).
These results suggest that FtsZ overproduction partially improves the efficiency of Z
ring assembly in the first round following spore germination, and thus the timing of
division in the noc minCD double mutant. This result is fully consistent with the
hypothesis that the combined activity of the Min system and Noc are required for the
efficient temporal utilization of a division site.

4.2.2.3 Double mutant Z ring positioning in live cells overproducing FtsZ-YFP
during spore outgrowth
To confirm that the double mutant Z rings form precisely between nucleoids when FtsZ
is overproduced during spore outgrowth, Z ring positioning was also examined in
outgrown spores of strains of the wild-type (SU492) and double mutant (SU663)
containing a xylose-inducible-copy of ftsZ-yfp located at amyE. Again, the double
mutant strain did not sporulate as efficiently as the wild-type (data not shown). As
expected, in the absence of xylose (no production of FtsZ-YFP) the few spores obtained
germinated into long filamentous cells (data not shown). Moreover, IFM analysis
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confirmed that overproducing FtsZ-YFP by adding 0.5% xylose to the medium also
increased the frequency of double mutant Z rings in the first cell cycle following spore
germination (120 min) from 5% (0% xylose) to 33% (0.5% xylose; data not shown).
Z ring positioning was examined in outgrown spores germinated for 120 min at 34 °C in
PAB with 0.5% xylose. In the wild-type strain over-producing FtsZ-YFP (SU492) the
large majority of outgrown spores (80%) contained Z rings, with almost all outgrown
spores containing a single Z ring at the medial division site (Fig. 4.9 C). Of these cells,
86% were located within the 0.45 to 0.5 position of the cell length Z rings (Fig. 4.9 A).
In the double mutant strain over producing FtsZ-YFP (SU663), 34% of the outgrown
spores had Z rings, 60% of which had a single Z ring at the medial division site, 30%
with a polar Z ring and the remaining 10% with more than one Z ring (Fig. 4.9 D and
data not shown). The remaining cell population contained cells with weaker bands,
helical patterns and dots of FtsZ-YFP (4.9 Di). In double mutant cells containing a
single Z ring at the medial division site, 96% fell within the 0.45 to 0.5 portion of cell
length (Fig. 4.9 B). In both strains Z rings were located between replicated nucleoids
(compare Fig. 4.11 C and D).
A statistical analysis of the precision of midcell Z ring positioning demonstrated that
the double mutant was actually more precise than the wild-type (p<0.05; KolmogorovSmimov test; data not shown). These results are consistent with the data obtained in the
double mutant not containing FtsZ-YFP (SU681, see section 4.2.1.2), further
supporting the idea that midcell Z ring positioning is not affected in the double mutant
and that the combined activity of Noc and the Min system is not required to define the
midcell location of the Z ring.
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Figure 4.9: Live Z ring positioning in the noc minCD double mutant and wild-type outgrown
spores overproducing FtsZ-YFP. Spores were outgrown at 34°C in PAB with 0.5% xylose and
collected for live cell analysis at 120 min. (A and B) Z ring positioning at the medial division site in (A)
wild-type (SU492) and (8) double mutant (SU663) outgrown spores over-expressing FtsZ-YFP. Top
right hand comer shows mean cell length (µm ± SEM) (n> 190). (C and D) Representative images of Z
ring localization in (C) live wild-type (SU492) and (D) live double mutant (SU663) outgrown spores,
germinated in the above described conditions. (Di) Representative images of helical-like localizations
present in the double mutant cells. Images are DA.Pl, pseudocoloured in red (left), FtsZ-YFP
pseudocoloured in green (middle), and phase overlay (right). White arrows denote polar Z rings and
pointy arrowheads indicate helical-like patterns of FtsZ. Scale bars are 2 µm.
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4.2.2.4 Effects of the temperature and media on the double mutant cell length
The data presented so far is consistent with a role of Noc and the Min system as
temporal regulators of Z ring assembly and division, by spatially restricting FtsZ to the
midcell location of the cell. In this way they ensure that the Z rings form at the first
available division site where chromosomes have segregated. In their absence, multiple
division sites become exposed (i.e. the poles, midcell, and quarter positioned division
sites), thus titrating FtsZ to multiple division sites instead of one single site. If this idea
is correct, then one prediction is that a reduction in the number of division sites should
also rescue the double mutant.
The recent Ready-Set-Go model (Mori ya et al. , 2010) states that the initiation phase of
DNA replication plays a role in potentiating/maturating the Z ring site and that the Z
ring site is present very early on in the round of replication. From this model it follows
that for each initiation event that is completed a new site becomes potentiated and
competent for Z ring assembly. In li ght of this model, then in rich-nutrient conditions
which results in faster growth rates and ce lls with multiple origins due to multifork
replication (Cooper and Helmstetter, 1968; Sharpe et al. , 1998), multiple Z ring sites
are presumably present, each one causing a titration of FtsZ. In contrast, in nutrientpoor medium there are rarely more than two replicated origins (generation times above
58 min; Sharpe et al., 1998), and presumably less Z ring sites. Given that the cellular
levels of FtsZ are identical in rich and poor nutrient conditions (Weart and Levin,
2003), it was reasoned that in nutrient-poor medium the number of division sites
competing for Z ring assembly would be drastically reduced, relative to the amount of
FtsZ.

Based on this, it was predicted that the double mutant defect could be also

rescued, by reducing the number of division sites instead of increasing the amount of
FtsZ. To this end, the double mutant was grown vegetatively in minimal medium SMM
and cell lengths were compared to those in rich medium PAB. Furtermore, given that
the temperature can also affect the growth rate and thus the number of replicated
origins inside the cell, the double mutant cell length was also examined at different
temperatures.
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In minimal medium SMM at 30°C, the double mutant (SU681) and the wild-type (SUS)
vegetatively-growing cells had similar doubling times, 55 and 52 min respectively. On
the other hand, in P AB at 30°C, the double mutant and wild-type doubling times were
also similar, but significantly shorter than those in SMM (around 43 min for both
strains). In terms of cell lengths, in PAB , the double mutant was almost 3-fold longer
than the wild-type (11.8 ± 0.54 µm vs 4.5 ± 0.06 µm; Fig. 4.10 A). In SMM, despite the
double mutant cells being much shorter, there was still a 3-fold difference between the
double mutant and the wild-type (6.6 ± 0.17 µm vs 2.1 ± 0.04 µm; Fig, 4.10 C). Thus,
even though growth in minimal medium dramatically decreased the average cell length
of the double mutant relative to growth in rich medium, the double mutant still resulted
in longer cells relative to the wild-type (compare Fig. 4.10 A to C). Importantly
however, in SMM the double mutant cell population became 3-fold more homogenous
in cell length (as judge by comparing the SEM) relative to growth in PAB. Given that
wild-type populations always divide at midcell (resulting in a homogeneous cell length
distribution in both PAB and SMM), these observations suggest that while grow th in
minimal medium does not rescue the double mutant cell length per say, it does however
improve its ability to divide at midcell, and thus originate a more homogeneous
population of cells.
To test the effect of an mcrease m temperature on division in the double mutant
(SU68 l), this strain was grown in SMM and PAB at 37°C and compared with the cell
lengths at 30°C. In PAB at 37°C, the double mutant and wild-type doubling times were
32 and 36 min, respectively. As predicted, at higher temperatures (37°C), the double
mutant average cell length increased dramatically relative to growth at 30°C in PAB
(18.1 ± 0.98 µm vs 11.8 ± 0.54 µm, compare 4.10 A to B). An increase in cell length
was also observed in minimal medium SMM at 37°C relative to growth at 30°C in the
same medium (10.9 ± 0.38 µm vs 6.60 ± 0.17 µm; compare 4.10 B to D). Importantly,
it was noticed that in minimal medium, both at 30°C and 37°C the double mutant
appeared to reach early-stationary phase slightly earlier than the wild-type (data not
shown).
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Figure 4.10: Effect of the growth media and temperature on the cell length distribution of wildtype and noc minCD double mutant. Cells were grown in (A and B) PAB and (C and D) minimal
medium (SMM) and collected at mid-exponential phase growing cells for ethanol fixation. The
histograms show cell length distributions at 30°C, on the right, and 37°C, on the left. The wild-type
(SU5) is shown in black bars and the noc minCD double mutant (SU68 l) in grey bars. Comparisons
between the different media can be made by analyzing graphs on the top to those on the bottom.
Comparisons between the different temperatures can be made by analyzing graphs on the left to the right.
(n> 140).

Given that in PAB at higher temperatures (37°C) the growth rates are significantly
higher than those at 30°C, it was predicted that Z ring frequency would be substantially
reduced, as more division sites would be available and thus FtsZ would be titrated to
many more sites. Indeed, relative to growth 30°C, at 3 7°C bright Z rings were less
frequent (compare Fig. 4.1 D to 4.11 B). Instead, FtsZ localized predominantly in the
forms of dots and helical-like bands along the cell length (compare 4.1 Di to 4.11 Bi).
This is presumably due to titration of FtsZ to many division sites resulting from the
faster growth conditions. Not surprisingly, FtsZ overproduction at 37°C also partially
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rescued the double mutant division cell length defect (Appendix II, Fig. 6), presumably
by increasing the amount of FtsZ at division sites, and thus division.

Figure 4.11: FtsZ localization in the noc minCD double mutant at the 37°C in PAB. Cells were
grown in PAB at 37°C and collected at mid-exponential phase for IFM. (A and 8) Representative
images of FtsZ localization in (A) wild-type (SU5) and (B) double mutant (SU681) cells prepared for
IFM. (Bi) Amplification of the white region in (B) showing FtsZ localization patterns in the double
mutant. Scale bars are 5 µm.

Collectively, these results show that growth in minimal medium or at lower
temperatures dramatically reduces the division defect of the double mutant, however
neither condition completely rescue it. This is consistent with the idea that decreasing
the number of replicated origins in the double mutant improves but does not completely
rescue the double mutant division defect (discussed later). This result further supports a
role for Noc and the Min system as temporal regulators of Z ring assembly, and
division, by spatially restricting FtsZ to a single division site.
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4.3 Discussion
How the Z ring is positioned precisely at midcell has been the subject of speculation for
many years. The discovery that the simultaneous deletion of nae and minD in B. subtilis
(Wu and Errington, 2004) and slmA and minCDE in E. coli (Bernhardt and de Boer,
2005) results in a cell division defect has essentially put to rest much of this
speculation. Intriguingly in both E. coli and B. subtilis it was found that in noc minD, or

slmA minCDE double mutants overproducing FtsZ, Z rings are still biased towards
intemucleoids regions (Wu and Errington, 2004; Bernhardt and de Boer, 2005). These
observations are somewhat inconsistent with a role of the Min system and N oc/SlmA in
positioning the division site, raising the question of their importance or even
requirement for the precise positioning of the midcell Z ring.
In this work, the possibility that neither Noc nor the Min system is required for midcell
positioning was thoroughly investigated by measuring the Z ring position in a noc

minCD double mutant. It was found that Z rings form with wild-type precision between
replicated nucleoids, suggesting that the combined role of the Min system and Noc is
not in the precise positioning of the Z ring at midcell.
Several observations point to a different function for Noc and the Min system in Z ring
formation. Firstly, the absence of both nae and minCD appeared to result in a delay in
midcell Z ring formation and division, suggesting that their main role is in ensuring
efficient coupling between the timing of midcell division and chromosome replication
and segregation. Secondly, besides Z rings, the noc minLlJ double mutant formed
many FtsZ-helical patterns at other division sites, evenly spaced along the longer cells,
that strongly resembled those reported recently by Harry and co-workers (Peters et al. ,
2007; Monahan et al. , 2009). Given the emerging view that Z ring formation occurs via
an FtsZ helical-intermediate during the cell cycle (Peters et al. , 2007; Monahan et al.,
2009), this observation suggests that the absence of nae and minCD somehow affects
this process of Z ring assembly. Most importantly this work shows that another
mechanism identifies the position of the division site, with the Min system and Noc
ensuring that the first division site available is utilized efficiently.
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4.3.1 A role for Noc and the Min system in the cell cycle:
coupling efficient midcell Z ring assembly to a round of DNA
replication/segregation
The cell cycle in B. subtlis is tightly regulated to ensure that division follows after
replication and segregation of DNA. Failure to do so results in longer-than-normal cells
with multiple chromosomes, such as those found in minCD and in nae minCD mutants.
The results presented in this chapter indicate that the primary role of Noc and the Min
system is in restraining FtsZ from localizing to other division sites during the cell cycle.
By spatially restricting FtsZ to a single site, the midcell division site, Noc and the Min
system ensure that Z ring assembly is tightly coupled to a round of replication and
segregation of the chromosomes. In their absence, multiple division sites become
exposed (i.e. the poles, midcell, and quarter positions), causing FtsZ to be titrated to
multiple division sites, instead of accumulating at one single division site. The overall
effect is that division is delayed relative to chromosome replication/segregation. In
simple terms, Noc and the Min system together ensure efficient division site utilization.
A model explaining this role for Noc and the Min system in the cell cycle is shown in
Fig. 4.12, and can be referred to from this point on.
This proposed role for Noc and the Min system was particularly evident in the spore
outgrowth experiments described in this chapter. Unlike wild-type cells that form Z
rings in short cells, the double mutant Z rings, while positioned precisely at midcell,
only appeared much later in cell cycle, in cells that were two-to-three times longer.
Importantly, besides Z rings, double mutant cells often contained many Z ring
precursor structures - helical-like localizations of FtsZ that were often evenly
interpolated along the cell length (see Fig. 4.2 E). This observation clearly
demonstrates that in the absence of noc and minCD, FtsZ is continuously titrated to
new division sites that form as a result of ongoing replication and segregation of DNA
without subsequent division. Also consistent with a role for Noc and the Min system in
coupling Z ring assembly to a single division site during the cell cycle, overproducing
FtsZ in the double mutant during spore outgrowth partially rescued the timing and
efficiency of Z ring formation, and thus division. In this case, the increase in FtsZ
levels appear to compensate for the titration of FtsZ at other division sites, partially
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restoring midcell Z ring assembly and division. Growth in a nutrient-poor medium also
improved the ability of the double mutant to couple cell division to DNA
replication/segregation. While changing the growth conditions from richer to poorer
nutrient conditions did not reduce the average cell length of the double mutant relative
to wild-type, it did result however in a more homogeneous cell length distribution
within the population. Given that cellular FtsZ levels are not affected by nutrient status
(Weart and Levin, 2003; Bernhardt and de Boer, 2005), an interpretation of this result
is that the slower frequency of DNA replication initiation allows more FtsZ to
concentrate primarily at the midcell division site between segregating nucleoids, so that
when double mutant cells divide, they result in cells of equal length. Consistent with
this interpretation, growing the double mutant cells at higher temperatures to promote
fast growth and multi-fork replication (e.g. at 37°C in PAB or SMM), resulted in a
more heterogeneous population of longer cells with fewer Z rings, and more helicallike structures of FtsZ evenly spaced within the cell (Fig. 4.11 B), presumably at the
many available division sites within the longer cells. These observations together
suggest that Noc and the Min system are primarily preventing FtsZ from initiating new
Z rings at other division sites within the cell.
The idea that FtsZ titration to multiple sites causes a defect on the efficiency and timing
of cell division has been reported previously for E .coli (Yu and Margolin, 1999;
Thanedar and Margoling, 2004) and B. subtilis Min system mutants (Gregory et al.,
2008). As Min system mutants form both midcell and polar Z rings (that often lead to
mini cells) FtsZ is titrated to two locations, the pole and midcell, instead of localizing at
a single midcell cell location. The overall effect is that the period between Z ring
assembly at midcell and the onset of constriction becomes extended, leading to longer
cells with multiple chromosomes, and more than one Z ring (Yu and Margolin, 1999;
Gregory et al., 2008). While this role for the Min system has been recognized, a similar
role for Noc remains unclear. In other words, does Noc actually prevent FtsZ from
being titrated to multiple sites?
[n the model of Wu and Errington (2004) it is proposed that Noc prevents Z rings, and
septa, from forming anywhere over unreplicated/unsegregated DNA. This role for Noc
is evident in cells inhibited for DNA replication, where it is required to prevent
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guillotining of the unreplicated chromosome by the division septum. However Noc
does

not

appear

to

be

important

m

preventing

division

over

actively

replicating/segregating DNA. If Noc was so important to prevent division over actively
replicating DNA, nae single mutants should exhibit some loss in viability and Z rings
should form readily over unreplicated DNA. This is not the case, as a deletion of nae
causes no obvious detectable effects on cell division, and Noc single mutants are
phenotypically wild-type (Sievers et al., 2002; Wu and Errington, 2004; Wu et al.,
2009; Mariya et al., 2010). The fact that single nae mutants do not divide over DNA in
replicating cells has been attributed to a possible role for the Min system in B. subtilis
at inhibiting Z ring formation, and thus division, beyond the cell poles, closer to
midcell and over the nucleoids (Wu and Errington, 2004; Barak et al., 2008; Gregory et

al., 2009). However, if both the Min system and Noc were so important in preventing
division over replicating DNA, nae minCD double mutants should divide over the
DNA and this also does not appear to be the case. In this chapter, it was shown that Z
rings formed precisely between segregated chromosomes even when FtsZ was
overproduced, and nae minCD double mutants were as viable as wild-type cells, at least
at 30°C. lt is therefore possible that mechanisms independent of Noc play a prominent
role in ensuring that division occurs between replicated DNA rather than over it (see
later). Thus, rather than preventing division over actively replicating DNA, Noc might
simply prevent FtsZ from concentrating prematurely at new division sites that are
forming between segregating nucleoids. Indeed, Z ring formation occasionally
appeared to occur slightly earlier at new division sites when FtsZ was overproduced in
the nae minCD double mutant (Fig. 4.8 A) and in wild-type cells (see Fig. 4.8 D).
Importantly, these Z rings did not appear as bright (i.e. mature), as those observed at
the midcell location between segregated chromosomes, raising the possibility that other
mechanisms ensure that Z rings do not readily mature over unsegregated DNA.
The idea that Noc might simply prevent FtsZ from concentrating prematurely at new
division sites that are forming between segregating nucleoids, is consistent with a more
subtle role for Noc in the cell cycle. Indeed, Wu et al. (2009) propose that Noc fine
tunes division in relation to chromosome replication and segregation via its specific
localization at NBS (Noc-binding sites). NBS are located throughout the chromosome,
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but become less abundant towards terC. This observation has raised the possibility that
Noc delays Z ring assembly over replicating DNA, until the bulk of the replicated
chromosomes have cleared the division site, and the terminus region occupies midcell.
Thus, the absence of Noc possibly "unmasks" division sites over replicating DNA
allowing FtsZ to accumulate prematurely at a division site. This role for Noc is
particularly important in longer cells that contain more than one replicating
chromosome and thus multiple division sites. In minCD mutant cells for example, a
role for Noc would be to prevent FtsZ from being prematurely titrated to the division
sites over the many replicating chromosomes inside the longer cells. Also consistent
with this idea that Noc is more important in longer-than-normal cells, in noc single
mutants depleted for pbpB and ftsL expression (genes encoding proteins involved in the
late stages of division), Z rings do not form readily between DNA, instead multiple
helical structures of EzrA-GFP and FtsZ are observed over the replicating nucleoids.
The interpretation of this result was that Noc is required to position FtsZ between
segregated nucleoids (Wu and Errington, 2004). However, an alternate interpretation is
that in these longer-than-normal cells that are unable to septate, the new division sites
between replicating chromosomes have been unmasked, and thus start to recruit FtsZ to
form Z rings, thereby causing FtsZ titration to more than one site, and inefficient Z ring
assembly between segregated chromosomes.

4.3.1.1 Molecular insight into the role of Noc and the Min system in ensuring
efficient Z ring assembly at midcell
FtsZ in wild-type B. subtilis (Ben-Yehuda and Losick, 2002; Peters et al., 2007;
Monahan et al. , 2009) and E. coli (Thanedar and Margolin, 2004; Fu et al., 2010) cells
has consistently been shown to assemble into dynamic helices (or spirals) in vivo. The
importance of these FtsZ helical patterns has recently been highlighted by the proposal
of a new model for midcell Z ring assembly in B. subtilis (Peters et al. , 2007).This
model proposes that Z ring assembly at midcell occurs via cell-cycle mediated
transitions between different helical-forms of FtsZ into a Z ring (Peters et al. , 2007).
While Z rings were less frequent in noc minCD double mutants, FtsZ was often
observed to adopt a helical-like configuration. It is therefore possible that the Min
system and Noc are involved in promoting an efficient transition from the FtsZ helix
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into the Z ring. In light of this new model for Z ring assembly, how might Noc and the
Min system work at a molecular level to prevent other division sites from being utilized
and simultaneously ensure that Z rings form efficiently at a single division site, the
midcell division site? Figure 4.12 illustrates a model explaining the role of Noc and the
Min system is promoting an efficient helix-to-ring transition of FtsZ.
While the molecular mechanisms regulating the helix-to-Z ring transition have not been
fully clarified, growing evidence, in vivo and in vitro, suggests that these transitions
might represent the reorganization of different FtsZ protofilaments into the Z ring, by a
process that requires lateral interactions between protofilaments (Dajkovic et al., 2008;
Lan et al., 2009; Monahan et al., 2009). It is possible that beside lateral interactions
between protofilaments, the helix-to-ring transition might require a minimal, threshold
level of FtsZ at midcell to complete the process. This is entirely consistent with
previous studies indicating that a threshold concentration of FtsZ is required for Z ring
assembly (Levin et al. , 1999). Thus, lateral interactions between protofilaments might
be FtsZ-concentration dependent.
One way to ensure efficient lateral interactions between FtsZ protofilaments at midcell
is to prevent lateral interactions between protofilaments at other division sites inside the
cell. The Min system might prevent FtsZ from laterally associating into Z rings at the
cell poles, thereby freeing FtsZ to do so at midcell. Indeed, in E. coli and B subtilis the
Min system inhibitor MinC is known to affect Z ring assembly by displacing lateral
interactions between FtsZ protofilaments at the cell poles (Dajkovic et al. , 2008;
Scheffers, 2008). Noc on the other hand might prevent lateral associations between
FtsZ protofilaments over replicating chromosomes, thereby allowing efficient Z ring to
assembly only at midcell during chromosome segregation, where Noc concentration is
lowest. It is still not known if Noc interacts with FtsZ, however overproducing Noc
appears to cause a decrease in Z ring assembly, and instead dots and helical-like
patterns appear to form (not directly stated in the text, but seen in the images; Wu et al. ,
2009). Thus, while Noc might directly prevent FtsZ from initiating Z ring precursor
structures too early over replicating DNA at division sites, another possibility is that
Noc does so by interacting with other known (or unknown) divisome proteins at the
membrane, or with the membrane itself (Wu and Errington, 2009).
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4.3.1.2 A new model for the role of Noc and the Min system in the cell cycle

Based on these above ideas and observations, it is proposed that Noc and the Min
system together play a role in efficient Z ring assembly between segregated nucleoids
by preventing FtsZ from forming Z ring precursor structures (i.e. helices) at other
division sites. This is shown in the model in Fig. 4.12. Given that only 30% of cellular
FtsZ is contained within the Z ring at any one time, (Stricker et al., 2002), Noc and the
Min system might play a role in ensuring that the pool of FtsZ outside the Z ring is not
being utilized to initiate new Z rings at potential division sites, thereby concentrating
FtsZ primarily at the single midcell division site. This role for Noc and the Min system
becomes especially important in fast growing cells, as demonstrated by the dramatic
increase in cell length of the nae min CD double mutant at 3 7°C, relative to wild-type
cells at the same temperature, and the double mutant at 30°C. In fast-growing wild-type
cells, there is usually more than one replicating chromosome and thus at least 3 division
sites; an older division site at midcell and two new division sites at the cell quarters. As
the old division site usually represents the site with less DNA, Z rings tend to form
there first, possibly due to complete relief of nucleoid occlusion. Noc might ensure that
FtsZ does not start to accumulate at the quarter division sites in the form of precursor
FtsZ-helices, enhancing Z ring assembly at the older midcell division site. Given that
some NBS are located near the origin (Wu et al., 2009), and the origins in fast growing
cells are often located at quarter positions nearest the cell poles (Webb et al., 1997;
Webb et al. , 1998), it seems likely that Noc and the Min system might have
overlapping roles in preventing Z ring assembly at the quarter positions inside the cell,
where future division sites become active.
From a dynamic cell cycle point of view, as replicated origins and DNA move towards
the pole, so does Noc via its NBS. This segregating movement of the chromosome,
along with Noc bound to it, might promote a dynamic gradient of inhibition that helps
localize FtsZ to midcell, the oldest division site inside the cell. The dynamic movement
of Noc along with the chromosome might create an inhibitory force that essentially
displaces FtsZ polymers (or monomers) from the cell membrane in certain regions of
the cell where future division sites will become competent for Z ring assembly, thereby
enhancing FtsZ localization at division sites between segregated nucleoids where Noc
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1s completely absent. This dynamic view for Noc is somewhat consistent with its
localization in the form of helices, extending along the membrane, over most of the
region occupied by the replicating chromosome (Wu et al., 2009). Thus, by tracking the
replicating/segregating chromosome, Noc might help to ensure that FtsZ concentrates
primarily between chromosomes that have already segregated, rather than between
replicating chromosomes that have not. In this sense Noc helps to ensure efficient Z
ring assembly and utilization of the division site as the cell becomes longer. Similarly,
the dynamic movement of the Min system might also be important in displacing FtsZ
from the cell poles, or other regions of the cell occupied by the Min system. It is still
not clear whether the Min system in B. subtilis is as dynamic as the E. coli counterpart,
even though B.subtilis MinC-GFP appears to have a dynamic behaviour, moving from
new pole to midcell (Gregory et al. , 2008). However it is important to note that in E.
coli, the Min system besides preventing polar Z ring assembly, also appears to promote

a dynamic directional oscillatory movement of FtsZ from pole to pole (Thanedar and
Margolin, 2004). Thus, the possibility that the Min system (and perhaps also Noc) in B.
subtilis affects movement of FtsZ within the cell cannot be excluded and should be

examined in future work (see General discussion; Chapter 6).

B

vv
"\

Figure 4.12: A model redefining the roles of Noc and the Min system during the cell cycle. The cell
cycle is a dynamic process where cell division and DNA replication/segregation must be tightly
coordinated so that new born cells are born with the right size and the right amount of DNA. The Min
system and Noc ensure this, by regulating division site utilization. They ensure that division sites are
utilized in an orderly manner, one by-one, and old division sites being utilized first before new division
sites. Noc localization at NBS is represented by a red/white gradient on arrows over the DNA (black
oval). The white portion of the arrow represents the terminus region where NBS are absent, and red
portion represent the regions of the chromosome where NBS are present. The arrow also indicates the
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overall movement of the replicating segregating chromosomes, to opposite directions inside the cell. The
Min system effect is represented by the red triangles outside the cells, pointing towards midcell. The
triangles become thinner towards midcell, to represent the decrease in Min system activity towards
midcell (Wu and Errington, 2004).
(A) In a wild-type replicating cell, Noc and the Min system ensure that FtsZ is primarily concentrated at
the cell center, such that as soon as chromosomes segregate a Z ring (darker green ring) can assemble at
the midcell division site (green triangles). This is achieved by preventing FtsZ from forming Z ring
intermediates (light green helical patterns) at the cell poles, and over new division sites (yellow
triangles). (B) In the absence of nae and minCD, FtsZ can promiscuously localize at the cell poles, as
well as over new division sites, leading to the titration of FtsZ to multiple sites, where Z rings and Z ring
intermediate structures can assemble. As there is not enough FtsZ (and possibly other division proteins)
to form mature Z rings at all sites, the cells continue to grow, until eventually some Z rings accumulate
enough FtsZ to divide (Yu and Margolin, 1999; Gregory et al., 2008). This leads to longer cells with
multiple chromosomes, in which Z ring formation between chromosomes and thus division is delayed.

4.3.2 If the Min system and Noc do not position the Z ring at
midcell, what other factors play this role?
Using the spore outgrowth system, midcell Z ring positioning in the noc minCD double
mutant was found to be as precise as that observed in a wild-type cells. Furthermore, a
live cell analysis in which FtsZ-YFP was overproduced, confirmed that the Z rings in
the double mutant strain formed precisely between the replicated nucleoids. Together
these observations suggest that the combined action of Noc and the Min system is not
required for precise midcell Z ring assembly. These results are entirely consistent with
previous observations indicating that neither minCD nor noc single mutants affect Z
ring positioning (Migocki et al., 2002; Wu and Errington, 2004; Mori ya et al. , 2010)
and point to the possibility that another Min system/Noc independent mechanism
positions the division site.
One possibility is that a midcell signal attracts FtsZ to division sites between
replicating/segregating nucleoids (Harry, 2001; Margolin, 2000; Regamey et al., 2000;
Sherratt, 2003; Addinall and Holland, 2002; Harry et al., 2006; Moriya et al., 2010).
Two observations support this possibility. Firstly, even though Z ring formation was
substantially delayed in the double mutant during spore outgrowth, when Z rings
eventually formed in the longer cells, the majority of Z rings were positioned at the
midcell division site (older division site; over 60% ). Given that these longer-thannormal cells already contain multiple chromosomes (and thus more than one division
site) it appears that a factor is indeed attracting FtsZ to the oldest division site inside the
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cell, the one at the middle of the cell. This brings up the interesting possibility that
some division sites inside the cell might be preferred over others, or utilized in a
preferential order (see model in Fig. 4.12). Secondly, FtsZ overproduction in the double
mutant resulted in larger-than-Min system mutant minicells that contained no DNA
(Wu and Errington, 2004).These larger-than-normal minicells may reflect a preference
to divide near replicating chromosomes, rather than right near the pole, strengthening
the possibility that division is somewhat attracted to occur in the proximity of a midcell
signal between ON A, rather than right at the pole. If a signal attracting FtsZ to division
sites between replicated nucleoids exists, then when there are several ongoing rounds of
replication, and thus more than one signal, Noc and the Min system might be required
to efficiently localize FtsZ at one signal at a time, thereby ensuring a tight control
between a round of chromosome replication/segregation and cell division (see model in
Fig. 4.12). Following this same line of thought, it is possible that each signal is
intimately connected with a round of replication. This is somewhat in line with the link
observed between the progress of the very early stages of DNA replication and Z ring
assembly (Harry et al. , 1999; Regamey et al. , 2000; Mori ya et al. , 2010).
As stipulated by the recent Ready-Set-Go model (Moriya et al. , 201 O; see Chapter 3,
section 3.3.5), midcell Z ring assembly appears to be tightly connected to the progress
of the initiation phase of DNA replication. In this model, is has been suggested that as
the initiation phase of chromosome replication progresses, the ability to form Z rings at
midcell increases, up until the replisome is assembled at oriC at midcell (Moriya et al. ,
2010). This increase in midcell Z ring assembly may represent the accumulation of a
midcell signal that positively attracts the Z ring there. A prediction of this model is that
the signal for midcell Z ring assembly is formed early on in the round of replication,
but can only be fully utilized once the chromosomes segregate and Noc clears midcell.
Another prediction of this model is that the number of division site signals is
proportional to the number of initiated origins inside the cell. If these predictions hold
true, then this might explain why Noc and the Min system become important to ensure
efficient Z ring assembly at a single division site, in cells containing more than one
division site (see model in Fig. 4.12). Furthermore, it might explain why NBS are also
located around the origin region of the chromosome; NBS near the origin might
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actually be responsible for spatially blocking the utilization of a midcell signal that
forms at the initiated origins of replication.
A second possibility that might explain the midcell Z ring precision between nucleoids
in nae minCD double mutants is that other nucleoid occlusion proteins beside Noc are
active, and somehow are involved in midcell Z ring positioning. Recently the idea that
Noc-independent nucleoid occlusion factors are involved in inhibiting Z ring formation
over the DNA has gained further support (Bernard et al., 2010). In this study, the
authors showed that Noc-independent nucleoid occlusion is responsible for inhibiting
cell division over the nucleoid in response to replication roadblocks (Bernard et al.,
2010). While it is possible that other factors prevent Z rings forming over the DNA,
these might be specific to the certain DNA replication blocks and might not be required
for Z ring positioning under conditions where replication of DNA is progressmg
normally. Whatever these additional nucleoid occlusion factors are, the results
presented in this chapter clearly highlight that deleting both nae and minCD in B.
subtilis affects the efficient utilization of division sites during the cell cycle rather than
Z ring positioning to midcell. The next chapter aims to distinguish between the two
possibilities for midcell Z ring positioning mentioned here: 1) Noc-independent
nucleoid occlusion or 2) factores completely independent of nucleoid occlusion and the
Min system.
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5.1 Introduction
5.1.1 The role nucleoid occlusion in midcell Z ring positioning
One of the most well documented roles of the bacterial nucleoid in cell division is its
ability to prevent division over unreplicated/unsegregated DNA. This is known as
nucleoid occlusion (Mulder and Woldringh, 1989; Woldringh et al., 1991 ). Consistent
with this idea, a variety of studies have shown that DNA replication/segregation
mutants that fail to remove the DNA mass from the cell center, generally divide
acentrally beside the DNA (Mulder and Woldringh, 1989; Woldringh et al., 1991; Wu

et al., 1995; Sun et al., 1998; Yu and Margolin, 1999; Cook and Rothfield, 1999; Harry
et al., 1999; Gullbrand and Nordstrom, 2000; Regamey et al. , 2000; Yu et al., 2001;
Sun and Margolin, 2004; see section 1.5 .2 of the main Introduction). In contrast, in
wild-type cells the DNA mass is efficiently cleared from the cell centre as a result of
proper chromosome replication and segregation allowing division between segregated
nucleoids in a DNA-free region of the cell, corresponding to relief of nucleoid
occlusion.
The nucleoid occlusion model states that all sites along the cell can serve as division
sites, and that the nucleoids are required to block Z ring formation at all sites, except at
a DNA-free gap created at midcell once the replicated nucleoids segregate (Mulder and
Woldringh, 1989; Woldringh et al., 1991; Yu and Margolin, 1999). This DNA-free gap
at midcell is believed to promote precise Z ring assembly at the centre of the cell, well
away from the Min system zone of inhibition and from the inhibitory effects of the
nucleoid (Woldringh et al., 1991; Yu and Margolin, 1999). However, the idea that
relief of nucleoid occlusion at midcell is all that is required for Z ring positioning at the
cell center has never been rigorously tested. In fact, several observations discussed
below argue against it.
While mutants defective m chromosome replication/segregation and organization
generally produce acentrally located Z rings beside the DNA, in some instances they
also produce midcell Z rings and septa directly over the nucleoid leading to guillotining
of the chromosome in E.coli (Sun et al., 1998; Cook and Rothfield, 1999; Gullbrand
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and Nordstrom, 2000; Yu and Margolin., 1999; Yu et al., 2001; Sun and Margolin,
2004) and in B. subtilis (Wu et al., 1995; Harry et al., 1999; Regamey et al., 2000). In
these studies, midcell Z rings were observed to form when there was a decrease in the
amount of DNA at the cell center (i.e. some relief of nuceloid occlusion), caused by
changes in nucleoid morphology as a result of the different mutations used. Thus, while
some relief of nucleoid occlusion at the cell center (i.e. decrease in DNA concentration)
facilitates midcell Z ring positioning (Sun et al., 1998; Harry et al., 1999; Yu and
Margolin., 1999; Regamey et al., 2000), it is still not known whether this relief of
nucleoid occlusion actually defines the position of the division site.
With the discovery of Noc (nucleoid occlusion protein) in Bacillus subtilis, the role of
nucleoid occlusion (and relief of) in inhibiting Z ring formation over the DNA and in
positioning the division site gained a new dimension. Together with the Min system,
Noc is thought to be required for proper Z ring positioning (Wu and Errington, 2004).
Intriguingly, while the identification of Noc added a molecular-mechanistic realm to
the nucleoid occlusion phenomenon, a Noc-independent mechanism for Z ring
positioning was also proposed by Wu and Errington (2004) based on their observations
that Z ring assembly was weakly biased towards internucleoid regions in noc minD
double mutants (Wu & Errington, 2004). A similar proposal was put forward by
Bernhardt and de Boer based on an analysis of E. coli cells lacking SlmA (nucleoid
occlusion protein) and the Min system (Bernhardt & de Boer, 2005). This Noc/SlmA
independent mechanism still remains elusive. Several possibilities can be envisaged to
explain this bias in Z ring positioning between nucleoids. For example, Nocindependent nucleoid occlusion factors might be "pushing" the Z ring away from it,
making the Z ring form between DNA, alternatively the Z ring may be attracted to form
between the nucleoids by some unknown factor (Bernhardt & de Boer, 2005).
Very recently, the idea that Noc-independent nucleoid occlusion factors are involved in
inhibiting Z ring formation over the DNA has gained further support in a study by
Rudner and co-workers (Bernard et al., 2010). In this study, the authors show that
instead of Noc, Noc-independent nucleoid occlusion is mostly responsible for
inhibiting cell division over the nucleoid in response to DNA replication roadblocks
(Bernard et al., 2010). Not surprisingly, altering the compaction and organization of the
147

Chapter 5 - Introduction

chromosome appeared to relieve the cell division inhibition over the nucleoid, caused
by the Noc-independent nucleoid occlusion (Bernard et al. , 2010). Importantly however
it is still unclear what these Noc-independent nucleoid occlusion factors might be.
Perhaps, they involve the so-called transertion effect (Mulder & Woldringh, 1989;
Woldringh, 2002; see main Introduction, section 1.5.2.1). Alternatively, unidentified
additional DNA-binding proteins similar to Noc and SlmA might inhibit cell division
on top of the DNA. Regardless of what these mechanisms are, while the study by
Rudner and co-workers highlights the existence of other Noc-independent nucleoid
occlusion factors that prevent Z ring formation, and cell division, over the DNA, it still
remains unclear what these factors are and if they play a role defining the midcell Z
ring position. In fact, data presented in this thesis, in Chapter 3 and 4, suggests that
other factors completely independent of nucleoid occlusion and the Min system, play a
role in establishing the precise position of the division site.

5.1.2 Working hypotheses
The data presented in Chapter 4 demonstrate that in the absence of Noc and the Min
system, Z rings form as precisely between segregated nucleoids as in wild-type cells.
This suggests that other factors independent of both Noc and the Min system must exist
to precisely position the Z ring at midcell. What might these factors be?
One hypothesis is that factors completely independent of nucleoid occlusion and the
Min system function to establish the precise position of the Z ring at midcell (Harry,
2001 ; Regamey et al., 2000; Migocki et al. , 2002; Moriya et al. , 2010). For example,
this might be a midcell signal that establishes the precise midcell Z ring position
(Harry, 2001; Margolin, 2000; Regamey et al. , 2000; Sherratt, 2003; Addinall and
Holland, 2002; Harry et al. , 2006; Mori ya et al. , 2010). Consistent with this possibility,
the data presented in Chapter 3 suggest that progress into the early stages of DNA
replication influences the position of the midcell division site independently of nucleoid
occlusion (Noc inclusive), possibly through the maturation of a midcell signal linked to
replisome assembly at oriC that marks the position of the Z ring early in the cell cycle.
Given that midcell Z rings are generally observed between segregated nucleoids, in a
small DNA-free gap (corresponding to relief of nucleoid occlusion), this first
148

Chapter 5 - Introduction

hypothesis predicts that Z rings should form at midcell, with wild-type prec1s10n,
regardless of the size of this DNA-free gap. Furthermore, given that the Min system in

B. subtilis is not required for midcell Z ring positioning (Migocki et al., 2002), it also
predicts that in the absence of minCD, and when the size of central DNA-free gap
between nucleoids is increased, Z rings should form preferentially at midcell rather
than at the cell poles.
A second hypothesis is that Noc-independent nucleoid occlusion factors position the Z
ring at midcell (Wu and Errington, 2004; Bernhardt and de Boer, 2005; Bernard et al. ,
2010). These factors might be involved in preventing Z rings from forming over the
DNA, making the Z ring assemble precisely in the DNA-free gap. If the size of the
DNA-free gap at midcell (i.e. relief of nucleoid occlusion) is important for midcell Z
ring positioning, then this second hypothesis predicts that Z rings should form with less
precision between large DNA-free gaps, compared to the small DNA-free gaps present
in wild-type cells. This hypothesis also predicts that some relief of nucleoid occlusion
is required for midcell Z ring assembly. The aim of this chapter is to distinguish
between the above mentioned hypotheses.

5.1.3 Chapter Aims
The primary objective of the work presented in this chapter was to investigate whether
another mechanism independent of nucleoid occlusion acts to position the Z ring at
midcell, thereby discriminating between the above mentioned hypotheses. To
investigate this, two approaches using the spore outgrowth system were developed.
These approaches examined whether midcell Z ring positioning in the absence of the
Min system could take place between two nucleoids that are separated by a large DNAfree gap. The approaches involved creating cells containing two nucleoids separated by
DNA-free gap that is significantly larger than that present in wild-type cells, and
inducing FtsZ production to examine with what frequency and precision the Z ring
forms at midcell. Consistent with the first hypothesis, it was found that in the absence
of the Min system and when there is large DNA-free space at the cell centre, Z rings
formed preferentially at midcell rather than the poles. Furthermore these midcell Z
rings were as precisely positioned at midcel, as those found in wild-type cells.
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Importantly, it was also found that there is no strict correlation between the precision of
midcell Z ring assembly and the amount of DNA-free space at the cell centre.
To gain further insight into which of the above mentioned hypothesis for midcell Z
ring positioning is more valid, Noc-independent nucleoid occlusion or a mechanism
operating independently of nucleoid occlusion, it was also tested whether midcell Z
rings could form in noc minCD double mutant cells when there is unreplicated DNA at
midcell. To this end, Z ring positioning was examined in live double mutant cells when
the very early stages of DNA replication (initiation and entry into elongation) were
blocked during spore outgrowth. These experiments also provided the opportunity to
investigate the contribution of the DNA replication "potentiation" effect to midcell Z
ring positioning, in the double mutant. Intriguingly, it was found that the Min system is
required to position Z rings at midcell over the unreplicated DNA. The implications of
these and the above mentioned results are discussed.
The majority of the work in this chapter was performed by me unless otherwise stated
in the text in brackets. Other people who have contributed to this work are Jaye Lu and
Isabella Hajduk. Both participated in this work as part of a summer research internship
for undergraduate students and under my supervision.
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5.2 Results
5.2.1 Z ring positioning at midcell is independent of nucleoid
occlusion and the Min system
5.2.1.1 Experimental approach I: addition of HPUra to prevent DNA replication
in recA-deleted cells
To distinguish between the hypotheses described in section 5.1.2, an experimental setup was devised using the spore outgrowth system. Briefly, the approach involved
holding back ftsZ expression (native ftsZ expression under the control of the IPTGinducible P.spac promoter) during spore germination, until cells containing two
unreplicated nucleoids were well separated by a DNA-free gap. To obtains cells with
two separated unreplicated nucleoids, 100 µM (final concentration) HPUra was added
at a specific time in the cell cycle, thus preventing further DNA replication (and
segregation) of chromosomes (see Fig. 5.5) This resulted in a population of cells in
which the majority contained two separated unreplicated nucleoids. Once the two
nucleoids had separated, relieving nucleoid occlusion at midcell, IPTG was then added
to induce ftsZ expression and FtsZ localization was examined using IFM at 30 min
intervals. For this purpose, spores of strains (Min+, Min-) in which native ftsZ
expression is controlled by an IPTG-inducible promoter, and recA (the SOS-response
regulator, see later) has been inactivated, were produce
To produce these strains, strain SU456 (Pspac-ftsZ; Jensen et al., 2005), which derives
from the strain BB 11 (Beall and Lutkenhaus, 1992), was used as a parent strain in this
work (see next subsection). In SU456, native ftsZ expression is under the control of the
1PTG-dependent Pspac promoter. The presence of 1 mM IPTG results in similar FtsZ
levels (Partridge and Wake, 1995; Jensen et al., 2005) and cell lengths to wild-type
(SU5) and no apparent cell division defect (compare Fig. 5.1 A with B). On the other
hand, depletion of jtsZ expression for 2 hours during vegetative growth (Jensen et al.,
2005), or 3 hours during spore germination (Partridge and Wake, 1995) dramatically
reduces FtsZ levels to about 15% of that present in wild-type cells, resulting in a
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complete inhibition of septation, which leads to an extremely filamentous cell
phenotype and ultimately cell lysis (Fig. 5.1 C).

Figure 5.1: Depletion of FtsZ results in inhibition of cell division. {A) SU 5 (wild-type) and (B)
SU456 (Pspac-ftsZ) vegetative growing cells were grown in PAB at 37°C with lPTG until mid-exponential
phase and prepared for ethanol fixation. (C) SU456 mid-exponential vegetatively growing cells depleted
for IPTG at 37°C in PAB (see Material and Methods, section 2.2.6). Images are phase contrast. Scale
bars are 5 µm.

To obtain a strain containing a deletion of the Min system, chromosomal DNA from
SU561 (D..minCD::cat) was transformed into SU456 (Pspac-ftsZ) competent cells (see
Material and Methods, section 2.3), to obtain SU649 (Pspac-ftsZ D..minCD). In the
presence of 1 mM IPTG, SU649 (Pspac-ftsZ D..minCD) was similar in exponential growth
characteristics (doubling time and cell lengths) to SU 561 (11minCD: :cat; described in
Chapter 4) and, as expected, in the absence of IPTG it grew into extremely long
filaments (data not shown).

a) Obtaining RecA- strains
In this thesis so far, HPUra has been used during spore outgrowth to block entry into
the DNA chain elongation (see section 3.2.2.1 of Chapter 3). In the previous
experiments HPUra is added prior to initiation of DNA replication (i.e. to ungerminated
spores), preventing any DNA synthesis from occurring, and therefore did not induce the
SOS response. In other words, it inhibits the DNA polymerase III prior to DNA
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synthesis (Shigeki Mariya and Elizabeth Harry, unpublished observations). However, it
is known that the addition of HPUra to actively replicating cells causes replication forkarrest, leading to DNA damage and activation of the RecA-mediated SOS response
(Goranov et al. , 2005; Goranov et al. , 2006; see section 1.7 of the main Introduction).
In tum, activation of the RecA-mediated SOS response leads to inhibition of septation
(Kawai et al., 2003; Goranov et al., 2005; Mo and Burkholder, 2010) and a decrease in
Z ring formation (Kawai et al. , 2003 ; Mo and Burkholder, 2010).
To circumvent the above problem, the SOS response was deactivated. The decrease in
Z ring formation associated with the activation of the RecA mediated SOS response has
been attributed to YneA (Kawai et al., 2003; Mo and Burkholder, 2010). However,
while Y neA has been shown to affect Z ring formation, the means by which it does this
are still unclear (Kawai et al. , 2003; Mo and Burkholder, 2010). For this reason, recA
itself was inactivated. Chromosomal DNA from strain AIG3 (!1recA::neo; from Alan
Grossman), was transformed into two strains SU456 (Pspac-ftsZ) and SU649 (Pspac-ftsZ

!1minCD), to create SU650 (Pspac-ftsZ !1recA ) and SU651 (Pspac-ftsZ !1minCD !1recA ).
Neomycin resistant colonies were selected, further screened for inheritance of parental
antibiotic resistant markers (chloramphenicol and/or phleomycin, for SU650 and
SU 651 respectively) and checked by PCR (see Appendix III, Fig. 1) and sequencing to
confirm insertion of the neomycin resistance gene in the recA open-reading frame
(ORF; data not shown).
Consistent with a recA defect both SU650 (Pspac-ftsZ tlrecA ) and SU65 l (Pspac-ftsZ

!1minCD !1recA) exhibited a 4-fold decrease in plating efficiency (Sciochetti et al. ,
2001) and a significant increase in sensitivity to UV irradiation (Goranov et al. , 2006),
relative to RecA + parental strains, SU456 (Pspac-ftsZ) and SU649 (Pspac-ftsZ tlminCD;
performed by Jaye Lu, data not shown). A detailed characterization of SU650 and
SU651 also demonstrated that exponential growth characteristics (i.e. doubling time,
and cell lengths) in liquid PAB medium were not significantly affected relative to
RecA + parental strains, SU456 and SU649 (performed by Jaye Lu, data not shown).
Furthermore, Z ring formation and positioning in the presence of 1 mM IPTG,
examined during spore outgrowth, were identical to the parental strains, SU456 and
SU649 (examined by Jaye Lu, data not shown).
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b) Optimizing the conditions of the experimental approach and controls
The optimized experimental approach is shown in Fig. 5.5. Preliminary experiments
were performed to test the aspect of the experimental approach that involved holding
backflsZ expression. It was important to know whether Z ring formation could actually
occur after holding back flsZ expression for a given period of time, and how long it
takes for Z rings to form after expression is induced. To this end, spores of SU650

(Pspac-ftsZ

~recA)

were germinated without IPTG for 180 min and then 1 mM IPTG

was added to the culture medium to induce flsZ expression. As a control, IPTG was
added to the culture medium right from the beginning of spore germination. FtsZ
localization was then examined at 30 min intervals in both samples using IFM.
When IPTG was added at the start of spore germination, Z rings were present in the
majority of cells at 180 min (Fig. 5 .2 Ai). From then onwards cell division occurred and
the cell cycle proceeded normally (Fig. 5.2 Aii and Aiii). As expected, when IPTG was
added only at 180 min of spore outgrowth, bright Z rings were not detected, instead a
diffuse, faint localization of FtsZ was observed (Fig. 5.2 Bi). Thus, in the absence of
IPTG Z ring formation does not occur. At 210 min of spore germination, 30 min after
the addition of IPTG, clear Z rings were observed in a minor proportion of cells
(approximately 15%, Fig. 5.2 Bii). The remainder of cells contained either a diffuse
localization of FtsZ or bright dot patterns of FtsZ (Fig. 5.2 Bii). At 240 min, despite the
cells being longer, the frequency of cells with Z rings increased to between 30 to 40%
and constriction of Z rings was observed (Fig. 5.2 Biii arrows and data not shown). At
300 min, a heterogeneous population of shorter (presumably cells resulting from
constrictions) and longer cells was observed, the large majority of which contained at
least a single Z ring (data not shown). Identical results (i.e. timing and frequency of Z
ring formation) were obtained with SU65 l (Pspac-ftsZ

~minCD ~recA),

except that

polar Z rings were also observed (data not shown). These observations indicated that it
is possible to rescue Z ring formation and cell division after flsZ is held back during
spore outgrowth for at least 180 min. Furthermore, this data shows that it takes between
30 to 60 min for Z rings to form after IPTG is added to the cultures.
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B

A

Figure 5.2: FtsZ localization in the presence or absence of IPTG during spore outgrowth. Spores of
SU650 (Pspac-ftsZ MecA) were germinated in GMD at 34°C with IPTG (1 mM) added at the beginning of
spore outgrowth or at 180 min of spore outgrowth, and then prepared for IFM at different time points.
(A) FtsZ localization when IPTG ( 1 mi.\1) was present right at the beginning of spore outgrowth; (Ai)
cells collected at 180 min, (Aii) at 210 min, and (Aiii) cells collected at 240 min. (B) FtsZ localization
when IPTG ( 1 mM) was added only at 180 min of spore germination, (Bi) cells collected at 180 min
(cells collected prior to IPTG addition), (Bii) at 210 min and (Biii) cells collected at 240 min. Images
(left to right) are phase contrast and FtsZ. White arrows point to constricted septa. Scale bars are 2 µm.

Preliminary experiments were also performed to identify a suitable time point to add
HPUra that would allow a significant amount of DNA synthesis to yield a significant
number of cells with two separated nucleoids. For this purpose, spores of SU650 (P.spac-

ftsZ

~recA)

and SU65 l (Pspac-ftsZ

~minC'D ~recA)

were germinated in GMD at 34°C

without IPTG, and HPUra was added at different time points (120, 150 and 180 min) to
prevent further replication of the chromosome. The nucleoid segregation patterns were
observed 30 min after HPUra addition and classified as the following: one region (Fig.
5.3 A), two regions (Fig. 5.3 B) or multiple regions of DNA (Fig. 5.3 C), presumably
corresponding to cells with one, two or multiple unreplicated nucleoids. This
classification reflects only the number of distinct regions of DNA and not whether the
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regions of DNA were bilobed in appearance. The addition of HPUra at 150 min was
identified as the optimal time point for addition of HPUra, resulting in over 60% cells
with two separated unreplicated nucleoids (Fig. 5.3 B and Table 5.1). The remaining
population contained cells with either single or multiple regions of unreplicated
chromosomes (data not shown, and Fig. 5.3). Earlier or later addition of HPUra, at 120
or 180 min, resulted in cells with either a higher proportion of cells with a single or
multiple unreplicated chromosomes, respectively, than cells with two separated
nucleoids (data not shown).

Figure 5.3: Representative images of nucleoid segregation patterns observed in methanol-fixed
DAPI-stained nucleoids, after HPUra addition at 150 min of spore outgrowth. Spores of SU650
(Pspac-ftsZ f..recA) and SU65 l (Pspac-ftsZ f..minCD f..recA) were germinated in GMD at 34°C without
IPTG, and HPUra (100 µM) was added at 150 min of spore outgrowth. Cells were collected at 180 min
and prepared for methanol-fixation (see Material and Methods, section 2.6.3). (A) Cells with a single
region of DNA, (8) cells with two regions of DNA separated by a DNA-free gap and (C) a cell with 3
regions of DNA. Images are phase (left) and DAPI (right). Images shown are for SU65 l (Pspac-ftsZ,
f..minCD, f..recA). White dotted lines trace the approximate location of the cell for easier visualization of

the location of the DNA. Scale bar is 1 µm.
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Table 5.1: Frequency of cells with two separated nucleoids, and internucleoid distances, in SlJ650
(P~pac-ftsZ MecA) and SlJ651 (Pspac-ftsZ t:.minCD MecA) after HPlJra (100 µM) addition at 150 min
of spore outgrowth. a
Population of cells with two separate
nucleoids
Strain

Relevant
genotype

Time after
addition of
HPlJra
(min)

SlJ5a

Wild-type

N/Ab

SU650

RecA- Min+

SlJ651

RecA- Min-

I: -

•

Frequency
(%)

O.OS
0.09
0.16
0.22
3.8 ± 0.08

S8
69
69
66
64

3.4 ±
3.9 ±
S.6 ±
6.S ±
3.9 ±

0.06
0.07
0.17
0.16
0.07

0.60 ± 0.02
0.66 ± 0.02
0.9S ± 0.04
1.3 ± 0.04

30 (180)

S.3 ± 0.17

66

S.2 ± 0.12

0.9S ± 0.03

60 (210)

6.9 ± 0.2S

60

7.2 ± 0.19

1.7 ± 0.06

0 (lSO)
30 (180)
60 (210)
0 ( l SO)

3.3 ±
3.8 ±
S.S ±
6.4 ±

Mean length
(µm ± SEM)

.J

Mean
population
length
(µm ± SEM)

Mean
internucleoid
distance
(µm ± SEM)

0.64 ± 0.02

a-Table reads left to right; e.g. SUS : the mean cell length of the population was 3.3 µm; S8 % of the
population contained two separated nucleoids; cells with two nucleoids had a mean length of 3.4 µm; the
mean intemucleoid distance in cells with two nucleoids was 0.60 µm. SEM (standard error of the mean).

NIA: No HP Ura was added to SUS outgrown spores. In this case cells were collected at 180 min of
spore outgrowth, the time at which the first Z rings fonn (see Fig. S.4 A). This is the wild-type control
for measuring the intemucleoid distance in cells containing two separated nucleoids.

b,

As an important control, to ensure that nucleoid occlusion was completely relieved at
midcell before induction of ftsZ expression in SU650 (Pspac-ftsZ

(Pspac-ftsZ fiminCD

~recA),

~recA)

and SU65 l

the DNA-free gap in cells with two nucleoids was

measured at the time of HPUra addition, 150 min, and also 30 and 60 min after HPUra
addition ( 180 and 210 min). At 150 min the intemucleoid distance in cells with two
nucleoids was, on average, almost identical to that measured in wild-type (SUS, RecA+)
replicating cells (Table 5.1; see Fig. 5.4 A and Band compare B to C). At 180 min and
210 min the average intemucleoid distance increased to 1.5-fold and 2-fold larger than
that observed in wild-type (SU 5) replicating cells, respectively (Table 5 .1; compare
Fig. 5.4 B with D and E). Given that it takes between 30 to 60 min for Z rings to form
once IPTG is added to the culture medium, the optimal time for inducing ftsZ
expression was established at 180 min. In other words, inducing ftsZ expression at 180
min ensured that Z ring formation occurs in cells that have a larger DNA-free gap at the
cell center, than that observed in normal wild-type replicating cells.
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Figure 5.4: Representative images of outgrown spores with two separated nucleoids after the
addition of HPUra. Spores were germinated in GMD at 34°C for 150 min without IPTG, then HPUra
( 100 µM) was added to prevent further DNA replication. Samples were then collected for methanol
fixation or IFM, at 30 min intervals. (A and B) Wild-type, SUS , Z rings forming between nucleoids in
outgrown spores (germinated as above but with no HPUra) prepared for (A) IFM or (B) methanol
fixation only at 180 min of spore outgrowth - the first time point at which most cells in the population
contained Z rings in this strain. Images in (A) (left to right) are phase contrast, DAPI, FtsZ, and overlay
of FtsZ pseudocoloured in green and DAPI pseudocoloured in red. (C to E) Representative images of
outgrown spores of SU650 (Pspac-ftsZ C..recA), prepared for methanol fixation, with two separated
nucleoids at (C) 150 min (the time of HPUra addition), (D) 180 min (30 min after HPUra addition) and
(E) 210 min (60 min after HPUra addition). Images (left to right) in (B to E) are phase contrast, DAPI.
Scale bars are 2 µm.

The optimized experimental approach used in this section is shown in Fig. 5.5. Briefly,
spores of SU650 (Pspac-ftsZ

~recA)

and SU651 (Pspac-ftsZ

~recA ~minCD)

were

germinated in GMD at 34°C without IPTG. At 150 min of spore outgrowth, HPUra
( 100 µM) was added to prevent further DNA replication. At 180 min, ftsZ expression
was induced by adding IPTG ( 1 mM) to the culture medium. FtsZ localization was then
examined at 210 and 240 min, 30 and 60 min after the addition of IPTG, respectively,
using IFM.
Finally, to exclude the possibility that the Z rings observed during the experimental
approach had formed in the absence of any inducer, FtsZ localization was examined in
SU650 (Pspac-ftsZ ~recA) and SU651

(P.~pac-ftsZ ~minCD ~recA)

prior to the addition of

IPTG, at 150 and 180 min of spore outgrowth (Fig. 5.6). As expected, in the absence of
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IPTG, Z rings were very rarely observed in SU65 l (Pspac-ftsZ ~minCD ~recA) (Fig. 5.6
A and Ai) or SU650 (Pspac-ftsZ

~recA;

Fig. 5.6 B and Bi). However, faint dot-like

localizations throughout the cell were present in most cells (Fig. 5.6), which is probably
due to leaky expression of the Pspac-ftsZ in the absence of IPTG (Partridge and Wake,
1995).
0
min
150
min
180
min
210/240
min

Germinate at 34°C

(••)
Add HPUra to block DNA replicatio

C• •)

Induce ftsZ expression

C•

• )

AnalyzeZ ring position

Figure 5.5: Optimized experimental approach I.

Figure 5.6: FtsZ localization in fixed outgrown spores in the absence of IPTG. Spores of {A) SU65 l
(Pspac-ftsZ fl.min CD fl.recA) and (8) SU650 (Pspac-ftsZ fl.recA) were germinated in GMD at 34°C without
IPTG and then HPUra ( 100 µM) was added at 150 min. Cell samples were collected for IFM preparation
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at (A and B) the time of HPUra addition (150 min, before adding HPUra) and (Ai and Bi) time of IPTG
addition ( 180 min, before adding IPTG). Images (left to right) are DAPI pseudocoloured in red, FtsZ
pseudocoloured in green, and phase-contrast overlay. Scale bars are 2 µm.

5.2.1.2 Z ring position relative to nucleoids in fixed cells with two separated
nucleoids
It was hypothesized that if Z rings assemble preferentially at midcell between the two

nucleoids, rather than between the nucleoid and the pole, this would support the idea
that factors other than nucleoid occlusion and the Min system position the Z ring at
midcell. The frequency of cells with Z rings and more specifically the frequency of
cells with two separated nucleoids containing a single Z ring (with the latter being more
relevant to the testing of the hypothesis) were examined at 210 and 240 min of the
experimental approach (see Fig. 5.5), 30 and 60 min after the addition of IPTG. This is
shown in Fig. 5.7 and Table 5.2.

,.

_,.,_~~·;( ..
r:
~{

Ai

, ,.

.. ,,

C•

•)

Cl•

•)

Aii

Bi

Figure 5.7: Representative images of Z ring localization in cells prepared for IFM with a single Z
ring and two separated nucleoids at 210 and 240 min of experimental approach I. Spores of SU650
cPspac-ftsZ ~recA) and SU651 (PspadtsZ tlrecA ~minCD) were prepared for IFM at 210 and 240 min of
the experimental approach (see Fig. 5.5). (A to Aii) AZ ring between two nucleoids at (A) 210 min (in
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SU650) and (Ai) at 240 min (in SU65 l). (Aii) This image shows a constricting Z ring between two
nucleoids in SU65 l. (B and Bi) Z rings between the nucleoid and the cell pole in SU65 l at 210 min of
the experimental approach. Images (left to right) are DAPI pseudocoloured in red, FtsZ pseudocoloured
in green, and phase-contrast overlay. Scale bars are 2 µm.
Table 5.2: Z ring frequencies at the 210 and 240 min of the experimental approach.a
Cell population with one Z ring
and two separate nucleoids (%)
Strain

SU650
SU651

Relevant
genotype

Time
after
addition
of IPTG
(min)

Mean
population
length
(µm±
SEM)

Population
with Z
rings
(%)

Total

RecA- Min+

30 (210)

5.5 ± 0.11

17

59

RecA- Min-

60 (240)
30(210)

6.5 ± 0.16
5.6 ± 0.15

36
16

60 (240)

6.8 ± 0.16

30

<• •>

Z ring

between
nucleoids

Z ring
between
nucleoid
and eole

<•I• > <II I>
100

0

43
61

100
92

0
8

50

97

3

Table reads left to right: e.g. SU650: the mean cell length of the population was 5.5 µm; Z rings were
present in 17% of cells, out of which 59% had one Z ring and two nucleoids. Of these cells with two
nucleoids, 100% had a Z ring between two nucleoids and 0% had a Z ring between the nucleoid and the
pole. SEM (standard error of the mean) .

a_

At 210 min (30 min after IPTG addition), the total percentage of cells with Z rings was
l 7% in Min+ cells (SU650) and 16% in Min- cells (SU65 l ; see Table 5.2). The
remainder of the cell population contained either diffuse or dot-like localizations of
FtsZ (data not shown). This low frequency of Z rings probably reflects the time it takes
for cells to accumulate enough FtsZ to form Z rings, once ftsZ expressed is induced. At
later time points the frequency of cells with Z rings increased (see next paragraph). At
210 min, in both strains, cells with two nucleoids and a single Z ring represented more
than half (>50%) of the population containing Z rings (Table 5.2). In these cells and
when minCD was present (SU650), all of the Z rings (100%) formed between two
nucleoids (Table 5.2 and Fig. 5.7 A). In the absence of minCD (SU65 l), 92% of the Z
rings formed between nucleoids (Table 5.2 and Fig. 5.7 A) as opposed to 8% Z rings
that formed between the nucleoid and the pole (Table 5.2 and Fig. 5.7 B). This suggests
that in the absence of the Min system, if there is no DNA in the central region of the
cell, Z rings form preferentially in this region of the cell, rather than between the
nucleoid and the pole.
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At 240 min (60 min after IPTG addition), the total percentage of cells with Z rings
increased to 36% in Min+ cells (SU650) and 30% in Min- cells (SU651, Table 5.2).
However, the population of cells with two nucleoids and a single Z ring slightly
decreased, representing more than 40% of the population of cells containing Z rings
(Table 5.2). This is probably due to some Z ring constrictions and septations occurring
between 210 and 240 min (see Fig. 5.7 Aii). In cells with two separated unreplicated
nucleoids and a single Z ring, when minCD was present (SU650) 100% of the Z rings
formed between two nucleoids (Table 5.2 and Fig. 5.7 Ai). In the same circumstances
but in absence of min CD (SU 651 ), 97% of the Z rings formed between nucleoids
(Table 5.2 and Fig. 5.7 Aii) as opposed to 3% Z rings that formed between the nucleoid
and the pole (Table 5.2 and Fig. 5.7 Bi). This also suggests that in the absence of the
Min system, if there is no DNA in the central region of the cell, almost all the Z rings
form in this region of the cell, rather than between the nucleoid and the pole.

5.2.1.3 Z ring precision between two separated nucleoids in fixed cells
To determine whether the absence of the Min system, and an increase in intemucleoid
size, affects the actual precision of Z ring positioning at the central intemucleoid region
of the cells with two separated nucleoids (see Fig. 5.7 A to Aiii), Z ring position was
determined at the 210 min and 240 min time points (Fig. 5.8). Wild-type outgrown
spores (RecA +, SUS; no HPUra added) germinated in GMD for 180 min were used as a
control, as this was the time point of spore outgrowth in which most cells presented a
single Z ring between segregated nucleoids (Fig. 5.8 A and Fig. 5.4 A). Under these
conditions, the majority of wild-type cells had a Z ring ( 60%) and 88% of these were
positioned within the 0.45 to 0.5 fraction of the cell length (Fig. 5.8 A) .
At the 210 min time point, in Min+ cells, strain SU650 (P spac-ftsZ llrecA), 83% of the Z
rings were positioned within the wild-type midcell Z ring range (0.45-0.5 , Fig. 5.8 B).
In Min- cells, strain SU65 l (Pspac-ftsZ llrecA llminCD), 89% of Z rings fell within the
wild-type range (0.45-0.50; Fig. 5.8 D). To conclusively establish whether relief of
nucleoid occlusion (Noc inclusive) has any role in midcell Z ring precision, a statistical
analysis was performed (Kolmogorov-Smimov test) to compare the precision of Z ring
position (including those outside the 0.45-0.50 range) between two separated nucleoids
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at the 210, relative to that of the wild-type replicating cells (SU 5, RecA +). There was
no statistical difference in the distribution of Z rings (p>0.05 , Kolmogorov-Smimov
test; see Appendix III, Table 1) for SU650 (Pspac-ftsZ ~recA) and SU65 l (Pspac-ftsZ
~minCD ~recA)

at the 210 min, relative to the wild-type control (compare Fig. 5.8 A

with B and D). This suggests that increasing the DNA-free gap at the cell centre prior
to Z ring assembly in the absence of Min does not affect the precision of placement of
the Z ring between the separated nucleoids.
In the RecA- Pspac-ftsZ strains, at 240 min the number of Z rings positioned within the
wild-type range (0.45-0.50) decreased relative to the 210 min time point, both when
Min was present and absent. In Min+ cells (SU650; Pspac-ftsZ ~recA) 80% of the Z rings

fell within the wild-type midcell Z ring range (0.45-0.5; Fig. 5.8 C). In Min- cells, strain
SU65 l (Pspac-ftsZ ~recA ~minCD) , 79% of Z rings fell within the wild-type range
(0.45-0.50; Fig. 5.8 E). At this time point, 240 min, there was a statistical difference
(p<0.05 ; Kolmogorov-Smimov test, Appendix III, Table 1) for SU650 (Pspac-ftsZ
~recA ) ,

and SU65 l (Pspac-ftsZ ~minCD ~recA ) , relative to the wild-type control

(compare Fig. 5.8 A with C and E). In other words, Z ring positioning at the central
inter-nucleoid region was less precise at the 240 min, than at the 210 min time point.
Gi ven that after the addition of HPUra the intemucleoid distance in cells with two
separated nucleoids increases over time (presumably being larger at 240 than at 210
min), Z rings that formed between 210 and 240 min most likely formed in longer cells
with larger intemucleoid distances. Thus, while the Min system appears to have no
effect on Z ring positioning, a further increase in the intemucleoid distance causes a
slight effect on Z ring precision.
Overall however, these results collectively suggest that increasing relief of nucleoid
occlusion between nucleoids, in the absence of the Min system, does not appear to
dramatically affect midcell Z ring positioning. These results support the hypothesis that
a mechanism operating independently of nucleoid occlusion and the Min system acts to
position the Z ring at midcell.
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Figure 5.8: Z ring positioning in outgrown spores with a single Z ring between two separated
nucleoids at 210 and 240 min of experimental approach I (as seen in Figure 5.7 A to Aii). (A) The
w ild-type control (SUS, RecA+). In this case, ce lls were outgrown at 34°C fo r 180 min and no HP Ura
was added. (Band D) A t 210 min of the experimental approach in (B) M in+ cells (SU65 0) and in (D)
M in- ce lls (SU65 l). (C and E) At 240 min of the experimental approach in (C) Min+ cells (SU650) and
in (E) Min- cells (SU65 l ). Top left hand corner shows time poin t and mean cell length (µm ± SEM).
Over 200 cells were scored in each case.
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5.2.2 An alternative approach demonstrating Nucleoid
occlusion and Min system independent Z ring positioning at
mid cell
5.2.2.1 Experimental approach II: using a DNA replication mutant to prevent
DNA replication

While the experimental approach described in section 5.2.1 . l allowed the collection
and interpretation of data, it had two main disadvantages.

Firstly, the utilization of

Reck cells is not optimal, especially when HPUra is added to block DNA replication
elongation. In other words, the possibility of other RecA-independent responses to
DNA damage (as a result of HPUra addition; Goranov et al., 2005) that affect Z ring
formation (or Z ring positioning) could not be excluded. Moreover, a recA deletion is
known to cause many pleiotropic effects, which could possibly complicate the
interpretation of results . Secondly, while IFM did allow visualization of the DNA, it did
not preserve the nucleoid morphology very well. To circumvent this, the live
visualization of Z rings and nucleoids in RecA- cells was attempted. However,
obtaining a Reck Min- that contains both Pspac-ftsZ and Pxy1-ftsZ-yfp proved difficult.
Furthermore, it was reasoned that perhaps similar results could be obtained using an
approach that involves a different method to block DNA replication and allow
separation of nucleoids. For these reasons, an alternative approach was developed.
This alternative approach is based on the one described by Hariharan et al ( 1982) with
slight modifications. Briefly, spores of the temperature-sensitive DNA replication
initiation mutant dna-1 (which blocks DNA replication initiation) were germinated at
the permissive temperature to allow initiation, but then transferred to the nonpermissive temperature to prevent initiation of the second round of replication.
Essentially, this allowed the formation a subpopulation of elongating cells in which two
unreplicated nucleoids are separated by a clear DNA-free gap at midcell (Hariharan et
al., 1982). Once the two unreplicated nucleoids were separated by a clear DNA-free
gap, thenftsZ expression via Pspac-ftsZ (controllingftsZ expression at the native locus)
and Px_v1-ftsZ-yfp (located at amyE, used to visualize Z rings in live cells) was induced to
allow Z ring assembly. Z ring assembly was then examined in live cells.
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This approach offers the advantage of analyzing Z ring position in live cells and in cells
containing two separated nucleoids blocked at the same stage of DNA replication.
Furthermore this approach was performed in strains containing single and double
deletions of minCD and noc, thus completely excluding the effect of the Min system
and Noc-dependent nucleoid occlusion on Z ring positioning.

a) Obtaining strains for the experimental approach II
To obtain strains for this approach the dna-1 mutation from strain SU46 (dna-1 mutant
in the thymine-requiring background SU8 (Harry et al., 1999; Regamey et al., 2000)
was used to transform by congression (see Materials and Methods, section 2.3. l.1) the
non-thymine requiring background SU5, to create strain SU661. The presence of the

dna-1 mutation was confirmed by sequencing (Fig. 5.9 B; see Material and Methods
section 2.5.5). The dna-1 mutation results in the replacement of a CG to a TA, which
corresponds to an amino acid change of proline of the wild-type DnaB protein, to
leucine at amino acid 113 (Hoshino et al. , 1987). ln SU66 l, the dna-1 mutation is
located in the same region of dnaB open reading frame (ORF; compare Fig. 5.9 A to
B), as that reported in Hoshino et al ( 1987). In addition, consistent with a temperaturesensitive defect in DNA replication initiation, live visualization of nucleoids in SU66 l
at the non-permissive temperature (48°C) revealed a dramatic change in DNA
distribution relative to that observed at the permissive temperature (34°C); unlike at the
permissive temperature, the mutant cells at the non-permissive contained nucleoids that
were separated from one another by large DNA-free spaces (compare Fig. 5.9 Ci to
Cii).
The transformations described in Table 5.3 were performed to obtain strains containing
the dna-1 mutation, Pspac ftsZ, Pxyt-ftsZ-yfp, and deletions of noc, minCD or both. The
resulting strains used throughout this section are designated as the following for
simplification: SU671 (dna-1), SU678 (dna-1 11minCD), SU680 (dna-1 11minCD

11noc), and SU683 (dna-1 11noc). These strains were checked for antibiotic resistance
against the antibiotics listed in Table 5 .3 and for temperature sensitivity at the nonpermissive temperature ( 48 °C). These strains were also checked for the characteristic
filamentous cell phenotype associated with the depletion of FtsZ via the IPTG166
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inducible

P spac

promoter (data not shown). Strain SU680 was also checked by PCR and

confirmed the deletion of both noc and min CD genes (data not shown). All strains
except SU680 (dna-1 11minCD !1noc) sporulated well at 30°C on sporulation agar (see
Material and Methods, section 2.4). The decreased sporulation efficiency of SU680 is
consistent with the sporulation defect observed for other strains containing deletions of
both noc and minCD (see section 4.2.1.2 in Chapter 4).
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Figure 5.9: B. subtilis strain SU661 contains the dna-1 mutation and is temperature-sensitive for
DNA replication. (A) Location of the dna-1 mutation within the dnaB gene (adapted with modifications
from Hoshino et al. , 1987). Black arrow shows that C in the dnaB ORF is replaced with a T. In the
mutant, this change in nucleotide sequence results in an amino acid change from proline to leucine . (B)
Sequence alignment of the dnaB wild-type gene (sequence from http: //genolist.pasteur.fr/SubtiList/,
accession number BG103S8), with obtained sequence data of the dnaB ORF from SUS , SU66l (dna-1 in
S US background) and SU46 (dna-1 in SU8 background). Red bars show regions of correct sequence
alignment and blue bar highlights the location of a change in sequence. (C) DAPI-staining of nucleoids
in live cells of SU661 grown in PAB at 30°C up until mid-exponential phase and then transferred to the
non-permissive temperature (48°C) for 30 min; (Ci) at permissive temperature (30°C) and the (Cii) nonpermissive temperature (48°). Images are phase contrast (left) and DAPI (right). Scale bars are 2 µm.
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Table 5.3: Genetic transformations to obtain strains required for experimental approach 113.
Strain construction
(donor ~ recipient)
SU661 (SU46~SU5)
SU662 (SU456~SU661)
SU671

(SU492~SU662)

SU678 (SU56 l ~sU67 l)
SU680

(SU656~SU678)

SU683

(SU656~SU671)

Relevant genotype
dna-1
dna-1 ftsZ:: (phleo P5pac-ftsZ)
dna-1 ftsZ::(phleo Pspac-ftsZ) amy E::(spc Pxvi-ftsZ-yfp)

dna-1 ftsZ::(phleo Pspac-ftsZ) amy E: :(spc Pxv1-ftsZ-yfp) /j,minCD ::cat
dna-1 ftsZ: :(phleo PspG<:-ftsZ) amy E ::(sp c Pxv1-ftsZ-yfp) /j,minCD: :cat
/j,noc::tet
dna-1 ftsZ: :(phleo Pspac-ftsZ) amyE::(spc Pxy1-ftsZ-yfp) /j,noc:: tet

Donor ~ recipient: chromosomal DNA from the donor strain was used to transform the recipient
strain. Antibiotic resistance genes are expressed as follows: cat, chloramphenicol; spc, spectinomycin,
tet, tetracycline; phleo, phleomycin.

a -

b) Optimizing the conditions of experimental approach II and controls
The optimized experimental approach is shown in Fig. 5.12. Preliminary outgrowth
experiments with spores of SU671 (dna-1), SU678 (dna-1 11minCD), SU680 (dna-1

11minCD 11noc), and SU683 (dna-1 11noc) were carried out with the purpose of
identifying a suitable time point for the temperature-shift that would yield a significant
number of cells with two separated nucleoids. Spores of these strains were germinated
in GMD at the permissive temperature to allow initiation of one round of replication,
then shifted to the non-permissive temperature at different time points (75, 90 and 105
min) thereafter to prevent initiation of the second round of replication. Thirty minutes
later cells were removed and nucleoid segregation patterns were examined by DAPIstaining. The nucleoid segregation patterns observed were classified as the following:
one region (Fig. 5 .10 A), two regions (Fig. 5 .10 B) or multiple regions of DNA (Fig.
5 .10 C), presumably corresponding to cells blocked at the first round, second round and
later rounds of replication, respectively. This classification reflects only the number of
distinct regions of DNA and not whether the regions of DNA were bilobed in
appearance. Although the spore germination of these strains was very asynchronous, it
was still possible to obtain a significant frequency of cells with two separated
nucleoids. The 105 min time point was chosen for this particular reason, as it yielded
more cells (over 40%) in which two regions of DNA were separated by a clear DNAfree gap at midcell (see Table 5.4). The remaining cell population contained either a
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single region of DNA or more than two regions of DNA, present in shorter and longer
cells, respectively (Fig. 5 .10 A and C; data not shown).

Figure 5.10: Representative images of nucleoid segregation patterns in live DAPl-stained nucleoids
30 min after the temperature shift to the non-permissive temperature. Spores of dna-1 containing
strains (SU671 , SU678, SU680 and SU683) were germinated in GMD at 34°C without IPTG for 105
min, and then transferred to 48°C for 30 min. (A) cells with one region of DNA, (B) cells with two
regions of DNA separated by a DNA-free gap and (C) cell with three regions of DNA. Images are phase
(left) and DAPI (right). Images shown are for SU678 (dna-1 '3.minCD) . Scale bar is 1 µm.
Table 5.4: Frequency of cells with two separated nucleoids and internucleoid distances, at 135 min
of spore outgrowth (30 min after the shift to the non-permissive temperaturet
Population of cells with two separate nucleoids
Strain

Mean length
of pop ulation
(µm ± SEM)

Frequency
(%)

Mean length
(µm ± SEM)

Mean internucleoid
distance (µm ± SEM)

4.7 ± 0.07

80

4.4 ± 0.04

0.45 ± 0.0 l

SU671

Wild-type (DnaBl
+
+
DnaB (ts), Min , Noc

3.8 ± 0.08

43

4.0 ± 0.05

0.77 ± 0.02

SU678

DnaB (ts), Min

3.9 ± 0.08

41

4.0 ± 0.04

0.86 ± 0.02

SU683

DnaB (ts), Noc

4.3 ± 0.07

40

4.0 ± 0.05

0.88 ± 0.02

SU680

DnaB (ts), Min, Noc

4.0 ± 0.08

41

4.2 ± 0.06

0.89 ± 0.03

SU492

Relevant genotype

Table reads left to right; e.g. DnaB (ts), Min +Noc+: the mean cell length of the population was 3.8 µm;
43% of the population contained two separated nucleoids; cells with two nucleoids had a mean length of
4.0 µm; the mean intemucleoid distance in cells with two nucleoids was 0.77 µm. SEM (standard error of
the mean).
a_
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In the previous experimental approach (section 5.2.1.1), it had been shown that it is
possible to induce Z ring formation, after holding back ftsZ expression during spore
outgrowth [see section 5.2.1.1 b)]. It was also shown that upon induction of ftsZ
expression, Z ring formation occurs between 30 to 60 min later. Based on this
information, preliminary experiments were performed with the aim of confirming that
Z ring formation could occur in live cells at 48°C after Pspac-ftsZ and PxyrftsZ-yfp

expression is held back during spore outgrowth. Consistent with the results presented in
section 5.2.1.1 b ), Z ring assembly occurred in the majority of cells 30 min after the
simultaneous induction of Pspac-ftsZ and Pxy1-ftsZ-yfp ftsZ and ftsZ-yfp in outgrowing
cells depleted for both inducers for 120 min during spore germination (data not shown).
Another important control for experimental approach II was to ensure that relief of
nucleoid occlusion had occurred completely at midcell in cells with two nucleoids
before induction of ftsZ expression, and thus Z ring assembly. For this purpose, the
DNA-free gap between the two unreplicated nucleoids was measured in the cells that
had been transferred to the non-permissive at 105 min and incubated at the temperature
for 30 min. On average, the DNA-free gap in cells with two separated nucleoids was
almost twice as large as that for wild-type (SU492; DnaB+) cells grown at the nonpermissive temperature (0.45 µm; see Table 5.4 and compare the DNA-free space in
Fig. 5.11 A to that in B). Given that it takes between 30 to 60 min for Z rings to form
once IPTG (and xylose) is added to the culture medium, the optimal time for inducing

ftsZ expression was established at 135 min. In other words, inducingftsZ expression at
135 min ensured that Z ring formation would occur mostly in cells that have a larger
DNA-free gap at the cell center, than that observed in normal wild-type replicating
cells.
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Figure 5.11: Representative images of outgrown spores with two separated nucleoids at the 135
min of experimental approach II. Spores were germinated in GMD at 34 °C for 105 min without IPTG
(or xylose) and then shifted to the non-permissive temperature to prevent re-initiation of DNA
replication. Cell were then collected at 135 min, prior to the addition of IPTG, for live visualization of
nucleoids and FtsZ. (A) Wild-type, SU492 (DnaB+) Z rings forming between segregated nucleoids and
(8) cells with two well separated nucleoids but no Z rings, strain SU678 (dna-1 timinCD). Images (left to

right) are DAPI pseudocoloured in red, FtsZ-YFP , pseudocoloured in green and phase overlay. White
star points to phase bright spore. Scale bars are 2 µm.

The optimized experimental approach II used in this section is shown in Fig. 5.12.
Spores of the dna-1 mutant containing strains SU671 (dna-1), SU678 (dna-1 !1minCD) ,
SU680 (dna-1 L1minCD !1noc), and SU683 (dna-1 !1noc) were germinated in GMD for
105 min at 34°C and then transferred to 48°C to prevent re-initiation of DNA
replication and allow separation of replicated nucleoids. At 135 min (still at 48°C),
IPTG (1 mM) and xylose (0.01 %) were added to induce FtsZ expression from the Pspac

ftsZ and

P xy1-jtsZ-yfp

constructs, respectively. At 165 min, cells were removed and

prepared for the live visualization of Z rings and nucleoids.

0
min

105

min

135

min

Germinate at 34 °C

(• •)

Transfer to 48°C to block
DNA replication initiation

(•

• )

Induce ftsZ expression at48°C

165

min

( •

•

)

Analyze Z ring position

Figure 5.12: Diagram of experimental approach II.

Finally, to exclude the possibility that the Z rings could form in the absence of any
inducer, FtsZ localization was examined during spore outgrowth, in the absence of both
lPTG and xylose, using IFM in SU671 (dna-1), SU678 (dna-1 !1minCD), SU680 (dna-

1 !1minCD !1noc), and SU683 (dna-1 !1noc). As expected, in the absence of these
inducers, Z rings were very rarely observed in these strains and the cells became
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filamentous overtime (Fig. 5.13 and data not shown). However, faint dot-like
localizations were present throughout most cells (Fig. 5.13), which is probably due to
leaky expression of the Pspac-ftsZ (Partridge and Wake, 1995) and/or Pxyt-ftsZ-yfP.
+IPTG, + Xylose

-IPTG, - Xylose

Figure 5.13: FtsZ localization in the presence or absence of IPTG and xylose during spore
outgrowth. Cells were germinated with (left panel) or without (right panel) IPTG ( l mM) and xylose
(0.0 l % ) for 150 min at the permissive temperature (34 °C) and then prepared for IFM. (A and E) FtsZ
localization when Noc and Min are present (SU67 l), (Band F) when Min is absent (SU678), (C and G)
when both Noc and Min are absent (SU680) and (D and H) when Noc is absent (SU683) . Images are
phase (left) and FtsZ (right) . Scale bars are 2 µm.

5.2.2.2 Z ring localization in live cells with two separated nucleoids
It was hypothesized that if Z rings assemble preferentially at midcell between the two

nucleoids, rather than between the nucleoid and the pole, this would support the idea
that factors other than nucleoid occlusion and the Min system help establish the Z ring
at midcell (see section 5.1.2). The total frequency of cells with Z rings and more
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specifically the frequency of cells with two separated nucleoids containing a single Z
ring (with the latter being more relevant to the testing of the hypothesis) were examined
at the 165 min time point of the experimental approach. This is shown in Figure 5.14
and Table 5.5.

C• I•)

CJ• •)

c+

•)

Figure 5.14: Representative images of Z ring and nucleoids in cells with two nucleoids at the 165
min time point of experimental approach II (see Fig. 5.12). (A) a Z ring between two nucleoids
(SU67 l), (B) a Z ring between the nucleoid and the pole (SU678) and (C) a Z ring over one of the
nucleoids (SU683). Images are DAPI pseudocoloured in red (left), FtsZ-YFP pseudocoloured in green
(middle) and phase overlay (right). For more examples, see Appendix Ill, Fig. 2. Scale bars are 2 µm
Table 5.5: Z ring location in cells with two separated nucleoids and a single Z ring at the 165 min
time point of the experimental approach 3 •
------=-----=---=-~--==------=-=---~

Cell population with one Z ring and two
separate nucleoids (%)
Strain

Relevant genotype

+

SU671

DnaB (ts) Min Noc

SU678

DnaB (ts) Min

SU683
SU680

DnaB (ts) Noc
-

DnaB (ts) Min Noc

+

Mean
length of
population
(µm±
SEM)
6.8 ± 0.17

Population
with Z
rings
(%)

Total

Z ring
between
nucleoids

66

56

94

Z ring
between
nucleoid
and eoie

Z ring
over one
nucleoid

6

0

oi

•>

6.4 ± 0.15

31

65

92

8

0

6.8 ± 0.14

34

56

94

0

6

6.4 ± 0.18

24

55

87

13

0

-Table reads left to right: e.g. DnaB (ts), Min +Noc +: the mean cell length of the population was 6.8 ~tm;
Z rings were present in 66% of cells, out of which 56% had one Z ring and two nucleoids. Of these cells

a
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with two nucleoids, 94% had a Z ring between two nucleoids and 6% had a Z ring between the nucleoid
and the pole. SEM (standard error of the mean).

In Min+ cells (SU671, dna-1), the total percentage of cells with Z rings was 66% as
opposed to 31 % in Min- cells (SU678, dna-1

~minCD

;Table 5.5). Thus, the absence of

the Min system alone resulted in a reduction in the total amount of Z rings. Cells with
two nucleoids and a single Z ring represented more than half (>50%) of the population
containing Z rings (Table 5.5). In this subpopulation of cells and when minCD was
present (SU671) 94% of the Z rings formed between two nucleoids (Fig. 5.14 A) and
6% of these cells had a Z ring between the nucleoid and the pole (Table 5.5 and Fig.
5.14 B). In the absence of minCD (SU678), 92% of the Z rings formed between
nucleoids (Table 5.5 and Fig. 5.14 A) as opposed to 8% Z rings that formed between
the nucleoid and the pole (Table 5.5 and Fig. 5.14 B). This suggests that in the absence
of the Min system, if there is no DNA in the central region of the cell, Z rings form
preferentially in this region of the cell, rather than between the nucleoid and the pole.
To exclude the possibility that Noc plays a role in positioning the Z ring at midcell even
though the DNA mass appeared to be completely removed from the cell centre, the
experimental approach was performed in cells without Noc using strain SU683 (dna-1
~nae).

When Noc was absent (SU683) the total percentage of cells with Z rings was

34%, as opposed to 66% when both Min and Noc are present (SU67 l, Table 5.5). Thus,
in longer-than-normal cells, Noc appears to contribute to efficient Z ring formation.
This is somewhat consistent with the observation that deleting nae in longer-thannormal replicating cells, results in a reduction in the ability to form Z rings (Wu and
Errington, 2004). With regards to testing the hypothesis, the population of cells
containing a single Z ring and two separated nucleoids was examined. These cells
represented more than half (>50%) of the population containing Z rings (see Table 5.5).
In this case, and in the absence of Noc (SU683), 94% of the Z rings formed between
two separated nucleoids (Table 5.5 and Fig. 5.14 A). Interestingly, 6% of the Z rings
formed over one of the two separated nucleoids (Table 5.5 and Fig. 5.14 C). This
suggests that while Noc appears to play a role in efficient Z ring formation, in its
complete absence almost all Z rings that do form are positioned between two nucleoids.
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To completely exclude the effects of Noc and the Min system, the experimental
approach was repeated in the absence of both genes, strain SU680 (dna-1 !J.nae
!J.minCD). Consistent with previous results (see Chapter 4), the absence of both nae and
minCD (SU680) resulted in a further reduction in the total frequency of cells with Z

rings (24%, Table 5.5), relative to when both minCD and nae are present (66%, SU67 l ;
see Table 5.5). With regards to testing the hypothesis, the population of cells containing
a single Z ring and two separated nucleoids was examined. These cells represented
more than half (>50%) of the population of cells containing Z rings (Table 5.5). In the
absence of both nae and minCD, the majority of Z rings, 87%, formed between two
separated nucleoids (Table 5.5 and Fig. 5.14 A), while 13% of the Z rings formed
between the nucleoid and the pole (Table 5.5 and Fig. 5.14 B). Thus, even when Noc
and the Min system are both absent, Z rings still have a preference to form between
nucleoids rather than at the poles.
Finally, in most cells with two separated nucleoids that did not contain Z rings, very
faint FtsZ helical structures and dots were observed instead. These structures appeared
at different locations in the cell: between the pole and nucleoids, between the two
nucleoids and occasionally over the nucleoids near the pole (see Appendix III, Fig. 3) .
These structures are similar to those reported previously (Peters et al., 2007; Monahan

et al., 2009) and probably represent precursor Z ring strnctures.
5.2.2.3 Z ring precision between two separated nucleoids in live cells
To determine whether or not relieving nucleoid occlusion prior to Z ring assembly,
affects the precision of the Z ring at midcell, the Z ring position was examined in cells
containing a single Z ring between two nucleoids (as shown in Fig. 5.14 A). This is
shown in Fig. 5.15. Wild-type outgrown spores expressing.ftsZ-y/p (DnaB+, SU492) at
the non-permissive temperature were used as a control (see Fig. 5.11 A and
corresponding Z ring positioning in Fig. 5 .15 A). Under these conditions the majority
of cells had a Z ring (~ 80%) and 76% of these were positioned within the 0.45 to 0.5
fraction of the cell length (Fig. 5.15 A). A slight difference

(~ 10%)

in the number ofZ

rings at the midcell range 0.45-0.50 was noticed relative to the same strain expressing
FtsZ-YFP (SU492) at 34°C (data not shown). Furthermore, this difference was
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borderline statistically significant relative to the cells grown in the same conditions but
at 34°C (p=0.04; Kolmogorov-Smimov test). Thus, while it is possible that growth at
higher temperatures affects the precision of midcell Z ring assembly, this difference can
probably be attributed to measurement errors or experimental variability.
In cells with two separated nucleoids and a single Z ring, in Min~oc+ cells (SU671),
75% of the Z rings were positioned within the wild-type midcell Z ring range (0.45-0.5,
Fig. 5.15 B). In Min- cells (SU678), 80% of Z rings fell within this wild-type range
(Fig. 5.15 C). These results suggest that the Min system is not required for positioning
Z rings precisely at midcell when nucleoid occlusion is completely relieved between

nucleoids.
In Noc- cells (SU683), 64% of the Z rings formed at midcell within the wild-type Z ring
midcell range (0.45-0.5 , Fig. 5.15 D). Strikingly, in Min-Noc- (SU680) 74% Z rings fell
within the wild-type range (0.45-0.5, Fig. 5.15 E). This suggests that neither Noc nor
the Min system are primarily responsible for midcell Z ring positioning when nucleoid
occlusion (i.e. Noc independent) is completely relieved at midcell. This is consistent
with the idea that the system Min and Noc are not required for Z ring positioning at
midcell (see Chapter 4).
To conclusively establish whether relief of nucleoid occlusion has any role in midcell Z
ring precision between nucleoids, a statistical analysis was performed (KolmogorovSmimov test) to compare the positioning of Z rings (including those outside the 0.450.50 range) that formed between two separated nucleoids in all of the above conditions:
Min+Noc+ (SU671), Min- (SU678), Noc . (SU683), and Min- Noc- (SU680) relative to
that of the wild-type replicating cells (SU492, DnaB +). There was no statistical
difference in the distribution of Z rings (p>0.05; see Appendix III, Table 2) for all of
the above conditions relative to the wild-type replicating control (SU492, DnaB +).
Overall, these results point to the possibility that relieving nucleoid occlusion beyond
normal wild-type limits has no significant effect on the precision of midcell Z rings .
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Figure 5.15: Z ring positioning in live outgrown spores with a single Z ring between two separated
nucleoids at 165 min of experimental approach II (as seen in Fig. 5.14 A). (A) The wild-type control
(DnaB+, SU492). In this case, cells were outgrown at 34°C for 105 min and then transferred to 48 °C for
30 min (see Fig. 5.11 A) . (B) In Noc+ Min+ (SU67 l), (C) in Min- cells (SU678), (D) in Noc- cells
(SU683) and (E) in Noc- Min- cells (SU680). Top left hand comer shows mean cell length (µm ± SEM) .
Over 200 cells were scored in each case.
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5.3.3 Z ring positioning does not correlate with the amount of
relief of nucleoid occlusion at midcell
5.3.3.1 Correlating Z ring positioning with internucleoid distance in live cells with
a single Z ring between two separated nucleoids
The data in the previous sections shows that relieving nucleoid occlusion at midcell
beyond normal wild-type limits, and prior to Z ring assembly, has no significant effect
on the precise positioning of midcell Z rings. In wild-type cells Z rings are observed at
midcell in a small DNA-free gap between segregating nucleoids - this corresponds to
relief of nucleoid occlusion at midcell (0.45 µm; see Fig. 5.11 A and Table 5.4). Is the
small intemucleoid DNA-free gap required for the midcell precision? If nucleoid
occlusion is responsible for midcell Z ring as suggested, then the bigger the gap in
nucleoid occlusion, the less precise the Z ring should be positioned at midcell. In other
words, if Z ring positioning at midcell depends on the distance between nucleoids (i.e
intemucleoid gap) then increasing the size of intemucleoid gap should result in a
decrease in midcell precision of Z ring positioning between nucleoids. If this prediction
holds true, then as the intemucleoid distance increases, a progressive decrease in
midcell Z ring position (movement away from midcell) should be observed. To test this
idea, the amount of relief of nucleoid occlusion (i.e. size of the intemucleoid space) and
position of Z rings between two separated nucleoids was compared using the same cells
in Figure 5.15. This is shown in Figure 5.16.
The scatter plots in Fig. 5 .16 reveal no obvious relationship between the size of
intemucleoid distance (see top left hand comer of the scatter plots) and midcell Z ring
precision. Essentially, for all conditions tested [Min+Noc+ (SU67 l ), Min- (SU678),
Noc- (SU683), and Min-Noc- (SU680)] the large proportion of Z rings is clustered near
the midcell range (0.45-0.05) regardless of whether the intemucleoid distance is large
or small (Fig. 5 .16 B to E). Thus, Z ring positioning does not appear to correlate with
the amount of relief of nucleoid occlusion (i.e. size of the intemucleoid gap) at midcell.
A statistical analysis also showed that while there was a very small negative correlative
relationship between Z ring positioning and intemucleoid distance (as intemucleoid
distance increases, Z ring positioning decreases) for all strains, this was not statistically
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significant (p>0.05; Kendall's tau coefficient and Spearman' s rho coefficient; see
Appendix III, Table 3). This convincing result establishes that relief of nucleoid
occlusion is not a strong determinant in defining the position of the Z ring at midcell.
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Figure 5.16: Relationship between Z ring positioning and internucleoid distance in live outgrown
spores with a Z ring between two separated nucleoids at 165 min of experimental approach ll (as
seen in Fig. 5.14 A). (A) The wild-type control (DnaB+, SU492). (B) In Noc+ Min+ cells (SU671), (C) in
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Min- cells (SU678), (D) in Noc- cells (SU683) and (E) in Noc- Min- cells (SU680). In this case, spores
were outgrown for 105 min at 34°C and then transferred to 48°C for 30 min. Top left hand comer shows
mean internucleoid distance (µm ± SEM). Over 200 cells were scored in each case.

5.3.4 The Min system is required for midcell Z ring assembly
when the very early stages of DNA replication are blocked
5.3.4.1 Live Z ring positioning when the initiation of the first round of replication
is blocked
The previous sections point to the possibility that Z ring positioning at the midcell site
is governed by a mechanism that acts independently of relief of nucleoid occlusion
(Noc inclusive) and the Min system. It has recently been shown that in the absence of
Noc, when the early stages of DNA replication are blocked during spore outgrowth, the
midcell Z ring frequency increases to varying degrees, depending on the type of early
DNA replication inhibition (Mori ya et al., 201 O; see Chapter 3). Based on this, it was
proposed that the midcell division site becomes increasingly favorable for Z ring
formation as the early stages of DNA replication, leading up to replisome assembly at

oriC, are progressively completed (Moriya et al., 201 O; see Chapter 3). This raised the
possibility that some unknown factor or event linked to DNA replication creates the
potential for Z ring assembly at midcell. If this unknown factor establishes a midcell Z
ring potential early on in DNA replication then Z rings should form at midcell when the
early stages of DNA replication are blocked, regardless of whether both the Min system
and Noc are active. In others words the prediction is that Z rings should be positioned
precisely at midcell in a noc minCD double mutant when the first round of replication
is blocked and there is unreplicated DNA at midcell. To test this, Z ring positioning
was examined in live outgrown spores when initiation of the first round of ON A
replication was blocked using the strains containing the temperature-sensitive initiation
mutant dna-1, Pxy1-ftsZ-yfp and Pspac-ftsZ [Min+Noc+ (SU671), Min- (SU678), Noc(SU683), and Min- Noc- (SU680)]. In the experiments described here 1 mM IPTG and
0.01 % xylose were added right at the beginning of spore germination.
At the non-permissive temperature, in the control strain expressing ftsZ-yfp (DnaB+,
SU492), the vast majority of cells had Z rings ("'80%), with most Z rings forming at
midcell between 0.45-0.50 (83%, Fig. 5.17 A and E). In the absence of Noc (SU683),
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consistent with previous results (Mori ya et al., 2010), the dna-1 mutant nae-deleted
cells at the non-permissive temperature resulted in 46% midcell Z rings (range 0.450.50, Fig. 5 .17 B and E). Surprisingly, in the absence of noc and minCD (SU680), no Z
rings were positioned at midcell. In this case, the vast majority of Z rings formed below
the 0.30 fraction of cell length, closer to the pole (Fig. 5.17 C and E). Similarly, in the
absence of the Min system alone, only a small percentage of Z rings formed at midcell
(3%) with most Z rings also being positioned below position 0.30, that is closer to the
pole (Fig. 5.17 D and E). These results suggest that the Min system is required for
midcell Z ring assembly when initiation of DNA replication is blocked.
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Figure 5.17: Live Z ring positioning in outgrown spores when initiation of DNA replication is
blocked at the level of DnaB. Spores of the dnaB (ts) mutant strains, SU678 (dna-1 t:..minCD), SU680
(dna-1 t:..minCD t:..noc) and SU683 (dna-1 f:..noc) were germinated in GMD with 1 mM IPTG and 0.01 %
xylose, at 34°C for 20 min and then transferred to 48°C for 60 min. As the wild-type control (black bars)
at the non-permissive temperature, spores of SU492 (DnaB+) were germinated in GMD with 0.01 %
xylose, at 34°C for 20 min and then transferred to 48 °C for 60 min. (A to D) Representative images of Z
rings and nucleoids in (A) the wild-type (SU492), (8) in the absence of noc (SU683), (C) in the absence
of minCD and noc (SU680) and (D) in the absence of minCD (SU678). (E) Histogram showing the
distribution of Z ring positioning in the wild-type (black bars), in the absence of noc (dark grey bars), in
the absence of minCD and noc (light grey bars) and in the absence of minCD (white bars). Mean cell
lengths (µm ± SEM) were 5.0 ± 0.08 for SU492, 5.0 ± 0.06 for SU678, 5.2 ± 0.06 for SU680 and 5.0 ±
0.05 for SU683; n > 100. Images (left to right) are DAPI pseudocoloured in red, FtsZ-YFP
pseudocoloured in green and phase overlay. Scale bars are l µm.
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5.3.4.2 Live Z ring positioning when DNA chain elongation is blocked
The previous section suggests that when DNA replication initiation is blocked, the Min
system is needed to direct Z rings to midcell. Is this the case when DNA replication is
blocked at a later step, when for example, initiation is completed but entry into DNA
chain elongation is inhibited (i.e. thymineless condition) and near wild-type levels of
midcell Z rings are usually observed (i.e. higher level of potentiation; Moriya et al.,
201 O)? To test this, Z ring positioning was examined in live outgrown spores when the
first round of replication is blocked by thymine limitation (thymineless condition),
which allows initiation but blocks chain elongation, and results in more midcell Z ring
potential (85%) than the earlier block to DnaB (dna-1 mutant, Moriya et al. , 2010).
These experiments were performed by Isabella Hajduk.
To create a nae deletion strain containing Pxyt ftsZ-yfp (at the amyE locus) in the
thymine requiring SU8 background, chromosomal DNA from strain SU626 (11nae::tet)
was transformed into (SU434, ftsZ-yfp ), to create SU715 (ftsZ-yfp; 11nae; performed by
lsabella Hajduk). Tetracycline resistant transformants were checked for thymine
auxotrophy and expression of FtsZ-YFP. To create a nae minCD double mutant
containing Pxyt ftsZ-yfp (at the amy E locus), chromosomal DNA from strain SU626
(11na e::tet) was transformed into SU556 (ftsZ-yfp minCD::eat) to create SU716 (ftsZyfp 11nae 11minCD; performed by Isabella Hajduk). Tetracycline resistant transformants

were checked for chloramphenicol resistance, thymine auxotrophy, and expression of
FtsZ-YFP (performed by Isabella Hajuduk). Deletion of both nae and minCD in SU715
was further confirmed by PCR (data not shown). Spores of both strains were prepared
and as expected for nae minCD double mutants, SU716 did not sporulate as efficiently
as wild-type (Isabella Hajduk).
In the wild-type control (strain SU434, with thymine), the vast majority of cells had Z
rings (~ 70%), and most formed between 0.45-0.50 (87%; Fig. 5 .18 A and E).
Consistent with previous results, the thymineless condition in the absence of Noc
(strain SU715) resulted in a wild-type midcell Z ring frequency, 85% (range 0.45-0.50;
Fig. 5.18 Band E; Moriya et al. , 2010). In the absence of both nae and minCD, a small
number of midcell Z rings was observed (7%), with the vast majority of Z nngs
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forming below the 0.30 fraction of cell length, closer to the pole (Fig. 5.18 C and E;
strain SU7 l 6). Similarly, in the absence of minCD alone, only 1% of Z rings formed at
midcell (Fig. 5.18 D and E; strain SU556). These results suggest that the Min system is
also required for midcell Z ring assembly even when initiation is allowed to complete,
but entry into DNA chain elongation is blocked.
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Figure 5.18: Live Z ring positioning in outgrown spores when the elongation phase of DNA
replication is blocked by omitting thymine from the medium (thymineless condition). Spores of
strains SU556 (jtsZ-yfp ft..minCD) , SU716 (jtsZ-yfP ft..minCD ft..nae) and SU715 (jtsZ-yfp ft..no c) were
genninated in GMD without thymine and 0.0 l % xylose for 210 min. As wild-type control, spores of
SU434 were germinated in GMD with thymine and 0.01% xylose for 180 min. (A to D) Representative
images of Z rings and nucleoids in (A) the wild-type (SU434), (8) in the absence of nae (SU7 l 5), (C) in
the absence of minCD and noe (SU7 l 6) and (D) in the absence of minCD (SU556). (E) Histogram
showing the distribution of Z ring positioning in the wild-type (black bars), in the absence of nae (dark
grey bars) , in the absence of minCD and nae (light grey bars) and in the absence of minCD (white bars).
Mean cell lengths (µm ± SEM) were 4.5 ± 0.06 for SU434, 4.0 ± 0.06 for SU715, 4.7 ± 0.08 for SU556
and 4.4 ± 0.07 for SU7 l 6; n> 100. Images (left to right) are DAPI pseudocoloured in red, FtsZ-YFP
pseudocoloured in green and phase overlay. Scale bars are 1 µm.

While analyzing the Z ring positioning under both conditions of DNA replication
inhibition (dna-1 mutant and thymineless condition), it was noticed that the overall
frequency of cells with Z rings had been reduced in the absence of both minCD and
both noc and minCD

(~20%),

relative to when only noc is absent

(~60%).

Thus, not
183

Chapter 5 - Results

only is positioning of Z rings affected in the absence of the Min system and both the
Min system and Noc when the early stages of DNA replication are blocked, but the
frequency of Z rings is also reduced. Intriguingly, it was also noticed that the
distribution of polar Z ring positioning in the absence of the min CD (and both min CD
and noc) appears to be different between cells blocked at initiation (dna-1 mutants) and
cells blocked at the start of elongation (thymineless condition; compare 5.17 E to 5.18
E). In other words, the thymineless condition appears to result in polar Z rings more
closely located to the pole than the dna-1 mutant. Moreover, the polar Z rings in the

dna-1 mutant or thymineless conditions were not positioned as close to the pole as
reported previously for minCD mutant replicating cells (below the 0.1 portion of the
cell length; see Migocki et al., 2002).
Collectively, the data in these two sections show that the Min system is indeed required
for efficient and precise midcell Z ring assembly when the early stages of DNA
replication are blocked, regardless of the proposed midcell potential established by the
early stages of DNA replication (Moriya et al. , 2010).
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5.4 Discussion
The role of nucleoid occlusion in positioning the division site has long remained a
mystery. While in Chapter 4 it was shown that Noc and the Min system are not required
for precise midcell Z ring positioning, the possibility that Noc-independent nucleoid
occlusion was contributing to this could not be completely ruled out. Alternatively,
factors completely independent of all nucleoid occlusion and the Min system could be
responsible for positioning the Z ring to midcell. To distinguish between these
possibilities, two variations of the same experimental approach were developed. These
approaches involved examining Z ring assembly (in the absence of minCD, nae or
both), after holding back ftsZ expression during spore outgrowth, in cells containing
two unreplicated nucleoids separated by DNA-free gap that is significantly larger than
that present in wild-type cells.
Both approaches demonstrate that when there is increased DNA-free space at the cell
center and no functional Min system, Z rings form preferentially and precisely at
midcell between nucleoids, rather than between the nucleoid and the poles.
Furthermore, the actual position of Z rings that formed between nucleoids, showed no
correlation with the size of the DNA-free gap between the nucleoids (i.e. amount of
relief of nucleoid occlusion). Together, these results favor the hypothesis that midcell Z
ring positioning is governed by a mechanism operating independently of nucleoid
occlusion and the Min system.
In an attempt to understand the contribution of the DNA replication "potentiation"
effect (proposed in the "Ready-Set-Go" model; Mori ya et al., 2010) to division site
positioning, and investigate whether Z rings can form over unreplicated DNA in the
absence of nae and minCD, Z ring positioning was examined during the early stages of
replication (initiation), in the absence of both genes. Intriguingly, Z rings could not
form at midcell over unreplicated DNA unless the Min system was present. These
results are discussed below.
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5.4.1 A signal for midcell Z ring assembly
Three key observations in this chapter suggest that a mechanism independent of
nucleoid occlusion and the Min system is involved in positioning the Z ring to midcell:
1) midcell Z ring positioning is as precise as wild-type cells when nucleoid occlusion is
relieved at the cell center prior to Z ring assembly, in the absence of minCD, noc or
both; 2) Z rings form preferentially between the two nucleoids, rather than between the
nucleoid and the pole, in the absence of minCD and both minCD and noc when the
DNA was removed from midcell prior to Z ring assembly; and 3) midcell Z ring
positioning between nucleoids does not correlate with the size of the intemucleoid gap
(i.e. amount of relief of nucleoid occlusion). What is the possible nature of this
mechanism?
One possibility is that a structure at midcell establishes the precise midcell Z ring
position (Harry, 2001; Margolin, 2000; Regamey et al., 2000; Sherratt, 2003; Addinall
and Holland, 2002 ; Harry et al. , 2006; Mori ya et al., 2010). While the nature of this
signal remains elusive, it has been proposed that this signal may be involved in
positioning both the division apparatus and the replication proteins to this location
(Harry, 2001 ; Margolin, 2000; Regamey et al. , 2000; Addinall and Holland, 2002;
Sherratt, 2003; Harry et al. , 2006). Alternatively, this midcell signal may simply be a
physical difference in the conformation or type of membrane lipids at midcell
(Mileykovskaya and Dowhan, 2005; Huang et al., 2006; Matsumoto et al., 2006).
Indeed cumulative evidence, in both B. subtilis and E. coli suggests the existence of
distinct membrane domains at midcell that might be required for positioning of cell
division and other proteins at midcell, such as those involved in DNA replication
(Fishov and Woldringh, 1999; Mileykovskaya et al. , 1998; Mileykovskaya and
Dowhan, 2000; Kawai et al., 2004; Mileykovskaya and Dowhan, 2005; Matsumoto et

al., 2006).
Whatever the nature of this signal, the data presented in this chapter point to the
possibility that this signal is not transient but rather persists during the cell cycle. The
possibility that this signal persists within the cell cycle is supported by two
observations. Firstly, in cells that are replicating DNA Z ring assembly and cell
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division could be restored after ftsZ expression was held back during spore outgrowth.
Secondly, Z rings also assemble preferentially and precisely at midcell between two
unreplicated separated nucleoids, after ftsZ expression was held back. These two results
point to the possibility that a signal formed at some stage during the cell cycle and then
was utilized for Z ring formation once ftsZ expression, and FtsZ levels, increased to
allow Z ring assembly. The idea that a signal for cell division is present during the cell
cycle and utilized once ftsZ expression increases is somewhat in analogy to an aspect of
the life cycle of Streptomyces spp. , which appears to divide without the influence of
nucleoid occlusion and the Min system (Grantcharova et al. , 2005). During vegetative
growth of Streptomy ces spp. ftsZ expression is low (Kwak et al., 2001 ), and very few Z
rings are present along the long filamentous cells (Grantcharova et al. , 2005). During
sporulation however, FtsZ levels increase substantially relative to that during vegetative
growth (Kwak et al., 2001 ). As sporulation initiates the essentially aseptate filaments
containing multiple separated nucleoids, then synchronously accumulate a single Z ring
between each nucleoid, ensuring that each spore receives a copy of the chromosome
(Grantcharova et al. , 2005). Up until very recently, it was not known what targets FtsZ
to between nucleoids during sporulation in Streptomyces. It now appears that two
proteins, SsgA and SsgB [SsgB contains structural homology to a class of eukaryotic
"whirly" ss-DNA-RNA binding proteins (Xu et al., 2009)], are involved in promoting
Z ring assembly to between nucleoids during sporulation (Willemse et al. , 2011 ). SsgA
recruits SsgB to between nucleoids which in tum binds FtsZ and stimulates FtsZ
polymerization into Z rings. While this new finding highlights that other proteins arrive
to midcell between nucleoids before FtsZ and stimulate Z ring formation there, it is still
not known what actually positions SsgA, the temporal-spatial regulator of SsgB, at
midcell (Willemse et al. , 2011 ). Regardless, this study ultimately highlights that in
other bacteria other factors independent of the Min system and nucleoid occlusion,
ensure that Z rings assemble precisely between nucleoids.
The possibility that a cell cycle signal is attracting Z ring formation to midcell is
somewhat in line with the "Ready-Set-Go" model (Mori ya et al. , 2010). This model
proposes that a midcell signal accumulates progressively, as the replisome assembles at
midcell during initiation of DNA replication, but is only utilized once chromosome
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segregation occurs to relieve nucleoid occlusion at midcell (Moriya et al. , 2010, see
section Chapter 3, section 3.3.5). From this it follows, that a midcell signal might
develop during the initiation stage of DNA replication and then stay competent for Z
ring assembly until it is utilized once the replicating chromosomes segregate.
Consistent with this idea, in the context of the experimental approaches, a potential
signal produced during initiation of DNA replication at midcell might have remained
there between the two separated unreplicated nucleoids until enough FtsZ had
accumulated to allow Z ring assembly. How this possible signal forms in the first place
is open to speculation (see section 3.3, in Chapter 3), as is how it remains competent for
Z ring assembly during the cell cycle. Two simple possibilities are that 1) a mark for
midcell Z ring assembly is left on the membrane at midcell as a result of activity of the
DNA replication initiation proteins at the medially-located, and possibly membranebound oriC and 2) an unidentified, or known, protein involved directly (or indirectly) in
DNA replication initiation is left behind after the duplicated oriC moves to the cell
quarters positions, actively marking the midcell position. Either possibility is testable;
for example, in the experimental approaches described in this chapter it should be
possible to also localize specific lipid domains (using specific membrane-dyes that bind
different phospholipids) or proteins involved in DNA replication (using fluorescentfusion proteins or conjugated antibodies) prior to and after ON A replication is inhibited
and the nucleoids are separated.
The "Ready-Set-Go" model (see section Chapter 3, section 3.3 .5) also proposes that for
each DNA replication initiation event one complete midcell Z ring signal is formed. If
this is so, then in the context of the experimental approaches used here to separate the
two unreplicated nucleoids, inactivating DnaB function or addition of HPUra, there
might be more than one signal in each cell containing two separated unreplicated
nucleoids. Consistent with this suggestion, when the experiments involving dna-1 to
block DNA replication, and move the nucleoids away, were performed in the absence
of Noc, a minor proportion of cells with two separated nucleoids had a Z ring over one
of the unreplicated nucleoids, rather than at midcell between the nucleoids (see Fig.
5.14 C). Thus, in these cells with two separated unreplicated nucleoids blocked at
initiation there are likely 3 "midcell" signals: one in the center of the intemucleoid gap,
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resulting from the first completed initiation event, and two "incomplete" signals at the

oriC of each nucleoid nearest the pole, considering that initiation has not been
completed in these nucleoids. This observation further strengthens the idea that
whatever the nature of the midcell signal, it might to be directly linked to the early
stages of DNA replication.

5.4.2 A role for Noc and the Min system in promoting
efficient midcell Z ring assembly between separated nucleoids
It was noticed, at least in the live cell approach using the dna-1 mutation to permit only

one round of replication and allow separation of nucleoids, that in the absence of noc,

minCD, or both, the frequency of cells containing Z rings was reduced approximately
2-fold, relative to Min~oc + cells (66%). This reduction in Z ring frequency in tum
resulted in a reduction in the frequency of cells with a single Z ring and two separated
nucleoids . Instead cells were often observed to contain helical-like patterns of FtsZ
(Appendix III, Fig. 3), that resembled the precursor Z ring structures reported in wildtype cells (Peters et al., 2007; Monahan et al., 2009).Thus, while it is likely that some
factor independent of nucleoid occlusion and the Min system plays a role in marking
the midcell Z ring position between nucleoids, Noc and the Min system appear to
contribute to the efficiency of Z ring formation at this site. This is somewhat consistent
with the results in Chapter 4, where Noc and the Min system are shown to play a role in
efficient Z ring assembly. So, how do Noc and the Min system help in efficient Z ring
formation at midcell between nucleoids?
As discussed in Chapter 4 (see section 4.3 .1), the Min system might contribute to
efficient midcell Z ring assembly by preventing FtsZ localization at polar division sites
(Yu and Margolin, 2004; Gregory et al., 2008) and by enhancing FtsZ dynamic
movement towards midcell, away from the cell pole (Thanedar and Margolin, 2004).
This role for the Min system is consistent with observations indicating that it inhibits Z
ring assembly at some distance from the cell pole (Wu and Errington, 2004). In the
context of the experimental approaches and in cells with two separated nucleoids, the
Min system might prevent FtsZ from being titrated to the two cells poles. In doing so,
the Min system increases the amount of FtsZ available at cell center between the two
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nucleoids to allow Z ring formation at the midcell site. Consistent with this suggestion,
in this chapter cells with two separated unreplicated nucleoids were observed to contain
Z rings and helical-like patterns between the nucleoids and cell poles (Fig. 5.14 C and
Appendix III, Fig. 2 F and G and 3 B and C). Along this same line of thought, in B.

subtilis replicating cells lacking MinCD, FtsZ accumulates at the cell poles in the forms
of short-helical patterns (P . Peters and E. Harry, unpublished observations) and also
polar Z rings (Migocki et al. , 2002; Gregory et al., 2008). Thus, by preventing shorthelices forming at the poles, the Min system allows Z rings to form at midcell, by
increasing the availability of FtsZ to assemble into Z rings there.
Noc might play a similar role in promoting efficient midcell Z ring assembly as
suggested above for the Min system (see Chapter 4 section 4.3.1). However, instead of
preventing Z ring assembly at the cell poles, Noc might prevent FtsZ from
concentrating prematurely over replicating nucleoids where new division sites are being
established possibly due to DNA replication initiation completion, as predicted by the
" Ready-Set-Go" model (Mariya et al., 2010). In doing so, Noc enhances FtsZ
polymerization into Z rings at the single midcell division site. In support of this idea,
when experimental approach 11 was performed in Noc - cells, Z rings were observed to
form over the nucleoids that were located nearest the pole (Fig. 5 .14 C and see
Appendix III, Fig. 2 N and P). Thus, in cells with two nucleoids, it is possible that in
the absence of Noc, FtsZ becomes titrated to the midcell division site (free from DNA)
and the new division sites forming over each nucleoid near the pole. Consistent with
the idea that Noc affects efficient Z ring assembly between nucleoids, in longer-thannormal Noc- cells depleted for the late division proteins PBP2B and FtsL, FtsZ forms
multiple helical patterns over and between the DNA (Wu and Errington, 2004).
Presumably in these longer than normal cells, there would be multiple nucleoids each
attracting FtsZ to form Z ring at the division site between them, thus causing FtsZ
titration to multiple division sites, and ultimately causing FtsZ to adopt a more
dispersed helical-like pattern.
In summary, as suggested in Chapter 4, Z ring assembly in the absence of Noc and the
Min system becomes very inefficient at the midcell site between nucleoids because
both the polar, midcell and new developing division sites over unreplicated DNA
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become exposed. This leads to a titration of FtsZ to all available division sites inside
the cell, reducing the amount of FtsZ available at the midcell division site and thus the
efficiency of Z ring formation there. The absence of an active Min system and Noc
possibly also causes a dramatic change to FtsZ dynamic movement within the cell, thus
affecting the speed and efficiency at which Z ring assembly occurs at the midcell
division site (see Chapter 4, section 4.3.1.2).

5.4.3 What prevents midcell Z ring assembly when the very
early stages of DNA replication are blocked in the absence of
min CD?
When the first round of replication of DNA replication was blocked during spore
outgrowth, either by inactivating DnaB function (dna-1 mutant) or by limiting thymine
from the medium (thymineless condition), Z rings did not form at midcell unless the
Min system was present. Two main questions arise when looking at these results.
Firstly, what is the role of the Min system in midcell Z ring positioning when the early
stages of DNA replication are blocked and secondly what prevents Z rings from
forming over the DNA in these circumstances? In other words, what happened to the
"potentiation" effect described in the "Ready-Set-Go" model (Mori ya et al., 201 O)?
These questions are addressed below.
The Min system might be required to enhance Z ring assembly over unreplicated DNA.
In wild-type replicating cells, the Min system might act as a counterbalance to the
inhibitory action of nucleoid occlusion, enhancing FtsZ accumulation to the cell center
over unreplicated DNA, prior to complete relief of nucleoid occlusion at midcell. This
would ensure that FtsZ starts to concentrate at midcell prior to complete separation of
DNA, so that as soon as chromosomes segregate, there is enough FtsZ there to initiate
Z ring assembly. This role for the Min system is consistent with the suggestion that the
Min-zone of inhibition extends away from the pole encompassing the area occupied by
the nucleoid (Wu and Errington, 2004) and the recent suggestion that it also promotes
efficient timing of cell division (Gregory et al., 2009).This suggestion is also consistent
with observations showing that MinC-GFP (Gregory et al., 2009) and GFP-MinD
(Barak et al., 2008) are localized throughout the cell, and not only at the poles.
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It seems paradoxical that Z rings do not form at midcell in the absence of the Min

system in the thymineless condition. In this condition when the Min system is present,
midcell Z ring assembly can occur between bilobed nucleoids (Harry et al., 1999;
Regamey et al., 2000; Moriya et al., 2010), where there appears to be some relief of
nucleoid occlusion between the lobes of the bilobed nucleoid, despite the presence or
absence of nae (see Chapter 3, section 3.2.2.2; Moriya et al., 2010).The observation
that Z rings do not form over the bilobed nucleoids in the thymineless conditions
specifically when minCD and nae are absent, is even more intriguing considering that
according the "Ready-Set-Go" model (see Chapter 3) there is maximum midcell
potential for Z ring assembly once initiation is complete - as in the thymineless
condition. Is it then possible that other Noc-independent nucleoid occlusion factors
prevent Z rings from forming over the unreplicated DNA in wild-type cells?
A recent study has suggested that other Noc-independent nucleoid occlusion factors
prevent Z rings from forming over unreplicated DNA in response to replication roadblocks (Bernard et al. , 2010). While this possibility seems likely, the data presented in
this chapter shows that Z rings can form at midcell independently of all nucleoid
occlusion (see section 5.4.1 in this Discussion). Thus, one possibility is that all nucleoid
occlusion (Noc and Noc-independent) must be completely relieved from midcell before
Z rings can form there, and the Min system acts to overcome both forms of nucleoid
occlusion. This possibility is somewhat consistent with one of the predictions of the
" Ready-Set-Go" model. This model suggests that upon completion of initiation of
replication, and once the midcell division site is potentiated, it remains potentiated until
it is utilized when the chromosome has been replicated beyond 70% (Wu et al. , 1995),
and the bulk of segregating DNA (and nucleoid occlusion) have cleared midcell
(Moriya et al., 2010).
In summary, while the potentiation effect linking DNA replication to midcell Z ring
positioning exists and possibly marks midcell very early on the in the cell cycle, this
effect only becomes apparent over unreplicated DNA if the Min system is present, and
either Noc is absent or nucleoid occlusion is relieved at midcell via a change in
nucleoid morphology or nucleoid segregation (i.e. decrease in DNA concentration at
midcell). Moreover, in wild-type cells the Min system most likely acts by preventing Z
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ring assembly at a certain distance from the pole (Wu and Errington, 2004), to ensure
an efficient accumulation of FtsZ at the midcell division site prior to complete
chromosome segregation and relief of nucleoid occlusion, and thus an efficient timing
of midcell division upon complete chromosome segregation.

5.4.4 Is chromosome segregation activity required for midcell
Z ring assembly in the absence of noc and minCD?
Z rings can form at midcell in replicating cells lacking both nae and minCD (see
Chapter 4, section 4.2.1.2). Z rings can also form at midcell in nae minCD double
mutants, albeit less efficiently, if DNA replication is inhibited and no DNA occupies
the central region of the cell (this Chapter, section 5.2.2.3). However, no midcell Z
rings were observed in nae minCD double mutants when the early stages of DNA
replication were blocked during spore outgrowth and the unreplicated DNA occupied
the central portion of the cell. Thus, besides Noc-independent nucleoid occlusion (see
previous section) another quite plausible possibility to explain the above observation is
that the activity of DNA replication/segregation is required for Z ring assembly at
midcell. The chromosome segregation proteins might act as negative spatial regulators
of division, by acting as nucleoid occlusion factores. Indeed Rudner and co-workers
show that the deletion of proteins involved in chromosome segregation (SpoOJ and
SMC) slightly increases Z ring assembly over unreplicated DNA (Bernard et al., 2010).
Alternatively, the movement of segregating chromosomes to opposite cell halves might
act as a driving force to help position the Z ring at midcell.
In line with this possibility that chromosome segregation helps drives midcell Z ring
assembly, in the Gram-negative Caulobacter crescentus, that does not contain strict
homologues of MinCD and Noc, midcell Z ring positioning is tightly coupled to origin
segregation by the MipZ protein (Thanbichler and Shapiro, 2006). Like canonical ParA
proteins, MipZ interacts with ParB-parS complexes (involved in chromosome
segregation) and directly inhibits the GTPase activity of FtsZ, inhibiting FtsZ
protofilament polymerization (Thanbichler and Shapiro, 2006). As the origins duplicate
at the stalked end of the cell, and occupy opposite positions inside the cell, MipZ
displaces FtsZ from the swarmer pole allowing FtsZ polymerization into Z rings in the
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region of the cell where the concentration of MipZ is lowest (i.e. between the
segregated chromosomes;Thanbichler and Shapiro, 2006).
Interestingly, similar to what was observed in the absence of both nae and minCD in
this study when the early stages of DNA replication were blocked (in the thymineless
condition and dna-1 mutant at the non-permissive temperature), FtsZ was also
concentrated primarily at the cell poles in C. crescentus organism when DNA
replication initiation (by depleting dnaA expression) was inhibited (Quardokus and
Brun, 2002) or when MipZ was overproduced (Thanbichler and Shapiro, 2006). Thus,
it is quite possible that besides Noc and the Min system in Bacillus subtilis, some factor
linking the activity and movement of replicating/segregating DNA to Z ring assembly
is required to help position the Z ring at midcell. Like MipZ, this potential factor might
prevent FtsZ polymerization directly over regions occupied by the nucleoids, allowing
FtsZ to progressively assemble into Z rings as nucleoid replication/segregation occurs.
Interestingly allowing some DNA chain elongation in C. crescentus shifted some Z
rings from a polar position to midcell (Quardokus and Brun, 2002). In hindsight, this
was most likely due to oriC duplication ans segregation, which in tum would have
caused movement of MipZ away from the cell stalked pole and displacement of FtsZ
from the swarmer pole towards midcell. If there is an inhibitory factor in B. subtilis that
is linking replicating/segregating DNA to Z ring position, then FtsZ localization may be
shifted from polar to midcell by allowing some DNA replication (and segregation) in a

nae minCD double mutant, by adding a small amount of thymine to medium, instead of
limiting thymine completely. This can be easily tested, and should be considered in
future experiments.
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During the last two decades, cell division research in bacteria has been enormously
focused on the widely conserved protein FtsZ and its macromolecular structure, the Z
ring. Several basic questions about FtsZ and the Z ring have been asked over this
period, for example: how does FtsZ from a Z ring?, how does the Z ring constrict?, and
lastly what factors position the Z ring precisely at midcell? This thesis addresses this
last question using B. subtilis as a model organism. The work in this theis was
particularly aimed at discriminating between the effects that chromosome replication,
the Min system and nucleoid occlusion have on ensuring that a Z ring is positioned
precisely at midcell.

6.1 Z ring position is linked to replisome assembly at
oriC
Prior to this work, a series of studies had shown that the early stages of chromosome
replication affect Z ring position (Harry et al. , 1999; Regamey et al. , 2000). One
important conclusion from these studies was that initiation of DNA replication is
required for midcell Z ring positioning (Harry et al. , 1999; Regamey et al., 2000).
However, the identification of an initiation mutation (dnaF 133, affecting the a-subunit
of the DNA polymerase III) that allows midcell Z ring formation challenged this
conclusion; indicating that the link between the early stages of DNA replication and Z
ring positioning might be played out in a different way.
If initiation of DNA replication is not required for midcell Z ring assembly, then why
do some initiation mutants result in acentral Z rings (e.g. dna-1, affecting the helicase
co-loader, DnaB) and others in midcell Z rings (e.g. dnaF 133, affecting the a-subunit
of the DNA polymerase III)? Similarly, why do two other conditions that block entry
into DNA replication elongation, the thymineless and +HPUra condition, also result in
midcell and acentral Z ring positioning, respectively? To address these two questions,
and shed light on the effect that the early stages of chromosome replication have on Z
ring position, a thorough examination was conducted to determine whether changes in
nucleoid occlusion, via changes in nucleoid morphology, could explain the differences
in Z ring positioning observed between these blocks to the early stages of DNA
replication (see Chapter 3).The results demonstrated that generally midcell Z rings form
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preferentially over unreplicated bilobed nucleoids and acentral Z rings form to one side
of unreplicated single lobed nucleoids. One conclusion was that midcell Z rings form
over bilobed nucleoids because there is some relief of nucleoid occlusion between the
lobes of the bilobes. Intriguingly however, despite the significant number of bilobed
nucleoids

(~16%)

in the dna-1 mutant, it was only the condition of DNA replication

inhibition that did not allow midcell Z rings over them. This observation hinted that the
link between Z ring position and DNA replication is not entirely dependent on changes
to nucleoid occlusion.
To further exclude the possibility of nucleoid occlusion as a mechanism contributing to
the differences in Z ring positioning between these different DNA replication blocks,
the role of the nucleoid occlusion protein Noc (Wu and Errington, 2004; Wu et al.,
2009) was examined in all of the above mentioned conditions of DNA replication
inhibition. Surprisingly, in the absence of nae and when DNA replication was inhibited,
the frequency of midcell Z rings increased to varying degrees according to the order of
events that lead up to replisome assembly at oriC, with the earliest acting block (at the
level of DnaB in dna-1 mutant) resulting in less midcell Z rings. This effect was further
shown to be independent of any nucleoid occlusion effects as Z rings could assemble in
Noc- cells over both bilobed and single lobed nucleoids. Thus, DNA replication is
indeed linked to Z ring positioning independently of nucleoid occlusion effects. To
explain these new results, a model for how Z ring positioning is linked to very early
stages of DNA replication was proposed: the "Ready-Set-Go" model.
The "Ready-Set-Go" model is a step forward in understanding how Z ring positioning
is regulated. In this model, nucleoid occlusion only acts to prevent Z rings from
assembling over unreplicated DNA until the round of replication nears completion and
chromosomes segregate; it does not provide positional information for Z ring
positioning. According to the model the positional information for Z ring assembly
arises from a unknown mechanism that links the progress of the events leading up to
replisome assembly at oriC to midcell Z ring assembly - this idea is called
"potentiation" of midcell (Mori ya et al., 20 l 0). Although the underlying mechanism
behind the "potentiation" concept is still unclear, several possibilities can be envisaged.
One possibility is that a signal marking midcell progressively accumulates during the
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several steps required for replisome assembly at oriC. While the nature of this signal is
open to speculation (see section 3.3.5, Chapter 3), the possibility that this signal
accumulates progressively during initiation of replication is in line with the very recent
finding that the events of initiation of DNA replication themselves occur in an orderly
and step-wise (i.e. progressive) fashion (Smits et al. , 2010).

6.2 A new role for Noc and the Min system in the cell
cycle
Six years ago, the identification of Noc (encoded by yyaA) as a nucleoid occlusion
protein provided a molecular insight into the nucleoid occlusion model (Wu and
Errington, 2004). Simultaneously, the discovery that nae minD double mutants are
defective in cell division, has led to the widely accepted view that the combined action
of both Min system and Noc are required for division and midcell Z ring positioning
between replicated nucleoids (Wu and Errington, 2004). Intriguingly however,
overproducing FtsZ was shown to partially rescue the nae minD double mutant cell
division defect, with Z rings being biased towards intemucleoids regions (Wu and
Errington, 2004). Given that neither nae nor minCD single mutants of B. subtilis affect
normal Z ring positioning between nucleoids (Sievers et al. , 2002; Migocki et al. , 2002;
Wu and Errington, 2004) this division bias in nae minD double mutants brought into
question the exact role of the combined action of Noc and the Min system in division
site positioning and also suggested that other mechanisms are involved in positioning
the Z ring at midcell.
In Chapter 4, the possibility that neither Noc nor the Min system are required for
midcell positioning was thoroughly investigated by measuring the Z ring position in a
nae minCD double mutant during spore outgrowth. It was found that double mutant Z

rings form with wild-type precision between replicated nucleoids, suggesting that the
role of the Min system and Noc is not in the precise positioning of the Z ring at midcell.
In fact, several key observations pointed to a different role for Noc and the Min system
in the cell cycle. In outgrown spores, not only did the absence of both nae and minCD
result in a severe delay in midcell Z ring formation relative to chromosome segregation
but also in longer cells with many FtsZ-helical patterns that were often regularly spaced
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along their length, at locations corresponding to potential division sites. Given the
emerging view that Z ring formation in B. subtilis occurs via an FtsZ helicalintermediate during the cell cycle (Peters et al., 2007; Monahan et al. , 2009), these
observations suggested that Noc and the Min system are important for promoting an
efficient helix-to-ring transition. Overall, the results indicated that Noc and the Min
system affect efficient and opportune Z ring formation, and thus cell division, via this
newly-discovered process of Z ring assembly.
A model detailing the role of Noc and the Min system in the cell cycle and the effects
their absence has on normal cell cycle progression was proposed in Chapter 4 (see
section 4.3.1.2). Unlike most models that portray the B. subtlis cell cycle as a series of
separate events, this model actually represents a more realistic view of the cell cycle:
one that usually has overlapping rounds of replication, more than one replicating
chromosome inside a single cell and thus more than one competent division site for Z
ring assembly. This overlapping view of the cell cycle is crucial to understanding the
role of Noc and the Min system in cell division. In simple terms, this model suggests
that Noc and the Min system ensure that midcell division follows immediately after a
round of replication and segregation of DNA, by spatially restricting FtsZ, and thus Z
ring assembly, to a single division site when more than one division site is present or
developing. This role for Noc and the Min system is particularly important given that
the results in Chapter 3 suggest that the division site is already available for Z ring
formation very early in the round of replication, which implies that the accumulation of
FtsZ at a division site possibly occurs as soon as the site starts developing (i.e. very
early on in the initiation phase of chromosome replication). Thus, rather than defining
the position of the Z ring at midcell, Noc and the Min system prevent FtsZ from
promiscuously localizing at the cell poles and at newer division sites (at the /4 and %
positions) between replicating chromosomes, respectively. Together Noc and the Min
system ensure that all of the FtsZ available for Z ring formation is concentrated at the
single midcell site division, so that when other division sites are present, they are
utilized in an orderly manner, one by-one, and the old division sites being utilized first
before new division sites. The observation that faster growth rates exacerbate and
slower growth rates reduce the nae minCD double mutant defect is entirely consistent
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with this role for Noc and the Min system. Finally, a similar role might exist for SlmA
and

MinCD

in

E.

coli

and

other

bacteria

that

have

Noc

and

MinCD

homologues/analogs and overlapping rounds of replication during the cell cycle.

6.3 A mechanism independent of nucleoid occlusion
and the Min system defining the location of division
sites
In Chapter 4, the combined action of Noc and the Min system was shown not to be
required for midcell Z ring positioning. In an attempt to explain this result, two
hypotheses were developed: 1) nucleoid occlusion factors other than Noc play a role in
midcell Z ring positioning or 2) factors completely independent of nucleoid occlusion
position the Z ring at midcell. To distinguish between these hypotheses, in Chapter 5
two similar experimental approaches using the spore outgrowth system examined
whether midcell Z ring positioning in the absence of minCD could take place between
two nucleoids that are separated by a large DNA-free gap. This was achieved by
holding back ftsZ expression until nucleoids separated well away from each other, in
cells containing deletions of minCD, nae or both genes.
The results demonstrated that in the absence of minCD, or both minCD and nae, Z rings
formed preferentially and precisely at midcell between nucleoids, and with no
correlation to the amount of relief of nucleoid occlusion (i.e. size of DNA-free gap)
between nucleoids. Furthermore, and consistent with a role for Noc and the Min system
in promoting efficient midcell Z ring assembly (see Chapter 4), while the Min system
and nucleoid occlusion (Noc dependent and Noc independent) did not appear to be
required for precise Z ring positioning at midcell, MinCD and Noc proteins were
required for efficient Z ring assembly there. Collectively, the results from Chapter 5
favour a model in which a factor independent of nucleoid occlusion (Noc dependent
and Noc independent) and the Min system operates to define the position of the Z ring
at midcell and the Min system and Noc help to efficiently position the Z ring there at
the right time in the cell cycle.
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But what is this Min system/nucleoid occlusion independent factor that defines the Z
ring position at midcell? Is this a structure at midcell that defines the precise Z ring
position (Harry, 2001; Margolin, 2000; Regamey et al. , 2000; Sherratt, 2003; Addinall
and Holland, 2002; Harry et al. , 2006; Moriya et al., 2010)? Is it a physical difference
in the conformation or type of membrane lipids at midcell (Mileykovskaya and
Dowhan, 2005; Huang et al. , 2006; Matsumoto et al. , 2006)? Whatever the nature of
this signal, the data presented in Chapter 5 point to the possibility that this signal is not
transient but rather persists during the cell cycle and likely to be connected to the early
stages of DNA replication (discussed in Chapter 5, section 5.4.1). If there is a midcell
signal or marker that establishes the Z ring position why hasn't it been identified
before? If this signal is a protein encoded by a gene on the chromosome, one aspect to
consider is that even though the B. subtilis genome has been sequenced (Kunst et al. ,
1997) the majority of its

~

4100 genes still remain uncharacterized (Kobayashi et al. ,

2003). Moreover, even if this putative midcell signal/marker was the product of an
essential gene, out of the 192 essential genes reported in Kobayashi et al only 4% are of
known function (Kobayashi et al. , 2003). Thus, it seems likely that a further
characterization of B. subtilis genes might prove useful to identify a factor or factors
that contribute to precise division site placement.
Another aspect to consider is that redundant systems operate in combination to make
the overall cell division process more efficient. In B. subtilis some of the cell division
genes are redundant and can be deleted without a significant effect to cell division. In
extreme cases, the role of these redundant genes is only revealed when another gene is
deleted. A classic example is the Noc gene: a single nae deletion causes no effects on
normal cell division, but the simultaneous deletion of nae and minCD does (Wu and
Errington, 2004). Similarly, if the midcell signal/marker protein is encoded by a single
redundant gene, deleting it might not reveal its true function in cell division, unless
another gene to which it is connected is also deleted. These facts alone justify why a
potential midcell-defining factor remains unidentified. Finally, the recent finding that
two proteins in Streptomy ces, SsgA and SsgB, contribute to specifically localizing FtsZ
to between nucleoids during sporulation (Willemse et al. , 2011) highlights that in other
organisms, including B. subtilis, other proteins might play a similar role.
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6.4. Insight into other mechanisms preventing Z ring
assembly at midcell
In replicating cells lacking both minCD and noc, Z rings formed at midcell, with wildtype precision between segregated nucleoids (see Chapter 4). Surprisingly, Z rings did
not form at midcell in the absence of minCD and noc if the very early stages of DNA
replication were blocked, and unreplicated DNA occupied the cell centre (see Chapter
5, section 5.3.4). This intriguing result indicates that mechanisms other than Noc
prevent Z ring assembly over unreplicated DNA.
One conclusion from the above result was that midcell Z ring assembly is still blocked
from occurring over unreplicated DNA despite the absence of noc, unless the Min
system is active are present - the Min system being involved in counteracting the
negative effects of the nucleoid. This conclusion directly implies that mechanisms,
other than Noc-mediated nucleoid occlusion, prevent Z ring assembly at midcell over
unreplicated DNA and the Min system helps to overcome these mechanisms. As
discussed in Chapter 5, these mechanisms are likely to be Noc-independent nucleoid
occlusion factors (Bernard et al., 2010). Likely candidates for this role are the DNA
segregation proteins : SpoJ, SMC, Soj and perhaps other unidentified binding partners.
In line with the possibility that DNA segregation proteins are involved in preventing Z
ring assembly over unreplicated DNA, in the Gram-negative Caulobacter crescentus,
that does not contain homologues of MinCD and Noc, midcell Z ring positioning is
coupled to tightly to chromosome segregation movement by the ParA-like MipZ
protein, which binds to ParB-parS complexes (Thanbichler and Shapiro, 2006) . Thus,
the actual movement of segregating chromosomes might need to occur before Z rings
can form at midcell in B. subtilis. In the Gram-positive actinomycete Corynebacterium

glutamicum, division site positioning also appears to rely on a ParA-like protein (PldP),
that binds to ParB (involved in chromosome segregation), to position the division site
(Donovan et al., 2010). A further investigation into the role of chromosome segregation
proteins in preventing Z ring assembly over unreplicated DNA in B. subtilis is likely to
provide some insight into their possible roles as the temporal-spatial regulators of cell
division (see next).
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6.5 Concluding remarks and Future work
How bacterial cells position the division site has been a long-standing question in the
field and up until now the effects of the Min system and nucleoid occlusion were
thought to be required to ensure that a Z ring forms at the right time and place in the
cell cycle. This thesis provides unique information that supports the view that factors
completely independent of nucleoid occlusion and the Min system are actually involved
in positioning the division site to provide spatial information for Z ring formation. One
likely candidate for this role is the process of chromosome replication. Future studies
addressing the involvement of chromosome replication in cell division are likely to
shed light on how both process are linked at a molecular level.
While the "potentiation" aspect of the "Ready-Set-Go" model remains elusive, there are
definite possibilities in which coupling between the early stages of DNA replication
and Z ring positioning might occur (see section 3.3.5 in Chapter 3). Further work is
required to clarify the important observations, and ideas, raised by this model. This
includes testing the "Ready-Set-Go" model by examining Z ring positioning when two
DNA replication blocks (an early and later acting block) are simultaneously active, for
example, the dna-1 mutation in the thymineless condition or the dna-1 mutation and the

dnaF 133 mutation. According to the model these particular double blocks would result
in the Z ring phenotype of the earlier acting dnaB mutant. Preliminary data indicates
that when the dna-1 mutation is active in the thymineless condition, the Z ring
positioning observed corresponds to the dna-1 mutant (unpublished observation;
Michelle Tu and Christopher Rodrigues). Thus, this prediction of the model appears to
hold-true.
To gain a molecular insight into the "potentiation" aspect of the "Ready-·Set-Go" model
it would be interesting to determine if the replication initiation proteins themselves are
directly involved in promoting midcell Z ring assembly. To this end, future studies
should be aimed at determining which proteins are loaded at oriC under each condition
of DNA replication block tested here, using for example a comparative ChIP-chip
analysis (Wu et al., 2009; Grainger et al., 2010) followed by mass spectrometry. This
would provide information on which proteins (or protein) need to be assembled at oriC
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for Z rings to assemble at midcell. This could also potentially identify new proteins
involved in linking the early stages of DNA replication to cell division.
Further work is also required to completely clarify the role of Noc and the Min system
in cell division. This includes for example a further investigation into the model
proposed in Chapter 4 (4.3 .1.2) by understanding how Z ring assembly occurs in wildtype cells via its FtsZ helical-like intermediates and how the Min system and Noc
contribute to the transitions from FtsZ helical intermediates into Z rings. This
investigation should include emerging microscopy techniques such as Photoactivation
Single-Particle Tracking (Niu and Yu, 2008; Fu et al., 2010) on FtsZ that localizes
outside the Z ring and time-lapse fluorescence microscopy of FtsZ in a nae minCD
double mutant, minCD mutant and nae mutant. This will investigate whether FtsZ
movement to midcell and Z ring transition dynamics change in the absence of these
genes.
Finally, it would also be interesting to examine Z ring positioning in nae minCD double
mutants defective in chromosome segregation to gain some information as to whether
the chromosome segregation machinery plays any role in the regulation of Z ring
positioning. If for example chromosome segregation proteins prevent midcell Z ring
assembly over unreplicated DNA, then SpoOJ, Soj and SMC mutants might result in an
increase in midcell Z ring assembly in the absence of nae and minCD when the very
early stages of DNA replication are inhibited.
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Z ring position
Appendix I, Figure l: Z ring positioning in outgrown spores of dnaFJ33 and dna-1 at the nonpermissive temperature prepared for IFM. SU46 (dna-1) and SU472 (dnaF133), spores were
germinated at 34°C for 15-20 min prior to initiation ofreplication. They were then transferred to the nonpermissi ve temperature (48°C) in PAB with thymine (20 µg/mL) for 75 min and then prepared for IFM
to visualize FtsZ. Mean cell lengths (µm ± SEM, n> 100) were 3.64 ± 0.08 for SU472 (dnaFl 33) and
3.9 l± 0.08 for SU46 (dna-1). Data is courtesy of Rebecca Rashid.

Appendix I, Figure 2: Multiple-helical structures of FtsZ observed at the non-perm1ss1ve in

dnaFJ33 and dna-1 outgrown spores prepared for IFM. Multiple helical structures (or Z rings) in (A)
SU472 (dnaFl 33) and (8) SU46 (dna-1) and at the non-permissive temperature for 90 min. SU46 (dna1) and SU472 (dnaFJ33) , spores were germinated at 34°C in PAB with thymine (20 µg/mL) for 15- 20
min prior to initiation of replication. They were then transferred to the non-permissive temperature
(48°C) for 90 min and then prepared for IFM to visualize FtsZ. Arrows point to helical FtsZ patterns.
Scale bar is 1 µm.
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dna-1

dnaF133

Appendix I, Figure 3: Co-visualization of the Z ring and nucleoids in live outgrown spores of dna-1
and dnaFJ33 at the non-permissive temperature. Spores were germinated in PAB with thymine (20
µg/mL) and 0.01 % xylose for 20 min at permissive temperature (34°C) and then shifted to the nonpermissive temperature (48°C) for 75 min. (A to B) Representative images of acentral Z rings beside
bi lobed nucleoids in SU624 (dna-1 ftsZ-yfp). (E to H) Representative images of midcell Z rings forming
over bilobed nucleoids of SU625 (dnaFJ 33 ftsZ-y.fP). Images are DAPI pseudocoloured in red (left),
FtsZ-YFP pseudocoloured in green (middle) and overlay (right). Scale bars are 1 µm.
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Appendix II, Figure 1: Depletion of MinD in the absence of noc results in long filamentous cells.
Ethanol-fixed cells of strain SU660 (Pspac-minD !1noc PxvrftsZ-yfp) were grown in PAB at 37°C in (A)
the presence of IPTG (0.5 mM) until mid-exponential phase, or (B) depleted for IPTG for 2-3 hours.
Images are phase contrast. Scale bars are l 0 µm.

Appendix II, Figure 2: Z rings form between replicated nucleoids when FtsZ-YFP is overproduced
in the noc minD conditional mutant. SU660 (Pspac-minD !lnoc Px_vrftsZ-yfp) Cells were grown in PAB
at 37°C with 0.5 % xylose, to induce expression of Px_vrftsZ-yfp, (A) in the presence of IPTG (0.5 mM)
and (8) after 2.5 hours of MinD depletion. White arrowheads point to helical-like localizations of FtsZYFP and white stars denote a mini-cell. Images (left to right) are DAPI pseudocoloured in red, FtsZ-YFP
psuedocoloured in green and phase overlay. Scale bars are 2 µm.
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Appendix II, Figure 3: PCR confirming replacement of noc and minCD with a n antibiotic r esistant
cassette using primer pairs 787-788 a nd 630-775. Four clones (1, 2, 3, 4) of SU681 (trnoc !J.minCD)
were confirmed to contain insertions within their ORFs (open reading frame). l, 2, 3, 4 and +ctrl
represent the PCR performed to confirm the insertion of a tetracycline resistance cassette in the noc ORF
using PCR pairs 787-788. Primer 787 binds inside the noc ORF, while primer 788 binds outside the noc
ORF. In this PCR, the positive control, +ctrl, is strain SUS (wild-type) and is the only lane expected to
have a PCR product since it is not resistant to tetracycline and contains an intact noc ORF. l ', 2', 3 ', 4'
and -ctrl represent the PCR performed to confirm the insertion of a chloramphenicol resistance cassette
in the minCD ORFs using PCR pairs 630-77S . Primer 77S binds outside the minCD ORF, while primer
630 binds to the cat ORF. In this PCR, the negative control, -ctrl, is strain SUS and is the only lane not
expected to have a product since it is not resistant to chloramphenicol and thus primer 630 is not capable
of binding the cat resistance gene ORF. MWM are molecular weight markers and numbers on the left
indicate the estimated size of the bands in base pairs.
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Appendix II , Figure 4: Cell length distribution and phase con t rast images of cells when minD
ex pression is depleted in the absence of noc at 30°C. SU6S9 (Pspac-minD !J.noc) cells were grown in
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PAB at 30°C with 0.5 mM IPTG, collected during mid-exponential phase, washed twice by resuspension
in PAB and then resuspended in PAB without IPTG to deplete minD expression for approximately 3h.
Cells were prepared for ethanol fixation. (A) Cell length distribution of cells grown in the presence (+
IPTG, black bars) and absence of IPTG (-IPTG, grey bars). (B and C) Representative images of cells
grown (8) with 0.5 mM IPTG and (C) depleted for IPTG. Images are phase contrast. Scale bars are 5
µm.

1oo 10-1 10-2 10-3 10 4 1o-5
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SU681
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Appendix II, Figure 5: Viability of the noc minCD double mutant strain at 30°C and 37°C. The
wild-type (SUS) and the double mutant (SU681) strains were grown in PAB at 30 and 37°C, and then
serial diluitions of the cultures were spot-plated on TBAB-agar plates (see Material and Methods,
section 2.2.5), and incubated at 30 or 3 7°C overnight.
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Appendix 11, Figure 6: Mean cell length when FtsZ is overproduced in vegetatively-growing wildtype and double mutant cells grown at 37°C. The wild-type (SU558, dark grey bars) and the double
mutant (SU685, light grey bars), were grown in PAB at 37°C, with increasing concentrations of IPTG,
collected during mid-exponential phase and prepared for ethanol fixation. Error bars are µm ± SEM.
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Appendix III
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soo---Appendix III, Figure 1: PCR confirming recA deletion in 4 clones of SU650 (Pspac-ftsZ lirecA ) and
SU65 l (Pspac-ftsZ lirecA liminCD) using primers 1023 and 1028 (see Material and Methods, section
2.5). Lanes 1, 2, 3, 4 are four clones of SU650 and 1', 2' , 3' and 4' are clones of SU651. As a negative
control, 5, is the wild-type strain SUS (RecA +), and as positive control, 6, is the DNA-donor strain AIG3
used to obtain SU650 and SU651. The last lane, 7, is a no DNA control (i .e. water control). MWM are
molecular weight markers and numbers on the left indicate the estimated size of the bands in base pairs .
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Appendix Ill, Figure 2: Representative images of Z rings and nucleoids in cells with two nucleoids
at the 165 min time point of the experimental approach. (A to C) Representative images of Z ring
localization in cells with two nucleoids in SU67 l (dna-1) . (D to G) Representative images of Z ring
localization in cells with two nucleoids in SU678 (dna-1 liminCD). (H to K) Representative images of Z
ring localization in cells with two nucleoids in SU680 (dna-1 liminCD linoc). (L to P) Representative
images of Z ring localization in cells with two nucleoids in SU683 (dna-1 linoc). (C, F, G and K)
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Representative images of a Z ring localizing between the nucleoid and the cell pole. (N and P)
Representative images of a Z ring localizing over the nucleoid near the pole. Images are DAPI
pseudocoloured in red (left), FtsZ-YFP pseudocoloured in green (middle) and phase overlay (right).
Scale bars are 2 µm.
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Appendix III, Figure 3: Representative images of cells with two nucleoids containing helical-like
and dot-like patterns of FtsZ at the 165 min time point of the experimental approach. (A) in SU67 l
(dna-1); (Band C) in SU678 (dna-1 !lminCD); (D to F) in SU680 (dna-1 !lminCD !lnoc) and (G and H)
in SU683 (dna-1 !lnoc). Images are DAPI pseudocoloured in red (left), FtsZ-YFP pseudocoloured in
green (middle) and phase overlay (right). Arrow heads point to helical-like patterns. Scale bars are 2 µm.
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Appendix Ill, Table 1: Distribution statistics, Kolmogorov-Smirnov test, performed on cells
containing a single midcell Z ring between two separated unreplicated nucleoids in experimental
approach la.

SUS Wild-type (RecA l

u

Strains (relevant genotype)
SU650

(P~pac-ftsZ,

n

Reck)

SU651 (Pspac-ftsZ, Reck, Min-)

Time

D

p

210 min
240 min
210 min

0.100
0.129

0.074
0.007
0.073

0.107

240 min 0.139 0.006
Statistics were calculated on SPSS software. Comparisons between distributions were made relative to
the wild-type strain SUS (symbolized by the cross).
- D: maximum difference in cumulative fraction.
- p: p-value. p-values below 0.05 are statistically significant.

- a

Appendix III, Table 2: Distribution statistics, Kolmogorov-Smirnov test, performed on cells
containing a single midcell Z ring between two separated unreplicated nucleoids in experimental
approach Ila.

SU492 Wild-type (DnaBl

~~

I

n

Strains (relevant genotype)

D

p

SU671 (DnaB (ts) Min+ Noc+l

0.043
0.080

0.933
0.289

SU678 (DnaB (ts) Min-I
SU680 (DnaB (ts) Min- Noc-I

0.065 0.635
SU683 IDnaB (ts) Noc-I
0.117 0.073
_a Statistics were calc ulated on SPSS software. Comparisons between distributions were made relative to
the wild-type strain SU492 (symbo lized by the cross).
- D: maximum difference in cumulative fraction.
- p: p-value. p-values below 0.05 are statistically significant.
Appendix III, Table 3: Correlative statistics between midcell Z ring precision and the size of
internucleoid gap in cells containing a single Z ring between two separated unreplicated nucleoids
in experimental approach Ila.
Strain
SU671
Kendall's tau coefficient

Spearman's rho coefficient

SU678
SU680
SU683
SU492
SU671
SU678
SU680

Relevant genotype
DnaB (ts) Min+ Noc+
DnaB (ts) MinDnaB (ts) Min- NocDnaB (ts) Noc-

cc
-0.047
-0.025
-0.051
-0.083
-0.030

Wild-type (DnaB+)
DnaB (ts) Min+ Noc+ -0.069
DnaB (ts) Min-0.038
DnaB (ts) Min- Noc- -0.076
DnaB (ts) Noc-0.121
-0.044
Wild-type (DnaBl

p
0.181
0.490
0.234
0.071
0.476
0.187
0.475
0.229

0.075
SU683
SU492
0.466
- a Statistics were calculated on SPSS software.
- CC: correlation coefficients. Negative values indicate a negative correlation were an increase in the size
of the intemucleoid gap causes a decrease in midcell Z ring precis ion .
- p: p-value. p-values below 0.05 are statistically significant.
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