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ABSTRACT 

 The process of sporulation in Bacillus subtilis serves as a paradigm for study of 

sporulation in all Bacillus and Clostridium species. During the process of sporulation there is a 

sequential and cell type specific activation of RNA polymerase sigma factors. The asymmetric 

sporulation septum forms, which divides the cell into the smaller prespore and the larger mother 

cell. Then, σ
F
 becomes active in the prespore and σ

E
 becomes active in the mother cell. 

Following completion of engulfment of the prespore by the mother cell, σ
G
 becomes active in the 

prespore and finally σ
K
 becomes active in the mother cell.  At the time the sporulation septum 

forms only the 30% origin proximal portion of the chromosome is within the prespore.  It is the 

responsibility of the SpoIIIE translocase to pump the remaining chromosome destined for the 

prespore into the prespore.  We hypothesize that activation of σ
G
 does not occur until the 

complete chromosome has been translocated into the prespore, and the prespore has been 

engulfed by the mother cell. 

 Our first method of investigation was to increase the time required to complete 

translocation of the chromosome into the prespore. Strains in which large inserts of foreign DNA 

have considerably increased the genome size were obtained and characterized. The strains have 

shown a delay in the completion of engulfment, which still occured before the activation of σ
G
. 

Activation was identified by visualization of GFP from a σ
G
-directed promoter indicating 

translation of a product transcribed by σ
G
.  We have also shown that the terminus region of the 

chromosome entered the prespore shortly before the completion of engulfment.  It was 

determined that the increased genome size did not result in a delay of the transcription of the 

structural gene for σ
G
, spoIIIG. Using a strain in which the activity of the SpoIIIE translocase 
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was reduced 2.5 fold  we used a σ
G
-directed GFP reporter to study σ

G
 activation under both time 

course and time lapse conditions. We again found that σ
G
 only became active following the 

completion of engulfment. 

 Our second avenue of investigation was to change the site of replication termination. A 

strain was used in which several terminus associated genes have been relocated from their usual 

location near the terminus (172°)  resulted in termination of replication occurring at 145° on the 

chromosome. In this strain, it has been found that, under both time course and time lapse 

microscopy conditions, σ
G
 activation still occurred only following completion of engulfment. 

The translocation of the chromosome in this strain was studied by time lapse microscopy using a 

σ
F
- directed reporter and it was determined that the origin proximal region, the site of replication 

termination, and the traditional terminus region, were all translocated into the prespore prior to 

the completion of engulfment.  

 The results support the hypothesis that there is a strong link requiring complete 

translocation of the chromosome, followed by engulfment of the prespore, before σ
G
 becomes 

active. 
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CHAPTER 1 

GENERAL INTRODUCTION 

Bacillus subtilis as a Model Organism 

 Bacillus subtilis is a rod shaped, chemo organotroph which is perhaps best known for its 

ability to form spores.  Found naturally in soil, within the top 1-3 cm; B. subtilis is an aerobic 

species (66).  Adapted to this environment, B. subtilis is similar to other soil bacteria in that it 

produces proteases and useful products including antibiotics, which presumably help it compete 

against other species (48, 176).  

 Bacillus subtilis has become a model system for Gram positive bacteria, and is one of the 

most studied species.  B. subtilis is nonpathogenic, easy to grow and has simple growth 

requirements: a carbon and energy source and inorganic nitrogen (66). There is a well 

established toolbox of techniques and reagents that can be used when studying bacteria.  B. 

subtilis is amenable to many of them, including fluorescent microscopy using membrane dyes 

such as FM4-64 combined with Green Fluorescent Protein (GFP) in transcriptional or 

translational fusions. This technique allows for excellent visualization of protein localization, 

promoter activity (based on translation of a transcribed reporter), and their relation to the 

morphological state. Time lapse microscopy allows for this to be investigated in real time. 

 B. subtilis is easy to manipulate genetically because of its natural competence. The 

bacteria will easily take up foreign DNA through transformation (26).  Strains optimized for 

study in the laboratory undergo homologous recombination at a high frequency further 

facilitating genetic manipulation (33).  Genetic alteration of B. subtilis is also readily achieved 
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through transduction and protoplast transformation.  A reliable genetic map of the B. subtilis 

chromosome has been available for many years, produced mainly through PBS1-mediated 

transduction and DNA mediated transformation (3, 143). There has also been another powerful 

tool, a physical, or restriction, map that has been available for B. subtilis for a number of years 

(143). In 1997, the 4,214,630 bp genome of B. subtilis was fully sequenced, further expanding 

our ability to study the organism (100). A number of transposons and plasmids are available for 

use in B. subtilis, which facilitate genetic manipulation (10, 42, 72, 199). 

 Finally, the process of sporulation serves as a model system for cell differentiation and 

demonstrates a link between gene expression and morphological change.  In nutrient rich 

conditions B. subtilis grows vegetatively. During the vegetative cell cycle, following the 

replication and segregation of the chromosome a septum forms at the middle of the cell and 

divides the bacteria into two daughter cells (122). During sporulation, a septum, different from 

the septum that divides the replicating bacteria during vegetative growth, divides the cell 

asymmetrically to create a larger mother cell and a smaller prespore (also known as the 

forespore).  Gene expression differs between these two cell types. The sequential, location-

specific activation of RNA polymerase sigma factors directs transcription of different genes in 

each of the cell types, though both cells contain a copy of the same chromosome.  This 

differential gene expression is linked with morphological changes during the process of 

sporulation.  
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Spore Formation 

 There are several conditions that result in B. subtilis entering sporulation.  A change in 

physiological or environmental conditions can induce sporulation (174). An example of a change 

in condition is nutrient deprivation. A decrease in availability of important nutrients such as 

carbon, nitrogen, or phosphorous source can induce sporulation (66); as can impairment of 

purine synthesis (132, 175). An environmental factor that influences sporulation is cell density: 

high cell density is necessary for spore formation (62). Initiation of DNA replication is required 

for both division during vegetative growth and spore formation (24, 29, 36, 116, 117). A block in 

DNA replication, such as by DNA damage, blocks sporulation(78, 79, 104).  This regulation 

ensures that the spores generated contain a complete chromosome (134). 

 The spore is a metabolically inert form that is resistant to heat, desiccation and radiation. 

It is very stable and survives in conditions that would kill a vegetatively growing cell. The 

sequence of morphological changes during spore formation is similar in all species of Bacillus 

and Clostridium, including pathogens such as B. anthracis and C. difficile. After a brief 

overview, the process of sporulation in B. subtilis will be introduced in more detail. To discuss 

the sequence of events during sporulation, it is usual to follow the convention introduced by 

Ryter (156) in numbering the successive stages of spore formation. 

 

Morphological Stages 

 Vegetative cells are designated stage 0.  At the start of spore formation, the chromosome 

replicates but is not immediately partitioned into two daughter cells.  Instead, axial filamentation 

occurs. During axial filamentation, the origins of the two chromosomes separate and relocate to 
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the poles of the cell.  In stage IIi the asymmetric sporulation septum forms, capturing the origin-

proximal 30% of one chromosome in the newly formed prespore and leaving the remaining 

chromosome to be pumped into the prespore by the SpoIIIE translocase (195).  At stage IIii there 

is degradation of the peptidoglycan in the center of the septum, and the septum bows outward 

into the mother cell. This degradation continues as the points of attachment of the septal 

membrane to the peripheral membrane move towards the pole of the cell (stage IIiii) and the 

mother cell begins to engulf the prespore. Stage III is the stage when the prespore has been 

completely engulfed by the mother cell and is now fully cut off from the external environment by 

a double membrane (71). By stage IV the cortex and primordial germ cell wall are formed (50). 

The engulfed prespore may move away from the pole of the mother cell. By Stage V, the 

multitude of coat proteins are laid down in their proper order (41, 69, 204). Stage VI is final 

maturation where resistance to ultraviolet radiation and to high temperature develop (131). The 

final stage is VII where the mother cell lyses and releases the now mature spore. 

 Colonies of spore forming strains develop a dark appearance because of the production of 

a pigment during sporulation (144). Mutants blocked in spore formation were identified by 

impaired pigment formation (144). Originally, sporulation genes in B. subtilis were named 

according to the sporulation stage sporulation reached by strains with mutations in that gene. A 

mutation in a spo0 gene is blocked at the start of sporulation. A spoII gene mutation halts the 

sporulation process after the septum forms; it is unable to complete engulfment. Mutations in 

spoIII genes allow for engulfment but not the formation of cortex or lying down of coat proteins. 

In a spoIV mutant the cortex is produced but there is no coat layer. A mutation in spoV mutant 

does form a coat layer, but it is not complete. A spoV mutant is not heat resistant. The latest stage 

mutant, a spoVI mutant produces a spore that has a complete cortex, germ cell wall, and coat 
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proteins but the mother cell does not lyse to release it. Classical genetic techniques identified 

more than 125 genes that have a role in sporulation (147). More than 400 genes have now been 

identified via DNA arrays of genes controlled by the known sporulation associated σ factors (40, 

47, 49, 54, 126, 177, 190). 

 

Spo0A and the Phosphorelay 

 The master regulator for sporulation is the Spo0A protein. Once phosphorylated, Spo0A-

PO4 binds the sequence TGNCGAA (N stands for any nucleotide) which is part of the promoter 

or upstream promoter region for genes recognized by σ
A
 or σ

H
 (120, 142). Over 10% of the total 

genes in the B. subtilis chromosome are influenced by Spo0A-PO4, more than 500 genes (47). 

Using chromatin immunoprecipitation microarray (ChIP-on-chip) experiments 121 genes were 

identified to be under direct control of Spo0A-PO4, approximately 1/3 of them positively 

regulated and 2/3 negatively regulated (126). 

 Spo0A is phosphorylated by a phosphorelay signaling system (45, 82, 103). Once 

activated by phosphorylation, Spo0A-PO4 leads to the transcription of genes involved in axial 

filamentation, sporulation septum formation, and the genes for the early sigma factors σ
F
 and σ

E
.  

The phosphorelay is a complex version of a two-component system (11, 71).  There are at least 5 

kinases that can initiate phosphorylation; of these, the primary kinases responsible for initiation 

of sporulation are KinA and KinB (103). Various conditions lead to sporulation. The different 

provocations lead to KinA and KinB autophosphorylating, then donating that phosphate group to 

Spo0F. Spo0B transfers the phosphate group from Spo0F and onto Spo0A (11).  
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Figure 1. Diagram of the B. subtilis phosphorelay and its regulation, adapted from (71). The 

phosphorelay is shown in black and its regulation is shown in red. 

   

 Sporulation is an energy intensive process that is only triggered in the correct conditions. 

The phosphorelay is under pressure from several mechanisms that result in the 

dephosphorylation of Spo0A to prevent entering sporulation unnecessarily. Cell density should 
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be high before entering sporulation (62).  The Rap (response regulator aspartyl phosphatase) 

proteins, specifically RapA, RapB and RapE dephosphorylate Spo0F-PO4 when cell density is 

not high (81, 141). The signaling peptides PhrA, PhrE, and PhrC are exported out of the cell, and 

at high cell density the signaling peptides accumulate and are imported back into the cell by a 

permease, Opp. PhrA and PhrE inhibit RapA and RapE while PhrC inhibits RapB (81, 140). 

 Sporulation is only initiated when nutrients become limiting. To prevent sporulation in 

rich conditions, dephosphorylation of Spo0F-PO4 is trigged by high levels of GTP and GDP 

(124). CodY is the sensor for this, its ability to bind DNA is repressed by GTP. When GTP 

levels are low CodY is active and CodY regulated genes are derepressed (151). Active CodY is 

shown via microarray analysis to act on the genes encoding positive regulators of Spo0A 

phosphorylation phrE, phrA, and kinB (127).  

 In addition, there are other phosphatases for Spo0A-PO4 to prevent initiation of 

sporulation under conditions favorable for growth. Spo0E has been identified as acting to 

dephosphorylate Spo0A-PO4 specifically and directly (133).  Spo0E did not interact with Spo0B 

or KinA, and did not show phosphatase activity towards KinA-PO4 or Spo0F-PO4 (133).  YisI, 

and YnzD share great homology with Spo0E (139). Both YisI and YnzD have been shown to 

inhibit sporulation if over expressed and lead to an increase in sporulation when deleted from the 

chromosome (139). 

 It is also important that the spore receives a faithful copy of the chromosome.  If there is 

a block in replication because of DNA damage there is a block in initiating sporulation (78, 79, 

104). This regulation is through Sda. Under normal conditions DnaA and LexA bind the sda 

promoter and repress its transcription (14). But DNA damage prevents this interaction and the 
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sda gene is a transcribed. Sda impairs KinA  autophosphorylation and blocks the phosphorelay at 

that stage (14). 

Axial Filamentation and Septum Formation 

 The phosphorelay activates genes that result in axial filamentation of the chromosome 

and the start of sporulation. At this time, the cell contains two copies of its chromosome, the 

chromosome that will be staying in the mother cell and the chromosome destined for the 

prespore. Spo0A-PO4 controls the racA gene, which encodes RacA a DNA binding protein 

responsible for orienting the origins of the two chromosomes to each of the cell poles (8). The 

chromosomes form a long filament across the length of the cell, and this is a critical step as 

septum formation will not occur if the chromosomes have not oriented this way (59). This 

orientation means that the origin proximal genes are located within the prespore when the 

sporulation septum forms. 

 The septum is formed by a similar mechanism to the cell division septum during 

vegetative growth (43).   A ring of a tubulin-like protein, FtsZ, forms at the location of cell 

division and the appropriate machinery assembles there and allows for cell wall formation and 

protects the DNA as the cell divides (43). However, a major difference for septum formation 

during sporulation is location, during vegetative division a ring at the center of the cell whereas 

during sporulation Spo0A triggers the structure, also known as a Z ring, to reform near both 

poles rather than at midcell (105). Gene products directed by σ
E
 will ultimately degrade the Z 

ring at the other pole, resulting in one prespore and ultimately one spore from one mother cell. 
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Gene Expression During Sporulation 

 The genes involved in sporulation are controlled by a sequential and location specific set 

of RNA polymerase sigma factors (Figure 2).  The RNA polymerase core is made up of subunits; 

α, β and β’ that assemble as α2ββ’ (12, 67). Gram positive organisms, such as B. subtilis, also 

have a δ subunit but its role is poorly understood (67, 113). The core combines with a sigma 

factor to form the active RNA polymerase holoenzyme (13, 67). The σ factor allows for the 

recognition of the promoter sequences. The holoenzyme binds to the DNA and begins 

transcription (13, 67).  The different σ factors recognize different promoter sequences; the ability 

of the core to associate and disassociate with different σ factors allows regulation of gene 

expression (13, 67). 

 

Figure 2. The sequential activation of sigma factors during sporulation. Cells are stained 

with FM4-64 (red) and expressing gfp from a promoter directed by the indicated sigma factor. 

Scale bar applies to all images. Image from P. Xenopoulos. 
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 After sporulation is initiated, the sporulation septum forms which divides the cell into the 

larger mother cell and the smaller prespore. First σ
F
 becomes active in the prespore; at this time 

the origin distal 70% of the chromosome destined for the prespore is still located within the 

mother cell and it is the responsibility of the SpoIIIE translocase to pump the remaining 

chromosome into the prespore. While this is going on, σ
E
 becomes active in the mother cell. 

Following the completion of engulfment of the prespore by the mother cell, σ
G
 becomes active in 

the prespore and finally σ
K
 becomes active in the mother cell. 

Activation and Regulation of σ
F 

 Following the formation of the sporulation septum σ
F
 becomes active in the prespore.  

The σ
F
 regulon contains about 50 genes (177, 190). The regulon includes genes with a variety of 

functions, including regulation of other genes and sigma factors involved in sporulation as well 

as spore construction and function. Genes directed by σ
F
 include lonB  which is responsible for a 

σ
F
 regulator (2, 164), spoIIR, which is required for activation of σ

E
 in the mother cell (88, 111), 

spoIIIG , the structural gene for σ
G
 (182, 183), and spoIIQ which is required for the expression 

of spoIIIG as well as for engulfment (110, 184) and spoIVB and bofC,  σ
K
 regulators (25, 57, 58). 

The σ
F
 regulon also includes genes important to spore function such as katX, which encodes a 

spore catalase required for hydrogen peroxide resistance (5), gpr encodes a protease specific for 

SASPs (185). SASPs are important proteins in the spore core (67). 

 The activation of σ
F
 is part of a highly regulated cascade. The structural gene for σ

F
 is 

spoIIAC (193, 194). SpoIIAB is an anti sigma factor that inhibits σ
F
 by binding to it as a dimer 

and preventing it from interacting with the RNA polymerase (19). SpoIIAB is inhibited by 

SpoIIAA, an anti-anti-sigma factor (35, 123, 161). But SpoIIAA is also inactivated by SpoIIAB; 
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SpoIIAB acts as a kinase and phosphorylates and inactivates SpoIIAA (35, 123, 162). When 

SpoIIAA is phosphorylated, SpoIIE working with other factors can dephosphorylate it so 

ultimately σ
F
 can become active (4, 94, 108). Finally, ClpCP protease degrades free SpoIIAB 

(137). 

 One of the mechanisms of regulation of this system was thought to be genetic asymmetry 

(37, 51). The concept of transient genetic asymmetry is based on genes under control of prespore 

specific promoters are unavailable until the region of the chromosome that contains the gene has 

been translocated into the prespore.  The genes comprising the spoIIA operon are located near the 

terminus and so until that region of the chromosome is translocated SpoIIAB is not replenished 

after it is turned over (37). However, more recent studies have downplayed the importance of 

genetic asymmetry with regard to σ
F
 activation (71, 75). 

Activation and Regulation of σ
E
 

 The next sigma factor to become active is σ
E
 in the mother cell. About 250 genes are 

regulated by σ
E
 (39, 40, 49, 177). The regulon contains several important genes including 

spoIID, spoIIM, and spoIIP which are all required for prevention of the formation of a second 

sporulation septum at the opposite pole, as well as for completion of engulfment (1, 38, 52, 148, 

155, 170, 171). Several loci involved in the cascade of sigma factor activation are a part of the σ
E
 

regulon.  The products of spoIIIA, which is required for σ
G
 activation (77, 90), sigK the structural 

gene for σ
K
 (99, 181), spoIVCA, encoding the recombinase responsible for the rearrangement 

that generates correct sigK (99, 149, 159) are a part of the regulon.  Also controlled by σ
E
 are 

spoIVA, cotE, and spoVID which encode scaffold proteins for coat assembly (7, 154, 178, 203, 

204). The expression of σ
E
 directed genes is divided into an initial phase and a later phase. This 



12 
 

is a result of SpoIIID; spoIIID expression is controlled by σ
E
, but the encoded protein is 

responsible for the regulation of some σ
E
-directed genes (39, 63). 

  σ
E
 is produced in an inactive form called pro-σ

E
 (101) which is encoded by the spoIIGB 

gene and appears before septation occurs (91). The gene is part of a σ
A
 directed operon, 

controlled by Spo0A (91).  Within the same operon is spoIIGA (91, 180). SpoIIGA cleaves the N 

terminal 27 amino acids to release active σ
E
 from the membrane where pro-σ

E
 is bound (55, 73, 

84, 85). When freed from the membrane, σ
E 

is able to associate with the RNA polymerase core 

enzyme and direct gene expression (83, 180).  

 The regulation of σ
E 

activation is in part controlled by σ
F
. This is because SpoIIGA has to 

be activated by SpoIIR which is encoded by a σ
F
 directed gene (74, 88, 111). 

Role of SpoIIIE and Engulfment 

 Before the activation of next sporulation sigma factor there is a major morphological 

change. Engulfment is usually completed 60- 90 minutes after the formation of the sporulation 

septum (28, 138). Before the completion of engulfment the entire chromosome destined for the 

prespore is translocated into the prespore (9, 15). This translocation is the responsibility of the 

SpoIIIE translocase.  After the formation of the sporulation septum SpoIIIE localizes to the 

middle of the septum (167, 198). A large number of SpoIIIE molecules, up to 70, are recruited to 

the septum and form multimer complexes with two channels, one for each arm of the 

chromosome (15). Evidence from microscopy with dual reporters supports the hypothesis that 

the two arms of the chromosome are transported simultaneously (15). SpoIIIE seals around the 

DNA, preventing diffusion of small molecules between the prespore and mother cell (70, 109, 

118, 196).  
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 Engulfment requires three proteins, SpoIIP, SpoIIM, and SpoIID (52, 171). These 

proteins are also required to prevent the formation of a second septum at the other pole of the cell 

(52, 112, 170). All three are controlled by σ
E
 and are therefore produced in the mother cell (106). 

The first, SpoIIP, is an amidase and endopeptidase (128). The second is SpoIIM which has a 

highly hydrophobic amino acid sequence and has been shown to have cell wall degrading 

activity in vitro (170).  Finally, SpoIID is a peptidoglycan hydrolase (1). In some but not all 

media SpoIIQ is also needed for fusion of the mother cell membranes around the prespore (184).  

SpoIIQ localizes to the septum and interacts with SpoIIIAA through SpoIIIAH to form a channel 

(16, 120). SpoIIQ has a LytM domain similar to zinc metalloproteases but is missing important 

residues for that protease activity (120). Instead, the LytM domain of SpoIIQ has been shown, 

through crystal structure, to contain an accessory region that interacts with SpoIIIAH (120). 

SpoIIIE, the translocase responsible for pumping the chromosome into the prespore, is located 

within the septum and may play a role in the membrane fusion to complete engulfment (109, 

167, 168).  

Activation and Regulation of σ
G
 

 The next sigma factor to become active is σ
G
 in the prespore. Its regulon contains a 

number of genes including some responsible for control of itself as well as other sigma factors, 

and for spore maturation and germination. Several genes are directed by both σ
F
 and σ

G
 as they 

have similar consensus sequences for their promoters (190). One example is spoIIIG, the 

structural gene for σ
G
 whose transcription is directed by both σ

G
 and σ

F
 (86, 182). The regulon 

also includes spoIVB encoding a serine peptidase that signals from the mother cell to the 

prespore to activate σ
K
 (25), spoVA which is required for dipicolinic acid uptake into the 

prespore from the mother cell (44, 125, 186), and bofC encoding a regulator of pro-σ
K
 processing 
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(57, 189). The regulon includes genes that aid in spore development including pdaA which is 

required for the formation of muramic δ-lactam for the cortex of the spore, as well as sspA 

through sspP (except F and G) which encode SASPs, major proteins of the spore core (67). A 

major class of SASPs are α/β SASPs which bind and protect DNA in the spore (136). Finally, the 

regulon includes genes involved in germination. The products of gerA and gerB are responsible 

for germination. GerA in response to alanine and  GerB  in response to a mixture of L-

asparagine, glucose, fructose, and potassium (136). 

 Following engulfment, σ
G
 becomes active in the prespore. The structural gene for σ

G
 is 

spoIIIG. Transcription of spoIIIG first occurs as a read-through of the spoIIG operon (182). But, 

this does not result in active σ
G
, it is hypothesized the lack of  active σ

G
  is because of a stem 

loop structure that could form and sequester the ribosome binding site (119). Moving spoIIIG to 

an ectopic locus that would not be subject to this read-through did not impair spore formation; 

supporting the conclusion that this initial read-through transcription by PspoIIG is not important for 

SpoIIIG function (182). 

 The spoIIIG promoter is recognized by σ
F
 as one of its later expressed genes, transcribed 

about one hour after the first σ
F
 directed genes (88, 138). The transcription of spoIIIG is part of 

the later expressed σ
F
-directed genes in part because it also requires SpoIIQ and a signal from σ

E
 

in the mother cell which remain unclear (138).  The spoIIIG promoter is also recognized by its 

own product, σ
G
, once it becomes active following engulfment (86, 182). This results in a 

positive feedback loop where levels of σ
G
 rise quickly and σ

G
-directed genes become active (86, 

182). 
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 The activation of σ
G
 during exponential growth is toxic and therefore must be highly 

regulated (95).  Several mechanisms controlling when and where σ
G
 becomes active have been 

identified. SpoIIAB, LonA, and CsfB prevent inappropriate activation and therefore control the 

feedback loop. But they do not signal when σ
G
 should become active or where σ

G
 should become 

active. 

 SpoIIAB prevents inappropriate activation in the mother cell (21, 165). As previously 

mentioned, SpoIIAB has a key role in control of σ
F
 (19). This is different from the role SpoIIAB 

plays in controlling σ
G
, where it plays an important role in the mother cell but control in the 

prespore is either redundant or of minor importance (165).  

 The LonA protease is an ATP-dependent serine protease that prevents activation in 

nonsporulating conditions (161, 164). A lonA mutant shows expression of σ
G
 directed genes 

inappropriately, following exponential growth but under nonsporulating conditions (161). It is 

thought that during sporulation LonA acts in the mother cell to degrade σ
G
; when it is artificially 

expressed in the prespore it disrupts sporulation (164, 165). 

 CsfB is an anti σ factor, which prevents premature activation of σ
G
 (17, 23).  The 

mechanism of action for CsfB has not been determined but it is suspected to bind σ
G
 and prevent 

it from joining the core polymerase (152). 

 The transition from σ
F
 to σ

G
 in the prespore involves a protein called Fin (18). It is 

thought Fin works as an anti-σ
F
 factor; binding and sequestering σ

F
, helping σ

G
 to become 

established (18). If Fin is absent σ
G
 activity is reduced (18). But, Fin is not responsible for σ

G
 

activation that occurs only following engulfment. The σ
G
-directed transcription of fin results in 

increased fin expression and this establishes σ
G
 directing gene expression (18). The role of Fin 
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seems to work with the feedback loop to establish a rapid transition to σ
G
 activity to the level that 

is required. 

 There is a channel or “feeding tube” that is also involved in σ
G
 activation. The channel is 

made up of 8 proteins encoded by the spoIIIA operon, SpoIIIAA-SpoIIIAH, interacting with 

SpoIIQ (17, 121).  The channel between prespore and mother cell is thought to be a means to 

provide small molecules such as ATP or nucleotides to the prespore (16). SpoIIIJ acts like YidC 

in E. coli and is a lipoprotein that allows other proteins to be inserted into the lipid bilayer (130, 

158, 163). SpoIIIAE interacts with SpoIIIJ and this is thought to be a mechanism that helps 

assemble the channel (16, 166). It has been found that disruption of the feeding tube, such as by 

a mutation in SpoIIQ that prevents its interaction with the other subunits, abolished σ
G
 activation 

(16, 31).  

 But the SpoIIIAA-AH•SpoIIQ channel does not explain the timing of σ
G
 activation. No 

known activator of σ
G
 has been shown to move through the channel (16).  The channel between 

mother cell and prespore is required for σ
G
 activation, as well as activity of σ

F
 following 

engulfment and of artificially expressed, non B. subtilis, T7 RNA polymerase in the prespore 

(16). But σ
F
 and T7 RNA polymerase are also active before engulfment, so the channel does not 

adequately explain why σ
G
 activity is expressed only after engulfment. 

 Engulfment is required for normal activation of σ
G
 and that is the regulation investigated 

in this work. Known regulation by LonA, CsfB and SpoIIAB does not explain why σ
G
 becomes 

active on completion of engulfment.  
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Activation and Regulation of σ
K
 

 The final σ factor to be activated in the cascade is σ
K
. This late gene expresser becomes 

active in the mother cell following engulfment.  The σ
K
 regulon is made up of 111 genes (39). 

The genes controlled by σ
K
 include the cot genes that encode proteins of the spore coat (32, 68). 

Genes encoding proteins required for spore maturation, spoVD and spoVK are a part of the 

regulon (27, 46). Some of the σ
K 

-directed genes are involved in the production and regulation of 

σ
K
 itself.  They include the structural gene for σ

K
, sigK, which allows for a autocatalytic loop 

(99) as well as gerE which encodes a transcriptional regulator (GerE) that acts with σ
K
 and thus 

divides genes in the σ
K
 regulon into three classes (202). The first class requires only σ

K
 in order 

to be transcribed and therefore are expressed throughout the late stage of sporulation in the 

mother cell. The second class is repressed by GerE, they are expressed early after σ
K
 becomes 

active but then are shut down as GerE is transcribed, translated, and becomes active. The final 

class requires both σ
K
 and GerE and therefore they are expressed later (202). 

 The structural gene of σ
K
 is the result of a chromosome rearrangement between spoIIIC 

and spoIVCA (181). The chromosome rearrangement is facilitated by a σ
E
 directed recombinase 

encoded by the spoIVCA locus (99). The regulation of σ
K
 is somewhat similar to the regulation 

of σ
E
, in that it is also synthesized in an inactive form, pro-σ

K
 (201). However, the mechanism of 

activation is very different from that of pro-σ
E
. The N terminal 20 amino acids are cleaved from 

the pro-protein by SpoIVFB to generate active σ
K
 (25, 153). This activation by SpoIVFB is kept 

in check by negative regulation by SpoIVFA and BofA (25, 153). SpoIVFA and BofA are 

regulated by SpoIVB (205). The σ
G
 directed spoIVB gene encodes a serine protease which is 

regulated by BofC (189). 



18 
 

 

Project Outline 

 I hypothesize that during sporulation, the sequence of events leading up to σ
G
 activation 

is 1) translocation of the entire chromosome, followed by 2) complete engulfment of the 

prespore by the mother cell, and only then does 3) σ
G
 become active.   

 The investigation of this hypothesis focuses on three approaches. Two increase the 

amount of time required to complete translocation of the chromosome and observe if this 

slowing delays the subsequent steps of engulfment and σ
G
 activation. The translocation slowing 

was first achieved using strains developed in the laboratory of Dr. Itaya (Keio University, Japan) 

that contain large inserts of foreign DNA from Synechocystis PCC 6803 inserted into the B. 

subtilis chromosome (80). The large insert of DNA increases the size of the chromosome and 

presumably the amount of time required to translocate the chromosome into the prespore. The 

second method of increasing the time required for completion of translocation was using a strain 

of B. subtilis with a mutation in SpoIIIE that results in a 2.5 fold reduction in activity (15). The 

final approach for investigating our hypothesis was to use a strain developed in the laboratory of 

Dr. Wake (University of Sydney, Australia), in which termination of replication occurs at 145° 

on the B. subtilis chromosome instead of the usual 172°(34, 53).  

 

Effect of Increased Chromosome Size on σ
G
 

 The laboratory of Dr. Mitsuhiro Itaya has developed a novel megacloning technique 

known as inchworm elongation (80). It allowed them to produce a strain of Bacillus subtilis 168, 



19 
 

called BEST7613 which also contains almost the entire chromosome of  PC6803. The inserted 

DNA appears to be largely silent (80).  This was reported by the Itaya et al in their paper 

introducing the strains, though the data was not shown (80). The chromosome of B. subtilis is 4.2 

Mb; the chromosome of Synechocystis PC6803 is 3.5 Mb.  BEST7613 has a 7.7 Mb chromosome 

and it is still able to form spores.  

 

Figure 3. Diagram of the process of inchworm elongation (IWe), adapted from (80). Regions 

of Synechocystis DNA called Landing Pad Sequences (LPS) were amplified by PCR and inserted 

into a plasmid. The plasmid was associated with an antibiotic resistance reporter, either a cat 

gene associated chloramphenicol resistance (filled circle) or an erm gene associated with 

erythromycin resistance (open circle). The two types of plasmids were used alternately. The 

plasmid contains a sequence associated with ampicillin resistance (yellow and brown box) and a 

sequence associated with tetracycline resistance (blue and white striped box). The LPS between 

the ampicillin resistance and  tetracycline resistance was known as a Landing Pad Array (LPA). 

The LPA containing plasmid integrates by homologous recombination (shown by an X) to the 

genomic pBR sequence (GpBR) inserted into the B. subtilis chromosome. Transformation with 

Synechocystis DNA introduces the region between LPS sequences (green line). The process is 
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repeated with a plasmid containing the next sequential LPS and this allows elongation of the 

Synechocystis DNA. 

 In the process of IWe, the B. subtilis strain has two sequences, together called the 

genomic pBR sequence (GpBR) inserted at the site of elongation. One of the sequences is 2.3 kb 

in size and contains an ampicillin resistance gene (amp) (yellow and brown striped box, Figure 

3); the other is 2.1 kb in size and includes a tetracycline resistance gene (tet) (blue and white 

striped box, Figure 3).  Both of these sequences are also present in a series of pBR derived 

plasmids. The sequences act as regions of homology and allow insertion of two landing pad 

sequences or LPS, which are short 5kb sequences of Synechocystis DNA. The correctly oriented 

ampicillin and tetracycline associated regions and the DNA between them make up the landing 

pad array (LPA). These plasmids contain a gene for either erythromycin or chloramphenicol 

resistance and transformation with alternating plasmids containing a homologous LPS and a new 

LPS from 30 kb farther downstream in the Synechocystis sequence allows for selection of 

transformants which have extended the amount of foreign DNA at the transformation locus.  

 This insertion of Synechocystis DNA was confirmed by the Itaya laboratory through 

contour-clamped homogeneous electric field (CHEF) gel electrophoresis. The rare cutting 

restriction enzyme I-PpoI has recognition sites within the tet and amp associated regions, 

allowing for excision of the foreign DNA, and determination of its size to confirm correct 

construction. 

The Synechocystis chromosome was divided into four parts.  Region I was 908 kb, 

Region II was 887 kb, Region III was 890 kb, and Region IV was 931 kb. Two parts were 

inserted into each arm of the chromosome.  Iwe was used to generate each of the four large 
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inserts regions. Region I and then Region II were constructed at proB (~117°), Region IV at leuB 

(~247°) and Region III at  ytqB (~266°).  Using longer regions of homology from the amp or tet 

associated region and the flanking B. subtilis DNA allowed the transfer of longer regions of the 

DNA already assembled by IWe, in a process called Iwe-clone transfer (IWeT). 

In order to complete construction, Itaya et al deleted both the ribosomal RNA operons of 

Synechocystis and replaced them with antibiotic resistance genes. The deletion of these rrn genes 

are suggested to be why the Synechocystis proteins are not translated. The 2005 paper by Itaya et 

al states they detected a number of transcripts but very few proteins from Synechocystis genes 

based on unpublished observations. A proteomic comparison could be used to identify any 

proteins produced from the Synechocystis DNA so that they could be investigated further to 

ensure the foreign DNA was not influencing responses in B. subtilis. 

 These megacloning techniques allowed for the generation of BEST7613, which contains 

almost the full Synechocystis chromosome within its 7.7 Mb genome. It also generated a number 

of intermediates. Our laboratory received BEST7613 and the parental strain with no inserts, 

BEST7003, as well as all the strains shown in Fig 4, except for BEST7374 and BEST7497. 
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Figure 4. Construction of strains with large regions of Synechocystis DNA, adapted from 

(80). The four strains constructed by IWe (left) were combined by IWeT to generate strains with 

multiple regions of Synechocystis DNA (right), ultimately producing BEST7613. B. subtilis 

DNA is shown in red, Synechocystis DNA in green. 

 

Effect of Impaired SpoIIIE Activity on σ
G 

 An alternative to large inserts of foreign DNA to increase time required for translocation 

was to use a B. subtilis strain with impaired translocase activity. SpoIIIE is a membrane bound 

ATPase.  Its N terminal region is responsible for localization to the septum (167, 169, 197) and 

its C terminal region contains an ATPase domain, which acts as a cytoplasmic motor (6).  

 The SpoIIIE (D584A) strain, constructed in the laboratory of Dr. Rudner, has an Asp to 

Ala substitution at residue 584 in the Walker B motif of the ATPase domain of the SpoIIIE 
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translocase (15). The result is a 2.5 fold increase, compared to wild type, in the amount of time 

required to complete translocation (15). But, sporulation remains 80-90% of wild type and 

fluorescently tagged SpoIIIE proteins form correctly sized foci at the septum (15). This indicates 

that the mutated SpoIIIE in SpoIIIE (D584A) exhibits correct multimerization and localization 

(15). 

Effect of Disruption to Termination of Replication on σ
G
 

 The final approach to the research was to investigate if the relationship between σ
G
 

activation and engulfment would change if termination of replication no longer occurred at 

approximately 172° on the chromosome. This alteration to termination could have an effect on 

the sequence of translocation events and possibly disrupt the link between subsequent events. 

 Termination of replication occurs through a well-defined procedure. Two dimers of 

replication termination protein (RTP) bind to one of several Ter sites. A ter site is 29 bp with two 

overlapping half sites, a strong binding core and an auxiliary site (107). The first set of RTP 

homodimers bind the core and that allows cooperative binding by a second set of dimers at an 

auxiliary site (20, 102). There are nine Ter sites in B. subtilis, TerI through Ter IX (60).  These 

sites are directionally specific, stopping replication forks traveling in only one direction. The 

halting is a result of the RTP complex inhibiting DNA unwinding by helicase (89, 92). If the fork 

encounters the Ter site from the binding side it will be halted, if it encounters the weaker 

auxiliary site, the fork will continue onwards (173). Ter I, TerIII, Ter V, and TerIX halt 

clockwise progressing replication forks whereas TerII, TerIV, TerVI, TerVII, and TerVIII halt 

counter-clockwise moving forks (Figure 5). The primary site of termination is TerI and to a 

slightly lesser extent TerII. This is because of the slight asymmetry that results from TerI and 
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TerII being 59 bp apart at approximately 172° on the B. subtilis chromosome, the clockwise fork 

progressing from 0-172° encounters TerI before the counterclockwise fork encounters TerII (61, 

191, 192). Under most circumstances, the counterclockwise moving fork encounters the halted 

fork at TerI, the two forks fuse and termination occurs. If a fork progresses through TerI or TerII  

it can still be halted by one of the other Ter sites that serve as backup to catch these forks. The 

remaining Ter sites cover the terminal 10% of the chromosome and form a “replication fork 

trap” to ensure the fork is halted (60, 61). 

 

Figure 5. Map of ter sites in the B. subtilis 168 chromosome, adapted from (61) 

 

 Dr. Harry kindly provided us with SU227, a strain developed in the laboratory of Dr. 

Gerry Wake (20). In SU227, a fragment of chromosome from the terminus area, which contains 

the termination relevant genes rtp, TerI and TerII, was moved from its normal location near 172° 

on the chromosome to metD, near 100° on the chromosome. The result of this relocation was that 
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termination of replication occurred at 145° on the chromosome, as determined by marker 

frequency analysis (34, 53). 

 

 

Figure 6. Map of locations in the SU227 chromosome 

 

Project Aims 

 The hypothesis is that the chromosome must be completely translocated into the prespore 

and then the prespore engulfed by the mother cell before σ
G
 becomes active. To investigate this 

hypothesis we used a σ
G
-directed GFP reporter to identify whether delaying the completion of 
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translocation and engulfment results in a delay in σ
G
 activity. Additionally, the effect of 

relocated replication termination on σ
G
 activation was investigated in the same manner. 
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CHAPTER 2 

MATERIALS AND METHODS 

Bacterial Strains 

 The B. subtilis strains used are listed in Table 1. The generation of the strains was by 

transformation, taking advantage of B. subtilis’s natural competence and homologous 

recombination. We thank Dr. Mitsuhiro Itaya (Keio University, Japan) for his strains (SL13021-

SL13028) and Dr. Liz Harry (University of Technology, Sydney, Australia) for providing strain 

SU227 (SL14671) from the collection of Dr. Gerry Wake. Strain SL14404 was kindly provided 

by Dr. David Rudner (Harvard University). Other strains were constructed using DNA from 

laboratory strains and plasmids constructed for this project or provided by Dr. Vasant Chary.  

 DNA coding for sspA::PspoIIQ -gfp came from strain SL10969. The amyE::PsspA -gfp 

reporter came from strain SL15067, which was made and associated with spectinomycin 

resistance for this study. Strain SL15067 is a derivative of the laboratory strain SL12676, which 

contained amyE::PsspA-gfp-neo transformed with neomycin to spectinomycin resistance gene 

replacement vector pVK71. The spoIIQ::PspoIIQ gfp DNA from strain SL12065 was used to 

construct the σ
F
 reporter located near the origin. The ppsB::PspoIIQ -gfp strains were generated 

through transformation with pGR6. The PspoIIQ –gfp fusion from pGR6 was introduced by double 

crossover through homology with the ppsB gene.  

 Plasmids were constructed in vitro, and maintained in Escherichia coli DH5α.  Plasmid 

construction is outlined in Table 2, and maps of relevant plasmids with restriction enzyme sites 

are included in the Appendix.  The pGR6 plasmid was constructed for this project by removing 

PsspA-gfp from pVK315 with ClaI and EcoRV, and inserting a PspoIIQ-gfp fragment cut from 
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pVK57 by SmaI and ClaI. Strains with the σ
F
-directed gfp reporter at various locations in SU227 

were constructed by introducing pGR14, and derivatives of pGR14 by single crossover 

(Campbell integration). The plasmid pVK208 was cut with EcoRI and XhoI to remove the 

erythromycin resistance gene, and a spectinomycin gene was introduced in its place to generate 

pGR14. To direct the fusion to other loci, pGR14 was cut with HindIII and EcoRV to remove the 

thrC region of homology, and a different region of homology was inserted. 
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Table 1. Strains of B. subtilis. 

Strain Genotype Construction 

SL4 trpC2 lys-3 metB10 Laboratory strain 

SL10969 SL4 sspA::PsspA-gfp Laboratory strain, gift from Dr. Vasant Chary 

SL12065 SL4 PspoIIQ-gfp-cat@spoIIQ Laboratory strain, gift from Dr. Vasant Chary 

SL12676 SL4 amyE::PsspA-gfp-neo Laboratory strain, gift from Dr. Vasant Chary 

SL13021 BEST7527 (80) 

SL13022 BEST7613 (80) 

SL13023 BEST8648 (80) 

SL13024 BEST8817 (80) 

SL13025 BEST7566 (80) 

SL13026 BEST7383 (80) 

SL13027 BEST7155 (80) 

SL13028 BEST7003 (80) 

SL13559 amyE::PspoIIIG-gfp Laboratory strain, gift from Dr. Vasant Chary 

SL14360 BEST7003 sspA::PsspA-gfp BEST 7003 transformed with genomic SL10969 

SL14361 BEST8817 sspA::PsspA-gfp BEST 8817 transformed with genomic SL10969 

SL14378 BEST7527 sspA::PsspA-gfp BEST 7527 transformed with genomic SL10969 

SL14404 SpoIIIE(D584A) (15) 

SL14469 SpoIIIE(D584A) sspA::PsspA-gfp SL14404 transformed with SL10969 

SL14525 BEST7003 ppsB::PspoIIQ-gfp BEST 7003 transformed with pGR6 

SL14539 BEST7527 ppsB::PspoIIQ-gfp BEST 7527 transformed with genomic SL14525 

SL14671 SU227 (20) 

SL14854 BEST7003 spoIIQ::PspoIIQ-gfp BEST 7003 transformed with genomic SL12065 

SL14856 BEST7527 spoIIQ::PspoIIQ-gfp BEST 7527 transformed with genomic SL14854 

SL14860 SL4 thrC::PgerE-gfp Laboratory strain, gift from Dr. Vasant Chary 

SL15067 SL4 amyE::PsspA-gfp  SL12676 transformed with pVK71 

SL15103 SU227 amyE::PsspA-gfp SU227 transformed with genomic SL15067 

SL15630 SL4 PspoIIQ-gfp@ylnF SL4 transformed with pGR17 

SL15634 SU227 PspoIIQ-gfp@ylnF SU227 transformed with genomic SL15630 

SL15636  SL4 PspoIIQ-gfp@ylnF SL4 transformed with pGR19 

SL15648 SU227 PspoIIQ-gfp@ynaE SU227 transformed with genomic SL15636 

SL15658 SL4 PspoIIQ-gfp@amyE SL4 transformed with pGR22 

SL15660 SU227 PspoIIQ-gfp@amyE SU227 transformed with genomic SL15658 

SL15671 BEST7003 amyE::PspoIIIG-gfp BEST 7003 transformed with genomic SL13559  

SL15673 BEST7527 amyE::PspoIIIG-gfp BEST 7527 transformed with genomic SL13559 
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Table 2. Plasmids. 

Plasmid Construction 

ECE84 Gift from Dr. Vasant Chary 

pGR6 
PspoIIQ-gfp as a 1398 bp fragment with SmaI and ClaI ends was obtained from pVK57 and introduced 

into the vector of pVK315 cut w ClaI and EcoRV to remove PsspA-yfp. The final construct introduces 

PspoIIQ-gfp associated with cat and flanked by regions of homology to ppsB 

pGR14 

pVK208 was digested with EcoRI and XhoI to remove a region of homology to thrC and an 

erythromycin resistance gene, and the resulting 3993 bp fragment was separated by gel 

electrophoresis, purified and Klenow filled. The fragment served as the vector for a spectinomycin 

resistance gene obtained from ECE84 by digest with EcoRI. The ECE84 derived fragment was 

further digested with SmaI-HincII and used in a blunt end ligation to add the resistance into 

pVK208. The resulting plasmid integrates by Campbell integration through its region of homology 

to thrC and introduces PspoIIQ-gfp associated with spectinomycin resistance. 

pGR17 

pGR14 was cut with HindIII and EcoRV to remove the thrC region of homology. Using primers sirC 

fwd stuI and sirC rev hinf3 (Table 3) the ylnF gene fragment was amplified by PCR. The ylnF 

fragment was ligated into the 4680 bp fragment of pGR14. The final plasmid was designed to 

integrate by single crossover at its region of homology to ylnF and introduce PspoIIQ-gfp associated 

with spectinomycin resistance. 

pGR19 

pGR14 was cut with HindIII and EcoRV to remove the thrC region of homology. Primers ynaE fwd 

stuI and ynaE rev hinf3 (Table 3) were used to amplify the ynaE gene fragment by PCR. The 

fragment was ligated into the 4680 bp fragment of pGR14 cut with HindIII and EcoRV. The final 

plasmid was designed to integrate by Campbell integration at its region of homology to ynaE, and 

introduce PspoIIQ-gfp associated with spectinomycin resistance. 

pGR22 

pGR14 was digested with HindIII and EcoRV  to remove the region of homology to thrC. A 1730 bp 

fragment encoding part of the amyE gene was isolated from pVK2 by cutting with HindIII and NaeI. 

The fragment was ligated into the residual fragment of pGR14 with HindIII and EcoRV ends. The 

resulting plasmid was designed to integrate by single crossover at amyE and introduce PspoIIQ-gfp 

associated with spectinomycin resistance. 

pVK2 Gift from Dr. Vasant Chary; the plasmid contains promoter-less gfp and neomycin resistance flanked 

by regions of homology to amyE 

pVK57 Gift from Dr. Vasant Chary; the plasmid contains PspoIIQ-gfp in the SKPLUS background 

pVK71 
Gift from Dr. Vasant Chary; the plasmid is a neomycin to spectinomycin resistance gene 

replacement vector 

pVK208 Gift from Dr. Vasant Chary; the plasmid contains PspoIIQ-gfp and an erthyromycin resistance gene 

flanked by regions of homology to the thrC gene. 

pVK315 
Gift from Dr. Vasant Chary; the plasmid contains PsspA-yfp-cat flanked by regions of homology to 

ppsB 
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Table 3. Primers.  

Name Sequence
a 

Use
b 

ynaE Fwd stuI GAAGGCCTTTAATAGGGTATATTGAG ynaE insert for pGR19 

ynaE Rev hind3 CCAAGCTTACATGCACTTATACTCTT ynaE insert for pGR19 

sirC fwd stuI GAAGGCCTTCCGCTGCACATTAGCCT ylnF insert for pGR17 

sirC rev hind3 CCAAGCTTATTTCTTTCTTCTCATCTG ylnF insert for pGR17 

I start F GGCAGCCAGCGAATGGTTTC 854 bp from kb 21.483-22.318 in Synechocystis 

I start R TTGTGGCCATCGGAGGAGTG 854 bp from kb 21.483-22.318 in Synechocystis 

I middle F CATCCTGGTGCCAAGGAGCCA 936 bp from kb 444.773- 445.709 in Synechocystis 

I middle R GGTGGTCAGCGCCATGACCT 936 bp from kb 444.773- 445.709 in Synechocystis 

I end F CCAGGCAATTTGCTCCGCTG 1256 bp from kb 826.178- 827.434 in Synechocystis 

I end R AAAGTCTACGCTGGCCCGAG 1256 bp from kb 826.178- 827.434 in Synechocystis 

II start F TTACACCGCCAGCCAAGCCC 871 bp from kb 904.597- 905.468 in Synechocystis 

II start R TGGCCACCCCCAACACATCC 871 bp from kb 904.597- 905.468 in Synechocystis 

II middle F ACCCTGGCATGGGCCGAGAA 1074 bp from kb 1311.666- 1312.740 in Synechocystis 

II middle R GCGGGCAATGTGGGGGAAA 1074 bp from kb 1311.666- 1312.740 in Synechocystis 

II end F GATCCATGGCCTCGCCCAAG 1524 bp from kb 1684.313- 1685.837 in Synechocystis 

II end R CCAACTGGTCAATGGCCCGC 1524 bp from kb 1684.313- 1685.837 in Synechocystis 

III start F GGGCTTTTTTGGCTCCCCCA 1799 bp from kb 1789.818- 1791.617 in Synechocystis 

III start R CTTATGGACCAGGGCCAACC 1799 bp from kb 1789.818- 1791.617 in Synechocystis 

iii end F CCAATGTGTTCCGTATGGCC 1709 bp from kb 1991.770- 1993.479 in Synechocystis 

iii end R GGGCACAGTTAAGACCCATG 1709 bp from kb 1991.770- 1993.479 in Synechocystis 

III middle F CGCCGCTTCCTGGGCAGTTA 1075 bp from kb 2207.796- 2208.871 in Synechocystis 

III middle R GTATGCGGTGCTAACTCCCC 1075 bp from kb 2207.796- 2208.871 in Synechocystis 

III end F GACCATGGATGGCTCCGAAG 867 bp from kb 2461.053- 2461.920 in Synechocystis 

III end R CCCGATGGCTGGGAGATGAA 867 bp from kb 2461.053- 2461.920 in Synechocystis 

IV start F CTGTGGGGCGGTTAGTGAAG 996 bp from kb 2719.934- 2720.930 in Synechocystis 

IV start R CACCCCAACCCCGACTTCAT 996 bp from kb 2719.934- 2720.930 in Synechocystis 

IV middle F GATCGCATGGGCGAAGAGCA 924 bp from kb 3179.104- 3180.028 in Synechocystis 

IV middle R TAGACCGGCGGCCTACTTCA 924 bp from kb 3179.104- 3180.028 in Synechocystis 

IV end F CTGAAGGGGTGGAAACCTGG 1399 bp from kb 3409.159- 3410.558 in Synechocystis 

IV end R GGCCACCAGGAAAAGCCACA 1399 bp from kb 3409.159- 3410.558 in Synechocystis 
a
 primer sequence (5’→3’) 

b
 what the primer pair was used to amplify 
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Synechocystis Insert Stability 

 The stability of the Synechocystis inserts was a concern. To determine if the large inserts 

were lost or rearranged during culture or transformation, the strains were tested by PCR.  PCR 

primers were designed to amplify approximately 1 kb regions of Synechocystis DNA from the 

start, middle, and end of each region (Table 3).  The freezer stock of each strain from Dr. Itaya 

was confirmed to have all the correct regions present, and no bands were obtained with the 

primers for regions that they did not contain.  

 The primers were also used to test all strains derived from the strains with Synechocystis 

DNA to confirm the presence of the correct Synechocystis DNA before the strains were 

preserved. It was found that repeated subculturing could lead to loss of Synechocystis DNA.  

Consequently, all experiments with the strains from Dr. Itaya and their derivatives were 

performed with cultures revived directly from freezer stocks. 

 

Media 

 The plasmids were constructed in vitro and maintained in E. coli DH5α. The E.coli was grown in Luria 

Bertani lysogeny broth (LB), supplemented with ampicillin at a concentration of 100 μg/mL when selecting for 

transformants.  When a solid medium was required, Difco Bacto agar was included at a concentration of 1.5% 

(LBA). 

 B. subtilis was grown to induce sporulation in modified Schaeffer’s sporulation medium (MSSM) 

(Appendix) as liquid culture and on Schaeffer’s sporulation agar (SSA)(Appendix) when a solid medium was 

required (30, 145, 160). When required for selection, antibiotics were added: chloramphenicol at 5μg/mL, 

erythromycin at 1.5 μg/mL, neomycin at 3.5 μg/mL or spectinomycin at 100 μg/mL. 
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Strain Construction 

Plasmid Construction 

 Enzymes for plasmid construction were from Promega (Madison, WI).  

Dephosphorylation of the 5’ end of vector DNA was done using shrimp alkaline phosphatase 

(SAP). DNA, enzyme, and 1x buffer were combined and incubated at 37°C for 15 minutes per 

manufacturer instructions.  

 A Klenow fill in reaction was used to convert an overhanging sequence or “sticky end” in 

a DNA fragment to a blunt end by using 5’-3’ polymerase activity to fill in the 5’ end overhang 

or using 3’-5’ exonuclease activity to blunt a 3’ overhang. The DNA was combined with Klenow 

polymerase enzyme, 200 μM dNTPs, 20 μg/mL BSA and Klenow buffer; then incubated at room 

temperature for 10 minutes. The reaction was stopped and cleaned up using a GeneJet PCR 

purification kit (Fermentas) following the manufacturer protocol. This step removes primers, 

dNTPs, enzymes and salts leftover from the reaction. 

 The ratios of DNA vector and insert were determined empirically each time based on 

DNA concentrations in each preparation, as visualized when equal volumes (10 μL) were 

analyzed by gel electrophoresis on the same agarose gel. A self ligation control reaction of vector 

with no insert was performed with every ligation. The DNA was heated to 42°C for 1 minute, 

then moved to ice for 2 minutes to separate and then cohere cohesive ends. This was followed 

with ligation, which was performed with T4 DNA Ligase (Promega) and the rapid 2X buffer. 

Ligation reactions were for 15 minutes at room temperature. 
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E. coli Transformation 

 Plasmids were maintained in E. coli DH5α. The cells were made competent by a protocol 

described by Hanahan (64). E. coli was inoculated into 150 mL of LB and grown at 37°C 

shaking at 200 revolutions per minute (rpm). When the culture reached an OD600 of 0.4 the culture 

was divided, 50 mL to each of three tubes and incubated on ice for 30 minutes. The tubes were 

centrifuged at 4°C, 5000 rpm (3550 g), for 15 minutes to harvest the bacteria. Following the 

centrifugation the pellet was resuspended in RF1 solution (Appendix) and incubated on ice for 

30 minutes; then the tubes were centrifuged again at 4°C, 5000 rpm (3550 g) for 15 minutes. The 

supernatant was removed and the bacteria resuspended in RF2 (Appendix). The tubes were 

incubated on ice for 30 minutes and then the bacterial suspension was divided into individual 1.5 

mL tubes with volumes of either 50 μL or 150 μL. The tubes were frozen quickly in an ethanol-

dry ice bath as they were made, and soon after stored at -76°C until ready to be used. 

 The DNA mixture following ligation was kept on ice. Tubes of competent E. coli DH5α 

cells were removed from the -76°C freezer and the cultures thawed on ice for 10 minutes. Then, 

50 μL of competent E. coli culture was added to each of the DNA mixtures and incubated on ice 

for 20 minutes.  The bacteria were then heat shocked, 1 minute at 42°C, and immediately placed 

on ice for 2 minutes. 500 μL of LB was added to each tube, and they were incubated at 37°C 

shaking at 150 rpm, for 45 minutes. Then 200 μL of each was plated on LB with appropriate 

antibiotic plates and incubated at 37°C overnight.  
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E. coli Plasmid Isolation 

 E. coli was inoculated into 10 mL LB-amp in a 150 mL flask, incubated overnight at 37°C shaking at 150 

rpm. The following day, the culture was moved to a 50 mL conical tube and the bacteria collected by centifugation 

at 3,500 rpm (1740 g) at 4°C. The bacteria were resuspended in 3 mL of resuspension solution (Appendix). RNA 

was degraded by addition of RNAase to a concentration of 10 μg/mL.  The cells were lysed by addition of 3 mL of 

lysis solution (Appendix) and gentle rocking to mix. This reaction was neutralized by addition of 3 mL of 

neutralization solution (Appendix) and gentle rocking to mix. The mixture was centrifuged 6,000 rpm (5112 g) for 

20 min at 4°C. The liquid was transferred to a new 50 mL conical tube by pouring the solution through cheesecloth 

to filter out solids. The liquid component was gently mixed with 1-1.5 mL of Wizard©
 Minipreps DNA 

Purification Resin (Promega). The solution was poured over a column (Promega) and a vacuum applied to draw 

the resin-DNA mixture to the bottom of the column. The column was washed with 20 mL column wash solution 

(Appendix). The bottom of the column was removed and centrifuged at 14,000 rpm (20,817 g) for 1 minute in 

Eppendorf 5430 centrifuge (Eppendorf North America, Westbury, NY) to remove the excess ethanol. The 

column was put in a 1.5 mL tube and 100-300 μL of TE buffer (Appendix) or distilled deionized water was allowed 

to soak into the column for 5 minutes. Then the tube and column was centrifuged at 14,000 rpm (20,817 g) for 1 

minute in the Eppendorf 5430 centrifuge. Quality and concentration of the DNA was tested by the 

OD 260 nm/280 nm ratio, measured in by a Thermo Spectronic spectrophotometer. 

 

 

 

Enzyme Digestion 
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 Restriction enzymes were used to digest purified DNA for use in cloning or to confirm 

restriction fragment size. Reactions were performed according to manufacturer’s instructions 

with appropriate buffer and BSA (10 μg/mL). Digestions were incubated at 37°C for 2 hours 

with the exception of SmaI, which used 25°C for 2 hours.   

 

Gel Electrophoresis 

 Gels were made by dissolving SeaKem LE agarose (BMA) in TAE buffer (Appendix). 

Gels were typically 0.8% unless a fragment was very large or very small and required a lower or 

higher percentage agarose, respectively. Electrophoresis was performed in a horizontal 

electrophoresis apparatus (Fisher Scientific) as needed for good separation, usually 90 v for 1 

hour. Gels were stained for visualization with 0.5 μg/mL ethidium bromide in TAE buffer. The 

gel was soaked in this solution for 20 minutes and then visualized with a UV transilluminator 

(Fisher Scientific). If needed, gel bands were excised with a clean razor blade and the DNA 

extracted from the gel using a GeneJet gel purification kit (Fermentas) following the 

manufacturer’s instructions. 

 

B. subtilis Genomic DNA Isolation 

 A culture was prepared by inoculating 10 mL LB, plus appropriate antibiotic when 

required, with B. subtilis. It was grown at 37˚C, shaking at 150 rpm, overnight. The next day, the 

culture was divided, 5 mL into each of two 15 mL conical tubes. Bacteria were harvested by 

centrifugation at 4000 rpm (1878 g) for 15 min in an Eppendorf 5430 centrifuge. The supernatant 
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was removed and the pellet in each tube was resuspended in a mixture of 1 mL Solution 1 

(Appendix), 7.5 µL of 10 mg RNAse/mL, and 250 mg of lysozyme. The tubes were incubated at 

37˚C for 20 minutes. Then, a mixture of 200 µL of 10% SDS, 200 µL of 10X buffer (Appendix), 

and 50 µL of 20 mg Protease K/mL was added to each tube. The solution cleared and was 

incubated 2-3 hours at 55˚C. The mixture was transferred into a 1.5 mL tube and 400 µL of cold, 

TRIS buffered, saturated phenol was added. The tube was shaken vigorously, then centrifuged 

for 1 minute at 14,000 rpm (20,817 g) in an Eppendorf 5430 centrifuge. The aqueous and organic 

fractions separated and the DNA remained in the aqueous top layer. This top layer was 

transferred to a new tube using a pipette tip whose last 2 mm had been cut off, increasing the 

diameter of the opening and making it easier to remove only the top layer. To this tube, 400 µL 

cold TRIS buffered, saturated phenol was added and shaken vigorously. The tube was 

centrifuged for 1 minute at 14,000 rpm (20,817 g) in the same centrifuge. Using a cut pipette tip, 

the top layer was transferred to a new tube.  Then, 400 µL of chloroform was added and the tube 

was shaken forcefully. The tube was centrifuged for 1 minute and the upper layer transferred to a 

new tube with a modified pipette tip. To precipitate the DNA, 2.5 volumes of cold ethanol was 

added and the tube was moved to -70˚C for 1 hour. It was centrifuged in a Microfuge 22R 

(Beckman Coulter) at 4˚C and 14,000 rpm (16,699 g) for 15 minutes. The supernatant was very 

carefully removed and the pellet was allowed to air dry for a maximum of 10 minutes. The pellet 

was resuspended in 125-300 µL of TE and incubated 1 hour at 55˚C to rehydrate.   
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B. subtilis Transformation 

 The method of B. subtilis transformation has been described previously (146). A colony 

of B. subtilis was inoculated into 5mL of GM1 (Appendix) in a 50 mL conical tube.  The tube 

was incubated overnight at 30°C with no shaking. The next day, 500 μL of the culture was added 

to 4.5 mL of fresh SM1 in a 125 mL flask, and incubated at 37°C shaking at 150 rpm. 300 μL 

samples were placed in 700 μL 10% formalin and the OD600 determined with a 

spectrophotometer (Thermo Spectronic). The culture was left shaking for 90 minutes after the 

OD600 reached 0.3. At this time 500 μL of culture was transferred into a flask containing GM2 

(Appendix) that had been prewarmed to 37°C. The bacteria in SM2 were allowed to grow at 

37°C shaking at 150 rpm for another 90 minutes.  Then 500 μL of the culture was added to 15 

mL culture tubes containing donor DNA (plasmid or chromosomal). The tubes of bacteria and 

DNA incubated at 37°C 150 rpm, for a time appropriate to the marker being selected. Incubation 

for 45 minutes was required when the DNA was associated with neomycin or spectinomycin. An 

hour of incubation was needed for chloramphenicol resistance and 2 hours was required for 

erythromycin resistance. Following incubation of the bacteria with the donor DNA, 200 μL was 

plated on SSA containing the appropriate antibiotic. The plates were incubated at 37°C for 1-2 

days. 

 

PCR Reactions 

 PCR reactions were carried out to confirm genetic constructs, as well as to amplify DNA 

for use in plasmid construction. Each reaction contained 1X DreamTaq buffer (Fermentas), 3U 

of DreamTaq (taq polymerase by Fermentas), 200 μM each dNTP (Promega), and 0.5 μM final 
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concentration of each primer. Table 3 shows the names and sequences of the various primers 

used in this project. The primers were constructed by Integrated DNA Technologies. The 

reactions were performed in a Thermocycler 2400 (Perkin-Elmer). Following an initial 2 minute 

denaturation step at 94°C, there was a repeated polymerization cycle of 30 seconds at 94°C 

(denaturation), 45 seconds at a temperature 2 degrees below the melting temperature of the 

primer with the lower melting temperature (annealing), then an elongation step at 72°C 

(elongation). The time for elongation was dependent upon the size of the fragment being 

amplified, 1 minute of elongation time for each kb. The polymerization cycle was repeated 20-25 

times. There was a final 2 minutes of 72°C extension  and then the product was stored at 4°C  

until analyzed by gel electrophoresis.  

 

Construction of SU227, Performed in the Laboratory of Dr. Wake 

 The construction of strain SU227 in the laboratory of Dr. Gerry Wake was done in 

several steps over several years, with intermediates used in various projects (Figure 7). SU227 is 

a B. subtilis 168 strain. The first step was generating an 11.2 kb deletion spanning the terC 

region. This was done using the plasmid pWT5 (76). The plasmid pWT5 contains 4 kb from the 

right of terC, obtained from the plasmid pLS23-17, as well as 3 kb from 9.7 kb to the left of terC 

from the plasmid pWS1-b and both fragments were inserted into the integrative plasmid pJH101 

(76). Starting from B. subtilis SB566, pWT5 was used to introduce the deletion around terC, 

generating SU153 (76). SU153 then had its chloramphenicol acetyltransferase (cat) gene 

removed via transformation with pWC4 which contained DNA homologous to that on either side 

of the cat gene, the resulting strain, SU187, was chloramphenicol sensitive (20). The next step 
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was to introduce the Tn917 transposon at metD. SU187 was transformed with genomic DNA of 

SU176 (187) which introduced Tn917, containing an erythromycin resistance gene, to the metD 

locus. The resulting strain was called SU225. The final step was to reintroduce a 1.75 kb 

fragment spanning the terC region into Tn917 at metD. The 1.75 kb fragment came from pWS9 

(172).   The fragment spans terC and had previously been shown to halt replication forks. The 

1.75 kb region is derived from a plasmid containing a larger 10.9 kb region of chromosomal 

DNA that was systematically deleted to identify the smallest region associated with replication 

fork stopping ability, the terC region. The pWS9 fragment was ligated into pTV20 (200), a 

plasmid containing DNA homologous to Tn917. The resulting cat containing plasmid is pWC5. 

SU225 was transformed with pWC5 and the 1.75 kb fragment containing TerI, TerII, and rtp was 

introduced into the Tn917 transposon located at metD (100°) in strain SU225. The resulting 

strain was named SU227 (20). 

 

Figure 7. Construction of SU227 in the laboratory of Dr. Wake. 
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Growth and Sporulation Determination 

Growth Curves 

 Bacteria were inoculated into 5 mL MSSM in a 50 mL conical tube and incubated at 

30°C overnight without agitation. The overnight culture was diluted to 25 mL with fresh MSSM 

in a 250 mL Erlenmeyer flask and incubated at 37°C, shaking at 150 rpm in an orbital shaker in a 

water bath. Every 30 minutes 300 μL samples were taken and mixed with 700 μL 10% formalin 

and the OD600 was determined by spectrophotometry. Growth curves were plotted as OD600 on a 

logarithmic scale against time in hours. The end of exponential growth was identified on the plot 

as the last point on the straight line. The point was named T0 and taken to be the start of spore 

formation. 

 

Auxotrophic Requirement Determination 

 The strains constructed in the laboratory of Dr. Itaya were tested to determine their 

auxotrophic amino acid growth requirements. This was investigated by growth on minimal 

medium (MM) plates (Appendix) supplemented with defined amino acid mixtures. The MM 

plates contained glucose as a carbon source and the known amino acid requirements. The plates 

for use with the strains from Dr. Itaya all contained proline, leucine and tryptophan at 20 µg/mL 

final concentration. Plates for the control strain, SL4, whose requirements are known to be 

lysine, methionine, and tryptophan had those amino acids included at 20 µg/mL. Each plate 

additionally received a defined mixture of amino acids at the same final concentration of 20 

µg/mL.  
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 Nine different mixes were used. The mixtures were devised to facilitate solubility and to 

use each amino acid twice. Strains that required a particular amino acid would grow on two 

mixes, and the amino acid those two mixes contained would be the one among the several in the 

mixes required for growth. The mixtures of amino acids are shown in Table 4. The strains were 

patched in the same pattern on all the MM plates, incubated at 37˚C overnight and graded for 

growth the following day.  

 

Table 4. Amino acid mixtures used in auxotrophic requirement experiments. Mixtures of 

amino acids prepared at a concentration of 20 μg/mL, 1-5 read vertically and 6-9 read 

horizontally  

 

 

Heat Resistant Spore Assay 

 For a heat resistant spore assay, a growth curve was constructed as described above, 

measuring OD600 every 30 minutes in order to determine T0. At T24, 500 µL was taken and 
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diluted 10 fold (50 µL into 450 µL PBS) to 10
-6

. Then 100 µL of each of the last 3 dilutions   

(10
-4

, 10
-5

, and 10
-6

) was plated on SSA plates using the spin plate technique. In this plating 

method, the culture is pipeted onto a plate as the plate spins on an inoculating turntable (Fisher 

Scientific, 08-758Q). These were called the untreated plates. The dilutions were heated at 80˚C 

for 20 minutes and then 100 µL of the culture was plated on SSA plates. These were called the 

heat treated plates. The CFU/mL for each dilution was determined, as well as the percent of 

sporulation using the equation below. 

% sporulation =  (CFU/mL heat resistant/ CFU/mL untreated ) x100 

 

Microscopy 

Fluorescence Microscopy 

 The conditions used for growth and imaging have been described previously (9, 22). 

Cultures were grown in MSSM at 37°C shaking at 150 rpm. 0.3 μL of FM4-64 (Molecular 

Probes) 1 mg/mL in PBS was added to a 300 μL sample of culture. The final concentration of 

FM4-64 was 1 ng/μL. The sample was left in the dark at room temperature for 10 minutes to 

allow the bacteria to settle. Then, 2.5 μL was taken from the bottom of the tube and placed on a 

standard microscope slide (Fisher Scientific). The bacteria were covered with a No. 1.5 thick 

22x22 mm coverslip and pressed gently into a Kimwipe to absorb excess liquid. 

 Images were collected with either a Leica DM IRE2 or a Leica TCS SP5 confocal laser 

microscope. In both cases FM4-64 and GFP were excited by a 488 nm laser. GFP emission was 
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collected between 500 and 540 nm and FM4-64 emission between 600 and 794 nm. The scan 

speed used was 400 lines/ second and the image format was 512x512 pixels. 

FRAP Experiments 

 For Fluorescence Recovery after Photobleaching (FRAP) experiments, cultures were 

prepared by inoculating bacteria into 5 mL MSSM and incubating them at 30°C overnight with 

no agitation. The following day the overnight culture exhibited low turbidity, consistent with 

exponential phase growth. The culture was transferred into a 250 mL flask containing 20 mL 

fresh MSSM and incubated at 37°C and shaken at 150 rpm. A growth curve was plotted to 

determine the end of exponential growth (T0). Five hours after the end of exponential growth 

(T5) a 300 μL sample was taken and stained with 4.5 μL of FM4-64 (1 mg/mL) (final 

concentration 15 μg/mL). The bacteria were incubated with the dye for 10 minutes and then 

washed 2 times in 700 μL 1x PBS (Appendix). For each washing, the solution was centrifuged at 

2,000 rpm (425 g) for 5 minutes in an Eppendorf 5430 centrifuge, the supernatant was removed, 

and the bacteria resuspended in 700 μL 1x PBS. Following the final washing, the suspension was 

centrifuged at 1,000 rpm (106 g) for 2 minutes in the Eppendorf 5430 centrifuge to bring the 

bacteria to the bottom of the tube. From the bottom of the tube, 2.5 μL of culture was placed on a 

slide and covered with a 1.5 mm thick 22 mm x 22 mm cover slip. The slide was pressed gently 

into a Kimwipe to absorb excess liquid. 

 FRAP imaging was done using the Leica TCS SP5 confocal laser microscope and Leica 

FRAP Wizard software.  The argon 488 nm laser was set to 80% power. The pre-bleach setting 

was 5 frames imaged with 5% of the laser power, the bleaching step consisted of 1 or 2 frames at 

100%, then post bleach imaging was collected at 5% of the laser power. 
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 Analysis of the FRAP experiment was done using Leica software. The intensity of FM4-

64 signal was measured at the pole of the cell, the septum, and outside the bleached area over the 

course of the experiment. 

 

Time Course Experiments 

 For Time Course experiments, a culture was made of 5 mL MSSM inoculated with B. 

subtilis and incubated overnight at 30˚C with no shaking. The next day the growing culture was 

diluted in 20 mL fresh MSSM and grown at 37˚C, shaking at 150 rpm. A growth curve was 

constructed, taking 300 µL samples and adding them to 700 µL 10% formalin and reading the 

OD600 with a spectrophotometer (Thermo Spectronic). From 1 hour after the end of exponential 

growth (T1), every 30 minutes 300 µL of culture was taken, stained with 0.3 µL of 1 mg      

FM4-64 /mL. Cultures were stained for 10 minutes at room temperature and allowed to settle   

From the bottom of the tube, 2.5 µL of culture was placed on a slide and covered with a No. 1.5 

22x22 mm coverslip. The slide was then pressed gently into a Kimwipe to absorb excess liquid. 

The prepared slide was imaged with a Leica DM IRE2 confocal laser microscope. Bacteria in the 

images were graded according to stage of engulfment and GFP activity. 

 

Time Lapse Experiments 

 Time Lapse Microscopy was performed viewing bacteria immobilized on an MSSM-

agarose pad sealed within a GeneFrame, as described previously (188). The overnight culture 

was made by inoculating 5mL MSSM with 1 colony from a fresh plate. It was grown at 30°C 
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with no shaking. The next day, 0.3 μL of the overnight culture was inoculated directly onto a 1% 

low-melting agarose pad (NuSieve GTG Agarose, Lonza) made by dissolving the agarose in 

MSSM. The pad also contained FM4-64 at a final concentration of 0.4 ng/mL.  

 The pad was constructed using a 1.7x2.8 cm GeneFrame (AB-0578; ABgene House) 

attached to a standard microscope slide. The sticky, blue frame was attached to the slide the 

previous day in order to assure that it was well adhered. On the day of the experiment, 700 μL of 

molten FM4-64-containing agarose was pipeted into the frame and covered with a 22 x 60 mm 

coverslip and allowed to set for 20 minutes. When solid, the coverslip was removed, the agarose 

cut into a thin strip and then a 2 mm square so that the pad is surrounded by a large air cavity. To 

increase the amount of available air, a very small (1 mm) slit was cut in the GeneFrame so that 

air could enter during the experiment. 

 The pad was inoculated with 0.3 μL of the overnight culture and then sealed with a  

22x40 mm No. 1.5 coverslip, which fits directly over the GeneFrame. The coverslip was pressed 

gently to ensure a good seal between the GeneFrame and the coverslip. Then, the slide was 

incubated at 30°C for about 5 hours.  After incubating, the slide was moved to the Lecia TCS 

SP5 confocal microscope, equipped with an environmental chamber heated to a stable 30°C. A 

field was chosen and the system was left undisturbed for 2 hours in order for all components to 

come to the same temperature and stabilize. Imaging was performed with laser powers as low as 

possible to prevent phototoxicity from the FM4-64. Main laser power of the 488 laser power was 

kept at 20%. The field was analyzed to identify the best focal plane and images were 

automatically collected at defined intervals by the Leica TCS SP5 system software. The software 

was also used to quantify GFP expression over time in time-lapse studies. 
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CHAPTER 3 

RESULTS 

 It is hypothesized that the chromosome must be completely translocated into the prespore 

and then the prespore must be completely engulfed by the mother cell before σ
G
 can become 

active. The strength of this translocation→engulfment→activation of σ
G
 sequence was tested 

with two different types of perturbations might affect the linkage between these events.  The first 

perturbation was to increase the amount of time required for the completion of translocation.  

This was done in two ways: first, by increasing the genome size; then by using a strain with a 

mutation in the ATPase domain of SpoIIIE which resulted in slowed translocation activity. The 

second perturbation was relocation of the site of termination of replication. I investigated if this 

change to the process of replication affected σ
G
 activation or the translocation of the 

chromosome into the prespore. 

 

Characterization of the Itaya Strains 

 Strains with large insertions of Synechocystis DNA were constructed in the laboratory of 

Dr. Itaya. This increased genome size was predicted to increase the time required for 

translocation of DNA into the prespore. Initial experiments were conducted to characterize 

growth and sporulation characteristics of these strains.  All of the strains were determined to be 

able to make spores, on Modified Schaeffer’s Sporulation Medium (MSSM) agar, by observing 

phase bright spores by phase contrast microscopy. 
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Growth Curves and Sporulation Data 

 The growth rates for all of the strains from Dr. Itaya were similar, with strain BEST7613 

perhaps growing more slowly and to a slightly lower density (Figure 8). The significance of any 

possible difference was not tested. The doubling time was approximately 40 minutes. The Itaya 

strains also grew similarly to our laboratory parental strain, SL4.  

 

Figure 8. Growth curves of strains received from Dr. Itaya. 
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 Despite similar growth curves for all the strains we received from Dr. Itaya, there was a 

great diversity in sporulation efficiency. Below are the results of three different experiments with 

sporulation expressed as a percentage of the absolute number of heat resistant spores formed by 

the parental strain, BEST7003 (Table 5). Unfortunately, reliable results could not be obtained for 

strain BEST7383. The best sporulation was for strain BEST7155, which had only Region I in the 

right arm of the chromosome (Figure 4). The second best sporulating strain was strain 

BEST7527, which had Regions I, IV, and iii for 2.3 Mb of additional DNA. There does not seem 

to be, a direct correlation between the amount of Synechocystis DNA and the degree of 

sporulation deficiency.  

 

Antibiotic Sensitivity 

 The antibiotic sensitivity of the strains was also tested. Resistance was determined by 

growth on MSSM plates containing the indicated antibiotic at the concentration shown.   All 

plates were incubated at 37°C overnight after a single colony was patched on the plate surface.  

The results are shown in Table 6; sensitive (S) organisms did not grow on the plates, but resistant 

organisms (R) did.  As expected from the construction process, the antibiotic resistances varied 

by strain.  
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Table 5. Sporulation of the strains received from Dr. Itaya.  

           Experiment 1
a
            Experiment 2   Experiment 3 

Strain         Insert Untreated
b
   Heat Resistant

c
   %

d
         Untreated   Heat Resistant   %        Untreated   Heat Resistant   %      

BEST7003    None  4.7x10
8
             3.2x10

8
         [100%]       4.2x10

8
             2.0x10

8
     [100%]   6.9x10

8
          3.6x10

8
         [100%] 

BEST7155   0.90 Mb 4.2x10
8
             2.7x10

8
         [85%]         4.1x10

8
             1.2x10

8
      [60%]     6.2x10

8
          2.2x10

8
         [62%] 

BEST8817   0.89 Mb 5.2x10
8
             1.1x10

8
         [33%]        

BEST8648   0.93 Mb 1.9x10
8
             1.0x10

6
         [0.3%]        

BEST7527   2.3 Mb                2.3x10
8
             0.9x10

8
      [46%]     2.4x10

8
          1.3x10

8
         [37%] 

BEST7566   3.2 Mb 0.9x10
8
             1.0x10

6
         [0.3%]        

BEST7613   3.6 Mb 1.3x10
8
             9.0x10

6
         [3%]        

 

a
 Results from three independent experiments 

b
 CFU/mL before heat treatment 

c
 CFU/mL after being treated at 80°C for 20 minutes 

d
 Sporulation of strain expressed as a percentage of the parental strain, BEST7003  



 

51 
 

Table 6. Antibiotic resistance profiles for the strains received from Dr. Itaya. 

  Tetracycline Neomycin Chloramphenicol Erythromycin Spectinomycin 

  10 μg/mL  3.5 μg/mL      5μg/mL    1.5 μg/mL          100 μg/mL 

BEST7003        R       R            S           S              S 

BEST8817        S                    R                          R                                 S                         S 

BEST8648             S                    R                           R                                S                         S  

BEST7155              S                    R                           S                                R                        S 

BEST7613              R                   R                           R                                 S                        S 

BEST7566              R                   R                            S                                R                        S 

BEST7383              S                    R                           S                                 R                       S 

BEST7527               S                   R                           S                                 R                       S 

 

 

Auxotrophic Requirements 

 All of the Itaya strains are auxotrophic for leucine, proline, and tryptophan (80). The 

strains were evaluated for any other auxotrophic requirements because they grew well on 

complete media such as MSSM, but grew weakly and sporulated poorly in minimal media 

containing leucine, proline, and tryptophan. To evaluate nutritional requirements further, agar 

plates were made containing defined nutrients, supplemented with known required amino acid 

and the combinations of amino acids shown in Table 4 at a final concentration of 20 μg/mL.  The 

laboratory strain of SL4 served as a positive control. The growth medium for strain SL4 was 

supplemented with its known requirements of lysine, methionine, and tryptophan; strain SL4 

grew on all plates which contained those amino acids but not on the plates in which they were 
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omitted. For the Itaya strains, all plates contained proline, leucine, and tryptophan except the 

negative control which contained no amino acids.   

 The known requirements were not sufficient to support growth of strain BEST7003 and 

its derivatives; the strains grew only on plates also containing amino acid mixes 5 or 9 (Table 7). 

The common amino acid between mixes 5 and 9 was arginine suggesting that the Itaya strains 

have an additional growth requirement of arginine, although this was not apparent by their 

known genotype. Proline and Arginine both are derived from glutamate, though there are no 

other common steps in their biosynthetic pathways. The finding was confirmed when all the 

strains grew when plated on MM plates containing leucine, proline, tryptophan, and arginine.  

 

Table 7. Growth of strains received from Dr. Itaya on minimal medium plates containing 

defined amino acids. Growth (+) vs. no growth (-) on minimal medium plates containing amino 

acids known to be required for growth (lysine, methionine, and tryptophan for SL4; leucine, 

proline, tryptophan for the strains from Dr. Itaya) as well as a mixture of additional amino acids 

outlined in Table 4. 
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Determining Stage of Engulfment 

 The experiments that follow rely heavily on assessment of the stages of engulfment 

(Figure 9), which are as follows: the formation of the straight asymmetric sporulation septum is 

stage IIi. At stage IIii the peptidoglycan at the center degrades and the septum bows outward. 

The points of attachment of the septal membrane to the peripheral cell membrane then move 

toward the pole as the septum bows; that continues (stage IIiii) as mother cells begins to engulf 

the prespore. At stage III engulfment is complete, and the prespore is completely isolated from 

the external environment by a double membrane (71). There is uniform staining by FM4-64 all 

around the prespore. Finally, the engulfed prespore may migrate away from the pole of the cell 

(designated stage III+).   

 During the time course and time-lapse experiments that follow, cells whose stage of 

engulfment could not be clearly discerned were not counted. Approximately 6% of cells were not 

counted due to poor staining or the cell not adhering to the definition of any particular stage. 

 

 Figure 9. Stages of engulfment. Images of FM4-64 (red) stained B. subtilis exhibiting 

each stage of engulfment. 3 μm scale bar applies to all images. 
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Under other conditions than those used in our laboratory, a stage III prespore may not 

stain with FM4-64 (167). To confirm our identification of FM4-64 stained and fully engulfed 

(stage III) prespores, two different methods were used. The first was Fluorescence Recovery 

after Photobleaching (FRAP), performed using the Leica proprietary FRAP wizard software on a 

Leica SP5 confocal microscope.  In FRAP, the FM4-64 stained prespore-containing pole of the 

cell was selected as the region of interest (ROI) and bleached for 1.314 s – 2.628 s (1-2 frames) 

with the 488 argon laser at 80% power. In Figure 10 the ROI selected is shown in green. The 

return of FM4-64 signal following bleaching was measured and used to assess differences in 

FM4-64 mobility in an unengulfed prespore as compared to a prespore that had completed 

engulfment. 

 The experiments were performed on strain SL10969, an SL4-derived strain that has a σ
G
-

directed GFP reporter. A total of 105 cells were tested, 89 that had not completed engulfment (38 

stage IIi, 32 stage IIii, 19 stage IIiii) and 16 that had completed engulfment (stage III). A reliable 

difference was seen between the two types of cells (Figure 10). In the bleached poles of cells 

(orange circle, Figure 11) that had not yet completed engulfment (stage IIi through IIiii; top and 

center panels in Figure 11) the membrane at the prespore pole was completely bleached and did 

not recover. Following bleaching, the mother cell membrane (turquoise circle, Figure 11) 

replenished the bleached portion of its membrane including the mother cell side of the 

sporulation septum (purple circle, Figure 11). Examples are shown in Figure 10 and graphs 

showing the quantification of the FM4-64 intensity are shown in Figure 11. In contrast, in the 

fully engulfed prespore (stage III and III+; bottom panels Figure 11) the return of both the 

mother cell and prespore fluorescence is very rapid (Figure 11; purple circle and orange circle 

respectively). The bleaching is shown in Figure 10 and quantified in Figure 11. In some cases it 
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was difficult to visualize the effectiveness of the bleach because the cell was already beginning 

to allow new FM4-46 to diffuse into the bleached areas before the software could collect the first 

post bleach image. Each frame requires 1.314 s to image under the conditions of our FRAP 

analysis. We attribute this rapid recovery to the close proximity between the mother cell and 

prespore membranes. The completely bleached control cell did not recover, indication that 

bleaching was effective (Figure 10, quantification shown in Figure 11). 

  

 

Figure 10. Fluorescence recovery after photobleaching. Representative FRAP results 

illustrating differences in fluorescence recovery of FM4-64 (red) following bleaching between 

engulfed (III) and non engulfed (IIi, IIii) prespores. In the left column, the bleached area is 

circled in green. The control, an entire cell bleached of all FM4-64 without chance of recovery, 

is circled in purple. The series of images to the right follow recovery. The first is frame 8, the 
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first following bleaching, the second is frame 9, and the final is frame 70, the last frame of the 

series, collected 81.47 s after bleaching. 5 μm scale bar applies to all images. 

 

 

Figure 11. Quantification of FM4-64 signal during FRAP.  FRAP of FM4-64 (red).  Field 

used in FRAP (left column). Region bleached during FRAP (center column). Quantification in 3 

different bleached locations (right column). The bleached prespore-proximal cell pole (orange), 

the bleached septum (purple) and the unbleached mother cell (turquoise), the control completely 

bleached cell ( green), locations shown in image and quantification of FM4-64 intensity shown 

in graph. 5 μm scale bar applies to all images. 
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 Another test of the staining of stage III prespores with FM4-64 was with σ
K
 activity. As 

mentioned in the introduction, σ
K
 is a late stage sigma factor that becomes active in the mother 

cell only after completion of engulfment (71). We grew strain SL14860, containing a σ
K
-directed 

GFP reporter in the otherwise unaltered background of the laboratory strain SL4, to 5-7 hours 

after the end of exponential phase (T5-T7) then sampled the sporulating culture, stained with 

FM4-64 and imaged with a Leica TCS SL confocal microscope (Figure 12). The σ
K
-directed 

GFP expressing cells were examined for FM4-64 staining of the prespore. In two separate 

experiments the majority of σ
K
 expressing prespores were stained with FM4-64. The combined 

total of the experiments has prespore staining in 420 of the 527 σ
K
 expressing cells counted. That 

is 80% of the σ
K
 expressing bacteria. 

 

 

Figure 12. Activity from a σ
K

-directed gfp reporter in FM4-46 stained prespores. Image of 

bacteria stained with FM4-64 (red) and expressing GFP (green) from a 
K
-directed gfp reporter. 

The left panel shows FM4-64, the middle panel shows GFP, and the right panel shows the 

merged image. 
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Insertion of 2.3 Mb of Synechocystis DNA into the Bacillus subtilis Chromosome Delayed 

Engulfment of the Prespore by the Mother Cell 

 The addition of 2.3 Mb of additional DNA increases the size of the chromosome in strain 

BEST7527 to 6.5 Mb. This is a considerable increase in chromosome size. The locations of the 

large Synechocystis DNA inserts were proB in the right arm and leuB and ytqB in the left arm 

(Figure 13). The additions did not greatly disrupt the symmetry between the origin and terminus 

(O and T respectively in Figure 13). 

 Time course experiments were conducted using a strain derived from the parental strain, 

BEST7003 (strain SL14360) and the strain with 2.3 Mb of additional DNA, BEST7527 (strain 

SL14378). As shown in Figure 14A, the first sporulation septa were observed at approximately 3 

hours after the end of exponential growth in strain SL14360, which contained no Synechocystis 

DNA.   One hour later, 62% of the bacteria had formed the sporulation septum (stage IIi or 

beyond, diamond markers). Between 5 and 5 ½ hours after the end of exponential growth (1- 1 ½ 

hours after the formation of the sporulation septum) the majority of bacteria had completed 

engulfment (reached stage III or beyond).  In the strain with the additional DNA, Figures 14B 

and C show two independent experiments using strain SL14378. There was a slight delay in the 

formation of the sporulation septum; the first septating cells were seen about 3.5 hours after the 

end of exponential phase.  The majority of cells that would go on to form spores had reached 

stage IIi or beyond between 4 and 5 hours after the end of exponential growth, but the majority 

of cells did not complete engulfment until 3- 3 ½ hour after septum formation. This is a ~2 hour 

delay in completion of engulfment associated with the additional DNA. 
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Figure 13. Map of the chromosome of B. subtilis. The shaded area represents the portion of the 

chromosome located within the prespore at the time of septation. The map highlights the origin 

(O) and terminus (T) as well as areas of Synechocystis DNA insertion in strain BEST7527.  

Region I was introduced at proB, Region IV was introduced at leuB, and the 456 kb of Region 

iii, was introduced at ytqB. Other important sites used for the introduction of reporters are also 

highlighted. Also noted is the site of termination of replication in strain SU227 (TSU227). 
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Figure 14. 2.3 Mb of additional DNA delays engulfment in strain BEST7527.  The graphs 

show the percentage of cells that have reached the indicated stage or beyond (stage IIi, 

diamonds; stage IIii, circles; stage IIiii, triangles; stage III, squares) expressed as a percent of the 

maximum number to reach stage IIi.  In A, strain SL14360, which contains no Synechocystis 

DNA; B and C, two independent experiments using strain SL14378, which contains 2.3 Mb of 

Synechocystis DNA.  For A and B at least 200 cells were counted (except at 5 h and 5.5 h, when 

at least 140 cells were counted) and for C 100 cells were counted (except 5 h, 89 cells counted). 

 

 The extra DNA was expected to increase the time required for translocation. Under 

normal conditions, the sporulation septum forms over the axial filament and the SpoIIIE 

translocase pumps 70%, or 2.9 Mb, into the prespore in approximately 15-20 minutes.  At this 

rate, the 2.3 Mb of additional DNA should increase the time required for translocation by 8-16 

minutes and we would expect a small delay in strain BEST7527 reaching the completion of 

engulfment when compared to the parental strain, if completion of engulfment depends on 

completion of translocation of the chromosome. However the delay was nearly two hours; 

possible explanations are discussed in Chapter 4.   
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Activity of σ
G

 was Only Detected in Bacteria that had Completed Engulfment, even when 

Engulfment was Delayed 

 The strains were then evaluated as to the effect the enlarged chromosome and subsequent 

delayed completion of engulfment had on σ
G
 activation. This was done using a σ

G
-directed GFP 

reporter, a transcriptional PsspA-gfp fusion at the sspA locus.  In both BEST7003 (strain SL14360) 

and BEST7527 (strain SL14378), GFP was not detected in any of the prespores prior to the 

completion of engulfment.  For each of strain, GFP was only detected in cells that had reached 

stage III.  Examples are shown in Figure 15 for the parental strain (top) and the strain with the 

additional DNA (bottom). The quantification is shown in Table 8 (data from two independent 

experiments combined). 

 A derivative of strain BEST8817, which contains the complete Synechocystis Region III 

(890 kb) (Region iii in BEST7527 is a truncated version of Region III) in the left arm of the B. 

subtilis chromosome, was also tested. Using the same transcriptional PsspA-gfp fusion, the strain 

(SL14361) was tested in two independent time course experiments and the combined results are 

shown in Table 8.  The results were the same as those seen with the other strains; there was no 

σ
G
 activity seen prior to the completion of engulfment. 

 The structural gene for σ
G
 is sigG (also called spoIIIG).  Transcription from the sigG 

promoter was assessed using a transcriptional gfp fusion located at the amyE locus.  As shown in 

Table 8, GFP was detected well before the completion of engulfment in both BEST7003 and 

BEST7527 derived strains, SL15673 and SL15671 respectively. For strain SL15673 a traditional 

time course was used; images were collected every 30 minutes for 4 hours between T1 and T5 

from a batch culture in MSSM. Strain SL15671 exhibited less sporulation than strain SL15673 
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and instead of a time course of a batch culture, bacteria were taken from an SSA plate after 17 to 

44 hours of incubation at 37°C, and images captured with a Leica DM IRE2 confocal laser 

microscope. The results for strain SL15671 and strain SL15673 were similar. The 2.3 Mb of 

additional DNA did not delay transcription of sigG; the gene was still transcribed well before the 

completion of engulfment. 

 

 

Figure 15. Activity from σ
G

-directed gfp reporter in strain BEST7003 and strain BEST7527 

derivatives is seen only following engulfment. FM4-64 (red) stained images of strain 

BEST7003 derivative, strain SL14360 (top) and strain BEST7527 derivative, strain SL14378 

(bottom). The stage of engulfment is indicated; stage IIi, yellow arrow, stage IIii white arrow, 

stage IIiii yellow arrowhead, stage III white arrowhead. GFP signal (green) from a PsspA-gfp 

reporter located at sspA. 
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Table 8. Effect of insertion of Synechocystis DNA on activity of σ factors in the prespore. 

                                                                             GFP expression at indicated stage of engulfment
a
  

Strain         Insert      σ tested  Reporter IIi      IIii      IIiii             III       III+ 

SL14360     None          σ
G
 PsspA-gfp 0/263      0/87     0/59         364/371      68/68 

SL14378     2.3 Mb       σ
G
 PsspA-gfp  0/564      0/212   0/153        292/310      213/213 

SL14361     0.9 Mb      σ
G
 PsspA-gfp 0/169      0/46      0/60         256/263       109/109 

SL15671     None         σ
F
/σ

G
 PspoIIIG-gfp 22/143    95/140    175/185   399/403        85/85 

SL15673     2.3 Mb      σ
F
/σ

G
 PspoIIIG-gfp     8/116      23/76       71/93      171/178         477/477 

a
 For each stage the number of bacteria displaying GFP fluorescence (promoter activity) in the 

prespore expressed as a fraction of the total number counted 

 

Completion of Translocation of the Chromosome into the Prespore was Delayed by the 2.3 

Mb Insert and Occurred Shortly Before the Completion of Engulfment 

 To investigate the translocation of the chromosome into the prespore, a σ
F
-directed GFP 

reporter was used. Because σ
F
 is a prespore specific sigma factor, it only directs transcription of 

genes located within the prespore. When the sporulation septum forms, the origin proximal 30% 

of the chromosome is within the prespore and can be expressed quickly (65). The genes 

recognized by σ
F
 outside of this region must be pumped into the prespore by the DNA 

translocase SpoIIIE before they can be transcribed and translated (93, 198). By using a σ
F
-
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directed reporter, located near the terminus, the timing of when that region of the chromosome 

entered the prespore could be estimated. 

 PspoIIQ-gfp was used as the σ
F
-directed reporter.  As shown in Table 9, the strains with   

2.3 Mb of extra DNA (strain SL14856 reporter near origin, strain SL14539 reporter near 

terminus) behaved similarly to the parental strains (strain SL14854 reporter near origin, strain 

SL14525 reporter near terminus).  When the reporter was located near the terminus at ppsB, GFP 

expression was observed in some stage IIiii and most of the stage III cells but no bacteria at an 

earlier stage. An example is shown in Figure 16 and the data shown in Table 9. This is in 

contrast to when the reporter was located near the origin at spoIIQ, where GFP was seen in most 

cells from stage IIii onwards.  Because σ
F
-directed genes are expressed weakly near the terminus 

compared to the same fusion at a more origin proximal location (93) it is possible that there is 

somewhat of an underestimation of expression at the terminus proximal location. 
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Table 9. GFP expression of σ
F
-directed reporter located near the origin or the terminus in 

BEST7003 and BEST7527 derived strains suggests translocation concludes near the 

completion of engulfment. All results are the sum of two independent experiments 

 

                                                                             GFP expression at indicated stage of engulfment
a
  

Strain         Insert       Reporter     Location      IIi        IIii           IIiii           III         III+ 

SL14854     None        PspoIIQ-gfp       ori 17/165      86/101    140/140  412/412      213/213    

SL14856     2.3 Mb     PspoIIQ-gfp       ori        15/196      124/147   261/262    595/595      211/211 

SL14525     None        PspoIIQ-gfp       ter          0/456         0/198       2/171     223/274        89/89  

SL14539     2.3 Mb     PspoIIQ-gfp       ter          0/445         0/227      14/218    234/372      285/303 

a
 For each stage the number of bacteria displaying GFP fluorescence (promoter activity) in the 

prespore expressed as a fraction of the total number counted 
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Figure 16. Activity from σ
F
-directed gfp reporter. FM4-64 (red) stained cells showing stage of 

engulfment; stage IIi, yellow arrow; stage IIii white arrow; stage IIiii yellow arrowhead; stage III 

white arrowhead. The σ
F
-directed gfp reporter was located near origin (top; strain SL14856) and 

terminus (bottom; strain SL14539) in strain BEST7527 derivatives. For the terminus proximal 

reporter, stage IIiii is shown both as the less common condition, exhibiting GFP, and the more 

common condition, not exhibiting GFP. 

 

When the Time Required for Completion of Translocation is Increased by Slowed 

Translocase Activity, σ
G

 was Still Only Active Following Completion of Engulfment 

 The second method of increasing the time required for translocation of the chromosome 

into the prespore was to use a mutant strain of B. subtilis with a slowed SpoIIIE translocase 

activity.  Developed in the laboratory of Dr. David Z. Rudner, this strain has a mutation which 

results in a ~2.5 fold slower translocation of the chromosome compared to wild type (15). The 

mutation did not appear to affect growth; a derivative of strain SpoIIIE (D584A), strain 

SL14469, grew very similarly to a strain with a wild type SpoIIIE, strain SL10969 (Figure 17).  
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Figure 17. The spoIIIE (D584A) mutation did not affect growth. Growth curves for SpoIIIE 

(D584A) derivative (strain SL14469) and a strain with wild type SpoIIIE (strain SL10969). The 

end of exponential growth, T0, was estimated to be at 2 h and is indicated by an arrow. 

 

 A SpoIIIE (D584A) derived strain was used in time course experiments to investigate if 

the slowed translocation delayed engulfment (Figure 18). However, any delay in completion of 

engulfment for the SpoIIIE (D584A) background (strain SL14469), compared with wild-type 

SpoIIIE was difficult to discern. 
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Figure 18. Engulfment during sporulation of a SpoIIIE (D584A) mutant. Strain SL10969 

contains wild type SpoIIIE (purple lines) and strain SL14469 contains SpoIIIE (D584A) (green 

lines). The lines represent the percentage of cells that have reached the indicated stage or beyond 

(stage IIi, diamonds; stage IIiii, triangles; stage III, squares) expressed as a percent of the 

maximum number to reach the stage. For each time point more than 100 cells were counted, 

except hour 6 (84 cells). 

 

  The σ
G
-directed GFP was seen only in bacteria that had completed engulfment, for both 

the SpoIIIE (D584A) derived strain (SL14469) and a derivative of the standard laboratory strain 

SL4 with wild type SpoIIIE (strain SL10969). The quantification of this is shown in Table 10. 
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Table 10. Expression of GFP from σ
G

-directed reporter in strains with mutant and wild 

type SpoIIIE.  

                                                                             GFP expression at indicated stage of engulfment
a
  

Strain      SpoIIIE    σ tested  Reporter IIi      IIii      IIiii             III       III+ 

SL14469   D584A       σ
G
 PsspA-gfp  0/94      0/37     0/36          82/83       95/95 

SL10969   wild type    σ
G
 PsspA-gfp        0/152      0/61     0/62         362/363       93/93 

a
 For each stage the number of bacteria displaying GFP fluorescence (promoter activity) in the 

prespore expressed as a fraction of the total number counted 

 

 The progression towards engulfment and σ
G
 activation was also analyzed by time-lapse 

experiments, which provided higher resolution than time course experiments by monitoring the 

development of individual cells. I had not been able to use time-lapse microscopy with the 

strains we received from Dr. Itaya because they were very sensitive to the phototoxicity caused 

by FM4-64 and could not be made to successfully grow and sporulate under the conditions 

needed to carry out time-lapse microscopy.   

 With time-lapse microscopy, individual cells were visualized, progressing through all the 

stages of engulfment.  The development of the reporter signal, in this case GFP, could be seen 

over time.  The procedure of time-lapse microscopy is described in the Material and Methods 

section.  In brief, exponentially growing bacteria were inoculated onto an agarose pad containing 
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FM4-64 and located within a GeneFrame. The GeneFrame is a sticky frame that acts as a mold to 

make the agarose pad. It also provides adhesive that allows for a tight seal holding the coverslip 

against the agarose pad. The slide was incubated for several hours at 30°C and then equilibrated 

for at least two hours in position on the Leica SP5 confocal microscope located within an 

environmental chamber maintained at 30°C.  

 The stage of engulfment of individual bacteria was analyzed and the GFP expression was 

quantified over time. The GFP quantification is shown in Figure 19.  The graph shows 10 lines, 

each representing an individual bacterium. The color of the line changes with stage as the cell 

progresses through the stages of engulfment. The measuring method, as well as noise attributes 

to the varying levels of GFP.  Figure 19A shows strain SL10969 and Figure 19B shows strain 

SL14469. In both strains, there was no GFP signal prior to the completion of engulfment. 

Despite the slowed translocation of the chromosome in strain SL14469, there was no σ
G
 activity 

prior to completion of engulfment. 
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Figure 19. Time-lapse studies indicate that there is no GFP signal from a σ
G

-directed 

reporter prior to completion of engulfment in wild type SpoIIIE or SpoIIIE(D584A) 

background. Lines represent individual bacteria followed through a time lapse experiment, with 

color and symbol indicating stage of engulfment; IIi (black, diamond), IIii (green, circle), IIiii 

(blue, triangle), and III (red, square). The y-axis is GFP intensity, measured in arbitrary units 

(AU). GFP intensity cannot be compared between experiments. Time traces of individual 

bacteria are normalized with completion of engulfment (stage III) occurring at time 0 min. The 

time interval of imaging for strain SL10969 was 20 minutes and the interval for strain SL14469 

was 15 minutes. 

 

Activation of σ
G

 Occurred Only After Completion of Engulfment when Termination of 

Replication was at 145° on the Chromosome 

 The hypothesis that translocation is followed by engulfment, and then σ
G
 activation 

implies there is some regulation that couples these events.  The third avenue of investigation 

used the strain SU227, in which termination of replication at occurs at 145° on the chromosome 

instead of the usual 172°. An alteration of the “terminus” location could potentially disrupt 

B A 
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normal translocation. The terminus, the site of replication termination, is thought to be the last 

region to enter the prespore. When several genes normally located at the terminus were moved to 

100° on the chromosome the result was termination of replication at 145°, as determined by 

marker frequency analysis (34, 53). It seemed possible that this change might disrupt the normal 

relationship between replication, translocation, engulfment and σ
G
 activation. Using a σ

G
-

directed GFP reporter located at amyE in the SU227 background (strain SL15103) it was 

investigated whether σ
G
 activation occurred only after completion of engulfment. 

 Strain SU227 was impaired in spore formation, though the reason for this was not 

investigated. The sporulation efficiency in strain SU227 was about 10%. However, in time 

course conditions a significant number of sporulating bacteria were found and graded as to stage 

of engulfment and GFP expression.  Examples of images collected for strain SL15103 are shown 

in Figure 20 and quantified in Table 11. The GFP signal was only detected in the prespores of 

bacteria that had reached stage III. When replication termination was at 145°, there was still no 

σ
G
 activity prior to the completion of engulfment. 

 

Figure 20. Examples of bacteria at different stages of engulfment of a strain SU227 

derivative containing a σ
G

-directed gfp reporter. FM4-64 (red) stained bacteria representing 

each stage of engulfment; stage IIi, yellow arrow, stage IIii white arrow, stage IIiii yellow 

arrowhead, stage III white arrowhead. 
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Table 11. GFP expression from a σ
G

-directed reporter in strain SU227, with termination of 

replication at 145°, shows no σ
G

 activity prior completion of engulfment. Results for 

SL15103 are combined from two independent experiments. Results for SL10969 are from the 

same experiment shown in Table 10, reproduced here for easy comparison. 

 

                                                                             GFP expression at indicated stage of engulfment
a
  

Strain      Termination
b
   σ tested  Reporter IIi        IIii  IIiii          III             III+ 

SL15103         145°            σ
G
             PsspA-gfp        0/291   0/207     0/190       219/303      51/51 

SL10969         172°            σ
G
             PsspA-gfp       0/152    0/61        0/62       362/363       93/93 

a
 For each stage the number of bacteria displaying GFP fluorescence (promoter activity) in the 

prespore expressed as a fraction of the total number counted 

b
 Where termination of replication occurs at on the chromosome 

 

 SU227 derived strains were found to be amenable to time-lapse microscopy conditions. 

Individual bacteria of strain SL15103 were followed through the stages of engulfment while their 

GFP signal indicating σ
G
 activity was quantified. Figure 21 is a sequence of still images 

collected during a time-lapse experiment. They show the formation of the sporulation septum, 

progression through the stages of engulfment, and the development of a GFP signal within an 

engulfed prespore. 
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Figure 21. Activation of σ
G

 in strain SL15103, in which termination of replication is 

relocated. Successive images from time-lapse microscopy following individual bacteria through 

the stages of engulfment and activation of σ
G
. Bacteria were maintained at 30°C, and images 

captured at 30 min intervals. Activation of the σ
G
-directed PsspA-gfp reporter is indicated by 

green. Membranes were stained with FM4-64 (red). An example of a developing prespore is 

contained within the purple circle. Scale bar is 5μm. 

 

Figure 22 is a graphical representation of development of GFP signals during a time-

lapse experiment. There was no GFP signal prior to the completion of engulfment despite the 

relocation of the site of termination of replication. 
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Figure 22. Time-lapse results supported finding that there is no GFP signal from a σ
G

-

directed reporter prior to engulfment in strain SU227 background. Lines represent 

individual bacteria followed through a time-lapse experiment, with color and shape indicating 

stage of engulfment; IIi (black, diamond), IIii (green, circle), IIiii (blue, triangle), and III (red, 

square). The y-axis is GFP intensity, measured in arbitrary units (AU). Time traces are 

normalized with completion of engulfment (stage III) occurring at 90 min. 

. 

 While the linkage between engulfment and σ
G
 activation was not disrupted by the 

chromosome rearrangement in strain SU227, it remained possible that translocation was no 

longer being completed prior to completion of engulfment.  To investigate this possibility, 
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translocation was examined using σ
F
-directed GFP reporters. A PspoIIQ-gfp transcriptional fusion 

was introduced at various locations on the chromosome and each strain was imaged by time-

lapse microscopy.  

 When the σ
F
-directed reporter was introduced at amyE, about 28° on the strain SU227 

chromosome (strain SL15660) it is presumed to be located within the prespore at the time of 

septation. An early GFP signal following septation was observed (Figure 23A), in contrast to that 

observed with σ
G
-directed reporter at the same locus (strain SL15103, Figure 22) 

 When the reporter was near the site of replication termination in strain SU227, at ylnF 

which is located near 140° (strain SL15634, Figure 23B), GFP was expressed well before the 

completion of engulfment. The same was observed when the reporter was located at 161°, near 

the traditional terminus, as shown with strain SL15648, (Figure 23C). These results support the 

idea, translocation was completed in strain SU227 before engulfment was complete. 
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Figure 23. Translocation of terminus-proximal loci in derivatives of strain SU227 is 

completed prior to completion of engulfment. Derivatives of strain SU227 were used in which 

a PspoIIQ -gfp fusion was at different loci; A amyE (28°), B ylnF (140°), C ynaE (161°). Lines 

represent individual bacteria followed through a time lapse experiment, with color and shape 

indicating stage of engulfment; IIi (black, diamond), IIii (green, circle), IIiii (blue, triangle), and 

III (red, square). The y-axis is GFP intensity, measured in arbitrary units (AU). Time is 

normalized (time 0) to the first image showing the sporulation septum (IIi). 

 

 

A B 
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CHAPTER 4 

DISCUSSION 

 During the process of sporulation there is a sequential and location-specific activation of 

sigma factors that direct RNA polymerase. Following the completion of engulfment, σ
G
 becomes 

active in the prespore. Once active, σ
G
 directs the transcription of its own structural gene, and 

therefore must be highly regulated to prevent inappropriate activation. There are several known 

regulators of σ
G
, including SpoIIAB, LonA and CsfB.  SpoIIAB prevents activation in the 

mother cell (21). LonA prevents activation under nonsporulating conditions (161). CsfB prevents 

premature activation in the prespore (17, 23, 87). These regulators are known to play an 

important role in ensuring σ
G
 only becomes active under appropriate conditions. They do not 

signal the time which σ
G
 should become active. 

 The AA-AH•Q channel connects the prespore and mother cell and is required for σ
G
 

activation (16, 121), but the channel does not appear to serve as a means of transporting a σ
G
 

activator into the prespore (16). The channel presumably allows for the transport of small 

molecules, possibly ATP, into the prespore following engulfment (16).  It is not required for 

activation of σ
F
, or to artificially express T7 RNA polymerase prior to engulfment, but the 

channel is required for them to be active following the completion of engulfment (16).  This 

suggests that the channel cannot be solely responsible for σ
G
 activation occurring after the 

completion of engulfment and supports the authors’ idea  that the channel provides some key 

metabolite to the prespore following engulfment (16). 

   The hypothesis advanced in this thesis is that the chromosome must be completely 

translocated into the prespore, and the prespore subsequently engulfed by the mother cell before 
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σ
G
 can become active.  This hypothesis was tested by delaying the completion of translocation 

first by using strains with extra large chromosomes as a result of large inserts of Synechocystis 

DNA. The time required for translocation was also increased by using a strain in which a 

mutation in SpoIIIE resulted in a 30 minute delay in translocation.  The third approach was to 

use a strain in which replication termination occurs at 145° on the chromosome as opposed to the 

usual 172°. The methods employed did not alter known regulators through mutation or over-

expression, and simply examined the link between translocation, engulfment and σ
G
 activation. 

The results indicate that there is a robust link between completion of engulfment and σ
G
 

activation, as well as a link between completion of translocation of the chromosome into the 

prespore and engulfment.  

 

There is a Strong Requirement that Engulfment is Completed Prior to σ
G

 Activation 

 Strains developed in the laboratory of Dr. Itaya had large regions of Synechocystis DNA 

inserted by a novel megacloning technique known as inchworm elongation (80).  The strains 

grew normally, similar to their parental strain and to our laboratory strain SL4. The sporulation 

varied by strain, with BEST7527 showing good sporulation despite having a 2.3 Mb increase in 

genome size.  

 The additional Synechocystis DNA increased the time required for translocation of the 

chromosome and the subsequent engulfment of the prespore by the mother cell. BEST7527 was 

delayed in engulfment by nearly 2 hours compared to the parental strain with no insert 

BEST7003. This delay is consistent with the increased genome requiring more time to complete 

translocation, thus delaying engulfment. In unaltered B. subtilis, translocation of the ~2.94 Mb of 
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DNA still located within the mother cell following septation takes 15-20 minutes (15, 93). It is 

unclear how much of the BEST7527 chromosome is within the prespore when septation occurs.  

If it is the usual ~1.26 Mb within the prespore, the remaining chromosome (5.24 Mb) might be 

expected to take about 27-36 minutes to be translocated. Alternatively, if 30% of the large 

chromosome is located within prespore when the sporulation septum forms, then translocation 

would take approximately 23-31 minutes.  Regardless of the method, the delay over the usual 

time required for translocation would be between approximately 8 and 16 minutes. The amount 

of time required for translocation, determined in our experiments with BEST7527, is much 

greater than expected, nearly two hours (Figure 14). This prolonged delay could potentially be 

the result of sequences within the DNA that SpoIIIE recognizes, and direct translocation towards 

the terminus region (129, 150, 157). In B. subtilis, the sequence is SRS6, GAGAAGGG, an 

octomeric sequence that is highly directionally skewed to direct translocation towards the 

terminus (150, 157).  Synechocystis contains these octameric sequences, and there are 12 forward 

sequences and 8 reverse sequences within the Synechocystis DNA in BEST7527; they exhibit 

little skew and therefore could impair SpoIIIE movement towards the terminus-proximal dif site 

(150). While not investigated, this misdirection could increase the time required for translocation 

and consequently delay engulfment. 

 A potential follow up experiment would be to use site directed mutagenesis to change the 

SRS6 sequences within the Synechocystis DNA so that they exhibit skew and direct translocation 

towards the dif site. If the SRS6 sequences indeed result in more time being required for 

translocation of the chromosome, then the introduction of skew would reduce the impediment to 

translocation and reduce the delay in engulfment. Because the Synechocystis DNA is otherwise 

silent in B. subtilis, the mutations should be well tolerated. 
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 Despite the delay in engulfment, there was no σ
G
 activity seen before completion of 

engulfment, as determined by a σ
G
-directed gfp reporter.  There was no GFP signal in cells that 

had not reached stage III in the background of BEST7003, BEST8817, or BEST7527 (Table 9, 

Figure 15).  The transcription of the structural gene for σ
G
, spoIIIG, occurred well before the 

completion of engulfment and was similar for both BEST7003 and BEST7527, suggesting that 

σ
G
 was present well before completion of engulfment. In BEST7527, presumably σ

G
 is being 

held in an inactive state for a longer time, until engulfment is complete, and then is activated by 

the normal mechanism, whatever that may be.  

 In an alternative strategy, the amount of time to complete translocation of the 

chromosome into the prespore was investigated without the use of foreign DNA. In the strain 

SpoIIIE (D584A), in which impairment in the ATPase domain of SpoIIIE results in a 2.5 fold 

reduction in translocase activity (15), σ
G
 activity was only detected in cells that had completed 

engulfment in data from time course (Table 9) and time lapse (Figure 19) experiments.  

 Completion of engulfment prior to activation of σ
G
 was also maintained when replication 

was disrupted. In SU227, termination of replication occurs at 145° on the chromosome as 

opposed to 172° (34, 53). In this background, σ
G
 activity was still only seen following 

engulfment under both time course (Table 10, Figure 20) and time lapse conditions (Figure 21, 

Figure 22).  These data consistently support the idea, engulfment must precede σ
G
 activation. 

 

Translocation of the Chromosome is Completed Prior to Completion of Engulfment 

 Translocation of the chromosome in BEST7527, which contains 2.3 Mb of Synechocystis 

DNA, finishes shortly before the completion of engulfment.  A σ
F
-directed gfp reporter in 
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BEST7527 located near the terminus showed a GFP signal in bacteria at stage IIiii and stage III 

in a time course experiment, but not in bacteria at stages IIi or IIii. This result suggests that the 

region, the last to enter the prespore, enters the prespore shortly before the completion of 

engulfment.  

 The same type of PspoIIQ-gfp reporter in the SU227 (with termination at 145°) background 

also indicated that the entire chromosome was translocated into the prespore prior to the 

completion of engulfment. Reporters located near the traditional terminus as well as those at the 

site of termination replication in SU227 both showed expression prior to completion of 

engulfment in time lapse experiments. Relocation of termination of replication was achieved 

through deletion of an 11.2 kb region in the terminus area and introduction of a 1.75 kb region 

containing rtp, terI and terII, which had been a part of that 11.2 kb region, to 100° on the 

chromosome. Despite these alterations there was not a detectable impact on translocation. The 

skew of the SRS6 sequences directs translocation towards dif (150), a gene locus, which is not 

relocated in SU227. However, there are also only four such sequences between 145° and 172°, 

one directed towards 172° and three away from it, and these may not be enough to disrupt 

translocation. 

 Another potential avenue of investigation would be a shortened rather than a prolonged 

translocation. If a B. subtilis strain with a very small chromosome or a SpoIIIE with an increased 

rate of translocation were available it could be used to determine the effect on engulfment if 

translocation were finished earlier. A search for either type of strain found none already 

constructed. The number of essential genes for B. subtilis to grow on LB medium is 271 of the 

4100 genes, as identified by single inactivation (96). There are also several compilations of the 

genes required for sporulation (135, 147, 179).  A recent study compared genes requires for 
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sporulation across several species and identified 155 genes required for sporulation in Bacillus 

(56). A strain could theoretically be constructed with just the indispensible, essential and 

sporulation genes and it would have a smaller chromosome that should complete translocation 

earlier. This may cause changes in the timing of engulfment and σ
G
 activation. 

 The mechanism that controls the link between engulfment and σ
G
 activation remains 

unclear. This work supports the robustness of the link, but does not indicate details of 

mechanism. There are several differences between the prespore and mother cell following 

engulfment. One is pH, at approximately T4 the pH in the B. subtilis prespore is ~7 whereas the 

pH in the mother cell is ~8.1 (115). It is hypothesized this change is associated with the 

accumulation of cations, particularly H
+
 ions (115). This drop in pH is thought to be important 

because the phosphoglycerate mutase in Bacillus species is pH-sensitive (97, 98). Inactivation of 

phosphoglycerate mutase allows for the accumulation of 3-phosphoglyceric acid, which is used 

to rapidly produce ATP during germination of the spore (97, 114). The difference in pH between 

the mother cell and the prespore could be the signal required for activation of σ
G
 to occur only in 

the engulfed prespore. However, it would have to be the result of a transient change at the time 

of completion of engulfment, because the fall in pH in the prespore is dependent on σ
G
 activity. 

The acidification does not occur in a spoIIIG (sigG) mutant strain (115). It might be possible to 

use the pH-sensitive fluorescent dye, 2’,7’-bis-(2-carboxyethyl)-5-(and 6-(carboxyfluorescein-

acetoxymethyl ester (BCECF-AM ester; Molecular Probes, Eugene, OR) with time-lapse 

microscopy to visualize exactly when the acidification occurs and if there is transient 

acidification before σ
G
 activation. But analysis would be difficult, the dye is interpreted using 

fluorescent ratio image analysis of the ratio of emission intensity when excited at two different 
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wavelengths. It has been used in studies with B. subtilis but the small size of the prespore 

presents challenges (115).   

 Following engulfment there are a number of other differences between the prespore and 

the mother cell. The prespore is fully isolated from the external medium. Once the prespore has 

been engulfed by the mother cell it is cut off even from the mother cell by two opposed 

membranes. It is possible the loss of some stimuli, such as micronutrients, found in the external 

environment could act as a trigger for activation of σ
G
. It is also possible that the formation of the 

complete double membrane could transiently interrupt energy generation and hence trigger σ
G
 

activation. Another possibility is that the completion of engulfment causes a conformational 

change in a protein associated with the engulfment machinery and lead to the autocatalytic loop 

that results in σ
G
 activation. 

 The results clearly demonstrate, despite delays in engulfment and replication termination, 

σ
G
 activation occurred only after completion of engulfment. This supports the hypothesis that, 

completion of translocation precedes engulfment, which in turn precedes activation of σ
G
. The 

results do not determine a mechanism for what triggers activation of σ
G
 following engulfment.   
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APPENDIX A 
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APPENDIX B 

RECIPES 

Growth Media 

 

Luria Bertani Lysogeny Broth (LB) 

Yeast Extract (Difco)   2.5 g 

Sodium Chloride   2.5 g 

Tryptone (Difco)   5 g 

Water     to 500 mL 

Autoclaved, stored at room temperature 

 

Luria Bertani Agar (LBA) 

LB containing 1.6% Agar-agar (Sigma A-7002)(70% agarose, 30% agaropectin) 

 

Sporulation Media 

 

 Modified Schaeffer’s Sporulation Medium (MSSM) 

Nutrient broth (Difco)   8 g 

MgSO4-7H2O    0.25 g 

KCl     1 g 

Water     to 500 mL 

Autoclave, cool to room temperature, then add 

1 M Ca(NO3)2    0.5 mL 

0.1 M MnCl2    0.5 mL 

0.1 M FeSO4    0.005 mL 
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Schaeffer’s Sporulation Agar (SSA) 

Nutrient broth (Difco)   4 g 

MgSO4-7H2O    0.125 g 

KCl     0.5 g 

Agar-agar    7.5 g  

Water     to 500 mL 

Autoclave, cool to 55°C, then add 

1 M Ca(NO3)2    0.5 mL 

0.1 M MnCl2    0.5 mL 

0.1 M FeSO4    0.005 mL 

 

Preparation of Competent E. Coli 

 

RF1 

RbCl     12 g 

MnCl2-4H2O    9.9 g 

1 M Potassium acetate, pH 7.5 30 mL 

CaCl2-2H2O    1.2 g 

Glycerol    150 g 

Water     to 1000 mL 

Adjust pH to 5.8 with 0.2 M acetic acid and filter sterilize. Store at 4°C. 
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RF2 

RbCl     1.2 g 

0.5 M MOPS, pH 6.8   20 mL 

CaCl2-2H2O    11 g 

Glycerol    150 g 

Water     to 1000 mL 

Filter sterilize and store at 4°C. 

 

Plasmid Isolation Solutions 

Resuspension Solution 

Tris: HCl, pH 7.5   50 mM 

Na EDTA    10 mM 

 

Lysis Solution 

NaOH     200 mM 

SDS     1% 

 

Neutralization Solution 

Potassium acetate   1.32 M 

Adjusted to pH 4.8 with acetic acid 
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Colum Wash Solution 

NaCl     200 mM 

Tris:HCl, pH 7.5   20 mM  

EDTA     5 mM 

Ethanol    550 mL 

Add water to total volume of 1000 mL. 

 

TE Buffer 

1 M TRIS:HCl, pH 8.0   10 mL 

1 M Na EDTA, pH 8.0   1 mL 

Water      to 1000 mL 

Autoclave, store at room temperature 

 

Gel Electrophoresis 

 

Tris-Acetate (TAE) Buffer, 50x 

Tris Base (Sigma)   242 g 

Glacial acetic acid   57.1 mL 

EDTA (sodium salt)   37.2 g 

Water     to 1000 mL 

Autoclave, store at room temperature 
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B. subtilis Genomic DNA Isolation 

 

Solution 1 

TRIS:HCl, pH 8.0    3.03 g 

Na EDTA, pH 8.0    2.92 g 

Glucose     1 g 

Water      to 1000 mL 

 

10X buffer 

TRIS:HCl, pH 8.0    30.3 g 

Na EDTA, pH 8.0    29.2 g 

Water     to 1000 mL 

 

B. subtilis Transformation Media 

 

SP10 (10x) 

K2HPO4    70 g 

(NH4)2SO4    10 g 

KH2PO4    30 g 

Sodium citrate    5 g 

MgSO4    1 g 

0.1 M MnCl2    0.5 mL 

Water     to 500 mL 
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Autoclave, then store at room temperature. 

 

Bott & Wilson Amino Acids (BWAA) 

125 mg of each in 50 mL water 

Tryptophan  Threonine  Thymine 

Glycine  Lysine 

Arginine  Histidine 

Methionine  Aspartic acid 

Filter sterilize and store at 4°C 

 

Growth Medium 1 (GM1) 

SP10 (10x)    50 mL 

BW AA    5 mL 

50% glucose    5 mL 

1 M MgSO4    0.1 mL 

20% yeast extract (Difco)  0.5 mL 

Water     to 500 mL 

Filter sterilize and store at room temperature. 

 

Growth Medium 2 (GM2) 

GM1 adjusted to 0.5 mM CaCl2 and 2.5 mM MgCl2 immediately before use. 
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Minimal Medium Agar (MMA) 

SP10     60 mL 

1 M MgSO4    600 μL 

1 M Na glutamate   5.8 mL 

Agar     8.4 g 

Water     to 600 mL 

Autoclave, cool to room temperature, then add 

BWAA    6 mL 

50% glucose    6 mL 

 

Phosphate Buffered Saline (PBS) 

100 mM phosphate stock  2 mL 

1M KCl    10 mL 

1 M MgSO4    0.2 mL 

Water     to 200 mL 

Autoclave and store at room temperature 

 

Phosphate buffer (pH 7.4) stock 

1 M NaH2PO4    3.8 mL 

1 M Na2HPO4    16.2 mL 

 


