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Abstract 

 
Streptomycetes have a complex morphogenetic programme with formation of aerial 
hyphae that develop into chains of spores. After spore dispersal, environmental 
signals trigger dormant spores to germinate to establish a new colony. This 
complexity of streptomycete microcolonies makes studying the dynamic processes 
that contribute to growth and development a challenging procedure. In order to study 
the mechanisms that underpin streptomycete growth, we have developed a system for 
studying hyphal extension, protein trafficking, and sporulation by time-lapse 
microscopy. Heterogeneous distribution of phospholipids along bacterial membrane 
results in the formation of domains enriched in anionic phospholipids at the cell 
poles and at the mid cell. Cardiolipin plays a key role in organization of bacterial 
membranes and forms membrane domains that participate in interaction with multi-
protein complexes involved in cell division, energy metabolism, and membrane 
transport.  
 
This work focuses in cloning and functional characterization of the gene encoding 
the cardiolipin synthase -SCO1389 in the Streptomyces coelicolor. SCO1389, was 
disrupted by replacement with an apramycin-resistant gene followed by exchange 
with the homologous chromosomal region. Most recombinations resulted in single 
crossover and none had undergone the second crossover event to delete the SCO1389 
gene. SCO1389 could not be deleted without causing lethality, except when a second 
SCO1389 copy was expressed in the same cells, which implies that SCO1389 is 
involved in an essential primary metabolic process, likely membrane phospholipid 
biosynthesis.  The proper genomic disruptions were confirmed by Southern blot 
hybridization. Depletion of SCO1389 caused failure in erection of aerial hyphae and 
severely retards growth whilst there was enough genetic evidence that SCO1389 is 
essential for growth and development, it was not clear why cells cannot grow in the 
absence of this gene. Over expression of SCO1389 weakens hyphal tips, mis-shaped 
aerial hyphae and large anucleated spores. A SCO1389-egfp translational fusion was 
constructed, which showed distinctive regions of strong fluorescence mostly in the 
substrate hyphae and in few young aerial hyphae. Use of the cardiolipin specific 
fluorescent dye 10-N-nonyl-acridine orange (NAO) revealed cardiolipin rich 
domains in the Escherichia coli membrane (Mileykovskaya et al., 2000). Staining of 
Streptomyces cells with NAO showed that there were green fluorescence domains in 
the branch points, substrate hyphae, hyphal tips, aerial hyphae and in spores. These 
fluorescence domains were scarcely detectable in cells of the SCO1389-disrupted 
mutant. The red shift fluorescence due to stacking of two dye molecules showed 
same results like the green shift in mutants and M145 strains. Statistical analysis 
shows altering the expression level in SCO1389 affects the growth and branching in 
the strain RJ118b (induced by anhydrotetracycline-atc) and RJ110 (induced by 
thiostrepton). 
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1.1 Morphological development of Streptomyces coelicolor.  
 

Streptomyces are multicellular, saprophytic, Gram positive, chemo-organotropic 

bacteria (Hodgson, 2000) and are best known for producing over two thirds of 

naturally derived antibiotics currently in medical or veterinary use (Challis and 

Hopwood, 2003). There are over 60 species of streptomycetes, classified according 

to the similarity of their 16S rRNA, cell wall composition, fatty acid and lipid 

contents (Williams et al., 1989; Anderson and Wellington., 2001). Apart from their 

application in various industries, streptomycetes are interesting model organism to 

study developmental biology because of their close relationship to Gram positive 

pathogens and their development complexity. The completion of the sequence of the 

8.7Mb linear chromosome of Streptomyces coelicolor, confirmed that the 

chromosomes contains 7825 genes (Bentley et al., 2002).  

 

Streptomycetes are generally characterised by having a high DNA percentage of 

guanine and cytosine (~ 72%). The genome sequencing project has provided a key 

step in understanding and characterising the genes involved in cell division and 

chromosome segregation in this complex mycelial organism. As mutations of many 

cell division genes are not lethal (McCormick et al., 1996; Grantcharova et al., 

2003), S. coelicolor provides a very good experimental system to understand how 

cell division operates in actinobacteria, such as the pathogenic and experimentally 

intractable Mycobacterium tuberculosis (Cole et al., 1998) and Corneybacterium 

diptheriae (Cerdeno et al., 2003). The other Streptomyces species used as model 

organisms for the study of multicellular differentiation and secondary metabolism are 

Streptomyces griseus and Streptomyces avermitilis, due to their industrial 

importance, their genome has been sequenced (Haruo et al., 2003; Yasuo et al., 

2008).   
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1.2 Growth of substrate hyphae. 
 
Streptomyces coelicolor is by far the genetically most studied member of the genus 

Streptomyces. The life cycle (Fig. 1), starts from a spore and involves two phases: 

substrate and aerial mycelium. Whilst in most unicellular bacteria, cells divide and 

daughter cells are separated, in Streptomyces the growth occurs by cell-wall 

extension at hyphal tips and hyphal branching that leads to a matted vegetative 

mycelium (Prosser and Tough, 1991). The incorporation of fresh cell wall materials 

takes place only at the hyphal tips (Flardh, 2003b). The growth by tip extension can 

be visualized using fluorescent conjugates of vancomycin FL that stains the regions 

of the peptidoglycan precursor (Flardh, 2003a; Daniel and Errington, 2003). The 

pattern of staining is different from Escherichia coli and Bacillus subtilis. The 

vegetative mycelium contains multiple copies of the genome with irregular cross 

walls. The spores germinate and develop into branching hyphae that forms the 

substrate mycelium; some hyphae grow away into the air to from aerial hyphae and 

then aerial hyphae undergo septation into multiple compartments that mature into 

grey, pigmented, desiccation resistant spores (Chater, 1998; Kelemen and Buttner, 

1998).  

 

In E. coli and B. subtilis cell elongation is driven by the bacterial actin homologue 

MreB (Carballido, 2006; Thanbichler et al., 2008).  In these bacteria MreB directs 

the insertion of new peptidoglycan into lateral walls allowing cell extension and so 

gives shape to the bacteria. In contrast, Streptomyces tip extension is independent of 

MreB and the peptidoglycan synthesis takes place at the tips unlike in other bacteria 

where it is incorporate along the lateral walls. From the genome sequence two mreB 

genes have been identified in S. coelicolor and are involved more in sporulation in 

aerial hyphae and play a less significant role in tip extension (Mazza et al., 2006).  
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Figure 1: Life cycle of S. coelicolor.  

The black arrows in germination and vegetative mycelium shows the time-lapse 
frames, the small arrows in young aerial hyphae and spore maturation indicates the 
formation of mature desiccation resistant spores and completing the cycle by 
germination.  
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There are many other actinobacteria that lack mreB genes, and follow a similar 

growth pattern to Streptomyces by growing apically and incorporating cell wall 

material at the poles (Daniel, 2003; Mazza et al., 2006; Nguyen et al., 2007; Letek et 

al.,2008; Hett et al.,2008). The protein that drives tip extension in Streptomyces and 

other actinobacteria was identified as DivIVA, a coiled coil protein (Flardh, 2003a).  

All the new tips and lateral branchs, that originates needs to be filled in with new 

chromosomes. Streptomyces chromosome replication takes place along the 

vegetative and aerial hyphae, although the rapidly extending apical compartments of 

the aerial mycelium have more active replication than any other compartments. 

(Osmiałowska et al., 2006). DivIVA is essential and shows a strong effect on tip 

extension and cell shape. In Coryneybacterium and Mycobacterium species the 

orthologues of DivIVA have similar localization and activity as Streptomyces. 

However, depletion of DivIVA in Coryneybacterium leads to loss of cell wall 

assembly and changes to spherical cell shape. This suggests that DivIVA is required 

for mreB-independent cell wall extension in all actinobacteria (Letek et al., 2008, 

Hempel et al., 2008, McCormick et al., 1994). The hyphal tips are probably 

important for cellular processes functions during growth and development. Recently, 

cellulose synthase like protein cellulose synthase (CslA) was found at the hyphal tips 

and interacting with DivIVA and may be involved in deposition of a β-linked glucan 

during cell wall extension (Xu et al., 2008). 
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1.3 Growth of aerial hyphae. 
 

After the growth of substrate mycelium, S. coelicolor develops morphologically and 

erects aerial hyphae (Chater, 1993). The surface of the colonies is covered by a thick 

mat of white aerial mycelium that grows away from the substrate mycelium into the 

air. At this point, aerial hyphae obtain nutrients from the degradation of the 

vegetative mycelium (Challis and Hopwood, 2003; Miguelez., 1999). The formation 

and initiation of aerial hyphae erection is the result of a complex intracellular 

signalling cascade and is consistent with the switch from primary to secondary 

metabolism with production of antibiotics (Chater, 1998; Willey et al., 2006). On a 

rich media, S. coelicolor produces the lantibiotic like peptide, SapB. These molecules 

contribute to a hydrophobic coating on spores (Willey et al., 1993; kodani et al., 

2004). The gene cluster responsible for the synthesis of SapB is the ram cluster, 

which contains ramR, a gene that encodes for the response regulator that directly 

activates the ramCSAB operon (Kodani et al., 2004; Keijser et al., 2000; Nguyen et 

al., 2002; Connor et al., 2005 and 2002).  Over expressing ram genes in S. coelicolor 

induces rapid erection of aerial hyphae (Ma et al., 1994). In S. griseus deletion of the 

ram gene causes the loss of aerial hyphae formation on a rich media, leading to a 

‘bald’ phenotype (Keijser et al., 2002; Nguyen et al., 2002; Connor et al., 2005; 

Capstick et al., 2007; Ueda et al., 2002).  From biochemical evidence it was shown 

that RamC was similar to lantibiotic synthetases. On analysing the structure of SapB, 

it was shown that it is peptide derived from a 42-amino acid ramS-encoded pre-

peptide and further modified by RamC (Kodani et al., 2004). On minimal media it 

was noticed that although S. coelicolor produces aerial hyphae, no SapB was 

produced, indicating that S. coelicolor switched over to a SapB-independent pathway 

for aerial hyphae formation (Claessen et al., 2003). This alternative pathway that 

produces a hydrophobic sheath for erection of aerial hyphae, involves chaplins and 

rodlins proteins. There are eight chaplins proteins secreted in S. coelicolor, chp A, B, 

C, D, E, F, G and H.  All these proteins share a conserved hydrophobic domain of ~ 

50 amino acids called the chaplin domains (Claessen et al., 2003; Elliot et al., 2003; 

Berardo et al., 2008).  
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The chaplins are classified in two types, short and long chaplins. The five short type 

chaplins found in S. coelicolor, are chp D, E, F, G, H with a chaplin domain and a 

Sec (secretion) signal peptide. The long chaplins consist of chp A, B, and C, and have 

an amino terminal and a Sec signal peptide. The mechanism for the erection of aerial 

hyphae is through the assembly of chaplins into amyloid like filaments at the air-

water interfaces. Here the short chaplins are anchored to the surface of aerial hyphae 

through hetero-polymerization and the long chaplins anchored to the cell wall, to 

form hydrophobic filaments. On rich and poor media the expression of chp genes 

was activated before the erection of aerial hyphae. However, on deletion of chp 

genes, S. coelicolor cannot produce aerial filaments on minimal media and is 

severely affected on rich media (Claessen et al., 2004). The other protein which 

contributes to the hydrophobic sheath is the rodlin proteins; RdlA and RdlB 

(Claessen et al., 2002). Mutants that lack both rdlA and rdlB still form hydrophobic 

sheath and normal aerial hyphae. However, strains that cannot produce both SapB 

and chaplins are ‘bald’ under all growth conditions (Capstick et al., 2007). 

 

1.3.1 Role of bld genes during aerial hyphae formation. 
 

During genetic screening studies in S. coelicolor, a number of mutants were isolated 

that were blocked in aerial mycelium formation (termed bld mutants for their bald 

colony appearance) or in the spore chain maturation process (termed as whi mutants 

for their white colony coloration).  At least 10 bld loci, bldA, bldB, bldC, bldD, bldF, 

bldG, bldH, bldI, bldK, and bld261, have been found in S. coelicolor (Champness, 

1988; Merrick, 1976, Nodwell et al., 1996; Willey et al., 1991,1993) and blocked at 

an early stage in the initiation of development. From the standard genetic code, one 

of the six codons for leucine (UUA) has no G or C residues, and is codon is rarely 

used in streptomycetes. The bldA codes for the gene leucyl-tRNA that recognizes the 

UUA codon (Lawlor et al., 1987; Leskiw et al., 1991).  It has been suggested that 

this tRNA is involved in the translation of regulatory genes, which is involved in 

antibiotic production and morphogenesis (Fernandez et al., 1991; Leskiw et al., 

1991a, 1991b).  
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However, mutations in bldA do have phenotypic effects; the most obvious are bald 

colonies that are devoid of pigmented secondary metabolites (Merrick, 1976). 

Expression of bldA increases during initial growth development and the gene is 

active during vegetative growth (Wezel et al., 1997). Microscopic examination of 

colonies of bldA mutants reveal that they are covered with malformed, aberrant 

hyphae (Merrick, 1976), which are probably defective aerial hyphae. The complexity 

of this phenotype suggests that bldA may have a regulatory role in many aspects of 

developmental biology. A bldA-like tRNA locus is present in all actinobacteria. 

However, TTA codons are more frequent in the genomes of other actinobacteria. In 

S. coelicolor, 22% of TTA codons occur in the first 10 codons, compared to 9% in N. 

farcinica (Fuglsang, 2005). The frequent observation on effects of bldA mutations on 

antibiotic production are mostly exerted directly via UUA codons (Chater & 

Horinouchi, 2003; Chater, 2006). The bldA mutant phenotype is carbon source 

dependent; on glucose or cellobiose, or in the presence of glucose in a mixture of 

carbon sources, colonies are bald, whereas a carbon source, such as maltose, 

galactose, or mannitol, the bald phenotype is suppressed and sporulation occurs 

(Piret et al., 1985). Similarly, growth on mannitol rescues both sporulation and 

antibiotic production in bldH mutants (Champness, 1988). These observations 

strongly suggest that there is a direct connection between the regulation of carbon 

utilization and the initiation of morphogenesis in streptomycetes. During screening 

for mutants defective in catabolite control some mutants were identified that were 

resistant to glucose repression, but defective in the regulation of antibiotic production 

and are bld (Pope et al., 1996). 

 

One of the 11 TTA-containing genes common to S. coelicolor and S. avermitilis is 

adpA, or bldH (SCO2792) - (Nguyen et al., 2003; Takano et al., 2003). This gene 

was first studied in S. griseus (Ohnishi et al., 2005), where it contains a TTA codon, 

as in the other two orthologues.  In S. coelicolor, this TTA codon is the major route 

through which bldA influences development; while in S. griseus the influence of 

bldA on antibiotic production is partially mediated via adpA. This shows the role of 

adpA in Streptomyces.  
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Thus, in S. griseus, adpA expression is directly regulated by a repressor protein 

called ArpA (‘A-factor receptor protein’); on the other hand adpA repression is 

removed by an extracellular accumulation of the γ-butyrolactone A-factor (see 

section 1.3.2). Production of SapB is impaired in bld mutants and aerial mycelium 

formation could be restored at the edges of bld mutant colonies, when grown close to 

nearby SapB-producing colonies. Interestingly, when two bld mutants were grown 

together the production of aerial hyphae was restored at the edges of colonies and the 

cells started to sporulate. This suggests that differentiation was governed by a 

hierarchical cascade of intercellular signals (Nodwell et al., 1996, Willey et al., 

1993). This extracellular complementation is always unidirectional, with one bld 

mutant acting as a “donor” and the other as a “recipient.” All bld mutants can be 

restored in the order as follows: bldJ-bldKbldL-bldA, bldH-bldG-bldC-bldD-bldM, 

eventually causing the bldD-dependent production of SapB, which allows aerial 

hyphae to overcome surface tension and grow into the air (Nodwell et al. 1996, 1998, 

1999; Willey et al., 1993; Elliot, et al., 1998).  

 

BldD mutant was capable of complementing all of the other bld mutants and is at the 

top of the hierarchy. There is also evidence that a covalently modified oligopeptide 

rescues development in a bldJ mutant in a bldK-dependent manner (Nodwell et al. 

1996). BldK (Nodwell et al. 1996) is an oligopeptide transporter and is perhaps 

responsible for the import of an extracellular signal required for the initiation of 

morphogenesis. BldB mutants form very smooth colonies, leathery in texture, 

apparently composed only of substrate mycelium. Eight independent bld mutants 

have been assigned to bldB, (Merrick, 1976; Champness, 1988), and are of special 

interest because their phenotype is the most pleiotropic of all bld mutants and are 

completely defective in antibiotic production (Champness, 1988). The bldB mutants 

are also defective in the regulation of carbon utilization (Pope et al., 1996; Merrick, 

1976). Out of all the bld mutants, bldB phenotype is not rescued by different carbon 

sources or by extracellular complementation (Champness, 1988, Merrick, 1976, Pope 

et al., 1996). BldC gene encodes a small protein, with similarity to MerR family 

DNA-binding proteins in S. coelicolor and S. avermitilis, (Hunt et al., 2005).  
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The bldG gene encodes an anti-σ factor (Bignell et al., 2000). The interaction 

between BldG proteins depends on the phosphorylation state of an anti-anti-σ factor 

(BldG). The phosphorylation state of the BldG is determined by the three factors, the 

availability of phosphorylated form of BldG, the kinase activity of the anti-σ factor 

and the dephosphorylation state of BldG (Hesketh et al., 2002; Bignell et al., 2003). 

BldD is a regulatory protein that possesses a putative DNA binding domain similar to 

those of Xre-like regulators (Elliot et al., 1998). It represses its own expression and 

that of several other developmental genes including bldN and whiG (Elliot & Leskiw, 

1999; Elliot et al., 2001). A whiK null mutant was bald, as a consequence of the null 

mutant phenotype, whiK was renamed bldM, that encodes a response regulator, a 

class of proteins involved in signal transduction, typically in conjunction with a 

membrane-localized, cognate sensor kinase (Molle and Buttner, 2000). Recent 

reports show that a bldM null mutant when grown near to other bld mutants; aerial 

mycelium formation was restored in bldJ, bldK, bldA, bldH, bldG and bldC mutants. 

In contrast, bldM failed to restore aerial mycelium formation to a bldD mutant, and 

the bldD mutant also failed to restore aerial mycelium formation to bldM. BldM 

therefore fits into the proposed hierarchy and is a member of the bldD extracellular 

complementation group (Willey et al., 1993; Nodwell et al., 1996; 1999; Nodwell 

and Losick, 1998).  

 

The gene bldN encodes a member of the extracytoplasmic function (ECF) subfamily 

of RNA polymerase sigma factors and has a unique N-terminal extension of 

approximately 86 residues that is not found in other sigma factors. σBldN is required 

for the transcription of one of two promoters of bldM (Bibb et al., 2000). An 

important consequence of the expression of bldM is the activation of the chp genes 

encoding the morphogenetic chaplin proteins (Elliot et al., 2003). Interestingly, some 

bldM and bldN alleles give rise to a white aerial mycelium phenotype (Ryding et al., 

1999), suggesting that they are both needed for development.  
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The bldN orthologue in the S. griseus is 84% identical to adsA, which is a direct 

target of AdpA (Yamazaki et al., 2000); and bldN transcription is also bldH-

dependent in S. coelicolor (Bibb et al., 2000). However, it is not clear if AdpA and 

BldD both interact with bldN in S.coelicolor. A second BldD-binding site in bldN 

corresponds to the segment of the promoter region that is expected to interact with 

RNA polymerase (Elliot et al., 2001), which is highly conserved among the 

actinobacteria.  

 

1.3.2 Role of A-factor in development of aerial hyphae. 
 

A-factor (2-(6`-methylheptanoyl)-3R-hydroxymethy-4 butanolide) triggers both 

aerial mycelium formation and streptomycin biosynthesis in S. griseus. A-factor is a 

γ-butyrolactone signalling molecule, which leads to initiation of aerial mycelium 

formation in S. griseus. In streptomcetes, γ-butyrolactone is widely produced, but 

their roles vary from species to species (Nishida et al., 2007; Takano, 2006; Chater et 

al., 2003). A low concentration of A-factor is needed for the effects on Streptomyces 

growth. Therefore it has been deemed as a “microbial hormone”. A-factor expresses 

its regulatory function by binding to A-factor binding protein leading to regulation of 

genes that are important for secondary metabolism and sporulation. (Horinouchi, 

2002; Kato et al., 2002; Takano et al., 2003; Takano et al., 2005). In S. griseus, other 

than the repression effect of A-factor on adpA, the other direct targets of AdpA 

includes the genes as σAdsA, Extracytoplasmic factor-ECF, SsgA (a protein that 

influences septum formation) and AmfR (a response regulator that influences septum 

formation) controls the amfTSBA operon (Yamazaki et al., 2000, Yamazaki et al., 

2003a & 2003b). However in S. griseus adpA is autoregulatory, contributing to its 

own transcriptional repression (Kato et al., 2005). Four out of six of the AdpA-

binding sites of the adpA promoter of S. griseus are conserved in the adpA promoter 

regions of S. coelicolor and S. avermitilis (Kato et al., 2005). Although AdpA 

orthologues are known only in streptomycetes, AdpA belongs to a subfamily within 

the family of activator/repressor proteins whose best-known member is AraC of E. 

coli (Yamazaki et al., 2004; Kato et al., 2005). 
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1.4 Sporulation of aerial mycelium. 
 

After the erection of aerial mycelium (Fig. 1), the apical part of the aerial hyphae 

stops growing and the hyphae undergo multiple septation, which results in formation 

of unigenomic spores. Through genetic screening a group of genes was identified, 

the whi genes, which regulate sporulation (Chater, 1972). White mutants forms two 

groups, the early whi mutants that fail to produce sporulation septa (Chater, 1972, 

McVittie, 1974), while the late whi mutants are defective during subsequent spore 

maturation (Chater, 1993; Davis and Chater, 1990; Kelemen et al., 1998). The whi 

genes are involved in a network of developmental check points and in sporulation 

(Chater, 2000, 2001, 2006). The family of early whi genes consists of whiG, whiA, 

whiB, whiH, and whiI.  

 

whiG (SCO5621) genes of several other streptomycetes play a role in erection of 

aerial hyphae and sporulation. These genes carry highly conserved coding regions 

that are characterized by BldD-binding sites in S. coelicolor (Soliveri et al., 1993; 

Kormanec et al., 1994; Elliot et al., 2001; Catakli et al., 2005). whiG encodes an 

sigma factor, σwhiG , required for the initiation of the sporulation program (Tan et al., 

1998; Mendez & Chater, 1987; Chater et al., 1989). The whiG promoter is repressed 

by the BldD developemental regulator, which shuts off many developmental genes 

during vegetative growth (Elliot et al., 2001). This dependence of whiG expression 

on BldD is the first evidence of a link between whi and bld genes. σwhiG RNA 

polymerase holoenzyme transcribes the early sporulation genes whiH (Ryding et al., 

1998) and whiI (Ainsa et al., 1999; Ryding et al., 1999). 

 

These two sporulation regulatory genes, whiH (SCO5819) and whiI (SCO6029) are 

well established targets for σWhiG RNA polymerase holoenzyme (Ryding et al., 1998; 

Ainsa et al., 1999; Kormanec et al., 1999). Each gene encodes a member of 

regulatory DNA-binding proteins. WhiH belongs to GntR superfamily, a class of 

transcriptional regulators that typically respond to metabolite effector molecules. 

WhiH responds to a change in concentration of such a metabolite during aerial 

mycelium growth (Fig. 1) (Ryding et al., 1998).  
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WhiH appears to induce the strong developmentally controlled ftsZ promoter to bring 

about sporulation septation (Flardh et al., 2000). WhiI resembles the response 

regulators associated with bacterial two-component systems (Ainsa et al., 1999). 

There is circumstantial evidence that different genes are induced or repressed by 

different forms of WhiI, and it also responds to a phosphorylated intermediary 

metabolite rather than being phosphorylated by a histidine protein kinase. WhiI may 

be involved in the chromosome condensation that accompanies sporulation (Ainsa et 

al., 1999). whiA (SCO1950) and whiB (SCO3034) are two genes which are expressed 

during the early stages of sporulation and are independent of whiG expression. whiA 

and whiB mutants both have unusually long and curly aerial hyphae that completely 

lack sporulation septa (Flardh et al., 1999). The developmentally controlled 

expression of whiA and whiB in S. coelicolor (Soliveri et al., 1992; Ainsa et al., 

2000) and in S. aureofaciens (Soliveri et al., 1992) appears to be largely independent 

of whiG. The whiA gene is located in a cluster that shows significant conservation 

across all Gram-positive bacteria. whiA is expressed at a low level throughout growth 

and is strongly upregulated during aerial hyphal development, (Ainsa et al., 

2000).The distribution of whiB-like (‘wbl’) genes is quite different from that of whiA 

homologues. They are members of a substantial family of generally small (80–120 

aa) proteins whose major conserved features are a set of four cysteine residues and a 

short glycine- and tryptophan-rich segment (Soliveri et al., 2000). Several WhiB like 

proteins are widespread among actinobacteria. Several wbl genes and their products 

have been studied experimentally in streptomycetes and mycobacteria. One of these, 

whiD, is a late sporulation gene in S. coelicolor (Chater, 1972; Molle et al., 2000). 

The physiological stimulus for the activity of Wbl proteins is generated by a redox 

change which associated with four conserved cysteine residues (Soliveri et al., 

2000); and the idea of redox sensing has received support from evidence that WhiD 

contains an oxygen-sensitive 4Fe-4S cluster (Jakimowicz et al., 2005; Alam et 

al.,2007). whiD mutants formed sporulation septa but failed to go on to produce 

mature spores. These spores are unpigmented, thinwalled, and showed frequent lysis 

(McVittie, 1974; Molle et al., 2000). However, there are many other loci identified 

for developmental genes that are involved during sporulation in S. coelicolor 

(Potuckova et al., 1995; Ryding et al., 1999).  
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The whiE locus (SCO5314–5321) is a cluster of eight genes, most of which encode 

recognizable enzymes of polyketide biosynthesis (Davis and Chater, 1990). 

Importantly, whiE gene specifies the grey spore pigment which acts as an excellent 

marker for genetic analysis during sporulation (Fig. 1). Mutations in whiE genes 

cause a loss of spore pigment or a change in spore colour (Shen et al., 1999; Moore 

& Piel, 2000). The whiE genes have two transcription units, both of which are 

switched on only during sporulation. The promoters of whiE genes are dependent on 

all the early whi genes (Kelemen et al., 1998). Remarkably, the genome of S. griseus 

does not contain a whiE gene cluster. Moreover, whiE mutants do not appear 

morphologically defective (Davis et al., 1990; Kelemen et al., 1998; Chater, 2006). 

 

1.4.1 Other genes affecting sporulation in Streptomyces. 
 

The σ factor encoded by sigF (SCO4035) is required for the late stages of sporulation 

(Potuckova et al., 1995; Kormanec et al., 1996; Kelemen et al., 1996). A sigF mutant 

undergoes sporulation septation, but the resulting spore chains are irregular, thin-

walled and more or less unpigmented, and contain uncondensed DNA. Interestingly, 

σF is a member of the same subgroup of Gram-positive-specific σ factors, called σB 

belonging to B. subtilis stress-response. There are nine σB like stress response sigma 

factors in S. coelicolor; one of them is sigF. Evidence shows that sigF controls one 

of the promoters of whiE gene cluster. The other σ factors that affect the 

development and stress response are σB and σH.  σB is a master regulator for osmotic 

stress response in S. coelicolor, governing induction of more than 280 genes. σB is 

regulated at transcriptional level for its synthesis and post-translationally for its 

activity through interaction of its antisigma factor (RsbA) with an antianti-sigma 

factor (RsbV), involving phospho-relay mechanism (Lee et al ., 2004). σH is 

regulated at levels of transcription, translation start site selection, protein processing 

and possibly interaction with an antisigma factor (PrsH/UshX) (Sevcikova et al., 

2001; Sevcikova and Kormanec, 2002; Viollier et al ., 2003a,b). σI increases rapidly 

upon osmotic stress, most likely via increased transcription (Viollier et al., 2003a). 

σB, σH, σF and σ WhiG have been also implicated in controlling proper differentiation 

(Chater et al., 1989; Potuckova et al., 1995; Cho et al., 2001; Sevcikova et al., 2001).  
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The ssgA gene was first identified in S. griseus (SAV4267) as a hypersporulating 

mutant (Kawamoto et al., 1997), and is required for correct sporulation septation of 

S. griseus (Jiang & Kendrick, 2000; Traag et al., 2004). S. coelicolor has six other 

ssgA (SCO3926) paralogues and S. avermitilis five (SALP-SsgA-like proteins). One 

of the paralogues in S. coelicolor, ssgB (SCO1541), is also involved in sporulation 

the mutant of this gene was white and completely defective in sporulation and 

septation, and, large-colony phenotype (Keijser et al., 2003). ssgB is not necessary 

for ssgA expression. Analysis of mutants on ssgA-like genes of S. coelicolor, have 

shown to affect the peptidoglycan biosynthesis, sporulation, septation and spore 

morphogenesis (Noens et al., 2005). 

 

Another interesting gene that affects sporulation and aerial mycelium in 

Streptomyces is crgA (Del Sol et al., 2003). This protein encodes a small, membrane- 

bound protein that inhibits premature sporulation septation in S. coelicolor. A crgA 

mutant showed premature aerial mycelium growth and sporulation, as well as early 

production of the blue antibiotic actinorhodin. On the other hand, a crgA mutant of S. 

avermitilis had white, coiled, non-sporulating aerial mycelium. Over expression of 

crgA in both species gave white colonies in which the aerial hyphae did not undergo 

sporulation septation. The disruption of samR (SCO2935) causes colonies to produce 

fluffy, nonsporulating aerial mycelium similar to that of a whiG mutant (Tan et al., 

1998). The product of samR is a member of the IclR family of transcriptional 

regulators, and has no orthologues outside of streptomycetes. On solid agar medium 

glycogen accumulates in two distinct locations. Phase I deposits are found in a 

substrate mycelium region bordering the developing aerial mycelium, by GlgBI 

Phase II deposits occur in the upper regions of aerial hyphae, in long tip cells that are 

dividing into unigenomic prespore compartments. Their formation involves a second 

branching enzyme isoform, GlgBII, which is regulated (directly or indirectly) by 

whiG (Schneider et al., 2000; Yeo & Chater, 2005).  
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Recent studies have identified more developmental mutants in the new cmdABCDEF 

gene cluster. Deletions of this cluster showed over-production of actinorhodin, 

defective sporulation and especially abnormalities in chromosome segregation, 

indicating that cmdABCDEF are new genes that affects the antibiotic production and 

differentiation of S. coelicolor (Xie et al., 2009). 

 

The morphological changes associated with development involve several other 

proteins that are associated with sporulation septation (Fig. 1). These include FtsZ 

and ParAB, which are expressed during vegetative growth and differentiation (Flardh 

et al., 2000; Jakimowicz et al., 2006). During growth cessation it is thought that whiI 

and whiH activate signals which in turn regulate FtsZ and DNA condensation 

mechanisms and finally leads to sporulation septation. Nucleoid condensation and 

septation takes place through a cascade of signalling events (Flardh, 2003) which 

results with in polymerization of the tubulin homologue FtsZ into Z ring 

(Schweddock et al., 1997; Grantcharova, 2005). 
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1.5 A general overview of bacterial cell division.  
 

Bacteria undergo binary fission, where one cell divides into two progeny cells. The 

complete process is called cytokinesis, which is highly regulated in time in order to 

achieve a successful partitioning of the chromosome. Cytokinesis starts with the 

assembly of the prokaryotic tubulin homologue, FtsZ, in a ring like structure at the 

mid of the cell (Bi and Lutkenhaus, 1991; Lowe and Amos, 1998). The Z ring is 

assembled in the midcell and utilizes the energy released by GTP hydrolysis (de Boer 

et al., 1992). During this process, the Z ring recruits a number of proteins required to 

complete the cell division. FtsZ is a highly conserved protein. It is the main cell 

division protein in most bacteria and in the archaea. FtsZ contains four protein 

regions; a variable N-terminal segment, a highly conserved core region, a variable 

linker, and a C-terminal tail (Margolin, 2005; Vaughan et al., 2004). The C-terminal 

tail of E. coli FtsZ binds to the two cell division proteins, FtsA and ZipA (Ma and 

Margolin, 1999; Pichoff and Lutkenhaus, 2002). The Z ring is remarkably dynamic, 

it is able to assemble and disassemble quickly (Addinall et al., 1997; Sun and 

Margolin, 1998). During the cell cycle of E. coli the Z rings goes through a series of 

phases of assembly, steady state turnover and disassembly. The assembly of the cell 

division machinery, the divisome, begins with the formation of a Z ring which 

recruits a set of other proteins to the division site (Errington et al., 2003; Margolin, 

2005; Weiss, 2004). The number of protein partners that assemble at the divisome 

varies significantly between species. In E. coli the divisome comprises at least 12 

proteins. These proteins that are recruited by the divisome have multiple functions 

throughout cell division. The assembly of FtsZ is modulated by FtsA, ZipA & ZapA. 

Anchoring of the Z ring to the membrane involves FtsA and ZapA, coordination of 

the division and chromosome segregation, FtsK. Peptidoglycan synthesis is carried 

out by FtsI and FtsW; whilst the other known proteins involved during cell division 

are FtsEX, FtsQ, FtsB, FtsL, and FtsN. The proteins of the divisome are engaged in 

multiple interactions during cell division. It has been shown that FtsA and ZipA in E. 

coli interact directly with C-terminal of FtsZ (Pichoff and Lutkenhaus, 2002), which 

are required for stabilizing the Z ring assembly.  
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The ZapA protein from B. subtilis also binds directly to FtsZ (Gueiros-Filho and 

Losick, 2002). Once FtsA and ZipA are bound to the Z ring the remaining proteins 

are recruited in a defined and hierarchical order (Buddelmeijer and Beckwith, 2002) 

as follows: 

 

FtsE+FtsX     FtsK   FtsQ      FtsL+FtsB      FtsW FtsI FtsN AmiC 

 

Cell division normally follows each round of chromosome replication in E. coli 

(Donachie, 2001). It has been suggested that assembly of the Z ring is coupled to 

chromosome replication in E. coli, B. subtilis and C. crescentus (Blaauwen et al., 

1999; Harry et al., 1999; Quardokus and Brun, 2002; Regamey et al., 2000). 

However, blocking the initiation of DNA replication does not prevent the Z ring 

assembly (Gullbrand and Nordstrom, 2000; Harry et al., 1999; Sun and Margolin, 

2001). The spatial regulation of cell division is determined by the site for Z-ring 

placement and is controlled by the Min system in E. coli which consists of three 

proteins. MinC acts as the inhibitor of FtsZ assembly (Hu et al., 1999). MinD forms 

a complex with MinC that oscillates from one cell pole to other causing FtsZ 

depolymerisation (Raskin and Boer, 1999b). MinE determines the specific site for 

the mode of action of MinCD complex (Raskin and Boer, 1999a). MinE is also 

capable of displacing MinC from the membrane –bound MinCD complex (Hu et al., 

2003; Ma et al., 2004; Suefuji et al., 2002). MinE binds to MinD and stimulates the 

ATPase activity which leads to dissociation of MinD from the membrane. MinD-

ADP then travels to the other end of the cell pole, where the concentration of MinE is 

low and associate to form MinD-ATP and assembles back into the membrane (Hu 

and Lutkenhaus, 2001; Huang et al., 2003; Suefuji et al., 2002). This oscillatory 

behaviour of MinCD complex maintains the concentration of MinC at the poles and 

regulates the assembly the Z- ring during cell division. The MinCD complexes of B. 

subtilis are static and anchored to both poles via the DivIVA protein (Marston et al., 

1998). However, in many bacterial species like Caulobacter crescentus and S. 

coelicolor lack a Min system, showing that these proteins are not universally 

conserved.  
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1.5.1 A detailed note on role of FtsK during cell division in bacteria. 
 

FtsK/SpoIIIE proteins belong to AAA+ super family of proteins that are involved in 

a wide range of functions, use ATP as the source of energy and include a range of 

family members, such as DNA translocases, helicases, motor proteins, clamp loaders 

and other ATP dependent enzymes (Greg et al., 2005). The other proteins with 

similar functions are TraSA of Streptomyces ambofaciens (Possoz et al., 2001), 

SpoIIIE of B. subtilis (Sigal et al., 2003; NaiJia et al., 2006), FtsK in E. coli (Begg et 

al., 1995). FtsK in E. coli is a bi-functional protein (Liu et al., 1998), its N terminal 

membrane domain is localised to the division septum (Wang et al., 1998; Yu et al., 

1998) and is necessary for septal formation (Draper et al., 1998; Chen et al., 2001). 

While its C-terminal motor domain (FtsKc) is implicated in chromosome dimer 

resolution (Possoz et al., 2001; Aussel et al., 2002) and chromosome segregation 

(Liu et al., 1998; Yu et al., 1998; Capiaux et al., 2002; Corre et al., 2002). The newly 

formed chromosomes are prone to recombination that produces a dimer. Prior to 

segregation, these dimers must be resolved into monomeric chromosomes. The 

resolution in E. coli occurs at a specific locus, known as dif sites (deletion induced 

filamentation) along with XerC and XerD. XerC and XerD belong to the lambda 

integrase family. Individually, the XerD protein acts as a type I topoisomerase and 

relaxes the super coils by nicking one strand of the dif site (Draper et al., 2002; Bigot 

et al., 2005; Lesterlin et al., 2004). Subsequently the resolved chromosomes are 

translocated through the division septum by FtsKc (Yu et al., 1998; Donachie, 2002; 

Lau et al., 2003; Lavy et al., 2005; Paul et al., 2005). SpoIIIE is the FtsK counterpart 

in B. subtilis and also plays a vital role in its assembly during cell division. The 

translocation of DNA by SpoIIIE prevents chromosome trapping by the division 

septum (Ben et al., 2003). As a result, DNA anchoring is responsible for the 

assembly of SpoIIIE and other DNA translocase like proteins to remove the trapped 

chromosomes from the division septum and allow the cells to resume binary division. 

SpoIIIE is also responsible for the transport of the chromosome into the small polar 

pre-spore compartment during sporulation (Bath et al., 2000). Recent evidence 

shows that SpoIIIE DNA translocase participates in membrane fusion during 

cytokinesis and engulfment (Liu et al., 2006). 
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1.6 Introduction to cell division in S. coelicolor. 
 

The complex life cycle of streptomycetes imparts a unique cell division process to 

this group when compared to other bacterial systems. Cell division in streptomycetes 

is different with respect to septal morphology, chromosome segregation (Flardh and 

Wezel, 2003). In the multicellular mycelium the individual cell compartments sizes 

are limited by the cross wall and contain multiple copies of the chromosome. The 

hyphal cells of S. coelicolor grow by tip extension, where nascent peptidoglycan is 

incorporated at the tips of the growing hyphal cells (Flardh, 2003; Gray et al., 1990; 

Miguelez et al., 1992). Cell division only occurs during sporulation and needs to be 

co-ordinated with chromosome replication and segregation in order to maintain a 

systematic partitioning of DNA in the spores. Cell division in S. coelicolor starts 

with the assembly of FtsZ at the division sites (Flardh and Wezel, 2003; Schwedock 

et al., 1997). Although FtsZ is essential for cell division, deletion mutants are viable 

with non-septated branching of hyphae (McCormick et al., 1994). S. coelicolor is 

unique among most of bacterial species as it is able to survive deletion of ftsZ, and 

thus making it an excellent model for genetic studies. Several cell division proteins 

are encoded in the highly conserved dcw gene cluster (division and cell wall 

synthesis) in many bacterial species (Mingorance et al., 2004). In S. coelicolor, dcw 

consists of ftsL, ftsI, ftsZ, ftsQ and ftsZ. FtsQ is a cytoplasmic membrane protein 

which is required throughout cell division in E. coli. FtsQ is dispensable for growth 

of S. coelicolor but is required for the efficient subdivision of aerial filaments into 

uni-nucleoid spores (McCormick et al., 1996). FtsZ in S. coelicolor is required for 

both vegetative cross walls and sporulation septation and Z rings are formed in both 

cases for efficient controlled cell division in sporogenic hyphae (Grantcharova et al., 

2003; Grantcharova et al., 2005). It has been postulated that nucleoids migrate in 

Streptomyces, such that the chromosome move in relation to the cell envelope tip and 

populate the extending tips and lateral branchs (Flardh, 2003). Deletions of major 

divisome genes like ftsI, ftsK, ftsL, ftsW and divIC in S. coelicolor showed some 

variable defects on sporulation and none affected the cell division organism (Bennett 

et al., 2002; McCormick, 2001).  
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Most of the cell division proteins that contribute to the assembly of the Z ring and 

it’s anchoring in the membrane in E. coli and B. subtilis are absent in streptomycetes. 

On the contrary, FtsZ in mycobacteria interacts with C-terminal tail of the protein 

FtsW, there by stabilizing the membrane anchoring of Z ring (Datta et al., 2002; 

2004). Recent studies show the role for putative FtsW-FtsI and their interaction with 

Z-ring assembly in S. coelicolor (Mistry et al., 2008).  

 

The exact manner of nucleoids migration in Streptomyces is still unknown. In 

Streptomyces there is no Min system in contrast to rest of the bacterial family.  In  

E. coli the Min system involves three proteins MinCDE and two proteins MinCD in 

B. subtilis along with DivIVA (functional homologue of MinE). In contrast, 

Streptomyces growth involves hyphal extension at the tips; this type of tubular 

growth extension in bacteria is not unique to Streptomyces. DivIVAsc (Section 1.2) 

the Streptomyces homologue of the B. subtilis protein DivIVA is essential for the tip 

extension and polar growth in S. coelicolor (Flardh, 2003). In B.subtilis the C-

terminal of MinD is essential for membrane localization; the protein undergoes 

dynamic oligomerization on the membrane surface and direct interaction with 

membrane lipids (Mileykovskaya and Dowhan, 2005). The membrane targeting 

sequence (MTS) is conserved in all MinD homologues. The MTS of E. coli has been 

shown to bind preferentially to anionic phospholipids and several of the hydrophobic 

residues within this sequence insert into the cell membrane lipid bilayer 

(Mileykovskaya et al., 2003). The MTS of B. subtilis MinD is three amino acid 

residues longer than the MTS of E. coli MinD, indicating a possible higher affinity 

for the membrane (Szeto et al., 2002; Barak et al., 2008). Protein lipid interactions 

have been dealt in detail in section 1.7.5. 
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1.6.1 Genes involved in chromosome segregation in S. coelicolor. 
 

The sporogenic cells contain many copies of the linear chromosome in each hyphal 

compartment. The DNA that segregates into unigenomic spores undergoes a step 

wise development until the final stages of septation (Flardh, 2003). This orderly 

process forms unigenomic spores during sporulation and involves many genes 

including parAB and ftsK. S. coelicolor parAB is similar to many other bacterial 

systems, and encodes actin like ATPase, ParA and the DNA binding protein ParB , 

which specifically binds to parS sites (Flardh, 2003; Katharine et al., 2006). Mutants 

that lack one or both genes produce spores with irregular DNA content, but have no 

other overt defects (Kim et al., 2000; Jakimowicz et al.,2007) The parAB operon has 

two promoters, one of which is strongly upregulated in sporogenic hyphae 

(Jakimowicz et al., 2007). Mutants that are defective in chromosome partitioning 

often have irregularly sized spores, indicating that chromosome segregation 

influences the placement of Z rings and sporulation septa (Kim et al., 2000; Wenner 

et al., 2003). FtsK homologues are present in most, but not all, bacteria (Iyer et al., 

2004). The S. coelicolor ftsK-like gene SCO5750 termed ftsKSC here, encodes a 929-

amino-acid (aa) protein with 45% identity in a 552-aa overlap with FtsK of E. coli. S. 

avermitilis also contains such a gene (84% amino acid identity to FtsKSC) from the 

genome sequencing data (Ikeda et al., 2003). S. coelicolor FtsK is localized to 

sporulation septa, and is not required for Z-ring assembly or sporulation septation 

(Wang et al., 2007; Ausmees et al., 2007). Interestingly, ftsK-null mutant’s show 

increased genetic instability, after sporulation, around 20% of ftsK-null mutant 

colonies were shown to have an abnormal appearance that correlated with the 

appearance of large deletions near the termini of the linear chromosome. These 

findings are consistent with a role of FtsK-mediated chromosome segregation in E. 

coli; where FtsK shows directionality of DNA transfer and promote the translocation 

(Section 1.5.1). The large deletions near the termini could lead to genetic instability 

of Streptomyces that is often associated with large deletions in the end regions of the 

linear chromosomes (Chen et al., 2002; Volff et al., 1998). Such deletions can result 

in linear chromosomes becoming circular, and displaying further instability in the 

offspring, without major effects on viability. 
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Another developmentally regulated FtsK-family ATPase, SffA, is found at 

sporulation septa in S. coelicolor (Ausmees et al., 2007). SffA accumulates within 

the cell and is dependent on the product of a co-transcribed gene, the small 

membrane protein SmeA (Rudner et al., 2002). SffA is first protein that is seen 

during early sporogenic hyphae, before it accumulates specifically at constricting 

sporulation septa. In a smeA mutant, SffA remains distributed over the cell periphery 

even after septation. There was no overlapping function reported between ftsK and 

sffA. 

 

Spore maturation involves the production of a thick desiccation and lysozyme-

resistant spore wall. The correct assembly of the spore wall depends on MreB 

(Mazza et al., 2006), that resembles the actin family of proteins (Carballido et al., 

2006). Deletion of mreB in S. coelicolor leads to defective and often swollen spores 

with irregular, thin walls. EGFP localization studies did not reveal any helical MreB 

structures, as seen in many other bacteria in which MreB orchestrates assembly of 

cell walls. However, MreB clearly has a role in Streptomyces spore-wall assembly. 

We speculate that these proteins may interact with the membrane phospholipids, 

specifically cardiolipin.  
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1.7 Introduction to lipids. 
 

During stationary phase Streptomyces produces secondary metabolites many of 

which have antimicrobial activities (Challis and Hopwood, 2003).  Many of these 

well characterized antibiotics and lantibiotics are synthesized by assembling acetyl- 

CoA and amino acid derivatives to form the complex polyketide and polypeptide 

structures (Davis, 1990). Acetyl CoA is also an important precursor for the 

biosynthesis of lipids like fatty acids, triacylglycerols and phospholipids (Fig. 2). 

This metabolite acetyl-CoA is formed by oxidative decarboxylation of pyruvate, the 

oxidative degradation of amino acids and β–oxidation of long chain fatty acids. 

Lipids are macro-complex biological substances which are soluble in organic 

solvents such as chloroform and methanol. Lipids display essential roles in several 

biological functions in both eukaryotic and prokaryotic organisms (Kates, 1960).  

Lipids functions as structural components of membranes, storage and transport of 

metabolic fuel, protective coating on the surface and species specific markers for cell 

recognition and immunological detection (Eoin et al., 2005).  E. coli has always been 

the first choice in exploring the biochemical pathway in bacteria. Initially lipid 

metabolism was studied in detail in E. coli because of its simple lipid composition 

(Thomas and Cronan, 1989).  
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Figure 2 : Schematic representation of the metabolic pathway of acetyl –CoA. 
The pathway illustrates the metabolism of acetyl-CoA. Both glycolysis and β-
oxidation of fatty acids produce acetyl CoA as the end product, which serves as the 
important precursor for fatty acid, polyketides and TCA cycle. 
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1.7.1 Fatty acid biosynthesis in streptomycetes. 
 

Extensive knowledge of the E. coli fatty acid biosynthesis pathways has been very 

useful in studies of a variety of bacteria and higher organisms. Fatty acid profiling of 

microorganism is one of the main factors that contribute to taxonomic classification 

of actinobacteria (Lechevalier et al., 1971). Fatty acids are the simplest form of lipids 

which are important precursors for several metabolic pathways. In Streptomyces the 

branchd chain iso-and anteiso-fatty acids are abundant (Verma, 1983). These fatty 

acid ranges from C12 to C18 in all Streptomyces species. The subcellular distribution 

of lipids in Streptomyces is focused in membrane, cell wall and cytosolic globular 

lipids. Acyl carrier protein (ACP) plays an important role in fatty acid synthesis. It 

helps in building fatty acid chains resulting in acyl-ACP which is formed via a 

thioester linkage. This resulting acyl- ACP is the acyl donor in the synthesis of 

phospholipids and lipid-A (Cronan, 1979; Anne et al., 1969). In S. coelicolor three 

sets of ACP were identified and found to be involved in fatty acid biosynthesis. Two 

of the ACP’s in S. coelicolor, SCO2389 and SCO4744 are known to be involved in 

the synthesis of the aromatic polyketides during different stages of the life cycle 

(Revill, et al., 1996; Florova et al., 2002; Zhou et al., 1999). Recent studies show 

that streptomycetes have a type II FAS, a multienzyme complex commonly found in 

bacteria and plants (Revill et al., 1991; 1996; Summers et al., 1995). Streptomyces 

synthesize the majority of their fatty acids from branchd starters such as isobutyryl, 

isovaleryl, and anteisovaleryl units to give odd- and even-numbered fatty acids with 

a methyl branch at the ω-terminus (80 to 90% of total fatty acid content); the others 

are synthesized from straight chain such as acetyl and butyryl units (Kaneda et al., 

1991; Wallace et al., 1995).  

 

A fabD gene encoding a malonyl-CoA acyl carrier protein transacylase-(MAT) has 

been identified in both S. glaucescens and S. coelicolor. The MAT appears to be 

responsible for catalyzing the production of malonyl-ACP that is required for each 

successive elongation step in fatty acid biosynthesis. The fabD gene is clustered with 

three other genes, fabH, fabC, and fabB, which encode proteins with high sequence 

similarity to the following components of the Escherichia coli type II FAS: the FabH 
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b-ketoacyl-ACP synthase III (KASIII), the FabC ACP, and the FabB KASI. In E. 

coli, FabH catalyzes the first step in fatty acid biosynthesis, which involves 

condensation of the acetyl-CoA starter unit with the first extender unit, malonyl- 

ACP, to form acetoacetyl-ACP. E. coli FabH also has acetyl- CoA: ACP transacylase 

(ACAT) activity, which catalyzes the formation of acetyl-ACP from acetyl-CoA and 

ACP (Tsay et al., 1992; Choi, et al., 2000; Han et al., 1998).  
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Figure 3 : Fatty acid biosynthesis. 
Initiation of chain assembly in type III fatty acid synthase (FAS). 1-Malonyl/acetyl-
CoA-ACP transacylase (MAT) coded by fabD; 2-β-ketoacyl-ACP synthase (KS) 
encoded by fabH. Further the chain was extended by the addition of β-ketoacyl-ACP 
reductase (KR) followed by β-hydroxyacyl-ACP dehydrase (DH) and 3-enoyl-ACP 
reductase (ER) to form butyryl-ACP. Finally, thio ester ACP was cleaved by 4-n-
Butyrate thioestarase (TE) to form free fatty acid.  
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1.7.2 Biosynthesis of glycerophospholipids in bacteria. 
 

Glycerophospholipid metabolism has been extensively studied in plant and animal 

systems (Frentzen et al.,1994). Bacterial membrane lipids recently have gained lot of 

focus for various metabolic functions as well as their potential as drug targets 

(Mattila et al.,2007). All microbial cells contain lipid fractions, in additions to their 

other cellular components. However, actinobacteria which are Gram-positive 

organism have exceptionally high cellular lipid content in comparison to other 

bacteria (Verma et al., 1983). In eukaryotes and eubacteria the polar head group is 

present at the sn-3 position and in archeabacteria the sn-1 of the glycerol backbone 

which acts as the polar head group (Eoin et al., 2005). Three main anionic 

phospholipids studied in E. coli are phosphotidyl ethanolamine; phosphatidylglycerol 

and cardiolipin. Apart from these regular phospholipids streptomycetes contain 

phosphatidyl-myo-inositol mannosides (PIMs) (Shaw, 1974) which are specific for 

actinobacteria. All major phospholipids pathway originates form the precursor 

simple phospholipid, phosphatidic acid (PA). The diversification of the polar head 

group takes place at the phosphoric moiety of the PA, which forms phosphodiesters.  
 

The first step of the pathway, the synthesis of sn-glycerol 3-phosphate (G3P) from 

dihydroxyacetone phosphate, is catalyzed in E. coli by GpsA (G3P dehydrogenase) 

(Clark et al., 1980), and a similar protein is encoded in S. coelicolor genome, 

SCO0670 (glpD). The GpsA reaction is the backbone of most bacterial phospholipid 

synthesis. In E. coli, phosphatidic acid formation is initiated by the acylation of sn-

glycerol-3-phosphate (G3P) by PlsB, the G3P acyltransferase. PlsB of E. coli has 

been extensively characterized and utilizes either acyl- ACP (Fig. 5B) or acyl-CoA 

thioesters to acylate the 1-position of G3P (Green et al., 1981; Lightner et al., 1980). 

PlsB is responsible for the selection of fatty acids incorporated into membrane 

phospholipids and is a key regulatory point in the pathway (Heath et al., 1994; Rock 

et al., 1981). However, most bacteria lack a plsB gene, and the pathway for the 

acylation of G3P is unknown. 
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In some Gram-negative bacteria, the plsB gene is not essential (Jacobs et al., 2003), 

this shows that there might be an alternate pathway to synthesize acyl-G3P. 

Subsequently, the gene plsX was idenetified, (Larson et al., 1984) which encodes an 

acyltransferase and was involved in G3P metabolism (Fig. 4A). However, another 

acyltransferase gene was identified, PlsC (Coleman, 1992), which is universally 

expressed in bacteria and completes the synthesis of PA by transferring a fatty acid 

to the 2-position of acyl-G3P via acyl- ACP or acyl-CoA. The PlsX/Y system is the 

most widely distributed pathway for membrane phospholipid formation in bacteria. 

The next step of the pathway in E. coli is catalyzed by PlsC (acyl-ACP: 1- acyl-sn-

glycerol-3-phosphate 2-O-acyltransferase) (Coleman et al., 1990). This enzyme 

catalyzes the attachment of the second fatty acid to the G3P backbone to form the 

key intermediate, phosphatidic acid (Fig. 4). However, S. coelicolor genome has 

several PlsC homologues SCO1759, SCO1085, SCO0920, and SCO1228; but lacks 

PlsB, PlsX and PlsY homologue’s. Further, when the amino acid sequence of 

SCO1759 (pfam: PF01553 acyltransferase) was used as the template in BLAST on 

genome data base it revealed few more potential putative acyltransferases genes, 

SCO5558, SCO3325 and SCO5899. Although not widely distributed in bacteria, PlsC 

homologues are found in eukaryotes and expression of several plant and animal 

homologues (Cronan, 2003). PlsB, PlsC, and PlsD share common sequences and 

some of the conserved residues are required for acyltransferase activity (Heath et al., 

1998).  

 

A new gene was identified; plsD from Clostridium butryicum and the protein 

sequence was similar to PlsC than to PlsB. This gene complemented PlsB/X mutant 

strain of E. coli (Heath et al., 1997).  The S. coelicolor homologues of PlsD from 

protein BLAST search are SCO1566, SCO2122, SCO5558, SCO1228, SCO1085 and 

SCO1759. The last three hits overlaps with the PlsC hits (described above). All these 

genes code for putative acyltransferases, which we speculate that these genes might 

play a role in the formation of PA. However, the exact mechanism of PlsD involved 

during the phospholipid biosynthetic pathway is unclear.  
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Figure 4 : The PlsX/Y and PlsB/C -pathway for phosphatidic acid formation  
(A) Formation of phosphatidic acide by PlsXY pathway. The acyl-ACP end product 
of fatty acid synthesis is converted to acyl-phosphates by PlsX. Next step PlsY 
transfers the fatty acid from the acyl-phosphates to G3P. Acyl- G3P is then converted 
to phosphatidic acid (PA) by PlsC using acyl-ACP as the acyl donor. (B) Formation 
of phosphatidic acid through PlsB pathway. This catalyzes the transfer of a fatty acid 
to G3P from acyl-ACP (or acyl-CoA) followed by the acylation of acyl-G3P by PlsC 
and completes the pathway. 
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Most of the enzymes involved during phospholipid (PL) synthesis are intrinsic 

membrane proteins or associated with lipid bilayer. PL synthesis begins with CDP-

diglyceride synthase (CTP: phosphatidate cytidylyltransferase), this E. coli enzyme is 

encoded by the cdsA gene (Dowhan, 1997) and catalyzes the conversion of 

phosphatidic acid to the activated intermediate, CDP-diglyceride (CDP-

diacylglycerol), which can then be utilized in the synthesis of 

phosphatidlyethanolamine, phosphatidylglycerol and cardiolipin (Fig. 5). The 

pathway, which leads to PG and CL, begins with the pgsA-encoded CDP-

diacylglycerol-glycerol-3-phosphate 3-phosphatidyltransferase, which, like GpsA 

and Cds, is conserved protein in all bacteria. The next step involves the removal of 

the phosphate moiety from PG-phosphate; this is an intermediate step before the 

hydrolysis reaction (Dillon et al., 1996). The condensation of two molecules of 

phosphatidylglycerol to give cardiolipin and glycerol is catalyzed in E. coli by the cls 

gene product, CL synthase (Nishijima et al., 1988; Tropp, 1997). The other enzymes 

identified in E. coli for phospholipid synthesis, are yihC, ynbB, and ybjG encode 

proteins similar to PlsC, CdsA, and PgpA/B; and two cardiolipin synthase homologs, 

YmdC and YbhO, are also found (Guo et al., 2000). The other step (Fig. 5) involves 

the transfer of serine with cytosine monophosphate (CMP) by phosphatidyl serine 

synthase (PssA). The resulting product, phosphatidyl serine (PS) is readily 

decarboxylated by phosphatidyl serine decarboxylase (Psd) to generate phosphatidyl 

ethanolamine. Screening S. coelicolor genome data base for genes involved in 

phospholipid synthesis revealed eight genes encoding for putative CDP-alcohol 

phosphatidyltransferases were identified in the S. coelicolor genome using BLAST 

searches: SCO1389, SCO1527, SCO3457, SCO5753, SCO6467, SCO6647, SCO6752 

and SCO6755.  

 

The gene SCO1527 is similar to pgsA1, the phosphatidylinositol synthase gene from 

M. tuberculosis (Jackson et al., 2000); SCO5753 appears to be a homologue of 

pgsA3, which encode for a phosphatidylglycerol phosphate synthase (PgsA); PssA 

from B. subtilis (Okadat et al., 1994) is the homologue of SCO6467 in the S. 

coelicolor genome.  



40 

The gene SCO6468 has been described as putative Phosphatidylserine decarboxylase 

from the annotation in S. coelicolor genome data base, which might be involved in 

the biosynthesis of phosphatidylserine (PS).  

 

In eukaryotes the type II Cls belongs to the CDP-alcohol phosphatidyl transferases 

super family that forms cardiolipin, by generating CMP from the reaction between 

CDP-DAG and PG. A recent study, in S. coelicolor, SCO1389 represents the class II 

cls which produces cardiolipin from a eukaryotic pathway. Recent evidence shows 

that SCO1389 codes for cls and confirmed its function by complementing the 

Rhizobium etli mutant and restoring cardiolipin formation. Further, biochemical 

analysis have shown that SCO1389 can produce cardiolipin from CDP-diacylglycerol 

and phosphatidylglycerol as donors this is very similar to the eukaryotic pathway 

(Sandoval et al., 2009). Bioinformatics studies show that the orthologues of putative 

CDP-phosphatidyl transferases super family is conserved in most of the 

actinobacteria. From BLAST searches in S. coelicolor genome, the gene SCO7081 

scores for phospholipase D (PLD), a multifunctional protein which catalysis both 

phosphatase and phosphatidyl transferases reaction. It can be speculated that 

SCO7081 might be the alternative pathway for synthesis of cardiolipin in  S. 

coelicolor. 

. 
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Figure 5 : Biosynthesis pathway of cardiolipin 
CDP-DAG, cytidine diphosphatediacylglycerol; PE, phosphatidylethanolamine; PI, 
phosphatidylinositol, PG, phosphatidylglycerol; PS, phosphatidylserine; PG-P, 
phosphatidylglycerol-3-phosphate; CMP, cytidine monophosphate; Pss, 
phosphatidylserine synthase; Psd, phosphatidylserine decarboxylase; PgsA, 
phosphatidylglycerol-3-phosphate synthase; Cardiolipin synthase, SCO1389 
(eukaryotic like gene) and SCO1389-I (prokaryotic origin).  
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1.7.3 Introduction to cardiolipin. 
 

Cardiolipin is a unique phospholipid with dimeric structure, carrying four acyl 

groups and two negative charges. It is exclusively found in bacterial and 

mitochondrial membranes, which are designed to generate an electrochemical 

potential for substrate transport and ATP synthesis. Treatment with phospholipase D 

yields two phospholipid products, namely phosphatidic acid (PtdOH) and 

phosphatidylglycerol (PtdGro). Each phosphate group of cardiolipin contains one 

acidic proton (Kates et al., 1993). The structure of cardiolipin (Fig. 6) has two 

chemically distinct phosphatidyl moieties, even in the presence of four identical acyl 

residues; there are two chiral centers on the structure of cardiolipin (Schlame et al., 

2000). 

 

Cardiolipin synthases require Mg2+, Mn2+, or Co2+ as a cofactor (Schlame et al., 

2000). In mammals and Neurospora crassa, Co2+ is the most potent activator. 

Mammalian cardiolipin synthase accepts liponucleotides other than phosphatidyl-

CMP, but enzyme activity is low with such substrates (Van et al., 1991). Cardiolipin 

synthase is also inhibited by some divalent cations, such as Cd2+, Zn2+, Ca2+, and 

Ba2+ (McMurray et al.,1980), as well as other lysophospholipids. Cardiolipin 

synthase activity of E. coli is about ten-fold increased during the stationary growth 

phase (Hiraoka et al., 1993). Mutation of cardiolipin synthase leads to low viability, 

prolonged doubling time and low cell density (Hiraoka et al., 1993). Evidence shows 

that the enzyme activity is regulated at the transcriptional level (Tropp et al., 1995). 

There is potential regulation by membrane lipid composition of cardiolipin and 

phosphatidic acid. (Guo et al., 1998). In the presence of mannitol, cardiolipin 

synthase from E. coli produces diphosphatidylmannitol, the mannitol analogue of 

cardiolipin (Shibuya et al., 1985). 
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Figure 6: Structure of cardiolipin. 
Two chemically distinct phosphatidyl moieties with different acyl chains R1 R2 R3 
R4 on the structure of cardiolipin 
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1.7.4 Distribution of phospholipids in membranes. 
 

Cardiolipin-rich domains were visualized with the cardiolipin-specific fluorescent 

dye 10-N-nonyl acridine orange (NAO) in membrane (Mileykovskaya and Dowhan 

2000). The NAO inserts between the phosphate groups at the hydrophobic surface 

generated by the two outer acyl chains of cardiolipin (Mileykovskaya et al., 2001). 

The dye forms an array of parallel stacks on the surface of the (four per molecule) 

acyl chains of cardiolipin (Matsumoto et al., 2006). Septal and polar localization of 

the fluorescent domains was observed in B. subtilis (Kawai et al., 2004). In 

sporulating B. subtilis, fluorescent domains were clearly observed in the polar septal 

and engulfment membranes and subsequently in forespore membranes at different 

stages during the course of sporulation. Interestingly, spore membranes have quite 

high cardiolipin content (Kawai et al., 2006). Localization of 

phosphatidylethanolamine was studied with the cyclic peptide probe Ro09-0198 

(Ro), which binds specifically to PE (Emoto and Umeda, 2001). In addition, the use 

of a fluorescent probe, filipin, indicated sterol localization to the site of cell division 

in the fission yeast (Wachtler et al., 2003). 

 

Lipid molecules are heterogeneously distributed in bacterial membranes, and these 

domains are easily visible by using fluorescent lipophilic probes. By using the 

lipophilic fluorescent styryl dye FM4-64, uneven distribution of the fluorescence, of 

heterogeneous distribution of phospholipids was reported in E. coli membranes 

(Fishov et al., 1999).  
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1.7.5 Interaction between cardiolipin and protein. 
 

Biological protein lipid membranes partition cells and organelles and support a wide 

range of important metabolic processes, including energy transduction, solute 

transport, protein transport, signal transduction, and motility. Anionic phospholipids 

such as phosphatidyl glycerol and cardiolipin play an important role in contributing 

to the membrane and their interactions with proteins (Dowhan, 1997). Anionic 

phospholipids have a particularly important function in energy transducing 

membranes such as the bacterial cytoplasmic membrane and the inner mitochondrial 

membrane (McAuley et al., 1999). In particular, cardiolipin is a key factor in the 

maintenance of optimal activity of a number of major integral membrane proteins. 

The best studied interactions are between the cytochrome c oxidase and cardiolipin 

(McAuley et al., 1999).  

 

1.7.6 Role of cardiolipin in bacterial cell division. 
 

Cardiolipin is found virtually in all bacterial membranes and is abundantly found in 

mitochondrial membrane of eukaryotic cells. In E. coli, extensive biochemical and 

morphological evidence exists for association of the genome with the membrane at 

the initiation, elongation, and termination sites (Firshein et al., 1989). In vitro 

evidence supports the interaction of anionic phospholipids with DnaA protein during 

initiation of DNA replication (Crooke et al., 1992). Formation of a functional DnaA–

ATP complex capable of opening the DNA duplex occurs only in the presence of 

both anionic lipid and oriC (Dowhan et al., 2004). Activation of DnaA protein by 

domains of anionic lipids was demonstrated in vitro (Mizushima et al., 1996).  In 

vivo evidence of anionic phospholipid interaction with DnaA was observed in E. coli 

by regulating the expression of the pgsA gene (Dowhan et al., 2004; Pogliano et al., 

2003).  
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Formation of a cardiolipin domain at the midcell allows initiation of DNA replication 

by DnaA, followed by assembly of the replisome. During replication of DNA the 

origins migrate towards the cell poles, leaving the anionic phospholipid domain at 

the centre, for interaction with FtsZ and other early cell division proteins.  

 

During growth of E. coli and B. subtilis, the FtsZ-ring forms at mid-cell and the cells 

divide. The two distinct mechanisms that contribute to the assembly of divisome are 

the Min system and nucleoid occlusion (Harry, 2001; Barák and Wilkinson, 2007). 

The concentration gradient in the Min system proteins (section 1.5) defines the mid-

cell site of cell division. In E. coli, the Min protein oscillates from pole to pole (Hu 

and Lutkenhaus, 1999; Raskin and Boer, 1999; Shih et al., 2003). In B. subtilis, 

DivIVA directs MinCD to the cell poles, along with MinE (Edwards and Errington, 

1997; Szeto et al., 2002; Hu and Lutkenhaus, 2003). This membrane targeting 

sequence (MTS) is conserved in all MinD homologues. The MTS of E. coli has been 

shown to bind specifically to anionic phospholipids and several of the hydrophobic 

residues within this sequence insert into the cell membrane lipid bilayer 

(Mileykovskaya et al., 2003). The MTS of B. subtilis MinD is three amino acid 

residues longer than the MTS of E. coli MinD, indicating a possible higher affinity 

for the membrane (Szeto et al., 2002). Lipid spirals interact with MinD in B. subtilis 

demonstrating a new model for selection of cell division site in bacterial divisome 

assembly (Barak et al., 2008). Association of amphitropic proteins like DnaA, SecA, 

protein kinases C (Johnson et al., 1999) and MinD (Dowhan et al., 2004) with the 

membrane requires interaction with phospholipids, suggesting a role for 

phospholipids during FtsZ polymerization at the division site. Dynamic 

polymerization of FtsZ on the cell membrane is the first step in the assembly of the 

divisome. In vitro studies on FtsZ have shown that, it forms mini-rings and/or thin 

sheets of protofilaments in the presence of GTP or GDP when adsorbed to a 

zwitterionic lipid monolayer (Erickson et al., 1996).  
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Investigation of FtsZ interaction with a Langmuir film composed of 

dilaurylphosphatidylethanolamine and dipalmitoylphosphatidylglycerol showed that 

FtsZ assembled at the interface between these two phospholipids, but when 

cardiolipin was introduced, FtsZ assembly occurred preferentially within cardiolipin 

domains and at the interface of the other two phospholipids. Still, there is no direct 

evidence for a specific lipid-interacting domain in FtsZ, however, the mutational 

study on the hydrophobic loop in FtsZ, decreased its affinity for the cytoplasmic 

membrane (Koppelman et al., 2004). In E. coli FtsZ localization to the membrane is 

supported by the two early cell division proteins ZipA and FtsA (Raychaudhuri, 

1999; Margolin et al., 2000). Recently it has been shown that FtsZ and its 

membrane-anchoring partner, FtsA, form helical structures in B. subtilis cells (Peters 

et al., 2007).  FtsA, like MinD, has an amphipathic positively charged a-helix that is 

required for localization to the membrane (Yim et al., 2000).  SecA and SecY exhibit 

spiral patterns of localization, which in the case of SecA is dependent on the 

presence of acidic phosphatidylglycerol phospholipids (Campo et al., 2004). 

Variability in structure and lipid composition may therefore be a general factor in 

shaping the interactions of membranes and proteins.  

 

From recent studies it has been demonstrated that lipid interacts with the amphitropic 

proteins, and forms dynamic oligomerization on the membrane surface, and 

membrane phospholipids. Evidence broadens the scope and help in understanding the 

lipid involvement in the process of cell division. Recognition of defined lipid 

domains in the bacterial membrane and their association with the division machinery 

provide a starting point for studies of lipid dynamics in the bacterial cell division 

process.  
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1.8 Introduction to time-lapse microscopy 
 

A revolutionary new perspective of the cell biology of prokaryotic mycelial organism 

is arising as a result of using live-cell imaging techniques to analyse molecular 

markers dynamics at high spatial resolution. This has become possible because of the 

development of a wide range of fluorescent probes (vital dyes and fluorescent 

proteins that can be used to non-invasively interrogate living cells), new microscope 

technologies, and powerful computer software and hardware for digital image 

processing and analysis. Fluorescence microscopy has revolutionized our 

understanding of the bacterial cell and provided new opportunities to investigate the 

behaviour of cell division proteins and chromosome dynamics in bacteria (Lamothe 

et al, 2008).  

 

Time-lapse microscopy is a key tool in understanding the cellular dynamic events in 

multinucleate streptomycetes such as patterns in nucleoid and protein trafficking 

during hyphal growth.  Recently, using time-lapse microscopy, spatial and temporal 

localization of cephamycin C biosynthesis in S. Clavuligerus was demonstrated (Han 

et al., 1999); however successful imaging of the complete growth and development 

of Streptomyces has not been done. The primary objectives of the thesis is to (a) 

provide a brief overview of time-lapse microscope construction for imaging living 

Streptomyces cells at high spatial resolution; (b) application of the vital fluorescent 

dyes which are proving useful for analysing the cell biology of prokaryotic mycelial 

organism with the inverted fluorescent microscope; (c) briefly indicate future 

directions for live-cell imaging of filamentous Gram positive bacteria, Streptomyces.  
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1.8.1 Why develop time-lapse microscopy? 
 

Biological systems are dynamic in nature and a proper understanding of the cellular 

and molecular processes underlying living organisms is one of the major challenges 

of current cell biology research. Driven by substantial improvements in optics 

hardware, electronic imaging sensors, fluorescent probes and labelling methods, 

microscopy has, over the past decades, matured to the point that it enables sensitive 

time-lapse imaging of cells and even single molecules. These developments have had 

a profound impact on how research is currently being conducted in the life sciences. 

The morphological and differentiation of S. coelicolor is complex and presents many 

technical difficulties associated with imaging. Early growth studies of the 

filamentous S. coelicolor on solid medium were investigated through a series of snap 

shots in regular intervals of time, to monitor its growth kinetics, total mycelial length 

and the number of branchs and expressed as constant hyphal growth unit (Allan and 

Prosser, 1983).  

 

Until recently, microscopic studies of cell division in streptomycetes consisted of 

snapshot images of hyphae or spores. These images have limited information on 

protein and nucleoid movement in real time, and, as a result, the exact order of 

intracellular events during hyphal growth and sporulation in Streptomyces is still 

largely unknown. The main reasons for this are the technical challenges associated 

with carrying out time-lapse microscopy of the model organism, S. coelicolor. These 

include oxygen dependence, a developmentally heterogeneous mycelium, the three-

dimensional pattern of hyphal growth, and an inability to sporulate in the absence of 

a solid support. Time-lapse imaging studies consists two steps: 1) planning of the 

experiment and acquisition of the image data, and 2) analysis of the data by detecting 

and tracking the objects relevant to the biological questions underlying the study.   
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1.9 Scope of the present work.  
 

The aims of this work were divided into two main parts.  

 

Part I- To design and optimize time-lapse microscopy with applications of 

fluorescent probes. 

 

Part II- Molecular investigation of cardiolipin synthase gene (SCO1389). 

To characterize the SCO1389 gene, PCR mediated gene replacement, mutational 

analysis, and construction of depletion strain under inducible promoter was carried 

out. Further, to investigate the distribution of cardiolipin and localization SCO1389 

by live cell imaging, fluorescent probes and green fluorescent protein was used.  
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Chapter 2 

Materials and Methods 
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2.1. Bacterial strains and vectors. 
Bacterial strains are listed in Table 1 and 2, vectors in Table 3 

Table 1 : Streptomycete strains 
Strain Characteristics Source/reference 

S. coelicolor M145   Wild type, SCP1-, SCP2-, Pgl+. Kieser et al. 2000 

S. coelicolor pIJ8600 M145::pIJ8600, amr Sun et al.1999 

S. coelicolor pMS82 M145::pMS82, hygr Gregory, et al, 2003. 

S. coelicolor pSET152 M145::pSET152, amr Bierman, et al., 1992. 

S. coelicolor RJ100 M145∆SCO1389::Tn5062, amr, kmr  This work 

S. coelicolor RJ103 RJ100::pMS82 , amr, kmr , hygr This work 

S. coelicolor RJ102 M145::pCLS105, hygr. This work 

S. coelicolor RJ104 RJ100::pCLS105, amr, hygr This work 

S. coelicolor RJ107 M145::pCLS108B, hygr This work 

S. coelicolor RJ110 M145::pCLS113A, amr,tsrr This work 

S. coelicolor RJ111 M145∆SCO1389::pIJ773, amr, kmr  This work 

S. coelicolor RJ112 RJ111::pMS82 , amr, kmr , hygr  This work 

S. coelicolor RJ113 RJ111::pCLS108B, amr, hygr This work 

S. coelicolor RJ114 RJ111::pCLS105, amr, hygr This work 

S. coelicolor RJ115 M145::pCLS117B1, hygr This work 

S. coelicolor RJ116 M145::pCLS117B2, hygr This work 

S. coelicolor RJ117 M145::pAVIIb, hygr This work 

S. coelicolor RJ118b RJ111::pCLS117B1, amr, hygr This work 

S. coelicolor RJ118a RJ111::pCLS117B1, amr, hygr, kmr  This work 

S. coelicolor K113 M145::ftsZegfp, amr Grantcharova et al.2005 

S. coelicolor VJ101 M145∆SCO5750::pIJ773, amr This work 
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Table 2: Escherichia coli strains 
 

Strain Characteristics Source/reference 

DS941 recF143, proA7, str31, thr1, 

Leu,tsx33,mt12,ris4,argE3,lac Y+, lac 

ZΔM15,lacI q,gal K2,ara 14 ,sup E44 , xy 15 

Sherrat, et al.,1988 

JM109 recA1, endA1, gyrA96, thi, hsdR17, supE44, 

relA1, Δ(lac-proAB)/F' [traD36, proAB+, lacIq, 

lacZΔM15 

Yanish perron et al, 

1985 

ET 12567 F- dam-13::Tn9,dcm-6,hsd M,hsd R,Rec F143, 

Tn10, gal T 22, ara14, lac Y 1, xy 1-5,leu B6, thi-

1 ,tonA31, rpsL 136, hisG4, tsx-78, mtl-1, gln44, 

supE, hsd Δ5, thi Δ(lac pro AB) 

Kieser et al. (2000) 

BW25113 rrnB3 ∆lacZ4787 hsdR514 

∆(araBAD)567 ∆(rhaBAD)568 rph-1 

Gust et al. (2003). 

NovaBlue 

Singles™ 

endA1 hsdR17  supE44 thi-1 recA1 gyrA96 relA1 

lac F′[proA+B+ lacIqZΔM15::Tn10] (TetR) 

Novagen  
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Table 3: Vectors 
Plasmid Characteristics Source/reference 

pIJ773  Gene replacement vector, amr Gust et al., 2003. 
pIJ790 λ- RED (gam, bet, exo), cat, araC, rep101ts. Gust et al., 2003. 
pUZ8002 tra, RP4, kmr  Paget, et al., 1999. 

pMS82 Integrating vector attPΦBT1, hygr. Gregory, et al, 2003. 
pSET152 Integrating vector attPΦC31, amr. Bierman, et al., 1992. 
pIJ8600 Over expression vector,tipA, attPΦC31, amr.tsrr Sun et al. 1999 
pEGFP-N1 E. coli vecotor containing egfp kmr. Clonetech lab Inc 
pALTER I E. coli cloning vector, tetr. Promega 
pT7Blue E. coli blunt cloning vector (Kit), ampr Novogen 
St1A8A  Cosmid containing SCO1389 ,kmr, ampr Redenbach et al.1996 
St1A8A.2.B10 St1A8A∆ SCO1389::Tn5062, amr, kmr, ampr Bishop et al.,2004 
St1A8A.2.EO5 St1A8A:: Tn5062 insertion downstream SCO1389 

amr, kmr, ampr 
Bishop et al.,2004 

StA8A.RJ1 St1A8A,∆ SCO1389::pIJ773, amr, kmr, ampr This work  
pCLS102 pALTERI,SCO1389 with native promoter, amr, tetr. This work 
pCLS105 pMS82, SCO1389 with native promoter, hygr.  This work 
pCLS106 PCR 1030 bp fragment containing SCO1389, ampR. This work 
pCLS112 PCR 673bp fragment containing SCO1389, ampR.  This work 
pCLS107 pEGFP-N1 carrying SCO1389 with native 

promoter, kmr. 
This work 

pCLS113A pIJ8600: SCO1389, amr.tsrr This work 
pCLS108-B pMS82: SCO1389egfp - (native promoter), hygr. This work 
pAVIIB 
 

pMS82, tcp830, hygr. Rodriguez et al,2005; 
Vargeese unpublished 

pCLS117B1 pAVIIb, SCO1389 in sense orientation, hygr. This work 
pCLS117B2 pAVIIb, SCO1389 in anti-sense orientation, hygr. This work 
pALVJ I pALTERI,SCO5750 with native promoter, amr, tetr. This work. 
SC7C7 Cosmid containing SCO5750 ,kmr, ampr Redenbach et al. 1996 
SC7C7.VJ1 SC7C7,∆ SCO5750::pIJ773, amr, kmr, ampr This work. 
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2.2 Chemicals and antibiotics. 
 

Chemicals and antibiotics used in this study are listed in Tables 5 and 4 respectively. 

Unless otherwise stated chemicals and antibiotics were purchased from Sigma 

Aldrich, Fischer Scientific, and BDH chemicals Ltd. Antibiotics (Table 4) were 

stored at -20°C.  

 

2.3 Preparation of media, chemicals and antibiotics 
 

Media were prepared according Table 6, and antibiotics prepared according to Table 

4, where appropriate solutions were sterilised by passing through a 0.22µm filter 

unit. All media and buffers were autoclaved for 15 minute sat 121ºC to achieve 

sterilisation, unless otherwise stated.  
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Table 4: Antibiotics 
 

Antibiotics Stock 

concentration 

(mg/ml) 

Working 

concentration 

 (µg/ml) 

Apr1 100 50 

Amp 1 100 50 

Chlr2 25 25 

Kan 1 50 25 

NA1 20 25 

Tet 2 25 12.5 

Str1 25 25 

Spec 1 50 50 

Atc 2 3 0.1 

1.5 

Tsr3 50 12 

Hyg2 50 50 

                                                 
1 Prepared in SDW. 
2 Prepared in absolute ethanol. 
3 Prepared in DMSO. 
All antibiotics stored at -20°C unless otherwise stated. 
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Table 5: Chemicals and reagents used  
 

Reagent Per litre 

Alkaline lysis solution I 2M Glucose; Tris Cl (pH8); EDTA (pH8). 
Alkaline lysis solution  II 4M NaOH; 20% (w/v) SDS. 
Alkaline lysis solution III 8M Potassium Acetate; Glacial acetic acid; 

SDW. 
10xTE-buffer 100mM Tris (pH8); 10mM EDTA. 
50xTAE-buffer 2M Tris; Glacial Acetic acid; 0.05M EDTA. 
Agarose 0.8% (w/v) in 1x TAE buffer 
DNA marker dye 50mM EDTA; 0.5% (w/v) SDS; 0.25% (w/v) 

Bromophenol Blue; 15% (v/v) Ficoll. 
RNase A Solution 10mgs RNase A; 1 M Tris-HCl (pH7.8); 1M 

MgCl2. 
Lysozyme solutions  25mM Tris- pH8; lysozyme (2mg/ml); RNase 

A (10mg/ml). 
SDS solution 0.3 M NaCl; 20% SDS (w/v). 
Phenol reagent Phenol-chloroform in equal volume mixture. 
Phosphate-buffer saline 
(PBS) 

0.8% (w/v) NaCl; 0.02% (w/v) KCl; 0.4% 
(w/v) Na2HPO; 0.4% (w/v) KH2PO; pH to 
7.4 with HCl, make up to 1000ml in SDW. 

GTE solution 
 

50mM Glucose; 20mM Tris-HCl (pH 8.0); 
20mM EDTA.  

Glutaraldehyde 25% (v/v)-stock solution 
Formaldehyde 40% (v/v) - stock solution.  
TFB1 30mM potassium acetate, 10mM CaCl2, 

50mM MnCl2, 100mM RbCl, 15%  (v/v) 
glycerol, and adjust pH to 5.8 with 1M acetic 
acid.  

TFB2 100mM MOPS (pH 6.5), 75mM CaCl2, 
10mM RbCl, 15% (v/v) glycerol, and adjust 
the pH to 6.5 with 1M KOH. 
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Table 6: Media used for growing bacterial strains 
 

Media Constituents per litre 

MS Mannitol-20 g, Soya bean flour-20 g, Agar- 20 g 
Tap water-1 L. 

LB broth/agar Trypyone-10 g, Yeast Extract-5 g, NaCl-10 g, pH-
7.2 in SDW, Agar-3.75g/250ml into bottles. 

YEME Yeast extract-3 g, Peptone-5 g , Malt extract-3 g 
Glucose-10 g, Sucrose-340 g, *Sterile 2.5M MgCl2 
2ml, SDW-1L. 

M9 medium Water-90ml/80ml, Agar-1.5%, * Glucose 20%-2ml 
*Thiamine 1M-100µl, *M9 salts 5x,*Di sodium 
Hydrogen Phosphate- 6.4%, *Di Hydrogen 
Potassium Phosphate-1.5%, *Sodium Cholride-
0.25%, *Ammonium Cholride-0.5%. 

SOB medium Tryptone-20 g, Yeast Extract-5 g, NaCl-0.5 g, *2M 
MgCl2 -5ml. 

SOC medium Prepare SOB, then add *1M glucose-20ml/ltr 
R2YE Sucrose-103 g, K2SO4-0.25 g, MgCl2.6H2O-10.12g 

Glucose-10 g, Difco casaminoacids-0.1 g, SDW-
800ml, Add 2.2 g of agar to 80ml of the above 
solution in 250ml bottle and autoclaved, 
*KH2PO4(0.5%)-1ml, *CaCl2.2H2O(3.68%)-8ml 
*L-Proline (20%)-1.5ml, *TES buffer, 
(5.73%,adjusted to pH 7.2 )-10ml, *Trace element 
solution -0.2ml,  *NaOH (1N) (Unsterilized is 
OK)-0.5ml, *Yeast extract (10%)-5ml. 

SMM Difco Casaminoacids-2g 
TES buffer-5.73g (25mM final) 
Water-1L,pH the solution to 7.2 with 5N NaOH 
3g of lab M agar to 200ml of the solution in 250ml 
bottle and autoclave, *NaH2PO4+K2HPO4 (50mM 
each)-2ml (1mM final), *MgSO4 (1M), *Glucose 
(50%) (w/v) , *Trace elements -0.2ml. 

2YT Difco bacto tryptone- 16g, Difco bacto yeast 
extract-10g 
NaCl-5g, SDW-1L. 

 

* Added after autoclaving separately. 

% is in w/v ratio.  
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2.4 Standard microbiological techniques for Escherichia 

coli.   

All DNA manipulation was carried out according to Sambrook et al., 1989 unless 

otherwise stated. Chemicals and media used are described in sections 2.2 and 2.3.  

2.4.1 Growth conditions for Escherichia coli.  
 

Liquid cultures of E. coli strains from which plasmids were to be isolated were 

grown in L-broth (Table 6) with appropriate antibiotic selection. The volume of broth 

inoculated dependent on the quantity of plasmid required. Mostly, 5ml and 100ml 

cultures were used for small and large scale plasmid preparations, respectively. All 

cultures were incubated at 37°C in an orbital shaker at 250 rpm. E. coli strains were 

also propagated on L-agar or Minimal medium agar plates with appropriate marker 

selection. Plates contained ca. 25ml of agar and were incubated overnight at 37°C.  

 

2.4.2 Preservation of Escherichia coli strains.  
 

E. coli strains were stored in glycerol. An 800µl aliquot of an overnight culture was 

mixed with equal volume of 40% (v/v) glycerol, 2% (w/v) peptone and frozen at -

80°C. The strains were revived by scraping the surface of the frozen suspension with 

an inoculating loop and streaking onto an agar plate to isolate single colonies.  

 

2.4.3 Introduction of plasmid DNA into Escherichia coli.  
Two methods of preparing competent cells were routinely carried out for chemically 

treated competent cells and electroporation competent cells. All competent cells 

prepared were stored at -80°C. An efficiency of 106-107 transformants per µgm of 

plasmid was typically achieved using either method. A single colony was inoculated 

into LB-broth containing appropriate antibiotics and incubated at 37ºC, 250 r.p.m. 

overnight. The next morning 1/100 dilution of the culture was re-incubated in LB-

broth and its optical density was monitored until it reached 0.4-0.6 O.D600. 
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A) Preparation of competent cells by CaCl2 method treatment.  

The pellet was gently resuspended in 0.4 original volume of ice-cold TFB1. The cells 

were incubated on ice for 5 minutes at 4°C. The cells were pelleted by centrifugation 

at 4,500 rpm for 5 minutes at 4°C. 1/25 volume of ice-cold TFB2 was used to gently 

resuspend the cells. The cells were incubated on ice for 15–60 minutes, and then 

dispense 50µl aliquots were frozen in liquid nitrogen, and stored at -80ºC. 

 

B) Preparation of Electro competent cells. 

Cells were kept on ice for approximately 30 min then centrifuged (4000 r.p.m., 4ºC 

for 5 min). The pellet was washed twice with 15ml and 10ml of ice-cold 10% 

glycerol (v/v) and centrifuged (4000 r.p.m., 4ºC for 15 minutes). Finally, the pellet 

was resuspended with 2ml ice-cold 10% (v/v) glycerol, 50µl aliquots were frozen in 

liquid nitrogen, and stored at -80ºC. 

 

2.4.3.1 Transformation with plasmid DNA. 
 

A) Transformation of CaCl2 treated cells.  

Plasmid DNA (1-100ng) in a volume less than 10µl, was added to 50 µl aliquots of 

the competent cells, mixed gently by inverting the Eppendorf tube and incubated on 

ice for 30min. The cells were heated to 42ºC for 50 sec and returned to ice for a 

further 2min. A 1ml aliquot of SOC broth was added and the cell suspension 

incubated at 37ºC for 90 min. Then the cells were plated on LB-agar plates with 

appropriate antibiotics for the selection of transformants. 

 

B) Transformation of Electrocompetent cells. 

Plasmid DNA (1-100ng) in a volume of 1µl, was added to 50 µl aliquots of the 

competent cells, mixed gently by inverting the Eppendorf tube and incubated on ice 

for 30minutes. The mixture then transferred to a electroporator cuvette (0.1mm), 

both the cuvette and the holder was dried thoroughly and placed into the GenePulser 

apparatus which was set, to ECI. A 1ml aliquot of SOC broth was added and the cell 

suspension incubated at 37ºC for 90 min. Then the cells were plated on LB-agar 

plates with appropriate antibiotics for the selection of transformants. 
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2.4.4 Isolation of plasmid DNA from Escherichia coli . 
  

The alkaline lysis protocol was followed for isolation of plasmid DNA from E. coli 

cells. With appropriate antibiotic selection, E. coli cells were grown overnight and 1 

ml of the culture was centrifuged (13,000 r.p.m.) at room temperature. The pellet was 

resuspended in 100 µl alkaline lysis solution I and 200µl of solution II was added to 

the tube and gently inverted 5 times. Finally 150 µl of alkaline lysis solution III was 

added and mixed by inverting the tube 10 times. The tube was centrifuged (13,000 

r.p.m.) at room temperature for 10min. The supernatant was carefully transferred to a 

clean Eppendorf tube and 400 µl of phenol/chloroform was added and vortexed for 

2min. The aqueous phase was transferred to another tube after centrifugation (13,000 

r.p.m) at room temperature for 5min. DNA was ethanol precipitated; the pellet was 

dried and dissolved in 1x T.E. buffer (Table 5). 

 

2.4.5 Phenol-chloroform extraction of DNA. 
 

An equal volume of saturated phenol was added to the DNA mixture along with 

equal volume of chloroform in an Eppendorf. This mixture is vigorously vortexed for 

2 min. The emulsion then centrifuged at 13000 rpm for 5min at room temperature.  

The upper, aqueous, layer was carefully removed by avoiding the interface between 

layers. 

 

2.4.6 Ethanol precipitation of DNA. 
 

Precipitation of DNA was carried out using 2-2.5 volumes of absolute ethanol in the 

presence of (1/10 volume) 3M sodium acetate pH 5.2 and incubated at –20oC for at 

least 30 minutes. The DNA suspension was then centrifuged for 30 minutes, 13,000 

rpm at 4˚C and the supernatant removed. The pellet was then washed with 1ml 70% 

(v/v) ethanol centrifuged as above, followed by air drying. The dry nucleic acid 

residue was then ready for further use as required. 
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2.4.7 Agarose gel electrophoresis. 
 

0.8% Agarose gels were prepared using 1xTE buffer. 1µl of ethidium bromide 

solution (10mg/ml) was added to 100ml of agarose. The gels were immersed in 

1xTAE buffer (running buffer). 1/5th volume DNA sample loading dye (Table 5) was 

added to the DNA sample. The gel along with DNA molecular markers (Table 9) the 

voltage was set at 70V for small gels and 100V for larger gels. Photography of the 

agarose gel was taken by a Syngene 302nm ultra violet transilluminator and DNA 

visualized in gels with the aid of GeneSnap (Syngene version 6.08).  

 

2.4.8 Extraction of DNA fragments from agarose gels. 
 

DNA fragments of interest were extracted and purified from agarose gels using a 

Qiagen gel extraction kit. Using a sterile sharp scalpel, the band was excised from 

the gel. A 1.5ml Eppendorf was weighed before adding gel for calculating the 

amount of agarose in the tube.  The agarose was solubilised at 50˚C water before the 

mixture was transferred to the spin column, and the DNA was purified according to 

the manufacturer’s instruction. 

 

2.4.9 DNA band sizing and quantification 
 

DNA was quantified by signal intensity visualised on a gel by comparison to known 

concentrations of DNA from a HindIII digested λ marker; typically, 500ng of λ 

HindIII DNA was used as a ladder on all agarose gels. The band sizes and 

concentrations are described in the Table 9. Other ladders used included: 

Promega 1kb standard: fragments sizes were 10Kb, 8Kb, 6Kb, 5Kb, 4Kb, 3Kb, 

2.5Kb, 2Kb, 1.5Kb, 1Kb, 750bp, 500bp and 250bp, and Promega 100bp standard: 

fragment sizes were 1.5Kb, 1Kb, 900bp, 800bp, 700bp, 600bp, 500bp, 400bp, 300bp, 

200bp and 100bp. 
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Table 7 : λ HindIII ladder 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Band sizes in (bp) Amount of DNA 

ng 

23130 240 

9416 97 

6557 68 

4361 44 

2322 24 

2027 21 

564 6 

125 - 
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2.4.10 Novagen perfectly Blunt cloning kit. 
 

The gene of interest was PCR amplified and the PCR products were purified using 

PCR purification Quiagen kit (Table 8). The PCR product was converted to blunt 

ends using end-conversion mix provided in the kit and heat inactivate. To this 

mixture, the linear 1µl (100ng) blunt ended vector was added and ligation reaction 

was set up according to the manufacturer’s guide. The reaction mixture was 

incubated at room temperature for 10 minutes. 1-2 µl of the sample was used to 

transform into NovaBlue SinglesTM Competent Cells.  

 

2.4.11 Use of Blue/White screening for identifying clones. 
 

X-Gal (20mg/ml) was used with IPTG (0.1 M) in order to identify colonies 

containing desired recombinant clones within multiple cloning sites of vectors 

carrying the lacZ gene. Colonies were coloured blue due to the activity of ß-

galactosidase. Colonies containing recombinants plasmids yielded white colonies. 

 

2.4.12 Restriction enzyme digestions and other DNA modifying 

enzymes. 
 

Restriction enzyme digestions were performed by incubating 100ng of DNA  with 

2μl of buffer (10x) as recommended by the supplier made up to 19 μl with sterile 

distilled water and finally added 1 μl of an appropriate restriction enzyme, and 

incubated at recommended temperature for 1 hour, as specified by the manufacturer. 

Double digestion was carried out when two different enzymes could be used in the 

same reaction provided there is 100% activity using a single buffer. When there was 

no compatibility between the enzymes and the buffer. Digestions were carried out 

individually using the most suitable reaction buffer for each enzyme, precipitating 

the DNA between reactions. BSA was added for appropriate reactions. Enzymes 

used to modify DNA were obtained from New England Biolabs, Promega, 

Invitrogen, or Fermentas. All DNA modifying enzymes as shown below followed the 

appropriate conditions as described by the manufacturers’ guides.
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Table 8: Modifying enzymes 

 

Enzyme Use Source 

DNA Taq Polymerase PCR Fermentas 

Expand Hi-Fidelity DNA 

polymerase 
PCR Roche 

T4 DNA ligase Ligation 

 Fermentas, 

Promega, 

Invitrogen 

 

 

Table 9: DNA modification kits. 
 

Kit* Use Source 

Qiagen Gel Extraction  
DNA purification from 

agarose gels 
Qiagen Ltd., Germany 

Qiagen PCR clean up 
DNA purification from 

PCR reaction 
Qiagen Ltd., Germany 

Promega Wizard plasmid 

prep 

Preparation of cloning 

grade plasmid DNA 
Promega  

DIG-DNA Labelling Kit Hybridization Roche 

Hi-Bond-N nitrocellulose 

membrane 
Hybridization 

Amersham Biosciences 

Ltd. 

 

*All kits used according to manufactuer’s guides. 
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2.5 Standard microbiological techniques for Streptomyces. 
 

All procedures were based on “Genetic Manipulation of Streptomyces: A laboratory 

manual “(Hopwood et al., 1985), unless otherwise stated.  

 

2.5.1 Media for propagation of S. coelicolor.  
Streptomyces were grown on MS agar, Minimal medium agar, R2YE agar and 

YEME broth (Table 6).  

 

2.5.2 Preparation of S. coelicolor spore suspensions. 
 

Streptomyces were grown on MS agar for three days at 30˚C. The spores then 

scraped out from plates by addition of 10ml SDW. The mixture was then filtered 

through a non -porous cotton plug. The resulting filtrate was centrifuged at 4000 

r.p.m the supernatant was discarded and the spore pellet resuspended with 20 % 

(w/v) glycerol and stored at -20 ºC. 

 

2.5.3 Pre-germination of S. coelicolor spores  
 

A spore suspension was prepared and spores pelleted in a bench top centrifuge. 

Spores were recovered in 5ml of TES buffer and heated to 50°C for 10mins. The 

tube was cooled quickly under a cold tap. Dense spore suspension of Streptomyces 

was added into 50ml 2xYT for 6-10 hours. Cells were pelleted at 3,000rpm for 

10min. 10-12ml SDW was used to resuspend the pellet. The optical density of the 

growth was monitored at 450nm, and the cells were diluted according the readings 

from the spectrophotometer. The reading was then used to calculate the volume of 

inoculum needed to maintain constant inoculum strength 3x106 pregerminated spores 

(gs).  
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2.5.4 Growth of Streptomyces mycelium. 
 

Ehrlenmeyer flasks containing sterile springs (acting as baffles) and YEME were 

used for growing liquid cultures of Streptomyces. The volume of culture depended on 

the final use of the mycelium. For genomic DNA isolation, 50ml-100ml of broth 

were used, keeping the volume of the flask at least 5 times the volume of the broth to 

facilitate good aeration when incubated in an orbital shaker at 30°C at ca. 250 rpm.  

 

2.5.5 Introduction of DNA to S. coelicolor by conjugation. 
 

Spores of S. coelicolor were resuspended in 2YT medium and then incubated at 50 

ºC for 10min. E. coli ET 12567/pUZ8002, containing the plasmid of interest was 

grown till 0.5-0.6 O.D600 and pelleted. Wash the cells twice with an equal volume of 

LB (to remove antibiotics that might inhibit Streptomyces). The cells were mixed 

with the heat activated approximately 108 Streptomyces spores, pelleted briefly and 

the resulting mixture plated on to MS media. After 16 hrs of incubation exconjugants 

were selected by the addition of nalidixic acid and the appropriate antibiotic. Then 

the plates were incubated for 3 days to allow growth of primary exconjugants.  

 

2.5.6 Isolation of genomic DNA from S. coelicolor. 
 

200 µl of a S. coelicolor spore suspension was inoculated in 25ml of YEME medium 

(Table 5) and incubated for 3 days at 30ºC shaker (250r.p.m.). The culture was 

centrifuged at 10,000 r.p.m. for 5 min at room temperature. The pellet was then 

resuspended in 3ml of 25mM Tris- pH8 contains lysozyme (2mg/ml) and RNase A 

(10mg/ml). The tube was incubated for 30min at 37ºC, followed by the addition of 

5ml of 0.3 M NaCl with 20 % SDS (w/v), after brief vortexing 6ml phenol-

chloroform solution was added, and the solution also mixed by vortexing. After 

centrifugation at 10,000 r.p.m. for 5min, the aqueous phase was transferred to a clean 

Oakridge tube. This process was repeated until the top aqueous layer became 

transparent. The aqueous phase was then transferred to a sterile tube.  
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10ml of absolute ethanol was added and the tube was inverted 3 times. The DNA 

was spooled out from the solution using a bent Pasteur pipette wiping away the drops 

of ethanol and dried at room temperature for 10mins. Finally the DNA was dissolved 

in 500µl T.E. buffer and stored at -20 ºC. 

 

2.6. Polymerase chain reaction. 
 

All primers used for the study were obtained freeze dried from MWG-Biotech A.G. 

Primers were reconstituted with appropriate volumes of sterile distilled water to an 

overall concentration of 400pmol/µL primers were stored at -20°C.The PCR reaction 

was set up in a 0.5ml Eppendorf tube. The reaction mixture was set up as in Table 10 

MgCl2 was added according to the manufacture’s instructions. Fermentas Taq 

polymerase and Roche high fidelity DNA polymerase were used for different 

reactions conditions. Using an Eppendorf Mastercycler gradient PCR machine, the 

PCR reaction was carried out. PCR products were purified using a Qiagen PCR clean 

up kit (Table 9). Different programmes were used for different PCR products. The 

primers used in this work are explained in Table 11 and the PCR programmes used to 

derive the products are explained in detail in subsequent chapters (3, 4, 5 & 6).  

 

2.6.1. Preparation of dNTPs. 
Nucleotide bases are prepared from a stock of 100mM diluted to a working 

concentration of 1.25mM and stored at -20˚C.Sterile deionized distilled water was 

used for dilution. The same concentration was used for both PCR and probing DNA 

for Southern blot. 



69 

 

Table 10:  PCR reaction mixture 
 

PCR reaction mix Volume in µl 

Buffer 10X 10 

dNTP’s(1.25mM) 8 

DMSO 2.5 

Primer 1 (100pM) 1 

Primer 2 (100pM) 1 

Template DNA 1 

DNA Taq Polymerase 0.5 

Water 26 

Total volume 50 
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Table 11: Oligonucleotides used in this study. 
Restriction sites (CL100, CL101, CL102 & CL103) and homologous regions to amr 
(pIJ673; Güst et al., 2003) are underlined (CL104 ,CL105 and FtsK-1,FtsK-2). 
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2.6.2. PCR programmes for different primers. 

(A) Redirect PCR-mediated gene replacement (chapter 4 and 5). 

PCR reaction conditions were followed from Gust et al., (2003); denaturation at 

94°C for 2 min, then 10 cycles with denaturation at 94°C for 45 s, annealing at 50°C 

for 45 s, and extension at 72°C for 1 min 30 s, were followed by 15 cycles with the 

annealing temperature increased to 55°C.  A last elongation step was done at 72°C 

for 5 min. The PCR product was analyzed by gel electrophoresis and purified by 

using a PCR Purification kit. The expected sizes are 78 bp larger than the sizes of the 

disruption cassette pIJ773 because of the 2 x 39 bp 5´-primer extensions. The PCR 

product was purified using the Qiagen PCR purification kit.  

(B) Construction of SCO1389 depletion strain (chapter 6). 

The PCR reaction conditions that were followed for amplifying the SCO1389 gene 

were; denaturation at 94°C for 2 min, then 10 cycles with denaturation at 94°C for 45 

s, annealing at 54.9°C for 45 s, and extension at 72°C for 1 min 30 s, were followed 

by 15 cycles with the annealing temperature increased to 61.4°C. A last elongation 

step was done at 72°C for 5 min. The PCR product was analyzed by gel 

electrophoresis and purified by using a PCR Purification kit.   

(C) Construction of over-expression strain of SCO1389 (chapter 7). 

PCR reaction conditions: denaturation at 94°C for 2 min, then 10 cycles with 

denaturation at 94°C for 45 s, annealing at 54.9°C for 45 s, and extension at 72°C for 

1 min 30 s, were followed by 15 cycles with the annealing temperature increased to 

61.4°C. A last elongation step was done at 72°C for 5 min. The PCR product was 

analyzed by gel electrophoresis and purified by using a PCR Purification kit. 
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2.7 Southern hybridization. 

 
Southern hybridization (Kiesar et al., 2000) was performed to confirm mutations 

constructed by PCR mediated mutagenesis. DIG-labelled (digoxygenin) DNA probes 

were used (DIG-DNA Labelling Kit from Roche) along with Hybond-N+ nitro-

cellulose membranes (Amersham Biosciences Ltd.). 

  

2.7.1 Probe synthesis by random primed DIG DNA labelling. 
 

Using Klenow enzyme, DIG-dUTP’s are incorporated into the DNA fragment to be 

used as the probe. 10μl DNA (1μg) in SDW was denatured by boiling for 10 minutes 

and placed immediately on ice for at least 1 minute and centrifuged briefly. To this 

solution 2μl hexanucleotide mix, 2μl d-NTP labelling mix (1mmol/l dNTPs) and 1μl 

Klenow enzyme (1U/μl) were added and gently mixed by pipetting .The reaction was 

incubated at 37oC overnight and stopped by the addition of 2μl 0.2M EDTA. The 

probe was then boiled for 10 minutes and cooled on ice for 1 minute before 

hybridization at 42oC overnight.  

 

2.7.2 Binding DNA to nitrocellulose membrane. 
  

DNA was isolated as mentioned in sections 2.5.4 and 2.6.7 for analysis by Southern. 

DNA was concentrated by ethanol precipitation. Lambda DNA digested with HindIII 

was used as a standard marker to identify bands used during Southern bloting. 

Further, all DNA samples were separated by electrophoresis on 0.8% agarose gel 

over night at 25V. The nitrocellulose membranes used to bind the DNA were washed 

thoroughly with deionised distilled water and then pre incubated in 10XSSC buffer 

for 15minutes along with filter paper. The filter paper was then transferred to a 

Vacugene XL blotting unit in the following order; filter paper, nitrocellulose 

membranes followed by agarose gel and plastic mesh. The vacuum pump inlet was 

connected to the blotting apparatus and the vacuum pressure was set between 50-60 

mbar. 
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The gel was washed in deionised H2O before being immersed in depunaturation 

solution for 15 minutes twice. Afterwards, it was rinsed with deionised H2O. The gel 

was then immersed in denaturation solution and left for 15 minutes, this was then 

repeated, as before, and rinsed with deionised H2O.Then, the gel was covered in 

neutralization solution for 30 minutes. Finally, 20 x SSC was used to cover the gel 

and left for 1 hour to allow efficient blotting. Following this, the membrane was 

baked at 80°C for 2 hours. 

 

2.7.3 Hybridization of DNA. 
 

Membranes were rolled and placed inside the hybridization tube and incubated with 

prehybridization solution for 2hr. The solution was then decanted before adding the 

DIG labelled probe in hybridization solution. Before addition the probes were placed 

on boiling water bath for 10min and cooled immediately on ice for 2 min and 

hybridization was carried out overnight at 42°C in a hybridization oven. 

 

2.7.4 Detection of the hybridized DNA  
 

Membranes were washed gently with 2xSSC and 0.1% (w/v) SDS twice for 15min at 

68°C in a hybridization oven.  This was repeated with 0.2xSSC and 0.1%SDS under 

the same conditions. After consecutive washes the membranes were now ready for 

detection. The detection step was carried out with the hybridization oven kept open. 

The following washes were carried out separatley in order to develop the membrane. 

Initially, membranes were incubated in buffer I for 1min, followed by buffer II, for 

30min.  A quick wash in buffer I for 2min was followed by the addition of 3µl of 

antidigoxygenin AP (antibody conjugate) to 15ml of buffer I to the membrane before 

incubation for 30min-45min.Before developing, the membrane was washed in 10ml 

of buffer III for 2mins. The membranes were then transferred to a sealed plastic bag. 

10ml of NBT solution (NBT Tablets dissolved in buffer III) was added and incubated 

in the dark for 1-2hr. To stop the reaction the bag was cut open and the membrane 

washed 5-10 times in running water and stored in the dark for further analysis. 
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2.8. Preparation of the samples for microscopy. 
 

2.8.1 Growing cultures on cellophane. 
 

Cellophane discs were placed on moist filter paper in glass Petri dishes, and sterilised 

by autoclaving for 15min.  Cover slips sterilised with ethanol. Using sterile forceps 

the cellophane discs were transferred onto cover slips. These cover slips were then 

placed at acute angle on agar plates. 10µl of a 10-2 dilution from a S. coelicolor spore 

suspensions was added to the acute angle between the cover slips and the agar plate   

before being incubated at 30°C for 1-2 days. Similar protocol was carried out for 

setting up cultures on cover slips without cellophane.  

 

2.8.2 Methanol fixation of Streptomyces for microscopy. 
 

Cells were grown on cover slips as mentioned in section 2.9.1 for 48hr at 30°C. 

These cover slips then carefully removed from the agar plate and dipped in methanol 

to fix the cells. The cover slip was air dried, 8µl of 40% (w/v) glycerol in phosphate 

buffer saline (Table 5), added and the cover slip was pressed against the microscopic 

slide. Using tissue paper, excess glycerol was removed and the cover slips and slide 

were sealed using nail varnish before visualizing by microscopy for EGFP fusions. 

 

2.8.3 Fluorescein –WGA/Propidium iodide staining  
 

For the detection of nucleic acid and peptidoglycan of Streptomyces cultures, 

WGA/propidium iodide staining (Table 11) was carried out. The cells were anchored 

on cover slips using the 500µl of fixative solution (Table 5) for 15 min at room 

temperature.  The cells were washed twice with PBS to remove any traces of fixative 

then air dried. The cells were rehydrated with PBS for 5 min, and then incubated 

with 2mg/ml lysozyme in GTE for 1 min at room temperature.  
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The cover slips were washed with PBS and 2% BSA (w/v) in PBS was added to the 

cells and incubated for 5 min at room temperature. All subsequent steps were carried 

out in the dark. Fluorescein WGA in PBS with 2% BSA was added to the cover slips 

and incubated for 2-4 hrs at room temperature. Then the cover slip was washed 10 

times with 10µg/ml propidium iodide in PBS. Before the addition of slow fade 

solution to the cover slip, the cells were washed twice with equilibration solution 

(Molecular probes, solution C) for 5 min at room temperature. 8µl of slow fade 

solution was added and the cover slip was mounted on the slide and sealed with nail 

varnish. 

 

2.8.4 10-Nonyl acridine orange staining. 

NAO was added to a final concentration of 100 nM to the cover slips that was 

harvested after 3 days the cells were viewed by using an inverted fluorescence 

microscope (Nikon). Green fluorescence (with excitation at 495 nm and emission at 

525 nm) from NAO was detected by using a standard GFP(R)-BP filter unit 

(excitation at 460 to 500 nm and emission at 510 to 560 nm). The exposure times for 

green NAO were 2 to 8 seconds. 

2.8.4 Live cell imaging. 

 
All live cell imaging were all carried out in a µdish (ibidi® Integrated 

BioDiagnostics). This is a small version of a normal Petri dish which can be mounted 

on a heated stage of the microscope.  In order to minimize focal drift, the microscope 

stage and imaging chamber were allowed to equilibrate for 1 hour with respect to 

temperature before the start of microscopy. Imaging in Streptomyces was very 

difficult because of its heterogeneticity and 3D structure. To overcome this, images 

were acquired by a series of sections along the optical (z) axis of the microscope. 

These images then further used to construct three dimensional images or compressed 

to a single plane using IPLab software.  
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The cultures grown on cellophane (section 2.9.1.), and carefully stripped from the 

cover slip. The strip was then transferred to µdish creating a sandwich of the culture 

between the cellophane and the base of the dish. Using the sterile forceps 2% (w/v) 

agar plug was placed on top of the cellophane which hydrates and pass on the 

nutrients to culture through the cellophane. The complete set up was then mounted 

on the heated stage at 30˚C and observed under the microscope (Fig. 8).  

 

2.8.5 Use of fluorescent dyes in time-lapse microscopy. 

 
Fluorescent dye such as FM4-64; NAO, Fluorescein-WGA, propidium iodide, 

Vancomycin FL and Syto 42 from Invitrogen (Molecular probes) were used in this 

study (Table 12). The dye concentration were optimized and then applied to the cells 

to be observed by fluorescence microscopy.  Samples were studied using a Nikon TE 

2000 Eclipise inverted fluorescent microscope with 100X oil N.A. 1.3 objective lens, 

and images were captured bu Hamamatse camera.  

 

Images were then processed using IPlab 3.7 bioimaging processing software (B.D. 

Biosciences Bioimaging, Rockville, M.D). For 3 dimensional image constructions, 

we used 0.5µ Z sections of both phase contrast and fluorescent images. The images 

were captured at 15minutes interval.  For fluorescent microscopy studies the dye 

with the optimal concentration was then added over the agar plug and air dry for 

15min then transferred to the µdish (Fig. 8). Filters used for different probes are 

described in table 13  

 

2.8.6 Movie making. 
One of the major advantages of live-cell imaging is to perform time-lapse 

experiments and make movies of time-lapse imaging. This can provide an 

extraordinary insight into the dynamics of labelled macro molecules in living 

bacterial cells. Typically images were capture 20–145 images at 5–30 minutes 

intervals in a time course. These images may then be processed and imported into a 

movie-making software package (that is present within IPLab software) in which 

they can be compressed, and saved into audio video interleave file (avi).
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Table 12: Fluorescent stains 
 

Dye Stock Working 
concentration

Filters used 

Fluorescein-
WGA 

1 mg/ml 2 µg/ml FITC 

Propidium 
iodide 

25 mg/ml 10 µg/ml TRITC 

Syto-42 5mM 1µM DAPI 
FM4-64 1 mg/ml 1 µg/ml TRITC 
NAO 21mg/ml 100nM FITC & 

TRITC 
Vancumycin FL 5mM 1µM FITC 
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Figure 7: Live cell imaging set up  
Imaging of Streptomyces on solid agar surface. Pre-germinated spores of about 6-
8hrs of time was grown on cellophane disks before before being inverted and 
transferred to the µ-dish (1) imaging chamber. Subsequently, a cylinder of 3MA was 
applied to the cellophane µdish and the imaging chamber transferred to the 
incubation chamber set to 30°C and allowed to equilibrate for 1 hour before 
commencement of imaging. 
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2.9 Bioinformatics tools 

 
2.9.1 Analysis of the genome sequences through BLAST. 
All analysis of nucleotide and amino acid sequences was achieved by the Basic 

local alignment tool (BLAST). This allowed for the alignment of sequences against a 

publicly available database at the National Centre for Biotechnology Information 

Genebank. The programs BLASTP (Altschul et al., 1997) were used for protein-

protein analysis. 

 

2.9.2 ClustalW2. 
The DNA or protein sequences of specific gene of interest from one organism can be 

used to compare with different species and higher organisms using ClustalW2. This 

programme aligns multiple sequence data to show their identities, similarities and 

differences between the sequences. This programme can be accessed from European 

Bioinformatics Institute (EMBL-EBI) at http://www.ebi.ac.uk/Tools/clustalw2.  

 

2.9.3 Cloneman version 6. 
Clone-manager software can be used to do virtual experiments using DNA sequences 

for various activities like vector construction, alignment studies, primer designing, 

cloning and ligation.  This programme is provided by Scientific & Educational 

Software. This software mainly focuses on controlling all DNA file handling, 

molecule viewing, sequence editing and general utility functions for molecular 

biology programme.  

 

2.9.4. SMART protein analysis. 
Using amino acid sequences protein structure and their functional group can be 

predicted using SMART (Simple Modular Architecture Research Tool). SMART 

programme identifies homologues, PFAM domains, signal peptides and internal 

repeats. This software can be accessed from http://smart.embl-heidelberg.de.  
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Chapter 3  

Application of fluorescent probes and 

time-lapse microscopy in S. coelicolor. 
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3.1 Visualization of cell wall and nucleoids in fixed cells  
 

Previously, S. coelicolor cell wall was visualized after lysoyme treatment and 

staining with fluorescent conjugates of letin wheatgerm agglutinin (WGA). WGA 

binds to oligomers of N-acetylglucosamine and N-acetylmuramic acid and therefore 

binds to lysozyme treated cells (Schwedock et al., 1997). Nulcleoids were stained 

with propidium iodide (Fig. 8B1 and B2). It was found that WGA stains strongly the 

tips than the hyphae, suggesting that it binds strongly to the newly formed cellwall 

than the lysozyme treated cell wall. The figure 8 shows the staining pattern of WGA 

and PI in M145 S. coelicolor. This stain is commonly used to visualize the cell wall 

and DNA in Streptomyces; however this is a dead cell staining method. With more 

new fluorescent probes, we now can explore the staining of cell walls and DNA in 

live cells together with protein EGFP tagged studies. 

 

3.2 The pattern of FM 4-64 staining seems to reflect 

heterogeneity of phospholipid distribution in the membrane  
 

Recent biochemical and physiological studies in E. coli have shown that the 

membrane lipids are actively involved in major cell cycle events (Funnel, 1993; 

Nanninga, 1998; Fishov et al., 1999). Anionic phospholipids, such as 

phosphatidylglycerol, in the fluid phase are required for rejuvenating the replication 

initiator protein, DnaA by facilitating an exchange of tightly bound ADP with ATP 

(Crooke et al., 1991; Castuma et al., 1993). Nucleoid associations with the 

membrane have been observed indirectly using a variety of techniques (Schaechter et 

al., 1991). Membrane proteins have been proposed to be involved in the regulation of 

DNA replication and segregation and cell division through the formation of specific 

lipid domains (Norris, 1992; 1995; Woldringh et al., 1995; Binenbaum et al., 1999). 

It has been speculated that phospholipid defects may affect the correct interaction of 

FtsZ with the cell membrane and alter the ring structure (Mileykovskaya et al., 1998) 
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Figure 8: Visualization of DNA and cell wall in M145. 
M145 was stained with WGA and PI, staining cell wall (green) and DNA (red). A1 
and A2 are the phase contrast images, B1 and B2 are fluorescent images, and the 
arrows indicate the cross walls in substrate hyphae (B1) and aerial hyphae in (B2). 
Size bar 10µm. 
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In spite of these examples from E. coli, heterogeneity in the Streptomyces membrane, 

either in its phospholipid or in its protein components, has not yet been observed. 

Here, we used the vital membrane dye FM 4-64 for the visualization of S. coelicolor 

membrane. It has a bright red fluorescence and could thus be used for multiple 

staining with Syto42 for nucleoid display.  

 

Amongst the most commonly used fluorescent dyes for live cell imaging of fungal 

cells are the styryl-based dyes FM4-64 (Parton et al., 2000). The probe FM 4-64 has 

a rigid hydrophobic tail containing the fluorophor and a positively charged head. In 

yeast, this dye only appears in vacuolar membranes (Vida and Emr, 1995), this 

shows that the dye seems to have higher affinity for membranes rich in basic 

phospholipids. The predominant phospholipids in S. coelicolor are 

Phosphatidylethanolamine (zwitterionic), phosphatidylglycerol and cardiolipin (both 

negatively charged) (Verma, 1983). The staining pattern developed and gradually 

disappeared on long incubation. The majority of cells showed a clear banding 

pattern, as shown in Fig. 9 B2. The most distinct dark bands occurred in the 

anucleated regions of the mycelium, branch points and hyphal tips. To determine the 

banding pattern correlating with the position of nucleoids in the mycelium, we used 

Syto42 stain, which binds to DNA and emits in blue (435nm) on excitation under UV 

light (340nm) (Table 13). In Fig. 9A and B, shows the distinct lipid domains in 

between the nucleoids. To conclude, whatever the nature of FM 4-64 distribution 

heterogeneity, we demonstrate for the first time a membrane pattern in live S. 

coelicolor in relation to the position of the nucleoids. 
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Figure 9: Visualization of lipid domains and nucleoids in M145. 
M145 was stained with FM4 64 and Syto42, staining DNA (green) and lipid domains 
(red). A1 and A2 are the phase contrast images, B1 and B2 are fluorescent images, 
and the arrows indicate the lipid domains sandwiched between nucleoids in the 
substrate mycelium and the localization near branch points and aerial hyphae, (B1) 
and aerial hyphae in (B2). Size bar 10µm. 
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3.3 Cardiolipin domains in S. coelicolor membranes.  
In Streptomyces, the protocol was adapted from Mileykovskaya, and Dowhan, 

(2000); NAO was added to a final concentration of 100 nM to the cover slips that 

were harvested after 3 days. After incubation at room temperature for 20 min, the 

cells were viewed by using an inverted fluorescence microscope (Nikon). Green 

fluorescence (with excitation at 495 nm and emission at 525 nm) from NAO was 

detected by using a standard GFP(R)-BP filter unit (excitation at 460 to 500 nm and 

emission at 510 to 560 nm). To minimize the toxicity of high-energy emission light, 

the focus was set under phase-contrast conditions. The exposure time for green of 

NAO was 0.2 to 0.8 seconds. In our work, we obtained evidence of heterogeneous 

distribution of cardiolipin in the gram-positive bacterium S. coelicolor. The 

cardiolipin rich domains were found in the branch points, hyphal tips and aerial 

hyphae (Fig. 10 B1 and B2). These accumulations of cardiolipin domains were 

consistent to the staining pattern of FM4 64, but using NAO more specific domains 

were seen in mycelium.with less than 1µm in length. The biological significance of 

the cardiolipin domains in sporulation was illustrated by using mutants with 

defective in erection of aerial hyphae, frequency of branching, dividing tips, swollen 

hyphal tips and mycelium (explained in subsequent chapters 6 & 7). What is the role 

of the cardiolipin rich domains in these membranes? We speculate a distinct role 

played by cardiolipin-rich domains within membranes. Cardiolipin could contribute 

to recruitment of peripheral membrane proteins to localize to specific regions of the 

cell membranes, and it could also contribute to maintenance of the optimal activity of 

these proteins. Recent studies shows that MinD, localizes in a horseshoe structure on 

the membrane at the poles of E. coli cells (Raskin et al., 1999, Suefuji et al., 2002). 

MinD, with its C-terminal amphiphilic α helix bound to liposomes containing anionic 

phospholipids, has a higher affinity for cardiolipin enriched liposomes 

(Mileykovskaya et al., 2003, Szeto et al., 2002). The other essential interactions of 

cardiolipin with integral membrane proteins (e.g., cytochrome c oxidase) are well 

known (Dowhan, 1997). Hence, some of the sporulation and apical extension 

specific proteins involved in S. coelicolor (Flardh, 2003; Tseng et al., 2006; Noens et 

al., 2005) could require cardiolipin dependent localization and/or maintenance for 

optimal activity. 
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Figure 10 : Visualization of cardiolipin domains and nucleoids in M145. 
M145 was stained with NAO and Syto42, staining DNA (red) and cardiolipin 
domains (green). A1 and A2 are the phase contrast images, B1 and B2 are 
fluorescent images, and in B2 arrows indicate the lipid domains sandwiched between 
nucleoids in aerial hyphae and B1 shows localization near branch points, hyphal tips 
and anucleated regions in substrate mycelium size bar 10µm.  
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3.4. Conception and implementation of time-lapse 

microscopy. 
 

The Nikon TE 2000 inverted fluorescent microscope (IFM) is a 3D deconvolution 

microscope. Live-cell imaging requires cells to be in normal growth conditions (like 

temperature and availability of oxygen) and the use of low-dose techniques (e.g. 

using dyes at low non-cytotoxic concentrations with levels of light irradiation at non-

harmful visible wavelengths). To monitor the temperature, ibidi® Integrated 

BioDiagnostics, have designed a unique heating stage that allows an easy 

temperature control. The heating device has been coupled with the microscopy stage 

and can hold the oxygen permeable ibidi µ-dishes (35mm Petri dish with a tin bottom 

for high end microscopy).  

 

 

3.4.1 Multiple labelling living cells. 
 

Multiple labelling is often possible with living Streptomyces cells. We have used 

different fluorescent probes combine together. In this chapter we use FM4-64 as a 

general membrane stain (Vida et al. 1995), Syto42 for staining DNA (Rowan et al., 

2007), and vancomycin FL (Daniel and Errington, 2003) for peptidoglycan (Table. 

13). Labelling proteins with enhanced green fluorescent protein (EGFP) (Sun et al., 

1999) was used to monitor protein trafficking within cells (Table. 13). Triple 

labelling is also possible with proteins labelled EGFP, membrane stained with FM4-

64 and DNA stained with Syto42. Certain combinations of dyes, however, are 

sometimes incompatible and can result in increased phototoxicity and cytotoxicity 

during live cell imaging e.g. propidium iodide and wheat germ agglutinin FL 

(Schweddock et al, 1997). 10-nonyl acridine orange is also used in live cells to 

localize specific membrane anionic lipid, cardiolipin.  
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Stain Ex Em Filters 

used 

Excited 

colour 

Overall 

colour 

FM4-64 558 734 TRITC Green Red 

Syto42 433 460 DAPI UV Blue 

Vancomycin-FL 504 511 FITC Blue Green 

10 nonyl 

acridine orange 

525 

495 

640 

519 

TRITC 

FITC 

Green 

Blue 

Red 

Green 

Wheatgerm 

agglutinin 

496 524 FITC Blue Green 

Propidium 

iodide 

535 617 TRITC Green Red 

Green 

fluorescent 

protein 

395 509 FITC Blue Green 

 
 

 

Table 13:  Fluorescent probes and their respective filter selection. 
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3.5 Phase contrast cinephotomicrography of life cycle in S. 

coelicolor. 
 

Streptomycetes are multicellular bacteria that undergo a series of regulated 

developmental processes including germination, vegetative mycelial growth (Fig. 11) 

and secondary metabolite synthesis and eventually spore morphogenesis (Chater, 

1993).  In the initial stages of germination (Fig. 11), undefined signals trigger influx 

of water into spores, resulting in an increase in size and decreased phase brightness 

followed by germ-tube emergence (Hardisson et al., 1978). Unlike unicellular 

bacteria, in which chromosome replication is followed by cell division, Streptomyces 

genomes remain associated in branching filaments, thereby generating a dense 

interconnected mycelial colony (Allan and Prosser, 1985). Subsequently, 

discontinuous growth kinetics has been observed in S. hygroscopicus and S. griseus 

species (Holt et al., 1992; Neumann et al., 1996). 

 

Despite several attempts to grow S. coelicolor on agar sandwiched between glass and 

coverslips, the oxygen levels in these environments can vary considerably. Although 

S. coelicolor cannot grow in the complete absence of oxygen, it is capable of 

microaerobic growth and remains viable in the absence of oxygen for long periods of 

time (Van Keulen et al., 2007). The spores took 5-6 hours to germinate, and another 

4 hours to produce germtubes. In the frame figure 11A, 39 spores were analyzed of 

which 82% of them germinated. On an average around 85% of spores swelled and 

became phase dark prior to germ tube emergence (Jyothikumar et al., 2008). It was 

impossible to describe accurately each spore germination pattern because of the 

difficulty of overlapping of the hyphae from a neigbhouring spore and also due to 

spore clumping. It was noticed some growth arrest between two germtubes from a 

single spore. These have been shown with statistical evidence that, germination in S. 

coelicolor is heterogeneous and displays apical dominance (Jyothikumar et al., 

2008). After germination, the hyphal tip extends out and starts to branch to form a 

vegetative mycelium.  
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Filming vegetative mycelia (for 4 hours) was an easy step forward in documenting 

the growth in Streptomyces (Fig. 11B). The rate of hyphal tip extension calculated 

under normal growth parameters was 18.83 (2.13) µm/ hour and the branches formed 

on an average 10.23 (2.65) µm behind hyphal tips. Most of the substrate hyphae 

branched more than once and within few hours developed into a matted layer over 

one another (Fig. 11B 10-13).  

 

This is the major problem encountered frequently in time-lapse imaging for more 

than 14 hours. The neighbouring cells start to outgrow the selected frame and the 

original focal point was lost. The average associated with branch-to-branch distances 

is relatively large standard deviation suggests that S. coelicolor shows great 

variability in branch placement with respect to the location of other branchs. After 

the growth of substrate mycelium the S. coelicolor develops morphologically and 

erects aerial hyphae (Chater, 1993). At this point aerial hyphae obtain nutrients from 

the degradation of the vegetative mycelium (Challis and Hopwood, 2003; Miguelez., 

1999). The formation and initiation of aerial hyphae erection is the result of a 

complex intracellular signalling cascade and is consistent with the switch between 

the primary metabolisms to secondary metabolism with production of antibiotics 

(Champness, 2000; Chater, 1998; Willey et al., 2006). 
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Figure 11: Time-lapse microscopy of life cycle in M145. 
A-germination the black arrow indicates the germ tube extension, B-development of 
substrate hyphae and white arrows shows hyphal tip extension, C-young aerial 
hyphae goes to sporulation, black arrow shows the phase change from grey to black 
dense spore, D- aerial hyphae through half way in sporulation and black arrow shows 
germination site, E-spore chains swells and undergoes germination, the arrows shows 
the swelling and diassociation of the spore chain and germination. The horizontal 
white bar represents 10 µm. 
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Growth of aerial hyphae was observed in real time by coverslip-cellophane-grown 

cultures of S. coelicolor, and transferred to an imaging chamber (section 2.8.1 and 

2.8.4). Aerial hyphae was identified by phase-contrast microscopy and subjected to 

timelapse microscopy at 15-min intervals. During filming aerial mycelium, the 

neighbouring substrate mycelium grew over the frame and made it very difficult for 

imaging. Imaging was successful in recording the key stages involved in aerial 

hyphae inspite of frequent growth of substrate mycelium. In figure 11.C young aerial 

hyphae underwent a change from phase light to dark to form mature condensed 

spores. However, the formation of unigenomic spores stopped before the tip of the 

aerial hyphae. This may be due to hyphal dehydration or phototoxicity (Fig. 11 C5-

6). However, in order to maintain viability of aerial hyphae, it was necessary to apply 

a plug of tap water agar (Fig. 7). As mentioned earlier the experiment was conducted 

on low nutrient source agar as the sole carbon source. In spite of nutrient downshift 

substrate hyphae outgrows the selected imaging field, this was because of the agarase 

gene (dagA) in S. coelicolor that utilizes agar as sole carbon source (Bibb et al., 

1987). However, some sacrifices have to be made during live cell imaging with S. 

coelicolor.  

 



93 

3.5.1 Disassembly of FtsZ-EGFP in aerial hypahe. 
 

After the successful imaging of life cycle through phase contrast set up, it was 

interesting to move on to excite the cells with a different wavelength of light to 

visualize fluorescence of the tagged proteins. For this study we are thankful to Dr. 

Klas Flardh, who was kind in giving us the strain S. coelicolor K113, ftsZ-egfp. S. 

coelicolor K113 (Flardh, et al., 2000) was grown on cellophane disc as described 

before (section 2.8.1 and 2.8.4).  

 

In order to study the positioning and movement of FtsZ-EGFP in aerial hyphae, the 

cover slip-cellophane-grown cultures of S. coelicolor K113 were transferred to an 

imaging chamber, and aerial hyphae were identified by phase-contrast microscopy 

and subjected to time-lapse microscopy at 15-min intervals. In order to maintain 

viability of aerial hyphae, it was necessary to apply a plug of tap water agar. As seen 

before the growth of substrate hyphae was initiated and outgrew the aerial hyphae. 

This switching from aerial hyphae to substrate hyphae suggests that aerial hyphae 

monitors its environment and senses the slightest change and some how decides not 

to continue sporulation, and switches back to mycelial growth. In the section above 

we saw the halt in aerial hyphae development and germ tubes emergence in halfway 

through aerial hyphae development. Here, K113 aerial hyaphe senses conditions 

inappropriate for sporulation and prevent its completion; either directly or indirectly, 

through the depolymerisation of FtsZ-EGFP spirals (Fig. 12).  



94 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Time-lapse video of disassembly of FtsZEGFP in aerial hyphae. 
The mosaic image is composed of images taken at 40-min intervals; A –Phase 
contrast images and B show the fluorescence images with inverted greyscale to 
clearly visualize the signals.The horizontal white bar represents 10 µm.  
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3.5.2 Application of FM4 64 and Syto 42 probes in time-lapse 

microscopy. 
 

As explained in section 3.4 and 3.4.1, time-lapse microscopy was established. We 

noticed that whenever we use z section for fluorescent images, prolonged exposture 

quenched the intensity of fluorescence. Z-sections are sequential of optical slice 

acquired at different depth perpendicular to the z-axis. The section was collected by 

step-by-step changes in the fine focus of the microscope with sequential image 

capture at each step.  

 

The experiment was designed to film different stages of the life cycle in S. 

coelicolor. Due to continous excitation of high energy photons (523-553 nm and 

emission at 590-650nm), the growth was arrested due to photolysis of the growing 

hyphae. Germination and erection of aerial hyphae was not captured due to 

preliminary growth arrest due to high excitation frequency of the light source. 

However, without z series, long time intervals (20minutes /frame), and short 

fluorescent light exposture (FM4 64-0.04 seconds and Syto 42-0.02 seconds) time-

lapse of substrate hyphae stained with fluorescent probes was captured. But, no lipid 

domains were seen as discussed in earlier section. There was uniform fluorescence 

seen throughout hyphae at all times, including the emergence of new hyphae (Fig. 13 

A2 and A3). Following the acquisition of images and processing them using the 

software, for the first time real –time imaging with fluorescent probe was achieved. 

 



96 

 

 

Figure 13: Time-lapse video of M145 probed with FM4 64 and Syto 42. 
M145 was stained with FM4 64 and Syto42, lipid domains (red) and staining DNA 
(blue). A1 is the phase contrast time-lapse images; A2 stained DNA blue with syto42 
and A3 with FM4 64 indicating membrane in red.Size bar 10µm. 
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3.6 Conclusions. 
 

Time-lapse microscopy of S. coelicolor presents many challenges through its oxygen 

dependence, focal depth, mycelial heterogeneity, and agar-dependent sporulation.  

Compared to other streptomycetes, S. coelicolor is more adaptable to imaging 

systems and capable of producing movies, which is essential for understanding the 

cell biology of this model organism. However, while we could track down most of 

the growth and development in S. coelicolor, we were still unable to image the 

erection of aerial hyphae and we expect this problem to remain constant due to 

repressive effects of the agar plug on the formation of aerial hyphae and the 

stimulatory effect on substrate hyphae following the transfer of cover-slip-grown 

cultures to imaging chambers. Presumably the nutrients that supported growth of 

substrate hyphae in tap water agar came from action of the Dag protein that allows S. 

coelicolor to use agar as a nutrient source. Breaking of the surface tension by the 

action of SapB is required for the erection of aerial hyphae by S. coelicolor, and it is 

not known whether aerial hyphae can be formed when they are trapped within the 

liquid phase; we are still to answer this question.  

 

We have also shown the application of fluorescent probes like FM4 64, Syto 42, and 

NAO in live cell staining of S. coelicolor. FM4 64 staining revealed the distinct lipid 

domains within S. coelicolor, which persuaded us to move on to use more specific 

marker, stain NAO to localize the anionic phospholipid cardiolipin within mycelium. 

Lipids until recently have been considered an inert hydrophobic environment for the 

action of membrane proteins. The idea that proteins perform all active tasks in the 

cell division process still dominates thinking. However, recent experiments with the 

Min system demonstrate that interplay exists between the amphitropic protein MinD, 

which undergoes dynamic oligomerization on the membrane surface, and membrane 

phospholipids. This finding was significant because it broadens the scope of lipid 

involvement in the process of cell division. Moreover, the use of fluorescent probes 

in live cell imaging seems to be very promising (depends on exposture times) which 

can be coupled along with EGFP tagged proteins to study the exact localization of 

the proteins during growth and development. 
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Chapter 4 

 

A Ftsksc, null mutant does not affect 

distribution of cardiolipin domains. 
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4.1 Introduction 
 

Dynamic polymerization of FtsZ on the cell membrane is the first step in the 

assembly of the divisome. In vitro studies on FtsZ have shown that, it forms mini-

rings and/or thin sheets of protofilaments in the presence of GTP or GDP when 

adsorbed to a zwitterionic lipid monolayer (Erickson et al., 1996). In E. coli FtsZ 

localization to the membrane is supported by the two early cell division proteins 

ZipA and FtsA (Raychaudhuri, 1999; Margolin et al., 2000). Recently it has been 

shown that FtsZ and its membrane-anchoring partner, FtsA, forms helical structures 

in B. subtilis cells (Peters et al., 2007). FtsA, like MinD, has an amphipathic 

positively charged α-helix that is required for localization to the membrane (Yim et 

al., 2000). FtsK in E. coli is a bi-functional protein (Liu et al., 1998), its N terminal 

membrane domain is localised to the division septum (Wang et al., 1998; Yu et al., 

1998) and is necessary for septal formation (Draper et al., 1998; Chen et al., 2001). 

While its FtsKc C-terminal motor domain; is implicated in chromosome dimer 

resolution (Possoz et al., 2001; Aussel et al., 2002), and chromosome segregation 

(Liu et al., 1998; Yu et al., 1998; Capiaux et al., 2002; Corre et al., 2002). From all 

above evidence we attempted to characterize ftsksc (SCO5750), cell division gene in 

S. coelicolor together with cardiolipin localization using NAO. 

 

4.2 Bioinformatic analysis on FtsKsc protein. 

BLAST searches on StrepDB with E.coli and B.subtilis FtsK/SpoIIIE protein 

sequence, revealed hits in number genes of which SCO5750 scored better than 

SCO4508. This suggested SCO5750 encodes ftsK in S. coelicolor (Fig. 14-A). Recent 

publications have shown that SCO5750 codes for ftsK and is not essential for growth 

and development in S. coelicolor. (Wang, et. al., 2007; Ausmees et al., 2007; Kois et 

al., 2009; Dedrick et al., 2009).  In Figure 14B, the ‘N’ terminal 216-230 amino acid 

sequence of the protein FtsK under the ClustalW alignment shows the conserved 

domains of AAA super-family. 
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Figure 14: FtsK sequence analysis in Streptomyces data base.  
BLAST-P search on Streptomyces genome data base with conserved FtsK/SpoIIIE 
domains from (A) E.coli and (B) B.Subtilis. The red box indicates the best 
homologue genes based on ftsk/spoIIIE sequences, SCO5750 is studied in this work.  
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These AAA+ proteins are involved in a wide range of functions and use ATP as the 

source of energy and include a wide range of family members, such as DNA 

translocases, helicases, motor proteins, clamp loaders and other ATP dependent 

enzymes (Greg et al., 2005). The Phylogenetic tree was constructed based on 

BLOSUM62 (Fig 15-C). From recent study it showed that SCO4508 mutants (33.1% 

identity in a 245-aa overlap with E. coli FtsK), showed no genetic instability or any 

other distinct phenotype compared with the parent wild-type strain (Wang et al., 

2007). Informatics analysis of functional domains suggests that the SCO4508 

product has a coiled-coil domain and three ATPase domains, so it may be a YukA-

like transporter protein, a crucial component of the gram-positive type IV secretion 

system (Wang et al., 2007). 
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Figure 15: Sequence alignment and phylogenetic tree construction of FtsK 
proteins from different bacteria. 
(A) sequence alignment on ‘N’ terminal sequence of FtsK/SpoIIIE, 1-shows the 
conserved domains of AAA+ super family of proteins and 2- indicates the FtsK-
gama conserved region(SM00843-directs oriented DNA translocation and forms a 
winged helix structure);(B)- structure prediction from SMART-protein analysis 
sofware (C) Phylogentic tree on average distance using BLOSUM62. 



103 

4.3. Construction of ftsK null-mutant in cosmid. 
 

A Null mutant of SCO5750 was generated using PCR mediated gene replacement 

technology. The PCR-targeting procedure described by Gust et al., (2003) was used 

to replace SCO5750 on cosmid SC7C7 with a resistance marker. Oligonucleotides 

FtsK1 and FtsK2 (Table 11) were designed so that the 3’-ends would prime 

amplification of the apramycin resistance cassette from pIJ773 (Gust et al., 2003), 

whereas the 5’- ends were 50 bp tails that would be homologous to sequences 

flanking SCO5750. These primers were used to amplify the aacIV cassette, which 

confers resistance to apramycin (1382 bp EcoRI/HindIII fragment). The PCR product 

(section 2.6.3) was used to transform to E. coli strain BW25113 (Datsenko and 

Warnner, 2000) carrying cosmid SC7C7 and the λRed system induced as described 

previously (Gust et al., 2003). Among apramycin-resistant transformants, one was 

identified which had the expected gene replacement, as confirmed by restriction 

mapping (Fig. 16 B). This cosmid carrying ∆SCO5750 was designated SC7C7VJ1.  

 

SC7C7VJ1 was confirmed by restriction analysis using HindIII, SstI and XhoI.  The 

presence of apramycin cassette was confirmed by SstI, 751 bp internal fragment 

within the disruption cassette, which is distinct band seen in mutagenised cosmid 

(Fig. 16.B).  
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Figure 16: Confirmation of ∆ftsksc mutant cosmid by restriction analysis. 

(A) St7C7B wild type cosmid- ftsksc and (B) St7C7B.VJ1 mutant cosmid- ∆ ftsksc.   
Restriction analysis (A) Lane 1-λ HindIII marker; lanes 2 - Uncut cosmid DNA, lane 
3 -SstI; lane 4 –XhoI. Confirmation of the mutant cosmid St7C7B.VJ1 by restriction 
analysis, (B) Lane 5-λ HindIII marker; lanes 6- Uncut cosmid DNA, lane 7 -SstI; 
lane 8 –XhoI digesst. The black arrow show in B-lane 7 the 749bp fragment and 
confirming gene replacement.  



105 

 

 

 

 

Figure 17: Screening of VJ101 on R2 media. 
S. coelicolor ftsksc mutants grown on R2 medium, M145 wild type and a potential 
single cross-over was used as the control strains for the selection markers.  
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4.4 Disruption of the chromosomal copy of the gene. 
 

St7C7B.VJ1 cosmid was passaged through E. coli strain ET12567, and was 

conjugated to S. coelicolor (Gust et al., 2003); apramycin-resistant double crossovers 

and putative single crossover recombinants with both amr and kms screened (Fig. 

17). 135 colonies were screened under replica plating for apramycin colonies. About 

8 colonies resulted in double cross-over (refer chapter 5 for mechanisms of double 

cross over). The likely interpretation of this result is that ftsK is non-essential. One of 

the 2 colonies was chosen, VJ101 and verified by Southern hybridization (Fig. 18-B, 

lanes 5 &7) using ftsk gene probe from plasmid pD82. All DNA samples were 

digested with XhoI and BglII restriction enzymes and the following fragment sizes 

have been detected using the gene probe. pD82 digested with BglII , 4.174 kb  was 

used as gene probe. VJ101 was propagated through two rounds of growth and 

sporulation on a medium containing apramycin, 50 µg/ml.  
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Figure 18: Southern analysis of ΔftsKsc.  
All DNA samples were digested with BglII and XhoI. The arrows in the figure show 
the similar restriction pattern as seen in the vectors which used as controls. Southern 
blot confirms the ftsksc mutant strains generated by PCR mediated gene replacement. 
1-λHindIII marker, 3-gDNA M145; 5 & 7- gDNA VJ101; 2- St7C7B; 4 & 6 - 
St7C7B.VJ1. The arrow heads in lanes 5& 7 shows the chromosomal Δ ftsKsc; 5.5kb 
and 4.2 kb bands. In lane 2 & 3 intact copy of ftsKsc generates a; 11.142 kb band. 
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4.5 Visualization of the cardiolipin rich domains using 

NAO. 
 

Using PCR mediated gene replacement null mutant of ftsKsc in S. coelicolor was 

achieved with no major visible phenotypic effect on MS and minimal medium. 

Cardiolipin domains were also visualized with NAO in B. subtilis (Kawai et al, 

2004; Matsumoto et al., 2006). NAO fluorescence reflects a spatially heterogeneous 

distribution of cardiolipin in bacterial membranes. In this chapter we obtained 

evidence of heterogeneous distribution of cardiolipin in the mutant VJ101 (Fig. 19 

B). Although the mutant exhibited irregular nucleiod arrangement the distribution of 

cardiolipin was no different from the wild type M145 (Fig. 19 A). The results from 

staining showered some insight on the phospholipid metabolisms in S. coelicolor. 

The ability of lipids to promote formation of membrane subdomains with unique 

protein and lipid composition provides a mechanism to compartmentalize and 

regulate biological processes. In next subsequent chapters we will be focusing on the 

important membrane anionic phospholipid cardiolipin biosynthesis enzyme 

cardiolipin synthase (SCO1389). Cardiolipin, with its unique dimeric molecular 

structure in which two phosphatidyl moieties are linked by a glycerol, is a major 

participant in the formation of membrane domains in bacteria and mitochondria. Due 

to the four acyl chains and a small headgroup, cardiolipin can organize into domains.  
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Figure 19: Normal distribution of cardiolipin domains in VJ101 and M145. 
Both M145 (A) and VJ101 (B) were stained with NAO and Syto42, staining DNA 
(red) and lipid domains (green). A1, A3, B1 and B3 are the phase contrast images, 
A2, A4, B2 and B4 are fluorescent images, and in B2 & B4 arrows indicate the 
irregular organization of nucleoids in aerial hyphae but the distribution of cardiolipin 
was similar to M145 (Size bar 10µm). 
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Chapter 5 

SCO1389 is an essential gene in 

S.coelicolor. 
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5. S. coelicolor homologue of cardiolipin synthase is 

an essential gene. 
 

In the Gram negative model organism E. coli, extensive studies have been carried out 

in studying glycerophospholipid metabolism. Subsequently, mutational studies 

reported on cardiolipin synthase display only minor growth differences in 

phenotypes, despite decreased levels of cardiolipin (Satomi et al., 1988). As a result 

the cls gene is not essential in E. coli cells for growth. To determine whether the 

SCO1389 (SCO1389) gene is essential in S. coelicolor and to analyze the 

physiological roles, if any, of this gene, an attempt to obtain a null mutation of this 

gene seemed most useful. This chapter describes the construction, by genetic 

manipulations, of SCO1389 mutants and their characteristization.  

 

5.1. In Silico functional genomics of cls like genes in S. 

coelicolor. 
 

Proteins of the CDP-alcohol phosphatidyltransferase superfamily are involved in 

phospholipid biosynthesis and catalyze the transfer of a phosphate group, other than 

diphosphate or nucleotidyl residues, from one compound (donor) to a another 

(acceptor). There are a number of enzymes that share this common reaction pattern 

and belong to this super family. These enzymes are ethanolamine-

phosphotransferase, diacylglycerol choline-phosphotransferase, 

phosphatidylglycerophosphate synthase or CDP-diacylglycerol-- glycerol-3-

phosphate 3-phosphatidyltransferase, Phosphatidylserine synthase or CDP-

diacylglycerol--serine O- phosphatidyltransferase, phosphatidylinositol synthase or 

CDP-diacylglycerol--inositol 3-phosphatidyltransferase.  
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BLAST analysis of the S. coelicolor genome sequence for putative genes encoding 

CDP-alcohol phosphatidyltransferase activity revealed eight genes SCO1389, 

SCO1527, SCO3457, SCO5753, SCO6467, SCO6647, SCO6752, and SCO6755 

(Sandoval et al., 2009). Seven of these proteins contain the motif 

DGX2ARX8/7GX3DX3D (PROSITE accession: PS00379). This motif is a 

characteristic feature for this protein super family, whereas protein SCO6755, 

presents a motif that differs in one amino acid. Further, BLAST search on StrepDB 

with eukaryotic cardiolipin synthase protein sequence, from yeast and arabdidopsis 

thialiana revealed hits on only two proteins of which SCO1389 scored better than 

SCO5753. This narrowed down to SCO1389 as the best candidate to encode for 

cardiolipin synthase activity in S. coelicolor. Recent evidence showed that SCO1389 

from S. coelicolor condenses CDP-DAG with phosphatidylglycerol yielding 

cardiolipin which mimics the same reaction as eukaryotic cardiolipin synthase 

(Sandoval et al., 2009). Unlike eukaryotes most bacterial cardiolipin synthase 

belongs to the phospholipase D (PLD) phosphodiesterases super family. All 

members of this superfamily of phosphodiesterases contain the sequence motif H-x-

K-x(4)-D-x(6)-G-S-x-N or otherwise known as 'HKD' (PROSITE accession: 

PS50035). This enzyme reacts at the ester bonds between the phosphoryl groups of 

the head moiety. Two molecules of phosphatidyl glycerol condense to form one 

molecule of cardiolipin by transphosphatidylation reaction. BLAST search on 

StrepDB showed SCO7081 as highest score hit against the cardiolipin synthase 

protein from E. coli and B subtilis. So, this gene can be speculated as 2nd cardiolipin 

synthase involved in synthesis of cardiolipin by the prokaryotic pathway. However, 

in S coelicolor it has been clearly shown with biochemical activity that SCO1389 

shares the eukaryotic reaction mechanism to synthesize cardiolipin (Sandoval et al., 

2009).  
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5.1.1. Phylogenetic analysis of cls like genes in S. coelicolor. 
 

The sequences of putative genes encoding for CDP-alcohol phosphatidyltransferases 

were retrieved by BLAST using SCO1389 as query and confirmed to have this 

domain using the PROSITE databases. The sequence alignment was performed with 

the multiple alignment software ClutalW2 using the default parameters (Fig 20 A). 

Both the CDP-alcohol phosphatidyltransferase superfamily and phospholipase D 

(PLD) phosphodiesterases super family pattern are shown in black boxes.  

 

A phylogenetic analysis was performed involving homologues of cardiolipin 

synthase proteins from different species (Fig. 20 B). The sequences compared with 

four well-studied model organisms, Gram positive organisms, B. subtilis (low G+C 

content) and Mycobacterium (high G+C content); Gram negative representing E. coli 

and eukaryotes A. thaliana and yeast. The Phylogenetic tree was constructed based 

on BLOSUM62 representing on average distance between the samples. Distance 

methods were used to construct from the sequence query set describing the distance 

between each sequence pair.  
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Figure 20: Conserved sequences of selected homologues of cardiolipin synthase.  
(A) The alignment was generated ClustalW software. The top two sequences 
represents the Gram positive family, S.coelicolor CLSI (Accession number: 
Q9KZP3) and Mycobacterium Bovis (Accession number: C1AP99). Followed by 
two eukaryotic family proteins Saccharomyces cerevisiae (Baker's yeast) (Accession 
number: Q07560; P82260) and Arabidopsis thaliana (Mouse-ear cress) (Accession 
number: Q93YW7). The alignment was completed with two well studied model 
prokaryote organism, Gram negative Escherichia coli BW2952 (Accession number: 
C4ZTU1) and Gram positive (low GC) Bacillus Subtilis (Accession number: 
P71040). (B) Phylogenetic tree of proteins of Cls from different organisms. Gram 
positive organisms, B. subtilis (low G+C content) and Mycobacterium (high G+C 
content); Gram negative representing E. coli and eukaryotes A. thaliana and yeast. 
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5.2. S. coelicolor SCO1389 is essential for viability. 
 

SCO1389 from the S. coelicolor shares strong CDP-alcohol phosphatidyltransferase 

superfamily protein signature that is similar to the eukaryotic cardiolipin synthase 

(Sandoval et al., 2009). From the biochemical evidence this protein is likely to be 

involved with phospholipid synthesis, but its importance is unknown. In order to 

determine the role of this gene, initially experiments were carried on transposon 

insertion mutants constructed by using mutated cosmid generated by in vitro 

transposition (Bishop et al., 2004). To construct the mutant, we chose Tn5062 

insertions close to the start of the gene; the insertion at 1468280 was chosen to study 

SCO1389 function, being aware with the fact that there would be little translated 

product in the mutants. St1A8A.2.B10 (Table 3) cosmid was passaged through E. 

coli strain ET12567/PUZ8002, and was conjugated to S. coelicolor; through 

homologous recominbation (Fig. 23) amr double crossovers and putative single 

crossover recombinants with both amr and kmr was screened. About 1128 colonies 

were screened by replica plating for amr and kmr colonies. All of them were derived 

from a single cross-over event where all colonies resistant to both antibiotics (Fig 23-

A). The likely interpretation of this result is that SCO1389 is essential, but as it was 

insertional mutant, we speculated that the gene may not be completely non-

functional.  

 

As a result, we decided to construct a null mutant of SCO1389 using PCR mediated 

gene replacement technology. The PCR-targeting procedure described by Gust et al., 

(2003) was used to replace SCO1389 on cosmid StA8A with a resistance marker. 

Oligonucleotides CL104 and CL105 (Table 11) were designed so that the 3’-ends 

would prime amplification of the apramycin resistance cassette from pIJ773 (Gust et 

al., 2003), whereas the 5’- ends were 50 bp tails that would be homologous to 

sequences flanking SCO1389. These primers were used to amplify the aacIV cassette 

(Fig 21-B), which confers resistance to apramycin (1382 bp EcoRI/HindIII 

fragment).  
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PCR reaction conditions were followed from Gust et al., (2003). The PCR product 

was analyzed by gel electrophoresis and purified by using a PCR Purification kit. 

The expected sizes are 78 bp larger than the sizes of the disruption cassette pIJ773 

because of the 2 x 39 bp 5´-primer extensions (Fig. 21-B). The PCR product was 

purified using the Qiagen PCR purification kit (Chapter 2). The PCR product was 

finally eluted and checked by restriction analysis using SacI (Fig. 21-C). The PCR 

product was used to transform to E. coli strain BW25113 (Datsenko and Warnner, 

2000) carrying cosmid StA8A and the λRed system induced as described previously 

(Gust et al., 2003). Among apramycin-resistant transformants, one was identified 

which had the expected gene replacement, as confirmed by restriction mapping (Fig. 

22-B). This cosmid carrying ∆SCO1389 was designated StA8A.RJ1.  

 

The restriction sites used for verification of StA8A.RJ1 were HindIII, SstI and XhoI. 

HindIII generates the linear form of the cosmid DNA. However, using XhoI  

generates very close band shift on StA8A.RJ1 DNA ,therefore SstI is preferred as it  

generates a 751 bp internal fragment within the disruption cassette, which is distinct 

band seen in mutagenised cosmid (Fig. 22-B lane 7).  
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Figure 21: Confirmation of SCO1389 PCR amplicon  

(A) Template plasmid containing the apramycin resistance gene aac(3)IV (B) 
Schematic representation of SCO1389 PCR product.Two long PCR primers (58 nt-
CL104 and 59 nt-CL105) are designed. Each has at the 5´end 39 nt matching the S. 
coelicolor sequence adjacent to the gene to be inactivated, and a 3´sequence (19 nt or 
20 nt) matching the right or left end of the pIJ773. The precise positioning of the 39 
nt sequence as indicated is important for creating inframe deletions by FLP 
recombinase-induced excision of the resistance marker (Gust et al., 2003). (C)-
Agarose gel confirmation shows the amplified fragments of the apramycin cassette 
fragment 1382-bp of pIJ773 with the flanking region of SCO1389, Lane 1-λ HindIII 
marker; lane 2- PCR product of 1382 bp and lane 3- SacI restriction and digestion 
generating 749bp (internal fragment of the cassette) and 549bp. 
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Figure 22: Confirmation of SCO1389 gene replacement in wild type cosmid. 

(A) Both cosmid’s, St1A8A and St1A8A.RJ1 was constructed on supercos backbone, 
with St1A8A carrying functional copies of SCO1389 and St1A8A.RJ1 carrying 
∆SCO1389 and resistant to apramycin. (B) Confirmation of the mutant cosmid 
St1A8A.RJ1 by restriction analysis. Lane 1-λ HindIII marker; lanes 2 & 3- Uncut 
cosmid DNA, lanes 4 & 5 -HindIII digest; lanes 6 & 7 –SacI digest. Lanes 2, 4 & 6 
represents the wild type cosmid DNA St1A8A and lanes 3, 5 & 7 represent the 
disrupted cosmid St1A8A.RJ1. The black arrows show the 1026bp band in lane 6 
and the band shift to 749bp and 609bp in lane 7; confirming the presence of 
∆SCO1389. 
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5.3 Disruption of the chromosomal copy of SCO1389. 
 

StA8A.RJ1 (Table 3) was introduced into E. coli ET12567/pUZ8002 by 

electroporation and then transferred to S.coelicolor by conjugation. The exconjugants 

were screened for amr kms that would indicate a double-crossover allelic exchange in 

S. coelicolor. About 938 colonies were screened under replica plating for amr kms. 

All were single cross-over and the results were consistent with transposon 

mutagenesis. One of the 938 colonies was chosen, RJ111 and verified by Southern 

hybridization (Fig. 31 lane 4); none had undergone the second crossover event to 

delete the SCO1389 gene. This suggests that SCO1389 is essential. 

 

5.3.1. Mechanism of double cross over. 
Using the apramycin resistant cassette, the cloned copy of the target gene was 

replaced, by PCR targeted gene replacement. Homologous recombination takes place 

by introducing the resistant cassette carrying the overhangs of the gene of interest 

The mutant formed is then used to replace the chromosomal copy of the target gene 

via two crossovers, and selection with one marker (Fig. 25 B), resulting in a stable 

irreversible double crossover mutant. These two crossovers can occur 

simultaneously, giving rise to a stable gene replacement, or may occur consequently 

proceeding via single cross over intermediate (Fig. 25 A), where the entire vector 

integrates within the chromosome and is selectable by both of the markers apramycin 

and kanamycin.  
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Figure 23: Mechanism of formation of double and single cross over events. 
(A)- Two types of single cross over formation and (B) shows the double crossover 
replacing the gene within S. coelicolor chromosome. The exconjugants screened for 
SCO1389 results only in single crossover, and they were grown through one or more 
rounds selecting for apramycin and kanamycin resistance markers. After successive 
passaging of the cells the exconjugants remained only in single crossovers, indicating 
that the gene SCO1389 is essential. 
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Figure 24: Deletion of chromosomal SCO1389 by trans complementation.  
In step 1, an extra copy of SCO1389 was introduced to M145 (wild type) through 
pCLS105, resulting in RJ102, strain carrying two functional copies of SCO1389. To 
RJ102, the disrupted cosmid StA8A.RJ1 was introduced and screened for double 
cross over, indicating chromosomal copy SCO1389 was replaced by apramycin 
cassette, we could achieve only double crossover of the target gene, when the 
phenotype was complemented in trans  
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5.4 Creation null mutant of SCO1389 by trans 

complementation. 
 

Most of the colonies didnot undergo the second crossover event to delete the 

SCO1389 gene, to address this issue, a second copy of SCO1389 was introduced into 

strain M145 on pCLS105 (Fig. 26, section 5.4.1) such that it would be expressed 

under the native promoter. The resulting strain, RJ102 (Table 1), was confirmed by 

Southern hybridization to contain the second copy of SCO1389 integrated at the 

ΦBT1 attP site (Fig. 29, lane 7).  RJ102 was propagated through one round of 

growth and sporulation on a medium containing hygromycin at 50 µg/ml. 

StA8A.RJ1 (Table 3) cosmid was passaged through E. coli strain ET12567, and was 

conjugated to S. coelicolor strain RJ102 (Table 1); apramycin and hygromycin-

resistant transconjugants were tested for kanamycin sensitivity. About 10% showed 

kanamycin sensitivity; One of the colonies was chosen, RJ114 and verified by 

Southern hybridization (Fig. 29, lane 6); had undergone the second crossover event 

to delete the SCO1389 gene. This demonstrated that SCO1389 can readily be deleted 

from the chromosome to yield a viable strain, but only if a second copy of SCO1389 

is available to complement the deletion.  
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Figure 25: MS plates confirm the presence of SCO1389 null mutant by trans 
complementation. 
The plates contain A-no antibiotics, B-kanamycin, C-hygromycin, D-aparamycin. 
The strains used are 1-M145, 2-control for double crossover VJ101, 3- control vector 
S. coelicolor pMS82, 4- RJ111, 5-RJ100, 6-RJ102, 7-RJ104 and 8-RJ114. The 
strains marked 4 and 5 grow on all four plates, indicates the single crossover, 7 and 8 
on A, C and D shows indicates double crossover on trans complementation, 3 and 6 
on A and C shows the presence of integrating vector, 2 on A and D confirms control 
strain for double crossover that grows on apramycin only and 1 on A confirms parent 
strain M145. 
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5.4.1. Construction of complementation vector pCLS105 

 
The cardiolipin synthase homologue of S. coelicolor was obtained from cosmid 

SC1A8A.2.EO5 (Bishop et al., 2004) containing a Tn5062 insertion downstream of 

SCO1389. Initial Sub-cloning of SCO1389 with its native promoter (4.5 kb-

fragment) was isolated using EcoRI restriction; and then cloned into EcoRI linearised 

pALTERI generating pCLS102. The resulting plasmid pCLS102 acts as the 

precursor vector for next cloning step. An integration vector has been designed that 

integrates into a ΦBT1attB site rather than ΦC31 site. The ΦBT1 attB site lies 

approximately 1 Mb to the right of oriC compared to the ΦC31 attB site, which is 

approximately 90 kbp to the left of oriC. The ΦBT1 attB site lies within SCO4848 

coding for a putative integral membrane protein. This gave the potential to new range 

of vectors that can be used during genetic engineering in Streptomyces (Smith et al., 

2003). The vector, pMS82 coding for hygromycin resistance was used in this study. 

Subsequent cloning involved pMS82 restriction with HindIII and 1.5Kb fragment 

(carrying functional SCO1389 with native promoter region) from pCLS102 digested 

with HindIII. After ligation reaction, the complementation vector is generated was 

named, pCLS105 (Fig. 28, 29 and 30). 
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Figure 26: Cloning steps involved in construction of complementation vector 
pCLS105.  
Cosmid St1A8A.EO5 carries a Tn5062 insertion in the position 1468850 upstream of 
SCO1389 in the genome. This was used for easy sub-cloning with two selection 
markers. Plasmids pALTER-I codes for tetracycline resistance, and used as shuttle 
vector for sub-cloning reactions, and pMS82 is an integrating vector (attPΦBT1, 
hygr) in Streptomyces chromosome.  
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Figure 27: Confirmation of pCLS102 (Step 1 cloning reaction refer figure 4). 
(A) pCLS102 plasmid map was constructed by ligating 4.2 Kb EcoRI fragment into 
pALTERI , the clone carries functional copy of SCO1389 with native promoter. (B) 
Confirmation of the plasmid pCLS102 by restriction analysis. Lane 1-λ HindIII 
marker; lanes 2 - Uncut plasmid DNA, lanes 3 - MluI digest; lanes 4 – EcoRI digest; 
lanes 5- PstI; lanes 6- HindIII. The black arrow shows the fragments contain 
SCO1389. 
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Figure 28: Confirmation of pCLS105 (Step 2 cloning reactions refer figure. 4). 
(A) pCLS105 plasmid map was constructed by ligating 1.6Kb HindIII fragment from 
pCLS102 into pMS82. pCLS105 , the clone carries functional copy of SCO1389 with 
native promoter. (B) Confirmation of the plasmid pCLS105 by restriction analysis. 
Lane 1-λ HindIII marker; lanes 2 - Uncut plasmid DNA, lanes 3 - EcoRV digest; 
lanes 4 – EcoRV and XhoI; lanes 5- XhoI; lanes 6- EcoRI; lanes 7- PstI; lanes 8- 
HindIII. T The black arrows show the fragments contain SCO1389. 
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Figure 29: Southern analysis of ΔSCO1389.  

(I) Schematic sketch of the cosmid and plasmid maps with restriction sites that 
supports the grid boxes in the Southern blot. (II) Lane 1-λHindIII marker-wt DNA, 
lane 2- StA8A cosmid ,lane 3-gDNA M145,lane 4-gDNA RJ111 ,lane 5- StA8A.RJ1 
cosmid, lane 6-gDNA RJ114,lane 7-gDNA RJ102,lane 8-pCLS105 plasmid DNA. 
Samples were treated with MluI, HindIII and NcoI.  Blue Box (A) highlights the 
fragment size 5.745 bp (SCO1389) in lanes 2, 3, 4 and 7; lane 5-disrupted cosmid 
StA8A.RJ1 and lane 6 -conditional double cross over mutant (RJ114); Box (B) 
highlights the fragment size 3.388 bp and 3.083 bp in lanes 4 (single crossover 
RJ111) and 5 represents the disrupted cosmid (StA8A.RJ1); Box (C) highlights the 
fragment size 1.593 bp in lanes 6 (RJ114) , 7( RJ102-M145 carrying the extra copy 
of SCO1389 gene) and 8 (pCLS105 vector carrying SCO1389gene). 1.59 Kb 
fragment of pCLS105 is the gene probe.The other bands in the blot correspond to λ 
DNA probe. 
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Figure 30: Complemented mutant RJ114 and single cross over RJ111 are 
identical to M145.  
The phase contrast images shows that there is no difference between the aerial 
hyphae and substrate mycelium in all the strains, A1 and B1 –M145 wt; A2 and B2 –
RJ111; A3 and B3- RJ114.  
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5.5. Mutants screened are morphologically identical to 

M145.  
 

The strains RJ111, RJ114 and M145 was analysed microscopically for any 

phenotypic evidence. The cultures were inoculated onto a cover slip and grown on 

MS agar as previously explained in section 2.9.1. The culture then fixed by methanol 

and analysed under the microscope Nikon TE-2000 eclipse. On analysis of the slides, 

it was noticed that there was no striking difference between the exconjugants , single 

crossovers-RJ111, conditional double crossovers- RJ114 and wild type M145 (Fig. 

30).   

 

5.6. Conclusions. 
 

Cardiolipin is an anionic phospholipid thought to be involved in numerous cellular 

processes. To gain further insight into its role in the cell, we undertook the 

characterization of gene SCO1389 involved in cardiolipin biosynthesis in S. 

coelicolor. We have presented definitive evidence that SCO1389 cannot be deleted 

without causing lethality, only when a second SCO1389 copy is expressed in the 

same cells, implying that SCO1389 is involved in an essential primary metabolic 

process, likely membrane phospholipid biosynthesis. This result does not rule out 

alternative mechanisms for cardiolipin biosynthesis in S. coelicolor, the other 

homologues of SCO1389 that have been identified as part of the S. coelicolor 

genome project; SCO7081 might bypass the action of SCO1389. It merely shows 

that, if the alternative pathway for cardiolipin synthesis exists, their activities are 

insufficient to suppress the effect of a deletion of SCO1389. 
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Chapter 6 

Depletion of SCO1389 inhibits growth 

and development in S. coelicolor. 
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6. Introduction. 
 

Despite important roles of cardiolipin in DNA replication and cell division 

(Mileykovskaya and Dowhan, 2005), reports shows that cardiolipin deficiency on E. 

coli has no specific effect other than, slightly reduced growth in standard media and 

reduced survival during stationary phase (Cronan, 2003).  Since, we have already 

reported that SCO1389 is essential in S. coelicolor (chapter 5). It is important to 

create a depleting strain of SCO1389 under an inducible promoter, in order to 

visualize the growth and development of the cell in the absence of cardiolipin. A 

system for the tetracycline-inducible regulation of gene expression was used in this 

work. This system was adapted from the E coli transposon Tn10-TetR which has 

been successfully used as a tool for regulating gene expression in many organisms 

(Stebbins et al., 2001). This system is based on regulatory elements of the Tn10-

TetR specified tetracycline-resistance operon of E. coli, in which transcription of 

resistance mediating genes is negatively regulated by the tetracycline repressor 

(TetR). In the presence of the antibiotic tetracycline TetR does not bind to its 

operators located within the promoter region of the operon and allows transcription 

(Gossen et al., 1995).  

 

In S. coelicolor, this regulatable system from transposon Tn10 was used and the 

vector contains a synthetic Tc controllable promoter (tcp), tcp830, which was active 

in a wide range of Streptomyces species (Rodrıguez et al., 2005). This chapter 

describes the construction, by genetic manipulations, of SCO1389 mutants under the 

control of tcp830 inducible promoter.  
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6.1. Construction of depletion strains. 
 

The SCO1389 gene was placed under an inducible synthetic anhydrotetracycline 

(ATC) controllable promoter (tcp), tcp830 (Rodrıguez et al., 2005). The pPC830 

plasmid was modified to a new plasmid pAVIIB (Vargeese et al., unpublished), 

containing, two transcription terminators, tmmr, tfd and the tetRiS gene, ΦBT1 

integration site with a hygromycin resistant marker. Two types of vectors were 

constructed on SCO1389 under tcp830 promoter, one in ‘sense’ and other in 

‘antisense’ directions. For the first time, expression of a gene in the antisense 

direction was shown in Streptomyces. In order to deplete SCO1389 from S. 

coelicolor a plasmid was constructed from pAVIIB. The plasmids pCLS117B1 and 

pCLS117B2 was constructed by amplifying SCO1389 from plasmid pCLS105 using 

Pfu DNA polymerase and primers CL102 and CL103 (Table 11), digesting the 

product with XbaI and EcoRV followed by modification with Klenow DNA 

polymerase, and cloning the 673 bp fragment (Fig. 33 D) in to the EcoRV site of 

pAVIIB. In pCLS117B1, the orientation of SCO1389 was in the ‘sense’ direction, 

which was placed under the control of the ATC-inducible promoter tcp830. A similar 

protocol was followed for pCLS117B2; the only difference was the SCO1389 gene 

was in ‘antisense’ direction. The vectors were verified by restriction analysis (Fig. 

34B and 34C).  

 

By conjugation from E. coli strain ET12567 containing the driver plasmid pUZ8002 

(Kieser et al., 2000), pCLS117B1 was transferred into S. coelicolor strain RJ111 

where it integrated into the ΦBT1 attachment site. For conjugation of pCLS117B1 

the strain RJ111 was preferred over M145, by doing this we save a step, and move 

ahead. RJ111 is a single crossover mutant resulted by the introduction of disrupted 

copy of SCO1389 in the cosmid StA8A.RJ1 (section 5.3). The conjugation was 

carried out in the presence of atc (1.5µg/ml); since we used RJ111 it was easy to 

create the null mutant by the expression of SCO1389 in trans from tcp830 inducible 

promoter. The resulting strain, RJ118 (Table 1), contain the functional copy of 

SCO1389.  
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Transconjugants were screened for amr, hygr and kms. Two of them resulted in 

double cross-over; one of the two colonies was chosen, RJ118b, which had 

undergone a second crossover event to delete the chromosomal copy of SCO1389 

gene, this strain grows only in the presence of atc (Fig. 35 & 36). Three exconjugants 

was screened for amr, hygr and kmr; resulted only in single cross over event leaving 

behind a partial deletion of the chromosomal copy of SCO1389 gene, and one of 

them was choosen, RJ118a. Both the strains RJ118b and RJ118a carry the second 

copy of SCO1389 under an inducible promoter, tcp830. Conjugation of pCLS117B2 

to M145 resulted in the strain RJ116 that carries SCO1389 in the opposite 

orientation, the exconjugants were screened for hygr (Fig 37) was propagated on a 

medium containing hygromycin (50 µg/ml).  
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Figure 31: Vector diagram for the SCO1389 depleting strains:  

A- Represents the expression of SCO1389 on native promoter, which acts as the 
template for the primers CL102 and CL103. D- Shows the PCR product 673bp, 
containing only SCO1389 with start codon. B- Represents the SCO1389 on tcp830 
promoter expressing functional copy of the gene. C- Shows the expression of 
“antisense” SCO1389 on tcp830 promoter. 
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Figure 32: Confirmation of depletion vectors pCLS117B1 and pCLS117B2 by 
restriction analysis. 
(A) pAVIIb plasmid map codes for hygromycin resistance, tcp830 promoter induced 
by anhydrotetracycline, integrating vector in Streptomyces chromosome (Vargeese et 
al. unpublished).  (B) pCLS117B1 carries “sense strand” of SCO1389 under tcp830 
promoter. (C) pCLS117B2 carries “anti-sense strand” of SCO1389 under tcp830 
promoter. Gel analysis, starts from lanes 1-λ HindIII marker; lanes 2 - Uncut plasmid 
DNA, lanes 3 - EcoRV digest; lanes 4 – NdeI. Lane 4 in (B) indicates 1.4 Kb NdeI 
fragment confirms pCLS117B1 and in (A) indicates 703bp NdeI fragment that 
confirms pCLS117B2. 



137 

 

 

 

Figure 33: ATC dependent growth of RJ118b. 
The plates A1, B1 are minimal media agar plates; A2, B2 are MS agar plates. Plates 
A1 & A2 are with atc and plates B1 & B2 are without atc. The growth of RJ118b is 
severely affected on minimal media plate (B1) with poor growth and no aerial 
hyphae, in contrast majority of no visible growth seen in MS agar plates. 
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6.2. Complete growth arrest in rich media (MS). 
 

The strains RJ118b, RJ117 and M145 were grown on MS and minimal manitol 

medium to check if any visible phenotypic differences existed between the strains 

(Fig. 33). RJ118b, failed to visible grow at all on a MS medium in the absence of atc 

(1.5µg/ml), but when grown on minimal medium under the same conditions, there 

was a slight visible growth but no erection of aerial hyphae. Bioinformatic analysis 

of the S. coelicolor genome identified SCO0253 as the closest match to Tn10 TetR 

regulatory protein, which may encode an innate Tc-responsive repressor that can 

interact with the tetO sequences in the synthetic tcp’s. As we know that in the 

presence of the antibiotic tetracycline, TetR does not bind to its operators located 

within the promoter region of the operon and allows transcription (Gossen et al., 

1995). However in minimal media with no atc the promoter tcp830 is expressed 

weakly SCO1389, supporting weak growth on the plates (Fig. 33B1). This suggests 

that the modified tetracycline repressor within pAVIIB, tetRiS does not bind 

completely to the tetO region, to stop transcription of the gene. Although, tetRiS was 

expressed from a strong constitutive promoter S. ghanaensis phage I19 (Labes et al., 

1997), SF14 in pAVIIB the expression of tetRiS seems to be affected when grown in 

different media. Morever, the innate TetR (SCO0253) has been reported to interact 

with the tetO sequences in the synthetic tcp, (Rodrıguez et al., 2005) with all these 

evidence we speculate that there can be some other factors involved during the 

mechanisms of tetRiS binding to tetO or there might be some interference from the 

innate tetR Contrary, in MS media the promoter tcp830 is tightly regulated in the 

absence of atc suggesting that tetRiS completely binds to the tetO sequence in 

tcp830. Overall this study confirms that tetRis is more tightly regulated in MS agar 

media than in minimal media.  
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6.3. Depletion of SCO1389 affects the growth and 

sporulation in S. coelicolor. 
 

As no SCO1389 null-mutant could be obtained, the function of the gene was 

investigated by partial depletion of SCO1389. Spores of strains RJ118b, RJ118a, 

M145, RJ111 and RJ116 were inoculated on a gradient plate with final concentration 

at one end of the plate 1.5µg/ml atc. The strains then streaked using a sterile 

toothpick from the opposite end of the highest concentration of ATC. So, that this 

avoids of any traces of ATC carried to the other end of the gradient plate. The plates 

were monitored for growth for three days at 30°C. Using a sterile cover slip, culture 

impressions were taken by gently pressing against the culture on the medium. The 

cover slip impression was taken from the different zones of the plate along the 

gradient (Fig. 34). To the cover slip 8µl 40% (w/v) glycerol was added and the slides 

were prepared. Then the slides were analysed by phase contrast microscopy. On 

observation there was clear evidence that RJ118b was atc dependent for its growth 

and development. Lane 4 (Fig. 34) shows that the growth was severely affected and 

there was no aerial hyphae formation on the gradient plate. The phase contrast 

images show aberrant substrate hyphae (Fig. 34). Weak growth of RJ118b in the 

absence of atc was due to the slight leakiness of this promoter, showing minimal 

expression of SCO1389 was sufficient enough to support growth of substrate hyphae; 

although this strain was unable to grow and sporulate. From the images, on careful 

examination, the cardiolipin content within the cell decreases it affects the 

streptomycete development. The strain that carries integrated copy of antisense 

SCO1389, RJ116 was unaffected on the gradient plate; we speculate that this might 

be due to the time difference in mRNA expression levels between the integrated copy 

of antisense SCO1389 and the functional copy SCO1389 present within the 

chromosome. The growth of other strains was unaffected in the presence of atc 

including M145 wild type.  
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Figure 34: Decrease in cardiolipin affects growth and sporulation in S. 
coelicolor  
SCO1389 depletion arrests development. RJ116 (1), RJ111 (2), RJ118a (3) RJ118b 
(4) & M145 (5) were plated along a gradient of atc (0-1.5 µg/ml). The black arrows 
show the phase contrast images of RJ118b along the gradient plate. A-shows normal 
spore chains, B-normal erection of aerial hyphae, C-the start of the depletion zone, 
causes less brancing and less spores and D-growth supported by the transient 
expression of SCO1389 from tcp830, with less branching and no erection of aerial 
hypahe Scale bar 5µm.  
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6.3.1. Inducible antisense RNA of SCO1389 affects the growth in 

liquid cultures. 
Interference of mRNA expression with antisense RNA has been used effectively in 

eukaryotic systems to inhibit gene expression (Burne et al., 1999). Recently, this 

approach has also been used with Staphylococcus aureus (Ji et al., 2001), 

mycobacteria (Parish et al., 1997) to identify essential genes and virulence factors as 

well as to study gene functions of microorganisms (Zhang et al. 2000). The strain, 

RJ116 carries the copy of SCO1389 in the antisense orientation (Fig 35) under the 

control of tcp830 promoter induced by anhydrotetracycline. The spores were 

propagated through one round of growth and sporulation on a medium containing 

hygromycin (50 µg/ml). However, it was observed that in solid media, there was no 

effect on growth was seen on induction with atc. In order to verify if the behaviour of 

this strain changed in liquid broth; it was grown in liquid YEME media. Standard 

growth curve experiments were performed using M145 wild type, RJ116 and RJ117. 

The cells were grown in 200ml YEME broth in 2L flasks. 5ml of samples were 

collected every 3hrs till the stationary phase. In the mid log phase (after 9hrs) 

1.5µg/ml atc was added to each flask and the samples were collected every 3hrs. The 

cells were filtered through pre weighed Whatman filter paper, and the filtrate was 

washed with SDW three times. The filter paper was dried at 60°C for 14hrs and 

subsequently weighed. The data were processed and using the average dry cell 

biomass, the growth curve was plotted against time (hrs). Interestingly the growth of 

RJ116 was arrested, on induction with atc. There was an average reduction in the 

overall cell biomass by 0.7mg/ml. However, in solid agar plates we did not see any 

inhibitory effects on the cell; carrying SCO1389 in antisense orientation. This is one 

of the recent approaches used to study the gene function, especially those genes 

involved in essential cell functions through the utilization of antisense RNA to 

manipulate the expression levels of target genes. It was also reported that size 

limitations on antisense RNA has some effects on inhibition of the translation of the 

target genes (Wang et al., 2005). From, evidence we speculate that the low inhibitory 

effect of SCO1389 in RJ116 may be due to the size of the antisense RNA or there is 

another activator gene which enables to counter effect the antisense mRNA during 

growth.  
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Figure 35: Antisense RNA decreases the growth in liquid culture. 
A growth curve was done in liquid YEME media with the strains RJ117, M145 and 
RJ116 grown till mid log phase and adding 1.5µg/ml ATC (final concentration). The 
growth curve was measured by dry cell weight in triplicates. 
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6.4. NAO staining of mutant cells with a disrupted allele of 

SCO1389 coding for cardiolipin synthase. 
 

The fluorescent probe (NAO), specific for cardiolipin was used to demonstrate 

distribution of CL in E. coli membranes, which were observed mostly in the septal 

regions and at the poles of the cells (Mileykovskaya et al., 2000; 2001).  S. coelicolor 

has one gene coding for cardiolipin synthase, SCO1389 (Sandova et al., 2009). We 

have presented definitive evidence that SCO1389 cannot be deleted without causing 

lethality, only when a second SCO1389 copy is expressed in the same cells, implying 

that SCO1389 is involved in an essential primary metabolic process, likely 

membrane phospholipid biosynthesis. Further partial depletion of SCO1389 appeared 

to cause growth arrest with no erection of aerial hyphae, short substrate mycelial 

growth with reduced in thickness, less branching, less frequency of curved hyphae, 

which are unusual in Streptomyces. However, it was also possible that under 

expression of SCO1389 could cause alterations of cell division patterns. On the basis 

of this finding and these mutants were subjected to staining with NAO, to see if any 

detectable cardiolipin was present and Syto42 stain the DNA within the strain, 

RJ118b, and M145 wild type. The cells were grown as described in material methods 

and stained with 100 nM NAO (Molecular Probes) for 20 min at room temperature to 

visualize cardiolipin. Fluorescence images DAPI/FITC were taken by using the UV-

2E/C filter unit (excitation at 340-380nm and emission 435-485nm), FITC (HQ) 

filter unit (excitation at 460 to 500 nm and emission at 510 to 560 nm). The exposure 

times used for the fluorescence and phase-contrast images were 0.3 and 0.02 s, 

respectively. The arrows indicate in figure 36-A4 and 5 shows the cardiolipin 

domains in branch points, hyphal tips and in substrate hyphae, in A6 distinct 

fluorescent foci and a blanket masking over the nucleoids are seen in the spore 

chains. On other hand in figure 36-B 4, 5 and 6 the arrows shows no localization of 

cardiolipin domains in branch points, substrate or in hyphal tips. It has already been 

discussed that RJ118b cannot erect aerial hyphae.  
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RJ118b shows no detactable cardiolipin seen compared to M145. In C there was no 

differences seen in the staining pattern in the presence of atc, however, in D4 and 6 

we can see the growth in RJ118b was restored back and the cardiolipin are localized, 

in D6 it clearly shows the accumulation of cardiolin in the curved regions in 

substrate hyphae. In D5 aerial hyphae has been restored and displays a similar 

staining pattern to M145. 

 

In RJ118b SCO1389 disruptant cells fluorescence was scarcely detectable (Fig. 36), 

as expected because of the lack of cardiolipin. However, in M145 we can see 

cardiolipin domains localized in substrate hyphae, branch points, tips and in aerial 

hyphae. There are some weak spots seen in RJ118b (as discussed before this may be 

due to leaky expression of SCO1389 from tcp830). The fluorescent foci were 

counted from hyphal tips, branch points and anucleated regions from the substrate 

hyphae and expressed in percentage distribution using a dot plot graph (Fig. 37).  

 

RJ118b showed 8.3% & 11.7% of tips and branch points possessed cardiolipin 

fluorescent foci, compared to 92.7 % & 89% seen in M145. But, in the presence of 

atc there was no significant difference between M145 and RJ118b in cardiolipin 

domains accumulation in the anucleated regions. Around 36.8 % was seen in RJ118b 

to 46.1 percent of M145. In the presence of inducer atc, growth was restored in 

RJ118b showed similar fluorescent foci distribution as M145. 
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Figure 36: Effect of atc on distribution of cardiolipin  

The strains marked A and C-M145, B and D- RJ118b. Both A and B are grown in absence of 
atc, C and D in presence of atc. The fluorescent images are shown in, A (4-6), B (4-6), C 
(3,4) and D (4-6) are captured in both DAPI and FITC filters, RED highlights DNA and 
GREEN shows cardiolipin. Corresponding phase-contrast images, A (1-3), B (1-3), C (1, 2) 
and D (1-3) are also shown size bar, 10 µm. 



146 

  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 37: Percentage distribution of cardiolipin NAO spots. 
The graph shows the dot plot distribution of cardiolipin NAO spots in hyphal tips, 
branch points and anucleated regions (within substrate hyphae) in RJ118b and M145 
on induction with atc. 
 

 

 

 



147 

6.5 Depletion of CL causes altered morphology in growth.  

 
To study the effects of depletion of SCO1389, spores of RJ118b were allowed to 

germinate and grow on the gradient plate of anhydrotetracyline for 3 days. It was 

observed that decrease in cardiolipin content within the cell, affects many parameters 

that could be used to quantitatively describe growth and development of S. 

coelicolor. The parameters used in this study (Fig. 38) are as follows: P1-branch 

angles; P2-branch/µm; P3-width of branch points; P4-width of substrate hyphae 

(sectioned at every 1µm); P5- width of the tips P6- spore size distribution; P7- spore 

chain length (µm) and P8- aerial hyphae width.   

 

Statistical analysis was carried out using two sample‘t’-test with 95% confidence 

limit and tested for null hypothesis. Total of 5 different field were considered, and 

each of them was tested for the significance difference of ‘p’ value <0.05. RJ118b 

and M145 were grown in minimal media in the presence and absence of atc to study 

nycellial morphology quantitatively. From, figure 39 it was clearly evident that in 

absence of atc RJ118b was significantly affected in following variables P1 decrease 

in branch angles by 10.53° compared to 111.61° of M145. Length between two 

branch points was increased from 6.23 µm in uninduced M145 to 7.65µm in induced   

RJ118b. Substrate width was decreased from 0.53776 µm in uninduced M145 to 

0.50766 μm in uninduced RJ118b. Although, there was no visible aerial hyphae, 

staining with Syto42 (chapter 3) showed some hyphae stacked with nucleoids (Fig 

36-B4 and 5) which resembles the conclusions made by Sir David Hopwood as 

abberant aerial hyphae (1960). In uninduced RJ118b width was increased to 0.646 

µm from 0.4710 µm in M145. From time-lapse microscopy it was seen that most of 

the Streptomyces species grown in solid culture, change direction during hyphal 

extension.  In this study it was speculated that the change in direction may be 

contributed by CL.      
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Figure 38: The cartoon shows the different parameters choosen from statistical 
analysis.  
P1-branch angles; P2-branch/µm; P3-width of branch points; P4-width of substrate 
hyphae (sectioned at every 1µm) ; P5- width of the tips P6- spore size; P7-spore 
chain length (µm); P8- aerial hyphae width.  
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Figure 39: Growth defects due to decrease in cardiolipin production.  
Images marked 1-M145 and 2-RJ118b. The white arrows show the parameters that 
indicates significant differences in absence and presence of atc on growth of S. 
coelicolor. 1- Branching angles, 2- Branch/µm, 4- width substrate (for every µm), 6- 
Spore size, 7- Spore chain length, 8- Aerial hyphae width (Scale bar 10µm). 
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Table 14: Effect of atc on growth parameters. 
The table shows the average mean and standard deviation of each parameter in 
presence and absence of atc.  

0-µg ATC 1.5µg ATC P 
Characteristics’ 

M1451 RJ118b2 M1453 RJ118b4 

1 Branching angles 

 

111.61   

(5.69) 

101.08   

(3.95)  

114.28   

(6.81)  
93.0   (16.6)  

2 Branch/µm 

 
6.23   (1.63) 13.88   (4.97) 

5.182  

(0.966) 

2.876  

(0.641) 

3 Branch pt width 

 

0.5745  

(0.0596) 

0.5392  

(0.0469) 

0.5715  

(0.0394) 

0.6184  

(0.0267) 

4 Substrate  width(for 

every µm) 

0.53776  

(0.00758) 

0.5066   

(0.0126) 

0.5616  

(0.0255) 

0.665   

(0.158) 

5 Tip width 

 

0.5558  

(0.0438) 

0.5203  

(0.0503) 

0.5610  

(0.0404) 

0.5620  

(0.0453) 

6 Spore size 

 

0.9554  

(0.0216) 
- 

0.9517  

(0.0207) 

1.027   

(0.154) 

7 Spore chain length 

 
6.07   (1.59) - 6.78   (1.54) 7.11   (1.55) 

8 Aerial hyphae width 

 

0.4710 

(0.0266) 

0.646   

(0.134) 

0.4712  

(0.0334) 

0.5053  

(0.0205) 
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Depletion strain –tcp830/ATC P Characteristics’ 

1,2 3,4 1,3 2,4 
1 Branching-angles S S NS NS 

2 Branch/µm 

 
S S NS S 

3 Branch pt width 

 
NS NS NS S 

4 Substrate  width(for every µm) S NS NS NS 
5 Tip width 

 
NS NS NS NS 

6 Spore size 

 
- NS NS - 

7 Spore chain length 

 
- NS NS - 

8 Aerial hyphae width 

 
S NS NS NS 

 

 

Table 15: Distribution of ‘P’ value during growth defects. 
The ‘P’-value table, when P<0.05 it is significant (S) and P>0.05 it is non-significant 
(NS). 
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In the presence of atc growth was restored back in RJ118b. However, branch angle 

decreased to 93° in RJ118b compared to 114.28° in M145 and intra branch distances 

decreased to 2.866 µm in RJ118b compared to 5.182 µm M145 these changes may 

be due to the strong induction of SCO1389 from tcp830 promoter (Rodrıguez et al., 

2005).    

 

In bacteria, the cell wall defines the overall shape of the membrane (Scheffers et al., 

2006), but on the molecular scale the membrane shape is likely to be influenced by 

the different chemical structures of bacterial phospholipids. The difference in 

curvature between the poles and the cylindrical region in between is often invoked to 

explain the polar localization of proteins (Stahlberg et al., 2004).  It has been shown 

that cardiolipin localization is driven purely by lipid phase segregation (Huang et al., 

2006). Using, fluorophore labelled phospholipids it has been observed that they 

phase segregate in giant unilamellar vesicles into micron-scale domains, often with 

different curvatures (Baumgart et al., 2003; 2005).  

 

Recent reports also documented that a lipid with a headgroup crosssectional area 

much smaller than that of its lipid tail, it will be attracted to the high curvature of the 

poles, out of the three dominant bacterial lipids (cardiolipin, phosphatidylglycerol, 

and phosphatidylethanolamine), cardiolipin is the most likely to seek high curvature 

based on head-to-tail ratio (Huang et al., 2006). 
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6.6 Conclusions 
 

Cardiolipin-rich domains were visualized with the cardiolipin-specific fluorescent 

dye 10-N-nonyl acridine orange (NAO) in the branch points, hyphal tips and in the 

substrate hyphae. The mechanism of cardiolipin-specific staining shows the nonyl 

group of NAO inserts between the phosphate groups at the hydrophobic surface 

generated by the two outer acyl chains of cardiolipin (Mileykovskaya et al., 2001). 

Septal and polar localization of the fluorescent domains was observed in B. subtilis 

cells during exponential growth, but not in cells carrying a clsA null mutation 

blocking cardiolipin synthase and lacking measurable levels of cardiolipin (Kawai et 

al., 2004). In partially depleted cells of SCO1389, growth was arrested with no 

erection of aerial hyphae, short substrate mycelial growth with reduced in thickness, 

less of branching, less frequency of curved hyphae, which are unusual in 

Streptomyces. In RJ118b SCO1389 disrupted cells fluorescence was scarcely 

detectable (Fig. 38), as expected because of the lack of cardiolipin. However, in 

M145 we can see cardiolipin domains localized in substrate hyphae, branch points, 

tips and in aerial hyphae. There are some weak spots seen in RJ118b (as discussed 

before this may be due to leaky expression of SCO1389 from tcp830. Decreased CL 

affected P1-branch angles; P2-branch/µm; P4-width of substrate hyphae (sectioned at 

every 1µm) P8-width of aerial hyphae. However, P3-width of branch points and P5-

tip width was not affected in uninduced RJ118b. These statistical analyses found to 

support the evidence reported of CL localization to the high curvature of the poles, 

based on head-to-tail ratio (Huang et al., 2006).  
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Chapter 7 

Over-expression of SCO1389 causes 

abnormal growth and cell death in S. 

coelicolor. 
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7.1 Introduction  

 
Phospholipid composition in some bacteria varies when bacteria are grown in media 

that differ in salinity and/or osmolality. Recent studies show that increasing 

cardiolipin content is a key player in bacterial adaptation to osmotic stress 

(Romantsov et al., 2007). This work showed SCO1389 is essential for the viability of 

the cell, and depletion of SCO1389 appeared to causes deficiency in growth and 

development of the mycelium. In this work we are going to see what happens when 

SCO1389 is overexpressed from an inducible promoter under normal growth 

condition in S. coelicolor. Moreover, to support this objective, there was evidence 

from the statistical data analysis from previous chapter showed increase alteration in 

cardiolipin production has effect on the growth and development in S. coelicolor. 

TipA promoters are widely used for inducible overexpression of cloned genes in 

Streptomyces (Takano et al., 1995; Yu&Hopwood, 1995). This promoter controls the 

synthesis of an mRNA transcript of its own, which encodes two different proteins, 

the 31 kDa TipAL and 17 k Da TipAS (Murakami et al., 1989; Holmes et al., 1993). 

The TipAL is a transcriptional activator that specifically binds thiostrepton, a cyclic 

peptide produced as a secondary metabolite. Thiostrepton can induce expression of 

the tipA gene by covalent binding to TipAL, thereby increasing the affinity for 

binding of the transcriptional activator to regions within ptipA (Chiu et al., 1996, 

1999). 

 

Therefore, to understand the effect of over production of cardiolipin, SCO1389 was 

placed under an inducible tipA promoter in pIJ8600 (Ali N et al., 2002). Where, tipA 

is flanked by transcriptional terminators, for expressing genes inserted in host 

chromosomes. This vector integrates into the ΦC31 attB site in the chromosome. By 

adding 10 mg/ml of thiostrepton to the medium, the tipA promoter could be strongly 

induced, leading to overexpression of the gene of interest. As such, the construction 

of this strain will enable us to study the effect of anionic phospholipid cardiolipin on 

growth and development in S. coelicolor under normal growth conditions without 

any form of stress.   
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7.2. Construction of the strains. 
 

The plasmid pCLS113A was constructed by amplifying SCO1389 from pCLS105 

using Pfu DNA polymerase and primers CL102 and CL103 (Table 9), digesting the 

product with XbaI and NdeI, and cloning the 673 bp fragment (Fig. 40 C) in the XbaI 

and NdeI site of pIJ8600. In plasmid pCLS113A SCO1389 was was placed under the 

control of the thiostrepton-inducible promoter tipA. The vector was verified by 

restriction and digestion (Fig. 41 B). By conjugation from E. coli strain ET12567 

containing the driver plasmid pUZ8002 (Kieser et al., 2000), pCLS113A was 

transferred into M145 where it integrated into the ΦC31 attachment site. The 

resulting strain, RJ110 (Table 1), contain the functional copy of SCO1389. 

Transconjugants were screened for amr, and propagated on a medium containing 

apramycin (50 µg/ml).  
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Figure 40: Diagram of SCO1389 over-expression vector:  
A- Represents the expression of SCO1389 on native promoter, which acts as the 
template for the primers CL102 and CL103. C- Shows the PCR product 673bp, 
containing only SCO1389 with start codon. B- Represents the SCO1389 on tipA 
promoter.  
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Figure 41: Confirmation of pCLS113A over expression vector of SCO1389. 
(A) pCLS113A was constructed by ligation of 673bp PCR fragment to pIJ8600, 
carryies SCO1389 under tipA control and codes for apramycin resistant. (B) 
Confirmation of the plasmid pCLS113A by restriction analysis. Lane 1-λ HindIII 
marker; lanes 2 - Uncut plasmid DNA, lane 3 - XbaI; lane 4 – NdeI and XbaI; lane 5- 
NdeI and lane 6- KpnI. The black arrow shows the lane 4-673bp PCR product and 
lane 6-1.118 Kb fragment that contain a functional copy of SCO1389. 
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7.3. Over expression of SCO1389 dramatically alters cell 

shape and the growth pattern in S.coelicolor. 
 

By adding 10 µg/ml of thiostrepton to the medium, the tipA promoter could be 

strongly induced (Ali et al., 2002) of the gene of interest. (Fig.44). S. coelicolor 

pIJ8600, grown in the absence or presence of thiostrepton were indistinguishable 

from the normal hyphae produced by the parent strain M145. Overexpression of 

SCO1389 gave rise to a very different cell type (Fig. 44). These cells had an oval and 

swollen shape and were much shorter and thicker than normal hyphae (a field of 

representative cells is shown in Fig. 44 B2). They were able to grow, branch, and 

form relatively dense cultures, although these cultures grew more slowly and delayed 

in sporulation than normal. Using a cover slip, cultures were grown on MS agar 

medium. The slides for microscopic examination were prepared by methanol fixation 

of the cover slips. To the cover slip 8µl 40% (w/v) glycerol was added and the slides 

were prepared. Then the slides were analysed under the microscope Nikon TE-2000 

eclipse. On observation there was clear evidence that RJ110 was severely affected 

following over expression of SCO1389 during its growth and development (Fig. 46). 

A similar phenotype has been described in overexpression of DivIVAsc which 

strongly perturbed cell shape determination, which largely took place at the tips in 

apically growing hyphae. Overexpression of DivIVAsc protein has also shown to 

affect cell wall assembly at the tips. This observation was similar to overexpression 

phenotype of SCO1389 which can be speculated that CL may be required to localize 

DivIVAsc for apical extension in S. coelicolor. Overexpression of SCO1389 

produced swollen tips in hyphae (Fig. 40-B2) similar to the reminiscent of the effects 

of lysozyme or certain antibiotics on hyphal actinomycetes (Gray et al., 1990). On 

prolonged SCO1389 overexpression frequent cell lysis was observed (Fig. 41A).      
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7.4. NAO staining of mutant cells overexpressing SCO1389. 
 

A similar protocol was followed from previous chapter 6 to use fluorescent probe 

(NAO) to stain cardiolipin. The partial depletion of SCO1389 appeared to cause 

growth arrest with no erection of aerial hyphae, short substrate mycelial growth with 

reduced in thickness, less branching, less frequency of curved hyphae, which are 

unusual in Streptomyces. This showed alteration in SCO1389 expression affects 

streptomycete morphology. Overexpression of SCO1389 gave rise to a very different 

cell type (Fig. 43D). These cells had an oval and swollen shape and were much 

shorter and thicker than normal hyphae (a field of representative cells is shown in 

Fig. 43 D2). They were able to grow, branch, and form relatively dense cultures, 

although these cultures grew more slowly and are delayed in sporulation. On the 

basis of this finding, these mutants were subjected to staining with NAO, to observe 

the localization of cardiolipin within the swollen membranes and Syto 42 staining of 

the nucleoids within the hyphae. The exposure times used for the fluorescence and 

phase-contrast images were 0.3 and 0.02 s, respectively. The arrows indicated in A3 

and B3 show the normal cardiolipin distribution in anucleated regions and hyphal 

tips; A4 and B4 shows the fluorescent foci in aerial hyphae. On induction with 

thiostrepton, C3, 4 shows normal distribution in S. coelicolor pIJ8600, D4 and 5 the 

arrows shows swollen substrate hyphae and swollen tips, strong fluorescent 

cardiolipin domains with irregular distribution of the nucleoids. D6 shows aerial 

hyphae with empty spores with no nucleoids and irregular distribution of fluorescent 

foci of cardiolipin. The fluorescent foci was counted from hyphal tips, branch points 

and anucleated regions from the substrate hyphae and expressed in percentage 

distribution using a dot plot graph (Fig. 42). RJ110 and S. coelicolor pIJ8600 on an 

average show more than 90 percent of cardiolipin fluorescent foci at the tips and in 

branch points in induced and uninduced states. But, in RJ110 on induction there was 

significant 15 percent increase in anucleated regions compared to 40 percent in S. 

coelicolor pIJ8600 during both induced and uninduced states. We speculate that this 

may be the reason for swollen substrate hyphae, spores and tips.  
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Figure 42: Percentage distribution of cardiolipin NAO spots. 
The graph shows the dot plot distribution of cardiolipin NAO spots in hyphal tips, 
branch points and anucleated regions (within substrate hyphae) in RJ110 and S. 
coelicolor on induction with thiostrepton. 
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Figure 43: Effect of thiostrepton on distribution of cardiolipin 

The strains marked A and C-S. coelicolor pIJ8600, B and D- RJ110. Both A and B 
are grown in absence of thio, C and D in presence of thio. The fluorescent images are 
shown in, A (3, 4), B (3, 4), C (3, 4) and D (4-6) are captured in both DAPI and 
FITC filters, RED highlights DNA and GREEN shows cardiolipin. Corresponding 
phase-contrast images, A (1, 2), B (1, 2), C (1, 2) and D (1-3) are also shown. Size 
bar, 10 µm. 
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7.5 Over expression of CL causes altered morphology in 

growth.  

 
To study the effects of over expression of SCO1389, spores of RJ110 were allowed 

to germinate and grow on the plate of thiostrepton for 3 days. The parameters used in 

this study were also used in chapter 6, studying the depletion of SCO1389.  P1-

branch angles; P2-branch/µm; P3-width of branch points; P4-width of substrate 

hyphae (sectioned at every 1µm) ; P5- width of the tips ; P6- spore size distribution; 

P7- spore chain length (µm) ; P8-width of aerial hyphae. 

 

Using two sample‘t’-test with 95% confidence limit the statistical analysis was 

analysed and tested for null hypothesis. Total of 5 different field were considered, 

and each of them was tested for the significance difference of ‘p’ value <0.05. In the 

absence of inducer thiostrepton no significant effect was seen in RJ110 and S. 

coelicolor pIJ8600, expect for width of the substrate P4 (Fig. 44 A1 and 2). This 

change may be due to the leaky nature of the tipA promoter (Ali N et al., 2002). 

However, in the presence of thiostrepton, SCO1389 was strongly induced under tipA 

promoter which strongly affected the cell morphology. The average branching angle 

was reduced from 100.82° in S. coelicolor pIJ8600 to 82.46° in RJ110 in the 

presence of the inducer thiostrepton. Hyper branching was observed on addition of 

the inducer thiostrepton in RJ110, intra branch distances were reduced to 2.75 µm 

compared to 12.64 µm in S. coelicolor pIJ8600. An average increased substrate 

width 1.214 µm (Fig. 44 B2) and tip width 0.727 µm was observed compared to 

presence and absence of inducer in S. coelicolor pIJ8600. Altering the expression of 

SCO1389 suggested that increased CL content in S. coelicolor could affect the 

direction of extended hypha and branching. 

 



164 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 44: Increase in CL content affects the morphology of the cell. 
In A and B, 1-S. coelicolor pIJ8600 and 2-RJ110. The white arrows show the 
parameters that show significant difference in absence and presence of atc. P1-
branch angles; P2-branch/µm; P3-width of branch points; P4-width of substrate 
hyphae (sectioned at every 1µm) ; P5- width of the tips ; P6- spore size; P7- spore 
chain length (µm) ; P8-width of aerial hyphae. 
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Table 16: Effect of thio on growth parameters. 
The table shows the average mean and standard deviation of each parameter in 
presence and absence of thiostrepton. 

 

0-µM Thio 100µM Thio P 
Characteristics’ 

pIJ86001 RJ1102 pIJ86003 RJ1104 

1 Branching angles 

 

100.82   

(8.33) 

97.55   

(2.96) 

100.82   

(8.33) 

82.46   

(8.80) 

2 Branch/µm 

 

12.98   

(3.52) 

12.10   

(1.49) 

12.64   

(3.99) 

2.75   

(1.00) 

3 Branch pt width 

 

0.5597  

(0.0653) 

0.5995  

(0.0371) 

0.5279  

(0.0285) 

0.6020  

(0.0390) 

4 Substrate  width(for 

every µm) 

0.5696  

(0.0554) 

0.6896  

(0.0445) 

0.5368  

(0.0182) 

1.214   

(0.255) 

5 Tip width 

 

0.5342  

(0.0443) 

0.5546  

(0.0302) 

0.5156  

(0.0292) 

0.727   

(0.137) 

6 Spore size 

 

0.9675  

(0.0237) 

1.0069  

(0.0596) 

0.9606  

(0.0149) 

1.889   

(0.396) 

7 Spore chain length 

 
6.32   (1.31) 

6.82   

(1.54) 
5.93   (1.05) 

6.224  

(0.474) 

8 Aerial hyphae width 

 

0.4747  

(0.0288) 

0.4990  

(0.0216) 

0.4788  

(0.0361) 

0.5436  

(0.0264) 
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Over-expression strain-

tipA/thio 

P Characteristics’ 

1,2 3,4 1,3 2,4 

1 Branching-angles NS S NS S 

2 Branch/µm 

 
NS S NS S 

3 Branch pt width 

 
NS S NS S 

4 Substrate  width(for 

every µm) 
S S NS S 

5 Tip width 

 
NS S NS S 

6 Spore size 

 
NS S NS S 

7 Spore chain length 

 
NS NS NS NS 

8 Aerial hyphae width 

 
NS S NS S 

 

 

Table 17: Distribution of ‘P’ value during growth defects. 
The ‘P’-value table, when P<0.05 it is significant (S) and P>0.05 it is non-significant 

(NS). 
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7.6 Over expression of SCO1389 lead to bursting and 

swelling of the hyphal tip.  
 

To observe the effects of overexpression of SCO1389 on growing hyphae, spores 

from RJ110 were allowed to germinate and grow in the presence of thiostrepton. 

Time-lapse microscopy was set up as explained in chapter 3, and the images were 

captured every 10 minutes by phase contrast microscopy. Figure 45 shows after 

induction of tipA, hyphal tips had become swollen and rounded, and then burst (Fig. 

45A). The bursting tendencies of hyphal tips are reported in fungi as a result from 

delicate balance between cell wall synthesis and wall lysis in apical growth (Garcia 

et al., 1972). From the present observation we constitute circumstantial evidence to 

support the following assumptions: (i) the apices of S. coelicolor hyphae have a large 

potential of wall lytic activity; (ii) the release of this activity during growth must be a 

gradual process delicately co-ordinated with wall synthesis; (iii) the balance between 

synthesis and lysis of wall polymers can be easily disturbed and shifted in favour of 

lysis by the over production of anionic phospholipid, CL resulting in violent 

disintegration of the hyphal apex (Fig. 47A) or, formation of large apical swellings 

(Fig. 44 B2). We also speculate that during an increase CL production it might 

activate the osmotic stress proteins (Romantsov et al., 2007) which might be 

recruited at the tips and interfere with the proteins (Flardh, 2003) involved in normal 

apical extension. These changes may allow the tips to sense the growth medium, and 

the presence of a hydrostatic pressure difference between the interior of the tip and 

its environment (Park. and Robinson, 1966) this may result in bursting of hyphal tips.  

 

The frames 8 to 12, the black arrows clearly indicate the bursting tip (Fig. 45B). 

Using the same set up, it was possible to visualize the effect of SCO1389 

overexpression on tip growth. Without induction of tipAp, hyphae of strain RJ110 

showed normal tip growth. After addition of the inducer, the tip regions were 

broadend and swollen (Fig. 45B). This lead to a unique phenomenon that’s usually 

seen only fungi, multiplying or dividing tips.  
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Time-lapse videos on RJ110 in the presence of thiostrepton showed that apical 

extension of hyphae with dividing tips mimicking the growth of fungi (Fig. 45B).  It 

showed a broad tip joint where the dividing starts. Genetic studies in fungi have 

identified genes involved in these processes, and shown that microtubules, F-actin 

and a number of other proteins (including kinesin and dynein) are critical for tip 

growth and nuclear migration (Fischer, 1999; Xiang and Morris, 1999; Momany, 

2002). In comparison to the situation in fungi, the mechanism underlying apical 

growth in Streptomyces is taken over by DivIVAsc. This protein is required for 

creating or maintaining the cell polarity that is needed for tip extension. Because 

DivIVAsc can specifically localize to the tips, it might be interacting with cardiolipin 

at the curvature (Huang et al., 2006) along with other proteins that are needed for 

growth polarity (Tseng et al., 2006; Flradh, 2003; Noens et al., 2007). The evidence 

of dividing tips and swollen hyphae in RJ110 may be the visible signs for control the 

growth polarization in S. coelicolor (Fig.45B), and the apparent hyperbranching 

caused by SCO1389 overexpression (Fig.44 B2) are consistent with the model 

established for the role DivIVAsc localization in S. coelicolor (Flardh, 2003) . 

Consequently, it seems that SCO1389 is required for tip growth, branch formation 

and erection aerial hyphae. It appears that proteins involved during apical growth and 

cell division may be lapidated and anchored into cell membranes.  
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Figure 45: Induction of SCO1389 causes cell death and abornormal dividing 
tips in S. coelicolor. 
Time-lapse microscopy shows bursting hyphal tips and swollen multiplying tips 
when SCO1389 is over expressed. RJ110 was grown in the presence of thiostrepton 
and observed by time lapse microscopy. Black arrows indicate bursting (A) and 
white arrows showing multiplication of tips (B). 
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7.7 Effect of NaCl and thiostrepton gradient on the 

overexpression strains. 

 
Previous studies showed that NaCl and sucrose had effects on the fatty acid 

compositions of cells (McGarrity et al., 1975). Both salinity and osmolality are 

important since the ionic strength will influence the structures of membranes 

comprised of lipids with ionic head groups. In E. coli, cardiolipin dominates the 

increase in the proportion of anionic lipid on high salinity conditions (Romantsov et 

al., 2009). Based from these observations, we made an attempt to see whether an 

increase in NaCl concentration (0 to 0.7M NaCl) along with a increase in 

thiostrepton gradient (0 to 100µg/ml) will show any specific phenotypic changes in 

growth. The strains RJ110 (Fig. 48 [b, d]), S. coelicolor pIJ8600 (Fig. 46 c) and 

M145 (Fig. 46 a) were grown in a gradient distribution of NaCl (0M to 0.7M) and 

thiostrepton (0-100µg/ml) on minimal media agar plates. The growth was monitored 

for a week.  

 

The plates A1 (0.0M NaCl) and B1 (0.7M NaCl) contained no thiostrepton the 

growth seems to unaffected on high osmolarity conditions (Fig. 46). The only 

difference was the production of antibiotics seen in B1, this may be a result of 

activation of the osmo response regulator gene, osaB (Bishop et al., 2004). However, 

in A2 (0.0M NaCl) and B2 (0.7M NaCl) contain 100µg/ml thiostrepton again the 

growth was unaffected , in B2 on high osmolarity conditions and thiostrepton, the 

growth of the strains was slowed down but none of them showed any growth defects 

(the plates were monitored for a week , but no change was noticed). These results 

contradict the relation between cardiolipin and NaCl, studied in E. coli. (Romantsov 

et al., 2009). Although there were mixed results from the experiment it would 

interesting to see the relation between osmoadpation and lipid profiling in 

S.coelicolor.  
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Figure 46: No growth defects seen in RJ110 and S. coelicolor pIJ8600 on 
minimal media agar.  
A1 and A2 have 0mM and 100mM thiostrepton with constant 0mM NaCl. B1 and B2 
have 0mM and 100mM thiostrepton with 0.7M NaCl constant, a-M145, b & d-
RJ110, c-S. coelicolor pIJ8600. The plates show the gradient of thiostrepton in red 
and NaCl in blue. The plates were incubated at 30° C for three days. 
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7.8 Conclusions 

 
Overexpression of SCO1389 strongly perturbed cell shape, which largely affected 

the tips of apically growing hyphae. A similar phenotype has been described showing 

overexpression of DivIVAsc which strongly perturbed cell shape. These observations 

are very similar to SCO1389 overexpression phenotype which suggests that 

cardiolipin may be required to localize DivIVAsc for apical extension and recruiting 

cell- division, other cell shape determining proteins and targeting them to the 

respective regions within the cell. Statistical analysis showed that an increase of 

cardiolipin on induction with thiostrepton affected the cell architecture. In Figure 42 

A2 shows RJ110 without thiostrepton, which resembled more to the control strain S. 

coelicolor pIJ8600. However, it did affect the P4-width of substrate hyphae 

(sectioned at every 1µm) and P7- change in degree of angles in direction of substrate 

hyphae. This may be due to the leakiness of the strong tipA promoter. On the 

contrary, on over expression of SCO1389 of RJ110 with pCLS113A showed strong 

abnormal growth and swollen tips, hyphae, swollen spores and cell death (Fig. 44 

B2; 43 D 4-6). The erection of aerial hyphae was normal, but infrequently showed 

irregular sized spores. In addition, bursting of hyphal tips and dividing tips was 

observed after prolonged SCO1389 Overexpression (Fig. 45A & B). This conclusion 

is based on time-lapse observations.  
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Chapter 8 

Localization of SCO1389 EGFP in S. 

coelicolor. 
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8.1. Introduction. 
 

The localization of cardiolipin-rich domains at branch points, hyphal tips, and aerial 

hyphae, directed our interest to the subcellular localization of the enzyme involved in 

cardiolipin synthesis. The committed step in cardiolipin synthesis in S. coelicolor is 

catalyzed by cardiolipin synthase (clsI, the gene product of SCO1389) (Sandova et 

al., 2009). For microscopic analysis the strain RJ113 was constructed, with a EGFP 

fusion at the N terminus, SCO1389-EGFP, the expression of which was controlled 

from the native promoter.  

 

8.2. Construction of SCO1389 GFP fusion. 
 

SCO1389 was fused with egfp from its own promoter. The EGFP was fused to the 

‘N’ terminal end of SCO1389. The plasmid pCLS105 (Table 3), was used as the 

template for PCR reaction. Two consecutive PCR reaction was carried out, initial 

reaction was set up for the construction of plasmid pCLS107, which was constructed 

by amplifying SCO1389 from plasmid pCLS105 using Pfu DNA polymerase and 

primers CL100 and CL102 (Table 11), digesting the product with BamHI and XbaI, 

and cloning the 1005 bp fragment in the BamHI and NheI site of pEGFPN1 (Table 

3).The plasmid pCLS107 was verified by restriction and digestion (Fig. 47). PCR 

reaction conditions that was followed for amplifying the SCO1389 gene was; 

denaturation at 94°C for 2 min, then 10 cycles with denaturation at 94°C for 45 s, 

annealing at 42.4°C for 45 s, and extension at 72°C for 1 min 30 s, were followed by 

15 cycles with the annealing temperature increased to 44.6°C. A last elongation step 

was done at 72°C for 5 min. The PCR product was analyzed by gel electrophoresis 

and purified using a PCR Purification kit.  

 

The expected sizes were 1005 bp. In pCLS107, the hexamer ‘TGAACT’ (containing 

‘TGA’ stop codon) was replaced with ‘TGGATCC’ (containing BamHI site) which 

then fused to the EGFP of pEGFPN1, resulting in SCO1389-EGFP fusion. The 

resulting plasmid pCLS107 acts as the precursor vector for next set of cloning 

reaction. 
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Subsequent cloning reaction was carried out digesting pMS82 with VspI and EcoRV 

and ligating to the 1.5 Kb VspI/PvuII fragment (carrying SCO1389-egfp) from 

pCLS107 and selecting the resulting plasmid pCLS108B for hygromycin resistance. 

By conjugation from E. coli strain ET12567 containing the driver plasmid pUZ8002 

(Kieser et al., 2000), pCLS108B was transferred into M145 strain where it integrated 

into the ΦBT1 attachment site. The resulting strain, RJ113 (Table 1), contain the 

copy of SCO1389-egfp from native promoter. The exconjugants were screened for 

hygr and was propagated on a medium containing hygromycin (50 µg/ml). 
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Figure 47: Cloning steps involved in construction of SCO1389 egfp fusion vector 
pCLS108B.  
pCLS105 was used as the template for PCR reaction, the product carries SCO1389 
from native promoter with stop codon removed. pEGFN1 the source for EGFP-N 
terminal fusion vector generated pCLS107 which was further, sub-cloned onto 
pMS82 an integrating vector (attPΦBT1, hygr) in the S.coelicolor chromosome. 
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Figure 48: Confirmation of pCLS107 . 
(A) pCLS107 plasmid map was constructed by ligating 4.2 Kb EcoRI fragment into 
pALTERI , the clone carries functional copy of SCO1389 with native promoter. (B) 
Confirmation of the plasmid pCLS102 by restriction analysis. Lane 1-λ HindIII 
marker; lanes 2 - Uncut plasmid DNA, lane 3 – VspI ; lanes 4 – BglI; lane 5- DraI. 
The black arrow shows in lane 4 confirms the presence of the inserts. 
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Figure 49: Confirmation of pCLS108B . 
(A) pCLS108B plasmid map was constructed by ligating 1.5 Kb VspI and EcoRV 
fragment into pMS82 , the clone carries functional copy of SCO1389 fused with egfp  
from native promoter. (B) Confirmation of the plasmid pCLS108B by restriction 
analysis. Lane 1-λ HindIII marker; lanes 2 - Uncut plasmid DNA, lane 3 – VspI ; 
lanes 4 – VspI/XbaI; lane 5- XbaI; lane 6-BamHI .The black arrow shows in lane 4 
and 6 confirms the presence of the insert.Black circle shows that XbaI is blocked by 
methylation. 
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Figure 50: Southern blot confirmation of pCLS108B 
(I) Schematic sketch of the cosmid and plasmid maps with restriction sites that 
supports the grid boxes in the Southern blot. (II) Lane 1-λHindIII marker-wt DNA, 
lane 2- StA8A cosmid ,lane 3-gDNA M145,lane 4-gDNA RJ111 ,lane 5- StA8A.RJ1 
cosmid, lane 6-gDNA RJ113,lane 7-gDNA RJ107,lane 8-pCLS108 plasmid DNA. 
Samples were treated with MluI, HindIII and NcoI.  Blue Box (A) highlights the 
fragment size 5.745 bp (SCO1389) in lanes 2, 3, 4 and 7; lane 5-disrupted cosmid 
StA8A.RJ1 and lane 6 -conditional double cross over mutant (RJ114); Box (B) 
highlights the fragment size 3.388 bp and 3.083 bp in lanes 4 (single crossover 
RJ111) and 5 represents the disrupted cosmid (StA8A.RJ1); Box (C) highlights the 
fragment size 1.248 bp in lanes 6 (RJ114) , 7( RJ113-M145 carrying the extra copy 
of SCO1389 gene) and 8 (pCLS105 vector carrying SCO1389gene). 1.59 Kb 
fragment of pCLS105 is the gene probe.The other bands in the blot correspond to λ 
DNA probe. 
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Figure 51: Subcellular localization of SCO1389EGFP. 
The strains were M145 (A1 and A2), RJ113 carrying an SCO1389-egfp fusion 
integrated at attBΦBT1 (B1, B2 and B3). A1, A2, B1, B2 and B3 in white lettering 
show the fluorescence images with pseudocoloring green to clearly visualize the 
EGFP signals. In B1 the white arrows highlight the strong fluorescence at hyphal tip 
and in substrate hyphae. In B3 white arrows indicate examples of faint fluorescent 
foci at aerial hyphae. Phase-contrast images are shown to the left of each 
fluoresecent images, and all marked in black lettering. Size bar, 10 mm. 
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8.3. Cardiolipin localizes to different parts of the hyphae, 

but not cardiolipin synthase. 
 

Plasmid pCLS108B had the entire SCO1389 fused in frame to egfp, and were 

integrated ΦBT1 attB site within the chromosome. Plasmid pCLS108B was identical 

to the native SCO1389, such that upon integration it disrupted the chromosomal copy 

of SCO1389, leaving only the SCO1389 egfp fusion active. The chromosomal 

disruption of SCO1389 was confirmed through Southernblots (Fig. 50) and 

restriction analysis (Fig. 49). A background of faint fluorescence was often seen in 

vegetative hyphae of M145 carrying no EGFP fusion and exposure conditions were 

adjusted so that this was barely visible. Strikingly, RJ113 showed distinctive regions 

of strong fluorescence mostly in the substrate hyphae and in few young aerial 

hyphae. Faint signals in the form of spots of fluorescence were occasionally observed 

in RJ113 at matured aerial hyphae and spore chains, but such signals were weak and 

inconsistent in comparison to the strong fluorescence at substrate hyphae. This 

suggested that Streptomyces SCO1389 may transiently associate with aerial hyphae 

erection and spore maturation. In summary, SCO1389 was predominantly located in 

substrate hyphae (Fig 51).  
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Chapter 9  

 

General Discussion & future work.  
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9.1. Summary of discussion. 

CL is a membrane lipid present in all organisms except archaea. The precursor of CL 

is phosphatidylglycerol which is universally synthesized from CDP-DAG and 

glycerolphosphate with phosphatidylglycerolphosphate as intermediates. However, S. 

coelicolor employs a eukaryotic metabolism to form CL, CDP-DAG as the donor for 

the phosphatidyl group which is transferred to a molecule of PG to form CL. In most 

of the bacteria, a phosphatidyl group is transferred from one PG to another PG to 

form CL; it is generally thought that Cls in prokaryotes belong to the PLD 

superfamily, whereas in eukaryotes they come under CDP-alcohol 

phosphatidyltransferase superfamily. S. coelicolor contains a gene belonging to the 

PLD superfamily, SCO7081. A recent study shows that, two cls homologs from E. 

coli have been identified, YmdC and YbhO (Guo et al., 2000). From BLAST search 

in S. coelicolor genome, one gene was showing a strong hit for YmdC and YbhO 

was identified, as SCO7081, which is annotated as putative phospholipase D (PLD), 

which might be the alternative pathway for synthesis of CL. However, this is just a 

speculation, unless a complete biochemical characterization of this gene is studied, 

we cannot draw a conclusion on the existence of alternative pathway for CL in S. 

coelicolor.  In contrast, eight genes encoding for putative CDP-alcohol 

phosphatidyltransferases were identified in the genome of S. coelicolor. The function 

of four of these eight genes has been assigned a role in phospholipid metabolism in 

S. coelicolor (Sandoval et al., 2009), phosphatidylinositol synthase (SCO1527), type 

II phosphatidylserine synthase (SCO6467), phosphatidylglycerolphosphate synthase 

(SCO5753), and CL synthase (SCO1389). Interestingly, the gene SCO1389 is present 

in most actinobacteria, implying a broad occurrence of a eukaryote-like Cls in this 

family of organisms. Lipids until recently have been considered an inert hydrophobic 

environment for the action of membrane proteins. Recent, evidence shows that 

amphitropic protein MinD from Min system undergoes dynamic oligomerization 

with membrane phospholipids (section 1.7.6). This shows the involvement of lipids 

interacting with proteins during dynamic cellular processes.  
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The primary objective of the work described in this thesis was to determine the 

functions of gene encoded by SCO1389 from S. coelicolor. To deduce the function of 

the gene SCO1389, a strategy for chromosomal deletion of the gene was 

investigated. Deletion within the chromosome was achieved, by providing a second 

copy of SCO1389 within the chromosome of S. coelicolor. Genetic evidence shows 

that SCO1389 may be essential for the growth and development. However, a precise 

function of this gene was speculated to be having a major role in phospholipid 

biosynthesis. Analysis from TLC (James Roxburgh, unpublished data) shows that CL 

was not detectable in the SCO1389 disruptants. However, the mutants are severely 

affected on their growth and sporulation. On rich media, MS it was observed that the 

cells did not grow, indicating that SCO1389 is an essential gene. However, on 

minimal media, the mutants of SCO1389 grew weakly and were very slow growing; 

implying SCO1389 may be sharing some regulatory role apart from the structural 

nature of producing CL in membranes. As discussed previously (Sandoval et al., 

2009), SCO1389 is the only gene found that is related to CL synthesis.   

 

SCO1389 is the first bacterial CL synthase protein of eukaryotic origin that has been 

identified in a prokaryotic mycelial organism. SCO1389 is particularly interesting as 

it is an essential protein with a new and unknown function that is shown here to have 

a profound impact on tip and aerial growth. Partial depletion of SCO1389 interfered 

with polar growth and lead to abnormal hyphal shapes. The distorted hyphae, with 

very less branching and no erection of aerial hyphae were striking feature of ∆ 

SCO1389 mutants.  This phenotype to our knowledge has not been previously 

discussed in Streptomyces. Depletion of SCO1389 appeared to cause a deficiency in 

growth and development of the cells. However, there was enough genetic evidence 

that SCO1389 is essential for growth and development; it was not clear why cells 

cannot grow in the absence of this gene. Increase and decrease CL content of the 

cells are considerably affected giving rise to abnormal growth or no growth.  
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Following, statistical analysis it showed altered CL content within cells affected the 

mycelial architecture. Decreased CL content affected the, branch angles; branch/µm; 

width of substrate hyphae (sectioned at every 1µm); change of direction in substrate 

hyphae (measured in µm); change in degree of angles in direction of substrate 

hyphae; width of aerial hyphae. However, average number of branchs/tip, width of 

branch points and tip width was not affected.  On the contrary, on complementation 

of RJ118b it restored aerial hyphae erection and normal sporulation. However, due to 

the strong induction of tcp830 few parameters was affected like branch angles; 

branch/µm; width of substrate hyphae (sectioned at every 1µm) ; change of direction 

in substrate hyphae (measured in µm) and  change in degree of angles in direction of 

substrate hyphae . This may be due to increased CL content by the inducer, atc. In 

parallel, RJ117 showed no significant difference in statistical analysis in the presence 

of atc.  

 

Overexpression of SCO1389 was brought about by addition of thiostrepton that 

affected cell shape, sporulation and produced swollen hyphae, dividing tips (similar 

to fungi), hyper branching and cell death. Increase CL accumulation within substrate 

hyphae, was revealed by staining with fluorescently labelled 10-nonyl acridine 

orange. Through time-lapse microscopy in addition to swollen and dividing tips, for 

the first time spontaneous lysis of hyphal tips was seen. The erection of aerial hyphae 

was normal, but showed irregular sized spores.  

 

From statistical analysis the following parameters was severely affected, branch 

angles; branch/µm; width of branch points; width of substrate hyphae (sectioned at 

every 1µm); width of the tips; change of direction in substrate hyphae (measured in 

µm); change in degree of angles in direction of substrate hyphae; spore size 

distribution and width of aerial hyphae. In parallel, RJ108 in the presence and 

absence of inducer thiostrepton showed no significant difference.    
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Using the fluorescent CL specific probe 10-nonyl acridine orange (NAO) has shown 

a great difference in the staining pattern between the CL deficient cells (RJ118b) and 

M145 wild type cells. From the staining pattern, it was very clear that CL localizes at 

the tips, branch points and selective anucleated domains within hyphae. However, to 

localize SCO1389, translational fusion with EGFP was constructed to monitor the 

expression of CL synthase during the growth. A background of faint fluorescence 

was often seen in vegetative hyphae of M145 carrying no EGFP fusion and exposure 

conditions were adjusted so that this was barely visible. RJ113 showed distinctive 

regions of strong fluorescence mostly in the substrate hyphae and in few young aerial 

hyphae. Faint signals in the form of spots of fluorescence were occasionally observed 

in RJ113 at matured aerial hyphae and spore chains, but such signals were weak and 

inconsistent in comparison to the strong fluorescence at substrate hyphae. This 

suggested that Streptomyces SCO1389 may transiently associate with aerial hyphae 

erection and spore maturation. In summary, SCO1389 was predominantly located in 

substrate hyphae. Using fluorescent reporter studies, it is clearly evident that CL 

localizes in the cell and not Cls.  

 

In the presence of inducer, anhydrotetracycline it rescued the mutant RJ118b and 

produced a spot similar to the control CL spot with same rentention factor on TLC 

analysis (James Roxburgh, unpublished data). Highest level of CL was produced in 

RJ110 induced by thiostrepton and there was an increase in CL spot appeared at the 

same position as CL reference standard.  
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Time-lapse microscopy of S. coelicolor presents many challenges through its oxygen 

dependence, focal depth, mycelial heterogeneity, and agar-dependent sporulation.  

Compared to other streptomycetes, S. coelicolor is more adaptable to imaging system 

and capable of producing movies, which is essential for understanding the cell 

biology of this model organism. However, we could track down most of the growth 

and development in S. coelicolor, we were still unable to image the erection of aerial 

hyphae and we expect this problem to remain constant due to repressive effects of 

the agar plug on the formation of aerial hyphae and the stimulatory effect on 

substrate hyphae following the transfer of cover-slip-grown cultures to imaging 

chambers. We have also shown the application of fluorescent probes like FM4 64, 

Syto 42, and NAO in live cell staining of S. coelicolor. FM4 64 staining revealed the 

distinct lipid domains within S. coelicolor, which persuaded us to move on to use 

more specific marker, stain NAO to localize anionic phospholipid CL within 

mycelium. Although the VJ101 mutant showed a normal distribution of CL, this may 

be due to the fact that ftsksc in S. coelicolor has been shown not essential for the 

growth but contribute genetic instability due to irregular nucleoids arrangement 

(Wang, et al.,2007). Since, no major results were further obtained in this study we 

decided to focus on the phospholipid metabolisms in S. coelicolor. The ability of 

lipids to promote formation of membrane sub domains with unique protein and lipid 

composition provides a mechanism to compartmentalize and regulate biological 

processes. 
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9.2. Future work. 
 

The anionic phospholipid CL has now attracted the curiosity of researchers from 

diverse fields, including membrane biogenesis, lipid protein interaction, lipidomics 

and apoptosis. The recent advances in CL study in bacterial model E. coli, has 

opened a new gateway in addressing the fundamental role of CL in cell growth and 

protein translocations. Much of the work presented in this thesis identifies areas of 

future work. These are discussed in this section.  

 

9.2.1. Sizing and volume distribution of the spores. 
 

Using a coulter counter Multisizer 3 (Beckman Coulter, High Wycombe, U.K) the 

spore volume and size of S. coelicolor can be was measured. Spore sizes, given as 

sphere diameters, were calculated using the MS-Multisizer 3 software (Buhr, T.L et 

al., 2008). This reference counter provides number, volume and surface area 

distribution information in the overall size range of 0.4 μm to 1200 μm. Based on 

digital pulse processing technology (DPP) makes the Multisizer 3 the instrument of 

choice for sizing and counting. 

 

Harvesting RJ110 and S. coelicolor pIJ8600 in the presence of thiostrepton, the 

spores volume and size can be measured using Multisizer 3. This will show the effect 

of CL on spore size distribution in S. coelicolor. 

 

9.2.2 Transcriptional studies. 

 
S1 nucleases mapping experiments need to be carried out to confirm the 

transcriptional start point of the SCO1389 gene. These experiments should 

investigate the RNA produced before CL synthase production at different stages of 

life cycle. This will guide to more detail information about the biosynthetic pathway 

of phospholipids, mainly of SCO1389 during the growth and development in 

S.coelicolor.  
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9.2.3 Protein studies. 

 
Over expressing and purification of SCO1389 would allow protein/DNA interaction 

complexes studies. With the pure form of SCO1389, in vitro biochemical assays can 

be carried out. Using site-directed mutagenesis, truncated version of the SCO1389 

gene products can be expressed and analysed. Since, this is a novel eukaryotic like 

protein found in bacteria; protein crystallization studies would elucidate the detail 

structural comparison between the other CLS from higher organisms.  

 

9.2.4 Lipidomics studies. 
 

From the earlier evidence and information based on putative of functions of 

phospholipids showed that they collectively or individually participate in and 

influence cellular processes. The genetic approach has limitation of being indirect 

and pleiotropic effect in the cellular processes. However, with biochemical 

experiments a significant progress can be achieved to define at the molecular 

requirements of phospholipids in several processes. Using electron spray mass 

spectrophotometeric, TLC the lipids profile can be formulated for S.coelicolor. 

 

9.2.5 RT-PCR. 
 

Present studies have showed that SCO1389 was essential for growth and 

development of Streptomyces coelicolor. However, to understand the expression 

profiles of SCO1389 and other related phospholipid metabolism genes during cell 

cycle, RT-PCR can be used to measure and monitor the expression in basal and 

vegetative mycelium during growth.  
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Bacteria from the genus Streptomyces are among the most complex of all prokaryotes; not only do they
grow as a complex mycelium, they also differentiate to form aerial hyphae before developing further to
form spore chains. This developmental heterogeneity of streptomycete microcolonies makes studying the
dynamic processes that contribute to growth and development a challenging procedure. As a result, in
order to study the mechanisms that underpin streptomycete growth, we have developed a system for
studying hyphal extension, protein trafficking, and sporulation by time-lapse microscopy. Through the use
of time-lapse microscopy we have demonstrated that Streptomyces coelicolor germ tubes undergo a tempo-
rary arrest in their growth when in close proximity to sibling extension sites. Following germination, in
this system, hyphae extended at a rate of �20 �m h�1, which was not significantly different from the rate
at which the apical ring of the cytokinetic protein FtsZ progressed along extending hyphae through a
spiraling movement. Although we were able to generate movies for streptomycete sporulation, we were
unable to do so for either the erection of aerial hyphae or the early stages of sporulation. Despite this, it
was possible to demonstrate an arrest of aerial hyphal development that we suggest is through the
depolymerization of FtsZ-enhanced green fluorescent protein (GFP). Consequently, the imaging system
reported here provides a system that allows the dynamic movement of GFP-tagged proteins involved in
growth and development of S. coelicolor to be tracked and their role in cytokinesis to be characterized
during the streptomycete life cycle.

Fluorescence microscopy has revolutionized our under-
standing of the bacterial cell and provided new opportunities
to investigate the behavior of cell division proteins and chro-
mosome dynamics in bacteria (25). Central to this research is
the application of time-lapse microscopy to study bacterial cell
division, which has revealed the complexity with which bacteria
coordinate cellular growth and division. For example, the rod-
shaped bacteria Escherichia coli and Bacillus subtilis incorpo-
rate new peptidoglycan into their cell wall along their lateral
walls, while coccoid bacteria such as Staphylococcus aureus do
so at mid-cell (4). Actinobacteria, such as Corynebacterium and
members of the mycelial, antibiotic-producing genus Strepto-
myces, incorporate peptidoglycan at the cell poles (4). In the
case of streptomycetes, this allows them to adopt a hyphal
growth strategy through peptidoglycan incorporation at the
hyphal tip (9). This is ideally suited to the colonization of their
particulate habitat, the soil, through the generation of a my-
celium that permits nutrients to be transported from a nutrient
reservoir to the actively growing tip. As such, streptomycetes
represent a group of organisms that grow in a fashion distinct
from other, better understood bacteria. The knowledge base
associated with morphological and physiological differentiation
in the model organism Streptomyces coelicolor, coupled with

the viability of cell division mutants, means that a greater
understanding of streptomycete growth and sporulation may
provide important clues to understanding bacterial growth in
general (18, 21). Perhaps one reason why an understanding of
streptomycete cell division has lagged behind that for other
bacteria is the technical difficulty associated with imaging this
complex bacterium. To date, microscopic studies of cell divi-
sion in streptomycetes have generated snapshot images of hy-
phae or spores. Such images can give only limited information
on protein and nucleoid movement in space and time, and, as
a result, the exact order of intracellular events during hyphal
growth and sporulation in Streptomyces is still largely obscure
(5, 6). The multinucleate nature of streptomycete hyphae
means that time-lapse microscopy is likely to prove a key tool
in understanding patterns in nucleoid and protein trafficking
during hyphal growth, and although it was used to demonstrate
spatial and temporal localization of cephamycin C biosynthesis
in Streptomyces clavuligerus (11), so far it has not been used to
study growth and development. Perhaps the main reasons for
this are the technical challenges associated with carrying out
time-lapse microscopy of the model organism, S. coelicolor.
These include oxygen dependence, a developmentally hetero-
geneous mycelium, the three-dimensional pattern of hyphal
growth, and an inability to sporulate in the absence of a solid
support. Consequently, we set out to design an imaging system
that could overcome at least some of these technical problems
and support time-lapse microscopy of hyphal growth and
sporulation. In order to do this, we exploited the design fea-
tures of an inverted microscope coupled with rendering of
three-dimensional representations of phase-contrast images
and the availability of oxygen-permeable imaging chambers.
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MATERIALS AND METHODS

Bacterial strains and cultivation conditions. S. coelicolor M145 and S. coeli-
color K113 (a derivative of S. coelicolor M145 containing a second copy of ftsZ
translationally fused to the enhanced green fluorescent protein [EGFP] gene [7];
generously supplied by Klas Flärdh, Lund University, Sweden) were grown on
MS agar and supplemented with apramycin (100 �g ml�1) when necessary at
30°C (16). For time-lapse microscopy, minimal agar (16) containing 5% (wt/vol)
mannitol (3MA) or tap water agar (1% [wt/vol]) was used as circumstances
required. For time-lapse microscopy of germination or growth of substrate hy-
phae, spores were germinated on 0.5-cm2 sterile cellophane squares, placed on
3MA, and incubated at 30°C. Cellophane was removed after appropriate time
intervals and transferred to imaging chambers. Time-lapse microscopy of sporu-
lation was carried out by placing cellophane squares on sterile coverslips and
inserting the coverslip into 3MA at an acute angle before inoculation with
around 1 � 107 S. coelicolor spores (26). After 36 h, the cellophane was peeled
away from the coverslip and transferred to imaging chambers.

Imaging chambers. Cellophane squares were placed, hyphal side down, in
uncoated �-dishes (Ibidi GmbH, Munich, Germany), and a plug of agar cut with
a number 4 cork borer was placed on top of the cellophane. 3MA was used for
germination or hyphal growth, and water agar was used for sporulation (Fig. 1).
The microscope stage was heated to 30°C using an Ibidi heating system with a
heated lid (Ibidi GmbH, Munich, Germany). In order to minimize focal drift, the
microscope stage and imaging chamber were allowed to equilibrate for 60 min
with respect to temperature before imaging commenced.

Fluorescence microscopy. Samples were studied using a Nikon TE2000S in-
verted microscope and observed with a CFI Plan Fluor DLL-100X oil N.A. 1.3
objective lens, and images were captured using a Hamamatsu Orca-285 Firewire
digital charge-coupled device camera. Captured images were processed using
IPlabs 3.7 image processing software (BD Biosciences Bioimaging, Rockville,
MD). Briefly, 0.5-�m Z sections of both phase-contrast and fluorescent images
were captured at 15-min intervals and used to render three-dimensional images.
FtsZ-EGFP in S. coelicolor K113 was visualized with a fluorescein isothiocyanate
filter set at an exposure time of 100 ms. Measurements of hyphal growth and
Z-ring movement were made using IPlabs 3.7 image processing software and
analyzed statistically using Microsoft Excel 2003; equality of variance between
data sets was first determined using F tests and then subjected to the appropriate
Student t test depending on the outcome of the F test. Multiple data sets were
analyzed by analysis of variance. Where appropriate, means are supplemented by
standard deviations in parentheses.

RESULTS

Germination of S. coelicolor M145 is heterogeneous and dis-
plays apical dominance. Although S. coelicolor is able to sur-
vive in the absence of oxygen for long periods of time (28),
despite several attempts to grow S. coelicolor on agar sand-
wiched between glass coverslips and slides using a variety of
imaging chambers, we were unable to do so. Presumably this
was due to poor oxygen availability. As a result, we took ad-

vantage of the oxygen permeability and optically high quality of
the plastic used in �-dish manufacture in order to carry out
time-lapse microscopy of hyphal growth. Spores of S. coelicolor
M145 were inoculated onto a cellophane disk on 3MA, allowed
to air dry for 30 min at 30°C, transferred to the imaging cham-
ber (Fig. 1), and allowed to equilibrate for 1 hour before
initiation of time-lapse microscopy. We analyzed the develop-
ment of 90 spores individually. A total of 85% of spores
swelled and became phase dark prior to germ tube emergence;
this is characteristic of spore germination before germ tube
emergence (27). A total of 15% of spores did not germinate, at
least until hyphal growth made observation of individual
spores difficult. It was impossible to describe accurately the
germination pattern of 26% of the spores because of the dif-
ficulty of attributing individual hyphae to a parental spore due
to spore clumping and hyphal overgrowth. However, we were
able to track and describe the germination and early branching
behavior of the remaining spores (59%). Emergence of a pri-
mary germ tube occurred between 2.25 and 6 h after initiation
of imaging (3.75 and 7.5 h, respectively, after the original
plating out), and 63.3% of spores produced one hypha and
36.7% produced two hyphae (Table 1). No spores that pro-
duced more than two hyphae were observed, in contrast to the
results of Noens et al. (24), who observed as many as four germ
tubes per spore.

Two classes of microcolonies developed in those spores that
produced one germ tube: when a branch emerged from the
primary germ tube, 7 (14.3%) primary germ tubes ceased
growth for an average of 3.1 (�2.16) hours (Fig. 2A; see Movie
S2A in the supplemental material), while the remaining 20
(49%) primary germ tubes showed no growth cessation (Fig.
2C; see Movie S2C in the supplemental material). Where
growth of the primary germ tube was arrested, it was apparent
that, following branch emergence, the branching occurred rel-
atively soon after germination. Germ tubes that displayed
growth arrest did so when a branch emerged on average 2.7

TABLE 1. Heterogeneity of S. coelicolor microcolonies
following germination

Germination
classa

No. of
hyphae

emerging
from each

spore

Growth
arrest of
primary
hypha

% of
germinations

e2 � e1
b

(h)
e1 arrestc

(h)

A 1 Yes 14.3 2.7 (1.45) 3.1 (2.16)
C 1 No 49.0 5.7 (1.62)
B 2 Yes 20.4 1.4 (1.46) 4.9 (2.44)
D 2 No 16.3 3.5 (2.23)

a Germination of a random selection of spores was observed by time-lapse
microscopy, and four classes of spore germinations were observed: one or two
hyphae, with or without growth arrest.

b Time difference between emergence of primary hypha at time e1 from a
spore and appearance of a second extension site at time e2; the latter was the first
hyphal branch (class A or C) or the emergence of a second hypha from the spore
(class B or D). e2 � e1 values were compared statistically by the Student t test
with respect to arrested (class A) and non arrested spores (class C) with one
germ tube (P � 1 � 10�4), arrested (class B) and non arrested (class D) spores
with two germ tubes (P � 0.013), arrested spores with one (class A) or two (class
B) germ tubes (P � 0.048), and nonarrested germ tubes with one (class C) or two
(class D) spores (P � 0.004). All four comparisons showed significant differences
between the two populations in each individual test. Standard deviations are
shown in parentheses.

c Time between cessation of growth of primary hypha and subsequent restart
of growth. Standard deviations are shown in parentheses.

FIG. 1. Imaging chamber for capturing streptomycete growth on
solid medium. Spores were germinated for an appropriate length of
time on cellophane disks on agar before being inverted and transferred
to the �-dish imaging chamber. Subsequently, a cylinder of 3MA was
applied to the cellophane dish and the imaging chamber transferred to
the incubation chamber set to 30°C and allowed to equilibrate for 1
hour before commencement of imaging.
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(�1.45) hours after germination, when the mean primary germ
tube length was 2.3 �m, and these were termed class A ger-
minations (Fig. 2A; see Movie S2A in the supplemental mate-
rial). When no growth arrest was observed, the first branch
emerged on average 5.7 (�1.62) hours after germination, when
the mean primary germ tube length was 5.1 �m; these were
termed class C germinations (Fig. 2C; see Movie S2C in the
supplemental material). The time interval (e2 � e1) between
the emergence of the first (germination) and the second
(branch) growing tip was significantly longer in class C germi-
nations than in class A germinations (Table 1).

Two classes of hyphal morphology were also generated from
those spores that produced two germ tubes; 10 (20.4%) pri-
mary germ tubes ceased growth for an average of 4.9 (�2.44)
hours following the emergence of a second germ tube from the
same spore (Fig. 2B; see Movie S2B in the supplemental ma-
terial). Meanwhile another eight primary germ tubes (16.3%)
showed no growth arrest (Fig. 2D; see Movie S2D in the
supplemental material). As was the case with branching in class
A germinations, it was apparent that where growth of a pri-
mary germ tube was arrested following the emergence of a

second germ tube, the latter occurred relatively soon after the
primary germination. Primary germ tubes that displayed
growth arrest did so when a second tube emerged on average
1.4 (�1.46) hours after germination; these were termed class B
germinations (Fig. 2B; see Movie S2B in the supplemental
material). Occasionally, two germ tubes emerged simulta-
neously from a spore; one always ceased growth for a period of
time (Fig. 2B; see Movie S2A in the supplemental material).
When no growth arrest was observed, the secondary germ tube
emerged on average 3.5 (�2.23) h after emergence of the
primary germ tube; these were termed class D germinations
(Fig. 2D; see Movie S2D in the supplemental material). The
time interval (e2 � e1) between the emergence of the first and
the second growing tip was significantly longer in class D ger-
minations than in class B germinations (Table 1), although the
length of arrest caused by branching (class A) or appearance of
a second germ tube (class B) was not significantly different
(Table 1). However, the time intervals between emergence of
a primary and a secondary growth site were significantly longer
when the second extending tip was derived from a branch
(class A or C) rather than a germ tube (class B or D), irre-

FIG. 2. Heterogeneity of S. coelicolor microcolonies following germination. Numbers represent minutes after initiation of time-lapse micros-
copy (see Movies S2A, S2B, S2C, and S2D in the supplemental material). Horizontal white bars represent 10 �m. The four observed classes of
S. coelicolor germination are displayed. (A) Class A germination, showing emergence of the primary hypha (1), growth arrest of the primary hypha
(2) following branch emergence (3), and growth restoration of the primary hypha (4). (B) Class B germination, showing two hyphae emerging from
the spore (1 and 2), growth arrest by one hypha (3), and growth restoration of the arrested hypha (4). (C) Class C germination, showing hyphal
emergence (1) and branch appearance (2) (no growth arrest of the primary hypha). (D) Class D germination, showing emergence of the primary
hypha (1) and emergence of the secondary hypha (2) from the spore (no growth arrest of the primary hypha).
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spective of whether growth was arrested or not (Table 1). The
timing of the initial germination had no effect either on the
appearance of a second germ tube or on whether the primary
germ tube underwent growth arrest (data not shown). Conse-
quently, in a young S. coelicolor microcolony, and irrespective
of whether one or two germ tubes emerge from a spore, if two
young hyphal tips are located close to each other, one is able to
exert an apical dominance over the other and arrest the latter’s
growth for a period of time.

FtsZ follows the extending hyphal tip and is not required for
branching. S. coelicolor K113 spores failed to germinate when
illuminated with light of a wavelength of 492 nm, which was
necessary to excite EGFP. Despite this, we were able to visu-
alize the movement of FtsZ-EGFP in substrate hyphae. K113
spores were inoculated onto 3MA as described previously and
incubated overnight at 30°C. The next day, the cellophane
square was transferred to an imaging chamber (Fig. 1), the tips
of the radially extending mycelium identified by phase-contrast
microscopy, and images captured as described above. This
allowed us to visualize FtsZ-EGFP ring progression in growing
substrate hyphae. Ten individual hyphae were observed with
respect to their patterns of branching and Z-ring formation
(see Movie S3 in the supplemental material). Hyphae grew
across the field at an average tip extension rate of 19.58
(�2.67) �m h�1, and branches formed on average 10.94
(�2.85) �m behind the hyphal tip. The average distance be-
tween branches was 7.63 (� 6.68) �m; this relatively large

standard deviation associated with branch-to-branch distances
suggests that S. coelicolor shows great variability in branch
placement with respect to the location of other branches.
These values were in broad agreement with those of Allan and
Prosser (1). However, the relatively low standard deviation
associated with the tip-to-branch distance suggests that branch
placement is tightly linked to the distance from the hyphal tip.
Taken together, the differences in the standard deviations of
the tip-to-branch and branch-to-branch distances suggest that
although S. coelicolor did not branch every time the tip-to-
branch distance reached 10.94 �m, when it did so, the branch
was placed close to 10.94 �m from the hyphal tip. A cessation
of growth was seen in 82 (73.2%) branches that emerged from
the 10 primary hyphae examined, while the remaining 30
branches (26.8%) displayed no growth arrest. It was apparent
that when growth arrest occurred, the branch emerged in close
proximity to a neighboring hypha (see Movie S3 in the supple-
mental material). In those branches where the tip displayed
growth arrest, the tip-to-branch distance was significantly
longer (P � 0.02), at 11.29 (�2.76) �m, than in those that
displayed no growth arrest (10.06 [�2.93] �m). Rings of FtsZ-
EGFP appeared at discrete locations after branching on aver-
age 56.06 (�16.96) �m behind the hyphal tip (Fig. 3A; see
Movies S3 and S3A in the supplemental material) and presum-
ably went on to initiate the formation of septa. Z rings formed
on average 20.1 (�10.37) �m apart, and by measuring the
distance between the apical and subapical Z rings and relating

FIG. 3. Localization of FtsZ rings in growing S. coelicolor K113 substrate hyphae. Spores were germinated overnight before being transferred
to an imaging chamber and allowed to equilibrate for 1 hour before commencement of imaging. The mosaic images are composed of images taken
at 30-min intervals, while images taken at 15-min intervals are shown in Movies S3, S3A, S3B, and S3C in the supplemental material. Horizontal
white bars represent 2 �m. (A) Hyphal branching and progression of FtsZ rings (1 to 6) toward the growing hyphal tip; it is not clear if FtsZ ring
6 is located in the primary hypha or a parallel hypha. (B) Progression (2 to 7) and division of an FtsZ ring (3) at a hyphal branch (1). (C) Extended
FtsZ spiral (2) as FtsZ rings progress toward the hyphal tip (1 to 3).
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this to the time difference between their appearances, we were
able to calculate the rate of progression of the apical Z ring as
17.11 (�8.45) �m h�1. Although rate of Z ring progression
showed more variation than the rate of hyphal tip of extension
(coefficients of variation were 51.6% and 13.6%, respectively),
there was no significant difference between the two rates,
which suggests either a direct or indirect association between
Z-ring progression and peptidoglycan incorporation at the hy-
phal tip.

This reinforces the genetic evidence that FtsZ is not re-
quired for tip extension or branching in S. coelicolor (26), and
although Z rings formed at some hyphal branch points (Fig.
3B; see Movies S3 and S3B in the supplemental material), this
was not the case with many branches. Following the formation
of a discrete Z ring, there was a transient increase in brightness
of the ring (Fig. 3A; see Movies S3 and S3A in the supplemen-
tal material). The reason for this is unclear; perhaps it is due to
movement of the ring out of the plane of the perpendicular,
although a transient expansion of a compacted Z-ring spiral to
produce apparent higher levels of fluorescence seems a more
likely explanation. Z rings remained visible at the same loca-
tion throughout the course of our observations, although many
eventually faded to some degree. Occasionally, FtsZ spirals
were seen (Fig. 3C; see Movies S3 and S3C in the supplemental
material) and also moved toward the hyphal tip. Clearly the
visible spiral displayed in Fig. 3C and in Movie S3C in the
supplemental material moved much more slowly than Z-ring
progression, and it took around 2 hours for the spiral to move
through a 4-�m section of hyphae, before coalescing to form a
discrete ring. The reason for this is not clear; although many
other faintly fluorescing FtsZ spirals were observed distal to
the apical Z ring (see Movie S3 in the supplemental material),
suggesting that the progression of FtsZ behind the hyphal tip
proceeds in a spiral manner.

Rehydration of aerial hyphae causes FtsZ-EGFP ring dis-
assembly. S. coelicolor K113 was used to image the movement
of Z rings by time-lapse microscopy in order to study the
positioning and movement of FtsZ-EGFP in aerial hyphae.
Coverslip-cellophane-grown cultures of S. coelicolor K113 were
transferred to an imaging chamber, and aerial hyphae were
identified by phase-contrast microscopy and subjected to time-
lapse microscopy at 15-min intervals. In the absence of an agar
plug, no further hyphal growth or development of aerial hy-
phae was seen, presumably due to hyphal dehydration or pho-
totoxicity (data not shown). In order to maintain viability of
aerial hyphae, it was necessary to apply a plug of tap water agar
(Fig. 1). Despite this, the presence of tap water agar blocked
the development of young aerial hyphae into spore chains and
stimulated growth of substrate hyphae; we believe that the
former was due to the premature disassembly of FtsZ-EGFP
(Fig. 4; see Movie S4 in the supplemental material). If this is
true, then it suggests that aerial hyphae have a means of sens-
ing conditions inappropriate for sporulation and prevent its
completion, either directly or indirectly, through the depoly-
merization of FtsZ-EGFP spirals. In older S. coelicolor K113
aerial hyphae, where there were no visible FtsZ-EGFP rings,
presumably because they had already disassembled and initi-
ated the laying down of divisional septa, is was possible for
those aerial hyphae to complete the sporulation process and
germinate (Fig. 5; see Movie S5 in the supplemental material).

Septation, indicated by the regular invaginations, occurred si-
multaneously along the nascent spore chain proceeding
through to the generation of mature spores that were subse-
quently able to undergo germination (Fig. 5; see Movie S5 in
the supplemental material).

DISCUSSION

Time-lapse microscopy of S. coelicolor presents many chal-
lenges through its oxygen dependence, focal depth, mycelial
heterogeneity, and agar-dependent sporulation. We have de-
veloped an imaging system allowing tracking of individual hy-
phae and proteins in conjunction with GFP that has overcome
most of these difficulties through the use of an inverted micro-
scope and agar plugs to flatten the mycelium as well as the
provision of nutrients (13). Cellophane prevents hyphae from
penetrating the agar plug and maintains the hyphae within a
relatively narrow focal range, while the use of a motorized
focus drive and the generation of Z sections means that phase-
contrast images can be rendered in three dimensions to over-
come the large focal depth required to image a mycelium.
Finally, Ibidi �-dishes allow the provision of oxygen to the
mycelium.

In response to environmental and nutritional signals, S.

FIG. 4. Disassembly of FtsZ rings in aerial hyphae. Aerial hyphae
of S. coelicolor K113 were grown on cellophane-covered coverslips for
36 h and transferred to imaging chambers. The mosaic image is com-
posed of images taken at 30-min intervals, while Movie S4 in the
supplemental material is composed of images taken at 15-min inter-
vals. The horizontal white bar represents 10 �m. A hyphal tip activated
for growth by transfer of the mycelium to the imaging chamber is
labeled (1).
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coelicolor spores germinate following an initial increase in
spore volume and differentiation of spore walls into an outer
layer and an inner layer (14). The outer layer ruptures at the
point(s) of germ tube emergence, while the inner layer forms
the hyphal wall (27). The germ tube emerges to form an apical
cell that grows by elongation through peptidoglycan synthesis,
primarily at the hyphal tip (4, 6) but also to a lesser extent in
subapical regions (9, 22), and is thought to be driven by hy-
drostatic pressure (23). The work reported here shows that if a
second extension site develops close to the first, one of the
extension sites is arrested for a period of time irrespective of
whether the spore produces one or two germ tubes. The mech-
anism by which this arrest is achieved is not known; perhaps
hyphal extension requires the presence of a nucleoid close to
the tip and, as such, it is necessary for chromosome replication
to take place before both tips possess an associated nucleoid
and subsequently extend. Either chromosome replication or

partitioning is associated with the earliest events of spore ger-
mination (12). Miguélez et al., (23) showed that in the pres-
ence of the peptidoglycan synthesis inhibitor vancomycin,
DNA synthesis was arrested following the current round of
replication, which suggests a close relationship between cell
wall synthesis and chromosome replication. Even though Yang
and Losick (30) were unable to find any evidence that DNA
replication activity is concentrated at the apex, it seems likely
that chromosome replication and segregation are linked with
peptidoglycan incorporation, although the mechanisms by
which this is achieved are unknown. The germinating spores of
some Streptomyces species produce germination inhibitors (10)
in order to inhibit extension of sibling germ tubes. It is thought
that this provides a mechanism by which mass spore germina-
tion is prevented in order that potentially lethal mistakes in
germination decisions are limited. S. coelicolor spores contain
endogenous sources of nutrients such as trehalose (19, 20), and

FIG. 5. Sporulation of S. coelicolor K113 aerial hyphae. Aerial hyphae of S. coelicolor K113 were grown on cellophane-covered coverslips for
36 h and transferred to imaging chambers. The mosaic image is composed of images taken at 30-min intervals while Movie S5 in the supplemental
material is composed of images taken at 15-min intervals. The horizontal white bar represents 10 �m. White arrows show appearance of regular
invaginations in the hyphal wall, characteristic of a forming spore chain. Black arrows show germinating spores.
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it may be that growth arrest is a manifestation of a switch by
the extending tip from an endogenous to an exogenous energy
source or even a redeployment of nutrient resources within the
microcolony. We were unable to generate movies of FtsZ-
EGFP during germination, which is perhaps due to the inhib-
itory effects of light during spore germination seen in some
streptomycete species (15). Following germination, hyphal ex-
tension occurred at a rate of �20 �m h�1 and FtsZ-EGFP
rings were laid down �56 �m behind the growing tip. Strepto-
myces granaticolor lays down septa 28 �m from the hyphal tip
(17), and as septum formation is dependent on the initial
formation of a ring of FtsZ (26), it appears that either there is
some variability in the frequency of septum formation between
these two species or cultivation conditions affect septal fre-
quency. It was thought that the subapical daughter compart-
ment created a new extension site through branching (14) and
this new apical cell was eventually partitioned from the sub-
apical cell by a new septum. However, the movies presented
here clearly show that branching occurs before rings of FtsZ-
EGFP are laid down and septa form. While some branches do
form FtsZ-EGFP rings at their bases, many do not. It may be
that septa form at the bases of hyphal branches independently
of FtsZ, but the movies presented here indicate that there is
cytoplasmic continuity between many primary hyphae and
their branches. Snapshot images of substrate hyphae stained
with vancomycin-FL or FM4-64 show that many branches do
not possess a septum at their base (data not shown). FtsZ-
EGFP follows the extending hyphal tip at approximately the
same speed (�20 �m h�1 in this system), which suggests that
there is some form of association between the protein and
extension site. Previous workers have shown that ftsZ mutants
of S. coelicolor, although unable to sporulate, are able to sup-
port the growth and branching of substrate hyphae (7, 8, 21,
26). Both growth and branching of substrate hyphae occur
before visible FtsZ-EGFP rings form, and it seems likely that
the role of FtsZ in S. coelicolor substrate hyphae is to mark
sites for septation. Perhaps the role of septa is to prevent
cytoplasmic leakage in the event of a breach of the hyphal walls
following a trauma such as phage lysis.

Although some streptomycetes can sporulate in liquid cul-
ture (14), the knowledge infrastructure available for S. coeli-
color means that an imaging system capable of producing mov-
ies is essential for understanding the cell biology of this model
organism. The system described here provides a means to do
this to some degree. We were unable to image the erection of
aerial hyphae and expect this to remain a recalcitrant problem
due to repressive effects of the agar plug on the formation of
aerial hyphae and the stimulatory effect on substrate hyphae
following the transfer of coverslip-grown cultures to imaging
chambers. Presumably the nutrients that supported growth of
substrate hyphae in tap water agar came from action of the
Dag protein that allows S. coelicolor to use agar as a nutrient
source (2). Breaking of the surface tension by the action of
SapB (29) is required for the erection of aerial hyphae by S.
coelicolor, and it is not known whether aerial hyphae can be
formed when they are trapped within the liquid phase; we have
been unable to observe this. We believe that, as it was possible
to image hyphae by phase-contrast microscopy, liquid from the
agar plug permeated the cellophane and trapped any emerging
aerial hyphae in the liquid phase. This prevented their further

development and suggests that the ability of S. coelicolor to
complete sporulation was dependent on the absence of hydra-
tion; if visible FtsZ-EGFP rings were seen in an aerial hypha at
the time of their transfer to imaging chambers, hyphal matu-
ration was blocked and FtsZ-EGFP rings disassembled (Fig. 4;
see Movie S4 in the supplemental material). The simplest
explanation for this is that aerial hyphae sense transfer from an
aerial to a hydrated environment and signal FtsZ ring disas-
sembly and developmental arrest. It is tempting to suggest that
sensing of aerial growth may be through the sky pathway (3),
where it is proposed that a signal molecule accumulates in the
aerial hyphal wall and binds a sensor so that it can no longer
diffuse into the medium and stimulates the expression of rodlin
and chaplin genes. Perhaps, when aerial hyphae are trans-
ferred to an aqueous environment, diffusion of the signaling
molecule not only prevents stimulation of rdl and chp expres-
sion, but also signals FtsZ ring disassembly. Despite this, in
older hyphae, sporulation was able to proceed at least to the
point where discrete, visible spores were visible (Fig. 5; see
Movie S5 in the supplemental material), indicating the exis-
tence of point of no return beyond which sporulation cannot be
blocked. Septation occurred simultaneously along the nascent
spore chain, proceeding through to the generation of mature
spores that were subsequently able to undergo germination
(Fig. 5; see Movie S5 in the supplemental material). Under-
standing of this hyphal aging process, coupled with identifica-
tion of the proteins that facilitate it, is essential to understand-
ing the sequence of events during sporulation. In order to
increase our understanding of the complex processes that un-
derpin development of this complex bacterium, we will go on
to refine this imaging system in order to “close the circle” with
the aim of studying growth and protein trafficking during all
stages of the S. coelicolor life cycle.
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