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Introduction

This thesis investigates the sporulation of streptomycetes. Streptomyces is
a genus of Gram-positive bacteria that belongs to the major bacterial
phylum Actinobacteria (also referred to as actinomycetes). There are
several reasons why Streptomyces are interesting and important to study.
They are unusual among bacteria in having a complex developmental life
cycle involving several morphologically distinct cell types: spherical
spore, branching hyphae that form a mycelium, and aerial structures that
turn into chains of spores. Although all bacteria adapt to changes in their
surroundings by adjusting the pattern of gene expression, the
differentiation of a new cell type as a response to altered conditions, such
as nutrient limitation, is not a general feature among prokaryotes.
Because they are easy to propagate and genetically manipulate,
prokaryotes are excellent models for the understanding of how
developmentally controlled changes in gene expression can give rise to
the special properties of a differentiated cell. In addition, actinomycetes
are of interest for medical reasons; several human pathogens belong to
the actinomycetes, including Mycobacterium tuberculosis (causes
tuberculosis),  Mycobacterium  leprae  (causes  leprosy) and
Corynebaterium diphtheriae (causes diphtheria). Finally streptomycetes
are of great industrial importance because of their ability to produce
antibiotics

Streptomyces coelicolor is genetically the most studied species of
the streptomycetes, and has been a subject of studies in the field of
prokaryotic developmental biology since the 1960s (Chater, 2001; Chater
and Chandra, 2006; Elliot et al., 2008; Hopwood, 2007). An
understanding of the cell biology and the regulation of fundamental
cellular processes that are gained from studying morphological
differentiation of S. coelicolor is useful in various applications. The
insights that are gained about regulation of often essential cell functions,
e. g. cell division, are useful in finding new drug targets and development
of chemotherapeutics against Mycobacterium and other pathogens among



the actinomycetes. In parallel to morphological differentiation, antibiotics
and a wide range of other secondary metabolites are produced. Some of
the regulators of morphological differentiation also affect antibiotic
production, indicating regulatory links between these processes. Findings
gained by the investigation of sporulation genes may very well be useful
for revealing the very complex regulatory pathways of antibiotic
biosynthesis. Genetic manipulation of bacteria to improve antibiotic
production yields and to produce novel compounds is a very important
area, in a time when many bacteria show resistance to antibiotics that are
in use. The different kinds of secondary metabolites that are produced by
many streptomycetes are of great importance in the pharmaceutical
industry both as antibiotics and other biologically active compounds.
Thus, understanding the molecular mechanisms underlying control of
growth, morphogenesis and morphological differentiation should also be
valuable in the design of Streptomyces strains used in the large-scale
industrial production of such compounds.

Aim of this thesis

The aim of this thesis is to identify new genes and mechanisms involved
in developmental control of morphological differentiation in
Streptomyces. Central sporulation regulators required for the
developmental alteration of growth, morphogenesis and cell cycle-related
processes, have previously been identified through the study of mutants
that are blocked in an early stage of the sporulation process and cannot
produce spores. However, very few target genes were known for these
regulators and only a subset of sporulation induced genes have been
identified. The focus of this thesis is to find additional genes with a role
during sporulation, especially those with an impact on cell cycle-related
processes.

Outline of this thesis

In the first part of this thesis, the developmental life cycle of S. coelicolor
is described, with focus on morphological differentiation. 1 will discuss
alterations of cell cycle processes, growth, and morphogenesis that take
place during sporulation, the genes known to be required for these



changes, as well as genes influencing maturation of spores. The current
understanding of sporulation regulators and the underlying regulatory
mechanisms leading to production of spores is also presented. In the
second part, a discussion and summary of my studies of the
differentiation process in Streptomyces coelicolor is presented, based on
paper I, 11, 11l and 1V of this thesis.



The life cycle of S. coelicolor

The decision to form spores when the supply of nutrients is running out in
the surrounding environment is a survival strategy and provides bacteria
belonging to the genus Streptomyces with the ability to reproduce. The
streptomycetes are highly abundant in nature and are primarily soil
organisms, where they can stay as dormant spores for long periods, until
conditions become favorable for growth. Streptomyces coelicolor is the
main model organism of this thesis and also the best characterized species
among Streptomyces. Its lifecycle is illustrated in Figure 1. Once a spore
encounters conditions favorable for growth, it germinates. This is the first
step of several morphological differentiation steps in the life cycle. A
germ tube grows out from the spore and elongates into long branching
filamentous cells during vegetative growth, forming a mesh of hyphae
called the substrate or vegetative mycelium, which grows deep into solid
medium. Elongation of hyphae is accomplished through insertion of new
cell wall material at the hyphal tip. Infrequent crosswalls separate the
hyphae into cellular compartments. Each compartment contains multiple
copies of the chromosome, and DNA is spread throughout the whole
compartment with little separation of individual nucleoids. When growth
of the vegetative mycelium has given rise to a colony, nutrient limitation
and probably cell density signals contribute to trigger formation of an
aerial mycelium on the colony surface (Fig. 1) (for reviews, see Chater,
1998; Elliot et al., 2008; Flardh and Buttner, 2009; Kelemen and Buttner,
1998). The aerial hyphae represent reproductive structures and are
transformed into pigmented spore chains that mature and eventually
release separated spores (Fig. 1). Sporulation in the aerial hyphae is
restricted to the apical compartment (also referred to as the sporogenic
cell) (Fig. 2B) in which a high level of DNA replication takes place
generating up to 50 copies or more of uncondensed, evenly distributed
chromosomes (Ruban-Osmialowska et al., 2006). A developmentally
controlled form of cell division - sporulation septation -



compartmentalizes the sporogenic cell into prespores (Fig. 2C). In
coordination with this septation, the chromosomes are positioned and
segregated, so that each prespore compartment receives one copy of the
genome (Fig. 2C) (Flardh, 2003a). After the completion of septation,
nucleoids are condensed, the prespores become rounded and ovoid, and
synthesize a thick spore wall and a grey pigment, and the spores are
separated.

Figure 1. The developmental life cycle of S. coelicolor starts with spore
germination (1) and the elongation of a germ tube into long branching
hyphae that grow into the substrate and form the vegetative mycelium (2).
Upon differentiation an aerial mycelium is formed (3), which then develop
into chains of spores (4).
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Morphological differentiation in S.
coelicolor

Much of what is known about developmental control of sporulation
comes mainly from studies of two major classes of regulatory genes
involved in morphological differentiation in S. coelicolor. They have
been identified through genetic studies of mutants blocked in
development (Chater, 1972; Hopwood et al., 1970). One group of genes,
called bld (bald), is required for formation of the aerial hyphae and the
colonies of these mutants have a shiny and bald appearance. The other
group is the whi (white) genes, which are required for the formation of
spores in the aerial mycelium. whi mutants produce aerial hyphae but are
not able to form the grey spore-associated pigment and therefore have a
white colony phenotype.

The bld and whi genes are involved in complex regulatory
networks that direct development in Streptomyces. These networks are
only partially understood, and it remains largely unclear how the bid
genes act to bring about aerial mycelium formation and to what extent the
bld genes and whi genes interact to start the further development of aerial
hyphae that involves the whi genes and leads to formation of spores.

Formation of aerial hyphae

Besides having a wall of peptidoglycan, aerial hyphae and spores of S.
coelicolor have an additional outer layer consisting of amphipathic
proteins called chaplins (coelicolor hydrophobic aerial proteins) and
rodlins which make the aerial hyphal surface hydrophobic (Claessen et
al., 2002; Claessen et al., 2003; Elliot et al., 2003) (reviewed in e.g. Elliot
et al., 2008; Flardh and Buttner, 2009; Willey et al., 2006). Fibers formed
by the chaplins are organized into parallel rodlets by the rodlins, RdIA
and RdIB, and give spores a characteristic “rodlet” surface structure. The
rodlins have not been assigned any other function in
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development and do not affect the emergence of aerial hyphae, which still
retains a hydrophobic sheath of chaplins (Claessen et al., 2002).

In contrast to the rodlins the formation of aerial hyphae depends on
both the chaplins (Capstick et al., 2007; Claessen et al., 2004) and a
lantibiotic-like peptide, SapB that are secreted on the surface of
developing colonies and cover the aerial hyphae (Guijarro et al., 1988;
Kodani et al., 2004; Willey et al., 1991; Willey et al., 1993). Their ability
to lower surface tension of water is probably required for the emergence
of aerial hyphae from an aqueous environment into the air (Willey et al.,
1991; Willey et al., 1993). The genome of S. coelicolor encodes eight
homologous chaplin proteins, ChpA-H, which all have a N-terminal
signaling sequence for secretion, explaining how these proteins are
targeted to the outside of the cell. A conserved hydrophobic domain is
present once in each of the five smaller chaplins, ChpD-H, and twice in
each of the three larger, ChpA-C. In addition ChpA-C are likely to be
covalently anchored to the peptidoglycan cell wall mediated through a
motif in their C-termini recognized by sortases, while the small chaplins
are believed to interact with the large ones, thereby being immobilized on
the cell surface (Claessen et al., 2003; Di Berardo et al., 2008; Elliot et
al., 2003). SapB is formed when a peptide, encoded by the ramS gene,
undergoes posttranslational modifications, likely mediated by the putative
lantibiotic synthetase RamC (Kodani et al., 2004; Willey et al., 2006).
SapB is thought to be transported to the outside of the cells by RamA and
RamB, components of an ATP-binding cassette transporter (Willey et al.,
2006). The genes required for SapB synthesis, ramS, ramA, ramB and
ramC form an operon and expression is activated by a response regulator
RamR. No cognate sensor kinase is known for RamR and there is no
evidence of phosphorylation (Keijser et al., 2002; Nguyen et al., 2002;
O'Connor and Nodwell, 2005).

Under rich growth conditions, both the chaplins and SapB are
produced in a bld dependent manner and are needed for aerial hyphae to
be formed at normal levels. On minimal media, on the other hand, SapB
is not produced and the process is only dependent on the chaplins, which
on poor media are produced independently of several of the bld genes
(Capstick et al., 2007). This leads to the suggestion that there are two
regulatory pathways controlling aerial hyphal formation, one of them
active on rich media and involving the bld genes and the production of
both SapB and the chaplins and one bld independent pathway that gives
rise to aerial hyphae on poor media via chaplins and independently of
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SapB production. An answer to the question why two separate genetic
regulatory pathways are used for erecting aerial hyphae could be that
different surfactants are optimal in nutrient-poor and nutrient-rich
environments.

The importance of SapB and the chaplins in the initiation of
cellular differentiation of S. coelicolor leads to the question of how their
synthesis is regulated. Currently, no direct regulators of ramR or the
chaplin genes are known. Although SapB and chaplin production on rich
media is bld dependent, no direct regulation by any bld gene has been
demonstrated. Furthermore, nothing is known about the activation of
chaplin production on poor media, where the bld genes are not required
for aerial hyphal formation.

A regulatory cascade consisting of the bld genes

It has been suggested that aerial hyphal formation is initiated by an
extracellular signaling cascade dependent on the bld genes (Willey et al.,
1991; Willey et al., 1993) (reviewed in Chater, 2001; Kelemen and
Buttner, 1998). Several bld mutants can be divided into different
extracellular complementation groups, which can be sorted hierarchally,
based on the ability of one group of bld mutants to rescue aerial hyphae
formation of another group (Nodwell et al., 1999). This phenomenon is
observed when mutants from two different complementation groups are
grown close together on rich media and is always unidirectional: a mutant
strain can only restore formation of aerial hyphae to mutants placed lower
in the hierarchy. For example for a bld mutant to be rescued (i.e. develop
an aerial mycelium) by another bld mutant, it must grow close to one that
is higher in the hierarchy. A reasonable explanation for the
complementation is that extracellular molecules, produced and
transmitted by bld mutants blocked in a later step of the signaling
cascade, are sensed by bld mutants blocked earlier in the cascade, which
therefore become able to continue the formation of aerial hyphae.
However, most known bld genes encode transcriptional regulators (Elliot
et al., 2008), so rather than directly being involved in the production of
the signals, their more likely role is the perception and/or transduction of
the signals generated (Chater and Horinouchi, 2003). Other complications
with this hypothetical cascade of extracellular signals is that, so far, only
one of the signals has been purified and partially characterized (Nodwell
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and Losick, 1998), and that several genes associated with bld phenotypes
do not fit into the cascade, including e.g. bldB and bldN (Bibb et al.,
2000; Willey et al., 1993). An alternative explanation for the extracellular
complementation has been demonstrated for a few mutants with Bld
phenotypes, including mutants defective in the tricarboxyl citric acid
(TCA) cycle enzymes citrate synthase and aconitase (Viollier et al.,
2001a; Viollier et al., 2001b). The inability of such mutants to raise an
aerial mycelium seems to be due to acidification of the medium, since the
mutants were unable to neutralize the culture medium that is acidified
during vegetative growth when organic acids are secreted, and aerial
mycelium could be restored by buffering the medium or by growth close
to a wildtype strain of S. coelicolor (Viollier et al., 2001a; Viollier et al.,
2001b). However, the earlier identified bld mutants could not be
complemented by neutralization of culture media and therefore can be
assigned a role as regulators of developmental processes.

Six different complementation groups are known and if the model
that suggests that aerial hyphal formation is initiated by an extracellular
signaling cascade is correct, it would involve five extracellular signals.
The only signal identified is an extracellular oligopeptide (Nodwell and
Losick, 1998), that possibly is the first signal in the signaling cascade and
is proposed to be delivered to the inside of cells by an ATP-dependent
transporter encoded by bldK (Nodwell et al., 1996). A bldJ mutant is
complemented by all bld mutants that fit into the cascade and the
production of the first signal is proposed to be generated through the
action of bldJ, which has not been characterized (Nodwell and Losick,
1998; Willey et al., 1993).

The next step involves bldA and bldH, which fall into the same
complementation group. The bldA gene has an unusual way of regulating
the differentiation process by encoding a tRNA for leucine that
recognizes and translates UUA codons. TTA codons are very rarely
found in S. coelicolor, only being present in 2% of the genes in the
genome (Chater and Chandra, 2008; Li et al., 2007). The inability of a
bldA mutant to make aerial hyphae has mainly been assigned to the
presence of a TTA codon in the bldH (adpA) gene that encodes the AdpA
regulator. In S. griseus, AdpA controls genes both involved in antibiotic
production and morphological differentiation, but in S. coelicolor no
direct targets of the AdpA orthologue BIdH are known among sporulation
genes (Chater and Horinouchi, 2003; Ohnishi et al., 1999), although
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some genes are known to be bldH-dependent, including SCO0762
encoding a serine protease inhibitor (Kim et al., 2005).

The roles of BIdG, a potential anti-anti-sigma factor (Bignell et
al., 2000), BIdC, a small protein containing a putative DNA binding
domain (Hunt et al., 2005) and BIldB, a small protein with unknown
function (Eccleston et al., 2002; Pope et al., 1998), in the regulation of
differentiation are so far not known (Chater and Chandra, 2006).

bldN, encoding an ECF sigma factor, directly regulates bldM from
one of its two promoters (Bibb et al., 2000). BIdM is a response regulator
that together with ®®™ is important for normal expression of the chaplin
and rodlin genes (Elliot et al., 2003).

BldD, containing a predicted helix-turn-helix motif similar to the
DNA binding domain of the lamda cl repressor (Kim et al., 2006),
developmentally regulates bldN expression through repression (Elliot et
al., 2001). Repression by BIdD was also seen for whiG, encoding an
additional sporulation sigma factor that is the first component in the
regulatory pathway controlling sporulation. This is so far the only known
direct connection between bld genes and whi genes (the whi genes are
discussed in the next section) (Elliot et al., 2001). Recently it was shown
that bldD controls a large regulon that contains several bld genes and
other genes previously known to be developmentally controlled (den
Hengst et al., 2010). Examples are ftsZ, ssgA, ssgB, and smeA-sffA, which
are involved in sporulation and are discussed in later sections.

It has been shown that although the application of purified SapB to
the colony surface of a number of bld mutants restores aerial mycelium
formation, it does not support further development and sporulation in the
aerial hyphae. This implies that the bld cascade, in addition to triggering
SapB and maybe chaplin production, also controls other developmental
events required for the differentiation process to proceed (Tillotson et al.,
1998). Investigation of functions and interactions of the bld genes will be
important for understanding how aerial hyphal formation is controlled in
response to nutrient limitation, extracellular signaling, and other stimuli.

Differentiation of aerial hyphae to spores

As mentioned above, isolation of mutants with a whi phenotype have led
to the identification of several loci involved in sporulation in S.
coelicolor. They have been classified as early and late sporulation genes
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based on which stage of development they influence. whi genes that
influence early stages of the sporulation process are required for
sporulation septation and influence growth and morphology of aerial
hyphae. The late whi genes are required for proper maturation of spores,
which involves a change in cell shape of the prespores into ovoid spores,
thickening of the spore wall, detachment of spores from each other, and
synthesis of a grey spore pigment. Most of the known whi genes are
predicted to be regulatory, and this section summarizes what is known
about them and the regulatory pathways involved in sporulation.

Genes specifically required for the early stages of sporulation

The common features of early whi mutants are defects in sporulation
septation and chromosome segregation, but each mutant seems to be
arrested at a specific stage in the normal development and acquires its
own characteristic aerial hyphal phenotype. whiA, whiB, whiG, whiH,
whil, and whiJ mutants are all affected in cell cycle processes and fail to
lay down the otherwise synchronously formed sporulation septa (Fig.
2D). Furthermore, they are unable to correctly separate and condense
chromosomes in the aerial hyphae (Ainsa et al., 1999; Ainsa et al., 2010;
Flardh et al., 1999).

Analysis of the hyphal morphology of whi null mutants using both
light and scanning electron microscopy showed that the whiG mutant
forms long straight aerial hyphae with occasional shallow constriction of
the walls (Fig. 2D). Staining of the cell wall using Fluo-WGA
(fluorescein-conjugated wheat germ agglutinin) that binds oligomers of
peptidoglycan showed that septa are formed but they look more like
vegetative crosswalls, which are thinner than the sporulation septa and do
not lead to detachment of daughter cells (Flardh et al., 1999). whiG
encodes an RNA polymerase sigma factor with a high sequence similarity
to o of Bacillus subtilis and ¢ of Salmonella typhimurium, controlling
transcription of genes involved in motility and chemotaxis (Chater et al.,
1989; Helmann, 1991).

The aerial hyphae of whiA and whiB mutants are longer and much
more tightly coiled than in the wildtype (Fig. 2D). Septa are rarely
observed in these structures (Flardh et al., 1999). whiA-like genes are
present in most sequenced genomes of Gram-positive bacteria, although
no function has yet been reported and a deletion of the whiA homologue
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yvcL in B. subtilis resulted in no detectable phenotype (Gorke et al.,
2005). However, whiA is essential for sporulation in Streptomyces. The
arrangement of the two genes just upstream of whiA appears to be
conserved, except in Mycoplasma species, leading to the suggestion that
whiA might be part of an operon (Ainsa et al., 2000). WhiA was recently
predicted to have DNA-binding properties, and the resolved structure of
WhiA from Thermotoga maritima identified two domains that are likely
to bind DNA. The N-terminal region is structurally similar to
LAGLIDADG homing endonucleases and the C-terminal contains a
helix-turn-helix domain similar to the ones found in sigma factors
recognizing the -35 sequence of promoters (Kaiser et al., 2009;
Knizewski and Ginalski, 2007). WhiB is the founding member of the
Whl- (WhiB-like) family of proteins that are found among actinomycetes
but in no other organisms (Soliveri et al., 1992). This group has been
described as putative transcription factors and they have four conserved
cysteins (Davis and Chater, 1992). In WhiD, which also belongs to this
group and is discussed below, the cysteins are thought to act as ligands
for a 4Fe-4S cluster (Jakimowicz et al., 2005b). The function of this
protein family has not been determined, but some results indicate
interaction with RNA polymerase sigma factors, suggesting a role as
transcriptional activators (Chater and Chandra, 2006). WhiB has been
predicted to contain an a-helix that could be involved in DNA interaction.
Some Whl-proteins have also been reported to have thiol-disulfide
oxidoreductase activity, but the significance of this remains unclear
(Alam et al., 2007; den Hengst and Buttner, 2008).

The aerial hyphae of the whiH mutant, on the other hand, are
loosely coiled and deep constrictions are occasionally observed,
indicating that this mutant actually forms a few sporulation septa in
contrast to the other whi mutants discussed above (Fig. 2D) (Flardh et al.,
1999; Ryding et al., 1998). The hyphal phenotype of a whil disruption
mutant is somewhat similar to the whiH mutant but fewer constrictions
are noticed (Fig. 2D). WhiH has been suggested to function as a
transcriptional regulator, based on similarity to members of the GntR
family of regulatory proteins (Ryding et al., 1998). The highest similarity
is in a region where a DNA-binding helix-turn-helix motif has been
predicted. Whil is similar to response regulators of two-component
systems (Ainsa et al., 1999). These types of regulators function as
transcription factors after receiving a signal from a sensor kinase that via
phosphorylation/dephosphorylation regulates the activity of the regulator
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(Hutchings et al., 2004). Response regulators usually have a
phosphorylation pocket containing a conserved aspartate in their N-
terminal domains. The putative phosphorylation pocket of Whil harbors
two out of three conserved aspartates, including the one which is
normally phosphorylated, but a threonine residue has replaced a
conserved lysine. Typically for the members of this family, the gene
encoding the associated sensor protein kinase is located close to the gene
encoding the response regulator, however there is no known kinase gene
for whil. This may suggest that Whil is regulated in another way than via
aspartate phosphorylation (Tian et al., 2007). The C-terminal part of
response regulators often have a helix-turn-helix motif, also found among
members of the FixJ subfamily to which Whil belongs, and amino acid
sequence similarity in this region indicates that this is the DNA-binding
part of Whil (Ainsa et al., 1999).

whiG, whiA, whiB and whil disruption mutants show no signs of
nucleoid partitioning in aerial hyphae. Staining of the DNA with 4°,6-
diamidino-2-phenylindole (DAPI) shows that the chromosomes are in an
uncondensed state and DNA is distributed evenly throughout the whole
hypha (Ainsa et al., 1999; Flardh et al., 1999). The whiH mutant is also
defective in partitioning of the chromosomes, but the distribution pattern
of nucleoids is different compared to whiG, whiA, whiB and whil mutants
(Flardh et al., 1999). The whiH mutants can produce a number of aerial
hyphal fragments with spore-like characteristics (although they are poorly
septated), and in these fragments the nucleoids are condensed and
partially separated from each other, forming irregularly sized bodies that
are unevenly distributed (Fig. 2D). Cell-type specific expression of the
sporulation gene hupS indicates that such fragments are able to initiate at
least parts of the normal developmental program in a whiH mutant
(papers Il and I11).

The aerial hyphae of a whiJ mutant are straight and unconstricted
and spore chains are rarely observed (Ainsa et al., 2010; Chater and
Merrick, 1976). whiJ is predicted to encode a transcription regulator with
an N-terminal DNA-binding helix-turn-helix. whiJ alleles in mutants
unable to sporulate turned out to be partially functional since the
disruption of the entire whiJ gene resulted in a grey wildtype phenotype
with abundant sporulation. This suggests that WhiJ acts as a negative
regulator of sporulation under certain conditions (Ainsa et al., 2010).

Taken together, inactivation of whiH does not completely block
sporulation, some septa are formed in the aerial hyphae and nucleoids are
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condensed. In addition, a whiH mutant is slightly grey due to a low level
of production of spore pigment, which is also true for a whiJ mutant
(Kelemen et al., 1998), while whiG, whiA, whiB and whil mutants are
completely white and show no signs of nucleoid partitioning or
sporulation septation. The incorrect execution of cell cycle processes can,
at least partly, be explained by the failure of these mutants to upregulate
the expression of genes encoding components of the cell division
machinery and chromosome segregation apparatus (see section
“Regulatory pathways of sporulation in aerial hyphae™).

Genes influencing late sporulation events

When spores mature they develop a grey color due to the production of a
spore-associated polyketide pigment. The production of this grey pigment
has been of great importance in the investigation of morphological
differentiation in S. coelicolor since many of the developmental mutants
unable to differentiate into spores were identified due to their inability to
produce the pigment and therefore were white or less grey than the
wildtype strain. Mutations in some loci allow formation of sporulation
septa, but still affect later stages of sporulation, including pigmentation.
One example is the whiE locus, which encodes enzymes involved the
biosynthesis of the pigment and consists of seven genes (ORFI-VII) that
might form an operon and one gene (ORFVIII) that is transcribed in the
opposite direction (Davis and Chater, 1990; Kelemen et al., 1998). The
pigment has so far not been possible to purify and chemically
characterize, probably due to being cross-linked to the spore wall (Yu
and Hopwood, 1995) but the clear homology of the whiE genes to those
for type Il polyketide synthesis pathways predicts that the pigment is an
aromatic polyketide (Davis and Chater, 1990).

The late sporulation gene sigF encodes a second sporulation sigma
factor, o™ (6" is described in the previous section), most similar to ¢®
of Bacillus subtilis that is responsible for the general stress response and
controls gene expression during stationary phase (Potuckova et al., 1995).
The light green colony phenotype of a sigF null mutant indicated that the
spore pigment was not synthesized correctly, and this can be explained by
the transcriptional dependence of the whiE ORFVIII on sigF (see section
“Regulatory pathways of sporulation in aerial hyphae” and Fig. 3).
Spores were formed in the sigF mutant but they are often slightly
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deformed, have thinner spore walls, less condensed DNA, and are more
sensitive to detergent then the wildtype spores (Potuckova et al., 1995).

WhiD belongs to the same family of Wbl proteins as WhiB
(described above), but is required for the later sporulation events (Molle
et al., 2000). While the formation of sporulation septa is abolished in the
early whi mutants, e.g. a whiB mutant, a whiD mutant is able to produce
spores but these are of varying sizes indicating irregularity in the
placement of septa. Septa were often laid down close to the poles of the
spores and in different planes resulting in mini-compartments lacking
DNA in the whiD mutant. In addition, many spores showed lysis and
uneven wall deposition, and spores were more heat sensitive than in the
wildtype (Molle et al., 2000).

Taken together, the whiE locus, sigF, and whiD are needed for
maturation of spores. Except for indirectly being required for
transcription from one of the promoters in the whiE locus no targets of ¢
are known and therefore the incorrect assembly of the spore walls and the
defect in spore shape of the sigF mutant cannot be explained. Since the
function of WhiD and the Whbl-like proteins is unknown it is difficult to
give an explanation for the sporulation defects of a whiD mutant.

Additional genes also affecting late sporulation processes have
been reported. One example is mreB, which affects the deposition of
peptidoglycan surrounding the spores (Mazza et al., 2006), and is further
discussed in section “Hyphal growth, cell wall assembly and
morphogenesis”. Further, the genome of S. coelicolor encodes seven
paralogues of SsgA-like proteins (SALPs), which all (SsgA-SsgF) have
been reported to control different steps in the conversion of aerial hyphae
into spores (Noens et al., 2005). So far SALPs have only been found in
actinomycetes, in both more morphologically complex genera as well as
in non sporulating species, and are small acidic proteins with no
similarity to any known protein (Traag and van Wezel, 2008). Different
SALPs affect many different sporulation processes, including formation
of sporulation septa, chromosome segregation, as well as spore
maturation processes like spore wall synthesis and separation of spores.
For example, many of the spores of a ssgD mutant lacked a thick
peptidoglycan layer surrounding normal spores, ssgE and ssgF mutants
affected the efficiency of separation of adjacent spores in the spore chains
(Noens et al., 2005). The SALPs SsgA and SsgB affect early stages of
sporulation and are discussed in “Developmental regulation of cell
division in S. coelicolor”.
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The smeA-sffA operon, upregulated late during development in a
whiA, whiG, whil and whiH dependent manner, pleiotropically affects
spore formation (Ausmees et al., 2007). Mutants lacking smeA, encoding
a small putative membrane protein, showed reduced level of spore
pigment, incorrectly placed sporulation septa, thinner sporewalls, less
condensed chromosomes with a slightly higher frequency of anucleate
spores. The phenotype of an sffA mutant was much less striking, but a
role during sporulation is suggested by the specific expression in
sporogenic compartments and the localization of SffA to sporulation
septa, which was smeA-dependent. The slight defect in chromosome
segregation in a smeA-sffA mutant, suggested a function of SffA (a
member of the SpolllE/FtsK-family of DNA translocases) as a DNA
translocase, as discussed in section “Final stage of chromosome
segregation into spore compartments®.

Regulatory pathways of sporulation in aerial hyphae

The present understanding of the regulatory interactions among the whi
genes is summarized in Figure 3, where also additional genes whose
expression is dependent on whi genes are included. o " is required for
the earliest known stage and may be involved in the commitment of aerial
hyphae to sporulation in S. coelicolor. Genetic and molecular studies
have shown that whiG is epistatic to whiA, whiB, whiH and whil (Chater,
1975, 2001; Flardh et al.,, 1999) and that whiG expression is not
dependent on any of these early sporulation genes, including whiG itself
(Chater, 1975; Kelemen et al., 1996). The fact that ectopic over-
expression of whiG resulted in sporulation in the vegetative mycelium, in
which most Streptomyces species do not sporulate, strengthens the
interpretation of ¢"“™® as a master regulator of sporulation in aerial
hyphae (Chater et al., 1989). The whiG transcripts are present even
before aerial hyphae are formed, which suggests that an unknown
activation of 6" is likely to take place that commits the aerial hyphae
to sporulate (Kelemen et al., 1996). However, no anti-sigma factor or
other mechanism for control of c""© activity has been identified.
Although transcripts are present during vegetative growth, whiG
expression is negatively controlled by BldD in vegetative hyphae (also
mentioned in the section “A regulatory cascade consisting of the bld
genes”) (Elliot et al., 2001). It is reasonable to believe that the BldD
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repression is somehow relieved during an early stage of aerial hyphal
development, when WhiG is known to be active.

¢"""® has been shown to directly control the promoters of two early
sporulation genes, whiH and whil, while expression of whiA and whiB is
independent of whiG, (Fig. 3), suggesting that there are two converging
regulatory pathways controlling development in S. coelicolor (Ainsa et
al., 1999; Ainsa et al., 2000; Ryding et al., 1998; Soliveri et al., 1992).
whiH and whil transcripts are first detected during the beginning of
formation of the aerial mycelium and the level of transcripts reaches a
maximum when spores are produced (Ainsa et al., 1999; Ryding et al.,
1998). Genetic data suggest that both WhiH and Whil repress their own
transcription, and this direct or indirect autorepression is thought to be
released during sporulation (Ainsa et al., 1999; Ryding et al., 1998).
WhiH and Whil are members of different families of regulators that have
a DNA-binding motif and a domain that senses signals. This has led to
the speculation that the DNA-binding ability of WhiH, in similarity to
several other members of the GntR family, may be affected by binding a
ligand. Furthermore, the DNA binding activity of Whil, which is
homologous to response regulators, might change in response to
phosphorylation or other signals (Chater, 2001). The expression of whiH
is not only affected by WhiH itself, but also Whil seemed to act
negatively on whiH transcription (Ainsa et al., 1999). We show in papers
111 and IV of this thesis that WhiH indeed binds to its own promoter, but
it remains to be determined whether Whil directly controls whiH.

It is not known how the whiG-independent regulation of whiA and
whiB is achieved. Both whiA and whiB have one promoter that is
constitutive and another that becomes active during formation of an aerial
mycelium (Ainsa et al., 2000; Davis and Chater, 1992). The sporulation
specific upregulation of whiA was abolished in whiA and whiB disruption
mutants while whiB expression was increased, indicating that in addition
to possible autoregulation, these genes also affect the expression of each
other (Jakimowicz et al., 2006).

The early whi genes are known to influence expression of a
number of genes, although few promoters under direct control have been
identified, exceptions being whiG-dependent expression of whiH and
whil. During sporulation, the cell division protein FtsZ and chromosome
partitioning proteins ParA and ParB increase in abundance (Flardh et al.,
2000; Jakimowicz et al., 2006). This involves increased expression from
sporulation specific promoters of ftsZ and the parA parB operon, whose
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Figure 3. Summary of the current view of the regulatory pathway of
sporulation in aerial hyphae of S. coelicolor. The sigma factor WhiG
(cWhiG) becomes activated in aerial hyphae and controls transcription of
whiH and whil. WhiH and Whil might function as autorepressors and this
activity may be lost during development leading to an upregulation of whiH
and whil expression in the aerial mycelium. The whiG independent
regulatory pathway consists of whiA and whiB, which also appear to affect
their own transcription. All early whi genes are required for the
developmental upregulation of ftsZ and parAB expression from specific
sporulation promoters. The early whi genes are also required for
transcription of late sporulation genes such as whiE ORFVIIl, whose
transcription is also dependent on sigF, encoding a sigma factor (oF), whiE
OFR I-VII, smeA-sffA and hupS. Transcription of sigF is indirectly
dependent on whiG, suggesting the presence of a third sigma factor in the
WhiG-regulated pathway of sporulation. BldD is affecting whiG, smeA-sffA
and ftsZ expression. Regulatory steps are indicated by lines.

24



activity is dependent on whiA, whiB, whil and whiH (Fig. 3), and is
described in more detail in the coming sections. BldD was recently
shown to bind the upstream region of smeA-sffA and to the most upstream
promoter of the ftsZ gene although the effect of this binding on the
expression is still unclear (den Hengst et al., 2010). The early whi genes
also affect expression of late sporulation genes. The whiE locus, which
directs the biosynthesis of the grey polyketide spore pigment, is
controlled from two divergently oriented promoters, both being
developmentally regulated. One promoter, controlling expression of whiE
ORFI-ORFVII is dependent on the early whi genes for its activity, while
transcription of the divergently transcribed whiE ORFVIII also depends
on the late sigma factor " for its upregulation (Fig. 3). This explains the
white phenotypes of a whiG, whiA, whiB and whil mutant. However,
whiH and whiJ mutants have a slightly grey appearance, in agreement
with sigF and whiE transcripts being present at a low level (Kelemen et
al., 1998). smeA-sffA transcription, which is activated during sporulation,
is also dependent on the early whi genes (Ausmees et al., 2007). hupS,
requires whiA, whil and whiG for its upregulation in aerial hyphae, but is
not absolutely dependent on whiH (paper II). sigF expression is
dependent on whiG, although a direct interaction could not be detected
(Kelemen et al., 1996), suggesting that a third, unidentified, sigma factor
also is involved in regulating morphological differentiation (Fig. 3).

bldD is the first example of a gene that is involved both in the
decision to form aerial hyphae and also in directly controlling genes
involved in the further development of aerial hyphae to spores, e.g.
through the negative effect on whiG expression (den Hengst et al., 2010;
Elliot et al., 2001). As described above, the whi gene regulatory cascade
influences genes involved in the developmentally controlled form of cell
division and positioning of chromosomes in the aerial hyphae (alteration
of cellular events during sporulation is described in the next section).
Late sporulation events also depend on the early whi genes and a
connection to the production of the spore pigment and upregulation of o"
have been shown, but otherwise there is little known about the regulation
of genes needed for the maturation of spores. For example it is not known
how the developmental control of mreB expression is achieved
(Heichlinger et al., manuscript in preparation; the role of mreB in
sporulation is discussed in section “Hyphal growth, cell wall assembly
and morphogenesis®).
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To summarize, very few targets of the regulatory whi genes are
known and it is likely that only a small subset of genes involved in
sporulation has been identified. To further elucidate the regulatory
network that orchestrates sporulation in the aerial hyphae and to find new
sporulation genes a transcriptomic analysis of gene expression during
sporulation of S. coelicolor was performed by us. This has led to paper |
of this thesis, which presents genes previously unknown to be
developmentally controlled and involved in sporulation, and will
hopefully be useful for the whole field studying developmental biology of
Streptomyces. In addition, we have found a group of direct targets of
WhiH in S. venezuelae (paper V), including an orthologue of one of the
genes identified as being developmentally regulated in S. coelicolor in
paper |.
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Developmental control of growth,
morphogenesis, and cell cycle
processes during sporulation

The following sections describe processes related to growth,
morphogenesis, and cell cycle that occur during sporulation of
Streptomyces and how they relate to the corresponding fundamental
functions in other bacteria. The developmental control of these cellular
processes is dependent on the regulatory whi genes discussed above,
although it is largely unknown which promoters or genes that are
controlled by these regulators. Thus, except for transcription factors,
relatively few sporulation genes are known that are directly involved in
fundamental cellular processes, leaving the underlying molecular
mechanisms unclear.

Hyphal growth, cell wall assembly, and
morphogenesis

Streptomycetes are mycelial bacteria that grow by incorporation of new
cell wall material at the tips of the hyphae (Flardh, 2003b, 2010).
Vegetative hyphae create new sites of growth by formation of branches
from the lateral wall, often in subapical cells that are separated from the
tip by a cross wall. DivIVA is the first protein reported to be localized at
the tips of growing vegetative hyphae of S. coelicolor (Flardh, 2003b). It
is also situated at places where new branches in subapical cells are
formed, and has a role in recruiting or activating components of the cell
wall synthesis machinery at these sites (Hempel et al., 2008). divIVA is
essential and partial depletion leads to poor growth and irregular hyphal
morphology (Flardh, 2003b). Aerial hyphae also exhibit polarized growth
through tip extension and DivIVA is situated at the tips until sporulation
septation starts (Klas Flardh, personal communication). However, it is
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also possible that intercalation of peptidoglycan into the lateral wall may
also contribute to the rapid extension of aerial hyphae, but there is not
much direct evidence for this (Chater, 2011; Jakimowicz et al., 2005a).

When the aerial hyphae of S. coelicolor differentiate into spores,
several changes in their growth and morphogenesis take place. The
morphology of the sporulating aerial hyphae differs from the hyphae of
the vegetative mycelium in often having a coiled shape in the apical parts
(Fig. 2C). The straight appearance of the aerial hyphae of a whiG mutant,
(Fig. 2D), indicates that the change in morphology is dependent on the
WhiG sporulation sigma factor, which is likely to be one factor that
commits the aerial hyphae to sporulation (see section “Genes specifically
required for the early stages of sporulation®) (Chater et al., 1989). The
whiG-dependent switch from straight to coiled hyphae could be explained
by a change in the peptidoglycan structure of the cell wall. One
possibility would be a change in how the synthesis of new cell wall
material occurs, or there could be a remodeling of the already existing
peptidoglycan of the cell wall (Flardh et al., 1999).

At some point the aerial hyphae stop growing (Fig. 2A and B).
whiA and whiB mutants have abnormally long and more tightly coiled
aerial hyphae than the parent strain, suggesting that they are unable to
properly arrest aerial hyphal extension (Fig. 2D). The coiling shows that
the whiG-dependent change in cell shape is initiated in these two mutants,
and the coiling is whiG-dependent since whiA whiG or whiB whiG double
mutants have straight aerial hyphae like a whiG single mutant (Chater,
1975; Flardh et al., 1999). However, whiA and whiB mutants develop
exaggerated coiling, possibly related to the inability to arrest growth and
proceed to the next stage when sporulation septa are laid down (Flardh et
al., 1999).

The prokaryotic MreB proteins are homologues of actin. They
form actin-like cytoskeletal structures and determine cellshape in many
rod-shaped bacteria, in which MreB has turned out to be essential for
growth and for directing insertion of new peptidoglycan into the lateral
walls of the cells (Carballido-Lopez, 2006; Margolin, 2009; Thanbichler
and Shapiro, 2008). In contrast, MreB is not involved in polar growth of
Streptomyces or other actinobacteria (Margolin, 2009), and is not even
present in rod-shaped mycobacterial and corynebacterial species, which
are growing by cell wall synthesis at both cell poles. Although MreB is
not required for vegetative growth, the genome of S. coelicolor contains
two mreB homologues, mreB and mbl, and in addition a third gene
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encoding an MreB-like protein (Heichlinger et al., manuscript in
preparation). Transcription of mreB was shown to be controlled from
three promoters, two of them are constitutively active, while one is
developmentally regulated with an increase of activity during sporulation
(Burger et al., 2000). MreB has an effect on sporulation, affecting the
integrity of the spore walls. An mreB mutant forms swollen and deformed
spores that are sensitive to heat and detergent (Mazza et al., 2006). The
alterations in spore shape suggest that the synthesis of the peptidoglycan
layers is somehow mediated by MreB. In agreement with a role in spore
wall assembly, MreB localizes to sporulation septa, and later it seems to
spread along the walls all around the maturing spores, and eventually
disappears (Mazza et al., 2006). S. coelicolor Mbl has a similar role to
that of MreB, while the third mreB-like gene did not show any mutant
phenotype and therefore is of unknown function (Heichlinger et al.,
manuscript in preparation).

Bacterial cell division

In most bacteria, cell division involves the formation of a divisome, a
multiprotein complex at the site of division. It is responsible for the
invagination of the cell membrane, synthesis of new peptidoglycan,
which is the main component of the bacterial cell wall, and finally the
separation of daughter cells (Scheffers and Pinho, 2005). The first protein
to localize to the future division site is FtsZ, a structural homologue to the
cytoskeletal tubulins in eukaryotes. FtsZ polymerizes into protofilaments,
and bundles of protofilaments assemble into a ring-like structure called
the Z-ring, which is anchored to the inside of the cell membrane via
interactions with other proteins (Fig. 4). The Z-ring initiates the
formation of the divisome and its constriction leads to invagination of the
cell membrane (Adams and Errington, 2009; Margolin, 2005). FtsZ is
used for cell division by the vast majority of bacteria, with only a few
groups as exceptions, including the planctomycetes and chlamydiae.

In all ftsZ-containing bacteria that have been tested, except S.
coelicolor, ftsZ is essential. Surprisingly, ftsZ disruption mutants of S.
coelicolor are viable. They do not form any cell division septa, but can
still grow and be propagated (McCormick et al., 1994). However, they
grow poorly, form only vegetative mycelium and some aerial hyphae, and
are unable to sporulate.
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Cell division in S. coelicolor

In Streptomyces, two kinds of cell division structures have evolved -
vegetative hyphal crosswalls (vegetative septa) and sporulation septa (for
recent review, see McCormick, 2009). During vegetative growth, cell
division is relatively infrequent and leads to formation of thin crosswalls
of peptidoglycan that divide hyphae into individual cells. These septa do
not cause separation of cells, and the cells that make up a hypha therefore
remain attached to each other. During sporulation of aerial hyphae, a
specialized form of cell division occurs to divide the sporogenic cell into
multiple equally sized prespore compartments. These sporulation septa
are synchronously formed along the cell, and give rise to thick, often
double-layered cosswalls that are split after division to result in
separation of adjacent spores (Chater and Losick, 1997; Wildermuth and
Hopwood, 1970). Both types of cell divisions depend on ftsZ, which
forms ring-like structures where the future septa will be laid down
(Grantcharova et al., 2005; McCormick et al., 1994; Schwedock et al.,
1997). Thus, it is likely that S. coelicolor uses the same core cell division
machinery in both kinds of divisions.

Assembly of FtsZ at the division site

In E. coli, where cell division has been studied extensively, the assembly
and anchoring of FtsZ into a ring structure in the middle of the rod
shaped cell is assisted by two proteins, FtsA and ZipA, which both
interact with and are dependent on FtsZ for their localization to the
division site (Pichoff and Lutkenhaus, 2002). ZipA is a membrane protein
with a large cytoplasmic domain (Hale and de Boer, 1997), and FtsA
seems to interact with the membrane through an amphipathic helix
(Pichoff and Lutkenhaus, 2005). Both proteins interact with the extreme
C-terminal tail of FtsZ, and are partially redundant for assembly and
stabilization of FtsZ rings. Each of these proteins alone is sufficient to
support formation of the Z-ring, but not cell division, because both
proteins are needed to recruit a large division protein FtsK (Pichoff and
Lutkenhaus, 2002). Conspicuously, the S. coelicolor genome does not
encode any clear homologues of FtsA, which is present in most other
bacteria, nor the less widely conserved ZipA. Furthermore, homologues
of other proteins that function as modulators of FtsZ assembly in various
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bacteria are also missing in streptomycetes, such as ZapA, ZapB, EzrA
and SpollE. However, there is an apparent homologue of SepF which
aids FtsZ assembly in B. subtilis (FlIardh and Buttner, 2009; McCormick,
2009).

During cell division in aerial hyphae, the septa need to be correctly
placed between chromosomes to ensure proper chromosome segregation
into prespores. However, the mechanism that defines the sites for the
placement of Z-rings along the aerial hyphae in S. coelicolor is not
known, and is probably not shared with rod-shaped model bacteria. One
important example of spatial control of formation of the Z-ring is the Min
system of E. coli and B. subtilis that prevents cell division from taking
place close to cell poles and promotes division in the middle of the cell
(Lutkenhaus, 2007). Nucleoid occlusion is an additional mechanism
preventing septa to form over chromosomes by the action of specific
proteins (SIMA in E. coli and Noc in B. subtilis) (Adams and Errington,
2009; Rothfield et al., 2005). S. coelicolor lacks obvious homologues of
the Min system or of proteins involved in nucleoid occlusion. In addition,
there is no evidence for a clearcut nucleoid occlusion mechanism acting
during sporulation since septa start to form over seemingly non-
segregated chromosomes (Flardh, 2003a). No alternative system for
division site placement has been identified in Streptomyces.

This leaves us with an unresolved question of how Z-rings are
stabilized and anchored to the membrane in streptomycetes, and
particularly how the synchronized formation of mutiple Z-rings is
regulated during sporulation (Flardh and Buttner, 2009; McCormick,
2009). The absence of proteins that assist in early Z-ring formation,
suggests that S. coelicolor might have novel proteins with similar
functions, which need yet to be found. Indeed, proteins have been
identified with a role in developmental control of cell division, although
the underlying mechanism of these genes on cell division remains
unknown (discussed in section “Developmental regulation of cell division
in S. coelicolor”).

Proteins of the divisome

In addition to FtsZ, the genome of S. coelicolor encodes homologues of
well established cell division proteins, suggesting that streptomyces cell
division proceeds similarly to that of the model bacteria once the Z-rings
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are formed (Fig. 4). In E. coli FtsK is needed for both cell division and
the final stage in chromosome segregation (Bigot et al., 2004), the latter
function involving pumping parts of the chromosome through the closing
septum. The homologous protein SpolllE in B. subtilis is involved in
proper translocation of chromosomes into prespore compartments (Bath
et al., 2000). S. coelicolor FtsK seems to have a similar role in
chromosome segregation as in E. coli (described in section “Final stage
of chromosome segregation into spore compartments™), but is not
required for cell division (Wang et al., 2007).

FtsQ (DivIB in B. subtilis), FtsL and FtsB (an FtsL-like protein in
E. coli, called DivIC in B. subtilis) are three membrane proteins with
similar topology. They have one transmembrane segment, positioning a
smaller part at the cytoplasmic side of the membrane, and a larger domain
on the outside of the membrane. Interaction studies suggested that they
form a trimeric complex and that FtsK-independent oligomerization takes
place before an FtsK-dependent localization to the divisome, but their
function in cell division is still not known (Buddelmeijer and Beckwith,
2004).

FtsW, containing 10 membrane spanning helices, belongs to the
SED family of proteins affecting cell division, cell shape, and cell
elongation (Errington et al., 2003). These proteins are typically encoded
close to a gene coding for a penicillin- binding protein (PBP) with
transpeptidase activity (enzyme that catalyses formation of the peptide
bonds between strands of peptidoglycan) (Errington et al., 2003;
Scheffers and Pinho, 2005). In E. coli and most other bacteria, ftsW is
involved in cell division and is localized close to ftsl, which encodes a
PBP that is also specifically required for division. The role of FtsW in
cell division is unknown, but it has been speculated that it is a candidate
for transport of the lipid-linked peptidoglycan precursors through the cell
membrane to Ftsl and other PBPs on the outside of the membrane
(Errington et al., 2003).
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Divisome components
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Figure 4. Components of the cell division machinery, the
divisome, of S. coelicolor and rod-shaped model bacteria.
Studies of cell division in rod-shaped bacteria like B. subtilis
and E. coli have identified FtsZ to be the first protein to localize
at the site of division. There FtsZ forms a ring-like structure
through polymerisation, which is stabilized and anchored to the
membrane by FtsA and ZipA. Note that homologues of FtsA
and ZipA are absent in S. coelicolor and since no other
proteins with the same function have been identified, it is not
yet known how FtsZ interacts with the membrane in S.
coelicolor. FtsK is not required for cell division in S. coelicolor
but has a role in moving chromosomes. Homologues of FtsN
are not known to be present in gram positive bacteria.
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FtsQ, FtsL, FtsB, FtsW and Ftsl all have an effect on the formation
of sporulation septa in S. coelicolor (McCormick, 2009). Null mutants are
more or less blocked in sporulation. An ftsQ mutant was unable to form
sporulation septa in most aerial hyphae (McCormick and Losick, 1996),
while ftsL and ftsB mutants formed aerial hyphae with shallow
constrictions (Bennett et al., 2007). ftsl and ftsW mutants formed a
mixture of hyphae, one fraction with no septa and the other with partially
constricted septa (Bennett et al., 2009). In the four latter mutants, the
phenotypes were dependent on the growth conditions and were not as
severe on minimal media with low osmolarity as they were on high
osmolarity medium. This indicates that under certain conditions cell
division can be successful in the absence of ftsL, ftsB, ftsl or ftsW,
probably due to the presence of proteins with overlapping functions
(Bennett et al., 2007; Bennett et al., 2009). Curiously, these mutants can
form septa in vegetative hyphae, which makes S. coelicolor unique in a
sense that so many cell division genes are dispensable for proliferation.

An additional cell division protein, FtsN, has been proposed to be
involved in hydrolysis of the cell wall due to weak sequence similarity to
amidases (Errington et al., 2003). Amidases are needed for the
detachment of daughter cells during division, but since analogous
proteins are not found in S. coelicolor, it is still unclear which proteins
are involved in spore separation.

Developmental regulation of cell division in S. coelicolor

During sporulation in S. coelicolor, FtsZ assembles into multiple
regularly spaced Z-rings in the sporogenic cells of aerial hyphae, (Fig.
5B) (Grantcharova et al.,, 2005; Schwedock et al., 1997). Before
formation of regular ladders of rings along the hyphae, spiral shaped
structures are detected and it has been suggested that these are
intermediates which later become reorganized into Z-rings during
sporulation, (Fig. 5D), (Grantcharova et al., 2005). Similarly, Z-rings are
formed from dynamic FtsZ helices also in other bacteria (Peters et al.,
2007; Thanedar and Margolin, 2004). The developmentally controlled
form of cell division requires an elevated expression of ftsZ for
sporulation septa to form at regular intervals in the aerial hyphae.
Upregulation of ftsZ expression is controlled from a sporulation-specific
promoter p2, in sporogenic hyphae both in S. coelicolor and in S. griseus
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(Flardh et al., 2000; Kwak et al., 2001). Low levels of expression from
two other putative promoters, pl and p3, and read-through transcription
from a further upstream promoter are seen throughout development of S.
coelicolor and this is sufficient to support formation of septa in vegetative
hyphae. The upregulation of p2 is reduced or eliminated in strains having
null mutations in whiA, whiB, whiG, whiH, whil and whiJ, encoding
sporulation regulators (discussed in earlier sections) (Flardh et al., 2000).
This may explain why these mutants are defective in formation of septa
during sporulation, leading to developmentally blocked non-sporulating
strains. However, it is not known how these genes accomplish the control
of expression from the sporulation-specific promoter of ftsZ (Flardh et al.,
2000). Consistent with an effect on ftsZ expression, translational fusion of
FtsZ to EGFP (enhanced green fluorescent protein) showed that the
number of Z-rings in whiG, whiA, whiB and whil mutants are as low as in
vegetative hyphae (Grantcharova et al., 2005). A whiH mutant formed
more Z-rings, but still much less than in the wildtype. This is in
agreement with the observed formation of a few sporulation septa in the
whiH mutants (Flardh et al., 1999).

In addition to the early whi genes, there are other genes that affect
developmental control of cell division. For example, some members of
the SALP family of proteins affect the formation of sporulation septa.
ssgA and ssgB deletion mutants are totally blocked in sporulation and
have a white phenotype with unseptated aerial hyphae (Keijser et al.,
2003; van Wezel et al., 2000), while ssgC, ssgD and ssgB affect the
placement of sporulation septa (Noens et al., 2005). WhiD also influences
the regular placement of septa (Molle et al., 2000), and the integral
membrane protein CrgA appears to negatively influence septation (Del
Sol et al., 2003; Del Sol et al., 2006). However, the biochemical
functions of these proteins are not known and it has not been established
how they exert their action on septum formation - if they interact directly
with FtsZ or the division machinery, or if they have indirect roles, such as
controlling promoters of other genes.

The inability of the whi mutants to lay down sporulation septa
might not solely be explained by their failure to upregulate ftsZ. It is
likely that the whi genes also affect cell division in other ways and that
the formation of sporulation septa requires more than an increased level
of FtsZ. For example, one missense mutation in S. coelicolor ftsZ has
been identified that abolished formation of regular Z-rings in aerial
hyphae, but had much less effect on Z-ring formation during vegetative
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growth (Grantcharova et al., 2003). This suggests that there are different
requirements for FtsZ assembly between vegetative crosswalls and
sporulation septation, and that mechanisms for developmental control of
FtsZ assembly may be involved in sporulation. During the course of this
thesis project, genes were found that seem to have an effect on FtsZ
assembly during sporulation (further discussed in “Summary of present
investigation”).
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Figure 5. Aerial hyphae of S. coelicolor wildtype strain M145 harboring an
ftsZ-egfp fusion at the ftsZ locus. A and C are phase-contrast images of
aerial hyphae (Bar: 4 um), B and C are fluorescence images. B. Multiple
Z-rings formed in the aerial hyphae are visualized as ladders of FtsZ-
EGFP. D. Spirals of FtsZ filaments are visualized as helical fluorescent
structures.
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Chromosome segregation and nucleoid structure
during sporulation

Bacterial chromosome replication and partitioning have mostly been
studied in unicellular model organisms that divide by binary fission and
have circular chromosomes. In these bacteria replication and segregation
of chromosomes takes place concurrently, and the newly replicated oriC
regions are actively moved towards the cell poles while replication is
ongoing in the middle of the cell (Reyes-Lamothe et al., 2008;
Thanbichler and Shapiro, 2008). The mechanisms that drive bacterial
chromosome segregation are largely obscure, but a type | partitioning
system of ParAB-type has been implicated in this process in several
bacteria. This system is similar to partitioning systems on some plasmids
and consists of a WACA ATPase (Walker A cytoskeletal ATPase)
encoded by parA: a DNA-binding protein encoded by parB: and a DNA
sequence motif (parS) to which ParB binds. By binding to multiple parS
sites near the origin of replication, ParB forms a large nucleoprotein
complex. Chromosomally encoded homologues of ParA and ParB are
widespread among bacteria (although notably absent from E. coli)
suggesting a general role in positioning of chromosomes in the
prokaryotic cells (Leonard et al., 2005).

S. coelicolor has a different kind of life cycle and harbors a large
linear chromosome of 8.7 Mbp for S. coelicolor, with an origin of
replication in the center of it. During vegetative growth, the genome is
replicated so that each cell, separated by cross walls, contains multiple
copies of the chromosome, but during this stage in the life cycle it is not
known how chromosomes segregate and no overt nucleoid separation or
condensation is visible by DNA staining and microscopy during this
stage. Also, the dozens of chromosomes present in the sporogenic
compartment are evenly distributed during the replication stage.
However, at a late stage of sporulation, these become separated into
regularly positioned bodies of DNA, one in each prespore (Flardh,
2003a). This involves both chromosome segregation and condensation.

Partitioning and chromosome positioning in aerial hyphae

The genome of S. coelicolor encodes homologues of ParA and ParB, both
having an effect on chromosome segregation into prespore compartments.
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parA and parB form an operon, the expression of which is regulated from
two promoters upstream of parA. In agreement with a specific role during
sporulation, the expression from the most upstream promoter, p2, is
upregulated during sporulation and dependent on the early sporulation
genes whiA, whiB, whil and whiH (Jakimowicz et al., 2006; Kim et al.,
2000). The other promoter pl, has a constitutive activity throughout
development, although parA and parB have not been assigned any
function during vegetative growth.

A parAB mutant and the parA and parB single mutants show no
striking defect in development and sporulate as well as their parent, but
staining of DNA shows irregularity in DNA content in the spores
(Jakimowicz et al., 2007; Kim et al., 2000). In the case of the parAB and
parB mutants, ~15 % of the compartments in the spore chains are DNA-
free, compared to 1.8 % in the wildtype parent. The defect in segregation
is more striking in the parA deletion mutant, where 26 % of the spores
lack DNA (Jakimowicz et al., 2007). An interpretation is that in the
presence of ParB in the absence of ParA has an even stronger effect on
the placement of chromosomes into the prespores than its complete
absence.

ParB is a DNA-binding protein and binds to parS sites, most of
them (21 out of 24) located around the oriC region of the chromosome,
and forms a large nucleoprotein complex (Jakimowicz et al., 2002).
During sporulation, ParB foci are regularly positioned between
sporulation septa in aerial hyphae, overlapping with the positions of
chromosomes (Jakimowicz et al., 2005a). A mutation in the predicted
helix-turn-helix region of ParB abolishes formation of ParB foci and its
binding to chromosomal DNA, indicating that the ParB complex
formation is dependent on DNA-binding (Jakimowicz et al., 2005a).
Also, inactivation of the sporulation-specific promoter p2 has a negative
influence on formation of ParB complexes and leads to a similar
frequency of anucleate spores as parB inactivation (Jakimowicz et al.,
2006), indicating the importance of an elevated level of ParB for proper
chromosome segregation during sporulation. ParA localizes at the tips of
young aerial hyphae and later extends along the hyphae as a spiral shaped
structure, in a parB independent manner (Jakimowicz et al., 2007). ParA
is required for efficient formation and regular positioning of ParB foci,
and may assist in placing the ParB-bound oriC region into the prespore
compartments.
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In addition to chromosome segregation defects, the mutants
mentioned above also lay down unevenly spaced sporulation septa,
resulting in minicompartments lacking DNA. This lead to the suggestion
that chromosome positioning might influence the positioning of FtsZ
rings and that the parAB system may play a role in the control of spatial
placement of sporulation septa.

Final stage of chromosome segregation into spore
compartments

The S. coelicolor FtsK protein, which localizes to sporulation septa,
affects the final separation of chromosomes and their transfer into spore
compartments during closure of the septa. FtsK homologues in other
bacteria are DNA translocases, e.g. SpolllE pumps the chromosome into
the forespore compartment during sporulation in B. subtilis, and E. coli
FtsK transports the final part of the chromosome through the closing
septum (Bigot et al., 2007). An ftsK null mutant of S. coelicolor showed a
high degree of genetic instability, which was associated with deletions of
the ends of the linear chromosome (Wang et al., 2007). The ftsK mutant
also appeared defective in moving misplaced chromosomes away from
closing septa (observed in a smeA-sffA mutant discussed below)
(Ausmees et al., 2007). Taken together, this suggests that FtsK has a role
in transporting the terminal parts of the chromosomes through closing
septa during sporulation to ensure that they do not get trapped (Wang et
al., 2007). Another homologue of SpolllE/FtsK DNA translocases, SffA,
also localizes to the sporulation septa, suggesting a possible function of
SffA as a DNA translocase, but its exact role remains unclear. However,
although FtsK and SffA colocalize at septa, they do not have overlapping
or redundant functions related to the segregation of chromosomes
(Ausmees et al., 2007).

Genes affecting condensation of chromosomes

Recent reports shed light on some proteins involved in condensation and
packaging of chromosomes during S. coelicolor sporulation. Individually
they affect nucleoid compaction and in some cases influence segregation
and placement of septa in aerial hyphae. These proteins all belong to the
group of nucleoid-associated proteins found in bacteria (Luijsterburg et
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al., 2006). The members of this group are structurally very diverse.
Several of them show analogy to eukaryotic histones in the sense that
they are small, basic, DNA-binding proteins that are abundant in the cell
and influence compaction of the chromosomes. However, the structure
and organization of bacterial chromatin remains, in comparison to
eukaryotes, largely unclear (Luijsterburg et al., 2006).

The genome of S. coelicolor encodes one member of the SMC
(structural maintenance of chromosomes) family of proteins. As has been
reported for the temperature sensitive B. subtilis smc mutant, smc deletion
mutants of S. coelicolor have less condensed genomes in the prespore
compartment around the time of sporulation septation, but not in mature
spores. This is in agreement with the presence of SMC-foci overlapping
uncondensed nucleoids during early stages of sporulation and the
disappearance of those in prespore compartments with condensed DNA
(Dedrick et al., 2009; Kaois et al., 2009).

While SMC affects nucleoid structure during an early stage of
sporulation, we discovered during the course of this thesis project a
nucleoid-associated protein, HupS, that influences nucleoids in the
mature spores (Salerno et al., 2009; paper I1). HupS is a homologue of
the broadly conserved HU proteins in bacteria (Luijsterburg et al., 2006).
HupS-EGFP signals are associated with nucleoids, and are specifically
observed in spore chains but not in aerial hyphae at an earlier stage of
sporulation or in vegetative mycelium. In agreement with this, hupS is
required for normal nucleoid compaction in spores, but has no detectable
affect on chromosome segregation or earlier developmental stages
(Salerno et al., 2009).

The genome of S. coelicolor also encodes three Dps homologues.
In E. coli, the Dps protein (DNA-binding protein from starved cells)
forms a nucleoprotein complex that protects DNA from damage during
stationary phase and has also been shown to be involved in stress
responses (Almiron et al., 1992; Frenkiel-Krispin et al., 2004; Nair and
Finkel, 2004). The deletion of individual dps genes in S. coelicolor
influenced the chromosome compaction in prespore compartments, but in
different ways. In a dpsA deletion mutant the DNA condensation was
incomplete (Facey et al., 2009). On the other hand dpsB or dpsC
deletions resulted in a more compact nucleoid structure compared to the
wildtype strain. This indicates that DpsB and DpsC, in the absence of
DpsA, together cannot condense chromosomes, maybe because of
antagonistic effects on each other’s function in the absence of DpsA. This
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suggests that balanced levels of the three proteins are needed for a
suitable degree of DNA condensation inside the cell.

Consistent with a role during sporulation, strong signals of
fluorescent fusion derivatives of SMC, HupS, DpsA and DpsC were
detected in sporogenic compartments but not in vegetative hyphae,
probably reflecting developmental control of their expression. hupS
transcripts were indeed not observed during vegetative growth and
reached a maximum during sporulation. Due to the high abundance in
aerial hypae, these nucleoid-associated proteins likely have a sporulation-
specific role. Since condensation was still evident in each of the mutants
described above none of them was solely responsible for full DNA
compaction, and additional factors that may also contribute to the
compaction and protection of spore DNA during sporulation remain to be
identified. The fact that none of the nucleoid-associated proteins were
essential for survival and the subtle phenotypes of mutants implies the
presence of proteins with overlapping functions.
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Summary of present investigation

In this section | summarize and discusse the results of papers I, I, 11l and
IV of this thesis and also present some recent findings on a locus that has
a strong impact on developmentally controlled cell division in S.
coelicolor. The overall goal of the project was to identify genes and
mechanisms involved in the developmental control of cell cycle-related
processes of S. coelicolor, for example genes influencing cell division,
chromosome segregation, growth or morphogenesis of the aerial hyphae.
Very few sporulation genes were previously known in Streptomyces, and
our investigation was aimed to increase understanding of how
morphological differentiation is brought about in this complex bacterial
system. In a broader context, we anticipate that a clarification of the
molecular mechanisms that have evolved in Streptomyces for
developmental control of fundamental cell cycle processes will also be
generally valuable within bacterial cell biology. For example, it may
provide insights about how essential processes in a bacterium can be
controlled or inhibited, which is relevant for development of new
antibiotics. | have used two main approaches to find previously unknown
sporulation genes. In the first approach we searched for targets for the
known sporulation regulator WhiH. Specific mutation in the cell division
gene ftsZ (Flardh et al., 2000; Grantcharova et al., 2003) abolished
normal spore formation and gave rise to mainly unconstricted aerial
hyphal fragments with only occasional sporulation septa and condensed,
unevenly spaced chromosomes. The striking phenotypic similarity of S.
coelicolor whiH mutants to these ftsZ mutants strongly suggests that
WhiH somehow regulates formation of sporulation septa, in a so far
unknown way. Therefore we chose to find direct targets of WhiH in order
to investigate how the bacterial cell division machinery can be regulated
in Streptomyces (paper Il and IV, and section ” A developmental mutant
blocked in cell division”). The second approach was to find new
sporulation genes by studying global gene expression during sporulation
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using DNA microarrays, and through genetic analysis of these genes
reveal their role in sporulation (paper I and I1).

The developmental regulator WhiH

One way to reveal new sporulation genes is to identify promoters that are
under the control of known sporulation regulators. To find direct targets
of WhiH we asked if it was possible to find genes in the genome of S.
coelicolor with a WhiH binding site in their upstream region. Therefore, a
high priority was to test the DNA binding activity to see if WhiH
functions as a transcription factor. In paper Ill, we show that WhiH is
able to bind to the whiH promoter region, in agreement with a proposed
autoregulatory function (Ryding et al., 1998). This is also observed for
WhiH in S. venezuelae (paper IV), where the binding site in the whiH
promoter region is conserved and overlapping with the one identified in
S. coelicolor, indicating the importance of this binding site in the
regulation of whiH. However, using the identified binding site to search
for similar sequences in the upstream regions of genes in the S. coelicolor
genome did not give any significant hits, and we were not able to find
WhiH-regulated genes using this approach.

WhiH-regulated genes in S. venezuelae

Recently, a new model system to study development in streptomycetes
was established, relying on the ability of S. venezuelae to sporulate in
liquid culture (described in the review by Flardh and Buttner, 2009). S.
venezuelae has some advantages compared to S. coelicolor when
studying gene expression during sporulation. While S. coelicolor only
sporulates on solid medium, where aerial hyphae only constitute 10% of
the total biomass of a colony and cannot be separated from the vegetative
mycelium, S. venezuelae synchronously develops in submerged cultures
and sporulates almost to completion. This is preferential when analyzing
gene expression at a specific stage of development.

Through collaboration with Mark Buttner and Maureen Bibb, from
John Innes Centre, Norwich, we could explore this new model system to
investigate the function of WhiH. We have found WhiH targets in S.
venezuelae by combining global transcriptomic analysis using DNA

44



microarrays, and ChlIP-on-chip experiments (chromatin
immunoprecipitation-microarray) (paper 1V). A subset of genes,
negatively affected by whiH, was recognized as WhiH targets in ChIP-
on-chip experiments. The expression pattern suggests that they are
repressed by WhiH at a late stage of sporulation. Many of these genes
were also found to share a common motif in their upstream regions,
shared also by the whiH upstream region. Heterologously produced
WhiH was shown to recognize this motif in protein-DNA binding assays.
One of the repressed targets, SMD02435, has an orthologue in S.
coelicolor (SCO1774) that is developmentally regulated and has a
sporulation-induced promoter (paper 1), strengthening its importance in
Streptomyces sporulation. Moreover, DNase | footprinting has identified
a second site bound by WhiH in the whiH upstream region.

One motif, with similarity to that revealed by the WhiH footprint,
is present in the upstream regions of a group of potentially WhiH-
activated genes. WhiH appears to recognize this motif, but with low
affinity, and so far binding has only been tested for one of the genes,
SMDO03944. This gene has an orthologue in S. coelicolor (in this thesis
referred to as decA), present in a locus of two genes which, according to
the array data, are upregulated during sporulation of S. coelicolor (paper
I). Our analysis of a decA-decB null mutant of S. coelicolor strongly
suggests these genes to be involved in the developmentally controlled
form of cell division and is further discussed in section “A developmental
mutant blocked in cell division”.

Developmental gene expression of S. coelicolor

In order to find genes specifically active in aerial hyphae and involved in
sporulation, the gene expression pattern of a S. coelicolor wildtype strain
has been compared to those of two developmental mutants (paper I). The
focus was on strains lacking either whiH, encoding a GntR family
transcription factor (Ryding et al., 1998), or whiA encoding a protein
recently predicted to have DNA-binding properties (Ainsa et al., 2000;
Kaiser et al., 2009; Knizewski and Ginalski, 2007). Both regulators are
active in an early stage of sporulation, before sporulation septation. While
a whiA mutant has a total block in sporulation (it has uncondensed
chromosomes, does not form any sporulation septa and can not properly
stop aerial growth), a whiH mutant forms some aerial compartments with
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similarities to spores. The similarity is based on formation of sporulation
septa, although much fewer than in the wildtype strain, and the ability to
condense and partition the chromosomes. WhiA is therefore presumed to
regulate genes involved in cellular processes at an early stage of
sporulation, before or during septum formation, while whiH may regulate
genes involved in septum formation, based on the striking similarity to
specific ftsZ mutants, that are unable to form sporulation septa but
otherwise grow normally. Genes that are specifically active in aerial
hyphae and involved in sporulation were supposed to be differentially
expressed in these mutants compared to the wildtype, and the experiment
was designed to reveal such genes.

Analyses of the microarray data identified 114 genes with a
significant change in expression in at least one of the whiA or whiH
mutants compared to the parent during sporulation, most of them
previously unknown to be developmentally controlled. Many of the genes
were upregulated during sporulation in the wildtype but failed to do so in
the mutants. No significant difference in expression was observed
between wildtype and the whiA and whiH mutants during growth of
vegetative mycelia, which is consistent with whiA and whiH being active
during sporulation. Our analysis showed that whiA affects the expression
of more genes than whiH, consistent with the more complete block of
sporulation in a whiA mutant, and indicating that WhiA has a stronger
impact on sporulation than WhiH. This is in agreement with the
transcriptional analysis of S. venezuelae developmental mutants, where
whiA, whiB, whiG and whil were observed to effect the expression of a
great number of genes during sporulation, while genes specifically
affected by whiH were harder to find (paper IV). Overall, the
observations suggest that WhiH may regulate only a small number of
sporulation genes.

One complication with the microarray experiment in S. coelicolor
is the low signal-to-noise ratio, which complicated the analysis and
interpretations. The problem can be emphasized by the WhiH-repressed
candidate genes that appeared overexpressed in the whiH mutant but
whose expression patterns could not be confirmed using quantitative real
time PCR or S1 nuclease mapping. Another issue is the low level of
changes in gene expression between the two mutants and the wildtype
strain, which is expected to be much greater than the average of a 2-3 fold
change for individual genes found in the microarray. This resulted in a
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low number of genes that were recognized as upregulated during
sporulation. Two things are likely to contribute to this problem. First,
since aerial hyphae are in minority among other hyphae in a S. coelicolor
colony, specific changes in gene expression in this cell type might be
hard to detect. Second, microarrays may have a tendency to flatten signal-
to-noise ratios, but this may vary with array type. These weaknesses in
the array study caused the need to confirm the expression of putative new
sporulation genes also by alternative approaches. This has already been
done for a number of genes, and several were confirmed to be
developmentally upregulated. Consequently, a great number of genes
detected in the microarray experiment to be developmentally regulated
can be verified and are of interest for future examination. Furthermore,
the tested genes were specifically active in sporulating hyphae, in
agreement with a role during sporulation. The type of reporter gene
constructs based on a red fluorescent protein that we generated in this
work are of great importance to monitor transcriptional activities and
identify in which cell types the genes are active. Although deletion of
some of the genes had no effect on sporulation, others caused a decreased
heat tolerance of spores and deficient spore pigment production,
indicating roles in spore maturation. A substantial set of genes remains to
be functionally analyzed for their roles in the sporulation process and
overall this study has expanded the knowledge of genes involved in
morphological differentiation in S. coelicolor. Among the genes are two
loci which upon deletion have an effect on chromosome condensation
and cell division, respectively. Therefore they are of highest interest in
this thesis concerning regulation of cell-cycle related processes and are
further discussed in the following two sections.

The nucleoid-associated HupS protein

One spin-off story from the transcriptome analysis in S. coelicolor deals
with a nucleoid-associated HU-like protein, HupS (paper I1). This protein
specifically accumulates in spores where it colocalizes with the
nucleoids. Absence of hupS results in chromosomes that are less
condensed inside the spores, decreased heat tolerance of spores and
deficient spore pigment production. Based on this we conclude that HupS
is required for full maturation of spores. This seems to be caused by the
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effect that HupS has on the nucleoids, since it does not affect the
assembly of the spore wall, which is defective in several of the previously
studied mutants with less resistant spores (Ausmees et al., 2007; Mazza et
al., 2006; Molle et al., 2000; Potuckova et al., 1995). Because HupS is
not noticeably involved in chromosome segregation and DNA
condensation during earlier stages of sporulation, we tentatively suggest
that it contributes to DNA packaging and protection in mature spores. It
is possible that nucleoid compaction contributes to protecting genetic
information from damage during long periods of spore dormancy, and
Hups is the first factor known to affect DNA condensation in spores of S.
coelicolor. It is likely that mechanisms of DNA protection together with
a thick spore wall contribute to the resistance to e.g. heat, desiccation and
sonication of S. coelicolor spores.

A developmental mutant blocked in cell division

One new sporulation locus that we identified in the microarray
experiment in S. coelicolor caused a cell division defect in aerial hyphae
upon deletion. The genes of this locus are here tentatively designated
decA and decB (developmental cell division). Based on the microarray
study (paper 1) decB is significantly upregulated during sporulation, but
fails to be so in a whiA and whiH mutant (the difference between whiA
mutant and wildtype at 48h being significant). decA is located
immediately upstream of decB, with a space of only three base pairs
between the coding regions, and the genes are likely to be co-transcribed.
In the transcriptome analysis of gene expression in S. venezuelae,
orthologues of the genes were identified as specifically dependent on
whiH for their upregulation during sporulation (paper IV). In this paper
we also show the ability of S. venezuelae WhiH to bind the upstream
region of the gene corresponding to decA, although with very low
affinity. Altogether the data suggest that the expression of this locus is
developmentally regulated in both S. coelicolor and S. venezuelae, and
that it may be directly regulated by WhiH. However, further work is
needed to clarify the last point.

An S. coelicolor decA-decB double mutant and a decB single
mutant are deficient in formation of spores. Our initial characterization of
these mutants show that the aerial hyphae are thick, unconstricted, and
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contain unevenly distributed and condensed chromosomes (unpublished
data). The appearance of the mutant aerial hyphae is strikingly similar to
the spore-like aerial hyphal fragments that are produced by whiH
mutants. If this locus is found to be a direct target of WhiH in S.
coelicolor, the absence of sporulation septa in a whiH mutant might very
well be explained by a failure to upregulate decA and decB.

It should be noted that a whiH mutant of S. venezuelae does not
have as severe a sporulation phenotype as the S. coelicolor whiH mutants.
It is able to lay down regular sporulation septa, but fails to do so
sometimes, and as a result some spores are of a lager size and have
multiple condensed chromosomes (Bibb, M. et al., manuscript in
preparation). We are at the moment constructing mutants lacking the S.
venezuelae orthologues of decA and decB to see the effect on sporulation.
The ability of the whiH mutant to form spores abundantly may indicate
that upregulation of these genes is not required for cell division, that they
are not entirely dependent on whiH, or that there are additional genes
with overlapping functions in S. venezuelae. Work is in progress to
investigate these alternatives.

Preliminary analysis of an FtsZ-EGFP fusion using fluorescence
microscopy, suggests that aerial hyphae of the S. coelicolor decA-decB
mutants have no regular ladders of FtsZ, which are present in the aerial
hyphae of the wildtype (Fig. 5B). In the wildtype FtsZ polymerizes into
helical filaments before resolving into a regular assembly of FtsZ rings.
Such helical patterns were observed in aerial hyphae of decA and decB
mutants but very few regular FtsZ rings were detected (Fig. 6B)
(Grantcharova et al., 2005). In addition, another common pattern in the
aerial hyphae of the mutants was fluorescent foci of FtsZ-EGFP, much
bigger and brighter than foci caused by autofluorescence (Fig. 6A).
Altogether, this suggests that decA and decB are required for correct
assembly of FtsZ rings during sporulation. The presence of aerial hyphae
with strong fluorescent signals and helical fluorescent structures showed
that FtsZ-EGFP was normally upregulated during development and that it
was able to form cytoskeletal filaments. However, few regular Z-rings
were formed, and the irregular bright foci suggest that some kind of
aggregation may occur. The effect on FtsZ polymerization makes this
locus of great interest in the control of cell division during sporulation
and in the assembly of FtsZ into stable ring structures at regular intervals
in aerial hyphae. Ongoing work aims to construct fusions of both proteins
to EGFP, and conduct localization studies of the DecA and DecB proteins
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in aerial hyphae. It will also be interesting to see if DecA and DecB
directly interact with FtsZ and how they effect FtsZ polymerization in
vitro. Studies of the biochemical properties of these proteins will be
valuable for the understanding of their function in the cell. These findings
could reveal their role in the sporulation process and might determine
their specific involvement in the assembly of FtsZ rings.

Figure 6. Aerial hyphae of a decA-decB deletion mutant having ftsZ-egfp
integrated at the ftsZ locus, shown as a fluorescence image over a phase-
contrast image. A. FtsZ-EGFP is assembled into bright foci, unevenly
distributed along the hyphal length. (Bar: 3.0 um) B. A helical pattern of
FtsZ-EGFP shows the ability of FtsZ to form filamentous structures (Bar:
3.6 um).
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Popularvetenskaplig sammanfattning pa
svenska

Det finns manga skal till varfor streptomyceter ar en intressant grupp av
bakterier att undersoka. Den har avhandlingen fokuserar pa
celldifferentieringen hos dessa organismer och deras férmaga att bilda en
specialiserad typ av taliga celler som kallas sporer. Genom att studera
sporuleringsprocessen hos dessa bakterier kan man lara sig mycket om
fundamentala livsprocesser som celldelning, nedarvning av kromosomer,
syntes av cellvdgg och cellform. Kunskapen om hur dessa cellbiologiska
processer ar reglerade pa molekylar vag i den prokaryota cellen ar
begransad och det &r av stor vikt att reda ut de bakomliggande
mekanismerna, dels av grundvetenskapliga skal men ocksa for att
streptomyceterna har en stor betydelse inom omraden som medicin och
industri. Tillsammans producerar de en mangd olika antibiotika och
anvands i lakemedelsindustrin for att producera dessa i stor skala.
Kunskaper om biologin hos dessa bakterier och hur de reglerar tillvaxt
och celldelning kan vara till stor nytta for att framstélla stammar lampliga
att odla i storskaliga kulturer och som ger ett hogt utbyte av antibiotikum.
Ett annat skal att Klargéra hur Streptomyces reglerar fundamentala
livsprocesser ar behovet av antimikrobiella lakemedel mot nérbeslaktade
bakterier som Mycobacterium tuberculosis, bakterien som orsakar
tuberkulos. Att forstd molekyldara mekanismer bakom processer i
bakteriecellen medfor att lakemedel som blockerar livsviktiga funktioner
kan utvecklas for att bekdmpa dessa farliga patogener.

Min avhandling har klargjort nagra centrala delar av
celldifferentieringsprocessen hos streptomyceter. Sporuleringen innebér
att langa tradlika celler omvandlas till en kedja av runda sporer, och
omfattas av foréndringar i celldelning, kromosomdistribution och i
tillvéxten av cellvagg som i sin tur leder till en fordndrad cellform. Syftet
med denna avhandling var att hitta gener och mekanismer som reglerar
dessa biologiska processer i bakteriecellen. Tidigare var bara att fatal
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gener kédnda som kravs for sporbildning, dér ibland ett antal regulatoriska
proteiner.

Streptomyces coelicolor har anvéants som model organism for att
undersoka funktionen av en tidigare kand regulator, WhiH, som krévs for
celldelning under sporuleringen. Jag har faststéllt att WhiH fungerar som
en transkriptionsfaktor och kan binda till DNA. WhiH binder till ett
specifikt stalle i sin egen promoter och paverkar dess aktivitet pa ett 4nnu
okant satt. Genen som kodar for WhiH &r specifikt aktiv i de celler som
omvandlas till sporer vilket styrker rollen som sporuleringregulator.

Nya gener har identifierats som tidigare inte var kdnda for att
paverka sporulering i S. coelicolor. Karakterisering av nagra av dessa
visar att de har intressanta funktioner som paverkar spormognad,
kromosomstruktur och celldelning.

En ny modelorganism for actinomyceter, S. venezuelae har anvéants
i ett avslutande projekt. Denna organism har nagra egenskaper som gor
den mycket l&mplig for  storskaliga ~ metoder som  t.ex.
transkriptionsanalys med DNA mikroarrayer. Med hjélp av detta system
har gener som regleras av WhiH hittats. Fortsatta undersokningar av
deras funktion och reglering kommer att ge spdnnande och viktiga
insikter i streptomyceters cell och utvecklingsbiologi.
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