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Popular science summary

Bacteria are the most abundant and adaptable living organisms on earth. They are
everywhere, from the environment to our own bodies, where bacterial cells are often
said to outnumber our own cells. We tend to think of bacteria as unicellular and free-
living cells, although many are social, live as multicellular communities, exchange
chemical messages, inspect their environments, and organize behavior with
neighboring cells. Bacteria grow into visible colonies, like the Streptomyces tuzzy
colonies that look like tiny molds. Yet most people have never seen bacterial cells
because they are too small to be seen with the naked eye. However, under the
microscope, this hidden world is full of shapes, from rods to filaments and spirals.

Bacterial cells are surrounded by a cell wall that protects and gives bacteria their
shape. This cell wall is constantly rebuilt as bacteria grow and divide. Where and
how new cell-wall material is added during growth and reorganized during division
ultimately determines whether a bacterium becomes a sphere, a rod, or a more
elaborate shape. For example, bacteria favoring rod shape must build cell wall on
sidewalls to elongate their bodies. Some bacteria can grow asymmetrically and
insert cell wall material at the cell poles. Cell division is equally important because
if a rod continues to grow without separating into daughter cells, it becomes a long
filament. This is exactly how streptomycetes make filaments: they grow at the pole
to extend hyphae, and their hyphae undergo cell division without cell separation
culminating in filamentous shape. They further branch from these filaments forming
a continuous multicellular network of hyphae known as the vegetative mycelium.
However, this phase, known as vegetative growth, represents only one stage of their
life, as streptomycetes later send aerial hyphae into the air and divide them through
cell division events into ovoid spores. The spores scatter and remain dormant, then
germinate when conditions improve to make new vegetative mycelia, restarting the
cycle. Therefore, multicellularity and the different cell shapes streptomycetes adopt
across their life are the product of two processes: polar growth and cell division. I
aimed through my work at exploring these two processes to understand how
streptomycetes achieve and maintain their cell shape.

Cells perform functions through proteins, and manufacture proteins by decoding
genes, DNA segments that serve as instruction manuals. Bacteria also organize
genes in operons to produce all proteins needed for a certain function at once. We
found that when nutrients are limited, streptomycetes use two operons, known as
conservons 1 and 2, to achieve hyphal self-avoidance, i.e., keeping hyphae separated



to maintain the shape and organization of their mycelial network. This behavior
likely points to a multicellular behavior where hyphae are talking to each other to
organize their collective growth pattern. Also, proteins produced by these operons
possibly form a signal transduction complex where one protein might sense and
transmit an environmental signal to other proteins to initiate an effect on cell shape.
This finding represents exciting evidence that streptomycetes actively and
genetically coordinate multicellular growth in response to environmental signals,
particularly given we still know little about how cell shape in these organisms is
controlled in a multicellular context or how it changes in response to their
surrounding environment. While we did not experimentally test why they do this,
Streptomyces hyphae likely spread on the surface to take up more nutrients, so
maybe they avoid each other to reduce competition over resources. We further
showed that the two operons influence the function of a key polarity protein and that
proteins produced by them accumulate at cell poles. This is particularly interesting
because polarity is important for cellular organization across the tree of life and
connecting polarity to multicellular shape-organizing behavior advances our
understanding of how cells translate positional information into functions.

Bacterial cell division starts with the formation of a ring made of the protein FtsZ
and the ring is anchored to the cell membrane to act like a construction scaffold,
recruiting other proteins needed to split the cell while ensuring that the DNA is
evenly separated into daughter cells. In our work, we confirmed the role of SepF,
an ancient protein that helps anchor the FtsZ ring to the membrane. Mysteriously,
Streptomyces has two extra related copies of SepF, SepF2 and SepF3, and their
functions are not well-characterized. We found that streptomycetes need SepF2 and
SepF3 to make the cross walls that make vegetative hyphae compartmentalized.
This process is important for Streptomyces fitness, although many questions about
its benefit remain unanswered. During sporulation, we observed a cell shape defect
in the absence of sepF'3 where Streptomyces produced long spore chains instead of
single ovoid spores, only to find later that SepF3 is required for the complete closure
of septa and for the proper partitioning of DNA between spores.

Overall, our results reveal new players in polar growth and cell division and show
that careful control of these processes is required for maintaining shape, particularly
in a complex, multicellular bacterium where morphogenesis demands a higher-level
coordination. But why is it important for bacteria to have and maintain a certain
shape? Bacteria care about their shape and preserve it across generations because it
benefits them. While not all benefits are fully understood, bacteria generally adopt
shapes that help them thrive in their environments. And why their shape matters to
us? It is undoubtedly fun to manipulate bacterial shape in the lab and watch bacteria
beautifully transform under the microscope, but the implications for sure go far
beyond aesthetics. One example is the importance of cell shape in biotechnological
and medical applications. Mechanisms that control shape are promising targets for
disarming pathogens. For instance, the cell wall, which defines shape, is a prime



antibiotic target because most bacteria cannot survive without it. Shape also
influences pathogenicity as some bacteria rely on their shape to move and colonize
tissues. If we think about streptomycetes, these organisms are fascinating in terms
of their massive abilities to produce a wide range of useful compounds including
antibiotics. Making such compounds is tightly linked to Streptomyces development
and therefore understanding how they grow, organize themselves, and thrive in their
environments can help unlock their capabilities. More generally, cell shape affects
how microbes move, obtain resources, and persist in their environments. Therefore,
understanding why different shapes have evolved answers questions about how
microscopic life functions and contributes to Earth's ecosystems. Because all living
things share ancient cellular ancestors, studying cell shape also provides clues about
how the first cells became more complex over billions of years, ultimately giving
rise to the kind of cells found in plants, animals, and humans today.
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Preface

Bacteria shape their cells by utilizing cytoskeletal systems that instruct the
peptidoglycan synthesis machinery when and where to build the cell wall. In
multicellular bacteria, including the filamentous bacteria of the genus Streptomyces,
morphogenesis comprises an additional layer of organization, as it must integrate
within the collective cellular architecture and include spatial coordination between
individual cells. My PhD work explores molecular mechanisms governing cell
shape in streptomycetes. My thesis is structured to first discuss morphogenetic
systems in bacteria broadly and then revisit them through the lens of streptomycetes,
and concludes with a discussion of my results, and how the work I conducted, in
collaboration with colleagues, add to our understanding of these systems.

I initially provide a discussion of bacterial cell shape and how it is generally defined
by the peptidoglycan cell wall and cytoskeletal systems. To lay the groundwork for
understanding cytoskeletal functions, I dedicate a significant part to describing the
elongasome and the divisome systems of the rod-shaped model bacterial species. I
further expand this view by discussing more complex systems, highlighting diverse
morphologies and mechanisms of their emergence (Chapter I). To extend the
discussion of cell shape to higher-order organization, and as this concept is central
to understanding streptomycetes, I address bacterial multicellularity, describing its
emergence and presenting key examples and defining characteristics (Chapter II).

Building on this foundation, I extrapolate the concepts discussed about model
species to apply them to Streptomyces species. Streptomycetes display unique
features of cell biology, including morphological complexity and a sophisticated
multicellular life, and therefore the discussion begins by addressing these features
(Chapter III). I proceed to discuss systems governing cell shape regulation in these
species, polar growth and cell division (Chapter I'V). Finally, as they pertain to paper
I and 11, the conservon operons in streptomycetes are also addressed (Chapter V).

Throughout the development of this thesis, GAI tools approved by Lund University
were used in part to improve the clarity and phrasing of text, support brainstorming,
and assist with programming tasks and suggestions for data analysis approaches.
Their use was restricted to language enhancement and conceptual and technical
guidance. Al tools were not used to generate scientific content, analyze datasets, or
write portions of the thesis.



Chapter 1. Bacterial cell shape

Structural and molecular basis of morphogenesis

Bacterial cell shape is an emergent feature of molecular machineries that organize
cell wall synthesis in space and time, deciding where growth is permitted, where it
is inhibited, and where cell cycle progression occurs, thereby resulting in diverse
cell shapes. Below is a discussion of how morphogenesis is generally established in
bacteria.

Peptidoglycan is the structural determinant of cell shape

Most bacteria are enclosed by the sacculus, a protective sac-like exoskeletal
peptidoglycan (PG) layer that functions in preserving cell shape [1, 2]. The cell wall
is thought to be the structural blueprint of morphology, as purified sacculi retain the
shape of the bacterium [3]. The PG is composed of polysaccharide chains, known
as glycan strands, of N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid
residues (MurNAc) connected by B-1,4 glycosidic bonds, and further cross-linked
by short peptide bridges [2, 4]. The basic structure of PG is conserved, but the
chemical composition can vary across organisms, primarily in the stem peptides.
Majority of cross-links in Escherichia coli is 4-3 linkages, and the peptide sequence
is L-Ala-y-D-Glu-meso-2,6-diaminopimelic acid (Meso DAP)-D-Ala-D-Ala [5, 6].
The sacculus is thick and multi-layered in Gram-positive bacteria and is in contact
with extracellular space through covalently bound teichoic acids, whereas in Gram-
negative bacteria, is thin, monolayered, and covered by an outer membrane [7].

The structural role of the cell wall arises not only from its polymeric nature, but
from the biosynthetic pathways that define its chemistry and mechanical properties.
PG synthesis entails a series of reactions that span various cellular compartments
[2, 8] (Fig. 1). The process is initiated in the cytoplasm where the cytoplasmic
precursor UDP-MurNAc-pentapeptide is synthesized, through the conversion of
UDP-N-acetylglucosamine to UDP-N-acetylmuramic acid by MurA and MurB,
followed by the stepwise assembly of the peptide stem through the sequential
actions of four essential enzymes, MurC, D, E, and F ligases [9]. The membrane
steps of PG synthesis culminate in the formation of lipid II. The cytoplasmic
precursor must be first linked to undecaprenyl phosphate (UndP or C55-P), a 55-
carbon membrane-bound carrier lipid, to form lipid I at the cytoplasmic face of the



membrane, mediated by the action of MraY. Another membrane-bound protein, the
glycosyltransferase MurG, helps in transferring a molecule of UDP-linked GIcNAc
to lipid I, resulting in its conversion to the final PG precursor lipid II (UndPP-
GlcNAc-MurNAc-pentapeptide) [10, 11]. Lipid II is subsequently transported by
flippases to the periplasm or the exterior of the cell, in Gram-negative or Gram-
positive bacteria, respectively [12]. MurJ fulfills the role of a lipid II flippase, where
its central cavity bound to lipid II can alternate between periplasm-facing and
cytoplasm-facing conformations [13, 14]. Following its transportation to the other
side of the membrane, lipid II serves as a substrate for sacculus synthesis. The
undecaprenyl pyrophosphate (UndPP) is dephosphorylated by UndPP phosphatases
to UndP, which, with the help of UndP flippases, is translocated back to the inner
side of the membrane to produce a new lipid II molecule. The disaccharide-
pentapeptide part is utilized by PG synthases for polymerization and association
with the PG layer, requiring two common reactions: transglycosylation mediated by
transglycosylase (TGase) enzymes, to form the glycan strands, and transpeptidation,
mediated by the transpeptidase (TPase) enzymes, required for cross-link formation
between the peptide stems [2, 8]. The two reactions are mediated by penicillin-
binding proteins (PBPs) and SEDS-family proteins [15, 16]. In addition to PG
polymerization, the incorporation of lipid II precursors into the existing PG requires
multiple hydrolytic enzymes to break up existing bonds, allowing for the insertion
of new material: the D,D-carboxypeptidases, D,D- and L,D-endopeptidases, lytic
transglycosylases, and amidases, required for the cleavage of terminal D-Ala
residues, amide bonds in stem peptides, bonds between MurNAc and GlcNAc, and
stem peptides from the glycan strands, respectively [16].

Disruption of genes involved in PG synthesis through mutations often results in cell
shape defects, demonstrating the importance of biosynthetic integrity for shape
maintenance [17-19]. PG hydrolytic enzymes also play a central role in shaping cells
by altering the chemical composition of PG through various mechanisms [20].

While these biosynthetic processes define the structural and mechanical framework
of the PG layer, the sacculi alone lack the intrinsic information to define their own
shape and shape generation requires the precise spatial and temporal control of PG
synthesis to translate this framework into morphology, as will be discussed in the
following sections.
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Figure 1. A simplified overview of the minimal steps of PG synthesis. Cytoplasmic PG biosynthetic
steps include the conversion of UDP-N-acetylglucosamine to UDP-N-acetylmuramic acid by MurA and
MurB, and the assembly of the peptide stem by MurC, MurD, MurE, and MurF, culminating in the
cytoplasmic precursor UDP-MurNAc-pentapeptide. In the cytoplasmic membrane (CM), MraY and MurG
mediate the formation of lipid | and lipid Il, respectively. Lipid Il is flipped across the membrane by MurJ
and is polymerized into nascent PG by transglycosylation and transpeptidation, mediated by SEDS and
PBPs.

Cytoskeletal control of peptidoglycan assembly

Eukaryotic cell organization relies on the three main cytoskeletal elements, the
microtubules, the microfilaments, and the intermediate filaments, composed of
tubulin, actin, and intermediate filament proteins, respectively [21]. Homologs to
all three eukaryotic elements were described in prokaryotes, despite the long-held
view that bacteria rely simply on their cell wall for structural maintenance [22]. The
best-elucidated cytoskeletal proteins bacteria use to coordinate PG synthesis are the
actin homolog MreB, the tubulin homolog FtsZ, and the IF-like protein Crescentin
[23, 24]. The protein complexes known as the elongasome and divisome in rod-
shaped model bacterial species, centered around MreB and FtsZ, respectively, exert
significant influence over bacterial morphogenesis, with the elongasome guiding
PG insertion during cell elongation, and the divisome coordinating septal PG
synthesis [25, 26] (Fig. 2). The functional roles of the divisome and elongasome in
cell shape determination in E. coli and Bacillus subtilis form the basis of our
understanding of bacterial morphogenesis. Accordingly, the two protein complexes
are discussed in more detail in the following sections.



The elongation complex

Rods of E. coli and B. subtilis elongate their bodies by inserting new PG material at
the sidewalls, a process mediated by the protein complex known as the elongasome.
Core components of the elongasome, referred to here using E. coli nomenclature,
include MreB, MreC, MreD, RodA, RodZ and the penicillin-binding protein PBP2
[7, 27]. The discussion of the elongasome complex below pertains to E. coli and B.
subtilis, unless otherwise specified (See also Fig. 2).

The mreBCD operon

MreB belongs to the actin superfamily, and despite differences in sequence, MreB
tertiary structure is similar to that of its eukaryotic counterpart [28]. mreB-like genes
are prevalent across rod-shaped bacterial species, where all rods, except for those of
Actinomycetota and Hyphomicrobiales, encode at least one homolog, and a direct
relationship exists between the occurrence of MreB proteins and cell morphology
[26, 29]. For instance, perturbation of MreB function in E. coli can result in rounding
of the cells [30]. MreB forms membrane-bound filamentous structures of an
antiparallel organization in the elongated region of the cell [31-33]. These structures
develop as short pairs of filaments, associate with the membrane at dispersed sites,
and rotate along the cell longitudinal axis, with this circumferential movement being
linked to PG synthesis and is independent of MreB polymerization [34-37].

Depletion of the essential membrane proteins MreC and MreD results in phenotypes
similar to that of MreB depletion, namely the loss of rod morphology [38]. MreC
interacts with MreB, MreD, and PBP2, and is proposed to activate the RodA-PBP2
PG synthase complex by inducing conformational changes in PBP2, whereas MreD
counteracts this effect by maintaining PBP2 in an inactive state [38, 39].

RodA-PBP2 complex

The SEDS-PBP complex formed by RodA and PBP2, providing TGase and TPase
activities, respectively, constitutes the essential PG synthase component in cell
elongation [40, 41]. Like MreB, RodA-PBP2 rotates circumferentially [35, 36].
Cooperation between PBP2 and the bifunctional TGase/TPase PBPla was also
found important for the attachment of newly synthesized PG [42].

RodZ

The membrane protein RodZ self-interacts while associating with MreB and is
proposed to function in modulating MreB polymer number and curvature preference
and act as a transmembrane linker that couples MreB to the PG synthesis [43-46].

10



Bacterial cell division

From finding the division site to the complete segregation of DNA and the activation
of downstream PG synthesis machinery, bacterial cells navigate a range of
complicated tasks to produce viable offspring of correct shape and size [47, 48].
Below is a discussion of the molecular basis of cell division in model bacterial
organisms (See also Fig. 2). The discussion pertains to E. coli and B. subtilis, unless
otherwise specified.

The Z-ring is the key architect in bacterial cell division

The first to act in cell division is FtsZ, a broadly conserved cytoskeletal protein that
drives cell division in almost all bacterial species [25, 49], some archaeal members
[50], as well as chloroplasts in some eukaryotes [51]. FtsZ was first described as
implicated in cell division in E. coli [52]. A study by Bi and Lutkenhaus in 1991
showed that FtsZ makes a ring-like structure, the Z-ring, at the division site closely
beneath the inner membrane [53]. Subsequent studies recognized FtsZ as a GTPase
homolog of eukaryotic tubulin and described its self-polymerization into tubulin-
like filaments [54-56]. The first crystal structure of FtsZ confirmed homology to
tubulin and revealed the presence of N-terminal GTP-binding domain [57]. GTP
hydrolysis in FtsZ occurs when the C-terminal T7 synergy loop of one monomer
inserts into the GTP-bound nucleotide-binding pocket of the adjacent monomer,
forming the active site for hydrolysis [56, 58, 59].

The Z-ring is of a heterogenous discontinuous structure and consists of clusters of
short overlapping FtsZ protofilaments [60-62]. Such heterogeneity might result
from the inherent subunit exchange dynamics of FtsZ, i.e. the rapid exchange of
GDP-bound FtsZ monomers in the ring with the cytoplasmic pool of GTP-bound
FtsZ monomers [49]. Further, an apparent directional motion of polymers due to
continuous polymerization occurring at the front (plus) end and depolymerization
occurring at the opposite (minus) end, aka treadmilling dynamics, were also
described for FtsZ filaments [25, 49]. These dynamics were suggested to contribute
to PG remodeling around the cell diameter [63, 64].

The Z-ring is positioned to mid-cell by negative regulatory systems, the Min and
the NO systems, which inhibit FtsZ polymerization at any site other than mid-cell.
The Min proteins help localize the cell division machinery to mid-cell by forming
pole-to-pole oscillations, generating a gradient that inhibits Z-ring formation at
polar sites [65]. The NO, or nucleoid occlusion, system functions by inhibiting Z-
ring formation over regions occupied by nucleoids and therefore is important in the
coordination between cell division and chromosome segregation [66].

The Z-ring acts as a precursor for the assembly of the mature divisome, as following
its formation, the remainder of the divisome is recruited in a sequential and temporal
manner, with early arrivals being required for forming a focused mature Z-ring and
interacting directly with FtsZ, followed by successive waves of protein recruitment,
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bringing in factors as needed for their specific functions, including those required
for septal PG synthesis [25, 47, 67], as will be discussed in the following sections.

Stabilizers of the Z-ring

The association of FtsZ filaments into a coherent mature Z-ring is mediated by the
Zap proteins, also known as the stabilizers of the Z-ring [68]. The broadly conserved
ZapA promotes bundling of FtsZ polymers [69, 70]. The remaining Zap proteins,
ZapB through ZapD, also seem to have the same apparent function in bundling FtsZ
filaments and promoting Z-ring maturation and stability [71-74]. The role of another
Zap, ZapE, is debated as it had been initially described to destabilize FtsZ filaments
[75], but a recent conflicting evidence suggested its role in filament bundling [76].

Anchors of the Z-ring

The Z-ring must be tethered to cytoplasmic membranes for the recruitment of the
mature divisome, septum formation, and constriction of the membranes. Since FtsZ
lacks inherent membrane binding properties, its anchoring to lipid bilayer relies on
membrane-associated FtsZ-interacting partners [77]. FtsA and ZipA fulfill the roles
of Z-ring anchors in E. coli. The actin-like filament-forming FtsA is recruited to
division site in an FtsZ-dependent manner where it binds the membrane by its C-
terminal amphipathic helix while interacting with FtsZ to tether it to the membrane
[78-81]. ZipA is also recruited to the division site through interaction with FtsZ [82,
83]. However, Gram-positive divisomes lack ZipA [84]. B. subtilis has another
membrane anchor, SepF [85, 86]. SepF is dispensable in B. subtilis, but essential for
cell division in species lacking homologs of FtsA and ZipA [87, 88]. Protein
interactions were demonstrated between Z-ring anchors and late divisome proteins
and PG synthases, including FtsA interactions with FtsK, FtsEX, FtsQ, and FtsN as
well as ZipA interaction with PBPs involved in cell division [89-93], supporting a
role of membrane anchors in recruiting the late members of the divisome.

Recruitment of late divisome proteins and PG synthesis

Proper septation requires clearing DNA from septum formation site, using DNA
translocases, like FtsK in E. coli and SpollE and SftA in B. subtilis [94, 95]. FtsK
is considered bifunctional, coordinating cell division and chromosome segregation
via functionally distinct domains [96]. The N terminus has four transmembrane
helices, while the C-terminal domain is responsible for translocating DNA through
ATP hydrolysis and facilitating disassembly of chromosome dimers in coordination
with the XerCD-dif resolvase system [94].

Completion of cell division also requires the recruitment of septal PG synthesis
machinery, occurring mainly under FtsEX, FtsQLB, FtsWI, and FtsN [67]. These
divisome members form a network of interactions that regulates both septal PG
synthesis and hydrolysis. The transmembrane ATP-binding cassette-like complex
FtsEX is recruited via interactions with FtsZ and FtsA and helps in PG hydrolysis
by recruiting EnvC to division sites [90, 97, 98]. EnvC, in turn, activates hydrolytic
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amidases responsible for cleaving PG, promoting daughter cell separation [99]. In
parallel, septal PG synthesis is mediated by the core enzymatic complex FtsWI,
formed through the interaction of the transglycosylase FtsW with the transpeptidase
FtsI (PBP3) [100]. The activity of this complex is tightly controlled. The FtsQLB
complex, composed of the membrane proteins FtsQ, FtsL, and FtsB, is required for
FtsWI activation, with interactions between FtsL and Ftsl playing a central role
[101]. FtsQLB also exerts an inhibitory role, suppressing the transpeptidase activity
of PBP3 and the glycosyltransferase activity of another PBP, PBP1b, preventing
premature PG synthesis [102]. This inhibition is relieved upon the arrival of the
integral membrane protein FtsN, the last protein recruited to the division site, and
which signals divisome maturation. FtsN triggers PG synthesis by interacting with
PBP1b and modulating FtsQLB to activate PBP3 [103-105].

Systems supporting chromosome partitioning and condensation

In addition to the role of FtsK in the separation of daughter chromosomes, the tight
coupling of cell division with chromosome segregation and condensation involves
additional systems. In B. subtilis, but not in E. coli, the ParAB-parS system,
consisting of the ATPase ParA (Soj), the DNA-binding protein ParB (Spo0J), and
conserved parS sites clustered near oriC, coordinate chromosome segregation.
Mechanistically, ParB, a CTP-dependent sliding clamp, binds parS via its helix-
turn-helix motif and spreads along DNA, whereas ATP-bound ParA associates non-
specifically with chromosomal DNA to form a gradient that guides the movement
of ParB-parS complexes, ensuring accurate chromosome segregation prior to cell
division [106, 107]. ParB also recruits the B. subtilis SMC protein, the condesin,
onto the chromosome to help in DNA entanglement [108].

Structural Maintenance of Chromosome, or SMC proteins, represent an important
group of proteins that feature globular N- and C-terminal head domains, including
the Walker A motif for ATP binding and the Walker B motif for ATP hydrolysis,
respectively, and are implicated in partitioning and condensing chromosomes across
all domains of life [109, 110]. £. coli MukB, encoded by an operon with MukE and
MukF, was the first SMC-like bacterial protein to be described [111, 112]. MukBEF
organizes hundreds of kilobase-sized chromosomal loops in the nucleoid with the
help of MatP, which binds specifically to matS sites in the terminus (Ter) region,
displacing MukBEF from Ter to establish an SMC gradient along the chromosome,
while also anchoring Ter to the divisome by connecting to ZapA and ZapB, thus
coordinating chromosome partitioning with cell division [113-116].

Systems involved in DNA segregation also involve the type II topoisomerases DNA
gyrase and topoisomerase 1V, which transiently introduce double strand breaks to
pass one DNA duplex through another before resealing the DNA. Composed of
GyrA/GyrB and ParC/ParE, respectively, these enzymes play complementary roles
during DNA replication and segregation: gyrase relieves positive supercoiling ahead
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of the replication fork, while topoisomerase IV decatenates intertwined daughter
chromosomes to ensure their proper segregation following replication [117, 118].

E

Figure 2. lllustration of cell shape generation in rod-shaped model bacterial species. (A) Rod-
shaped E. coli and B. subtilis achieve their shape through FtsZ-mediated cell division (shown in green)
and MreB-based elongation (shown in red). (B) A cross-section of the rod cell showing FtsZ oligomers
linked to the membrane, with subunit exchange dynamics, where GDP-bound FtsZ monomers in the
oligomers are replaced with GTP-bound FtsZ monomers from the cytoplasm, and treadmilling dynamics,
where continuous polymerization occurs at the plus end and depolymerization at the minus end. (C) An
illustration of an active divisome protein complex. (D) A section of the inner face of the rod cell showing
MreB making short filaments and engaging with the membrane negative curvature. (E) An illustration of
an active elongasome protein complex.
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Manifestations of bacterial morphogenesis: from
simple to complex

Bacteria adopt a wide range of shapes beyond the extensively studied rod form, yet
the complexity and importance of cell morphology are often underestimated. Far
from being simply a descriptive feature, cell shape is evolutionarily selected and
may reflect adaptation to specific functional and environmental factors [119-121].
This section outlines general principles of bacterial morphogenesis through selected
examples and the mechanisms underlying their generation, highlighting only key
determinants associated with each morphology (See also Fig. 3).

Bacterial key cell body geometries

An imperfect sphere

The shape of spherical cocci, such as micrococci and staphylococci, is thought to be
the simplest morphology, and the generation of such shapes is proposed to require
only septal PG synthesis machinery. Coccoid cells of Staphylococcus aureus lack
MreB and rely only on cell division for growth and morphogenesis [122, 123].
However, staphylococcal cells are not perfect spheres, as S. aureus demonstrates the
capacity for some elongation, mediated by the action of the SEDS-PBP pair, RodA-
PBP3 and a DivIVA-paralog, GpsB, contributing to the mild elongation of the cell
wall near the septum [124, 125].

A slightly ovoid sphere

Ovococcoid, as in the case of lactococci and streptococci, is a morphology that
requires peripheral PG synthesis complementing the septal apparatus [122, 123].
Despite lacking MreB, Streptococcus pneumoniae retains members of the
elongasome, and it is suggested that both septal and peripheral PG synthesis occur
at the division site, requiring the coordinated actions of FtsZ, components of the
elongasome complex, and distinct types of penicillin-binding proteins [123].

The polarly and laterally growing rods

Rod shape in the extensively studied rods E. coli and B. subtilis results from the
interplay between septal and peripheral PG synthesis guided by FtsZ and MreB,
respectively, as discussed in previous sections. However, rod shape can occur
without MreB, as in the case of the actinomycetotal genus Mycobacterium or the
alphaproteobacterium Agrobacterium tumefaciens [126]. In these cases, cell
elongation is mediated by polar growth, where PG synthesis is directed to poles by
other morphogenetic determinants, such as the Growth Pole Ring (GPR) protein and
the DivIVA-like protein Wag31 in 4. tumefaciens and mycobacteria, respectively
[127, 128]. Polar growth will be addressed in detail in chapter IV.
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A curved rod

Caulobacter crescentus with its arcuate half-moon morphology represents one of
the best models to study curved cell shape [129]. MreB is needed for preserving the
rod shape in these species [130]. However, the crescent shape is mediated by the IF-
like protein Crescentin, whose absence can result in straight rods [131]. The
Crescentin induces a bending in the rod by exerting a compressive force on the cell
wall, reducing the peptide bond strain and limiting glycan strand insertion, thereby
creating a gradient of PG synthesis with higher activity on the side opposite to
Crescentin [132]. Curved shapes can also occur independently of the Crescentin, as
witnessed in Vibrio cholerae, which relies on CrvA, another morphogenetic
determinant that assembles in the periplasm at the inner curvature of the cell and
induces the asymmetric PG insertion required for curved shape [133].

Helices and helically coiled spirals

Helical morphologies appear to occur mostly in Gram-negative bacteria, likely due
to the biophysical properties of their thinner cell wall, allowing for deviations from
rod form through processes of localized modifications or asymmetric PG insertion
[119]. For instance, maintenance of helical shape in Helicobacter pylori is the result
of MreB promoting default rod growth, another protein CcmA driving extra PG
insertion along the convex side of the cell, and hydrolases that further modify PG,
helping establish and maintain the helical curvature [134]. Spirochetes, on the other
hand, have evolved different strategies to acquire their shape. The periplasmic
rotating endoflagella is thought to be implicated in deforming PG and imparting the
flat-wave shape in some spirochetes [135]. For instance, in Borrelia burgdorferi,
mutants lacking endoflagella are non-motile and have a straight cell body [136].

Towards more complexity

Cell-wall enclosed appendages

Moving towards more complex architectures, some bacteria exhibit prosthecae, cell
envelope extensions whose generation requires processing of PG and cell envelope
[137]. For example, C. crescentus has a polar prostheca, aka stalk, with an adhesive
holdfast at its tip. The biogenesis of the prosthecae through zonal PG remodeling is
localized at the pole by SpmX, which confines the cytoskeletal proteins BacA and
BacB to act as a scaffold for biogenesis, and is recruited to the pole by PopZ [138].
Other bacteria display surface appendages, the flagella and pili, projecting
filamentous structures on the outside of the cell. However, a discussion of surface
appendages is outside the scope of this thesis (For reviews see, [139, 140]).
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Developmental and post-divisional asymmetry

Here again, C. crescentus stands out as an example, now highlighting the complex
dynamics of post-divisional asymmetry. Cell division in C. crescentus produces two
non-identical daughter cells: a motile flagellated swarmer cell and a sessile stalked
cell that attaches to surfaces via the stalk. The swarmer cell swims using its
flagellum until it adheres to a surface through pili, after which it forms a holdfast to
secure attachment. It then undergoes a morphological transition into a stalked
division-competent cell [ 141]. Another example is the asymmetric cell division seen
in mycobacteria. Polarly growing mycobacteria exhibit asymmetric growth and cell
division with elongation occurring at unequal amounts at the poles and cell division
resulting in daughter cells of unequal sizes, with daughters inheriting the old pole
being larger than daughters inheriting the new pole [142].

Morphological plasticity and differentiation

Several bacterial species can alter their shape in response to environmental stressors
or during predation [143]. For example, the uropathogenic E. coli (UPEC) exhibits
different morphotypes at different growth phases during infection. UPEC forms
communities of rods upon invasion, which later transition into slowly growing
coccoids. A filamentation in a subset of these coccoids follows, with the latter
believed to help in coping with host immune responses. At later stages, coccoids
become bacillary and motile, leading to host cell lysis and the initiation of a new
round of infection [144].

Other bacterial species actively sculpt their shapes as they progress in their life
cycles. B. subtilis reproduces as a simple rod during vegetative growth. However,
during the transition to sporulation, several morphological strategies are employed,
including an asymmetric cell division resulting in a forespore engulfed by the
mother cell. The forespore becomes protected by a coat and a PG cortex. Following
spore maturation, the mother cell is lysed, and the highly resistant spore is released
into the environment [145]. Another example is the filamentous streptomycetes,
whose life begins with ovoid spores. Spore germination results in germ tubes that
grow by tip extension and branching into a vegetative mycelium. Hyphae within the
mycelium elongate by polar growth and undergo cell division without separation,
resulting in a filamentous morphology. At a later stage, aerial hyphae, a second type
of filamentous structure, emerge and subsequently differentiate into spores [146].
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Figure 3. A simplified illustration depicting the generation of various bacterial cell shapes. (A)
Coccoids (left) and ovococcoids (Right) rely primarily on FtsZ for morphogenesis. (B) Rod-shaped
bacteria as in E. coli and B. subtilis additionally requires the MreB elongasome complex (Top). Rod shape
can alternatively emerge by polar growth (Bottom). (C) Crescent shape as in C. crescentus additionally
requires a compressive force on cell wall and uneven PG synthesis mediated by the Crescentin. (D)
Helical shape exemplified by H. pyloriis mediated by PG modifying enzymes (not shown) and both MreB
and CcmA driving PG synthesis at the concave and convex parts, respectively (Top). The rotating
endoflagellum, as in B. burgdorferi, can deform the cell wall and generate the flat-wave spiral shape
(Bottom). (E) Bacteria with pili and flagella, as in P. aeruginosa (Right), and prosthecae, like the stalk in
C. crescentus, positioned at the pole by SpmX, recruited by PopZ and subsequently recruits BacA and
BacB for stalk biogenesis (Left). (F) C. crescentus life cycle illustrated as an example of generating
asymmetric progeny (Top). Asymmetric growth and cell division in mycobacteria (Bottom). (G) Life cycles
of B. subtilis (Top) and Streptomyces spp. (Bottom) as examples of bacteria that show morphological
plasticity throughout their life cycle.
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Shaped for success

Bacteria sculpt their shapes carefully for a reason: their morphologies provide
selective advantages. While there is no direct evidence of an advantage for each cell
shape, the biological relevance of morphology is supported by several arguments,
which are well-articulated in the reviews by Young [120, 121]. Bacteria within a
genus exhibit a limited range of morphologies despite the variety of possible shapes
they can adopt, suggesting that shapes are adaptive and confer advantages. Further,
morphological plasticity displayed by some bacterial species during development,
pathogenesis, and in response to environmental cues, demonstrates the importance
of controlling shape. Finally, and despite coccoids having the simplest bacterial
morphology, evidence suggests that first bacteria were rods, and coccoids were
derived from rods that had lost their ability to elongate. Such evolutionary
progression implies that there are selective forces at work [120, 121].

Numerous studies have investigated or touched upon the biological significance of
bacterial morphology. While it would be exhaustive to cover the literature
illustrating this, a limited selection of examples can include: the C. crescentus
curved body facilitating adherence to proximal surfaces under flow [147], the effect
of cell shape on nutrient acquisition, as exemplified by enhanced uptake of
phosphate by extruding a stalk [148], an effect of cell shape on motility as evidenced
by enhanced motility of helically shaped cells through viscous solutions [149],
enhanced surface attachment through utilizing morphological features, such as pili
[141], and contribution to more successful pathogenesis as demonstrated by UPEC
where bacillary cells are selectively targeted over filamentous cells [144].
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Chapter II. From single cells to
multicellular communal structures

A discussion of complex bacterial shapes inevitably brings bacterial multicellularity
into focus. In fact, some of the complex morphologies mentioned before are forms
of multicellular organization.

Multicellularity in bacteria

Life on earth commenced and remained unicellular for approximately 3 billion years
before the appearance of multicellular organisms [150]. Historically, bacteria since
their discovery had been considered exclusively unicellular until the 1980s when
James A. Shapiro disputed this by arguing that bacteria are capable of cell-cell
communication, multicellular organization, and performing specialized functions
[151, 152]. Multicellularity in bacteria has evolved independently multiple times,
often in response to physiochemical and ecological pressures, and usually confers
selective advantages to the organisms [153, 154]. While enhanced survival, more
efficient feeding, and resistance to stress and predation are well-known benefits of
being multicellular [154, 155], multicellularity can also impose significant costs,
such as competition over space and resources [156]. Therefore, success of the two
organizational states, multicellularity versus unicellularity, generally depends on the
ecological context and selective pressure, and a unicellular state of bacteria should
not be seen as inferior or only as an ancestral phase on the way to multicellularity,
but rather as a highly successful strategy.

While bacteria can lead multicellular lives, they do so without crossing the threshold
into obligate multicellularity, i.e., multicellular bacteria undergo a unicellular phase
at some stage in their life cycle. The only known example of obligate multicellular
bacteria is a group of unique marine bacteria referred to as the multicellular
magnetotactic prokaryotes [154, 157].
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Forms of multicellular organization in bacteria

Multicellularity in bacteria can arise through clonal or aggregative processes [153,
154] (Fig. 4). Clonal multicellularity ensues when cells develop by division from a
single predecessor, as exemplified by the multicellular filamentous cyanobacterial
and actinomycetotal species. In filament-forming cyanobacteria, multicellularity is
manifested by the nature of these filaments, consisting of hundreds of connected
cells surrounded by a continuous outer membrane, with each cell being enclosed by
PG [158]. The filamentous Streptomyces species are multicellular during vegetative
growth where cross-wall formation creates multi-nucleoid compartments within
vegetative hyphae [159]. Unlike filamentous bacteria, where multicellularity is
established by physically connected cells, other bacteria can become multicellular
through dynamic behaviors like aggregation, as for example during biofilm
formation, which is classically initiated by surface-attachment, but requires cellular
aggregation for maturation [160, 161]. Fruiting bodies formed by aggregation of
Myxococcus xanthus swarms also belong to this category [162].
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Figure 4. Two roads to bacterial multicellularity. Multicellularity can emerge through clonal or
aggregative models as exemplified by Streptomyces vegetative hyphae (Top) and the aggregation of M.
xanthus cells for fruiting body formation (Bottom).

However, limiting the discussion of multicellularity to mechanisms of formation
overlooks other fascinating multicellular patterns. Using M. xanthus once more as a
an example while looking beyond the formation of fruiting bodies, this organism is
of social nature, and multicellular social behaviors are manifested in the different
phases of its life cycle [163]. Gliding of M. xanthus on surfaces is achieved by two
independent genetically encoded mechanisms: Adventurous motility and social
motility, responsible for movement of individual cells and the swarming movement
of cells as a group, respectively [164]. Driven by type IV pili retraction operating
on self-produced exopolysaccharides, social motility requires cell-cell proximity
and is necessary for cooperative predation and fruiting body formation. Therefore,
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M. xanthus exhibit multicellular behaviors during motility, feeding, and survival
[163]. Swarming motility in Proteus mirabilis also represents a compelling
demonstration of multicellular behaviors. The surface-induced differentiation of P.
mirabilis vegetative swimmer cells results in elongated hyperflagellated swarmers
that move in groups across surfaces, and such coordinated movement occurs in
cycles of rapid swarming interspaced with periods of cessation of movement,
referred to as consolidation [165].

Key features of bacterial multicellularity

Multicellularity in bacteria has key biological features that can be interpreted both
as its outcomes and as the underlying drivers of its occurrence. The following
section covers some of these features in the light of the previously mentioned
examples of multicellular bacteria.

Heterogeneity, differentiation, and specialization, often culminating in
division of labor

Multicellular bacteria undergo differentiation and specialization, where monoclonal
cells adopt specialized roles. In filaments of Anabaena, a well-studied genus of
filament-forming cyanobacteria, part of the CO,-fixing vegetative cells, under
conditions of altered nitrogen-carbon balance, differentiate into heterocysts that are
capable of fixing atmospheric nitrogen. Heterocysts and photosynthetically active
vegetative cells engage in division of labor where heterocysts transfer N, fixation
products to vegetative cells and the latter transfer reduced carbon compounds to
heterocysts [166]. Streptomyces multicellular life, on the other hand, involves a
reproductive division of labor, where differentiation of vegetative hyphae to spore-
bearing aerial hyphae is coupled with lysis of vegetative mycelium, likely to provide
nutrients to the developing spores [167, 168] (Fig. 5). The multicellular fruiting
bodies of M. xanthus comprise three subpopulations of specialized cells that show
an altruistic behavior: peripheral rods surrounding and providing structure to the
fruiting body, myxospores that are resistant to environmental stressors, and cells
that undergo lysis, perhaps to serve as nutritional sources [162] (Fig. 5).
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Figure 5. Differentiation and division of labor as features of multicellular life in bacteria. M. xanthus
fruiting bodies comprise three subpopulations: spores, rods, and cells that undergo programmed cell
death (PCD) (Left). Streptomyces development involve differentiation into spore-bearing aerial hyphae
where vegetative hyphae undergo PCD (Right).

Intercellular communication

Intercellular communication is not limited to multicellular bacteria as single-celled
bacteria can also communicate, for example by quorum sensing [169]. However, it
remains a feature of multicellular life where such communication is needed for
organization and coordination as a community [154]. Intercellular communication
in multicellular bacteria can be for example mediated by physical interactions. An
example of that is the proteinaceous septal junctions that traverse the PG layer
through nanopores connecting adjacent cells in Anabaena filaments and modulating
molecular diffusion [158]. M. xanthus cells also use physical interactions in the form
of outer membrane vesicles and tubes and undergo a social process known as outer
membrane exchange, where they transiently fuse their outer membranes to facilitate
the exchange of proteins and lipids [170].

Intercellular communication can also manifest as kin-biased interactions during
which social bacteria recognize and assist genetically similar partners, to maintain
viable cooperation within the population and prevent social cheating [171, 172]. In
M. xanthus, the kin recognition TraAB system has been described where TraA is a
polymorphic surface receptor that allows cells to recognize kins based on specific
recognition tag. This system is coupled to the outer membrane exchange process
described earlier. A proposed profit of this coupling is to repair damaged cells,
where cells functionally rescue one another and sustain a homogeneous population
of fit individuals [162]. P. mirabilis swarmers were also described as being capable
of territorial behavior and to possess a self/non-self-recognition system, mediated
by the Ids and Idr proteins [173, 174]. Mutations in idsABCDEF operon were shown
to disrupt the recognition of wild-type parent [174], indicating that such self-
recognition systems exhibit high precision.
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Chapter IIl. Streptomyces species:
overview and cell biology

Streptomyces: the largest genus in the phylum
Actinomycetota

Actinomycetota is one of the largest and most diverse bacterial phyla, encompassing
Gram-positive species characterized by their high genomic GC content. Members
of this phylum are mainly free-living soil bacteria, with some occupying aquatic
habitats, and the phylum also includes clinically important pathogens such as
Mycobacterium tuberculosis [175, 176]. The name of the phylum derives from the
type genus Actinomyces, from the Greek for “ray fungus”, reflecting the filamentous
morphology and branching growth pattern that resemble fungal mycelium and are
common among many members of the phylum. However, the term captures only a
part of their biology, as Actinomycetota have remarkable morphological diversity,
encompassing a wide range of shapes including rods (e.g., Corynebacterium spp.
and Mycobacterium spp.), and coccoids (e.g., Micrococcus spp.), as well as
fragmented hyphal structures (e.g., Nocardia spp.), and branched filamentous forms
(e.g., Streptomyces spp.) [175, 176]. The genus Streptomyces is the largest and
among the most well-studied genera within Actinomycetota. Streptomycetes are
mostly soil-dwelling bacterial species [177]. In addition to free-living, Streptomyces
symbionts of fungi, plants, and animals have been described [178], and the genus
also includes few plant and human pathogens [179, 180].

Streptomycetes have attracted scientific attention for decades, owing to their
remarkable biology and ecological importance. Their sophisticated extracellular
biology, which underpins their ability to exploit and modify their surrounding
environment, is one area of research. For example, as soil-dwelling saprophytes,
they thrive on complex organic matter by secreting a diverse collection of hydrolytic
enzymes that degrade polymers such as cellulose and chitin, and thereby driving
nutrient cycling in soil ecosystems [181]. Streptomycetes are also renowned for
their unusual capacity to produce specialized metabolites, many of which have
revolutionized modern medicine through their use as antibiotics. In their natural
habitat, these compounds, together with a diverse repertoire of enzymes, serve as
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chemical arms and signaling molecules that shape interactions within the highly
competitive soil environment [182].

Equally remarkable is their multicellular development and complex filamentous
shape [146]. Their intricate morphology was so striking that streptomycetes were
historically mistaken for fungi but also made these organisms invaluable models for
studying the molecular basis of bacterial development and morphogenesis, the
primary focus of this thesis. Several Streptomyces models have driven major
advances in this field. For instance, Streptomyces avermitilis and Streptomyces
griseus have contributed important insights on Streptomyces development during
early molecular studies. However, our current knowledge of molecular mechanisms
governing Streptomyces development and morphology has been shaped largely
through the study of the two models, Streptomyces coelicolor and Streptomyces
venezuelae. S. coelicolor has been widely used due to its production of pigmented
antibiotics, providing genetic markers for studying development and metabolism,
whereas S. venezuelae offered advantages such as rapid growth and sporulation in
liquid culture, which, with advances in time-lapse microscopy techniques, enabled
direct visualization of the full life cycle and revealed spatiotemporal regulation of
developmental processes [183].

Overall, the unique cell biological features of streptomycetes have established them
as models for investigating questions in bacterial multicellularity, morphogenesis
and development, and in research areas beyond developmental biology including
microbial ecology, biotechnology, and medicine. Some of these aspects, along with
additional aspects of Streptomyces cell biology will be explored further throughout
the following sections.

The exceptional biology of streptomycetes

Atypical genomic features

Streptomyces genomes, featuring unusual GC-rich composition with over 70% of
nucleotides being guanine or cytosine, have sizes that range from approximately 6
to 12 Mb, making them among the largest bacterial genomes [184]. By comparing
the smallest Streptomyces genomes, such as that of Streptomyces albus (6,8 Mb,
encoding 5,832 genes) [185] to for instance the genome of the simple free-living
eukaryote Schizosaccharomyces pombe (13.8 Mb, encoding 4,824 genes) [186], it
becomes evident that Strepfomyces genomes are unusually large with respect to size
and number of coding sequences. A closer look at Streptomyces genomes further
reveals a heavy investment in regulation. For example, in the 8.7 Mb S. coelicolor
genome, containing 7,825 genes, 965 genes encode regulatory functions, with a
pronounced preference for specific regulatory groups, as exemplified by the 65
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sigma factors encoded by the genome and the abundance of two-component
regulatory systems, including 85 sensor kinases and 79 response regulators, with 53
sensor-regulator pairs [187].

Atypical for prokaryotes, Streptomyces genomes are also linear [188]. This linear
structure features terminal inverted repeats and telomers at both ends that can form
complex secondary structures, as well as terminal proteins covalently linked to their
5’ DNA termini, essential for chromosome replication [189, 190]. Streptomyces
chromosomes consist of a central core flanked by terminal arms, with coding density
remaining relatively consistent across the chromosome. The core region houses the
centrally placed origin of replication and house-keeping genes, essential for primary
cellular functions, such as DNA replication, cell division, and central metabolism.
The chromosome arms usually contain less conserved and species-specific genes
that mainly encode conditionally adaptive functions and secondary metabolism
pathways [191, 192]. Notably, the core region shows significant synteny with the
entire circular genomes of other actinomycetes, such as the 4.4-Mb M. tuberculosis
and the 2.5-Mb C. diphtheriae genomes, suggesting a shared evolutionary origin of
fundamental cellular processes [187]. The chromosomal arms are highly prone to
genomic rearrangements leading to genomic instability, another intriguing feature
of Streptomyces genomes. Genomic instability in streptomycetes has been attributed
to the linear structure with terminal repeats, promoting frequent DNA double-strand
breaks, recombination, and large-scale deletions or rearrangements, particularly in
chromosomal arms [192].

Prolific secondary-metabolic capabilities

Streptomycetes demonstrate powerful secondary metabolism, owing to the rich
repertoire of biosynthetic gene clusters (BGCs) in their genomes [193]. BGCs,
comprising co-located genes, encode the enzymes necessary for the synthesis,
transport, and regulation of specialized metabolites [194]. Since the discovery of
streptomycin from S. griseus in 1943 [195], streptomycetes have been broadly
acknowledged for their contribution to antibiotic production. Beyond antibiotics,
compounds with biological activities (e.g., antifungals, immunosuppressants,
immunostimulants, antivirals, and anticancer agents) and agricultural applications
(e.g., insecticides and pesticides) have been derived from streptomycetes [193].

Streptomycetes remain a subject of interest due to the large potential for the
discovery of new compounds. Advancement in genome mining tools and in-depth
examination of sequenced genomes showed that Streptomyces species harbor 8 to
83 BGCs per genome [196]. Most of these BGCs remain inactive or cryptic under
laboratory growth conditions, which makes further investigation of the required
signals and ecological context to trigger their activation necessary for the discovery
of new compounds [194].
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Morphological and developmental complexity

Streptomyces life cycle

Streptomyces undergo a complex life cycle of different developmental stages (Fig.
3G and Fig 10). Spore germination gives rise to an initial filamentous structure, the
germ tube, which grows by tip extension and branching, resulting in a network of
vegetative hyphae, known as the vegetative mycelium. In response to certain
signals, morphological differentiation to aerial hyphae ensues, and sporulation septa
form along the aerial hyphae partitioning them into spore compartments. Following
maturation, spores are released into the environment, where they survive a dormant
state until germination is triggered. Dormant spores serve to preserve genetic
information during adverse conditions and facilitate dispersal to new environments
[146]. The life cycle of Streptomyces and the molecular mechanisms underlying
each stage are explored in the following sections.

Molecular basis of Streptomyces development
Germination

Macromolecules required for initiating germination are not produced de novo during
this process, but rather synthesized prior to dormancy [197]. Within dormant spores,
a reservoir of stable mRNAs, a translational machinery, functional ribosomes, and
hydrolytic enzymes are stored [198, 199]. Accumulation of trehalose, produced via
glycogen conversion during spore maturation, helps in preserving macromolecules
during the dehydrated spore state [197, 200]. Exact environmental cues that trigger
germination remains to date unidentified. However, at the molecular level, the
structural cell wall protein NepA has been proposed to contribute to maintaining
dormancy under unfavorable conditions and may influence the likelihood of exiting
dormancy [201]. When germination starts, spores undergo uncoating, releasing
calcium accumulated in their coats, and rehydration causes spore swelling, restoring
enzymatic activity, and reactivating ribosomes to translate proteins from the mRNA
stock. PG hydrolases are important during germination, where these lysozyme-like
enzymes facilitate changes in spore morphology, breaking down and restructuring
PG, and allowing the penetration of nutrients [197]. Rpfs, or resuscitation promoting
factors, a subgroup of lysozyme-like transglycosylases are among enzymes that
serve this function [202-204]. Efficient germination also requires cAMP (cyclic
adenosine monophosphate), and cAMP-receptor protein Crp, which is important for
the regulation of a subset of Rpfs [205-207].

Germ tube to vegetative mycelium

The formation of vegetative mycelium requires the DivIVA-based polarisome, an
apically localized multiprotein complex that mediates polarized cell wall synthesis
to enable hyphal extension at the tip [208, 209]. The polarisome also marks sites of
new hyphal branches. The formation of new branches requires polarisome foci along
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the lateral walls of hyphae, emerging through a mechanism of polarisome splitting
where a daughter polarisome is left behind after being broken off from an existing
tip-localized polarisome, grows until achieving a critical size allowing the original
tip sufficient time to extend a considerable distance from the branching site [210-
212] (Fig. 6). Polar growth will be further discussed in Chapter ['V.

o

Figure 6. New branches emerge through polarisome splitting. Montage of time-series of merged
phase-contrast and fluorescence micrographs taken at 10-minute intervals of S. venezuelae expressing
DivIVA-mCherry. Scale bars, 2 ym.

Vegetative mycelium to sporulating aerial hyphae

The differentiation into sporulating aerial hyphae is under the regulation of complex
developmental regulatory cascades that have been investigated thoroughly for over
half a century (For reviews, see ([146, 213, 214]). The isolation of S. coelicolor
“bald” and “white” mutants that lost the ability to undergo aerial growth and
sporulation, respectively, marked the biggening of our understanding of this
process, as tracing these mutations to their genomic locations identified the two
primary classes of developmental regulators: the Bld (bald) and Whi (white)
regulators [215, 216]. Early microscopic studies also showed that aerial hyphae and
spores are coated by hydrophobic sheaths [217, 218]. Chaplins [219], rodlins [220],
and SapB [221, 222] have been implicated in forming these hydrophobic structures.
The surfactant lantibiotic-like peptide SapB is required for aerial differentiation on
rich media, whereas the process can proceed in the absence of SapB on minimal
media [221-223]. Chaplins and rodlins, encoded by chp (chpA-chpH) and rdl (rdlA
and rdIB) genes, respectively, constitute the major components of the hydrophobic
sheath, with chaplins forming the densely packed fibrillar layer responsible for the
hydrophobic characteristics of the surface layer, and rodlins organizing chaplin
fibrils into a more complex rodlet structure [219, 220, 224-227]. The hydrophobic
surface is thought to help aerial mycelia overcome surface tension and emerge as
erected structures in the air [146].

Subsequent research revealed the multi-tiered network underlying development and
ensuring that transition occurs with precise timing (Fig. 7). The chp and rd! genes
are under the control of sigma factor BIdN, and the activity of the latter is controlled
by anti-sigma factor RsbN and repressed by the transcription factor BldD [228-230].
bldM, encoding an orphan response regulator, is another target of ¢®™-mediated
activation, and BldD-mediated repression [229, 231, 232]. The transcription factor
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BIdC, which itself is repressed by BldD, also activates bldM [229, 233]. BldM
undergoes self-dimerization and can form a heterodimer with Whil [234]. The
atypical response regulator encoded by whil is activated by the motility-like sigma
factor WhiG, and repressed by BIdC [233, 235, 236]. The BIdM homodimer and the
BIdM-Whil heterodimer activate distinct sets of target genes. Initially, the
homodimer is formed and activates genes such as whiB and ssgR, crucial for the
differentiation of aerial hyphae into spores. Subsequently, BIdM-Whil heterodimer
is made, activating genes like the smeA-sff4 operon, encoding the small membrane
protein SmeA that is responsible for recruiting the putative DNA translocation
protein SffA to sporulation septa, and whiF, the locus responsible for the spore
pigment [234, 237, 238]. The transcription factor WhiG, regulated by anti-sigma
factor RsiG and repressed by BIdD, has another target, whiH, whose activation
depends on BIdC and functions in late sporulation [230, 233, 239, 240].

WhiB, the founding member of the “Wbl” actinomycetotal family of transcription
factors, is repressed by both BldO and BldD, and to some extent by BldC, and pairs
with the DNA-binding protein WhiA [229, 233, 241-245]. The WhiA-WhiB
complex activates divisome genes required for sporulation septation (e.g. fisZ, fisW,
and fisK) and appears to repress the polarisome gene, filP [242, 246].

An intriguing aspect of development in streptomycetes is their ability to exploit the
absence of TTA codons in essential genes and employ a tRNA as a developmental
regulator, namely BldA, the only cognate tRNA for leucine codons [214]. BIdA and
the transcription factor AdpA, also designated BldH, both repressed by BldD, form
a positive feedback loop where BIdH activates bldA transcription and BIdA is
required for bIdH expression [229, 247]. AdpA is a global transcriptional regulator
that controls secondary metabolism and a wide range of sporulation genes [248,
249].

BIdD, having more than 170 targets including itself, and exerting control over
developmental regulation by directly or via cascade mechanism influencing most
regulators, as previously stated, as well as key developmental genes including fisZ
and genes encoding regulators of FtsZ, such as ssg4, ssgB and the smeA-sff4 operon,
has been recognized as the master regulator of Streptomyces development [214,
229]. BldD is highly conserved in sporulating actinomycetes and all sequenced bldD
orthologs appear to have c-di-GMP (cyclic di-GMP; 3, 5-cyclic dimeric guanosine
monophosphate) binding sites [250, 251]. c-di-GMP acts as a molecular brake on
development by associating with BldD as a co-repressor: when its levels are high,
differentiation is blocked, but as they drop, BldD repression is lifted, triggering the
activation of the downstream cascade [214, 251, 252].

BIdC, belonging to MerR family of regulators and a nucleoid-associated protein, is
also a significant repressor positioned downstream of BldD in the cascade [229,
253]. While it functions principally as a repressor, the study by Bush et al. [233]
found that BIdC plays a dual role as both a repressor and an activator, turning on
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key genes such as bldM and whiH, while simultaneously shutting down others,
including its own gene, smed, ssgB, hupS encoding a nucleoid-associated protein,
cell division genes encoding the dynamin-like proteins DynAB proteins, and sigF’
encoding a sporulation-specific sigma factor [233].
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Figure 7. Regulatory network controlling Streptomyces development. BldD and BIdC are master
regulators controlling other regulatory genes that activate or repress target genes, allowing for
developmental progression. Although BIldD and BIdC also directly regulate some of these targets, these
interactions are not shown for simplicity. Repression is indicated by blunt arrows (—|) and activation is
shown as standard arrows ().

As a result of these regulatory events and the subsequent activation of genes
involved in the cell division machinery, aerial hyphae undergo synchronous cell
division events, leading to the formation of a ladder of regularly spaced septa. This
synchronized septation, coupled with timely chromosome segregation, function in
partitioning the hyphae into chains of pre-spore compartments, each inheriting a
copy of the chromosome [254, 255]. Cell division and chromosome segregation will
be further discussed in Chapter [V.
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From septation to mature spores

Maturation of pre-spore compartments results in dormant spores, characterized by
their condensed DNA, buildup of trehalose, deposition of spore-specific pigment,
as well as cell wall remodeling and thickening, leading to enhanced stress-resistance
[197, 254, 256]. Deposition of the spore pigment of a polyketide nature in mature
spores is attributed at the molecular level to the whiE gene cluster in S. coelicolor
[238] and similar clusters in other Streptomyces spp. [257, 258].

While polar growth in Actinomycetota is independent of Mre proteins, and members
of the phylum generally lack the MreB-based elongasome apparatus involved in the
lateral growth in model rod-shaped bacteria, Streptomyces genomes harbor rod-
shape-determining genes that are dispensable for vegetative growth but function
particularly in the formation of the thick spore cell wall [259, 260]. Proteins encoded
by these genes form the Streptomyces spore wall synthesizing complex (SSSC)
[260](Fig. 8). The SSSC primarily comprises MreB, MreC, MreD, RodZ, PBP2,
and the putative transglycosylase Sfr, all of which exhibit interaction patterns
similar to those of their counterparts in rod-shaped bacteria. The complex also
includes the glycopolymer transferase PdtA and the kinases Pkal and PkaH, which
phosphorylate MreC, with phosphorylation likely serving as a regulatory signal that
coordinates sporulation septation with the synthesis of the spore envelope, ensuring
proper spore development [261]. Mutations in SSSC components cause defects
ranging from increased sensitivity to stress, irregularly sized spores, and defective
spore envelopes to aberrant spore chains containing non-viable or anucleate spores,
highlighting the central role of the SSSC complex in spore differentiation and
morphogenesis [260, 262-265].

Figure 8. The Streptomyces spore wall synthesizing complex (SSSC). The SSSC directs the
construction of a thickened spore envelope and primarily comprises MreB, MreC, MreD, RodZ, PBP2,
and the putative transglycosylase Sfr. It also includes the glycopolymer transferase PdtA and the kinases
Pkal and PkaH (not shown).
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Deviation from canonical life cycle: S-cells and exploratory growth

Streptomycetes can adopt different growth patterns, deviating from their classical
life cycle, mainly in response to environmental conditions or during interactions
with other organisms [213]. For example, streptomycetes can exist as L-form-like
S-cells in response to exposure to hyperosmotic conditions [266]. L-forms are wall-
deficient cells that proliferate through biophysical membrane dynamics rather than
canonical FtsZ-dependent division machinery, and arise by exposing walled cells to
cell wall stressors, but become capable of indefinite propagation upon acquiring
adaptive mutations [267]. Streptomyces S-cells, on the other hand, can be extruded
from hyphal tips, and are transient wall-deficient cells that can revert to mycelial
growth, albeit with developmental defects [266].

Streptomycetes were further described to undergo exploratory growth, a newly
discovered growth pattern that was identified in S. venezuelae but expected to be
widespread in other streptomycetes. [268, 269]. The characterization of this growth
mode stemmed from co-culturing experiments with Saccharomyces cerevisiae.
Streptomyces explorer cells were described to form colonies of wrinkled surface and
to rapidly propagate as non-branching, vegetative-like hyphae, with leading edge
progressing at rates exceeding classical hyphal extension by approximately ten
folds. This growth pattern is glucose-repressible and the requirement for co-
culturing with fungi to induce this behavior can be bypassed by depriving the growth
medium of glucose [268]. Glycerol was found unique among carbon sources in its
ability to noticeably accelerate exploratory growth. This triggered the speculation
that S. venezuelae may perceive glycerol as an ecological cue of a nearby yeast
activity, given that yeasts such as S. cerevisiae secrete glycerol when glucose is
present [270, 271]. S. venezuelae explorers reshape their local environment to gain
a competitive advantage. They release trimethylamine, increasing local pH and
reducing iron bioavailability. To ensure access to this limited resource, they employ
two siderophores with distinct roles: desferrioxamine to primarily capture iron
within the colony, and the more diffusible foroxymithine to sequester iron beyond
the colony border, resulting in iron-depleted zones, which together with the
production of antimicrobial compounds suppress the growth of neighboring
competitors [268, 270, 272]. Exploratory growth appears distinct from canonical
Streptomyces development as supported by transcriptomic evidence of extensive
reprogramming of gene expression during exploration, with most prominent
changes seen in metabolic pathways, particularly respiration and oxidative stress,
rather than in classical developmental regulators [271]. Notably, cell envelope
integrity is important for exploratory growth, as mutating the stress-responsive
sigma factor sigF markedly compromised exploration [269]. However, the notion
that exploration is a deviation from canonical development was revised upon the
discovery that exploration and sporulation can occur concurrently under specific
nutrient conditions such as growth on a medium that supports sporulation but in the
presence of glycerol. This dual mode of growth uniquely requires the regulators

33



BIdD and RsiG, retains the requirement for iron sequestration and cell envelope
integrity, but can progress without the characteristic alkalinization of the growth
medium [269]. More recent work showed that MreB, classically associated with
lateral growth in rod-shaped bacteria and linked only to spore wall maturation in
streptomycetes as described earlier, contributes to maintaining cell wall integrity
during exploration, and that MreB and DivIVA-based polar growth are needed for
the rapid exploration phenotype, providing first evidence that MreB- and DivIVA-
dependent growth mechanisms can function simultaneously [273].

Aspects of multicellularity in Streptomyces

Multicellularity is a central organizational aspect of Strepfomyces existence and
must be considered to understand the biology of these species (for a review, see
[274]). The multigenomic vegetative mycelia, that are not transient aggregates but
rather stable continuous multicellular bodies in which cells remain physically
attached, represent the stage that defines true multicellularity in streptomycetes.
While cross walls partition vegetative hyphae into multinucleoid compartments, the
exact nature of these walls and the broader role of such compartmentalization in
multicellular organization is poorly understood. Interestingly, putative channels
traversing these cross walls were described, and although their function remains
elusive, they may facilitate molecule exchange between adjacent compartments,
potentially representing a mechanism of intercellular communication within the
mycelium [159, 275].

However, multicellularity in streptomycetes is not limited to a single developmental
stage but rather is a feature of the entire life cycle. Also, manifestations of bacterial
multicellularity discussed in Chapter II are also reflected in Streptomyces life, which
involves differentiation, functional specialization, and division of labor. Together,
these characteristics represent interlinked aspects that enable these organisms to
behave and thrive as integrated individuals.

Heterogeneity across life cycle

Heterogeneity is an inherent feature of multicellularity, and this feature is seen in
streptomycetes across all stages of life cycle. Heterogeneity across the life cycle is
described comprehensively in the review by Norte ef al. [274]. From the earliest
stages, spores undergo stochastic germination resulting in variable germ tubes. The
developmental program is further characterized by heterogeneity and asynchronous
developmental transitions, with processes such as antibiotic synthesis and aerial
differentiation occurring in distinct spatial and temporal waves across the colony.
Such heterogeneity also culminates in variable sporulation [274].
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Self-organization at the macro- and microcolony levels

Streptomyces vegetative hyphae extend outward from the colony center to form the
vegetative mycelial network by polar tip extension and regulated branching, which
in turn defines the hyphal shape [146]. However, the vegetative mycelium is
continuous and local growth behaviors occurring at the level of individual hyphae
might influence the higher-level organization, i.e., mycelium-level morphology. At
the microscopic scale, growth of vegetative hyphae can result in uniform spreading
on the surface of the substrate [276]. Also, our recent work, as described later in
Paper I, showed that vegetative growth can result in highly ordered microcolonies,
with hyphae showing pronounced self-avoidance and remaining spatially separated
rather than growing in contact, a behavior that results in an organized mycelial
architecture (see Paper I and Fig. 9). Such self-organization requires that individual
hyphae grow in a coordinated manner to produce the well-organized microcolony,
which raises the possibility of intercellular communication between hyphae to
coordinate collective growth. While mechanisms behind this organization remain
unresolved, such observations invite speculative interpretations, such as hyphae
recognizing self and actively redirecting tip growth in response to meeting other
hyphae by employing kin-recognition systems or other signaling mechanisms.
Notably, this spatial organization is mostly evident upon nutrient limitation (see
[276] and Paper 1), suggesting a role of nutrient availability in this spatial patterning.

At the macroscopic level, streptomyces colony architecture mirrors the bacterium’s
developmental life cycle, with vegetative hyphae making the basal layer, followed
by the formation of aerial mycelium at the colony surface [277]. This vertical
stratification reflects the well-characterized developmental program. Beyond this
top-to-bottom organization, Streptomyces colonies can display zonation and spatial
heterogeneity across the radial axis, i.e., from the colony center to the periphery
[278]. Such heterogeneity in S. coelicolor colonies was explained by the sequential
and spatially separated activation of antibiotic biosynthesis and developmental gene
expression [279]. We also show in Paper I that S. venezuelae macrocolonies can
exhibit zonation patterns, manifested as spatially separated regions comprising a
dense central core, a surrounding zone of reduced density, and an outermost colony
fringe (See Paper I and Fig. 9).

Our recent work showed that perturbations in regulatory systems encoded by the
conservon operons, known as the Actinobacterial G protein systems (AGPSs), can
result in defects associated with these multicellular behaviors, where mutations in
S. venezuelae conservon 1 disrupted the macrocolony-level self-organization by
abolishing zonation and leaving only the dense core, and mutations in conservons |
and 2 affected the microscopic mycelial organization, altering the self-avoidance
phenotype and resulting in hyphal aggregation and less-ordered microcolonies (See
Paper I). As proteins encoded by the conservons collectively form putative signal
transduction complexes, this suggests that self-organization in Streptomyces is an
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actively regulated multicellular process rather than a simple emergent consequence
of growth alone.

Figure 9. S. Self-organization at the macro- and microcolony levels. (A) Segmented phase-contrast
micrographs showing S. venezuelae microcolonies displaying ordered mycelial architecture and hyphal
self-avoidance. Scale bars, 20 uym. (B) Concentric-ring pattern of S. venezuelae colonies grown on MYM
agar (Left), chitin agar (Middle), and MOPS minimal medium (Right). Images were taken at 7-9 days of
incubation. Scale bars, 0.5 cm.

Multicellularity as an adaptive strategy

Features of multicellularity are best understood in terms of selective advantages they
provide. The multicellular vegetative mycelium may enhance nutrient foraging and
acquisition. The large network arising as a result of periodic branching can help in
weaving through soil and penetrating insoluble resources, while the interconnected
cytoplasm may enhance nutrient transport compared to extracellular diffusion [274].
Forms of division of labor has also been described in streptomycetes. Reproductive
division of labor, as discussed in Chapter II, is demonstrated by the altruistic
programmed cell death of vegetative hyphae to provide resources for aerial growth.
Additionally, two manifestations of metabolic division of labor were described: the
first one is when a fraction of colonies acquire chromosomal deletions that severely
reduce their fitness but lead to hyperproduction of antibiotics, and the second is
through the aforementioned spatiotemporal patterning of gene expression within
colonies [167, 279, 280].

Multicellular features in streptomycetes might also be shaped by ecological context.
Soil is characterized by heterogeneity in composition, patchily distributed resources,
and intense competition. Patchy resource availability across the mycelium can drive
nonuniform precursor availability and interactions, promoting heterogeneity and
division of labor [167, 274, 278].
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Chapter 1V. Streptomyces growth
and division

Growth and division in streptomycetes are not simply processes that facilitate
proliferation and survival. As discussed throughout the previous sections, these
processes collectively function as architects of cell shape, underlie Streptomyces
multicellular nature, and facilitate morphological plasticity, allowing the transition
between different cellular forms. Polar growth drives tip extension and branching to
generate the filamentous morphology of vegetative hyphae, while cell division
partitions the hyphae without cell separation, preserving an interconnected mycelial
structure. During the reproductive phase, polar growth extends aerial hyphae,
whereas cell division helps in the transition to the next morphological state by
subdividing these filaments into compartments that mature into ovoid spores. The
molecular basis of Streptomyces polar growth and cell division is explored in the
following sections, and morphogenesis facilitated by these processes at the different
developmental stages of Streptomyces life cycle is summarized in Figure 10.

Polar growth

Polar growth is prevalent within Actinomycetota, including non-mycelia-forming
rods such as mycobacteria and corynebacteria [126, 281, 282]. In streptomycetes,
polar growth is mediated by the action of the polarisome, the core members of which
include three coiled-coil proteins with similar domain organization, DivIVA, Scy,
FilP, and the recently discovered histidine pseudo kinase PsmA [281, 283](Fig. 10).

DivIVA

DivIVA is essential for Streptomyces viability and represents the key element in the
polarisome [208]. Widespread among Gram-positive bacteria, DivIVA proteins are
membrane-associated, have affinity to negative membrane curvatures, and function
primarily as polarity determinants and topological regulators of diverse cellular
processes [284, 285]. The structure of DivIVA from B. subtilis features two coiled-
coil domains. The N-terminal domain adopts a coiled-coil dimer configuration and
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is capped by two intertwined loops that expose positively charged and hydrophobic
residues for membrane association, whereas the C-terminal domain forms a curved
tetramer consisting of two coiled-coils and serves as a platform for protein-protein
interactions [286, 287]. Streptomyces DivIVA is predicted to contain a highly
conserved N-terminal region and another conserved segment near the C-terminus
with a high tendency to form a coiled-coil structure [208]. Further, the N-terminal
domain of S. coelicolor DivIVA is thought to facilitate membrane binding through
electrostatic interactions with membrane lipids, with membrane association and
orientation depending on lipid composition [288].

B. subtilis DivIVA accumulates at polar regions and division sites [289-291], and
engages in many processes, such as limiting the action of MinCD to septal and polar
regions during cell division [292, 293], and anchoring chromosomal origins to the
pole to help in polar division during sporulation [294]. DivIVA in corynebacteria
and mycobacteria, beside its role in mediating polar growth, as will be discussed
below, is also recruited to division sites where it fulfills other roles, such as, a polar
tether of the origin during chromosome segregation mediated by its interaction with
ParB in Corynebacterium glutamicum and ParA in Mycobacterium smegmatis [295,
296]. Further, DivIVA’s activity is often regulated by phosphorylation [297-299].

The role of DivIVA in polar growth is conserved within Actinomycetota. In the rod-
shaped mycobacteria and corynebacteria, the effect of modulating DivIVA levels
on cell shape, the localization of DivIVA to the poles, its ability to dictate sites of
PG growth and interaction with enzymes involved in PG synthesis, as well as other
aspects that makes DivIVA a morphogenetic determinant and the moderator of polar
growth, have been described [128, 300-303]. In Streptomyces spp., DivIVA appears
to dictate the PG synthesis machinery to hyphal tips and mark branching sites, as
evident by its localization to the aforementioned sites [208, 211, 212]. Manipulation
of DivIVA levels in S. coelicolor causes polar growth defects, including irregular
curly hyphae and branching patterns upon partial depletion, and excessive branching
and strongly perturbed cell shape upon overexpression [208]. Regulation of DivIVA
through phosphorylation was also described in streptomycetes. In S. coelicolor, the
process is mediated by AfsK, a tip-localizing Ser/Thr protein kinase. Elevated levels
of AfsK can lead to disassembly of the polarisome [304]. SppA, a phosphoprotein
phosphatase, was found to counteract AfsK phosphorylation and to significantly
influence hyphal morphology and polar growth [305].

Scy

Scy is conserved among filamentous Actinomycetota and represents one of the
longest bacterial coiled-coil proteins [306, 307]. As a member of the Streptomyces
polarisome, Scy binds DivIVA and FilP and co-localizes with DivIVA [306]. Unlike
divIVA, scy is not essential, and its deletion results in a pleiotropic effect on polar
growth, including hyperbranching, with branching unusually occurring in aerial
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hyphae, irregular hyphal width, tip splitting pattern, and dispersed patchy DivIVA
foci. These findings from the study of Holmes et al. [306] suggested that Scy has an
important role in polarisome assembly, specifically in regulating the number of
polarity centers along the hyphae [306].

FilP

FilP was identified based on similarity to intermediate filament-like proteins and
exhibits a rod domain of segmented coiled coils. FilP is encoded by a gene that lies
immediately downstream of scy and was initially characterized as necessary for
growth and morphology in S. coelicolor [246]. FilP assembles into filamentous
structures in vitro and a deletion mutant of its non-essential gene caused slower
growth and made hyphae less stiff, highlighting a role of FilP in maintaining the
mechanical strength or rigidity of the hyphal wall [246, 308]. The deletion of filP in
S. venezuelae was associated with morphological defects including more curved and
irregularly shaped hyphae [309]. FilP forms polar gradients at hyphal tips with the
highest intensity near the tip, and despite evidence of interaction between the two
proteins, FilP does not co-localize with DivIVA but rather sits subapically, just
below DivIVA, allowing for interactions at the boundaries [308, 309]. Further
investigation of FilP and its interplay with the polarisome proteins revealed several
key features. FilP’s gradient-like assemblies are dynamic and exhibit a rapid subunit
exchange between polar and soluble pools. Notably, in the hyperbranching scy
mutant, FilP loses its characteristic gradient pattern, indicating that its localization
depends on Scy. FilP was further suggested to influence the amount and distribution
of DivIVA at hyphal tips [309].

PsmA

The histidine pseudo kinase, PsmA, is widely-conserved across streptomycetes and
has recently been linked to polar growth [283]. PsmA interacts and co-localizes with
DivIVA, and a deletion mutant of its corresponding gene disrupts cell shape and
DivIVA behavior, producing widened irregular hyphae with notably rounded tips,
as well as hyperbranching and splitting of DivIVA polar foci [283].
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Cell division

Streptomycetes undergo two types of cell division, vegetative cross-wall formation
and sporulation-specific septation, each corresponds to a developmental stage in
their life cycle. Despite structural and functional differences, both division modes
rely on the common apparatus centered around FtsZ [159, 275]. Remarkably, fisZ
and cell division altogether are dispensable for Streptomyces viability, but fisz is
essential for cell division and its deletion in S. coelicolor or S. venezuelae can fully
abolish cross walls and sporulation septa [310-312]. The molecular basis of each
cell division type is discussed in the following sections (See also Fig. 10).

Vegetative cell division

As noted previously, vegetative hyphae undergo cell division in which cross walls
form without constriction or separation, partitioning the hyphae into multigenomic
compartments [159, 275]. The exact biological purpose of this type of cell division
remains elusive, as hyphae can still grow in the absence of cross walls in the fisZ
deletion mutant [311, 312]. Vegetative cell division is also not well-characterized at
the molecular level. Apart from FtsZ, only two other proteins were described to be
involved, namely SepX and SepF, which are also implicated in sporulation
septation. Individual deletion mutants of sepX and sepF both resulted in vegetative
hyphae devoid of cross-walls (see [313] and Paper III). Bush et al. [313] in their
study highlighted a role of hyphal partitioning in maintaining fitness and hyphal
integrity, as the absence of cross walls in the sepX mutant increased the incidence
of cell lysis. Results from our work also implicated the two additional SepF
homologs encoded by streptomycetes, SepF2 and SepF3, in this process, where
deletion mutants of sepF2 and sepF3 were shown to affect fitness and the frequency
of cross-wall formation as described in Paper I11.

Sporulation-specific cell division

The formation of the thick double-layered septa during sporulation share common
features with cell division in other bacteria, in terms of recruitment of divisome
proteins to the Z-ring, segregation and condensation of the chromosomes, as well as
cell constriction and separation, ultimately culminating in the detachment of the
unigenomic spores and their subsequent dispersal [159]. Streptomyces divisomes
retain orthologs of the key cell division components of E. coli and B. subtilis, such
as FtsQ, FtsL, FtsB, FtsW, Ftsl, FtsEX, and FtsK [159]. Akin to FtsZ, these proteins
are not essential for viability but may also be dispensable for cell division as mutants
lacking their corresponding genes are mostly impaired during sporulation to varying
degrees yet continue forming some hyphal cross walls and sporulation septa [314-
318]. On the other hand, homologs for nearly all Z-ring regulators and anchors, such

40



as MinC, MinD, Noc, FtsA, and ZipA are absent in streptomycetes [159]. Therefore,
and while our understanding of cell division in Streptomyces is still developing, the
execution and regulation of cell division in these organisms combine mechanisms
that are partly shared with other bacteria and others unique to streptomycetes. Some
of the unique regulators in Streptomyces cell division are addressed below.

Positive regulation of FtsZ polymerization: SsgA, SsgB, SepG, and SepH

SsgA and SsgB are members of the SALPs (SsgA-Like Proteins) family of proteins
that are unique to sporulating actinomycetes [319-321]. The impaired sporulation of
ssgA mutants and the non-sporulating phenotype of ssgB mutants have led to the
proposal that SsgA and SsgB are implicated in cell division during sporulation [319-
322]. SsgA and SsgB were further suggested to contribute to Z-ring positioning and
FtsZ polymerization, with a working model proposing that SsgA recruits SsgB,
which in turn associates with FtsZ to promote Z-ring assembly [323].

SepG (also known as YImG), a small integral membrane protein encoded by one of
the last genes in the division and cell wall (dcw) cluster, might contribute to the
proper localization of SsgB, as suggested by their interaction and the inability of
SsgB to accumulate at division septa in the absence of sepG [324].

The recently characterized protein SepH binds FtsZ and was suggested to promote
FtsZ polymerization and protofilament stabilization [325].

Negative regulation of FtsZ polymerization: CrgA

The small integral membrane protein CrgA represents a conserved family of
Actinomycetota-specific small proteins, with only one single ortholog positioned
near the replication origin in all fully sequenced genomes. Although its precise role
remains unclear, CrgA might function as a negative regulator of Z-ring formation,
based on sporulation defects observed in crg4 mutants and inhibition of Z-ring
assembly upon CrgA overexpression [326, 327].

The three SepF's

SepF (also known as YImF) is a member of Gram-positive divisomes and a well-
studied protein in B. subtilis and members of the phylum Actinomycetota. In B.
subtilis, SepF is encoded by the y/m operon, downstream the dcw cluster [328]. B.
subtilis SepF binds FtsZ and promotes its polymerization [329]. SepF was also seen,
through electron microscope, to form very large (~50 nm diameter) polymeric rings
[330]. SepF can bind the membrane while associating with FtsZ, recruiting the Z-
ring to the membrane, and therefore was recognized as a membrane anchor for FtsZ
in B. subtilis [85]. Because Bacillota encodes other membrane anchors, like FtsA,
SepF is dispensable for cell division in this phylum, but becomes essential when
these membrane tethers are absent [86, 331]. However, SepF is indispensable in
unicellular members of Actinomycetota that lack true homologs of FtsA. For
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instance, M. smegmatis and C. glutamicum SepF proteins are required for viability
and their depletion results in abolished septation [87, 88]. Interactions between SepF
and FtsZ have been demonstrated within members of this phylum, including
streptomycetes [87, 88, 332, 333]. Structural and mutational analyses on SepF
revealed that the protein is active in a homodimer form, using an amphipathic helix
at its N-terminus to associate with membrane and a C-terminal globular domain to
interact with FtsZ. Notably, the C-terminal domain of SepF is critical for FtsZ
polymerization [85, 88, 330]. The ability of SepF to bind the membrane and form
large rings appears to be conserved across diverse bacterial species and the size of
SepF rings was proposed as a determinant of septum thickness [334].

Streptomyces SepF is encoded by an operon within the dew cluster, downstream of
ftsZ [328]. In addition to the bona fide SepF, streptomycetes uniquely encode two
extra SepF proteins, SepF2 and SepF3, whose corresponding genes are located
elsewhere in the genome [333]. Sequence analysis showed that SepF2 and SepF3
preserve residues required for dimerization and the C-terminal FtsZ-binding domain
of SepF, but SepF2 lacks most of the conserved N-terminal membrane-binding
residues [333]. All three SepFs in S. venezuelae were shown to self-interact and bind
each other, but only the canonical SepF can bind FtsZ. SepF2 appeared to interact
with other cell division proteins, namely SsgB and DynB. [333]. However, and
despite recent progress, the reason streptomycetes encode three SepF proteins and
the exact contributions of the additional two are not yet fully resolved. A recent
study suggested a role of SepF2 and SepF3 in S. coelicolor (designated SfIB and
SflA, respectively, for SepF-Like) in the correct positioning of both FtsZ and
DivIVA [335]. Our recent showed that S. venezuelae SepF is essential for cell
division and is likely the membrane anchor for FtsZ and further revealed a role of
SepF3 in the coordination of chromosome segregation with sporulation septation,
as will be discussed in Paper II1.

Stabilization of the Z-ring: DynAB and SepX

The bacterial dynamin-like proteins DynA and DynB, belong to the dynamin
superfamily of large GTPases, which encompasses classical dynamins, operating
predominantly in animal cells, and dynamin-like proteins, found in animal, plant,
and prokaryotic cells [333, 336, 337]. DynA and DynB, as components of the
Streptomyces divisome, are proposed to promote cell division by stabilizing FtsZ.
Rather than acting through direct FtsZ interactions, they are linked to FtsZ through
a network of division proteins: both DynA and DynB interact with SsgB, DynB
additionally interacts with SepF2, and SepF2 interacts with SepF, which binds FtsZ
[333]. Furthermore, SsgB is directly associated with FtsZ, as described earlier [323].

The recently discovered SepX was also shown to interact and have a synergistic role
with DynB, i.e., both work towards the same cellular function of stabilizing the Z-
ring during sporulation, despite an additional role of SepX in vegetative cross-wall
formation as previously mentioned [313].
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Chromosome segregation and condensation

Systems that drive chromosome segregation and condensation in E. coli and B.
subtilis, including the FtsK/SpolllE DNA translocases, the ParAB-parS partitioning
system, and SMC proteins, have also been identified in Streptomyces, where these
systems function in ensuring the accurate partitioning of chromosomes into pre-
spore compartments and promoting chromosome condensation as spores mature.

Although dispensable for cell division, FtsK localizes to sporulation septa where it
plays a role in chromosome segregation [318, 338]. Deletion of fisK results in a
relatively mild phenotype, but a truncated FtsK protein lacking the DNA motor
caused a more-severe chromosome segregation defect and increased formation of
anucleate spores, highlighting the importance of its DNA translocation activity
[338]. Consistent with this role, deletion of fisK also caused the loss of large
chromosomal regions near the termini, suggesting that chromosome ends fail to
arrive at their destination before septum closure [318]. Encoded from the smeA4-sffA4
operon, SffA is another putative DNA translocase protein that co-localizes with
FtsK at sporulation septa. Deletion of the operon disrupts chromosome segregation,
septum placement, and spore maturation, yet SffA appears mechanistically distinct
from FtsK and its DNA translocase activity [237].

Chromosome segregation is further facilitated by the ParAB-parS system, in which
ParB associates with the linear chromosome by binding the origin-proximal parS
sites and forms regularly spaced complexes along aerial hyphae to help in DNA
partitioning, while ParA accumulates upon cessation of aerial growth and helps in
the formation and positioning of ParB complexes [339, 340]. Efficient segregation
further requires the SMC condensin [338]. The condensin complex is recruited by
ParB and was proposed to establish a positive feedback loop on ParB complexes by
reducing ParB CTPase activity and turnover, thereby enhancing the complex
stability [341, 342]. Consistent with their role in chromosome segregation, ParB and
SMC also contribute to large-scale chromosome organization. Analysis of spatial
organization of S. venezuelae genome revealed extensive rearrangements during
sporulation, where the initially separated chromosomal arms become progressively
aligned as sporulation proceeds. This inter-arm proximity depends on ParB and
SMC, with the nucleoid-associated protein HupS facilitating the organization of the
terminal chromosomal regions into distinct domains [341]. HupS is one of several
nucleoid-associated proteins involved in chromosome compaction. Together with
its HU-family homolog HupA, which predominates during vegetative growth, HupS
contributes to chromosome organization and spore development [343, 344].
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Figure 10. Regulation of Streptomyces cell shape through polar growth and cell division. An
overview of cell shape determination throughout Streptomyces life cycle. Left panel shows the life cycle,
including spore germination, polarisome-mediated tip extension, branch formation through polarisome
splitting, multicellular vegetative mycelium compartmentalized by cross walls, aerial hyphae formation,
and sporulation. DivIVA is shown in pink and FtsZ is shown in green. Right panels show the multiprotein
complexes: the polarisome (Top), and the divisome, both during vegetative growth (Middle) and

sporulation (Bottom).
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Chapter V. The conservon operons

Sequencing of S. coelicolor genome revealed the presence of 13 copies of conserved
operons, termed the conservons, also recently referred to as Actinobacterial G
Protein Systems (AGPSs) [187, 345]. The discovery of these genetic arrangements
surfaced as an intriguing feature of Streptomyces genomes, pointing to a unique
evolutionary aspect. These operons are conserved across Actinomycetota and show
an interesting distribution within the phylum: number of the conservon copies
positively correlates with genome size, where genomes of genera that undergo
complex morphological differentiation such as Streptomyces and Nocardia often
contain multiple copies, whereas rod-shaped mycobacteria generally retains a single
locus [345, 346]. A Streptomyces conservon locus comprises four core genes, cvnd
through D, where the product of cvnd being a membrane protein with a histidine
kinase-like ATPase domain, cvnB encodes a protein featuring a roadblock/LC7
domain known for GTPase regulation, cvinC encodes a protein containing a helix-
turn-helix motif and a conserved DUF742 domain of unknown function, and cvnD
encodes a G protein with GTP-binding consensus sequences similar to eukaryotic
Ras-like proteins. The occurrence of the four genes is common across all the cvn
loci. However, some loci are also accompanied by accessory genes, cvnE and/or
cvnF, which encode a homolog of cytochrome P450 and a GAF domain-containing
protein, respectively [345].

CvnA proteins typically possess canonical domains of histidine kinases, including
a transmembrane segment and an extracellular sensory (NIT) domain, although not
all CvnAs retain the sensory domain. Notably, the absence of the sensory domain
was shown to correlate with the presence of the accessory proteins CvnE and CvnF
[345]. CvnDs and CvnBs are members of the MglA family of small prokaryotic
GTPases and MglB family of GTPase-activating proteins, respectively [347]. In all
domains of life, small GTPases function as nucleotide-dependent molecular
switches to regulate signal transduction pathways. Due to their low intrinsic
hydrolytic activity, they alternate between GDP-bound (inactive) and GTP-bound
(active) configurations with the help of guanine nucleotide exchange factors (GEFs)
and GTPase activating proteins (GAPs), which facilitate GDP dissociation and GTP
hydrolysis, respectively [348]. MglA in M. xanthus is the first bacterial member of
the Ras superfamily of small GTPases to be identified, and MglB functions as its
cognate GAP [349, 350]. MglA and MgIB have been thoroughly investigated for
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their role in polarity reversals, i.e. pole-to-pole relocation of motility proteins, which
allows M. xanthus to change direction during motility [351].

Beyond Streptomyces species, functional insights on the conservons have primarily
come from studies in mycobacterial and nocardial species. The pentapeptide repeat
protein MfpA, a significant factor in the inherent resistance of mycobacteria to the
gyrase-targeting fluoroquinolones antibiotics is preceded and regulated by the sole
conservon locus of M. smegmatis, which consists of mfpB through E [352]. A recent
study described a role of the conservon locus nprFGHI in Nocardiopsis spp. The
study showed that a-pyrone molecules can trigger secondary metabolites and act as
signaling molecules in cell-cell communication in Nocardiopsis, through a signaling
cascade mediated by NprFGHI [353].

The first experimental evidence assigning a function to a cvn locus in streptomycetes
was described by Komatsu et al. [354]. The study showed that the aerial mycelium-
deficient mutant of a key regulator in S. griseus development can be suppressed by
a truncated version of cvnd, located in a cvn locus of five genes in S. griseus, with
its closest homolog being cvn9 in S. coelicolor. Deletion mutants of cvnd9 and
cvnD9 in both S. griseus and S. coelicolor had comparable phenotypes: both mutants
produced aerial mycelia in the presence of glucose, where such development was
repressed in the wild type [354]. Further characterization of the cvn9-encoded
proteins in S. coelicolor confirmed the GTPase and ATPase activity of CvnD9 and
CvnA9, respectively, and demonstrated protein interactions among members of
Cvn9 [346]. The same study further showed that expression of three b/d regulators
was upregulated in the cvn49 mutant [346]. In another study where phenotypic
effects of individual deletion mutants of all 13 cvn loci in S. coelicolor where
analyzed, a phenotype was observed only for the cvn/ mutant, which, in the
presence of high glucose levels, formed aerial mycelia and increased production of
pigmented antibiotics, two phenotypes that were notably repressed in the wild type
under similar conditions. Mutating individual genes within the cvn/ operon showed
that the phenotype is due to deletion of cvnAdl [355]. A role of consrvon 8 in S.
coelicolor was also described, where cvné, through transcriptomics and mutational
analysis, was found necessary for activating pigmented antibiotic production in S.
coelicolor during interactions with various Streptomyces species. Notably cvnAS§
and the gene immediately downstream of the cvn8 locus that appeared co-regulated
with cvn8 genes, cvnF§, were recognized as the major contributors [356]. CvnF8
was subsequently characterized as a regulator of CvnAS8, promoting its ATPase
activity and autophosphorylation [345]. S. venezuelae has eight uncharacterized
conservons [357]. RNA-seq experiment identified these loci as potential BldC
targets, where all loci, except for cvn6 showed significant reduction in expression
during vegetative growth in the b/dC mutant [233].

Furthermore, studies that dissected the conservons to determine gene-specific
functions in Streptomyces and other organisms suggest that each conservon

46



constitute a putative signal transduction complex analogous to eukaryotic small G
protein-mediated regulatory systems [346, 358, 359](Fig. 11).

Figure 11. Signal transduction through an AGPS. AGPSs encoded by the conservons are thought
to function as signal transduction complexes where the histidine kinase-like ATPase CvnA senses and
transmits the signal to the GTPase regulatory module encoded by cvnB, cvnC, and cvnD.

Therefore, few functions have been linked to the conservons across different species
within the Actinomycetota phylum. The conservation of these operons within the
phylum is noteworthy, but their duplication in species with more complex
morphology and development, like streptomycetes, is particularly intriguing, and
key questions remain, including the roles they fulfill, the evolutionary significance
of their expansion in streptomycetes and the possibility of functional redundancy.

Our recent studies on the conservons, where we systematically investigated the 8
conservons of S. vemezuelae, addressed some gaps, and specifically revealed
intriguing insights about the roles of conservons 1 and 2 in cell shape determination
and polar growth in S. venezuelae, as will be discussed in papers I and II.
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Thesis objectives and discussion of
results

Aims of this thesis work

The overall aim of this thesis work is to clarify molecular mechanisms governing
cell shape determination in Streptomyces and how such mechanisms contribute to
multicellular organization, by investigating the two key systems involved in
Streptomyces morphogenesis: polar growth and cell division, using S. venezuelae as
a model organism. The part of my PhD work that pertains to polar growth aims at
clarifying the roles of the conservon operons in relation to cell polarity and cell
shape. In the part concerning cell division, my aim is to elucidate the roles of the
three SepF proteins. Specific research questions addressed by each paper include:

Paper I: What are the roles of the AGPSs encoded by the conservons and the
purpose behind their multiplication in Streptomyces genomes? Do these regulatory
modules exhibit any functional overlap?

Paper II: Results in Paper I implicated AGPSs encoded by conservons 1 and 2 in
cell shape and aspects of multicellular organization. Therefore, we asked in Paper
IT how these two AGPSs mechanistically contribute to morphogenesis, dissecting
the roles of individual genes within each operon and exploring heir connection to
DivIVA-based polar growth

Paper III: Does the bona fide SepF fulfill the role of a membrane anchor for FtsZ
in Streptomyces cell division? Why do streptomycetes possess two additional SepF
homologs and what roles have SepF2 and SepF3 evolved to fulfill?
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Paper 1. Two actinobacterial G protein systems control
multicellular mycelial growth and morphology in
Streptomyces venezuelae

Streptomyces genomes show remarkable focus on signaling and a huge investment
in regulation, challenging the traditional view of bacteria as simple streamlined
systems. This becomes particularly interesting knowing that streptomycetes commit
to a multicellular life, where they must organize cellular processes across space,
time, and developmental stage. An intriguing feature of Streptomyces genomes is
the presence of multiple copies of the Actinobacteria G protein systems (AGPSs),
encoded by the conservons. Given the central role of G proteins in regulatory
decision-making, such multiplication is unlikely to be simple redundancy but rather
points to a fine-tuned regulation that is likely needed for coordinating complex
behaviors within these organisms.

In this paper, we aimed at investigating and assigning potential roles to the eight
AGPSs of S. venezuelae. The foundational stage of this work involved a systematic
mutagenesis of all conservon loci to obtain single operon deletions and ultimately a
cvn-free mutant, lacking all copies. We subsequently conducted comprehensive
macroscopic and microscopic analyses of mutant phenotypes under different growth
conditions. Previous studies that aimed at clarifying the roles of the conservons
relied on single operon deletion mutants, which could not rule out the possibility of
functional redundancy. Therefore, obtaining a strain lacking all cvn copies was a
significant advance, as this strain allowed for testing whether overlapping functions
masked phenotypes in single mutants. However, our analysis revealed phenotypes
only for conservons 1 and 2, with the cvn-free strain, under the conditions tested,
showing no additional defects beyond what was observed for these two conservons.

Conservons 1 and 2 contribute to cell shape and the multicellular organization
underlying mycelial architecture

The key finding in this work was the implication of cva/ and cvn2 in the regulation
of cell shape and mycelial architecture. Mycelial networks of wild type S.
venezuelae exhibit a fascinating self-organizing behavior when grown on minimal
medium: Individual hyphae have curly appearance and engage in dispersed
organized growth where they seem to avoid each other in an apparent self-avoidance
pattern, resulting in ordered microcolonies. On rich medium, hyphae of the wild
type appear straighter and do not show a similar degree of self-avoidance. In
contrast, mutants lacking cvnl and/or cvn2 have straighter hyphae that, regardless
of nutritional state, appear to bundle and self-associate, resulting in disordered
microcolonies. Therefore, the wild type appears to respond to nutrient limitation by
altering morphology, whereas the mutants cannot elicit such a response (Fig. 12).
Our results also confirmed that cvnl and cvn2 function non-redundantly as both
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operons are required to rescue the phenotype of the cvni-cvn2 double mutant. Our
interest became therefore centered on how S. venezuelae generates this fascinating
hyphal self-avoidance phenotype and the organized mycelial growth patterns and
what mechanisms underlie them.

Nutrient-rich conditions Nutrient-poor conditions

THE R
k.

Acvn1/Acvn2

Figure 12. Conservons 1 and 2 are required for ordered mycelial architecture under nutrient-
limited conditions. A schematic illustration showing wild-type S. venezuelae adaptation to nutrient
limitation, characterized by increased hyphal curling and self-avoidance to organize the microcolony, a
response disrupted by deletion of conservons 1 and/or 2.

Further microscopic experiments suggested that the hyphal bundling phenotype of
the mutant is contact-dependent, as hyphae of co-growing wild type and mutant
appeared to associate with each other while those of the wild type remained spatially
separated on the same plate. Two observations emerged from this analysis. First, the
wild type continued to display its unique self-avoidance phenotype suggesting that
bundling between mutant and wild type is primarily driven by the mutant. Second,
each of the co-cultured wild-type and mutant strains retained their characteristic
phenotype during co-growth, suggesting the phenotype is unlikely to be mediated
by diffusible factors. The latter was supported by another microscopic test, which
showed that each of the wild type and the mutant retain their own phenotypes when
cultivated on a medium conditioned by the opposite strain.

The self-organizing phenotype displayed by the wild type represents a manifestation
of a multicellular behavior and can be seen from different biological perspectives.
From one perspective, it can result by intercellular communication, or coordination
between hyphae within the multicellular vegetative mycelium. Within this context,
one compelling concept that emerges is kin recognition. As discussed earlier in
Chapter II, multicellular bacteria have evolved kin-recognition systems to promote
social behaviors and confer benefits, and as exemplified by the systems described
for M. xanthus and P. mirabilis, these mechanisms involve cell-cell contact, likely
to ensure the fidelity of the recognition. Such systems have not been described for
streptomycetes, but observations of hyphae avoiding each other may indicate that
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they actively sense one another, through a yet-unknown mechanism, and respond
by, for instance, changing direction, a behavior that is disrupted in cvn/ and/or cvn2
mutants. Observations that hyphal bundling is contact-dependent further strengthens
this notion.

From another perspective, the phenotype might arise due to alterations in cell shape
affecting individual hyphae. Mutant hyphae are straight, whereas those of wild type
adopt a curly shape. While this is a local cell shape defect occurring at the level of
single hyphae, local effects can influence the higher-order organization due to the
continuous nature of the mycelial network. For instance, straighter hyphae in the
mutant might promote increased bundling through indirect physical effects.

Irrespective of whether it is a cell shape defect or lack of response across individual
hyphae, both scenarios indicate a connection to polarity events at the hyphal tips.
Regulation of Streptomyces cell shape is mediated by polar growth, where members
of the polarisome complex regulate various parameters of hyphal shape [208, 283,
306, 309]. Streptomyces tip growth can also be viewed as a low-cost form of motility
that allows exploration of different microenvironments. Accordingly, if hyphae
achieve self-avoidance by steering away from one another upon contact, the process
likely involves mechanisms acting at the hyphal tip. Such assumption can also be
drawn by analogy to hypha-orientating mechanisms mediated by polarity complexes
in fungi [360] or flipping the direction of movement in M. xanthus by the MglA-
based polarity complexes [351], though the bacterial analog is mechanistically
distant given that M. xanthus is motile. Nevertheless, a link to polar growth remains
to be established by, for instance, performing subcellular localization experiments
to test whether proteins encoded by two conservons accumulate at hyphal tips or
testing for possible protein interactions with members of the polarisome.

We attempted to gain insights on this phenotype by comparing the transcriptome of
cvnl-cvn2 double mutant with wild type under the conditions where the phenotype
is pronounced, but none of the S. venezuelae morphogenetic determinants was
detected in our analysis. The analysis however revealed an intriguing feature of the
mutant: a strong bias towards gene upregulation, suggesting that conservon 1 and/or
conservon 2 play negative regulatory roles. It also revealed an upregulation of genes
involved in exopolysaccharides metabolism and others involved in aerial growth
and sporulation, including chaplins and rodlins. In the light of the this, it can be
speculated that mutant hyphae have altered cell surface properties due to increased
production of certain exopolysaccharides or chaplins and rodlins rendering the
surface hydrophobic, which in turn result in self-association.

Conservon 1 contributes to the zonal patterning at the macroscopic colony
level, and is involved in S. venezuelae development

Beyond the hyphal self-avoidance, an intriguing macroscopic phenotype was seen
exclusively in mutants lacking cvnl. Mutant colonies had a distinct organization:
within-colony heterogeneity and the concentric-ring pattern of wild-type colonies,
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manifested as a dense center surrounded by a low-density zone with both being
enclosed by a diffuse fringe-like outer ring, was abolished in colonies of cvnl
mutants, which lacked the fringe and appeared uniformly dense. This phenotype is
also a manifestation of multicellular behaviors, as described for heterogeneity in S.
coelicolor colonies arising from the spatial separation of specialized cells involved
in development and antibiotic production across the colony [279]. The spatial
patterning in S. coelicolor colonies was interrupted by disrupting the developmental
regulator AdpA [279], proposing that the cvn/ mutant phenotype may also be linked
to impaired development. Mutants lacking the cvn/ operon also appeared defective
during exploratory growth, where they showed less spreading and formed aerial
mycelia on a medium that is non-permissive for development. These observations
marked the first indication of a developmental role of conservon 1, but several lines
of evidence followed. First, suppressor strains, isolated from cvn/ mutant colonies,
and are capable of restoring the wild-type colony phenotype, harbored mutations in
genes involved in c-di-GMP-mediated developmental program. Second, mutants
lacking cvnl produced more spores as compared to wild type at an early stage of
growth. Finally, the transcriptomic analysis on cvn/-cvn2 mutant versus the wild
type, conducted under conditions where such development is not typically expected,
revealed upregulation of development-associated genes. Our results collectively,
and given that cvn/ is a target of BIdC and BldD [233] and cvn! promoter is bound
by WhiAB [242], made us hypothesize that conservon 1 participates in a negative
feedback loop that acts to limit or buffer the progression of development (Fig. 13).
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Figure 13. Conservon 1 contributes to S. venezuelae development. Conservon 1 promoter is bound
by WhiAB and both conservons 1 and 2 are regulated by BIdC. Transcriptome of cvni-cvn2 double
deletion mutant showed upregulation of genes involved in Streptomyces development. The dotted pink
lines indicate genes upregulated in the mutant. Repression is indicated by blunt arrows (—|) and
activation is shown as standard arrows ().
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Are the microscopic and macroscopic layers of organization coupled?

We like to think that the microscopic phenotype, manifested as loss of hyphal self-
avoidance and the disordered mycelial shape, and the two macroscopic phenotypes
of forming aerial mycelia during exploration and loss of the concentric ring pattern,
represent two layers of multicellular organization arising from distinct processes.
However, before considering how they diverge, we should first address whether and
how the two macroscopic phenotypes might be linked. We assume the macroscopic
phenotypes are related, as both can be explained in light of the developmental role
of conservon 1. The premature formation of aerial mycelia can be intuitively viewed
as arising due to altered development. Likewise, the lack of colony fringe can be
explained through the same framework as heterogeneity within colonies generally
reflects the emergence of spatially distributed specialized populations, a process that
depends on coordinated differentiation and a functional developmental program. In
this sense, both phenotypes point toward perturbations in developmental regulation.
On the other hand, the microscopic and macroscopic phenotypes appear to be driven
by different mechanisms. First, their genetic requirements differ: the self-avoidance
behavior depends on both cvn/ and cvan2, whereas the colony fringe and exploratory
growth require cvnl alone. Second, the conducted suppressor analysis further
separates these processes. Suppressors isolated in cvn/-mutant background were
able to restore the macroscopic phenotype yet had no effect on the microscopic
phenotype. These results collectively suggest that the phenotypes reflect distinct
levels of multicellular organization and are not necessarily linked.

Concluding remarks

Our work in this paper highlights two manifestations of multicellular organization
in S. venezuelae. The first describes an apparent hyphal-self avoidance pattern that
underlies the establishment of mycelial morphology and ordered microcolonies, and
the second is about heterogeneity and zonation patterning at the macrocolony level.
Notably, at the molecular level, the two processes require AGPSs encoded by the
conservons, but differ in their requirements where the microscopic phenotype relies
on cvnl and cvn2, and the macroscopic phenotype is primarily dependent on cvnl
(Fig. 14).

The work also sheds light on the evolutionary implications of gene duplication and
conservation. The presence of multiple copies of the conservon operons within
Streptomyces genomes suggests functional redundancy, where individual copies can
compensate for one another. Our results challenge this expectation. Among the eight
conservon copies, detectable phenotypes were seen only for cvnl and cvn2, while
deletion of the entire set did not result in additional defects beyond those observed
for two operons. The absence of redundancy in such a large and conserved family
points toward functional diversification, where individual conservon operons may
have acquired specialized roles, but not all roles were readily revealed under the
experimental conditions used. Since each conservon encodes a signal transduction
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complex, providing a mechanistic understanding of how AGPSs encoded by cvnl
and cvn2 are executing their roles would consequently uncover molecular insights
into the regulation of cell shape and multicellular organization in Streptomyces.

Self-avoidance

Nutrient
limitation

Developmental
progression

Figure 14. Working model of Paper I. Conservon 1 limits the premature progression of development,
whereas both conservons 1 and 2 are involved in hyphal self-avoidance underlying the ordered mycelial
architecture in S. venezuelae.
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Paper II. Actinobacterial G protein systems encoded by
conservons 1 and 2 regulate cell shape through polar
growth-dependent mechanisms

Polarity creates asymmetry in the cell to establish regions with specialized functions
and organize cellular processes. This feature is found across the tree of life, from
neurons that differentiate into dendrites and axons and plant cells that direct growth
guided by environmental signals, to bacteria where polarity underlies a wide range
of functions, including growth, division, and morphogenesis, such as the polarized
PG synthesis that results in the filamentous vegetative hyphae of streptomycetes.
Once polarity is established, it draws a map for proteins to follow and perform their
functions. How proteins decode this map and localize with precision is an attractive
question in cell biology. DivIV A, for instance, finds the pole by identifying negative
membrane curvatures and acts as a landmark polarity protein to capture proteins for
downstream processes. Cell polarity can also be dynamic and switchable, rather than
fixing cells in a permanent shape as DivIVA does, as exemplified by the M. xanthus
small GTPase MglA and its regulators, which establish front-rear polarity (for
reviews on polarity in bacteria, see [361-363]).

The involvement of AGPSs encoded by conservons 1 and 2 in mycelial organization
and shape determination suggested that, among other things, hyphal tip-associated
polar processes are affected in these mutants. Also, each AGPS comprises two core
components, the GTPase module consisting of CvnB, CvnC, and CvnD and the
sensor histidine kinase-like CvnA, both being co-encoded from a single operon.
These features emphasized the need to resolve the roles of individual members
within each conservon to understand how they regulate cell shape. Here we analyzed
the contribution of individual genes within cvnl and cvn2 by generating deletion
mutants and assessing their phenotypic consequences. We further focused on the
key members, the predicted small GTPase and the histidine kinase-like ATPase, to
explore their functional roles through molecular characterization. Finally, we
established a connection to polar growth, providing a potential explanation for the
cell shape effects exerted by cvn/ and cvn2.

Conservons 1 and 2 constitute a dual-operon system, likely integrating distinct
inputs through a shared GTPase regulatory core to control cell shape

Single gene deletions within cvnl and cvn2 showed interesting patterns. The cell
shape defect associated with the deletion of cvn4 from conservon 1 was particularly
pronounced and appeared to account for the phenotype of the whole-operon
deletion. Within conservon 2, cvind and cvnB contributed to morphological defects
to varying extents, with cvnB2 deletion exhibiting the strongest effect, and none of
the individual cvn2 genes was sufficient to rescue the phenotype of the whole operon
deletion. Although our results in Paper I found no evidence of redundancy at the
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operon level, here we confirmed redundancy between gene pairs encoding
components of the GTPase module across conservon 1 and 2, namely the
cvnD1/cvnD2 and cvnCl1/cvnC2 pairs. This indicated that the two conservons share
a common G protein regulatory core. In contrast, mutants in genes encoding the
sensor kinases had distinct phenotypes, suggesting functional divergence.

AGPSs are often compared to M. xanthus polarity complex that integrates sensory
inputs into G protein signaling, through the Frz pathway coupled with the MglA-
based GTPase regulatory module [351]. However, the conservons remain unique in
encoding all components from a single compact operon, an arrangement that might
facilitate coordinated expression and rapid activation, and for a soil bacterium, may
confer advantages such as quick and efficient adaptation of growth. Maintaining the
module as a single unit may also preserve functional integrity and facilitate transfer
of the entire system to organisms adapted to similar ecological niches.

Also, both conservons 1 and 2 affect cell shape and share a GTPase regulatory core,
which led us to view them as a dual-operon system rather than two independent
signaling modules (Fig. 15). It is tempting to speculate that such arrangement
provides robustness and flexibility, where redundancy within the GTPase module
may buffer against the loss of individual components and ensure a robust output,
and divergence of the sensory elements may help respond to distinct cues. A
question for future bioinformatic analysis is whether the two operons consistently
co-occur across streptomycetes, which would provide further evidence that they
function as an evolutionarily conserved dual-operon system.

X [Semsormodte]

CvnD1/CvnD2

Figure 15. A Conservons 1 and 2 constitute a dual-operon system that controls cell shape in S.
venezuelae. The sensor modules of AGPSs encoded by cvn? and cvn2 exhibit functional divergence,
whereas components of the GTPase regulatory modules are shared between the two systems.
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The GTPase regulatory module is functional and polarly localized at hyphal
tips

Having established that genes encoding the GTPase regulatory module contribute
to cell shape through both direct and redundant functions, we showed that CvnD2
functions as a bona fide GTPase in vivo, by showing that plasmids carrying cvnD2
variants with substitutions in residues predicted to impair nucleotide binding and
hydrolysis, conformational switching, or regulation by its cognate GAP, failed to
rescue the mutant phenotype. Notably, the variant predicted to lock CvnD2 in a
constitutively active state produced a phenotype resembling that of the deletion
mutant when expressed in the wild-type background, despite the presence of the
endogenous protein. This dominant negative behavior suggests that GTP-locked
CvnD?2 is functionally inhibitory, and its activity depends not only on its catalytic
ability but also on the precise control of its activation by the GAP. Consistent with
this, intrinsic and GAP-mediated GTP hydrolysis is completely abolished by similar
constitutively active MglA variants, and the mutation behaved similarly to mg/B
deletion mutant [364, 365].

The G cycle components CvnD2 and CvnB2 localized to hyphal tips. Localization
of CvnD2 was heterogeneous as CvnD2 was not detected at all tips, and appeared
dynamic, with fluorescence intensity at individual tips increasing and decreasing
over time. Signal from CvnD2-mNG was reduced in mutants lacking cvn2 or both
cvnl and cvn2. Interestingly, CvnD2 localizes not only to the pole but also as band-
like structures across the hyphae, which may be consistent with division cross walls,
although this was not experimentally tested. CvnB2 also accumulated at hyphal tips,
albeit with substantially weaker signal. Localization of CvnC2 was less conclusive,
either because of technical limitations or because its role does not require robust tip
localization.

The MglA-based polarity system of M. xanthus again provides a useful framework
for understanding our system. In M. xanthus, MglA is maintained at either the front
or the rear pole through the opposing activities of GAP and GEF, which help
stabilize a polar pool of MglA to ensure it is restricted to a single pole [351]. Our
results about CvnB2 and CvnD2 might imply a similar principle, despite functioning
in a permanently polarized hypha with single growth pole. The reduced localization
of CvnD2 in the whole-operon deletion mutant indicates that GAP and GEF are not
only controlling the nucleotide state but also promoting CvnD2 retention at the tip.
The heterogeneous accumulation of CvnD2 suggests that polar CvnD2 pools are
dynamic, with cycles of release and recruitment rather than stable recruitment. The
weak accumulation of CvnB2 at the pole may also be consistent with local
regulation of CvnD2 activity directly at the tip. While localization of CvnC2
remains unclear, it may accumulate at levels below detection limit or transiently
exerts its effect without establishing prominent polar localization. Most importantly,
localization of components of the GTPase regulatory module at hyphal tips,
combined with the requirement of a tightly regulated CvnD2 activity, support a
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model in which this system functions at the poles where it is regulating growth and
morphology.

The sensor kinase component exhibits atypical catalytic features and is polarly
localized at hyphal tips

Structural predictions of CvnA1l showed that it forms a stable dimer and retains the
overall domain architecture of histidine kinases but lacks the conserved histidine.
CvnAl also has a NIT sensory domain and contains a disordered C-terminal region.
Mutational analysis showed that the NIT domain is important for activity, consistent
with ligand-mediated activation. Complementation of cvnAd 1 deletion mutant with a
cvnAl variant lacking the unstructured C-terminal region resulted in partial
complementation, indicating that this region is not a key determinant of activity.
Also, phenotypic evidence from variants with substitutions in canonical and non-
canonical residues that appeared to engage with the bound nucleotide suggested that
ATP binding and hydrolysis are important for CvnAl activity. Therefore, CvnAl
preserves structural features of sensory ATPases, but appears to function through a
non-canonical mechanism. Given the apparent lack of redundancy between CvnAl
and CvnA2, it would be important to determine whether the mutational effects
identified for CvnAl are similar in CvnA2.

CvnAl and CvnA2 localized to hyphal tips, and a strong signal persisted at the tip
even in the absence of cvnl and/or cvn2 genes, indicating that polar recruitment of
CvnAl and CvnA2 occurs independently of the remaining conservon components.
Rather than remaining static, however, their localization patterns appeared dynamic
and changing over time, transitioning between foci, crescent-shaped assemblies, and
diffuse signals with varying intensities. The two proteins also accumulated as cross-
wall-like structures, as described for CvnD2. The dynamic tip localization may be
linked to their biological function. If CvnA1l and CvnA2 act as sensor kinase-like
ATPases, such dynamics may reflect shifting between different states, such as
activation, signal processing, signal transmission, or association with downstream
partners.

Collectively, results here show that the sensor kinase component exhibits atypical
catalytic features, conserved ATP-dependent function, and consistent association
with the hyphal tips where it might be executing processes related to polar growth.

Conservons 1 and 2 influence DivIVA assemblies at branch points

In the absence of either or both of cvnl and cvn2, DivIVA displayed altered
behavior, occasionally forming band-like structures or two opposing foci at
branching sites rather than the typical single sharp focus from which one branch
emerges. These structures were associated with hyperbranching, where multiple
branches emerge from each branch point.

Branches normally form by a mechanism of polarisome splitting, where the
polarisome at the active tip sheds daughter polarisomes that act as seeds for new
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branch emergence [210-212]. While DivIVA exhibits distorted behavior at branch
points in the absence of conservons1 and/or 2, it still localizes normally at the hyphal
tip, implying that these conservons do not influence global DivVIA behavior, but
rather become important when new polarity axes are being established away from
the main tip. Although supporting evidence is lacking, we can consider different
possibilities to explain this behavior. One is that the two conservons function in
focusing polarity as if branch initiation normally starts with multiple weak foci and
the conservons focus these into a single dominant DivIVA cluster. Another
possibility is that the conservons function upstream of DivIVA to define where
branch formation is permitted, or as negative regulators of competing polarity
DivIVA foci, suppressing polarity establishment at a nearby site rather than
promoting DivIVA focusing directly or defining the branch site.

Concluding remarks

While the implication of AGPSs encoded by conservons 1 and 2 in multicellular
organizational and morphological processes is intriguing in itself, linking these
functions to polarity-related mechanisms adds another compelling dimension to
their biological importance (Fig. 16).

Despite insights gained in this work, the exact mechanisms underlying the function
of this dual-operon system remain unanswered. Future work is needed to describe
the nature of the signal sensed by the sensor modules and to clarify how information
is transmitted to the downstream GTPase machinery and subsequently converted
into a regulatory output. Equally important is understanding how components within
the GTPase module cooperate. Protein interactions between individual components
of other conservons have been established [346], but it remains important to test
interactions within and across proteins encoded by conservons 1 and 2. Also, our
genetic data support the functionality of the GTPase module, but direct biochemical
validation is still needed. Purification of individual proteins and reconstitution of
the module in vitro would enable analysis of GTP hydrolysis, as well as the
regulatory relationships among the GTPase and its regulators. Together, these tests
will provide a mechanistic model for understanding how the dual-operon system
integrates sensory information to regulate cell shape and polarity.

The implication of conservons 1 and 2 in polarity-related mechanisms also deserves
further investigation. For instance, to understand the effect on DivIVA behavior, it
is important to understand the temporal and spatial relationship between proteins
encoded by conservon 1 and 2 and DivIVA by microscopically investigating their
co-localization. Also, a relevant experiment would be to test co-localization and
interactions with other polarisome members, which could clarify whether these
proteins are recruited to the cell pole by DivIVA or other polarisome proteins.

CvnA proteins and CvnD2 were further seen to accumulate as transverse bands in
vegetative hyphae, and it is important to test whether these bands are located at
division sites, for instance, by examining co-localization with FtsZ. If they
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correspond to cross-wall-related structures, these conservons could instead be
involved in compartmentalization, and it is possible in this case that polarity defects
arise indirectly through altered cellular organization.
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Figure 16. Working model for Paper Il. AGPSs encoded by conservons 1 and 2 localize to hyphal tips
where they mediate their function in polar growth and regulation of cell shape, likely by directly or
indirectly modulating DivIVA behavior.
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Paper III. Divergent roles of three SepF homologs in
Streptomyces venezuelae include SepF3 linking cell
division to nucleoid partitioning

Cell division is typically a mechanism that ensures bacterial proliferation and
maintains cellular morphology. In Streptomyces, however, it has acquired broader
morphological and developmental roles. Vegetative cross walls likely contribute to
the multicellular organization of the mycelium, while sporulation septation supports
the formation of spores. The final shape of Strepfomyces spores is the result of
highly synchronized division events that divide the long aerial hypha into pre-spore
compartments. Accordingly, the precise positioning of septa and the successful
completion of septation directly defines spore size and shape.

SepF proteins function as a membrane anchor for FtsZ and in stabilizing the Z-ring
during cell division in Gram-positive bacteria. In B. subtilis, the role of SepF in FtsZ
tethering overlaps with the functions of other membrane tethers encoded by these
species [86, 331], whereas in actinomycetotal members, which lack membrane
anchors other than SepF, it becomes essential for cell division [87, 88]. Unlike most
Gram-positive bacteria, Streptomyces genomes contain two extra homologs, sepf2
and sepF'3 in addition to the canonical sepF gene. Given the significance of SepF in
cell division, we aimed at clarifying the roles of the three SepF proteins of
Streptomyces. Our results show that while their exact roles have diverged, all three
SepF proteins are involved in cell division, both during vegetative growth and
sporulation (Fig. 17).
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Figure 17. All three SepFs are involved in cell division, both during vegetative growth and sporulation.

SepF is indispensable for cell division in S. venezuelae and likely acts as a
membrane anchor of the Z-ring

We confirmed the indispensability of SepF in cell division, a conclusions that was
drawn based on SepF localization to division sites both during vegetative growth
and sporulation, its co-localization with FtsZ, the abolished sporulation upon sepF
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deletion, and the inability of the mutant to form normal-looking Z-rings during
sporulation. We further showed that the putative amphipathic helix of SepF likely
targets other proteins to the membrane, supporting a role of SepF as a membrane
anchor. Our results on SepF, combined with evidence from the literature including
SepF interaction with FtsZ [333], collectively show that SepF is crucial for Z-ring
assembly and reinforce the notion that it functions as a membrane anchor for FtsZ
in S. venezuelae. The pronounced phenotype of the sepF mutant also suggested at
this stage that SepF function does not overlap with that of SepF2 and SepF3. By
redemonstrating the role of SepF in our model organism, our work strengthens the
evidence that SepF represents a conserved component of the prokaryotic cell
division machinery. Notably, SepF is an ancient protein and homologs of SepF
function as FtsZ anchors in some archaea [366], raising the possibility that SepF
function reflects an ancient solution to a cellular challenge that has persisted since
early prokaryotic evolution.

Similar to the bona fide SepF, SepF2 and SepF3 accumulated at division septa and
co-localized with FtsZ. However, and unlike SepF, they appeared dispensable for
sporulation as evidenced by the ability of mutants of their corresponding genes to
sporulate on agar, and later by showing that Z-rings and sporulation septa can still
form in these mutants. Despite their dispensability, mutants of sepF2 and sepF'3 had
effects on vegetative cell division, and only the sepF'3 mutant showed defects during
sporulation.

SepF2 and SepF3 emerge as previously unrecognized players in vegetative cell
division

Deletion of either of sepF2 or sepF '3 resulted in slightly smaller colonies and slower
growth and development. A synergistic effect of sepF2 and sepF3 deletion on
colony development was shown by finding that a double mutant of the two genes
exacerbated both effects. Such phenotypes implied an effect on cell division during
vegetative growth, which was later confirmed by showing that the frequency of
cross-wall formation was largely affected in the double deletion mutant (Fig. 18).
The severe reduction in cross-wall frequency in the double mutant, together with
defects in growth and development, suggest a functional link between vegetative
compartmentalization and fitness. Consistent with this interpretation, deletion of
sepX, which abolishes cross-wall formation, was also shown to compromise fitness
[313]. While both SepF2 and SepF3 accumulated at division sites during vegetative
growth, SepF2 had a stronger signal, suggesting a more prominent contribution to
vegetative cell division. Nevertheless, the substantially more severe phenotype
observed in the sepF2-sepF3 double mutant compared with either single mutant
indicates that SepF2 and SepF3 perform partially overlapping functions in this
process. It remains unclear how SepF2 and SepF3 exert their roles on cross-wall
formation. One possibility could be that hyphal extension rate or other aspects of
polar growth are affected in these mutants as previously suggested [335].
Importantly, the identification of SepF2 and SepF3 as contributors to cross-wall
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formation expands the current understanding of its molecular basis, as vegetative
cell division remains poorly resolved at the molecular level, with only FtsZ and
SepX being previously implicated.

tl%? , AsepF2sepF3 ){Z/EQ

Figure 18. SepF2 and SepF3 perform partially overlapping functions during vegetative cell
division. Deletion of both sepF2 and sepF3 reduce the frequency of cross-wall formation.

SepF3 couples chromosome segregation to septum closure during sporulation

The central finding of this work is the involvement of SepF3 in several aspects
related to sporulation-specific cell division. The sepF'3 mutant initially displayed a
morphological defect, forming exceptionally long spore chains instead of the short
chains and single spores produced by the wild type, indicating a defect in spore
detachment. Cell wall and DNA staining in these long chains revealed striking
effects on chromosome segregation, including septa forming over unsegregated
nucleoids and a large fraction of spore compartments being void of nucleoids (Fig.
19). The presence of anucleate spore compartments resembles phenotypes observed
upon deletion of genes involved in chromosome segregation, including those
encoding SMC, DNA translocases, and the ParAB partitioning system [237, 338].

Subsequent experiments provided two lines of evidence to elucidate this phenotype.
Firstly, we showed by doing FRAP that sepF3 deletion causes incomplete closure
of sporulation septa, as evidenced by the cytoplasmic continuity and diffusion of
proteins between mutant spore compartments. Transmission electron microscopy
further showed that septa in spore chains remain with different extents of openings.
Secondly, we established a link between SepF3 and FtsK, the DNA translocase that
mediates chromosome clearance from closing septa [95]. FtsK did not show regular
septal localization in the sepF3 mutant, suggesting that SepF3 is required for the
proper recruitment of FtsK to septa.

The improper septum closure together with inefficient chromosome segregation
proposed a model of how defects in the sepF3-deficient spore chains emerge: at late
stages of sporulation, unsegregated nucleoids become trapped under sporulation
septa and are later pulled back during condensation through the improperly closed
septa leaving some spore compartments empty of nucleoids (Fig. 19). Improper
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septum closure may also result in long spore chains by preventing spore separation.
Although factors governing spore detachment remain poorly understood, the
incompletely closed septum may be perceived as an unfinished cell division event,
preventing the action of downstream factors, like PG modifying enzymes. Further,
the inadequate recruitment of FtsK, and while it provided a possible explanation of
the chromosome segregation defect, is unlikely to be the sole contributor as the
defect the in the sepF’3 mutant is considerably more severe than that reported for
ftsK deletion mutants in S. coelicolor [318, 338], suggesting that additional factors
may be involved. However, the consequences of fisK deletion have not yet been
described for S. venezuelae, and therefore this comparison should be interpreted
with caution. This, however, suggests that SepF3 may act together with additional
factors to ensure faithful chromosome segregation. Identifying these factors and
defining their functional relationship with SepF3 will require further investigation.

Figure 19. sepF3 mutant is defective in chromosome segregation and septum closure. Spore
chains of sepF3 mutant show defects including spore compartments void of nucleoids and septa forming
over the nucleoids. Unsegregated nucleoids remain trapped under closing septa and are later pulled
back during condensation through the open septa leaving pre-spore compartments empty of nucleoids.

Concluding remarks

Overall, our data here confirmed the indispensability of SepF in Z-ring assembly,
implicated both SepF2 and SepF3 in vegetative cell division, and identified SepF3
as being involved in three key events during sporulation-specific cell division, the
exact mechanisms of which are poorly understood: septa closure, spore detachment,
and the coordination between sporulation septation and chromosome segregation.
One aspect to clarify is if there is an association between FtsK and SepF3, whether
it is a direct association or mediated by other divisome proteins. Other chromosome
partitioning system, like ParAB [339, 340], or the decatenation via Topoisomerase
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IV [367] might also be responsible for the nucleoid partitioning defect, a possibility
that can be investigated by looking at subcellular localization of these proteins. It is
equally important to generally determine interaction partners of SepF2 and SepF3,
as this will give critical insights on their function.

Further work is also needed to fully elucidate the mechanistic roles of SepF2 and
SepF3 on vegetative cell division. This is especially interesting given our limited
understanding of this process. Identifying contributors to vegetative cell division
and dissecting their mechanisms may help address a range of broader questions:
What advantage does a continuous compartmentalized mycelium provide over
either a fully syncytial or fully separated structure? Have cross walls evolved as
protective, developmental, or metabolic structures? Do cross walls allow for
molecular exchange between neighboring compartments or possibly facilitate
division of labor between different regions of the mycelium?
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