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standards, as for example listed in the author guidelines of the Journal of Cell Biology 
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1. Summary 

Bacteriophages, the viruses of bacteria, are ubiquitously found and represent the most 
abundant biological entities on the planet. Phage predation poses a constant threat to 
bacterial communities and results in an ongoing arms race characterized by continuous 
adaptation and counter-adaptation. In order to promote their survival and distribution, soil 
bacteria like Streptomyces developed diverse strategies including key features of 
filamentous, multicellular growth and a multifaceted secondary metabolite production. 

This doctoral thesis focused on the impact of cellular development on phage infection 
during the multicellular life cycle of Streptomyces. We observed enhanced differentiation 
of interface mycelium directly surrounding the lysis zones of diverse phage-host pairs. 
Interestingly, this differentiation was accompanied by development-dependent growing 
and shrinking dynamics, which revealed the emergence of transiently resistant mycelial 
structures crucial for the containment of viral infections. This transient resistance is 
provided by the developmental cell surface changes that render the cells less susceptible 
to phage infection and enable regrowth into the lysis zone. This was additionally shown 
by a reduced adsorption of phage particles to older mycelium and non-growing spores. 
Transcriptome analysis revealed that phage infection triggers an upregulation of 
chloramphenicol biosynthesis genes, which could have a role in communicating ongoing 
infection to neighboring cells. Direct antiphage effects were not observed for the phages 
tested in this study. Moreover, during early infection, these data showed downregulation 
of chaplin and rodlin genes as well as almost all whi genes involved in sporulation. This 
could facilitate phage propagation and may be actively induced by the phage. 

Bioinformatic analysis of phage genomes revealed the Actinobacteria-specific family of 
WhiB-like proteins as most abundant transcriptional regulators in actinobacteriophages. 
In the Streptomyces host, WhiB-like proteins are involved in differentiation, sporulation 
and antibiotic resistance. While we found WhiB-like regulators to be encoded by 32% of 
all analyzed Streptomyces phages, almost 90% of these phages were categorized as 
virulent. In addition to WhiB, especially FtsK and ParB-like proteins relevant to sporulation 
processes are encoded by smaller subsets of bacteriophages infecting Streptomyces. The 
diverse WhiB-like regulators encoded by Streptomyces phages both share conserved 
features of their host counterparts and have modified domains, which potentially mediate 
distinct functionalities. To further elucidate the role of these regulators, we used 
complementation and overexpression assays with a set of diverse phage-encoded WhiB-
like proteins in S. venezuelae. Intriguingly, none of the phage genes restored the 
sporulation phenotype in a host whiB deletion strain. However, constitutive expression of 
phage whiB genes in the wild-type strain revealed multiple changes in cellular 
development. Chymera-encoded WhiB resulted in accelerated sporulation, whereas 
unbranched hyphal elongation and a delay of differentiation was caused by expression of 
whiB originating from Alderaan and Coruscant. These changes also influence efficacy of 
phage propagation. 

Taken together, the results of this thesis emphasize multicellular development as a key 
feature in phage-host interactions in Streptomyces. The work presented highlights the 
importance of transient phage resistance as an essential layer of Streptomyces antiviral 
immunity. It further implies the potential engagement of phage proteins in interfering with 
the regulatory network governing cellular development, thereby improving phage 
propagation. 
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2. Scientific context and key results 

2.1 Streptomyces 

2.1.1 General characteristics and secondary metabolism 

Streptomyces is a genus of Gram-positive Actinobacteria that expresses unique 

characteristics and plays a key role in various ecological niches. It is highly adapted to 

and widespread in terrestrial and aquatic as well as host-associated environments. With 

718 validly published names and 742 available genomes spanning 213 species 

(https://www.bacterio.net/genus/streptomyces, Nikolaidis et al., 2023), Streptomyces is a 

vast group of important environmental bacteria playing a crucial role by establishing 

unique relationships and engaging in cross-kingdom communication with other 

organisms, such as fungi and plants (Barka et al., 2016; Krespach et al., 2023). These 

interactions often lead to the exchange of signaling molecules and nutrient sharing. 

Furthermore, Streptomyces spp. contribute to essential biogeochemical processes by 

decomposing and recycling of organic matter due to an extensive set of extracellular 

hydrolytic enzymes (Chater et al., 2010). 

One of the fundamental features of Streptomyces is its ability to produce a wide range of 

bioactive secondary metabolites. These natural products are organic compounds that are 

not directly involved in the growth, development, or reproduction of the bacteria but play 

a vital role in their survival and interactions with the environment (Seyedsayamdost, 

2019). Streptomyces spp. produce a significant proportion of natural products used as 

pharmaceuticals, in agriculture and biotechnology including antibiotics, antifungals, 

antivirals, antitumor agents, immunosuppressants, protein inhibitors and others (Alam et 

al., 2022; Barka et al., 2016; Demain, 1999). This rich source of valuable compounds has 

revolutionized medicine and agriculture by providing effective treatments for various 

human diseases and protecting plants and animals from pathogens. Prominent examples 

of antibiotics produced by Streptomyces include aminoglycosides, of which streptomycin 

was the first antibiotic successfully used to treat tuberculosis (Schatz & Waksman, 1944), 

the broad-spectrum-acting tetracyclines (Petković et al., 2017) and chloramphenicol 

(Fernández-Martínez et al., 2014). 

The metabolic potential of Streptomyces for secondary metabolite production can be 

attributed to its unique genetic makeup and complex regulatory networks. Compared to 

other bacteria, their linear genomes are considerably large, ranging from 5.7 to 12.1 Mb 

with high GC contents of averaging 71.7% (Nikolaidis et al., 2023). Due to their linear 

chromosomes, Streptomyces genomes are organized in a core region spanning 50% of 

the genome surrounding the center and origin of replication and the two arms 

encompassing 25% each on the left and right of this core. While most genes in the core 
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region are stable and conserved across the genus and within species, the arms express 

especially high fluctuations and rearrangements due to horizontal gene transfer, 

recombination, duplication or deletion events impacting as much as 1 Mb of the whole 

genome (Bentley et al., 2002; Nikolaidis et al., 2023; Z. Zhang et al., 2022). Interestingly, 

biosynthetic gene clusters (BGCs) encoding enzymes responsible for the biosynthesis of 

secondary metabolites are found to be overrepresented on the arms of the chromosomes 

where the high plasticity contributes to a division of labor and effective production of 

natural products (Nikolaidis et al., 2023; Z. Zhang et al., 2020, 2022). Recent comparative 

analyses of Streptomyces genomes revealed an average of 31 BGCs encoded per 

genome with some harboring up to over 50, each potentially producing a distinct 

compound (Nikolaidis et al., 2023; Otani et al., 2022). However, the production of many 

secondary metabolites is highly regulated and often occurs only under specific 

environmental conditions or during different stages of growth and development, remaining 

cryptic or silent under standard laboratory conditions (Z. Liu et al., 2021). This again 

highlights the genetic diversity and flexibility of Streptomyces to adapt to different 

environmental conditions and the complex interplay between secondary metabolism and 

cellular development. 

 

2.1.2 Multicellular development 

Unlike many other bacteria, Streptomyces exhibit a complex multicellular lifestyle 

characterized by filamentous growth, the formation of a dense vegetative mycelium and 

the production of spores, formed on specialized reproductive structures called aerial 

hyphae (Figure 1) (Flärdh & Buttner, 2009). Transition through the different stages of this 

multicellular development is orchestrated by a repertoire of genes that operate in a highly 

coordinated manner. Key elements of the underlying regulatory network include bld and 

whi genes, which regulate processes leading to profound morphological and physiological 

changes such as germination, tip extension, septation, aerial mycelium formation, 

coordinated cell death and cell division during sporulation. Additionally, antibiotic 

synthesis is also coupled to this network (Flärdh & Buttner, 2009; McCormick & Flärdh, 

2012). Major influences modulating differentiation are extracellular as well as intracellular 

signaling molecules such as γ-butyrolactones or cyclic di-guanosine monophosphate (c-

di-GMP) driven by environmental cues ranging from nutrient availability, pH and 

temperature to osmolarity or small molecules secreted by other cells (Bush et al., 2015). 
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Figure 1: Simplified Streptomyces multicellular development and its regulatory network. 
The Streptomyces life cycle starts with a single spore germinating and growing by tip extension 
into a branched vegetative mycelium. Upon stress or nutrient depletion, the mycelium starts 
growing unbranched, hydrophobic aerial hyphae. The transition from aerial hyphae to spores is 
called sporulation and consists of cessation of tip growth, initiation of chromosome segregation 
and cell division, as well as spore maturation. The underlying regulatory network is controlled by 
the master regulator BldD, repressing expression of key regulatory genes encoding Bld proteins 
important for aerial hyphae formation and Whi proteins responsible for sporulation. In order to erect 
aerial hyphae, first genome replication is blocked by AdpA/BldH, which also activates AmfR/RamR 
expressing sapB, a component of the hydrophobic sheath. Sigma factor σBldN induces expression 
of the chaplin and rodlin genes essential for aerial hyphae formation. Additionally, bldM expression 
is activated by σBldN. BldM regulates the expression of ssgB, which, together with ssgA expression 
activated by AdpA/BldH, is necessary for the correct placement of future septation sites in the aerial 
hyphae. Key regulators of sporulation are WhiA and WhiB controlling their regulon together. WhiA 
is constitutively produced. Production of WhiB is transcriptionally controlled by inhibition through 
BldD and BldO as well as BldM mediated activation. Targets of WhiAB are filP, thereby stopping 
tip growth, parA and parB responsible for chromosome segregation, ftsK and ftsZ performing cell 
division and whiG encoding the sigma factor σWhiG activating whiI expression. WhiI forms a 
heterodimer with BldM regulating formation of the spore pigment by activating expression of whiE, 
which is an essential part of spore maturation. It has to be noted that the regulatory network shown 
here is not complete but shows only a few key regulators and downstream targets important and 
best studied so far. Arrows with pointy ends indicate activation, blunt ends indicate inhibition of 
expression. The figure is inspired by and partly based on Bush et al., 2015. 
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Starting the cycle, a typically dormant spore germinates upon favorable conditions 

(i.e. sufficient nutrients and moisture) by growing one or two germ tubes, elongating and 

forming a dense vegetative mycelium by tip extension and continuous branching (Bobek 

et al., 2017). This polar form of growth is directed by the polarisome (or tip-organizing 

center), composed of the essential protein DivIVA recruiting the cell wall biosynthesis 

machinery, along with co-localized Scy and FilP (Flärdh, 2010; Fröjd & Flärdh, 2019). This 

vegetative growth undergoes irregular cross-wall formation and results in multigenomic 

compartments that are distinct from cell division septation (Bush et al., 2022; McCormick 

et al., 1994). Unfavorable conditions, such as nutrient depletion and stress, induce the 

switch from vegetative mycelial growth to the formation of aerial hyphae. This is a key cell 

fate milestone tightly controlled by several bld genes, named after the bald colony 

phenotype observed in deletion mutants lacking the fuzzy aerial hyphae. The so-called 

master regulator BldD controls a regulon of more than 160 targets, acting as a repressor 

on regulators and downstream genes typically activated by these regulators (den Hengst 

et al., 2010). When dimerized by a tetrameric form of c-di-GMP, inhibition by BldD 

maintains an active growth state of the mycelium. The dissociation of the BldD dimer from 

the DNA then starts the cascade of developmental differentiation (Bush et al., 2015; 

Tschowri et al., 2014). Aerial hyphae formation begins with the inhibition of DNA 

replication by AdpA/BldH binding to the oriC (Wolański et al., 2012). It involves the 

formation of a hydrophobic sheath consisting of rodlins, chaplins and SapB facilitated by 

the sigma factor σBldN, thereby enabling erection of the hyphae into the air (Bibb et al., 

2012; Claessen et al., 2003, 2004). The process ends with the placement of division sites 

known to be regulated by activation of ssgA and ssgB expression through AdpA/BldH and 

a homodimer of BldM, respectively (Willemse et al., 2011).  

Importantly, preceding the formation of aerial hyphae are the processes of secondary 

metabolite production and programmed cell death-like mechanisms (Rigali et al., 2008; 

Tenconi et al., 2018). To ensure sufficient carbon and nitrogen resources available for 

aerial hyphae formation, parts of the old vegetative mycelium undergo a coordinated cell 

death, releasing nutrients into the surrounding area ready for uptake and use (Manteca et 

al., 2006, 2007; Miguélez et al., 1999). The production of secondary metabolites is 

hypothesized to be coordinated with this drastic step to protect these resources from other 

soil-living competitors (Rigali et al., 2008). Some key developmental regulators, like 

AdpA/BldH or parts of important protein families such as WhiB-like (Wbl) proteins WblA 

and WblC, therefore have (dual) functions connecting both multicellular differentiation and 

secondary metabolite production and resistance (Bush, 2018; Płachetka et al., 2021). 
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The process of sporulation, the transition from aerial hyphae to spores, is under the control 

of several whi genes, named after their white appearance of aerial hyphae lacking 

formation of the colored spore pigment. Most important during early sporulation are WhiA 

and WhiB, which act cooperatively on their regulon by recruiting the RNA polymerase 

initiation complex (Lilic et al., 2023). Interestingly, WhiA is an exception among the 

developmental regulators in Streptomyces. Besides activating its own expression, its gene 

is constitutively expressed and not known to be repressed by any other protein (Bush et 

al., 2013). Opposingly, the production of WhiB is strongly regulated by the repression of 

BldD and BldO, as well as activation by BldM (Al-Bassam et al., 2014; Bush et al., 2017; 

den Hengst et al., 2010). Targets of their regulon are essential genes for tip growth, where 

they inhibit expression of filP, and initiation of sporulation, septation and chromosome 

segregation, by activating ftsZ, ftsK, parA, and parB (Bush et al., 2013, 2016). Additionally, 

in controlling further spore maturation by the sigma factor σWhiG and its targets WhiH and 

WhiI, which are responsible for cell wall changes and pigment production, WhiA and WhiB 

act as gatekeepers of successful spore formation (Flärdh & Buttner, 2009).  
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2.2 Bacteriophages 

2.2.1 Definition, diversity and life styles 

Viruses of bacteria, known as bacteriophages or phages, are ubiquitously found. With an 

estimated 1031 total particles and 1024 infections per second shaping bacterial 

communities in every environment, they are the most abundant biological entities on the 

planet (Clokie et al., 2011; Cobián Güemes et al., 2016; Mushegian, 2020; Williamson et 

al., 2017).  

Discovered by Frederick Twort and Felix d’Hérelle in 1915 and 1917 these “ultra-

microscopic viruses” or “invisible microbes” (D’Hérelle, 1917; Twort, 1915) were readily 

recognized for their ability of killing bacteria and their potential in treating diseases caused 

by bacterial pathogens (Sulakvelidze et al., 2001). Due to the double-sided characteristic 

of phages in host specificity and the lack of consistent, reliable success, as well as 

fundamental understanding of phage biology, the advent of more broadly active and easy-

to-use chemical antibiotics, such as penicillin, discovered in 1928, replaced 

bacteriophages in this regard (Hutchings et al., 2019; Sulakvelidze et al., 2001). 

Therefore, the focus of bacteriophage research shifted from clinical use to basic research, 

resulting in fundamental breakthroughs in the understanding of biology and chemistry, 

accompanied by discoveries leading to the development and application of tools and 

techniques used in modern biotechnology and molecular biology today (Salmond & 

Fineran, 2015).  

Making phages visible by using the electron microscope started the detailed description 

of phages as virus particles of huge diversity (Luria et al., 1943; Ruska, 1940). While the 

majority of phage particles known to date can be assigned to one of the three morphotypes 

- myo-, sipho- and podovirus - of tailed bacteriophages (Caudoviricetes), many further 

structures have been described, including polyhedral, pleomorphic or filamentous with 

some having a lipid membrane (Figure 2) (Ackermann, 2007; Dion et al., 2020). However, 

phage diversity is not only apparent in terms of morphology but also in genome type and 

genetic equipment (Dion et al., 2020; Krupovic et al., 2011). Among the isolated and 

characterized phages, dsDNA phages are most abundant. This is in part due to 

enrichment and isolation biases introduced by the choice of hosts and methods used in 

classic isolation procedures (Gill & Hyman, 2010). However, current isolation-independent 

metagenomic and transcriptomic analyses have revealed even greater diversity than 

expected, adding many more ssDNA- and RNA-containing phage sequences (Creasy et 

al., 2018; Neri et al., 2022). These recent advances in genomics have led to a 

reclassification effort establishing a genome-based megataxonomy of viruses, grouping 

bacteriophages with their related eukaryote-infecting counterparts based on sequence 
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data rather than host range and morphotypes (Figure 2) (Koonin et al., 2020; Turner et 

al., 2021). 

 

Figure 2: Bacteriophage morphologies, genomes, and classification. Bacteriophage genomes 
can consist of dsDNA, ssDNA, dsRNA, or ssRNA. The dsDNA phages are assigned to the two viral 
realms of Duplodnaviria and Varidnaviria and can also be found in the group of unassigned viruses. 
In the Duplodnaviria, the tailed phages in the class Caudoviricetes can have sipho-, myo-, and 
podovirus morphologies. For example Lambda has a long, flexible but non-contractile tail, T4 has 
a medium, contractile tail, and T7 has a very short tail, respectively. WeeHeim is an example for a 
polyhedral particle containing a lipid membrane inside of the protein capsid, belonging to the 
Tectiliviricetes class of Varidnaviria. L2 is an unassigned pleomorphic lipid particle. ssDNA phages 
belong to the Monodnaviria realm and classes Malgrandaviricetes (polyhedral protein capsid, e.g. 
phiX174) as well as Faserviricetes (filamentous protein tubes, e.g. M13). In the realm of Riboviria, 
both double stranded and single stranded RNA-containing bacteriophages are located. 
Vidaviricetes, like phi6, have dsRNA genomes and a polyhedral protein capsid surrounded by a 
lipid envelope. The smallest phage particles contain ssRNA, are polyhedral and belong to phages 
in the class Leviviricetes (e.g. MS2). The figure is inspired by Hyman & Abedon, 2012 and based 
on the newest taxonomy information of the International Committee on Taxonomy of Viruses (ICTV, 
2022 release). 

Bacteriophages, like other viruses, depend on a metabolically active host cell to replicate 

and release progeny in a productive infection. In an effort to propagate in a bacterial 

population, different phages follow different life styles (Figure 3) (Hobbs & Abedon, 2016). 

Regardless of the type of infection, all phages must first attach to the cell surface of a 

suitable bacterial host during adsorption by recognizing specific receptors and irreversibly 

bind to these before the genome is injected (Bertozzi Silva et al., 2016). While virulent 

phages immediately take over the host cell and produce virions in a lytic cycle, temperate 

phages establish more or less stable associations with their host, termed lysogeny. The 

decision-making of temperate phages regarding whether to follow the lysogenic or lytic 

cycle depends on several parameters including host fitness, or cell and phage densities. 

To decide on integration and excision, several Bacillus phages use the so-called arbitrium 

system, communicating via phage-encoded small peptides, whereas phages of Vibrio use 

host-encoded quorum sensing molecules to measure host density (Erez et al., 2017; Silpe 

& Bassler, 2019). By integrating into the bacterial genome at specific attachment sites or 
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residing in an episomal, plasmid state, the now called prophage is tightly regulated, 

replicated, and dispersed in vertical transmission during cell division (Brady et al., 2021; 

Oppenheim et al., 2005; Shao et al., 2019). This can be beneficial for the host due to an 

increased fitness by the lysogenic expression of virulence factors, toxins, or auxiliary 

metabolic enzymes (Howard-Varona et al., 2017; Waldor & Mekalanos, 1996). 

Nevertheless, upon prophage induction the lytic cycle can be initiated. Then, both virulent 

and temperate phages use host enzymes as well as phage-encoded proteins to replicate 

the phage genome, produce virion proteins, assemble the phage particles, and finally be 

released from the host cell by the production of holins and lysins, leading to membrane 

disruption (Young, 1992). Some bacteriophages, especially filamentous phages of the 

class Faserviricetes, are not released by lysis but by extrusion or budding, leaving the 

host cell intact. This lifestyle is termed chronic infection (Hobbs & Abedon, 2016). 

 

 

Figure 3: Virulent and temperate bacteriophage life styles. The bacteriophage infection begins 
with recognizing the bacterial host and adsorption to specific receptors, irreversibly binding the 
host cell. After the injection of the phage genome into the cell, temperate phages can follow the 
lysogenic cycle. As a so-called prophage, they integrate into the bacterial chromosome, or reside 
extrachormosomally as an episome (not shown). The prophage is replicated via host genome 
replication and cell division. DNA damage or other stress conditions can trigger induction of the 
prophage, resulting in excision from the host genome. Like virulent phages, induced prophages 
follow the lytic cycle using the host machinery for genome replication and protein biosynthesis. 
Phage particles are assembled and packed with a single genome each eventually leaving the host 
cell by disruption of the host cell wall (lysis). The figure is inspired by Doss et al., 2017. 
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2.2.2 Actinobacteriophages and viral dark matter 

Historically, in an attempt to make results comparable and facilitate discovery, 

fundamental bacteriophage research focused on a relatively small set of phages (mostly 

T phages) infecting the Gram-negative Escherichia coli under standardized conditions, 

making it the model system it is today. This approach, called the “phage treaty”, was 

rewarded by fast and reliable outcomes that led to numerous breakthroughs in 

understanding biological principles and laid the basis for Nobel Prize-winning discoveries 

(Salmond & Fineran, 2015). Undoubtedly, the identification of DNA as the genetic material 

(Hershey & Chase, 1952), insights into the nature of mutation (Luria & Delbrück, 1943), 

the discovery and application of restriction-modification enzymes (Luria & Human, 1952), 

or the T7 polymerase expression system (Tabor & Richardson, 1985), to name a few, 

significantly contributed to our understanding of the molecular basis of life in general. 

However, phenomena such as the formation of a phage pseudonucleus in Pseudomonas 

(Chaikeeratisak et al., 2017), phages using communication-based decision-making (Erez 

et al., 2017) or the recent explosion in new antiphage defense systems, including 

CRISPR-Cas (Barrangou et al., 2007; Georjon & Bernheim, 2023), were only made 

possible by studying non-model phages and a broad variety of bacterial hosts. 

Actinobacteriophages are viruses that infect bacteria belonging to the Gram-positive 

phylum Actinobacteria. There have been an enormous effort to isolate, sequence and 

characterize these phages across all associated host genera. This effort has expanded 

the number of phages infecting, for example, Mycobacterium alone from 70 to over 2000 

fully sequenced genomes in one decade (Hatfull, 2020). Out of a total of 24,083 isolated 

phages, there are 4,557 finished genomes of phages infecting the Actinobacteria genera, 

including Actinoplanes (1), Arthrobacter (450), Brevibacterium (2), Corynebacterium (25), 

Gordonia (724), Microbacterium (607), Mycobacterium (2276), Propionibacterium (55), 

Rhodococcus (67), Rothia (1), Streptomyces (346), Tetrasphaera (1), and Tsukumurella 

(2) currently curated at The Actinobacteriophage Database (phagesdb.org, November 

2023). Additionally, there are probably more phages not publicly available isolated and 

stored in laboratories around the world, which are not directly participating in the isolation 

programs PHIRE (Phage Hunters Integrating Research and Education) or SEA-PHAGES 

(Science Education Alliance-Phage Hunters Advancing Genomics and Evolutionary 

Science) integrating high school and undergraduate students in actual research (Hatfull, 

2015b). 

Despite the significant bias towards phages infecting one single genus (i.e. 

Mycobacterium), the wealth of actinobacteriophage genomic data across all genera is 

astonishing. Remarkably, despite these huge numbers, almost all actinobacteriophages 
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belong to the dsDNA-carrying Caudoviricetes, where the majority displays a siphovirus 

morphology (Hatfull, 2020). Such an abundance of genomic data also clearly highlights 

how little is known about the diversity and function of phage-encoded proteins. For the 

majority of actinobacteriophages, only around 30% of the genes have assigned functions 

and are related to already known genes (Hatfull, 2015a, 2020). In fact, there is not a single 

bacteriophage genome with every single one of its genes being completely and 

functionally annotated. This is independent of genome size, the duration of knowing, or 

the intensity of studying it. One of the smallest phages, ssDNA phage Mini, has only four 

predicted genes and one of them encodes for a hypothetical protein of unknown function 

(Zhan & Chen, 2019). Additionally, phages T4 and Lambda, despite being heavily studied 

for decades already, still have 38% and 9.5% of their encoding proteins annotated as 

hypothetical, respectively (GenBank, November 2023). Similarly, metagenomic analyses 

show that, depending on the sample, between 40% and 90% of the sequences of viral 

origin cannot be aligned to any existing reference sequence (Gregory et al., 2019; 

Krishnamurthy & Wang, 2017). This is in line with many newly isolated 

actinobacteriophages not fitting into one of the 156 established actinobacteriophage 

clusters of related phages, hence forming singletons sharing less than 35% of their genes 

with other already known actinobacteriophages (Hatfull, 2020). Both of these phenomena 

are referred to as genomic or viral dark matter, presenting an enormous potential for future 

discoveries studying this growing diversity (Dion et al., 2020; Payne et al., 2021). Initial 

studies on the broader actinobacteriophage genomic landscape have already identified 

unique characteristics regarding transcriptional regulation, prophage distribution, and the 

distinct antiphage defense systems of their hosts (Dedrick et al., 2017; Georjon et al., 

2023; Sharma et al., 2021, 2023). 

 

2.2.3 Antiphage defense systems 

Bacteriophage predation of bacteria is a perfect example of the Red Queen hypothesis, 

representing an ongoing arms race resulting in the continuous adaptation and counter-

adaptation of bacterial defense strategies and phage-encoded antidefense mechanisms 

(Stern & Sorek, 2011; van Valen, 1973). Antiphage defense can act on every step during 

the infection cycle including adsorption interference, blocking genome injection, targeting 

of phage nucleic acids by restriction-modification or CRISPR-Cas immunity, as well as 

abortive infection, and toxin-antitoxin systems (Figure 4). The most commonly observed 

resistance mechanism of bacteria under laboratory and clinically conditions is interference 

with initial adsorption of the phage (Gordillo Altamirano & Barr, 2021). This interference 

can be achieved through mutation, post-translational glycosylation, complete loss, 
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changes in abundance and distribution, or shielding of the typical protein and 

lipopolysaccharide receptors. It may also involve the forming or adjusting of a capsule, 

and using competitive inhibitors, binding and blocking either the receptor or the phage 

itself (Destoumieux-Garzón et al., 2005; Harvey et al., 2018; Hesse et al., 2020; Labrie et 

al., 2010). Classical antiphage defense mechanisms provided through prophages are 

superinfection exclusion mechanisms that inhibit secondary infections. This is achieved 

by blocking entry of the phage genome with mostly membrane anchored proteins or by 

employing immunity repressor proteins that block expression of the lytic genes of intruder 

phages (Labrie et al., 2010; Mavrich & Hatfull, 2019). Additionally, prophages also 

influence phage receptor availability and intracellular mechanisms (Bondy-Denomy et al., 

2016). 

If phage genetic material has entered the bacterial cell, two well-described defense 

systems are commonly found in the majority of bacterial species. Restriction-modification 

(R-M) and CRISPR-Cas (Clustered Regularly Interspaced Palindromic Repeats – 

CRISPR-associated protein) systems both target viral nucleic acids and cleave them. A 

particularly important characteristic of immune systems, in order to confer effective 

resistance, is the ability to detect and distinguish between foreign and host DNA. As an 

innate immune system, for R-M systems, modification of host DNA (typically methylation) 

readily protects specific recognition sequences targeted by restriction endonucleases 

resulting in digestion of only foreign, non-modified DNA (Bickle & Krüger, 1993). On the 

other hand, the CRISPR-Cas system is an adaptive immune system, memorizing previous 

infections by integrating short sequences of foreign nucleic acid, known as spacers, in 

CRISPR arrays divided by repeat regions. These spacers are then expressed as small 

guide RNAs for further detection and targeting of similar invading DNA or RNA, which is 

then cleaved by the associated Cas protein (Hille & Charpentier, 2016). Interestingly, 

certain CRISPR-Cas systems can also be host-directed cleaving phage and host 

transcripts alike upon phage detection. But acting together with a restriction-modification 

system, phage infection can be cleared more effectively and brings back bacterial cells 

from dormancy (Williams et al., 2023). 
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Figure 4: Antiphage defense systems in bacteria. The main strategies in antiphage defense 
systems are schematically and exemplarily presented. (A) Adsorption interference acts prior to 
phage attachment, blocking the particle from host recognition and binding. For example through 
adapting or shielding the receptor. (B) Blocking of injection of the bacteriophage genome is often 
mediated through (pro-)phage-encoded proteins, conferring superinfection exclusion. 
(C) Modification of the host genome by e.g. methylation, allows cleavage of foreign, unmodified 
DNA recognized by specific restriction sites through restriction enzymes. (D) CRISPR-Cas 
adaptive immunity relies on survival of prior infections, memorizing short phage sequences that 
guide cleavage of similar infecting DNA or RNA. Upon sensing phage infection, (E) abortive 
infection mechanisms lead to cell death prior to completion of the phage life cycle thereby blocking 
further spread of infection to neighboring cells. (F) Toxin-antitoxin systems also work on 
recognizing ongoing infection, releasing the antitoxin module from its toxin counterpart. This results 
in detrimental effects for both phage and host, often leading to cell death. The blue tick represents 
productive phage infection, while the red cross indicates active antiphage defense resulting in failed 
phage propagation. Phage proteins are represented in orange, host defense in purple, phage DNA 
in blue and host DNA in black. The figure is inspired and partly based on Georjon & Bernheim, 
2023 as well as Labrie et al., 2010. 

As a last resort defense strategy, bacteria have developed systems that lead to cell death, 

stopping the propagation of infectious phage particles. This broader concept of multiple 

and diverse mechanisms is typically termed abortive infection and is triggered by sensing 

the ongoing infection through, for example, phage proteins or altered expression profiles 

(Lopatina et al., 2020). Cell death can be achieved by different measures, including the 

use of phage-encoded lysins and holins to induce premature lysis, ion disbalance leading 

to depolarization of the cytoplasmic membrane, or phosphorylation of tRNAs inhibiting 

protein biosynthesis (Durmaz & Klaenhammer, 2007; Parma et al., 1992; T. Zhang et al., 

2022). Many of these strategies involve toxin-antitoxin systems that are activated by the 

presence of phage proteins or RNA. Additionally, cyclic oligonucleotide-based antiphage 
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signaling systems, known as CBASS, play a role in these defense mechanisms, too (Banh 

et al., 2023; Kelly et al., 2023). 

As shown by recent studies, the antiphage defense arsenal of bacteria is expanding 

rapidly and in some cases is assumed to provide the evolutionary origin of eukaryote and 

human immune systems (Bernheim & Sorek, 2020; Tesson et al., 2022; Wein & Sorek, 

2022). With over 100 systems, some of which are not yet fully understood but classified 

into known defense mechanisms, the diversity of antiphage defense is vast and presented 

in the most recent update on antiphage defense systems of bacteria (Georjon & Bernheim, 

2023). Most genomes encode multiple, different systems, adding up lines of defense and 

some systems can be ubiquitously found in even distantly related bacteria. What is 

particular interesting to note is, that especially Actinobacteria encode a unique repertoire 

of, in part, newly recognized types of defense systems which are distinct from other phyla 

(Georjon et al., 2023). Especially Streptomyces makes use of its signature traits and 

exploits for example anthracyclines and aminoglycosides, or cellular development to 

protect itself against phage infection (Kever et al., 2022; Luthe et al., 2023a). 
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2.3 Phage-host interactions in the context of multicellular development 

2.3.1 Multicellular antiphage defense 

Most prominent antiphage defense systems described so far are active on a single cell 

level, mostly intracellularly. While an effective defense in single bacterial cells protects the 

entire population by stopping the reproduction of phages, there are several additional 

strategies employed by bacteria in a community setting. Regardless whether this setting 

is multicellular in terms of filamentous growth, as seen in cyanobacteria and 

Streptomyces, or microbial assemblies of biofilms and swarms, most bacterial species are 

known to be structured and organized by some kind of multicellularity under certain 

environmental conditions (Lyons & Kolter, 2015; Shapiro, 1988). Besides being essential 

for reproduction and survival, multicellularity not only improves nutrient availability, 

resistance to physical stress, antimicrobial agents or competitors but also protection from 

predators such as bacteriophages. These multicellular antiphage defense strategies of 

bacteria comprise the use of i) membrane vesicles and  ii) quorum sensing molecules, 

iii) biofilm formation and iv) production of small molecules acting as antiphage defense, 

as well as v) cellular development (Figure 5) and are the focus of our recent review article 

(Luthe et al., 2023b). 

One of the main concepts of multicellularity is the intercellular communication. For 

bacteria this concept is termed quorum sensing in which the production and recognition 

of small molecules, called autoinducers, modulate virulence, biofilm formation, horizontal 

gene transfer, and bioluminescence dependent on, for example, cell density (Duddy & 

Bassler, 2021). It was shown that quorum sensing is also used to shape the defense of 

bacteria against phage infection by triggering specific intracellular defense systems. In 

this context, quorum sensing is activating the cas gene expression in Pseudomonas and 

Serratia species to increase CRISPR-Cas immunity or triggers abortive infection in E. coli 

(Hazan & Engelberg-Kulka, 2004; Høyland-Kroghsbo et al., 2016; Patterson et al., 2016). 

To stop further phage spread in Vibrio and E. coli populations, some autoinducers lead to 

a downregulation of the respective phage receptor genes in neighboring cells (Høyland-

Kroghsbo et al., 2013; Tan et al., 2015). As part of this communication, membrane 

vesicles, important in intercellular interactions of DNA transfer or metabolite export, can 

be used to improve the communication via quorum sensing and other signaling molecules, 

fostering a more robust defense reaction (Toyofuku et al., 2017). However, membrane 

vesicles were also described to have a more direct role in protecting the community from 

viral infection acting as decoys to which phages adsorb. This results in less productive 

infections (Beerens et al., 2021; Reyes-Robles et al., 2018). 
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Figure 5: Bacterial multicellular strategies in antiviral defense. Protection against phages on 
a multicellular level can be mediated by i) extrusion of outer membrane vesicles sequestering 
phages, which prevents attachment to susceptible cells. ii) Quorum sensing-mediated antiphage 
defense systems rely on autoinducers (red stars) for transcriptional activation of RM-, CRISPR-, 
abortive infection, and other systems. iii) Biofilm formation and trapping of phages via interaction 
with components of the extracellular matrix reduces diffusivity of phage particles and propagation 
upon infection. iv) Secretion of antiphage molecules (e.g. anthracyclines or aminoglycosides) 
confers a chemical defense by inhibiting an early step in the infection cycle. v) Cellular development 
allows for the emergence of transient phage resistance due to reduced susceptibility of distinct 
developmental stages (from Luthe et al., 2023b). 

Both quorum sensing and membrane vesicles play crucial roles when it comes to biofilm 

formation of bacteria. Biofilms themselves are one of the major forms of multicellular 

bacterial associations in many environments and therefore play a crucial role in phage-

host interactions as well (Flemming & Wuertz, 2019; Lyons & Kolter, 2015). Although the 

accumulation and immobilization of many prey bacteria in one place seems to be a 

disadvantage, there are inherent biofilm properties that are of notice when it comes to 

phage predation. Increased co-infections per cell can lead to a reduced phage 

propagation per particle. Additionally, nutrient as well as oxygen gradients in the biofilm 
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affect the metabolic activity of many associated cells resulting in the accumulation of slow 

growing, dormant or dead cells, which are not suitable for propagation of most phages. 

Nonetheless, like membrane vesicles, they can still lead to phage adsorption and result 

in a reduction of infectious particles in the extracellular environment (Ciofu et al., 2022; 

Łoś et al., 2007; Simmons et al., 2020). Further, with biofilms producing an extracellular 

matrix, bacteria are densely packed and embedded in exopolysaccharides, proteins, lipids 

and other molecules reducing the diffusion of the non-motile bacteriophages drastically, 

thereby slowing spread and blocking access to susceptible hosts (Flemming et al., 2023; 

González et al., 2018). Parts of this protective matrix of E. coli, proteins called curli fibers, 

were also shown to trap phages in an active state and by that conferring additional 

protection not only against direct infection but also towards bacterial competitors invading 

the biofilm (Bond et al., 2021; Vidakovic et al., 2018). 

As already described previously and for Streptomyces in particular, bacteria produce and 

exchange many diverse small molecules. These may not only function as signaling and 

communication tools, but can also exhibit direct antiphage properties themselves. Two 

prominent examples of this chemical defense against phages recently described are the 

DNA intercalating anthracyclines and the bactericidal aminoglycoside antibiotics targeting 

the 16S rRNA of the 30S ribosomal subunit (Hardy et al., 2022; Kever et al., 2022; 

Kronheim et al., 2018). Both groups are active against several phages infecting E. coli, 

Pseudomonas and Streptomyces at an early step during infection on an intracellular level. 

The exact mechanisms of action are not yet discovered but, at least for aminoglycosides 

the antiphage and antibiotic functions were shown to be distinct (Kever et al., 2022). In 

order for this chemical defense to work in a community, it is necessary for the cells to be 

resistant to this canonical property. In nature, producer cells of these molecules typically 

express self-resistance mechanisms and can live with the accumulated compound in the 

environment reaching local concentrations high enough for creating an antiviral milieu 

(Hopwood, 2007; Kever et al., 2022; Tenconi & Rigali, 2018). This resistance prerequisite 

could be seen as a selective pressure for mutualistic communities between kin cells or 

different species applying a division of labor and thereby excluding competitors (Traxler 

& Rozen, 2022). 
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2.3.2 Streptomyces development as a transient phage resistance mechanism 

Phage infection results in enhanced differentiation in Streptomyces 

Despite increased efforts in phage isolation, Streptomyces phages are still mostly 

published solely by genome announcements or characterized on a very basal level (the 

two most recent examples being Cleary et al., 2023; Ongenae et al., 2023) and were 

rather investigated for the use as tools in genetic engineering of their hosts (Baltz, 2012; 

Kormanec et al., 2019). Just recently, interest in the unique genetic equipment and phage-

host interactions started to rise and yielded first, more detailed insights into their unique 

properties and interactions (deCarvalho et al., 2023; Kever et al., 2022; Kronheim et al., 

2018). Important for these investigations is the appreciation of the natural soil environment 

of Streptomyces and its corresponding phages as a spatially structured and densely 

populated habitat of high microbial diversity (Fierer, 2017; Williamson et al., 2017). With 

sometimes extreme local gradients and close contacts between competitors and 

predators, survival strategies of soil-living bacteria are as specialized as diverse and 

interactions are impacted differently compared to aqueous habitats (Srinivasiah et al., 

2008). These circumstances have to be taken into account when it comes to investigation 

in the laboratory. Therefore, infection on solid media closely resembles environmental 

conditions regarding phage distribution, Streptomyces complex multicellular development 

and the overall life cycle. Plaque formation represents the hallmark of phage infection, 

visualizing the lytic activity of replication. In our recent study, we shed light onto the 

importance of Streptomyces multicellular development during phage infection with a focus 

on growth on solid media (Luthe et al., 2023a). 

When infecting three Streptomyces species, S. venezuelae, S. coelicolor and S. griseus, 

with a set of two different phages each, plaque formation showed distinct developmental 

patterns of enhanced aerial hyphae formation directly surrounding the infection interface 

(Figure 6A). Depending on the host, this phenomenon was altered in its spatiotemporal 

dynamics, but always resulted in a distinct ring of cellular differentiation surrounding the 

lysis zone. In order to follow this initial observation, investigation focused on one phage-

host pair, namely Alderaan and Streptomyces venezuelae. S. venezuelae is the most 

important Streptomyces model species for the study of differentiation during multicellular 

development. In comparison to both other model strains S. griseus and S. coelicolor, it 

has the ability to complete its full life cycle including sporulation not only on solid media 

but also in liquid cultures (Glazebrook et al., 1990). This enabled the use of a great set of 

modern technologies including omics methods such as RNA- and ChIP-sequencing, RT-

qPCR as well as fluorescence microscopy (Gomez-Escribano et al., 2021). With that, key 

insights into the regulatory network of development were gained and S. venezuelae 
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research is the basis for most of the knowledge reviewed in chapter 2.1.2 (Multicellular 

development). Alderaan, on the other hand, is a virulent phage in the temperate BC cluster 

of S. venezuelae infecting actinobacteriophages. This phage was chosen for further 

investigation as it was isolated and first described in our laboratory and formed reliable 

plaques of a decent size. It has a typical siphovirus morphology with a rather small 

genome of 34 kb having the same high GC-content as its host (72%) (Hardy et al., 2020).  

 

Figure 6: Phage infection in Streptomyces results in enhanced development and 
characteristic plaque dynamics. (A) Stereo microscopy of representative plaques of phages 
Alderaan and SV1 infecting S. venezuelae, Dagobah and Endor1 infecting S. coelicolor and 
phi A.streptomycini III and P26 infecting S. griseus at different time points. Scale bars represent 
500 µm. (B) Time resolved stereo microscopy of S. venezuelae WT, ∆whiB, ∆bldN, ∆bldD and 
∆bldD complementation (SVNT11) strains infected with Alderaan. Shown is the development of 
one representative single plaque per strain over time. Scale bars represent 200 µm. (C) Plaque 
area in mm2 measured for 15 individual plaques of each strain over time with calculated means. 
The figure is adapted and modified from Luthe et al., 2023a. 
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Using a stereomicroscope for monitoring of plaque growth over time revealed growing and 

shrinking dynamics of the plaque formed by Alderaan on the S. venezuelae wild-type 

strain (Figures 6B & 6C). Maximum plaque size was reached around 42 h after infection 

followed by regrowing of the mycelium into the lysis zone and subsequent erecting visible 

aerial hyphae. This suggested regrowth of transiently phage-resistant mycelium due to 

developmental differentiation. Three S. venezuelae mutant strains, defective at different 

stages during development, were used for a comparative analysis of the influence of 

development on this phenotype. Strains used comprised the hypersporulating 

S. venezuelae strain ∆bldD::apr (Tschowri et al., 2014) and strain ∆bldN::apr restricted to 

vegetative growth (Bibb et al., 2012). Additionally, strain ∆whiB::apr was used, which is 

able to form aerial hyphae but is blocked in the formation of spores (Bush et al., 2016). 

Although initial phage infectivity was the same for all three developmental mutants and 

the wild-type strain, significant differences in plaque size and visible development were 

found. On the ∆whiB strain, infection resulted in smaller plaque sizes and faster 

differentiation but overall a less pronounced dynamics compared to the wild type. For 

∆bldN, the infection interface is not differentiating into aerial mycelium. In line with our 

hypothesis, the plaques formed on this strain remain large and constant in size. On the 

other hand, Alderaan plaques formed on the hypersporulating strain ∆bldD stay 

significantly smaller throughout the experiment missing both initial enlargement and 

shrinkage as well as morphological differentiation. However, plaques on this strain got 

turbid at later time points, showing growth inside of the lysis zone due to the production 

of spores without formation of aerial hyphae. In addition, we could show that 

complementation of, for example, ∆bldD restored plaque size, visible development and a 

growing and shrinking phenotype comparable to the WT. Interestingly, further 

investigation of the regrowing interface mycelium of all strains showed that this apparent 

resistance to still viable phages in the lysis zone is lost after fresh inoculation when used 

for new infection with phage Alderaan. This highlights the transient nature of the observed 

regrowth provided by differentiation and indicates a critical role of development during 

phage infection. 

Multicellular development changes phage susceptibility 

Plaque dynamics, in general, are far more complex than being a simple matter of host 

metabolic state, when phages cannot replicate in bacteria entering the stationary phase 

(Abedon & Yin, 2009). Although some phages, especially T7-like podoviruses, are 

described to form larger and ever growing plaques even on mature and stationary phase 

bacterial lawns, the majority of plaques at some point cease in growth and stay at a 

constant size (Kawasaki et al., 2016; Yin, 1991). The resulting size and kinetics are unique 
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to the phage-host pair and environmental parameters as they are defined by phage 

properties such as adsorption rate, latent period, burst size as well as diffusivity. Diffusivity 

itself is defined by properties of the phage particle like size or hydrophobicity as well as 

the density of the bacterial lawn and agar (Gallet et al., 2011; Ghanem et al., 2019; You 

& Yin, 1999). In this regard, infection of developed and mature mycelium in our case 

additionally showed overall reduced plaque sizes on mature lawns (Figure 7A). This most 

likely can be attributed to a reduced diffusivity due to the formation of an already dense 

mycelium. Nonetheless, we also observed differences in timing of complete inhibition of 

plaque formation depending on the ability of the host to sporulate. 

 

Figure 7: Effects of multicellular development on phage susceptibility. (A) Phage Alderaan 
infection of S. venezuelae WT and developmental mutant strains ∆whiB, ∆bldN and ∆bldD. 
Infection was performed on lawns of the respective strain after growing for the indicated time (n=2). 
(B) Adsorption of Alderaan as percentage of free phages in the medium. Spores incubated for 4 h 
in SM-buffer (turquois, non-growing) or GYM medium (brown, germinating) and a 24 h culture 
(yellow, old mycelium) were infected with Alderaan and the titer was measured over time (n=3). 
(C) Wide-field fluorescence microscopy of Alderaan infected S. venezuelae plaque interface 
mycelium stained with propidium iodide (red) and SYTO9 (green) 24, 36 and 72 h after infection 
shows distinct developmental patterns emerging over time. Representative plaques from three 
biological replicates are shown as merged images. Scale bars represent 200 µm. The figure is 
adapted and modified from Luthe et al., 2023a. 
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That said, spores are, by definition, metabolically inactive and thereby spore formation 

nicely resembles the previously mentioned defense strategy of dormancy seen for 

example in biofilms or upon CRISPR-Cas induction (Łoś et al., 2007; Williams et al., 

2023). Furthermore, it reflects one of the mechanisms of antibiotic tolerance associated 

with the phenomenon of persister cells enduring antibiotic pressure via reduced metabolic 

activity (Fisher et al., 2017). For endospores of Bacillus subtilis, phage infection and lysis 

were shown to be halted until germination occurred, slowing down phage replication and 

lowering overall phage burden of the population (Gabiatti et al., 2018). In addition to this 

inactivity, Streptomyces spores have a thicker and altered cell surface providing further 

classical forms of antiphage defense. This includes adsorption interference through the 

changed availability of the phage receptor and reduced DNA injection due to the increased 

thickness of the envelope (Bradley & Ritzi, 1968; Sexton & Tocheva, 2020). The transient 

change in surface composition is not restricted to spores, but also includes prior formation 

of the hydrophobic sheath consisting of surface proteins SapB, chaplins and rodlins on 

the aerial hyphae being also a key feature of mature spores (Bobek et al., 2017; Claessen 

et al., 2004; Yang et al., 2017). We were able to observe reduced adsorption to mature 

mycelium and inactive spores compared to freshly germinating spores underlining the 

impact of differentiation on phage attachment for Streptomyces (Figure 7B). Additionally, 

fluorescence microscopy showed distinct developmental patterns emerging around the 

lysis zone visualized by propidium iodide and SYTO9 staining (Figure 7C). These 

patterns reveal changes in the cell wall which lead to the impermeability towards 

propidium iodide (Ladwig et al., 2015). Such changes can be seen as a similar strategy 

known in other, unicellular bacteria like Staphylococcus aureus shielding the phage 

receptor (Nordström & Forsgren, 1974) or for example E. coli producing capsules 

protecting from adsorption of T4 and T7 (Scholl et al., 2005; Soundararajan et al., 2019). 

Additionally, components of the cell wall can be changed in order to evade phage 

predation as seen with Klebsiella or Salmonella modifying capsule components or O-

antigen length, respectively (Cota et al., 2015; Hesse et al., 2020). Furthermore, but rather 

on the opposite, Streptomyces spp., E. coli, B. subtilis, Listeria monocytogenes and 

Enterococcus faecalis were recently shown to reversibly shed their complete cell wall in 

osmoprotective environments rendering cells transiently resistant to phages (Fabijan et 

al., 2021; Ongenae et al., 2021, 2022; Wohlfarth et al., 2023).  

How do Streptomyces sense phage infection? 

Although the exact mechanism of active regrowth of Streptomyces into the lysis zone is 

not yet understood, cell surface changes in the course of multicellular development 

present a plausible explanation. This is in line with the report of plaque constriction in 
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Bacillus subtilis infected with phages SPP1 or Phi29. There, modifications of wall teichoic 

acids interfering with phage attachment were shown to be induced by the response of 

sigma factor SigX and led to regrowth into the plaque area (Tzipilevich et al., 2022). In 

both cases only local changes in cells directly neighboring active phage infected ones 

were triggered, indicating sensing of phages or ongoing infection (i.e. lysis) in close 

proximity prior to being infected. But the exact signaling cascade, whether this is specific 

or regulated under a more general stress response, remains unknown in both cases. 

Bacterial lysis leads to the release of many metabolites and cell components to the 

environment acting as possible signaling molecules being sensed by non-infected 

neighboring cells. For example, antibiotic induced lysis releases the so-called necrosignal 

AcrA, a periplasmic protein, in different Gram-negative and -positive species. In E. coli, 

this leads to increased antibiotic resistance upon recognition of the signal due to 

subsequent modulation of efflux, reactive oxygen species catabolism and membrane 

permeability (Bhattacharyya et al., 2020). Furthermore, extracellular ATP and DNA were 

shown to stimulate biofilm formation in E. coli and modulate antimicrobial resistance by 

phosphokinase activities in Salmonella (Johnson et al., 2013; Xi & Wu, 2010). Moreover, 

sensing of lysis and resulting upregulation of antibacterial pathways is reported in 

Pseudomonas (LeRoux et al., 2015). For eukaryotic systems it is known that parts of the 

bacterial peptidoglycan can be  recognized, which triggers the innate immune responses 

(Crump et al., 2020). In fact, Streptomyces is able to sense and distinguish between the 

nitrogen and carbon source N-acetylglucosamine (GlcNAc) originating from chitin or its 

own peptidoglycan that impacts development and secondary metabolism (Rigali et al., 

2008). This could be triggered by the phage induced lysis making GlcNAc from 

peptidoglycan available for the surrounding cells acting as a starvation signal. Similarly, 

increased availability of iron is important for aerial hyphae formation otherwise limiting 

expression of bldN and production of chaplins, rodlins as well as BldM (Traxler et al., 

2012). 

As for example shown for S. venezuelae in contact with Saccharomyces cerevisiae, under 

glucose depletion or at high pH, Streptomyces can switch to a noncanonical growth 

termed exploration forming fast growing, unbranched vegetative hyphae. This mode of 

growth can be induced in distant Streptomyces cells by transmission and sensing of the 

volatile organic compound trimethylamine (Jones et al., 2017). When infecting exploratory 

cells with Alderaan, we found Streptomyces switching back from exploration to the 

production of spores indicating two distinct signaling pathways (Figure 8). Additionally, 

there are several well-known signaling molecules described influencing the regulation of 

developmental differentiation which could also play a role in the sensing of phage 

infection. Notably, the quorum sensing molecule γ-butyrolactone is involved in the release 
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from inhibition of the adpA/bldH gene eventually being responsible for SapB-dependent 

aerial hyphae production and stopping of chromosome replication (Ohnishi et al., 2005; 

Płachetka et al., 2021). Most importantly, the second messenger c-di-GMP is essential 

for BldD and σWhiG activity influencing both early and late developmental processes (den 

Hengst et al., 2010; Gallagher et al., 2020; Tschowri et al., 2014). High c-di-GMP levels 

inside of the cell lead to the active repression of developmental processes whereas a 

decrease in c-di-GMP availability starts differentiation (Tschowri et al., 2014). Transient 

changes of the c-di-GMP level could be measured during phage infection by adapting a 

novel fluorescent biosensor, which was successfully tested in Pseudomonas and 

Caulobacter (Kaczmarczyk et al., 2022). The c-di-GMP pool is maintained through 

multiple diguanylate cyclases (DGC) and phosphodiesterases (PDE). S. venezuelae 

encodes a total of 7 DGCs and 4 PDEs. Among them, the membrane-associated ones 

harboring sensory domains can receive intra- and extracellular inputs of, for example, 

oxygen, light, antibiotics, quorum sensing molecules as well as other secondary 

metabolites released by Streptomyces or other bacteria (Al-Bassam et al., 2018; Hengge, 

2009; Römling et al., 2013). Some of these c-di-GMP modulating enzymes, especially 

CdgC, were shown to have clear impacts on the development of Streptomyces probably 

being influenced by extracellular stimuli (Al-Bassam et al., 2018). Furthermore, this 

signaling could additionally be facilitated by the phage-triggered release of membrane 

vesicles as shown for T4 and T7 infections which could improve communicating ongoing 

infections to not-yet-infected neighbors (Mandal et al., 2021; Toyofuku et al., 2017). 

 

Figure 8: Explorer cells switch back to sporulation when infected with phage Alderaan. Time 
series stereo microscopy of S. venezuelae explorer cells infected with Alderaan after 6 days of 
initial exploratory growth. The figure is adapted and modified from Luthe et al., 2023a. 

Transcriptomic modulation of the multicellular development upon phage infection 

Interestingly, transcriptomic data showed a modulation of the developmental regulatory 

network and downstream genes in S. venezuelae during Alderaan infection compared to 

uninfected conditions (Figure 9). In plaque interface mycelium sampled at an early stage 

of plaque development, 24 h after infection, almost all whi genes (i.e. whiA, whiB, whiD, 

whiE, whiH, whiI), bldM and bldO as well as other downstream genes essential for aerial 

hyphae formation and sporulation like ssgB, rdlAC and chpBCF were downregulated while 

phage transcripts were high. At this time point the phage is replicating, development into 
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aerial hyphae has not been initiated and the plaque is growing. After 72 h post infection, 

a complete absence of Alderaan transcripts could be observed and downregulation of all 

genes except for whiD and whiE was relieved. Furthermore, genes bldH, bldN, chpCE, 

filP, sapB and sigN, which are essential for aerial mycelium formation were upregulated 

in the mycelium surrounding the lysis zone. At this later time point, we observed a 

completely contained infection, visible differentiation and a constriction of the plaque. 

While phages, following a typically parasitic behavior, are known to take over host 

transcription in order to facilitate propagation, infection can also lead to downregulation of 

cell division and biofilm genes (Finstrlová et al., 2022; Wahl & Sen, 2019). Beyond the 

transcriptional level, phage-induced inhibition of cell division was shown in Bacillus subtilis 

and Escherichia coli as a key step to avoid splitting up resources and phage components 

synthesized in different parts of the cell and thereby increasing the productivity of infection 

(C. R. Stewart et al., 2013; Kiro et al., 2013). Furthermore, phages infecting spore-forming 

Bacillus spp. are improving dispersal for example through spores and regulate sporulation 

as observed for phage SPβ (Abe et al., 2014; Gabiatti et al., 2018). This is additionally 

highlighted by phage-encoded sigma-factors, found to be ubiquitously distributed among 

bacteriophages infecting spore-forming hosts like Bacillus. These were already shown to 

have impact on the regulation of sporulation processes (Schuch & Fischetti, 2009; 

Schwartz et al., 2022).  
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Figure 9: Transcriptome analysis of plaque interface mycelium. (A) Alderaan gene expression 
over the complete genome in transcripts per million (TPM) detected at an early (24 h) and late 
(72 h) time point. (B) Heat map of selected genes involved in Streptomyces multicellular 
development and the chloramphenicol biosynthesis gene cluster. The expression levels are shown 
in TPM for each sample as indicated by the legend. Two independent biological replicates are 
represented as control or infected at both 24 h and 72 h time points. The log2 fold change 
calculated for infected vs control at the given time point is annotated on the right, color-coded 
according to the legend. Empty boxes represent samples where differential gene expression was 
not significant (FDR p-value > 0.05). The figure is adapted and modified from Luthe et al., 2023a. 
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Another interesting observation is the enhanced expression of the complete 

chloramphenicol biosynthetic gene cluster at the 24 h time point under infection conditions 

(Figure 9B). Although aminoglycosides produced by Streptomyces were shown to 

effectively inhibit phage infection (Kever et al., 2022), we did not observe a direct effect of 

chloramphenicol as another translation inhibiting antibiotic on Alderaan infection. 

However, antibiotics can have other, more subtle effects on the microbial community for 

example by interfering with antidefense or as a signaling molecule by which infection could 

be communicated (Aminov, 2009; Chevallereau et al., 2021; Pons et al., 2023; Spagnolo 

et al., 2021). One such example would be the polyketide antibiotic actinorhodin. Although 

it is not affecting phage infection, production of actinorhodin was triggered by infection 

(Hardy et al., 2020). Moreover, it was shown that secreted actinorhodin induces its own 

expression upon uptake in neighboring cells (Xu et al., 2012). 

The integration of transcriptomic data, along with the transient resistance exhibited during 

Streptomyces cellular differentiation, underscores the pivotal role of multicellular 

development in phage-host interactions within Streptomyces. Interestingly, Alderaan 

encodes a WhiB-like transcriptional regulator. These regulators are known for their 

involvements in regulation of secondary metabolite production, sporulation and 

differentiation in Streptomyces (Bush, 2018). Accordingly, such a phage-encoded WhiB-

like regulator could be implicated in active host manipulation, potentially providing 

antidefense measures. These might counteract the host cellular development as a 

multicellular defense strategy in order to keep surrounding cells in a susceptible stage for 

further propagation. 

 

2.3.3 Streptomyces phages encode diverse developmental regulators 

WhiB-like transcriptional regulators are most abundant in actinobacteriophages 

From the initial set of five isolated Streptomyces phages in our lab, two were found to 

harbor a whiB gene encoding for a WhiB-like transcriptional regulator (Hardy et al., 2020). 

As it is known for many phages, to encode transcriptional factors similar to their host 

counterparts, we were interested in the identity and abundance in transcriptional 

regulators of actinobacteriophages (Sharma et al., 2021). A systematic search with known 

bacterial and phage transcriptional regulator domains in 2951 complete genomes of 

actinobacteriophages revealed a total of 13 distinct transcription factors to be present in 

as little as 0.4% to almost 24% of the phage genomes. Among these, WhiB-like 

transcriptional regulators are most abundant being found in almost one quarter of all 

analyzed genomes. Together with Cro/CI-like, MerR-like and Lsr2-like regulators, the 
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abundance of these four families of transcriptional regulators suggests major roles in  

transcriptional control in both virulent and temperate phages as well as for phages 

infecting a variety of associated Actinobacteria host genera. WhiB and Lsr2 type 

regulators are Actinobacteria-specific and phage-encoded, which show a negative 

correlation with Cro/CI and MerR type regulators. They were therefore investigated in 

more detail. As expected, the diversity of WhiB and Lsr2 over all actinobacteriophages is 

huge but appeared to be cluster-specific. Interestingly, especially 176 Mycobacterium 

phages harbor two copies of whiB genes, whereas most other actinobacteriophages have 

only one gene. Multiple gene copies of lsr2 were predominantly found in Mycobacterium 

(34) and Streptomyces (32) infecting phages. Lsr2 is encoded by phages infecting five 

host genera (Arthrobacter; Gordonia, Microbacterium, Mycobacterium, Streptomyces) 

with the greatest abundance found in Streptomyces-infecting phages (35%) (Figure 10A). 

Similarly, WhiB is encoded by a high percentage of Streptomyces phages (31%) only 

surpassed by 38% of phages infecting Corynebacterium. With nine genera, the host 

spectrum of whiB-carrying phages is broader than that of Lsr2-encoding phages 

(Arthrobacter, Corynebacterium, Gordonia, Microbacterium, Mycobacterium, 

Propionibacterium, Rhodococcus, Streptomyces and Tsukumurella) (Figure 10B). 

Interestingly, phages harboring these genes are predominantly temperate (76%). 

 

Figure 10: Abundance of WhiB-like and Lsr2-like transcriptional regulators in 
actinobacteriophages. Shown are the percentages of Lsr2-like (A) and WhiB-like (B) protein 
encoding bacteriophage genomes according to the known host genera. The figure is adapted and 
modified from Sharma et al., 2021. 

While the extensively studied lysogenic cycle of E. coli infecting lambda phages showed 

that Cro/CI-like regulators are mainly responsible for lysis-lysogeny processes 

(Oppenheim et al., 2005; Shao et al., 2019), functions of WhiB-like and Lsr2-like 
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regulators in actinobacteriophages are not well understood. Neighboring gene content 

can be used to exploit the conserved gene synteny between multiple species as functional 

blocks to infer potential functions from this genomic context (Huynen et al., 2000). 

Accordingly, analysis of flanking regions 5 kb up- and downstream was performed to infer 

possible functions of phage-encoded WhiB-like and Lsr2-like regulators in our data set. 

As expected, the genomic context varies drastically between different genera and further 

between clusters of the same host genera infecting phages. Although most genes in these 

clusters are highly diverse and encode predominantly hypothetical proteins as well as 

domains of unknown function, at least for some clusters and phages, this analysis 

provided conserved synteny. These suggest potential functions for both WhiB and Lsr2 

family regulators in the context of lysis-lysogeny decision-making and DNA metabolism. 

Especially interesting is the genome context of the lsr2 gene in cluster A 

mycobacteriophages. Many phages in this cluster are lacking an integrase cassette and 

are maintained in an extrachromosomal state using the DNA partitioning system ParABS 

(Dedrick et al., 2016; Wetzel et al., 2020). Here, lsr2 is found next to the parABS locus, a 

region of a low GC content, which is considered to be the ori region of these phages. Lsr2-

like regulators of actinobacteriophages, like the xenogeneic silencer CgpS in 

Corynebacterium glutamicum, are already known to bind and silence especially AT-rich 

DNA regions and to be involved in regulating lysogeny (Pfeifer et al., 2016; Wiechert et 

al., 2020). Therefore, Lsr2 might allow prophage maintenance in Mycobacterium by 

silencing the parABS system. Additionally, host-encoded Lsr2 in Mycobacterium was 

shown to be essential for propagation of diverse mycobacteriophages as it is required for 

establishing a zone of phage replication inside of the cell. Interestingly, the phage-

encoded version of Lsr2 of the same phages was not able to compensate for a loss of 

host Lsr2 nor was it as essential for infection (Dulberger et al., 2023). 

Virulent Streptomyces phages encode diverse WhiB-like proteins 

In an attempt to reduce the complexity from our analyses and to further focus on our 

previous findings highlighting the importance of multicellular development in phage-host 

interactions in Streptomyces, we continued the investigation of WhiB-like regulators in 

phages specifically infecting Streptomyces. In addition, we expanded this by looking for 

host development-associated proteins to be encoded by these phages (Luthe & Frunzke, 

to be submitted). A set of 337 complete and annotated Streptomyces phage genomes 

revealed the presence of genes encoding WhiB-like (Wbl) family transcriptional regulators 

as the most abundant development-associated genes found in one-third of genomes 

(32.3%). This is confirming our previous finding almost exactly, with now over 100 

additional Streptomyces genomes added in the analysis. Furthermore, from the list of 57 
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development-associated gene products used, in addition to WhiB family proteins, FtsK-

like, ParB-like, ParA-like and SsgA family proteins were found to be encoded in different 

combinations by Streptomyces phages which are mostly actinobacteriophage cluster 

specific (Figure 11A). Most commonly, Wbl proteins are encoded as the only 

developmental protein of a given phage (51) followed by the combination of WhiB-like, 

FtsK-like and ParB-like proteins (44) exclusively encoded by cluster BE phages. It is 

especially interesting that the vast majority (89.9%) of phages encoding a Wbl protein or 

any of the developmental proteins (86.0%) were predicted or described to be virulent 

(Figure 11B). This is significantly enriched compared to the rather equal distribution of 

virulent (49.0%) and temperate (47.7%) phages over all 337 analyzed genomes. 

Moreover, this is in stark contrast to the picture over all actinobacteriophages harboring 

whiB genes described earlier, thereby most probably excluding a distinct role of WhiB-like 

transcriptional regulators in lysis-lysogeny decision making for Streptomyces phages and 

underlining the functional diversity of these regulators. 

 

Figure 11: Phage-encoded developmental proteins found in Streptomyces phages. (A) The 
heat map represents the distribution of presence (orange) or absence (blue) of genes encoding a 
development-associated protein for each phage having at least one of these genes. Annotation of 
the predicted/described lifestyle and actinobacteriophage clusters of each phage is given as color-
coded in the legend. Shown are only the hits of all 337 genomes investigated. (B) Percentage of 
phages belonging to the virulent, temperate, phage-plasmid or unknown lifestyles according to their 
respective genetic equipment. The figure is adapted and modified from Luthe & Frunzke, to be 
submitted. 
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The Actinobacteria-specific Wbl family of transcriptional regulators were found to have 

homologues in diverse bacterial genera including Mycobacterium, Corynebacterium and 

Streptomyces fulfilling different functions. These range from regulation of virulence, cell 

division and antibiotic resistance in Mycobacterium to cell division and response to heat 

and oxidative stress in Corynebacterium. In Streptomyces venezuelae, the 14 paralogues 

of Wbl proteins have roles in the regulatory network of cellular development as well as 

antibiotic production and resistance (Bush, 2018). Like the name-giving prototype in 

Streptomyces, WhiB, all members coordinate a [4Fe-4S] cluster using four conserved 

cysteines and feature a [G(V/I)WGG] motif facing this cluster, which was shown to be 

important for protein-protein interactions (Bush, 2018; Lilic et al., 2023; Soliveri et al., 

2000). Indeed, for WhiB function in Streptomyces, it was recently shown, that an intact 

[4Fe-4S] cluster is essential for interacting with the sigma factor σA in order to recruit the 

RNA polymerase (RNAP) initiation complex to the promoter and enable transcription (Lilic 

et al., 2023). In that case, WhiB acts as a bridge between the RNAP bound sigma factor 

and WhiA. WhiA itself binds DNA with its C-terminal helix-turn-helix domain at the unique 

GACAC recognition motif in variable distances upstream of the -35 sequence (Bush et al., 

2013; Kaiser & Stoddard, 2011; Lilic et al., 2023). By that, WhiA and WhiB co-regulate 

activation of sporulation genes shown exemplarily for sepX in S. venezuelae (Lilic et al., 

2023). While Wbl proteins are also interacting with DNA, most of them bind to variable, 

not conserved DNA sequences. Their binding probably relies on other transcription factors 

like WhiA and sigma factors for specificity (Bush, 2018). An exception are the class V 

regulators like WhiB7 and WblC responsible for antibiotic resistance regulation in 

Mycobacterium and Streptomyces, respectively. These Wbl proteins have a unique AT-

hook binding especially to AT-rich sequences directly upstream of the target promoter, 

thereby activating expression independent of a WhiA homolog (Burian et al., 2013; Lilic 

et al., 2021, 2023). Interestingly, while WhiAB co-regulate the majority of genes in 

Streptomyces with an activating effect, the expression of filP is notably subjected to 

negative regulation (Bush et al., 2013, 2016). However, the mechanism of repression 

compared to the recent insights into activation has not yet been investigated. 

In our analyses, we compared all 110 Streptomyces phage-encoded WhiB-like 

transcriptional regulators with the 14 S. venezuelae-encoded ones (subset shown in 

Figure 12A). Here, we found the [4Fe-4S] cluster coordinating cysteines as a conserved 

key functional feature in all but two phage-encoded proteins. Especially these two proteins 

encoded by phages Jay2Jay and BRock are the shortest Wbl proteins among both phage 

and host versions (55 and 82 aa, respectively) missing each one cysteine residue. 

Therefore they probably fail to form the [4Fe-4S] cluster, potentially impairing complex 

formation with the sigma factor as previously shown for WhiB and WhiD (Lilic et al., 2023; 
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M. Y. Y. Stewart et al., 2020). Additionally, the glycine-rich, five residue motif (G[V/I]WGG) 

facing the [4Fe-4S] cluster is present in all phage Wbl proteins as well but subject to some 

variation in a subset of phages which appears to be cluster- rather than host-specific 

(Figure 12A, boxed residues 84-88). Especially, all five BC cluster phages replaced the 

tryptophan residue at position 86 with arginine. In contrast, Wbl proteins from all 11 BH 

and four of 22 BK cluster phages were characterized by an exchange of the 

valine/isoleucine residue 85 with threonine. Furthermore, all eight BF cluster phages 

substituted the first glycine residue 84 with threonine as well as the tryptophan at position 

86 with arginine. None of these modifications was found in the host-encoded homologues. 

More precisely, unlike seen here in the Streptomyces phages this motif is highly 

conserved across Actinobacteria genera (Bush, 2018). Furthermore, for Mycobacterium-

encoded Wbl proteins three residues directly next to this motif, which are mostly 

conserved among orthologues of the same class in different genera but not among 

paralogues within the same species, were shown to determine sigma factor binding 

specificity (Burian et al., 2013; Bush, 2018; Casonato et al., 2012). These adjacent amino 

acids are mostly conserved in phage-encoded Wbl family proteins with the respective 

changes in the (G[V/I]WGG) motif. Taken together, it is tempting to speculate that changes 

directly next to and in this motif likely affect the protein-protein interactions and probably 

modulate the affinity towards different sigma factors or other interaction partners. 

Phylogenetic analysis of WhiB-like transcriptional regulators from seven S. venezuelae 

infecting phages with all 14 paralogues of the Wbl family in S. venezuelae supported 

grouping of the five cluster BC phage-encoded WhiB-like proteins of Alderaan, 

Papayasalad, Austintatious, Bioscum and Ididsumtinwong (Figure 12B). However, they 

only form a weakly-supported sister group with host-encoded WblM, the largest 

S. venezuelae Wbl protein with an unknown function and not associated with one of the 

five major classes (Bush, 2018). The WhiB-like protein of cluster BE phage Coruscant 

appears to be randomly placed on the tree with the lowest overall support value. Singleton 

phage Chymera on the other hand encodes a WhiB-like protein clustering as a well-

supported sister group with host-encoded WhiB and WblH. Despite WblH being related 

closest to WhiB, like WblM it has an unknown function that probably is distinct from that 

of WhiB and therefore this is likely to be the case for the Wbl regulator of Chymera, too. 

Nonetheless, the well-supported distinction between WhiB family proteins from Chymera 

and BC phages is a first indicator of the different functions of these proteins between 

phages infecting the same host strain. 
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Figure 12: Amino acid sequence analysis of WhiB-like transcriptional regulators. (A) Multiple 
sequence alignment of the conserved middle region of a representative subset of 39 host- and 
phage-encoded WhiB-like transcriptional regulators. Labels of phage-encoded Wbl proteins are 
highlighted according to their actinobacteriophage cluster in red (BG), turquoise (BC), pink (BE), 
blue (BK), petrol (BS), brown (BH), green (BF) and black (singleton). S. venezuelae sequence 
labels are white. The alignment shows the four conserved cysteines (black arrows) and the 
(G[V/I]WGG) motif (box). For each position the conservation score is given based on physico-
chemical similarity for all 124 Wbl proteins. (B) Phylogenetic tree of WhiB-like regulators from 
S. venezuelae and the phages infecting S. venezuelae. Full-length amino acid sequences were 
used for alignment with MUSCLE and tree drawing using the WAG+G+I+F model. From 500 
bootstrap replicates, values over 50% are marked with a red dot. Labels are color-coded according 
to the five classes of paralogues and the origin of sequence as given in the legend. The figure is 
adapted and modified from Luthe & Frunzke, to be submitted. 



35 
 

Phage-encoded WhiB-like regulators influence cellular development 

Using the ∆whiB::apr strain of S. venezuelae NRRL B-65442 which is unable to sporulate 

and to form the green spore pigment (Bush et al., 2016), we were able to perform 

complementation assays with different phage-encoded WhiB variants (Figure 13A). Here, 

the host and different phage whiB variants were expressed under the native host whiB 

promoter in the ∆whiB strain. Phage-encoded WhiB proteins being able to restore the 

wild-type phenotype probably fulfill a similar function as the host WhiB in Streptomyces. 

As expected for the host-encoded WhiB, the positive control, the wild-type phenotype 

could be fully restored. In contrast, expressing whiB genes of phages Alderaan, Coruscant 

and Chymera under the same S. venezuelae promoter failed to restore full sporulation. 

Hence, host WhiB function is clearly separated from that of the known S. venezuelae 

phage WhiB-like diversity. In a next step, phage-encoded Wbl proteins were produced 

constitutively in the S. venezuelae WT. This approach yielded morphological differences 

induced by the phage-encoded WhiB-like proteins (Figure 13B). The constitutive 

expression of whiB from singleton phage Chymera resembled the host whiB 

overexpression phenotype, sporulating earlier than the WT. In contrast, strains producing 

WhiB-like proteins from Alderaan and Coruscant showed elongated hyphae and delayed 

sporulation. Although morphological changes were also observed for basal expression of 

whiB of mycobacteriophage TM4 in Mycobacterium smegmatis, these led to a reduced 

susceptibility towards TM4 representing a superinfection exclusion mechanism (Rybniker 

et al., 2010). In contrast, infection with Alderaan and Coruscant showed no differences in 

initial susceptibility of the four strains expressing whiB from Alderaan, Coruscant, 

Chymera or S. venezuelae compared to infection of the WT despite exhibiting 

morphological changes (Figure 13C). However, plaque sizes of Alderaan infecting strains 

of increased sporulation were smaller than on the other strains (Figure 13D). This is nicely 

resembling the observations made when infecting the hypersporulating ∆bldD strain with 

Alderaan in our previous study (Luthe et al., 2023a). This once more underlines the crucial 

role of sporulation in the context of phage-host interaction. The fact, that active production 

of prophage-encoded WhiB is reducing efficient propagation of a second phage fits to the 

overall topic of diverse phage-phage competition mechanisms predominantly seen in 

prophages applying superinfection immunity (Ko & Hatfull, 2018; Owen et al., 2021; Patel 

& Maxwell, 2023). 
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Figure 13: Phenotypic characterization of the effect of phage-encoded Wbl proteins. (A) The 
complementation assay compares the formation of the green spore pigment of the S. venezuelae 
WT (1) with the ∆whiB strain (2) and complementations with whiB from S. venezuelae (3), Alderaan 
(4), Coruscant (5) and Chymera (6) under the native host whiB promoter after 2 days grown on 
MYM agar. (B) S. venezuelae WT and wild-type strains constitutively expressing whiB from 
Alderaan, Coruscant, Chymera and S. venezuelae grown for 24 h in GYM medium examined under 
the microscope show morphological differences. Scale bars represent 10 µm. (C) Titer of Alderaan 
and Coruscant on strains expressing whiB of the indicated origins are comparable to titers achieved 
on the WT (n=3). (D) Plaque sizes of Alderaan and Coruscant differ on specific overexpressing 
strains. (E) Gene expression of Alderaan and Coruscant whiB and minor tail genes during liquid 
infection of S. venezuelae are shown as log2 fold relative expression from an RT-qPCR experiment 
(n=3). The figure is adapted and modified from Luthe & Frunzke, to be submitted. 
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Interestingly, the expression of whiB from Alderaan resulted in bigger plaque sizes for the 

infection with Coruscant, hinting towards a mechanism that is improving phage 

propagation as discussed below (Figure 13D). This indicates clear differences in the 

functions of Alderaan and Coruscant encoded Wbl proteins as expression of the gene 

from Coruscant has no impact on plaque sizes of Alderaan despite a similar phenotype in 

the host. Such phage-phage interactions and improvement of infection with proteins from 

different phages are also seen in other phage-host systems. This was observed for 

example with Pseudomonas phages producing anti-CRISPR proteins cooperatively 

improving other phages propagation by blocking the Cas3 and Cas9 activities (Borges et 

al., 2018) as well as so-called arming of phages with specific effector payload in order to 

improve for example phage therapy approaches in urinary tract infections with E. coli and 

Klebsiella (Du et al., 2023; Kilcher et al., 2018). Whether interaction with the Streptomyces 

multicellular development, as hypothesized previously, is responsible for the Alderaan 

WhiB-like protein effect on Coruscant propagation is not yet clear. In this regard, it will be 

essential to establish phage genome engineering techniques for our Streptomyces system 

which will enable deleting, silencing, tagging or manipulating the whiB genes of the 

bacteriophages and provide the basis for more in-depth investigations (Ghosh et al., 2023; 

Kilcher et al., 2018; Marinelli et al., 2008; Wetzel et al., 2021). Unfortunately, approaches 

in modifying both Alderaan and Coruscant genomes were not yet successful because 

Streptomyces genetic engineering exhibits unique hurdles due to its life cycle, high GC-

content and comparatively limited readily available genetic tools. 

We observed that phage-encoded WhiB-like transcriptional regulators can induce distinct 

morphological changes in the Streptomyces host and that they have impact on phage 

propagation. Therefore, we investigated if these genes are expressed under native 

infection conditions. By using RT-qPCR during liquid infections of S. venezuelae WT with 

Alderaan or Coruscant, expression for both whiB genes was proven (Figure 13E). For 

Coruscant, expression of whiB could be measured earliest 20 min after infection, for 

Alderaan, whiB was expressed already 5 min after infection. In both cases, the expression 

started significantly earlier but was also less pronounced compared to the respective 

minor tail gene measured as control. This characterizes the phage whiB genes as active, 

early genes of moderate expression. Usually, expression of early genes is important for 

controlling and directing host metabolism and for the directly following expression of 

middle and late phage genes (Datta & Mandal, 1998; Godinho et al., 2018; McAllister & 

Barrett, 1977; Son et al., 2022). Hence, for phage-encoded WhiB-like regulators being 

produced early, the two main hypotheses regarding their function would be i) interaction 

with the host regulatory network in order to manipulate for example differentiation and 

development or ii) involvement in its own phage gene expression. In multiple phage-host 
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pairs such strategies are already known and could explain how both functions are 

achieved. The RNA polymerase initiation complex could be actively recruited to specific 

promoters of either host or phage development genes (Mallory et al., 1990; Muñoz-Espín 

et al., 2010), RNAP complex binding site of specific host promoters could be blocked  

(Jiang et al., 2023) or the phage-encoded proteins could enforce direct competition with 

host-encoded regulators for binding the host sigma factors or additional factors like WhiA, 

depleting these pools and thereby inhibiting host transcription (B. Liu et al., 2014; Wahl & 

Sen, 2019). A key next step regarding these open questions would be the illumination of 

the regulons of phage-encoded WhiB-like proteins by applying chromatin immuno-

precipitation (ChIP) – sequencing. This was already used routinely for bacterial regulators 

and could be combined with the identification of protein interaction partners exemplified 

in recent studies on Streptomyces WhiB (Bush et al., 2016; Lilic et al., 2023). 
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2.4 Conclusion and future perspectives 

The ever-growing wealth of phage genomes sequenced, genes predicted and antiphage 

defense systems discovered in recent years demands for an increase in our efforts to 

investigate the identity and function of a broader diversity of phages and their unique 

genetic equipment. The majority of isolated and sequenced phages is yet far away from 

being fully characterized or understood. Especially, phage-host systems with unusual 

traits for bacteria, as for example the filamentous growth and multicellular development 

presented by Streptomyces spp., are understudied in their phage-host interactions 

regarding these remarkable features. To this end, like the historical “phage treaty” focused 

on a fixed set of phages, which were shared between researchers, systematic phage 

collections are of immense value to the research community when openly providing and 

sharing information and samples. 

This doctoral thesis addresses multicellular development at the center of phage-host 

interactions in the environmentally and biotechnologically relevant Streptomyces bacteria. 

It highlights host differentiation providing transient resistance against bacteriophages as 

an important multicellular strategy in antiviral defense of bacteria. Susceptibility to phage 

infection is affected by the developmental state of the surrounding cells. So far, the 

formation of a dense mycelium, transition to aerial hyphae and following sporulation, 

Streptomyces development as a defense strategy best resembles a combination of both 

biofilm-associated dormancy and diffusivity aspects, as well as interference with 

adsorption and injection due to the alteration of the cell envelope. However, the suggested 

necessity of signaling and sensing ongoing infection in neighboring cells is a feature 

known and extensively investigated in eukaryotic systems. Damage-associated molecular 

patterns in animals and plants initiate innate immune responses triggered by signals such 

as extracellular ATP released upon cell damage (Khakh & Burnstock, 2009; Tanaka et 

al., 2014). Furthermore, protection of kin cells by differentiation and shielding susceptible 

parts of the mycelium described in this thesis corresponds to a division of labor 

comparable to lung epithelial barrier cells. These cells can be less susceptible to infection, 

provide a physical barrier and trigger inflammation upon pathogen recognition (de Waal 

et al., 2022; Hammad & Lambrecht, 2015). Nevertheless, key insights into the exact 

mechanism of antiphage defense provided by Streptomyces differentiation is still missing. 

This is in part due to the lack of knowledge about Streptomyces phage receptors, which 

could give vital indications in further studies on how development confers its resistance.  

While host multicellular development appears to be a key feature of antiphage defense in 

Streptomyces, the presented work additionally highlights the WhiB-like family of proteins 

to be the most abundant transcriptional regulators in Streptomyces phages. This group of 
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phage-encoded regulators is highly diversified and probably expands the known functions 

of their host-encoded homologues. Although phage-encoded Wbl proteins are highly 

associated to virulent phages, we found a prophage-encoded version that resulted in 

distinct morphological changes opposing those of virulent phages. All three of the 

investigated regulators influenced the development of the host. Chymera-encoded WhiB 

induced hypersporulation, which reduced plaque formation of Alderaan, whereas 

Alderaan encoded WhiB led to unbranched, elongated hyphae that improved plaque size 

of Coruscant. The whiB from Coruscant in turn had no impact on Alderaan infections.  

Whether these distinctive morphological changes and effects are direct results of the 

encoded WhiB-like proteins or the work of additional gene products is yet unclear. 

Questions remain open to which degree phages actively manipulate developmental 

processes during infection and which role WhiB-like proteins have in that.  

By discovering the role of cellular development mediated antiphage defense and the 

diversity and abundance of phage-encoded WhiB-like transcriptional regulators, this 

thesis expanded the knowledge on intricate microbial interactions in nature. The 

foundations laid here, provide opportunities for further in-depth investigations on the exact 

mechanisms of the complex interdependencies between cellular development, secondary 

metabolite production and phage predation. Illuminating the signaling and sensing during 

infection and the role of phage-encoded WhiB will reveal even greater complexity and 

holds the potential for tailored use in molecular biology and biotechnological applications. 
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4. Appendix 

In addition to the data provided in this section, supplementary information can be found 

online. 

For chapter 4.1 “Supplementary material to 3.2 Streptomyces development is involved in 

the efficient containment of viral infections”, additional supplementary video S1 and S2 

can be found under PMID 37223739 and https://doi.org/10.1093/femsml/uqad002. Table 

S5 is stored on Sciebo https://fz-juelich.sciebo.de/s/Gh8v3SJmSQfIBOh. RNA-seq raw 

data can be found under GEO accession GSE213718. 

For chapter 4.2 “Supplementary material to 3.3 Phylogenetic distribution of WhiB- and 

Lsr2-Type Regulators in Actinobacteriophage Genomes”, additional supplementary tables 

S1, S2, S3, S4, S5 and S6 can be found under PMID 34817283 and 

https://doi.org/10.1128/Spectrum.00727-21. 
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