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“There is something fascinating about science. One gets such wholesale
returns of conjecture out of such a trifling investment of fact.”

Mark Twain (1835 1910)
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Summary
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1. Summary

In almost every habitat, bacteria are challenged with persistent attacks of bacterial viruses, so
called bacteriophages (or phages). Upon infection, phages can target key cellular processes in their
host cell to optimize reproduction conditions making them a promising source for identification of
novel antimicrobial proteins. This was exemplified by the identification of the gyrase inhibiting
protein Cg1978, termed Gip, encoded by the CGP3 prophage of Corynebacterium glutamicum. In
vitro studies confirmed a direct interaction of Gip with gyrase subunit A of its host C. glutamicum
leading to an inhibition of the gyrase supercoiling activity.

The evolutionary pressure exerted by phages forced bacteria to evolve multiple lines of
defense. However, our current knowledge of antiphage defense is dominated by systems acting at
a cellular level, but there is an increasing evidence that bacterial communities also employ several
strategies specifically protecting multiple cells from phage predation at the same time. By using
the filamentous soil bacterium Streptomyces as a model, this doctoral thesis focused on the
contribution of bacterial small molecule production and multicellular development to antiphage
defense.

To this end, five newly isolated Streptomyces phages were comprehensively
characterized to establish a set of model phages for further investigations. Next, we focused on
the chemical defense against phages via aminoglycosides, which are naturally derived, bactericidal
antibiotics produced by Streptomyces. Using bacterial strains producing aminoglycoside modifying
enzymes as resistance mechanism, a significant inhibition of phage infection by structurally
divergent aminoglycosides in Gram negative as well as Gram positive bacterial hosts was
observed. The interference with phage infection occurred at an early step of phage life cycle
between injection and replication with potential differences between individual host organisms.
As exemplified with the aminoglycoside apramycin, in vitro modification of the aminoglycoside
scaffold via acetylation prevented the antibacterial mode of action, but had no impact on the
antiphage properties, suggesting different molecular targets underlying this dual functionality.
Moreover, culture supernatant of the natural apramycin producer S. tenebrarius was shown to
mimic the effect of the pure compound, hinting towards the physiological relevance of
aminoglycoside antibiotics as chemical defense against phages in the environment.

As a further part of this work, we analysed the inactivation of phages in the extracellular
space of Streptomyces populations. In contrast to prototypical infections with unicellular growing
bacteria, infectious phage titers dropped again at later stages of Streptomyces infection, which
coincided with re growth of phage resistant mycelium. When considering different parameters
underlying this inactivation, we observed a potential influence of medium acidification, production
of antiphage metabolites and proteins as well as mycelial growth. Mature mycelium revealed a
reduced susceptibility to phage infection hinting towards an important contribution of
multicellular development to antiphage defense. A decline in phage titer was further observed
upon incubation of Streptomyces mycelium with different non host phages, which coincided with
the phase of hyphae spore transition. This led to the hypothesis that mycelium might efficiently
adsorb phages from the environment with important implications for community interactions.

Overall, the work presented in this thesis expands our knowledge about bacterial immune
systems by unravelling the antiphage properties of aminoglycoside antibiotics and the important
impact of cellular development, thereby adding further layers of antiviral defense acting at the
multicellular level.
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2. Scientific context and key results

2.1. Bacteriophages: Ubiquitous bacterial viruses shaping bacterial evolution

2.1.1. Discovery, classification and life style

Bacteriophages, or shortly known as phages, are ubiquitous viruses infecting bacteria. With an

estimated number of ~1031 phage particles in the biosphere, they represent the most abundant

biological entity distributed over all natural habitats (Clokie et al., 2011; Hendrix et al., 1999;

Mushegian, 2020).

Phage research finds its origin in the early twentieth century with the independent discovery of

bacteriophages through the pioneering work of Frederick Twort (1915) and Félix d´Herelle (1917),

the latter coining the name “bacteriophage” meaning bacteria eater (d'Herelle, 2007; Twort,

1915). At that time, phages were mainly studied for their potential to treat bacterial infections in

clinics. This initial motivation was quickly faded in western countries as the antibiotic era dawned

(Salmond & Fineran, 2015; Summers, 2001). However, a general interest in phage research

persisted, which led to the first visualization of phages by electron microscopy and the

identification of DNA as the carrier of the genetic information (Hershey & Chase, 1952; Ruska et

al., 1939). Over the years, the increasing understanding of phage biology has contributed

significantly to our current knowledge of fundamental, biological principles (Salmond & Fineran,

2015). This has been accompanied by the establishment of diverse molecular tools for

biotechnological applications, including exemplarily the T7 expression system of the

Enterobacteria phage T7 (Studier & Moffatt, 1986) as well as restriction modification systems

(Roberts, 2005). More recently, the discovery of CRISPR Cas systems as adaptive bacterial immune

system against phages initiated a new era of genetic and genome engineering (Barrangou et al.,

2007; Doudna & Charpentier, 2014). Additionally, emerging antibiotic resistance as major health

issue led to the resurgence of phage therapy approaches as alternative antimicrobials (Kortright et

al., 2019).

Bacteriophages are necessarily dependent on the metabolic machinery of their bacterial host for

their propagation – regardless of whether they follow a lytic, a lysogenic or a chronic life style

(Roucourt & Lavigne, 2009). Infection starts with a receptor based attachment of the phage to the

bacterial host cell and subsequent injection of the viral genome (Rakhuba et al., 2010). Afterwards,

temperate phages can choose either the lytic or the lysogenic life cycle (Figure 1), while virulent

phages are strictly lytic (Bertani, 1953).
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Figure 1: Lytic and lysogenic life cycle of bacteriophages. Phages following the lytic life cycle use the bacterial
host for production of new phage progenies, which are released by subsequent cell lysis. Temperate phages
can alternatively follow a lysogenic life cycle by integrating their DNA into the bacterial chromosome or
establishing as an episome. Unfavorable conditions can trigger induction of the prophage to allow
reproduction via the lytic life cycle. In addition, some phages propagate via chronic infection or transitionally
establish a pseudolysogenic state, which is not included in this schematic illustration (Clokie et al., 2011).

By entering the lysogenic life cycle, the phage establishes itself as an episome (e.g. phage P1) or

integrates its DNA into the bacterial chromosome via specific attachment sites (e.g. phage ) (Ikeda

& Tomizawa, 1968; Landy & Ross, 1977). This so called prophage is replicated in conjunction with

the bacterial DNA and typically a phage repressor protein is involved in the maintenance of the

lysogenic state. Upon certain, usually DNA damaging conditions (e.g. UV radiation or DNA

damaging agents), the prophage leaves its dormant state and excises itself out of the bacterial

chromosome to switch to the lytic life cycle, a process called prophage induction. In response to

spontaneous DNA damage events, this induction can even occur in the absence of an external

trigger (Helfrich et al., 2015; Nanda et al., 2015; Oppenheim et al., 2005).

A special case of lysogeny is represented by a pseudolysogenic state, which describes the

establishment of a circular, non replicating pre prophage. This unstable state can occur upon

infection under nutrient deficiency and is maintained until conditions are improved and the lytic

or lysogenic life cycle is entered (Feiner et al., 2015). In the lytic cycle, the bacterial cell machinery

is harnessed for phage DNA replication and phage protein synthesis, which allows the assembly of
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new phage progenies and their subsequent release via cell lysis (Salmond & Fineran, 2015). An

exception of phage release without disintegration of the host cell was observed for filamentous

phages like M13, some archaeal viruses and for plasmaviruses infectingMycoplasma. This lifestyle

is called chronic infection (Clokie et al., 2011).

In addition to their life style, phages differ in gene content, genome type and virion morphology

(Dion et al., 2020). The latter two have been used in the past for phage classification. According to

this decades old taxonomy, the vast majority of phages belonged to the order of Caudovirales

unifying phages with a tailed morphology and double stranded DNA (dsDNA) genome. Based on

their tail contractility and length, these phages were further grouped into the three families of

Siphoviridae,Myoviridae and Podoviridae (Ackermann, 2009). Contrary to this tailed morphotypes,

other virions exhibit a cubic, pleomorphic and filamentous nature with their genomes being single

stranded (ss) or double stranded DNA or RNA. Additionally, some phages have lipid constituents,

which all in all defined the further phage families as illustrated in Figure 2 (Ackermann, 2009).

Figure 2: Phage taxa based on genome types and morphology. Phage families are grouped by tailed, dsDNA
phages, lipid containing phages with double stranded genomes and phages with a single stranded genome.
The figure was designed based on Ofir and Sorek (2018) and Hyman and Abedon (2012).

In recent years, the discovery of themosaic like architecture of phage genomes exposed a hitherto

unexpected genetic diversity, which could be attributed to a high rate of horizontal gene transfer

(HGT) during phage evolution (Hatfull, 2008). With the increasing availability of genomic and

metagenomic data, it became apparent that the caudoviral families of Sipho , Myo , and

Podoviridae are not monophyletic. The need of considering their evolutionary origin initiated a

comprehensive re classification towards a genome based megataxonomy (Koonin et al., 2020;

Turner et al., 2021). However, distinguishing phages based on their morphotypes can still be useful

to get a first overview of phage diversity.



Scientific context and key results

6

2.1.2. (Pro )phage proteins affecting bacterial hosts

Upon infection, phages are able to subvert and control key cellular processes to create favorable

conditions for their own reproduction (De Smet et al., 2017). For this host takeover, phage proteins

expressed in the early stages of infection appear to be of primary importance. For instance, in

direct competition for the transcription machinery, they can redirect the host RNA polymerase to

viral gene expression or even temporarily inhibit it if the phage encodes its own RNA polymerase

(De Smet et al., 2017; Drulis Kawa et al., 2012; Lammens et al., 2020). Furthermore, they can shut

down host DNA replication and degrade the bacterial chromosome to increase the pool of

precursors for viral DNA replication (Drulis Kawa et al., 2012). In addition, further studies revealed

that phage proteins can amongst others also directly target translation related processes and cell

division (De Smet et al., 2017; Lammens et al., 2020). Deciphering the underlying mechanisms of

these host interfering processes is not only essential to deepen our knowledge of phage host

interactions, butmay also be harnessed for the development of new antimicrobial agents (De Smet

et al., 2017; Roach & Donovan, 2015).

However, recent advances in viral genomics exposed a high number of open reading frames in

phage genomes whose function remains to be elucidated (Yin & Fischer, 2008). Of particular

interest are previously overlooked small phage genes, as their gene products are known to

frequently exert regulatory functions by activating, inhibiting or redirecting target proteins (De

Smet et al., 2017; Fremin et al., 2022; Orr et al., 2020; Storz et al., 2014). For example, the early

small protein Mip of Pseudomonas aeruginosa podovirus LUZ24 prevents silencing of phage DNA

by inhibiting the activity of the host encoded xenogeneic silencer MvaT (Wagemans et al., 2015).

Another example is the protein Gp2 from E. coli phage T7, which inhibits the host RNA polymerase

to prevent interference with its own faster T7 RNA polymerase (Nechaev & Severinov, 1999).

Besides directly targeting regulatory hubs to optimize reproduction conditions, phage proteins can

also improve fitness of their bacterial host, which may partly explain the frequency of long term

relationships between phages and bacteria (Bondy Denomy & Davidson, 2014). Almost half of all

sequenced bacterial genomes harbor at least one, but frequently even more prophages (Touchon

et al., 2016), These prophages can increase bacterial pathogenicity or contribute to defense against

other phages, a process called lysogenic conversion (Bondy Denomy & Davidson, 2014; Davies et

al., 2016). However, many prophages appear to be cryptic as rapid inactivation of these ‘molecular

time bombs’ is under tough selection, which let them suffer frommutations preventing completion

of the lytic life cycle. This domestication process allows the bacterial host to keep beneficial

prophage elements while limiting the risk of phage induced cell lysis (Bobay et al., 2014; Ramisetty

& Sudhakari, 2019; Wang et al., 2010).
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In search of phage derived proteins affecting their bacterial host, we focused on the prophage

CGP3 (~219 kb, including CGP4), which is one of overall four cryptic prophages (CGP1 4) found in

the genome of the actinobacterial strain Corynebacterium glutamicum ATCC 13032 (Ikeda &

Nakagawa, 2003). Upon induction, CGP3 can excise itself out of the bacterial chromosome and

replicate as a circular genome, but it appears to be unable to cause cell lysis or produce active

phage progenies (Donovan et al., 2015; Frunzke et al., 2008). The lysogenic state of CGP3 is

maintained by the prophage encoded nucleoid associated protein CgpS, which silences phage

gene expression (Pfeifer et al., 2016). During a screening of several small proteins encoded by the

CGP3 prophage, the protein Cg1978 (6.8 kDa) was identified as a novel gyrase inhibiting protein,

therefore termed Gip. In vitro pull down assays and surface plasmon resonance spectroscopy

exposed a highly specific interaction of Gip with DNA gyrase subunit A of its bacterial host

C. glutamicum, which was proven to inhibit the gyrase supercoiling activity in vitro (Figure 3). In

addition, overproduction of Gip was found to severely impair bacterial growth and lead to an

activation of the host SOS response. On a transcriptome level, Gip mediated gyrase inhibition was

compensated with an upregulation of the gyrase encoding genes gyrAB and a downregulation of

topA coding for topoisomerase I (Kever et al., 2021).

Figure 3: Supercoiling inhibition assays showing the Gip mediated inhibition of the DNA gyrase. Increasing
concentrations of the GyrA targeting protein Gip (Cg1978) inhibit the DNA supercoiling activity of the
C. glutamicum DNA gyrase, which leads to an accumulation of nicked/relaxed DNA (adapted and modified
from Kever et al. (2021)).
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Being crucial for DNA metabolism and absent in mammalian cells, the bacterial DNA gyrase is one

of the most prominent targets of proteinaceous and chemical toxins (Khan et al., 2018). This

heterotetrameric enzyme (GyrA2GyrB2, type IIA topoisomerase) catalyzes the ATP dependent

introduction of negative supercoils into double stranded DNA. Gyrase subunit A cleaves and rejoins

the DNA, while subunit B is responsible for ATP hydrolysis (N. G. Bush et al., 2015; McKie et al.,

2021; Vanden Broeck et al., 2019). Based on what is currently known from already characterized

gyrase inhibiting small molecules and proteins, inhibition of this enzyme can be mediated by i)

stabilization of the gyrase DNA cleavage intermediate (Bernard et al., 1993; Drlica & Malik, 2003;

Pierrat & Maxwell, 2003), ii) inhibition of ATP hydrolysis (Maxwell & Lawson, 2003) or iii) DNA

mimicry (Shah & Heddle, 2014). However, while clearly showing that Gip targets the gyrase subunit

A, the underlying molecular basis of this inhibition still needs to be elucidated. Mimicking the

mechanism of gyrase inhibition applied by phages could open up new directions for antibacterial

drug design.

From a physiological point of view, the question arises to what extent the coding of such an

inhibitor could benefit phages. The existence of further phage derived proteins targeting topology

modulators such as the small peptide Igy (5.6 kDa) encoded by phage LUZ24 of

Pseudomonas aeruginosa (De Smet et al., 2021) or gp55.2 encoded by the T4 phage of E. coli

(Mattenberger et al., 2015) suggests that DNA supercoiling and relaxation plays a crucial role

during the phage life cycle. Consistent with the hypothesis of Mattenberger and colleagues, we

propose that the production of such inhibitory proteins might allow a modulation of

topoisomerase activity to enable an optimal phage DNA replication (Mattenberger et al., 2015).

Even though CGP3 is a cryptic prophage, it can be assumed that Gip originally had a comparable

function for the active phage.

2.1.3. Bacterial antiphage defense systems

The omnipresence of phages in almost all ecosystems and the persistent threat of viral predation

has led to a competitive co evolution of bacteria and phages. Bacteria were forced to evolve an

impressive arsenal of antiphage defense systems, while phages co evolve to overcome these

barriers (Hampton et al., 2020; Shabbir et al., 2016; Stern & Sorek, 2011). New antiphage defense

systems can be acquired through horizontal gene transfer from closely related strains (Koonin et

al., 2017; van Houte et al., 2016). Accordingly, the antiphage defense repertoire of a single strain

is subjected to high fluctuation, making defense genes a rather shared community resource as

recently described with the term ‘pan immune system’ (Bernheim & Sorek, 2020).
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Escaping phage infection can already be mediated by blocking adsorption of the phage to its

specific receptor on the bacterial surface. Typical receptors like surface proteins or

lipopolysaccharides can exemplarily be mutated (Clément et al., 1983), modified by post

translational glycosylation (Harvey et al., 2018) or masked by proteins or extracellular polymers

(Nordström & Forsgren, 1974; Scholl et al., 2005). Besides, a simultaneous protection of several

cells against phage adsorption is mediated by release of outer membrane vesicles (OMV)

sequestering phages (Manning & Kuehn, 2011) and formation of biofilms shielding interior cells

(Hansen et al., 2019). Such multicellular defense strategies will be addressed in further detail in

chapter 2.3.4.

Once attached, injection of phage DNA can be blocked by superinfection exclusion mechanisms.

These protein based defense systems are encoded by pre existing phages and serve as protection

against specific secondary infections by e.g. inhibiting phage DNA translocation into the cytoplasm

through conformational changes or blocking the lysozyme based degradation of the peptidoglycan

layer (Labrie et al., 2010; Lu & Henning, 1994).

After passing these two potential barriers of adsorption and injection, a plethora of intracellular

defense mechanisms come into play, among them systems targeting viral nucleic acids, most

prominently R M (restriction modification) and CRISPR Cas (Clustered Regularly Interspaced

Palindromic Repeats/CRISPR associated protein) (Figure 4). R M systems are based on the

enzymatic activity of a restriction endonuclease digesting DNA as well as a methyltransferase

modifying DNA. Methylation of host DNA enables the discrimination between host and foreign

genetic material and avoids sequence specific binding and cutting by the restriction endonuclease,

whereas incoming, non methylated phage DNA is digested (Raleigh & Brooks, 1998; Tock &

Dryden, 2005). In contrast to innate R M systems, antiphage defense via CRISPR Cas entails a prior

infection with the same phage to acquire short foreign DNA sequences, called spacers. These

spacers are incorporated into a CRISPR array, which enables a subsequent sequence specific

cleavage of identical or similar invader DNA (Barrangou et al., 2007; Hille et al., 2018).

In addition to these destructive mechanisms, xenogeneic silencer (XS) proteins could potentially

contribute to bacterial antiphage defense as well. With their C terminal DNA binding domain and

their N terminal oligomerization domain, xenogeneic silencers preferentially bind to AT rich

sequences thereby silencing viral gene expression through formation of dense nucleoprotein

complexes (Duan et al., 2018; Gordon et al., 2010; Navarre, 2016). However, at least in case of the

prophage encoded xenogeneic silencer CgpS in C. glutamicum,whichmaintains the lysogenic state

of the CGP3 prophage, a direct contribution to phage defense was not yet confirmed (Hünnefeld

et al., 2021; Pfeifer et al., 2019; Pfeifer et al., 2016).



Scientific context and key results

10

Abortive infection (Abi), a further strategy to combat viral predation, implies sensing of infection

by an individual cell and subsequent cell suicide to prevent phage spread into the surrounding

community (Lopatina et al., 2020) (Figure 4). Phage infection is typically recognized through phage

replication intermediates, phage proteins or altered expression profiles. This in turn activates an

effector module causing e.g. cell death by increasing membrane permeability, inhibiting protein

biosynthesis, cleaving nucleic acids or phosphorylating multiple host proteins. The mechanistic

diversity is further expanded by toxin antitoxin mediated Abi systems relying on a phage induced,

missing neutralization of a toxin by its corresponding anti toxin (Lopatina et al., 2020). Another

principle is utilized by CBASS (cyclic oligonucleotide based antiphage signaling system), where the

communication between the sensing module and the killing module is mediated by production of

cyclic nucleotide molecules as secondary messengers (Cohen et al., 2019).

In recent years, bioinformatics screenings and the discovery that defense genes are clustered in

so called ‘defense islands’, significantly extended the known repertoire of antiphage defense

mechanisms to more than 100 systems, which together form the prokaryotic ‘immune system’.

However, most of them still need to be mechanistically described (Bernheim & Sorek, 2020; Doron

et al., 2018; Makarova et al., 2011; Tesson et al., 2022). Although the last years have revealed new

defense systems at unprecedented speed, the step of phage sensing is still a major blind spot for

a multitude of systems. A current study started to shed light on this by defining the phage

replication machinery, host take over mechanisms and structural phage proteins as unified key

determinants for phage sensing (Stokar Avihail et al., 2023). This may open the door for further

mechanistic elucidations.

Two already well characterized examples of newly discovered antiphage defense systems are

prokaryotic viperins (pVip) and nucleotide depletion (Figure 4). The antiviral activity of viperins

against various DNA and RNA viruses was initially detected in humans (Helbig & Beard, 2014;

Rivera Serrano et al., 2020). Like their eukaryotic homologues, prokaryotic viperins can modify

nucleotides to ddh (didehydro) nucleotides, which act as chain terminators during viral

polymerase dependent transcription (Bernheim et al., 2021; Gizzi et al., 2018). Nucleotide

depletion as antiviral defense was also already known from the human immune system (Ayinde et

al., 2012; Goldstone et al., 2011). Bacterial dGTPases or dCTP deaminases manipulate the dNTP

pool by depleting dGTP or dCTP, respectively, which halts phage DNA replication (Tal et al., 2022).

Interestingly, several other recently described antiviral defense strategies are conserved between

eukaryotes and prokaryotes, suggesting a bacterial origin of several central eukaryotic immune

mechanisms (Wein & Sorek, 2022).
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Figure 4: Selected bacterial antiphage defense systems. After successful injection of phage DNA, different
mechanisms can interfere with the phage life cycle. Restriction modification systems as well as CRISPR Cas
systems directly target and cleave intracellular phage DNA. Abortive infectionmechanisms are highly diverse,
but have in common that they consist of a module sensing the infection and a module initiating cell suicide
to prevent phage spread. The repertoire of defense system was recently supplemented with the discovery
of diverse new systems, including exemplarily prokaryotic viperins inhibiting transcription of viral DNA or
mechanisms of nucleotide depletion halting viral DNA replication. The figure was designed based on Tal and
Sorek (2022).
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2.2. Streptomyces, a filamentous soil bacterium as major producer of bioactive

compounds

2.2.1. Multicellular development and its hierarchical regulatory network

Streptomyces is a Gram positive, filamentous growing actinobacterium, which is highly abundant

in soil habitats (Anderson &Wellington, 2001; Janssen, 2006). As all soil dwelling organisms, it has

to deal with a high level of microbial competition and constant fluctuations in nutrient availability

(Fierer, 2017). To survive in this challenging environment, Streptomyces can initiate the formation

of dormant exospores as part of its multicellular life cycle, allowing its dispersal into new

environments as well as the protection of its genetic material throughout various environmental

stresses (Bobek et al., 2017).

The multicellular development of Streptomyces has parallels to the one of filamentous fungi, but

is rather a peculiarity among prokaryotes (Elliot & Talbot, 2004). Favorable conditions initiate

germination of spores to build up a network of vegetative hyphae, which grow by branching and

tip extension. Upon stressful conditions like nutrient deficiency, parts of this vegetative mycelium

are self degraded via programmed cell death to provide a nutrient source for the morphological

differentiation into apical growing, aerial hyphae (Flärdh & Buttner, 2009; Manteca et al., 2007).

This developmental transition to reproductive growth usually coincides with the onset of antibiotic

production, probably to protect released nutrients from other soil living competitors in the same

ecological niche (van der Meij et al., 2017). During sporogenesis, the multigenomic aerial hyphae

differentiate into chains of unigenomic pre spores via synchronized septation and chromosome

segregation. After subsequent spore maturation, dormant exospores are released into the

environment, which can outlast various environmental insults, until germination is triggered again

(Flärdh & Buttner, 2009) (Figure 5a).

This life cycle is used for the general description of surface grown cultures. However, many

Streptomyces species including the historical model Streptomyces coelicolor are arrested in a pre

sporulation state when growing in submerged cultures (Manteca et al., 2008). Therefore, more

recent studies have tended to focus on Streptomyces venezuelae as new model species due to its

ability to undergo sporulation even in submerged cultures (Glazebrook et al., 1990). This facilitated

the elucidation of the development specific regulatory network by allowing the application of

established "omics" methods (M. J. Bush et al., 2015).
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Figure 5: Multicellular life cycle of surface grown Streptomyces cultures. a) The life cycle starts with the
germination of spores, which leads to the formation of a branched network of vegetative hyphae. Upon
nutrient starvation, parts of the vegetative mycelium are self degraded to supply nutrients for the
morphological differentiation into aerial hyphae. This transition is mediated by Bld regulators. The
accompanied production of antibiotics is proposed to protect released nutrients from other competitors in
close proximity. Unlike vegetative hyphae, aerial hyphae are characterized by a hydrophobic surface, which
is based on a coating layer of rodlin and chaplin proteins. The regulatory activity of theWhi proteins mediate
further differentiation from aerial hyphae to mature exospores. The figure was designed based on Jones and
Elliot (2017) and Urem et al. (2016). b) Morphology of S. venezuelae colonies in different developmental
stages with corresponding scanning electron micrographs (images taken from Tschowri (2016)).

Hyphae spore transition is orchestrated by two classes of developmental regulators, Bld and Whi

regulators. Their names were coined by the phenotypic appearance of corresponding

developmental mutants: Deletion of bld genes prevents transition from vegetative growth to aerial

hyphae and hence shows up in a bald and shiny phenotype, whereas whi mutants are unable to

differentiate from aerial hyphae to mature spores and thus have a white, fuzzy appearance (Figure

5b) (McCormick & Flärdh, 2012). These regulators are part of a complex hierarchical network,

which is controlled by the c di GMP dependent activity of the master regulator BldD. BldD inhibits

the expression of most key developmental genes delaying the onset of differentiation (M. J. Bush

et al., 2015; den Hengst et al., 2010; Tschowri et al., 2014). Roughly summarized, relieving

repression by BldD initiates the first developmental transition from vegetative mycelium to aerial

hyphae. In contrast to the hydrophilic vegetative hyphae in the moist soil, aerial hyphae are highly

hydrophobic, which is dependent on the sigma factor BldN ( BldN) regulated transcription of rodlin

and chaplin genes (Bibb et al., 2012). Their gene products assemble to build up a hydrophobic
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sheath covering the surface of aerial hyphae, which – on certain media together with surfactant

protein SapB lowering surface tension – enables the escape from the aqueous environment into

the air (Claessen et al., 2003; Claessen et al., 2002; Elliot et al., 2003; Elliot & Talbot, 2004; Willey

& Losick, 1991). Besides regulating expression of rodlin and chaplin genes, BldN activates

transcription of bldM, which in turn allows the expression of sporulation genes, includingwhiB (Al

Bassam et al., 2014). The heterodimer formed of WhiAB was shown to stop aerial growth and

activates genes for chromosome segregation and cell division (Bush et al., 2013; Bush et al., 2016).

Finally, spore maturation is initiated via the regulatory activity of WhiGand its downstream cascade

(M. J. Bush et al., 2015).

Interestingly, recent studies discovered an alternative mode of growth, termed exploration, which

is initiated in response to fungal competitors or glucose depletion. During exploratory growth,

unbranched, vegetative hyphae rapidly outgrow and move across solid surfaces, which allows a

sporulation independent colonization of new environments. Accordingly, exploration might

represent a further strategy to promote survival in this challenging soil environment by facilitating

nutrient access (Jones & Elliot, 2017; Jones et al., 2017; Jones et al., 2019).

2.2.2. Complex secondary metabolism as hallmark of Streptomyces

In addition to its multicellular life cycle, Streptomyces is well studied for its rich source of secondary

metabolites (Donald et al., 2022), whose secretion can sometimes even be observed with the

naked eye (Figure 6a). In contrast to primary metabolites, secondary metabolites are not essential

for growth and development, but instead can confer producers an adaptive benefit in ecological

interactions (Challis & Hopwood, 2003; Seyedsayamdost, 2019). With their antibacterial,

antifungal and antitumor activity, these compounds find applications in medical, biotechnological

and agricultural sectors (Barka et al., 2016). The ability of Streptomyces to produce bioactive

compounds was initially recognized by Waksman and colleagues almost 80 years ago (Waksman &

Woodruff, 1940; Waksman & Woodruff, 1942). The inspiring discovery of penicillin by Alexander

Fleming was soon followed by the isolation of the first Streptomyces derived antibiotics, among

them also streptomycin, which served as the first successful treatment against tuberculosis

(Fleming, 1929; Schatz & Waksman, 1944). The finding that Streptomyces, but also fungi produce

a variety of bioactive compounds, revolutionized medicine drastically. About 2/3 of all natural

derived antibiotics are produced by Streptomyces, while the potential for the discovery of new

antibiotics has not yet been exhausted (Bibb, 2013; Kieser et al., 2000). According to an estimation

of Watve and colleagues, just 3% of natural products encoded by Streptomyces species have been

reported until 2001 (Watve et al., 2001). However, the fact that most of the corresponding
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biosynthetic gene clusters are silent under laboratory conditions, hampers their isolation and

functional characterization (Liu et al., 2021).

Production and release of secondarymetabolites is not just frequently linked to the developmental

transition into aerial hyphae, but is probably also influenced by a broad variety of biotic and abiotic

environmental triggers indicative for their host demands (Bibb, 2005; van der Meij et al., 2017).

For instance, antibiotic production and secretion can be activated when competition related stress

such as nutrient deficiency or cell damage is sensed (Cornforth & Foster, 2013). Because producers

are resistant to their own substances, they can outcompete other sensitive soil organisms in close

proximity (Fajardo et al., 2009; van der Meij et al., 2017). However, the traditional image of

antibiotics as chemical weapons has been challenged by the fact that despite local extremes the

overall concentration of antibiotics found in soil is generally subinhibitory (Fajardo et al., 2009).

This shaped the current assumption that antibiotics exhibit rather a concentration dependent

functionality (Figure 6b). At high concentrations, they can serve as direct weapons against

microbial competitors, while at subinhibitory concentrations they may be used as signaling

molecules between interactingmicrobes (Hashem&Van Impe, 2022; Linares et al., 2006; Spagnolo

et al., 2021; Vaz Jauri et al., 2013). Nonetheless, the biochemical diversity and the ecological role

of most secondary metabolites is far from being entirely understood (Tyc et al., 2017).

Figure 6: Secondary metabolite production in Streptomyces. a) Stereomicroscopic image showing the
production of the pigmented antibiotic actinorhodin as droplets on the colony surface of S. coelicolorM145.
b) Current hypothesis on the concentration dependent function of antibiotics as chemical weapons or
signaling molecules.

Interestingly, biosynthetic gene clusters encoding secondary metabolites are enriched in the

flanking arms of the linear Streptomyces chromosome (Aigle et al., 2014; Bentley et al., 2002). In

contrast to the core genome harboring essential genes for replication, protein biosynthesis and

central metabolism, the arm regions containing conditionally adaptive genes are more frequently

affected by genetic rearrangement leading to amplifications and deletions under laboratory
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conditions (Bentley et al., 2002; Thibessard & Leblond, 2014; Volff & Altenbuchner, 1998). This arm

plasticity is proposed to possibly confer an adaptive benefit on a population level by facilitating the

differentiation into social subpopulations, which may produce an extended pool of ‘public goods’

(Lorenzi et al., 2021). Such concept was recently exemplified for the antibiotic production in

S. coelicolor, which was shown to be organized by a division of labor. The terminal differentiation

led to genetically heterogeneous S. coelicolor colonies containing antibiotic hyper producing

mutant strains with massive genomic deletions. Although this enhanced antibiotic production

came at the expense of individual fitness, colony wide reproduction was not affected when

combining mutant and parental strains (Zhang et al., 2020). However, after their emergence these

mutant cells further accumulate genetic deletions and mutations leading to their cell death via

mutational meltdown over time (Zhang et al., 2022).
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2.3. Multicellular antiphage defense systems of Streptomyces

2.3.1. Phage infection of Streptomyces: Initial observations

Like other bacteria, Streptomyces is continuously challenged by phage attacks. Over the years,

Streptomyces phages were primarily studied for their source of genetic tools to manipulate the

host genome, enabling for instance the construction of phage based integration vectors (Baltz,

2012; Bierman et al., 1992; Gregory et al., 2003). In the last decade, vast efforts were spent on the

isolation and characterization of new phages infecting actinobacterial species, including

Streptomyces. This was mainly driven by the Science Education Alliance Phage Hunters Advancing

Genomics and Evolutionary Sciences (SEA PHAGES) program, which markedly expanded the

collection of sequenced actinobacteriophages (Jordan et al., 2014). To date, more than 21,000

actinobacteriophages have been isolated and more than 4,000 sequenced genomes are deposited

in ‘The Actinobacteriophage Database’ (phagesdb.org, (Russell & Hatfull, 2016)), including ~300

sequenced Streptomyces phages (as of October 2022). However, the amount of experimentally

studied phages infecting this genus remained comparable low. Furthermore, little is known about

the extent to which the extensive chemical repertoire and the multicellular life cycle of

Streptomycesmight contribute to antiphage defense. This topic has just recently gained significant

interest and is the focus of this doctoral thesis.

To establish a set of model phages in our laboratory for studying phage host interactions,

pioneering work started with the isolation and characterization of five novel Streptomyces phages,

preying on either S. venezuelae or S. coelicolor. In contrast to the majority of known Streptomyces

phages, these new phage isolates were comprehensively characterized with regard to plaque and

virion morphology, genome sequence, phylogeny and infection dynamics (Hardy et al., 2020). All

newly isolated phages are siphophages as they possess a long tailed morphology and a dsDNA

genome (Figure 7a). In terms of their life cycle, the two phages infecting S. venezuelae, named

Alderaan and Coruscant, were shown to be virulent phages, while all three phages infecting

S. coelicolor, named Dagobah, Endor1 and Endor2, were predicted to be temperate.

Strikingly, for all S. coelicolor phages, plaque formation was accompanied by secretion of

pigmented secondary metabolites at the infection interface ((Hardy et al., 2020), Figure 7b).

Although it is still under investigation whether this formation of colored halos is a specific response

to phage infection or rather a general stress response triggered by cell lysis (Hardy et al., ongoing

work), it served as an inspiration to actively search for Streptomyces derived secondary

metabolites harboring an antiphage activity as chemical defense mechanism (cf. chapter 2.3.2). In

addition to the increased secondary metabolite production, Streptomyces frequently responded
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to phage infection with a ring of enhanced morphological differentiation surrounding the plaques,

which was especially the case for Alderaan infecting S. venezuelae and Dagobah infecting

S. coelicolor (Figure 7b). Further examination revealed that this formation of aerial hyphae was

essential for the emergence of transiently phage resistant mycelium and hence for the

containment of phage infection (Luthe et al., 2023a). Another interesting observation was made

when performing infection assays in submerged cultures. The extent of culture lysis and phage

proliferation showed significant differences, ranging from complete culture collapse during

Alderaan infection to only minor effects on bacterial growth upon infection with Dagobah (Hardy

et al., 2020). However, it was notable that for all phages, a successful initial phage propagation was

often followed by a decrease in extracellular infectious phage particles at later stages of the

infection experiment (Figure 7c). Such time course of phage titers was not obtained for infection

of unicellular bacteria recently performed in our laboratory (Erdrich et al., 2022; Hünnefeld et al.,

2021), which gave rise to further investigate the molecular basis of this phenomenon (chapter

2.3.3).

Figure 7: Particle morphology of novel Streptomyces phages and phenotypic observations upon infection. a)
Transmission electronmicroscopy identifies all phages as siphophages (scale bar: 150 nm, images taken from
Hardy et al. (2020)). b) Stereomicroscopic images showing the production of the blue pigmented compound
actinorhodin (left) as well as enhanced sporulation at the plaque interface (right) in response to infection of
S. coelicolorM145with phage Dagobah. c) Development of phage titers upon infection of S. venezuelaeNRRL
B 65442 with phage Alderaan.
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2.3.2. Chemical defense via aminoglycoside antibiotics

Aminoglycosides – a case of molecular multitasking

In search for secondary metabolites featuring an antiphage activity, we observed that phage

infection was significantly impaired in presence of the aminoglycoside apramycin, which was the

cornerstone for studying the antiphage properties of these well studied antibacterial compounds

(Kever et al., 2022). Actually, antiphage activity of aminoglycosides was already described in

reports published in the middle of the last century, which showed an inhibitory effect of

streptomycin on various phages (Brock et al., 1963; Brock & Wooley, 1963). However, the

biological relevance of these molecules as part of the bacterial immune system was not

investigated and the mode of action remained controversial.

Aminoglycosides are naturally derived, bactericidal antibiotics, which interfere with protein

biosynthesis in several aerobic Gram positive, but particularly Gram negative bacteria (Krause et

al., 2016). Structurally, they are characterized by an amino sugar core structure, which is

glycosidically linked to a dibasic aminocyclitol, mostly 2 deoxystreptamin, whose presence and

substitutions define four different subclasses (Magnet & Blanchard, 2005; Mingeot Leclercq et al.,

1999). The uptake of these polycationic antibiotics starts with their binding to the negatively

charged surface of the bacterial membrane. This electrostatic interaction causes the dissociation

of divalent cations and thus a permeabilization of the bacterial membrane, which promotes initial

aminoglycoside uptake into the cytoplasm in an energy dependent process (Ramirez & Tolmasky,

2010). Once taken up, they inhibit bacterial protein translation by a high affinity binding to the

aminoacyl site (A site) on the 16S rRNA of the 30S ribosomal subunit (Kotra et al., 2000; Magnet &

Blanchard, 2005). The induced conformational changes cause an error prone translation through

misreading or a direct blocking of translation initiation or elongation. Incorporation of

mistranslated proteins into the membrane further enhances aminoglycoside uptake, finally

resulting in cell death (Krause et al., 2016).

Resistance towards these antibiotics is mediated by enzymaticmodifications of the aminoglycoside

scaffold or the ribosomal target site, active export via efflux pumps or modifications of the cell

membrane (Garneau Tsodikova & Labby, 2016). Among these resistance mechanisms, antibiotic

modification is the most common one, which relies on the catalytic activity of aminoglycoside

modifying enzymes (AME), subdivided into aminoglycoside O phosphotransferases (APHs),

aminoglycoside N acetyltransferases (AACs) and aminoglycoside O nucleotidyltransferases (ANTs).

According to their functional categorization, these enzymes can modify various positions of the

aminoglycoside scaffold via phosphorylation, acetylation or adenylation, which prevents the
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efficient binding of the antibiotic to the 16S rRNA (Ramirez & Tolmasky, 2010). In contrast to this

rather specific resistance mechanism towards single aminoglycosides, enzymatic modification of

the primary target site via 16S rRNA methyltransferases (RMTase) offers a broader resistance

profile. By methylating distinct nucleotides of the 16S rRNA, namely G1405 or A1408, RMTases

prevent binding of various structurally related aminoglycosides at the same time (Garneau

Tsodikova & Labby, 2016; Krause et al., 2016).

Following the natural resistance of producers to their own compounds, the project was started

with the construction of aminoglycoside resistant strains carrying a plasmid borne gene coding for

an AME. This step was considered essential for a systematic screening of the antiphage properties

of aminoglycoside antibiotics, since the strong antibacterial effect of these compounds would

markedly hamper the recognition of an additional antiphage effect. As a screening platform,

double agar overlays with increasing antibiotic concentrations were used to correlate reduced

plaque formation with increased aminoglycoside pressure. To keep the spectrum of this tripartite

interaction between phages, hosts and aminoglycosides quite broad, structurally divergent

aminoglycosides were combined with phages of different morphotypes (sipho , myo , podo , ino

and levivirus) and specific for different host organisms (S. venezuelae, S. coelicolor, C. glutamicum

and E.coli).

Substantial differences were perceived for the individual phage host pairs and aminoglycosides,

ranging from complete inhibition of plaque formation to no noticeable changes. When trying to

find an underlying pattern for this aminoglycoside mediated inhibition, the only statement that

can currently be made is that all affected phages are siphophages, which are characterized by a

dsDNA genome and a tailed morphology. Among them, the strongest effect of aminoglycoside

addition was observed for phage Alderaan infecting S. venezuelae in presence of apramycin and

hygromycin, but also infection of E. coli model phage was significantly impaired in presence of

apramycin and kanamycin. Interestingly, all phages infecting S. coelicolor revealed no inhibition

upon aminoglycoside treatment, potentially suggesting that differences in cell envelope structures

and aminoglycoside uptake by the host strain might contribute to the observed cluster as well

(Figure 8). Therefore, ongoing studies are currently expanding the diversity of screened phages

including also a Streptomyces phage with a broad host range, which may allow a more precise

distinction between host specific and phage specific differences in aminoglycoside mediated

inhibition of phage infection. However, based on this screening, follow up studies focused mainly

on the inhibitory effect of apramycin on the virulent phage Alderaan infecting S. venezuelae and

the temperate phage infecting E. coli.
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Figure 8: Aminoglycosides are potent inhibitors of phage infection. This heatmap shows the screening results
as log10 fold change comparing plaque formation under aminoglycoside pressure to antibiotic free
conditions. If aminoglycoside treatment completely prevented plaque formation by the phage or bacterial
growth, it was stated as ‘no lysis’ or ‘no lawn’, respectively (n = 2 independent biological replicates). The
corresponding molecular structures of the tested aminoglycosides are provided on the left. The different
phage morphologies are schematically shown with icons according to the following color scheme:
blue, siphovirus; red, myovirus; green, podovirus; purple, inovirus; yellow, levivirus (adapted and modified
from Kever et al. (2022)).

Mechanism of antiphage activity: Interference with an early step of the phage life cycle

To investigate the mechanism of action, infection experiments with aminoglycoside resistant

strains were performed in submerged cultures to benefit from a larger number of established

methods (Figure 9a). While infection of S. venezuelae with Alderaan usually results in a culture

collapse, addition of apramycin (10 g/ml) completely prevented phage amplification and phage

mediated cell lysis (Figure 9b). This inhibitory effect of apramycin could also be observed to a

similar extent during infection assays with phage . Interestingly, infection with both phages was

completely restored when adding simultaneously high concentrations of MgCl2, which was in line

with previous reports describing the antagonistic effect of MgCl2 on aminoglycoside mediated

phage inhibition (Brock & Wooley, 1963). This could potentially be attributed to the known

interference of enhancedMg2+ levels with aminoglycoside uptake (Hancock et al., 1981) and hence

already gave a first hint that interference most likely occurs on an intracellular level. In line with

this, pre incubation of Alderaan particles with physiologically relevant apramycin concentrations
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of <50 g/ml and subsequent spotting on a bacterial lawn showed no influence on phage

infectivity.

Figure 9: Apramycin inhibits an early step of phage life cycle. a) Schematic representation of the different
steps of the lytic life cycle and respective experiments, which were performed to study the effect of
apramycin. b) Alderaan infection assays of the apramycin resistant strain S. venezuelae ATCC 10712
producing the aminoglycoside acetyltransferase AAC(3)IV as resistancemechanism. Infectionwas performed
in presence and absence of 10 g/ml apramycin (n = 3 independent biological replicates). c) Relative
concentration of phage DNA to host DNA calculated via quantitative PCR during the time course of Alderaan
infection in presence and absence of 10 g/ml apramycin. Data represent means of three independent
biological replicates measured as technical duplicates. The range of relative phage DNA concentrations
measured for an uninfected control is highlighted in gray. d) Corresponding time resolved measurement of
extracellular phage titers via double agar overlay assays (n = 3 independent biological replicates). e)
Visualization of intracellular Alderaan DNA during infection by phage targeting direct geneFISH.
Fluorescence signals from phage DNA (Alexa647, red) are once shown separately (second row) and once as
merged images with phase contrast and fluorescence signal from bacterial DNA (DAPI, blue) (first row)
(adapted and modified from Kever et al. (2022)).
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To identify the step that is inhibited in the presence of apramycin, each step of the phage life cycle

was systematically addressed by appropriate techniques (Figure 9a). The influence of apramycin

on phage adsorption as the first step of the phage life cycle was examined with a synchronized

infection assay. After an initial incubation phase of Streptomycesmycelium with phage Alderaan in

presence of apramycin, free and reversible attached phage particles as well as extracellular

apramycin were removed. A successful following phage amplification suggested no obvious effect

of the aminoglycoside on irreversible phage adsorption. In accordance with this, when apramycin

was not added to the pre incubation step, but instead thereafter, no phage propagation was

possible (cf. chapter 4.2, Figure S3).

To assess phage DNA injection and replication upon apramycin treatment, the relative amount of

intracellular Alderaan DNA to host DNA was calculated via quantitative PCR, while simultaneously

quantifying extracellular phage titers via double agar overlays (Figure 9c and d). Under normal

infection conditions, an exponential increase of relative phage DNA levels and a concomitant

increase in extracellular phage titers was detected, indicating the successful release of newly

amplified phage progenies. In contrast, intracellular phage DNA levels increased only slightly in the

presence of apramycin, which was even followed by a decrease until the detection limit. Together

with the decline of extracellular phage titers, these data hinted on a successful phage adsorption,

but a blockage of subsequent replication.

A further visual proof of this inhibited replication in presence of apramycin was gained when

performing a fluorescence in situ hybridization (FISH) assay with fluorescently labelled gene probes

specifically targeting the phage genome (phage targeting direct geneFISH). Focusing on infection

first, distinct fluorescent foci were detected in the early stages of infection independent of the

presence of apramycin, which indicated a successful phage DNA delivery. This was in line with an

apramycin independent efflux of potassium ions as indicator for successful injection of the

genome (Boulanger & Letellier, 1992). However, a further increase in fluorescence revealing an

ongoing phage DNA replication was just observed for apramycin free conditions. Also for

Streptomyces phage Alderaan, the intensity and amount of fluorescent foci progressively increased

over time under normal infection conditions. Conversely, just a more diffuse signal without distinct

fluorescent foci could be detected during infection under apramycin pressure (Figure 9e). This

could be either traced back to i) technical limitation in detecting single injected phage DNA

genomes, as they may be obscured by S. venezuelae autofluorescence ii) delayed sampling time

points or iii) an interference of apramycin at the level of phage DNA injection. To conclude,

quantification of phage DNA via qPCR and phage targeting geneFISH suggested an inhibition of

phage infection at an early step of phage life cycle, most likely between phage DNA injection and
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replication. Thereby, it cannot be excluded that the mechanism of inhibition might further be

dependent on the phage host pair, since results obtained for and Alderaan showed potential

differences in the influence of apramycin on the DNA injection step.

Finally, we examined the step of phage DNA transcription by performing RNA sequencing.

Whereas normal infection conditions exhibited an increasing amount of phage DNA transcripts,

almost no viral DNA transcription seemed to have taken place in presence of apramycin (cf. chapter

3.2., Figure 4d).

Targeting of injected phage DNA as potential mechanism of antiphage activity

While the obtained data indicated an inhibition of phage infection at an early step in the life cycle

prior to DNA replication and transcription, the underlying mechanism of action remains to be

elucidated. A comparable point of attack, namely a blocking of phage DNA replication, was also

proposed in a parallel conducted study describing the inhibition of two mycobacteriophages by

hygromycin, kanamycin, and streptomycin (Jiang et al., 2020). Worth mentioning, a comparatively

low phage inhibiting activity was detected for tetracycline as another ribosome targeting

antibiotic. This comparison suggests that inhibition of phage infection by aminoglycosides is not

just a general trait of blocked protein translation, but might be rather dependent on the

mechanism of translation inhibition (Zuo et al., 2021). Remarkably, antagonistic effects of

translation inhibitors and phage infection were also demonstrated in two recent studies:

Bacteriostatic translation inhibitors can impair phage infection by decelerating phage

reproduction, which extends the time for the acquisition of adaptive CRISPR immunity (Dimitriu et

al., 2022). In addition, subinhibitory concentrations of chloramphenicol, tetracycline and

erythromycin were shown to hinder amplification of phages encoding anti CRISPR proteins in a

CRISPR immune bacterial host, probably by impeding translation of the phage encoded counter

defense proteins. Contrary to this, the bactericidal aminoglycoside gentamicin had no impact on

the immunosuppression via anti CRISPR proteins, but instead impaired phage infection

independent of the presence of CRISPR Cas and anti CRISPR proteins, suggesting a distinct mode

of antiviral activity of aminoglycoside antibiotics (Pons et al., 2023).

Interestingly, DNA intercalating anthracyclines, which represent a further class of antiphage

secondary metabolites produced by Streptomyces, were proposed to interfere with phage

infection on a similar stage of phage life cycle as aminoglycosides (Kronheim et al., 2018). Taken

together, it can be hypothesized that these antiphage molecules may target injected but not yet

replicated DNA, since the linear and relaxed conformation and amissing protection by DNA binding

proteins makes injected phage DNA possibly sensitive to DNA binding molecules. A direct
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interaction could inhibit either DNA circularization or protein DNA interaction mandatory for

replication and transcription (Casjens & Gilcrease, 2009; Kronheim et al., 2018). The general ability

of aminoglycosides to target nucleic acids is already demonstrated by their inhibitory binding to

the 16S rRNA as their antibacterial mode of action. A first evidence for a potential, direct binding

to phage DNA was given by in vitro studies with purified DNA, proposing formation of a clamp

around the phage DNA causing structural deformations (Kopaczynska et al., 2004; Kopaczynska et

al., 2016).

To further examine this early phase of phage life cycle, phage DNA injection and a potential

apramycin phage DNA interaction in vivo could be analysed via super resolutionmicroscopy (SRM).

Therefore, phage DNA could be labeled by the incorporation of 5 ethynyl 2' deoxyuridine (EdU), a

thymidine analogue, which can be detected through reaction with a fluorescent azide ("click"

chemistry) (Ohno et al., 2012; Salic &Mitchison, 2008). At the same time, the aminoglycoside could

potentially be conjugated to a cyanine fluorophore as it was recently described for the labeling of

a neomycin derivative with sulfonated Cy3 or Cy5 (Sabeti Azad et al., 2020). Additionally, further

efforts should focus on phage DNA circularization as step between DNA injection and replication.

To do so, total intracellular DNA in the early stages of infection in presence and absence of

apramycin could be isolated and analysed in terms of DNA topology via pulsed field gel

electrophoresis, either followed by a phage DNA targeting southern blot hybridization or in case

of a previous Edu labeling of phage DNA by visualization via click chemistry as described above..

Alternatively, one could attempt to use a restriction mapping to discriminate between circular and

linear phage DNA based on different DNA fingerprints. Due to the used packaging mechanisms,

phage would be more suitable for this approach. The DNA circularizes via pairing of cohesive

ends with following ligation (Wu & Kaiser, 1968). After rolling circle replication and translocation,

each capsid contains exactly one genome with cohesive ends leading to identical phage progenies

(Merrill et al., 2016). In contrast, Alderaan DNA is circularized by homologous recombination of the

genomes ends and subsequent ligation. After replication, translocation of single phage genomes

into the capsid happens via the headful packaging mechanisms (Hardy et al., 2020). As the name

says, DNA is packed into the phage head until it is completely filled, which usually corresponds to

a bit more than genome length leading to heterogeneous progenies with terminal redundancy and

cyclic permutations (Merrill et al., 2016).
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Coordinating molecular multitasking of aminoglycoside antibiotics

A striking feature of aminoglycoside antibiotics is that they can function as antibacterial and – at

the same time antiphage molecules. In all assays, aminoglycoside resistant strains were used to

circumvent the antibacterial effect on the host during infection. In case of apramycin, this bacterial

resistancemechanism relied on the acetylation of the 3 amino group of the deoxystreptamine ring

via aminoglycoside N(3) acetyltransferase (AAC(3)IV) preventing efficient binding to the 16S rRNA

(Magalhaes & Blanchard, 2005). To examine the influence of this modification on the antiviral

activity, in vitro acetylated apramycin (Ac Apr) was supplemented to infection assays with the non

resistant wild type strain. Since this modification is known to abolish the antibacterial effect, no

impact of acetylated apramycin on bacterial growth was detected. Conversely, the antiphage

activity of apramycin appeared to be unaffected by this modification as indicated by the complete

inhibition of phage infection (Figure 10a), which was in line with the results gained for unmodified

apramycin during infection of the resistant strain carrying a plasmid borne AAC(3)IV.

To further screen for the antiphage activity of the unmodified compound, the rRNA

methyltransferase KamB from the natural apramycin producer Streptoalloteichus tenebrarius

(formerly known as Streptomyces tenebrarius)was harnessed as alternative resistance mechanism

(Holmes et al., 1991; Tamura et al., 2008). This enzyme catalyzes the N1 methylation of the 16S

rRNA at position A1408 conferring resistance to the Streptomyces derived aminoglycosides

kanamycin, apramycin and tobramycin (Koscinski et al., 2007). Comparable to the results obtained

for acetylated apramycin, methylation of the target site almost completely abolished the

antibacterial effect of apramycin, but still allowed a strong inhibition of phage infection (Figure

10b). Altogether, acetylation appeared to neither impair nor be essential for the antiphage activity

of apramycin. At the same time, drug modification and target site modification prevented the

antibacterial mode of action, which is a further indication for the different target sites of this dual

functionality. However, whether such uncoupling of antiphage and antibacterial properties via

modification of the aminoglycoside scaffold can be generalized to other AMEs and aminoglycosides

as well, needs to be determined in future experiments.
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Figure 10: Aminoglycoside resistance mechanisms uncouple antibacterial and antiviral properties of
apramycin. a) Alderaan infection assays of the S. venezuelae ATCC 10712 wild type strain using in vitro
acetylated apramycin (Ac Apr, 10 g/ml). The acetylation reaction via acetyltransferase AAC(3)IV is shown
above (n = 3 independent biological replicates, adapted and modified from Kever et al. (2022)). b) Alderaan
infection assays of the apramycin resistant strain S. venezuelae NRRL B 65442 producing the 16S rRNA
methyltransferase KamB as resistance mechanism. Infection was performed in presence and absence of
10 g/ml apramycin (n = 3 independent biological replicates) (cf. chapter 4.2, Part B). A schematic illustration
of the methylation position A1408 in the A site of the 16S rRNA was adapted and modified from Wachino
and Arakawa (2012).

Spent medium from natural apramycin producer showed antiphage activity

Since aminoglycosides are naturally secreted small molecules, their antiphage activity could

potentially be relevant in natural settings as well. To take a first step towards answering this

question, culture supernatants (= spent media) of the natural apramycin producer S. tenebrarius

were collected at two different time points after inoculation and analysed for apramycin

production via liquid chromatography mass spectrometry (LC MS). When adding these spent

media to infection assays, a strong correlation between the antiphage effect and the contained

apramycin concentration was detected. This means that spent medium collected from natural

producer strains after apramycin production was able to mimic the antiphage effect of the pure

compound by completely preventing cell lysis and phage amplification, whereas apramycin free

spent medium showed no impact on phage infection (cf. chapter 3.2, Figure 3). Although the

production of further antiphage molecules by S. tenebrarius could not be ruled out at this stage,

these data already gave a first indication of a possible ecological relevance of chemical defense by

aminoglycosides, which will be further addressed in chapter 2.3.4. However, to finally determine
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whether the antiphage effect of the tested spent medium is mainly caused by apramycin, ongoing

studies are focusing on the antiphage activity of spent medium from S. tenebrariusmutants lacking

different genes of the biosynthetic pathway for apramycin production. In addition, this could shed

light on the biosynthetic step and thus on the chemical groups or structural features leading to an

antiphage activity, which is crucial to decipher the structure function relationship of

aminoglycosides.

Moreover, to address the physiological relevance of the antiphage effect of aminoglycosides, it

would be of special interest to directly study phage infection in a bacterial host capable of

aminoglycoside production. Therefore, current efforts are focusing on the isolation of

corresponding phages, which would allow us to examine whether phage infection even triggers

the production of these antiphage compounds.

2.3.3. Inactivation of infectious phage particles in the extracellular space

Dropping phage titer temporally coincides with re growth of mycelium

The characterization of several novel phage isolates in our group exposed that Streptomyces phage

infection appears to differ from prototypical infections in terms of phage titer development, which

piqued our interest with respect to a potential, further layer of Streptomyces phage defense (Hardy

et al., 2020). The observation of dropping phage titers during Streptomyces phage infection was

taken up in our recent study by focusing on the phage Alderaan infecting S. venezuelae as a model

system (Kever & Frunzke, 2022, to be submitted). To directly compare the development of

infectious extracellular phage titers at later stages of Streptomyces infection with the one of

unicellular growing bacteria, long term infection assays were performed for phage Alderaan

infecting S. venezuelae NRRL B 65442, phage CL31 infecting C. glutamicum MB001 and phage

infecting E. coli LE392. For all phage host pairs, the impact on bacterial growth strongly correlated

with the applied initial phage titer, resulting in a significant growth defect at a high phage pressure.

Consistent with the previous observations, accompanying quantification of phage titers revealed

an initial phage amplification and a subsequent drop in plaque forming units (PFU) for infection of

S. venezuelae with phage Alderaan (Hardy et al., 2020). This decline in titer started ~48 h after

infection and temporally coincided with the emergence and re growth of mycelium (Figure 11a

b), which appeared to be resistant towards re infection with the same phage (cf. chapter 4.3,

Figure S1a). Contrary to this, infection of C. glutamicumMB001 with CL31 and E. coli with phage

resulted in progressive phage amplification and a subsequent plateau in titer despite renewed

bacterial growth for an intermediate phage pressure (Figure 11a b).
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Figure 11: Emergence of phage resistant Streptomyces mycelium results in a decrease in extracellular
infectious phage particles. a) Growth curves of S. venezuelae NRRL B 65442 infected by Alderaan,
C. glutamicum MB001 infected by CL31 and E. coli LE392 infected by . Phage titers were calculated over
time via double agar overlays for infection with an intermediate phage pressure (see PFU/ml values in
brackets; grey bars) (n = 3 independent biological replicates). b) Representative double agar overlay assays
of three independent biological replicates (adapted from Kever and Frunzke (2022, to be submitted)).

To study this dropping titer during Streptomyces phage infection in more detail, we compared the

amount of plaque forming units counted on double agar overlay assays with total extracellular

phage DNA levels quantified via qPCR (Figure 12a). Calculating the percent decrease of remaining

phages (t = 72 h post infection) to the maximum titer reached (t = 8 h post infection) exposed a

stronger reduction in infectious phage particles than in phage DNA levels. This suggested that

dropping phage titers at later stages of infection were synergistically caused by a high proportion

of completely removed/degraded phages (~92 96% decrease in DNA levels) and an additional

proportion of inactivated/partially destroyed phages (>99.9% overall decrease in PFU/ml) (Figure

12b). However, it should be noted that this ratio might be biased by an unknown amount of non

encapsulated phage DNA deriving from lysed cells. In the following, the term ‘phage inactivation‘

refers to the overall decrease of infectious phage particles in the extracellular space.

To approach the molecular basis of this phage inactivation, several factors were considered that

might contribute to the decline in infectious phage particles: i) instability of phage particles due to

acidification of the culture supernatant, ii) production and secretion of antiphage metabolites or

proteins as well as iii) adsorption of phages to mycelial structures (Figure 12b).
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Figure 12: Synergistic effects on phage titer decline. a) Comparison of remaining Alderaan phages (t72/t8)
based on quantification of Alderaan genome equivalents via qPCR (biological replicates R1 R3 measured as
technical triplicates) and quantification of plaque forming units via double agar overlay assays. b) Schematic
illustration of different influencing factors possibly contributing to the observed decrease in extracellular
phage titers (adapted and modified from Kever and Frunzke (2022, to be submitted)).

Growth of S. venezuelae in complex medium can be accompanied by acidification of the medium,

reaching pH values of ~4.5 5.0. This is presumably due to secretion of organic acids, as it has been

described previously for S. venezuelae and other Streptomyces strains (Ahmed et al., 1984; Hobbs

et al., 1992; Madden & Ison, 1996). Accordingly, infectious extracellular phage titers were tracked

during incubation of phage Alderaan in medium adjusted to different pH values for 24 h. While a

high pH stability was observed for pH 5.0 9.0, incubation of phages at pH 4.0 led to a ~100 fold

reduction in infectious phage particles (cf. chapter 4.3, Figure S1e). Interestingly, during further

long term infection studies under buffered conditions, an earlier re growth of mycelium and a less

pronounced, but still distinct drop in infectious phage particles (~92%) could be detected (cf.

chapter 3.3, Figure 2c). However, whether this reduced drop is due to the eliminated influence of

medium acidification or rather due to downstream effects of buffered cultivation conditions, e.g.

an altered morphology or exo metabolome, needs to be addressed by future experiments.

Moreover, a possible effect of secreted metabolites and proteins on infectious phage particles was

investigated, even though S. venezuelae is, for instance, unable to produce aminoglycosides and

anthracyclines as the two main classes of antiphage metabolites currently known (Kever et al.,

2022; Kronheim et al., 2018). For that purpose, supernatants (= spent media) of uninfected

S. venezuelae cultures were harvested and filtrated at different time points after inoculation (8, 24

and 48 h). After subsequent incubation of phage Alderaan in these cell free spent media for 48 h,

infectious phage particles were quantified via double agar overlay assays. The highest impact on

the number of infectious phage particles was observed upon incubation in spent medium, which

was harvested after 24 h of Streptomyces cultivation in unbuffered conditions (pH 6.9), showing a

~60 73% reduction in infectious phage titers (cf. chapter 3.3, Figure 2d). In contrast, the number
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of infectious Alderaan particles stayed almost constant upon incubation with all other tested spent

media, overall hinting on the transient production of phage inactivating metabolites or proteins.

Moreover, examining plaque formation on double agar overlay assays containing increasing

chloramphenicol concentrations as a well known antibiotic produced by S. venezuelae (Vining &

Stuttard, 1995) revealed no impact on phage infectivity as well. However, it is important to

emphasize that this experimental setup used for studying the effect of spent medium did not

consider potential intracellular effects of small molecule production on phage amplification as well

as a phage triggered production of some antiphage metabolites or enzymes, which highlights the

need to include spent medium of infected cultures in follow up studies.

Mature mycelium showed enhanced phage tolerance

In addition to medium acidification and secretion of antiphage molecules, further efforts focused

on the impact of mycelial structures on the phage titer decline. Therefore, pre cultures of different

developmental stages of S. venezuelaemyceliumwere used for inoculation of infection assays. The

highest susceptibility towards Alderaan infection was observed for stationary pre cultures

comprising already a high amount of spore chains. Upon inoculation of a fresh culture, infection of

germinating spores led to a substantial growth defect and a significant increase in extracellular

phage titers already at an intermediate initial phage pressure of 107 PFU/ml. A comparable

outcome of phage infection was gained for young, vegetative mycelium deriving from pre cultures

in the early exponential growth phase. Contrary to this, infection of dense mycelium from mid

exponential pre cultures with 107 PFU/ml of Alderaan exposed no impact on bacterial growth and

even a decrease in extracellular phage titers over time (Figure 13a c). These data revealed that

mature and densely branched Streptomyces mycelium features a significantly reduced

susceptibility to phage infection. This could be due to several reasons. On the one hand, the phages

could adsorb directly to the mycelium, but productive infection is prevented. On the other hand,

shielding of phage receptors and thereby prevention of phage adsorption could lead to prolonged

retention of phages in the extracellular space, where phages are inactivated over time by secretion

of antiphage molecules or lowering of pH.

In the case of Streptomyces albus, a study of the 1980’s described the enhanced adsorption

capacity of actinophage Pal6 to mature mycelium compared to germinated spores. This effect also

led to a decline in extracellular phage titers over time (Rosner & Gutstein, 1981). Conversely,

adsorption studies with phage A7 infecting Streptomyces antibioticus revealed that phage

adsorption was restricted to germ tubes and not observed during incubation of phages with spores

or mycelium (Diaz et al., 1991). Further evidence for an influence of the developmental stage on
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phage susceptibility was recently described by Luthe et al. (2023a), who demonstrated a decrease

in plaque diameter up to a complete prevention of plaque formation by phage Alderaan with

increasing age of the surface grown mycelium used as bacterial lawn. Interestingly, a decrease in

extracellular phage density after initial amplification was also observed at later stages of

Streptomyces lividans infection with phage KC301 in soil microcosms, which was presumed to be

caused by a high adsorption rate of phages to vegetative mycelium of mature colonies (Burroughs

et al., 2000; Marsh & Wellington, 1992).

Figure 13: Influence of S. venezuelae developmental stage on phage susceptibility a) Infection curves of
S. venezuelae NRRL B 65442 infected by phage Alderaan (n = 3 independent biological replicates). Pre
cultures of different developmental stages were used to inoculate main cultures for conducting infection
assays (early exp.: 16 h pre cultivation, mid exp.: 20 h pre cultivation, stationary: 30 h pre cultivation). (b)
Microscopic analysis of S. venezuelae pre cultures (scale bar = 10 m, exposure time = 120ms). (c) Log10 fold
change of extracellular infectious phage particles based on plaque forming units quantified via double agar
overlay assays, which indicates the level of phage amplification for an initial phage pressure of 107 PFU/ml
over 24 h of infection (n = 3 independent biological replicates) (adapted from Kever and Frunzke (2022, to
be submitted)).

Inactivation of a non host phage coincides with the hyphae spore transition phase

To further analyse general abilities of mature mycelium to inactivate phages non specifically in the

extracellular space, titers of diverse non host phages (referring to phages unable to infect

S. venezuelae) with different morphotypes and host specificities were tracked during incubation

with S. venezuelae mycelium under buffered conditions in submerged cultures. Among overall

twelve tested phages, the C. glutamicum phage CL31 and the two E. coli phages T4 and MS2

exhibited a decrease in extracellular phage titers upon incubation with mycelium listed in

descending order. Using CL31 as a model phage for a time resolved quantification revealed a

simultaneous decline in infectious phage particles and extracellular phage DNA levels suggesting a
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complete removal of the phages from the extracellular space (Figure 14a). Interestingly, this

decline in phage titer coincided with the phase of hyphae spore transition, as indicated by the

concomitant microscopic analysis of mycelium (Figure 14b). Moreover, incubation of new CL31

particles in S. venezuelae spent medium harvested during the drop in CL31 titers had no effect on

phage infectivity giving a first indication that this decline was probably not caused by a CL31

triggered production of previously unknown antiphage metabolites or proteins in S. venezuelae.

As already explained in chapter 2.2.1, the developmental transition to spores is regulated by a

complex hierarchical network. The master regulator BldD represses key developmental genes,

amongst them bldN. Unfavorable conditions like nutrient starvation relieve repression by BldD and

initiate the morphological differentiation to spores (M. J. Bush et al., 2015). In surface grown

cultures, this transition includes the formation of aerial hyphae, which are coated by a hydrophobic

surface layer based on the BldN dependent transcription of rodlin and chaplin genes. Although the

growth of aerial mycelium is not relevant in submerged cultures, hyphae spore transition was

proven to be still accompanied by expression of rodlin and chaplin genes (Bibb et al., 2012). To

analyse the importance of this morphological differentiation for the phage titer decline, the

incubation assay was repeated with two developmentalmutant strains: i) S. venezuelae bldD::apr,

which is characterized by a hypersporulation phenotype forming premature spores from

vegetative mycelium (Tschowri et al., 2014) and ii) S. venezuelae bldN::apr, which can only grow

vegetatively and is lacking hydrophobic rodlin and chaplin proteins (Bibb et al., 2012). For both

mutant strains, incubation with CL31 led to a lower decline in phage titer in comparison to the wild

type strain (Figure 14c). Consistent with this, overexpression of bldN markedly accelerated the

reduction in CL31 particles, possibly due to higher expression levels of rodlin and chaplin genes (cf.

chapter 3.3, Figure 4e). Moreover, a substantially less pronounced reduction in CL31 titers was

observed for incubationwith S. coelicolor and S. olivaceus (Figure 14c). In contrast to S. venezuelae,

both strains were unable to form spores during the entire cultivation under the applied conditions,

which – at least for S. coelicolor – is already sufficiently described in literature (Glazebrook et al.,

1990; Manteca et al., 2008). In addition, incubation of CL31 with other bacteria dividing by binary

fission, namely E. coli, B. subtilis and P. putida, exhibited no decline in extracellular CL31 titers as

well (Figure 14c). Overall, this led to the assumption that hyphae spore transformation with a

switch from hydrophilic to hydrophobic surface properties may substantially contribute to

declining extracellular titers of the non host phage CL31, possibly by allowing adsorption of phage

particles to the mycelial surface via hydrophobic interactions. However, the levels of hydrophobic

sheath proteins actually produced under the applied conditions still needs to be determined. Apart

from that, a transient production of antiphage metabolites or proteases leading to phage
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inactivation cannot be definitively excluded by the single time point measurements conducted in

our studies.

The hydrophobic surface proteins of Streptomyces are functionally related to the hydrophobins of

filamentous growing fungi. These fungal hydrophobins have several functions like for instance

conferring hydrophobicity to aerial hyphae and allowing their attachment to hydrophobic surfaces

(Elliot & Talbot, 2004; Wösten, 2001). Assumed, that the decrease in CL31 titers upon incubation

with S. venezuelae mycelium could be attributed to hydrophobic interactions, incubation with

fungal mycelium might lead to a comparable phenotype. Just recently, Ghanem and colleagues

described such a hydrophobicity dependent phage retention by fungal mycelium in a microfluidic

chip platform (Ghanem et al., 2019). Unfortunately, our access to appropriate fungal strains was

limited to haploid, yeast like cells of Ustilago cynodontis, which revealed no effect on CL31 titers

(Figure 14c). It should be noted, that this basidiomycete is a dimorphic fungi, which just exhibit

filamentous, pathogenic growth upon fusion of two haploid cells with different mating types

(Bölker, 2001). As shown for Ustilago maydis, in these fungal strains hydrophobins appear to be

functionally substituted by small amphipathic peptides called repellents. Their production is

associated with filamentous growth and required for aerial hyphae formation (Teertstra et al.,

2006; Teertstra et al., 2009; Wösten et al., 1996). Accordingly, it is reasonable to assume that a

reduced or even lacking production of hydrophobicity mediating proteins during yeast like growth

of U. cynodontis could be an explanation for the lack of decline in CL31 titers. Apart from that,

several studies already described a certain influence of surface hydrophobicity on phage adhesion

to various solid materials like aluminum oxide coated sand or polypropylene (Attinti et al., 2010;

Dika et al., 2013; Farkas et al., 2015; Richter et al., 2021). Finally yet importantly, the phage T4,

which showed a strong reduction upon incubation with S. venezuelaemycelium as well, is referred

to as hydrophobic phage (Ghanem et al., 2019), whereas the degree of surface hydrophobicity of

the less affected phage MS2 is controversially described in the literature (Farkas et al., 2015;

Sautrey et al., 2018; Vodolazkaya et al., 2022). Altogether, this supported the hypothesis of a

potential influence of hydrophobic interactions on the phage titer decline.

However, attempts to visualize CL31 phages on the mycelial surface via scanning electron

microscopy (SEM) failed by now. Additionally, repeated efforts to detach phages from the mycelial

fraction were not yet successful as well, which may account for a high affinity, irreversible binding

of phages to hyphae or degradation of the phage particles by alternative mechanisms.
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Figure 14: Influence of Streptomyces mycelium on extracellular phage titers of the non host phage CL31. a)
Time resolved quantification of extracellular CL31 phage particles during incubation with S. venezuelaeNRRL
B 65442 mycelium via double agar overlay assays (PFU/ml, cyan bars, three biological replicates) and via
qPCR (CL31 genome equivalents, reddish dots, means of three biological replicates measured as technical
duplicates). The detection limit for double agar overlay assays is indicated by the dotted line; for qPCR,
measurement points minimally outside of the standards are marked by increased transparency (t9, t12, t18). b)
Microscopic images of S. venezuelae mycelium during declining CL31 titers at 6 h and 9 h post inoculation
(scale bar: 10 m, exposure time = 200 ms). The yellow arrow points to the first spore chains detected after
6 h of incubation. c) Reduction in extracellular infectious CL31 particles during cultivation with different
microorganism calculated via double agar overlay assays, shown as log10 fold change t18/t0. In case of
incubation with S. venezuelae wild type, one replicate showed a log10 fold change of ~ 4, while two out of
three replicates showed no more plaque formation after 18 h of incubation (log10 fold change not
determinable) (adapted and modified from Kever and Frunzke (2022, to be submitted)).

The interplay of many factors shapes Streptomycesmulticellular defense

Based on our current results, development of phage titers during infection of S. venezuelae with

phage Alderaan cannot be attributed to a single parameter, but may instead be conditioned by an

interplay of several factors likely influencing each other. So far, only a vague guess can be made on

how the different dissected parameters could contribute to the phage titer decline: The reduction

in extracellular infectious phage titers temporally correlates with the re growth of phage resistant

mycelium. One could envision, that phages are removed from the extracellular space via direct

adsorption to mycelium. Here, one could further discriminate between i) receptor specific

attachment without following phage amplification and ii) a rather unspecific entrapment in the

mycelial network, e.g. via interaction with the hydrophobic sheath proteins as suggested for the

non host phages (CL31, MS2, T4). However, the fact that a drop in phage titer after a successful

initial phage amplification was previously also observed during infection of S. coelicolor with its

host phages Dagobah, Endor1 and Endor2 (Hardy et al., 2020), but incubation of the non host

phage CL31 with S. coelicolor mycelium caused a comparatively low reduction in extracellular

phage titers might rather hint at two differentmechanisms of phage inactivation for host and non

host phages in presence of Streptomyces mycelium. Moreover, incubation of Alderaan particles

with S. venezuelae spentmedium of uninfected cultures harvested after 24 h of cultivation resulted
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in a reduction in infectious phage particles. This refers to a transient production and secretion of

phage inactivating metabolites or proteases, which might be even enhanced under infection

conditions. These antiphage molecules or proteins could either directly target phages in the

extracellular space or interfere with phage amplification on an intracellular level after successful

phage adsorption. Apart from that, Alderaan particles showed a high pH instability in acidic

conditions at pH < 5.0, which can be reached during Streptomyces growth. However, since a

substantial, but less pronounced reduction in infectious particles was observed even under

buffered conditions, an influence of medium acidification on declining phage titers cannot be

excluded, but might be rather minor. Another factor, which was not considered yet, is a potential

phage neutralization through binding to extracellular vesicles. These vesicles are released from

hyphal tips of S. venezuelae upon cell wall stress, but their extrusion in response to phage infection

was not investigated so far (Fröjd & Flärdh, 2019).

To further shed light on the molecular mechanism of dropping phage titers, a variety of different

experiments could be performed, some of which are listed below. First, visualization of a potential

phage attachment to mycelial structures could be re attempted by using fluorescently labeled

phages. Moreover, performing phage adsorptions assays with mycelium of the wild type and

respective developmental mutant strains in buffer would allow to analyse the impact of the current

developmental stage on phage adsorption. To further examine to involvement of hydrophobic

interactions, in vitro analysis of phage adhesion to purified rodlin and chaplin filaments might be a

useful experimental addition as well. Moreover, omics analysis of re grown mycelium might

provide further insights into the molecular basis of phage resistance, which could emerge through

cell surface alterations, e.g. shielding of phage receptors, or activation of further antiphage

defense systems. In this context, determining the composition of spent medium under infection

conditions and testing its effects on infection dynamics is crucial to elaborate on a potential release

of antiphage molecules.

Altogether, the current results emphasize an important impact of Streptomyces development on

phage susceptibility. Furthermore, we can deduce that Streptomyces has evolved a complex

antiphage defense with several components acting at the multicellular level that may provide a

community wide protection against phage predation – as further discussed in chapter 2.3.4.
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2.3.4. Community wide protection against phage infection

Our current knowledge of antiphage defense is very much dominated by systems that act at the

cellular level. Such mechanisms protect an individual bacterium from phage infection and hence

the surrounding community by preventing phage spread (cf. chapter 2.1.3).

However, in their natural environment, bacteria preferentially reside in complex, multispecies

microbial communities (Stubbendieck et al., 2016). Numerous studies already indicated that these

communities have also evolved various antiphage strategies, which are extracellularly available to

allow protection of multiple cells at the same time (Figure 15). For instance, bacterial biofilm

formation serves as an efficient protection against various abiotic and biotic environmental insults,

among them also bacteriophages. The antiphage defensemechanisms of biofilms are multifaceted

including shielding of susceptible bacteria by resistant cells, reducing phage amplification through

metabolically inactive cells, limiting phage diffusion and trapping phages in the self produced

polymer matrix as recently reviewed by Visnapuu et al. (2022). A matrix mediated protection

against T5 and T7 phage predation was exemplarily described for curli amyloid fibers as a

proteinaceous component of the E. coli biofilm matrix. These amyloid fibers allow a collective

antiphage defense by preventing phage diffusion as well as an individual cell protection by

entrapping phages in the cell surface covering fibers, hence inhibiting cell phage attachment

(Vidakovic et al., 2018). Though, curli trapped phages can remain infectious and kill biofilm

invading cells (Bond et al., 2021). Moreover, the release of outer membrane vesicles provides

another adsorption trap. Due to comparable surface structures as the bacterial cell, these vesicles

serve as cellular decoys and enable irreversible phage neutralization (Manning & Kuehn, 2011;

Reyes Robles et al., 2018). In addition, quorum sensing regulated activation of antiphage defense

systems via release of extracellular signaling molecules represents another mechanism of

multicellular protection against phage predation. Accumulation of these signaling molecules at

high cell densities can alter the gene expression profile on a population scale leading e.g. to the

downregulation of phage receptors (Høyland Kroghsbo et al., 2013; Tan et al., 2015), activation of

CRISPR Cas immunity (Høyland Kroghsbo et al., 2017; Patterson et al., 2016) or production of

phage inactivating proteases as it was shown for the haemagglutinin protease in Vibrio cholera

(Hoque et al., 2016). Besides extracellular signaling molecules, especially actinobacterial strains

like Streptomyces produce and secrete an impressive diversity of bioactive molecules, which can

be harnessed as chemical weapons in competitive or predatory microbial interactions (Donald et

al., 2022; Tyc et al., 2017). Their potential contribution to prokaryotic antiphage defense was just

recognized recently. Kronheim and colleagues discovered that Streptomyces derived

anthracyclines, namely doxorubicin and daunorubicin, exhibit a broad antiphage activity. These
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DNA intercalating agents were shown to block replication of various dsDNA phages. Accordingly,

their secretion could provide a chemical shield allowing protection against phage predation at the

community level (Kronheim et al., 2018).

With the description of the antiviral properties of aminoglycosides, this doctoral thesis provides a

further example for a chemical antiphage defense mechanism. Aminoglycoside antibiotics were

shown to inhibit phage infection in widely divergent bacterial hosts by blocking an early step of

phage life cycle. The fact, that aminoglycoside, but also anthracycline secretion by a natural

producer was sufficient to inhibit phage infection opens the door for discussing the ecological

significance of such chemical antiphage defense mechanisms, which was also outlined in our

recent review about phage inhibition via bacterial small molecules (Hardy et al., 2023).

Streptomyces as main producer of aminoglycosides predominantly lives in the soil, which is a highly

challenging environment in terms of microbial density and diversity (Fierer, 2017). In this context,

the dual functionality of aminoglycosides might provide an outstanding benefit. Their secretion

could create an antibacterial and antiviral microenvironment, which would allow producers as well

as resistant strains in the surrounding community to be chemically protected against various

phages and competing bacteria at the same time. However, most bacteria are naturally sensitive

to aminoglycosides. Here, the highmobility of genes coding for aminoglycoside modifying enzymes

(AME) might come into play, which increases the probability of acquiring resistance through

horizontal gene transfer from producer strains (Ramirez & Tolmasky, 2010). Assuming that a

decoupling of antibacterial and antiphage properties by aminoglycoside modification can be

generalized, acquisition of AMEs might allow neighboring cells to benefit from the antiphage

properties upon aminoglycoside uptake, without suffering from the antibacterial effect. Overall,

one could imagine a division of labor, where secretion of aminoglycosides as ‘public goods’ provide

protection from phages on a community level, while the producers themselves could in turn profit

from complementary tasks carried out by other members of the cooperating community (Smith &

Schuster, 2019; Zhang et al., 2016). Interestingly, sublethal aminoglycoside concentration were

just recently shown to be still sufficient to impair phage infection (Zuo et al., 2021), which –

dependent on the locally achieved concentration – potentially opens up the protective effect

against phages to aminoglycoside sensitive bacteria in the cooperating community as well. It could

be argued that the broad antiphage activitymay also favor the growth of non cooperating bacteria,

which would be controversial from a sociomicrobiological perspective. However, one could

envision that such social cheating could be limited by spatial structuring, e.g. biofilm formation,

that enables to set up a local pool of public goods (Hardy et al., 2023; Smith & Schuster, 2019).
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In addition to the antiviral properties of aminoglycosides, this doctoral thesis further examined the

phage inactivation in the extracellular space of Streptomyces populations, which was specifically

observed at later stages of infections. Such inactivation could especially be relevant on a

community level, where resistant or tolerant fractions might inactivate phages in the surroundings

to protect susceptible cells from viral predation. Related to that, we observed that mature

mycelium exhibits a transient tolerance towards phage infection, which was consistent with other

studies (Diaz et al., 1991; Rosner & Gutstein, 1981). Based on the present data, we hypothesize

that mycelial growth contributes to the observed decline in extracellular phage titers and thereby

to antiphage defense, possibly by allowing an efficient adsorption of phages from the environment

without producing phage progenies. A comparable scenario was proposed when studying phage

host interactions in Streptomyces using soil microcosms, which imitate natural conditions with the

physical separation of vegetative and aerial mycelium more properly than submerged cultures. By

showing a reduction of free phages in the soil with raising mycelial density, the authors suggested

that vegetative mycelium adsorbs the majority of phages, thereby protecting young, susceptible

hyphae from phage predation (Burroughs et al., 2000; Marsh &Wellington, 1992). Apart from that,

another study from our group recently pointed out that sensing of phage infection seems to trigger

the formation of aerial hyphae and spores in surface grown cultures leading to a transient phage

resistance. In this context, Streptomyces development was shown to be crucial for limiting phage

spread (Luthe et al., 2023a). Overall, it can be inferred that a cooperative behavior of mycelial

structures of different ages could contribute essentially to antiphage defense at the community

level, although the molecular basis of the increased phage tolerance of mature mycelium requires

further investigations.

Interestingly, phage inactivation in presence of Streptomyces mycelium was also detected for

specific non host phages, which could possibly open up this antiphage defense to some

interspecies communities as well. Under the assumption, that a reduced extracellular phage

density could, at least for non host phages, be attributed to interaction with the hydrophobic

sheath during hyphae spore transition (cf. chapter 2.3.3), it appears to be debatable towhat extent

this could contribute to community wide antiphage defense in the natural soil habitat. Susceptible

members of the community are likely located in the moist soil and hence spatially separated from

the hydrophobic aerial mycelium in surface grown cultures. This suggests that hydrophobic

mycelial surface structures have a limited ability to protect the surrounding community from

infection by adsorbing phages from the subsurface. A similar assumption was also made in a

previous study by Burroughs et al. (2000). Nonetheless, it can be hypothesized that aerial mycelium

could interferewith thewater based phage transport at thewater air interface by retaining phages
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via hydrophobic interactions and impacting the infiltration properties of the soil, which was already

discussed in a comparable manner for fungal mycelium (Ghanem et al., 2019; Ritz & Young, 2004).

Figure 15: Overview of multicellular antiphage defense strategies. 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 activation of antiphage defense
systems, iii) biofilm formation and trapping of phages via interaction with components of the extracellular
matrix, iv) production of antiphage molecules as chemical defense and v) cellular development allowing
emergence of transient phage tolerance. A modified version of this figure was after submission of this thesis
published in Luthe et al. (2023b).
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2.4. Conclusion and perspectives

The abundance of phages in almost all ecosystems leads to an ongoing arms race between bacteria

and phages (Hampton et al., 2020). Phages encode unique proteins that interfere with key cellular

processes to create favorable reproduction conditions (De Smet et al., 2017). With the description

of the gyrase inhibiting protein Gip encoded by the CGP3 prophage of C. glutamicum, this doctoral

thesis represents a further example of a host affecting protein, whose mechanistic elucidation

might open up new directions for antimicrobial drug design (Kever et al., 2021).

To counteract viral attacks, bacteria have evolved numerous antiphage defense mechanisms,

which collectively build up the bacterial immune system (Tal & Sorek, 2022). This doctoral thesis

provides novel insights into the contribution of bacterial secondary metabolite production and

multicellular development to the antiphage arsenal of Streptomyces, both having the potential for

a community wide antiphage defense. To provide the basis for studying phage host interactions,

we started with the characterization of five newly isolated Streptomyces phages preying on the

model species S. coelicolor and S. venezuelae (Hardy et al., 2020). Inspired by the striking

observation of enhanced secondary metabolite production at the infection interface and the

description of the antiviral properties of anthracyclines (Kronheim et al., 2018), we studied the

antiphage properties of another class of small molecules produced by Streptomyces, namely

aminoglycoside antibiotics (Kever et al., 2022). The interference of aminoglycosides with phage

infection could be narrowed down to an early step of phage life cycle between injection and

replication. Moreover, aminoglycoside mediated inhibition of phage infection could be

reproduced with culture supernatant of the natural producer, hinting on an ecological relevance

of the antiphage activity of aminoglycoside antibiotics, which was discussed in further detail in our

recent review article (Hardy et al., 2023). Although the underlyingmechanism of action for the two

main classes of currently known antiphage molecules – aminoglycoside and anthracyclines –

remains to be elucidated, these studies represent a cornerstone for further establishing chemical

defense as part of the bacterial immune system. The identification of further antiphage molecules

and their mechanism of action will expand our knowledge about this previously unappreciated

facet of bacterial immunity and may also fuel the discovery line for novel antiviral drugs with

important medical and biotechnological applications.

In addition to the role of aminoglycosides in antiphage defense, we examined the observation of

dropping infectious phage titers in the extracellular space of Streptomyces populations upon re

growing of mycelium with an emphasis on cellular development as a potential further layer of

antiphage defense. By showing the potential contribution of secreted antiphage molecules and
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proteins, medium acidification and mycelial growth to phage inactivation, we point to the

complexity of the multicellular antiphage defense employed by Streptomyces (Kever & Frunzke,

2022, to be submitted). Such phage inactivation could have its significance on a community level,

where phage tolerant mycelial structures could protect susceptible cells from viral predation. This

could be further analysed in future studies by deciphering the underlying mechanism of

inactivation and performing co cultivation experiments with tolerant and susceptible cells.

Currently, defense strategies against phages are primarily examined as isolated systems, but the

efficiency of antiphage defense depends rather on the interaction and complementation of

different systems acting at a cellular and multicellular level. The integration of these different lines

of defense into the bacterial immune system and their temporal coordination is an exciting aspect

for future studies, which could be addressed by spatiotemporal visualization of defense system

activity via reporter assays or transcriptomic profiling. Since it is already known that antibiotic

production is frequently linked to morphological differentiation (Bibb, 2005), it might be of

particular interest to investigate a possible connection between production of antiphage

metabolites and cellular development of phage tolerant phenotypes. One could imagine that

released antiphage compounds are not just used as chemical weapon against viral predation, but

may serve as a warning molecule for adjacent cells, which might trigger the emergence of phage

tolerance in the surrounding community.
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Table S1: List of the functional annotation of protein ORFs within phage genomes is available under

the following hyperlink: https://doi.org/10.3390/v12101065
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