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1 Summary 
 

Bacteriophages (phages) are viruses preying on bacteria and as such pose a major and ubiquitous 

threat to bacterial communities. To cope with viral challenges, bacteria have evolved a diversified 

arsenal of defense systems. However, this repertoire is known to rely predominantly on protein or 

RNA effectors. On the other hand, bacteria produce an extraordinary diversity of secondary 

metabolites, whose physiological function is often unknown. In this thesis, we explore the role of 

bacterial secondary metabolites in the defense against phage predation. To this end, we used as a 

model system Streptomyces, a prolific producer of secondary metabolites.  

First, we isolated and characterized both experimentally and bioinformatically a set of novel 

Streptomyces phages. Interestingly, phage infection in S. coelicolor triggered a phenotypic response in 

the form of coloured halos surrounding phage lysis zones. This observation triggered our interest in 

the study of these halos, which showed the release of the well-known secondary metabolites 

actinorhodin and undecylprodigiosin in reaction to phage infection. However, we could not 

demonstrate a protective effect of these compounds against phage predation, suggesting that 

actinorhodin and undecylprodigiosin are not direct inhibitors of phage infection. 

Lastly, we investigated the antiphage properties of aminoglycosides, a major antibiotics class naturally 

produced by Streptomyces. We showed that aminoglycosides—and in particular apramycin—provide 

strong protection against phages infecting widely divergent bacterial hosts. Furthermore, protection 

from phage infection could also be achieved using supernatants from a natural apramycin producer, 

highlighting the physiological significance of this inhibition. Testing the antiphage effect of 

supernatants of apramycin mutants further supported the key role of apramycin in this inhibitory 

effect on phage infection. These results suggest that aminoglycosides may offer protection against 

phage infection at the community level and shape bacterial communities in ways which were until 

now not appreciated. Remarkably, using acetylation of apramycin as a model, we could show that 

chemical decoration of apramycin leads to a loss of its antibacterial activity, but did not affect its 

antiphage action. These findings indicate a possible decoupling between the antibacterial and antiviral 

properties of aminoglycosides and underline the existence of different molecular targets responsible 

for this dual effect.  

Overall, this thesis provides insights into the connections between phage infection and secondary 

metabolism in bacteria. Further, it suggests that secondary metabolites may be important players of 

the antiviral immunity in bacteria, this role having been overlooked until now. 
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2 Scientific context and key results of this thesis 

2.1 Bacteriophages 

2.1.1 Bacteriophages and phage lifestyles 

Bacteriophages (or phages for short) are viruses that predate bacteria, bacteriophage meaning 

‘bacteria-eater’ in Greek. In most environments, direct counts typically show 10-times more phages 

than bacteria, which highlights their abundance (Hendrix, 2002). It is estimated that 1031 phage 

particles are found on Earth, making them the most abundant biological entities on our planet 

(Hendrix et al., 1999; Mushegian, 2020; Wommack and Colwell, 2000).  

Discovered independently by Frederick Twort and Félix d’Hérelle one century ago (D’Hérelle, 1917; 

Twort, 1915), phages were used in the 1920s and 1930s for their potential against bacterial infections. 

However, lacking evidence for their efficacy combined with the then unrivalled success of antibiotics 

led to a decline in the interest in phage therapy in Western countries (Salmond and Fineran, 2015). At 

the same time, fundamental research on phages focused on a few model phages infecting E. coli such 

as the T-series phages and phage λ, leading to a false impression that the intricacies of these viruses 

were mostly elucidated by the start of the 1970s (Keen, 2015). In contrast, the 2000s have seen a 

worldwide resurgence of interest in the study of phages, carried by the genomic era and fuller 

appreciation of the phage diversity (Ofir and Sorek, 2018; Salmond and Fineran, 2015). 

Phage classification was originally mainly based on virion morphology (tailed, polyhedral, filamentous 

or pleomorphic) and nucleic acid composition (either double- or single-stranded DNA or RNA) (Figure 

1).  More than 95% of the described phages belong to the Caudovirales order, comprising tailed and 

double-stranded DNA phages. Members of the Caudovirales order are further classified into three 

main families depending on their tail’s morphology: Myoviridae (contractile tail), Siphoviridae (long, 

flexible tail) and Podoviridae (short, stubby tail) (Ackermann, 2009). The advent of fast genome 

sequencing technologies has challenged this decades-old classification as it revealed substantial levels 

of horizontal gene transfer between phage genomes characterized by a striking mosaic structure 

(Tolstoy et al., 2018). The transition to a genome-based classification system has been initiated in the 

last years to fully appreciate diversity characterizing viral communities. Integration of molecular- and 

genomic-based approaches has led to an improved classification of phages into subfamilies and 

genera, and may lead to the classification of metagenome-based virus isolates in the future (De Smet 

et al., 2017; Turner et al., 2021). 
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Figure 1 | Phage taxonomy based on morphology and genome composition. For each taxonomical group, a 
representative type phage is shown in brackets (adapted from Ofir and Sorek, 2018). 

 

Like other viruses, phages are obligate intracellular parasites of the cells they infect and have diverse 

lifestyles, comprising the lytic and lysogenic cycles (Figure 2) as well as chronic infection. For lytic 

phages, production of viral progeny is carried out at the expense of the host bacterium, as the release 

of virions typically comes with the death of the infected cell. On the other hand, temperate phages 

are capable of a lytic cycle but can also form a stable association with their host, termed lysogeny. 

During lysogeny, the phage genome, termed prophage, is either integrated into the bacterial 

chromosome or stays in a free, plasmid-like (episomal) state. The prophage then replicates in concert 

with the host DNA, hence spreading in the bacterial population by vertical transmission, until the 

phage re-enters its lytic cycle at some point - a process named induction (Salmond and Fineran, 2015). 

Induction is usually due to DNA damage caused by extrinsic (UV radiation, DNA replication-targeting 

antibiotics, etc.) or intrinsic (stalled replication forks, etc.) factors. Induction can also happen in the 

absence of an external trigger, a phenomenon called spontaneous prophage induction. The complex 

switch from lysogeny to the lytic state has been thoroughly studied using the infection of Escherichia 

coli by model phage λ. Entry into either lytic or lysogenic cycle depends on the relative concentrations 

of mutually antagonistic proteins. Briefly, phage repressor proteins silence most of the phage genome, 

thus allowing establishment of lysogeny. Direct and indirect inactivation of these proteins then 

alleviates repression of the lytic promoters, resulting in the transition from lysogenic to lytic phase 

(Oppenheim et al., 2005). Importantly, sequencing of thousands of bacterial genomes has revealed a 
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high prevalence of prophage sequences; genomes harbouring more than a half-dozen prophages are 

not rare and prophages can amount to a staggering 20% of a bacterium’s genome (Casjens, 2003).   

 

 

Figure 2 | The virulent and lysogenic replication cycles of phages. Most phages are classified as lytic or 
temperate, depending on their lifestyle. A successful infection by lytic phage typically leads to cell death, 
whereas infection by a temperate phage can lead either to lysis or lysogeny, i.e., integration of the phage nucleic 
acid into the host bacterium's genome or formation of a circular replicon in the bacterial cytoplasm (adapted 
from Salmond and Fineran, 2015). 

 

In contrast to virulent and temperate phages described above, filamentous phages belonging to the 

class of inoviruses (Figure 1) cause chronic infections and are continuously secreted from the 

bacterium typically without causing host death (Clokie et al., 2011). Furthermore, alternative lifestyles 

have received increasing attention over recent years, which contributed to bring more complexity and 

nuance into our conception of phage replication strategies (Correa et al., 2021; Mäntynen et al., 2021). 

Next to the classical lytic-lysogenic dichotomy and chronic infection, other lifestyles have emerged as 

important features of phage biology. These include pseudolysogeny, where an unintegrated phage 

genome is arrested during its replication cycle and asymmetrically passed on to daughter cells, and 

carrier-state life cycle – a population-level phenomenon describing the coexistence of phage resistant 

and sensitive hosts in the same population (Mäntynen et al., 2021). 
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An important consequence of the lysogenic cycle is the following: as prophages are vertically passed 

on to daughter cells as they replicate, the residing phages temporarily deviate from a purely parasitic 

relationship with their hosts to a symbiotic one. Indeed, any improvement of bacterial fitness caused 

by the prophage, a process called lysogenic conversion, would favour the prophage dispersion as well 

(Bondy-Denomy and Davidson, 2014). Infamous instances of increased bacterial virulence caused by 

lysogenic conversion include the production of the diphtheria, cholera and shigellosis toxins from 

prophages (Parajuli et al., 2017; Wagner and Waldor, 2002; Waldor and Mekalanos, 1996).  Of 

particular importance from an epidemiological point of view: the mobility of phage-borne toxin genes 

makes them particularly concerning as it facilitates the emergence of novel pathogens. The beneficial 

effects of prophages on bacterial fitness are not limited to increased pathogenesis and comprise for 

example the inhibition of infection by closely related phages (superinfection exclusion) and the supply 

of prophage-encoded CRISPR-Cas systems (Bondy-Denomy and Davidson, 2014).  

 

2.1.2 Protein-based antiphage defense strategies 

In response to the constant predation threat exerted by bacteriophages, bacteria have evolved a wide 

range of defense mechanisms. The majority of currently known prokaryotic defense systems relies on 

a wide range of molecular mechanisms, but is mainly mediated by protein or RNA complexes acting 

at the cellular level (Hampton et al., 2020; Rostøl and Marraffini, 2019). Here, we aim at presenting 

the main protein-based antiphage defense strategies and highlight some of the most recent 

discoveries in this blooming field. 

Not surprisingly, bacterial immune systems hamper the different stages of the life cycle that phages 

need to complete in order to produce new progeny particles (Figure 3A). In response, phages have 

evolved a myriad of ways to overcome these protective mechanisms. In combination with 

considerable phage diversity, this molecular arms race has further fostered the diversification of 

bacterial antiviral strategies. 
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Figure 3 |Bacterial antiphage defense mechanisms. (A) The antiphage defense systems deployed by 

bacteria act at different steps of the phage lifecycle to disrupt productive infection. Defense systems 

referred to as abortive infection arrest the phage life cycle at various steps. Their action is showed by 

the dashed blue line. (B) Schematic of the three main steps of CRISPR–Cas immunity, comprising 

adaptation (stage 1), expression and maturation of crRNAs (stage 2), and interference (stage 3). 

crRNA: CRISPR RNA. (adapted and modified from Hampton et al., 2020) 
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2.1.2.1 Preventing phage adsorption and entry 

To infect their host, phages first have to recognize the bacterial cell and adsorb to the cell surface. This 

step represents a prime barrier against phage infection and the instances of ways used by bacteria to 

prevent phage binding and adsorption are plentiful. They include for example modifications, masking 

or loss or phage receptors and production of extracellular matrix that shield the receptors (Labrie et 

al., 2010).  

Importantly, alterations of the bacterial surface can lead to high fitness costs, which are sometimes 

not observable in a simple ‘one bacterium-one phage’ laboratory set-up. This notion was greatly 

exemplified by the finding that CRISPR-mediated phage resistance is favored over modifications of the 

phage receptor in complex microbial communities (Alseth et al., 2019). Indeed, using Pseudomonas 

aeruginosa as a model, authors showed that, while monocultures typically gained resistance through 

surface modifications, co-cultivation with other bacterial species amplified the fitness costs of surface 

resistance and tipped the balance in favour of the evolution of CRISPR-based resistance. 

2.1.2.2 Targeting phage nucleic acids: restriction-modification systems and CRISPR-

Cas immunity 

In case the infecting phage could successfully attach to its host cell and inject its genome, two 

additional defense systems can enter into play to destruct phage nucleic acids: restriction modification 

systems (RM systems) and CRISPR-Cas immunity (Hampton et al., 2020; Rostøl and Marraffini, 2019). 

They both rely on the sequence-specific detection and subsequent cleavage of the invading genetic 

material, but fundamentally differ in their underlying molecular mechanisms. As a so-called ‘innate 

immune system’, RM systems rely on the discrimination between host and foreign DNA based on 

different methylation patterns (Loenen et al., 2014). In contrast, CRISPR-Cas systems provide 

‘adaptive’ immunity through the generation of a ‘genomic record’ of past infections, which later serves 

as a basis for the elimination of a phage possessing the same or similar genome (Figure 3B) (Barrangou 

et al., 2007; Hille et al., 2018; Sorek et al., 2013). 

Although RM and CRISPR-Cas systems provide effective protection against phage-mediated lysis, they 

come with a substantial disadvantage, namely that the bacterial host cannot benefit from potentially 

valuable genes encoded by the invading phage. Conversely, xenogeneic silencing (XS) allows the 

integration of foreign genetic elements into the host regulatory networks, by using silencing proteins 

which repress the expression of alien DNA based on their lower GC-content (Gordon et al., 2010; 

Pfeifer et al., 2019; Singh et al., 2016). Although no direct involvement of XS in antiphage defense has 
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been demonstrated yet, XS could represent a valuable yet underestimated element in the bacterial 

antiphage arsenal (Pfeifer et al., 2016, 2019). 

2.1.2.3 ‘Dying for the greater good’: Abortive infection systems and toxin-antitoxin 

systems 

Unlike systems mentioned earlier, abortive infection (Abi) systems act primarily at the population level 

by triggering the death of phage-infected cells to prevent virion release and thus protect the rest of 

the bacterial community. 

Abi is defined based on a phenotype (‘altruistic’ programmed-cell death in reaction to phage infection) 

rather than genotypic criteria, which explains that a large diversity of mechanisms of action are 

gathered under this term (Lopatina et al., 2020). The precise cues triggering growth arrest or death 

are often poorly known, but comprise for example the formation of specific DNA-protein complexes, 

which, in the case of the E. coli model phage T4 activates an ion channel depolarizing the membrane 

(Parma et al., 1992; Wong et al., 2021, 2021). 

In contrast, toxin-antitoxin (TA) systems rely on a genetically well-identified TA pair, where the toxin 

activity is prevented by the corresponding cognate antitoxin module. Upon phage infection, 

expression levels of the antitoxin are lowered, releasing the catalytic activity of the toxin and leading 

to bacterial dormancy or death (Harms et al., 2018). The mechanisms of action mediating phage 

defense have been recently expanded, with for example ADP-ribosylation of phage DNA by the TarTG 

TA system preventing both replication and transcription of the phage genome (LeRoux et al., 2021). 

Similarly to other abortive infection mechanisms, the key information often missing is the way by 

which phage infection is sensed. 

2.1.2.4 A new world of antiphage mechanisms  

A feature shared among phages is that most of their genomes encodes genes of unknown function, 

so-called ‘dark viral matter’ (Hatfull, 2015; Krishnamurthy and Wang, 2017). Our limited knowledge 

about viral genomes has limited our understanding of the warfare between phages and their hosts. 

However, the recent years have seen a considerable expansion of the known antiphage arsenal, 

carried by large-scale bioinformatics screening combined with experimental validation (Doron et al., 

2018; Gao et al., 2020). These screenings were built upon the “guilty-by-association” approach, which 

hypothesizes that genes markedly enriched in the vicinity of known defense genes are probably also 

involved in antiphage defense. This discovery strategy confirmed the existence of genomic “defense 

islands”, where defense systems clustered in combinatorial arrangements which differed at the strain 
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level. Yet, the antiviral arsenal of a given strain should be seen as a dynamic and fluctuating ensemble, 

as bacteria are permanently engaged in the exchange of genes through horizontal gene transfer (HGT) 

with closely related strains. This view is summed up by the recently proposed notion of ‘pan-immune’ 

system of bacteria, making defense systems a community resource shared between closely related 

bacteria (Bernheim and Sorek, 2020). 

The discovery of new defense systems expanded the mechanisms known to be at play to protect 

bacteria against phage infection. For example, cyclic nucleotides emerged as a widespread signaling 

molecules that activate immune effectors leading to cell suicide (Cohen et al., 2019; Tal et al., 2021). 

Depletion of the essential molecule nicotinamide adenine dinucleotide NAD+ pools was also shown to 

be the endpoint of numerous new defense systems (Bernheim et al., 2021; Cohen et al., 2019; Ofir et 

al., 2021; Tal et al., 2021). Retrons are genetic elements composed of a non-coding RNA and reverse 

transcriptase, but their function remained mysterious since their discovery 40 years ago (Yee et al., 

1984). They were recently shown to protect from phage infection via abortive infection, by ‘guarding’ 

the antiphage RecBCD complex under standard conditions – this inhibition being lifted upon phage 

infection (Millman et al., 2020). 

Interestingly, the study of this new members of the prokaryotic antiviral repertoire revealed striking 

similarities with eukaryotic antiviral immune systems. Notable instances include the production of the 

same chain terminators by human viperins and their prokaryotic homologs (Bernheim et al., 2021), 

and the involvement of Toll/interleukin-1 receptor (TIR) domain into the Thoeris defense system 

(Doron et al., 2018; Ofir et al., 2021). TIR domains are a canonical component of animal and plant 

immune systems and, paralleling their action in eukaryotes, TIR domains determined the specificity of 

the immune response against phages too. These observations suggest that a previously 

underappreciated fraction of eukaryotic immunity evolved from prokaryotic antiphage defenses. 

 
 

2.2 Chemical defense against phage infection in Streptomyces 
 
Although defense systems presented above (cf. part 2.1.2) greatly differ in their molecular 

mechanisms, they all rely on protein or RNA complexes to provide protection against phage infection. 

On the other hand, small molecules produced by bacteria represent a facet of prokaryotic antiviral 

immunity which was until recently underappreciated. In this part, we present current knowledge 

about small molecule-based antiviral strategies in bacteria, with a focus on the genus Streptomyces. 
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2.2.1 Secondary metabolism in bacteria 

Metabolism is traditionally divided between primary and secondary metabolism. Primary metabolism 

gathers the synthesis of molecules required for normal growth and reproduction. Conversely, 

secondary metabolism (also called specialized metabolism) refers to the production of metabolites 

that are dispensable for growth and instead confer producer cells a specific fitness advantage in 

competitive, cooperative, or predatory interactions (Tyc et al., 2017; Williams et al., 1989). Secondary 

metabolites1 fulfil a wide range of functions, such as signalling or growth inhibition of bacterial 

competitors (Figure 4). 

Another important feature of secondary metabolites is their limited taxonomical distribution. While 

similar secondary metabolites can be produced by distantly related bacteria, a patchy distribution 

between closely related species is typical. At the genomic level, the biosynthetic gene clusters (BGCs) 

responsible for the synthesis of secondary metabolites are mainly found in the accessory genome, 

prone to be exchanged through horizontal gene transfer (HGT) (Kim et al., 2015; McDonald and Currie, 

2017; Wyka et al., 2020; Zhang et al., 2020a). 

 

 
 

                                                           
1 There is ongoing debate about whether ‘natural product’ can be used as interchangeable synonym of 
‘secondary metabolite’ or if this term should rather refer to all chemical compounds that are isolated from a 
living organism. In the following, we will consider natural products and secondary metabolites as equivalent 
and will not make a distinction between the two terms. 
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Figure 4 |Bacterial secondary metabolites play key ecological roles (modified from Tyc et al., 2017). 
 

Sustained advances in chemical analysis, genome sequencing and bioinformatic detection of BGCs 

continue to further advance our appreciation of the biochemical diversity characterizing secondary 

metabolites. Our understanding of the ecological roles of this metabolic wealth is comparatively 

lagging behind quite dramatically (Tyc et al., 2017). Elucidating the triggers for metabolite synthesis 

and their physiological function requires extensive screenings and in-depth study, explaining why this 

knowledge is often missing.  

 
 

2.2.2 Streptomyces, a gifted secondary metabolite producer 

The genus Streptomyces constitutes with more than 500 species the largest genus of known 

actinobacteria (Anderson and Wellington, 2001). Streptomyces are aerobic, Gram-positive bacteria, 

that typically thrive in soil and decaying vegetation but can be also found in marine environments and 

insect digestive tracts (Behie et al., 2017). At the genome level, Streptomyces possess large (between 

6 and 12 Mbp) and linear genomes that exhibit a high GC-content (on average about 72 mol% G + 

C)(Lee et al., 2020a).  
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More precisely, the origin of replication is usually situated at the center of the linear chromosome and 

terminal inverted repeat (TIR) sequences are located at each end. The “core” region of the 

chromosome contains essential genes involved in cell maintenance, including transcription, 

translation, and DNA replication (Bentley et al., 2002). In contrast, conditionally adaptive genes, that 

are not essential for vegetative growth, are typically located within the “arm” regions of the 

chromosome. Corroborating the non-essentiality of chromosome arms, these frequently undergo 

spontaneous deletions and rearrangements which can be massive (loss of up to 2.3 Mb in 

Streptomyces ambofaciens for example (Fischer et al., 1997)). This phenomenon was long known to 

happen under laboratory conditions, but the physiological relevance of this high degree of 

chromosomal instability remained unclear. Recently, Zhang and colleagues showed that, in 

Streptomyces coelicolor, genomic heterogeneity drives an increase in antibiotic production and 

diversity (Zhang et al., 2020b). Importantly, although deleterious mutations caused a loss of fitness of 

single cells, the fitness of colonies containing mixtures of mutants and their parents was unchanged. 

These mixed colonies showed stronger growth inhibition of bacterial competitors, due to the higher 

antibiotic production of mutants (Zhang et al., 2020b). This example illustrates how bacterial 

populations can benefit from a division of labour, with subpopulations of the same colony specializing 

to carry out complementary tasks (here, reproduction and antibiotic production). 

 

One prominent feature of Streptomyces is their diversified secondary metabolism. In some cases, the 

chemical diversity is even visible with the naked eye, with pigmented metabolites diffusing around 

colonies or forming coloured droplets at their surface (Thompson et al., 2002) (Figure 5). The advent 

of large-scale and affordable sequencing technologies confirmed these observations by revealing that 

Streptomyces typically encode between 20 and 30 BGCs per genome (Lee et al., 2020a). 

This extensive chemical repertoire has been harnessed for use in agricultural and therapeutical 

settings, as secondary metabolites produced by Streptomyces have demonstrated anticancer, 

antifungal, and antibacterial activities (Hopwood, 2007). In fact, two thirds of clinically used antibiotics 

of microbiological origin are derived from Streptomyces, highlighting the significant impact that this 

genus has on human health (Bibb, 2013; Keiser et al., 2000). 
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Figure 5 | Production of pigmented secondary metabolites by Streptomyces. (A) Typical colony 
morphologies of Streptomyces species isolated from the soil. Colonies often secrete coloured 
pigments, which provides a visual illustration of secondary metabolite biosynthesis (adapted from 
Thompson et al., 2018). (B) Stereomicroscopic image of a colony of Streptomyces coelicolor showing 
droplets of actinorhodin (unpublished, picture taken by Max Hünnefeld and Larissa Kever, 2020). 
 
One major limitation to fully harness the chemical potential of Streptomyces is the cryptic nature of 

most of these BGCs, as these clusters are generally not expressed under standard laboratory 

conditions. A focus of the recent years has been to develop ways to activate these cryptic clusters. 

Genetic engineering and in-depth chemical analysis represent the two pillars of this approach. The 

genetic toolbox used to awaken Streptomyces silent BGCs is diverse but relies traditionally on the 

heterologous expression of candidate clusters and the overexpression or deletion of transcription 

factors (Manteca and Yagüe, 2019; Nguyen et al., 2020). More recently, use of CRISPR interference 

(Ameruoso et al., 2021) or truncated xenogeneic silencers (Gehrke et al., 2019) emerged as promising 

ways to turn on cryptic pathways. Besides genetic engineering, microbial interactions have been 

increasingly recognized as a powerful strategy to stimulate BGCs (Netzker et al., 2018), but viral 

predation by phages was until now not recognized as an elicitor of secondary metabolism in bacteria. 

 
The second key feature of Streptomyces is their development cycle. Contrary to most studied bacteria, 

which divide by binary fission, Streptomyces follow instead a complex life cycle organized around 

spore formation (Figure 6) (Elliot et al., 2008; McCormick and Flärdh, 2012). Spores first germinate 

and form a network of multinucleated cells, called vegetative mycelium. Upon certain cues such as 

nutrient depletion, the vegetative mycelium serves as a basis for the coordinated erection of the so-

called aerial mycelium. Finally, aerial filaments differentiate into chains of unigenomic spores, which, 

once released, can start a new cycle. 

Importantly, morphological and chemical differentiation are tightly connected in time and space in 

streptomycetes, the release of secondary metabolites typically coinciding with a specific 

developmental stage (Keiser et al., 2000). For instance, geosmins are volatile compounds conserved 



Scientific context and key results of this thesis 

14 
 

across Streptomyces which are released during sporulation and attract springtails, which would in turn 

increase dissemination of Streptomyces spores (Becher et al., 2020). 

 

 
 
Figure 6 | Classical life cycle of Streptomyces. Streptomyces typically follows a fungus-like growth 
developmental cycle divided in the four following main steps: germination of a spore, growth of a 
vegetative mycelium, formation of aerial mycelium and finally sporulation (adapted and modified 
from Urem et al., 2016). 
 
 
The canonical life cycle described above has been known for more than 70 years and was thought to 

be the only mode of development accessible to Streptomyces. Recently, Jones and colleagues 

challenged this view and described an alternative life cycle, termed exploration (Jones et al., 2017). 

Explorer cells grow as non-branching vegetative hyphae and rapidly traverse both biotic and abiotic 

surfaces. Entry into exploration mode is triggered by low glucose levels or nearby growth of fungi. 

Remarkably, the exploratory behaviour can be communicated by exploring cells to other physically 

separated streptomycetes via the release of volatile organic compounds (Jones and Elliot, 2017; Jones 

et al., 2017). 

 

2.2.3 Phages of Streptomyces 

Phages represent a constant and ubiquitous threat to bacterial populations, and Streptomyces make 

no exception to this rule. Historically, the study of Streptomyces phages was first motivated to prevent 

viral outbreaks within industrial-scale cultures of Streptomyces griseus, the natural producer of the 

first antitubercular antibiotic streptomycin (Alexander and McCoy, 1956; Gilmour et al., 1959). The 
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1970–1980s saw an acceleration of the description of Streptomyces phages but most of them were 

not sequenced later (Anne et al., 1984; Donadio et al., 1986; Dowding, 1973). The phage phiC31 

represents a notable exception to this trend. PhiC31’s integration system served to establish crucial 

genetic tools for Streptomyces before its complete genome was sequenced in 1999 (Lomovskaya et 

al., 1972; Smith et al., 1999, 2013). More generally, the intense research on Streptomyces phages in 

the last quarter of the twentieth century focused on deriving genetic tools (primarily cloning vectors) 

for the study of Streptomyces and dedicated surprisingly little attention to the interactions between 

these phages and their hosts (Bibb et al., 1983; Hopwood et al., 1973; Piret and Chater, 1985). 

Likewise, the phages R4, SV1, VP5 were the subject of numerous studies mostly in the light of their 

transduction abilities, but the latter was not sequenced (Burke et al., 2001; Lomovskaya et al., 1980). 

In recent years, isolation and sequencing of Streptomyces phages have undergone sustained 

acceleration, carried notably by the Science Education Alliance-Phage Hunters Advancing Genomics 

and Evolutionary Science (SEA-PHAGES) program in the USA (Jordan et al., 2014). However, these 

phages are in their majority not comprehensively characterized and not readily available for the 

community. 

Facing the lack of Streptomyces phages being both experimentally and genomically well-characterized, 

we isolated and described five novel Streptomyces phages (named Alderaan, Coruscant, Dagobah, 

Endor1 and Endor2) (Hardy et al., 2020).  

The first step in the characterization process consists in describing the morphology of the plaques 

formed on a bacterial lawn by these five phages as well as the morphology of the phage particles 

themselves. Infection assays on plates revealed different plaques morphologies, with plaques formed 

by Coruscant and Dagobah being smaller than the ones of Alderaan, Endor1 and Endor2 (Figure 7A). 

More interestingly, we noticed that coloured halos appeared around plaques formed by the three 

S. coelicolor phages (Figure 7B). This observation suggested that pigmented metabolites were 

released in reaction to phage infection and could be involved in chemical defense against phages (cf. 

part 2.2.4). 

Concerning the particle morphology, transmission electron microscopy revealed that all five phages 

have long tails and icosahedral capsids and were hence classified as siphophages.  

Another important part of the experimental characterization consisted in determining the infection 

dynamics in liquid cultures. Alderaan displayed strong lysing abilities with correspondingly strong 

phage amplification, while infection was moderate for the other phages. Effective and robust phage 

amplification in liquid medium facilitates the monitoring of infection, making Alderaan an interesting 

candidate for future studies. 
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Figure 7 | Plaque morphology of five newly described Streptomyces phages. (A) Plaque morphologies 
of the five phages obtained from a standard double agar overlay. Streptomyces venezuelae ATCC10712 
was infected with the phages Alderaan and Coruscant, while S. coelicolor M145 was the host used for 
the phages Dagobah, Endor1 and Endor2. (B) Stereomicroscopic close-ups of the plaques formed by 
the three S. coelicolor phages (adapted and modified from Hardy et al., 2020). 
 

The second half of the characterization, which is at least as important as the in vitro part, involves the 

in silico description of the newly isolated phages. The main parts of the bioinformatical workflow are 

the following: genome sequencing (using short-read technology), genome assembly and annotation, 

followed by phylogenetic analyses. 

The five phages showed diverse genomic features, with genome sizes and GC content ranging from 39 

to 133kb and from 48 to 69%, respectively (Table 1). Likewise, the type of genomic ends and predicted 

lifestyle differed between the phages. Determination of whole-genome sequence relationship showed 

that four of them proved to be closely related to already known phages and fell in the clusters defined 

by the Actinobacteriophage Database (PhagesDB; https://phagesdb.org), namely the clusters BC, BE 

and BD for Alderaan, Coruscant and the Endor1/Endor2 pair, respectively. In contrast, the phage 

Dagobah had no known homologs, which highlights the still largely untapped nature of viral diversity. 

Although the phage Coruscant showed close relatedness to already known Streptomyces phages, this 

phage presents peculiar and interesting genomic features. While phages typically have lower GC 

contents than their host, Coruscant’s GC content is markedly lower than the one of its host 

Streptomyces venezuelae (72.1%), suggesting that it infected lower-GC hosts in its recent evolutionary 

past (Pope et al., 2014). Additionally, Coruscant also encodes 41 copies of tRNA genes, covering 19 of 

the 20 standard amino acids. The rationale for this broad tRNA gene repertoire is unclear, but it could 
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be used to optimize gene expression in hosts that have differing codon usage patterns or counteract 

the degradation of phage tRNAs by the host (Pope et al., 2014).  

The long direct terminal repeats (DTR) of Coruscant and its closely related phages represent another 

intriguing peculiarity. With their size of 12kb, they are the longest found in actinobacteriophages to 

date (Hughes et al., 2018).  The higher GC content of these regions (54.4%) compared to the rest of 

the genome (47.0%) suggests that they were acquired from a phage or bacteria that possessed a 

distinctively GC-rich genome (Sharma et al., 2021). Alternatively, the elevated GC content of DTRs 

could play a role in the selective recombination of these regions, necessary for the circularization of 

the injected phage genome. 

 

Table 1 | Basic genome features of the five newly described Streptomyces phages. DTR: direct 
terminal repeats (adapted and modified from Hardy et al., 2020). 

Phage 
name 

Reference host  Genome 
size (kb) 

GC content 
(%) 

Genome 
termini class 

Lifestyle 
prediction 

Alderaan Streptomyces 
venezuelae 

39 72.1 Headful (pac) Virulent 

Coruscant Streptomyces 
venezuelae 

133 (12kb 
DTR) 

48.4 DTR (long) Virulent 

Dagobah Streptomyces 
coelicolor 

47 kb (1kb 
DTR) 

68.9 DTR (short) Temperate 

Endor1 Streptomyces 
coelicolor 

49 65.8 Headful (pac) Temperate 

Endor2 Streptomyces 
coelicolor 

48 65.1 Headful (pac) Temperate 

 

This set of well-characterized five phages can serve in the future as a basis to address questions 

concerning the biology of Streptomyces phages, which is a prospect perhaps more important than the 

initial characterization itself. In particular, an area worthy of investigation is the study of the 

interconnections between development and phage infection. 

The first outstanding question which has not been properly answered yet is how does the 

developmental stage of Streptomyces influence phage infection. It is commonly stated that production 

of new phage progeny requires actively growing cells (Marsh and Wellington, 1994; Wang et al., 1996), 

but this principle was built based on the study of bacteria dividing by binary fission and does not 

necessarily apply to bacteria with atypical developmental cycles like Streptomyces. Investigating one 

phage of Streptomyces albus, phage adsorption was shown to differ depending on the stage of 

development of Streptomyces (Rosner and Gustein, 1980). In this instance, phage adsorption was 

found to be maximal with mature mycelium, yet more work is needed to refine these observations 

and extend these investigations to more phages and hosts. 
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Another understudied aspect of phage infection, which is especially interesting with Streptomyces, 

concerns the late time points. When describing the five novel Streptomyces phages we isolated, we 

observed that, after an initial increase, phage titers declined strongly (Hardy et al., 2020). This 

infection kinetics differ from prototypical infections in liquid medium, which show a progressive 

collapse of the bacterial culture with antiparallel increase in phage titers. Cells randomly resistant to 

the phages can then emerge and are usually responsible for the late regrowth of the infected cultures, 

but phage titers are generally not determined at these later time points. The fact that the titer drop 

we observed was found with all five phages indicated a rather conserved phenomenon. At this point, 

we can only speculate as to the underlying molecular mechanisms at play. Yet, one reasonable 

hypothesis could be that Streptomyces traps phage particles in cellular structures not permissive to 

phage amplification, e.g. cellular debris resulting from the previous rounds of infection. This would 

cause a drop in infective phages present extracellularly and in turn allow Streptomyces regrowth. 

The third and last element of the connections between phage infection and development concerns 

the use of sporulation as antiphage strategy. We observed that, in particular for the phages Alderaan 

and Dagobah, a whitish ring formed around plaques and lysis zones after several days of incubation 

(Figure 8). These rings correspond to the formation of aerial hyphae followed by sporulation, 

suggesting that phage infection triggered premature sporulation of the surrounding mycelium. 

Further work conducted by Tom Luthe confirmed that sporulation at the infection interface seemed a 

strategy employed by Streptomyces to contain viral outbreaks (Luthe and Frunzke, unpublished work). 

It is not clear yet how sporulation could help protect from phage infection. However, considering that 

spores show decreased sensitivity to phages, the formation of a ‘wall’ of spores at the infection front 

could deprive phages from permissive hosts required for propagation. 

Interestingly, increased sporulation in reaction to phage infection was also seen in explorer cells of 

S. venezuelae infected with Alderaan, suggesting that this response is an important feature of the 

antiphage response in Streptomyces (Figure 8).  
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Figure 8 | Phage infection triggers sporulation in Streptomyces. (A) Lysis zone and single plaques 
formed by the phage Dagobah on S. coelicolor M145. (B) Impact of phage infection on explorer cells. 
S. venezuelae ATCC10712 was grown for 3 days on medium lacking glucose to trigger exploration. At 
timepoint t=0, the phage Alderaan was deposited on the upper left part of the agglomerate of 
exploring cells, which was further imaged for 72 hours by stereomicroscopy. 
 
Ultimately, we hope that this set of five phages may serve as a basis for future studies to better 

understand phage-host interactions in Streptomyces. We made the five phages available to the 

community by depositing them in the German Collection of Microorganisms and Cell Cultures (DSMZ). 
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The isolation and characterization efforts continued (Table 1 in the Appendix 4.1) to increase diversity 

of our phage collection, allowing for exciting questions to be tackled with increased power in the 

future. 

 

 

2.2.4 Phage-induced natural product synthesis in Streptomyces 

Our observation of pigmented halos around S. coelicolor plaques (cf. 2.2.3 Phages of Streptomyces 

and Figure 7) suggested that Streptomyces releases secondary metabolites in reaction to phage 

infection. We were interested to identify these molecules and the role they play in relation to phage 

predation. To address these questions, we focused on S. coelicolor and the three phages infecting this 

species that we described earlier (Hardy et al., 2020). 

Streptomyces coelicolor is amongst the best-studied representatives of the genus Streptomyces. Since 

its first description in the 1950s, it has become a workhorse for genetical studies and a model system 

for development and antibiotic synthesis (Hoskisson and van Wezel, 2019). Its genome was the first 

Streptomyces genome to be sequenced at the dawn of the 2000s (Bentley et al., 2002). Combined with 

later genome mining and BGC prediction, it unravelled a rich chemical repertoire, with almost 30 

chromosomally-encoded BGCs (Craney et al., 2013) (Figure 9). However, S. coelicolor is said to produce 

only four secondary metabolites under standard laboratory conditions (Bednarz et al., 2019; Mast and 

Stegmann, 2019): coelimycin, a calcium-dependent antibiotic, actinorhodin and undecylprodigiosin. 

Actinorhodin and undecylprodigiosin are in fact responsible for the name of this species: ‘coelicolor’ 

means in Latin ‘colours of the sky’, actinorhodin and undecylprodigiosin being traditionally described 

as ‘blue’ and ‘red’ compounds, respectively (Hopwood, 2006). The ease of gauging the production of 

actinorhodin and undecylprodigiosin by visual inspection significantly contributed to establish this 

species as model Streptomyces species, as it facilitated genetic studies of the clusters encoding these 

two molecules (Chater, 1999). As for their chemical nature, actinorhodin is a 

benzoisochromanequinone dimer belonging to the polyketide class, while undecylprodigiosin is a 

tripyrrole alkaloid pertaining to the broader family of prodiginines. One prominent chemical feature 

of actinorhodin is the pH-responsiveness of its pigmentation (it is red at acidic pH and blue at basic 

pH) (Bystrykh et al., 1996). 
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Figure 9 | Secondary metabolites encoded by Streptomyces coelicolor M145. Secondary metabolites 
are presented in relation to their chromosomal location. The left and right arms are highlighted in 
green and red, respectively. The core chromosome region is shown in black. Secondary metabolites 
without structures are depicted as white ticks on the genome while those with structures are in black. 
Secondary metabolites produced under standard laboratory conditions are underlined (adapted and 
modified from Craney et al., 2013). 
 

 

Despite being well-studied secondary metabolites of S. coelicolor, the physiological role of 

actinorhodin and undecylprodigiosin remains unclear. Actinorhodin was shown to have pH-sensitive 

bacteriostatic activity against several Gram positive bacteria (Mak and Nodwell, 2017). In 

Staphylococcus aureus, actinorhodin causes oxidative damage of multiple cellular targets, including 

components of the DNA, proteins and cell envelope (Mak and Nodwell, 2017). Co-cultivation of 

S. coelicolor with the predatory bacterium Myxococcus xanthus further revealed that iron competition 

triggered actinorhodin biosynthesis (Lee et al., 2020b). Taken together with the chemical potential 

displayed by actinorhodin to bind iron with its close ketone and hydroxyl groups, this suggests that 

actinorhodin could act as an iron chelator. However, the biological significance of these potential 

chelating functions remains ambiguous. 

In a similar fashion, the biosynthesis and regulation of undecylprodigiosin in S. coelicolor was the 

subject of numerous studies, but the actual role of this molecule in S. coelicolor’s physiology received 

attention only recently. Interestingly, Tenconi and colleagues revealed the involvement of 

undecylprodigiosin in the programmed cell death process of S. coelicolor (Tenconi et al., 2018, 2020). 

Undecylprodigiosin is synthesized before the onset of aerial hyphae formation and through its toxic 
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effect amplifies cell death in the vegetative mycelium, releasing nutrients necessary for the erection 

of aerial hyphae. Strong autotoxicity and coordinated regulation are features reminiscent of abortive 

infection systems (cf. 2.1.2.3), which hence raises interest for the study of undecylprodigiosin 

production upon phage infection. Outside the prokaryotic world, a number of prodiginines have 

shown potential antitumor drugs and have entered clinical trials (Williamson et al., 2007). The lead 

molecule prodigiosin possesses topoisomerase-inhibiting activity by intercalating in the minor groove 

of the DNA double helix (Montaner et al., 2005), and can cause cleavage of double-stranded DNA 

(dsDNA) in the presence of copper (Williamson et al., 2007). 

 

The halos surrounding Dagobah’s plaques were typically blue while those formed around plaques of 

Endor1 and Endor2 were reddish, suggesting actinorhodin and undecylprodigiosin as prime suspects 

(Figure 7). To further confirm this phenotypic reaction to phage infection, we performed ‘soft-agar 

free assays’ where bacteria and phages are spotted together on solid medium (Figure 10). Here too, 

phage infection caused a diffusible dark blue pigment to appear, which was not visible with the 

uninfected bacteria. 

 

 

Figure 10 | Phenotypic response to phage infection in S. coelicolor. Overnight cultures of S. coelicolor 
WT (M145) were spotted together with a dilution series of phages so that droplets fused with each 
other. The plates used were either of GYM (left) or CTT (right) medium. Plates were imaged after 4 
days of incubation. 
 

 

To identify and evaluate quantitatively the metabolites released in reaction to phage infection, we 

analyzed by LC-MS pieces of agar taken at the border of lysis zones. Actinorhodin itself was not 
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detected—which is not uncommon with the extraction protocol and LC-MS device that we used—but 

actinorhodin-related compounds could be measured. Surprisingly, most actinorhodin derivatives were 

found to be more abundant in the uninfected controls than in the phage-infected samples (Appendix 

4.1, Table 2), with the exception of deshydroxy-actinorhodic acid which was enriched in the Dagobah 

and Endor2 samples. The phage-infected samples contain a substantial zone where cells were lysed 

by phage infection and hence could not produce actinorhodin (and other secondary metabolites). This 

fact could explain why absolute amounts of actinorhodin derivates are higher in the uninfected lawn 

than in the zones centred on the border of phage lysis zones. Alternatively, issues at the extraction or 

measurement stages could also explain this unexpected lower abundance of actinorhodin-related 

pigments in the phage samples compared to the controls. 

Next, we examined the relative abundance of undecylprodigiosin. We could not detect 

undecylprodigiosin and related molecules (streptarubin) in any of the M145 samples, possibly because 

of the sampling time (3 days post-infection). In contrast, when applying the same procedure to an 

actinorhodin mutant (Gomez‐Escribano and Bibb, 2011), one of the most enriched metabolite in the 

phage-infected samples compared to the control was undecylprodigiosin, with a 25-fold change 

(Appendix 4.1, Table 3). These data show an increased release of undecylprodigiosin in reaction to 

phage infection in a S. coelicolor mutant deficient for the production of actinorhodin. 

 

Owing to the limitations of LC-MS performed with plate samples, we performed LC-MS this time on 

liquid cultures and focused on the phage Endor2. Comparison of the phage-infected culture 

supernatants with the control ones showed precocious and more intense production of 

undecylprodigiosin, and to a lesser extent of actinorhodin (Figure 11).  
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Figure 11 | Phage infection enhances release of actinorhodin and undecylprodigiosin. Extracted ion 
chromatograms of actinorhodin (top) and undecylprodigiosin (bottom), after analysis with liquid 
chromatography-mass spectrometry (LC-MS) of cultures of S. coelicolor M145 either uninfected or 
infected with Endor2. The expected retention time of the respective ions is shown as an orange band 
(courtesy of Silke Probst (ETH Zürich, Switzerland) and Larissa Kever). 
 
 
Given that actinorhodin and undecylprodigiosin are released in reaction to phage infection, we sought 

to determine whether these two molecules would protect S. coelicolor against phage infection. To test 

this hypothesis, we assessed the sensitivity to phage infection of single deletion mutants as well of a 

double mutant for both BGCs (Gomez‐Escribano and Bibb, 2011; Tenconi et al., 2018). However, 

mutants showed no difference in sensitivity and course of phage infection, both on plates and in liquid 

infection assays. 

We then reasoned that the difference in chronology of the release of secondary metabolites and 

phage infection could explain this observation. Indeed, one can imagine that the release of 

actinorhodin and undecylprodigiosin occurs with a significant delay, after phages have already 

completed several replication cycles and lysed a significant fraction of the culture. To account for this 

difference in timelines, we grew wild-type S. coelicolor, actinorhodin and undecylprodigiosin deletion 

mutants and harvested the filtered culture supernatants (hereafter called ‘spent medium’). We 

challenged S. coelicolor with phages in presence of varying amounts of spent medium, but, here too, 

we did not observe differences in infection between cultures supplemented with the spent medium 

of the wild type and of the mutants. Altogether, these data suggest that actinorhodin and 

undecylprodigiosin do not provide direct protection against phage infection. 

To assess whether cell death in general and not phage infection per se would trigger production of 

actinorhodin and undecylprodigiosin, we checked the effect of different antibiotics on S. coelicolor.  

Out of the antibiotics tested, only the aminoglycoside kanamycin caused growth inhibition of 

S. coelicolor, and the surrounding bacterial lawn showed reddish halos. Ammonia fume assays 
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supported the presence of actinorhodin in these halos, indicating that actinorhodin may be a stress-

induced molecule rather than an antiphage agent. In accordance with this hypothesis, secretion of 

actinorhodin was also observed in reaction to predation by myxococcus (Lee et al., 2020b; Pérez et 

al., 2011). Actinorhodin could therefore act as a signalling molecule to warn neighbours of incoming 

danger, on top of serving as an antibiotic against certain Gram-positive competitors (Mak and 

Nodwell, 2017). 

Future investigations about this topic will include two main experiments. The first experiment consists 

in using reporter strains to better appreciate the spatiotemporal release of actinorhodin and 

undecylprodigiosin in reaction to phage infection. It relies on the plasmid-based expression of 

fluorescent proteins placed under the control of the promoters of central transcriptional activators of 

the actinorhodin and undecylprodigiosin pathways ActII-ORF4 and RedZ, respectively. This approach 

was already used recently with pure cultures of S. coelicolor and cultures grown next to the soil-

dwelling actinomycete Amycolatopsis (Zacharia et al., 2021). Use of such reporter system would 

provide us with more precise insights in the orchestration of the activation of the biosynthetic clusters 

in response to phage infection. 

The second experiment is a competition assay between the wildtype and actinorhodin or 

undecylprodigiosin mutants under phage pressure. Indeed, the fitness disadvantage of the mutants 

when challenged with phages – if there is any—may not manifest in pure cultures but may be observed 

under co-culture conditions. Tracking of the wild type and the mutants will be possible by tagging the 

different strains with constitutively expressed fluorescent proteins. These competition experiments 

could be performed in a mixed, liquid environment, but the results would be even more interesting 

when performed in a spatially structured environment, e.g. plates. If actinorhodin or 

undecylprodigiosin help in any way to respond to and contain phage infection, we can expect an 

enrichment of wild-type cells at the border of plaques.  

 

Phage-induced natural product synthesis in Streptomyces is presumably not limited to actinorhodin 

and undecylprodigiosin. As a result, we expanded our inquiry to other secondary metabolites, the 

results of these investigations being reported in greater detail in the Appendix (4.1 Supplementary 

Information to “2.2.4 Phage-induced natural product synthesis in Streptomyces”).  

Under low-iron conditions, S. coelicolor synthesizes various desferrioxamines, which are hydroxamate 

siderophores used to gather iron (Barona-Gómez et al., 2004; Schupp et al., 1988). The main 

desferrioxamines produced by S. coelicolor are desferrioxamines B and E, whose synthesis is directed 

by the desA-D operon. Exploiting the LC-MS dataset generated to assess production of actinorhodin 

and undecylprodigiosin in phage-infected plates (cf. above), we examined desferrioxamine abundance 
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in the different samples.  While no major difference was found between the control and the phage-

infected samples concerning the abundance of desferrioxamine B and E, the Dagobah samples showed 

strongly elevated (20- to 50-fold increase in comparison to the control) levels of metabolites identified 

as desferrioxamine derivatives. Interestingly, these desferrioxamine versions where not were either 

not found or found at much lower intensity in the samples infected by the phages Endor1 and Endor2, 

suggesting a specificity of the bacterial response to phage infection. 

To further our investigations about the relationship between phage infection and desferrioxamines, 

we used a S. coelicolor mutant carrying a defective desD gene and hence deficient for the production 

of desferrioxamine B and E (Barona-Gómez et al., 2004). Interestingly, when using standard medium 

(GYM medium), the phage Dagobah did not form plaques on the desferrioxmaine-deficient mutant 

(Appendix 4.1, Figure 1A). The plaques formed by Endor1 and Endor2, although comparable in 

numbers, were more turbid and substantially smaller. When plated on a different medium (CTT 

medium), the plaque counts of Dagobah obtained with the desferrioxamine mutant were however 

comparable to those of the WT, which indicates some medium specificity (Appendix 4.1, Figure 1B). 

Next, we examined the effect of supplementation with exogenous desferrioxamine B on phage 

infection of the desferrioxamine mutant. Addition of increasing amounts of desferrioxamine B did not 

impact the plaque count and phenotype (Appendix 4.1, Figure 1C). Similarly, supplementation of 

either ferric or ferrous iron showed only minor effects on plaque morphology and counts (Appendix 

4.1, Figure 2). These results could be explained by the fact the concentrations reached of 

desferrioxamine B or iron were not sufficient, or that other desferrioxamine derivates are needed to 

rescue the phenotype. Increased release of desferrioxamines following phage infection could also be 

a strategy for Streptomyces to scavenge iron released from neighbouring lysed cells. 

 

We also performed some preliminary and exploratory work about phage-triggered natural product 

synthesis in S. venezuelae. In ‘soft-agar free assays’ performed with our two S. venezuelae phages, 

brown halos diffused from phage-infected colonies, suggesting the release of melanin in reaction to 

phage infection (Appendix 4.1, Figure 3). Furthermore, MALDI-Imaging was applied to colonies of 

phage-infected S. venezuelae. MALDI-Imaging consists in the use of matrix-assisted laser desorption 

ionization (MALDI) on a solid sample while conserving the spatial structure of the sample. So far, use 

of this technique revealed metabolites which were strongly enriched in the phage-infected colonies 

compared to the controls (Appendix 4.1, Figure 4). Although the step of metabolite identification 

represents the major bottleneck of this approach, MALDI-Imaging is a promising strategy which could 

illuminate the response to phage infection at the metabolite level. 
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2.2.5 Aminoglycosides, antibacterial but also antiviral molecules  

2.2.5.1 Introduction 

Aminoglycosides are a class of bactericidal antibiotics with a broad spectrum of activity and active 

especially against Gram-negative bacteria (Krause et al., 2016). When using aminoglycoside resistant 

strains, we noticed that addition of apramycin caused a strong reduction in phage propagation. 

Prompted by this initial serendipitous observation, we sought to investigate the antiphage properties 

of aminoglycosides using the modern tools at our disposal. We were particularly interested in 

examining them through the prism of bacterial communities in nature. 

As their name suggests, aminoglycosides are pseudosaccharides decorated with ammonium groups, 

and most of them share a 2-deoxystreptamine ring (Busscher et al., 2005). They can be subdivided in 

different subclasses depending on the presence of such 2-deoxystreptamine ring and the moieties 

attached to it (Figure 12). Most aminoglycosides are naturally occurring substances and are readily 

obtained from actinomycetes of the genus Streptomyces (named with the suffix “-mycin”) and to a 

lesser extent Micromonospora (named with the suffix “-micin”)(Busscher et al., 2005). From a 

historical perspective, the first aminoglycoside to be isolated was streptomycin in 1944. This 

represented a major breakthrough in the history of medicine, since it was the first antibiotic active 

against Mycobacterium tuberculosis (Kresge et al., 2004; Serio et al., 2018; Woodruff, 2014).  
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Figure 12 | Chemical structures of exemplary members of the four aminoglycoside subclasses.  
Aminoglycosides are classified in four groups depending on the presence of a 2-deoxystreptamine ring 
(highlighted in bold) and the number and the position of the substitutions. In the case of streptomycin, 
the highlighted ring is not 2-deoxystreptamine, but instead a streptidine ring (adapted and modified 
from Serio et al., 2021). 
 

Despite variations of mechanism of action between individual aminoglycosides, the antibacterial 

activity of aminoglycosides overall relies on the targeting of the 30S subunit of ribosomes, and the 

resulting interference with translation (Mingeot-Leclercq et al., 1999). More precisely, 

aminoglycosides bind the 16S rRNA at the level of the A-site of the ribosome. The altered 

conformation of the 16S rRNA  can in turn block the initiation of protein synthesis, prevent further 

elongation and cause premature termination, or trigger the incorporation of incorrect amino acids 

(Krause et al., 2016). The mistranslated proteins may be inserted into the cell membrane, leading to 

altered permeability, disruption of the membrane potential and ultimately, cell death (Bruni and Kralj, 

2020). 

Widespread clinical use of aminoglycosides was quickly followed by the emergence of resistance. 

Similarly to other antibiotics, the main aminoglycoside resistance strategies are the following: 

decreased intracellular concentrations through reduced uptake or expression of efflux pumps, 

modification of the target (mutations of the rRNA or ribosomal proteins) and enzymatic inactivation 
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of the antibiotic itself by so-called aminoglycoside modifying enzymes (AMEs) (Figure 13). This last 

resistance mechanism is the most widespread, and AMEs are subdivided in three subclasses, 

depending on the chemical modification they apply to their aminoglycoside substrate: aminoglycoside 

N-acetyltransferases (AACs), aminoglycoside O-nucleotidyltransferases (ANTs) and aminoglycoside O-

phosphotransferases (APHs)(Garneau-Tsodikova and Labby, 2016). The chemically modified 

aminoglycosides have reduced binding affinity to ribosomes, explaining the high-level of resistance 

conferred by AMEs. AMEs are typically plasmid-encoded and are highly mobile between members of 

the same species but also among a large variety of bacterial species. The dissemination of resistance 

phenotypes enabled by AMEs is especially problematic in pathogenic bacteria, as it contributes to the 

emergence of multidrug resistant bacteria (Mingeot-Leclercq et al., 1999). Alteration of the ribosomal 

binding sites represents another major mechanism of resistance to aminoglycosides. Mutations in the 

genes encoding the 16S rRNA are relatively rare, as modifications in this vital cellular machinery often 

have lethal consequences. In contrast, modification of the aminoglycoside binding site by 16S rRNA 

methyltransferases (RMTases) is commonly found in actinomycetes naturally producing 

aminoglycosides. Contrary to AMEs which usually show high substrate specificity, RMTases protect 

aminoglycoside producers against the various aminoglycosides and their intermediates they produce 

(Garneau-Tsodikova and Labby, 2016). Here again, RMTases can be mobilized to other bacterial 

species, most commonly by uptake of a plasmid containing the RMTase gene. 

 

 

Figure 13 | Resistance mechanisms to aminoglycosides in bacteria.  AMEs: aminoglycoside-modifying 
enzymes (adapted and modified from Garneau-Tsodikovaa and Labby, 2016) 
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Soon after industrial scale-cultures of Streptomyces griseus were set to produce large amounts of 

streptomycin, phage outbreaks occurred and caused major concern for the production of 

streptomycin. These hurdles spurred efforts to look for ways to prevent phage infection, and large 

screening efforts were undertaken to find compounds able to block phage infection in actinomycetes 

(Asheshov et al., 1954; Schatz and Jones, 1947). Ironically, streptomycin itself proved to effectively 

inhibit infection by diverse phages—dsDNA phages as well as a RNA phage (Brock, 1962; Brock et al., 

1963). However, the high concentrations of streptomycin used in these studies may have precipitated 

the viral particles. The mechanism of action also remains disputed, with different models proposed to 

explain the blockage of phage infection imposed by streptomycin (Brock and Wooley, 1963; Brock et 

al., 1963, 1965). Since the 1970s, study of the antiphage properties of aminoglycosides have fallen 

into oblivion, with the notable exception of a recent report of the inhibition of Mycobacterium 

tuberculosis phages by kanamycin and hygromycin (Jiang et al., 2020).  

 

2.2.5.2 Aminoglycosides are potent inhibitors of phage infection in diverse hosts 

The first step of our study consisted in constructing bacterial resistant hosts carrying plasmid-borne 

AMEs (Kever et al., 2021). While wild-type hosts sensitive to aminoglycosides suffice for exploratory 

screenings, in-depth analysis of the impact of aminoglycosides on phage infection is greatly facilitated 

by the use of resistant hosts. Indeed, the broad antibacterial activity of aminoglycosides would cause 

strong growth defect of wild-type hosts, interfering with the investigation of their antiviral effect. 

Unless otherwise stated, all bacterial hosts we used in the following experiments carried genomically-

integrated resistance cassettes for the corresponding aminoglycosides. 

The bacterial hosts included in the screening comprise three actinobacterial species (S. venezuelae, 

S. coelicolor and Corynebacterium glutamicum) and the Gram-negative model Escherichia coli. All the 

actinophages we used belong to the siphophage type, but the E. coli phages showed greated diversity, 

with siphophages, podophages, myophages as well as filamentous and RNA phages. The 

aminoglycosides tested were the following: hygromycin, apramycin, spectinomycin, streptomycin and 

kanamycin. In this screening, only siphophages showed inhibition by aminoglycosides, and this 

inhibition revealed aminoglycoside-, phage- and host-specificity, with for example all three phages 

infecting S. coelicolor showing no sensitivity to any aminoglycosides (Figure 14A). The two phage-host 

pairs showing the strongest inhibition were Alderaan and S. venezuelae as well as λ infecting E. coli. 

Both pairs showed a strong inhibition of plaque formation by apramycin (Figure 14B), and this effect 

was the most consistent among the tested aminoglycosides. As a result, we chose to focus on 

apramycin for future studies. 
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Figure 14 | Aminoglycosides inhibit phages infecting widely divergent bacterial hosts.  (A) Results of 
the screening, showing the log10-fold change in plaque counts compared to the aminoglycoside-free 
control. ‘no lysis’ and ‘no lawn’ refer to the absence of plaques and lysis zones caused by 
aminoglycosides, and to the very poor growth of bacterial lawn, respectively. (B) Exemplary pictures 
of infection assays performed with the phages λ and Alderaan. no AB: no antibiotic. (C) Infection 
curves of Streptomyces venezuelae infected with the phage Alderaan in the absence and presence of 
apramycin. 
 

Next, we assessed if apramycin would inhibit phage infection in liquid medium too. Infection 

performed in microtiter plates showed that apramycin concentration as low as 10 µg/ml was sufficient 

to completely inhibit the propagation of the phage Alderaan (Figure 14C), and comparable results 

were obtained with the phage λ. Performing infection of S. venezuelae with Alderaan in a microfluidic 

system allowed the visualisation of the protective effect of apramycin: in absence of apramycin the 

mycelium was quickly lysed whereas the mycelium cultivated in presence of apramycin grew 

unaffected by the phages. Interestingly, magnesium chloride was found to counteract the inhibition 

of phage infection exerted by aminoglycosides. The explanation of this phenomenon is not clear, but 

may involve decreased uptake of aminoglycosides because of competition of the magnesium ions with 

aminoglycosides for their binding sites at the cell surface (Hancock et al., 1981). The removal of 

inhibition of phage infection caused by magnesium was already observed with streptomycin (Brock 

and Wooley, 1963). 

 

2.2.5.3 Aminoglycosides block an early step of the phage lifecycle, between genome 

injection and replication 

After showing the strong antiphage properties of apramycin, we sought to determine the underlying 

mechanism of action, in other words which step of the phage lifecycle is inhibited by apramycin. 

The first step of the phage lifecycle is the adsorption of phage particles and subsequent injection of 

the phage genome inside the cytoplasm. In S. venezuelae, adsorption assays showed no difference in 

the evolution of adsorbed phages over time when performed in absence or presence of apramycin. 

Further infection assays including a washing step performed 15 min after phage addition indicated 

that apramycin does not prevent irreversible adsorption of phage particles but rather a later stage of 

the phage lifecycle. In Gram-negative bacteria, so-called potassium efflux assays use the increase of 

extracellular potassium concentrations following phage addition as a proxy for successful genome 

injection. When performing such potassium efflux assays with E. coli and λ, we did not observe an 

impact of apramycin, suggesting that in E. coli the injection step of the λ genome is not significantly 

affected by aminoglycosides. 
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To gain further insights in the influence of apramycin on the phage lifecycle, we followed intracellular 

amounts of Alderaan DNA over several infection cycles by quantitative PCR (qPCR). In absence of 

apramycin, amounts of intracellular phage DNA increased exponentially over time. In contrast, the 

apramycin-treated cultures showed a very weak increase in phage intracellular phage DNA followed 

by a progressive decline, the ratios phage/bacterial DNA quickly passing below the detection limit. 

Next, we employed phage targeting direct-geneFISH to visualize intracellular phage DNA during 

infection. This technique is derived from fluorescence in situ hybridization (FISH) and relies on 

fluorescently labelled oligonucleotides designed to specifically anneal to the phage genome. In E. coli, 

phage targeting direct-geneFISH showed that infection with λ performed in presence of apramycin led 

to the apparition of foci in cells, but these foci did not progress to the intense and diffuse intracellular 

signals associated to genome replication and instead disappeared over time. When infecting 

S. venezuelae with Alderaan, very weak intracellular phage signal was visible in the apramycin-treated 

samples throughout the course of infection. This diverging result with λ can be due to a sensitivity not 

allowing the detection of single phage genomes or to degradation of the injected phage genome 

before the first sampling point in the case of Streptomyces. Alternatively, we cannot exclude that in 

S. venezuelae apramycin interferes with the injection process of Alderaan. Altogether, these 

experiments indicate that the blockage imposed by apramycin occurs at an early step of the phage 

lifecycle, between injection and replication of the phage genome.  The mechanism of action of 

aminoglycosides could differ between bacterial hosts. It is possible that in the case of S. venezuelae, 

some additional interference exists at the injection step. 

As a last part of the investigation about the mechanism of action, we checked the impact of apramycin 

on transcription of phage DNA. To this end, we sequenced intracellular RNAs at 2 time-points post-

infection of S. venezuelae with Alderaan. While phage transcripts showed a strong build-up in the 

controls indicating ongoing transcription, barely any phage transcript could be detected in the infected 

cultures supplemented with apramycin. These data suggest a blockage of the phage lifecycle prior to 

phage DNA replication and transcription. 

 

2.2.5.4 Spent medium from an apramycin natural producer prevents phage infection 

In all experiments presented until this point, the inhibition of phage replication we observed was 

obtained using pure aminoglycosides purchased from chemical suppliers. We asked ourselves 

whether we could achieve a comparable inhibition using this time culture supernatants from natural 

aminoglycoside producers, which would support the physiological significance of the antiviral 

properties of aminoglycosides. In nature, apramycin is readily produced by Streptoalloteichus 
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tenebrarius (formerly known as Streptomyces tenebrarius)(Tamura et al., 2008). We cultivated 

S. tenebrarius and harvested the filtered supernatants of the cultures—referred to as ‘spent medium’. 

When supplemented to cultures of S. venezuelae, spent medium from S. tenebrarius prevented the 

lysis of the cultures caused by Alderaan (Figure 15A and 15B). Analysis of the spent medium by LC-MS 

confirmed the presence of significant amounts of apramycin (>10 µg/ml) (Figure 15C). It further 

established a temporal correlation between the presence of apramycin and protective effect of the 

supernatant, i.e., the spent medium harvested before the onset of apramycin production did not 

prevent phage amplification, while older spent medium containing apramycin did.  

 

 

Figure 15 | Spent medium from a natural apramycin producer inhibit phage infection. (A) Infection 
curves for S. venezuelae ATCC10712 infected with the phage Alderaan, supplemented with 20% of 
spent medium (SM) of Streptoalloteichus tenebrarius (B) Determination of the final phage titers of the 
infected cultures shown in (A). (C) Extracted ion chromatogram of the spent medium (SM) of 
S. tenebrarius assessing by LC-MS the concentration of apramycin (m/z 540.28). (D) Simplified 
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biosynthetic pathway showing the synthesis of apramycin from lividamine (adapted from Lv et al., 
2016 and Zhang et al., 2021). (E) Infection curves obtained by infecting S. venezuelae with the phage 
Alderaan in presence of 10% spent medium (SM) of different S. tenebrarius mutants defective for 
apramycin biosnythesis. 
 
 
To further ascertain the role of apramycin as main antiphage molecule of the S. tenebrarius spent 

medium, we took advantage of S. tenebrarius mutants having deletions in different enzymes of the 

apramycin biosynthetic pathway (Figure 15D). Out of the three mutants tested, two (∆aprQ and 

∆aprP) had the apramycin biosynthesis blocked at the pseudo- and trisaccharide stage, respectively 

(Lv et al., 2016; Zhang et al., 2021). In the last mutant (∆aprZ), the very last step leading to the 

formation of mature apramycin was lacking, leading to the extracellular accumulation of 5-O-

phosphorylated apramycin (Zhang et al., 2021). Interestingly, the supernatants from the ∆aprQ and 

∆aprP mutants did not protect S. venezuelae anymore against phage infection, suggesting that 

apramycin gained its antiviral properties after these biosynthesis stages (Figure 15E). In contrast, the 

supernatants from the ∆aprZ mutant caused an inhibition of phage infection which was comparable 

to the one obtained with wild-type S. tenebrarius. These data hint that the phosphoryl group carried 

by 5-O-phosphorylated apramycin does not interfere with its antiviral properties, despite being used 

by S. tenebrarius to temporarily inactivates apramycin’s antibacterial activity and hence avoid auto-

toxicity (Zhang et al., 2021). S. tenebrarius produces several aminoglycosides, including the well-

known tobramycin (Kharel et al., 2004), and the biosynthesis pathways share common portions. Yet, 

to our knowledge, the deletion of aprP should have not affected the biosynthesis of other related 

aminoglycosides. These experiments performed with the S. tenebrarius apramycin mutants bring 

therefore further support in favour of apramycin being the main molecule responsible for the 

antiphage effect of the S. tenebrarius supernatants. 

One outstanding question which remains at the moment mostly unanswered concerns the stage of 

the apramycin biosynthesis at which the antiviral activity emerges. To this end, additional apramycin 

mutants should be included and in-depth analysis via LC-MS of the culture supernatant should be 

performed to confirm the expected consequences of the mutations (i.e., missing product and 

accumulating substrate) and rule out pleiotropic effects. Such investigations could allow to trace the 

antiviral properties of the supernatants down to one or few molecules. Ideally, the different 

apramycin intermediates could be purified before testing their individual impact on phage infection. 
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2.2.5.5 Acetylated apramycin strongly inhibits phage infection, despite the loss of its 

antibacterial properties 

As described earlier, chemical decoration of aminoglycoside by AMEs causes the loss of their 

antibacterial activity. We were interested in determining the impact of such modifications on the 

antiviral properties of aminoglycosides. To this end, we used AAC(3)IV, a well-known  AME inactivating 

apramycin by adding an acetyl moiety to the 3-amino group of apramycin’s 2-deoxystreptamine ring 

(Magalhaes and Blanchard, 2005). Using purified AAC(3)IV enzyme, we generated in vitro acetylated 

apramycin. After checking the efficiency of the reaction by LC-MS, we tested the impact of this 

acetylated apramycin on phage infection, this time using S. venezuelae wild-type (not carrying any 

resistance gene to aminoglycosides). Not surprisingly, addition of acetylated apramycin did not alter 

growth of S. venezuelae wild type, since the acetylation of apramycin prevented its binding to bacterial 

ribosomes. In contrast, acetylated apramycin still fully inhibited phage amplification, to levels similar 

with those of unacetylated apramycin in apramycin-resistant S. venezuelae. These findings suggest 

that acetylation of apramycin abolish its antibacterial, but not antiphage activity. Further, they support 

the assumption that this dual effect of apramycin is rooted in the existence of distinct molecular 

targets. As a consequence, we can envision a possible decoupling between the antiviral and 

antibacterial action of aminoglycosides, the loss of one of them not impacting the other one. 

 

AMEs are prime resistance mechanisms to aminoglycosides, but are by far not the only means used 

by bacteria to withstand the action of aminoglycosides. An exciting research direction concerns the 

impact of the bacterial resistance mechanism to aminoglycosides on the inhibition of phage infection 

by these molecules. Here, the resistant hosts we used were all constructed using AMEs for the 

respective aminoglycosides. Resistance conferred by 16S rRNA methyltransferases is especially 

interesting as it leaves untouched the aminoglycosides and enables the study of the antiphage effect 

of the original, unmodified aminoglycoside.  

Assuming that aminoglycosides exert their antiphage action intracellularly, we can speculate that use 

of efflux pumps as resistance to aminoglycosides would not lead to inhibition of phage infection by 

aminoglycosides. Accordingly, this resistance strategy potentially comes with a trade-off, as resistance 

to aminoglycosides would come at the cost of the loss of their protective effect against phages. 

Interestingly, very few pumps have been reported to confer complete resistance to aminoglycosides 

(Krause et al., 2016), which is not surprising considering the disruption of cell membrane caused by 

aminoglycosides (Bruni and Kralj, 2020). 

Further, studying the effect of aminoglycosides on phages infecting aminoglycoside producers 

themselves would significantly advance our understanding of the antiviral role of aminoglycosides in 
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natural environments. In the work reported here, phage inhibition by aminoglycosides was 

demonstrated only in non-aminoglycoside producers, and the question of the physiological relevance 

of this inhibition has to be kept in mind. Until now, our repeated phage isolation efforts using 

S. tenebrarius as an isolation host proved unsuccessful. The two most probably explanations include 

the actual inhibition of phage infection by the aminoglycosides produced by S. tenebrarius during 

cultivation and a low abundance of S. tenebrarius-infecting phages in our samples. Phage isolation was 

not significantly facilitated by the use of apramycin mutants instead of the wild-type S. tenebrarius, 

which supports the second hypothesis. Once phages infecting S. tenebrarius are obtained, a 

particularly interesting question would be whether phage infection triggers the synthesis of 

aminoglycosides with antiviral properties, which could be verified by analysing phage-infected 

cultures over time with LC-MS. 

  

2.2.6 Antiphage defense at the community level mediated by small molecules 

Aminoglycosides are secreted by producer cells and can be taken up by neighbouring bacteria, which 

raises the question of antiphage defense at the community level. In this context, aminoglycosides 

could act as ‘public goods’ not only keeping bacterial competitors at bay but also conferring protection 

against phages to the community (Figure 16). Aminoglycosides being able to block phage infection in 

both Gram-negative and Gram-positive hosts, this broad spectrum of antiviral activity could create a 

local antiviral milieu favouring growth of aminoglycoside producers and other resistant bacteria. The 

dual antibacterial and antiviral activities of aminoglycosides make the acquisition of resistance by 

neighbouring bacteria —e.g. through HGT of AMEs from producers— even more profitable. Indeed, 

recipient cells would not be affected by the antibacterial effect of aminoglycosides and at the same 

time benefit from their antiviral properties. Contemplating these questions highlights the importance 

of local concentrations and community architecture. In soil environments, bacteria are typically 

organized in complex and spatially structured biofilms, allowing the build-up of metabolites and 

signalling molecules concentrations locally (Flemming and Wingender, 2010). Given that most natural 

biofilms are formed by diverse bacterial species (Yang et al., 2011), the dual properties of 

aminoglycosides probably shape significantly bacterial communities comprising aminoglycoside 

producers, in ways we can only speculate about at the moment. 
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Figure 16 | Schematical illustration of the dual properties of aminoglycosides.  Aminoglycosides are 
secreted by Streptomyces in the environment and can kill sensitive bacteria in the vicinity as well as 
protect resistant cells from phage infection. 

 

In this work, we used hosts engineered for resistance to aminoglycosides in order to study the antiviral 

properties of aminoglycosides. However, how the combination of different stresses can influence 

evolutionary strategies of resistance towards phages and aminoglycosides is currently unknown. 

Considering a bacterium initially sensitive to aminoglycosides and a phage which is sensitive to 

aminoglycosides, we can imagine different scenarios, that could be tested in an adaptive laboratory 

evolution experiment followed by sequencing of resistant clones (Figure 17). In presence of 

aminoglycosides alone, bacterial cells could develop resistance by limiting the intracellular 

concentrations of the antibiotic through decrease uptake or active efflux. Challenge with phages 

would probably select for cells whose receptor for this phage is either modified or lost, as this is the 

most commonly found mechanism of resistance to phage infection in vitro. Lastly, we speculate that 

simultaneous pressure from aminoglycosides and phages could favour resistance strategies that 

abolish the antibacterial effect of aminoglycosides but still exploit their antiphage properties. 

Modification by AMEs fulfils these two criteria, assuming that modification of aminoglycosides does 

not interfere with their antiphage properties, as we observed with acetylation of apramycin by 

AAC(3)IV (cf. section 2.2.5.4). In this experimental set-up, monoculture does not allow acquisition of 

AMEs from other bacteria via HGT and aminoglycoside modification thus requires an adaption of 

existing enzymes to modify the target aminoglycoside. As a result, the likelihood of this evolutionary 

strategy is probably significantly lower in this setting than in a multispecies, physiological environment 

where HGT is pervasive. 
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Figure 17 | Predicted evolutionary strategies in response to challenge by phages and 
aminoglycosides. Starting from a bacterial host sensitive to both aminoglycosides and a given phage, 
we outline potential routes of resistance depending on whether cells are subjected to aminoglycoside 
or phage pressure, or both at the same time. AGs: aminoglycosides; AME: aminoglycoside-modifying 
enzyme. 

 

We focused thus far on the ecological implications of aminoglycosides’ antiviral properties, but they 

are not the only class of natural products showing antiphage activity. Anthracyclines are another class 

of secondary metabolites naturally produced by Streptomyces, but in contrast to aminoglycosides they 

do not show antibacterial abilities (Achmatowicz et al., 2008). Since their discovery in the 1960s, they 

have been used against a variety of cancers and are still considered to be among the most effective 

anticancer treatments ever developed (Minotti et al., 2004; Peng et al., 2005; Weiss, 1992). 

Recently, anthracyclines were shown to be potent inhibitors of phage infection (Kronheim et al., 

2018). Similarly to aminoglycosides, anthracyclines exhibited a broad spectrum of activity, as they 

inhibited the replication of dsDNA phages infecting hosts as diverse as S. coelicolor, E. coli and 

P. aeruginosa. Another shared feature with aminoglycosides is the stage of the phage lifecycle they 

target, namely an early phase between the injection and replication steps. This raises the possibility 

that just injected phage genome is a prime target for phage defense mediated by small molecules. In 

contrast to the bacterial genome, the phage genome is transiently linear, not coated by proteins and 

in a relaxed state (Casjens and Gilcrease, 2009), and hence potentially highly sensitive to DNA-binding 

small molecules like aminoglycosides and anthracyclines. 

Small metabolites can be involved in antiphage defense not only through a direct inhibitory role, but 

also as signalling or regulatory molecules. In bacteria, quorum-sensing is a communication system 
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based on secreted extracellular molecules which modulates gene expression in response to cell 

density (Mukherjee and Bassler, 2019). Highly dense bacterial populations are particularly vulnerable 

to phage predation, hence a quorum-sensing-mediated activation of phage defense systems at 

increasing cell densities is advantageous. Quorum-sensing was shown to coordinate the antiviral 

response at the community level, for example by reducing the level of phage λ receptors in E. coli 

(Høyland-Kroghsbo et al., 2013) or activating the expression of CRISPR-Cas systems (Høyland-

Kroghsbo et al., 2017; Patterson et al., 2016). As is often the case, phages have evolved ways to 

counteract these defense strategies. For instance, a phage of P. aeruginosa encodes a so-called 

quorum-sensing anti-activator protein which inhibits the master regulator of quorum sensing, thereby 

dampering multiple defense systems (Shah et al., 2021). 

 
 

2.3 Conclusions and future perspectives 
 
The present thesis provides insights about the relationships between secondary metabolism and 

antiphage defense in Streptomyces. First, we isolated and characterized five novel phages infecting 

the model Streptomyces species S. venezuelae and S. coelicolor (Hardy et al., 2020). The number of 

Streptomyces phages which are both sequenced and thoroughly characterized is surprisingly low, and 

these phages can serve as a basis for subsequent studies. 

During the characterization process, we noticed pigmented halos around plaques formed on 

S. coelicolor, suggesting the release of actinorhodin and undecylprodigiosin in reaction to phage 

infection (Hardy et al., 2020). This observation prompted us to examine their role as antiphage 

molecules, but we could not demonstrate any protection against phage predation conferred by these 

molecules. The role of actinorhodin and undecylprodigiosin in the response to phage infection is 

probably complex, and these major secondary metabolites of S. coelicolor seem to be involved in more 

global stress responses (Lee et al., 2020b; Mak and Nodwell, 2017). 

Next, we investigated the antiviral properties of a major class of antibiotics: aminoglycosides. 

Inhibition of phage infection by aminoglycosides was already reported, but the mechanism of action 

underlying their antiviral activity is still subject to debate and the physiological significance of this 

inhibition was not appreciated. We showed that aminoglycosides are potent inhibitors of phages 

infecting widely divergent bacteria, both Gram-negative and Gram-positive bacteria (Kever et al., 

under review). Using bacterial hosts resistant to aminoglycosides, we interrogated the mechanism of 

action behind aminoglycosides’ antiviral action. The blockage exerted by aminoglycosides occurs early 

in the phage lifecycle, between genome injection and replication. Yet, there could be significant 

differences depending on the bacterial host considered, injection being a step potentially also 
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impaired in Streptomyces. Remarkably, inhibition of phage infection was achieved not only with pure 

aminoglycosides, but also with supernatants from natural aminoglycoside producers. These results 

suggest that the antiviral action of aminoglycosides could be relevant in a natural setting, conferring 

protection against phages at the community level. We elaborated on chemical defense against phages 

in a broader sense in a review. In this piece, we aimed at integrating the wealth of research done in 

this field with exciting directions for the future of this research area.  

Chemical defense against phages mediated by small molecules is only one facet of the broader arsenal 

deployed by bacteria against their viral predators. Integration of chemical defense with other, protein-

based defense systems remains a major blind spot in our current knowledge and clearly deserves some 

consideration in the future. Visualization by microscopy of the activation of different defense systems 

at the cellular level could for instance shed light on the spatio-temporal coordination of antiviral 

responses. 

 

Understanding better the use of small molecules in antiphage defense is a fascinating prospect from 

a fundamental point of view but also has potential therapeutical implications.  In fact, the two main 

antiphage molecule classes known today—anthracyclines and aminoglycosides—are already used in 

the clinic, as anticancer drugs and antibiotics, respectively.  Discovering novel antiphage molecules 

and deciphering their mechanism of action could provide us with innovative means to interfere with 

biological processes of interest.  The most obvious field of application concerns treatments against 

viral eukaryotic infections. Unexpectedly strong conservation between prokaryotic and eukaryotic 

antiviral immunity is a concept gaining more and more traction (Bernheim et al., 2021; Morehouse et 

al., 2020; Ofir et al., 2021). Therefore, it would stand to reason that some metabolites targeting core 

features of the phage infection cycle could interfere with eukaryotic viruses too, as this was already 

shown with the modified ribonucleotides produced by viperins (Bernheim et al., 2021). 

In this thesis, we focused on the genus Streptomyces, yet there are many more interesting candidate 

clades worthy of investigation. The chemical potential of phyla like planctomycetes or myxobacteria 

has been recognized comparatively much later and the knowledge of the ecological roles played by 

secondary metabolite produced by these bacteria is scarce. We envision that the repertoire of 

antiphage metabolites will be further expanded in the future and look forward to the progress which 

will be made in this direction. 
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3 Publications and manuscripts 
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authors of scientific publications (McNutt et al., 2018). The following table, which was extracted from 

the publication of McNutt and colleagues, was used to describe the role of the authors of the 5 

manuscripts gathered in this dissertation: 
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1 Conceptualization Ideas; formulation or evolution of overarching research goals and 

aims. 

2 Data curation Management activities to annotate (produce metadata), scrub data 

and maintain research data (including software code, where it is 

necessary for interpreting the data itself) for initial use and later re-

use. 

3 Formal analysis Application of statistical, mathematical, computational, or other 

formal techniques to analyse or synthesize study data. 

4  Funding acquisition Acquisition of the financial support for the project leading to this 

publication. 

5 Investigation Conducting a research and investigation process, specifically 

performing the experiments, or data/evidence collection. 

6 Methodology Development or design of methodology; creation of models. 

7 Project 

administration 

Management and coordination responsibility for the research activity 

planning and execution. 

8 Resources Provision of study materials, reagents, materials, patients, laboratory 

samples, animals, instrumentation, computing resources, or other 

analysis tools. 

9 Software Programming, software development; designing computer programs; 

implementation of the computer code and supporting algorithms; 

testing of existing code components. 

10 Supervision Oversight and leadership responsibility for the research activity 

planning and execution, including mentorship external to the core 

team. 

11 Validation Verification, whether as a part of the activity or separate, of the 

overall replication/reproducibility of results/experiments and other 

research outputs. 

12 Visualization Preparation, creation and/or presentation of the published work, 

specifically visualization/data presentation. 

13 Writing – original 

draft 

Preparation, creation and/or presentation of the published work, 

specifically writing the initial draft (including substantive translation). 

14 Writing – review & 

editing 

Preparation, creation and/or presentation of the published work by 

those from the original research group, specifically critical review, 

commentary or revision – including pre- or post-publication stages. 
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Abstract 

Bacterial populations face the constant threat of viral predation exerted by bacteriophages 

(or phages). In response, bacteria have evolved a wide range of defense mechanisms against 

phage challenges. Yet the vast majority of antiphage defense systems described until now are 

mediated by proteins or RNA complexes acting at the cellular level. Here, we review small 

molecule-based defense strategies against phage infection, with a focus on the antiphage 

molecules described recently. Importantly, inhibition of phage infection by excreted small 

molecules has the potential to protect entire bacterial communities, highlighting the 

ecological significance of these antiphage strategies. Considering the immense repertoire of 

bacterial metabolites, we envision that the list of antiphage small molecules will be further 

expanded in the future. 

Introduction 

Bacteriophages (or phages for short) are viruses preying on bacteria and are considered to be 

the most abundant biological entities in the biosphere1. They represent a ubiquitous feature 

of bacterial existence, as there is virtually no ecosystem where bacteria do not coexist with 

phages infecting them1. The strong evolutionary pressure imposed by phage predation has 

led to a sophisticated arsenal of antiphage strategies, which have been extensively reviewed 

elsewhere2–5. The repertoire of known defense systems has been significantly expanded 

through large-scale bioinformatics screenings followed by experimental validation6,7. In 

addition to the already known defense systems such as restriction-modification systems, 

CRISPR-Cas or abortive infection, antiviral strategies now include the use of cyclic nucleotides 

as signalling molecules (CBASS8, Pycsar9) and NAD+ depletion as a widespread response to 

viral infection10–13. Scrutiny of these novel antiphage defense systems revealed striking 

similarities to eukaryotic immune systems, suggesting that a previously underappreciated 

fraction of eukaryotic immunity evolved from prokaryotic antiphage defenses8,10,14–16. With 

the accelerating pace of discovery of new antiphage systems, keeping an overview of the 

currently known antiviral prokaryotic arsenal has become increasingly difficult, but has been 

facilitated by the development of tools aimed at systematic and comprehensive identification 

of defense systems in prokaryotic genomes17,18. The notion of a bacterial pan-immune system 
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has been recently proposed to recognize phage defense as a community resource distributed 

between closely related bacteria via horizontal gene transfer (HGT)19.  

In nature, bacteria live in complex, spatially structured and multispecies communities20, which 

highlights the need to consider antiphage strategies at the community level. These 

mechanisms include the release of extracellular vesicles21,22, formation of protective biofilm 

structures23,24 or quorum sensing25–27. Chemical inhibition of phages using small molecules 

secreted in the extracellular medium represents another effective multicellular strategy 

against phage infection, which unlike most defense systems described until now does not rely 

on proteins or RNA.  

The direct inhibition of phage infection by bacterial small molecules was an intense research 

field in the 1950s and 1960s and has recently regained significant attention. Here, we aim at 

summarizing the extensive but largely overlooked body of research in the field of antiphage 

molecules and present the latest developments in this emerging research area. Furthermore, 

we outline future perspectives for the discovery of novel antiphage metabolites and discuss 

the ecological significance of this defense strategy.  

The present review aims at presenting small molecules other than RNAs and proteins that 

confer protection against phage infection. As a result, antibiotics preventing phage infection 

by a primary action on the bacterium (e.g. inhibition of bacterial transcription by rifampicin28) 

are not included.  

 

Chemical defense against phage infection 

Overall, the study of antiphage molecules has known two distinct periods of interest – the 

first one spanning the third quarter of the twentieth century while the second started only a 

few years ago.  

The interest to find new compounds active against phages was very strong in the 1950s29–31, 

with in some cases heroic screening efforts such as those performed by Schatz and Jones or 

Asheshov and colleagues—who assessed the antiphage activity of more than 170 and 1000 

strains of actinomycetes, respectively29,30. In these screenings, the supernatants of 29% 

(49/176) and 17% (144/1000) of the tested actinomycete isolates caused an inhibition of 
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plaque formation, suggesting that the release of antiphage metabolites is not uncommon in 

actinobacteria. 

The primary goal of these screenings was however not to understand how bacteria defend 

themselves against phages, but rather to find new antiviral drugs usable in a clinical or 

agricultural setting31. An additional focus was put on substances able to specifically prevent 

phages from infecting Streptomyces griseus because of the risk phages posed to industrial 

production of streptomycin by this important production host32. 

Over the decades, a significant number of molecules were described to have antiphage 

properties. We listed these antiphage compounds in Table 1, which includes the phages 

inhibited and the proposed mechanism of action. In the following, we focus on the three main 

classes of antiphage small molecules described to date: anthracyclines, aminoglycosides and 

modified nucleotides produced by prokaryotic viperins. 

 

Anthracyclines 

Anthracyclines are secondary metabolites naturally produced by Streptomyces—a common 

genus of soil-dwelling bacteria. Anthracyclines are DNA-intercalating agents which have been 

largely used in cancer chemotherapy33, and are among the most effective anticancer 

treatments ever developed34–36. The precise mechanism behind their cytotoxic effect in 

eukaryotic cells is still subject to debate. However, their antitumour activity can be broadly 

attributed to their ability to intercalate into the DNA helix and/or bind covalently to proteins 

involved in DNA replication and transcription37. 

Multiple reports described the inhibition of phage infection by anthracyclines such as 

daunorubicin, doxorubicin or cosmomycin (Table 1). Parisi and Soller assessed the impact of 

daunomycin on the steps of the lytic cycle and showed a strong impairment of phage DNA 

synthesis during phage infection, suggesting a blockage occurring during replication or 

between injection and replication38.  

A major step forward in the understanding of both the mechanism and biological significance 

of the antiphage properties of anthracyclines was made more than 40 years later by Kronheim 

and colleagues39. In this study, the authors show that daunorubicin inhibits phage λ in E. coli 
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as well as several double-stranded DNA (dsDNA) phages infecting E. coli, Streptomyces 

coelicolor or Pseudomonas aeruginosa and encompassing the three main families of tailed 

phages (Siphoviridae, Podoviridae and Myoviridae). The exact mechanism of action remains 

unclear, but inhibition by daunorubicin takes place at an early stage of the infection cycle, 

namely after injection of the phage genome but before phage replication (Figure 1). All dsDNA 

phages tested - whose incoming genome is linear - are inhibited by daunorubicin. In contrast, 

the filamentous M13 phage, whose ssDNA genome enters as a circular molecule, is not, 

suggesting that the circularization of incoming linear dsDNA could be the step blocked by 

daunorubicin. The anthracyclines doxorubicin and cosmomycin D were also shown to have 

antiphage properties. Importantly, the inhibition of phage infection could be reproduced with 

supernatants from natural producers of these anthracyclines (Streptomyces peucetius for 

daunorubicin and doxorubicin; strains of the WAC collection40 for cosmomycin D, 

respectively). This observation suggests that phage inhibition by anthracyclines is 

physiologically relevant in the natural environment. 
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Figure 1 | Mechanism of action of the antiphage molecules anthracyclines, aminoglycosides and modified 

ribonucleotides produced by prokaryotic viperin homologs (pVips). The phage replication cycle comprises 

several steps, some of which being targeted by antiphage molecules. Unlike the modified ribonucleotides 

produced by pVips, anthracyclines and aminoglycosides are secreted by producer cells and can be taken up by 

neighbouring cells. 

 

Kronheim and colleagues also reported the antiphage properties of synthetic DNA-

intercalating agents such as propidium iodide or acridine derivatives39. Further, the inhibition 

of E. coli phage T2 by actinomycin D - another DNA-intercalating agent produced by 

Streptomyces - was already described in 196141. Altogether, this suggests that intercalation 

into phage DNA is probably a widespread antiphage strategy (Table 1).  

Aminoglycosides 

Aminoglycosides are bactericidal antibiotics that are active against Gram-negative and Gram-

positive organisms42,43. They disrupt protein biosynthesis by targeting the 30S subunit of the 

ribosomes, which in turns leads to complete blockage of translation or promotes 

mistranslation44. Aminoglycosides were originally isolated from actinomycetes belonging to 

the Streptomyces and Micromonospora genera45. In nature, aminoglycoside producers are 

resistant to these molecules, which is a feature important to keep in mind when screening 

aminoglycosides—and small molecules in general—for antiviral properties.  

Using bacterial hosts expressing plasmid-borne aminoglycoside resistance cassettes, 

aminoglycosides were recently shown to inhibit phages infecting the Gram-negative bacteria 

E. coli as well as Gram-positive bacteria such as Corynebacterium glutamicum and 

Streptomyces venezuelae46. Experiments aiming at shedding light on the molecular 

mechanism of phage infection inhibition revealed that phage DNA was present inside cells in 

the presence of aminoglycosides. Together with the observation that amplification of phage 

DNA was strongly impaired, these results suggest that the blockage exerted by 

aminoglycosides mostly occurs after DNA injection but before genome replication (Figure 1). 

These results are in line with those obtained by Jiang and colleagues, who reported the 

inhibition of the two mycobacteriophages phAE159 and D29 by kanamycin, hygromycin and 

streptomycin47. Following the impact of streptomycin on phage adsorption and amplification 
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of phage DNA, the authors propose that the blockage caused by aminoglycosides occurs 

between genome circularization and replication. 

One important question is whether this inhibition of phage infection by aminoglycosides is 

relevant in a physiological context. In the case of apramycin, inhibition of the Streptomyces 

phage Alderaan could be reproduced with supernatants of the natural producer of apramycin, 

Streptoalloteichus tenebrarius (formerly known as Streptomyces tenebrarius48). Apparition of 

the antiphage effect of supernatants coincided with the detection of apramycin in the culture 

supernatants. In combination with the antiphage effect of purified apramycin, these data 

strongly suggest that the main molecule behind the antiphage properties of the supernatants 

of S. tenebrarius is apramycin46. Additionally, it indicates that aminoglycosides are secreted 

by producers at levels which prevent infection in neighbouring bacteria, opening the door to 

community-wide protection.  

In a natural context, most bacteria do not possess aminoglycoside-resistance genes, and 

residual concentrations of antibiotics are pervasive across man-shaped and natural 

environments alike. Zuo and colleagues studied the impact of sublethal concentrations of 

aminoglycosides on phage infection in aminoglycoside-sensitive hosts49. Phage amplification 

was strongly impeded by concentrations as low as 3 mg/L. Interestingly, tetracycline, another 

antibiotic blocking protein synthesis by binding to the 30S ribosomal subunit, had a 

significantly reduced impact on phage proliferation. These results suggest that blockade of 

translation alone is not sufficient to efficiently prevent phage replication. Alternatively, the 

mechanism of translation inhibition may be of importance, and the mistranslation caused by 

tetracycline could participate in the difference of impact observed with aminoglycosides49.  

Although the action of aminoglycosides on the phage life cycle in vivo is not fully understood 

yet, separate in vitro studies provide further hints about the basis of aminoglycosides’ 

antiphage properties. Exposure of purified phage λ DNA to aminoglycosides leads to 

condensation of DNA, presumably coated by aminoglycoside fibers50. The same authors later 

proposed that aminoglycosides form a clamp around the DNA double helix, causing a bend 

responsible for the formation of structural deformations such as toroids51.  

In vivo mechanistic studies about the inhibition of phage infection by aminoglycosides are 

scarce, but Brock and his collaborators contributed work worthy of attention. Using 
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Streptococcus faecium and its phage P9, Brock and Wooley investigated the inhibition of 

phage infection by streptomycin52. The authors used resistance to shearing forces as an 

indicator for DNA injection, under the assumption that the formation of a plaque from an 

initially infected cell subjected to shearing implies a successful delivery of the phage genome. 

Using this technique, they proposed that streptomycin inhibits phage infection at an early 

stage of the phage infection cycle, namely the DNA injection step. They further hypothesized 

that streptomycin exerts its inhibition by binding phage DNA in the capsid, thus preventing its 

unfolding necessary for infection. It is however important to note that although phage 

infection could already be inhibited by concentration of 100 µg/ml, high concentrations of 

streptomycin were used (1 mg/ml) in most experiments. Such high concentration could cause 

non-specific effects such as phage precipitation potentially not present at lower 

concentrations. Moreover, the streptomycin-resistant bacterial host was reported to bind 

very low amounts of streptomycin, which suggests modifications of the cell surface that could 

in turn influence the antiphage properties of streptomycin. In another study, Brock 

demonstrated the inhibitory effect of streptomycin on the E. coli RNA phage MS-253. 

Streptomycin inhibited the formation of phage progeny very early in the replication cycle (5 

to 10 minutes after infection), and no impact of streptomycin was noticed when added shortly 

after injection has occurred. 

The fact that aminoglycosides possess both antibacterial and antiviral properties raises the 

question of the interplay between these two facets. In the case of apramycin, acetylation of 

one of its amino groups by the well-studied apramycin acetyltransferase AAC(3)IV abolished 

its impact of bacterial growth, while fully retaining its protective effect against phages46. This 

observation suggests that the antibacterial and antiviral actions of apramycin and potentially 

further aminoglycosides could be decoupled from one another and that the respective 

molecular targets are distinct. 

Taken together, these studies suggest that aminoglycosides are not only used by their 

producers as toxic molecules against bacterial competitors but could serve as protection 

against the threat of phage predation at the community level. 
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Viperins  

Viperins are important players of the innate antiviral response in eukaryotes54. They produce 

ddhCTP, a modified ribonucleoside lacking the 3’-hydroxyl group necessary for elongation of 

the nascent viral mRNA, hence acting as chain terminators55. 

Viperin-like genes were known to be present in prokaryotes too, but the function of these 

prokaryotic viperin homologs (pVips) remained unknown. Recently, they were shown to 

protect archaea and bacteria from viral infection and displayed a remarkable conservation 

between the eukaryotic and prokaryotic kingdoms14. pVips use indeed a similar mode of 

action to their eukaryotic homologs to inhibit viral transcription (Figure 1)—except that pVips 

produce a wider range of modified ribonucleotides (ddhCTP but also ddhGTP and ddhUTP)14. 

Strikingly, the human viperin, when expressed in E. coli, conferred resistance to phage 

infection, which underlines inhibition of viral transcription as a broad antiviral strategy. 

Interestingly, inhibition of phage infection was also observed with phages like P1 and λ which 

do not encode their own RNA polymerases and rely instead on the host polymerase to 

complete transcription. This raises the possibility that pVips also exert their antiviral activity 

independently of premature termination of viral transcripts, via mechanisms which remain to 

be elucidated. 

Mirroring the absence of toxic effects caused by human viperin in human cells, expression of 

pVips in E. coli had no effect on host transcription and did not cause toxicity. This observation 

hints that the bacterial RNA polymerase may be less sensitive than the phage RNA polymerase 

to ddh-ribonucleotides, as self-resistance to the ddh-ribonucleotides would be favored during 

co-evolution of bacterial RNA polymerase and pVips. In contrast to anthracyclines and 

aminoglycosides, the modified nucleotides synthesized by viperins are not secreted but 

protection is conferred at the cellular level. 

Perspectives 

Discovery of novel antiphage small molecules 

Until now, the antiphage effect of most molecules were either discovered empirically or 

based on earlier reports describing antiphage properties of the same or closely related 
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molecules. However, recent progress in the fields of genomics, metabolomics and automation 

have the potential to greatly accelerate the discovery of new antiviral molecules. 

Automated screening allows high-throughput testing of the antiphage properties of molecule 

libraries (Figure 2). To this end, bacteria are cultivated in microtiter plates, either alone, in 

the presence of phages, or together with both phages and the compounds to be tested. If the 

addition of a given compound suppresses the phage-mediated lysis of the culture, this hit 

indicates a probable inhibition of phage infection by this molecule, warranting further 

investigation. This strategy was successfully used with E. coli and phage λ to reveal the 

antiphage activity of anthracyclines and other DNA-intercalating agents39. One major 

limitation of this approach is that the compounds tested need to not interfere with the growth 

of the bacterium, since strong growth defects would prevent the detection of antiphage 

effects.  

Alternatively, spotting the molecules of interest on a phage-infected bacterial lawn 

represents another screening strategy with potential for automation and upscaling (Figure 2). 

This technique has been used for decades to assess antibacterial activity of antibiotics and 

has been harnessed by phage researchers too56–58. It enables the appreciation of antiphage 

effects (or on the contrary phage antibiotic synergy) despite inhibition of bacterial growth, as 

shown by rings devoid of plaque formation—or displaying larger plaques, respectively—

around the zone of growth inhibition caused by the candidate molecule.  

These two strategies are not restricted to pure compounds and can also be used with complex 

supernatants from bacterial hosts, enabling the exploration of a vaster metabolic landscape 

as well as of potential synergistic interactions between candidate molecules. In the case 

where a supernatant inhibits phage infection, bioactivity-guided fractionation followed by 

liquid chromatography–mass spectrometry (LC-MS) can narrow the antiphage properties of 

the supernatant down to one or a few compounds39. 

These screening approaches are likely to have a low discovery rate due to their untargeted 

nature. Screening can be narrowed down by testing in priority metabolites released in 

reaction to phage infection. For example, phage infection in Streptomyces coelicolor leads to 

the formation of coloured halos around phage plaques. The presence of pigmented 
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compounds at the infection interface suggests that Streptomyces reacts to phage infection by 

releasing these molecules, making them interesting candidates for further analysis59. 

 

Figure 2 | Discovery strategies for the identification of new antiphage molecules. Bioinformatic prediction of 

candidate biosynthetic gene clusters (BGCs) whose products may act against phages (1) informs large-scale 

testing of small molecule libraries as well as complex supernatants (2). The elucidation of the antiphage 

compounds can be achieved by bioactivity-guided fractionation (3 and 4) followed by analytic techniques such 

as liquid chromatography–mass spectrometry (LC-MS) (5). Results of the screening efforts can be then fed back 

to the bioinformatic screening to help define genomic features of antiphage BGCs (6). 

 

In silico prediction of genomic signatures of gene clusters involved in chemical antiphage 

defense would allow to rationally identify and test candidate molecules. However, antiphage 

biosynthetic gene clusters (BGCs) such as the ones encoding aminoglycosides and 

anthracyclines are not detected using the now well-established “guilty-by-association” 

approach. This discovery strategy is based on the observation that defense systems are 

clustered in genomic “defense islands”. Genes markedly enriched in the vicinity of known 

defense genes are therefore assumed to be also involved in antiphage defense6. The use of 
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this concept has led in recent years to a considerable expansion of the known repertoire of 

antiphage defense systems6,7,14. It is however biased towards small and very well conserved 

genes, explaining why this approach did not detect large and genus- or sometimes even 

species-specific BGCs as putative novel antiphage defense systems. Now that tools 

systematically screening for known defense systems are available17,18, combining detection 

of phage defense systems and prediction of BGCs could reveal interesting patterns of co-

occurrence and help to define genomic features of antiphage BGCs. In the case of antiphage 

metabolites fulfilling several roles (e.g. antibacterial and antiviral) such as aminoglycosides, 

these supplementary functions likely impose further genomic and evolutionary constraints, 

hindering the establishment of genomic signatures for gene clusters encoding multifunctional 

molecules. 

Importantly, empirical approaches and in silico screening are not mutually exclusive; 

uncovering more antiphage secondary metabolites will help to define genomic signatures for 

antiphage molecules. Although recent and historical efforts focused on molecules produced 

by actinobacteria, many other bacterial phyla, such as myxobacteria60,61 or 

planctomycetes62,63 to name only a few, possess elaborate BGC arsenals which represent 

promising sources for the discovery of novel antiviral molecules. 

 

Ecological relevance 

The ecological significance of antiphage molecules was mostly ignored in the first wave of 

research focusing on antiphage molecules and has only been recently appreciated. One 

interesting feature of antiphage molecules described so far is their broad inhibition, as both 

anthracyclines and aminoglycosides inhibit seemingly very disparate phages infecting diverse 

bacteria, Gram-positive and negative alike. So far, the rules behind the sensitivity of a given 

phage to these two classes of compounds remain unclear, the only common feature of the 

inhibited phages being their double-stranded DNA genome and tailed morphology. This broad 

range of inhibition has important ecological implications: depending on their local 

concentrations and diffusion, these antiphage compounds could serve as ‘public goods’ and 

protect not only producer cells but also neighboring, unrelated cells—provided they are 
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resistant to these compounds (Figure 3). These implications further highlight the key role of 

spatial structure and biofilms when considering bacterial communities. 

 

 

Figure 3 | Ecological significance of the dual properties of aminoglycosides in a bacterial community. 

Aminoglycoside producers release aminoglycosides (purple) in their environment. Aminoglycosides kill sensitive 

bacteria (antibacterial effect, A) while they may protect neighbouring bacteria from phage infection (antiviral 

effect, B), provided they are resistant to these molecules e.g. via prior horizontal gene transfer (HGT) of 

resistance genes from producer cells (C). Bystander microorganisms not affected by aminoglycosides are shown 

in grey. 

The dual function of certain antiphage molecules adds another layer of complexity. For 

instance, aminoglycosides represent a remarkable example of molecular multitasking, with 

the same molecules exerting two seemingly unrelated effects—inhibition of bacterial 

translation and of phage replication. 

Furthermore, acquisition of resistance to aminoglycosides by initially sensitive cells is highly 

beneficial for two reasons: not suffering from their antibacterial effect anymore while 
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benefiting from the inhibition of phage infection. Naturally, the mode of resistance to these 

antibiotics is of particular importance. Considering that aminoglycosides are thought to act 

intracellularly to block phage infection, resistance mechanisms based on decreased 

aminoglycoside intracellular concentration—such as decreasing uptake or expressing efflux 

pumps—would confer resistance to the antibiotic at the expense of the loss of its protective 

antiphage effect. With the aminoglycoside apramycin, it was shown that acetylation of one 

of its amino groups suppresses its antibacterial effect while retaining its antiphage 

properties46. Whether this example is a unique case or is a general feature of aminoglycoside 

modifications remains to be determined. However, this observation could explain the wide 

distribution of aminoglycoside-modifying enzymes catalyzing, for example, the acetylation, 

phosphorylation or adenylation of amino or hydroxyl groups at various positions of the 

aminoglycoside scaffold64. 

To fully appreciate the ecological significance of chemical defense against phages, moving 

away from the traditional “one phage – one bacterium” approach represents a key step. 

Building simplified, synthetic communities by increasing phage and/or bacterial diversity can 

provide decisive insights into the physiology of antiphage defense strategies, as shown for 

example with the importance of CRISPR-mediated phage resistance over modifications of the 

phage receptor in complex microbial communities65. Yet, additional mechanistic insights are 

required to understand the impact of antiphage molecules on community interactions. 

Finally, one further direction worthy of investigation is the study of the interplay between the 

different defense systems—small molecule- and protein-based. Producers of antiphage 

molecules also encode other defense systems. Our current knowledge about how 

prokaryotes coordinate these diverse antiphage strategies to mount efficient antiviral 

responses is still in its infancy and needs to be advanced to provide an integrated view of the 

prokaryotic immune system. 

 

Concluding Remarks 

Phage defense systems are often considered at the level of the individual cell, where it is 

mechanistically described how they protect a bacterium from being infected by an incoming 
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phage. By acting at the cellular level, antiphage strategies prevent the spread of the infection 

and thereby protect the broader bacterial community. However, some mechanisms 

specifically protect several cells or the entire population simultaneously. One of these consists 

in the release of small molecules into the extracellular environment. The antiphage 

metabolites described until now predominantly correspond to anthracyclines and 

aminoglycosides, both inhibiting the early steps of the phage infection cycle. Interestingly, 

aminoglycosides are well-known antibacterial agents, but were also shown to be potent 

inhibitors of phage infection, suggesting that evolutionary constraints allowed the 

development of two seemingly very distinct functions. 

From a therapeutic standpoint, antiviral metabolites in bacteria have the potential to fuel the 

discovery pipeline for novel antiviral drugs in humans. For example, synthetic nucleoside 

chain terminators are widely used in conditions such as HIV66,67 or infection with herpes 

viruses68 and chain terminators produced by pVips could represent new avenues for 

treatments of viral infections in humans14. Knowledge gained about small molecule-mediated 

inhibition of phage infection is also relevant for phage therapy, e.g. to avoid antagonistic 

effects when administering phage-antibiotic combination treatments.  

The repertoire of bacterial secondary metabolites is extremely large, and the physiological 

function of many of these compounds remains unclear. We can thus hypothesize that the 

number of described antiphage molecules will keep growing in the future. For example, 

molecules triggering death of parts of the bacterial population represent promising 

candidates, as their release in reaction to phage predation would mimic the effect of protein-

mediated abortive infection (Abi) systems. 

Phages have developed ways to circumvent most bacterial defense strategies, as part of the 

arms race in which they are engaged with their bacterial hosts. It is therefore plausible that 

phages have evolved means to overcome this metabolite-based defense system. Elucidating 

these adaptations could illuminate phage biology by attributing a function to certain already 

known phage features and further our understanding of the intricate relationships between 

phages and their bacterial hosts in the context of chemical defense. 
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Highlights 

 Bacteria are prolific metabolite producers, but the role of this metabolite diversity in 

protection against phages has been only recently appreciated.  

 Anthracyclines, aminoglycosides and chain terminators produced by prokaryotic 

viperins represent the main classes of antiphage small molecules known to date. 

 Aminoglycosides possess both antibacterial and antiphage properties, this dual 

function making them an interesting example of molecular multitasking. 

 Secreted antiphage metabolites have the potential to protect bacterial communities, 

serving as multicellular defense strategy. 

 

Glossary 

Aminoglycosides 

Antibacterials naturally produced by Streptomyces and Micromonosporas species. They 

target bacterial translation by binding to the 30S ribosomal subunit. Besides their 

antibacterial action, additional antiphage properties were recently discovered. 

 

Anthracyclines 

DNA-intercalating antibiotics produced by Streptomyces having antitumor as well as 

antiphage properties. 
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Bacteriophages 

Viruses that prey on bacteria. 

 

Bioactivity-guided fractionation 

Chromotagraphic separation of extracts aiming at the isolation of a pure biologically active 

compound. 

 

Chemical defense 

Protection against phage infection via bacterial small molecules. 

 

Streptomyces  

Genus of Gram-positive bacteria which belongs to the phylum of Actinobacteria.  

Streptomyces species are mainly found in the soil and are characterized by mycelial 

development as well as by their complex secondary metabolism. Streptomyces are one of the 

most important producers of bioactive molecules. 

 

Viperins 

Virus-inhibitory proteins in eukaryotes which convert ribonucleotides into chain terminators, 

thereby preventing transcription of viral genes. Viperin homologs are found in prokaryotes 

and are known as prokaryotic viperins (pVips). pVips inhibit phage infection in a similar mode 

of action than their eukaryotic counterparts. 

 

Outstanding questions 

 What is the exact mechanism of action underlying the antiviral activity of 

anthracyclines and aminoglycosides? 
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 How did the dual antibacterial and antiviral functions of aminoglycosides shape the 

evolution of these molecules? 

 To what extent do secreted antiphage molecules confer protection at the 

community level? 

 Can genomic signatures be determined for antiphage biosynthetic gene clusters? 

 Is chemical defense against phages a conserved defense strategy across bacteria? 

 

 

  



Publications and manuscripts 

 

105 
 

Figures & Tables 

Table 1: List of molecules with known antiphage properties, including the phages inhibited 

and the proposed mechanism of action (when available) 

Figure 1: Mechanism of action of antiphage molecules (anthracyclines, aminoglycosides and 

prokaryotic viperin homologs (pVips)). The phage replication cycle comprises several steps, 

some of which being targeted by antiphage molecules. Unlike the modified ribonucleotides 

produced by pVips, anthracyclines and aminoglycosides are secreted by producer cells and 

can be taken up by neighbouring cells. 

Figure 2: Discovery strategies for the identification of new antiphage molecules. Bioinformatic 

prediction of candidate biosynthetic gene clusters (BGCs) whose products may act against 

phages (1) inform large-scale testing of small molecule libraries as well as complex 

supernatants (2). The elucidation of the antiphage compounds can be achieved by bioactivity-

guided fractionation (3 and 4) followed by analytic techniques such as liquid 

chromatography–mass spectrometry (LC-MS) (5). Results of the screening efforts can be then 

fed back to the bioinformatic screening to help define genomic features of antiphage BGCs 

(6). 

Figure 3: Ecological significance of the dual properties of aminoglycosides in a bacterial 

community. Aminoglycoside producers release aminoglycosides (purple) in their 

environment. Aminoglycosides kill sensitive bacteria (antibacterial effect, A) while they may 

protect neighbouring bacteria from phage infection (antiviral effect, B), provided they are 

resistant to these molecules e.g. via prior horizontal gene transfer (HGT) of resistance genes 

from producer cells (C). Bystander microorganisms not affected by aminoglycosides are 

shown in grey. 
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Abstract 

Actinorhodin and undecylprodigiosin are two major secondary metabolites produced by the model 

species Streptomyces coelicolor. In contrast to their well-dissected biosynthesis pathway, their 

physiological role remains unclear. Here, we show that phage infection triggers the synthesis of 

actinorhodin and undecylprodigiosin in S. coelicolor. Disruption of the actinorhodin and 

undecylprodigiosin synthesis did not lead to increased sensitivity towards phage infection, suggesting 

that these two molecules do not directly inhibit phage infection. More investigations are needed to 

elucidate the role of actinorhodin and undecylprogiosin in relation to phage infection. We hypothesize 

that they may act as signal molecules warning neighbouring cells from an incoming danger. 

 

Introduction 

Streptomyces coelicolor is a model species of Streptomyces and is amongst the best-studied 

representatives of the genus. Since its first description in the 1950s, it has become a workhorse for 

genetical studies and a model system for development and antibiotic production (Hoskisson and van 

Wezel, 2019). Its genome was the first Streptomyces genome to be sequenced at the dawn of the 

2000s (Bentley et al., 2002). Combined with later genome mining and biosynthetic gene cluster (BGC) 

prediction, it unravelled a rich chemical repertoire, with almost 30 chromosomally-encoded BGCs 

(Craney et al., 2013).  

Two of these BGCs have been the focus of extensive studies: those responsible for the biosynthesis of 

actinorhodin and undecylprodigiosin. These two secondary metabolites are in fact responsible for the 

name of this species, ‘coelicolor’ meaning in Latin ‘colours of the sky’. Actinorhodin and 

undecylprodigiosin are traditionally described as ‘blue’ and ‘red’ compounds, respectively (Hopwood, 

2006), although actinorhodin’s pigmentation is pH-responsive (it is red at acidic pH and blue at basic 

pH)(Bystrykh et al., 1996). In fact, the ease of visually checking the production of actinorhodin and 

undecylprodigiosin significantly contributed to establish this species as model Streptomyces species, 

as it facilitated genetic studies of the clusters encoding these two molecules (Chater, 1999).  

 

Despite being well-studied secondary metabolites of S. coelicolor, the physiological role of 

actinorhodin and undecylprodigiosin remains unclear. Actinorhodin was shown to have pH-sensitive 

bacteriostatic activity against several Gram positive bacteria (Mak and Nodwell, 2017). In 

Staphylococcus aureus, actinorhodin causes oxidative damage of multiple cellular targets, including 

components of the DNA, proteins and cell envelope (Mak and Nodwell, 2017). Co-cultivation of 

S. coelicolor with the predatory bacterium Myxococcus xanthus further revealed that iron competition 
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triggered actinorhodin biosynthesis (Lee et al., 2020). Taken together with the chemical potential 

displayed by actinorhodin to bind iron with its close ketone and hydroxyl groups, this suggests that 

actinorhodin could act as an iron chelator. However, the biological significance of these potential 

chelating functions remains unclear. 

Similarly, the biosynthesis and regulation of undecylprodigiosin in S. coelicolor was the subject of 

numerous studies, but the actual role of this molecule in S. coelicolor’s physiology received attention 

only recently. Interestingly, Tenconi and colleagues revealed the involvement of undecylprodigiosin 

in the programmed cell death process of S. coelicolor (Tenconi et al., 2018, 2020). Undecylprodigiosin 

is synthesized before the onset of aerial hyphae formation and through its toxic effect amplifies cell 

death in the vegetative mycelium, releasing nutrients necessary for the erection of aerial hyphae. 

Strong autotoxicity and coordinated regulation are features reminiscent of abortive infection systems, 

which hence raises interest for the study of undecylprodigiosin production upon phage infection. 

In previous work, we observed that phage plaques formed on S. coelicolor were surrounded by 

pigmented halos (Hardy et al., 2020). Here, we investigate these coloured halos and show that they 

contain actinorhodin and undecylprodigiosin. Using deletion mutants for actinorhodin and 

undecylprodigiosin, we could not identify an increased sensitivity of these mutants to phage infection. 

The role of these secondary metabolites in the response to viral predation may therefore be indirect, 

rather than directly interfering with phage amplification. 

 

Material and methods 

Bacterial strains and growth conditions 

All bacterial strains, phages and plasmids used in this study are listed in Supplementary Files 2, 3 and 

4, respectively. For growth studies and double-agar overlay assays, Streptomyces coelicolor cultures 

were inoculated from spore stocks and cultivated at 30 °C and 120 rpm using Yeast extract Malt extract 

(YEME) medium (Keiser et al., 2000).  

For double agar overlays, GYM agar (pH 7.3) was used, with 0.4% and 1.5% agar for the top and bottom 

layers, respectively. For quantification of extracellular phages, 2 µl of the culture supernatants were 

spotted on a bacterial lawn propagated on a double-agar overlay inoculated at an initial OD450=0.5. 

Exposure to ammonia fume was performed as follows: the plates were inverted over 5 ml of 20 % 

ammonium hydroxide solution placed in a Petri dish lid and incubated for at least 30 minutes (Rudd 

and Hopwood, 1979). 

Phage infection curves 
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For phage infection curves, the BioLector microcultivation system of m2p-labs (Baesweiler, Germany) 

was used (Kensy et al., 2009). Cultivations were performed as biological triplicates in FlowerPlates 

(m2p labs, Germany) at 30 °C and a shaking frequency of 1200 rpm. During cultivation, biomass was 

measured as a function of backscattered light intensity with an excitation wavelength of 620 nm (filter 

module: λEx/ λEm: 620 nm/ 620 nm, gain: 25) every 15 minutes. All growth curves are baseline corrected 

with respect to the backscatter values at time point 0. The main cultures of Streptomyces coelicolor 

were performed in 1 ml YEME medium and were inoculated with overnight cultures grown in the same 

medium to an initial OD450= 0.1. Unless indicated otherwise, infection was performed by adding 

phages to an initial phage titer of 107 PFU/ml. Supernatants were collected at the indicated timepoints 

to determine the evolution of phage titer over time using double agar overlays.  

LC-MS on plates 

Double agar overlays of S. coelicolor were prepared as biological triplicates as described above, and 

phages were spotted in the middle of the plate, so as to form a central lysis zone. After 3 days of 

incubation at 30°C, the periphery of the lysis zone was sampled using a cork borer. The resulting pieces 

of agar were first frozen at 20°C, then metabolite extraction was performed using 50% ethanol and 

incubation at 60°C for 30 min with shaking. Next, the samples were centrifuged and the supernatants 

were stored at -20°C before analysis with LC-MS. 

The samples were loaded to a HPLC system coupled to a Shimadzu LCMS-IT-TOF™ mass spectrometer, 

with an injection volume of 10 µl. Samples were supplemented with 0.01% formic acid and washing 

was performed with an increasing ratio of acetonitrile, up to 95%. Samples were analyzed in positive 

and negative ionisation mode.  

Mass spectrometric data was uploaded to XCMS online (Domingo-Almenara and Siuzdak, 2020; 

Forsberg et al., 2018). Biological triplicates were pooled and analysed as pairwise job comparing the 

phage-infected samples with the uninfected controls. The parameters chosen were HPLC / Ion trap. 

 

LC-MS on liquid samples 

5 mL of supernatant of Streptomyces coelicolor M145 cultures infected and non-infected with the 

phage Endor2 were normalized by pellet weight and adjusted to pH=6.9. They were next extracted 

three times with ethyl acetate and dried under vacuum.  

The samples were loaded on a Dionex Ultimate 3000 HPLC system coupled to a Thermo ScientificTM Q 

ExactiveTM Hybrid Quadrupole-Orbitrap Mass Spectrometer. Experiments were conducted using 



Publications and manuscripts 

 

118 
 

solvents A (H2O + 0.1 % formic acid) and B (MeCN + 0.1 % formic acid) with a Phenomenex Kinetex 

column 2.6 µm XB-C18 150 x 4.6 mm. 

The settings used were the following: flowrate 0.5 mL/min, 5% to 95% B in 12 min, 95% B for 4 min, 

95% to 5% B in 1 min, 5% B for 1 min. MS-settings: Spray Voltage 3.5 kV, capillary temperature 320 °C, 

sheath gas (52.50), auxiliary gas (13.75), spare gas (2.75), probe heater 437.50 °C, S-Lens RF (50), 

positive mode, resolution 70.000, AGC target 1e6, microscans 1, maximum IT 100 ms, scan range 135-

2000 m/z.  

 

Results 

Phage infection triggers the release of actinorhodin and undecylprodigiosin 

Our interest in the role of actinorhodin and undecylprodigiosin was initially triggered by the 

observation of pigmented halos around S. coelicolor plaques (Hardy et al., 2020). The halos were 

typically dark blue in the case of Dagobah and rather reddish in the case of Endor1 and Endor2, 

suggesting actinorhodin and undecylprodigiosin as prime suspects (Figure 1A). We also performed 

phage infection in solid medium following a different method, using so-called ‘soft-agar free assays’ 

where droplets of phages and bacteria are mixed together without a top agar layer. In this setup too, 

we observed colour changes of the phage-infected colonies as well as the production of pigmented 

halos, which were absent in the controls (Figure 1B). A simple test to assess the presence of 

actinorhodin is the fuming of plates with ammonium hydroxide vapours. Exposure to these vapours 

causes a shift of the agar to more alkaline pH, which in turn changes the colour of actinorhodin from 

red to blue and decreases its solubility (Bystrykh et al., 1996). Performing these tests with phage-

infected plates further indicated a release of actinorhodin, especially in reaction to infection with 

Dagobah (Figure S1). 
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Figure 1 | Phenotypic response to phage infection in S. coelicolor. (A) Close-up pictures of phage 
plaques on S. coelicolor M145 imaged using a stereomicroscope SMZ18. The plates were imaged after 
4 and 2 days for the phages Dagobah and Endor1/Endor2, respectively (reproduced from Hardy et al., 
2020). (B) Overnight cultures of S. coelicolor M145 were spotted together with a dilution series of 
phages so that droplets fused with each other. The plates used were either of GYM (left) or CTT (right) 
medium. Plates were imaged after 4 days of incubation at 30°C. 
 
To ascertain the presence of actinorhodin and undecylprodigiosin, we analysed phage-infected plates 

using LC-MS, in cooperation with David Widdick (John Innes Centre, UK). The samples probed were 

pieces of agar taken at the border of lysis zones, where the pigmented halos are the most visible.  

Surprisingly, actinorhodin itself was not detected in the samples—which is not unusual with the 

extraction protocol and the LC-MS equipment that we used—but actinorhodin-related compounds 

could be quantified. Except deshydroxy-actinorhodic acid, most actinorhodin derivates showed 

insignificantly decreased abundance in the phage-infected samples compared to the controls (Table 

1, see chemical structures in Figure S2). This finding, which is in contradiction with our phenotypic 

observations (Figure 1 and S1), could be explained by the sheer reduction of living cells in the phage-

infected samples. Indeed, actinorhodin is constitutively produced also in the absence of phage 

infection, and massive phage-mediated lysis of cells could mask locally increased production of 

actinorhodin at the periphery of lysis zones. 
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Table 1 |Comparison of the abundance of actinorhodin derivatives in phage-infected samples 

compared to uninfected controls in S. coelicolor M145. ‘Up’ (‘down’) refer to increased (decreased, 

respectively) abundance of the considered metabolite in the phage-infected sample in comparison to 

the control. The p-value was calculated for a t-test performed between the phage-infected samples 

and the uninfected controls. 

 Dagobah Endor1 Endor2 

Compounds 
Exact 

masses 

fold-

change 
p-value 

fold-

change 
p-value 

fold-

change 
p-value 

Actinorhodin 633.125 - - - - - - 

Kalafungin 315.051 - - - - - - 

γ-Actinorhodin 629.0937 
1.5 

DOWN 
0.50 

1.1 

DOWN 
0.87 

1.4 

DOWN 
0.51 

Actinorhodic 

acid 
665.1148 

1.9 

DOWN 
0.40 

2.0 

DOWN 
0.41 - - 

ε-Actinorhodin 647.1042 
1.1 

DOWN 
0.94 

8.7 

DOWN 
0.11 

1.2 

DOWN 
0.78 

Deshydroxy-

actinorhodic 

acid 

649.1199 4.9 UP 0.23 - - 2.7 UP 0.36 

 

 

Next, we evaluated the presence of undecylprodigiosin in the phage-infected samples and in the 

controls. For unclear reasons, we could not detect undecylprodigiosin and the related streptarubin in 

any of the WT samples. We then checked the presence of undecylprodigiosin in a S. coelicolor ∆act 

strain defective for actinorhodin prodiction (Gomez‐Escribano and Bibb, 2011), which was infected 

with phages and analyzed in the same way the S. coelicolor WT (M145). In contrast, undecylprodigiosin 

was detected in high amounts in phage-infected samples and was found to be strongly enriched in 

these samples compared to the controls, with a 25-fold higher abundance (Table 2 and Figure S3). The 

fact undecylprodigiosin was only detected in the actinorhodin mutant could be explained by a higher 

production of undecylprodigiosin in absence of actinorhodin as well as a potential compensating 

effect, assuming that actinorhodin and undecylprodigiosin fulfil similar roles in response to phage 

infection. 

 

Table 2 |Comparison of the abundance of undecylprodigiosin in phage-infected samples compared 

to uninfected controls in S. coelicolor ∆act. ‘Up’ (‘down’) refer to increased (decreased, respectively) 

abundance of the considered metabolite in the phage-infected sample in comparison to the control. 

The p-value was calculated for a t-test performed between the phage-infected samples and the 

uninfected control. 
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 Dagobah Endor1 Endor2 

Compound Exact mass 
fold-

change 

p-

value 

fold-

change 

p-

value 

fold-

change 

p-

value 

Undecylprodigiosin 394.2853 27.4 UP 0.09 29.9 UP 0.11 22.9 UP 0.11 

 

 

We complemented the metabolic analyses presented above by performing LC-MS this time on phage-

infected cultures. Focusing on the phage Endor2, phage-infected culture supernatants showed earlier 

and more intense production of undecylprodigiosin in comparison to the controls (Figure 2). A similar 

trend was observed with actinorhodin, although to a lesser extent.  

 

 

 

Figure 2 | Phage infection amplifies synthesis of actinorhodin and undecylprodigiosin. Extracted ion 
chromatograms of actinorhodin (top) and undecylprodigiosin (bottom), after analysis with liquid 
chromatography-mass spectrometry (LC-MS) of uninfected cultures of S. coelicolor and cultures of 
S. coelicolor infected with Endor2. The expected retention time of the respective ions is shown as an 
orange band. 
 
 

Undecylprodigiosin and actinorhodin mutants do not show increased sensitivity to phage infection 

Because actinorhodin and undecylprodigiosin are released in reaction to phage infection, we sought 

to determine whether these two molecules would confer protection S. coelicolor against phage 

infection. To test this hypothesis, we assessed the sensitivity to phage infection of single deletion 

mutants as well of a double mutant for both BGCs (Figure 3). Plaque counts on the single mutants and 

the double mutant were comparable to those obtained with the WT (Figure 3A). Plaque phenotype of 

the mutants was also similar to the one observed with the WT, with the difference that in the 

actinorhodin mutant the halos surrounding the plaques are orange (Figure S4). Infection in liquid 



Publications and manuscripts 

 

122 
 

cultures with the WT showed a very modest amplification of Dagobah and a more pronounced 

infection with Endor1 (Figure 3B). Infection curves obtained with the actinorhodin-defective mutant 

showed patterns very similar to the control, suggesting that the absence of actinorhodin does not 

stimulate phage propagation. 
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Figure 3 | Deletion of the actinorhodin or undecylprodigiosin does not lead to increased sensitivity 
to phage infection. (A) Comparison of plaque counts obtained after spotting a serial dilution of the 
phages Dagobah, Endor1 and Endor2 on actinorhodin and undecylprodigiosin single mutants (∆act 
and ∆red) and double mutant (∆act ∆red) (B) Infection curves performed by infection either 
S. coelicolor M145 and ∆act with Dagobah or Endor1. Backscatter was measured over time (top), in 
parallel to phage titers (bottom). 
 

Spent medium of S. coelicolor WT and actinorhodin and undecylprodigiosin mutants do 

not protect against phage infection 

Synthesis of secondary metabolites generally involves complex and extensive pathways, and increase 

in actinorhodin in liquid cultures is for example spread over several dozen hours (Bystrykh et al., 1996). 

In contrast, most phages complete an infection cycle in less than an hour, and exponential propagation 

at the expense of their host can lyse cultures in a matter of a few hours. As result, the similar phage 

sensitivity observed between S. coelicolor WT and actinorhodin and undecylprodigiosin mutants could 

be due to this difference of chronology between the release of secondary metabolites and phage 

infection. 

To account for this difference in timelines, we first grew WT S. coelicolor, actinorhodin and 

undecylprodigiosin deletion mutants. We then harvested the culture supernatants and stored the 

filtrates (hereafter called ‘spent medium’). We challenged S. coelicolor with phages on plates in 

presence of spent medium (5% and 15% of the total volume) (Figure 4A). However, supplementation 

with spent medium nor from S. coelicolor WT neither from the mutants caused differences in plaque 

counts or morphology. The decreased plaque numbers of Dagobah as the fraction of spent medium 

increased was also seen when using fresh medium (GYM) instead of spent medium, indicating that 

this decreased plaque formation is probably caused by a dilution effect rather than by the compounds 

of the spent medium. 

We then performed similar experiments in liquid cultures (Figure 4B and 4C, Figure S5). Here too, we 

did not observe differences in infection between cultures supplemented with the spent medium of 

the wild type and of the mutants. The growth delay seen with cultures supplemented with 15% spent 

medium from the undecylprodigiosin mutant was found both in uninfected and infected cultures, 

suggesting a toxic effect of this spent medium at high doses.  

Altogether, the data obtained with both the direct infection of the mutants and the indirect use of 

spent medium suggest that actinorhodin and undecylprodigiosin do not provide direct protection 

against phage infection. 

  



Publications and manuscripts 

 

125 
 

 

 

 

Figure 4 | Supplementation with spent medium of S. coelicolor WT and the actinorhodin and 
undecylprodigiosin mutant does not impact phage infection. (A) Spot assays performed by spotting 
the phages Dagobah, Endor1 and Endor2 on lawn of S. coelicolor M145. The plates were supplemented 
with spent medium from S. coelicolor M145, the actinorhodin (∆act) and undecylprodigiosin mutants 
(∆red) or fresh GYM (for the controls). (B) Infection curves performed by infecting S. coelicolor M145 
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with the phage Endor1 in presence of spent medium (SM) from S. coelicolor M145, the actinorhodin 
(∆act) and undecylprodigiosin mutants (∆red). 
 

 

Production of actinorhodin and undecylprodigiosin could be triggered by cell death and not by phage 

infection in particular. To test this hypothesis, we checked the impact of multiple antibiotics on 

S. coelicolor. These antibiotics comprise several β-lactams inhibiting cell wall synthesis (amoxicillin, 

ampicillin, cefalothin, cefazolin and cefuroxin) and two unrelated antibiotics hindering translation 

(chloramphenicol and kanamycin). At the concentrations used here, kanamycin was the only antibiotic 

to cause visible growth inhibition of S. coelicolor, and the surrounding bacterial lawn showed reddish 

halos (Figure S6). Exposure of the plates to ammonia fumes caused a shift of the pigmentation of the 

halos to intense blue, which is characteristic of actinorhodin. Exposure to kanamycin hence causes a 

synthesis of actinorhodin by S. coelicolor, indicating that actinorhodin may be a stress-induced 

molecule rather than an antiphage agent.  

 

Discussion 

Here, we show that phage infection in S. coelicolor triggers the formation of colour halos surrounding 

phage plaques. Although measurements by LC-MS show some inconsistencies, these halos seem to 

contain actinorhodin and undecylprodigiosin. These two well-known secondary metabolites of 

S. coelicolor are secreted constitutively in S. coelicolor, yet their role related with phage infection 

remains unclear. Deletion mutants for these two BGCs did not exhibit increased sensitivity to the 

phages triggering the formation of the coloured halos. Similarly, supplementation of infected cultures 

with spent medium from either S. coelicolor WT or the mutants did not impact phage propagation. 

The release of actinorhodin in reaction to challenge with the antibiotic kanamycin suggests that 

secondary metabolite production following phage infection is a stress-response triggered by cell 

death. In accordance with this hypothesis, secretion of actinorhodin was also observed in reaction to 

predation by myxococcus (Lee et al., 2020; Pérez et al., 2011). Actinorhodin could therefore act as a 

signalling molecule to warn neighbours of incoming danger, in addition to serving as an antibiotic 

against certain Gram-positive competitors (Mak and Nodwell, 2017). 

Some bacterial secondary metabolites were already shown to directly block phage amplification. They 

fall mostly in two well-known classes of secondary metabolites naturally produced by Streptomyces: 

anthracyclines and aminoglycosides (Kever et al., 2021; Kronheim et al., 2018). The mechanism of 

action behind their antiviral activity remains unclear, but both anthracyclines and aminoglycosides 

seem to block an early step of the phage life cycle, between genome injection and replication. 

However, the studies about the antiphage properties of these compounds were conducted only in 
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non-producer hosts, which leaves unanswered the question of their physiological significance in 

natural bacterial communities. 

Awakening silent BGCs has been a major focus of the last decades. The methods employed cover a 

wide range of approaches, including among others media optimization and variation of culture 

conditions, pathway mutagenesis and rational genetic engineering (Hertweck, 2009; Manteca and 

Yagüe, 2019; Nguyen et al., 2020). Recently, microbial interactions proved to be a crucial addition to 

the repertoire of BGC elicitors (Netzker et al., 2018; Seyedsayamdost et al., 2012; Traxler et al., 2013). 

However, this approach has not been employed for phages yet. The present work was initiated by and 

focused on two pigmented metabolites, yet we suspect that the shift of secondary metabolism in 

response to phage infection may be a broad antiviral strategy encompassing a wide range of natural 

products. 

The in-depth study of phage-induced secondary metabolite synthesis is dependent on analytical 

methods. Mass spectrometry imaging (MSI) allows the determination of the metabolic landscape of a 

sample while retaining its spatial structure. In-plaque MSI already provided important insights in the 

remodelling of lipidic metabolism in virus-infected algae (Schleyer et al., 2019). Yet, to this day it has 

not been applied to phages and could significantly advance our understanding of the bacterial 

metabolic response to phage infection. 

 

References 

Bentley, S.D., Chater, K.F., Cerdeño-Tárraga, A.-M., Challis, G.L., Thomson, N.R., James, K.D., Harris, 

D.E., Quail, M.A., Kieser, H., Harper, D., et al. (2002). Complete genome sequence of the model 

actinomycete Streptomyces coelicolor A3(2). Nature 417, 141–147. 

Bystrykh, L.V., Fernández-Moreno, M.A., Herrema, J.K., Malpartida, F., Hopwood, D.A., and 

Dijkhuizen, L. (1996). Production of actinorhodin-related “blue pigments” by Streptomyces coelicolor 

A3(2). J. Bacteriol. 178, 2238–2244. 

Chater, K. (1999). David Hopwood and the emergence of Streptomyces genetics. Int. Microbiol. 2, 

61–68. 

Craney, A., Ahmed, S., and Nodwell, J. (2013). Towards a new science of secondary metabolism. J 

Antibiot 66, 387–400. 



Publications and manuscripts 

 

128 
 

Domingo-Almenara, X., and Siuzdak, G. (2020). Metabolomics Data Processing Using XCMS. Methods 

Mol Biol 2104, 11–24. 

Forsberg, E.M., Huan, T., Rinehart, D., Benton, H.P., Warth, B., Hilmers, B., and Siuzdak, G. (2018). 

Data processing, multi-omic pathway mapping, and metabolite activity analysis using XCMS Online. 

Nat Protoc 13, 633–651. 

Gomez‐Escribano, J.P., and Bibb, M.J. (2011). Engineering Streptomyces coelicolor for heterologous 

expression of secondary metabolite gene clusters. Microb Biotechnol 4, 207–215. 

Hardy, A., Sharma, V., Kever, L., and Frunzke, J. (2020). Genome Sequence and Characterization of 

Five Bacteriophages Infecting Streptomyces coelicolor and Streptomyces venezuelae: Alderaan, 

Coruscant, Dagobah, Endor1 and Endor2. Viruses 12, 1065. 

Hertweck, C. (2009). Hidden biosynthetic treasures brought to light. Nat Chem Biol 5, 450–452. 

Hopwood, D.A. (2006). Soil To Genomics: The Streptomyces Chromosome. Annual Review of 

Genetics 40, 1–23. 

Hoskisson, P.A., and van Wezel, G.P. (2019). Streptomyces coelicolor. Trends Microbiol 27, 468–469. 

Keiser, T., Bibb, M.J., Buttner, M.J., Chater, K.F., and Hopwood, D.A. (2000). Practical Streptomyces 

Genetics (Norwich: The John Innes Foundation). 

Kensy, F., Zang, E., Faulhammer, C., Tan, R.-K., and Büchs, J. (2009). Validation of a high-throughput 

fermentation system based on online monitoring of biomass and fluorescence in continuously 

shaken microtiter plates. Microb. Cell Fact. 8, 31. 

Kever, L., Hardy, A., Luthe, T., Hünnefeld, M., Gätgens, C., Milke, L., Wiechert, J., Wittmann, J., 

Moraru, C., Marienhagen, J., et al. (2021). Aminoglycoside antibiotics inhibit phage infection by 

blocking an early step of the phage infection cycle. 

Kronheim, S., Daniel-Ivad, M., Duan, Z., Hwang, S., Wong, A.I., Mantel, I., Nodwell, J.R., and Maxwell, 

K.L. (2018). A chemical defence against phage infection. Nature 564, 283. 



Publications and manuscripts 

 

129 
 

Lee, N., Kim, W., Chung, J., Lee, Y., Cho, S., Jang, K.-S., Kim, S.C., Palsson, B., and Cho, B.-K. (2020). 

Iron competition triggers antibiotic biosynthesis in Streptomyces coelicolor during coculture with 

Myxococcus xanthus. The ISME Journal. 

Mak, S., and Nodwell, J.R. (2017). Actinorhodin is a redox-active antibiotic with a complex mode of 

action against Gram-positive cells: Molecular action of actinorhodin. Molecular Microbiology 106, 

597–613. 

Manteca, Á., and Yagüe, P. (2019). Streptomyces as a Source of Antimicrobials: Novel Approaches to 

Activate Cryptic Secondary Metabolite Pathways (IntechOpen). 

Netzker, T., Flak, M., Krespach, M.K., Stroe, M.C., Weber, J., Schroeckh, V., and Brakhage, A.A. 

(2018). Microbial interactions trigger the production of antibiotics. Curr Opin Microbiol 45, 117–123. 

Nguyen, C.T., Dhakal, D., Pham, V.T.T., Nguyen, H.T., and Sohng, J.-K. (2020). Recent Advances in 

Strategies for Activation and Discovery/Characterization of Cryptic Biosynthetic Gene Clusters in 

Streptomyces. Microorganisms 8, 616. 

Pérez, J., Muñoz‐Dorado, J., Braña, A.F., Shimkets, L.J., Sevillano, L., and Santamaría, R.I. (2011). 

Myxococcus xanthus induces actinorhodin overproduction and aerial mycelium formation by 

Streptomyces coelicolor. Microbial Biotechnology 4, 175–183. 

Rudd, B.A.M., and Hopwood, D.A. (1979). Genetics of Actinorhodin Biosynthesis by Streptomyces 

coelicolor A3(2). Microbiology 114, 35–43. 

Schleyer, G., Shahaf, N., Ziv, C., Dong, Y., Meoded, R.A., Helfrich, E.J.N., Schatz, D., Rosenwasser, S., 

Rogachev, I., Aharoni, A., et al. (2019). In plaque-mass spectrometry imaging of a bloom-forming alga 

during viral infection reveals a metabolic shift towards odd-chain fatty acid lipids. Nature 

Microbiology 1. 

Seyedsayamdost, M.R., Traxler, M.F., Clardy, J., and Kolter, R. (2012). Old meets new: using 

interspecies interactions to detect secondary metabolite production in actinomycetes. Methods 

Enzymol 517, 89–109. 



Publications and manuscripts 

 

130 
 

Tenconi, E., Traxler, M.F., Hoebreck, C., van Wezel, G.P., and Rigali, S. (2018). Production of 

Prodiginines Is Part of a Programmed Cell Death Process in Streptomyces coelicolor. Front. 

Microbiol. 9. 

Tenconi, E., Traxler, M., Tellatin, D., van Wezel, G.P., and Rigali, S. (2020). Prodiginines Postpone the 

Onset of Sporulation in Streptomyces coelicolor. Antibiotics 9, 847. 

Traxler, M.F., Watrous, J.D., Alexandrov, T., Dorrestein, P.C., and Kolter, R. (2013). Interspecies 

interactions stimulate diversification of the Streptomyces coelicolor secreted metabolome. MBio 4. 

 

  



Appendix 

131 
 

4 Appendix 

4.1 Supplementary Information to “2.2.4 Phage-induced natural product synthesis in Streptomyces” 
 

Table 1 | Summary information about all Streptomyces phages present in the laboratory collections. Information is grouped between description of the 

bacterial host, host range and diverse genomic features. a: Bacterial host used for isolation 

Phage Hosta 

Morphology 
(TEM) 

Host Range Genomic Data 

Name Species Strain Species Strains 
Seque
nced? 

Publis
hed? 

Size (kb) 
GC 

content 
(%) 

Lifestyle 
PhagesDB 
cluster (if 

applicable) 

Genomic 
ends 

Genome 
composi

tion 
Remarks 

Alderaan 
S. 

venezuelae  
ATCC10712 Siphophage S. lividans   Yes Yes 34 72.1 

Most likely 
virulent 

BC3 
Circularly 

permutated 
linear 

dsDNA 
  

Coruscant 
S. 

venezuelae  
ATCC10712 Siphophage -   Yes Yes 

133 (12 
kb DTR) 

48.4 Virulent BE1 
Long direct 

terminal 
repeats 

linear 
dsDNA 

  

SvenA = 
Chymera 

S. 
venezuelae  

ATCC10712 Siphophage     Yes No 34 71.4 Temperate Singleton 
3' Sticky 

overhangs 
linear 

dsDNA 

Identical to a 
prophage of 
Sven, only 2 
SNPs with 
Chymera 

SV1 
S. 

venezuelae  
ATCC10712 Siphophage     Yes Yes 37 72.7 Temperate BC1 

Circularly 
permutated 

linear 
dsDNA 

  

VWB (for 
now as 

DNA only) 

S. 
venezuelae  

ATCC10712 Siphophage     Yes Yes 49 71.1 Temperate BA Unknown 
linear 

dsDNA 
Gift of Lieve 
Van Mellaert 
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Imma1 
S. 

venezuelae  
ΔbldD   

S. 
venezuelae 

WT                   

Dagobah S. coelicolor M145 Siphophage S. lividans   Yes Yes 
47 (1kb 

DTR) 
68.9 Temperate Singleton 

Short direct 
terminal 
repeats 

linear 
dsDNA 

  

Endor1 S. coelicolor M145 Siphophage 

S. scabiei, S. 
platensis, S. 
xanthochro
mogenes, S. 
cyaneofusc
atus 

  Yes Yes 49 65.8 Temperate BD3 
Circularly 

permutated 
linear 

dsDNA 
  

Endor2 S. coelicolor M145 Siphophage 

S. platensis, 
S. 
xanthochro
mogenes, S. 
olivaceus S. 
cyaneofusc
atus 

  Yes Yes 48 65.1 Temperate BD3 
Circularly 

permutated 
linear 

dsDNA 
  

Sco4 S. coelicolor M145 Siphophage     Yes No     Temperate BD   
linear 

dsDNA 
99% similarity 
with Endor1 

ScoI S. coelicolor M145 Siphophage     Yes No     Temperate BD   
linear 

dsDNA 

88% identity 
with phage 

Saftant 
(other 

member of 
the BD 
cluster) 

ScoII S. coelicolor M145 Siphophage     Yes No     Temperate BD   
linear 

dsDNA 
98% identical 
with Endor2 
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ScoV S. coelicolor M145 Siphophage     Yes No     Temperate BD   
linear 

dsDNA 

99% identity 
with phage 
Joe (other 
member of 

the BD 
cluster) 

ScoVI S. coelicolor M145 Siphophage     Yes No     Temperate BD   
linear 

dsDNA 
  

phiIMSco S. coelicolor M145 Siphophage     Yes No           
linear 

dsDNA 
Needs to be 
resequenced 

phiIM1 S. griseus DSM 40236 Siphophage     Yes No           
linear 

dsDNA 
Needs to be 
resequenced 

phi 
A.Strepto
mycini III 

S. griseus DSM 40236   S. olivaceus   Yes No 55 69           

P26 S. griseus DSM 40236   S. olivaceus   Yes No 56 69           

phiIMSka 
S. 

kasugaensis 
DSM 40819 Siphophage     Yes No           

linear 
dsDNA 

Needs to be 
resequenced, 
isolated from 
the same soil 
sample than 

phiIMSco 

S7 S. olivaceus DSM 41536       Yes No 58 67           

phi8238 S. olivaceus DSM 41536       Yes No 39 61           

phiSoli1 S. olivaceus DSM 41536                         

phiSoli2 S. olivaceus DSM 41536                         
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Table 2 |Comparison for selected features of phage-infected samples to uninfected controls using LC-MS in S. coelicolor WT. ‘Up’ (‘down’) refer to 

increased (decreased, respectively) abundance of the given metabolite in the phage-infected sample in comparison to the control. Data measured in 

collaboration with David Widdick and Andrew Truman (John Innes Centre, UK). 

 

 

 WT control vs Dagobah WT control vs Endor1 WT control vs Endor2 

Family Compounds Exact masses m/z observed fold-change p-value 
fold-

change 
p-value fold-change p-value 

Actinorhodin 
derivatives 

Actinorhodin 633.125 - - - - - - - 

Kalafungin 315.051 - - - - - - - 

γ-Actinorhodin 629.0937 629.0955 1.5 DOWN 0.49936 1.1 DOWN 0.86819 1.4 DOWN 0.50581 

Actinorhodic acid 665.1148 665.1012 1.9 DOWN 0.39893 2.0 DOWN 0.41484 - - 

ε-Actinorhodin 647.1042 647.1077 1.1 DOWN 0.94114 8.7 DOWN 0.10537 1.2 DOWN 0.77606 

Deshydroxy-actinorhodic 
acid 

649.1199 649.1223 4.9 UP 0.22588 - - 2.7 UP 0.36099 

Desferrioxamines 

Desferrioxamine B 561.3612 561.3691 1.4 DOWN 0.60464 1.0 DOWN 0.94080 1.6 DOWN 0.51458 

Desferrioxamine E 601.3561 601.3636 1.6 DOWN 0.45561 1.4 DOWN 0.61271 1.8 DOWN 0.38150 

Peak group 12 

- 770.4614 15.6 UP 0.07795     

- 385.2333 29.9 UP 0.08831     

- 768.4459 27.5 UP 0.09357     

- 769.4477 33.1 UP 0.09462     

- 384.7298 17.3 UP 0.12119     

Peak group 17 

- 797.4832 41.7 UP 0.08285     

- 796.4789 41.9 UP 0.08952     

- 398.7444 24.2 UP 0.09226     

Peak group 25 

- 392.2399 23.9 UP 0.08270     

- 783.4704 24.8 UP 0.08997     

- 782.4625 17.2 UP 0.09557     

- 391.7378 21.0 UP 0.09854     
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Table 3 |Comparison of undecylprodigiosin abundance between phage-infected samples and uninfected controls using LC-MS in a S. coelicolor actinorhodin 

mutant (∆act). ‘Up’ (‘down’) refer to increased (decreased, respectively) abundance of the given metabolite in the phage-infected sample in comparison to 

the control. Data measured in collaboration with David Widdick and Andrew Truman (John Innes Centre, UK). 
 

∆act control vs Dagobah ∆act control vs Endor1 ∆act control vs Endor2 

Compounds Exact mass m/z observed fold-change p-value fold-change p-value fold-change p-value 

Undecylprodigiosin 394.2853 394.2884 27.4 UP 0.09158 29.9 UP 0.11003 22.9 UP 0.11005 
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Phage-induced secondary metabolite production in Streptomyces: beyond 

actinorhodin and undecylprodigiosin 

 

Naturally, phage-induced natural product synthesis in Streptomyces is much broader than 

actinorhodin and undecylprodigiosin and we extended our investigations to other secondary 

metabolites.  

Desferrioxamines are hydroxamate siderophores conserved in Streptomyces and are produced by S. 

coelicolor under a wide range of conditions (Barona-Gómez et al., 2004). In S. coelicolor, the two main 

desferrioxamines are desferrioxamines B and E, and desferrioxamine synthesis is directed by a four-

gene operon (desA—D). We used the LC-MS dataset primarily generated to assess production of 

actinorhodin and undecylprodigiosin on plates (cf. 2.2.4 Phage-induced natural product synthesis in 

Streptomyces) and examined desferrioxamine abundance in the different samples. Desferrioxamine B 

and E were found in high abundance in the samples, but no difference was observed between the 

controls and phage-infected samples. Interestingly, the Dagobah samples, when compared with 

controls, showed several peak groups (i.e., peaks that shared the same retention time) whose intensity 

was clearly higher, with fold-changes comprised between 20 and 50-fold (Appendix 4.1, Table 2). 

Comparison of the mass-to-charge ratio of these peaks with those of a network analysis performed 

following LC-MS/MS (Andrew Truman, personal communication) suggested that these peaks 

correspond to desferrioxamine derivates distinct from desferrioxamines B and E, desferrioxamines 

being known to be detected under various forms depending on the lengths of the acyl chains and 

metal ions bound. The same peak groups were either not found or found at much lower intensity in 

the samples infected by Endor1 and Endor2, suggesting a specificity of the bacterial response to phage 

infection. 

To deepen our understanding of the relationship between phage infection and desferrioxamines, we 

used a S. coelicolor mutant defective in the production of desferrioxamine B and E, obtained by the 

disruption of the desD gene (Barona-Gómez et al., 2004). The first obvious difference in phenotype 

when comparing the desferrioxamine-deficient mutant with S. coelicolor wild-type is the difference in 

pigmentation (Appendix 4.1, Figure 1A), a lack of desferrioxamines being known to impede secondary 

metabolite production (Tierrafría et al., 2011; Yamanaka et al., 2005). Interestingly, the phage 

Dagobah did not form plaques on the desferrioxamine-deficient mutant, and the plaques formed by 

Endor1 and Endor2, although comparable in numbers, were more turbid and substantially smaller. 

Considering that when using the same medium (GYM medium), Dagobah - unlike Endor1 and Endor2 

- triggered a strong release of desferrioxamines (cf. 2.2.4 Phage-induced natural product synthesis in 

Streptomyces and Appendix 4.1, Table 2), this unability of Dagobah to plaque on the desferrioxamine-
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deficient mutant suggests that desferrioxamines could be needed for successful phage infection. 

However, these differences showed some medium specificity: when switching to a different medium 

(CTT medium), the plaque counts of Dagobah were restored and similar to those of the wild type, 

despite a smaller plaque size (Appendix 4.1, figure 1B). Plaques formed by Endor1 and Endor2 were 

smaller comparatively to those of the wild type on CTT medium too. Next, we attempted to rescue 

the phenotype of the desferrioxamine mutant by adding to the plates increasing amounts of 

desferrioxamine B, which is purified from Streptomyces pilosus. Supplementation with up to 1 mM of 

desferrioxamine B had no effect on the plaque count and phenotype (Appendix 4.1, Figure 1C). This 

lack of complementation could be explained by the fact that desferrioxamine E (or other 

desferrioxamine derivatives) are needed, or that the concentrations used here were not sufficient. 

We then tested the impact of supplementation with ferrous iron Fe(II) on phage infection in the 

desferrioxamine-deficient S. coelicolor mutant. 

 



Appendix 

138 
 

 



Appendix 

139 
 

Figure 1 | Impact of desferrioxamines on phage infection in S. coelicolor. (A) and (B) Comparison of 
plaque phenotype and plaque counts between S. coelicolor WT and a mutant whose desD gene is 
disrupted by an apramycin resistance cassette (aac(3)IV) grown on GYM medium (A) and CTT medium 
(B). (C) Influence of the supplementation with increasing amounts of desferrioxamine B (dFO-B) on 
phage infection in a S. coelicolor desferrioxamine-deficient mutant. The desD mutant was obtained 
from Gregory Challis (University of Warwick, UK). 
 
 
Addition of up to 250 µM FeSO4 did not show an impact on plaque phenotype and counts (Appendix 

4.1, Figure 2A). Similarly, further modulation of the iron content by supplementation of either ferric 

iron Fe(III) or of a chelating agent (2,2’-bipyridyl) showed only minor effects (Appendix 4.1, Figure 2B). 
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Figure 2 | Influence of iron content on phage infection in S. coelicolor. Influence of the 
supplementation with increasing amounts of ferrous iron Fe(II) (A) or ferric iron Fe(III) and the iron 
chelator 2,2’-bipyridyl (B) on phage infection in S. coelicolor WT and a S. coelicolor desferrioxamine-
deficient mutant. The desD mutant was obtained from Gregory Challis (University of Warwick, UK). 
 

Finally, we would like to report some rather preliminary and exploratory work about phage-triggered 

natural product synthesis in S. venezuelae. ‘Soft-agar free assays’ performed with our two S. 

venezuelae phages revealed brown halos diffusing from phage-infected colonies (Appendix 4.1, Figure 

3). The identity of the molecule(s) responsible for these halos is not clear yet, but melanin is a prime 

candidate. S. venezuelae encodes two BGCs directing the synthesis of melanin (Gomez-Escribano et 

al., 2021) and melanin is a secondary metabolite commonly produced among Streptomyces. It remains 

to be demonstrated if the release of melanin in reaction to phage infection is a common strategy and 

what function does melanin fulfil in this context. 

 

 

 

 
Figure 3 | Phage infection triggers the release of a brown diffusible pigment in S. venezuelae. S. 
venezuelae was infected with the phages Alderaan and Coruscant in a ‘soft-agar free assay’. 
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A promising strategy which could provide insights into the response to phage infection at the 

metabolite level is MALDI imaging. This technique consists in the use of matrix-assisted laser 

desorption ionization (MALDI) on a solid sample while conserving the spatial structure of the sample. 

In other words, MALDI imaging allows the determination of analytes present in every point of the 

sample, with the limit imposed the spatial resolution of the device. Use of this technique with colonies 

of S. venezuelae infected by the phage Alderaan revealed metabolites which were strongly enriched 

in the phage-infected colonies compared to the controls (Appendix 4.1, Figure 4). The following step 

of metabolite identification is not trivial and comprises prediction of the expected masses of known 

BGCs encoded by this strain as well as purification of the suspected compounds from large scale 

cultures, if possible. 

 
In conclusion, we have showed that desferrioxamines were released by S. coelicolor in reaction to 

phage infection. Interestingly, when using the same growth medium, the phage triggering this release 

could not infect a desferrioxamine mutant. This observation suggests that desferrioxamine synthesis 

is needed for this phage to complete its infection cycle. This dependency could be indirect, with 

desferrioxamines ensuring a sufficient iron uptake and steady metabolic state under low-iron 

conditions. More generally, the release of desferrioxamines consecutive to phage infection can also 

be seen as a strategy for the Streptomyces population as a whole to secure iron released following the 

lysis of phage-infected cells.  
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Figure 4 | Selected extracted ion chromatograms of S. venezuelae samples analysed by MALDI 

Imaging. S. venezuelae was infected with the phage Alderaan in ‘soft-agar free assays’. The intensities 

were normalized after the respective total ion chromatograms. m/z values whose intensities are 
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notably higher in the phage-infected samples compared to the controls are highlighted in bold. Data 

obtained in collaboration with Silke Probst and Jörn Piel (ETH Zürich, Switzerland) 

 

References 

Barona-Gómez, F., Wong, U., Giannakopulos, A.E., Derrick, P.J., and Challis, G.L. (2004). Identification 
of a Cluster of Genes that Directs Desferrioxamine Biosynthesis in Streptomyces coelicolor M145. J. 
Am. Chem. Soc. 126, 16282–16283. 

Gomez-Escribano, J.P., Holmes, N.A., Schlimpert, S., Bibb, M.J., Chandra, G., Wilkinson, B., Buttner, 
M.J., and Bibb, M.J. (2021). Streptomyces venezuelae NRRL B-65442: genome sequence of a model 
strain used to study morphological differentiation in filamentous actinobacteria. Journal of Industrial 
Microbiology and Biotechnology 48, kuab035. 

Tierrafría, V.H., Ramos-Aboites, H.E., Gosset, G., and Barona-Gómez, F. (2011). Disruption of the 
siderophore-binding desE receptor gene in Streptomyces coelicolor A3(2) results in impaired growth 
in spite of multiple iron-siderophore transport systems: Ferrioxamine-binding proteins of 
Streptomyces. Microbial Biotechnology 4, 275–285. 

Yamanaka, K., Oikawa, H., Ogawa, H., Hosono, K., Shinmachi, F., Takano, H., Sakuda, S., Beppu, T., 
and Ueda, K. (2005). Desferrioxamine E produced by Streptomyces griseus stimulates growth and 
development of Streptomyces tanashiensis. Microbiology, 151, 2899–2905. 

 

  



Appendix 

145 
 

4.2 Supplementary information to “Genome Sequence and 

Characterization of Five Bacteriophages Infecting Streptomyces 

coelicolor and Streptomyces venezuelae: Alderaan, Coruscant, 

Dagobah, Endor1 and Endor2” 
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4.3 Supplementary information to “Aminoglycoside antibiotics inhibit 

phage infection by blocking an early step of the phage infection cycle”  
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Tables 

Table S1 | Aminoglycoside-modifying enzymes used in this study 

Table S2 | Bacterial strains used in this study. 

Table S3 | Phages used in this study 

Table S4 | Plasmids used in this study 

Table S5 | Oligonucleotides used in this study 

Table S6 | Polynucleotides used for phage targeting direct-geneFISH 

Figures 

Supplementary Figure S1 | Dose-dependent effect of apramycin on the Streptomyces phage 

Alderaan. 

Supplementary Figure S2 | Effect of aminoglycosides on E. coli phage λ.  

Supplementary Figure S3 | Synchronized infection of Streptomyces venezuelae with phage Alderaan 

under apramycin pressure. 

Supplementary Figure S4 | Investigations of the mechanism of action of apramycin.  

Supplementary Figure S5 | Pre-incubation of phage Alderaan with apramycin. 

Supplementary Figure S6 | Distribution of fluorescence intensities from phage targeting 

direct-geneFISH. 

Videos 

Video S1: Apramycin prevents cell lysis during infection of S. venezuelae with phage 

Alderaan.  
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Tables 

Supplementary Table S1: Aminoglycoside-modifying enzymes used in this study 

Antibiotic Gene Annotation Protein sequence Modification 

Apramycin aac(3)IV 
Aminoglycoside N(3)-
acetyltransferase 

VQYEWRKAELIGQLLNLGVTPGGVLLVHSSFR
SVRPLEDGPLGLIEALRAALGPGGTLVMPSWS
GLDDEPFDPATSPVTPDLGVVSDTFWRLPNV
KRSAHPFAFAAAGPQAEQIISDPLPLPPHSPAS
PVARVHELDGQVLLLGVGHDANTTLHLAELM
AKVPYGVPRHCTILQDGKLVRVDYLENDHCCE
RFALADRWLKEKSLQKEGPVGHAFARLIRSRD
IVATALGQLGRDPLIFLHPPEAGCEECDAARQ
SIG 
 

Acetylation of 3-
amino group of the 
deoxystreptamine 
ring 

Hygromycin aph(7'')-Ia  
Aminoglycoside O-
phosphotransferase 
APH(7'')-Ia, 

VTQESLLLLDRIDSDDSYASLRNDQEFWEPLA
RRALEELGLPVPPVLRVPGESTNPVLVGEPDP
VIKLFGEHWCGPESLASESEAYAVLADAPVPV
PRLLGRGELRPGTGAWPWPYLVMSRMTGTT
WRSAMDGTTDRNALLALARELGRVLGRLHR
VPLTGNTVLTPHSEVFPELLRERRAATVEDHR
GWGYLSPRLLDRLEDWLPDVDTLLAGREPRF
VHGDLHGTNIFVDLAATEVTGIVDFTDVYAGD
SRYSLVQLHLNAFRGDREILAALLDGAQWKRT
EDFARELLAFTFLHDFEVFEETPLDLSGFTDPEE
LAQFLWGPPDTAPGA 
 

Phosphorylation of 
hydroxyl group at 
position 7'' 

Kanamycin 
aph(3\\')-
Ia 

Aminoglycoside 3'-
phosphotransferase 

MSHIQRETSCSRPRLNSNMDADLYGYKWAR
DNVGQSGATIYRLYGKPDAPELFLKHGKGSVA
NDVTDEMVRLNWLTEFMPLPTIKHFIRTPDD
AWLLTTAIPGKTAFQVLEEYPDSGENIVDALA
VFLRRLHSIPVCNCPFNSDRVFRLAQAQSRM
NNGLVDASDFDDERNGWPVEQVWKEMHKL
LPFSPDSVVTHGDFSLDNLIFDEGKLIGCIDVG
RVGIADRYQDLAILWNCLGEFSPSLQKRLFQK
YGIDNPDMNKLQFHLMLDEFF 
 

Phosphorylation of 
hydroxyl group at 
position 3‘ 

Spectinomycin/ 
Streptomycin 

aadA 
 
 

Aminoglycoside (3'') 
(9) 
adenylyltransferase 

MREAVIAEVSTQLSEVVGVIERHLEPTLLAVHL
YGSAVDGGLKPHSDIDLLVTVTVRLDETTRRA
LINDLLETSASPGESEILRAVEVTIVVHDDIIPW
RYPAKRELQFGEWQRNDILAGIFEPATIDIDLA
ILLTKAREHSVALVGPAAEELFDPVPEQDLFEA
LNETLTLWNSPPDWAGDERNVVLTLSRIWYS
AVTGKIAPKDVAADWAMERLPAQYQPVILEA
RQAYLGQEEDRLASRADQLEEFVHYVKGEITK
VVGK 
 

O-adenylation at 
positions 3″ and 9 
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Supplementary Table S2: Bacterial strains used in this study 

Strains Genotype  Reference 

C. glutamicum MB001 
ATCC 13032 strain with deletion of prophages ΔCGP1 
(cg1507-cg1524), ΔCGP2 (cg1746-cg1752) und ΔCGP3 
(cg1890-cg2071)  

1 

C. glutamicum MB001 – pEKEx2a MB001 carrying the plasmid pEKEx2a, KanR This study 

C. glutamicum MB001 – pEKEx2b MB001 carrying the plasmid pEKEx2b, HygR This study 

C. glutamicum MB001 – pEKEx2d MB001 carrying the plasmid pEKEx2d, AprR This study 

C. glutamicum MB001 – pEKEx2e MB001 carrying the plasmid pEKEx2e, SpR/SmR This study 

Escherichia coli DH5α 
supE44 ΔlacU169 (f80lacZDM15) hsdR17 recA1 endA1 
gyrA96 thi-1 relA1 

Invitrogen 

Escherichia coli ET12567/pUZ8002 dam-13∷Tn9 dcm-6 hsdM hsdR, carrying plasmid pUZ8002  2 

Escherichia coli BL21 (DE3) F- ompT hsdSB(rB
− mB −) gal dcm λ(DE3)  3 

Escherichia coli DSM 613 Wild-type strain 4 

E. coli DSM 613 – pEKEx2a E. coli DSM 613 carrying the plasmid pEKEx2a, KanR This study 

E. coli DSM 613 – pEKEx2b E. coli DSM 613 carrying the plasmid pEKEx2b, HygR This study 

E. coli DSM 613 – pEKEx2d E. coli DSM 613 carrying the plasmid pEKEx2d, AprR This study 

E. coli DSM 613 – pEKEx2e E. coli DSM 613 carrying the plasmid pEKEx2e, SpR/SmR This study 

Escherichia coli DSM 5695 F+ met str T1s T6s lambda- 5 

E. coli DSM 5695 – pEKEx2a E. coli DSM 5695 carrying the plasmid pEKEx2a, KanR This study 

E. coli DSM 5695 – pEKEx2b E. coli DSM 5695 carrying the plasmid pEKEx2b, HygR This study 

E. coli DSM 5695 – pEKEx2d E. coli DSM 5695 carrying the plasmid pEKEx2d, AprR This study 

E. coli DSM 5695 – pEKEx2e E. coli DSM 5695 carrying the plasmid pEKEx2e, SpR/SmR This study 

Escherichia coli DSM 4230 
F- hsdR514 (rk- mk-) supE44 supF58 Δ(lacIZY)6 galK2 galT22 
metB1 trpR55 lambda- 

6 

E. coli DSM 4230 – pEKEx2a E. coli DSM 4230 carrying the plasmid pEKEx2a, KanR This study 

E. coli DSM 4230 – pEKEx2b E. coli DSM 4230 carrying the plasmid pEKEx2b, HygR This study 

E. coli DSM 4230 – pEKEx2d E. coli DSM 4230 carrying the plasmid pEKEx2d, AprR This study 
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E. coli DSM 4230 – pEKEx2e E. coli DSM 4230 carrying the plasmid pEKEx2e, SpR/SmR This study 

Escherichia coli JW3996 E. coli BW25113 ΔlamB 7 

Streptomyces venezuelae ATCC 10712 Wild-type strain 8 

S. venezuelae ATCC 10712 – pIJLK01 
S. venezuelae ATCC 10712 carrying the integrative plasmid 
pIJLK01, HygR 

This study 

S. venezuelae ATCC 10712 – pIJLK04 
S. venezuelae ATCC 10712 carrying the integrative plasmid 
pIJLK04, AprR 

This study 

S. venezuelae ATCC 10712 – pIJLK05 
S. venezuelae ATCC 10712 carrying the integrative plasmid 
pIJLK05, SpR/SmR 

This study 

Streptomyces coelicolor M145 S. coelicolor A3(2) lacking plasmids SCP1 and SCP2 9 

S. coelicolor M145– pIJLK01 
S. coelicolor M145 carrying the integrative plasmid pIJLK01, 
HygR 

This study 

S. coelicolor M145– pIJLK04 
S. coelicolor M145 carrying the integrative plasmid pIJLK04, 
AprR 

This study 

S. coelicolor M145– pIJLK05 
S. coelicolor M145 carrying the integrative plasmid pIJLK05, 
SpR/SmR 

This study 
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Supplementary Table S3: Phages used in this study 

Phage Host organism Lifestyle Family Genome 
State of injected 
genome13,14 

Reference 

Alderaan 
S. venezuelae ATCC 
10712 

Virulent Siphoviridae dsDNA 
Linear with terminal 
redundancy 

15 

Coruscant 
S. venezuelae ATCC 
10712 
 

Virulent Siphoviridae dsDNA 
Linear with terminal 
repeats 

15 

Dagobah 
S. coelicolor M145 
 

Temperate Siphoviridae dsDNA 
Linear with terminal 
repeats 

15 

Endor1 
S. coelicolor M145 
 

Temperate Siphoviridae dsDNA 
Linear with terminal 
redundancy 

15 

Endor2 
S. coelicolor M145 
 

Temperate Siphoviridae dsDNA 
Linear with terminal 
redundancy 

15 

CL31 
C. glutamicum 
MB001 

Temperate Siphoviridae dsDNA 
Linear with cohesive 
ends 

16 

Spe2 
C. glutamicum 
ATCC 13032 

Virulent Siphoviridae dsDNA Unknown 
This study, 
DSM110582 

T4 E. coli B (DSM613) Virulent  Myoviridae  dsDNA 
Linear with terminal 
redundancy 

DSM4505 

T5 E. coli B (DSM613) Virulent Siphoviridae dsDNA 
Linear with terminal 
redundancy 

DSM16353 

T6 E. coli B (DSM613) Virulent Myoviridae dsDNA 
Linear with terminal 
repeats 

DSM4622 

T7 E. coli B (DSM613) Virulent Podoviridae dsDNA 
Linear with terminal 
repeats 

DSM4623 

M13 
E. coli W1485 
(DSM5695) 

Chronic 
infection 

Inoviridae ssDNA Circular (+) strand DSM13976 

fd 
E. coli W1485 
(DSM5695) 

Chronic 
infection 

Inoviridae ssDNA Circular (+) strand DSM4498 

MS2 
E. coli W1485 
(DSM5695) 

Virulent Leviviridae ssRNA 
Linear, bound to the 
maturation protein 
17 

DSM13767 

Lambda (λ) 
E. coli LE392 
(DSM4230) 

Temperate Siphoviridae dsDNA 
Linear with cohesive 
ends 

DSM4499 
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Supplementary Table S4: Plasmids used in this study 

Plasmids Characteristics Reference 

pIJ10257 
HygR; Cloning vector for the conjugal transfer of DNA from E. coli to Streptomyces spp.; 
(constitutive promoter ermE*; Integration at the ΦBT1 attachment site)  

18 

pEKEx2 
KanR; C. glutamicum/ E. coli shuttle vector for regulated gene expression; Ptac, lacIq, pBL1 
oriVC.g., pUC18 oriVE.c. 

19 

pIJ773 
pBluescript II SK(+)-based plasmid containing the apramycin resistance cassette  
flanked by FRT (FLP recognition target) recombination sites  

20 

pCDFduet-1  
SpR/SmR; E. coli vector for coexpression of two target genes; PT7, lacI, CloDF13 ori, T7 
terminator 

Novagen 

pUZ8002 KanR; RK2 derivative with nontransmissible oriT  21 

pAN6 
KanR.; E. coli vector for regulated gene expression; derivative of pEKEx2 (Ptac, lacIq, pBL1 
oriVC.g., pUC18 oriVE.c.) 

22 

Plasmids Characteristics Template Primer Vector 
Restriction 

enzyme 
Sequencing 

primer 
Reference 

pIJLK01 

HygR; Derivative of 
pIJ10257 with 
additional 
restrictions sites 
Bst1107I 
(upstream) and 
StuI (downstream) 
of the aph(7'')-Ia 
gene allowing 
exchanging of the 
antibiotic cassette 

pIJ10257 
1 + 2       3 
+ 4        5 + 

6 
pIJ10257 

KpnI; 
PvuII 

25 - 28 This study 

pIJLK04 

AprR; Derivative of 
pIJLK01 with 
aph(7'')-Ia 
exchanged for 
aac(3)IV 
(apramycin 
resistance gene) 

pIJ773 7 + 8 pIJLK01 
Bst1107I; 

StuI 
28 This study 

pIJLK05 

SpR/SmR; 
Derivative of 
pIJLK01 with 
aph(7'')-Ia 
exchanged for 
aadA 
(spectinomycin/ 
streptomycin 
resistance gene) 

pCDFduet-1 9 + 10 pIJLK01 
Bst1107I; 

StuI 
28 This study 
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pEKEx2a 

KanR; Derivative of 
pEKEx2 with 
additional 
restrictions sites 
Bst1107I 
(upstream) and 
NotI (downstream) 
of the aphA1 gene 
allowing 
exchanging of the 
antibiotic cassette 

pEKEx2 
11 + 12 
13 + 14 
15 + 16  

pEKEx2 
SapI;      
StuI 

29 - 32 This study 

pEKEx2b 

HygR; Derivative of 
pEKEx2a with 
aphA1 exchanged 
for aph(7'')-Ia 
(hygromycin 
resistance gene) 

pIJ10257 17 + 18 pEKEx2a 
Bst1107I; 

NotI 
31 + 32 This study 

pEKEx2d 

AprR; Derivative of 
pEKEx2a with 
aphA1 exchanged 
for aac(3)IV 
(apramycin 
resistance gene) 

pIJ773 19 + 20 pEKEx2a 
Bst1107I; 

NotI 
31 + 32 This study 

pEKEx2e 

SpR/SmR; 
Derivative of 
pEKEx2a with 
aphA1exchanged 
for aadA 
(spectinomycin/ 
streptomycin 
resistance gene) 

pCDFduet-1 21 + 22 pEKEx2a 
Bst1107I; 

NotI 
31 + 32 This study 

pAN6_ 
aac(3)IV_Cstrep 

KanR; Derivative of 
pAN6 with 
aac(3)IV fused to a 
C-terminal Strep-
tag 

pIJ773 23 + 24 
pAN6_ 
CStrep 

NdeI;  
NheI 

33 + 34 This study 

 



Appendix 

158 
 

Supplementary Table S5: Oligonucleotides used in this study 

 
No.  

Oligonucleotide name Sequence (5' - 3') 

Construction of plasmids 

1 pIJ10257_RE1_1_fw TGCTCGGGTCGGGCTGGTACCAGTGAGCGTTTTTCAACCTCAG 

2 pIJ10257_RE1_1_rv GATTCTTGTGTCACGTATACAGCGGACCTCTATTCACAGGG 

3 pIJ10257_RE1_2_fw AATAGAGGTCCGCTGTATACGTGACACAAGAATCCCTGTTACTTCTCG 

4 pIJ10257_RE2_2_rv CGGGCGGCCCGGGGCGAGGCCTTCAGGCGCCGGGGG 

5 pIJ10257_RE2_3_fw CCCCCGGCGCCTGAAGGCCTCGCCCCGGGCCGC 

6 pIJ10257_RE2_3_rv GAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGC 

7 pIJLK04_aac(3)IV_fw TGAATAGAGGTCCGCTGTATACGTGCAATACGAATGGCGAAAAG 

8 pIJLK04_aac(3)IV_rv GGCGGCCCGGGGCGAGGCCTTCAGCCAATCGACTGGCG 

9 pIJLK05_aadA_fw TGAATAGAGGTCCGCTGTATACATGAGGGAAGCGGTGATCG 

10 pIJLK05_aadA_rv GCGGCCCGGGGCGAGGCCTTTATTTGCCGACTACCTTGGTGAT 

11 pEKEx2_RE1_1_fw GCGGTTTGCGTATTGGGCGCTCT 

12 pEKEx2_RE1_1_rv ATGGCTCATGTATACAACACCCCTTGTATTACTGTTTATGTAAGCAGAC 

13 pEKEx2_RE1_2_fw GGGGTGTTGTATACATGAGCCATATTCAACGGGAAACGTCT 

14 pEKEx2_RE2_2_rv TTCTGAGCGGCCGCTTAGAAAAACTCATCGAGCATCAAATGAAAC 

15 pEKEx2_RE2_3_fw TTTCTAAGCGGCCGCTCAGAATTGGTTAATTGGTTGTAACA 

16 pEKEx2_RE2_3_rv CGTGAAGAAGGTGTTGCTGACTC 

17 pEKEx2b_hygR_fw ATACAAGGGGTGTTGTATACGTGACACAAGAATCCCTGTTACTTCTC 

18 pEKEx2b_hygR_rv AATTAACCAATTCTGAGCGGCCGCTCAGGCGCCGGGGGC 

19 pEKEx2d_aac(3)IV_fw ATACAAGGGGTGTTGTATACGTGCAATACGAATGGCGAAAAG 

20 pEKEx2d_aac(3)IV_rv ACCAATTCTGAGCGGCCGCTCAGCCAATCGACTGGCGAG 

21 pEKEx2e_aadA_fw ACAAGGGGTGTTGTATACATGAGGGAAGCGGTGATCG 

22 pEKEx2e_aadA_rv ACCAATTCTGAGCGGCCGCTTATTTGCCGACTACCTTGGTGATC 

23 pAN6_aac(3)IV_Cstrep_ fw CCTGCAGAAGGAGATATACATATGATGTCATCAGCGGTGGAG 

24 pAN6_aac(3)IV_CStrep_rv TGTGGGTGGGACCAGCTAGCGCCAATCGACTGGCGAGC 

Sequencing primer 

25 pIJLK01_seq_fw_1 GATCAACCGCGACTAGCATC 

26 pIJLK01_seq_fw_2 CCGGTGATCAAGCTGTTC 

27 pIJLK01_seq_fw_3 TTTCTGCGCGTAATCTGCTG 

28 pIJLK0x_seq_fw_4 CGTAGAGATTGGCGATCCC 

29 pEKEx2a_seq_fw TTCCAGTCGGGAAACCTGTC 

30 pEKEx2a_seq_rv TCGCGAGCCCATTTATACCC 

31 pEKEx2x_seq_fw GGAAAGCCACGTTGTGTCTC 

32 pEKEx2x_seq_rv GCCTCGTGAAGAAGGTGTTG 

33 pAN6_seq_ Cstrep_fw CGGCGTTTCACTTCTGAGTTCGGC 

34 pAN6_seq_ Cstrep_rv GATATGACCATGATTACGCC 

qPCR primer 

35 qPCR_atpD_Sv_fw TGTTCGAGACCGGCCTGAAG 

36 qPCR_atpD_Sv_rv AGACACCGTCGTGCAGCTTG 

37 qPCR_Alderaan_HQ601_00028_fw CTCGGCTATCCGATCATCC 

38 qPCR_Alderaan_HQ601_00028_rv TTGGTTGCGGTTGATGGAC 
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Supplementary Table S6: Polynucleotides used for phage targeting direct-geneFISH 

No.  Sequence (5' - 3') 

Gene probes for phage targeting direct-geneFISH with Alderaan infecting S. venezuelae 

1 
ACGGCGATCAGCACCCAGGACAGGACGACGTCTTTGTGTCGCACCCACCATGGCGGTCTCGGTCTCGGCTCTTCCATCAACT
TTCCCCCAGTTCGGCAACAGTCGACATCGTATGGAGAGAGGGGGTGAGCCCGTGCCCATTCACCCCGGCATGGTCGAGCCC
CTCGCCGAACGCACCCGCGATCTCTACGCCGCCGCCG 

2 
TACGCGGACGCCGAGGACGCCTGTAACGGCTACCTCCTGAACAAGAAGGCCAAGGCGGACGGCATCAACCCGGCCGCCCT
GTTCAGCGGCCCAGCCCGTATCGCGTACGCCCGAGCGTCGGACGAGCTGAAAGAGTGGTGGGCCGAACACGGTCGCCTAA
CGCAGGCGGAGTTCATCGAGCAGGTCACCGGCAAGGCTCA 

3 
CGCCGACAGCAACGGCCGTCACGAGCACGTCACCAACTACGACGTCGCCACGGCCTCCCCCACCACCCCGTAAGGAGGTCC
GCCCATGGCGGGTAACAGCAGGTCCATCGACGCGCGCGGATGGCTCTTCGAGGTCAAGGACACCGACGCCAGCACCGAGA
CGTGGCTCCCGATCGCCGGTCTCAACTCCTGGTCGTACT 

4 
CGGCGCGTACGAGGAGGACGTCATGCAGCGCGGCGCCTCCATCACCCTGGAGGGTCAGTACCGCATCGACAAGACGACCA
AGGCCCGCGACGTGGGACAGGCGTACATCGATGAGGAATGGACGCCGCGTCTCGGCATCGACTCGCACAACCAGATCCGCT
ACCGGCACGAGACGCAGTCCGCATGGGCGATCTGGGACG 

5 
CGTAGACGTCGCCGAAGACCTCTTGGACACGTTCGCCGAGTATCCGACGGAGTTCCGTCAGCTCGGCCTCGACGCCGAGAC
GGCGATGGGGCTGCTCTCCCAGGGACTCCAAGGCGGTGCGCGCGACGCCGATACGGTCGCCGACGCGTTGAAGGAATTCA
CGCTCATGGCTCAGGGCATGGGCGAGTCAACTGCGGAGT 

6 
GCCGTGTGGGCCGGGGCCATCGTCGTCGGTCAGTGGGTCCTCATGGCCACACAGGCCCTCATGCAGGCCGCCCGCATGGCC
GCCGCGTGGCTCATCGCCATGGGCCCGATTGGCCTGCTCATCGCTGCCGTGGTCGGTCTCGTCGTCCTGATCATCAAGTATT
GGGATGACATCGTCGCAGCCACCACGAAGGCGTGGGA 

7 
GGCCGCCGGCGACTACGTCGAGATGACCATTTTCAGCGGCGCCGCCCTGTCCGGCATTCCGTCCAGCTACAGCCGGGCGTC
GTTGGTCTGGCAGGGCCCCGCGTGAGCGGCATGTACCGCGTCGTTCTGTGCGACCTGCGATCCGACCAAGTCCTCGACATCC
TTCCCGCGCAGGGCATCAAGTGCGACGACTACATCGG 

8 
CCGCGACGTTCGACTCGTACCTCGCGCACCGGCTACTCAAGGACGGGTGGACCGGGAACGGGGTCGACCAACTCGACATCG
CCCGTCAGATCGTCGACTGGGTCCAGTCGACCGAGGGCGGCAACATCGGCATCGAACTGGACTGGTCGCAGACATCCGGA
GTGCTCCGCGACCGGGCGTACTCCCGCTACGACCTGTAC 

9 
GTCGTGCGCGACGTGCTCGACCAACTCGCCAACGTCGAGAACGGGTTCGAGTGGCGCGTACGTACGTACCGCGATGCGTCC
GGCCGCCGCGTGAAGAGCTTGCAGCTCGGCTATCCGATCATCCGGAGCAGCCGTACCGAGTTGGTTCTCTCCTCCCCGGGCC
CGGTCATCGACTACCGGATGCCCGAGGACGGCACCTC 

10 
GCGCCACCGCGCAGCTTCAGTTCCGCGTGAACGGAACCATCGTGGCGACCGGCACGGCGGGTCAACCGCTCCTTGCCACCT
TCGCCATCCCGTCGTACGCGTTCGGCATGAACGCCGAGTTCGAGCTACAGGCCCGCGTGTCCAGCGGCACCGGAACCGCCT
ACGCCCAGACCCGCTACCTGTACGGCTTCCAGTCCTAA 

11 
GGCGCGGTGCTCGGCGCGGTGCTCGGCACGGTCGTCGTGGCGCTCATCGGCTGCTCTCCTCCTTGCGGGGCGTGCTCCGGA
ATGGCTCCACCTTGACACCCCGGTCCGGACGTATCTGCCCCCAAAGCGAGGACAGTTGAGACGTCTCTCGCTAGGGTCGAAT
AAGGCCCAAAAGTCCGGGCAGAGGGGGTTGACAGTGA 

12 
AACCGCGCGGACGCTGCACGGGCGCTGGGAGTGGATGAGGAAATGATCTGGCCGAAGGCGGTGCAGGACCGCGTAAAGG
TCGGCGGCGACCGGGAGATCCTCCGCACTTACCCATACCGCTCGGCGTGCCCCTCCAACGTGTGGGCGGACCTCGCTGCCG
GCGCCGAGCACGAGCTGTTTCTCGCCGGGTATACGAACTA 

13 
GCGAGGTGACCCGGCAGCGCGAGGTAATCGAAGGCGTTCCGCTGTCGGTTTCCACGCGCATTCGGATCACGCTCGATGAGT
TGGCGCGGCTCGGGTCGGTCGAGGGTGTCGAGGCCCGGCTGAGCGCTGCCGAGGATGCCGTAAATCACGTGAGCCTGTCG
GTATTCCGATTCGACGAGGAGGCCCTCGTAACGCCTCAT 
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14 
TGCGGCGGCACGTTGACGGCGGGATGTTCGACCGCTTCGCAGAGCACGCCGAAGAGCTGTGGGAGCGGGCCGTGCCCGTG
ACGTCGTAGACGACGAACGGCCCCGCCTCCCAGACAGGGACGCGGGGCCGTCGCGTTTCCGCAGGTCAAGCAACCATTCCG
TATCGCTCCCCTTTAGGTCCACTGTCGTGGGGTGTTGGA 

15 
GACGCGAGTGTCTGTGACTGCTTCGCCCCTGAGGAGCCGGCCGACGGTCGAGGCGCTGATGCCGCTATCTGCGGCAAAGCG
GGAGCGCCCCCCGCTGCGTAGGCCGGTGACGTCGTATCCGCGTCTCACGAGTTCCTGGGAGAGCCATGCGGCGAACGCCGA
GCGCGTCGCGTCGGTCTTGTTTTCTGCCATGGCAGAAA 

16 
CCGCGCGGCGAGAAGGGCACGCACACCGTGCTCCGGATGCTGTACCGCATCTACGGCCCGGCCGGCGACTGCCTCGCCGTC
ACCATCCCGGGCGAGGCCATGGACACGGCCGACAAGAGCACCAACAAGGCGATGTCGGCCGCGCTCAAGTACATGCTCTTT
CAGGTGTTCATGATCCCCGTGGACGCCCGCAGCATCGA 

17 
GGTGATCCCGCCCGCGTTCACCCCGGAGGACGGCACCTAGCCCCCCTCGATAGGGGGAGCCGGATCAGCCCCACATCCGCT
ATCTTTCTGTCTCGACAGATACATGCCTGTCGAGACAGAACCGCGAGCGCGCGCGCTCAGCACGTAGAGCAGGAGGACCGC
CCCGTGAACACCCCCGAGCGCTTCGCCGCCAAGGTCGA 

Gene probes for phage targeting direct-geneFISH with λ infecting E. coli 

1 

AGCAGTATCTTAAATTTGGCGACAAAGAGACGCCGTTTGGCCTCAAATGGACGCCGGATGACCCCTCCAGCGTGTTTTATCT
CTGCGAGCATAATGCCTGCGTCATCCGCCAGCAGGAGCTGGACTTTACTGATGCCCGTTATATCTGCGAAAAGACCGGGATC
TGGACCCGTGATGGCATTCTCTGGTTTTCGTCATCCGGTGAAGAGATTGAGCCACCTGACAGTGTGACCTTTCACATCTGGAC
AGCGTACAGCCCGTTCACCACCTGGGTGCAGATTGTCAAAGACTGGATGAAAA 

2 

GCAGGACAACGTATTCGATGTGTTATCTGAAAGTACTGATGAACGGTGCGGTGATTTATGATGGCGCGGCGAACGAGGCG
GTACAGGTGTTCTCCCGTATTGTTGACATGCCAGCGGGTCGGGGAAACGTGATCCTGACGTTCACGCTTACGTCCACACGGC
ATTCGGCAGATATTCCGCCGTATACGTTTGCCAGCGATGTGCAGGTTATGGTGATTAAGAAACAGGCGCTGGGCATCAGCG
TGGTCTGAGTGTGTTACAGAGGTTCGTCCGGGAACGGGCGTTTTATTATAAAACAGT 

3 

AGATTATTATGGGCCGCCACGACGATGAACAGACGCTGCTGCGTGTGGATGAGGCCATCAATAAAACCTATACCCGCCGGA
ATGGTGCAGAAATGTCGATATCCCGTATCTGCTGGGATACTGGCGGGATTGACCCGACCATTGTGTATGAACGCTCGAAAA
AACATGGGCTGTTCCGGGTGATCCCCATTAAAGGGGCATCCGTCTACGGAAAGCCGGTGGCCAGCATGCCACGTAAGCGAA
ACAAAAACGGGGTTTACCTTACCGAAATCGGTACGGATACCGCGAAAGAGCAGATTT 

4 

CAATTTTGTCCCACTCCCTGCCTCTGTCATCACGATACTGTGATGCCATGGTGTCCGACTTATGCCCGAGAAGATGTTGAGCA
AACTTATCGCTTATCTGCTTCTCATAGAGTCTTGCAGACAAACTGCGCAACTCGTGAAAGGTAGGCGGATCCCCTTCGAAGG
AAAGACCTGATGCTTTTCGTGCGCGCATAAAATACCTTGATACTGTGCCGGATGAAAGCGGTTCGCGACGAGTAGATGCAAT
TATGGTTTCTCCGCCAAGAATCTCTTTGCATTTATCAAGTGTTTCCTTCATTG 

5 

TGCTCGACATAAAGATATCCATCTACGATATCAGACCACTTCATTTCGCATAAATCACCAACTCGTTGCCCGGTAACAACAGC
CAGTTCCATTGCAAGTCTGAGCCAACATGGTGATGATTCTGCTGCTTGATAAATTTTCAGGTATTCGTCAGCCGTAAGTCTTG
ATCTCCTTACCTCTGATTTTGCTGCGCGAGTGGCAGCGACATGGTTTGTTGTTATATGGCCTTCAGCTATTGCCTCTCGGAAT
GCATCGCTCAGTGTTGATCTGATTAACTTGGCTGACGCCGCCTTGCCCTCG 

6 

AACTCAATGTTGGCCTGTATAGCTTCAGTGATTGCGATTCGCCTGTCTCTGCCTAATCCAAACTCTTTACCCGTCCTTGGGTCC
CTGTAGCAGTAATATCCATTGTTTCTTATATAAAGGTTAGGGGGTAAATCCCGGCGCTCATGACTTCGCCTTCTTCCCATTTCT
GATCCTCTTCAAAAGGCCACCTGTTACTGGTCGATTTAAGTCAACCTTTACCGCTGATTCGTGGAACAGATACTCTCTTCCATC
CTTAACCGGAGGTGGGAATATCCTGCATTCCCGAACCCATCGACGAAC 

7 

TGTTTCAAGGCTTCTTGGACGTCGCTGGCGTGCGTTCCACTCCTGAAGTGTCAAGTACATCGCAAAGTCTCCGCAATTACACG
CAAGAAAAAACCGCCATCAGGCGGCTTGGTGTTCTTTCAGTTCTTCAATTCGAATATTGGTTACGTCTGCATGTGCTATCTGC
GCCCATATCATCCAGTGGTCGTAGCAGTCGTTGATGTTCTCCGCTTCGATAACTCTGTTGAATGGCTCTCCATTCCATTCTCCT
GTGACTCGGAAGTGCATTTATCATCTCCATAAAACAAAACCCGCCGTAGC 

8 

ACTCAACCCGATGTTTGAGTACGGTCATCATCTGACACTACAGACTCTGGCATCGCTGTGAAGACGACGCGAAATTCAGCAT
TTTCACAAGCGTTATCTTTTACAAAACCGATCTCACTCTCCTTTGATGCGAATGCCAGCGTCAGACATCATATGCAGATACTCA
CCTGCATCCTGAACCCATTGACCTCCAACCCCGTAATAGCGATGCGTAATGATGTCGATAGTTACTAACGGGTCTTGTTCGAT
TAACTGCCGCAGAAACTCTTCCAGGTCACCAGTGCAGTGCTTGATAACAGG 
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9 

GTTCATCCAGCAGTTCCAGCACAATCGATGGTGTTACCAATTCATGGAAAAGGTCTGCGTCAAATCCCCAGTCGTCATGCATT
GCCTGCTCTGCCGCTTCACGCAGTGCCTGAGAGTTAATTTCGCTCACTTCGAACCTCTCTGTTTACTGATAAGTTCCAGATCCT
CCTGGCAACTTGCACAAGTCCGACAACCCTGAACGACCAGGCGTCTTCGTTCATCTATCGGATCGCCACACTCACAACAATGA
GTGGCAGATATAGCCTGGTGGTTCAGGCGGCGCATTTTTATTGCTGTGTT 

10 

TGAGGGTGAATGCGAATAATAAAAAAGGAGCCTGTAGCTCCCTGATGATTTTGCTTTTCATGTTCATCGTTCCTTAAAGACGC
CGTTTAACATGCCGATTGCCAGGCTTAAATGAGTCGGTGTGAATCCCATCAGCGTTACCGTTTCGCGGTGCTTCTTCAGTACG
CTACGGCAAATGTCATCGACGTTTTTATCCGGAAACTGCTGTCTGGCTTTTTTTGATTTCAGAATTAGCCTGACGGGCAATGC
TGCGAAGGGCGTTTTCCTGCTGAGGTGTCATTGAACAAGTCCCATGTCGGC 

11 

AGGTAAACGGGCATTTCAGTTCAAGGCCGTTGCCGTCACTGCATAAACCATCGGGAGAGCAGGCGGTACGCATACTTTCGT
CGCGATAGATGATCGGGGATTCAGTAACATTCACGCCGGAAGTGAATTCAAACAGGGTTCTGGCGTCGTTCTCGTACTGTTT
TCCCCAGGCCAGTGCTTTAGCGTTAACTTCCGGAGCCACACCGGTGCAAACCTCAGCAAGCAGGGTGTGGAAGTAGGACAT
TTTCATGTCAGGCCACTTCTTTCCGGAGCGGGGTTTTGCTATCACGTTGTGAACTT 

12 

TGATGACGCCGAGCCGTAATTTGTGCCACGCATCATCCCCCTGTTCGACAGCTCTCACATCGATCCCGGTACGCTGCAGGATA
ATGTCCGGTGTCATGCTGCCACCTTCTGCTCTGCGGCTTTCTGTTTCAGGAATCCAAGAGCTTTTACTGCTTCGGCCTGTGTCA
GTTCTGACGATGCACGAATGTCGCGGCGAAATATCTGGGAACAGAGCGGCAATAAGTCGTCATCCCATGTTTTATCCAGGG
CGATCAGCAGAGTGTTAATCTCCTGCATGGTTTCATCGTTAACCGGAGTGAT 

13 

TCGCGTTCCGGCTGACGTTCTGCAGTGTATGCAGTATTTTCGACAATGCGCTCGGCTTCATCCTTGTCATAGATACCAGCAAA
TCCGAAGGCCAGACGGGCACACTGAATCATGGCTTTATGACGTAACATCCGTTTGGGATGCGACTGCCACGGCCCCGTGATT
TCTCTGCCTTCGCGAGTTTTGAATGGTTCGCGGCGGCATTCATCCATCCATTCGGTAACGCAGATCGGATGATTACGGTCCTT
GCGGTAAATCCGGCATGTACAGGATTCATTGTCCTGCTCAAAGTCCATGCCA 

14 

TCAAACTGCTGGTTTTCATTGATGATGCGGGACCAGCCATCAACGCCCACCACCGGAACGATGCCATTCTGCTTATCAGGAA
AGGCGTAAATTTCTTTCGTCCACGGATTAAGGCCGTACTGGTTGGCAACGATCAGTAATGCGATGAACTGCGCATCGCTGGC
ATCACCTTTAAATGCCGTCTGGCGAAGAGTGGTGATCAGTTCCTGTGGGTCGACAGAATCCATGCCGACACGTTCAGCCAGC
TTCCCAGCCAGCGTTGCGAGTGCAGTACTCATTCGTTTTATACCTCTGAATCAA 

15 

TATCAACCTGGTGGTGAGCAATGGTTTCAACCATGTACCGGATGTGTTCTGCCATGCGCTCCTGAAACTCAACATCGTCATCA
AACGCACGGGTAATGGATTTTTTGCTGGCCCCGTGGCGTTGCAAATGATCGATGCATAGCGATTCAAACAGGTGCTGGGGC
AGGCCTTTTTCCATGTCGTCTGCCAGTTCTGCCTCTTTCTCTTCACGGGCGAGCTGCTGGTAGTGACGCGCCCAGCTCTGAGC
CTCAAGACGATCCTGAATGTAATAAGCGTTCATGGCTGAACTCCTGAAATAGC 

16 

GATAAAGCCAAGGCCAATATCTAAGTAACTAGATAAGAGGAATCGATTTTCCCTTAATTTTCTGGCGTCCACTGCATGTTATG
CCGCGTTCGCCAGGCTTGCTGTACCATGTGCGCTGATTCTTGCGCTCAATACGTTGCAGGTTGCTTTCAATCTGTTTGTGGTA
TTCAGCCAGCACTGTAAGGTCTATCGGATTTAGTGCGCTTTCTACTCGTGATTTCGGTTTGCGATTCAGCGAGAGAATAGGG
CGGTTAACTGGTTTTGCGCTTACCCCAACCAACAGGGGATTTGCTGCTTTCC 

17 

AGCCTGTTTCTCTGCGCGACGTTCGCGGCGGCGTGTTTGTGCATCCATCTGGATTCTCCTGTCAGTTAGCTTTGGTGGTGTGT
GGCAGTTGTAGTCCTGAACGAAAACCCCCCGCGATTGGCACATTGGCAGCTAATCCGGAATCGCACTTACGGCCAATGCTTC
GTTTCGTATCACACACCCCAAAGCCTTCTGCTTTGAATGCTGCCCTTCTTCAGGGCTTAATTTTTAAGAGCGTCACCTTCATGG
TGGTCAGTGCGTCCTGCTGATGTGCTCAGTATCACCGCCAGTGGTATTTAT 

18 

TACTATGTTATGTTCTGAGGGGAGTGAAAATTCCCCTAATTCGATGAAGATTCTTGCTCAATTGTTATCAGCTATGCGCCGAC
CAGAACACCTTGCCGATCAGCCAAACGTCTCTTCAGGCCACTGACTAGCGATAACTTTCCCCACAACGGAACAACTCTCATTG
CATGGGATCATTGGGTACTGTGGGTTTAGTGGTTGTAAAAACACCTGACCGCTATCCCTGATCAGTTTCTTGAAGGTAAACTC
ATCACCCCCAAGTCTGGCTATGCAGAAATCACCTGGCTCAACAGCCTGCTC 

19 

TATTTGCATACATTCAATCAATTGTTATCTAAGGAAATACTTACATATGGTTCGTGCAAACAAACGCAACGAGGCTCTACGAA
TCGAGAGTGCGTTGCTTAACAAAATCGCAATGCTTGGAACTGAGAAGACAGCGGAAGCTGTGGGCGTTGATAAGTCGCAGA
TCAGCAGGTGGAAGAGGGACTGGATTCCAAAGTTCTCAATGCTGCTTGCTGTTCTTGAATGGGGGGTCGTTGACGACGACA
TGGCTCGATTGGCGCGACAAGTTGCTGCGATTCTCACCAATAAAAAACGCCCGGC 

20 

TCAAGCAGCAAGGCGGCATGTTTGGACCAAATAAAAACATCTCAGAATGGTGCATCCCTCAAAACGAGGGAAAATCCCCTA
AAACGAGGGATAAAACATCCCTCAAATTGGGGGATTGCTATCCCTCAAAACAGGGGGACACAAAAGACACTATTACAAAAG
AAAAAAGAAAAGATTATTCGTCAGAGAATTCTGGCGAATCCTCTGACCAGCCAGAAAACGACCTTTCTGTGGTGAAACCGG
ATGCTGCAATTCAGAGCGGCAGCAAGTGGGGGACAGCAGAAGACCTGACCGCCGCAG 
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21 

ATAAGTGGACCCAACTCGAAATCAACCGTAACAAGCAACAGGCAGGCGTGACAGCCAGCAAACCAAAACTCGACCTGACAA
ACACAGACTGGATTTACGGGGTGGATCTATGAAAAACATCGCCGCACAGATGGTTAACTTTGACCGTGAGCAGATGCGTCG
GATCGCCAACAACATGCCGGAACAGTACGACGAAAAGCCGCAGGTACAGCAGGTAGCGCAGATCATCAACGGTGTGTTCA
GCCAGTTACTGGCAACTTTCCCGGCGAGCCTGGCTAACCGTGACCAGAACGAAGTGAA 

22 

TGGCGGTATATGGAGTTAAAAGATGACCATCTACATTACTGAGCTAATAACAGGCCTGCTGGTAATCGCAGGCCTTTTTATTT
GGGGGAGAGGGAAGTCATGAAAAAACTAACCTTTGAAATTCGATCTCCAGCACATCAGCAAAACGCTATTCACGCAGTACA
GCAAATCCTTCCAGACCCAACCAAACCAATCGTAGTAACCATTCAGGAACGCAACCGCAGCTTAGACCAAAACAGGAAGCTA
TGGGCCTGCTTAGGTGACGTCTCTCGTCAGGTTGAATGGCATGGTCGCTGGCTG 

23 

GATGCAGAAAGCTGGAAGTGTGTGTTTACCGCAGCATTAAAGCAGCAGGATGTTGTTCCTAACCTTGCCGGGAATGGCTTT
GTGGTAATAGGCCAGTCAACCAGCAGGATGCGTGTAGGCGAATTTGCGGAGCTATTAGAGCTTATACAGGCATTCGGTACA
GAGCGTGGCGTTAAGTGGTCAGACGAAGCGAGACTGGCTCTGGAGTGGAAAGCGAGATGGGGAGACAGGGCTGCATGAT
AAATGTCGTTAGTTTCTCCGGTGGCAGGACGTCAGCATATTTGCTCTGGCTAATGGAGC 

24 

CCATTTCGGGCGAGGGAATTACACCACGTGGATTGGCATCAGAGCTGATGAACCGAAGCGGCTAAAGCCAAAGCCTGGAAT
CAGATATCTTGCTGAACTGTCAGACTTTGAGAAGGAAGATATCCTCGCATGGTGGAAGCAACAACCATTCGATTTGCAAATA
CCGGAACATCTCGGTAACTGCATATTCTGCATTAAAAAATCAACGCAAAAAATCGGACTTGCCTGCAAAGATGAGGAGGGA
TTGCAGCGTGTTTTTAATGAGGTCATCACGGGATCCCATGTGCGTGACGGACATCG 

25 

GGAAACGCCAAAGGAGATTATGTACCGAGGAAGAATGTCGCTGGACGGTATCGCGAAAATGTATTCAGAAAATGATTATCA
AGCCCTGTATCAGGACATGGTACGAGCTAAAAGATTCGATACCGGCTCTTGTTCTGAGTCATGCGAAATATTTGGAGGGCAG
CTTGATTTCGACTTCGGGAGGGAAGCTGCATGATGCGATGTTATCGGTGCGGTGAATGCAAAGAAGATAACCGCTTCCGAC
CAAATCAACCTTACTGGAATCGATGGTGTCTCCGGTGTGAAAGAACACCAACAGGG 

26 

GTGTTACCACTACCGCAGGAAAAGGAGGACGTGTGGCGAGACAGCGACGAAGTATCACCGACATAATCTGCGAAAACTGC
AAATACCTTCCAACGAAACGCACCAGAAATAAACCCAAGCCAATCCCAAAAGAATCTGACGTAAAAACCTTCAACTACACGG
CTCACCTGTGGGATATCCGGTGGCTAAGACGTCGTGCGAGGAAAACAAGGTGATTGACCAAAATCGAAGTTACGAACAAGA
AAGCGTCGAGCGAGCTTTAACGTGCGCTAACTGCGGTCAGAAGCTGCATGTGCTGGA 

27 

GCGCAGAACTGATGAGCGATCCGAATAGCTCGATGCACGAGGAAGAAGATGATGGCTAAACCAGCGCGAAGACGATGTAA
AAACGATGAATGCCGGGAATGGTTTCACCCTGCATTCGCTAATCAGTGGTGGTGCTCTCCAGAGTGTGGAACCAAGATAGC
ACTCGAACGACGAAGTAAAGAACGCGAAAAAGCGGAAAAAGCAGCAGAGAAGAAACGACGACGAGAGGAGCAGAAACA
GAAAGATAAACTTAAGATTCGAAAACTCGCCTTAAAGCCCCGCAGTTACTGGATTAAACAA 

28 

CCAACAAGCCGTAAACGCCTTCATCAGAGAAAGAGACCGCGACTTACCATGTATCTCGTGCGGAACGCTCACGTCTGCTCAG
TGGGATGCCGGACATTACCGGACAACTGCTGCGGCACCTCAACTCCGATTTAATGAACGCAATATTCACAAGCAATGCGTGG
TGTGCAACCAGCACAAAAGCGGAAATCTCGTTCCGTATCGCGTCGAACTGATTAGCCGCATCGGGCAGGAAGCAGTAGACG
AAATCGAATCAAACCATAACCGCCATCGCTGGACTATCGAAGAGTGCAAGGCGAT 

29 

TGTTATCTGCCACGCCGATTATCCCTTTGACGAATACGAGTTTGGAAAGCCAGTTGATCATCAGCAGGTAATCTGGAACCGC
GAACGAATCAGCAACTCACAAAACGGGATCGTGAAAGAAATCAAAGGCGCGGACACGTTCATCTTTGGTCATACGCCAGCA
GTGAAACCACTCAAGTTTGCCAACCAAATGTATATCGATACCGGCGCAGTGTTCTGCGGAAACCTAACATTGATTCAGGTAC
AGGGAGAAGGCGCATGAGACTCGAAAGCGTAGCTAAATTTCATTCGCCAAAAAGC 

30 

CAGAGATTGCCATGGTACAGGCCGTGCGGTTGATATTGCCAAAACAGAGCTGTGGGGGAGAGTTGTCGAGAAAGAGTGCG
GAAGATGCAAAGGCGTCGGCTATTCAAGGATGCCAGCAAGCGCAGCATATCGCGCTGTGACGATGCTAATCCCAAACCTTA
CCCAACCCACCTGGTCACGCACTGTTAAGCCGCTGTATGACGCTCTGGTGGTGCAATGCCACAAAGAAGAGTCAATCGCAGA
CAACATTTTGAATGCGGTCACACGTTAGCAGCATGATTGCCACGGATGGCAACATAT 

31 

TGAATAAAATTGGGTAAATTTGACTCAACGATGGGTTAATTCGCTCGTTGTGGTAGTGAGATGAAAAGAGGCGGCGCTTAC
TACCGATTCCGCCTAGTTGGTCACTTCGACGTATCGTCTGGAACTCCAACCATCGCAGGCAGAGAGGTCTGCAAAATGCAAT
CCCGAAACAGTTCGCAGGTAATAGTTAGAGCCTGCATAACGGTTTCGGGATTTTTTATATCTGCACAACAGGTAAGAGCATT
GAGTCGATAATCGTGAAGAGTCGGCGAGCCTGGTTAGCCAGTGCTCTTTCCGTTG 

32 

TGCTGAATTAAGCGAATACCGGAAGCAGAACCGGATCACCAAATGCGTACAGGCGTCATCGCCGCCCAGCAACAGCACAAC
CCAAACTGAGCCGTAGCCACTGTCTGTCCTGAATTCATTAGTAATAGTTACGCTGCGGCCTTTTACACATGACCTTCGTGAAA
GCGGGTGGCAGGAGGTCGCGCTAACAACCTCCTGCCGTTTTGCCCGTGCATATCGGTCACGAACAAATCTGATTACTAAACA
CAGTAGCCTGGATTTGTTCTATCAGTAATCGACCTTATTCCTAATTAAATAGAG 
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33 

CAAATCCCCTTATTGGGGGTAAGACATGAAGATGCCAGAAAAACATGACCTGTTGGCCGCCATTCTCGCGGCAAAGGAACA
AGGCATCGGGGCAATCCTTGCGTTTGCAATGGCGTACCTTCGCGGCAGATATAATGGCGGTGCGTTTACAAAAACAGTAATC
GACGCAACGATGTGCGCCATTATCGCCTGGTTCATTCGTGACCTTCTCGACTTCGCCGGACTAAGTAGCAATCTCGCTTATAT
AACGAGCGTGTTTATCGGCTACATCGGTACTGACTCGATTGGTTCGCTTATCAA 

34 

ATCATGGTTATGACGTCATTGTAGGCGGAGAGCTATTTACTGATTACTCCGATCACCCTCGCAAACTTGTCACGCTAAACCCA
AAACTCAAATCAACAGGCGCCGGACGCTACCAGCTTCTTTCCCGTTGGTGGGATGCCTACCGCAAGCAGCTTGGCCTGAAAG
ACTTCTCTCCGAAAAGTCAGGACGCTGTGGCATTGCAGCAGATTAAGGAGCGTGGCGCTTTACCTATGATTGATCGTGGTGA
TATCCGTCAGGCAATCGACCGTTGCAGCAATATCTGGGCTTCACTGCCGGGCG 

35 

GATAAAACAAAAGCCACCGTGTCGGTCAGTGGTATGACCATCACCGTGAACGGCGTTGCTGCAGGCAAGGTCAACATTCCG
GTTGTATCCGGTAATGGTGAGTTTGCTGCGGTTGCAGAAATTACCGTCACCGCCAGTTAATCCGGAGAGTCAGCGATGTTCC
TGAAAACCGAATCATTTGAACATAACGGTGTGACCGTCACGCTTTCTGAACTGTCAGCCCTGCAGCGCATTGAGCATCTCGC
CCTGATGAAACGGCAGGCAGAACAGGCGGAGTCAGACAGCAACCGGAAGTTTACT 

 

 

 

Figures 

 

Supplementary Figure S1 | Dose-dependent effect of apramycin on the Streptomyces phage 

Alderaan. a, Growth of Streptomyces venezuelae ATCC 10712 pIJLK04 infected with the phage 

Alderaan showing the dose-dependent effects of apramycin on infection (n = 3 independent 

biological replicates; error bars represent s.d., AB = antibiotic). b, Corresponding phage titers 

over time in presence of increasing concentrations of apramycin (0, 1, 2.5 and 10 μg/ml). Data 

represent an average of three independent biological replicates.  
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Supplementary Figure S2 | Effect of aminoglycosides on E. coli phage λ. a, Infection curves 

of E. coli DSM 4230 infected with phage λ in presence of different aminoglycosides (n = 3 

independent biological replicates; error bars represent s. d.). b, Heat map showing the log10-

fold change in plaque formation by λ on different E. coli strains in the presence of 

aminoglycosides relative to the aminoglycoside-free control. c, Re-infection of cultures 

previously treated with apramycin (Apr25, upper row, right), shows efficient infection of E. coli 

DSM 4230 by phage λ in the absence of apramycin (Apr25, lower row, right). d, Addition of 

MgCl2 counteracts the effect of apramycin on infection of E. coli DSM 4230 by λ. e, Potassium 

efflux assays performed with E. coli DSM 4230 wild type and the E. coli JW3996 ∆lamB strain 

(lacking the λ receptor). λ was added after 5.5 minutes. 

 



Appendix 

165 
 

 

Supplementary Figure S3| Synchronized infection of Streptomyces venezuelae with phage 

Alderaan under apramycin pressure. Streptomyces venezuelae ATCC 10712 pIJLK04 was 
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inoculated to an OD450 of 1 and pre-incubated with 108 PFU/ml for 15 min at room 

temperature with gentle shaking. After four washing steps with GYM medium to remove 

unadsorbed phages, cultures were diluted to a final starting OD450 of 0.1. Pre-incubation with 

phages and further cultivation was performed with and without apramycin (10 µg/ml) as 

indicated. a, Growth of Streptomyces venezuelae infected with phage Alderaan (n = 3 

independent biological replicates). b, Corresponding plaque assays showing comparable 

phage amplification during the main cultivations performed in absence of apramycin, 

independent of the presence of apramycin in the pre-incubation step. 
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Supplementary Figure S4 | Investigations of the mechanism of action of apramycin.  

a, Effect of apramycin on phage adsorption of phage Alderaan to S. venezuelae ATCC 10712 

pIJLK04. Shown is the time-resolved quantification of extracellular Alderaan DNA via qPCR 

using a gene coding for the minor tail protein (HQ601_00028, oligonucleotide sequences are 

provided in Supplementary File 5). Culture supernatants were pre-treated with 100 U/ml 

DNase to exclusively quantify phage DNA deriving from intact phage particles. A DNase-

treated phage stock with known phage titer was used to infer phage titers (in PFU/ml) from 

DNA quantification. Data represent mean values of two independent biological replicates 

measured as technical duplicates. b, Impact of apramycin (10 µg/ml) when added at the 

different indicated time points post phage infection. For each sample, phage titers were 

measured over time. Data represent an average of two independent biological replicates. c, 

Enlargement of Fig. 4c showing the RNA-seq coverage of the Alderaan genome in presence 

or absence of apramycin. Genome organization of Alderaan is displayed in the upper part.  
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Supplementary Figure S5 | Pre-incubation of phage Alderaan with apramycin. Alderaan 

phages were pre-incubated in GYM medium containing the indicated apramycin 

concentrations at 30 °C and 900 rpm before spotting on a bacterial lawn of Streptomyces 

venezuelae ATCC 10712 pIJLK04. 
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Supplementary Figure S6 | Distribution of fluorescence intensities from phage targeting 

direct-geneFISH. a and c, Quantification of Alexa647 fluorescence in (a) E. coli cells infected 

with λ and (c) S. venezuelae cells infected with Alderaan, shown as density plot of pixel counts 

relative to their fluorescence intensity. For each panel, profiles of the three biological 

replicates are shown. b, Determination of the percentage of E. coli cells infected with λ over 

time (n=3 independent biological replicates; ‘Uninf’: uninfected). 

 

 

Videos 

Video S1: Apramycin prevents cell lysis during infection of S. venezuelae with phage 

Alderaan. Time-lapse video of S. venezuelae ATCC 10712 carrying the pIJLK04 plasmid, which 

was cultivated in a microfluidics system and challenged with Alderaan (108 PFU/ml; flow rate 

200 nl/min) in presence and absence of 5 or 10 μg/ml apramycin. 

 

The video is provided as a separate file: 

- Video S1_Svenezueale_Alderaan_apramycin effect 
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4.4 Supplementary information to "Antiphage molecules produced by bacteria – beyond protein-mediated 

defenses" 
  

Table 1 | List of small molecules with known antiphage properties. It includes the phages inhibited and the proposed mechanism of action (when available) 

Class Compound 
Phages 

affected 

Bacterial 

host 
Phage family Genome 

Proposed molecular 

mechanism 
Reference Remarks 

Anthracyclines 

Rutilantin 

phages 
infecting 

staphylococci, 
enterococci, 

Bacillus cereus, 
Barillus 

megatherium, 
Escherichia 

coli, 
Salmonella 

paratyphi and 
Vibrio cholerae 

        
(Asheshov 

and Gordon, 
1961) 

  

Aclacinomycin 
(Aklavin) A 

and analogues 

φX174 E. coli Microviridae 
circular 
ssDNA 

  
(Morita et al., 

1979) Inactivation of 
free particles 

λ E. coli Siphoviridae 
linear 
dsDNA 

  
(Tanaka et al., 

1983) 

Various phages infecting both Gram + and Gram -     
(Strelitz et al., 

1956) 
  

Daunorubicin 
(Daunomycin) 

φX174 E. coli Microviridae 
circular 
ssDNA 

  
(Morita et al., 

1979) 
Inactivation of 
free particles 
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λ E. coli Siphoviridae 
linear 
dsDNA 

Inhibition of an early step of 
the infection cycle, after 
DNA injection but before 

DNA replication 

(Kronheim et 
al., 2018) 

  

T1 E. coli Siphoviridae 
linear 
dsDNA 

  

(Parisi and 
Soller, 1964) 

  

T3 E. coli Autographiviridae 
linear 
dsDNA 

    

T4 E. coli Myoviridae 
linear 
dsDNA 

Daunomycin does not 
inactivate free particles nor 

does it affect adsorption, 
DNA injection and lysis, but 
causes a decrease in DNA 

synthesis 

  

T5 E. coli Siphoviridae 
linear 
dsDNA 

  
(Kronheim et 

al., 2018) 
  

T6 E. coli Myoviridae 
linear 
dsDNA 

  

(Kronheim et 
al., 2018; 
Parisi and 

Soller, 1964) 

  

T7 E. coli 
Autographiviridae 

linear 
dsDNA 

  

(Kronheim et 
al., 2018) 

  

JBD26 P. aeruginosa Siphoviridae 
linear 
dsDNA 

    

JBD30 P. aeruginosa Siphoviridae 
linear 
dsDNA 

    

φScoe2 S. coelicolor Siphoviridae 
linear 
dsDNA 
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φScoe25 S. coelicolor Siphoviridae 
linear 
dsDNA 

    

Doxorubicin 
(Adriamycin) 

φX174 E. coli Microviridae 
circular 
ssDNA 

  
(Morita et al., 

1979) 
Inactivation of 
free particles 

λ E. coli Siphoviridae 
linear 
dsDNA 

  

(Kronheim et 
al., 2018) 

  

φScoe2 S. coelicolor Siphoviridae 
linear 
dsDNA 

    

φScoe25 S. coelicolor Siphoviridae 
linear 
dsDNA 

    

PBS1 B. subtilis Myoviridae 
linear 
dsDNA Phage DNA is ejected but 

DNA uptake into the cell is 
incomplete 

(Pritikin and 
Reiter, 1969) 

Site of primary 
adsorption: 

flagellum 
(Raimondo et al., 

1968) 

SP10 B. subtilis Myoviridae 
linear 
dsDNA 

  

φScoe2 S. coelicolor Siphoviridae 
linear 
dsDNA 

  

(Kronheim et 
al., 2018) 

  

φScoe25 S. coelicolor Siphoviridae 
linear 
dsDNA 

    

Cosmomycin 
D 

φScoe2 S. coelicolor Siphoviridae 
linear 
dsDNA 

    

φScoe25 S. coelicolor Siphoviridae 
linear 
dsDNA 

    

Epirubicin λ E. coli Siphoviridae 
linear 
dsDNA 

  
(Kronheim et 

al., 2018) 
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Idarubicin λ E. coli Siphoviridae 
linear 
dsDNA 

    

Mitoxantrone λ E. coli Siphoviridae 
linear 
dsDNA 

    

Aminoglycosides Streptomycin 

MS-2 E. coli Leviviridae 
linear 
ssRNA 

Inhibition of one very early 
step of the replication cycle. 

The phage genome exists 
transiently after adsorption 

at a site accessible to 
streptomycin 

(Brock, 1962)   

P9 
Streptococcus 

faecium 
Siphoviridae 

linear 
dsDNA 

2 phases: - if streptomycin is 
added before injection: 

inhibition of the injection of 
phage DNA, where binding 

to phage DNA prevents 
unfolding necessary for 
injection (reversible by 

dilution) -if streptomycin is 
added after injection: rapid 

inactivation of the phage 
genome  

(Brock and 
Wooley, 

1963; Brock et 
al., 1963) 

  

f2 E. coli Leviviridae 
linear 
ssRNA 

  
(Schindler, 

1964) 

When 
streptomycin was 
present during the 

whole infection, 
effect seen for 

µ2 E. coli Leviviridae 
linear 
ssRNA 
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fd E. coli Inoviridae 
circular 
ssDNA 

  

quite high 
concentrations 
(>200 µg/ml) => 

precipitation 
rather than 
inhibition? 

F-WJ-I - - -   

(Jones and 
Greenberg, 

1978) 

Correlation 
between 

resistance to 
chloroform and 
streptomycin: 

phages resistant 
to streptomycin 

are also resistant 
to chloroform 

Legendre 
M. 

smegmatis 
Siphoviridae 

linear 
dsDNA 

  

Clark 
M. 

smegmatis 
Siphoviridae 

linear 
dsDNA 

  

D29 
M. 

smegmatis 
Siphoviridae 

linear 
dsDNA 

 

(Jiang et al., 
2020; Jones 

and 
Greenberg, 

1978) 

phAE159  
M. 

smegmatis 
phasmid (derived 
from TM4 phage) 

circular 
dsDNA 

Aminoglycosides block 
replication of phage DNA. 

Inhibition occurs after 
injection 

(Jiang et al., 
2020) 

  

Kanamycin 

D29 
M. 

smegmatis 
Siphoviridae 

linear 
dsDNA 

  

phAE159  
M. 

smegmatis 
phasmid (derived 
from TM4 phage) 

circular 
dsDNA 
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Spe2 
C. 

glutamicum 
Siphoviridae 

linear 
dsDNA 

  

(Kever et al., 
2021) 

  

λ E. coli Siphoviridae 
linear 
dsDNA 

    

T3 E. coli Autographiviridae 
linear 
dsDNA 

  

(Zuo et al., 
2021) 

  

WSP E. coli - -     

BSP B. cereus - -     

Hygromycin 

D29 
M. 

smegmatis 
Siphoviridae 

linear 
dsDNA 

  

(Jiang et al., 
2020) 

  

phAE159  
M. 

smegmatis 
phasmid (derived 
from TM4 phage) 

circular 
dsDNA 

    

Alderaan S. venezuelae Siphoviridae 
linear 
dsDNA 

  

(Kever et al., 
2021) 

  

Apramycin Alderaan S. venezuelae Siphoviridae 
linear 
dsDNA 

Apramycin blocks the phage 
life cycle between injection 
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λ E. coli Siphoviridae 
linear 
dsDNA 

and replication of the phage 
genome   

Neomycin 

80 S. aureus Siphoviridae 
linear 
dsDNA   

(Joy Harrison 
et al., 1959) 

  

T3 E. coli Autographiviridae 
linear 
dsDNA 

  

(Zuo et al., 
2021) 

  

WSP E. coli - -     

BSP B. cereus - -     

 

Known DNA-intercalating agents 

Alkaloid Ellipticine λ E. coli Siphoviridae 
linear 

dsDNA 
  

(Kronheim et 
al., 2018) 

Fluorochrome 
Propidium 

iodide 

λ E. coli Siphoviridae 
linear 

dsDNA 
  

φScoe2 S. coelicolor Siphoviridae 
linear 

dsDNA 
  

φScoe25 S. coelicolor Siphoviridae 
linear 

dsDNA 
  

Acridine family 
compounds 

Acriflavine 

λ E. coli Siphoviridae 
linear 

dsDNA 
  

φScoe2 S. coelicolor Siphoviridae 
linear 

dsDNA 
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φScoe25 S. coelicolor Siphoviridae 
linear 

dsDNA 
  

Ethacridine 
lactate 

λ E. coli Siphoviridae 
linear 

dsDNA 
  

Polypeptide 
antibiotic 

Actinomycin D 

T2r E. coli Myoviridae 
linear 

dsDNA 

Actinomycin causes a decrease 
in encapsidated phage DNA, 

potentially by interfering with 
protein synthesis or DNA 

packaging 

(Nakata et al., 
1961) 

T4 E. coli Myoviridae 
linear 

dsDNA 

Actinomycin strongly decrease 
the formation of phage progeny 

without interfering with the 
synthesis of RNA, DNA, or 

proteins 

(Korn et al., 
1965) 

Other 

Di-benzimidazole  Ro 90-7501 λ E. coli Siphoviridae 
linear 
dsDNA 

  
(Kronheim et 

al., 2018) Quaternary 
ammonium 

Dequalinium 
chloride 

λ E. coli Siphoviridae 
linear 
dsDNA 

  

? "Phagostatin" T3 E. coli Autographiviridae 
linear 
dsDNA 

Phagostatin inhibits lysis of 
infected cells 

(Higo, 1958) 

Cyclopentenone Sarkomycin f2 E. coli Leviviridae 
linear 
ssRNA 

  
(Koenuma et 

al., 1974) 

Naphthocoumarin Chrysomycin Diverse phages   
(Strelitz et al., 

1955b) 

? "Phagocidin" T3 E. coli Autographiviridae 
linear 
dsDNA 

Phagocidin inactivates free 
T3 but does not interfere 
with intracellular growth 

(Higo, 1956; 
Higo and 
Hinuma, 

1956) 
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Pyrrolobenzodiazepine Tomaymycin 

T1 E. coli Siphoviridae 
linear 
dsDNA 

  

(Arima et al., 
1972) 

T3 E. coli Autographiviridae 
linear 
dsDNA 

  

M2 B. subtilis Podoviridae 
linear 
dsDNA 

  

SP10 B. subtilis Myoviridae 
linear 
dsDNA 

  

Heterocyclic 
anthracene 

Nybomycin 15/60 phages tested   
(Strelitz et al., 

1955a) 

? 
"Phagolessin 

A58" 

T1 E. coli Siphoviridae 
linear 
dsDNA 

Inactivation of free phage 
particles 

(Hall and 
Asheshov, 

1953) 
T3 E. coli Autographiviridae 

linear 
dsDNA 

T7 E. coli Autographiviridae 
linear 
dsDNA 
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4.5 Supplementary information to “Phage-triggered synthesis of 

actinorhodin and undecylprodigiosin in Streptomyces coelicolor” 
  

Tables 

Table S1 | Bacterial strains used in this study. 

Table S2 | Phages used in this study 

 

Figures 

Figure S1 | Effect of exposure to ammonia fumes of phage-infected S. coelicolor plates 

Figure S2 | Chemical structures of actinorhodin and structurally related compounds produced by S. 

coelicolor 

Figure S3 | Extracted ion chromatograms for undecylprodigiosin (exact mass: 394.2853) in samples of 

S. coelicolor ∆act analysed by LC-MS 

Figure S4 | Plaque phenotype with S. coelicolor WT and the actinorhodin (∆act) and 

undecylprodigiosin (∆red) mutants 

Figure S5 | Evolution of Endor1 phage titers over time after infection of S. coelicolor M145 in the 

presence of spent medium 

Figure S6 | Effect of exposure to ammonia fumes on S. coelicolor M600 challenged with antibiotics. 

 

  



Appendix 

184 
 

Tables 

Supplementary Table S1: Bacterial strains used in this study 

Strains Genotype  Reference 

Streptomyces coelicolor M145 
S. coelicolor A3(2) lacking plasmids SCP1 and 
SCP2 and having short direct terminal repeats 

1,2 

Streptomyces coelicolor M600 
S. coelicolor A3(2) lacking plasmids SCP1 and 
SCP2 and having long direct terminal repeats 

2 

Streptomyces coelicolor ∆act 
S. coelicolor M145 carrying a 17-kb deletion in 
the actinorhodin cluster 

3 

Streptomyces coelicolor ∆red 
S. coelicolor M145 carrying a 220-bp deletion in 
the redD gene 

4 

Streptomyces coelicolor ∆act ∆red 
S. coelicolor M145 carrying a 17-kb deletion in 
the actinorhodin cluster and a 27-kb deletion in 
the undecylprodigiosin cluster 

3 
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Supplementary Table S2: Phages used in this study 

Phage Host organism Lifestyle Family Genome 
State of 
injected 
genome13,14 

Reference 

Dagobah 

S. coelicolor 
M145 

 

Temperate Siphoviridae dsDNA 
Linear with 
terminal repeats 

5 

Endor1 

S. coelicolor 
M145 

 

Temperate Siphoviridae dsDNA 
Linear with 
terminal 
redundancy 

5 

Endor2 

S. coelicolor 
M145 

 

Temperate Siphoviridae dsDNA 
Linear with 
terminal 
redundancy 

5 
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Figures 
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Supplementary Figure S1 | Effect of exposure to ammonia fumes of phage-infected S. coelicolor 

plates. (A) The phages Dagobah, Endor1 and Endor2 were spotted on a lawn of S. coelicolor M600. 

The plates were incubated overnight at 30°C and then at room temperature for 4 additional days. (B) 

Single plaques of Dagobah formed on S. coelicolor M600 were imaged using a stereomicroscope Nikon 

SMZ18. The plates were incubated overnight at 30°C and then at room temperature for 2 additional 

days. 

 

 

 

 

Supplementary Figure S2 | Chemical structures of actinorhodin and structurally related compounds 

produced by S. coelicolor. All masses are shown as negative mode masses ((M-H]-). 
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Supplementary Figure S3 | Extracted ion chromatograms for undecylprodigiosin (exact mass: 

394.2853) in samples of S. coelicolor ∆act analysed by LC-MS. S. coelicolor ∆act was infected with the 

phages Dagobah (A), Endor1 (B) and Endor2 (C). 

 

 

 

 

Supplementary Figure S4 | Plaque phenotype with S. coelicolor WT and the actinorhodin (∆act) and 

undecylprodigiosin (∆red) mutants. 
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Supplementary Figure S5 | Evolution of Endor1 phage titers over time after infection of S. coelicolor 

M145 in the presence of spent medium. Titer determination with a supplementation of 5% and 15% 

spent medium correspond to the infection curves show in panels B and C of Figure 4, respectively. 

 

 

 

Supplementary Figure S6 | Effect of exposure to ammonia fumes on S. coelicolor M600 challenged 

with antibiotics. A 10-fold serial dilution of antibiotics was spotted on a lawn of S. coelicolor M600. 
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The concentration indicated is in mg/ml. Kan: kanamycin, Cefal: cefalothin, Cm: chloramphenicol, 

Amp: ampicillin, Amox: amoxicillin, Cefu: cefuroxin, Cefa: cefazolin  
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