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Summary 

Staphylococcus aureus is a major opportunistic pathogen that asymptomatically colonizes the 

human nasal cavity but also causes severe infections. Temperate phages play a central role 

in S. aureus genetic diversity and pathogenicity. Among them, Sa3int phages are the most 

prevalent in human nasal isolates and contribute to virulence by encoding highly human-

specific immune evasion factors. Their dynamic regulatory switch, controlling expression of 

both the hlb integration locus and the phage-encoded virulence genes, plays a crucial role 

during infection. While the genomic organization and the lysogenic-lytic transition are well 

characterized in Sa3int phages, the regulatory mechanisms during the lytic life cycle and their 

interplay with host factors remain poorly understood.  

In this work, the dynamics of the Sa3int phage and its transcriptional patterns across diverse 

S. aureus strain backgrounds were investigated. Distinct strain-specific differences in phage 

transfer frequencies were observed, enabling classification of the strains into high- and low-

transfer groups. Phage replication during the lytic cycle was identified as the key driver of host-

dependent variations, while differences in adsorption, prophage integration, and prophage 

excision were ruled out. Furthermore, substantial variations in the expression of late genes 

associated with phage assembly, DNA packaging, and host cell lysis were detected. 

The essential promoter region P23, located upstream of the late gene cluster, was identified 

and its regulatory characteristics were elucidated. Through this analysis, SAOUHSC_02200 

was discovered and characterized as the late transcriptional regulator (Ltr) of lytic late genes. 

Both P23 activity and ltr expression were found to vary in a host-dependent manner and to be 

modulated by the alternative sigma factor SigB and its downstream effector SpoVG. 

Further, the influence of the global regulator and DNA-binding protein SarA on the phage life 

cycle was examined. Phage production of the Sa3int phage Φ13 and the Sa5int phage Φ11 

was shown to be promoted by SarA. Analyses of distinct stages of the phage life cycle revealed 

that SarA alters the glycosylation pattern of wall teichoic acid (WTA), thereby enhancing 

adsorption of Φ11. Additionally, a DNA-protective effect of SarA was observed, reflected by 

reduced activation of the SOS response. Finally, phage genome replication of Φ13 was shown 

to be promoted by SarA, likely through its function as a DNA-structure protein. 

Together, a complex regulatory network was revealed in which phage-encoded factors and 

host global regulators interact to coordinate phage gene expression, replication, and 

subsequent bacterial virulence. 
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Zusammenfassung 

Staphylococcus aureus ist ein bedeutendes opportunistisches Pathogen, das den 

menschlichen Nasenraum asymptomatisch besiedeln kann, aber auch schwere Infektionen 

verursacht. Temperente Phagen spielen eine zentrale Rolle für die genetische Diversität und 

Pathogenität von S. aureus. Sa3int-Phagen sind die häufigsten temperenten Phagen in 

humanen Nasenisolaten und tragen zur Virulenz bei, indem sie human-spezifische 

Virulenzfaktoren kodieren. Ihre dynamische Regulation, die sowohl die Expression des hlb 

Lokus als auch der phagen-kodierten Virulenzgene steuert, ist entscheidend für die 

Pathogenität während Infektionen. Obwohl die genomische Organisation und der Übergang 

vom lysogenen zum lytischen Lebenszyklus gut erforscht sind, bleiben die regulatorischen 

Mechanismen sowie deren Zusammenspiel mit Wirtsfaktoren weitgehend ungeklärt. 

In der vorliegenden Arbeit wurden die Dynamik der Sa3int-Phagen sowie dessen 

transkriptionellen Profile in unterschiedlichen S. aureus-Stammhintergründen untersucht. 

Dabei traten ausgeprägte stammspezifische Unterschiede in den Transferraten der Phagen 

auf, anhand derer die untersuchten Stämme in Gruppen mit hoher bzw. niedriger 

Transferfrequenz klassifiziert wurden. Als zentraler Faktor der wirtsabhängigen Variationen 

wurde die Phagenreplikation während des lytischen Zyklus identifiziert, wohingegen 

Unterschiede in Adsorption, Prophagenintegration und -exzision ausgeschlossen werden 

konnten. Zudem zeigten sich signifikante Differenzen in der Expression später Gene, die für 

den Zusammenbau der Phagenpartikel, die DNA-Verpackung sowie die Wirtslyse erforderlich 

sind. 

Die essenzielle Promotorregion P23, die unmittelbar upstream dieser späten Gene lokalisiert 

ist, wurde identifiziert und ihre Regulation wurde analysiert. Auf diese Weise konnte 

SAOUHSC_02200 als transkriptioneller Regulator (Ltr) der späten lytischen Gene 

charakterisiert werden. Sowohl die Aktivität des P23-Promotors als auch die ltr-Expression 

zeigten eine Wirtsabhängigkeit, und eine Modulation durch den alternativen Sigmafaktor SigB 

sowie dessen downstream Effektor SpoVG konnte nachgewiesen werden. 

Des Weiteren wurde der Einfluss des globalen Regulators und DNA-bindenden Proteins SarA 

auf die Regulation des Phagenlebenszyklus untersucht. Dabei wurde festgestellt, dass SarA 

die Produktion des Sa3int-Phagen Φ13 sowie des Sa5int-Phagen Φ11 fördert. Analysen der 

unterschiedlichen Schritte des Phagenlebenszyklus zeigten, dass SarA das 

Glykosylierungsmuster der Wandteichonsäure (WTA) beeinflusst und dadurch die Adsorption 

von Φ11 begünstigt. Darüber hinaus wurde ein protektiver DNA-Effekt von SarA beobachtet, 

der sich in einer reduzierten Aktivierung der SOS-Antwort manifestierte. Schließlich konnte 

gezeigt werden, dass SarA die Genomreplikation von Φ13 unterstützt, wahrscheinlich 

vermittelt über seine Funktion als DNA-Struktur Protein. 
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Insgesamt wurde ein komplexes regulatorisches Netzwerk aufgezeigt, in dem phagenkodierte 

Faktoren und globale Wirtsregulatoren miteinander interagieren und gemeinsam die 

Phagengenexpression, die Replikation sowie die bakterielle Virulenz steuern.



 List of publications  
 

4 
 

List of publications and personal contributions 

Accepted publications 

1. Influence of Staphylococcus aureus strain background on Sa3int phage life cycle 

switches 

Carina Rohmer†, Ronja Dobritz†, Dilek Tuncbilek-Dere, Esther Lehmann, David Gerlach, 

Shilpa Elizabeth George, Taeok Bae, Kay Nieselt, Christiane Wolz 

† These authors contributed equally to this work. 

Viruses. 2022 Nov 8;14(11):2471. doi: 10.3390/v14112471. 

 

For this research article, I performed parts of the biological experiments and was involved 

in data analysis and interpretation. I designed all figures and was involved in editing of the 

manuscript to its final version. 

 

2. (p)ppGpp-mediated GTP homeostasis ensures survival and antibiotic tolerance of 

Staphylococcus aureus 

Andrea Salzer, Sophia Ingrassia, Parvati Iyer, Lisa Sauer, Johanna Rapp, Ronja Dobritz, 

Jennifer Müller, Hannes Link, Christiane Wolz 

Commun Biol. 2025 Mar 28;8(1):508. doi: 10.1038/s42003-025-07910-6. 

 

For this research article, I contributed by generation of the phage-cured mutant strain and 

subsequent experiments. I was also involved in editing of the figures and the manuscript 

during revision. 

 

3. Multiple effects of the bacterial DNA-binding protein SarA on the life cycle of 

Staphylococcus aureus phages 

Ronja Dobritz, Carina Rohmer, Elena Niepoth, Valentin Egle, Natalya Korn, Vittoria 

Bisanzio, Martin Saxtorph Bojer, Hanne Ingmer, Christiane Wolz 

J Bacteriol. 2025 Oct 16:e0027925. doi: 10.1128/jb.00279-25. 

 

For this research article, I made major contributions to the conception and design of the 

study. All experiments were performed or supervised and subsequently analysed by me. I 

designed all figures for the manuscript and contributed to writing the manuscript under the 

supervision of Christiane Wolz. 

 

 

 



 List of publications  
 

5 
 

Submitted manuscripts 

1. The phage Φ13-encoded transcriptional regulator Ltr controls phage assembly in 

Staphylococcus aureus 

Ronja Dobritz, Marcel Bäcker, Carina Rohmer, Natalya Korn, Vittoria Bisanzio, Christiane 

Wolz 

Preprint on biorxiv.org, https://doi.org/10.1101/2025.11.28.691083, (submitted Virology 

Journal) 

 

For this research article, I made major contributions to the conception and design of the 

study. All experiments were performed or supervised and subsequently analyzed by me. I 

designed all figures and wrote the manuscript under the supervision of Christiane Wolz. 



 Introduction  
 

6 
 

Introduction 

Parts of this introduction have been published in the following articles. The submitted 

manuscript has been uploaded to the preprint server bioRxiv and might differ from the final 

published article. Publications can be accessed under the following links: 

‘Influence of Staphylococcus aureus strain background on Sa3int phage life cycle 

switches’, research article, https://doi.org/10.3390/v14112471 

‘The phage Φ13-encoded transcriptional regulator Ltr controls phage assembly in 

Staphylococcus aureus’, submitted manuscript, https://doi.org/10.1101/2025.11.28.691083 

‘Multiple effects of the bacterial DNA-binding protein SarA on the life cycle of 

Staphylococcus aureus phages’, research article, https://doi.org/10.1128/jb.00279-25 

 

S. aureus 

Staphylococcus aureus is a Gram-positive bacterium that asymptomatically colonizes the skin 

and mucosal surfaces of approximately 30% of the adult human population [1]. Despite its 

frequent commensal presence, S. aureus is also an opportunistic pathogen and a leading 

cause of severe, life-threatening infections such as atopic dermatitis, endocarditis, 

osteomyelitis, pneumonia, and sepsis [2].  

Genetic classification of S. aureus isolates using multi-locus sequence typing (MLST) on the 

core genome, grouped isolates into eight major clonal complexes (CC) based on their 

sequence types (STs) [3]. As S. aureus is not naturally competent, horizontal gene transfer 

(HGT) depends on mobile genetic elements (MGEs) transferred via bacteriophage 

transduction to contribute to genetic diversity between S. aureus strains. The presence of 

restriction modification systems (R-M) that regulate recognition and uptake of foreign DNA 

influences the distribution of prophages in clonal lineages [4-6]. Hence, exchange of MGE, 

encoding virulence factors and antibiotic resistances is facilitated within clonal complexes. 

Infections caused by methicillin-resistant S. aureus (MRSA) represent a major clinical and 

public health challenge. In hospital settings, antibiotic treatment is complicated, due to the 

acquisition of the staphylococcal cassette chromosome mec (SCCmec), encoding a penicillin-

binding protein that confers β-lactam resistance [7]. Many MRSA strains have also developed 

resistance to several additional antibiotic classes, and the increasing incidence of vancomycin-

intermediate S. aureus (VISA), which are less susceptible to the last line of antibiotic, further 

complicates treatment of S. aureus infections [8].  

https://doi.org/10.3390/v14112471
https://doi.org/10.1128/jb.00279-25
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The emergence of community-associated MRSA (CA-MRSA) strains, capable of causing 

severe infections in otherwise healthy individuals, has intensified additional public health 

concerns [9]. The most prevalent CA-MRSA strain USA300, which is associated with 

outbreaks in the USA and Europe, has been extensively studied. Its success has been 

attributed to altered regulation of virulence factors, acquisition of additional virulence genes, 

and protein sequence variations [10]. These observations highlight the pivotal role of S. aureus 

virulence factors in determining pathogenicity, host colonization, and infection potential. 

Virulence Factors of S. aureus 

S. aureus possesses an extensive repertoire of virulence factors that contribute to its 

pathogenicity during human and animal infection. Many of these factors are secreted as toxins 

that directly interact with the host, disrupting cellular integrity or immune function [11].  

Membrane-damaging toxins such as β-barrel-forming toxins like α-toxin and Panton-Valentine 

leucocidin (PVL), as well as peptides like phenol-soluble modulins (PSMs) and δ-hemolysin, 

cause lysis of erythrocytes and leukocytes, thereby facilitating immune evasion and tissue 

damage [12-15]. Other virulence factors, including superantigens like toxic shock syndrome 

toxin (TSST), trigger T-cell activation and cytokine release, leading to systemic inflammation 

[16]. Secreted enzymes, including β-hemolysin, a sphingomyelinase that degrades 

sphingomyelin in host cell membranes and promotes red blood cell lysis, also contribute to 

pathogenicity. Other enzymatic virulence factors include proteases that degrade host proteins, 

and coagulases that promote fibrin clot formation, which contributes to bacterial protection [17]. 

Many S. aureus virulence factors are encoded on mobile genetic elements, which play a crucial 

role in horizontal gene transfer and bacterial evolution. For instance, plasmids frequently carry 

antibiotic resistance genes and staphylococcal pathogenicity islands (SaPIs) were described 

to serve as reservoir for superantigen genes [18].  

Bacteriophages integrated as prophages within the bacterial genome, also represent important 

MGEs influencing virulence. Phage-encoded virulence factors include PVL, the staphylococcal 

inhibitor of complement (scn), staphylokinase (sak), the chemotaxis inhibitory protein (chp) and 

various enterotoxins. The role of prophages and their contribution to virulence, particularly in 

relation to Sa3int phages, are described in detail in the sections ‘Temperate phages of 

S. aureus’ and ‘Sa3int phages’. 

Regulation of Virulence in S. aureus 

The high abundance of virulence factors encoded by S. aureus and their distinct roles during 

colonization and infection highlight the need for tight regulatory control. To ensure survival, 

adaptation, and evasion of host immune responses, S. aureus must adjust gene expression in 

response to environmental changes and signals. A network of regulatory systems, including 
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two-component systems, transcriptional regulators, and alternative sigma factors, controls the 

regulation of virulence in S. aureus.  

Two Component Systems – The Agr Quorum-Sensing System 

Two-component systems (TCSs) enable the transformation of extracellular signals into 

intracellular transcriptional changes. Upon extracellular signal detection, the membrane-bound 

histidine kinase undergoes autophosphorylation and subsequently transmits the 

phosphorylation to a transcriptional regulator, which activates or represses expression of target 

genes. The S. aureus genome encodes 16 TCSs [19]. Among these, the Agr (accessory gene 

regulator) quorum-sensing system is best characterized and functions as a master regulator 

of virulence during transition from exponential to stationary growth [20]. 

In the Agr system, the sensor histidine kinase AgrC detects critical levels of the auto inducing 

peptide (AIP) and transmits the density-dependent signal to the transcriptional regulator AgrA. 

Activated AgrA promotes transcription from the P2 and P3 promoters within the agr locus, 

leading to expression of agrBDCA (RNAII) and RNAIII, the primary effector molecule of the 

system. RNAIII regulates the expression of virulence genes during late-exponential and early 

stationary growth by upregulating secreted exoproteins and toxins while repressing cell wall-

associated proteins [20, 21]. Mutations in agr lead to reduced virulence in various infection 

models, underscoring its importance in pathogenesis [22]. 

Transcriptional Regulators – The SarA Protein Family 

Additionally, cytoplasmic transcription factors (TFs) including the SarA protein family, provide 

signal-dependent regulation of virulence gene expression. Ibarra et al. classified 135 TFs and 

sigma factors into 36 families and four main groups. Group 4 encompasses regulators specific 

to Staphylococcaceae, such as MgrA, Rot, and SarA, which are associated with virulence 

regulation and environmental adaptation [23]. 

SarA (staphylococcal accessory regulator A) is a global transcriptional regulator, encoded on 

the sarA locus, which contains three distinct promoters (P2, P3, P1) producing three 

overlapping transcripts [24]. SarA is a 14.7 kDa winged-helix DNA-binding protein that 

recognizes and binds to AT-rich promoter motifs [25, 26]. Changes in phosphorylation 

modulate its DNA-binding affinity [27]. Additionally, SarA does not only bind to DNA but also 

to RNA to control mRNA turnover [28]. With 50000 copies per cell, SarA abundance is 

exceeding the presence of classical regulatory proteins, suggesting a role beyond 

transcriptional regulation as a histone-like protein altering DNA topology to control gene 

expression [29, 30]. SarA expression remains constant during different growth phases [29]. 

SarA plays a crucial role in regulation of S. aureus, by controlling about 120 target genes 

involved in virulence and metabolism. Regulation occurs directly, via promoter binding and 
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indirectly through activation of the agr promoters P2 and P3 resulting in transcription of RNAII 

and RNAIII [31]. Directly regulated targets include fnb (fibronectin-binding protein), spa (protein 

A), hla (alpha-hemolysin), and protease genes such as aur and ssp [21]. Interestingly, only a 

small number of the SarA-regulated promoters contain the Sar-box motif, suggesting binding 

of SarA is less specific than suspected [32]. RNA-seq studies have further identified at least 

50 small RNAs (sRNAs) as targets of SarA [33]. 

Alternative sigma factors - SigB 

Further, regulation of virulence in S. aureus is mediated by the alternative sigma factor SigB 

(σB), which directs the RNA-polymerase complex to specific promoters to initiate expression 

of target genes. The SigB regulatory system was first characterized in B. subtilis and later 

identified in S. aureus with about 70% sequence similarity. While the genes upstream of sigB 

rsbU, rsbV and rsbW, encoding SigB regulators are conserved in S. aureus, it lacks the genes 

for the ‘stressosome’ complex (rsbR, rsbS, rsbT and rsbX), which is required for stress-

dependent activation of SigB in B. subtilis [34, 35].  

In S. aureus, the anti-sigma factor RsbW binds SigB, thereby preventing SigB-dependent 

promoter recognition and association with the RNA-polymerase. SigB activation depends on 

RsbU (PP2C-phosphatase) that dephosphorylates RsbV (anti-anti sigma factor), allowing 

RsbV to bind to RsbW and release SigB for transcription initiation [36]. Consistently with the 

absence of the ‘stressosome’ genes, SigB activation in S. aureus is not induced by energy 

stress. Instead, alkaline- and heat shock lead to increased SigB activity and upregulation of 

SigB-dependent genes [37]. Moreover, SigB activity increases during late-exponential and 

early-stationary growth [37, 38]. 

Several studies, including microarray-based analyses, have shown that the SigB regulon 

includes genes involved in basic cellular processes, such as metabolism, transport, cell 

envelope biosynthesis, and signaling transduction [37]. SigB also influences virulence by 

repressing exoproteins and toxins, while positively regulating cell-wall anchored adhesins [39]. 

Further, SigB regulates expression of other global regulators of virulence, including the 

upregulation of sarA and the inhibition of RNAIII, antagonizing Agr-dependent virulence 

activation [40]. 

A conserved SigB-binding consensus sequence (GTTTAA-12-15-GGGTAT) has been 

identified in several SigB-dependent promoters [41]. However, many genes seem to be 

regulated indirectly through SigB downstream effectors. SpoVG is one of the SigB-dependent 

downstream effectors and a transcriptional regulator that is suspected to activate SigB-

dependent genes lacking a consensus sequence [39, 42, 43].  
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Overall, the regulation of virulence in S. aureus is controlled through an overlapping 

multilayered, regulatory network enabling S. aureus to adapt its pathogenic potential in 

response to environmental signals (Figure 1). 

 

Figure 1. Regulatory network of S. aureus virulence. The schematic depicts major regulatory 
pathways governing virulence gene expression in S. aureus. Stress signals activate the alternative 
sigma factor SigB, which in turn upregulates its downstream effector SpoVG. SigB positively influences 
SarA, while also exerting inhibitory effects on Agr activity. SarA controls the Agr quorum-sensing system 
and Agr-dependent genes both directly via activation of RNAII and indirectly via activation of RNAIII. 
Activation of the quorum-sensing Agr system results in transcription of RNAIII and subsequent in the 
regulation of downstream target genes. These interactions collectively modulate the transition between 
surface-associated factors and secreted virulence factors (e.g., proteases, toxins), balancing adhesion, 
and immune evasion in response to changing environmental conditions. Arrows indicate positive 
regulation and blunt-ended lines indicate repression. Created with BioRender.com. 

 

Wall teichoic acids 

In addition to the virulence factors described above, S. aureus cell-wall glycopolymers, 

particularly wall teichoic acids (WTAs), play essential roles in pathogenesis, host cell adhesion, 

and immune evasion [44, 45]. Beyond their roles in cell physiology and virulence, WTAs serve 

as the major receptors for bacteriophage adsorption, thereby facilitating HGT through phage 

transduction [46]. Such phage-mediated HGT is beneficial for the transfer of new mobile 

genetic elements contributing to evolutionary adaptation and pathogenic potential of S. aureus. 

Most S. aureus strains produce a peptidoglycan-attached WTA composed of a ribitol-

phosphate (RboP) backbone, which is decorated with D-alanine and N-acetylglucosamine 

(GlcNAc). GlcNac residues are attached at specific positions by glycosyltransferases TarS (β-

1,4-GlcNac), TarM (α-1,4-GlcNAc) and TarP (β-1,3-GlcNAc). The WTA glycosylation patterns 

determine phage binding specificity and susceptibility [47-49]. 
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Bacteriophage Replication and Regulation 

The following introduction focuses on the replication and regulatory mechanisms of double-

stranded DNA (dsDNA) bacteriophages infecting Gram-positive bacteria, with reference to 

model Escherichia coli phage λ. 

Bacteriophage Life Cycles 

Bacteriophages are viruses that specifically infect bacteria, using their host’s biosynthetic 

machinery for their own replication. Upon infection, strictly lytic phages propagate by 

replicating their genomes, assembling new phage particles, and lysing the bacterial host cell 

to release mature phage particles. In contrast, temperate phages possess a dual life cycle. In 

addition to lytic propagation, temperate phages can integrate their genome into the bacterial 

chromosome and reside as a prophage. This process generates a bacterial lysogen, in which 

the prophage is replicated passively along with the host chromosome. Lysogenic conversion, 

the process whereby the prophage provides new genes and traits to the bacterial host, can 

confer benefits to both the phage and the bacterium [50]. Reactivation of the lytic life cycle can 

occur subsequent to the SOS-response activation in the bacterial host.  

The SOS Response and Phage Induction – Activation of Early Lytic Genes 

The bacterial SOS response is a conserved pathway responsive to DNA-damage that enables 

the bacteria to repair damaged DNA prior to cell division [51]. Two key proteins, RecA and 

LexA, control its regulation and activation. Under normal conditions, LexA acts as a 

transcriptional repressor by binding to promoters of SOS genes, thereby maintaining the 

system in an inactive state [52]. Binding of RecA to single-stranded DNA, generated through 

DNA damage, activates the protein and induces the activation of the SOS response. Activated 

RecA promotes autocleavage of LexA, releasing the repressor and activating the transcription 

of DNA repair and cell division genes [53]. 

Many temperate phages encode LexA-like repressors within their genetic switch region, which 

controls the transition from lysogenic to lytic life cycle. Upon activation of the bacterial SOS 

response, RecA also induces the autocleavage of the phage repressors, allowing escape from 

damaged host cells. In model E. coli phage λ, the genetic switch and the involved regulatory 

proteins were extensively studied. In this model, the CI-repressor, a LexA-homolog, maintains 

lysogeny by binding to operator sequences within the promoter region of cro to block the 

transcription. During the activation of the SOS response, RecA-mediated autocleavage of CI 

prevents its binding to the promoter, initiating expression of cro and early lytic genes [54].  

Phage gene expression during the lytic cycle is under temporal control, to allow efficient 

replication and assembly of mature phage particles. Early lytic genes are involved in regulatory 

processes and phage genome replication, while late genes encode for DNA processing, 
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packaging, structural, and lysis proteins that are required for phage assembly and release 

(Figure 2).  

DNA Replication Mechanisms of dsDNA Phages 

During replication of double-stranded circular DNA genomes, genetic information is faithfully 

conserved through semi-conservative synthesis. Several replication strategies have been 

described, in the following the theta (θ)-type replication, performed by S. aureus phage Φ11 

and Φ13 is described in more detail. In this process, an initiator, also termed replication factor, 

binds to the AT-rich origin of replication, inducing DNA unwinding. The exposed single-

stranded region allows entry and recruitment of the primosome (helicase loader and helicase) 

and the replisome (DNA polymerase and accessory proteins) to the replication site. 

Subsequent, DNA synthesis proceeds bidirectional on both the leading- and the lagging-strand 

[55]. Helicase, polymerase and single-stranded DNA binding proteins are phage-encoded [56].  

Regulation of Late Gene Expression 

During early stages of the lytic cycle and phage genome replication, regulators controlling late 

gene expression are expressed and synthesized. In model phage λ, the antitermination protein 

Q converts the RNA-polymerase into a termination-resistant form, enabling transcription of late 

genes [57]. E. coli phage T7 encodes a specific RNA-polymerase for the initiation of late gene 

transcription [58]. In phages infecting Gram-positive bacteria, RinA-homologs have been 

identified as activators of late transcription [59]. Later, four additional families of late 

transcriptional regulators (Ltrs) were characterized lacking sequence homology to RinA [60]. 

The late gene modules activated by these regulators include genes involved in DNA 

processing and packaging, capsid and tail assembly, host cell lysis and phage-encoded 

immune evasion.  

DNA Packaging and Phage Assembly 

Following genome replication, concatemeric phage DNA must be processed and packaged 

into newly assembled phage capsids. The terminase complex, composed of the small 

terminase subunit (TerS) that recognizes the viral DNA, and the large terminase subunit (TerL) 

with endonuclease and ATPase activity, mediates this process. The terminase-DNA complex 

assembles at the portal protein on the phage capsid, initiating DNA translocation. DNA 

cleavage at a specific cohesive end site (cos-site phages) or at a random sequence when the 

capsid is full (pac-site phages) terminates the packaging process. Subsequently, the terminase 

complex bound to concatemeric phage DNA is transferred to the next capsid [61]. 

Host Cell Lysis and Phage Release 

Lastly, the produced mature phage particles are released for reinfection of new host bacteria. 

Bacterial lysis is mediated by two proteins: a pore forming holin that forms pores in the bacterial 

membrane, and the endolysin that degrades the peptidoglycan layer [62, 63]. Lysins cleave 
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one of the four major bonds within the peptidoglycan, resulting in cell lysis and the release of 

phage progeny. 

Despite extensive studies, characterizations of phage genomes and identification of many 

genes, a large number of phage genes remain of unknown function and their roles are yet be 

discovered. 

Temperate Phages of S. aureus 

In S. aureus, bacteriophages are key vectors of HGT and play crucial roles in pathogenicity by 

encoding accessory genes that enhance virulence, immune evasion and bacterial adaptation 

to changing environmental conditions during infection [5, 64]. Moreover, the integration of 

prophages into the bacterial chromosome can increase the genome plasticity by disrupting 

bacterial host genes at the integration site, thereby influencing bacterial fitness and evolution. 

All known staphylococcal phages belong to the order Caudovirales, characterized by dsDNA 

genomes and a head-tail morphology [65]. Exclusively lytic phages infecting S. aureus are 

classified into the families Myoviridae, Podoviridae, and Siphoviridae, whereas all known 

temperate phages of S. aureus belong to the Siphoviridae family [66]. Members of this family 

possess dsDNA encapsidated within an icosahedral head and a long, non-contractile tail. 

Moreover the genomes of Siphoviridae phages are organized into six functional modules: 

lysogeny, DNA replication, packaging, head, tail, and lysis [67]. Notably, the same functional 

module of one phage fulfilling the same functions can replace the functional modules within 

other phages. This modular replacement leads to the formation of chimeric and mosaic phage 

genomes [68]. Most S. aureus isolates harbor at least one prophage [4]. 

Temperate S. aureus Siphoviridae are further classified according to the integrase gene (int) 

they encode, which defines the chromosomal integration site. Based on sequence similarity, 

S. aureus phage are divided into eight major integrase groups (Sa-int type). Recombination 

events of functional modules occur more frequently among phages within the same Sa-int 

group. Furthermore, the presence of certain accessory genes is often associated with specific 

integrase types, providing information about the pathogenic potential of bacteria carrying a 

certain prophage [4]. 

For instance, Sa1int phages carry the eta gene, encoding the exfoliative toxin A (ETA), which 

causes skin lesions described for staphylococcal scalded skin syndrome [4, 69]. PVL encoded 

from lukSF is predominantly present in Sa2int phages [4, 70]. The presence of those phages 

were associated with necrotizing pneumonia and skin and soft tissue infections [71]. Sa3int 

phages encode an extensive set of virulence factors located within the immune evasion cluster 

(IEC), which contributes to escape from the human immune response. These phages are 

described in more detail in the following section.  
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Overall, temperate phages of S. aureus convey bacterial genetic variability that allows 

adaptation of the bacteria to different conditions, through lysogenic conversion. The acquisition 

of phage-encoded virulence factors has been linked to the emergence of highly pathogenic 

strains and to diseases caused by S. aureus infections. 

Sa3int Phages 

The most prevalent prophages in S. aureus colonizing humans belong to the Sa3int group, 

detected in up to 96% of human nasal isolates [64]. Phages of this group integrate their 

genomes into the hlb gene locus, which encodes β-hemolysin (Hlb), a sphinomyelinase that 

catalyzes the hydrolysis of sphingomyelin into phosphocholine and ceramide [72]. Prophage 

integration disrupts the hlb gene, resulting in the loss of β-hemolysin as a virulence factor. 

During transmission from humans to livestock, S. aureus strains frequently lose Sa3int 

prophages, indicating their crucial role in human host adaptation. Compelling evidence for the 

importance in human colonization is the presence of the immune evasion cluster (IEC) on 

Sa3int phages, which comprises a set of human-specific virulence genes that mediate immune 

escape. Several IEC variants have been described, containing different combinations of the 

core genes sak, chp, scn, sea, and sprG1/sprF1 [73]. 

Components of the Immune Evasion Cluster 

Staphylokinase (Sak) converts plasminogen to active plasmin, a protease that degrades 

extracellular matrix components. Plasmin also cleaves surface-bound proteins like 

complement factors, allowing S. aureus to evade opsonization [74]. 

The secretion of CHIPS (chemotaxis inhibitory protein of Staphylococcus aureus) inhibits the 

chemotactic response and neutrophil recruitment, through binding of CHIPS to the formylated 

peptide receptor (FPR) and C5a, which inhibits chemotactic signaling [75, 76].  

Another factor that aids S. aureus to escape the human immune response is the 

staphylococcal complement inhibitor (SCIN). SCIN, as a secreted protein, interacts directly 

with the C3 convertase complex (C3bBb), preventing the activation of the complement system 

specifically in humans [77, 78]. 

Staphylococcal Enterotoxin A (SEA), encoded by sea, functions as a superantigen, stimulating 

production of pro-inflammatory cytokines [79]. Interestingly, Sea induces interleukin-8 (IL-8) 

and thereby an inflammation in nasal epithelial cells at the site of S. aureus colonization [80]. 

A non-coding RNA, transcribed by sprF1, regulates the toxin-antitoxin system SprG1/SprF1 

that contributes to interbacterial competition. The toxin SprG1, a pore-forming toxin, shows 

lytic activity against other bacterial species and human erythrocytes [81]. 
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Sa3int Phage Dynamics 

Integration of Sa3int prophages into hlb disrupts β-hemolysin production, while excision 

completely restores Hlb activity [82]. This reversible process acts as a regulatory switch 

between expression of immune evasion factors from the prophage and of the virulence factor 

Hlb. During infection, Hlb functions as an important virulence factor due to the hemolytic activity 

against erythrocytes and the described damaging effect on keratinocytes [83]. Moreover, 

sphingomyelinase activity can modulate immune cell signaling and induce apoptosis [84]. 

Hence, Sa3int prophage integration and excision allow S. aureus to control virulence factors 

dependent on environmental conditions. 

Clinical studies, including cystic fibrosis (CF) and furunculosis isolates, demonstrated that 

Sa3int phage excision is favored during infection, producing a heterogeneous population with 

Hlb-positive and Hlb-negative subpopulations [85, 86]. Indeed, a comparative analysis of nasal 

colonizing isolates and CF infection isolates revealed a higher prevalence of Sa3int phages 

among nose isolates, suggesting excision might be associated with infectious diseases rather 

than colonization [85]. 

Besides classical lysogenic and lytic life cycle, Sa3int phages can exist in an active lysogenic 

state, where the phage genome excises and resides as circular phage genome without 

producing phage particles, thereby allowing hlb transcription without the loss of the phage. A 

study analyzing clinical isolates found that 63% of S. aureus isolates carrying Sa3int phages 

were unable to generate infectious phage particles [87]. The active lysogeny of phage 

ΦSa3mw can be triggered by oxidative stress during infection [88], with reintegration 

potentially occurring at later infection stages. 

Excision and induction of the lytic cycle of phages, can be stimulated by selective pressure, 

oxidative stress or antibiotic treatment, and is associated with increased pathogenicity. As 

phage-encoded virulence factors are co-transcribed with late phage genes, phage replication 

amplifies their expression via the multi copy effect, following lytic cycle induction [85]. For 

instance, restored hlb expression and Sa3int excision were shown to increase production of 

cytokine IL-6 in a human monocyte (THP-1) infection model [89]. Conversely, stable Sa3int 

prophage integration correlates with reduced phagocytosis by THP-1 monocytes and 

increased escape from the human immune response [90]. 

In summary, Sa3int phages serve as a regulatory switch controlling expression of hlb and 

human-specific immune evasion factors. During infection, restoration of functional Hlb activity 

and phage excision is favored, resulting in increased virulence of S. aureus. For long-term 

colonization, immune escape mediated by integration of Sa3int prophages seems to be 

beneficial. This highlights the central role of Sa3int phages in the adaptation of S. aureus to 

the human host. 
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Figure 2. Genetic organization and infection cycle of S. aureus Sa3int phage Φ13. Schematic 
depiction of the modular genome architecture of phage Φ13. The lysogeny module (left, green) contains 
the integrase (int) and repressor (cI) genes responsible for integration and maintenance of the prophage 
state. Early lytic genes (yellow) involved in regulation (mor) and phage genome replication (e.g., rep), 
drive the initiation of the lytic lifecycle. Late lytic genes (light gray) encode DNA packaging and structural 
components, including small and large terminase subunits (terS, terL) and major capsid protein (mcp), 
which enable DNA processing, capsid assembly, and viral particle fomation. Lysis genes mediate host 
cell wall degradation and release of progeny phages. The final module (blue) consists of immune 
evasion factors, including sak, chp, and scn, which encode proteins that modulate host immune 
defenses. Created with BioRender.com. 
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Aim of this thesis 

The adaptability of Staphylococcus aureus is strongly influenced by mobile genetic elements, 

particularly bacteriophages that enhance genetic diversity and introduce additional virulence 

determinants. Among these phages, Sa3int phages are the most prevalent in human S. aureus 

isolates. These phages, such as Φ13, function as regulatory switches by integrating into the 

hlb locus while simultaneously expressing the immune evasion cluster, which encodes highly 

human-specific virulence factors. The dynamic integration and excision of these phages during 

infection enables S. aureus to modulate its virulence in response to changing environmental 

conditions.  

The genomic organization of Sa3int phages and the switch from lysogenic to lytic life cycle 

upon host stress responses are well-characterized. However, the transcriptional regulation of 

late lytic stages and the contribution of host factors to phage replication remain poorly 

understood.  

In this work, I aimed to characterize and reveal host-specific determinants that confer to 

differences in phage dynamics across diverse S. aureus strain backgrounds and thereby 

shape phage-host interactions. Comparative analyses of phage gene expression profiles were 

performed to uncover strain-dependent variations in transcriptional units and regulatory 

patterns. In addition, the influence of major global regulators of S. aureus virulence on phage 

regulation and replication was examined, given their potential role in coordinating the 

interactions necessary for stable phage-bacteria coexistence.  

To gain deeper insight into the regulatory processes governing phage assembly and 

propagation, the transcriptional profile of Φ13 following induction was analyzed. Particular 

focus was placed on late-gene expression, as these genes encode essential components 

required for the formation of mature phage particles. By identifying both phage- and host-

encoded regulators involved in the regulation of the phage life cycle, this work aimed to 

advance the understanding of the molecular mechanisms driving Sa3int phage dynamics and 

their impact on S. aureus pathogenicity. 
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Abstract: Staphylococcus aureus asymptomatically colonizes the nasal cavity of mammals, 

but it is also a leading cause of life-threatening infections. Most human nasal isolates carry 

Sa3 phages, which integrate into the bacterial hlb gene encoding a sphingomyelinase. The 

virulence factor-encoding genes carried by the Sa3-phages are highly human-specific, and 

most animal strains are Sa3 negative. Thus, both insertion and excision of the prophage could 

potentially confer a fitness advantage to S. aureus. Here, we analyzed the phage life cycle of 

two Sa3 phages, Φ13 and ΦN315, in different phage-cured S. aureus strains. Based on phage 

transfer experiments, strains could be classified into low (8325-4, SH1000, and USA300c) and 

high (MW2c and Newman-c) transfer strains. High-transfer strains promoted the replication of 

phages, whereas phage adsorption, integration, excision, or recA transcription was not 

significantly different between strains. RNASeq analyses of replication-deficient lysogens 

revealed no strain-specific differences in the CI/Mor regulatory switch. However, lytic genes 

were significantly upregulated in the high transfer strain MW2c Φ13 compared to strain 8325-

4 Φ13. By transcriptional start site prediction, new promoter regions within the lytic modules 

were identified, which are likely targeted by specific host factors. Such host-phage interaction 

probably accounts for the strain-specific differences in phage replication and transfer 

frequency. Thus, the genetic makeup of the host strains may determine the rate of phage 

mobilization, a feature that might impact the speed at which certain strains can achieve host 

adaptation. 
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Introduction 

Staphylococcus aureus is a major human pathogen but also colonizes and infects different 

animal species [1–5]. Transmission of S. aureus between humans and livestock is of particular 

concern as S. aureus isolates from farmed animals are often antibiotic-resistant [6]. Adaptation 

to the different mammalian hosts occurs largely through the acquisition/loss of mobile genetic 

elements. S. aureus has jumped between species many times, resulting in the dynamic gain 

and loss of host-specific adaptive genes, many of which are prophage encoded [5,7–9]. Most 

prominent is the repeated loss of the temperate Sa3int phages upon the jump of S. aureus 

from humans to different animals [10]. In several instances, the animal-adapted strain was 

transmitted back to humans, where it often reacquired Sa3int phages, emphasizing their 

important role in human colonization [1,8–12]. Up to 96% of human nasal isolates were 

observed to carry Sa3int phages integrated into the hlb locus, which encodes ß-hemolysin 

(Hlb), also named ß-toxin [13]. These phages carry genes that encode human-specific immune 

evasion factors [14] and other potential virulence factors [10]. The observation that Hlb is 

always functional after phage excision and that this process also occurs during human 

infections resulting in Hlb-positive sub-populations [15], indicates that under certain infectious 

conditions, Hlb is essential for bacterial survival.  

Temperate staphylococcal phages belong to the family of Siphoviridae. The genomes of 

siphoviruses are typically organized into six functional modules: lysogeny, DNA replication, 

packaging, head, tail, and lysis. The evolution of phage lineages is driven by the lateral gene 

transfer of interchangeable genetic elements (modules), which consist of functionally related 

genes [8,13,16–19]. S. aureus-infecting siphoviruses have been classified according to 

polymorphisms of the integrase gene (int) [13,16,17,20]. The int type dictates chromosomal 

integration at cognate attB sites and is closely associated with the virulence gene content of 

the prophage [13]. However, due to the mosaic nature of S. aureus siphoviruses the distinct 

phage modules can show high homology between different Sa-Int phages. e.g., several open 

reading frames (ORFs) from the prototypic Sa3int phage Φ13 are homologous to those of PVL 

(Panton-Valentine leucocidin)-encoding Sa2int phages. 

The molecular interactions between the S. aureus host and its temperate phages are largely 

unknown. The large number of phage genes encoding hypothetical proteins highlights how 

little is known about temperate phages and their influence on bacterial lifestyle switches. 

Likewise, we largely ignore which host factors influence the lysogenic-lytic cycle switch of 

temperate phages. Previous analysis of Sa2int phages revealed that the inducibility of the very 

same prophage can be significantly different when analyzed in diverse host genetic 

backgrounds [20]. Mobilization of the Sa2mw prophage from S. aureus strain MW2 or Newman 

was 100-fold higher than that from strain 8325-4.  
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Here, we investigated whether strain-specific features also impact the life cycle of Sa3int 

phages. For this, we constructed and integrated Sa3int phages into different phagecured 

S. aureus strains (8325-4, SH1000, USA300c, Newman-c, and MW2c). We focused on two 

prototypic Sa3int phages, namely Φ13 and ΦN315. Φ13 is derived from the S. aureus 

reference strain 8325 of clonal complex (CC) 8. ΦN315 is derived from the methicillin-resistant 

strain N315 (CC5) and carries the tarP gene encoding for an alternative glycosyltransferase 

[21]. The strain background was found to impact phage transfer and replication. RNAseq 

analysis hint at specific interaction of host factors with the phage regulatory region located in 

the lytic module of the phage. 

Materials and Methods  

Growth Conditions 

Unless otherwise stated, single-lysogens of S. aureus carrying Φ13kan (Tang et al., 2017) or 

ΦN315tet were used. S. aureus cells were grown in Tryptic Soy Broth (TSB) (Oxoid), 37°C, 

180 rpm. Precultures were supplemented with the appropriate antibiotics: kanamycin (KanA, 

50 µg mL−1), tetracycline (Tet, 3 µg mL−1), erythromycin (Erm, 10 µg mL−1), chloramphenicol 

(Chloro, 10 µg mL−1), and streptomycin (Strep, 500 µg mL−1). 

Strain Construction  

Strains are listed in Supplementary Table S1, and oligonucleotides are listed in Supplementary 

Table S2. 

Selection of Strep Resistant Strains  

S. aureus isolates were grown in TSB to OD600 = 0.7 and supplemented with Strep 

(500 µg mL−1). After 4 h of growth, serial dilutions were plated on TSB agar plates 

supplemented with Strep (500 µg mL−1). Resistant colonies were sub-cultured and growth 

compared to the parental strain. Only streptomycin-resistant clones that were not impaired in 

growth were used in this study. 

Generation of Phage Cured USA300 (USA300c)  

Native prophages (Sa2int and Sa3int) of S. aureus strain USA300 were deleted using plasmid 

pKOR1 as described for S. aureus Newman [22]. In brief: a 2 kb DNA fragment containing the 

respective attB sequences was PCR-amplified with the following primers (for Sa2int prophage: 

primer627 and primer628; for Sa3int prophage: primer434 and primer435) and inserted into 

pKOR1 and mutagenesis performed as described. 

Generation of Phage Lysates and Lysogens  

Phage lysates of Φ13kan or ΦN315tet were obtained after mitomycin C (500 ng mL−1) 

induction of 8325-4 Φ13kan or N315-ΦN315tet in liquid culture (OD600 = 0.7). After 2 h, 37°C 

additional mitomycin C (500 ng mL−1) was added and supernatant collected after further 
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incubation for 1 h (37°C). Supernatants were filtered (0.45 µm pore size (Merck)), and phage 

titer was enumerated by plaque assay. Single-lysogens were obtained by incubation of 106 

phages with phage-cured S. aureus strains (10 mL) from the exponential growth phase (OD600 

= 0.7) for 4 h, 37°C. Selection of lysogens was performed on TSA plates containing KanA (50 

µg mL−1) or Tet (3 µg mL−1), respectively. Single-lysogens were sub-cultivated four times, and 

phage integration at the cognate att site within hlb verified by loss of β-hemolysin production 

and PCR using oligonucleotides hlb675 and Sa3intfor. 

Construction of Phage ΦN315tet  

Phage ΦN315 was labeled with a tet resistance cassette. TetK was amplified from plasmid 

pT181 using primer pair Tet2-F BamHI and Tet2-R BamHI. ΦN315 IEC specific overhangs 

were amplified using primer pair IEC:tet A+B and C+D. The three resulting fragments were 

fused using overlap extension PCR, ligated into plasmid pBASE6 [23], and cloned into E. coli 

DC10B. The vector was subsequently transferred into S. aureus N315 using electroporation 

and mutagenesis performed as described [23]. The mutation was verified by PCR and resulted 

in the replacement of phage-encoded chp and scn with the tet cassette. 

Construction of Phage Φ13kan-∆rep  

Left and right flanking regions of prophage encoded replication factor (SAOUHSC_02217) 

were amplified via PCR using oligonucleotides PiMAYrepdelrev/repdelrev and 

repdelfor/PiMAYrepdelfor (Supplementary Table S2) and cloned into shuttle vector piMAY [24] 

by Gibson assembly in E. coli DC10B. The vector was transferred from E. coli DC10B into 

8325-4 Φ13kan and MW2c Φ13kan via electroporation and mutagenesis performed as 

previously described [24]. Gene deletion was verified by sequencing PCR amplicons spanning 

the mutation site. Further, lysogens were checked for β-hemolysin negative phenotype on 

blood agar plates. 

Phage Transfer Assay  

Cultures of donor strains (single lysogens) and recipients (phage-cured, streptomycinresistant) 

were grown to exponential phase (OD600 = 0.7), mixed at a ratio of 1:1, and co-cultivated for 

4 h, 37°C, 180 rpm. Single and mixed cultures were diluted in PBS, and colony-forming units 

(CFU) were determined on blood agar plates (Oxoid) and TSA agar plates containing single 

antibiotics (KanA 50 µg mL−1, Tet 3 µg mL−1, Strep 500 µg mL−1) and double antibiotics (KanA 

50 µg mL−1, Strep 500 µg mL−1 or Tet 3 µg mL−1, Strep 500 µg mL−1), respectively. Phage 

transfer frequency was determined by CFU grown on double antibiotic-containing plates 

divided by CFU grown on TSA plates containing streptomycin (500 µg mL−1). Single colonies 

were analyzed for loss of Hlb synthesis and phage integration by PCR. All tested double-

resistant colonies carried the hlb converting phage. Spontaneous resistance was monitored by 
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plating donor and recipient strains on selective agar plates and was many magnitudes lower 

than the observed transfer rates. 

Lysogenization Assay  

Phage-cured derivatives of S. aureus isolates were grown to exponential growth phase (OD600 

= 0.7), and 108 bacteria per mL were infected with phages to a multiplicity of infection (MOI) of 

0.1 or MOI 0.01 followed by incubation for 20 min or 4 h, 37°C, 180 rpm. CFU was determined 

on blood agar plates and TSA agar plates containing either KanA or Tet for the selection of 

lysogens. Single colonies were picked on a blood agar plate to verify loss of β-hemolysin 

activity. Lysogenization frequency was determined by CFU on antibiotic-containing plates 

divided by total CFU on blood plates. 

Plaque Assay  

Phage titer was determined by agar overlay method using strain LS1 as indicator strain. 

Indicator strains were grown to OD600 = 0.1 in TSB. In total, 100 µL bacterial culture was mixed 

with 3 mL liquid phage soft agar (Casaminoacids 3 g L−1, Yeast Extract 3 g L−1, NaCl 5.9 g L−1, 

Agar 7.5 g L−1) and poured on TSA plate. After solidification, dilutions of sterile-filtered phage 

lysates were dropped on the lawn and incubated at 37°C to enumerate plaque-forming units 

(PFU). 

Phage Adsorption Assay  

Phage adsorption assays were performed as described [25] with slight modifications. In brief, 

100 µL (3 × 106 phages) were incubated with 3 × 108 bacteria in 1 mL TSB for 10 min at room 

temperature under non-shaking conditions. Bacteria were pelleted (5000 x g, 5 min), 

supernatant filtered (0.45 µm pore size (Labsolute)), and used for PFU determination. 

Prophage Spontaneous Induction or Induction Using Mitomycin C  

Single lysogens were grown to the exponential growth phase (OD600 = 0.7) and split into 10 mL 

aliquots. Aliquots were further incubated with and without subinhibitory concentrations of 

mitomycin C (300 ng mL−1) for 1 h. Supernatants were filtered (0.45 µm pore size (Merck)), 

PFU enumerated, and stored at −20 °C for qPCR. For absolute quantification of free phage 

DNA, 100 µL of phage lysates were incubated with Proteinase K (100 µg mL−1, AppliChem) for 

1 h at 55°C, followed by heat inactivation at 95 °C for 10 min. Phage DNA was quantified by 

quantitative PCR (qPCR) using SYBR Green qPCR Kit (QIAGEN) and primers circlefor and 

circlerev spanning the reconstituted attP site of the phage. For quantification, standard 

molecules were obtained by PCR using primers phi13circlefor and phi13circlerev. The 

amplicons were purified, and DNA concentration was determined using A260. For quantification 

of excised phages within bacteria, attP and the chromosomal recA (recAF1 and recA661) were 

quantified using bacterial pellets. Bacteria were mechanically lysed using zirconia/silica beads 

in a high-speed homogenizer (6500 rpm, Fastprep). Lysed pellets were boiled for 10 min in 



 Results Part I  
 

24 
 

water bath and stored at −20°C, and 1 µL of a 1:100 dilution (RNase-free water, Ambion) was 

used for qPCR. 

Northern Blot Analysis and Preparation of RNA-Probes  

Bacteria were grown to OD600 = 0.7, followed by 1 h incubation at 37°C with or without 

mitomycin C (300 ng mL−1). In brief, the bacterial pellet was resuspended in TRIzol (Thermo 

Fisher Scientific, Waltham, MA, USA) and mechanically lysed using zirconia/silica beads in a 

high-speed homogenizer. For Northern blot analysis, RNA was isolated as recommended by 

the TRIzol manufacturer. Transcripts on Northern blots were hybridized with digoxigenin-

labeled DNA probes generated by PCR (Supplementary Table S2). RNA probes were 

generated with specific primer pairs containing T7 promoter for in vitro transcription. In vitro 

transcription was performed with MEGAshortskript T7 kit following instructions with the 

exception that a nucleotide mix from Roche containing DIG-11-UTP was used for labeling of 

fragments with digoxigenin. For RNA-seq analysis, RNA from the aqueous phase was further 

purified using the ExpressArt® RNA ready Add-on Kit for TRIzol extraction (AmpTec, 

Hamburg, Germany) with the following modifications. After loading the sample on an 

RNAready column, RNA was washed additionally with inhibitor removal buffer (5 M guanidine-

HCl, 20 mM Tris-HCl pH 6.6, 37 % (v/v) EtOH). DNase digest of the sample was directly 

performed on the column. 

TagRNAseq and RNAseq  

RNA aliquots were subjected to tagRNA-seq [26]. Experiments were conducted by Vertis 

Biotechnologie AG. Library preparation on rRNA depleted RNA samples was performed as 

follows: first Illumina TruSeq sequencing adapter (CTGAAGCT) was ligated to RNAs 

containing a 5´monophosphate end (resulting from processing events and thereby represent 

so-called processed start sites - PSS) followed by treatment with TEX (Terminator 

Exonuclease, Lucigen) to remove unligated 5´P-ends. Next, RNA 5´Polyphosphatase (5´PP, 

Lucigen) was used to convert triphosphate groups at 5´-RNA ends to monophosphate 5´-RNA 

ends. Formed monophosphate ends were then tagged by ligation of a second Illumina TruSeq 

sequencing adapter (TAATGCGC) (representing transcription start sites - TSS). After 

fragmentation, an oligonucleotide adapter was ligated to the 3´ end of RNA fragments and 

cDNA synthesis performed using M-MLV reverse transcriptase. cDNA was PCR amplified 

within 16 cycles using high fidelity DNA polymerase. cDNA was purified using Agencourt 

AMPure XP Kit (Beckman Coulter Genomics). Last, the cDNA pool was single-read sequenced 

on an Illumina NextSeq 500 system using 75 bp read length. Output read data were assigned 

to three different sets based on the tags from sequencing: read-files assigned to either 

transcriptional start site (TSS), read-files assigned to processed start site (PSS), unassigned 
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read-files. The first two sets were used for transcription start site analysis, the latter was used 

for expression analysis. 

Differential Expression Analysis of Phage-Encoded Genes Using tagRNA-seq  

The reference genome of S. aureus 8325 (NCBI (NC_007795.1) was manually phagecured, 

Φ13kan genome integrated and the sequence manually SNP-corrected based on 

resequencing of the 8325 strain [27]. Raw data files of reads (unassigned) were trimmed using 

the CLC genomics workbench (QIAGEN). Trimmed reads were mapped against the reference 

genome and then normalized for library depth and gene length, resulting in datasets containing 

expression values (RPKM-values). Raw data and processed files containing RPKM-values are 

available at https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE214523 (accessed on 3 

October 2022). Expression values were used for differential expression using the Wald test for 

statistical analysis. Significance was set to FDR-value of <0.05 and log2 fold change of lower 

than −1 or higher than +1. From the resulting datasets of the whole genome, the prophage 

genome was extracted and analyzed (Supplementary Table S4). Read mapping was 

visualized to the Φ13 genome using Integrated Genome Viewer. 

Determination of TSSs  

To prepare the raw read data for TSS identification, reads were preprocessed and mapped, 

and a coverage per base was computed. For this, the RNA-seq analysis pipeline 

READemption version 0.5.0 [28] was used. All read samples were mapped to the respective 

reference sequence with the subcommand align, which integrates the mapper segemehl 

version 0.3.4 [29]. For the mapping, the following parameters were used: (–adapter 

AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC, –processes 4, –segemehl_accuracy 

95, –segemehl_evalue 5.0, –poly_a_clipping, –min_phred_score 20 –fastq, –progress). The 

subcommand coverage calculates one position-based coverage file, also called wiggle files, 

resulting in three file sets: the unnormalized raw wiggle files, files normalized by the total 

number of mapped reads (TNOAR) and multiplied by one million (mil_normalized), and files 

normalized by the total number of mapped read and multiplied by the lowest number of mapped 

reads taking all libraries in consideration (min_normalized). The min_normalized wiggle files 

were used for TSS calling. The TSS identification using the normalized wiggle files of the 

tagRNA-seq reads was conducted with TSSpredator 1.1 [30,31]. 

For all of the TSSpredator runs, the preset default parameters were used, except that matching 

replicates were set to 2. TSSpredator expects two types of reads, one from the so-called 

enriched library and one from the so-called normal or unenriched library. For the tagRNAseq 

data, we used the TSS-labeled reads as the enriched libraries and the PSS-labeled reads as 

the normal control libraries. The experimental setup of this study used three strains and 

compared two conditions. Therefore, TSSpredator was run both with the strain-setup and 
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condition-setup to analyze this data. For the cross-condition analysis, each strain was 

considered separately. For the cross-strain analysis, TSSpredator expects wiggle files 

normalized across all input libraries as input. For this, the lowest number of aligned reads over 

all replicates regarding both conditions was calculated, and then each library was multiplied by 

this minimum. From each TSSpredator run, the resulting MasterTables for each condition were 

combined manually, and the phage region was extracted (Supplementary Table S3). For the 

cross-condition analysis, each strain was considered separately. A detailed description of 

TSSpredator parameters, TSS classes, and output files can be taken from the user manual 

available at https://tsspredator20-rtd.readthedocs.io/en/latest/index.html (accessed on 3 

November 2022). 

Statistical Analysis  

Statistical analyses were performed using GraphPad Prism software. Differences between the 

two groups were evaluated using Student’s t test. For multiple comparisons, statistical analysis 

was performed using one-way ANOVA (parametric) or Kruskal–Wallis test (non-parametric), 

with the Bonferroni test for parametric samples or Dunn’s test for non-parametric samples as 

a post hoc test. Differences at p < 0.05 were considered significant. All statistical analysis 

methods are based on independent biological replicates. 

Results  

Sa3int Phage Transfer during Co-Cultivation Depends on the Bacterial Host Strain  

The Sa3int phage Φ13 is derived from the S. aureus reference strain 8325. This strain was 

previously cured of all phages, and the phage-cured derivative 8325-4 is widely used as a 

prototypic S. aureus strain in many genetic studies. To facilitate the analysis of the phage life 

cycle, a kanamycin (kan) resistance cassette was introduced at the 3’end of Φ13 [32]. To 

compare phage transfer/acquisition in different bacterial strains, Φ13kan lysogens were 

generated in different phage-free host strains: 8325-4, SH1000, MW2c, Newman-c, USA300c 

(Supplementary Table S1). Phage transfer was monitored after 4 h of co-culture of the Φ13kan 

single-lysogens with the isogenic, Strep-resistant and phage-free recipient under non-inducing 

conditions (Figure 1A). A high transfer rate was observed for strain MW2c and strain Newman-

c, as enumerated by double resistance. Newly generated lysogens were Hlb-negative on blood 

agar plates, and phage integration into the hlb gene was verified by PCR using integration-

specific oligonucleotides. Significantly lower phage transfer rates were observed for the 8325-

4 or USA300c strain pairs as compared to Newman-c or MW2c. During the analyses, we 

observed that strain 8325-4 strain tended to aggregate during the incubation period. An rsbU 

repaired derivative of 8325-4 (strain SH1000) was described to form fewer aggregates [33]. To 

rule out any artifacts due to clumping, we also generated an SH1000 Φ13kan lysogen. This 

strain indeed did not aggregate but still showed a significantly lower phage transfer rate 
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compared to Newman-c or MW2c. In summary, we could confirm that the host background 

significantly influences phage lifecycle and pinpoint high (Newman-c and MW2-c) and low 

(8325-4, SH1000 and USA300) phage transfer strains (Figure 1A).  

To analyze whether the strain background similarly determines the transfer rate of other 

phages, we included phage ΦN315 derived from strain N315 in the analysis. The phage was 

labeled with a tet resistance cassette and mobilized into the same set of phage-cured strains. 

The phage transfer rate was lower compared to Φ13kan (Figure 1B). However, again strain 

Newman-c and MW2c exhibited higher phage transfer compared to the low-transfer strains 

SH1000 and USA300. 

 

 

Figure 1. Phage transfer frequency of Φ13kan (A,C) or ΦN315tet (B) is strain-dependent. Lysogens 
were mixed with isogenic, phage-cured, streptomycin-resistant recipients 8325-4 (dark blue), SH1000 
(light blue), USA300c (green), Newman-c (orange), or MW2c (dark red) at a 1:1 ratio (4 h co-culture in 
tryptic soy broth) (A,B) or with non-isogenic recipients (C). Phage transfer frequency was determined by 
calculating the ratio of CFU of double-resistant colonies (kanamycin/streptomycin for Φ13kan or 
tetracycline/streptomycin for ΦN315tet, respectively) divided by CFU on streptomycin (representing 
recipient). Values are independent biological replicates referring to mean ± SD. Statistical analysis was 
performed on log-transformed data using one-way ANOVA. * p ≤ 0.05, ** p ≤ 0.01, **** p ≤ 0.0001. 

 

Strain-Dependent Differences in Sa3int Phage Transfer Are Determined by the Recipient 

Strain 8325-4, SH1000, USA300, and Newman are assigned to the same CC 8 with no obvious 

restriction barrier [34]. MW2 belongs to CC1, and gene transfer between CC8 and CC1 strains 

is restricted due to different restriction/modification systems. Accordingly, phage transfer 

between CC8 strains and MW2 was found to be severely impaired (Supplementary Figure S1). 

We next analyzed whether transfer between low (SH1000) and high (Newman-c) transfer 

strains of the same CC is determined by the donor or by the recipient strain (Figure 1C). Strain 
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Newman as recipient showed higher phage acquisition when incubated with either SH1000 

Φ13kan or Newman-c Φ13kan. Strain SH1000 showed lower phage acquisition even when 

incubated with high transfer strain Newman-c Φ13kan. Thus, the different phage transfer rate 

among strains depends on the recipient. 

Phage Adsorption Does Not Account for Strain Dependent Phage Integration  

We speculated that strain-dependent phage transfer may be the result of differential phage 

adsorption. Wall-teichoic acids (WTA) function as conserved phage receptor for S. aureus 

phages [8]. This could be verified for Φ13kan since phage adsorption was not detectable in 

the WTA-deficient strain USA300 ∆tagO (Supplementary Figure S2). All tested wild-type 

strains showed high phage adsorption with only minor differences between strains. Small 

differences in phage adsorption did not correlate with the observed strain dependent 

differences in lysogenicity efficiency. Thus, processes following initial phage adsorption are 

responsible for strain-specific differences in phage transfer and replication. 

Strain Dependent Sa3int Lysogenization and Replication  

We next analyzed whether the various bacterial recipients differed in phage integration and/or 

replication rate. Newman-c lysogens were treated with mitomycin to induce prophage excision, 

and phage titer was enumerated by plaque assay. Phages were incubated with recipient 

strains, and phage integration was enumerated by the phage resistance marker. After 20 min 

co-incubation of Φ13kan with recipient strains, a similar fraction of SH1000 and Newman-c 

bacteria became lysogens (Figure 2A,B). This indicates that phage integration is equally 

efficient in both strains. However, after prolonged incubation (4 h), significantly more Φ13kan 

(Figure 2C) and ΦN315tet (Figure 2D) lysogens were recovered in the high transfer strain 

Newman-c compared to the low transfer strain SH1000. We assumed that this is due to 

enhanced phage replication in strain Newman-c. To monitor phage replication, free phage 

titers were enumerated after the 4 h incubation period. Significantly higher phage replication 

of both phages (Φ13kan and ΦN315tet) was observed after phage infection of strain Newman-

c compared to strain SH1000 (Figure 2E,F). The phage titer of Φ13kan increased 650-fold in 

strain Newman-c and only 55-fold in strain SH1000. 
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Figure 2. Strain-dependent lysogenization and replication of Φ13kan and ΦN315tet. Lysogenization of 
phage-cured SH1000 (blue) and Newman-c (orange) with Φ13kan (A–C,E) or ΦN315-tet (D,F) during 
exponential growth. Phages and phage-cured recipient bacteria were co-cultured to investigate 
lysogenization rates. Co-incubation was performed for 20 min at 37 °C and MOI of 0.1 (A) or 0.01 (B) or 
for 4 h at 37 °C and MOI of 0.01 (C–F). Lysogenization rates were determined by CFU on TSA plates 
containing kanamycin or tetracyclin (representing lysogenized colonies)/CFU on blood-agar plates. 
Replication of Φ13kan (E) and ΦN315tet (F) was determined by enumerating phage particles in sterile 
filtrated supernatant by plaque assay 4 h post phage infection. Values are independent biological 
replicates referring to mean ± SD. Statistical analysis was performed using t-test (A,B) and one-way 
ANOVA of log-transformed data (C–F). Data are back-transformed for visualization of phage titers (E,F). 
** p ≤ 0.01, **** p ≤ 0.0001. 

 

Thus, the integration efficiency seems not to differ between strains. However, in the high 

transfer strain, Newman-c phage replication is enhanced. The higher phage replication, in turn, 

increases the chance of phage integration, as seen in the later time points of infection. 
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Phage Gene Expression Is Dependent on the Host Strain Background  

Most of the genes carried by Φ13 encode proteins of unknown functions. Recently, a regulatory 

switch region was identified in the Φ13 genome [35]. The region is composed of a CI coding 

repressor gene (cI) and a divergently transcribed mor (modulator of repression) gene. We 

monitored the transcription of lysogenic genes presumably initiating from the cI promoter and 

of the lytic genes initiating from mor by Northern blot analysis in MW2c- and 8325-4 Φ13kan 

lysogens (Figure 3A). As expected, transcription of lytic genes (mor) was only detected after 

mitomycin treatment. One major transcript was detected, representing co-expression of mor 

with downstream lytic genes. Several additional bands were also visible, indicating the 

processing of the transcript. The expression of these lytic genes was mainly detectable in the 

MW2-c Φ13kan strain. This is consistent with higher replication observed in high phage 

transfer strain, i.e., Newman (Figure 2E). Higher phage replication in the MW2 background 

could be verified by quantification of phage copy numbers after mitomycin treatment via qPCR 

(Figure 3B). Phage replication also explains why the expression of genes within the lysogenic 

module, such as cI and orfC, was also increased after mitomycin treatment. Thus, multi-copy 

effect after phage replication impedes the interpretation of these results. 

 

 

Figure 3. Phage replication is strain-dependent. Transcriptional analysis of phage-related genes (cI, 
mor, orfC) and chromosomally encoded recA under non-inducing and phage-inducing conditions (A). 
8325-4 Φ13kan and MW2c Φ13kan were grown to OD600 = 0.7 and treated with mitomycin for 0.5 h, 1 
h, or 2 h) or without mitomycin (1 h). RNA was hybridized with digoxygenin labeled DNA probes. Phage 
induction/replication in wild type (8325-4 Φ13kan, MW2c Φ13kan) and replication-deficient derivatives 
(Δrep) under non-inducing and phage-inducing (1 h mitomycin, MMC) conditions (B). Phage 
excision/replication was enumerated as the ratio of excised, circularized phage copies (attP) per copy 
of bacterial chromosome (recA) as quantified by qPCR. **** p ≤ 0.0001. 
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Φ13 is likely induced following DNA damage-mediated RecA activation and subsequent CI 

autocleavage [35]. We speculated that MW2 might be more sensitive to RecA activation/SOS 

response compared to 8325-4. Therefore, we compared the induction of the SOS gene recA 

(preceded by a canonical LexA binding motif) in both strains. No difference in mitomycin-

induced recA expression was observed between strains. In summary, the Northern blot 

analysis supported the hypothesis that RecA-independent bacterial factors promote phage 

replication in high-transfer strains. 

Induction of Φ13kan-Δrep Is Not Strain Dependent  

To exclude multi-copy effects, we constructed replication-deficient mutants (Φ13kan-Δrep) in 

different bacterial strain backgrounds. In such mutants, the phage can excise but not replicate 

(Figure 3B). No phage particles were detectable by plaque assays. Calculation of the excised 

prophage genomes per bacterial cell was performed by absolute quantification of attP in 

relation to recA (as a proxy for bacterial genome copy numbers) via qPCR. After mitomycin 

treatment, roughly one excised phage copy per bacterial genome was produced with no 

significant differences between strains. This indicates that phage induction is not significantly 

different between strains. 

Transcriptional Start Site Prediction of Φ13kan-Δrep  

Besides the CI/Mor regulatory switch region, additional regulatory elements on the phage 

genome are likely involved in the phage-host cross-talk. So far, such putative regulatory 

elements and additional phage promoters are ill-defined. Therefore, we aimed to dissect phage 

transcriptional units in the replication-deficient lysogens 8325-4 Φ13kan-Δrep and MW2c 

Φ13kan-Δrep using tagRNA-seq [26] followed by comparative analysis with putative TSSs as 

predicted by TSSpredator [31] (Figure 4, Supplementary Table S3). 

We detected a total of 57 transcriptional start sites. For prediction, at least two replicates had 

to agree on the position of a TSS. The expression of corresponding genes is shown in Figure 

4 and Supplementary Table S3. In general, transcription followed the expected orientation, 

namely leftwards in the lysogenic module and rightwards in the lytic/ structural modules.  
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Figure 4. Visualization of predicted and enriched TSS and transcriptional profile of extracted Φ13 
prophage region. Reads mapping to the phage genome are visualized for MW2c- and 8325-4 Φ13kan-
Δrep strains under uninduced (light red and light blue, respectively) and induced (1 h mitomycin C 
treatment; dark red and dark blue) conditions from a representative sample out of 3 replicates. The 
maximum for the Y-axis in each panel is 200 counts. Protein coding genes are depicted in green and 
predicted TSS (Table S3) by black arrowheads. 

 

The analysis also revealed several noncontiguous operons (operons containing a gene(s) that 

is transcribed in the opposite direction to the rest of the operon) (Figure 4, Supplementary 

Table S3), which were only recently acknowledged to play a role in gene regulation [36]. For 

instance, a single gene transcript (S861) located next to ant (putative antirepressor, 

SAOUHSC_02229) is part of a lytic transcript but is also transcribed in anti-sense direction 

towards the lysogenic module (SAOUHSC_02232) (Supplementary Table S4). A 

noncontiguous operon was also detected in the lysogenic module. orfC located between int 
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and the putative phage repressor cI is transcribed opposite to the expected lysogenic direction 

(Figure 5A). CI transcription is initiated between mor and cI from the predicted promoter 

identified previously [35] (Figure 5). Northern blot analysis using strand-specific RNA probes 

confirmed that a transcript spanning cI and orfC is simultaneously detectable with a smaller 

orfC transcript starting from the opposite strand (Figure 5B).  

 

 

Figure 5. Transcriptional organization of the lysogenic modules of Φ13. Schematic representation of 
the lyosegenic module (A) of Φ13. Transcriptional units were visualized by hybridization of total RNA 
with digoxigenin-labeled RNA probes (B). Replication-deficient derivatives (Δrep) of 8325-4 Φ13kan and 
MW2c Φ13kan were grown to OD600 = 0.7 and treated with (+) or without (-) mitomycin (1 h). 

 

Thus, transcriptional regulation of phage genes seems highly complex, and gene expression 

is controlled at several levels. While most of the 57 TSSs were common to both strain 

backgrounds, strain-specific TSSs were also identified. In total, 14 of the predicted TSS are 

specific to 8325-4 Φ13kan (5 TSS: uninduced, 8 TSS: +MMC, 1 TSS: both conditions) and 14 

TSS to MW2c Φ13kan (1 TSS: uninduced, 12 TSS: +MMC, 1 TSS: both conditions). 

Strain-Dependent Gene Expression of Φ13kan-Δrep  

Phage gene expression of Φ13kan-Δrep in 8325-4 and MW2c background was quantified by 

RNA-seq under non-induced and induced (1 h, mitomycin treatment) conditions 

(Supplementary Table S4). Under uninduced conditions, only nine phage genes were 

differentially expressed between both strains (Figure 6B). OrfC was expressed at higher levels 

in the 8325-background compared to the MW2-background. This is also evident in the Northern 

blot analysis of the Φ13kan-Δrep mutant (Figure 5B). The noncontiguous genes 

SAOUHSC_02232 and SAOUHSC_02218 were also more highly expressed in the 8325-4 

background. Interestingly, these two genes of unknown function are transcribed in lysogenic 

direction although localized within the lytic phage region. Additionally, IEC genes showed 
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higher expression in 8325 compared to MW2 (e.g., sak, coding for staphylokinase, and the 

TA-system sprGF1/sprF1). The expression of sak was previously reported to be dependent on 

the host strain background, with expression being lower in MW2 compared to RN6390 (a 

derivative of 8325) background [20]. This is in agreement with previous work showing that 

Sa3int-encoded virulence genes are expressed independently from the phage lifecycle [10]. 

Mcp is the only gene that was found to be significantly higher expressed in strain MW2c than 

in 8325-4 under non-inducing conditions.  

We next compared strain-dependent phage gene expression after mitomycin treatment (1 h), 

revealing a more profound difference in phage gene expression between the two strains. Most 

of the prophage genes either in 8325 (40 out of 73) and MW2 (56 out of 73) were significantly 

upregulated after mitomycin C treatment (Supplementary Table S4). However, upregulation 

was more pronounced in the MW2 background; 35 prophage-encoded genes were expressed 

at significantly higher levels in MW2 compared to the 8325 background (Figure 6C). 

Interestingly, no differences in the expression of cI and mor were observed between strains. 

Instead, most differences appeared in later genes assigned to regulation (blue), 

replication/packaging (dark green), and structural module (light green). Several TSSs were 

predicted within the lytic module, assuming that the expression of gene modules is dependent 

on different promoters (Figure 4 and Supplementary Tables S3 and S4), which are subject to 

strain-specific regulation.  

Thus, the expression of lytic genes of prophage Φ13kan-Δrep is more pronounced in the MW2 

background compared to 8325 and probably accounts for the higher phage particle number 

observed in the MW2 background. 
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Figure 6. Module organization of Φ13kan (A). Comparison of Φ13kan-Δrep gene expression between 
MW2- and 8325-background under uninduced conditions (B) and after mitomycin induction (C). Only 
genes with significant differences in gene expression are shown (FDR-value < 0.05; log2fold change 
>+1 and <−1). Negative values represent higher expression in 8325 background; positive values 
represent higher expression in MW2 background. 

 

Discussion  

Here, we demonstrated that the lifecycle of S. aureus prophage is influenced by bacterial host 

factors. Replication of the hlb converting phages Φ13 and ΦN315 was significantly enhanced 

in the Newman and MW2 strains compared to derivatives of the 8325 lineage or USA300. The 

higher replication rate correlated with higher spontaneous phage transfer events during co-

culture. A similar dependence of phage replication on the host background was previously 
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shown for unrelated pvl-carrying ΦSa2mw phage [20]. The strain dependency is not due to 

differences in phage absorption (Supplementary Figure S2), phage integration (Figure 2), 

excision, or recA transcription (Figure 3). Interference with other phages could also be ruled 

out since all experiments were performed in single-lysogens.  

To obtain more insights into the molecular mechanisms of the predicted phage–host 

interaction, we performed tagRNA-seq and determined the TSSs located on the Φ13kan-Δrep 

phage and compared the expression of phage genes in 8325-4 and MW2c background. The 

decision between phage lifestyles is made by phage-encoded genetic switches best studied in 

phage λ of Escherichia coli. The transcriptional repressors CI and Cro can repress each other 

and compete for the same operator. Phage repressor CI represses transcription of lytic genes, 

whereas Cro relieves repression, thus facilitating the lytic life cycle. A CI/Cro-like switch region 

can be identified in ΦN315 and ΦSa2mw2. However, in Φ13, the switch region is composed 

of an autocleavable CI repressor and a Mor homolog [35,37]. We confirmed the previously 

identified promoter regions as well as mitomycin sensitivity of Φ13. The CI repressor, which is 

expressed from the lysogenic promoter PR, represses the lytic promoter initiating mor 

expression. The small repressor MOR, first identified in lactococcal phages, functions as an 

anti-repressor of CI by protein-protein interaction but, on its own, does not directly influence 

transcription [37–39]. Thus, S. aureus phages can carry either CI/Mor (Φ13)- or CI/Cro-like 

switches (ΦN315, ΦSa3mw) but nevertheless show similar strain dependency. It is thus 

unlikely that the proposed host factors influencing the phage life cycle target the canonical 

switch regions. Indeed, the expression of cI and mor genes was not significantly different 

between strains. Analysis of promoter fusions in B. subtilis also indicated that the decision 

switching by the minimal switch region of Φ 13 does not require S. aureus-specific host factors 

[35]. This is also in line with the observation that phage integration/excision seems to be 

independent of the strain background and likely only determined by RecA activity. 

Nevertheless, replication and gene expression were elevated in the MW2 strain background, 

suggesting specific regulation downstream of the switch region. The TSS analysis points to 

many additional promoter regions that could be subject to gene regulation. The phage-derived 

mRNA landscape is further complicated by additional RNA processing sites. RNA processing 

might also be tightly controlled and functionally important [40,41]. Additionally, sRNAs or post-

transcriptional regulation via, e.g., anti-termination [42] may be involved. Moreover, our 

analysis revealed several noncontiguous operons. Such a genetic arrangement was proposed 

to lead to mutual regulation of the expression of overlapping transcripts and to provide an 

additional strategy for coordinating the expression of functionally related genes within an 

operon [36]. 
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Some TSSs were detected only in one strain background. Genes coding for structural phage 

proteins are more highly expressed in MW2 than in 8325-4. Thus, these TSSs are likely targets 

for host-dependent regulation. Post-excision regulation of phage replication and assembly, 

processes that are important to finalize the phage lytic phase, may also be a crucial 

determinant of the lysogenic-lytic cycle switch. Thus, under certain circumstances, the phages 

may just excise, leading to the reconstitution of the intact hlb gene in the absence of complete 

phage assembly and host cell lysis. Such a process is reminiscent of the recently described 

process termed active lysogeny [43]. L. monocytogenes strain 10403S harbors a prophage in 

its comK gene. During infection of macrophage cells, the prophage lytic pathway is induced, 

but the phage lytic response is arrested, preventing the expression of the late genes. A phage-

encoded LlgA transcription regulator (LlgA) and a DNA replicase are proposed to support the 

phage adaptive behavior [44]. No LlgA homolog could be identified, but functionally similar 

elements may be present in the S. aureus phages. The data strongly indicate that host factors 

interfere with such putative regulatory phage regions. Recently discussed xenogenic silencing 

factors might be involved in such a balance [45]. They promote tolerance of foreign genetic 

material and may play an important role in maintaining the lysogenic state. Those discovered 

so far are small, nucleoid-associated proteins that recognize and bind AT-rich DNA stretches 

(H-NS in Proteobacteria, MvaT/U in Pseudomonas species, Rok in Bacillus subtilis and Lsr2 

in Actinobacteria). Of note, none of these factors is present in S. aureus. The phage-encoded 

virulence genes are known to be under the control of bacterial virulence regulatory systems 

such as the quorum sensing system, Agr, or the SaeRS two-component system [46]. From 

genome comparison between the low and high transfer strains, no obvious difference in known 

regulatory circuits, such as quorum sensing or transcriptional factors, was evident. 

Nevertheless, our data indicate that also phage structural genes are tightly controlled, although 

the mechanism remains to be determined. 

Epidemiological data strongly indicate that Sa3int phages have co-evolved with the S. aureus 

host to facilitate the adaptation of the species to the human host. Adaptation is likely mediated 

by the phage-encoded virulence factors, which are specific to humans [10]. Of note, most 

S. aureus strains lack major phage defense systems such as CRISPR/Cas, cyclic-

oligonucleotide-based anti-phage signaling systems [47] or phage-resistance mediating 

retrons [48]. This indicates that the species has likely evolved to tolerate phages and that the 

phages, to a large extent, are probably beneficial to the bacterial host. However, the phages 

remain highly mobile to relieve expression of the interrupted hlb gene when needed, e.g., 

during infection [15,49]. This may occur either in the form of “active lysogeny” or prophage 

loss. Such switches must be controlled through firm molecular interactions between bacterial 

and phage factors. The postulated bacterial factors are highly strain-specific, and certain 

S. aureus strains may be more prone than others to support either a lysogenic or a lytic life 
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cycle. Thus, the genetic makeup of the host strains may determine the rate of phage 

mobilization during infection, a feature that might determine the speed at which certain strains 

can achieve host adaptation. 

Supplementary Materials: The following supporting information can be downloaded at: https: 

//www.mdpi.com/article/10.3390/v14112471/s1, Table S3: TSS prediction and corresponding 

gene expression; Table S4: Differential gene expression analysis of extracted prophage 

genomic region.  
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Figure S1. Phage transfer frequency between CC8 donors (8325-4 Φ13kan, Newman-c 
Φ13kan) and CC1 (MW2c) recipient strain is restricted. Lysogens were mixed with phage-
cured, streptomycin-resistant recipients MW2c at a 1:1 ratio (4 h coculture in tryptic soy broth). 
Phage transfer frequency was determined by calculating the ratio of CFU of double-resistant 
colonies (kanamycin/streptomycin) divided by CFU on streptomycin (representing recipient). 
Values are independent biological replicates referring to mean ± SD. Statistical analysis was 
performed on log-transformed data using one-way ANOVA.  
 

 

Figure S2. Phage adsorption. 10
6
 Φphi13kan phage particles were incubated with 10

8
 phage 

cured bacteria or a WTA deficient tagO mutant for 10 minutes. Unbound phages in the filtered 
supernatants were enumerated by plaque assays. Values are independent biological 
replicates with mean ± SD.  
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Table S1. Strains used in this study 

 

 

 

 

 

Bacterial strain  Clonal complex 
(CC) 

Property Origin 

8325-4  CC8 Phage-cured Dorte Frees, University of Copenhagen, Denmark 
8325-4-Strep  CC8 Phage-cured, resistant against streptomycin This study 
8325-4Ф13-kana  CC8 Single-lysogen This study 
8325-4ФN315-tet  CC8 Single-lysogen This study 
8325-4Ф13-kanaΔrep  CC8 Single-lysogen carrying replication-deficient mutant This study 
SH1000  CC8 Phage cured Susanne Engelmann, TU Braunschweig, Germany 
SH1000-Strep  CC8 Phage-cured, resistant against Streptomycin This study 
SH1000Ф13-kana  CC8 Single-lysogen This study 
SH1000ФN315-tet  CC8 Single-lysogen This study 
USA300c  CC8 Phage-cured This study 
USA300c-Strep  CC8 Phage-cured, resistant against Streptomycin This study 
USA300cФ13-kana  CC8 Single-Lysogen This study 
USA300cФN315-tet  CC8 Single-lysogen This study 
Newman-c  CC8 Phage-cured T. Bae et al., 2006 
Newman-c-Strep  CC8 Phage-cured, resistant against Streptomycin This study 
Newman-cФ13-kana  CC8 Single-Lysogen This study 
Newman-cФN315-tet  CC8 Single-Lysogen This study 
MW2c  CC1 Phage-cured Tang et al., 2017 
MW2c-Strep  CC1 Phage-cured, resistant against Streptomycin This study 
MW2cpФ13-kana  CC1 Single-Lysogen This study 
MW2cФN315-tet  CC1 Single-lysogen This study 
MW2cФ13-kanaΔrep  CC1 Single-lysogen carrying replication-deficient mutant This study 
USA300_ΔtagO  CC8 WTA-deficient isolate used as control for 

adsorption-assay 
Wanner et al., 2008 

E. coli DC10B  - Used for cloning procedures Monk et al.,2012 
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Table S2. Primer used in this study 

Name Sequence 

circlefor TTTTATTTTATATGGGGTATTATTGA 

circlrev GTGTATTCTCATTTGTTAGAAGAAAA 

hlb675 GCTATCATTATCGAATCCAC 

hlb258   

IEC::tet_A GACGAATTCGTGAAAAGGGTTGTTTATGGGGC 

IEC::tet_B CTTATATTTTGTTCTAGGATCCCTGTGAATAGTCATAGGCGTCCATACATAATC 

IEC::tet_C GAGTTTTTAGAACAAGGATCCGGTAAAGAAAGTGTTAGGTTACTAGGCCACTTAAC 

IEC::tet_D CTCGAGCTCCCCTGGATTCAACTTAATTACAAAGG 

phi13cIDIGfor TCATACTTCGGATTTAGAGATACC 

phi13cIDIGrev CGAAACCTTATCAAAAGAAACTAGG 

phi13croDIGfor CGGTAAAGTTGGTTGGAA 

phi13croDIGrev ATTGGAGTGGCGTTGATT 

phi13sieDIGrev GAAATCGCTACCAGCTGA 

phi13sieDIGfor CGCTTCTTCTTACAGGAGTT 

Primer434 GGGGACAAGTTTGTACAAAAAAGCAGGCTCCGTTCACAGTGATTGTGTATGG 

Primer435 GGGGACCACTTTGTACAAGAAAGCTGGGTGCCTGCTACATAGAATGTAGTAGG 

Primer627 GGGGACAAGTTTGTACAAAAAAGCAGGCTCAATTACATCATCAACTGTATTGTC 

Primer628 GGGGACCACTTTGTACAAGAAAGCTGGGTGATGCGTTGAGTAAACTGATTAC 

recAF1 GCTCAAGCATTAGGCGTAGAT 

recA661 ATTTTAATGCACGTCCACCTGG 

sa3intfor GAAAAACAAACGGTGCTAT 

sa3intrev TTATTGACTCTACAGGCTGA 

phi13circlefor TCTAGCTTTTGGGGTGTACATTCC 

phi13circlerev GCTTTGAAATCAGCCTGTAGAG 

pIMAYrepdelrev TCGATAAGCTTGATATCGACTAGAAAACGGATATCCACT 

pIMAYrepdelfor GATCCCCCGGGCTGCAGGTCTCGCTCCCTGAAATCGTC 

repdelfor AAATGGCAACAGAAACACTTTTTGGCAGT 

repdelrev GTGTTTCTGTTGCCATTTCGTTATCTCCTTTCTG 

Tet2-F BamHI TTCACAGGGATCCTAGAACAAAATATAAG 

Tet2-R BamHI TCTTTACCGGATCCTTGTTCTAAAAACTC 
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Table S3. TSS prediction and corresponding gene expression. Table includes 
summarized information on predicted TSSs obtained from TSSpredator. Detailed description 
of included information are given in the user guide for TSSpredator V1.1 
(https://itnc.informatik.uni-tuebingen.de/index.php/s/en3s7fegaCzWQQy). Information 
contained in Mastertable are given for each predicted TSS (listed in rows). TSS number 
(Column A), neighboring gene (Column B) or potential gene according to direction  and position 
(Column O). Sequence -50 nt upstream + TSS (51nt) contains the base of the TSS and the 50 
nucleotides upstream of the TSS (Column E). Column F-M indicate under which conditions the 
predicted TSS was enriched and the gene expression of the corresponding gene according to 
the direction and position of the TSS. 

 

Table S4. Differential gene expression analysis of extracted prophage genomic region. 
Table contains combined data obtained from CLC genomics workbench (QIAGEN) including 
expression analysis for prophage genomic region for comparison of MW2 versus 8325 gene 
locus (Column A). Expression values of uninduced condition of MW2vs8325 comparison is 
marked in yellow (Column D-F), expression values for induced condition MW2vs8325 
comparison are marked in green (Column G-I). Expression values for comparison of condition 
(induced versus control) are marked in dark blue for 8325 (column J-L) and dark red for MW2 
(Column M-O). RPKM values are listed in Column P-AA and marked in light blue for 8325 and 
red for MW2 for both conditions. 
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Abstract: Temperate phages play a central role in evolution and pathogenicity of 

Staphylococcus aureus. Sa3int phages, in particular, contribute highly human-specific 

virulence factors that promote immune evasion and survival within the host. The reversible 

excision of these phages which occurs without phage production and bacterial lysis allows the 

simultaneous expression of phage virulence genes and the hlb gene where they usually 

integrate. The regulatory mechanisms controlling phage assembly remain poorly understood. 

In this study, we analyzed the regulatory mechanism controlling late gene transcription in 

Sa3int phage Φ13. We identified a functional promoter, P23, located upstream of the late phage 

genes that control DNA processing and packaging, capsid assembly, bacterial lysis and 

immune evasion. SAOUHSC_02200, the gene located upstream of P23, encodes for a late 

transcriptional regulator (Ltr). Mutating the P23 TATA-box or the ltr gene abolished P23 activity 

and formation of mature intact phage particles, thus confirming the role of Ltr in regulating P23 

activity. Four direct repeats upstream of the P23 transcriptional start site were identified as 

potential Ltr binding sites. RT-qPCR analysis confirmed that Ltr-dependent P23 activation is 

essential for expression of late genes and the subsequent propagation of Φ13. Furthermore, 

comparative analysis of P23 activity and ltr expression in different host strain backgrounds 

revealed strain-specific differences that appear to depend on the alternative sigma factor SigB 

and its downstream effector SpoVG. These findings establish Ltr as the major regulator of late 

gene expression in Φ13 and reveal bacterial host factors that control successful phage 

assembly, and bacterial lysis. 

 

Importance: The dynamic integration and excision of highly prevalent Sa3int phages in 

Staphylococcus aureus is considered a regulatory switch that enables bacterial adaptation to 

specific niches. These phages carry several human-specific virulence genes and integrate into 

the hlb virulence gene. It was assumed that they undergo a mechanism termed 'active 

lysogeny', which allows the phages to be excised reversibly without phage production or 

bacterial lysis. Here, we have identified a new phage-encoded 'late transcriptional regulator' 

(Ltr) that controls the expression of all late phage genes and thus phage assembly and lysis. 

We found that Ltr activity is regulated by the alternative sigma factor B and its downstream 

effector SpoVG. Restriction of SpoVG, and consequently phage assembly, likely contributes 

to the maintenance of Sa3int phages, even under phage-inducing conditions. This may be 

relevant in certain infectious conditions where both the phage-encoded virulence genes and 

the gene that is usually interrupted by the phage are required for infectivity. 

 

Keywords: Staphylococcus aureus; phage assembly; active lysogeny; pseudo-lysogeny; late 

transcriptional regulators 
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Introduction 

Staphylococcus aureus is a major opportunistic pathogen that asymptomatically colonizes the 

nose of up to 30% of the human population and can cause severe infectious diseases. The 

virulence of S. aureus can be influenced by mobile genetic elements, such as pathogenicity 

islands, plasmids and bacteriophages that encode accessory virulence factors (1). All known 

temperate staphylococcal phages belong to the family of Siphoviridae, which are characterized 

by an icosahedral head, a long, non-contractile tail and dsDNA. The phage genomes are 

organized into functional modules for lysogeny, replication, DNA packaging, structural genes 

encoding for head and tail proteins and lysis (2-6). S. aureus can carry several prophages at 

the same time, some of those encode for various staphylococcal virulence factors (6, 7). 

Phages infecting S. aureus have been classified into seven major groups based on the 

encoded integrase gene (Sa-int type). The int type dictates the attB site for integration of the 

prophage into the bacterial genome (3).  

With up to 96% abundance, Sa3int phages are the most prevalent temperate phages in human 

nasal isolates of S. aureus (3, 8). Phages of this group integrate into the hlb locus, disrupting 

the hlb gene encoding a sphingomyelinase (β-hemolysin) (3, 9). On the other hand, Sa3int 

phages carry a set of genes for human-specific virulence factors, including a staphylokinase, 

as well as chemotaxis- and complement inhibitors, on the so called Immune Evasion Cluster 

(10, 11).  

Sa3int phages are repeatedly lost when S. aureus is transferred from humans to animals, 

confirming the importance of these phages for the adaptation of S. aureus to the human host. 

Interestingly, when animal-adapted strains were transmitted back to humans, they often re-

acquire Sa3int phages (11, 12). It was also found that Sa3int phages are more prevalent in 

strains that colonize the human nose than in infectious strains (13).  

Depending on the host environment, both the insertion and excision of prophages may confer 

a fitness advantage to the host bacterium. Recently, it was demonstrated that the integration 

of Sa3int prophages significantly reduced the uptake into human macrophages, thereby 

mediating escape from human innate immune cells (14). On the other hand, the excision of 

Sa3int phage Φ13 is a critical step in the pathogenesis of S. aureus during murine infections 

(15) and spontaneous Hlb-positive variants are selected during murine skin colonization (16) 

or infective endocarditis in rabbits (17). Sa3int phages may also undergo pseudo-

lysogeny/active lysogeny a process during which a phage is temporally excised from the 

chromosome without forming intact phage particles (18-21). This is consistent with the 

observation that infection of S. aureus with Sa3int phages usually does not result in the lysis 

of the bacterial population (22). Through this process, bacteria can simultaneously activate 
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phage virulence genes as well as the gene that is typically inactivated by phage integration 

(23).  

Molecular cross-talk between Sa3int phages and their S. aureus host and regulatory processes 

controlling active lysogeny remain largely unknown. Previous studies revealed that prophage 

excision, replication and transfer is highly strain dependent (24, 25) Comparative RNA-Seq 

analysis of high (MW2c) and low transfer (8325-4) strains revealed significant differences in 

the expression of structural module genes (24). Thus, so far unidentified bacterial factors are 

crucial determinants for the phage life cycle.  

Here, we investigated the transcriptional regulation of Sa3int phages to uncover the 

mechanisms that control phage assembly. We identified an essential promoter region within 

the phage genome that regulates late phage genes and discovered strain-specific differences 

in its activity. Moreover, we identified SAOUHSC_02200 as an activating regulator, with 

similarity to Family IV of the previously described late transcriptional regulators (Ltrs). Strain-

specific differences in P23 activity implicated that the alternative sigma factor B (SigB) and its 

downstream effector SpoVG play a role in the regulation of P23 dependent phage gene 

expression and consequently phage assembly. 
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Results 

The predicted promoter region P23 in the Φ13 genome is functional and exhibits strain-

specific activity  

In previous work, we identified 57 transcriptional start sites (TSS) across the Φ13 genome 

analyzed in low and high phage transfer strains (24). TSS23 became of interest, as it is located 

upstream of the structural module and precedes genes (SAOUHSC_02198 to 

SAOUHSC_02177) that were significantly upregulated in the high-transfer strain MW2c. 

TSS23 is located in an intergenic region in between two genes of unknown function (upstream: 

SAOUHSC_02200; downstream: SAOUHSC_02199). Late phage genes including DNA-

packaging genes (endonuclease, small (terS) and large terminase (terL)) and structural genes 

(mcp) are located downstream of TSS23. Sequence analysis of the region upstream of TSS23 

revealed a putative TATA-box, suggesting the presence of a functional promoter. To analyze 

the activity and regulation of this putative promoter region (designated P23), we constructed 

reporter plasmids, covering 200 bp upstream and 50 bp downstream of the predicted TSS23 

(Figure 1A). The P23 promoter region was fused to yfp, allowing fluorescence measurements 

to assess P23 activity.  

Promoter activity was measured for 24 h in four different Φ13K single-lysogenic S. aureus 

strains. Under uninduced conditions, P23 activity remained undetectable, indicating the 

promoter remains inactive in the lysogenic state (Supplemental Figure S1). Upon addition of 

subinhibitory concentrations of mitomycin C (MMC) to induce the bacterial SOS response and 

phage excision, strain-specific differences in P23 activity were obvious. The highest P23 activity 

was found in high-transfer strain MW2c Φ13K, while intermediate fluorescent signals were 

detected in Newman-c Φ13K and SH1000 Φ13K, and the lowest activity in 8325-4 Φ13K 

(Figure 1B). To assess strain-specific differences independently of growth effects, we 

measured P23 activity at single time-points with adjusted optical densities. Measurement at 4 

hours after induction with MMC revealed the same strain-specific differences in P23 activity 

(Figure 1C). 

To confirm promoter functionality and characteristics of P23, we replaced the putative TATA-

box (position -15 to -5 relative to TSS23) with Cs and Gs (Figure 1A). The substitutions 

abolished P23 promoter activity, confirming that the region contains a functional TATA-box at 

the proposed position, which is required for promoter activity (Figure 1C, Supplemental Figure 

S1).  

To investigate the role of P23 in phage replication and production, we mutated the TATA-Box 

in the P23 promoter region of the Φ13 genome. This resulted in a loss of phage particle 

production under uninduced and MMC induced conditions as determined by plaque assay 

(Figure 1D).  
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Figure 1: P23 is a functional and essential promoter of Φ13 with strain-specific activity. (A) 
Schematic depiction of P23 promoter region and transcriptional start site 23 (TSS23). (B) P23 promoter 
activity measurement over time after mitomycin C (MMC) addition. Single-lysogenic strains were grown 
to exponential growth phase and induced with a subinhibitory concentration of mitomycin C (300 ng ml-
1). Optical density and fluorescence were measured for further 24 hours. Arbitrary units of fluorescence 
(YFP) are shown normalized to OD600 after substracting strain-specific background fluorescence. (C) 
Single time point measurement of P23 promoter activity without (P23-yfp) and with mutant TATA-Box 
(P23-TATA-yfp). Single-lysogenic strains were grown to exponential phase, induced with a subinhibitory 
concentration of MMC, and grown for additional 4 hours. Bacteria were harvested to OD600 of 2 and 
resuspended in PBS. Fluorescence was measured. Arbitrary units of fluorescence (YFP) are shown; 
strain-specific background fluorescence was subtracted. Data shown are mean ± SD (n ≥ 3). Statistical 
significance was determined by unpaired t-tests within strains. (D,E) Phage replication in strains carrying 
Φ13K (wild type) and Φ13K-TATA (TATA-box muation) under uninduced and induced (+MMC) 
conditions. Single-lysogenic Φ13K strains were induced with subinhibitory MMC in exponential phase 
and incubated for 60 min. Phage numbers were determined by plaque assay (D) and phage genome 
numbers by qPCR on the attachment site (attP) (E). Data shown are mean ± SD (n = 3). Statistical 
significance was determined by 2way ANOVA tests on log10 transformed data (***p-value < 0.001, *p-
value < 0.05, ns > 0.05). 
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However, phage genome replication, quantified by qPCR still occurred in the TATA-Box mutant 

phage. Since no infectious phage particles were detectable, we assume that phage genomes 

are likely released into the supernatant through phage-independent mechanisms of bacterial 

cell lysis. Upon addition of MMC, no (SH1000) or only a slight increase (Newman-c, factor 2) 

in phage genome copy numbers was observed for the Φ13K-TATA phage mutant (Figure 1E). 

These results indicate that the phage loses its ability to produce intact mature phage particles 

through P23 disruption. However, phage genome replication was largely independent of P23 

activity.  

These findings confirm that the P23 promoter region is functional and essential for Φ13 

propagation. Our data also indicates strain-specific differences in P23 activity potentially caused 

by host-dependent regulatory factors. 

sigB and spoVG dependent P23 regulation  

S. aureus SH1000, which exhibited intermediate P23 activity, and S. aureus 8325-4, which 

showed the lowest activity, differ only by a defective rsbU gene in 8325-4. Since RsbU is 

responsible for the activation of SigB, 8325-4 is considered SigB-deficient. This was confirmed 

by analyzing the expression of asp, a prototypic SigB target gene (Figure 2A). This observation 

led us to investigate the involvement of SigB in P23 regulation.  

Deletion of the whole sigB operon (ΔmazEFrsbUVWsigB) in single-lysogenic strains resulted 

in a decrease of P23 activity to levels comparable to those of the natural SigB-deficient strain 

8325-4 (Figure 2B). P23 activity after 4 hours of induction with MMC was fourfold lower in the 

sigB deleted SH1000 single-lysogen than in the wild type. Since P23 promoter region does not 

contain a SigB consensus motif, the SigB effect is likely mediated by one of its downstream 

effectors. Expression of the putative regulator spoVG is directly regulated through SigB and 

might serve as SigB effector. lndeed, mutation of spoVG resulted in a similar decrease in P23 

promoter activity to that observed for the sigB mutation (Figure 2C). Deletion of either sigB or 

spoVG also resulted in significantly reduced phage particle numbers as quantified by plaque 

assay (Figure 2D). However, the number of phage genome copies decreased more profoundly 

in the sigB mutant than in the spoVG mutant indicating that SigB exerts some additional 

SpoVG-independent effects on phage replication (Figure 2E).  

Overall, these results demonstrate that SigB and its downstream effector SpoVG directly or 

indirectly modulate P23 activity and subsequent phage propagation. 
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Figure 2: SigB and SpoVG impact P23 promoter activity and phage production. (A) Strain-specific 
SigB activity under induced conditions. Single-lysogenic strains were grown to exponential phase, 
induced with a subinhibitory concentration of mitomycin C (MMC) (300 ng ml-1), and grown for further 4 
hours. Bacteria were harvested for RNA isolation and RT-qPCR was performed. The expression of asp 
was normalized to gyrB expression. Data shown are mean ± SD (n = 3). Statistical significance was 
determined by ordinary one-way ANOVA test on log10 transformed data. (B) P23 promoter activity in a 
sigB-deficient background over time after MMC addition. Single-lysogenic strains were grown to 
exponential phase and induced with a subinhibitory concentration of MMC. Optical density and 
fluorescence were measured for further 24 h. Arbitrary units of fluorescence (YFP) are shown 
normalized to OD600; strain-specific background fluorescence was subtracted. (C) Single time point 
measurement of P23 promoter activity in SH1000 (wild type), SH1000 sigB (sigB::tet deletion), and 
SH1000 spoVG (spoVG::erm deletion). Single-lysogenic strains were grown to exponential phase, 
induced with a subinhibitory concentration of MMC and grown for further 4 hours. Bacteria were 
harvested to OD600 of 2 and resuspended in PBS. Fluorescence was measured. Arbitrary units of 
fluorescence (YFP) are shown; strain-specific background fluorescence was subtracted. Data shown 
are mean ± SD. Statistical significance was determined by ordinary one-way ANOVA. (D,E) Phage 
replication in single-lysogenic SH1000 (wild type), SH1000 sigB (sigB::tet deletion) and SH1000 spoVG 
(spoVG::erm deletion) under uninduced and induced (+MMC) conditions. Single-lysogenic Φ13K strains 
were induced with subinhibitory MMC in exponential growth phase and incubated for 60 min. Phage 
numbers were determined by plaque assay (D) and phage genome numbers by qPCR on the 
attachment site (attP) (E). Data shown are mean ± SD (n = 3). Statistical significance was determined 
by 2way ANOVA tests on log10 transformed data. (****p-value < 0.0001, ***p-value < 0.001, **p-value < 
0.01, *p-value < 0.05). 
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A phage factor is required for P23 activity  

We further analyzed whether phage factors are involved in P23 activity. Therefore, using the 

reporter plasmid with the wild type promoter region, we analyzed P23 activity in bacterial strains 

carrying various prophage mutants, as well as in a prophage-free background. Promoter 

activity was significantly increased in single-lysogens carrying either the P23-disrupted 

prophage mutant (Φ13K-TATA) or the replication-deficient prophage (Φ13K-rep) (Figure 3A). 

We speculate that the enhanced promoter activity may be the result of increased binding of a 

regulatory factor to the reporter plasmid in the absence of a functional target site in the 

prophage genome (for Φ13K-TATA) or due to a reduced number of genomic promoter copies 

in Φ13K-rep.  

In contrast to the analyzed phage mutants, a phage-free background resulted in promoter 

inactivation, confirming that a phage-encoded factor is required for P23 activity (Figure 3A). 

This effect was observed for all four tested strains (Supplemental Figure S2). 

SAOUHSC_02200 is a late transcriptional regulator of the Ltr family IV  

To identify the phage factor activating the P23 promoter, we compared the genomic 

organization of Φ13 with other phages. Since late phage genes are located downstream of 

P23, we mined the phage genome for the presence of late transcriptional regulators (Ltrs), 

which activate late phage gene expression. Quiles-Puchalt et al. described four families of Ltrs 

in addition to the RinA homologs identified in S. aureus phage Φ11. These Ltrs are 

characterized as small basic proteins encoded at the end of the early phage gene cluster and 

positioned directly upstream of the promoter they regulate (26).  

Due to the localization of SAOUHSC_02200 upstream of P23 promoter region, we aligned the 

protein sequence of SAOUHSC_02200 (UniProt ID: Q2FWT0) with those of representative 

members of the different Ltr families. Sequence analysis revealed 59% similarity to the ORF34 

of phage Φ55 (UniProt ID: Q4ZB49), encoding a member of the Ltr family IV, and 100% identity 

to hypothetical protein PVL_60 of S. aureus phage PVL (UniProt ID: O80099) (Supplemental 

Figure S3). These alignment results support the hypothesis that SAOUHSC_02200 encodes 

a late transcriptional regulator belonging to the Ltr family IV (LtrC-homologs). 

SAOUHSC_02200-encoded Ltr regulates P23 promoter  

To verify the role of the putative Ltr in P23 regulation, we generated a genomic ltr-deficient 

mutant by introducing a stop codon into SAOUHSC_02200 without altering the P23 promoter 

region. In the absence of functional Ltr, no P23 activity was detected, proving that P23 activation 

is dependent on Ltr (Figure 3B). Similar to the Φ13K-TATA mutant, the Φ13K-ltr mutant failed 

to produce intact phage particles. However, phage genome replication appeared unaffected 

under uninduced conditions. Following MMC induction, a greater number of genome copies 

were detectable for the wild type phage than for the ltr mutant phage, for which no increase in 
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phage genome copies was detectable (Figure 3C,D). This is likely because only the wild type 

phage propagates and lyses its hosts.  

After identifying Ltr (SAOUHSC_02200) as a regulator and activator of promoter P23, we 

analyzed the expression of ltr in different single-lysogenic strain backgrounds under uninduced 

conditions and 4 h post MMC-induction. Replication-deficient phage mutants (Φ13K-rep) were 

used to avoid multi copy effects. As expected, ltr expression was undetectable under 

uninduced conditions. Upon MMC induction, strain-specific differences in ltr expression were 

detected, with the 8325-4 single-lysogen showing significantly lower expression than the other 

strains (Figure 3E). These differences correlated with differences in SigB activity (see Figure 

2A).  
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Figure 3: P23 promoter region is controlled by the phage-encoded late transcriptional regulator 
(Ltr). (A) Single timepoint measurement of P23 promoter activity in single-lysogens carrying Φ13K (wild 
type), Φ13K-TATA (TATA-box mutation), or Φ13K-rep (replication deficient), and in phage-free strains. 
Strains were grown to exponential phase, induced with a subinhibitory concentration of mitomycin C 
(MMC) (300 ng ml-1) and grown for further 4 hours. Bacteria were harvested to OD600 of 2 and 
resuspended in PBS. Fluorescence was measured. Arbitrary units of fluorescence (YFP) are shown; 
strain-specific background fluorescence was subtracted. Data shown are mean ± SD (n ≥ 3). Statistical 
significance was determined by ordinary one-way ANOVA. (B) Single time point measurement of P23 
promoter activity in single-lysogens carrying Φ13K (wild type), or Φ13K-ltr (ltr deletion). Data shown are 
mean ± SD. Statistical significance was determined by unpaired t-tests for comparisons within strains. 
(C,D) Phage replication in strains carrying Φ13K (wild type) or Φ13K-ltr (ltr deletion) under uninduced 
and induced (+MMC) conditions. Single-lysogenic Φ13K strains were induced with subinhibitory MMC 
in exponential phase and incubated for 60 min. Phage numbers were determined by plaque assay (C) 
and phage genome numbers by qPCR on the attachment site (attP) (D) Data shown are mean ± SD. 
Statistical significance was determined by 2way ANOVA on log10 transformed data. (E) Strain specific 
ltr gene expression. Single-lysogenic strains were grown to exponential phase, induced with a 
subinhibitory concentration of MMC and grown for further 4 hours. Bacteria were harvested for RNA 
Isolation and RT-qPCR was performed. ltr gene expression was normalized to gyrB expression. Data 
shown are mean ± SD. Statistical significance was determined by 2way ANOVA. (****p-value < 0.0001, 
***p-value < 0.001, **p-value < 0.01, *p-value < 0.05, ns > 0.05). 

 

In summary, these results confirm Ltr (encoded by SAOUHSC_02200) as the activator of 

promoter P23 and demonstrate that a functional Ltr is essential for production of intact mature 

phage particles. The variation in ltr expression in different strain backgrounds indicates that 

host factors, particularly SigB, contribute to its regulation. 

Repeat motifs in the P23 promoter region are essential for activation  

Previous studies have shown that Ltrs generally bind to four imperfect repeats within their 

target promoter regions (26). Sequence analysis of P23 promoter region revealed three perfect 

18 bp repeats and an additional partial repeat corresponding to the first 9 bp (Figure 4A). 

Deletion of this repeated sequence in the reporter plasmid abolished P23 activity (Figure 4B). 

This confirmed the importance of this repeated sequence for promoter activation, likely due to 

impaired binding of Ltr in the absence of the repeat motif. 

P23 activation by Ltr is essential for late phage gene expression  

We next determined the impact of Ltr on P23 dependent gene expression. Therefore, gene 

expression across the phage genome in absence of functional P23 or Ltr (Figure 5A) was 

assessed using RT-qPCR analyses on RNA isolated from single-lysogenic SH1000 strains 

carrying replication-deficient Φ13K-rep or its derivatives with mutated P23 (Φ13K-TATA), or 

lacking ltr (Φ13K-ltr) (Figure 5B-I).  

Expression of the genetic switch genes cI and mor were unaffected by disruption of P23 or 

mutation of ltr, indicating that early phage gene expression and induction of the lytic life cycle 

are Ltr-independent. Similarly, ltr itself showed no significant change in expression in the phage 

mutants, suggesting the absence of regulatory feedback on ltr expression.  
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Figure 4: The repeated sequence in the P23 promoter region is required for promoter activation. 
(A) Schematic depiction of repeated sequence in P23 promoter region upstream of the putative TATA-
box. (B) Single time point measurement of the promoter activity of wild type (P23-yfp) or mutant P23 (P23-
Δrepeat-yfp), lacking the repeated region. Single-lysogenic strains were grown to exponential phase, 
induced with a subinhibitory concentration of MMC and grown for further 4 hours. Bacteria were 
harvested to OD600 of 2 and resuspended in PBS. Fluorescence was measured. Arbitrary units of 
fluorescence (YFP) are shown; strain-specific background fluorescence was subtracted. Data shown 
are mean ± SD (n ≥ 3). Statistical significance was determined by ordinary one-way ANOVA. (*p-value 
< 0.05). 

 

In contrast, the expression of late phage genes involved in DNA-processing and packaging 

(endonuclease, terL), as well as the major capsid protein gene (mcp), was significantly reduced 

in both the Φ13K-rep-TATA and Φ13K-rep-ltr phage mutants compared to the wild type Φ13K-

rep. The expression of late phage genes required for bacterial lysis and phage release, such 

as holin was also significantly reduced, alongside the expression of the immune evasion factor 

staphylokinase (sak), located downstream of the lysis genes.  

Overall, the expression of all the analyzed late genes downstream of the P23 promoter including 

the immune evasion cluster proved to be dependent on P23 and Ltr. Moreover, MMC induction 

did not induce late gene expression in the mutants, confirming that Ltr is required for late gene 

activation during the lytic cycle. 

Previous studies have shown that late transcriptional regulators activate the transcription of a 

single large transcript covering all late phage genes (26). Northern Blot analysis using DNA-

probes targeting transcripts of terL and mcp revealed multiple transcripts in different sizes, 

including a shared transcript of ~ 6 kb, which indicated co-transcription of terL and mcp from 

the P23 promoter. However, no larger transcript covering all late phage genes was detected 

(Figure 5J).  
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Figure 5: P23 promoter activation by Ltr is required for late gene expression. (A) Schematic 
depiction of the phage genome, indicating early and late phage genes. (B-I) Gene expression analysis 
of early (cI, mor and late transcriptional regulator (ltr)) and late phage genes (endonuclease, large 
terminase (terL), major capsid protein (mcp), holin and staphylokinase (sak)) under uninduced and 
induced (+MMC) conditions. Strains carrying Φ13K-rep (wild type, replication deficient), Φ13K-rep-
TATA (TATA-box mutation), or Φ13K-rep-ltr (ltr deletion) were grown to exponential phase, induced with 
a subinhibitory concentration of mitomycin C (MMC) and grown for 60 min. Bacteria were harvested for 
RNA isolation, transcripts were quantified by RT-qPCR and normalized to gyrB expression by ΔΔCt 
method.. Data shown are mean ± SD. Statistical significance was determined by ordinary one-way 
ANOVA on log10 transformed data. (****p-value < 0.0001, ***p-value < 0.001, **p-value < 0.01, *p-value 
< 0.05, ns > 0.05). (J) Northern Blot analysis for terL and mcp transcripts. Single-lysogens were grown 
to exponential phase, induced with a subinhibitory concentration of mitomycin C (MMC) and grown for 
60 min. Bacteria were harvested for RNA isolation. Blots were hybridized by using digoxigenin-labeled 
DNA-probes generated by PCR. 16S RNA was detected for loading control. Millenium Marker 
(ThermoFisher Scientific) was included for size comparison. 

 

Although additional transcriptional start sites and transcriptional units were identified for late 

genes (24), our data indicate Ltr as major phage regulator of late phage gene expression from 

the P23 promoter. 

 

Discussion  

The impact of host factors such as RecA or SarA on Φ13 excision and replication have been 

previously described (22, 27). Here we focused on regulatory mechanisms controlling phage 

assembly. We identified Ltr as a key regulator of late gene transcription. Ltr, encoded by the 

final gene on the early phage module, activates P23 and thereby initiates the expression of 

genes involved in capsid assembly, DNA processing and packaging, lysis, and immune 

evasion. Both ltr expression and P23 activity exhibit strain-specific differences, which appear to 

be dependent on the alternative sigma factor SigB and its downstream effector SpoVG. We 

propose that Ltr could be a regulatory target for the switch between the lytic phage life cycle 

and active lysogeny (Figure 6). 

Ltr (SAOUHSC_02200) regulates late phage gene expression in Φ13  

Phage gene regulation is tightly temporally controlled to ensure that genome replication is 

complete before particle assembly and host lysis occur. The first step in genetic activation is 

the transition from the lysogenic to the lytic life cycle. In the model phage λ, this genetic switch 

is regulated by the interplay between the CI repressor and Cro anti-repressor. Similarly, in the 

Sa3int phage Φ13 this switch involves a cleavable CI-repressor and the small anti-repressor 

Mor, originally described in lactococcal phages (27, 28). Activation of the SOS-response 

induces RecA-dependent auto-cleavage of CI, leading to de-repression of early lytic genes 

and phage genome replication. Subsequently, late phage genes are expressed to enable the 

assembly of mature phage particles, and bacterial lysis.  
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Figure 6: Temporal control of phage gene expression within the bacterial host. Genetic 
organization of the bacteriophage Φ13. Release of CI from the mor promoter results in derepression of 
the lytic cycle and expression of early lytic genes, including the replication factor (rep) and late 
transcriptional regulator (ltr). Subsequently, late expression of DNA-packaging (endonuclease, terS, 
terL) and structural genes (e.g. mcp) leads to DNA-processing, capsid assembly and DNA-packaging. 
The products of lysis genes enable host cell lysis, releasing mature phage particles, while immune 
evasion factors (e.g. sak) aid in escaping the host immune system. These late phage genes are 
transcribed from the P23 promoter, which is activated by the Ltr transcriptional regulator encoded by ltr. 
Ltr expression and P23 activity are regulated in a SigB and SpoVG-dependent manner. Small RNA SprX 
provides a feedback for post-transcriptional SpoVG repression. 

 

In S. aureus phage Φ11, the expression of late genes is controlled by the transcriptional 

regulator RinA, located upstream of the terS gene. Deletion of rinA abolishes the production 

of functional phage particles and reduces late gene expression (29). Quiles-Puchalt et al. 

described four additional families of late transcriptional regulators (Ltrs), which share the size 

of about 130 aa and a similar localization within the phage genome, although they show no 

sequence similarity to RinA or known bacterial transcription factors (26). 

Here, the Ltr of Φ13 was identified based on the localization upstream of the endonuclease 

gene and the predicted TSS23. Mutation of ltr or P23 abolished the production of functional 

phage particles and significantly reduced the expression of all genes downstream of P23. 

Moreover, P23 activity was completely lost in phages lacking a functional ltr gene, confirming 

Ltr as the key regulator of late gene expression in Φ13. Sequence alignment to the different 

Ltr families revealed 30% identity and 59% similarity with ORF34 of phage Φ55 (Ltr IV family) 

and 100% identity to hypothetical protein PVL_60 of Staphylococcal phage PVL. Panton-

Valentine leucocidin (PVL), the bi-component pore-forming cytotoxin encoded by phage PVL 
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and several other phages, contributes to the virulence of S. aureus by targeting and lysing host 

immune cells such as macrophages and neutrophils (30, 31). Comparative genome analysis 

revealed extensive sequence identity between Φ13K and staphylococcal phage PVL 

(Supplemental Figure S3). For instance, one 19 kb region spans from the P23 promoter region 

up to a locus upstream of the lysis genes. Another conserved region includes the genetic 

switch genes cI and mor. Phage genomes are known to have interchangeable modules fulfilling 

the same functions, which lead to mosaicism within phage genomes (3). The high degree of 

conservation between Φ13K and staphylococcal phage PVL in regions important for 

transcriptional regulation, suggests a similar phage-host interaction for both phages in 

S. aureus. 

Previous studies have shown that repeated sequences in the promoter region serve as 

recognition targets for Ltr binding (26, 29). In Lactococcus lactis phage TP901-1, sharing the 

anti-repressor MOR with Φ13, the late transcriptional regulator Alt binds to four imperfect direct 

repeats located -76 to -32 bp upstream of the transcriptional start site (32, 33). The promoter 

region downstream of Φ13-Ltr also consists of four repeats located at the 3’ end of the 

regulator’s coding sequence. Deletion of this repeat region, between position -107 and -42 bp 

relative to the TSS, abolished P23 activity, confirming that binding of Φ13-Ltr to this sequence 

is required for promoter activation. 

Transcriptional organization and regulation of late phage genes in Φ13  

For both RinA- and Ltr-homologous regulators, transcription from their respective promoters 

results in a single transcript for DNA-packaging, structural and lysis genes (26, 29). Consistent 

with this, Northern blot analysis confirmed co-transcription of terL and mcp, however, no 

transcript spanning across the phage genome from P23 to the immune evasion cluster was 

detected. In Φ13, additional transcriptional start sites were identified downstream of TSS23, 

indicating a more complex regulatory network. These include TSS located upstream of mcp 

(TSS25, 26), lysis genes (TSS30) and immune evasion factors (TSS36) (24). Previous work 

suggested co-transcription of the lysis gene amidase and the immune evasion factor sak (34). 

Transcript size analysis by Northern blot revealed a transcript of 3 kb hybridizing with a sak-

specific probe, confirming the presence of additional transcriptional start sites within the late 

genetic modules. The major regulatory factor, however, appears to be ltr, as phages lacking 

ltr or carrying disruptions in P23 did not express late phage genes, including sak and lysis 

genes. These findings suggest that potential additional regulatory processes are dependent 

on initial Ltr activation of promoter P23. 

Regulatory mechanisms controlling Ltr and P23 activity  

The post-transcriptional inhibition of LlgA (a Ltr family protein) activity has been shown to block 

late gene transcription in Listeria monocytogenes phage Φ10403S in the intracellular niche. 
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This interruption of the phage replication process induces a pseudo-lysogenic state that allows 

prophage excision and subsequent comK expression required for phagosomal escape (35). 

Although the bacterial factors mediating LlgA regulation remained unidentified, it was proposed 

that LlgA activity is under host-dependent control for beneficial regulation of the phage life 

cycle in different stages of infection.  

We observed strain-specific differences in P23 activity and ltr expression pattern also indicating 

a strong impact of bacterial host factors on the fate of the phage. Interestingly, SigB activity 

within the different strains correlated with ltr expression differences, indicating a regulatory 

effect of the host factor SigB on ltr expression. Φ13 or PVL phage Sa2mw integrated into the 

SigB deficient 8325-4 lysogens were previously shown to exhibit reduced mobility compared 

to other SigB-positive strains (24, 25). RinA, the late transcriptional regulator of Φ11, exhibits 

the highest expression in the late-exponential phase (36) which is consistent with SigB activity 

during later growth phases (37). 

However, no SigB consensus sequences could be identified in the promoter initiating ltr or P23. 

Deletion of spoVG resulted in reduced P23 activity and phage assembly similar to SigB deletion. 

SpoVG acts as a downstream effector of SigB and was proposed to activate transcription of 

SigB-dependent genes lacking a SigB consensus sequence (38, 39). Thus, SpoVG likely 

mediates the impact of SigB on phage gene regulation. SpoVG is broadly conserved, 

especially among Gram-positive bacteria. L. monocytogenes SpoVG was shown to bind RNA 

with a greater affinity than DNA and it was suggested that the protein is mainly acting as RNA-

binding protein thereby functioning as a global post-transcriptional gene regulator (40). SpoVG 

in S. aureus is post-transcriptionally suppressed through interference with a small RNA, SprX 

(41), which is located within several Sa3int phages downstream of sak. Thus, there seems to 

be a strong feedback mechanism whereby upon phage replication the increase of SprX likely 

restricts SpoVG-dependent phage assembly. Under certain infectious conditions the SOS 

response and SigB activity are activated, which then may promote SpoVG activity to overcome 

SprX restriction and enable the phage to escape from the bacterial host. However, additional 

host factors likely contribute to the regulation of phage late gene expression. TSS prediction 

showed additional strain-specific TSSs in MW2c and 8325-4. Furthermore, the high P23 activity 

of MW2 compared to other SigB-positive strains could not be linked to higher SigB activity in 

MW2 and thus remain unclear. 
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Material and Methods  

Growth conditions  

Strains used in this work are listed in Table S1. If not stated differently, strains were grown in 

Tryptic Soy Broth (TSB) (Oxoid) at 37°C and 200 rpm. For strains carrying resistance genes, 

antibiotics (erythromycin (erm) 10 μg ml-1, tetracyclin (tet) 3 μg ml-1, kanamycin (kan) 50 μg ml-

1, chloramphenicol (cm) 10 μg ml-1) were added in precultures and for selection on agar plates.  

Generation of strains and mutants  

Oligonucleotides and plasmids used for generation of mutants are listed in Table S2 and Table 

S3. 

Promoter fusion constructs for promoter activity measurements  

By Gibson Assembly, promoter regions of genes of interest (Pgene) were cloned into reporter 

plasmids upstream of a strong ribosomal binding site (RBS) followed by a gene coding for a 

yellow fluorescent protein (yfp: gpVenus). To generate P23-yfp (pCG896) 50 bp downstream of 

the predicted transcriptional start site 23 (TSS23) and 200 bp upstream were amplified by PCR 

with the primer pair pCG896gibfor/pCG896gibrev (24). The amplified promoter regions were 

cloned into the reporter plasmid pCG725 digested with SalI and SphI (24, 42). To generate 

P23-TATA-yfp (pCG910) the bases of the putative TATA Box of promoter region 23 in pCG896 

were replaced with Cs and Gs by site directed mutagenesis (SDM) using the primer pair 

pCG910SDMfor/pCG910SDMrev. To generate P23-Δrepeat-yfp (pCG943) the repeated 

sequence of 65 bp was deleted from pCG896 by SDM using the primer pair 

pCG943SDMfor/pCG943SDMrev. Site directed mutagenesis was performed according to the 

manufacturers instructions (Q5 Site-Directed Mutagenesis Kit).  

Promoter fusion plasmids were verified by sequencing and introduced into the final bacterial 

strains by transduction via S. aureus RN4220 or direct electroporation. Final strains were 

verified by PCR on the reporter plasmids. 

Late transcriptional regulator (ltr) mutant (Φ13K-ltr)  

Flanking regions were amplified by PCR using primer pairs 

pCG926insert1gibfor/pCG926insert1gibrev and pCG926insert2gibfor/pCG926insert2gibrev. 

The overlapping primers pCG926insert1gibrev and pCG926insert2gibfor contained point 

mutations to introduce a stop codon into SAOUHSC_02200. Both fragments were cloned into 

BamHI digested pIMAY-Z vector and transformed into E. coli DC10B. After verification by 

sequencing, the plasmid was transformed into the final S. aureus strains by electroporation. 

pIMAY-Z mutagenesis for genomic integration was performed as described before (43).  

Generation of phage Φ13K-rep  

Replication deficient phage mutants were generated as described before (24).  
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Generation of mutants (sigB, spoVG)  

For the generation of sigB::tet and spoVG::erm mutants, recipient strains were transduced with 

Φ11 phage lysates, generated by using strains included in Table S1. Deletions were verified 

by PCR on the flanking regions within the resistance cassettes and on the respective gene. 

Promoter activity measurement  

Time measurement of promoter activity  

Promoter activity over time was analyzed in a Tecan Spark plate reader as following. Cultures 

were inoculated in 96-well plate (Greiner, F-Bottom, clear) to OD600 of 0.05, grown for 2 h at 

37°C and induced with subinhibitory concentration of mitomycin C (MMC, 300 ng ml-1). Optical 

density (absorbance: 600 nm) and fluorescence (gpVenus: excitation 500 nm, emission 545 

nm) were measured in 30 min time-intervals for 24 hours. Fluorescence measurements were 

normalized to OD600 and strain-background fluorescence was subtracted.  

Single time point measurement of promoter activity  

For single time point measurements of promoter activity, measurements were performed as 

described before (22). In brief, 4 hours after induction with MMC bacteria were harvested, 

adjusted to OD600 of 2 in PBS and fluorescence was measured in the plate reader using the 

same settings as mentioned for time measurement of promoter activity. For analysis, strain-

specific background fluorescence was subtracted.  

Prophage induction and phage replication  

Phage replication following induction was analyzed as described before (24). In short, single-

lysogenic strains were grown to OD600 of 0.7, induced with a subinhibitory concentration of 

MMC (300 ng ml-1) and incubated for further 1 or 4 h. Subsequently, supernatants were 

harvested by centrifugation and sterile filtrated (0.45 μm). Analysis of phage replication of 

transposon strains was performed in 24 well plates shaking at 130 rpm. Phage numbers in the 

supernatant were quantified by quantitative PCR (qPCR) and plaque assays. 

Plaque assay  

Phage titer were determined in the supernatants by the agar overlay method. Phage top agar 

(Casaminoacids 3 g l-1, Yeast Extract 3 g l-1, NaCl 5.9 g l-1, Agar 7.5 g l-1) was mixed with 

S. aureus LS1 grown to OD600 of 0.1 and poured onto NB2 agar plates supplemented with 

CaCl2. Supernatants were diluted in phage buffer (Tris 50 mM, CaCl2 4 mM, MgSO4 1mM, 

NaCl 5.9 g l-1, gelatine 1 g l-1) and spotted onto the bacterial lawn. Phage titers were calculated 

as plaque-forming units (PFU) per ml, after overnight incubation at 37°C.  

qPCR for phage genome quantification  

Quantification of phage genomes within sterile filtered culture supernatants was performed as 

described before (22). In brief, supernatants were treated with proteinase K and diluted 1:10 
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in nuclease-free water. QuantiFAST SYBR Green PCR Kit (Qiagen) was used for qPCRs, with 

primers spanning the attachment site (attP) on the phage genome.  

Oligonucleotides used for qPCR are listed in Table S2. 

RNA isolation and RT-qPCR  

For RNA isolation, bacteria were harvested and resuspended in 1 ml TRIzol (Thermo Fisher 

Scientific). Cells were lysed using a high-speed homogenizer (6500 rpm) and zirconia/silica 

beads (0.1 mm diameter). RNA was isolated as recommended by the TRIzol manufacturer. 

Five μg of the isolated RNA were DNase-treated (Roche) and subsequently diluted 1:10 in 

nuclease-free water for RT-qPCR.  

To determine gene expression of target genes, RT-qPCR was performed with QuantiFast 

SYBR Green RT-PCR Kit (Qiagen) using the Quantstudio3 system (Applied Biosystems) with 

the recommended settings. For strain comparisons gene expression was normalized to gyrB 

expression. Relative gene expression, comparing wild type to mutants, was calculated using 

the ΔΔCT method with gyrB as the housekeeping gene for normalization. Uninduced wild type 

bacteria were used as control condition.  

Oligonucleotides used for RT-qPCR are listed in Table S2.  

Northern Blot  

Northern Blot analysis was done as described before (44). Transcripts on Northern blots were 

hybridized with digoxigenin-labelled DNA probes generated by PCR (Supplementary Table 

S2). 

Statistical analysis  

Statistical analyses were performed using GraphPad Prism 10.3.1 software. All data represent 

values from independent biological replicates. Tukey’s multiple comparisons tests were 

performed post-hoc for ANOVA tests. P-values < 0.05 were considered significant.  

Schematic depictions were created in https://BioRender.com. 
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Supplementary Information 

 

 

Figure S1: P23 promoter activity measurement over time. Strains carrying (A) the wild type (P23-yfp: 
pCG896) or (B) the TATA mutant reporter plasmid (P23-TATA-yfp: pCG910) were grown to exponential 
phase, induced with subinhibitory mitomycin C (MMC), and incubated for 24 h. Optical density and 
fluorescence were measured. Arbitrary units of fluorescence (YFP) are shown normalized to OD600; 
strain-specific background fluorescence was subtracted. (A) Comparison of strain-specific activity of the 
wild type P23 promoter under uninduced and induced (+MMC) conditions. (B) Promoter activity of P23 
with mutated TATA-box (P23-TATA-yfp). 

 

 

Figure S2: P23 activity in single-lysogenic and phage-free background. (A) Single time point 
measurement of P23 promoter activity in single-lysogens carrying Φ13K (wild type) and in phage-free 
strains. Strains were grown to exponential phase, induced with a subinhibitory concentration of 
mitomycin C (MMC) (300 ng ml-1), and grown for further 4 hours. Bacteria were harvested to OD600 of 2 
and resuspended in PBS. Fluorescence was measured. Arbitrary units of fluorescence (YFP) are shown, 
strain-specific background fluorescence was subtracted. Data shown are mean ± SD (n = 3). Statistical 
significance was determined by unpaired t-tests within strains. (**p-value < 0.01, *p-value < 0.05, ns > 
0.05).  
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Figure S3: Alignment of Ltrs and phage genomes (A,B) Protein sequence alignment of putative Φ13-
Ltr (SAOUHSC_02200, UniProt ID: Q2FWT0) and ORF34 of phage Φ55 (UniProt ID: Q4ZB49) (A) and 
hypothetical protein PVL_60 (UniProt ID: O80099) (B). Symbols below sequences indicate the degree 
of conservation, with ‘*‘ indicating fully conserved residues, ‘:‘ indicating conservation between groups 
of strongly similar properties (Gonnet PAM 250 > 0.5), ‘.‘ indicating conservation between groups of 
weakly similar properties (Gonnet PAM 250 ≤ 0.5), and a space indicating non-conserved residues. (C) 
Overview of nucleotide alignment results of phage Φ13K genome (see Supplement) and phage PVL 
genome (Accession number: NC_002321). 
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Φ13K genome – nucleotide sequence 

>prophage_phi13Kan_TSS_annotated 

CCAGTTTGGATACATAGAAACCTTGTAACAACAGTATTTATTGGGTTTGGAGTCCCTAATGGGTCCCTAAATTACATACTTTCTAAAATTTTAGTTGTTTTTTTGTCCTCTTCATTAAATTTTTCTTCTAACAAATGAGAATACACGGATGTAGTTATTGCTATA

TTTTTATGACCTAATCTTTTAGAAATGTAATGTATAGATACACCTTTTGCTAGTAAATAAGAACAATGAGTGTGTCTTAATGCGTGCGATGTAATAATTGGTATATTATTGACTCTACAGGCTGATTTCAAAGCATTATTGATAGCCTGAAGGTTAATTATAGA

TCCGGCTTCTTTGAAAATGTAACCATCATAGCTAATTGCAAATGTACTTATGACGTCCATAATGTGTTTCATATCAGATTTAGCGATACTGATATATCTAGGGGAAGTATCGGTTTTTCGCTCGT CAATAAATATAGTGTTTTTCACTTGGTTGATATGCTCAA

TCTTTATATTTCTTGCACCACTGACACGACAACCCGTACAAATCATTATGAATAGCGCTAATGATGAACGAGTTCTCTTCTTTCTGACGTGATCTTTTAGTATTTCATATTCAGTTACCGAGATGAATTTTTCTTGTTCTGACT TCGTAGGTTTTCCGGCTTTAT

AATTAACTTTATAAGCGGGGTTTTTAAAAATAAGTCCATCATATAATGCGTCATCTAAAGCTGACCGAATAGCACCGTTTGTTTTTCTTATAGTTTCTTTTGCGTGTTCTTTTGAATAGTCGTTTATGAATTTCTGATAAACTTGTCTATTTATCTTTGATAACTC

CATTTTACCTATTTTATGTTTTTGTATATGTTGTAATGCATTTCTATAATGACGGTAGGTATTTTCTTTAACAACAGGTTGTTTATATGTTTTAATCCAATTTTCGAAGTATTCTGCAAGAGTTATATAGTTATCTATATTAAAACCACTTCTTAACTCATTTAACT

TGTCTAGTCCAGCAGAATTAGCTTCACGCTTTGTTCTAAAACCTTTCTTACGGTATCTTTTTCCTTCATGCTTAAATTCATATTGCCATTTTTTACCATCGTAACAACGTGTTTTCATGCGTTCCCTCCTCAAAATTGGCAAAAAATAATAAGGGTAG GCGGGC

TACCCAAAATTTAGTACTAGGTACTAAATATGTTATAATAAAATAAAAAGTAGGTGATAAGATGACTCAATTTCTAGGGGCGCTTCTTCTTACAGGAGTTTTAGGTTACATACCATATAAATATC TAACAATGATAGGTTTAGTTAGTGAAAAAAACAAGAT

TATCAATACTCCTGTATTATTGATTTTTTCTATTGAAACATGTTTGATATGGTTTTATACTTTTATAATTTTTAATAATGTTGATTTAAAAAATTTGAGTTTACTTCAGTTGCTTACAGGTCTAAAAGCAAATATTTGGTTTCTAATTATTTTTGTTTTAACAGTGCT

TGTATTTAATCCTTTAATTGTTAAATTCATTATCTGGTTAATTAATGAAACAAGAAAGTTTATGAATTTGGATTGTATAAGCTTATTAGACAAAAGAGACAAGTTGTTTAATAACAACGGTAAACCAGTATTTATAGTTATTAAAGACTTTGAAAACAGAATCA

TTGAAGAGGGTGAACTTAAAACCTATAATTCAGCTGGTAGCGATTTCGATTTACTAGAGGTTGAGCGACAAGATTTCAAAGTATCTGATTTACCGTCAAACGATGAATTGTATATTAAACATACA CTTGTAGACCTTAAACAACAAATTAAATTGGATTTAT

ATTTAATGAATGAATATTAATCTTTTTTCTTAGCTTTTTCTGATAAAGTGCTTTTTAAGTTTTCGCTGGCACCCGGCTTTTCAAAACTTTTGTTTATTGGGTTACTACGAGTAGCTTCTTGTTTTTTGTTTTTATCCGCCATAAAATTCTCACCACCATTCAACGT

CTACACTTGTAGGCGTTTTTTGTTTAGTAAAATCATAATGAATCTTCTTTGGTTAACTTATCGCCATCTAATTTTTGTGAAATAAATTCCAAGTATTTACGCGCATTATGTGACGATAAATCTTTAGGTAACTCATAAGTGAATGGTTGATTACCACTAGTTAA

AACTTCATATACTATAGTTTCTTTTTTATTTTGCAATTAGTTATTTTCATTATAAACTTCCTTTCAAACACTGCTGAAATAGACGTCTTTTTCAAATAAGCATGATTAATACTTCAATTCTTTAATCCACATATATTTAAAAGTGAGGTAGTAGGTAATAAATATA

AGACTTAAAGTTAAGATTGCTTTTTTCATGTCAATTTCTCCTTTGTTTATATTTATATTAAAGCGCTAAATATACGTTATTAATCACAATACAACTTTGCCCATTACTTTAATATCACTAAACGAAGCGACTTTGATATCATCATACTTCGGATTTAGAGATACC

AAATTAATATAGTCTTCGCATATATCTACACGCTTGATAAGACTTACTCCATCTAATACAACGAGTGCAATTGTACCATCTTTAATAGAATCTTCTTTCTTAATAAAAGCGTATGTTCCTTGTTTTAACATAGGTTCCATTGAATCACCATTAACTAAAATACA

AAAATCAGCATTTGATGGCGTTTCGTCTTCTTTAAAAAATACTTCTTCATGCAATATGTCATCATATAATTCTTCTCCTATGCCAGCACCAGTTGCACCACATGCAATATACGATACTAGTTTAG ACTCTTTATATCCATCTATAGAAGTGACTTTATTCTGTT

CTTCCAATTGTTCATTTGCATAGTTAAGTACGTTTTCTTGGCGGGGAGGTGTGAGTTGAGAAAATATGTTATTGATTTTTGACATTATCGTTTCATCTTGACGTTCTTCATCAGGAACTCGATAAGAATCTACATCATACC CCATAAGCCACGCTTCACCAAC

GTTCAGAGTTTTAGAAAGTAGGTAAATTCTATCTTGGTCGGGTGATTGTACGTCGTTAATATATTGAGATAAAGTGCTTTTACTTAAAGATATACCTAGTTTCTTTTGATAAGGTTTCGATTTATTAATGATATCTACTTGTTTTAAGTTTCTTATTTTCATAATG

TGTTTAAGTCTATTTGAAACTTTTTCTCTCATTTAGTGCACCTCCGTTTGATAACTTCATAATAAAGCTTGTTGAACAAAAATTCAACAAAAAAGTTCATAAATCATGAATTTTTGTATTGACTT GATTCAAAACAAGGTGTAAAGTATAGTTAAGTTCATGAT

ACGTGAACTTGAGAGGAGGTGCTTTTATGTGTTACGACTACTCACGTTTGAGCGGGAAAATAGTAGAAAAGTATGGCACTCAGTACAATTTTGCAATTGCTATGAAATTGTCAGAGAGAAGTTTATCCTTAAAACTCAACGGTAAAGTTGGTTGGAAAGA C

AGTGAAATATGGAAAGCTATACAACTACTAGATATACCGGTAGAGAAAATACACTTATATTTTTTTAAAGAAAAAGTTCATGTTATATGAACTTAAGGAGGGGCACAATGGAACAAATCACGTTA ACCAAAGAAGAGTGTGTCGAACAATGCATCAATAA

AGACTTAAAACTTTTAGATTATCGAGTTCAACAAATTTTAGAAGGTGTTCTATCAGAAAGTACCACATACGGTGATGCAAGAAATAAATTAGAAACATTGAAAATTATTGCTGAATCTCATTTTA AAACCGAACATGCTTCAGTTATTTACAAATTAGCATTG

AAAAAGTTAGACGAAAAAATCAACGCCACTCCAATTAAAGAGTGACGGAAAGGGAGGATTTTAAATGTTTAAGGTTTTAAATGATATAAAAACTTCTTTAAAAAACCATCCTTGGGGTTGGAAAGAGCACTTACCTTATTTGCTGATGTTAACTCTGTCAC

TTGTGGCTCTGATTCTCGGTGTTCTGTCCGCGATTCTATGATAACAGGCTTTATATAGATTCCTTTGTTGGTAGTGACTTTGATAGTCACATCCCATTCCCATATCACTGGATATTCTTCGAGCAAAAAAGTACATTCTACACTTTCATAAGGTCCTAAAGTA

AATGGAATGGAGTAGTTTTTATCTTTATATCGTATAGGTTTGAACGTTTTTTGTTCATTTACTTTATTTTTAATATCAAATTCAACGTCAATAACAGAAATGGGAAACTTTGTGAAATTAATAAATGTTATATCGTTGTAACTTGATTTGTCATCGACCAAGTAA

TTAAAGCTTCTGGTAGGTATAACATCGATGTTAATAGAATCTTTCATATAGTCTAAATAATATTTAAGTGCAGTCAGTAAGAAACTAAAAATTGCGATACAAATCGCGATTATGTCCATACTTATCACCTCCTTAGGTTGATAACAACATTATACACGAAAG

GAGCATAAACAATATGCAAGCATTAAAAACAAAATCGAACATCGGCGAAATGTTCAACATACAAGAAAAAGAAAATGGAGAAATCGCAATAAGTGCAAGAGAGTTATATAAAGCTTTGGAAGTTA AAAAGCGTTTTAGCGCTTGGGCAGAAATTAACTT

GAAGCATTTCAAAGAAAATAGGGATTTTACAAGTGTACTTACAAGTACGGTTGTTAATAACGGAGCTGTAAGACAACTAGAAGATTATGCTTTAACACTTGATGTAGCTAAACATGTTGCGATGATGTCAGGTACAGAAAAAGGTT TTGATTTTAGAGAGT

ATTTCATCCAAGTAGAGAAAGCATGGAACAGTCCAGAAATGATTATGAAACGTGCTTTAAAAATTGCTAACAACACAATCAATCAATTAGAAACAAAGATTGAACGTGATAAACCA AAAATTGTATTTGCAGATGCAGTAGCTACTACTAAGACATCAATT

TTAGTTGGAGAGTTAGCAAAGATCATTAAACAAAACGGTATAAACATCGGGCAACGCAGATTGTTTGAGTGGTTACGTCAAAACGGATTCCTTATTAAACGCAAGGGTGTGGATTATAACATGCC TACACAGTATTCAATGGAACGTGAGTTATTCGAAA

TTAAAGAAACATCAATCACACATTCGGACGGTCATACATCAATTAGTAAGACGCCAAAAGTAACAGGCAAAGGACAACAATACTTTGTTAATAAGTTTTTAGGAGAAAAACAAACATCTTAATAGGAGGAACGAACAATGCAAGCTCAAAACAAAAAAG

TCATTTATTACTACTATGACGAAGCCGGTAATAGACGACCCGTTAATATTCAATACAACGATGGCTACGACTTAATGATAGACCCGCGTTTTATTGAAATGACGCTTGAAAGACATCCGCATTTA AAAAATAACTTTTATGGATTAATAGATGGAAAAGAAT

TTAAGTTAGATTAAATTTTTGGAAATGCAAAGGAGGCATAACAAATGTTACAAAAATTTAGAATCGCGAAAGAAAAAAATAAATTAAAACTCAAATTACTAAAGCATGCTAGTTACTGTTTAGAA AGAAGTAACAACCCTGAATTGTTGCGAGCAGTTGCA

GAGTTGTTAAAGAAGGTTAACTAAATTAGGCCTTATTATTACTTTTTAGAATGTGAACAATAGGTCGATAAAAAACTTAATAAACAAACTATAGCAACTATCAATGAATTTTGAATATGTAAATCGTTCTCGTTTATATAGTTTGTTACAAAGATTTGAATGTC

AGCACCTGCTGCAATGCCATTAGACCATCTTATTAACTTTTTGAAAGGATGTGGAAAATCATTTTCGATACGTTTGACAAATTCATCGTGTCTCTTGTAGGTACTTTGCTCATTTATTGGATAGG TCGAATTGATGGCTTCAGCCAAAGTAGAGATAGCAGTT

GGATTGATATAAAAATCTCTAATGGTCTGTTGTGCTTGAAGTACAATCTCATCATCAAACCTATAGAGTTCCTTAAAAGATTTTATCGTTTCTTCAGAAAATAAATTTCTTTGAAATGTTAGAGATGAAAAAGAA TTACGCAAATTAAAATTCATTTCAATTAA

GTTGTTTAGATGAAAGTCTACTTTGAAGTCAGAAAATAAATTTATGTTGTTTCTATTAATTATATCTAATTGGTACTTAGGTTTTAAAGATTGTTTAATTGCCATACTTTTAGAAATTTCAACATTACTAATTACGTTATTAATAGAAAAACGAACATTTTTTAAA

GGATCAATATACACCAATATCACCTCCTTTCACTAGGAGATAACAACATTATACACGAAAGGAAAGATAGAAATGCCACATATTTTAAACGTAACAGTTCCAATACCTGAAACACATGTACTTAT CACAAAAGATGAATATGATGAGCTAATTGGTTATTC

ATTAGACCCTGTATGGAACATGAGTGACTTAAAGAAGAAATTAAAAATTGCATCTGATGAGACTATCAAGGACAGATTACTATTTCATCCTAGATTTGAAAAAGAACTAAGAGCGCAAGGAATTGTGCATTACCCAGATGAGAATTTTAATCGCTG GAGAT

TTAACGCAAGAAAGATGAATAAATTCGTCGATGAGCATTTCAATGAAATATATAAGGAGAGAATAAAATGAGCAACATTTATAAAAGCTACCTAGTAGCAGTACTGTGCTTTACAGTCTTAGCAA TTGTACTTATGCCGTTTCTATACTTCACTACTGCATG

GTCGATTGCGGGATTCGCAAGTATCGCAACATTCATATTTTATAAGGAATACTTTTATGAAGAATAAAAAAACTGTTACTCACGGCAATGAGTAACAGTCTAAACAATTAGAAAATTAATGCATATTCAATATAAAACGAAATAAAGGAAGTGTCAACAAT

GTACTACAAAATTGGCGATGTATGTCAAAAAGTAATTAATGTAGACGGATTCGATTTTAAATTAGCAGTTAAGAAACAAGATTACAGCATTCTAGTGAATGTCTTAGATTTAGAAGATAGATTTATCGACGGTATAAATATAACAGATGAGAATGATCTATA

CACAGCATTAGACATATTAAATCAATCTATTTATGAATGGATTGAAGAGAACACAGACGAAAGAGACAGGCTAATTAACTTAGTCATGAGATGGTAGGAGGTTGCTATGAAGCAGACTGTAACTT ATCTAATCAAGCATAAAGATGAAAATCTATTTATTA

CAAACCGACCAACTGAAGTGAACGACACAGTGAAGTATTCAACTGATATGCGAGACGCAAGAGAATTCGACGGACTAGACAAAACCGTTATTGATATGTCTAAGCACAAAGCTATTAAGAAAACA GTGACAGAAACAATTGAGTACGAGAAGGTAGAA

CATGACTGAAAAAACTAATCAAGATGTCGATATCTTAACGCAACTAGGTGTAAAAGACATCAGCAAACAAAATGCAAACAAGTTTTATAAATTTGCGATATACGGCAAGTTCGGGACTGGTAAAACTACGTTTTTAACAAAAGATAACAACGCCTTAGTA

CTAGATATAAATGAGGACGGAACAACGGTAACAGAAGATGGGGCAGTTGTGCAGATTAAGAATTACAAGCATTTTAGTGCAGTGATTAAGATGTTACCTAAAATTATTGAACAACTCAGAGAAAA CGGAAAACAAATTGATGTTGTAGTGATTGAAACAA

TCCAAAAGCTACGTGATATCACTATGGACGACATCATGGACGGAAAATTAAAGAAACCAACATTTAATGATTGGGGCGAGTGTGCTACACGCATTGTAAGTATTTATCGTTATATTTCTAAATTACAAGAACATTATCAATTCCATCTTGCTATAAGTGGAC

ACGAGGGAATTAACAAAGACAAAGATGATGAGGGTAGCACTATCAATCCAACAATCACGATAGAGGCACAAGATCAAATAAAAAAAGCGGTCATCAGTCAATCTGATGTGTTAGCAAGAATGACAATAGAAGAACATGAGCAAGACGGCGAAAAAGCT

TATCAATATGTTCTTAACGCTGAACCATCAAACTTATTCGAGACAAAGATAAGACACTCAAGCAACATTAAAATTAACAACAAACGTTTCATTAATCCAAGTATTAACGACGTAGTACAAGCAAT CAGAAATGGAAACTAATAAAAAAACTAAAAAGGACG

GTATTTAATTATGAAAATCACAGGACAAGCGCAATTTACTAAAGAAACAAATCAAGAAAAGTTTTATAACGGCTCAGCAGGGTTTCAAGCTGGAGAATTCACAGTGAAAGTTAAAAATATTGAATTCAATGATAGAGAAAATAGATATTTCACAATCGTAT

TTGAAAATGATGAAGGCAAACAATATAAACATAATCAATTTGTACCGCCGTATAAATATGATTTCCAAGAAAAACAATTGATTGAATTAGTTACTCGATTAGGTATTAAGTTAAATCTTCCTAGCTTAGATTTTGATACCAATGATCTTATTGGTAAGTTTTGT

CACTTGGTATTGAAATGGAAATTCAATGAAGATGAAGGTAAGTATTTTACGGATTTTTCATTTATTAAACCTTACAAAAAGGGCGATGATGTTGTTAACAAACCTATTCCGAAGACAGATAAGCA AAAAGCTGAAGAAAATAACGGGGCACAACAACAAA

CATCAATGTCTCAACAAAGCAATCCATTTGAAAGCAGTGGCCAATTTGGATATGACGACCAAGATTTAGCGTTTTAAGGTGTGGTTTAAATGCAATACATTACAAGATACCAGAAAGACAATGACGGCACTTATTCCGTCGTTGCTACTGGTGTTGAACTT

GAACAAAGTCACATTGACTTACTAGAAAACGGATATCCACTAAAAGCAGAAGTAGAGGTTCCGGATAATAAAAAACTATCTATAGAACAACGCAAAAAAATATTCGCAATGTGTAGAGATATAGA ACTTCACTGGGGAGAACCGGTGGAATCAATTAGA

AAATTATTACAAACAGAATTGGAAATTATGAAAGGTTATGAAGAAATCAGTCTGCGCGACTGTTCTATGAAAGTTGCAAGGGAGTTAATAGAACTGATTATAGCGTTTATGTTTCATCATCAAATACCTATGAGCATAGAAACAA GCAAGTTGTTAAGTGA

AGATAAAGCACTATTGTATTGGGCTACAATCAACCGCAACTGTGTAATTTGTGGAAAGCCTCACGCAGACCTAGCGCATTATGAAGCAGTCGGCAGAGGAATGAACAGAAACAAAATGAATCACTACAACAAACATGTATTAGCGTTATGTCGCGAACA

CCATAACCAGCAACATGCGATTGGCGTTAAGTCGTTTGATGATAAATATCACTTGCATGACTCGTGGATAAAAGTTGATGAGAGGCTCAATAAAATGCTGAAAGGAGAGAAAAAGGAATGAATAG ACTAAGAATAATAAAAATAGCACTCCTAATCGTCA

TCTTGGCGGAAGAGATTAGAAGCGCTAAAAAAATTAAAAAATTTACCCCTGAGGATTCTAAAGGTTTTCCTGATATAACAAAAGATTCAATAAAAGAACCTAAATAAAAATATTATGGTTGATAAAATCCCATTGTTCTTTTGTTAACCACCCTTGTTTGTTA

TTGACTATTTCTGTAACAAACAGCTTATCTCCAGAATCGAGATAAGGTTTCAACTTTTCTATCATTTCTGAAGTTGATAAAGAAGAACGGAATAAAAATGAAGATTTCCAATAATTGCAATGACC ATTAGAAATTTCCTTTTTTATAACATTTCTCAATTCCTC

ATATTTTTGTCCGGGTGAGTTTAAATCATATGTTAACATATAAGGTTTTTCCATATTTTATTCACCCCCAATCTAACGCAGTAGCGATAACAAAATTATACCAGAAAGGAGATAACGAAATGGCA ACATTTAGAGTTTACAAAGAATCAGGTAACTTTGTCA

CAGTACACAAAGATTTTATACATGATTCTAATATAAGTTGGAAGGCTAAAGGTATTCTACTTTATTTGTTAAGTCGACCTGATAACTGGCAAATTTACGAAACAGAACTAGAGCAACATTCAACTGATGGACTTAGCGGTTTAAAGAGTGGAATCAAGGAA

CTGGAAGAAATTGGATACATTCAACGTAGTAGAAAACGTGATAAAAGTGGTAGGTTAAATGGTTATGAGTACTTAGTATATGAGCAACCGCACCACATTCGATTTTCCAACGTTGGAAAAACCGTTAACGGTAAAACCAACAATGGAAAAACCGTTAATG

GTAAATCGCATACTACTAATAATAATAGTACTAATAATGATTTAACTAATAATAACAATACTAATAATGAAGGAAGTATATTGTCGGGCAACCCGACGGTGTCTTCCATTCCCTATAAAGAAATTATCGAATACT TAAATAAAAAAGCAGGAAAGCATTTTA

AACATAATACAGCTAAAACAAAAGATTTTATTAAAGCAAGATGGAATCAAGATTTTAGGTTGGAGGATTTTAAAAAGGTGATTGATATCAAAACAGCTGAATGGTTAAACACGGATAGCGATAAATACCTTAGACCAGAAACACTTTTTGGCAGTAAATTT

GAGGGGTACCTCAATCAAAAAATACAACCAACTGGCACGGATCAATTGGAACGCATGAAGTACGACGAAAGTTATTGGGATTAGGGGGATATTATGAAACCACTATTCAGCGAAAAGATAAACGA AAGCTTGAAAAAATATCAACCTACTCATGTCGAA

AAAGGATTGAAATGTGAGAGATGTGGAAGTGAATACGACTTATATAAGTTTGCTCCTACTAAAAAACACCCGAATGGTTACGAGTATAAAGACGGTTGCAAATGTGAAATCTATGAGGAATATAAGCGAAACAAGCAACGGAAGATAAACAACATATTC

AATCAATCAAACGTTAATCCGTCTTTAAGAGATGCAACAGTCAAAAACTACAAGCCACAAAATGAAAAACAAGTACACGCTAAACAAACAGCAATAGAGTACGTACAAGGCTTCTCTACAAAAGA ACCAAAATCATTAATATTGCAAGGTTCATACGGAA

CTGGTAAAAGCCACCTAGCATACGCTATCGCAAAAGCAGTCAAAGCTAAAGGGCATACGGTTGCTTTTATGCACATACCAATGTTGATGGATCGTATCAAAGCGACATACAACAAAAATGCAGTA GAGACTACAGACGAGTTAGTCAGATTGTTAAGCG

ATATTGATTTACTTGTACTAGATGATATGGGTGTAGAGAACACAGAACATACTTTAAACAAACTTTTCAGCATTGTTGATAACAGAGTAGGTAAAAACAACATCTTTACAACTAACTTTAGTGATAAAGAACTAAATCAAAATATGAACTGGCAACGTATCA

ATTCAAGAATGAAACACAATGCAAGAAAAGTAAGAGTAATCGGAGACGATTTCAGGGAGCGAGACGCATGGTAACCAAAGAATTTTTGAAAATTAAACTTGAGTGTTCAGATATGTACGCTCAGA AACTCATAGACGAGGCACAGGGCGATGAAAATAA

GTTATATGACCTATTTATCCAAAAACTTGCAGAACGTCACACACGCCCCGCTGTCGTCGAATATTAAGGAGTGTTAAAAATGCCGAAAGAAAAATATTACTTATACCGAGAAGATGGCACGGAAGATATTAAGG TCATCAAGTATAAAGACAACGTAAAT

GAAGTTTATTCTCTCACAGGAGCCCATTTCAGCGACGAAAAGAAAATCATGACTGATAGAGACCTAAAACGATTCAAAGGCGCTCACGGGCTTCTATATGAGCAAGAGCTAGGATTACAAGCAACGATATTTGATATTTAGAGGTGGCACAATGAGTAA

ATACAACGCTAAGAAAGTTGAGTACAAAGGAATTGTATTTGATAGCAAAGTAGAGTGCGAATATTACCAATATTTAGAAAGTAATATGAATGGCACTAACTATGATCGTATCGAACTACAACCTA AATTCGAACTACAACCTAAATTTGGGAAGCAAAGA

CCGATTACGTATATAGCCGATTTCTCTTTGTGGAAGGAAGGGAAACTGGTTGAAGTTATAGACGTTAAAGGTAAGGCGACTGAAGTTGCCAACATCAAAGCGAAGATATTCAGATATCAGTATAGAGATGTGAATTTAACGTGGATATGTAAAGCGCCTA

AATACACAGGTCAAGAATGGATGGTATATGAGGACTTAGTGAAAGTCAGACGTAAAAGAAAAAGAGAAATGAAGTGATTTAATGCAACAACAAGCATATATAAATGCAACGATTGATATAAGAAT ACCTACAGAAGTTGAATATCATCATTTCGATGATG

TGGATGATGAAAAAGATATGCTAGCAAAGCGCTTAGATGACAATCCGGATGAATTACTAAAGTATGACAACATAACAATAAGACATGCATATATAGAGGTGGAATAAATGGCGAAAGCAGCAAGA ATTGTAAGGATACACGATAAACCTTATAGGTTCA

GTAAATTTGAAATGGAATTAATAGAAAGTCACGGTATAACCGCTGGAATGGTTTCTAAGAGAGTAAAAGACGGTTGGGAACTACATGAAGCAATGGACGCACCAGAAGGTACGCGTTTAAGCGAGTACAGAGAAAAGAAAACAATAGAAAGACTGGAA

CAAGCTAGACTCGAACGCAAATTGGAAAGAAAGCGAAAGAGAGAGGCTGAGCTAAGAAGAAAGAAGCCACACTTGTTTAATGTACCTCAGAAACATTCACGTGATCCGTACTGGTTTGATAATAC TTATAACCAAATGTTCAAGAAGTGGCAGGAAGTA

TAAATGCCTAAAACCGATAGCGCATGTAAAGAATACTTAAACCAATTTTTCGGCTCTAAGAGATATTTGTATCAGGATAACGAACGAGTGGCACATATCCATGTAGTGAATGGCACTTATTACTTTCACGGGCATATCGTACCAGGCTGGCAAGGCGTGA

AAAAGACATTTGATACAACCGAAGAGCTCGAAACATATATAAAGCAACATGGTTTGGAATACGAGGAACAGAAGCAACTAACTTTATTTTAAGGAGATGGAAATAATGAAAATCAAAACTGCAAGCATAGAGGTCGAAAAAGTGGAGGTAGTAGTATGA

TGCCGAAATTTAGAGCGTGGGATAAAGATAAAAAAGTTATGAGTTTTATTGACGAAATCGATTTTAATAGTGGGTACATTTTGATTTCAACAGGTTATAAAAGTTTCAATGAAGTAAAACTATTACAATACACAGGATTTAAAGATGTGCACGGTGTGGAG

ATTTATGAGGGGGATATTGTTCAAGATTCTTATTCCGGAGAAGTAAGTTTTATCGAGTTTAAAGAAGGAGCCTTTTATATAACTTTTAGCAATGTAACTGAATTAATAAGTGAAAATGACGATATTATTGAAATTATTGGAAATATTTTTGAAAATGAGGAGC

TATTGGAGGTTATGAGATGACGGTCACCTTATCAGATGAACAATATAAAAACCTTTGTACTAAATTAAACAAGTTATTAGGTAAATTTCACAAAGCATTAAAAGAACGTGATGAGTACAAGAAGC AACAAGATGAGCTTATCGTGGATATAGGTAAGTTAA

GAGAACGTAACAAAGAGTTGGAGAACATGTGGCGCACTCTTAAAAATGAATTGCTTGGAAGATACGAACATTACTGTTTTAAATTTAGAGAACTACACCCTGAGAGCAAAGCGAACAGGATAGGA GCTCTCTATATAGGAGGTAAAAGCACTGCAGATA

TTATAATGTCGCGAATGGAAGAACTAGACGGAACAAATGAGTTCTACGAATTTTTAGGGCAAATGGAGGAAGACACAAATGAATAACCGTGAACAAATAGAACAATCCGTTATAAGTGCTAGTGCGTATAACGGCAATGACACAGAGGGATTACTAAAA

GAGATTGAGGACGTATATAAGAAAGCGCAAGCGTTTGATGAAATACTTGAGGGAATGACAAATGCTATTCAACATTCAGTTAAAGAAGGTATTGAACTTGATGAAGCAATAGGGATTATGGTAAG TCAAGTTATCTATGAATACAAGGAGGAACTGGAG

AATGAAAAAATTTAATGTTCAAATCACATATACAGGCATGATTGAAGAGGCTATCGAGGCTGAAAGTTTAGAAGAAGCAGAATTTGAGGCTCATGATATTGCGAGAATGGAAGTGCCATTTGATTGTGATGAATTTGA AATTAATGTAGAGGTGGAACAG

GAAAATGAATAACACATTAACAATTGATCAATTACAAGAGTTATTACAAATACAAAAAGAGTTCGACGATAGAATACCGACGCTGAACTTACGAGATAGCAAGATTGCATATGTAGTTGAATTCTTTGAATGGTTTAATACATTGGAAACGTTTAAGAACT

GGAAGAAGAAACCAGGTAAGCCGTTAGACGTACAACTTGATGAATTAGCTGACATGTTGGCGTTTGGGTTGAGTATTGCGAATCAAGTAGGAGTGTCATCAGAAGAGATAAAAGAAGCGATTGAA TCAAGTTTTAAAAATACAGAATTTCACAAAATGTT

TAATTTTAAAGATAAAGAATTTGCTCAAGACGCAGTTGTTAGTACACCACAGATAATATTCAAAGAATTTTATCCCGACCAATTGGCAATTGTAATAGTGATAGACATAGCTTACAACTTATATTCTATCGACCAACTCATTGACGCATACAAAAAGAAAAT

GAAAAGGAACCACGAAAGACAAGATGGAACAGCAGACGCAGGAAAAGGATACGTGTAAAGACATCTTAGATCGAGTTAAGGAGGTTTTGGGGAAGTGAGAGAACGCACTAAAATTATATATCGTG GTTGGAACAAGGAGATATTTATTTTACAGGGTA

AAAATATGAATGTTATTGGTTTGCGCCAAATATTTGATGAACTCAAAAGATTGTACGAAGGTTATAAAATCGTTGTTATTCCAATAGAAGTTGATTTTGAAATCAAATAAATAGGAGTGATGAGA AGTGACACAATACTTAGTCACAACATTCAAAGATTCA

TCAGGACTACCACATGAACATTTTACTGCTGCTAGAGATAATCAGACGTTTACAGTTGTTGAGGCGGAGAGTAAAGAAGAAGCGAAAGAGAAGTACGAGGCACAAGTTAAAAGGGATGCAGTTATTAAATTAGGTCAGTTGTTTGAAAATATAAGGGAG

TGTGGGAAATGATTAAGCAAATATTAAGATTATTATTCTTACTAGCGATGTATGAGCTAGGTAAGTATGTAACTGAGCAAGTATATATTATGATGACAGCTAATGATGATGTAGAGGCGCCGAGT GATTACGTCTTTCGAGCGGAGGTAAGTGAGTGATGT



 Results Part II  
 

72 
 

GGATTACTATGACTATTGTATTTGCTATATTGCTATTAGTTTGTATCAGTATTAATAGTGATCGTGCAAGAGAGATACAAGCACTCAGATATATGAATGATTATCTACTTGATGAAGTAGTTAAAACTAAAGGATACAACGGGTTAGAAGAATACAGGATTG

AATTGAAGCGAATAAATAACGATATTAAAAAGTAATTTATATTATCGGAGGTATTGCATGTATAACAGGAAAGAAATACGTGAAATGATAGATAACTACAAGTGGATGAAGAACATAATAGACAGTAAAGTCTACGATAACGAAAGTACATCAATTGCAC

AATATGGTTATCAATCTGCGATGCCAAAAGCTAAAGGCACGACTAGCAATAAAGTGTTAGTGAAAGTTATAAACAAAAACAAAGCGCTTAGAAAGTACGATTACTTGATTAAGAAGATAGCGTTC ATTGATGAATATGAAGAATACATCACGAATGAAAA

AGATTATCATATTTTACAAATGTTAAAACAACGAGAAAGCCATAATAGGATCATGAGCATTCTTGATATAGGCAGAGACAATTTTTATTCTAGAGTAAAAGATATAGTAAATATACTTTATAACTTGCAACAAGAAACCGACAGTTCGGACACAT CGTACA

GTTCGGACACATCGTACAGTTCGGACACATCGTACAGTTCGGACTAATTTTGATGCTACATATTGTTTTTTATTATAATTGCTGTGTAGCAAAACATTTATATTTCTTTTGAACTCTCACATTAAGTGAGGGTTTTTATTTTTATAAACAAGAGGTGGAGAATG

GAGATATCAAAGTACCAAGAGATAGCTACACGTACACACAATGATGAATTGAATTTAAATGAATATATTACTTGTTACGGCTTAGGTTTAACTCAATCTACAGGCAATGTTACAGATCTAATTAA ACAGCATATGTTTTGTAATGTACCGATAGATAAAGGA

ATTATGATAAATGAACTTAGCGAAGCATTGTGGAATATAGCTAATCTTACTAACGTGTTAGGTATTAACTTGGATGAGATAGCTGGTCATAGTGTTAACACTATCTTGATGAATAAACCTAATCAGACTATCAATTTAGACAATGGTATAAAACGAGGAGAC

AAAGTATTGTTTCAAGGTAGTAAGTATCTTGTTGATGGATCGATAGGAAACTTATTGTTAATTAGCAATGATAAAGATGATAGACAAGTAACTGTGCAAGATGTTAAGAAAGTCGACAAGGAGTG ATGTGCATTGTCTATTATGAAGCGATGTGGTCATCC

AACATGTAATGTATTGATTAATCATAATGAAAGTTATTGTGATAAACACAAGCAATATGCAAATGAAAATTACAATGATTTGAGACGTCGAAACGATCCAGAGTATTTAAGATTTTATAAATCGA AAACGTGGCAAAACATGCGTCGAATTGTATTGTTAGA

ACATGATTTTATTTGTGTTTCTTGTGGCAATCAAGCGACTATGGTTGACCATATTGTACCAACAAAAATTGATTGGGCAAGAAGATTAGACAAAAGTAATTTACAGCCTTTGTGTGATGCTTGCCATAACCAAAAGACAAAAGAAGATTTGAAGAAATATTA

AAAAAGATAAAAATAGGAAGTCACCCCAAAGATGAAACGGGCGTCAATGAAAGGTTCTGGAGAACGGAGCAGAGTTTTCTTCTCAAAAAATTCCCTTTATTTAAGTTTTTTTAGTAGGAGGTGCT AATTTATGGCGGGTAGACCTAAGAAGCTTTTGTCAA

ATTCGAACAAGAATTATACAAAAGAAGAAATTATTGAAAAAGAGCGTCAAGAAGCTCAATTAAATAAATTTTCTAAAATCGATACTGAACCACCGCACTTTTTAGATGAAATAGCGAAACAAGAATACTTAAGAATATTA CCGCACATGCAAGAATTGCCA

ATTTCCAACTTAGATAAAGCACAATTAGCACAATATTGTAGTTTTTATAGTGACTTTGTTAAAGCAAGTTTGATTTTAGAGCGCGAAGACTTGATTTTAGAAGACGACAAAGGAAATCAAAAGGTTAATCCGGCGTTCAACATAAAGGAAAAAGCGGGTAT

TCGATTGCAACAAACAGCTAATACTTTAGGATTAACTATTGATAGCCGATTGCGTATTATGGTTCCTGATGAAAAAGAAGATGATGATCCATATATGGAATTTGTGAGTGATTAGTAATGACTGATTATGTTACTAAATACGCAAAAAAGGTAGTTTCAGGA

GAAATTTTGGCAAGTTTGAAGAATATTCAAGTATGTAAACGTCACCTATCTTTTATGGAGAACCCGCCGAATGGTTGCCATTGGGATAATCATTTGTCTAACAAAGCAATTAAATTTGTGGAAATGCTTCCAGACCCTAAAACAAACCAGCCCATGCCTCTT

ATGGAGTTTCAGAAATTCATTGTTGGGAGCTTATACGGCTGGCGTAGAGGTCAATACAGAATGTTTACTAAAGCTTATATAAGTATGGCTAGAAAACAAGGTAAGTCTCTAATCGTATCGGGAAT GTCCGTTAACGAACTGTTGTTTGGACAATACCCTAA

ATTTAATAGACAAATTTATGTAGCTTCATCTACTTATAAGCAAGCGCAAACAATATTCAAGATGGCAAGCCAACAAGTAAACCTAATGCGAAGTAAAAGCAAGTTTATCCGTGAAAAAACAGACG TAAGAAAGACAGACATTGAAGATGTATTAAGTAGT

TCAGTGTTTGCACCTCTTTCCAATAACCCAGATGCGGTTGATGGTAAAGATCCTACAGTTGCTATTTTGGACGAATTGGCAAGTATGCCTGATGATGAGATGTACTCAAGGTTTAAAACAGGTATGACATTACAAAAAAATCCTTTAACCCTACTTGTTTCA

ACGGCCGGAGACAATTTAAATAGTCAAATGTACCAAGAGTATAAGTATATTAAACGTATTTTAAATGAAGAAGTAAGAGCTGATAATTACTTTGTATATTGTGCTGAAATGGATTCACAAGAAGA AGTTCAAGATGAAACAAAGTGGATTAAAGCAATGCC

GCTTTTAGAATCAAAAGAACATAGAAAAACTATACTTCAAAATGTAAAAGCTGATATACAAGACGAATTAGAAAAAGGGACATCATATCATAAGATTTTGATTAAAAACTTCAATTTATGGCAAGCGCAAAGAGAAGATAGCTTGCTAGATATTTCAGATT

GGGAACAAGTAATAACGCCTATGCCTAATATCAATGGTAAAGATGTGTATATAGGTGTCGACTTATCGAGATTGGATGACTTAACATCTGTAGGGTTTATTTTCCCTAACGACGATAAAAAAGTGTTTTTACATAGTCATTCTTTCATTGGATTAAGAACAA

ACTTAGAACAAAAATCTAAGAGAGACAAAATAAATTATGAATTAGCGATTGAACGTGGCGAAGCTGAGACTACACAATCAGATAGCGGCATGATTGATTATAAACAAGTTATCGATTTTATAGTG AAATTTATAACGACGCATGACCTGAATGTACAGGC

TGTTTGCTATGACCCTTGGAATGCGCAAAGTTTTATAACAACAATCGAATCAATGGCTTTAGATTGGCCACTCATTGAAGTGGGACAAAGTTTTAAGGCGTTATCACAATCTATTAAAGAATTTAGAATGTGGGTTGCAGATGAAAGAATACAGCATAA CG

ATAATATGTTACTTACAACATCAGTTAATAATGCCGTTTTGATTCGTGACGGAGAAGACAATGTGAAAATAAATAAAAAAATGAATCGTCAAAAAATAGATCCGATTATTTCGATTATCACAGCTTTCACTGAAGCTAGAATGCACGAATTCCAAGAAAATT

GGACGGAGAAATATGAAAGCGAAGAATTCGGATTTTAAAGGTGGTGACAAAATGGACTTGAATAAAATAAATGTCTTTTTTAATTTCTTGGTTGCTAATTTGGTTAGCATCCTTTTTTTATTAGGTTTGTTTGTGGTTAATGTTTCTGTGTATAAAGCATTCGG

TCAAAATATAGGACTTTTATGCATTGGTATAACACTGATTGTTATTTCGTTGATTTTAAATCACGAAAGCAATCAAGAAAGGAGTTAGTAGTTGTGGGGATTTTTTATAAAAATGAAAAACGAGACTTGCAATACAACGAAGATGATTTGCAAATGATGGTT

CAAACTTTGCCAGGTTTTCAAGGAACAAAATTACGACAATATAAAGATATAGAAGCAATTAGGCATAGCGACATCTTTACGGCAGTTATGATGATTGCTTCTGATTTGGCGCGCATGCCAATTAG GGTGACAGTGAACGGCCAAATTAATTATAGTGACA

GGATTGTTAATTTGTTAAATACACGTCCTAACCCAATGTATAACGGCTATATATTCAAATTAGTAGTGTTTGTTAGTGCCTTACTAACATCGCACGGCTATATTGAAATTACACGTGATAAAACA GGAGAACCTATGAATTTAACGTTCAGAAAGACATCCG

AAATAGAATTGAAATCAGACGCAAGAGGTCGACTGTATTATTTTCATCAAAGGATAGACAGTAACGGAAATAATATAGAACGTAATGTTAAGTTTGAGGATATGCTAGACATCAAATTTTATTCGTTGGATGGTATAAATGGTTTGTCACTGTTAGACACAT

TAAGTCGCACGATAGAATCAGATAACAATGGAAAAGATTTCCTTAATAATTTCTTGCGAAATGGCACACATGCTGGTGGTATTTTGAAAATGAAAGGTGTATTAGATAATAAAAAAGCAAGAGAC CGTGCCAGAGAAGAATTTCACAAAAGTTTTAGTGG

AACTAAACAAGCTGGGAAAGTTGTCGTACTCGATGAATCAATGACGTTTGATCAATTAGAAGTTGATACAGAAGTTTTAAAGCTTATCAGAGAAAACAAATCATCAACAAGAGAAATAGCAGGTGTATTTGGTATTCCATTGCATA AGTTCGGCATAGAAA

CAGCGAACATGAGTATCACGGATGCTAATTTAGATTACTTATCAACTTTAAAACCTTATATTACATGCGTTTGTGCAGAATTGAATTTTAAGTTTAATGATGAATATGTGAATCGT GAATTTAAATTTGATACCACTGAAATACGAGTTGTTGATGAAAAAAC

ACAAGCTGAAATTGACAAAATTAACATTGATTCTGGAAAGATGAATATCGATGAAATTAGACAACGTGATGGATTAGCGCCAATACCAGGCGGTAATGGTAGCATTCACAGAGTCGATTTAAACC ATGTAAATATTGAACTTGTAGATGAGTATCAGATG

AATAAATCGAGAGCTACTGATAAAAAATTGAAAGGTGGTGAGGAAAATGAGTAAGGAAACGAGAGTTGGCAACATTATTGAGGTACGCTCAAATGATAACAACGAAATGGTCATAGAGGGGTATGCGTTAAAGTTTGACACTTGGTCTGAAAATCTTGG

TGGATTCAAAGAAACGATTTCACGTCGCGCTTTAGAAAACACTGATTTATCTGATGTGCGTTGTTTAGTAGATCATATCCCATCGCAAATAATTGGTAGGACAAAATCGGGTACTTTGGAGCTCG AAACTGATGATGTTGGACTTAAATATCGTTGTAAGTT

ACCAAACACAACATTTGCACGTGATTTATATGAGAACATGCGTGTAGGCAACATCAATCAATGTTCGTTTGGTTTTATGCTTGACGATAAAGGCGATGAAGTGCGTTTTGATGAACAAGAAAACATTTACAAACGTACTTTAACAGCAATTCGTGAACTTA

CAGATGTTTCTGTAGTGACTTATCCGGCTTACAAAGACACTGATGTTAAACCAGCATTACGTAGTATTGAAACCGTTAAAAAAGAACAACGTAAAAAAGAATTAGAAATAAGACTAAAGAAACACTCTATATTAAATAATATTTGGTGAAGTTGAACACCA

TTATCAAATACAGCCATTGGACATGCTGAATATAGCGATGTCTATTTTTTTATGCCAATTTTAGGAGGAAATTAAATGAAAACAAAAGAAGAGTTACAATCTGAGATTTCAGACATTAAAAGACA AATTGATTTAAAGGTGAAGTATGCAACGAGAGCACT

TAATAACGATGAGTTAGAAAAAGCAGAAAAATTAGAACAAGAAATTACTGATTTACGTTCTCAAATCCAAGAAAAACAAGAAGAATTAGATAAGCTAAAAGAAAAAGATGGAACTTCAGAAAACAATCAACAATCAGT GGAAGTAAACGAAGCAAGTAC

TTATCGAAATCAAGCAAACATTAATGATTTAGGTATTTCGATTCAAAACACAAAGGTAACATCACAAGAAGTTAGAGATTTTACTGAATATCTTGAAACACGCAATGATATTCAAGGTGGTTCGTTAAAAACAGACTCAGGATTTGTAGTTATTCCAGAGGA

AATTGTTACAGATATTTTAAAATTAAAAGAGGTTGAGTTTAATCTTGATAAGTATGTGACGGTCAAACGTGTTACAAATGGTTCTGGTAAATATCCGGTAGTACGACAATCAGAAGTTGCAGCCCTTGAAAAAGTTGAAGAATTAGAAGAAAACCCTGAAT

TAGCAGTTAAACCATTCTTCCAATTAGCATATGACATTAATACACACCGTGGTTACTTCCGAATTTCACGTGAAGCAATCGAAGATGCAAAAGTGAATGTTTTGCAAGAATTGAAACTATGGATGGCGCGAACTATTGCAGCAACACGAAACAAAGCAATT

ATTGATGTTATCACTAAAGGATCAACGGGTTCTACAAGTTCAGGTTTTGAAAAAGAAGGCAAGAAATTAGAAGTTAAAAAAGCAAAATCTTTAGATGATATTAAAGATGCTATTAACCTGAATGT TAAGCCAAATTACGAACATAATGTTGCGATTGTTTCG

CAAACTATGTTTGCAAAATTAGACAAAATGAAAGATAAGCTAGGAAACTATTTAATCCAGCCAGATGTTAAAGAAAAAACGCAACAGCGTTTATTAGGAGCTAAAATCGAAATTTTACCTGATGA AGTACTAGGGCAAAAAGGTAATAACACTTTGATTAT

CGGTAACTTAAAAGATGCGATTGTTTTATTTGACCGCTCTCAATACCAAGCATCATGGACTGACTACATGCATTTCGGAGAATGTTTAATGATTGCTGTACGTCAAGACTGTAGAATTCTAGATTATAAATCAGCAATTGTGATTGAATATGATGATAGTGA

ACGCGGTGAAGGCGATCTTGGCTTAGAAGCATAATAAGCGCTCGATACTTTATAAAGAGGTGATAAACTATGGCAATGTATGAAGTGAAGAAATCTTATACTGACTTGGAAAAAGGCCAGTATTT AAAGTCAGGTAAACGTGTTGAAATGACAGTAAAAC

GTGCTGAATATGTTAACAAAAAGCTGAAAGAGCATGGAGTAATACTTGAAAGAGTAAAAGAAGAATAGGTGATTGAATGCAATTAACAGCTGAGGAACTTAAGTTATTAAAAAAGCATTGCAAAATAGAT CACAATTCAGAGGACGACTTATTAGAAATA

TATTACTCTTGGGCATTCCGTGAAATAGCTAGCGCTGTTACGGATAAACCAAGTAAATATATTGATTGGTTTAAAAGTCATCCTCTATTTGCTCGTGCTATATACCCTTTAGCAAGTTACTATTTTGAAAACCGTATTGCTTATTTGGATAGGGATTTATCGCT

TGCGCCACATATGGTTTTAAGTACGGTGCATAAATTGAGAGGTTCATTTGAGCAATTTTTGGAGAGTGAAAATGATGAAATTTAATTCCAATAAATTAAATGAACGTATAGATTTTTGTGAAGAT GTAAGCGAGAGAGTGAACGGAAATCCGATGAAACCG

AAGACGAAAATATTATACTCTTGTTTCGCTTGCATTCAAGAATCTAAAGAATCCGACACTCAAACGAATCTCAATACAGGTAGCAAATTCATTAAAACTATTATTATCAGAGATACACGAGGTGATTATAAACCAACAAATAAGCATTACGTCTTGC ATGAA

GGGCAAAGATTTAACATCAAATATGTAAAGCCAGATTATCAAGATAAATCTTATTTGCGTATCTATGGCGAGGTGGTCATTTAATGGGGGCAAGAATTGAAAGTAATAACATCGAACAAGGTTTG AAAAATGCAGTTTTAAAAATGAATTTAAATAGTAAT

GTAATTGTCAAAGCTGGGGCTATGTCATTAGTCCCGCTTTTAAAAAGTAATACACCTTTTGCGAATACTAAAAAGCATGCTCGCGATCACATAGCTGTTTCTAATGTGAAAACAGACAGACACAC AAGTGAGAAAATTGTTACAATTGGTTACGCTAAAGG

CGTCTCACATCGTATTCATGCAACAGAATTTGGAACAATGTACCAAAAACCACAATTGTTTATAACAAAAACAGAAAAGCAAGGGAAAAACAAAGTTTTAAAAACAATGCTTGATACTGCTAAGAGGTTGCAAAAATGATTAATGTTACCAAATTAATTAG

AAACGCTATTATTGCAAATAACATTACAGATGAAGTGAATGTGTTTAACTACACTATAGATGACCATTTTCACGAAAAAACTGACAAGCCTATTATTCGTATATATCCCTTACCGTTCAATCCTG ACACATACGCTGATGATAACGAGATTTCAAGAGAATA

CCATTACCAAATTGATGTTTGGTGGTCTCAAGATGAACCGAACGAGCAAGCAGAAAAAATTGTTGAGTTACTCAAAGTGATAAATTTTCAATGTTATTACAGAGAACCGTTATACGAGAGTGACGTCATGTCATTCAGACATATTATAAGAGCAAAAGGCT

CGATTTTATCAATGAAATTGGAGGAAAATTAAATGATTGAAAAATTGAAACAAGCACCAAGATTTTTAAAATTAAACTTACAACATTTTGCAGATACAGGAGTTTCGGGTATCGCAATTGGGGTATCAAACTTTTATTATGCACCTATTTTAAAAGATACAG

AAAATGAATGGGAAACTGGAGCTGGCACACGTATTCGTTTCTTAAAAGAAATTGAAGTAGACCGTCCACAAGATACCGAGGAAGATTATGGGGATGATATGGTCGCAGCAACTGCTGTATCTAAT GGCAAACTAAGTGTTAAGACAACATTTGTTACTGT

TCCTGCTGACGATAAGGCGTTCTTGAATGGCGCTAAAAAAGGTGTAGGTGGTTATAAATATGGAGCTAAGGATATCCCGCCAGATGTAGCGATTGTATTTGAAAGACGTAATCATGATGAGTCTTCAGAATGGGTTGGCTTGTTCAA AGGTAAATTCACT

CGTTCAAGCATCAAAGGGCAAACAAAACAAGATAAAGTTGAATTCCAGAATGACGACGTAGAAGGCAATTTTATTGATCGTTTGTTTGATGAGAGCTCGCATGTTACTGGCTATGATAAAAAAGGAAGCACTACAGGGCGCGATTATGTATTCATGGAAA

CATTTGGTAAAACTTATGATGAATTCATGTCTAGTCGAGGAGAACAAAATATGGAACCTGTAGAAAAAGAAATGAAAAAAACAGAAAAAGTTGAAGTCACTTCTGTAAACGTCACTGATGAACAA GTTACAGTTAAAGTTGATGCTACTAAACAACTATC

AGCCACAACCGAACCATCTGGACAGAAAGTAACTTATGCAGTGACTGAGGGGCAAACGTATGCTAGCGTAACATCAACTGGCCTCGTTAAAGGTTTGGCGGAAGGTAATGCGACCGTTACAGCGACTGCAGGAAAGCAAACTGATACTGTGCAAATTA

CAGTACAATCTAATTTAGAAATGTAAGTTTTGAGGGCTTAACGCCCTCTTTTTATTTTGGCCAAATTAAAAAGAAAGTAGGAATTTAATAATGGAACGTACATCAATTGAATTAATTACAGGATT TACAAAAACAGGAAAGCCGCAATATCAAAAGTATTTA

GCGAAGCCGATTATTACTTTGTTTGAAACAATTCAAGGTTCAAAATTAGGTTTGAAACTTAACAAAGCCTTTAAGGGGGCTGATTTTAAAGATCTAACAGAAGAAGAATTTAATAACTTAAGTGT GACAGAACAGGAAGAATACAAAAACAAGCAAGAAG

AATACGAAAACAACATGGCTGTACAAATGGAAGTATTAGAAGAAGTTTTGGATTTCATCGTTGAAGCTTTTGATAATCAATTTACCAGTATAGAACTTCAAAAAGGATTACCAAATGGTCAAGAAGGTATTGAAAAGATTGGACAGTTAATTGGACGAATT

ACAGGTGGGGAACCTAGCGATACAAAAAAGTTCGTGACAGAGAATCAGAAATAAGAAAAGAAGATTTAACACCTGAAGCTGTCTACAACAATTACAGGAAAATAGCTAAAGATTTGATAGAAAAA GGCATGGATGCAGAAAAAGTGGCTAACATGCCG

ATACACTTCTTTTTAGACATTGTCGAATCGAAGATTGAAACAAAGCGAACTGCGAAAAGTTTTAAAGATATTTTTTAATCAGCCTTTAAAGGTTGATTTTTTATTTACATCTTGGAAGAAAGGAGGTTTTTAAATGCCTAATCCTATA GGTAATATGGTCATA

AAGGTTGATTTAGATGGTTCTGGATTCAATAGAGGTGTGACAGGTTTAAATAGGCAAATGAAAATGGTTTCGCGTGAGCTTTCGGCTAATTTATCACAATTTTCTAGATATGATAATTCATTAGAAAAGTCGAAGATAAAAGTCGAAGGTTTGAGTAAAAA

ACAAAAAGTTCAAGCCCAGATTACTAAAGAGCTGAAAGATAGTTATGACAAACTTAGTAAAGAAACTGGTGAAAACAGTGCAAAGACACAAGCTGCGGCTGCTAAATACAATGAAGCTTACGCTAAATTAAACCAATATGAGCGAGAGTTAAATCAAGC

CACACAAGAATTAAAAGACATGCAAAGAGAGCAGAAAGCATTAAATACTGCAATGGGAAAACTTGGTACCAACTTTAATAATTTTGGTCCTAAACTTCAAGAAATTGGTAACAGTATGAAAAATGTAGGCCGTAACATGACTATGTATGTAACTGCGCCG

GTGGTTGCTGGGTTTGCTGTAGCAGCTAAAAAAGGTATTGAATTCGATGACAGTATGAGAAAAGTTAAAGCAACTTCAGGTGCTACTGGGGAAGAGTTTGAAGCTTTGAAGAAAAAGGCTCGCGA AATGGGTGCAACAACAAAATTTAGTGCATCAGAT

TCGGCTGAAGCATTAAATTACATGGCACTTGCTGGTTGGGATTCTAAGCAAATGATGGAAGGTTTAAGCGGAGTTATGGATTTAGCGGCAGCATCTGGCGAAGAACTGGAAGCAGTAAGTGACATTGTTACAGATGGACTAACGGCATTCGGTTTAAAA

GCAAAGGATAGTGGTCATTTTGCGGACATTTTAGCACAAACTAGCTCGAAGGCAAATACGGATGTTAGAGGGCTCGGAGAAGCTTTTAAATATGTCGCTCCTGTAGCAGGTGCGTTAGGTTACACGATTGAAGATACATCTATTGCGATAGGTTTAATGA

GTAATGCTGGTATCAAAGGTGAAAAAGCAGGTACAGCGTTACGAACAATGTTCACCAATCTTTCAAGTCCAACTAGAGCTATGGGGAATGAAATGGAACGCTTAGGAATATCTATTACAGATAGT AATGGGAAAATGATTCCTATGCGAAAGCTTTTAGA

CCAACTGAGGGAAAAATTTAAACATCTTTCAAAAGACCAACAAGCTAGTTCTGCAGCTACAATATTTGGTAAAGAAGCGATGTCAGGAGCATTAGCGATTATAAATGCTTCTGATGAAGACTATCAAAAGTTAACCAAATCTATAGA TTCATCTACCGGCG

CATCTAAAAGAATGGCCGATACAATGGAATCTGGTTTAGGTGGGAAATTAAGAACTTTAAGGTCGCAATTAGAAGAACTAGCCTTAACGATTTATGACAGAATAGAACCAGCACTAAAGATTATAGTAAGTGCTTTTAGCAAAGTAGTGACATGGGTTAC

TAAATTACCAACGTCAATTCAATTAGCGGTTGTTGGGTTTGGATTATTTGCAGCAGTTTTAGGTCCTTTAGTTTTTATGTTCGGTTTATTTATCAGCGTGATGGGGAATGCAATGACAGTTTTAGGACCCTTGTTAATAAACGTTAATAAAGCTGGTGGTTTAT

TCGCGTTTTTAAGAACTAAAATCGCATCACTTGTTAAACTATTTCCGATTTTAGGTGTGTCGATATCAAGTTTAACGTTACCTATAACATTAATTGTAGGTGCATTAGTTGGTATTGGCATAGCTTTCTATCAAGCTTATAAACGTTCAGAAACTTTTAGAAAT

ATTGTAAATCAGGCAATCTCTGGTGTAGCAAACGCATTTAAAGCAGCTAAACTAGCGTTACAAGGTTTCTTTGATTTATTCAAAGGTGATAGTAAAGGCGCGGTTACCCTAGAGAAGATATTTCC ACCCGAAACTGTAGCAGGAATACAAAATGTAGTTAA

TACGATTAGAACAACTTTCTTTAAAGTAGTTGATGCAATCGTTGGTTTCGCCAAAGAGATAGGCGCTCAATTAGCCTCTTTCTGGAAAGAGAACGGCTCAGAAATAACACAAGCTTTGCAAAATA TAGCTGGTTTCATTAAAGCAACCTTTGAATTTATTTT

TAACTTTATTATTAAACCAATCATGTTTGCGATTTGGCAAGTGATGCAATTTATTTGGCCGGCGGTTAAAGCTTTGATTGTCAGCACTTGGGAAAATATCAAAGGTGTAATACAAGGGGCTATTAATATTATTTTGGGTATTATCAAAGTGTTCTCTAGTCTT

TTCACAGGAAACTGGCGAGGCGTTTGGGACGGCATTGTAATGATACTGAAAGGTACTGTGCAGTTAATTTGGAATTTAATACAACTGTGGTTTGTAGGTAAGATTCTAGGTGTTGTTAGATACTTTGGTGGATTGCTTAAAGGTTTAATATCCGGTATCTGG

GGTGTTATCAAAGGTATTTTCACAAAATCATTATCTGCAATTTGGAATGCAACGAAAAGTATTTTTGGTTTCTTATACAATAGTGTTAAATCTATTTTCACTAATATGAAAAACTGGTTATCTAGTACGT GGAATAATATCAAAAGCAATACCGTCGGCAAGG

CTCATTCGTTATTTACGGGTGTAAGGTCTAAATTCACAAGTTTATGGAATGCGACGAAAGATATATTTACTAAATTAAGAAATTGGATGTCAAACATCTGGAACTCTATTAAAGATAACACGGTAGGTATAGCTGGTCGTTTGTGGGATAAAGTACGTAATA

TCTTCGGAAACATGCGTGACGGTTTAAAATCTATCATTGGTAAAATTAAAGATCATATCGGCGGTATGGTAGATGCTATTAAAAAAGGACTTAATAAATTAATTGAAGGCTTAAACTGGGTCGGT GGTAAGTTAGGTATGGATGAAATACCTAGGTTACAC

ACTGGTACAGAGCACACACATACTACTACAAGATTAGTTAAGAACGGTAAGATTGCACGTGATACATTCGCTACAGTTGGGGATAAAGGACGTGGAAATGGTCCAAATGGTTTTAGAAATGAAATGATTGAATTCCCTAATGGTAAACGTGTAATC ACAC

CTAGTACAGACACTACTGCTTATTTACCTAAAGGCTCAAAAGTATACAACGGTGCACAAACTTATTCAATGTTAAACGGAACGCTTCCGAGATTTCATTTCGGTACTACTATGTGGAAAGATATT AAATCTAGTGCATCATCGGCATTTAACTGGACAAAA

GATCAAATAGGTAAAGGCACAAAGTGGCTTGGCGATAAAGTTGGTGATGTCATGGACTTTATCGATAATCCAGGCAAACTTTTAAATTATGTACTTCAAGCGTTTGGAGTTGATTTCAGTTCTCT AACTAAAGGTATGGGTATTGCTGGCGATATAACAAA

AGCTGCATGGTCTAAGATTAAGAAAAGTGCAATCAAGTGGCTTGAGGATGCTTTCGCAGAGTCGGGTGATGGCGGTGTATTAGATATGAGTAAATTACGTTACTTATACGGTCACACTGCTGCTTATACACGAGAAACCGGACGCCCATTCCATGAAGGT

CTGGATTTTGATTACATTTACGAACCTGTTCCATCAACCATTAATGGTAGAGCACAAGTTATGCCTGTTCATAATGGTGGTTATGGAAAATGGGTGAAAATTGTAAAGGGCGCCTTAGAAGTTATTTATGCACATTTATCTAAATATAAAGTTAAAACTGGT

CAACAAGTTAGGGTCGGACAGACTGTTGGTATATCGGGGAATACGGGGTTTAGTACAGGACCTCACTTACATTATGAGATGCGTTGGAATGGAAGACATAGAGACCCGTTACCGTGGTTAAGAAA GAATAATGGGGGCGGCAAAAGTACACCCGGTGG

TAATGGTGCAGCTAATGCTAGACGAGCTATTAAGGCTGCTCAAAATATTTTAGGAGGAAGGTATAAGGCGAGTTGGATTACTAACGAGATGATGCGTGTTGCGAGTCGTGAATCCAATTATACAGCTAATGCAGTCAATAATTGGGATAGCAACGCAAGA

GCTGGTATACCTTCAAGAGGTATGTTCCAAATGATAGATCCTTCATTTAGAGCGTACGCAAAGTCGGGTTACAATAATCCTCTCAACCCAACTCATCAAGCTATATCGGCTATGAGATATATTGT GGGTAAATGGGTACCAAGAACAGGCTCATGGAGAG

CTGCGTTCAAACGCGCTGGTGATTACGCATATGCTACTGGTGGCAAAGTCTATAACGGATTGTATCACTTAGGGGAAGAAGGATATCCAGAGTGGATAATACCTACTGATCCAAGTAGAGCGAACGAAGCACACAAATTATTAGCTTTAGCTGCTAACGA

TATTGATAACCGCTCTAAAAATAAGCGACCAAACAACTTACCAAATCCAAGTATAAGTAATAGTGATACAAACTATATTCATACATTGGAGAATAAACTGGATGCGGTTATTAATTGTTTGGTTA GTTTGGTTGAGTCTAATCAAGTTATTGCAGATAAGGA

TTACGAACCAGTTATTAATAAGTATGTGTTTGAAGATGAGGTAAATAATTCTATCGATAAACGAGAGCGTCACGAATCTACAAGAGTTAGATTTAGAAGAGGAGGCACGATAATCTAATGCAAGA TACAATTCAAATAGACAATAAAACAATTGGATGGC

TGGTTGTGCAAAGAGGGTTCGAGATACCCTCTTTTAATTTTGTTACTGAAAAAGAAAACGTAAAAGGTAGAGCGGGATCTATTGTTAAGAATCGTTATTTAAATGATATCGAATTTGATTTACCATTAATTATTCGAAACGAAAAATTGTCACCAGGTGGAG

AAAAAACACACGATGATATATTAGAAGCATTGGTCAAGTTCTTCAATATTAAAGATTTAACACCTAAAAAACTTAAATTCAAATCTCAAAACTGGTATTGGTTTGCATATTTTGATGGTCCATTAAAATTACCGAAAAACCCAAGAGGTTCAGTGAAGTTCA

CTATAAAAGTAGTGTTAACAGATCCTTATAAATACTCGGTAACTGGAAACAAAAACACCGCGATTTCAGACCAAGTTTCAGTTGTAAATAGTGGGACTGCTGACACTCCTTTAATTGTTGAAGCC CGAGCAATTAAACCATCTAGTTACTTTATGATCACTA

AAAATGATGAAGATTATTTTATGGTTGGTGATGATGAGGTAACCAAAGAAGTTAAGGATTACATGCCTCCTGTTTATCATAGTGAGTTTCGTGATTTCAAAGGTTGGACTAAGATGATTACTGAAGATATTCCAAGTAATGATTTAGGTGGTAAGGTCGGC

GGTGACTTTGTGATATCCAATCTTGGCGAAGGATATAAAGCAACTAATTTTCCTGATGCAAAAGGTTGGGTTGGTGCTGGCACGAAACGAGGGCTCCCTAAAGCGATGACAGATTTTCAAATTAC CTATAAATGTATTGTTGAACAAAAAGGTAAAGGTG

CCGGAAGAACAGCACAACATATTTATGATAGTGATGGTAAGTTACTTGCTTCTATTGGTTATGAAAATAAATATCATGATAGAAAAATAGGACATATTGTTGTTACGTTGTATAACCAAAAAGGAGACCCCAAAAAGATATACGA CTATCAGAATAAACCG

ATAATGTATAACTTGGACAGAATCGTTGTTTATATGCGGCTCAGAAGAGTAGGTAATAAATTTTCTATTAAAACTTGGAAATTTGATCACATTAAAGACCCAGATAGACGTAAACCTATTGATATGGATGAGAAAGAGTGGATAGATGGCGGTAAGTTTTA

TCAGCGTCCAGCTTCTATCATAGCTATCTATAGTGCGAAGTATAACGGTTATAAGTGGATGGAGATGAATGGATTAGGTTCATTCAATACGGAGATTCTACCGAAACCGAAAGGCGCAAGGGATGTCATTATACAAAAAGGTGATTTAGTGAAAATAGAT
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ATGCAAGCAAAAAGTGTTGTCATCAATGAGGAACCAATGTTGAGCGAGAAATCGTTTGGAAGTAATTATTTCAATGTTGATTCTGGGTACAGTGAATTAATCATACAACCTGAAAACGTCTTTGA TACGACGGTTAAATGGCAAGATAGATATTTATAGAA

AGGAGATGAGAGTGTGATACATGTTTTAGATTTTAACGACAAGATTATAGATTTCCTTTCTACTGATGACCCTTCCTTAGTTAGAGCGATTCATAAACGTAATGTTAATGACAATTCAGAAATGCTTGAACTGCTCATATCATCAGAAAGAGCTGAAAAGTT

CCGTGAACGACATCGTGTTATTATAAGGGATTCAAACAAACAATGGCGTGAATTTATTATTAACTGGGTTCAAGATACGATGGACGGCTACACAGAGATAGAATGTATAGCGTCTTATCTTGCTG ATATAACAACAGCTAAACCGTATGCACCAGGCAAA

TTTGAGAAAAAGACAACTTCAGAAGCATTGAAAGATGTGTTGAGCGATACAGGTTGGGAAGTTTCTGAACAAACCGAATACGATGGCTTACGTACTACGTCATGGACTTCTTATCAAACTAGATATGAAGTTTTAAAGCAATTATGTACAACCT ATAAAAT

GGCATTGGATTTTTATATAGAGCTTAGTTCTAATACCGTCAAAGGTAGATATGTGGTACTCAAAAAGAAAAACAGCTTATTCAAAGGTAAAGAAATTGAGTATGGTAAAGATTTGGTTGGGTTAACTAGGAAGATTGATATGTCAGAAATCAAAACAGCAT

TAATTGCTGTGGGACCCGAAAATGACAAAGGAAAGCGTTTAGAGTTAGTTGTGACTGATGACGAAGCACAAAGTCAATTCAACTTACCTACCCGTTATATTTGGGGAATATACGAACCTCAATCA GATGATCAAAATATGAATGAAACACGGTTGCGTTC

TTTAGCCAAAACAGAGTTAAATAAACGTAAGTCGGCAGTTATGTCATATGAGATTACTTCTACTGATTTGGAAGTTACGTATCCGCACGAGATTATATCAATTGGTGATACAGTCAGAGTAAAACATAGAGATTTTAACCCGCCATTGTATGTAGAGGCAG

AAGTTATTGCCGAAGAATATAACATAATTTCAGAAAATAGCACATATACATTCGGTCAACCTAAAGAGTTCAAAGAATCAGAATTACGAGAAGAGTTTAACAAACGATTGAACATAATACATCAA AAGTTAAACGATAATATTAGCAATATCAACACTATA

GTTAAAGATGTTGTAGATGGTGAATTAGAATACTTTGAACGCAAAATACACAAAAATGATACACCGCCAGAAAATCCAGTCAATGATATGCTTTGGTATGATACAAGTAACCCTGATGTTGCTGT CTTGCGTAGATATTGGAATGGTCGATGGATTGAAGC

AACACCAAATGATGTTGAAAAATTAGGTGGTATAACAAGAGAGAAAGCGCTATTCAGTGAATTAAACAATATTTTTATTAATTTATCTATACAACACGCTAGTCTTTTGTCAGAAGCTACAGAATTACTGAATAGCGAGTACTTAGTAGATAATGATTTGAA

AGCGGACTTACAAGCAAGTTTAGACGCTGTGATTGATGTTTATAATCAAATTAAAAATAATTTAGAATCTATGACACCCGAAACTGCAACGATTGGTCGGTTGGTAGATACACAAGCTTTATTTC TTGAATATAGAAAGAAATTACAAGATGTCTATACAGA

TGTAGAAGATGTCAAAATCGCTATTTCAGATAGATTTAAATTATTACAGTCACAATACACTGATGAAAAATATAAAGAAGCGTTGGAAATAATAGCAACAAAATTTGGTTTAACGGTGAATGAAGATTTGCAGTTAGTCGGAGAA CCTAATGTTGTTAAATC

AGCTATTGAAGCAGCTAGAGAATCCACAAAAGAACAATTACGTGACTATGTAAAAACATCGGACTATAAAACAGACAAAGACGGTATTGTTGAACGTTTAGATACTGCTGAAGCTGAGAGAACGACTTTAAAAGGTGAAATCAAAGATAAAGTTACGTTA

AACGAATATCGAAACGGATTGGAAGAACAAAAACAATATACTGATGACCAGTTAAGTGATTTGTCCAATAATCCTGAGATTAAAGCAAGTATTGAACAAGCAAATCAAGAAGCGCAAGAAGCTTT AAAATCATACATTGATGCTCAAGATAATCTTAAAG

AGAAGGAATCGCAAGCGTATGCTGATGGTAAAATTTCGGAAGAAGAGCAACGCGCTATACAAGATGCTCAAGCTAAACTTGAAGAGGCAAAACAAAACGCAGAACTAAAGGCTAGAAACGCTGAAAAGAAAGCTAATGCTTATACAGACAACAAGGTC

AAAGAAAGCACAGATGCACAGAGGAGAACACTGACTCGCTATGGTTCTCAAATTATACAAAATGGTAAGGAAATCAAATTAAGAACTACTAAAGAAGAGTTTAATGCAACCAATCGTACACTTTC AAATATATTAAACGAGATTGTCCAAAACGTTACAG

ATGGAACAACAATCAGATATGATGATAACGGAGTGGCTCAAGCTTTAAATGTGGGGCCACGTGGTATTAGATTAAATGCTGATAAAATTGATATTAACGGTAATAGAGAAATAAACCTTCTTATC CAAAATATGCGAGATAAAGTAGATAAAACCGATATT

GTCAACAGCCTTAATTTATCAAGAGAGGGTCTTGATATCAATGTTAATAGAATTGGAATTAAAGGCGGTAACAATAACAGATATGTTCAAATACAGAATGATTCTATTGAACTAGGTGGTATTGTGCAACGAACTTGGAAAGGCAAACGATCAACCGATG

ATATATTCACACGTCTTAAAGATGGACATCTAAGGTTTAGAAATAATACCGCAGGCGGTTCACTTTATATGTCACATTTTGGTATTTCAACATATATTGATGGAGAAGGCGAAGACGGAGGTTCATCCGGTACTATTCAATGGTGGGATAAAACTTACAGT

GATAGCGGTATGAATGGCATAACAATCAATTCCTATGGTGGTGTCGTTGCACTAACGTCAGATAATAATCGGGTTGTTCTGGAGTCTTACGCTTCATCGAATATCAAAAGCAAACAGGCACCGGTGTATTTATATCCAAACAC AGACAAAGTGCCTGGATT

AAACCGATTTGCATTCACGCTGTCTAATGCAGATAACGCTTATTCGAGTGATGGTTATATTATGTTTGGTTCTGATGAGAACTATGATTACGGTGCGGGTATCAGGTTTTCTAAAGAAAGAAATAAAGGTCTTGTTCAAATTGTTAATGGACGATATGCAAC

AGGTGGAGATACAACAATCGAAGCAGGGTATGGCAAATTTAATATGCTGAAACGACGTGATGGTAATAGGTATATTCATATACAGAGTACAGACCTACTGTCTGTAGGTTCAGATGATGCAGGAG ATAGGATAGCTTCTAACTCAATTTATAGACGTACT

TATTCGGCCGCAGCTAATTTGCATATTACTTCTGCTGGCACAATTGGGCGTTCGACATCAGCGCGTAAATACAAGTTATCTATCGAAAATCAATATAACGATAGAGATGAACAACTGGAACATTCAAAAGCTATTCTTAACTTACCTATTAGAACGTGGTTT

GATAAAGCTGAGTCTGAAATTTTAGCTAGAGAGCTGAGAGAAGATAGAAAATTATCGGAAGACACCTATAAACTTGATAGATACGTAGGTTTGATTGCTGAAGAGGTGGAGAATTTAGGATTAAA AGAGTTTGTCACGTATGATGACAAAGGAGAAATTG

AAGGTATAGCGTATGATCGTCTATGGATTCATCTTATCCCTGTTATCAAAGAACAACAACTAAGAATCAAGAAATTGGAGGAGTCAAAGAATGCAGGATAACAAACAAGGATTACAAGCTAATCC TGAATATACAATTCATTATTTATCACAGGAAATTAT

GAGGTTAACACAAGAAAACGCGATGTTAAAAGCGTATATACAAGAAAATAAAGAAAATCAACAATGTGCTGAGGAAGAGTAATCCTTAGCACTATTTTTATACAAAAATTTAAGGAGGTCATTTAATTATGGCAAAAGAAATTATCAACAATACAGAAAG

GTTTATTTTAGTACAAATCGACAAAGAAGGTACAGAACGTGTAGTATATCAAGATTTCACAGGAAGTTTTACAACTTCTGAAATGGTTAACCATGCTCAAGATTTTAAATCTGAAGAAAACGCTA AGAAAATTGCGGAGACGTTAAATTTGTTATATCAATT

AACTAACAAAAAACAACGTGTGAAAGTAGTTAAAGAAGTAGTTGAAAGATCAGATTTATCTCCAGAGGTAACAGTTAACACTGAAACAGTATGAAAAGCTATGAGTTAGATACTCATAATCTTTATTCTTTTAGAAAGCGGGTGTACTGAATTGGGGTGGT

TCAAAAAACACGAACATGAATGGCGCATCAGAAGGTTAGAAGAGAATGATAAAACAATGCTCAGCACACTCAACGAAATTAAATTAGGTCAAAAAACCCAAGAGCAAGTTAACATTAAATTAGATAAAACCTTAGATGCTATTCAAAAAGAAAGAGAAA

TAGATGAAAAGAATAAGAAAGAAAATGATAAGAACATACGTGATATGAAAATGTGGGTGCTTGGTTTAGTTGGGACAATATTTGGGTCGCTAATTATAGCATTATTGCGTATGCTTATGGGCATATAAGAGAGGTGAATAAAATGTTTAAACTAATCTTTG

GTTATAGTTTCTGGACATGTTTTTGGTTCGGTAAATGTAAATAAGTTTTAGTCAGTGCTTCGGTACTGACTTTTTATTTATTGTTGTAATTATGGTAATATGCAGAAGTGAGCAAGTTGGATAGATGGTGGCTATCTGAGTATAAGGAGGTGGTGCCTATGGT

GGCATTACTGAAATCTTTAGAAAGGAGACGCCTAATGATTACAATTAGTACCATGTTGCAGTTTGGTTTATTCCTTATTGCATTGATAGGTCTAGTAATCAAGCTTATTGAATTAAGCAATAAAAAATAACCATCGCTAACTTTGGCTGGTTTCGATGGTTAA

ATGGTTATTAATTTAATCTTTAATCTAAAATAGCCACCGTCTTTTTAACGGGCTCATTAGGGTAACATGTTTGCGCATGTTGCCCTTTTTCTATATATAAATTAACACACCATAATATAAATATC AAATAGACGGCTTATTAGTCGTCTTTTTATTTTGGGTAAA

AGGAGATAAGAATATGATTAATTGGAAAATTAGAATGAAACAAAAATCATTTTGGGTAGCGATATTGTCAGCTATCTTTTTATTTGCTCAAAACATCGCAAAAGCTATTGGGTATGATATCCAAGTTTATACAGAGCAATTAACAGACGGTTTAAACGCTAT

ATTAGGATTTTTAGTATTAACTGGTGTGATTCAAGACCCGACTACTAAAGGTATAGGTGATAGCCACCAAGCTTTAGAATATGAAGAACCAAGAAGAAAATACTAGGAGGTAAAATAATGAAAAC ATACAGTGAAGCAAGAGCAAGGTTACGTTGGTATC

AAGGTAGATATATTGATTTTGACGGTTGGTATGGTTACCAATGTGCAGATTTAGCAGTTGATTACATTTATTGGTTGTTAGAAATTAGAATGTGGGGAAATGCAAAAGATGCAATCAATAACGAT TTTAAAAACATGGCAACAGTATATGAAAACACACCAT

CGTTTGTTCCACAAATAGGTGATGTGGCTGTATTTACCAAAGGAATATATAAACAATACGGTCATATTGGTTTAGTGTTTAATGGTGGTAATACAAACCAATTTTTAATTTTGGAACAGAACTATGACGGTAACGCAAATACGCCTGCAAAGTTACGTTGGG

ATAATTATTACGGCTGTACTCACTTTATTAGACCTAAGTATAAAAGTGAGGGCTTAATGAATAAGATCACAAATAAAGTTAAACCACCTGCTCAAAAAGCAGTCGGTAAATCTGCAAGTAAAATA ACAGTTGGAAGTAAAGCGCCTTATAACCTTAAATGG

TCAAAAGGTGCTTATTTTAATGCGAAAATCGACGGCTTAGGTGCTACTTCAGCCACTAGATACGGTGATAATCGTACTAACTATAGATTCGATGTTGGACAGGCTGTATACGCGCCTGGAACATTAATATATGTGTTTGAAATTATAG ATGGTTGGTGTCG

CATTTATTGGAACAATCATAATGAGTGGATATGGCATGAGAGATTGATTGTGAAAGAAGTGTTTTAATTCTTAGGTTAAAATGTTAAATATTTGTTAATTATTTTTTAATGTAAGTTT AGTTTCTTTTAATATTTTATTGATTTTTAATATTTTTTCGATATAAAAT

GAAGTTGTTGATATTTATCATCTTAAATAAGGGTGTTAGCTATAAAAAGAGATAAATAAAAACAAATATATTATATTTGGAGGAAGCGCCATGCTCAAAAGAAGTTTATTATTTTTAACTGTTTT ATTGTTATTATTCTCATTTTCTTCAATTACTAATGAGGTA

AGTGCATCAAGTTCATTCGACAAAGGAAAATATAAAAAAGGCGATGACGCGAGTTATTTTGAACCAACAGGCCCGTATTTGATGGTAAATGTGACTGGAGTTGATGGTAAAGGAAATGAATTGCTATCCCCTCATTATGTCGAGTTTCCTATTAAACCTGG

GACTACACTTACAAAAGAAAAAATTGAATACTATGTCGAATGGGCATTAGATGCGACAGCATATAAAGAGTTTAGAGTAGTTGAATTAGATCCAAGCGCAAAGATCGAAGTCACTTATTATGATA AGAATAAGAAAAAAGAAGAAACGAAGTCTTTCCCT

ATAACAGAAAAAGGTTTTGTTGTCCCAGATTTATCAGAGCATATTAAAAACCCTGGATTCAACTTAATTACAAAGGTTATTATAGAAAAGAAATAAAACAAAATAGTTGTTTATTATAGAAAGCA ATGTCTTGATTGAATATGTGTAGTGAAAATTATCTTTC

ATCAAATTCTCATTCATGCACGAATGGTTCTTCCCCACCTAATCAGATATTAGGTGACTTATGGGGAGAAATCAGTTAGGATGAAAAAGTGGATAATCCTTTTTTAGGCAGGTACTTCGGTACTTGCCTATTTTTTTATGTTATAATCTTTCTAGACGTATTC

AAGGGACGTCTTTTTAGATTGTATGTTATAGCTAGCTTTCGGGCTAGTTTTTTGTTATGATGTGTTACACATGCATCAACTATTTACATCTATCCTTGTTCACCCAAGCATGTCACTGGGTGTTT TTTCTTATGATAGAGAGCATAGTTTTCATACTACTCCCTC

GTAGTATATATGACTTTAGCATTCCCGTATAATAGTTTACGGGGTGCTTTTTATGTTATAATTAACTGTATATAGTAGGAGTGAACTATATAGCCTGTTAAGTGGCCTAGTAACCTAACACTTAT CCTGCAATTGATATCCTTTTTGCCCTTCACTCGATACAT

ATATCTCAACAACATAGAAATATTACAGTCGCTACACCGCATCTTAAATGGTGTGGTTATTTTTATTGGAAGTGTGTATCAGGTATCAGTAATGTTAAAACACCAGCTAAAAATGAAAAGAATTCACCAGTGCCAGCAGGTTATACACTCGATAAAAACAA

TGTACCGTATAAAAAAGAGACTGGTTATTACACAGTTGCCAATGTTAAAGGTAATAACGTGAGGGATGGCTATTCAACTAATTCAAGAATTACAGGTGTATTACCCAATAACGCAACTATCAAAT ATGACGGCGCATATTGCATTAATGGCTATAGATGGA

TTACTTATATTGCTAATAGTGGACAACGTCGTTATATAGCGACAGGAGAGGTAGACAAGGCAGGTAATAGAATAAGCAGTTTTGGTAAGTTTAGTGCAGTTTGATAATTAGATATATAAAGGTTTGGCAAGTTATGAAATGTCTGCCAA ACCTTTATATAAA

AAAGAAATATCTACCTTTTAATCCGAGGTATGAAAACGAGAATTGGACCTTTACAGAATTACTCTATGAAGCGCCATATTTAAAAAGCTACCAAGACGAAGAGGATGAAGAGGATGAGGAGGCAGATTGCCTTGAATATATTGACAATACTGATAAGATA

ATATATCTTTTATATAGAAGATATCGCCGTATGTAAGGATTTCAGGGGGCAAGGCATAGGCAGCGCGCTTATCAATATATCTATAGAATGGGCAAAGCATAAAAACTTGCATGGACTAATGCTTG AAACCCAGGACAATAACCTTATAGCTTGTAAATTCT

ATCATAATTGTGGTTTCAAAATCGGCTCCGTCGATACTATGTTATACGCCAACTTTCAAAACAACTTTGAAAAAGCTGTTTTCTGGTATTTAAGGTTTTAGAATGCAAGGAACAGTGAATTGGAGTTCGTCTTGTTATAATTAGCTTCTTGGGGTATCTTTAA

ATACTGTAGAAAAGAGGAAGGAAATAATAAATGGCTAAAATGAGAATATCACCGGAATTGAAAAAACTGATCGAAAAATACCGCTGCGTAAAAGATACGGAAGGAATGTCTCCTGCTAAGGTATATAAGCTGGTGGGAGAAAATGAAAACCTATATTTA

AAAATGACGGACAGCCGGTATAAAGGGACCACCTATGATGTGGAACGGGAAAAGGACATGATGCTATGGCTGGAAGGAAAGCTGCCTGTTCCAAAGGTCCTGCACTTTGAACGGCATGATGGCTG GAGCAATCTGCTCATGAGTGAGGCCGATGGCG

TCCTTTGCTCGGAAGAGTATGAAGATGAACAAAGCCCTGAAAAGATTATCGAGCTGTATGCGGAGTGCATCAGGCTCTTTCACTCCATCGACATATCGGATTGTCCCTATACGAATAGCTTAGACAGCCGCTTAGCCGAATTGGATTACTTACTGAATAA

CGATCTGGCCGATGTGGATTGCGAAAACTGGGAAGAAGACACTCCATTTAAAGATCCGCGCGAGCTGTATGATTTTTTAAAGACGGAAAAGCCCGAAGAGGAACTTGTCTTTTCCCACGGCGACC TGGGAGACAGCAACATCTTTGTGAAAGATGGCAA

AGTAAGTGGCTTTATTGATCTTGGGAGAAGCGGCAGGGCGGACAAGTGGTATGACATTGCCTTCTGCGTCCGGTCGATCAGGGAGGATATCGGGGAAGAACAGTATGTCGAGCTATTTTTTGACTTACTGGGGATCAAGCCTGATTGG GAGAAAATAAA

ATATTATATTTTACTGGATGAATTGTTTTAGTACCTAGATTTAGATGTCTAAAAAGCTTTAACTACAAGCTTTTTAGACATCTAATCTTTTCTGAAGTACATCCGCAACTGTCCATACTCTGATGTTTTATATCTTTTCTAAAAGTTCGCTAGATAGGGGTCCCA

AAAGATTTATAACGAAATTGACGAAGCACTAAAAAGTAAATATTAAAAAAACCACCCTTTTACGGGTGGTTTTAATTTTCTAGATAATATAAAAGTGTTCATAAATAAAACAGTATAGGCAAACA ATAAAGTATTGAAAAAAGTAAGTTTAATATGAAAATT

GTTAAATGAACGACATCTTTTGTTTTTATAAATATCAAGAAAATAATCAAACTCAAAATAAATAACGTAACTGTAGTCATAGGCGTCCATACATAATCAGCATTAGTCATTAAGAATGGTGCAGCCATTATGAAAAAATTTATAATGCAGATGAAATAGACA

ATTAGACTATAAATTAGGTAAATAACAATACACACCCTTCATAAATAAATAATTTAAATCCTATATATTTTAACAAAAGTAAAACACAGAAGTGTAGAAAATAAAAAATATTGGTAAATAAAATC AATAAGTTTAACCAATATGTTGCTCGCTTCATACCGTA

TATTGCAACAAAAATTCCGATCAAGAAAAATATAGCCCCTATGATAAAACAGAAATCCGATGCTGAACTATTAAAAAATGAGGTGTTTAGAGTTAGAAAATGAGTTAATGAGTTGACTATAACTA ATAAGATATTAATTATATTTGTATGGTTCTTCACATG

ATACCTCCAAGTAAAAAAATCTAATTAATAAAGTGAATGCTTGATGAACAAGCAGTTATTCCAAACAGAATCAATAAGAAAAGTAGAATCAACATGCTAATGCCCCATAAACAACCCTTTTCACTTTCTCTATTATTAATTTCTTGACTTCTTTTTAAAGATT

TATTACTTTTACATTCTTTAGTTGTTTTAAATTTCACGTTTTTATTACTTCCTTTTGTCTAAAAGTTTACAATGAATTTTTGATTATAATAATATATTCAAAATAGTACTATCTAGTTTGATATGTCAAGCAATATTATTATAAAATTGGAATTCTGAGTTGTCTACT

CTAATTTATTATATTTACCTATAAAAATACACCTCAAAAAATAGATTTTTCAGTCTAGCTTTTGGGGTGTACATTCCACACAAACATGTGATTATTTTGATGTTTCTATTAAACTTGTAATTTTAAATTTAAAGTCCCTAAAAAGTCCCTAAAATTTTATTTTATA

TGGGGTATTATTGATAATGATAAAGTTATAAACCTTGATATTATGCTGTTTTACTTTTTGAATGATAAGTAATTTTATGTTAAAAGTCT 
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Table S1: Strains 

Strain Description Reference/ Origin 

Escherichia coli   

DC10B  (1) 

Staphylococcus aureus   

8325-4 (RN0450) NCTC8325 cured of Φ11, Φ12 
and Φ13 

(2) 

8325-4 Φ13K Single-lysogen, kanR (3) 

8325-4 Φ13K-rep Single-lysogen, carrying 
replication deficient phage 
mutant (3), kanR 

(3) 

SH1000 rsbU repaired derivative of 
8325-4 

(4) 
Susanne Engelmann, TU 
Braunschweig, Germany 

SH1000 Φ13K Single-lysogen, kanR (3)  

SH1000 Φ13K-rep Single-lysogen, carrying 
replication deficient phage 
mutant (3), kanR 

(5) 

Newman-c Phage-cured (6) 

Newman-c Φ13K Single-lysogen, kanR (3) 

Newman-c Φ13K-rep Single-lysogen, carrying 
replication deficient phage 
mutant (3), kanR 

This study 

MW2c Phage-cured (7) 

MW2c Φ13K Single-lysogen, kanR (3) 

MW2c Φ13K-rep Single-lysogen, carrying 
replication deficient phage 
mutant (3), kanR 

(3) 

SH1000 Φ13K-TATA Single-lysogen, p23 TATA-Box 
substitution, kanR 

(5) 

Newman-c Φ13K-TATA Single-lysogen, p23 TATA-Box 
substitution, kanR 

(5) 

SH1000 Φ13K-ltr Single-lysogen, carrying ltr 
deficient phage mutant, kanR 

This study 

Newman-c Φ13K-ltr Single-lysogen, carrying ltr 
deficient phage mutant, kanR 

This study 

RN4220-331 ΔmazEFrsbUVWsigB::tetM  (8) 

8325-4 Φ13K sigB Single-lysogen, sigB::tetM This study 

SH1000 Φ13K sigB Single-lysogen, sigB::tetM  This study 

Newman-c Φ13K sigB Single-lysogen, sigB::tetM  This study 

SM2 Newman spoVG::erm, yabJ-
spoVG mutant, ermR 

(9) 
Markus Bischoff 

SH1000 Φ13K spoVG Single-lysogen, spoVG::erm This study 

LS1  (10) 
Löffler, Münster, Germany 

RN4220 restriction deficient derivate of 
8325-4, rK-mK+ 

(11) 

 

Table S2: Oligonucleotides 

Oligonucleotide 
 

Sequence Used for 

pCG896gibfor gctggcggccgctgcatgGGATCAT Cloning pCG896 
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GAGCATTCTTGATATAGGC 

pCG896gibrev cataaataatcatcctcctaagCCCTC 
ACTTAATGTGAGAGTTCA 

Cloning pCG896 

pcIyfpoutsidecontrolfor GGACAGGTATCCGGTAAGCG Cloning 

pcIyfpcontrolrev TGACAAGTGTTGGCCATGGA Cloning 

pCG896insidecontrolfor GGACACATCGTACAGTTCGG Cloning 

pCG910SDMfor cggccGCTGTGTAGCAAAACATTTA 
TATTTC 

Cloning pCG910, 
pCG925 

pCG910SDMrev cggcgAAAAACAATATGTAGCATCA 
AAATTAG 

Cloning pCG910, 
pCG925 

pCG943SDMfor TAATTTTGATGCTACATATTGTTTT 
TTATTATAATTG 

Cloning pCG943 

pCG943SDMrev CGGTTTCTTGTTGCAAG Cloning pCG943 

pIMAYcontrolfor CCAGCCCCCTCACTACAT 
 

Cloning pCG925, 
pCG926 

pIMAYcontrolrev ATCACCCGACGCACTTTG 
 

Cloning pCG925, 
pCG926 

pCG925gibfor aattcctgcagcccggggCTATGACTATT 

GTATTTGCTATATTGCT 

Cloning pCG925 

pCG925gibrev gccgctctagaactagtgGCACATCACTC 

CTTGTCGAC 
Cloning pCG925 

pCG925outsidecontrolfor GCGGAGGTAAGTGAGTGA Cloning pCG925 

pCG925outsidecontrolrev GGATGACCACATCGCTTCA Cloning pCG925 

pCG926insert1gibfor aattcctgcagcccggggAGACATC 

TTAGATCGAGTTAAGGAGG 
Cloning pCG926 

pCG926insert1gibrev ttcctgtttTACATGCAATACCT 

CCGATA 
Cloning pCG926 

pCG926insert2gibfor ttgcatgtaAAACAGGAAAGAAA 

TACGTGA 
Cloning pCG926 

pCG926insert2gibrev gccgctctagaactagtgAATAGACA 

ATGCACATCACTCCT 
Cloning pCG926 

926outsidecontrolfor CGACCAACTCATTGACGC Cloning pCG926 

926outsidecontrolrev AACCATAGTCGCTTGATTGCCACA Cloning pCG926 

circlefor TTTTATTTTATATGGGGTATTATTGA qPCR (Φ13) 

circlerev GTGTATTCTCATTTGTTAGAAGAAAA qPCR (Φ13) 

SAOUHSC_02200qPCRfor GGCACGACTAGCAATAAA RT-qPCR (ltr) 

SAOUHSC_02200qPCRrev GTCTCTGCCTATATCAAGAAT RT-qPCR (ltr) 

cIqPCRfor AGAACGTCAAGATGAAACGA RT-qPCR (cI) 

cIqPCRrev AATTCTTCTCCTATGCCAGC RT-qPCR (cI) 

SAOUHSC02234DIGfor TAATACGACTCACTATAGGGAG 
ATGCAAAATTGTACTGAGTGC 

RT-qPCR (mor) 

SAOUHSC02234DIGrev ATGTGTTACGACTACTCACG RT-qPCR (mor) 

SAOUHSC02196for2 CACGAATCAAAACGGCATTA RT-qPCR (terL) 

SAOUHSC02196rev2 ACAACAATCGAATCAATGGC RT-qPCR (terL) 

SAOUHSC02191for TTTGCATCTTCGATTGCTTC RT-qPCR (mcp) 

SAOUHSC02191DIGrev TACGACAATCAGAAGTTGCA RT-qPCR (mcp) 

RTqPCRamidasefor AAATAGGTGATGTGGCTGTA RT-qPCR (amidase) 

RTqPCRamidaserev AGTGAGTACAGCCGTAATAATT RT-qPCR (amidase) 

holin255for ATGATTAATTGGAAAATTAGAA RT-qPCR (holin) 

holin255rev CTAGTATTTTCTTCTTGGTTCT RT-qPCR (holin) 

sakLClo CATCAAGTTCATTCGACAAAGGAAA RT-qPCR (sak) 

sak-A TGTAGTCCCAGGTTTAATAGG RT-qPCR (sak) 

asp493f AAAATTGCTGGTATCGCTGC RT-qPCR (asp) 

asp848r TGTAAACCTTGTCTTTCTTGGT RT-qPCR (asp) 
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T7-SAOUHSC02196DIGfor TAATACGACTCACTATAGGGAG 
ATTAGGGTCTGGAAGCATTTC 

DIG-probe Northern 
Blot (terL) 

SAOUHSC02196DIGrev ATGGTTGCCATTGGGATAAT DIG-probe Northern 
Blot (terL) 

T7-SAOUHSC02191DIGfor TAATACGACTCACTATAGGGA 
GATTTGCATCTTCGATTGCTTC 

DIG-probe Northern 
Blot (mcp) 

SAOUHSC02191DIGrev TACGACAATCAGAAGTTGCA DIG-probe Northern 
Blot (mcp) 

 

Table S3: Plasmids 

Plasmid Description Resistance 
casette 

Reference/ 
Origin 

pIMAY-Z Mutagenesis vector cm (12) 

pCG725 Pcap-yfp cm (8) 

pCG896 Promoter construct P23-yfp cm This study 

pCG910 Promoter construct P23-TATA-yfp cm This study 

pCG925 Mutagenesis vector for p23 TATA Box 
mutation (pIMAY-Z) 

cm (5) 

pCG926 Mutagenesis vector for ltr mutation 
(pIMAY-Z) 

cm This study 

pCG943 Promoter construct P23-Δrepeat-yfp cm This study 
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Abstract: Staphylococcus aureus is a major opportunistic pathogen in humans and animals. 

More than 90% of human nasal S. aureus isolates carry Sa3int-phages that integrate into the 

bacterial hlb gene coding for a sphingomyelinase. Sa3int-phages encode highly human-

specific virulence factors that enable S. aureus to adapt to the human host. Thus, balancing 

mechanisms are necessary for the phage-bacteria coexistence. However, the factors that 

coordinate these interactions have yet to be discovered. Here, we elucidate the impact of the 

DNA-binding protein SarA on the life cycle of two prototypic S. aureus phages, Sa3int Φ13 and 

Sa5int Φ11. SarA promotes the propagation of both phages, albeit via different mechanisms. 

SarA promotes Φ11 propagation by repressing the glycosyltransferase TarM, which affects the 

glycosylation pattern of the phage receptor, wall teichoic acid, thereby improving phage 

adsorption. SarA also dampens the DNA damage response as indicated by the downregulation 

of the ci and mor phage promoters and the umuC SOS target gene, as well as inhibition of 

Φ11 inducibility. For Φ13, however, SarA promotes phage replication rather than inhibiting 

phage induction. The replication-deficient phage Φ13K-rep was SarA-insensitive and phage 

gene expression was unaltered in the sarA mutant. These results highlight SarA as a regulator 

of temperate phage propagation and support its role as a DNA structural protein that promotes 

phage replication. 

 

Importance: The dynamic gain and loss of temperate phages is crucial for bacteria to adapt 

to specific niches. In Staphylococcus aureus Sa3int phages are highly prevalent in human 

strains but are missing in most animal strains. The mechanisms that balance phage-bacteria 

coexistence are only partially understood. We demonstrate that the DNA-binding protein SarA 

is a key regulator of the phage life cycle. SarA protects bacteria from phage induction in 

response to DNA damage, yet it can also promote phage propagation by altering the phage 

receptor or interfering with phage replication. SarA likely functions not only as a transcriptional 

factor, but also as a bacterial chromosome structural component, that controls the phage life 

cycle at different levels. 

 

Keywords: Staphylococcus aureus; phage; SOS-response; DNA-binding proteins; SarA; Hlb 
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Introduction 

Staphylococcus aureus is a major opportunistic pathogen in humans and animals. This 

bacterium asymptomatically colonizes the nasal mucosa of healthy individuals but can cause 

life-threatening acute and chronic infections (1, 2). S. aureus has jumped between species 

many times, resulting in the dynamic gain and loss of host-specific adaptive genes many of 

which are prophage encoded (2-5). Most prominent is the repeated loss of the temperate 

Sa3int phages after transfer of S. aureus from humans to different animals (6). In several 

instances, animal-adapted strains were transmitted back to humans, where they often 

reacquired Sa3int phages, emphasizing the importance of these temperate phages in human 

colonization (7). Up to 96% of human nasal S. aureus isolates carry Sa3int phages integrated 

into the hlb locus, which encodes the toxin ß-hemolysin (Hlb). While phage integration disrupts 

an important virulence factor of S. aureus, Sa3int phages carry genes that encode human-

specific immune evasion factors and other potential virulence factors (6). The phage encoded 

factors mediate the escape of S. aureus from human innate immunity (8). The observation that 

Hlb is always functional after phage excision and that this process also occurs during human 

infections, resulting in Hlb positive sub-populations (9), indicates that under certain infectious 

conditions, Hlb is essential for bacterial survival. Recently, it was confirmed that phage excision 

enhances pathogenesis in mice (10). All temperate phages of S. aureus are classified as 

siphophages (4). They can be discriminated into different groups based on their integrase gene 

allele (Sa-int groups) (11). The siphophage genomes are usually organized into six functional 

modules: lysogeny, DNA replication, packaging, head, tail, and lysis. The best-studied 

temperate phages from S. aureus, Sa5int phage Φ11 and the Sa3int phage Φ13, originate 

from the same host bacteria S. aureus NCTC 8325. Previously, we analysed the life cycle of 

two Sa3int phages, Φ13 and ΦN315, in different phage-cured S. aureus strains. S. aureus 

strains could be classified into low (8325-4, SH1000, USA300c) and high (MW2c, Newman-c) 

transfer strains (12). Host-phage interactions probably account for the observed strain specific 

differences in phage replication, assembly, and transfer frequency. The CI/Cro lysogenic/lytic 

switch in temperate phages is the best studied regulatory switch to control phage mobilisation 

and has been extensively characterized in the Escherichia coli phage λ. RecA-dependent 

cleavage of the CI repressor initiates phage induction and derepression of the lytic genes. Φ11 

contains a λ-like CI/Cro swich region (13). In Φ13 the switch region is composed of a cleavable 

CI repressor and a Mor homologue (14). The small antirepressor Mor, first identified in 

lactococcal phages, functions as an anti-repressor of CI by protein-protein interaction (15, 16). 

The lytic state requires MOR-CI complex formation. Molecular circuits controlling the 

expression of late phage genes are only partially understood. Nevertheless, additional phage 

and host factors beside the “classical lytic switch” module are likely important for phage-host 

interaction. Active lysogeny or pseudolysogeny (13, 17) may be common for Sa3int phages 
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and refers to the process whereby a prophage is temporarily excised from the chromosome 

without forming intact phage particles or the prophage is not integrated following infection. This 

allows bacteria to simultaneously express phage-encoded virulence genes as well as the gene 

that is usually inactivated by prophage integration, e.g., the hlb gene (9). 

Recently described xenogenic silencing factors (XS) may contribute to balancing bacteria-

phage co-existence (18), particularly favouring and maintaining the lysogenic state. The XS 

factors discovered so far are small, nucleoid-associated proteins that recognize and bind AT-

rich DNA stretches. Of note, none of the described factors are present in S. aureus. We 

speculated that SarA family proteins might fulfil a XS-like function. SarA recognizes and binds 

AT-rich DNA motifs and is usually seen as a transcriptional factor controlling gene expression 

(19, 20). However, SarA seems to bind the chromosome more frequently than one might 

expect for a bona fide transcription factor. SarA is present at intracellular concentrations far 

exceeding any classical transcription factor and its concentration remains unchanged during 

different growth phases (21). SarA was therefore suggested to be a histone-like protein that 

may alter DNA topology (21, 22). 

Here we analyzed the role of SarA in the life cycle of two prototypic siphophages, Φ11 and 

Φ13. Our data indicate that SarA promotes propagation of both phages, albeit in different ways. 

By inhibiting the expression of glycosyltransferase TarM, SarA alters the glycosylation pattern 

of the phage receptor wall teichoic acid (WTA) and promotes Φ11 adsorption. In contrast, the 

positive impact of SarA on Φ13 replication can be attributed to the promotion of a step between 

prophage excision and viral particle assembly, which most likely requires the function of SarA 

as a DNA structural protein rather than a transcription factor. 

Results 

SarA promotes propagation of siphophages Φ11 and Φ13 

We analyzed SarA-dependent phage propagation using two phage-cured S. aureus strains 

(SH1000 and Newman-c). SarA mutants were generated, and mutants were complemented 

by integration of the sarA expressing plasmid into the geh locus. We first analysed the infection 

dynamics of phage Φ13K-int (23), a kanamycin resistant derivative of Φ13, the native phage 

of the SH1000 ancestor NCTC 8325 (12). Unlike Φ13K, Φ13K-int lacks the integrase and thus 

produces clear plaques because it cannot enter the lysogenic life cycle. After infection at a 

multiplicity of infection (MOI) of 1, phage replication was significantly lower in the sarA mutants 

compared to wild type strains (SH1000, Newman-c) or complemented mutants (Fig. 1A, 1C). 

Despite phage propagation, little or no concomitant bacterial lysis was detectable after 

infection and bacterial numbers continued to increase up to 6 h post-infection (Fig. 1B, 1D). 

This is probably due to the phage infecting only a sub-population of bacteria or to phage 

replication/assembly being somehow inhibited in most of the bacterial population. However, in 
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strain Newman a slight but significant SarA-dependent inhibition of bacterial replication was 

detectable in the wild type and complemented strains 3 h post-infection. These data indicate 

that host derived factors modulate Φ13K-int propagation. 

We next analyzed the infection dynamics of Φ11, a phage from the Sa5int group. Like Φ13, 

this phage is also derived from the SH1000 parental strain NCTC 8325. Following phage 

infection, significantly fewer phage copies were detectable in the sarA mutant 3 h post-infection 

(Fig. 1E). However, in contrast to Φ13K-int, infection resulted in bacterial lysis of the wild type 

and complemented strain (Fig. 1F). In the sarA mutant, bacterial lysis was partial and 

detectable only after > 3 h of infection. Thus, SarA promotes phage propagation of Φ13K-int 

and Φ11, despite phage-specific differences in host cell lysis. 

SarA supports adsorption of Φ11 but not Φ13K 

We next analyzed the impact of SarA on phage adsorption, a prerequisite for phage 

propagation. After 10 min of phage adsorption, the number of unbound phages was 

determined by qPCR on phage genomes (Fig. 2A). While phage adsorption of Φ13K-int was 

not altered in the sarA mutant, adsorption of Φ11 to the sarA mutant was significantly reduced. 

WTA serves as a receptor for all S. aureus phages, although differences exist between phages 

with respect to the specific WTA moiety bound (24). Φ11 adsorption is dependent on WTA 

glycosylation whereas Φ13 binds to the RboP-WTA backbone, irrespective of its glycosylation 

pattern. Glycosylation is catalysed by the glycosyltransferases TarM and/or TarS. We 

speculated that SarA might impact expression of tarS and/or tarM and thereby modulating Φ11 

adsorption. Expression of tarM was found to be significantly increased in the sarA mutant 

whereas tarS expression was SarA-independent (Fig. 2B, 2C). Complementation of the sarA 

mutant restored tarM expression to the level of the wild type (Suppl. Fig. S1). Since SarA 

controls the activity of the quorum-sensing system Agr (25) and Agr inhibits tarM expression 

(26), we speculated that SarA effect on Φ11 adsorption is due to Agr-dependent dysregulation 

of tarM. Indeed, sarA and an isogenic agr mutant were similarly diminished in Φ11 adsorption 

(compare Fig. 2A and Fig. 2D). Furthermore, incubating the sarA mutant with the autoinducing 

peptide AIP-I counteracted the SarA-mediated inhibition of phage adsorption (Fig. 2E). 

Interestingly, Φ13 adsorption was also found to be agr dependent, although sarA deletion did 

not significantly alter phage binding (compare Fig. 2A and Fig. 2D). 

The data indicate that SarA-dependent promotion of Φ11 propagation is due to enhanced 

phage adsorption, likely due to Agr-mediated inhibition of tarM. However, adsorption of Φ13 is 

glycosylation insensitive and SarA-independent. Thus, SarA likely impacts Φ13 life cycle via 

mechanism(s) unrelated to phage adsorption or other Agr mediated effects. 
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FIG 1 SarA promotes propagation of Φ11 and Φ13. Phage replication and bacterial growth in wild type, 
sarA (sarA::ermC deletion), and sarA psarA (sarA complementation) following phage infection. Phage-
free strains were grown to an OD600 of 0.5, then 1 × 106 bacteria per milliliter were infected with integrase-
deficient Φ13K-int (A, B, C, D) or Φ11 (E, F) at MOI 1 and incubated for up to 6 h. Phage replication 
was analyzed by enumerating free phage genomes in the supernatant by quantitative PCR (qPCR) 
(copies of attP) (A, C, E), and bacterial growth was monitored by colony-forming unit (CFU) 
determination (B, D, F). Data shown are mean ± SD (n = 3). Statistical significance was determined by 
two-way ANOVA tests on log10-transformed data for multiple comparisons for each time point (Tukey’s 
multiple comparison test). Statistical results for wild type vs sarA comparison are shown (****P value < 
0.0001, **P value < 0.01, ns > 0.05). 

 

SarA promotes replication of Φ13K but not Φ11 

To further analyze the impact of SarA on the phage life cycle, sarA mutants were created in 

single-lysogens of strain SH1000. We first analyzed induction of Φ13K with and without the 

inducing agent mitomycin C (MMC). The extracellular genome copies of released Φ13K from 

culture supernatants were quantified by attachment site (attP/ml) qPCR. SarA deletion 

significantly reduced the number of released Φ13K copies (239-fold decrease under uninduced 

and 278-fold under induced conditions), a phenotype that was fully reverted to wild type in the 

complemented strain (Fig. 3A). Interestingly, no difference in replication of Φ13K between wild 

type and agr mutant was observed, supporting the hypothesis that the effect of SarA on phage 

replication is Agr independent (Suppl. Fig. S2).  
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FIG 2 sarA deletion results in reduced binding of Φ11 and altered expression of WTA glycosyl 
transferase tarM. (A) Phage adsorption of Φ13K-int and Φ11 to SH1000 (wild type), SH1000 sarA 
(sarA::ermC deletion), and SH1000 sarA psarA (sarA complementation). Phage-free strains were grown 
to an OD600 of 1, and 1 × 108 bacteria per milliliter were incubated for 10 min with phages at MOI 0.01. 
Unbound phages were enumerated by qPCR on the phage genome and compared to media control to 
calculate the number of bound phages. (B, C) Gene expression analysis of tarM (α-1,4 GlcNAc) and 
tarS (β-1,4 GlcNAc) under uninduced and induced (+MMC) conditions. Single-lysogenic SH1000 and 
SH1000 sarA (sarA::ermC deletion), containing the replication-deficient Φ13K-rep mutant, were grown 
to exponential growth phase, followed by prophage induction with subinhibitory mitomycin C (MMC), 
and incubation for 60 min. RNA was isolated, tarM and tarS transcripts were quantified by quantitative 
reverse transcription polymerase chain reaction (qRT-PCR), and normalized to gyr expression. (D) 
Phage adsorption of Φ13K-int and Φ11 to SH1000 (wild type) and SH1000 agr (agr::tetM deletion). (E) 
Phage adsorption of Φ11 to SH1000, SH1000 sarA, and SH1000 sarA psarA in the presence of AgrA, 
inducing peptide, AIP-I. A total of 100 nM AIP-I was added to the precultures. Data shown are mean ± 
SD (n = 3). Statistical significance was determined by a two-way ANOVA test (***P value < 0.001, **P 
value < 0.01, *P value < 0.05, ns > 0.05). 
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We next analyzed phage excision of Φ11E (erythromycin resistant derivative of Φ11) lysogen 

generated in strain SH1000 and its sarA mutant. No significant difference in phage 

excision/replication between wild type and sarA mutant was detectable under uninduced 

conditions (Fig. 3B). After MMC induction, Φ11 copies were increased in the sarA mutant in 

comparison to the wild type, which sharply contrasts the results obtained for Φ13K (Fig. 3A, 

3B). The data underline that SarA differentially impacts the life cycle of the analyzed phages.  

To dissect whether SarA impacts phage excision, replication, or assembly of Φ13, we 

quantified phage excision in replication-deficient phage lysogens (Φ13K-rep) (12). Φ13K-rep 

can still be excised from the chromosome but is unable to replicate or produce intact phage 

particles. The number of excised phage copies was comparable to the number of restored hlb 

copies in the bacterial population (Fig. 3C, 3D). No significant SarA-dependent differences 

were found in phage excision or hlb reconstitution. Thus, processes following phage excision 

are likely to be controlled by SarA. 

We next analyzed a phage mutant (-TSS23) that can excise and replicate but cannot assemble 

due to mutations in the main promoter (p23) controlling the expression of structural genes. 

Consequently, induction of this phage does not result in plaque formation. A significant 

difference in the replication of phage Φ13K-TSS23 was observed between the wild type and 

sarA mutant, comparable to the difference detected for the wild type Φ13K (Fig. 3E). These 

results indicate that SarA affects a step between excision of the prophage and assembly of 

intact phage particles, which accounts for the significant reduction in the number of wild type 

Φ13K phage copies released in the sarA mutant (Fig. 3A). 
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FIG 3 SarA supports Φ13K phage replication. Phage replication in single-lysogenic SH1000 (wild type), 
SH1000 sarA (sarA::ermC deletion), and SH1000 sarA psarA (sarA complementation) under uninduced 
and induced (+MMC) conditions. (A) Single-lysogenic Φ13K strains were induced with subinhibitory 
MMC in exponential growth phase and incubated for 60 min. Phage numbers were determined by qPCR 
(attP). (B) Single-lysogenic Φ11 strains were grown to the exponential growth phase, induced with 
subinhibitory MMC, and incubated for 60 min. Phage numbers were determined by qPCR on the phage 
genome. (C, D) Intracellular phage excision and replication. Replication-deficient (-rep) Φ13K-rep 
single-lysogenic strains were induced with subinhibitory concentrations of MMC and incubated for 
60 min. Intracellular phage replication was enumerated as the ratio of excised, circularized phage 
genomes (attP) per copy of bacterial chromosome (recA). Phage excision was quantified by qPCR on 
reconstituted hlb genes per bacterial chromosome (recA). (E) Single-lysogenic Φ13K or Φ13K-TSS23 
(non-infectious phage mutant) strains were grown to exponential growth phase, induced with 
subinhibitory MMC, and incubated for 60 min. Phage numbers were determined by qPCR on the phage 
genome. Data shown are mean ± SD (n = 3). Statistical significance was determined by two-way ANOVA 
tests on log10-transformed data (****P value < 0.0001, **P value < 0.01, ns > 0.05). 
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SarA does not impact supercoiling or protease-dependent phage decay 

Overexpression of proteases is a main feature of sarA mutant strains (27) and S. aureus 

phages were shown to be protease sensitive (28). We confirmed that the sarA mutant has 

significantly higher proteolytic activity than the wild type (Suppl. Fig. S3). We speculated that 

phages might be readily degraded in the supernatant of sarA mutant strains, which would 

explain the decrease in phage infectivity (Fig. 3A). However, Φ13 particles after incubation in 

culture supernatants from wild type or the sarA mutant were equally stable (Suppl. Fig. S3). 

Next, we speculated that SarA might function as a structural DNA-binding protein that modifies 

supercoiling and thereby may impact phage gene transcription or replication. However, 

supercoiling of a small plasmid that acts as a monitor for the global level of supercoiling in the 

cell, was not found to differ between wild type and sarA mutant (Suppl. Fig. S4). 

SarA inhibits promoter activities of the phage switch region and the SOS gene umuC 

To clarify how SarA promotes Φ13 replication, we analyzed whether phage gene expression 

is affected in a sarA-dependent manner. First, we used promoter fusion constructs of the lytic 

switch region of Φ13. CI and mor promoters containing CI binding sites were fused to yfp and 

cfp, respectively (PcI-yfp and Pmor-cfp). Promoter activities were analyzed in Φ13K-rep 

lysogens of SH1000 and its sarA mutant. Under uninduced conditions promoter activities were 

low and no significant difference between wild type and sarA mutants was observed. However, 

after MMC treatment, the activities of both phage promoters were significantly increased in the 

sarA mutants (Fig. 4A, 4B). This indicates that RecA-dependent CI cleavage or RecA activity 

might be repressed by SarA. If RecA activity is hampered, the LexA-dependent SOS response 

should also be altered in the sarA mutant. Accordingly, the activity of the umuC promoter, a 

prototypic LexA target gene in S. aureus, was also significantly increased in the sarA mutant 

after MMC induction, indicating enhanced SOS-response activation (Fig. 4C). The increased 

umuC expression in the sarA mutant after MMC treatment was confirmed by RT-qPCR (Suppl. 

Fig. S5). 
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FIG 4 DNA-damage response activation in the sarA mutant background. Promoter activity of PcI, Pmor, 
and PumuC in single-lysogenic SH1000 Φ13K and SH1000 Φ13K sarA (sarA::ermC deletion) under 
uninduced and induced (+MMC) conditions. (A–C) Reporter plasmid (PcI: pCG748, Pmor: pCG789, PumuC: 
pCG762) containing strains were grown to the exponential growth phase, induced with subinhibitory 
MMC, and incubated for 60 min. Bacterial cultures were harvested to an OD600 of 2 and resuspended in 
phosphate-buffered saline (PBS). Optical density and fluorescence were measured. Arbitrary units of 
fluorescence (yellow: YFP, blue: CFP) are shown, normalized to OD600; strain-specific background 
fluorescence was subtracted. Data shown are mean ± SD (n = 3). Statistical significance was determined 
by two-way ANOVA tests (****P value < 0.0001, **P value < 0.01, ns > 0.05). 

 

The results indicate that SarA dampens the SOS response and the lytic phage life cycle. This 

would be consistent with an increase in phage mobilization in sarA mutants as observed for 

Φ11 (Fig. 3B). However, the finding is counterintuitive to the observation that replication of 

Φ13 is decreased in the sarA mutant (Fig. 3A). Only for the replication-deficient phage Φ13K-

rep a slight increase of phage induction was detectable in the sarA mutant (Fig. 3C). 

SarA does not control gene expression of Φ13K 

To account for the SarA-dependent promotion of Φ13K replication, we speculated that SarA 

might control the expression of phage genes. Therefore, we analyzed phage gene expression 

by RT-qPCR under induced and uninduced conditions. We selected a set of genes from 

different modules of Φ13K and initiated by different transcriptional start sites (12) (Fig. 5A). 

Expression of genes was significantly lower in the sarA mutant. However, this might be simply 

due to reduced phage genome copy numbers as phage replication is decreased in the sarA 

mutant. Thus, we also analyzed gene expression in the replication-deficient Φ13K-rep 

lysogens. In these lysogens, no SarA-dependent effects on phage gene expression were 

detectable (Fig. 5B - 5F). Thus, SarA does not impact phage gene expression. Instead, it is 

more likely to impact Φ13K phage propagation by interfering with DNA-dependent processes, 

such as initiation or elongation of replication. 
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FIG 5 SarA does not control phage gene expression of Φ13K. Gene expression analysis of phage genes 
under uninduced and induced (+MMC) conditions. (A) Schematic depiction of gene organization in the 
Φ13K genome. Transcriptional start sites are displayed as arrowheads. (B–F) Single-lysogenic SH1000 
and SH1000 sarA (sarA::ermC deletion) containing wild-type or replication-deficient Φ13K (Φ13K-rep) 
were grown to exponential growth phase, induced with subinhibitory MMC, and incubated for 60 min. 
RNA was isolated, and integrase, replication factor, late transcriptional regulator, large terminase, and 
major capsid protein transcripts were quantified by RT-qPCR and normalized to gyrB expression by the 
ΔΔCt method. Data shown are mean ± SD (n = 3). Statistical significance was determined by unpaired 
t-tests comparing wild-type and sarA mutant (****P value < 0.0001, *P value < 0.05, ns > 0.05). 
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Discussion 

Temperate phages such as Sa3int phages fulfill beneficial functions for their bacterial hosts, 

but they also pose a threat for the host bacterium once mobilized. Thus, balancing mechanisms 

are necessary for the co-existence of phages with their hosts, as well as for phage-dependent 

bacterial adaptation to specific niches. Such mechanisms are not well understood, and putative 

bacterial factors that coordinate these interactions have not yet been described for highly 

prevalent Sa3int phages. We show that SarA promotes the propagation of two prototypic 

phages of S. aureus, Φ11 and Φ13, although via different mechanisms (Fig.6). 

 

FIG 6 Multiple effects of the bacterial DNA-binding protein SarA on the life cycle of S. aureus phages. 
SarA promotes phage infection and replication on various levels. Repression of glycosyltransferase 
TarM affects the glycosylation pattern of WTA and thereby facilitates binding of Φ11. SarA protects the 
phages and bacteria from DNA-damage response leading to a lower genetic switch- and SOS-response 
activation. Additionally, the phage replication of Φ13 is promoted by SarA, resulting in higher numbers 
of phages. Crystal structure of SarA downloaded from RCSB Protein Data Bank (Entry ID:2FRH). Image 
created with BioRender.com. 

 

SarA promotes Φ11 phage adsorption through tarM inhibition. 

Phage adsorption depends on the tight interaction of phage receptor-binding proteins (RBPs) 

and WTA. RBPs of S. aureus phages can be grouped into 8 distinct clusters (24). Φ11 contains 

two RBPs and requires WTA glycosylation for binding. Binding of Φ11 was significantly 

decreased in the sarA mutant. We propose that the SarA-mediated promotion of Φ11 binding 

is due to SarA/Agr-dependent inhibition of tarM expression. This is supported by the following 

findings. SarA and agr mutants show similar inhibition of Φ11 binding and the sarA mutant 

could be complemented by addition of AIP-I, indicating that SarA may at least in part function 
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via Agr activation (25). Recently, it was shown that Agr quorum-sensing induction reduces 

TarM-mediated α-GlcNAc glycosylation of WTA and that α-GlcNAc glycosylated WTA can 

hinder infection of some phages (26). In a transposon screen using glycosylation-specific 

antibodies, sarA and agr mutants were identified as exhibiting higher levels of α-GlcNAc 

glycosylation (29). Reduced TarM-dependent α-GlcNAc glycosylation leads to glycoswitching, 

favoring β-GlcNAc glycosylation via TarS. Moreover, the inhibition of tarM expression via the 

two-component system arlRS also promotes the infection of glycosylation-dependent phages. 

Our data indicate that the sarA mutant exhibits a phenotype similar to the arlRS mutant, 

resulting in the expression of tarM, which in turn hinders Φ11 adsorption. Additionally to 

successful adsorption the efficient cleavage of peptidoglycan (PG) might play a role in phage 

genome injection and subsequent replication. However, there is little evidence for the role of 

hydrolases on S. aureus phage infection. Indeed, the putative hydrolase of Φ11 was shown to 

be dispensable for successful phage infection (30). For Φ13 no gene similar to the already 

identified PG hydrolases (31) could be identified, thus a potential effect of SarA on cell wall 

molecules through PG cleavage is not likely. In contrast to the RBP from Φ11, the RBP of Φ13 

was shown to bind WTA independent of its glycosylation status (24). This finding is consistent 

with our results that phage adsorption is SarA- and glycosylation-independent. Surprisingly, 

mutation of agr but not sarA resulted in decreased adsorption of Φ13. Agr was shown to 

increase WTA surface expression through activation of tarH and the chain-length through tarK 

(32). One can speculate that such Agr effects on WTA are promoting Φ13K-int phage 

adsorption and that Agr regulation of tarH and/or tarK only requires basal Agr activity as 

present in the sarA mutant. 

SarA dampens the SOS response and phage repressor gene expression  

In the search for additional SarA-dependent factors controlling phage propagation, we found 

that SarA dampens the expression of phage repressor gene cI and its antirepressor mor as 

well as the LexA target gene umuC. CI and LexA are both repressors that are activated through 

autocleavage upon DNA damage-induced RecA activation. SarA effects were only detectable 

after MMC treatment, indicating that SarA restricts either MMC-induced DNA damage or the 

consequent RecA activation. A DNA-safeguarding role for SarA is supported by the finding that 

SarA protects S. aureus from the DNA-damaging antibiotic ciprofloxacin (33). Consistent with 

the hypothesis that SarA antagonizes DNA-damage, we found an increase in intracellular Φ11 

copy numbers after MMC induction in sarA mutants (Fig. 3B). A slight increase in phage 

induction was also observed for the replication-deficient Φ13K-rep phage (Fig. 3C). However, 

for the wild type Φ13K, reduced phage copy numbers were detected in the sarA mutants, 

indicating that SarA-dependent promotion of replication of this phage is controlled by other, 

more dominant mechanisms. 
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SarA promotes phage replication of Φ13K 

The main effect of SarA on the Φ13 life cycle is likely due to its promotion of phage replication. 

In sarA mutants, phage propagation after infection is delayed and phage release from 

lysogenic bacteria is inhibited. This could not be linked to differences in phage adsorption, 

susceptibility to proteases, phage assembly, phage excision or differences in RecA activity. 

For the Φ13K-rep mutant, no SarA-dependent effects on phage induction were detectable and 

we could not detect significant differences in phage mRNA levels for the non-replicative phage. 

Thus, SarA impact on phage replication is likely not caused by its function as classical 

transcriptional factor or as modulator of transcript stability as previously proposed (19, 34, 35). 

We conclude that SarA is more likely to increase phage copy numbers by directly interfering 

with phage replication. Secondary effects on SarA-dependent changes in physiology might 

have contributed to better replication conditions in SarA-expressing strains. However, there is 

little evidence that SarA impacts bacterial growth as wild type and sarA mutants do not differ 

in their growth rate (e.g. see Fig. 1B, 1D, 1F). Moreover, we would expect this to be a more 

general feature also affecting replication of Φ11 after induction of prophages, for which we 

found no evidence. 

SarA was suggested to be a histone-like protein that may alter DNA topology (21, 22). This 

was supported by the observation that SarA is present at intracellular concentrations far 

exceeding any classical transcription factor and its concentration remains essentially 

unchanged during different growth phases (21). One may speculate that SarA binding to 

extrachromosomal phage DNA somehow differs from binding to chromosomal DNA. SarA 

binding properties are also dependent on the phage analyzed since we have no evidence that 

Φ11 replication is influenced by SarA. Interestingly, ChIP-Seq indicate that SarA tends to 

cluster in certain regions of the chromosome (20). A pathogenic island appeared as a 

privileged SarA binding zone, supporting that SarA binding is dependent on certain features of 

DNA topology. However, SarA does not seem to alter DNA supercoiling. It was previously 

shown, that when expressed in E. coli, SarA specifically recognizes the att site of phage λ (21). 

Thus, the detailed mechanisms by which the interaction between SarA and the phage impacts 

phage replication remain to be elucidated. SarA may specifically interfere with the origin of 

replication, thereby promoting replication initiation and/or elongation. However, the ori for Φ13 

replication has yet to be defined, hampering a closer molecular follow-up of this hypothesis. 

We initiated this study with the hypothesis that SarA might function as XS factor (18). Currently 

known XS proteins are small proteins that fall into four classes (H-NS, MvaT, Rok and Lsr2). 

They have been shown to follow a common mode of action by binding to AT-rich DNA, forming 

an oligomeric nucleoprotein complex and are likely targeted by posttranslational modification 

enzymes. These are all features shared with SarA, which is modified via cysteine-

phosphorylation (36). However, the known XS factors are described to promote the lysogenic 
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state of phages. SarA instead promotes phage replication, thus functioning as a phage 

replication factor rather than a silencing factor. 

Conclusion 

The life cycle of temperate phages must be tightly controlled. Here we got first insights into the 

specific host-phage interaction for two prototypic temperate S. aureus phages. The DNA 

binding protein SarA interferes with phage propagation at several levels. SarA promotes Φ11 

propagation via altering of WTA glycosylation. However, for Φ13, SarA mainly promotes phage 

replication. This indicates that SarA is not only a transcriptional factor but also functions as a 

DNA structural protein. Such a function could also explain the DNA protective role of SarA. 

Future studies will help clarify the exact molecular mechanisms underlying the observed 

effects of SarA on temperate phage replication. SarA is an important modulator of the phage 

life cycle which on the one side protects the bacteria from phage induction upon DNA damage 

but can promote phage propagation via alteration of the phage receptor or interference with 

phage replication. 

Material and Methods 

Growth conditions  

Strains and phages used in this work are listed in Table S1 and S2. If not stated differently, 

strains were grown in Tryptic Soy Broth (TSB) (Oxoid) at 37°C and 200 rpm. For strains 

carrying resistance genes, antibiotics (erythromycin (erm) 10 μg ml-1, tetracyclin (tet) 3 μg ml-

1, kanamycin (kan) 50 μg ml-1, chloramphenicol (cm) 10 μg ml-1) were used in precultures and 

for selection.  

Generation of strains and mutants  

Oligonucleotides used for cloning and generation of strains are listed in Table S3.  

Generation of sarA and agr mutants  

In order to generate sarA and agr mutants, phage lysates from ALC1342 and RN6911 were 

generated and recipient strains were transduced. Correct mutations were confirmed by PCR 

spanning the mutation site.  

Generation of sarA-complemented strains  

The sarA locus (sarAP1-P3, sarA) was cloned into the integration plasmid pLL39 by 

amplification with primers pCG921gibfor/rev and following Gibson Assembly into the BamHI 

digested backbone plasmid. The resulting plasmid pCG921 was integrated into the geh site of 

CYL316 by electroporation (37),(38). Subsequently the sarA plasmid was introduced into sarA 

mutants by Φ11 transduction.  
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Generation of single-lysogenic SH1000 Φ11E  

Phage lysate of Φ11 containing an erm cassette was generated by induction of single-

lysogenic 8325-4 Φ11E. Bacteria in early exponential phase were incubated with phages at 

MOI of 1 for 4 h. Serial dilutions of the culture in phosphate buffered saline (PBS) were spotted 

onto agar plates containing erm (10 μg ml-1). Single-lysogens were sub-cultivated for 5 days 

and stable phage integration was confirmed by PCR. 

Promoter fusion constructs for fluorescence measurements  

Promoter regions of genes of interest (Pgene) were cloned in front of a strong ribosomal 

binding site (RBS) and genes encoding for fluorescent proteins (gpVenus, gpCerulean) by 

Gibson Assembly. For PcI-yfp (pCG748), 130 bps upstream of the putative RBS were amplified 

with primer pcIyfpgibfor/pcIyfpgibrev and cloned into reporter plasmid pCG725 (Pcap-yfp) 

digested with SalI and SphI to replace Pcap (32). For Pmor-cfp (pCG789), the backbone 

reporter plasmid pCG733 (Pcap-cfp) was digested with SphI and EcoRI, 133 bp upstream of 

the RBS of mor were amplified by PCR with primer pCG789gibfor/pCG789gibrev and cloned 

into the backbone vector. For PumuC-yfp (pCG762), the promoter region, consisting of 130 bp 

upstream of the RBS of umuC, was amplified using primers 

pumuCYFPgibfor/pumuCYFPgibrev. The resulting plasmids were verified by PCR and 

sequencing and introduced into RN4220 for transduction or electroporated directly into the final 

strains.  

Non-infectious phage mutant (Φ13K-TSS23)  

Substitution of TATA-Box within the promoter region upstream of transcriptional start site 23 

(TSS23) in the phage genome was performed to generate a non-infectious phage mutant (12). 

The resulting phage can still replicate and lyse the bacteria, but can no longer assemble intact 

phage particles. The promoter region upstream of TSS23 was amplified using primer 

pCG925gibfor/pCG925gibrev and cloned into the BamHI digested pIMAY-Z vector in E. coli 

DC10B. The plasmid was used as a template for site-directed mutagenesis (SDM) with primer 

pCG910SDMfor/pCG910SDMrev according to the manufacturer’s instructions (Q5 Site-

Directed Mutagenesis Kit, New England Biolabs). To confirm the substitution within the TATA-

box of the promoter, the plasmid pCG925 was sequenced and subsequently transformed into 

the desired S. aureus strains by electroporation. Genomic pIMAY-Z mutagenesis within the 

phage genome was performed as described before and final mutants confirmed by PCR and 

sequencing (39). 

Generation and propagation of phage lysates  

Phage lysates were obtained by induction of single-lysogenic strains by addition of 

subinhibitory mitomycin C (MMC) (300 ng ml-1) and subsequent sterile filtration (0.45 μm) of 

the supernatant. To propagate phages and achieve higher titers, phages were used to infect 
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propagation strains at a multiplicity of infection (MOI) of 1 and incubated for 4 to 6 h until lysis 

of bacteria was visible. Phages were harvested by centrifugation, followed by sterile filtration 

(0.45 μm) of the supernatant. Phage titers were determined by plaque assays.  

Plaque assay  

Phage titers were determined by the agar overlay method. Indicator strains were grown to 

OD600 of 0.1, 250 μl bacterial culture were mixed with 10 ml phage top agar (Casaminoacids 

3 g l-1, Yeast Extract 3 g l-1, NaCl 5.9 g l-1, Agar 7.5 g l-1) and poured onto NB2 agar plates 

supplemented with CaCl2. Serial dilution of sterile filtered (0.45 μm) phages in phage buffer 

(Tris 50 mM, CaCl2 4 mM, MgSO4 1mM, NaCl 5.9 g l-1, gelatine 1 g l-1) were spotted onto a 

bacterial lawn and incubated overnight at 37°C. Phage titers were quantified as plaque-forming 

units (PFU) per ml. 

Infection assay  

Bacterial cultures of phage-free strains were grown to exponential phase, 1x106 bacteria were 

infected with phages at an MOI of 1 in a 24-well plate and incubated at 37°C and 130 rpm. At 

timepoints 0 h, 1 h, 3 h, and 6 h, bacterial and phage numbers were determined. For bacterial 

quantification, colony-forming units (CFU) were enumerated by spotting serial dilutions onto 

TSA plates and overnight incubation at 37°C. Extracellular phage titers were quantified by 

quantitative PCR (qPCR) on the circularized phage genome in sterile filtrated (0.45 μm) culture 

supernatants.  

Adsorption assay  

Bacteria were grown to an OD600 of 1 to reach exponential growth phase. For induction of AgrA, 

100 nM AIP-I (autoinducing peptide I) were added to the culture (26). 1x108 bacteria were 

infected with 1x106 phages in TSB supplemented with CaCl2 and incubated for 10 min at room 

temperature without shaking. Cultures were pelleted by centrifugation, and supernatants, 

containing unbound phages, were sterile filtrated and further analyzed by qPCR and plaque 

assay. For calculating the percentage of bound phages, a control condition without bacteria 

was included to determine phage titer after incubation (100% unbound phages).  

Prophage induction and replication  

Phage induction and the resulting phage progeny replication were analyzed as described 

before (12). Briefly, single-lysogens were grown to exponential phase and induced with 

subinhibitory concentration of MMC (300 ng ml-1). To quantify spontaneous induction and 

following replication, cultures were incubated untreated. One hour post-induction, cell 

supernatants were harvested and sterile filtrated (0.45 μm), pellets were resuspended in TE 

buffer and stored for further analysis by qPCR. 
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Quantitative PCR (qPCR) for phage genome quantification  

To quantify phage genomes within phage lysates, samples were treated with Proteinase K 

(AppliChem) for 1 h at 55°C, followed by inactivation for 10 min at 95°C. For quantification of 

phage genomes within the bacterial pellet, bacteria were lysed using a high-speed 

homogenizer (2x 20 s, 6500 rpm) and zirconia/silica beads (0.1 mm diameter). Lysed pellets 

were boiled for 10 min. Lysates and lysed pellets were diluted 1:10 in nuclease-free water for 

qPCR. qPCR was performed with QuantiFAST SYBR Green PCR Kit (Qiagen). For excised or 

extracellular phage genome quantification, primers spanning the reconstituted attP site were 

used. To quantify the excision of phage genomes from the bacterial genome, qPCR on 

reconstituted hlb was performed. Additionally, recA was quantified for normalization to the 

number of bacterial genomes for intracellular phage replication analysis.  

Oligonucleotides used for qPCR are listed in Table S3. 

RNA isolation, RT-qPCR  

For RNA isolation, bacteria were harvested and resuspended in 1 ml TRIzol (Thermo Fisher 

Scientific). Cells were lysed using a high-speed homogenizer (6500 rpm) and zirconia/silica 

beads (0.1 mm diameter). RNA was isolated as recommended by the TRIzol manufacturer. 

5 μg of isolated RNA were DNase-treated (Roche) and subsequently diluted 1:10 in nuclease-

free water for RT-qPCR.  

To determine gene expression of target genes, RT-qPCR was performed with QuantiFast 

SYBR Green RT-PCR Kit (Qiagen) using the Quantstudio3 system (Applied Biosystems) with 

the recommended settings. Relative expression was calculated using the ΔΔCT method with 

gyrB as the housekeeping gene for normalization. Untreated wild type bacteria were used as 

control condition.  

Oligonucleotides used for RT-qPCR are listed in Table S3.  

Promoter activity measurement  

Bacteria from an overnight culture were inoculated to an initial OD600 of 0.05 and grown to 

OD600 of 0.7. Subsequently, cultures were induced by addition of subinhibitory MMC (300 ng 

ml-1). One hour post-induction, cells were adjusted to OD600 of 2 in PBS and 200 μl were 

transferred to a 96-well plate. Optical density (absorbance: 600 nm) and fluorescence (yellow, 

gpVenus: excitation 500 nm, emission 545 nm; blue, gpCerulean: excitation 434 nm, emission 

485 nm) were measured using a Tecan Spark plate reader. Control bacteria without the 

plasmids were included for each strain to correct for strain-background fluorescence (strain 

blanked). Resulting values were normalized to OD600. 
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Proteolysis assay  

Skim milk agar plate assays were performed as described before (40). In brief, overnight 

cultures were grown, diluted to OD600 of 1 in TSB and 25 μl of bacterial suspension were filled 

into wells (5 mm diameter) cut in 2% skim milk agar plates. Proteolysis was quantified by 

measurement of clear areas surrounding the bacteria, after 48 h of incubation at 37°C.  

Influence of supernatant/ proteases on phage titers  

Cultures were grown to OD600 of 0.5 and supernatants of 1x108 bacteria were collected by 

centrifugation, followed by sterile filtration (0.45 μm). 1x108 phages were incubated in culture 

supernatants, titers of phage lysates were determined by plaque assay after 3 h of incubation 

at 37°C and 130 rpm. RN4220 and LS1 were used as indicator strains for Φ11 and Φ13 

respectively. Phages were additionally incubated in fresh TSB as control.  

Supercoiling assay  

Assessment of DNA supercoiling status of individual strains was performed by chloroquine gel 

electrophoresis essentially as described before (41). Strains were initially transformed by 

electroporation with the small staphylococcal plasmid pC194 and selected on chloramphenicol 

(10 μg ml-1). 10 ml overnight cultures of respective transformants were used for plasmid 

purification using the GeneJet Plasmid Minipreop Kit (Thermo Fisher Scientific), including a 

30 min preincubation step with lysostaphin (50 μg ml-1) in resuspension buffer at 37°C. Plasmid 

preparations were run on a 1% agarose (2xTBE) gel containing 2.5 μg ml-1 chloroquine (10 V, 

16 h), which was subsequently washed twice with water for 30 min and stained with SYBR 

Safe for 30 min before visualization. 

Statistics  

Statistical analyses were performed using GraphPad Prism 10.3.1 software. Information on 

the tests performed for each dataset was added to figure captions; means ± SD are indicated 

in graphs. Differences with p < 0.05 were considered significant. All data represent values from 

independent biological replicates; statistical analysis was performed with at least 3 biological 

replicates (n = 3).  
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Supplementary Information 

Table S1: Strains 

Strain Description Reference/ Origin 

Escherichia coli   

DC10B  (1) 

Staphylococcus aureus   

8325-4 (RN0450) NCTC8325 cured of Φ11, Φ12 
and Φ13 

(2) 

8325-4 Φ13K Single-lysogen, kanR (3) 

SH1000 rsbU repaired derivative of 
8325-4 

(4) 
Susanne Engelmann, TU 
Braunschweig, Germany 

RN6390 sarA (ALC1342) sarA::ermC, sarA nt 586 to 
1107 replaced by ermC gene,  

(5) 

SH1000 sarA sarA::ermC, via transduction  This study 

SH1000 sarA psarA sarA::ermC, complemented 
with integrative vector carrying 
sarA locus (psarA) 

This study 

SH1000 Φ13K Single-lysogen, kanR (3)  

SH1000 Φ13K sarA sarA::ermC, single-lysogen, 
kanR 

This study 

SH1000 Φ13K sarA psarA sarA::ermC, single-lysogen, 
complemented with psarA, 
kanR 

This study 

SH1000 Φ13K-rep Single-lysogen, carrying 
replication deficient phage 
mutant (3), kanR 

This study 

SH1000 Φ13K-rep sarA sarA::ermC,  single-lysogen, 
carrying replication deficient 
phage mutant, kanR 

This study 

SH1000 Φ11E Single-lysogen, ermR This study 

SH1000 Φ11E sarA sarA::kan, ermR This study 

Newman-c Phage-cured (6) 

Newman-c sarA sarA::ermC This study 

Newman-c sarA psarA sarA::ermC, complemented 
with integrative vector carrying 
sarA locus (psarA) 

This study 

RN6911 agr::tetM (7) 

SH1000 agr agr::tetM, via transduction This study 

SH1000 Φ13K agr agr::tetM, kanR This study 

SH1000 Φ13K-TSS23 Non-infectious phage mutant This study 

SH1000 Φ13K-TSS23 
sarA 

Non-infectious phage mutant, 
sarA::ermC 

This study 

8325-4 Φ11E Single-lysogen, ermR (8)  
Hanne Ingmer, 
Copenhagen, Denmark 

LS1  (9) 
Löffler, Münster, Germany 

RN4220 restriction deficient derivate of 
8325-4, rK-mK+ 

(10) 

CYL316 RN4220 (pYL112Δ19), L54 int 
gene 

(11) 
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Table S2: Phages 

Phage Lysates Resistance casette Propagation/ Indicator 
strain 

Reference 

Φ13K kanR LS1  

Φ13K-int kanR LS1 (12) 

Φ11  RN4220  

Φ11E ermR RN4220 (8) 

 

Table S3: Oligonucleotides 

Oligonucleotide 
 

Sequence Used for 

SarA DIGfor CAATGATTGCTTTGAGTTGT Control PCR sarA 

SarA DIGrev CGTTTATTTACTCGACTCAA Control PCR sarA 

Sa5intfor AAAGATGCCAAACTAGCTG Control PCR Φ11 

Sa5intrev CTTGTGGTTTTGTTCTGG Control PCR Φ11 

pCG921gibfor tcgagctcggtacccgggTAACTTTT 
AGCTTATCATTTTAACTTGT 

Cloning pCG921 

pCG921gibrev tgcaggtcgactctagagTATGTGA 
TATATAAACCTAGGGCA 

Cloning pCG921 

pLL39newfor GTAATGGGCCCAATCACTAGTG Control PCR 
pCG921 

pLL39rev2016 ACGCCAGAAGATACAAAGCA Control PCR 
pCG921 

pCG921insidecontrolfor GGGCAAATGTATCGAGCAAGA Control PCR 
pCG921 

Scv2.1 TGTGCCATGATAACAGCACG Control PCR 
pCG921 

Scv4 ACCCAGTTTGTAATTCCAGGAG Control PCR 
pCG921 

Scv8 GCACATAATTGCTCACAGCCA Control PCR 
pCG921 

Scv1 GCAACACCACATAATGGTTCAC Control PCR 
pCG921 

pcIyfpgibfor GCTGGCGGCCGCTGCATGCAAG 
TTCACGTATCATGAACT 

Cloning pCG748 

pcIyfpgibrev CATAAATAATCATCCTCCTAAGGT 
TTGATAACTTCATAATAAAGCTTGT 

Cloning pCG748 

pCG789gibfor gagctggcggccgctgcatgTTTTGTATTGAC 
TTGATTCAAAACAAGGT  

Cloning pCG789 

pCG789gibrev cataaataatcatcctcctaagCAAGTTCACG 
TATCATGAACT  

Cloning pCG789 

pumuCYFPgibfor CGGCCGCTGCATGGCATGCCCAA 
ACCTCCTAATCATTA 

Cloning pCG762 

pumuCYFPgibrev AAATAATCATCCTCCTAAGGTCGA 
CTACTTGAATCTTATT 

Cloning pCG762 

pcIyfpcontrolrev TGACAAGTGTTGGCCATGGA Control PCR 

pcIyfpoutsidecontrolfor GGACAGGTATCCGGTAAGCG Control PCR 

pcapmutseqfor TTTGTGATGCTCGTCAGGGG Control PCR 

pCG925gibfor aattcctgcagcccggggCTATGACTATT 
GTATTTGCTATATTGCT 

Cloning pCG925 

pCG925gibrev gccgctctagaactagtgGCACATCACTC Cloning pCG925 
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CTTGTCGAC 

pCG910SDMfor cggccGCTGTGTAGCAAAACATTTA 
TATTTC 

Cloning pCG925 

pCG910SDMrev cggcgAAAAACAATATGTAGCATCA 
AAATTAG 

Cloning pCG925 

pCG925outsidecontrolfor GCGGAGGTAAGTGAGTGA Cloning pCG925 

pCG925outsidecontrolrev GGATGACCACATCGCTTCA Cloning pCG925 

pCG849i1gibfor tcgataagcttgatatcgTAAACAAAAAA 
CGCCTACAAGTGT 

Cloning pCG849 

pCG849i1gibrev TTAACTTTATACAAAATTGGCAAA 
AAATAATAAGGGT 

Cloning pCG849 

pCG849i2gibfor TGCCAATTTTGTATAAAGTTAATT 
ATAAAGCCGGAAAACCT 

Cloning pCG849 

pCG849i2gibrev GATCCCCCGGGCTGCAGGGTTC 
TTACCATTTTTCTCTATTTTTGT 

Cloning pCG849 

pIMAYcontrolfor CCAGCCCCCTCACTACAT Control PCR 
pCG849 

pIMAYcontrolrev ATCACCCGACGCACTTTG Control PCR 
pCG849 

pCG849outsidectlfor CAACTGGTGCTGGCATAGGA Control PCR int 

pCG849outsidectlrev TCGATCATGTCCAGCACCAC Control PCR int 

pCG844insidecontrolfor TTTTGGCTTGTACCGTTCAC Control PCR int 

circlefor TTTTATTTTATATGGGGTATTATTGA qPCR (Φ13 attP) 

circlerev GTGTATTCTCATTTGTTAGAAGAAAA qPCR (Φ13 attP) 

Sa5intStafor ACAAACGAAAAATGAAGCGT qPCR (Φ11) 

Sa5intStarev AGTCTAGTTAGCTGACGAGA qPCR (Φ11) 

recAF1 GCTCAAGCATTAGGCGTAGAT qPCR (recA) 

recA661 ATTTTAATGCACGTCCACCTGG qPCR (recA) 

hlb258 ATTAGTTGGTGCACTTACTG qPCR (hlb) 

hlb675 GCTATCATTATCGAATCCAC qPCR (hlb) 

tarMqPCRfor CAAGGTAAAATGGATCGAAGAAC RT-qPCR (tarM) 

tarMqPCRrev GTAGGCAATATATGTACCAGTC RT-qPCR (tarM) 

tarSqPCRfor TAGTGCGTATGTTTCACCTG RT-qPCR (tarS) 

tarSqPCRrev AAGTCTCCTAGAGCATTAATCC RT-qPCR (tarS) 

umuCqPCRfor TCTAAGATTGCATTGCGTTA RT-qPCR (umuC) 

umuCqPCRrev CATATTAGAACCAATGCCCA RT-qPCR (umuC) 

SAOUHSC02196for2  CACGAATCAAAACGGCATTA RT-qPCR 
(terminase) 

SAOHHSC02196rev2 ACAACAATCGAATCAATGGC RT-qPCR 
(terminase) 

SAOUHSC_02200qPCRfor GGCACGACTAGCAATAAA RT-qPCR (ltr) 

SAOUHSC_02200qPCRrev GTCTCTGCCTATATCAAGAAT RT-qPCR (ltr) 

SAOUHSC_02191for TTTGCATCTTCGATTGCTTC RT-qPCR (mcp) 

SAOUHSC_02191DIGrev TACGACAATCAGAAGTTGCA RT-qPCR (mcp) 

Gyr574 AGTCTTGTGACAATGCGTTTACA RT-qPCR (gyr) 

Gyr297 TTAGTGTGGGAAATTGTCGATAAT RT-qPCR (gyr) 

SAOUHSC02234DIGfor TAATACGACTCACTATAGGGAGAT 
GCAAAATTGTACTGAGTGC 

RT-qPCR (mor) 

SAOUHSC02234DIGrev ATGTGTTACGACTACTCACG RT-qPCR (mor) 

cIqPCRfor AGAACGTCAAGATGAAACGA RT-qPCR (cI) 

cIqPCRrev AATTCTTCTCCTATGCCAGC RT-qPCR (cI) 
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Table S4: Plasmids 

Plasmid Description Resistance 
casette 

Reference/ 
Origin 

pLL39 Integrative vector, integrates into geh tet (13) 

pIMAY-Z Mutagenesis vector cm (14) 

pIMAY Mutagenesis vector cm (1) 

pCG921 Complementation vector psarA, pLL39 
containing sarA locus 

tet This study 

pCG725 Pcap-yfp cm (15) 

pCG733 Pcap-cfp cm (15) 

pCG762 Promoter construct PumuC-yfp cm This study 

pCG748 Promoter construct PcI-yfp cm This study 

pCG789 Promoter construct Pmor-yfp cm This study 

pCG925 Mutagenesis vector for p23 TATA Box 
mutation (pIMAY-Z), non-infectious phage 
mutant 

cm This study 

pCG849 Mutagenesis vector for int deletion 
(pIMAY) 

cm This study 

pCG32 Int complementation cm (16) 
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Figure S1: tarM and tarS expression in sarA-complemented background. Gene 
expression analysis of tarM (α-1,4 GlcNAc) and tarS (β-1,4 GlcNAc) under uninduced and 
induced (+MMC) conditions. Single-lysogenic SH1000 sarA (sarA::ermC deletion) and 
SH1000 sarA psarA (sarA complementation), containing the replication-deficient Φ13K-rep 
mutant, were grown to exponential growth phase, followed by prophage induction with 
subinhibitory mitomycin C (MMC), and incubation for 60 min. RNA was isolated, tarM and tarS 
transcripts were quantified by qRT-PCR and normalized to gyr expression. 
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Figure S2: Φ13K phage replication is not agr dependent. Phage replication in 
SH1000 Φ13K and SH1000 Φ13K agr (agr::tetM deletion) under uninduced and induced 
(+MMC) conditions. Single-lysogenic strains were induced with subinhibitory mitomycin C 
(MMC) in exponential growth phase and incubated for further 60 min. Phage lysates were 
harvested by centrifugation and following sterile filtration of the supernatant. Phage numbers 
were determined by qPCR on the circularization site of the phage genome (attP) and presented 
per ml. Data shown are mean ± SD (n = 3). Statistical analysis was determined by 2way 
ANOVA test (ns > 0.05). 
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Figure S3: Protease-dependent phage decay is not sarA dependent. (A,B) Proteolysis 
activity of SH1000 (wild type), SH1000 sarA (sarA::ermC deletion) and SH1000 sarA psarA 
(sarA complemented). Overnight cultures were diluted to OD600 of 1 and 25 µl of bacterial 
suspensions were filled into wells cut into skim milk agar plates. (A) Pictures were taken after 
24 h of incubation at 37°C showing proteolysis haloes. (B) Proteolysis radii were measured 
after 48 h of incubation at 37°C. Data shown are mean ± SD (n = 3). Statistical significance 
was determined by ordinary one-way ANOVA. (C,D) Phage numbers after incubation in spent 
media of SH1000, SH1000 sarA and SH1000 sarA psarA 1x108 phages of (C) Φ13K-int or (D) 
Φ11 were incubated for 3 h in the supernatant of 1x108 bacteria, grown to OD600 = 0.5. Titers 
of phage lysates were determined by plaque assay on bacterial lawn of LS1 (Φ13K-int) or 
RN4220 (Φ11) as indicator strains. Phages incubated in fresh TSB were included as control. 
Data shown are mean ± SD (n = 3). Statistical significance was determined by ordinary one-
way ANOVA (ns > 0.05). 
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Figure S4: No apparent effect of sarA on DNA supercoiling. Plasmid (pC194) preparations 
from SH1000, sarA derivatives, and Φ13K lysogens were separated by chloroquine agarose 
gel electrophoresis. GeneRuler 1 kb Plus DNA Ladder (Thermo Scientific) was used in first 
and last lane. 
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Figure S5: Higher SOS-response activation in sarA deleted background, determined by 
umuC gene expression. Gene expression analysis of umuC under uninduced and induced 
(+MMC) conditions. Single-lysogenic SH1000 and SH1000 sarA (sarA::ermC deletion), 
containing replication deficient phage mutant (rep), were grown to exponential growth phase, 
induced with subinhibitory mitomycin C (MMC) and incubated for 60 min. RNA was isolated, 
umuC transcripts were measured by qRT-PCR and normalized to gyr. Data shown are mean 
± SD (n = 3). Statistical analysis was determined by 2way ANOVA test (*p-value < 0.05, 
ns > 0.05). 
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General Discussion 

Parts of this discussion have been published in the following articles. The submitted manuscript 

has been uploaded to the preprint server bioRxiv and might differ from the final published 

article. Publications can be accessed under the following links: 

‘Influence of Staphylococcus aureus strain background on Sa3int phage life cycle 

switches’, research article, https://doi.org/10.3390/v14112471 

‘The phage Φ13-encoded transcriptional regulator Ltr controls phage assembly in 

Staphylococcus aureus’, submitted manuscript, https://doi.org/10.1101/2025.11.28.691083 

‘Multiple effects of the bacterial DNA-binding protein SarA on the life cycle of 

Staphylococcus aureus phages’, research article, https://doi.org/10.1128/jb.00279-25 

 

Phage Replication as Driver of Strain-Specific Sa3int Transfer Frequencies 

Sa3int phages, which integrate into the hlb gene, represent the most prevalent group of 

temperate phages in Staphylococcus aureus [4, 91]. These phages function as regulatory 

switches, as their integration disrupts hlb expression while enabling their host to produce 

phage-encoded highly human-specific virulence factors encoded on the immune evasion 

cluster. Excision of the prophage from the bacterial genome restores hlb expression [82]. 

Through this reversible modulation, Sa3int phages play a central role in the adaptation of 

S. aureus to the human host [73]. The emergence of Hlb-positive and Hlb-negative 

subpopulations during infection highlights the importance of dynamic Sa3int phage integration 

and excision [64, 89]. Thus, S. aureus requires tight regulation of Sa3int phage life cycles to 

ensure a beneficial phage-host co-existence. However, the molecular processes modulating 

the cross-talk between phages and their host remain poorly understood.  

In Part I of this thesis, we investigated Sa3int phage dynamics in different S. aureus strain 

backgrounds, to get further insights into host-dependent regulatory mechanisms affecting 

phage replication. We observed clear strain-specific differences in Φ13 and ΦN315 transfer, 

which we discovered to be dependent on the recipient strain.  

To identify the factors influencing transfer frequencies, we analyzed the different steps of the 

phage life cycle. No significant strain-dependent differences were detected in phage 

adsorption, prophage integration, or prophage excision. However, phage replication was 

significantly increased in strains exhibiting high transfer frequencies, suggesting that efficient 

replication is the critical step for strain-specific variations. Such host-dependent effects on 

phage dynamics have been reported previously. For instance, the PVL-encoding phage 

https://doi.org/10.3390/v14112471
https://doi.org/10.1128/jb.00279-25
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Sa2mw displays strain-specific differences in induction and replication patterns, and also 

Stab20 infection efficiency varies across different strain backgrounds [70, 92]. 

To explore the molecular processes resulting in the transfer-frequency differences, we 

performed comparative RNA-seq analysis of Φ13 gene transcription in a high- and a low-

transfer strain. We observed significant transcriptional differences upon induction of the lytic 

life cycle.  

Φ13, originally isolated from S. aureus NCTC8325, serves as representative of the Sa3int 

group and was extensively studied. Recent work has characterized its genetic switch region, 

which comprises cI, encoding for the repressor of lytic genes, and mor (modulator of 

repression) [93]. Unlike Cro in λ-like switch systems, Mor acts through protein-protein 

interactions with CI rather than transcriptional regulation [94]. However, genes within the 

genetic switch region, controlling the transition from lysogenic to lytic life cycle, were not 

differentially expressed. This finding indicates that the activation of the lytic life cycle is strictly 

RecA-dependent and does not require additional host-specific factors. Supporting this 

hypothesis, promoter activity of the genetic switch has been previously analyzed in B. subtilis, 

confirming that no S. aureus-specific factors are required for lytic activation of Φ13 [93].  

Moreover, our transcriptional analysis revealed that genes within the regulatory module of Φ13, 

as well as a cluster of late genes required for phage assembly were expressed at higher levels 

in the high-transfer strain. These findings support the hypothesis that enhanced phage 

replication and not the life cycle switch causes host-dependent differences in Φ13 transfer 

frequencies. The regulation of late genes, and the mechanisms of their strain-dependent 

expression, were investigated in Part II of this thesis. 

Ltr Mediates the Activation of Late Gene Expression in Φ13 

Within the differentially expressed late gene modules, several transcriptional start sites (TSSs) 

were predicted, indicating the presence of multiple promoters that are individually regulated 

during the lytic life cycle. Among these, the TSS23 was of particular interest due to its 

localization upstream of late phage genes that were strongly upregulated in the high-transfer 

strain. Thus, characterizing the regulatory processes of TSS23 could improve our 

understanding of late gene activation in Φ13 and the host-dependent mechanisms involved in 

this process. Therefore, further analysis of the TSS23 region was performed in Part II of this 

work. 

We identified the promoter region upstream of TSS23 and analyzed the activity of the 

corresponding P23 promoter. As phage gene regulation is known to be under tight temporal 

control to ensure efficient phage genome replication before particle assembly and host cell 

lysis, it is notable that the identified P23 promoter region separates early lytic genes from late 
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lytic genes. We identified a conserved -10 TATA-box motif within the P23 promoter, whereas 

no conserved -35 consensus element was found. A similar promoter architecture has been 

described for the late genes of S. aureus phage K, in which early genes contain both -10 and 

-35 elements but late genes lack a -35 motif, indicating distinct regulatory processes for early 

and late gene transcription [95].  

In several phages infecting Gram-negative and Gram-positive bacteria, multiple conserved 

strategies for late gene activation have been described. For example, in model phage λ, the Q 

anti-termination protein converts the RNA polymerase into a termination-resistant form, 

whereas E. coli phage T7 encodes its own specific RNA polymerase to initiate late transcription 

[57, 58]. In S. aureus phage Φ11, RinA has been demonstrated to serve as an activator of late 

gene expression [59]. Four additional families of late transcriptional regulators (Ltrs) have since 

been described in phages infecting Gram-positive bacteria, despite minimal or no sequence 

homology [60]. These Ltrs share their genomic position upstream of late genes and their 

essential function in activating late gene transcription. 

Through sequence analysis, we identified SAOUHSC_02200 as Φ13-encoded Ltr, exhibiting 

100% homology to the Ltr IV family regulator of staphylococcal phage PVL (hypothetical 

protein PVL_60). Previous work has shown ~70% similarity between Φ13 and phage PVL [56]. 

Our work emphasized that the conserved regions between these phages are primarily present 

in regulatory regions, suggesting shared regulatory strategies. 

To confirm the essential role of Ltr in the Φ13 lytic cycle, we generated an ltr-deficient phage 

mutant. No mature phage particles were produced by this mutant. However, phage genome 

replication was unaffected, as demonstrated under uninduced conditions, where phage 

genomes are released through phage-independent bacterial lysis. A similar phenotype has 

been reported for phage Φ10403S infecting Listeria monocytogenes, where host-dependent 

repression of the late regulator LlgA blocks late gene transcription, while phage genome 

excision and replication proceeds. In Φ10403S, genome replication is thought to facilitate 

reintegration at later infection stages. The excision of Φ10403S from the bacterial chromosome 

restores comK expression, which is required for phagosomal escape of L. monocytogenes, 

representing a regulatory switch similar to Sa3int phages. Post-transcriptional inhibition of LlgA 

by host factors induces a pseudo-lysogenic state in response to environmental changes [96]. 

One could hypothesize that host-dependent modulation of ltr expression in Φ13 could induce 

a similar state, consistent with previous reports of active lysogeny in Sa3int phages [88, 97].   

In accordance with descriptions of late transcriptional regulators, the expression of late genes 

downstream of P23 was significantly reduced in the ltr-deficient background, confirming that Ltr 

is required for activation of structural, lysis, and virulence-associated late transcription. 

However, the TSS analysis in Part I also revealed additional TSSs downstream of TSS23, 
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suggesting more complex regulatory processes. Some of these TSSs were unique to a specific 

strain background, indicating host-dependent regulation of late gene transcription. Supporting 

this, Northern blot analysis detected shorter transcripts from co-transcription of the genes 

encoding the large terminase subunit (terL) and the major capsid protein (mcp). Co-

transcription of lysis genes (amidase, holin) with immune evasion cluster genes has previously 

been described, further suggesting the involvement of additional regulators [85, 98].  

Nevertheless, our findings identified the phage-encoded Ltr as key regulator of late gene 

transcription in the Sa3int phage Φ13, while also highlighting the complexity of the regulation 

of late lytic genes. 

Host Factors Influence Phage Dynamics 

Virulence genes and late phage genes are often located in close proximity, and have been 

shown to be co-transcribed and upregulated following prophage induction. This has been 

demonstrated in S. aureus for enterotoxin A, PVL, and staphylokinase [70, 85, 98]. Host 

regulators such as SigB and Agr are involved in controlling the transcription of phage-encoded 

virulence genes [99]. However, their influence on other phage genes and on the phage life 

cycle remains largely uninvestigated. 

SigB-Dependent Regulation of Late Gene Expression 

Strain-specific differences between SH1000 and its SigB-deficient derivative 8325-4 in P23 

activity and ltr expression suggested a potential role of SigB in late gene regulation. Indeed, 

8325-4 displayed the lowest P23 activity and ltr expression. Since SigB was proposed to be 

important for the fine-tuning of virulence in response to environmental changes [39], regulation 

of Sa3int phages that act as regulatory switches for virulence factors does not seem unlikely. 

Deletion of the SigB operon (ΔmazEFrsbUVWsigB) in single-lysogenic strains resulted in 

significantly decreased phage production and reduced P23 activity following lytic induction.  

Involvement of sigma factors and RNA polymerases (RNAPs) in temporal phage gene 

regulation enabling preferential transcription of phage over host genes has been described in 

several phage-host interactions. For example, the RpoC RNA polymerase of USA300 MRSA 

specifically recognizes late promoters in phage K, and mutations in this RNAP confer phage 

resistance [95]. In phage T4, AsiA binds the E. coli σ70 factor, preventing interactions with the 

host promoter regions [100]. Further, the anti-sigma factor of S. aureus phage G1 interacts 

with SigA to redirect the RNAP activity towards phage transcription [101]. These findings in 

other phages support a possible role for SigB in enhancing P23 activity and late gene 

expression, including phage-encoded virulence genes. Notably, SigB transcription is 

upregulated following S. aureus infection with kayvirus or lysogenization with Φ11 or Φ80α, 
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further suggesting a connection between phage activity and SigB signaling [102, 103]. This 

aspect requires further investigation in future studies.  

Although ltr expression has been described to depend on the activation of the early lytic genes 

[60], there is evidence for post-transcriptional regulations of late transcriptional regulators. In 

L. monocytogenes, repression of the Φ10403S late regulator LlgA in the intracellular niche 

occurs post-transcriptionally through host factors [96]. In Lactococcus lactis phage TP901-1, 

late promoter activation is delayed in comparison to the expression of the late regulator Alt, 

indicating additional regulatory layers [104]. The timing of ltr expression, which peaks in late-

exponential to early-stationary phase, correlates with the observed P23 activation, but also with 

the phase of SigB activation [38, 105]. Thus, a growth phase-dependent regulation of Ltr 

activity mediated by SigB could serve as a sensing mechanism of bacterial density and growth 

phase. Similar strategies have been described for other phages, to modulate phage dynamics 

in highly dense bacterial host environments. For instance, SPbeta phages produce a secreted 

signal peptide to guide lysis-lysogeny decisions during Bacillus subtilis infection [106]. In 

Clostridium difficile, phage ΦCDHM1 encodes agr-like quorum-sensing homologs that could 

interfere with or use the quorum sensing system to enable phage replication [107]. 

Despite the observed SigB-dependent effects on ltr-expression and P23 activity, no SigB 

consensus sequences were identified within the corresponding promoter regions. SigB is 

known to regulate some target genes indirectly through downstream effectors. SpoVG has 

been proposed as mediator of SigB-dependent transcription for genes lacking consensus 

motifs. Similar to the deletion of the sigB operon, the deletion of spoVG resulted in significantly 

decreased phage production and P23 activity. SpoVG functions as a transcriptional regulator 

and modulates primarily virulence factors [39, 43], partly through the repression of the Agr 

quorum-sensing system [108]. However, phage replication in an agr-deleted background was 

unaffected (Results Part III), indicating that the decreased replication we observed in the 

spoVG mutant is not Agr-dependent. 

Moreover, spoVG expression is repressed by the phage-encoded small RNA SprX that exhibits 

decreasing transcription in the stationary phase [109]. In Φ13, sprX is located within the 

immune evasion cluster downstream of sak, which is repressed by SigB [39]. Activation of 

SigB in late-exponential growth could therefore repress sprX transcription, which subsequently 

leads to derepression of spoVG, and enhance late phage gene expression. The location of 

sprX at the distal end of the lytic phage modules could provide a feedback to inhibit SpoVG 

activity and stop late transcription and the lytic cyle. 
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Figure 3. Temporal control of phage gene expression within the bacterial host. Genetic 
organization of the bacteriophage Φ13. Release of CI from the mor promoter results in derepression of 
the lytic cycle and expression of early lytic genes, including the replication factor (rep) and late 
transcriptional regulator (ltr). Subsequently, late expression of DNA-packaging (endonuclease, terS, 
terL) and structural genes (e.g. mcp) leads to DNA-processing, capsid assembly and DNA-packaging. 
The products of lysis genes enable host cell lysis, releasing mature phage particles, while immune 
evasion factors (e.g. sak) aid in escaping the host immune system. These late phage genes are 
transcribed from the P23 promoter, which is activated by the Ltr transcriptional regulator encoded by ltr. 
Ltr expression and P23 activity are regulated in a SigB and SpoVG-dependent manner. Small RNA SprX 
provides a feedback for post-transcriptional SpoVG repression. 
https://doi.org/10.1101/2025.11.28.691083 

 

Impact of the Global Regulator SarA on Multiple Stages of the Phage Life Cycle 

In addition to investigating SigB, we analyzed the impact of the global regulator SarA on the 

phage life cycle, as both factors play central roles in S. aureus virulence regulation. Different 

mechanisms by which SarA influences the phage life cycle were demonstrated in Results 

Part III. 

We observed that SarA promotes propagation of the phages Φ11 and Φ13, following infection 

of phage-free S. aureus strains. To define the underlying mechanisms, we analyzed the 

individual steps of the phage life cycle. Analysis of phage adsorption revealed significantly 

reduced adsorption for Φ11 in a sarA-deleted background, whereas Φ13 adsorption was 

unaffected. Deletion of SarA led to increased expression of tarM, a gene repressed by the Agr 

system. Increased tarM expression has been shown to enhance α-GlcNAc glycosylation of 

wall teichoic acid (WTA), the surface receptor for S. aureus phages [92]. Recently, receptor-

binding proteins (RBPs) have been identified in S. aureus phages that recognize WTA as 
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receptor, but differ in their preferences for WTA glycosylation patterns and backbone structures 

[110]. Consistent with this, altered WTA glycosylation has been shown to modulate the phage-

susceptibility of the host [111, 112]. The reduced Φ11 adsorption in the sarA mutant was 

completely restored by addition of Agr-inducing peptide AIP-I, demonstrating that the SarA-

dependent effect on Φ11 adsorption is mediated through Agr activation and subsequent WTA 

glycosylation. 

The RBP of Φ13 does not bind to WTA glycosylations but to the ribitol-phosphate (Rbo-P) 

backbone [110]. Therefore, changes in WTA glycosylation would not be expected to impair 

Φ13 binding, consistent with our observations. Nonetheless, adsorption was reduced in the 

agr-deleted strain. This could be explained by the global effects of Agr on WTA biosynthesis. 

Agr mutants produce reduced amounts of WTA [113] and display shorter WTA chain length 

[114]. Basal Agr activity might therefore be sufficient to maintain WTA properties that allow 

Φ13 binding, without full SarA-dependent activation of the Agr system. Overall, our findings 

and previous studies suggest that the Agr quorum-sensing system modulates WTA amount, 

length and glycosylation patterns in response to growth phase and thereby change phage-

susceptibility of the bacterial host. 

Further, we found that SarA dampens the SOS response in S. aureus upon addition of 

mitomycin C, which is consistent with the protective effect that has been described against the 

DNA-damaging antibiotic ciprofloxacin [115]. SarA not only functions as a transcriptional 

regulator but also as a histone-like architectural protein that may alter DNA topology. The high 

copy number of SarA with 50000 copies per cell exceeds the abundance of classical 

transcription factors, supporting the hypothesis for additional structural roles [29]. The reduced 

SOS response activation in the presence of SarA could therefore result from SarA-mediated 

DNA stabilization or shielding. 

Lastly, we identified the phage genome replication as a major target of SarA during the Φ13 

lytic cycle. Following induction, phage genome copy numbers were significantly reduced in the 

sarA-mutated strain. Moreover, expression of all analyzed phage genes was significantly 

decreased in the absence of SarA. Importantly, this reduction was not observed in a 

replication-deficient phage mutant, indicating that SarA affects the phage genome replication 

and not the transcription of the genes. Efficient phage genome replication after induction has 

been associated with increased expression of phage-encoded virulence factors, through the 

multi copy effect [70, 85, 98]. Thus, SarA may promote virulence indirectly by facilitating phage 

genome replication, potentially as a DNA-structural component.  

Further, SarA binds preferentially to AT-rich sequences and modulates DNA structure to 

control transcription [30]. Xenogeneic silencing (XS) proteins, which target foreign DNA and 

aid in maintaining prophage lysogeny, also recognize AT-rich regions [116]. While XS factors 
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repress phage lytic activation, our findings indicate positive effects of SarA on different stages 

of the lytic life cycle. 

Additional findings indicate a role of SarA in phage-host interactions. SarA has been shown to 

replace the excisionase of phage λ, aiding in recombination by interacting with the phage 

attachment site attL to form an alternative intasome [29]. Moreover, the late transcriptional 

regulator RinA of Φ11 binds to the sarA promoter, repressing its expression. RinA mutants 

display reduced virulence in Galleria mellonella larvae and mice infection models, potentially 

due to altered SarA activity [105]. Together, these findings support the hypothesis that SarA is 

involved in phage life cycle regulation and modulation of virulence. 

 

 

Figure 4. Multiple effects of the bacterial DNA-binding protein SarA on the life cycle of S. aureus 
phages. SarA promotes phage infection and replication on various levels. Repression of 
glycosyltransferase TarM affects the glycosylation pattern of WTA and thereby facilitates binding of Φ11. 
SarA protects the phages and bacteria from DNA-damage response leading to a lower genetic switch- 
and SOS-response activation. Additionally, the phage replication of Φ13 is promoted by SarA, resulting 
in higher numbers of phages. Crystal structure of SarA downloaded from RCSB Protein Data Bank 
(Entry ID:2FRH). https://doi.org/10.1128/jb.00279-25 
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Conclusion 

Our findings demonstrate that phage gene expression and replication are controlled by a 

regulatory network of phage-encoded regulators and host factors associated with virulence 

regulation. Strain-specific differences in phage dynamics are influenced by global S. aureus 

regulators SigB and SarA, which modulate late gene expression, phage adsorption, the DNA-

damage response, and phage genome replication. These interactions support the hypothesis 

that phages are included into the host regulatory mechanisms, influencing virulence and 

adaptability to certain environmental conditions. Overall, this work highlights the importance of 

investigating the molecular cross-talk between phages and their hosts to improve our 

understanding of bacterial adaptation and virulence during infection.
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