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ABSTRACT

CUNHA, Paloma Cavalcante, D.Sc., Universidade Federal de Vigosa, May, 2025.
Isolation and characterization of foodborne pathogen-infecting phages and
genetic determinants of phage susceptibility in Staphylococcus aureus.
Adviser: Sergio Oliveira de Paula. Co-adviser: Roberto Sousa Dias.

The growing prevalence of antibiotic-resistant bacterial pathogens in clinical,
veterinary, and food production settings demands alternative control strategies.
Bacteriophages (phages), due to their host specificity and safety, have emerged as
promising antimicrobial agents for both therapeutic and biocontrol applications. This
thesis explores the isolation, genomic and functional characterization, and application
of lytic phages targeting Salmonella enterica and Staphylococcus aureus, two major
foodborne and zoonotic pathogens. The study also investigates bacterial genetic
determinants that modulate susceptibility to phage infection. In Chapter 1, the
polyvalent Tequintavirus phage UFVCit2 was isolated and shown to infect Citrobacter
freundii, Shigella flexneri, and different S. enterica serovars. Genomic analysis
confirmed its strictly lytic nature and genetic safety. UFVCit2 significantly reduced S.
enterica counts on chicken meat and lettuce in food model experiments, highlighting
its potential for biocontrol applications in complex matrices. Chapter 2 presents the
characterization of phage CapO46, a newly identified Rosenblumvirus with broad
activity against S. aureus strains from clinical and environmental origins. CapO46
exhibited rapid adsorption kinetics, a short latent period, and stable lytic activity in
ultra-high-temperature (UHT) milk, achieving up to 7.2 log10 CFU/mL reduction after
12 hours. Genomic analyses confirmed the absence of lysogeny, virulence, or
resistance genes, further supporting its suitability as a safe and effective biocontrol
agent for dairy applications. In Chapter 3, a genome-wide CRISPR interference
(CRISPRIi-seq) screen was conducted to identify host factors in S. aureus that
influence susceptibility to CapO46. The screen revealed that repression of mgrA,
sarZ, and SAOUHSC 00695 conferred resistance to infection, while silencing rpiRc
increased susceptibility. Functional validation via bacterial growth, phage replication,
adhesion, and biofilm formation assays confirmed the involvement of these genes in
regulating both phage sensitivity and surface-associated virulence traits. Altogether,
this work demonstrates the potential of phages as targeted, safe, and sustainable
alternatives to antibiotics, and underscores the importance of genetic context in
modulating bacterial susceptibility. The integration of phage genomics, food model
applications, and functional bacterial genetics provides a comprehensive framework
for the rational development of



phage-based biocontrol and therapeutic strategies.

Keywords: Salmonella enterica; Staphylococcus aureus; Biocontrol; CRISPR
interference; Host factors; Phage resistance.



RESUMO

CUNHA, Paloma Cavalcante, D.Sc., Universidade Federal de Vigosa, maio de 2025.
Isolamento e caracterizacao de fagos que infectam patdégenos alimentares e
determinantes genéticos da susceptibilidade fagica em Staphylococcus
aureus. Orientador: Sergio Oliveira de Paula. Coorientador: Roberto Sousa Dias.

A crescente prevaléncia de patdgenos bacterianos resistentes a antibidticos em
contextos clinico, veterinario e de producdo de alimentos exige estratégias de
controle alternativas. Os bacteriéfagos (fagos), devido a sua especificidade de
hospedeiro e segurancga, surgem como agentes antimicrobianos promissores tanto
para aplicacdes terapéuticas quanto de biocontrole. Esta tese aborda o isolamento,
caracterizacao gendmica e funcional, e aplicacdo de fagos liticos direcionados a
Salmonella enterica e Staphylococcus aureus, dois importantes patégenos de origem
alimentar e zoonoética. O estudo também investiga determinantes genéticos
bacterianos que modulam a susceptibilidade a infeccao fagica. No Capitulo 1, foi
isolado o fago polivalente UFVCit2, pertencente ao género Tequintavirus, com
atividade litica contra Citrobacter freundii, Shigella flexneri e diferentes sorovares de
S. enterica. A analise gendmica confirmou sua natureza estritamente litica e perfil
genético seguro. Em experimentos com modelos alimentares, UFVCit2 reduziu
significativamente as contagens de S. enterica em carne de frango e alface,
destacando seu potencial como agente de biocontrole em matrizes complexas. O
Capitulo 2 apresenta a caracterizacdo do fago CapO46, um Rosenblumvirus recém-
identificado com ampla atividade contra cepas de S. aureus de origens clinicas e
ambientais. CapO46 demonstrou cinética de adsorcado rapida, curto periodo de
laténcia e atividade litica em leite UHT, alcancando até 7,2 log10 CFU/mL de
reducdo apdés 12 horas. As analises gendmicas confirmaram a auséncia de genes
relacionados a lisogenia, viruléncia ou resisténcia, reforcando sua adequagédo como
agente seguro e eficaz para aplicacbes em produtos lacteos. No Capitulo 3, foi
realizada uma triagem gendmica por CRISPR de interference (CRISPRi-seq) para
identificar fatores do hospedeiro em S. aureus que influenciam a susceptibilidade ao
fago CapO46. A triagem revelou que a repressdao dos genes mgrA, sarZ e
SAOUHSC_00695 conferiu resisténcia a infeccdo, enquanto o silenciamento de
rpiRc aumentou a susceptibilidade. A validagao funcional por meio de ensaios de
crescimento bacteriano, replicacao fagica, adesao e formacgao de biofilme confirmou
0 envolvimento desses genes na regulagdo da sensibilidade ao fago e em
caracteristicas associadas a viruléncia superficial. Em conjunto, este trabalho
demonstra o} potencial dos fagos como alternativas



direcionadas, seguras e sustentaveis aos antibidticos, e destaca a importancia do
contexto genético na modulacao da susceptibilidade bacteriana. A integracao entre
gendmica de fagos, testes em modelos alimentares e genética funcional bacteriana
fornece uma base abrangente para o desenvolvimento racional de estratégias
terapéuticas e de biocontrole baseadas em fagos.

Palavras-chave: Salmonella entérica; Staphylococcus aureus; Biocontrole;
Interferéncia por CRISPR; Fatores do hospedeiro; Resisténcia a fagos
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GENERAL INTRODUCTION

Antibiotic resistance represents one of the greatest threats to public health, food
safety, and the sustainability of animal production in the 21st century [1]. The
indiscriminate use of antibiotics in both human medicine and agriculture has
accelerated the selection of multidrug-resistant strains, which challenge conventional
treatments and contribute to the persistence of infectious outbreaks worldwide [1,2]. It
is estimated that by 2050, infections caused by resistant bacteria could result in up to
10 million deaths annually if effective measures are not adopted [3]. In this context,
alternative therapies that combine antimicrobial efficacy with safety and specificity—
such as bacteriophage therapy—are gaining increased attention.

Bacteriophages (phages) are viruses that specifically infect bacteria. They are
recognized as the most abundant and genetically diverse biological entities on the
planet, yet it is estimated that only a tiny fraction—less than 0.0002%—of their diversity
has been explored to date [4,5]. These viruses are widespread and can be isolated
from a range of ecosystems, including terrestrial soil, marine and freshwater bodies,
and even extreme environments [6]. Phages coevolve with their bacterial hosts and
play critical roles in shaping microbial ecology and evolution—either through bacterial
cell lysis or by mediating horizontal gene transfer, including the dissemination of
virulence and resistance determinants [7,8].

Structurally, phages consist of a protein capsid enclosing genetic material, which
can be single- or double-stranded DNA or RNA. They may possess long contractile or
non-contractile tails, short non-contractile tails, or lack a tail entirely, which defines their
morphology [5]. According to the current International Committee on Taxonomy of
Viruses (ICTV) taxonomy, most tailed phages belong to the order Caudoviricetes and
are classified into families and genera based on phylogenomic criteria, genome
organization, and virion structure. Although taxonomy is no longer based solely on tail
morphology, such descriptors remain widely used for comparative and descriptive
purposes [9].

Phage infection is a stepwise and coordinated process that begins with
adsorption, in which the phage recognizes and attaches to specific receptors on the
bacterial surface. This is typically mediated by tail structures—such as fibers, spikes,
or baseplates—or other capsid components. Adsorption occurs in two stages: a
reversible primary interaction driven by electrostatic forces, and a subsequent
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irreversible binding that involves tighter association with a secondary receptor, often
requiring the action of hydrolase enzymes [10,11]. Receptor-binding proteins (RBPs),
usually located at the distal ends of the tail, mediate host specificity and are responsible
for both initial contact and stable attachment [12,13]. Phage receptors include a range
of bacterial surface components such as lipopolysaccharides (LPS), wall teichoic acids
(WTASs), outer membrane proteins, as well as structures like pili and flagella [14—16].
The recognition of secondary receptors typically triggers conformational changes in
the virion structure that lead to genome ejection through a channel formed across the
bacterial cell wall, often involving pores created by phage-encoded enzymes such as
lysins [10,11,17]. Once the phage genome enters the host cytoplasm, the subsequent
events depend on the biological cycle of the phage. In the case of lytic phages, the
genome undergoes replication, transcription, and translation [5]. These steps
culminate in the assembly of progeny virions, which are released when phage-encoded
lytic enzymes—such as holins and endolysins—degrade the bacterial cell wall, thereby
completing the infection cycle [18].

The lytic cycle, during which phages replicate immediately after infection and lyse
the bacterial cell, represents a critical step in the application of phages for therapeutic
and industrial purposes. lts fast-acting nature and efficiency in eliminating target
bacteria make lytic phages highly suitable for biocontrol applications, especially when
compared to temperate phages, which follow a distinct biological strategy. While lytic
phages act swiftly to eliminate their hosts, temperate phages that follow the lysogenic
cycle integrate their genome into the bacterial chromosome and may remain latent for
extended periods [19]. These phages may also facilitate the transfer of harmful genes,
such as toxins and virulence genes, and antibiotic resistance factors [8]. For these
reasons, lysogenic phages are generally not suitable for therapeutic or industrial
applications. Instead, strictly lytic phages are preferred for biocontrol strategies [20].

Furthermore, one of the most relevant features of phages is their higher host
specificity when compared to conventional antimicrobials. This characteristic stands in
contrast to the broad-spectrum activity of antibiotics, which often target a wide range
of bacterial species indiscriminately. Such general activity can disrupt the host
microbiota and promote collateral damage [21], whereas phages act with much greater
precision, typically infecting only specific bacterial strains or species. While this
specificity is advantageous for minimizing off-target effects and preserving beneficial
microorganisms [22,23], it may pose limitations in polymicrobial infections or cases
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where the exact pathogen is not known. In such contexts, the narrow spectrum of
individual phages can limit treatment efficacy [24].

To overcome this, phage cocktails composed of multiple complementary phages
are often formulated to broaden the spectrum of bacterial targets [25,26]. An alternative
or complementary approach involves the use of polyvalent phages—those capable of
infecting multiple bacterial strains or even different species or genera [27,28]. These
phages can be particularly useful in scenarios where precise pathogen identification is
challenging, or where infections involve mixed bacterial populations [29]. Both
strategies aim to enhance therapeutic coverage while maintaining the advantages of
phage specificity, but they require robust characterization of phage host range and
careful selection to avoid redundancy or interference among phages in the cocktail
[20,30]. The success of this strategy also relies on accurate pathogen identification
and continuous monitoring of host range coverage. This specificity contributes to
minimizing disruption of beneficial microbiota, while also enhancing phage persistence
and efficacy at the site of infection [29,31].

In addition, phages can degrade bacterial biofilms—complex matrices that impair
antimicrobial penetration and contribute to persistent infections [32—-34]. These biofilm-
disrupting properties, combined with the targeted and residue-free nature of phage
action, align well with sustainable practices in food and agricultural industries [20,35].
As a result, bacteriophages are increasingly being considered as practical
interventions in production chains, not only for environmental reasons but also for their
potential to address persistent microbial threats where conventional sanitization
methods fail [35].

This relevance becomes even more apparent when considering the growing
problem of antimicrobial resistance in industrial and agricultural settings. Pathogens
such as Salmonella enterica and Staphylococcus aureus are among the most critical
agents responsible for economic losses in these sectors [36-38]. S. aureus, for
instance, is a frequent cause of bovine mastitis and also foodborne intoxications,
forming biofilms that further complicate sanitation efforts [38—40]. Meanwhile,
Salmonella remains a leading cause of foodborne outbreaks, with serovars like
Enteritidis and Typhimurium being widespread in poultry production systems [41-43].
Together, these pathogens contribute to substantial economic burdens—including
discarded products, veterinary treatment costs, reduced productivity, and health-
related expenses [36,37,44]. Against this backdrop, phage-based biocontrol strategies
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emerge as promising, safe, and cost-effective alternatives to conventional
antimicrobial methods [45—-47].

Several studies have demonstrated the effectiveness of phages in controlling
pathogens in food and animal systems. Commercial products such as Salmonelex™
and SalmoFresh™ are already used to control Salmonella in meat, vegetables, eggs,
and even on glass and stainless steel surfaces [48-51]. Other commercially available
phage-based formulations include Listex™ P100, approved for use against Listeria
monocytogenes in meat and ready-to-eat foods [52,53], and EcoShield™, which
targets Escherichia coli O157:H7 on different types of meat and leafy greens [54,55].
These products exemplify the expanding role of phage biocontrol in food safety across
a variety of bacterial pathogens and food matrices. In the case of S. aureus, phages
have been investigated for treating bovine mastitis in murine models and
decontaminating dairy products [45,56—58]. These findings support the utility of phages
as tools for biosafety in productive systems.

The success of phage therapy, however, depends on a deep understanding of
phage-host interactions, especially in the context of bacterial resistance. Similar to
antibiotics, bacteria can develop resistance to phages via several mechanisms:
receptor loss or modification, restriction-modification systems, CRISPR-Cas immunity,
and superinfection exclusion, among others [59,60]. In Salmonella, for example,
variation in outer membrane proteins such as FhuA and OmpC can prevent phage
adsorption [61]. In S. aureus, alterations in genes related to wall teichoic acid
biosynthesis, DNA repair systems, or phage adsorption structures, have been shown
to influence phage susceptibility in S. aureus and other species [62—64]. The
emergence of phage resistance is therefore a critical limitation, necessitating
combinatory strategies such as phage cocktails, engineered RBPs, and functional
genetic screens to identify relevant host factors [59,60,65].

In this context, the chapters presented in this thesis address key aspects of
bacteriophage-based therapy and bacterial biocontrol—from the characterization of
phages active against S. aureus and Salmonella, to the identification of genetic factors
modulating bacterial susceptibility. Chapter 1 focuses on a Tequintavirus phage with
activity against multiple Enterobacteriaceae, including Salmonella, and its application
was validated in food models using chicken meat and lettuce; Chapter 2 explores a
Rosenblumvirus phage effective against multiple S. aureus strains, including efficacy
tests conducted in UHT milk; and Chapter 3 details a genome-wide CRISPRi screen



16

that uncovered genes involved in phage resistance in S. aureus. Together, these
studies contribute to a better understanding of phages as sustainable and effective
tools for controlling pathogenic bacteria in animal health and food safety.
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CHAPTER 1

Isolation and characterization of the polyvalent enterobacteria-infecting phage
UFVCit2 with potential for biocontrol applications

ABSTRACT

Salmonella enterica is a major foodborne pathogen globally, often associated with
poultry and fresh produce. The rising prevalence of multidrug-resistant strains and the
limited efficacy of conventional decontamination methods highlight the need for
alternative, targeted strategies. Bacteriophages have emerged as promising biocontrol
agents due to their specificity, safety, and potential for direct application in food
systems. In this study, we isolated and characterized the polyvalent lytic phage
UFVCit2 and evaluated its effectiveness against S. enterica in two food matrices:
chicken meat and lettuce. UFVCit2 belongs to the Tequintavirus genus and showed
lytic activity against Citrobacter freundii, Shigella flexneri, and different S. enterica
serovars. Genomic analysis confirmed the absence of virulence, antibiotic resistance,
or lysogeny-related genes, supporting its classification as genetically safe. The phage
remained stable across a broad range of pH values and temperatures. In biocontrol
assays, UFVCit2 significantly reduced S. enterica serovar Enteritidis counts on lettuce
at room temperature by 1.83, 1.84, and 1.55 log;, CFU/mL after 1, 2, and 24 hours,
respectively. In refrigerated chicken meat (4 °C), reductions of 0.79, 0.84, 0.76, and
0.69 log,o CFU/mL were observed at 1, 6, 24, and 48 hours post-treatment,
respectively. Phylogenetic and protein identity analyses suggest that UFVCit2 likely
targets the outer membrane receptor FhuA, similarly to phage T5. Future studies
should aim to optimize MOI and cocktail formulations to improve host range and
efficacy, as well as assess phage stability across different food matrices. Taken
together, these findings support UFVCit2 as a promising candidate for the
development of phage-based interventions to enhance food safety.

Keywords: Salmonella; Citrobacter; Shigella; Tequintavirus; Biocontrol; Food safety
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1. INTRODUCAO

Non-typhoidal Salmonella (NTS) is one of the leading causes of foodborne ilinesses
worldwide, responsible for millions of cases of gastrointestinal infection each year [1].
Globally, it is estimated that over 90 million cases of human salmonellosis occur
annually, with approximately 155,000 deaths attributed to this [2]. In Brazil, Salmonella
has consistently ranked among the most frequently identified etiological agents in
foodborne outbreaks [3]. Although NTS infections usually cause mild, short-duration
illness with low fatality, individuals with risk factors such as malnutrition, age extremes,
HIV, malaria, or sickle-cell disease are more susceptible to invasive disease [4]. A
growing concern is the emergence of multidrug-resistant (MDR) Salmonella strains,
driven by the widespread and often indiscriminate use of antibiotics in both human and
veterinary settings [1]. This selective pressure has led to resistant serotypes that
circulate in the food chain, reducing the effectiveness of conventional therapies and
complicating epidemiological control efforts [1,5].

The genus Salmonella belongs to the Enterobacteriaceae family and comprises
two recognized species: Salmonella enterica and Salmonella bongori. The vast
majority of human and animal infections are caused by S. enterica, which is further
divided into six subspecies - enterica, arizonae, diarizonae, salamae, houtenae, and
indica - and over 2,600 serovars [6]. Among them, serovars such Salmonella enterica
subsp. enterica serovar Enteritidis (S. Enteritidis) and Salmonella enterica subsp.
enterica serovar Typhimurium (S. Typhimurium) are most frequently associated with
foodborne outbreaks worldwide [7]. These bacteria are facultative intracellular
pathogens commonly found in the gastrointestinal tracts of animals, particularly
poultry, swine, and cattle, which serve as reservoirs and vehicles of transmission.
Environmental sources such as water, soil, and food processing surfaces can also
harbor the pathogen, contributing to cross-contamination along the food production
chain [7-9].

Contamination can occur at multiple stages throughout the food production chain,
including animal farming, slaughter, processing, transportation, retail, and even during
food handling and preparation by consumers. Poultry meat—particularly chicken—is
one of the most common sources of Salmonella contamination [10,11]. To mitigate its
spread, several control strategies are employed, including good agricultural and
manufacturing practices, microbiological monitoring, cleaning and disinfection
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protocols, and hazard analysis and critical control point (HACCP) systems [12,13]. In
Brazil, microbiological criteria for food safety are established by the Brazilian Health
Regulatory Agency (ANVISA) through Normative Instruction No. 161/2022, which
mandates the absence of Salmonella in all food products [14,15]. Similar regulations
exist in other countries, such as the United States and the European Union [16,17].
However, despite standard sanitation efforts, Salmonella remains difficult to eliminate
and persist in poultry production systems [10].

Therefore, the control of Salmonella in food matrices is of fundamental
importance and must be improved in order to reduce the risk of this pathogen reaching
humans [8]. Although there are different products and conventional methods for
controlling food pathogens, decontaminating Salmonella in food still presents
challenges. Irradiation, for example, a very effective and widely used physical method,
can lead to lipid oxidation, changes in texture, color and odor, and loss of nutrients
from food [18,19]. Chlorine, one of the most common sanitizers, can have some
negative effects on human health, such as the formation of carcinogenic by-products
[20]. Furthermore, extensive use of chlorine can induce the development of bacterial
resistance to this substance, which will reduce its effectiveness in subsequent
applications [21,22]. Comparably, the extensive and inappropriate use of antibiotics in
farm animals has resulted in the increasingly frequent isolation of multidrug-resistant
Salmonella from animals, food, and clinical samples [23-25]. Therefore, new
antimicrobial agents have become increasingly necessary and urgent to control this
pathogen [26,27].

In light of the growing challenge posed by antimicrobial resistance and the
limitations of conventional sanitation methods, bacteriophage-based biocontrol has
emerged as a promising alternative for food safety applications. Bacteriophages
(phages) are viruses that infect and lyse specific bacterial hosts without disrupting the
beneficial microbiota or posing a threat to human or animal health [28,29]. In the food
industry, phage applications have focused primarily on two strategies: oral
administration to reduce Salmonella colonization in the gastrointestinal tract of poultry,
and surface disinfection of food products and processing equipment during post-
harvest stages [30,31]. These strategies can prevent cross-contamination of the final
product and thus provide a significant reduction in the concentration of these bacteria
in poultry products [32].
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Phages offer several advantages over traditional antimicrobials, including high
specificity, self-amplification at the site of infection, and compatibility with direct
application on food surfaces or in complex food matrices [28,33,34]. Importantly, their
use has been shown not to alter the visual, textural, or sensory properties of treated
foods, making them suitable candidates for both biocontrol of foodborne pathogens
and biopreservation strategies aimed at extending shelf life [35-37]. In addition, a
broad host range makes phages particularly appealing for industrial use, as polyvalent
phages can expand the spectrum of bacterial targets in phage formulations and allow
propagation in non-pathogenic strains, thereby minimizing the risk of cross-
contamination with the target pathogen during production [34,39]. Numerous studies
have demonstrated the efficacy of phage-based interventions in reducing Salmonella
contamination across a variety of food products. Commercial formulations such as
SalmoFresh™ and Salmonelex™ have proven effective in meats, vegetables, and
eggs, highlighting their potential as practical tools in food safety management [33,38].

In this context, this chapter aimed to isolate and characterize a lytic
bacteriophage with activity against Salmonella enterica, evaluating its biological,
genomic, and physicochemical properties to determine its potential for biocontrol
applications in food systems. Specifically, we assessed the phage’s host range within
the Enterobacteriaceae family, performed genomic analyses to ensure the absence of
undesired genes related to lysogeny, antibiotic resistance, or virulence, and evaluated
its stability under different pH and temperature conditions. Furthermore, we tested its
antimicrobial efficacy in two relevant food models—chicken meat and lettuce—
artificially contaminated with S. enterica. The findings presented here contribute to the
growing body of knowledge on phage-based biocontrol strategies for enhancing food

safety.

2. MATERIALS AND METHODS

2.1 Bacterial strains and growth conditions

Citrobacter freundii ATCC 8090 was used as the isolation host for phage UFVCit2.
All bacterial strains used in this study are listed in Table 1 and were employed to
investigate the host range of the phage. Escherichia coli strains were kindly provided
by Dr. Maria Aparecida Moreira, Laboratério de Doencas Bacterianas of the
Universidade Federal de Vigosa (UFV), Vicosa, Brazil. Serratia marcescens was kindly
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provided by Dr. Maria Cristina Vanetti, Laboratério de Microbiologia Industrial, UFV.
Some of the of the Salmonella enterica subs. enterica strains were isolated from
mesenteric lymph nodes of pigs and kindly provided by Dr. Ricardo Yamatogi,
Departamento de Medicina Veterinaria, UFV, while others were isolated from poultry
farming and kindly provided by a partner company.

The strains were cultivated in Luria-Bertani (LB) broth (10 g/L of NaClz, 10 g/L of
peptone and 5 g/L of yeast extract) at a temperature of 37 °C. XLD agar (Kasvi) was
used to identify and differentiate Salmonella in food tests. The optical density (OD) of
the cultures was measured on a spectrophotometer at a wavelength of 600 nm
(OD600) to infer the phase of bacterial growth.

2.2 Phage isolation and propagation

The phage used in this study, named Citrobacter phage UFVCit2, was isolated from
urban sewage samples collected in the city of Vicosa (Minas Gerais, Brazil). For the
isolation, the Twest and Kropinski (2009) [40] enrichment protocol was carried out.
Briefly, the samples were centrifuged at 10,000 xg and 4 °C for 10 minutes and the
supernatant was filtered through a 0.22 um PES membrane (Millipore, Billerica, MA,
USA). Then, 5 mL of sterile double-strength LB broth plus 2 mM CaClz (0.22 g/L) was
inoculated with 0.1 mL of a C. freundii culture (Table 1) in logarithmic growth phase
(ODs0o0 ~ 0.5) and mixed with 5 mL of the filtered sewage sample. The mixture was
incubated at 37 °C and 100 rpm for approximately 24 hours. After that, the mixture was
centrifuged at 10,000 xg and 4 °C for 10 minutes and the supernatant (lysate) was
filtered (0.22 um membrane). The lysate was then subjected to the double-layer agar
(DLA) technique [41,42], and incubated overnight.

Among the resulting lysis plates, one plague was selected, excised, and
subjected to the double-layer agar method for further propagation. This procedure—
plaque picking followed by re-plating—was repeated at least three times to ensure the
isolation of a single, clonal phage population. The purified phage was then propagated
in LB broth supplemented with 2mM CacCl,, following the protocol described by
Sambrook et al. (2001) [43], titrated as previously reported [42], and stored at 4 °C.
For experiments involving S. Enteritidis, the phage was also propagated using this
bacterial host.
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2.3 Host range

The ability of phage UFVCit2 to infect different bacterial strains was initially
assessed by spotting 10 uL of phage suspension onto the surface of double-layer agar
plates previously inoculated with the test bacteria (Table 1). Plates were incubated
overnight at 37 °C. Bacterial strains that exhibited clear zones or lysis plaques at the
spot site were considered susceptible to the phage and were selected for subsequent
efficiency of plating (EOP) assays.

To determine the host range and more accurately evaluate productive infection,
the EOP was calculated as described by Khan Mirzaei et al. (2015) [44]. Briefly, phage
lysates were serially diluted and plated on susceptible strains using the DLA technique.
Plates were incubated overnight at 37 °C, and plaque-forming units per milliliter
(PFU/mL) were determined the following day. The EOP was calculated by dividing the
average PFU/mL obtained on the test strain by the average PFU/mL obtained on the
original host strain. EOP was classified as high (=0.5), moderate (0.2-0.49), low
(0.001-0.199), or inefficient (< 0.001), following Khan Mirzaei et al. (2015) [44].

2.4 Morphology analysis

Phage morphology was analyzed by transmission electron microscopy (TEM). The
phage suspension was first concentrated and purified by ultracentrifugation over a 20%
sucrose cushion at 15,000 rpm for 7 hours at 4 °C. After centrifugation, the supernatant
was discarded and the pellet was resuspended in 100 pL of ultrapure water. A 10 pL
aliquot of this suspension was applied to Formvar®-coated grids. After 5 minutes,
excess liquid was removed with filter paper, and the sample was negatively stained
with 2% (w/v) uranyl acetate for 15 seconds. Grids were left in a desiccator for 24 hours
before imaging with a Zeiss EM 109 transmission electron microscope (Zeiss,
Oberkochen, Germany) at the Center for Microscopy and Microanalysis (UFV).

Capsid and tail dimensions were measured using three independent micrographs
of distinct phage particles, and average values were calculated using ImagedJ v1.54g
software (National Institutes of Health, Bethesda, MD, USA).

2.5 One-step growth curves

One-step growth curves were performed to determine the burst size and latent
period of phage UFVCit2 in C. freundii ATCC 8090 and S. Enteritidis ATCC 13076,
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following the protocol described by Niu et al. (2012) [45]. Briefly, 10 mL of host bacterial
culture at approximately 108 CFU/mL was infected with phage suspension at a
multiplicity of infection (MOI) of 0.0001. The mixture was incubated at 37 °C for 10
minutes to allow phage adsorption, then centrifuged at 10,000 x g for 10 minutes to
remove unadsorbed phages. The pellet containing infected cells was resuspended in
10 mL of LB broth, and a 100 pL aliquot was immediately collected to determine the
initial phage titer (time zero).

The culture was incubated at 37 °C with shaking (100 rpm) for a total of 90
minutes. Samples of 100 uL were collected every 5 minutes for the first 40 minutes,
and then every 10 minutes thereafter, and titrated using the DLA method. The latent
period was defined as the time between adsorption and the onset of the first burst. The
burst size was calculated as the ratio between the final number of phage particles and

the initial count.

2.6 Multiplicity of Infection influence

To evaluate the influence of multiplicity of infection (MOI) on host bacterial
growth, optical density-based growth curves were performed using 96-well polystyrene
microplates. Briefly, phage UFVCit2 was diluted in SM buffer (5.8 g/L NaCl, 2.0 g/L
MgSO,-7H,0, 50 mL of 1 M Tris-HCI, 5 mL of 2% gelatin; pH 7.5), and 20 pL of the
phage suspension was added to 180 yL of bacterial culture in early exponential phase
(ODgoo = 0.1, approximately 1.5 x 107 CFU/mL) in LB medium, to achieve final MOls
of 0.1, 1, and 10. Control wells received 20 uL of SM buffer instead of phage.
Microplates were incubated at 37 °C in a Multiskan™ GO spectrophotometer (Thermo
Scientific, USA), and bacterial growth (ODgg0) Was recorded every 15 minutes over a

21-hour period.

2.7 Thermal and pH stability

Stability assays were conducted to assess the potential application of phage
UFVCit2 under different food processing and storage scenarios. The phage was
evaluated for pH and thermal stability following the protocol described by Svab et al.
(2018) [46], with minor modifications. In all cases, the final phage concentration was
adjusted to 1 x 10" PFU/mL. Immediately after treatment, phage preparations were
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diluted in SM buffer, plated using the DLA method, and titrated. All assays were
performed in triplicate.

For pH stability testing, 10 uL of phage suspension was added to 990 uL of LB
broth adjusted to various pH values (ranging from pH 2 to pH 12), and incubated at
25 °C for 2 hours. LB broth at pH 7 served as the control. For thermal stability, phage
suspensions in LB broth (pH 7.0) were incubated for 48 h at -20 °C, for 2 hours at 25,
40, 50, 60, and 70 °C, and for 5 minutes at 80 and 90 °C. A non-heated aliquot kept at

4 °C was used as the control.

2.8 In Vitro phage challenge at low temperature

A bacterial culture of S. Enteritidis at ODesoo = 0.4 (approximately 5 x 108 CFU/mL)
was diluted in LB broth to a final concentration of 1 x10° CFU/mL. Subsequently,
100 uL of the UFVCit2 phage lysate was added to 9.9 mL of this bacterial suspension
to achieve multiplicities of infection (MOls) of 100 and 1000. Control tubes received
100 puL of SM buffer instead of phage. All tubes were incubated at 4 °C, and culture
samples were collected at 0, 1, 3, 5, 24, and 48 hours post-inoculation. At each time
point, aliquots were serially diluted in phosphate-buffered saline (PBS; 137 mM NaCl,
2.7 mM KCI, 10 mM Na,HPO,, 1.8 mM KH,PO,; pH 7.4), plated on LB agar using the
spread plate method, and incubated overnight at 37 °C. Bacterial counts (CFU/mL)

were determined the following day.

2.9 Biocontrol of S. Enteritidis in food

2.9.1. Biocontrol in fresh lettuce

This assay was based on the methodology described by Spricigo et al. (2013)
[47], with modifications. S. Enteritidis was grown in LB broth until mid-log phase (ODeoo
= 0.4, approximately 5 x 108 CFU/mL). The culture was centrifuged at 9000 rpm for 15
minutes, the supernatant was discarded, and the bacterial pellet was resuspended in
10 mL of 0.9% NaCl sterile solution. The suspension was then diluted to a final
concentration of 1 x 105 CFU/mL. Phage UFVCit2 was diluted in 0.9% NacCl to a final
titer of 1 x108 PFU/mL. Fresh lettuce was washed under running tap water and
surface-disinfected by immersion in a sodium hypochlorite solution (200 ppm) for 15
minutes. The leaves were then rinsed with sterile distilled water to remove residual

chlorine.
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To contaminate the surface with S. Enteritidis, the lettuce leaves were immersed
in the bacterial suspension prepared before for 5 minutes at room temperature, then
transferred to sterile Petri dishes and allowed to dry under aseptic conditions for
approximately 15 minutes. The dried leaves were cut into smaller sections, and 5 g
was weighed into each Petri dish to serve as an individual replicate. Samples were
then immersed in 10 mL of the phage solution, and incubated for 10 minutes. Control
samples were treated similarly but received phage-free 0.9% NaCl instead. A negative
control group, consisting of lettuce leaves that were not inoculated with either bacteria
or phage, was included to confirm the effectiveness of the hypochlorite disinfection
procedure.

After treatment, the leaves were transferred to new sterile Petri dishes and left to
dry for an additional 15 minutes. Once dried, the samples were stored at room
temperature (~25 °C) in sterile tubes. Samples were collected at 0, 1, 2, and 24 hours
post-treatment. To recover bacteria, 2 mL of 0.9% NaCl was added to each sample
and gently agitated for 5 minutes to dislodge bacterial cells. The resulting suspension
was plated on XLD agar using the spread plate method and incubated at 37 °C
overnight. The number of viable Salmonella cells (CFU/mL) was determined the

following day.

2.9.2. Biocontrol in chicken meat

This assay was adapted from the methods described by Sukumaran et al. (2015)
[38] and Pelyuntha et al. (2022) [48], with modifications. The preparation of S.
Enteritidis inoculum and phage UFVCit2 solution was performed as described in the
previous section (Biocontrol in fresh lettuce).

Chicken breast fillets were purchased from a local supermarket and aseptically
cut into ~2 x 2 cm? cubes. The meat pieces were then immersed in a 50 ppm chlorine
solution, prepared with autoclaved distilled water, for 5 minutes to reduce background
microorganisms. To remove residual chlorine, each meat piece was sequentially
transferred through three separate beakers containing sterile distilled water, remaining
immersed for 5 minutes in each. Excess water was removed, and the meat pieces were
air-dried in the biological safety cabinet for 15 minutes at room temperature.

Each side of the disinfected meat cube received 50 uL of the bacterial suspension
(100 pL total per piece) and was left undisturbed for 5 minutes to allow bacterial
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attachment. Excess liquid was removed, and the contaminated pieces were transferred
to new Petri dishes and left to dry for an additional 15 minutes. Then, 50 uL of the
phage suspension was surface-applied to each side (100 uL total per piece). Control
groups received the same volume of sterile saline instead of phage solution. After 10
minutes of phage exposure, each meat piece was placed into an individual sterile tube
and stored at 4 °C.

Samples were collected at 0, 1, 6, 24, 48, and 72 hours post-treatment. To
recover bacteria, 2 mL of PBS was added to each tube and samples were agitated for
5 minutes to release attached bacterial cells. The resulting liquid was serially diluted
and plated on XLD agar using the spread plate method. Plates were incubated at 37
°C for 24 hours, and typical black-centered Salmonella colonies were enumerated. A
negative control group, consisting of meat pieces not inoculated with either bacteria or
phage, was included to confirm the absence of Salmonella after disinfection with the

50 ppm chlorine solution.

2.10. Genomic characterization and phylogenomic analysis

2.10.1. Phage DNA isolation and sequencing

Phage genomic DNA was extracted using the PCI/SDS protocol available at
PhagesDB (PCI/SDS DNA Extraction 2.2013, htip:/phagesdb.org). Briefly, 1 mL of
high-titer phage lysate (=10° PFU/mL) was treated with MgCl, (1 M, 12.5 yL), DNase |
(2000 U/mL, 0.4 uL), and RNase A (100 mg/mL, 1 pL), followed by incubation at room
temperature for 30 minutes. Subsequently, EDTA (0.5M, 40puL), Proteinase K
(10 mg/mL, 5 L), and SDS (10%, 50 yL) were added, and the sample was incubated
at 55 °C for 1 hour. DNA was then purified through two rounds of extraction with an

equal volume of phenol:chloroform:isoamyl alcohol (25:24:1), followed by gentle
mixing and centrifugation at 12,000 x g for 5 minutes. The upper aqueous phase was
recovered and precipitated with 95% ethanol (1 mL) and sodium acetate (3 M, 50 uL),
and incubated on ice for 5 minutes. After centrifugation at 12,000 x g for 10 minutes
and a wash with 70% ethanol, the DNA pellet was air-dried and resuspended in
nuclease-free water or TE buffer. DNA quality was assessed by spectrophotometry
and agarose gel electrophoresis.

Sequencing was performed on the lllumina NovaSeq 6000 platform by Novogene
Bioinformatics Technology Co., Ltd. (Davis, CA, USA). Raw read quality was assessed
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with FastQC (version 0.11.9; hitps:/github.com/s-andrews/FastQC). Adapter
sequences were removed using TrimGalore (version 0.6.7; default settings), and

further trimming was conducted with Trimmomatic (version 0.36), using the parameters
HEADCROP:10, CROP:140, SLIDINGWINDOW:4:20, and MINLEN:130. High-quality
reads were assembled de novo using SPAdes (version 3.15.4), with all odd K-mer
sizes between 21 and 99. Assembly quality was assessed using Assembly-Stats
(version 1.0.1), and contigs shorter than 1,000 bp were excluded. Candidate phage
contigs were identified based on size and coverage, and confirmed by BLASTn

alignment against the NCBI nucleotide database.

2.10.2. Genome annotation, analysis and taxonomic assessment

Prediction and initial annotation of open reading frames (ORFs) were performed
using the RAST server (https://rast.nmpdr.org/rast.cqi) in May 2021. Each predicted

ORF was subsequently manually curated using the BLASTp algorithm at NCBI
(https://blast.ncbi.nlm.nih.gov/BlastAlign.cgi) and the InterProScan web service

(https://www.ebi.ac.uk/interpro/) to generate the final consensus annotation table and

to search for possible protein domains. Additional in silico analyses were performed to
assess genomic features of interest. The presence of putative tRNA genes was
evaluated using the tRNAscan-SE tool (Galaxy Version 0.4) via the Phage Galaxy
server (https:/phage.usegalaxy.eu/) (Lowe and Chan, 2016). Screening for

antimicrobial resistance genes and virulence factors was carried out using ResFinder
v4.7.2 [49-51] and VirulenceFinder v2.0.5 [52,53], both hosted at the CGE web
platform (https://cge.food.dtu.dk/). The visual genomic map of UFVCit2 was generated

using the Proksee platform (https:/proksee.ca/) and integrated into the annotation

process to support the manual curation of predicted ORFs and structural feature
identification.

To identify the closest relatives and determine the taxonomic placement of phage
UFVCit2, its complete genome sequence was compared against the NCBI nucleotide
database using the BLASTn tool. A randomized subset of RefSeq genomes from the
Markadamsvirinae subfamily (taxonomy ID 2732013) was retrieved from the NCBI
Virus database (https://www.ncbi.nim.nih.gov/labs/virus/vssi/#/). The genome of

UFVCit2 was then added to this dataset and analyzed through the ViPTree server
(https://www.genome.jp/viptree/) to construct a proteomic-based phylogenetic tree and
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infer evolutionary relationships. Intergenomic similarity was assessed using the
VIRIDIC web tool (http://rhea.icbm.uni-oldenburg.de/viridic/), applying ICTV thresholds
of 95% and 70% to delineate species and genus boundaries, respectively.

The complete genome of UFVCit2 was deposited in the NCBI GenBank in
October 2022 and is available under the accession number OP745948.1.

2.10.3. Phylogenetic analysis of RBP and Llp sequences

The amino acid sequence of the receptor-binding protein (RBP) and the
superinfection exclusion protein (LIp) of phage UFVCit2, along with RBPs and Llps
from Markadamsvirinae phages with known bacterial receptors, was aligned using
MAFFT v7 at MPI Bioinformatics Toolkit (https://toolkit.tuebingen.mpg.de/tools/mafft)
with the L-INS-i strategy. The phylogenetic tree was reconstructed using the Maximum
Likelihood method implemented in MEGA 12. The LG model with Gamma-distributed

rates among sites (LG+G) was applied, and gaps were treated with the "Use All Sites"

option. Branch support was assessed by standard bootstrap analysis with 1000
replicates, and bootstrap values greater than 70% were considered indicative of strong
phylogenetic support. Trees were analyzed to assess the clustering of UFVCit2 relative
to phages with experimentally characterized receptors (FhuA, BtuB, or FepA), enabling
inference of the most probable receptor used by UFVCit2 based on its phylogenetic
proximity to functionally annotated phages.

2.11, Statistical analysis

All experiments were performed in triplicate. Statistical analyses were conducted
using GraphPad Prism software, version 8.3.0 (538). Data normality was assessed
using the Shapiro—Wilk test prior to statistical analysis, and appropriate tests were
selected based on the results. For growth curve comparisons, multiple unpaired t tests
(one per time point) were performed, with statistical significance determined using the
Holm-Sidak method and an alpha level of 0.05. Each time point was analyzed
independently, without assuming a consistent standard deviation (SD). For the stability
assays, low-temperature infectivity tests, and food biocontrol experiments, unpaired t
tests were used to compare the means between control and UFVCit2-treated groups
for each condition.
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3. RESULTS

3.1 Phage host range and morphology

The phage used in this study was isolated from C. freundii ATCC 8090 and
named Citrobacter phage vB_CfrD-UFVCit2 (hereafter referred to as UFVCit2). The
phage was able to reach high titers, exceeding 10° PFU/mL, within a few hours (~7 h)
when propagated in this host, producing small (~1 mm), translucent plagques on LB
agar. The host range of UFVCit2 is presented in Table 1. Efficiency of plating (EOP)
assays were performed only for strains that yielded positive results, i.e., growth
inhibition (+) in spot tests. The results showed that UFVCit2 was able to infect
representatives of three genera within the Enterobacteriaceae family. In addition to its
original isolation host (C. freundii), UFVCit2 successfully infected different serovars of
S. enterica (S. Enteritidis, S. Typhimurium, S. 1,4,[5],12:-:1,2, and S. Panama), as well
as a strain of Shigella flexneri (ATCC 12022). Highly productive infections (EOP = 0.5)
were observed in S. Enteritidis, S. Typhimurium, and S. flexneri. In contrast, infection
in S. Panama was classified as moderately productive (EOP 0.2 to <0.5), and infection
in S. 1,4,[5],12:-:1,2 as low productivity (EOP 0.001 to <0.2).

Although UFVCit2 caused visible growth inhibition in some E. coliand Salmonella
strains in the spot test, no lysis plaques were detected by double-layer agar assay
(DLA), suggesting that the observed effects may be attributed to mechanisms other
than productive infection, such as lysis from without. Future assays quantifying the
phage titer (PFU/mL) in these cultures should be performed to determine whether
phage replication is occurring.

Microscopy analysis revealed that phage UFVCit2 has an isometric head
measuring 55 nm in diameter and a long, thin, flexible tail approximately 200 nm in
length (Figure 1A). One-step growth curves were performed using the original isolation
host (C. freundii) and the host with the highest efficiency of plating (S. Enteritidis). The
results showed that both the latency period and burst size of UFVCit2 varied between
the two hosts: the latency period was 30 minutes in C. freundii (Figure 1B) and 25
minutes in S. Enteritidis (Figure 1C), while the burst size was 434 PFU/cell in C. freundii
and 100 PFU/cell in S. Enteritidis.
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Table 1. Host range of phage UFVCit2. Bacterial strains were tested by spot assay for susceptibility to

infection. Efficiency of plating (EOP) was determined only for strains that produced visible growth

inhibition in spot tests. EOP values were categorized as follows: high (=0.5), moderate (0.2 to <0.5), low

(0.001 to <0.2), and no plaque formation (0). "+" indicates visible growth inhibition in spot assay; "-"

indicates no visible alterations.

Average title

Strain Source Spot-test (PFU/mL) EOP
C. freundii ATCC 8090 TC + 5,9 x 108 Host
S. flexneri ATCC 12022 TC + 1x10° 1,7
S. Enteritidis ATCC 13076 TC + 1,5x10° 2,5
S. Typhimurium Swine + 3,0x 108 0,5
S.1,4,[5],1:-:1,2 Swine + 1,6 x 108 0,002
S. Panama Swine + 2,8 x 108 0,47
S. Infantis Swine + 0 0
S. Derby Swine + 0 0
S. Cerro Swine -
S. Heidelberg 63623 Poultry (BC) + 0 0
S. Heidelberg 65499 Poultry (SH) + 0 0
S. Minnesota 64303 Poultry (BC) -
S. Minnesota 65374 Poultry (BB) -
S.Mbandaka 64166 Poultry (FF) -
S. Mbandaka 64188 Poultry (FF) -
E. coli ATCC 29214 TC + 0 0
E. coliK12 TC + 0 0
E. coli 304 HH + 0 0
E. coli 30 BM + 0 0
E. coli4 BM -
E. coli 20 BM -
E. coliCDCO111ab TC -
E. cloacae ATCC 13047 TC -

S. marcescens MINDO1

Environmental

TC = Type collection; Poultry: BC = Broiler chicken, BB = broiler breeder, FM = feed mill, SH =

slaughterhouse; BM = Bovine mastitis; HH = Human hospital.
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Figure 1. Transmission electron microscopy (TEM) image of phage UFVCit2, with the scale bar
representing 100 um (A). One-step growth curves of the phage in its original isolation host Citrobacter
freundii (B) and in the host exhibiting the highest efficiency of plating (EOP), Salmonella Enteritidis (C).

3.2 Genome analysis and taxonomic assessment

3.2.1 Genome analysis

The UFVCit2 phage has a double-stranded DNA genome of 111,610 bp with a
G+C content of 39.1%. A total of 146 putative ORFs were identified, of which 58 were
predicted to encode functional proteins, while 88 were annotated as hypothetical
proteins of unknown function. Additionally, 21 tRNA-encoding genes were found, with
one remaining unclassified (Table 2). Although the genome topology (linear or circular)
was not experimentally determined, the genome map was represented as circular
(Figure 2) for visualization purposes. Functional ORFs were grouped into seven
categories based on their predicted roles: DNA, RNA, and nucleotide metabolism;
auxiliary metabolic genes and host takeover; head and packaging; connector; tail;
lysis; and other functions. The genomic map also depicts tRNA genes, GC content,
and GC skew profiles.
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Table 2. Transfer RNA (tRNA) genes predicted in the genome of phage UFVCit2 using tRNAscan-SE.

The table lists the corresponding amino acid, anticodon, genomic position, and prediction score.

tRNA Anti Codon Begin End Cove Score

Undet - 41738 41667 21.25
Arg TCT 41164 41093 45.87
Ser GCT 37453 37368 60.60
Met CAT 37358 37284 40.78
Leu TAA 36774 36701 60.37
Tyr GTA 35760 35683 46.56
Glu TTC 35130 35059 55.65
Cys GCA 34531 34459 46.27
Asn GTT 34303 34224 56.07
Lys CTT 33663 33591 70.94
Pro TGG 32597 32523 60.52
Met CAT 32513 32439 36.75
Lys TTT 32246 32171 62.14
Ala TGC 31882 31811 56.52
Leu TAG 31802 31729 50.60
Ser TGA 31516 31430 22.77
Gln CTG 30002 29930 61.83
Gln TTG 29920 29846 62.85
Thr TGT 29325 29242 65.44
lle GAT 28488 28415 68.17
Met CAT 28315 28243 51.74
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Figure 2. Circular genome map of phage UFVCit2 generated using Proksee, based on functional
annotation performed with RAST. Each gene is color-coded according to its predicted functional module.
Genes encoding hypothetical proteins with unknown function are shown in gray.

Among the structural genes, proteins involved in host recognition and
adsorption—key determinants of host range—were identified. A receptor-binding
protein (RBP), commonly responsible for binding to specific bacterial receptors [54],
was predicted in ORF 144. ORF 145 encodes an L/p-type receptor-blocking protein,
which has been associated with superinfection exclusion mechanisms in T5-like
phages [55,56]. Two L-shaped tail fiber proteins (Ltf), known to participate in initial
adhesion and potential host range expansion [57,58], were annotated in ORFs 124
and 125. No genes related to antibiotic resistance, virulence factors, or lysogeny were
detected. A complete list of all predicted ORFs, including their annotations and
genomic positions, can be accessed in the GenBank entry for UFVCit2 (accession
number: OP745948.1).

3.2.2 Taxonomic assessment and phylogenetics

The BLAST search revealed that the genome of phage UFVCit2 shares high
sequence identity with Salmonella phage oldekolle (query cover 90%; identity 96.86%;
accession number NC_048865.1) and Salmonella phage S131 (query cover 92%;
identity 96.72%; accession number NC_048009.1 both members of the genus
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Tequintavirus  (order Caudovirales,  family Demerecviridae, subfamily
Markadamsvirinae). In the proteomic tree based on genome-wide sequence
similarities among members of the Markadamsvirinae subfamily, phage UFVCit2
clustered with other phages of the Tequintavirus genus (Figure 3), revealing close
similarity relationships with members of this group. Consistent with the BLAST and
proteomic tree analyses, VIRIDIC analysis (Figure 4) also showed high similarity with
Tequintavirus phages, with the highest similarity scores obtained for phage NBSal003
(RefSeq accession: NC_048856.1, similarity score: 89.6), Salmonella phage S131
(RefSeq accession: NC_048009, similarity score: 89.4), and Salmonella phage
oldekolle (RefSeq accession: NC_048865.1, similarity score: 88.0). Thus, our phage
can be considered a representative of a novel species within the genus Tequintavirus.
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0.001 0.005 0.01 0.05 0.1

NC_042093.1 Klebsiella phage Sugarland

NC 019919 2 Yersinia phage phiR201
NC_048203.1 Escherichia virus vB_Eco_mar003J3
NC_048149.1 Salmonella phage 1-23

NC 048010 1 Salmonclla phage §132
NC_048011.1 Salmonella phage S133

NC 048006 1 Salmonella phage S114
NC_048008.1 Salmonella phage S126
NC_048872.1 Salmonella phage atrejo
NC_048870 1 Salmonclla phage bastian
NC_048005.1 Salmonella phage S113
NC_048012.1 Salmonella phage S147
NC_048868.1 Salmonella phage rokbiter
NC_048785.1 Salmonella phage SE24

NC 048867.1 Salmonclla phage facrgetype
NC_048110.1 Salmonella phage Seafire

NC 047884.1 Bacteriophage T5-like
NC_048871.1 Salmonella phage oselot
NC_048866.1 Salmonella phage bombadil
NC_048809.1 Salmonclla phage 2 3
NC_048869.1 Salmonella phage fuchur

NC 010583.1 Enterobacteria phage EPS7
NC_048781.1 Salmonella phage vB_SenS SBI13
NC_048007.1 Salmonella phage S116
NC_048145.1 Salmonclla phage 3-29
NC_048819.1 Salmonella phage 1-19

NC 048811 1 Salmonella phage 1-29
NC_048808.1 Salmonella phage OSY-STA
NC_048089.1 Salmonella phage STG2
NC_027297.1 Salmonclla phage Stitch
NC_048760.1 Salmonella phage Sepoy

NC 048062 1 Salmonella phage Sw2
NC_031933.1 Salmonella phage 118970_sal2
NC_031992.1 Salmonella phage 100268_sal2
NC_048013.1 Salmonclla phage $124
NC_071038.1 Salmonella phage vB_STy-RN29
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Figure 3. Genome-wide proteomic tree generated using VipTree for phage UFVCit2 (indicated by a red
star) and reference genomes (RefSeq) of Markadamsvirinae subfamily members. The tree was
constructed based on genome-wide amino acid sequence similarities calculated with tBLASTXx, using

the ViPTree server's default settings.
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Figura 4. Intergenomic similarity matrix generated using VIRIDIC for phage UFVCit2 (indicated by a red
star) and reference genomes (RefSeq) of Markadamsvirinae subfamily members. Pairwise nucleotide
identity was calculated using BLASTn, and results are presented as a heatmap where darker shades
indicate higher similarity.
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The Clinker analysis of the complete genome (Figure 5) of UFVCit2, alongside
phages from the Markadamsvirinae subfamily with known receptor usage was
performed to examine genome organization and globally aligned gene clusters. The
phages included in the analysis were: Enterobacteria phage T5 (Accession number:
NC_005859), Salmonella phage Spc35 (Accession number: NC_015269), Salmonella
phage S124 (Accession number: NC_048013).

Synteny analysis demonstrated a strong conservation of genes associated with
essential biological functions, including DNA replication, virion assembly, and host lysis
processes. Notably, almost all predicted structural proteins were highly homologous
across the compared genomes, with the exception of host-recognition elements such
as the receptor-binding protein (RBP) and the L-shaped tail fibers, which exhibited
greater divergence. In contrast, regions enriched in hypothetical proteins and proteins
of unknown function displayed considerable variability. These findings indicate that
while core functional modules remain conserved among Tequintavirus genomes,
variable regions likely represent accessory components contributing to the genomic
plasticity observed among closely related Tequintavirus isolates [59,60].

Figure 5. Genomic synteny analysis of phage UFVCit2 and reference genomes from the
Markadamsvirinae subfamily with known receptor usage, generated using Clinker. Genes are
automatically color-coded according to similarity groups. Gray shading between arrows indicates
regions of amino acid similarity (threshold 230%). GenBank accession numbers: Enterobacteria phage
T5 - NC_005859, Salmonella phage Spc35 — NC_015269, and Salmonella phage S124 — NC_048013.

3.2.3 Receptor inference from RBP and Llp clustering

To investigate the probable receptor recognized by UFVCit2, we first analyzed
the amino acid identity between its receptor-binding protein (RBP) and those of
Markadamsvirinae phages with known receptor usage. The RBPs of T5-like phages
are typically located at the distal end of a straight tail fiber and are responsible for
binding to specific outer membrane receptors. Depending on the phage, these
receptors can include ferrichrome (FhuA), vitamin B12 (BtuB), or ferric enterobactin
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(FepA) transporters [61-63]. In addition to receptor recognition during initial
adsorption, some T5-like phages encode a small lipoprotein (LIp) expressed after
genome injection, which binds to the receptor to prevent superinfection and protect
progeny phages from being inactivated by infected cells [55,56].

The RBP of UFVCit2 exhibited 96.9% percent identity with the RBP of phage T5,
which recognizes FhuA as the bacterial receptor, but only 30.8% identity with the RBP
of phage S131, which has also been proposed to target the same receptor [58]. With
BtuB-binding phages S126 [58], Spc35 [64], Bf23 [60,61] e DT57C [65], the RBP of
UFVCit2 showed 67.0%, 71.8%, 66.7%, and 73.2% identity, respectively. In contrast,
percent identity with the RBPs of phages H8 and S124, which recognize FepA [58,62],
was only 27.7%.

To further explore these relationships, phylogenetic trees were constructed
based on the amino acid sequences of the RBP and the superinfection exclusion
protein Llp. In the RBP-based phylogeny (Figure 6A), phages grouped largely
according to their experimentally confirmed receptor. BtuB-binding phages—S114,
S133, S126, S116, Bf23, Spc35, and DT57C—formed a well-supported clade. Despite
being a BtuB-binding phage, DT57C was positioned closer to the FhuA-binding group.
UFVCit2 clustered strongly with phage T5 (bootstrap 99%), which uses FhuA as its
receptor, supporting the hypothesis that UFVCit2 also recognizes FhuA. In contrast,
phages H8 and S124 (FepA-binding) and phage S131—previously proposed to use
FhuA—formed separate clades, with S124 and H8 grouping together (bootstrap
100%), and S131 remaining isolated.

The phylogenetic tree based on Llp sequences (Figure 6B) revealed a partially
different topology. In this tree, UFVCit2 grouped with the BtuB-binding phages Spc35
and Bf23 (bootstrap values of 79% and 80%, respectively), separating it from the
T5/S131 clade (bootstrap 96%), with which it had clustered in the RBP tree. The BtuB-
binding phages S114, S133, S126, and S116 formed a well-supported clade (bootstrap
values 295%), while DT57C and S124 grouped in a closely related branch (bootstrap
99%). Notably, phages T5 and S131, both associated with FhuA recognition, formed a
distinct clade (bootstrap 96%), whereas phage H8, which uses FepA as its receptor,
was positioned as a distant outgroup.

Together, these results reinforce the inference that UFVCit2 utilizes FhuA as its
primary receptor, based on both its close phylogenetic relationship and high sequence
identity to T5. The divergence observed in the Llp phylogeny, however, suggest
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possible divergence in Llp evolution among Markadamsvirinae members and may
reflect adaptation to specific receptor-blocking mechanisms across different hosts.
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Figure 6. Maximum Likelihood phylogenetic tree based on A) receptor-binding protein (RBP) and B)
superinfection exclusion protein (LIp) sequences of UFVCit2 and reference Markadamsvirinae phages
with experimentally characterized or presumed host receptors. The tree was constructed using MEGA
12 with 1000 bootstrap replicates. Bootstrap values 250% are shown. The scale bar represents amino
acid substitutions per site. The corresponding GenBank accession numbers were as follows: S114
(NC_048006), S133 (NC_048011), S126 (NC_048008), S116 (NC_048007), Bf23 (OR083247), Spc35
(NC_015269), DT57C (NC_027356), T5 (NC_005859), S131 (NC_048009), H8 (NC_042307), and
S124 (NC_048013).

3.3 Multiplicity of Infection (MOI) influence

This and the subsequent assays were conducted using S. Enteritidis as a target
host to explore the biocontrol potential of phage UFVCit2 against this pathogen. The
growth curves of S. Enteritidis in the presence of phage UFVCit2 demonstrated the
influence of different multiplicities of infection (MOls) on bacterial proliferation (Figure
7). A statistically significant reduction in bacterial growth (P < 0.05) was observed in all
phage-challenged groups compared to the phage-free control, regardless of the MO,
confirming the lytic activity of UFVCit2 throughout the 21-hour assay period.

At low MOls (0.01 and 0.1), initial bacterial growth was detected during the first
1.5 hours of incubation, followed by a sharp decline in optical density (OD). This was
succeeded by a partial regrowth phase beginning after approximately 3 hours. The
growth curves stabilized around 10 hours (MOI 0.1) and 13 hours (MOI 0.01),
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maintaining constant OD values until the end of the experiment. At intermediate to high
MOIs (1 to 1000), bacterial growth was initially suppressed, with no increase in OD
observed during the early incubation period. However, exponential growth resumed
around 7 hours, after which OD values plateaued and remained relatively stable until
the experiment concluded. This pattern suggests that phage UFVCit2 effectively
restricted bacterial proliferation following an initial adaptation or escape phase.
Despite the early kinetic differences observed between MOls, statistical analysis
revealed no significant difference in final bacterial densities among the phage-treated
groups after 21 hours. These findings underscore the complex dynamics of phage-host
interactions, in which early suppression is more pronounced at higher MOls, while
long-term outcomes may be modulated by factors such as bacterial regrowth,

resistance development, or variability in phage replication efficiency.
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Figure 7. Bacterial growth curves of S. Enteritidis over 21 hours in the presence of phage UFVCit2 at
different multiplicities of infection (MOIs), ranging from 0.01 to 1000. Optical density (ODggo)
measurements were taken at regular intervals (15 minutes) to assess the impact of phage infection on

bacterial growth dynamics.

3.4 Thermal and pH stability

Aiming at future applications of phage UFVCit2 for the control of S. enterica,
stability assays were performed using S. Enteritidis as the host bacterium. The tests
revealed that the phage was highly stable at pH values ranging from 4 to 12 (Figure
8A) and at temperatures up to 60 °C (Figure 8B). However, a reduction of 3.38 logo
PFU/mL was observed at pH 3, and reductions of 0.24, 0.3, 4.46 and 5.90 log4,
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PFU/mL were recorded at -20 ¢, 60 °C, 70 °C and 80 °C, respectively. Complete phage

inactivation occurred at pH 2 and at 90 °C.
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Figure 8. Stability of phage UFVCit2 under different environmental conditions. (A) pH stability assay

conducted at room temperature for 1 hour across a pH range of 2 to 12; pH 7 served as the control. (B)
Thermal stability assay performed at various temperatures (from 4 °C to 90 °C) for 1 hour; 4 °C was
used as the control condition. Phage titers are expressed as log,, PFU/mL. Data represent mean values
from independent experiments, with error bars indicating standard deviation. Statistically significant

differences (P < 0.05) are indicated by asterisks (*).

3.5 In vitro phage challenge at low temperature

This assay was designed to assess whether the phage UFVCit2 is capable of lysing
S. enteritidis at low temperatures, where bacterial replication—and consequently
phage propagation—is strongly limited. To favor the possibility of “lysis from without,”
in which bacterial cell lysis is induced externally without requiring phage replication
inside the host [66], high MOls (100 and 1000) were used. This strategy increases the
chance of multiple phages adsorbing to a single bacterium, promoting direct lysis even
in non-permissive conditions for phage replication. Evaluating phage activity at 4 °C is
particularly relevant for its potential application as an antibacterial or biocidal agent in
refrigerated food products.

Significant bacterial reductions (P < 0.05) were observed for both MQOls at all
evaluated time points. For MOI 100 (Figure 9A), the reductions relative to the control
were 1.13, 1.05, 1.23, 1.16, and 1.07 log,, CFU/mL at 1, 3, 5, 24, and 48 h,
respectively. For MOI 1000 (Figure 9B), more pronounced reductions were observed—
2.35, 2.24, 2.25, 2.24, and 2.75 log,, CFU/mL at the same time points. These results
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indicate that UFVCit2 can effectively reduce Salmonella viability under refrigeration

conditions, supporting its potential use in food safety applications.
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Figure 9. In vitro lytic activity of phage UFVCit2 at low temperature over a 48-hour period. The assay
was performed at multiplicities of infection (MOIs) of 100 and 1000, and bacterial growth was monitored
to assess phage-mediated inhibition under refrigeration conditions.

3.6 Biocontrol of S. Enteritidis in food

Treatment of lettuce leaves was performed at room temperature (~25 °C), which
reflects typical conditions used for the storage and transport of fresh produce. The 10-
minute phage immersion step was designed to simulate the common household
practice of vegetable sanitization. A reduction of 1.83 log,, CFU/mL was observed
after 1 hour of phage treatment, followed by 1.84 log,, at 2 hours, and 1.55 log,, at 24
hours, compared to the untreated control (Figure 10A). These results demonstrate that
phage UFVCit2 was able to significantly reduce S. Enteritidis loads on lettuce surfaces
over time, even as bacterial counts increased substantially in the control group.

Chicken meat samples were treated with phage UFVCit2 and subsequently
stored at 4°C for 72 hours to simulate post-processing refrigeration conditions
commonly used in the poultry industry. Although phage application is still primarily
experimental, this approach was designed to mimic the potential integration of
bacteriophage treatment into existing chilling and storage steps in poultry processing
workflows. Significant reductions in S. Enteritidis counts were observed in the treated
group compared to the untreated control (Figure 10B). Reductions of 0.79, 0.84, 0.76,
and 0.69 log,, CFU/mL were observed at 1, 6, 24, and 48 hours post-treatment,
respectively. These results demonstrate that phage UFVCit2 was effective in
maintaining a lower bacterial load during refrigerated storage, with a sustained
reduction over the 48-hour period.
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Negative control samples (meat pieces not inoculated with Salmonella or phage)
confirmed the absence of Salmonella in the product following immersion in the 50 ppm
hypochlorite solution. However, some yellow and translucent colonies were observed
on XLD plates, indicating the presence of background microorganisms and suggesting
that the disinfection procedure was not fully effective against other bacteria. In
Salmonella-inoculated samples, these non-black colonies were present but remained
scarce up to 48 hours, allowing reliable enumeration of black Salmonella colonies.
However, by 72 hours, the overgrowth of non-target bacteria rendered accurate

quantification of Salmonella unfeasible.
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Figure 10. Biocontrol of S. Enteritidis using phage UFVCit2 at a multiplicity of infection (MOI) of 1000.
(A) Reduction of bacterial counts on lettuce at room temperature. (B) Reduction of bacterial counts on

chicken meat at 4 °C. Statistically significant differences (P < 0.05) are indicated by asterisks (*).

4. DISCUSSION

The increasing prevalence of multidrug-resistant (MDR) S. enterica serovars in
food production chains has prompted the search for sustainable and effective
alternatives to traditional antimicrobial agents. In this context, bacteriophages have
emerged as promising biocontrol tools due to their specificity, self-replicating nature,
and ability to target bacteria even under adverse environmental conditions [33,67—-69].
In the present study, we characterized the polyvalent lytic phage UFVCit2 and
evaluated its potential application in controlling S. enterica in food matrices. Our results
collectively highlight its effectiveness, genomic safety, host range breadth, and
environmental resilience—key attributes for phage-based biocontrol strategies.

The phage UFVCit2 was isolated from sewage using C. freundii ATCC 8090 as
the original host and demonstrated the ability to infect a broad spectrum of
Enterobacteriaceae, including key pathogenic S. enterica serovars (Enteritidis and
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Typhimurium), strains isolated from poultry and swine production, and Shigella flexneri.
Although UFVCit2 did not infect the E. coli strains tested in this study, it is important to
note that the number of E. coli strains evaluated was limited. Therefore, we cannot rule
out the possibility that UFVCit2 is capable of infecting other E. coli strains. Future
studies should expand the E. coli panel in host range analyses to better assess this
potential. Notably, high efficiency of plating (EOP = 0.5) was observed in S. Enteritidis
and S. Typhimurium, two of the most prevalent serovars associated with human
salmonellosis [8,9]. The ability to infect S. flexneri further reinforces its polyvalence—
a highly desirable trait for phages intended for use in complex microbial communities
such as those found in food-processing environments [31,38]. Additionally, the
successful propagation in the non-pathogenic biosafety level 1 strain C. freundiifurther
highlights the feasibility of large-scale and safe production of UFVCit2 for industrial
applications, minimizing the likelihood of unintentional contamination of production
facilities with the target pathogen.

Importantly, UFVCit2's genome lacks identifiable genes related to lysogeny,
antibiotic resistance, or virulence—essential criteria for phage safety in food
applications [33]. The presence of 21 tRNAs suggests that this phage is equipped to
optimize translation of its own proteins during replication, a feature often associated
with increased lytic efficiency in large-genome phages [70]. Characterization of
UFVCit2 by electron microscopy revealed morphological features typical of the
Tequintavirus genus within the Demerecviridae family, characterized by an isometric
capsid and a long, flexible tail. Consistent with T5virus properties, the UFVCit2 genome
demonstrated high sequence identity to known Tequintavirus genomes, particularly
Salmonella phages Oldekolle and S131, supporting its taxonomic classification and
enabling insights into phage-host interactions and host range determinants. Despite
the high conservation of genes involved in virion morphogenesis and lytic functions,
synteny and phylogenetic analyses revealed substantial variability in accessory
regions and host-recognition modules such as receptor-binding proteins (RBPs) and
L-shaped tail fibers (Ltf). This variability likely contributes to the diverse host range
observed among related phages and highlights the evolutionary flexibility of this group
in adapting to distinct enterobacterial receptors [60,62,65].

Functional inference based on RBP phylogeny suggests that UFVCit2 likely
utilizes FhuA, a TonB-dependent outer membrane receptor, as its primary bacterial
receptor. This is supported by high amino acid identity (96.9%) and close phylogenetic
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clustering with phage T5, a canonical FhuA-binding phage [54,71]. FhuA is involved in
both iron uptake and phage adsorption and is broadly conserved among
Enterobacteriaceae [39,72,73], which may explain UFVCit2’s ability to infect multiple
genera. The evolutionary preference of phages for essential or conserved receptors
such as FhuA or LPS may provide a selective advantage in accessing hosts [74].
However, even subtle alterations in receptor binding sites can disrupt phage
adsorption. Previous studies have shown that small deletions in surface-exposed loops
of FhuA, particularly within the gating region, significantly alter phage susceptibility
without affecting protein localization [73,75,76]. Although UFVCit2’s RBP is highly
homologous to that of T5, it failed to infect the tested E. coli strains, including E. coli
K12—a strain typically susceptible to T5 [77]. Structural or conformational differences
in the FhuA receptor among strains of E. coli and Salmonella may account for these
discrepancies, restricting UFVCit2’s host range despite RBP homology.

Moreover, although a compatible RBP is a prerequisite for infection, successful
adsorption, DNA injection, replication, and lysis also depend on the physiological state
and genetic background of the bacterial host [75,78]. This aligns with findings by
Gencay et al. (2019), who showed that receptor identity and phage genus together
explain up to 79% of host range variance, leaving the remaining variance likely
influenced by other factors such as receptor accessibility, intracellular defense
mechanisms (e.g., CRISPR-Cas, RM systems), or replication incompatibilities [58].
The authors also observed that phages that recognize conserved outer membrane
proteins—such as T5virus members targeting FhuA or BtuB—tend to have broader
host ranges and are commonly isolated from ecologically complex environments like
sewage. This correlates with the broad host range and sewage origin of UFVCit2,
supporting the notion that ecological niche and receptor specificity co-influence host
range.

Lateral tail fibers (Ltfs) in T5-like phages play a critical role in initial reversible
adsorption by recognizing O-antigens before irreversible engagement with the primary
receptor (e.g., FhuA via Pb5), although are not always essential for infection [57].
Variation in Ltf structure can additionally explain host range differences even among
phages that share the same terminal receptor [58]. Moreover, because O-antigen
modifications often incur little or no fithess cost, they offer bacteria an efficient means
of evading phage infection [79]. The synteny analysis of UFVCit2 revealed substantial
variability in Ltf-encoding regions relative to other Tequintaviruses, which may help
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explain differences in host specificity. Additionally, the phylogenetic analysis of the
suoerinfection exclusion Llp protein from UFVCit2 revealed a divergent clustering
pattern, where the UFVCit2 RBP grouped closely with phage T5, while its Llp clustered
with phages that typically infect via BtuB. This divergence may reflect functional
adaptations in superinfection exclusion systems and suggests a decoupling between
RBP-based host recognition and exclusion mechanisms, potentially influencing the
host range spectrum [80].

The MOI assay demonstrated that phage UFVCit2 effectively inhibited the
growth of S. Enteritidis across a range of phage-to-bacteria ratios, supporting its
potential as a biocontrol agent. Although all phage-treated groups exhibited significant
bacterial suppression, the timing and extent of growth inhibition varied depending on
MOI. At lower MOls (0.01 and 0.1), limited initial phage numbers allowed early bacterial
growth before replication-induced lysis triggered a temporary decline, followed by
regrowth and eventual stabilization. Higher MOls (1 to 1000) suppressed bacterial
growth immediately, but cultures resumed growth after ~1h30min, stabilizing after 7
hours. Despite these differences, final bacterial densities were statistically similar
across all MOls, highlighting UFVCit2’'s consistent efficacy and practical utility in
settings where precise dosing may be challenging [81]. These findings also align with
previous reports indicating that low MOls can still lead to effective bacterial control over
time, provided that the phage can replicate efficiently within the host [82]. Conversely,
the transient regrowth observed at higher MOIls may reflect lysis-from-without
phenomena or early depletion of susceptible bacterial subpopulations, followed by the
expansion of less sensitive clones. Overall, this experiment demonstrates the
robustness of UFVCit2 against S. Enteritidis and provides insights into optimizing
phage dosage for potential application in food safety strategies.

Stability assays confirmed that UFVCit2 remains infective under a broad range
of temperatures and pH values, including pH 4—12 and temperatures up to 60 °C. Its
resilience to thermal and pH stress highlights its suitability for food industry
applications, where fluctuations in temperature and pH may influence phage stability.
Importantly, UFVCit2 retained significant lytic activity at refrigeration temperatures (4
°C), and reduction in S. Enteritidis levels was observed at high MOls, suggesting the
occurrence of "lysis from without"—a valuable mechanism in cold-chain scenarios [83].
This phenomenon refers to phage-induced bacterial lysis that occurs without
replication, triggered instead by the simultaneous binding of numerous phage particles
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to the bacterial surface [66]. The resulting structural damage compromises membrane
integrity, leading to cell death even under conditions where phage replication is limited,
such as at 4 °C. In refrigerated environments where bacterial metabolic activity is
reduced, 'lysis from without' becomes particularly advantageous, enabling immediate
reduction of bacterial populations despite the absence of a productive infection cycle.

In food models, UFVCit2 effectively reduced S. Enteritidis counts on both lettuce
and chicken meat. Reductions were more pronounced at room temperature on lettuce,
consistent with previous studies showing that phage efficacy is matrix- and
temperature-dependent [47,84]. Several previous studies evaluating Salmonella
control in food matrices used phage cocktails, often at high MOI. For example, Spricigo
et al. (2013) [47] used a cocktail of three phages (UAB_Phi20, UAB_Phi78, and
UAB_Phi87) at 4°C and observed reductions of 2.2 and 0.9 log,, CFU/g for S.
Typhimurium and S. Enteritidis on chicken meat, respectively, after 7 days and up to
3.9 log1o CFU/g on lettuce after 60 minutes. Pelyuntha et al. (2022) [48] also reported
reductions in Salmonella loads at 4 °C using phage cocktails on chicken meat,
employing an MOI of 100 and an evaluation period of 3 days, and observed reductions
of 0.3-0.4 log compared to the control between 24 and 72 hours of storage. In contrast,
the present study used UFVCit2 as a single phage and achieved comparable
reductions after 48 hours at 4 °C—conditions under which both bacterial replication
and phage activity are naturally limited.

Although the reductions observed were not as high as those reported for phage
cocktails, they are still considered significant, particularly given the complexity of
chicken meat as a food matrix. The heterogeneous composition of this substrate,
including fat, proteins, and irregular surfaces, can hinder phage diffusion and reduce
the likelihood of direct interaction with bacterial cells [85]. This may partially explain the
moderate reductions observed. Nonetheless, these findings represent a meaningful
impact on the reduction of this pathogen in poultry products and support the potential
of UFVCit2 as a viable biocontrol agent. Additionally, the consistent bacterial
suppression observed on chicken meat throughout the 48-hour period underscores the
phage’s robustness in cold-chain applications. Future work should focus on optimizing
the multiplicity of infection (MOI) and strategically combining UFVCit2 with
complementary phages to potentiate antimicrobial efficacy through synergistic
interactions. Importantly, this future cocktail formulations using UFVCit2 should
consider the phage genus and receptor specificity of the additional phages, as
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superinfection exclusion systems encoded by UFVCit2 may inhibit the activity of
genetically similar phages that target the same receptor. Therefore, a rational design
based on complementary host recognition profiles is recommended. Moreover, the
synergistic potential of such cocktails should be carefully evaluated both in vitro and in
different food matrices to ensure efficacy across varied industrial scenarios.

In poultry processing plants in Brazil, immersion chilling is the standard method
used to reduce microbial loads on carcasses, as outlined by Portaria n® 210/1998 of
the Ministério da Agricultura e do Abastecimento (1998) [86]. This process involves
the use of cold potable water (<4 °C) in countercurrent systems. While effective, it can
allow cross-contamination between carcasses. The application of bacteriophages as a
post-chilling spray or dip could serve as a complementary strategy, enhancing
Salmonella control without altering the sensory properties of the meat or requiring
changes to existing workflows. Our results demonstrated that even a short exposure
time (10 minutes) to UFVCit2 was sufficient to reduce S. Enteritidis levels on chicken
meat, likely due to the phage’s high adsorption efficiency. This characteristic is
particularly advantageous in industrial environments, where carcasses spend limited
time in each processing step, making rapid antimicrobial action a key requirement for
practical implementation.

Taken together, the findings of this study provide strong evidence supporting the
use of UFVCit2 as a versatile and robust biocontrol agent against Salmonella enterica,
particularly in the context of poultry products. Its broad host range, lytic efficacy,
genomic safety, and environmental stability underscore its suitability for integration into
food safety protocols, especially during critical control points such as post-chilling
stages. While further studies are needed to validate its effectiveness under industrial-
scale conditions and in combination with other phages or antimicrobials, the current
results establish UFVCit2 as a promising foundation for the development of targeted
phage-based interventions in the control of foodborne pathogens.

5. CONCLUSIONS

In this chapter, we isolated and characterized the bacteriophage UFVCit2, a lytic
phage belonging to the Tequintavirus genus, isolated using C.r freundii as a host. Host
range analysis confirmed the polyvalent nature of UFVCit2, with lytic activity against
C. freundii, S. flexneri, and different S. enterica serovars. This broad host range
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highlights its potential for applications in food safety, targeting various enteric
pathogens.

Morphological analysis revealed typical features of Tequintavirus, with an
icosahedral head and a long, flexible tail. Genomic analysis confirmed a genome of
112 kb encoding 146 ORFs and 21 tRNAs, with no genes related to lysogeny,
virulence, or antimicrobial resistance, reinforcing its genetic safety for biocontrol
applications. Phylogenetic and protein analyses suggested that UFVCit2 likely utilizes
FhuA as its primary receptor, similarly to phage T5, while its Llp superinfection
exclusion protein clustered with phages that use BtuB, possibly reflecting ecological
adaptations to reduce competition with other phages.

One-step growth curve assays revealed a short latency period and a high burst
size in C. freundii, with slightly lower efficiency in S. Enteritidis, reflecting differences
in host-phage interaction dynamics. Growth kinetics assays with S. Enteritidis further
demonstrated that higher MOIs led to faster suppression of bacterial growth,
particularly in the early hours, while bacterial regrowth was observed after 6—7 hours
regardless of the MOI. This indicates that both phage dose and bacterial physiological
factors influence long-term infection dynamics and bacterial control.

Physicochemical stability tests showed that UFVCit2 is highly stable across a
wide pH range (4-12) and temperatures up to 60 °C, with reduced activity only under
extreme conditions such as pH 3 or temperatures above 70 °C. Biocontrol assays in
food models demonstrated that UFVCit2 was able to significantly reduce S. Enteritidis
counts in both lettuce and chicken meat. Reductions were greater in lettuce at room
temperature, while in refrigerated chicken meat the reductions were moderate but
sustained over 48 hours. These results highlight the influence of temperature and
matrix complexity on phage efficacy.

Altogether, the data presented in this chapter support UFVCit2 as a robust,
polyvalent, and genetically safe phage with promising potential for applications in the
biocontrol of Salmonella and other enteric pathogens in food products.
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ABSTRACT

Staphylococcus aureus is a globally significant pathogen associated with severe
infections, foodborne illnesses, and animal diseases. lts control has become
increasingly challenging due to the spread of antibiotic-resistant strains, highlighting
the urgent need for effective alternatives. In this context, bacteriophages have
emerged as promising biocontrol agents. This study aimed to characterize the newly
isolated Staphylococcus phage CapO46 and evaluate its efficacy in reducing S. aureus
in milk. ldentified as a new species within the Rosenblumvirus genus, CapO46
exhibited a podovirus-like structure and a small linear dsDNA genome (17,107 bp),
with no lysogeny-related, antimicrobial resistance, or virulence genes. Host range
assays demonstrated its ability to infect all 31 S. aureus isolates from two different
countries and in diverse environmental contexts, achieving high efficiency of plating
(EOP > 0.5) in 64.5% of cases. Kinetic analyses revealed rapid adsorption and a short
latent period, with a burst size of approximately 30 PFU/cell. In UHT whole-fat milk,
Cap0O46 achieved a maximum reduction of 7.2 log10 CFU/mL in bacterial load after
12 h, maintaining significant suppression (1.6 log10 CFU/mL) after 48 h. Due to its
genetic safety, high infectivity across multiple isolates, and antimicrobial activity in milk,

Cap046 can be considered a promising candidate for S. aureus biocontrol applications

Keywords: Staphylococcus phage; Rosenblumvirus; biocontrol; host range
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1. INTRODUCTION

Staphylococcus aureus is a bacterium of great global significance, with a
substantial impact on public health, food safety, and animal health. This pathogen is
responsible for a wide range of infections in humans, ranging from mild conditions,
such as skin infections, to severe and potentially fatal diseases, such as pneumonia,
sepsis, and endocarditis [1]. In food, S. aureus is one of the leading causes of
foodborne intoxication due to its production of heat-stable enterotoxins [2,3]. In animal
health, it stands out as the main causative agent of bovine mastitis, a disease that
compromises milk quality, reduces productivity, and causes significant economic
losses in the dairy production chain [4,5]. The control of S. aureus is challenging due
to its ability to form biofilms, which protect bacterial cells from the immune system and
antimicrobials, as well as its increasing resistance to conventional antibiotics, such as
beta-lactams, which has given rise to the well-known methicillin-resistant strains
(MRSA—methicillin-resistant  Staphylococcus aureus) [1,2]. These features
underscore the urgent need to develop alternative strategies for controlling this
pathogen in diverse settings.

Bacteriophages (phages) have emerged as promising tools for bacterial
biocontrol due to their high specificity, lytic efficacy, and environmental safety [6-8].
These viruses selectively target and destroy bacteria, offering a significant advantage
over antibiotics. Additionally, phages can degrade biofilms using specific enzymes
such as depolymerizes and endolysins, enhancing their effectiveness in environments
where biofilms protect bacteria or contribute to resistance [9,10]. In the agro-food
industry, phages have been used as food biopreservatives, biopesticides to mitigate
disease loads in crops, feed additives to manage bacterial infections in animals, and
surface sanitizers in livestock facilities and food processing industries [11,12]. Phage
application can reduce pathogens without harming beneficial microorganisms thus
improving animal health, preserving product quality, and ensuring consumer safety
[13—15]. Moreover, introducing phages as a natural alternative could promote more
sustainable agricultural practices by reducing antibiotic use and minimizing
pharmaceutical residues in the environment.

For safe and effective use in commercial agro-food applications, phages must
exhibit several desirable characteristics [12]. These include the absence of genes

associated with antibiotic resistance or virulence, as well as the absence of lysogeny-
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related genes (i.e., they must be strictly Iytic). Additionally, they should be highly
specific to the target bacterium to prevent disruptions to the beneficial microbiota, and
they must be stable to maintain efficacy under varying environmental conditions, such
as temperature and pH fluctuations. Moreover, phages should be easily producible on
a large scale to ensure commercial viability. Thus, the use of phages requires not only
their isolation but also their biological and genomic characterization to enable a full
exploration of their practical applications [16].

In this study, we report the isolation of the phage CapO46, obtained from effluents
of a goat farm in Brazil, and evaluate its host range in S. aureus isolates from two
different countries and diverse environmental contexts. Through genomic analyses, we
determine the taxonomic classification of this novel phage and its genetic safety.
Finally, we investigate the antimicrobial efficacy of CapO46 in S. aureus-contaminated
ultra-high-temperature (UHT) whole-fat milk, highlighting its potential as a biocontrol

agent under practical conditions.

2. MATERIALS AND METHODS

2.1 Bacterial strains and growth conditions

The S. aureus 046, isolated from an ewe with mild mastitis [17,18], was used as
the host for phage isolation and propagation. For the host range investigation, S.
aureus isolates from animals, humans, and cow milk were selected from the various
bacterial libraries of collaborating research laboratories (Supplementary Table S1).
Some isolates, including those kindly provided by EMBRAPA Gado de Leite (Juiz de
Fora, MG, Brazil), had been previously characterized [19—-23]. The Norwegian isolates
were obtained from the SciFood Lab at the Norwegian University of Life Sciences
(NMBU), Norwegian city, Norway, and there was no information regarding genetic
variability. The S. aureus strain NCTC 8325-4 was kindly provided by Professor Morten
Kjos from NMBU.

Isolates were routinely cultured in Brain Heart Infusion (BHI) broth (Kasvi, Sao
Paulo, SP, Brazil) and BHI agar (1.5% agar w/v), then incubated at 37 °C. Optical
density was measured using a spectrophotometer (Shanghai Spectrum SP-1105,
Shanghai, China) at 600 nm (ODeoo) to determine the phase of bacterial growth.
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2.2 Phage isolation and propagation

For phage isolation, a sample was collected from the goat farm wastewater at UFV,
processed, and then enriched following the method of Van Twest and Kropinski [24].
Briefly, the sample was centrifuged at 10,000x g for 15 minutes at 4 °C, and the
supernatant was filtered through a 0.45 um PES membrane (Millipore, Billerica, MA,
USA). Next, 10 mL of sterile double-strength BHI broth was inoculated with 0.1 mL of
S. aureus 046 culture (Table S1) in the logarithmic growth phase (ODesoo = 0.4) and
mixed with 10 mL of the filtered wastewater sample. The mixture was incubated at 37
°C with shaking at 100 rpm for 24 hours.

Following incubation, the mixture was centrifuged at 10,000% g for 10 minutes at 4
°C, and the supernatant (lysate) was filtered through a 0.22 ym PES membrane
(Millipore, Billerica, MA, USA). The lysate was then diluted in SM buffer (5.8 g/L NaCl,
2.0 g/L MgS04-7H20, 50.0 mL/L Tris-HCI 1M, 5.0 mL/L 2% w/v gelatin, pH 7.5) and
plated using the double-layer agar (DLA) technique [24,25]. The plates were incubated
overnight at 37 °C. Among the resulting lysis plaques, one was selected, excised, and
replated. This process was repeated at least three times to ensure the isolation of a
single phage. Finally, the phage was propagated in BHI broth as described by
Sambrook et al. [26], filtered through a 0.22 um PES membrane, titrated, and stored
at4 °C.

2.3 Transmission electron microscopy

For the viral morphology analysis, transmission electron microscopy (TEM) was
performed. Briefly, 5 uL of a high-titer viral suspension (>10'° PFU/mL) was applied to
Formvar®-coated grids with 200-mesh support for 5 minutes, followed by negative
staining with 5 pL of 3% (w/v) uranyl acetate for 15 seconds. The grids were then dried
in a vacuum chamber for approximately 24 hours and analyzed using a Zeiss EM 109
transmission electron microscope (Zeiss, Oberkochen, Germany) at the Center for
Microscopy and Microanalysis (UFV). The acquired images were analyzed for capsid
and tail dimensions using the Imaged v1.54g software (National Institutes of Health,
Bethesda, MD, USA). Measurements were obtained from three separate images to

ensure accuracy and consistency.
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2.4 Hostrange

The ability of the phage to infect different bacterial strains was initially assessed
by spotting 10 uL of the phage suspension onto the surface of a double-layer agar
plate inoculated with the test bacterium (Table S1). The plates were incubated
overnight at 37 °C. Bacteria that exhibited clear spots or plaques at the inoculation site
were recorded as sensitive to the phage and subsequently used in the efficiency of
plating (EOP) assay to evaluate productive infection [27]. For the EOP assay, the
phage lysate was serially diluted in SM buffer and spot-plated onto double-layer agar
containing the sensitive bacteria. The plates were incubated overnight at 37 °C, and
the PFU/mL was calculated the following day. All experiments were performed in
triplicate.

To determine the EOP, the mean PFU/mL of the test bacterium was divided by
the mean PFU/mL of the original host bacterium. The EOP for a specific phage—
bacterium combination was classified as “high production” when the ratio was 0.5 or
higher, meaning that productive infection in the target bacterium resulted in at least
50% of the PFU/mL observed in the original host. It was considered “medium
production” when the EOP ranged from 0.1 to less than 0.5, “low production” when it
ranged from 0.001 to less than 0.1, and “inefficient” when it was greater than 0 but less
than or equal to 0.001. If no lysis plagues were observed, the EOP was classified as

“no production”.

2.5 Adsorption and one-step growth curve

To evaluate the kinetics of viral infection, adsorption and one-step growth curve
assays were performed in triplicate. For both assays, the isolate S. aureus 046 was
grown in a BHI medium until reaching the mid-exponential phase (ODsoo = 0.4).

The adsorption assay was conducted as described by Hyman and Abedon [28]
but with modifications. The bacterial culture was infected with the phage at a multiplicity
of infection (MOI) of 0.01 and incubated at 37 °C for 14 minutes. Samples were
collected immediately and at 2 minutes intervals, post-infection, then centrifuged at
13,000x g for 1 minute. The supernatants were diluted and plated using the DLA
method to determine the titers of non-adsorbed phages. The adsorption curve was
expressed as relative adsorption (%), calculated as follows:
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100 x [1 — (titer of non-adsorbed phages at each time point/initial titer of phages)]. (1)

The one-step growth curve assay was performed as reported by Sharifi et al. [29]
but with some modifications. Briefly, 10 mL of bacterial culture was mixed with 100 pL
of phage suspension to achieve an MOI of 0.01. The mixture was incubated for 10
minutes at 37 °C to allow for viral adsorption, then centrifuged (10,000x g, 5 minutes)
to remove non-adsorbed phages. The supernatant was discarded, and the pellet was
resuspended in 10 mL of pre-warmed BHI broth and incubated again at 37 °C with
shaking at 100 rpm. Samples were collected immediately after resuspension (T0) and
at 5 minutes intervals for 60 minutes and then plated using the DLA method. The latent
period was defined as the time interval between adsorption and the onset of the first
burst, as indicated by the initial rise in phage titer. The burst size was calculated by
dividing the mean titer observed after the first burst by the average initial titer before
the burst.

2.6 Genome sequencing and bioinformatics analysis

For phage genome extraction, the phage lysate was first treated with 5 yL/mL of
DNase | (Thermo Fisher Scientific, Waltham, MA, USA) at 37 °C for 60 minutes to
eliminate free host DNA contamination. DNase | was inactivated with 50 mM EDTA by
incubation at 65 °C for 10 minutes, and the viral DNA was subsequently extracted
using the mag™ Midi DNA Purification Kit (LGC Biosearch Technologies, Teddington,
UK), following the manufacturer’s instructions. The sequencing library was prepared
using 1 ng of input DNA with the lllumina Nextera XT DNA Kit (lllumina, San Diego,
CA, EUA), and normalization was performed using the SequalPrep™ Normalization
Kit (Thermo Fisher Scientific). Whole-genome sequencing was conducted by
Novogene (Cambridge, UK) using the lllumina NovaSeq X Plus 2 x 150 bp paired-end.

Raw reads were quality-filtered and assembled into contigs and scaffolds using
SPAdes v3.13.0 through the Bacterial and Viral Bioinformatics Resource Center (BV-
BRC) (https://www.bv-brc.org/, accessed on 7 May 2024), with read trimming
(TrimGalore) and normalization enabled in the ‘True’ mode. The minimum contig length
and coverage thresholds were set to 1000 and 5, respectively. The obtained CapO46
genome sequence was analyzed using the BLASTn tool in the NCBI database
(https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 7 May 2024) to identify the
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closest related sequences and their corresponding subfamily. All RefSeq genomes of
the members of the identified subfamily were retrieved from the NCBI Virus database
(https://www.ncbi.nim.nih.gov/labs/virus/vssi/#/, accessed on 7 May 2024). The
Cap0O46 genome was then incorporated into the subfamily genome dataset and
analyzed using the Viral Proteomic Tree (ViPTree) server [30]
(https://www.genome.jp/viptree/, accessed on 7 May 2024) to determine the
phylogenetic relationships and generate a proteomic tree. Intergenomic comparisons
were performed via the VIRIDIC web server [31] (http://rhea.icbom.uni-
oldenburg.de/viridic/, accessed on 7 May 2024) following the International Committee
on Taxonomy of Viruses (ICTV) guidelines, which define species and genus
boundaries at similarity thresholds of 95% and 70%, respectively [32].

Gene prediction for the CapO46 genome was performed using Prokka
v1.14.6+galaxy1 on the Phage Galaxy web platform (https://phage.usegalaxy.eu/,
accessed on 7 January 2025). Automatic annotations were manually curated using the
BLASTp tool in NCBI and the InterProScan web service
(https://www.ebi.ac.uk/interpro/, accessed on 7 January 2025) to generate the final
consensus annotation table. The phage genomic map was constructed using the
Proksee platform [33] (https://proksee.ca/, accessed on 7 January 2025). Antimicrobial
resistance genes and virulence factors were identified using ResFinder 4.5.0 [34] and
VirulenceFinder 2.0.5 [35,36] on the CGE platform
(https://www.genomicepidemiology.org/, accessed on 7 January 2025).

The complete CapO46 genome sequence has been deposited in the NCBI

GenBank under accession number PVV007823.

2.7 Phage bactericidal activity in UHT whole-fat milk

The bactericidal activity of the phage in UHT whole-fat milk (3% fat) was
evaluated as described by Garcia et al. [37], with modifications. The bacterial culture
was grown to the mid-exponential phase (ODsoo = 0.4) and subsequently diluted in
phosphate-buffered saline (PBS). Aliquots of 50 uL of the diluted bacterial culture and
50 uL of the phage suspension, also diluted in PBS, were added to tubes containing 5
mL of UHT whole-fat milk to achieve a multiplicity of infection (MOI) of 1000. Positive
control tubes, inoculated with bacteria only, received 50 pL of sterile PBS instead of

phage. Negative control tubes, containing only sterile PBS and without bacterial or
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phage inoculation, were used to check for milk contamination. The tubes were
incubated at 37 °C, and aliquots were collected at 0, 3, 6, 12, 24, and 48 hours. The
aliquots were diluted in PBS, and the bacterial concentrations (CFU/mL) were
determined using the spread-plate method. The phage concentrations (PFU/mL) were

determined by the DLA method. The entire experiment was conducted in triplicate.

2.8 Statistical analysis

The statistical significance of the means was assessed using GraphPad Prism
software v 8.3.0 (538). First, the normality of the data was evaluated. If the data were
normally distributed, an independent t-test was used to compare the means of the
control and CapO46-treated groups at each time point (0, 3, 6, 12, 24, and 48 hours).
If the data were not normally distributed, the Mann—Whitney test was applied.

Significant differences were considered for p-values < 0.05.

3. RESULTS

3.1 Isolation and morphology of CapO46 phage

The lytic Staphylococcus phage CapO46, hereafter referred to as CapO46, was
isolated from goat farm (caprinocultura in Brazilian Portuguese) wastewater using an
S. aureus strain (046) obtained from an ewe with mild mastitis [17,18]. The phage
readily achieves high titers (>10'9 PFU/mL) when routinely propagated in its isolation
host. In the BHI medium, the phage produces clear, round lysis plaques approximately
1 mm in diameter, surrounded by a translucent halo of about 3 mm in diameter (Figure
1A). Electron micrographs reveal that the phage has a podovirus morphology, with an
icosahedral head approximately 40 nm in diameter (n = 3) and a short, non-contractile

tail about 23 nm in length (Figure 1B).
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Figure 1. CapO46 phage A) Plaque morphology on BHI medium and B) Transmission electron

micrograph of negatively stained phage particle.

3.2 Cap0O46 genome annotation and phylogenetic analysis

CapO46 is a virulent phage with a small dsDNA genome of 17,107 bp anda G +
C content of 29.08%. Of the 19 putative open reading frames (ORFs) identified, 12
were predicted to be functional, and 7 were annotated as hypothetical proteins of
unknown function (Figure 2). The functional ORFs were categorized into the following
four modules: DNA and nucleotide metabolism (two ORFs), head and packaging (two
ORFs), tail and connector (four ORFs), and lysis (three ORFs). No genes encoding
tRNA, virulence factors, or antibiotic resistance genes were identified in the phage
genome.

Regarding the taxonomic analyses, CapO46 was grouped in the same clade of
the proteomic tree as representatives of the Rosenblumvirus genus (Rakietenvirinae
subfamily, Rountreeviridae family), alongside a clade formed by members of the same
subfamily (Andhravirus genus) (Figure 3A). In the VIRIDIC analysis (Figure 3B), the
highest similarity score obtained was with Staphylococcus phage SA46-CL1 (RefSeq
accession: NC_055802.1, similarity score: 92.9), indicating that CapO46 represents a
new species within the Rosenblumvirus genus, according to ICTV criteria.
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highlighted with a red star in both images.

3.3 Cap0O46 host range

The CapO46 phage exhibited a wide strain specificity, being capable of infecting
various S. aureus isolates from both Brazil and Norway, additionally of its Franch
isolation strain. All 31 S. aureus isolates tested were lysed to some extent by the phage
(Table 1). The EOP assays revealed that the phage was able to infect 64.5% of the
isolates with high EOP (20/31), 9.7% with medium EOP (3/31), and 25.8% with
inefficient EOP (8/31). Notably, the majority of the isolates classified as having high
EOP (14/20) were Norwegian S. aureus strains. The phage did not infect any strain of

non-aureus staphylococci.



Table 1. Host range of CapO46 phage and its efficiency of plating (EOP) on different bacterial hosts.
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Bacterial Source of Spot- EOP
Isolate Isolation Test Average Titer EOP Value Production
Staphylococcus aureus
S. aureus 046 * A (Fr) + 1.0 High
S. aureus St 10 H (Br) + 3.4 x108 1.68 x 1078 Inefficient
S. aureus St 67 H (Br) + 3.2x108 1.62 x 1078 Inefficient
S. aureus St 112 H (Br) + 5.0 x 108 25x%x1078 Inefficient
S. aureus 222 A (Br) + 8.7 x 10° 1.225 High
S. aureus St 261 H (Br) + 2.0x 105 8.6 x 106 Inefficient
S. aureus 1334 A (Br) + 7.6 x 107 0.10 Medium
S. aureus UFV2030RH1 A (Br) + 4.0 x10° 0.53 High
S. aureus 3059 A (Br) + 5.0 x 10° 0.791 High
S. aureus 3212 A (Br) + 8.0 x 10° 1.076 High
S. aureus 3906 A (Br) + 7.3 x10% 3.6 x107 Inefficient
S. aureus 3907 A (Br) + 9.0 x 105 45x%x10° Inefficient
S. aureus 4081 A (Br) + 1.3 x 108 0.0002 Inefficient
S. aureus 4182 A (Br) + 1.1 x 10 1.476 High
S. aureus ATCC33591 TC + 1.0 x 108 5x 106 Inefficient
S. aureus BO169-1 CM (No) + 8.0 x 10° 0.714 High
S. aureus B172-1 CM (No) + 1.9 x 10° 0.169 Medium
S. aureus H69Col2 CM (No) + 1.0 x 1010 0.948 High
S. aureus H90Col1 CM (No) + 1.0 x 1010 0.951 High
S. aureus H90Col2 CM (No) + 1.3 x 1010 1.163 High
S. aureus H90Col3 CM (No) + 1.2 x 1010 1.045 High
S. aureus H182Col1 CM (No) + 6.1 x 10° 0.547 High
S. aureus H249Col1 CM (No) + 6.1 x 10° 0.540 High
S. aureus H250Col1 CM (No) + 7.9 x 10° 0.710 High
S. aureus H288Col2 CM (No) + 5.9 x 10° 0.532 High
S. aureus H297Col1 CM (No) + 9.9 x 10° 0.884 High
S. aureus H295Col2 CM (No) + 6.3 x 10° 0.562 High
S. aureus H349Col1 CM (No) + 1.1 x 1010 0.944 High
S. aureus H350Col1 CM (No) + 4.1 x10° 0.369 Medium
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S. aureus H361Col1 CM (No) + 1.4 x 1010 1.281 High
S. aureus NCTC8325-4 TC + 8.3 x 10° 0.737 High
Non-aureus staphylococci

S. chromogenes BO226-1 CM (No) -
S. epidermidis BO5-3 CM (No) -
S. equorum BO53-1 CM (No) -
S. gallinarum BO63-3 CM (No) -
S. haemolyticus BO28-3 CM (No) -
S. sciuri BO63-2 CM (No) -
S. warneri BO64-1 CM (No) -
S. xylosus BO186-3 CM (No) -

* CapO46 isolation and propagation host. A (Fr) = Animal (France); A (Br) = Animals (Brazil); H (Br) = Humans (Brazil); CM (No) = Raw cow milk (Norway); TC
= Type collections. + = positive

e for lysis; — = no lysis
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3.4 CapO046 adsorption and one-step growth curve

The adsorption of CapO46 phage occurs rapidly, with approximately 50% (50.3%
1 1.5%) of the phage particles adsorbed to bacterial cells in just 2 minutes and nearly
100% (98.3% = 1.1%) adsorbed within 10 minutes (Figure 4A). The one-step growth
curve shows that the phage’s latent period at an MOI of 0.01 is 20 minutes, and the
burst size, which occurs at 30 minutes, is on average 30 (30.7 + 3.8) PFU/cell (Figure
4B).
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Figure 4. A) Relative adsorption and B) One-step growth curve of CapO46 phage at an MOI of 0.01.

3.5 Capo46 bactericidal activity in UHT whole-fat milk

The potential of phage CapO46 to inhibit S. aureus growth in UHT whole-fat milk
was evaluated over 48 h at 37 °C (Figure 5). Treatment with the phage at an MOI of
1000 demonstrated a significant reduction (p-value < 0.05) in bacterial load, starting at
6 hours of incubation. By 6 hours, the bacterial counts had decreased by 5.2 log10
CFU/mL, reaching a peak reduction of 7.2 log10 CFU/mL at 12 hours. Although the
bacterial population began to regrow after 24 hours of incubation, its concentration
remained lower in the phage-treated samples compared to the control, with bacterial
loads reduced by 3.5 log10 CFU/mL at 24 hours and 1.6 log10 CFU/mL at 48 hours
relative to the untreated control.

The phage titers were also assessed at different time points, demonstrating the
effective replication of phage CapO46 in the milk (Figure 5). After 3 hours of incubation,
a slight increase of 0.23 log10 PFU/mL was observed, indicating limited initial activity.
However, a substantial increase was recorded at 6 hours, with the mean phage titer

reaching 8.13 log10 PFU/mL, representing a 2.08 log10 increase compared to the
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initial time. Between 6 and 12 hours, the phage titers remained stable, with a mean
value of 8.12 log10 PFU/mL at 12 hours. A further increase was observed at 24 hours,
with a mean titer of 8.65 log10 PFU/mL, corresponding to a 0.53 log10 PFU/mL rise
from 12 h. At the final time point (48 hours), the mean phage titer reached 9.60 log10
PFU/mL, representing the highest titer observed and an overall increase of 3.78 log10
PFU/mL from the initial time.
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Figure 5. Bactericidal activity of phage CapO46 against S. aureus 046 in UHT whole-fat milk over 48
h. The graph illustrates the bacterial load (S. aureus 046 CFU/mL) in untreated samples (red line, “S.
aureus O46—Control”) and the reduction in bacterial counts following phage treatment (blue line, “S.
aureus O46—Treatment”). Phage replication is represented by titers in PFU/mL (dotted black line,
“Cap046”).

4. DISCUSSION

The findings of this study highlight the potential of the phage CapO46 as a
promising candidate for S. aureus biocontrol applications. The successful isolation of
Cap046 from farm wastewater underscores the effectiveness of bacterium-enrichment
methodologies for recovering lytic phages and emphasizes the importance of such
environments as sources for discovering novel viruses [24,38]. Morphological
characterization revealed a podovirus-like structure, which is consistent with the
genomic and taxonomic analyses that classify CapO46 as a member of the genus
Rosenblumvirus. Furthermore, the absence of lysogeny-related and tRNA-encoding
genes aligns with the observations of phages in the subfamily Rakietenvirinae [39,40].
For phage therapy or biocontrol applications, strictly lytic phages are preferable, as
they immediately lyse their host cells. Additionally, since some phages can carry

virulence, toxin, or antibiotic resistance genes—thus contributing to the pathogenicity
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of their bacterial hosts—such characteristics must be avoided [41]. Therefore, the
absence of these genes in the CapO46 genome strengthens its genetic safety profile
for therapeutic applications.

The host range assay revealed that CapO46 is capable of infecting a wide variety
of S. aureus isolates from different environmental origins and unrelated countries. The
phage isolation host, S. aureus 046, is a French isolate obtained from an ewe with
mild mastitis, isolated by Vautor et al. (2009) [17] and sequenced by Le Maréchal et
al. (2011) [18]. The Brazilian isolates obtained from EMBRAPA dairy cattle have
already been evaluated for genetic diversity along with the key virulence factors [20].
Among the isolates analyzed by the authors, those used in our study were clustered
into different groups based on a dissimilarity index of 30% using the UPGMA clustering
method. Genetic comparisons were also performed between isolates 3059 and
UFV2030RH1, revealing significant differences in the categories related to nucleotide,
carbohydrate, amino acid, and cofactor metabolism, as well as cell regulation,
signaling, and bacteriophages [19]. Furthermore, the antimicrobial susceptibility
analysis of these two isolates showed resistance to aztreonam and bacitracin. The
isolates obtained from humans (St 10, St 67, St 112, and St 261) are multidrug resistant
and have also been genetically analyzed for their similarities [22]. The dendrogram
based on PFGE patterns post-digestion with Smal, associated with the One Health
sector and Multidrug Efflux System genes, indicates that isolates St 112 and St 261
were grouped within the same cluster, while St10 and St67 formed a separate cluster.
These data indicate considerable genetic differences regarding the Brazilian isolates.
As for the Norwegian isolates, we currently lack information on their genotype and
antimicrobial susceptibility. Since they were obtained from the same farm, with some
originating from the same animal, it is possible that some may be clones. However,
considering the geographic distance, substantial environmental differences, and
variations in antibiotic therapy between Brazil and Norway [42,43], it is plausible that
significant differences also exist between the Brazilian and Norwegian isolates.

Notably, 100% of the S. aureus isolates tested were sensitive to the phage,
outperforming the previously reported phages in the literature [9,44—47]. Additionally,
high efficiency of plating (EOP > 0.5) was observed in 64.5% of the sensitive isolates.
While some isolates exhibited medium or inefficient EOP, this can be attributed to the
phage’s exceptionally high efficiency in its isolation host, resulting in elevated titers in

that host. In comparison, the relative infection efficiency appears lower in other hosts,
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but significant phage titers (>108® PFU/mL) were still achieved, even in hosts with
inefficient EOP. Moreover, the high EOP observed in almost all the Norwegian isolates
may indicate genetic similarities between them, as well as the genetic or environmental
factors that render these isolates more susceptible. This raises the possibility of
comparative genomic studies between the Brazilian and Norwegian S. aureus isolates
to identify the genetic determinants of susceptibility.

The kinetic data revealed rapid adsorption, with nearly 100% of the phage
particles adsorbed within 10 min, a short latent period of 20 min, and a small burst size
of approximately 30 particles per cell. These results are consistent with findings for the
phage vB_SauP_phiAGO1.3, another member of the genus Rosenblumvirus, which
also adsorbs quickly to its host cells, has a short latent period (30 min), and produces
a burst size very similar to that of CapO46 (about 35 PFU/cell) [48]. The rapid
adsorption and short latent period of CapO46, combined with its ability to easily reach
high titers (>10'© PFU/mL), underscore its strong replicative potential—a highly
desirable trait for phages intended for biocontrol. Moreover, in industrial applications,
achieving high phage titers is advantageous as it facilitates both large-scale production
and application, optimizing costs and operational efficiency [16,49].

The performance of CapO46 in UHT whole-fat milk contaminated with S. aureus
demonstrated its effectiveness in reducing bacterial load under practical conditions.
The maximum reduction of 7.2 log CFU/mL observed after 12 h highlights the phage’s
strong bactericidal effect in a nutrient-rich environment that favors bacterial growth.
Even after 48 h of incubation, the phage’s lytic activity persisted, maintaining the host
concentration 1.6 logs below that of the control—a 97% reduction. This demonstrates
the phage’s strong bactericidal potential, even several hours post-treatment. Previous
studies have suggested that heat treatment (UHT > pasteurized) and milk skimming
enhances the bactericidal activity of phages by minimizing the inhibitory effects of
components found in raw milk [37,50,51]. These raw milk components, including a
more complex lipid and protein composition that may inhibit phage binding to host cells,
as well as the presence of a microbiota that can slow S. aureus growth, could lead to
reduced phage propagation in raw milk and, consequently, diminished bactericidal
activity. Nevertheless, several studies have already demonstrated the ability of phages
to reduce bacterial growth even in raw milk [9,52-54].

Evaluating the lytic activity of the CapO46 phage in raw milk will be crucial to

further assess its potential for controlling S. aureus in more complex contexts, such as
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those related to bovine mastitis. The phage could be applied, for example, through an
intramammary infusion system to treat S. aureus infections, as previously
demonstrated in preliminary trials using phage-derived endolysins [55]. This approach
could not only reduce the costs associated with antibiotic use and the loss of
contaminated milk but also lead to improvements in both milk productivity and quality,
as prompt mastitis treatment may minimize damage to mammary tissues and enhance
the production of healthy milk.

Future studies should also focus on stability assays of the CapO46 phage under
different temperature and pH conditions to ensure its viability in varied environments.
Additionally, the formulation of phage cocktails, including new phages with diverse
specificities, represents a promising perspective to expand the spectrum of action and
enhance efficacy in combating S. aureus. This approach may also help mitigate the
risk of bacterial resistance development, further strengthening the biotechnological
potential of phages for industrial and public health applications.

Finally, the results of this study demonstrate that the ability of the phage CapO46
to infect a wide range of S. aureus isolates, coupled with its specificity for this species,
highlights CapO46 as a promising tool for various applications, particularly in managing
infections related to animal health and ensuring food safety in the industry. Its
specificity allows for targeted action against the pathogen of interest without affecting
beneficial microorganisms, providing a significant biotechnological advantage.
Additionally, its ability to reach high titers offers a highly desirable practicality for large-
scale application. Lastly, this study provides new insights into the phage’s ability to
infect strains from geographically distant, unrelated countries with distinct

environmental conditions.

5. CONCLUSIONS

The results of this study highlight the promising potential of the bacteriophage
CapO46 as a biocontrol agent against S. aureus. Its high infectivity across multiple
isolates, high lytic efficiency, and favorable genomic profile position it as a viable
candidate for applications in food safety and animal health. The ability of CapO46 to
significantly reduce S. aureus populations in UHT whole-fat milk illustrates its lytic
efficacy in complex environments. While the phage maintained substantial bactericidal

activity for 48 h, the eventual regrowth of S. aureus underscores the need for further
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optimization, such as phage cocktail formulations. Future research should also explore
the stability of CapO46 under varying environmental conditions and its performance in
more complex contexts, like raw milk. Collectively, these findings support the
promotion of phage CapO46 as an innovative and sustainable solution for combating

S. aureus in critical settings.



6. SUPPLEMENTARY MATERIALS

Table S1. Staphylococcus spp. isolates used for phage host range investigation and their sources of isolation.
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Source Isolate Source description Sampling location Reference
Animal (France) S. aureus 046 Ewe with mild mastitis, from a dairy sheep farm Southeast of France [17,18]
S. aureus 222 - - -
S. aureus 1334 - - -
S. aureus 3059 * Dairy cow with clinical mastitis Brazil [19]
S. aureus 3906 * Dairy cow with subclinical mastitis Rio de Janeiro, RJ, Brazil [20]
Animals (Brazil) S. aureus 3907 * Dairy cow with subclinical mast19itis Rio de Janeiro, RJ, Brazil [20]
S. aureus 3212 * Dairy cow with subclinical mastitis Rio de Janeiro, RJ, Brazil [20]
S. aureus 4081 * Dairy cow with subclinical mastitis Juiz de Fora, MG, Brazil [20]
S. aureus 4182 * Dairy cow with subclinical mastitis Patrocinio, MG, Brazil [21]
S. aureus UFV2030RH1 Raw cow milk of a dairy cow at drying-off period Vicosa, MG, Brazil [19]
S. aureus St 10 Orthopedic screw - [22]
S. aureus St 67 Blood culture - [22]
Humans (Brazil)
S. aureus St 112 Tracheal secretion - [22]
S. aureus St 261 Skull bone - [22]
S. aureus ATCC 33591 - - -
Type collections
S. aureus NCTC 8325-4 ** - - [23]

S. aureus BO169-1

Isolated 2018, Farm 2

As, Norway



Raw cow milk
(Norway)

S. aureus B172-1
S. aureus H69Col2
S. aureus H90Col1
S. aureus H90Col2
S. aureus H90Col3
S. aureus H182Col1
S. aureus H249Col1
S. aureus H250Col1
S. aureus H288Col2
S. aureus H297Col1
S. aureus H295Col2
S. aureus H349Col1

S. aureus H350Col1
S. aureus H361Col1

S. chromogenes BO226-1

S. epidermidis BO5-3
S. equorum BO53-1
S. gallinarum BO63-3

S. haemolyticus BO28-3

S. sciuri BO63-2

Isolated 2018, Farm 1

Farm 1, Cow1, isolated on 15/11/2022

Farm 1, Cow2, isolated 15/11/2022
Farm 1, Cow2, isolated 15/11/2022
Farm 1, Cow2, isolated 15/11/2022
Farm 1, Cowz, isolated 16/02/2023
Farm 1, Cowl, isolated 09/05/2023
Farm 1, Cowl, isolated 09/05/2023
Farm 1, Cowz2, isolated 30/05/2023
Farm 1, Cowg, isolated 08/06/2023
Farm 1, Cow4, isolated 08/06/2023
Farm 1, Cow1, isolated 29/08/2023
Farm 1, Cow1, isolated 29/08/2023
Farm 1, Cowsb, isolated 29/08/2023

As, Norway
As, Norway
As, Norway
As, Norway
As, Norway
As, Norway
As, Norway
As, Norway
As, Norway
As, Norway
As, Norway
As, Norway
As, Norway
As, Norway
As, Norway
As, Norway
As, Norway
As, Norway
As, Norway

As, Norway
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S. warneri BO64-1
S. xylosus BO186-3

As, Norway

As, Norway
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* Kindly provided by EMBRAPA Dairy Cattle (Juiz de Fora, MG, Brazil).
** Kindly provided by Professor Morten Kjos, NMBU (Norway).
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CHAPTER 3

Genome-wide CRISPRi screening reveals host factors required for Cap0O46
phage infection in Staphylococcus aureus

ABSTRACT

The rise of multidrug-resistant Staphylococcus aureus strains has renewed interest in
bacteriophage therapy as an alternative antimicrobial strategy. However, bacterial
resistance to phage infection remains a major obstacle, and the genetic determinants
that modulate susceptibility or resistance in S. aureus are not fully understood—
particularly those involving essential genes. In this study, we applied a genome-wide
CRISPR interference (CRISPRI) approach to systematically identify S. aureus host
factors involved in the infection by the lytic phage CapO46. Using a pooled CRISPRi-
seq screen in the prophage-cured strain NCTC8325-4, we identified genes whose
repression either impaired or enhanced bacterial survival during phage challenge.
Among the hits, mgrA, sarZ, and SAOUHSC 00695 were classified as “costly”
(repression conferred resistance), while rpiRc and others were classified as “essential’
(repression increased susceptibility). Phenotypic validation of selected targets through
growth curves, CFU and PFU quantification, adhesion assays, and biofilm analysis
confirmed the CRISPRIi-seq results. Silencing of mgrA or SAOUHSC 00695 led to
complete resistance to CapO46, likely by affecting wall teichoic acid (WTA)
glycosylation. In contrast, rpiRc repression impaired bacterial fitness and increased
phage susceptibility, possibly due to metabolic deregulation and altered cell surface
properties. Biofilm and adhesion assays revealed that gene silencing also affects
surface-associated phenotypes, further linking phage resistance to virulence
modulation. Our findings demonstrate the power and efficiency of CRISPRIi-seq to
uncover novel, functionally relevant host factors, including essential genes, in a high-
throughput and practical manner. This study provides a foundation for understanding
phage-host dynamics in S. aureus and highlights potential targets for phage therapy
optimization.

Keywords: Staphylococcus aureus; Bacteriophage; CRISPRI; Host factors; Phage
resistance; mgrA; sarZ; rpiRc.
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1. INTRODUCTION

Despite significant advances in recent decades, infections caused by antibiotic-
resistant bacteria, such as methicillin-resistant Staphylococcus aureus (MRSA),
remain a major clinical challenge worldwide, leading to severe healthcare
complications and increased mortality rates [1,2]. In this context, bacteriophages
(phages), viruses capable of specifically infecting bacteria, have emerged as a
promising therapeutic alternative. As predators responsible for host bacterial mortality
and horizontal gene transfer, phages significantly influence the dynamics, activity, and
evolution of bacterial communities [3,4]. Since their discovery in the early 20th century,
phages have been utilized as microbiological control agents [5]. However, the
increasing concern regarding antibiotic resistance has revitalized interest in phage
therapy [6,7]. Beyond their proven effectiveness in controlling various pathogens,
phages are considered safe, causing no adverse effects when administered orally,
intravenously, topically, or subcutaneously [8—13]. Nonetheless, bacterial resistance to
phages remains a critical limitation, prompting research into the mechanisms
underlying bacterial susceptibility and resistance to phage infection [14].

In Staphylococcus species, documented resistance mechanisms predominantly
act at the stages of phage adsorption, biosynthesis, and assembly [15,16]. Structural
modifications of bacterial surface receptors, especially cell wall teichoic acids (WTASs),
are key defense mechanisms [17—20]. These ribitol phosphate polymers, characteristic
of Gram-positive bacteria, can be modified with residues such as a-O-N-
acetylglucosamine (a-O-GlcNAc), B-O-N-acetylglucosamine (B-O-GlcNAc), or D-
alanine by glycosyltransferase enzymes TarM (a-O-GlcNAc) and TarS (B-O-GlcNAc)
[21,22]. Different phage types recognize specific glycosylation patterns: siphoviruses
interact with a-O-GlcNAc or B-O-GlcNAc, podoviruses specifically require B-O-GlcNAc,
while myoviruses recognize both unmodified and p-O-GlcNAc-decorated WTAs [18-
20,23,24]. Although genes responsible for WTA biosynthesis are conserved across the
species, occasional inactivation or absence of tarM increases susceptibility to
podovirus [19,20]. Additionally, occlusion of receptors by large surface proteins and
polysaccharide capsules can physically block phage access to their specific receptors
[25,26]. Other resistance mechanisms include viral DNA restriction-modification

systems, interference in viral assembly mediated by staphylococcal pathogenicity
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islands, as well as sporadic mechanisms such as superinfection immunity and
CRISPR-Cas systems [27-31].

Although classical genetic techniques such as transposon-based mutagenesis
[32] have contributed to identifying genetic determinants in phage-host interactions,
these methods have important limitations, particularly for essential genes whose
deletion is lethal to the bacterium. Therefore, high-throughput experimental
approaches are necessary to facilitate and improve the characterization of the largely
unexplored genetic landscape of these interactions [33]. Over the last decade,
genome-wide depletion of gene expression using CRISPR interference (CRISPRI) has
emerged as an effective strategy for identifying genetic determinants involved in
antibiotic susceptibility [34—-36], pathogenesis-related genes [37], and host factors
required for phage infection [33,38]. CRISPRi employs a catalytically inactive Cas9
endonuclease (dCas9) guided by a single-guide RNA (sgRNA) to block transcription
at targeted genomic loci, thereby allowing reversible and efficient gene silencing
without permanent genetic modifications [39,40]. This strategy enables repression of
both the targeted gene and downstream co-transcribed genes. Using pooled sgRNA
libraries, CRISPRi can be scaled to genome-wide screens in bacteria through
established high-throughput sequencing methods (CRISPRi-seq) [33,34,41].

Phage-host interactions have increasingly been explored using CRISPRi-based
approaches. For example, Harding et al. [42] used CRISPRI to validate Serratia genes
involved in infection by a jumbo nucleus-forming phage, following an initial Tn-seq
screen. Similarly, Rousset et al. [33] applied genome-wide CRISPR-dCas9 screening
in E. colito identify host factors required for infection by three distinct phages, including
lambda (A), revealing both known and novel genes involved in susceptibility. Mutalik et
al. [38] further expanded this approach, identifying essential E. coli genes responsible
for resistance to 14 different phages. Collectively, these studies demonstrate the power
of CRISPRI for dissecting genetic determinants of phage-host dynamics.

To date, no genome-wide CRISPRI studies have investigated S. aureus host
factors required for bacteriophage infection. In this study, we addressed this gap by
using a previously developed genome-wide inducible CRISPRI library in S. aureus
strain NCTC8325-4 [34] to perform CRISPRI-seq screens that quantify gene fitness
during infection with the lytic phage CapO46 [43], followed by functional validation of
selected targets. This approach allowed us to investigate the role of essential genes



95

and regulatory elements in shaping the phage-host interaction, providing novel insights
into the genetic basis of phage susceptibility in S. aureus.

2. MATERIALS AND METHODS

2.1 Bacterial strains, culture conditions, and bacteriophage

The genome-wide CRISPRi library for S. aureus was kindly provided by Professor
Morten Kjos (Norwegian University of Life Sciences, NMBU, Norway). This library was
constructed from the commonly used laboratory strain S. aureus NCTC8325-4, a
prophage-cured derivative of NCTC8325, as described previously [34], and is hereafter
referred to as MM267LG. A control version of the CRISPRIi system, carrying a non-
targeting sgRNA and named MM268, was used in experiments where gene silencing
was not intended (controls). Additionally, specific strains carrying gene-targeted
sgRNAs, constructed as described previously [34], were also kindly provided by
Professor Kjos.

CRISPRI strains were recovered from frozen glycerol stocks (25% v/v) and grown
in Brain Heart Infusion (BHI) broth (Kasvi, Sdo Paulo, SP, Brazil) or BHI agar (1.5%)
supplemented with 10 ug/mL chloramphenicol (CAM). Cultures were incubated at 37
°C with shaking at 180 rpm. Expression of the CRISPRi system was induced by adding
30 ng/mL of anhydrotetracycline (aTc) to the medium. The propagation host of the
phage, S. aureus 046 [43], was obtained from the Molecular Immunovirology
Laboratory at the Federal University of Vicosa (UFV), Brazil, and cultured under the
same conditions, except without the addition of antibiotics. The optical density of the
cultures was measured at a wavelength of 600 nm (ODsoonm) using a
spectrophotometer (Shanghai Spectrum SP-1105, Shanghai, China) to monitor
bacterial growth phase.

The lytic Staphylococcus phage CapO46 was routinely propagated as described
elsewhere [43].

2.2 Efficiency of Plating (EOP)

To evaluate the infection capacity of CapO46 phage in the CRISPRI library, the
efficiency of plating (EOP) assay was carried out as previously described [44] using
the MM268 strain. For that, both S. aureus MM268 and S. aureus O46 cultures were
plated with dilutions of CapO46 phage using the standard double-layer agar (DLA)



96

method [45,46]. The plates were incubated overnight at 37 °C, and the phage titer
noted in the following day. The EOP was calculated by dividing the average plaque
forming unit number (PFU/mL) found on target bacteria (S. aureus MM268) by the
average PFU/mL found on host bacteria (S. aureus O46). The EOP evaluation was
defined as: “high production”, if the ratio is 0.5 or more, that is, when the productive
infection in the target bacteria resulted in at least 50% of the PFU found for the original
host; “medium production”, when the EOP is from 0.2 to <0.5; “low production”, when
the EOP is from 0.001 to <0.2; and “inefficient” if the EOP is equal to or less than 0.001.

2.3 Adsorption and one-step growth curve

To evaluate the kinetics of viral infection in the CRISPRI library, adsorption and
one-step growth curve assays were performed in triplicate using the S. aureus MM268
strain. For both assays, the strain was grown in BHI broth (10 pug/mL CAM) until
reaching mid-exponential-phase (ODeoonm = 0.4, approximately 108 CFU/mL).

The adsorption assay was conducted following a modified protocol described by
Hyman and Abedon [47]. Cultures were infected with the CapO46 phage at a
multiplicity of infection (MOI) of 0.01 and incubated for 0, 1, 3, 5, 7, 9, 12, 15, 18, 21,
24, 27, and 30 minutes. At each time point, samples were collected and centrifuged at
15,000 xg for 1 minute. The supernatant was diluted in SM buffer (100 mM NaCl, 8
mM MgSO,, 50 mM Tris-HCI, 0.01% gelatin [w/v], pH 7.5), and serial dilutions were
plated using the DLA method to quantify non-adsorbed phages. Relative adsorption
(RA%) was calculated as the percentage of phages adsorbed at each time point using
the formula:

RA (%) = 100 x [1 — (titer of non-adsorbed phages at each time point / initial phage
titer)].

The one-step growth curve assay was adapted from Hamza et al. [46]. Ten
milliliters of a mid-exponential-phase bacterial culture were mixed with 100 L of the
phage suspension to achieve an MOI of 1 and incubated for 10 minutes at 37 °C to
allow phage adsorption. The mixture was centrifuged (10,000 xg for 5 minutes) to
remove non-adsorbed phages; the supernatant was discarded, and the pellet was
resuspended in 10 mL of pre-warmed BHI broth (supplemented with 10 ug/mL CAM).
The culture was incubated at 37 °C with shaking at 100 rpm. Samples were collected

immediately after pellet resuspension (T0) and at 10-minute intervals up to 100
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minutes. Each sample was centrifuged (15,000 xg for 1 minute), and the supernatant
was plated by the DLA method.

Latent period and burst size were calculated from the one-step growth curve. The
latent period was defined as the time interval between the adsorption and the beginning
of the first burst (indicated by the initial rise in phage titer), and the burst size as number
of virions produced per phage-infected bacterium calculated by the formula: (Nf —
NO)/NO, where Nf corresponds to the mean titers of viral particles released after the
first burst (plateau after the titer increase), and NO corresponds to the mean titers of

free viral particles before the first burst.

2.4 In silico analysis of phage receptor

To investigate the putative receptor-binding protein (RBP) of the CapO46 phage
and infer its potential receptor on the bacterial surface, we performed an in silico
comparative analysis using BLASTp. The amino acid sequence of the CapO46 minor
tail protein (GenBank accession: XPO54741.1), previously predicted to function as an
RBP, was aligned against known RBPs of Rosenblumvirus phages S13' (BAL42324.1)
and S24-1 (BAL42303.1), both of which have experimentally validated receptor
specificities [20,24]. Sequence alignments were carried out using NCBI's BLASTp tool
(https://blast.ncbi.nIm.nih.gov/Blast.cqgi) with default parameters. Percent identity and

query coverage were recorded to assess sequence similarity and potential functional

conservation.

2.5 Phage challenge of the genome-wide CRISPR:I library

2.5.1 Infectivity assay with CapO46 phage

To determine optimal collection time points for the CRISPRi-seq experiment with
the CapO46 phage, a pilot infectivity assay was performed in duplicate. The MM267LG
strain was grown at 37 °C in BHI broth (10 pg/mL CAM), either with (induced, 1) or
without (non-induced, NI) 30 ng/mL of anhydrotetracycline (aTc). Once cultures
reached an ODsoo of 0.8, they were diluted 1:100 in fresh BHI broth (10 pg/mL CAM)
containing the same induction condition as before and incubated until reaching an
ODeoo of 0.4. At this point, treatment groups (+P) were infected with 100 pL of CapO46
phage suspension to achieve an MOI of 1, ensuring a high infection rate while

minimizing the likelihood of multiple infections per cell. Control groups (-P) received
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100 pL of SM buffer in place of the phage. Samples were taken at time 0 (before phage
addition) and at 1, 2, 3, and 4 hours post-infection to determine bacterial viability
(CFU/mL) and phage concentration (PFU/mL). For each time point, 100 uL aliquots
were collected, serially diluted, and 10 uL of each dilution was spot-plated.

2.5.2 CRISPRi-seq assay

Based on differences in CFU/mL between the induced (+aTc) and non-induced
(—aTc) phage-challenged groups observed in the pilot assay, three collection time
points were selected for the CRISPRi-seq experiment: TO (before phage addition), T1
(1 hour after phage addition), and T2 (3 hours after phage addition). The assay was
conducted following the same experimental setup described above, but in
quadruplicate. Instead of 100 pL aliquots, 10 mL of culture was collected at each time
point. The full experimental design is illustrated in Figure 1.

Collected samples were centrifuged at 13,000 xg for 5 minutes at 4 °C.
Supernatants were discarded, and the resulting pellets were washed twice with
phosphate-buffered saline (PBS; 137 mM NacCl, 2.7 mM KCI, 10 mM Na,HPQO,, 1.8 mM
KH,PO,, pH 7.4), and immediately frozen at —20 °C. For plasmid library extraction,
pellets were resuspended in 250 pL of Solution | from the E.Z.N.A.® Plasmid DNA Midi
Kit (Omega Bio-Tek, Norcross, GA, USA), followed by the addition of 1 pL lysostaphin
(40 pg/mL) and 20 pL lysozyme (800 pug/mL). The mixture was incubated at 37 °C for
1 hour, and subsequent steps were carried out according to the kit manufacturer’'s
protocol. Plasmid DNA concentration was quantified using the Qubit® dsDNA High
Sensitivity Assay Kit (Invitrogen, Carlsbad, CA, USA).

For sequencing library preparation, lllumina indexing PCR was performed using
indexed primers. PCR products were normalized and purified using the SequalPrep™
Normalization Kit (Thermo Scientific, Waltham, MA, USA) and the GenElute PCR
Clean-Up Kit (Sigma-Aldrich, St. Louis, MO, USA), respectively, following the
manufacturers’ instructions. Sequencing was performed by Novogene (Cambridge,

UK), using the Miseq platform.
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Figure 1. Experimental design of the CRISPRIi-seq assay. —aTc = non-induced condition; +aTc =
induced condition; R1—R4 = biological replicates 1 to 4; —P = control group (no phage added); +P =
phage-challenged group; TO = before phage infection; T1 = first post-infection time point; T2 = second
post-infection time point.

2.5.3 Data analysis

The methodology for CRISPRIi-seq data analysis was conducted according to Liu
et al. [34], with specific adjustments tailored to the quantification of the effects of gene
silencing and phage CapO46 infection at 1-hour and 3-hour time points. Briefly, paired-
end sequencing data obtained from the genome-wide CRISPRi MM267LG library and
the original plasmid pool were initially merged using PEAR (v0.9.11) to generate single
continuous sequences. Subsequently, sgRNA counts were extracted from these
merged sequences using 2FAST2Q (v2.5.0). Given the lower sequencing quality
observed at the extremities of single-end sequencing datasets, alignment parameters
in 2FAST2Q were specifically set to use nucleotides 2—-17 of the sgRNA sequences,
with all other parameters remaining at their default values. Differential enrichment
analyses to assess significant changes in sgRNA abundance following induction and
phage exposure were performed using DESeg2 in the R statistical environment
(v4.1.1). Significant enrichment or depletion was determined by considering an
absolute log2 fold-change (log2FC) greater than 1 and an adjusted p-value (Padj) less
than 0.05.

For principal component analysis (PCA), sgRNA counts were normalized using
DESeq2’s blind regularized-logarithm (rlog) transformation to identify global sample
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differences. During data validation, replicates exhibiting abnormal read count patterns
or poor correlation with corresponding experimental replicates were excluded from
subsequent analyses. Log2 fold-change values from 1-hour and 3-hour time point
experiments were scaled for comparative analysis using the R function scale(), which
divides by the root mean square of the values within each dataset, enabling accurate

fitness quantifications across experimental conditions.

2.6 Phage challenge of CRISPRi-targeted strains

2.6.1 Growth curve and quantification of CFU and PFU

CRISPRIi-targeted strains were evaluated under phage challenge to assess
whether gene silencing affected the growth dynamics of infected bacteria. Briefly,
cultures were grown in BHI broth (supplemented with 10 pg/mL CAM), with (l) or
without (NI) aTc induction, until reaching ODsoo = 0.8. Cultures were then diluted 1:100
in fresh medium as described previously. Once ODsoo = 0.4 was reached, 180 pL of
induced or non-induced bacterial culture and 20 pL of phage suspension were added
to the wells of a 96-well polystyrene microplate (Kasvi, Brazil), achieving an MOI of 1.
Control wells received 20 uL of SM buffer instead of phage. The microplate was
incubated at 37 °C for 4 hours in a Multiskan™ GO spectrophotometer (Thermo
Scientific, Waltham, MA, USA), with optical density measurements (ODesoo) taken every
15 minutes.

At the end of the growth curve assay, 100 pL was collected from each well for
viable cell count (CFU/mL), and another 100 uL was used for phage quantification
(PFU/mL), to evaluate phage replication in the induced and non-induced conditions.
For CFU determination, cultures were serially diluted in PBS and spread-plated onto
BHI agar. For phage titration, cultures from phage-challenged wells were transferred
to microcentrifuge tubes and centrifuged at 15,000 xg for 1 minute. The supernatant
was recovered, diluted in SM buffer, and titrated using the double-layer agar (DLA)
method. Plates were incubated at 37 °C, and CFU/mL and PFU/mL values were
recorded the following day.

2.6.2 Adhered cells count

To determine whether phage infection altered cell adhesion in the induced and

non-induced cultures, an adhesion assay was performed using MBEC plates
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(Innovotech Inc., Edmonton, AB, Canada) as described by Rice et al. [48], with some
modifications. The 96-well base plate was prepared with 180 pL of bacterial
suspension and 20 uL of phage suspension (MOI 1) or SM buffer. The MBEC lid with
pegs was placed onto the base plate and incubated at 37 °C for 4 hours.

After incubation, the pegs were rinsed twice by immersing the MBEC lid in a fresh
96-well plate containing 250 uL PBS for 10 seconds. The pegs were then removed
using sterilized pliers, transferred to microcentrifuge tubes containing 200 uL PBS, and
placed in a sonication bath (Cristéfoli, Brazil) for 10 minutes to detach adhered cells.
The resulting suspensions were serially diluted in PBS, plated, and CFU/mL was
determined the next day.

2.6.3 Crystal violet biofilm quantification assay

To assess whether phage infection influenced early biofilm formation in cells with
or without gene silencing, a total biofilm biomass quantification assay using crystal
violet (CV) staining was performed. A 96-well microtiter plate was set up and incubated
under the same conditions previously described for the growth curve assay. After a 4-
hour incubation period, the culture medium was removed, and the wells were rinsed
three times with 0.9% (w/v) saline solution and allowed to air-dry at room temperature
for one hour. The adherent cells were then fixed using methanol for 15 minutes,
followed by staining with 0.1% (w/v) crystal violet solution for 20 minutes. Excess stain
was removed by washing the wells three times with saline, and the plate was again
air-dried for one hour. To solubilize the bound dye, 250 pL of an 80:20 (v/v) ethanol-
acetone solution was added to each well and incubated for 15 minutes at room
temperature. Absorbance was measured at 590 nm using a Multiskan GO
spectrophotometer (Thermo Scientific, Waltham, MA, USA). Higher absorbance values

correlate with increased biofilm biomass.

2.7 Statistical Analysis

Unless otherwise stated, all experiments were performed in ftriplicate, and
statistical analyses were conducted using GraphPad Prism (GraphPad Software, La
Jolla, CA, USA). Data normality was assessed using the Shapiro—Wilk test. For
datasets with normal distribution, parametric tests such as the unpaired t-test and one-
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way ANOVA were applied. For non-normally distributed data, the non-parametric
Wilcoxon rank-sum test (Mann—Whitney) was used.

For growth curve analyses, statistical significance was determined using multiple
t-tests with the Holm—Sidak method, and an alpha level of 0.05. Each time point was

analyzed independently, without assuming equal standard deviation.

3. RESULTS

3.1 EOP, adsorption and one-step growth

The efficiency of plating (EOP) for CapO46 phage in S. aureus MM268 was 0.88,
demonstrating that it can infect this strain in a highly productive manner (EOP=0.5)
[44]. The adsorption rate and one-step growth curve are shown in Figure 2. After 10
minutes, around 80% of the viral particles were adsorbed to the host cells, and more
than 90% adsorption was only achieved with 30 minutes of incubation (Fig. 2A).
Regarding the one-step growth curve, it demonstrates that CapO46 phage’s latency
period in the S. aureus MM268 was 30 minutes, and the burst size was around 103
PFU per infected cell (Fig. 2B).
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Figure 2. CapO46 phage A) Relative adsorption (RA%) and B) One-step growth curve in the S. aureus
MM268.

3.2 In silico analysis of phage receptor

Bacteriophages that infect S. aureus typically use wall teichoic acids (WTAs) as
receptors [18,23]. The interaction with WTAs is mediated by receptor-binding proteins
(RBPs) that enable phage adsorption and subsequent infection [20]. To identify the
putative RBP of the CapO46 phage, we conducted a BLASTp analysis of its predicted
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proteins against the RBPs of Rosenblumvirus phages S13' and S24-1, whose
adsorption to S. aureus has been previously characterized using strains with modified
WTA glycosidic linkages [20,24].

The analysis revealed that the minor tail protein (XPO54741.1) of CapO46 shows
complete query coverage (100%) and high sequence identity (91.77%) with the RBP
of phage S13' (BAL42324.1), but only moderate identity (66.46%) with the RBP of
phage S24-1 (BAL42303.1). These results suggest that CapO46, like S13', may
require B-O-GlcNAc-modified WTAs for host binding.

3.3 Phage challenge of the genome-wide CRISPRI library

3.3.1 Infectivity assay with CapO46 phage

A 4-hour infectivity assay was conducted using the MM267LG strain, which
harbors the genome-wide CRISPRi system, to determine the optimal time points for
sample collection in the CRISPRIi-seq experiment. The 4-hour timeframe was based
on findings by Liu et al. [34], who demonstrated that approximately 12 generations of
bacterial growth are sufficient to identify most genes with fitness effects under their test
conditions. We hypothesized that differences in bacterial concentration (CFU/mL)
between the induced and non-induced phage-challenged groups (I +P vs. NI +P) could
indicate fithess changes, i.e., increased susceptibility or resistance to phage infection.

MM267LG cultures were grown to stationary phase (ODsoo = 0.8) to allow
expression of dCas9 and depletion of the target gene products in the induced group.
Cultures were then diluted 1:100 and grown to mid-exponential phase, followed by
infection with CapO46 at an MOI of 1. CFU/mL and PFU/mL were quantified hourly
over 4 hours to maximize lysis of susceptible cells and minimize the emergence of
resistant mutants.

As shown in Figure 3, significant differences in CFU/mL were observed between
the | +P and NI +P groups after 1 and 3 hours of infection (p < 0.05). At 1 hour, the
CFU/mL decreased by 0.21 logio (39.5%) in the induced group compared to the non-
induced one. In contrast, at 3 hours post-infection, the CFU/mL increased by 0.27 log1o
(46.3%) in | +P compared to NI +P. No significant differences were observed at 2 or 4
hours. Additionally, phage titers (PFU/mL) remained similar between groups at all time
points, and no changes were detected in bacterial concentrations in control groups (NI
-P and | -P). Although the changes in CFU/mL at 1 and 3 hours were modest, they
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were statistically significant. Therefore, these time points were selected for CRISPRi-

seq sample collection.
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Figure 3. Infectivity assay of CapO46 phage in S. aureus MM267LG library.
Bacterial CFU/mL was measured in both control (-P, no phage) and phage-challenged (+P, with phage)
groups, under non-induced (NI) and induced (1) conditions. Phage PFU/mL was measured in the phage-
challenged group (+P), for both NI and | conditions. Asterisks (*) indicate statistically significant
differences (p < 0.05).

3.3.2 CRISPRi-seq

We used CRISPRi-seq to investigate bacterial host factors involved in
susceptibility or resistance to phage infection. To this end, the sgRNA pool was
sequenced before and after 1 and 3 hours of phage challenge, and analyzed to identify
sgRNAs that were significantly over- or under-represented after infection (|L2FC| > 1,
Pagj < 0.05). Genes were classified as essential when sgRNA abundance significantly
decreased (L2FC < -1), neutral when sgRNA abundance remained stable (-1 < L2FC
< 1), and costly when sgRNA abundance increased (L2FC > 1). Here, “essential’
indicates that gene repression reduced bacterial fitness under the tested condition,
while “costly” implies that silencing the gene improved bacterial fitness. A full list of
results is presented in Supplementary Table S1.

From the global dataset, we observed that induction alone (without phage)
identified 261 essential genes and 1 costly gene at 1 hour, and 260 essential genes
and 1 costly gene at 3 hours. This analysis identifies genes whose sgRNA abundance
changes due to induction alone, i.e., the genes that are essential for growth in BHI. In
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the presence of phage, fewer genes were classified as essential (245 at 1 hour, 244
at 3 hours), but the number of costly genes increased (3 at 3 hours). This comparison
aims to reveal genes whose sgRNA abundance changes due to induction in response
to the phage, highlighting how phage presence alters gene fitness. Genes classified
as costly specifically at the 3-hour time point with phage (SAOUHSC_00695 and sarZ)
emerged as particularly interesting targets for further study due to their clear
association with enhanced bacterial fithess under phage pressure.

Principal Component Analysis (PCA) (Figure 4) illustrated that the primary
variance (PC1) was explained largely by induction with aTc, which activates dCas9
expression and gene silencing, thus significantly impacting bacterial growth and fithess
profiles, whereas phage presence contributed to secondary variance (PC2),
particularly evident at 3 hours, likely reflecting accumulated biological changes in
bacterial populations exposed to phage pressure over time. This visualization
confirmed that the CRISPRIi-seq system effectively distinguished conditions based
primarily on induction and secondarily on phage exposure, validating the robustness

of the assay.
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Figure 4. Principal Component Analysis (PCA) of rlog-transformed sgRNA counts across all
experimental conditions and time points. Each point represents a biological replicate under different
experimental conditions: induced (+aTc) or non-induced (-aTc), in the presence (plusPhage) or absence

(minPhage) of CapO46 phage.

A total of five genes were classified as essential under phage challenge (but not
in its absence), suggesting that their repression increased bacterial sensitivity to
phage. In contrast, two genes were classified as costly under this condition (but not
without phage), suggesting that their silencing may contribute to resistance (Table 1).
At the 1-hour time point, only SAOUHSC_00551 shifted from neutral (in the absence
of phage) to essential (in the presence of phage), a classification that persisted at 3
hours. Additionally, at 3 hours, four more genes were classified as essential—
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SAOUHSC_00003, SAOUHSC_00473, SAOUHSC_02355, and rpiRc
(SAOUHSC 02589)—while  two  others, SAOUHSC 00695 and sarZ
(SAOUHSC_02669), were classified as costly.

SAOUHSC_00551 encodes a hypothetical protein of unknown function and is the
first gene in an operon that includes bshB2 and folE2. SAOUHSC_00003 also encodes
a hypothetical protein, but contains a known S4 domain (protein YaaA), and is the first
gene in an operon involved in DNA metabolism (downstream genes include recF, gyrB,
and gyrA). SAOUHSC_00473 encodes a hypothetical protein with no predicted domain
or polycistronic organization. SAOUHSC_02355 is predicted to encode an
acetyltransferase, while rpiRc is a metabolic regulator linked to carbon flux and
virulence gene expression. sarZ encodes a redox-sensitive transcriptional regulator
involved in adhesion and biofilm formation, and SAOUHSC_00695 is predicted to
function as a metal chaperone, possibly involved in zinc homeostasis.

An additional gene, mgrA (SAOUHSC_00694), stood out as costly across all
tested conditions (with and without phage, at both 1 and 3 hours). Notably, mgrA
displayed the highest L2FC observed under any condition at 3 hours with phage (L2FC
= 2.39, Padj = 1.7E-70). This gene encodes a global regulator controlling clumping,
virulence, surface protein expression, and biofilm formation through repression of
adhesins [49].

Since phage adsorption in S. aureus is often dependent on specific glycosylation
patterns of wall teichoic acids (WTAs), particularly the presence of a-O-GIcNAc and -
O-GIcNAc residues that serve as receptors for some phages [19], we sought to
evaluate the expression of the glycosyltransferase genes tarS and tarM, responsible
for these modifications. Although the MM267LG CRISPRI library does not include
sgRNAs directly targeting tarS or tarM due to their location within operons [182], we
assessed the abundance of sgRNAs targeting the first genes of the respective
operons—ispD (tarl) for the tarS operon and SAOUHSC 00972 for the tarM operon—
as a proxy, considering the polar effect of CRISPRI. Our results showed that the
sgRNA targeting ispD (tarl) had an L2FC < -1 under all conditions, classifying it as
essential, with no significant variation across treatments. In contrast,
SAOUHSC _00972 was classified as neutral in all conditions, with a slight, non-
significant reduction in sgRNA abundance at 3 hours post-phage challenge (Table S1).
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Table 1. Genes influencing S. aureus susceptibility to CapO46 phage infection identified through
genome-wide CRISPRIi-seq screening.

Target

Target locus genes Function log2FC Pagj Time
SAOUHSC_00551 _00551 Unknown -1,31 6,1E-05 1h
SAOUHSC_00003  _00003 Unknown -1,86 1,3E-15
SAOUHSC_00473 00473 Unknown -1,39 7,5E-06
SAOUHSC_00551 _00551 Unknown -1,83 3,0E-16
SAQOUHSC 02355 02355 Unknown -2,09 1,0E-10

3h

Phosphosugar-binding

SAOGUHSC_02589 rpikc transcriptional regulator

-1,42 3,8E-09

SAOUHSC 02669 sarZ Transcriptional regulator 1,84 1,7E-42
SAOUHSC_00695 _00695 Unknown 1,87 2,6E-47
SAOUHSC 00694* mgrA Transcriptional regulator 2,39 1,7E-70

* The only “costly” gene under all tested conditions. The L2FC value shown corresponds to the highest
observed among all conditions.
Experimentally verified hits are highlighted in bold.

3.4 Functional validation of CRISPRi-targeted strains under phage challenge

To validate the CRISPRI-seq findings, we used CRISPRI strains targeting genes
that were predicted to confer either resistance or increased susceptibility to phage
infection. The selected targets included two genes classified as "costly" at 3 hours post-
infection (sarZ and SAOUHSC 00695), the only gene classified as costly across all
tested conditions (mgrA), and one gene classified as essential in the presence of
phage and showing a significant interaction effect (rpiRc). We also constructed double-
target CRISPRI strains (sarZ/mgrA, sarZ/SAOUHSC 00695, and
SAOUHSC 00695/mgrA) to assess whether simultaneous gene silencing enhances
the resistance phenotype.

We assessed the susceptibility of induced and non-induced strains to phage
CapO46 by analyzing bacterial growth curves, quantifying viable planktonic cells
(CFU/mL), and measuring phage titers (PFU/mL) after 4 hours of infection.
Additionally, the effect of phage on early biofilm development was evaluated through
adhered cell quantification using the MBEC assay and total biofilm biomass via crystal
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violet staining. Although the CRISPRi-seq was performed over a 3-hour period, we
extended the assays to 4 hours to match approximately 12 bacterial generations and
better capture early biofilm dynamics.

As in previous assays, four conditions were tested for each strain: non-induced
cultures without phage (NI -P), induced cultures without phage (I —P), non-induced

cultures with phage (NI +P), and induced cultures with phage (I +P).

3.4.1  Effect of gene silencing on bacterial growth and phage replication

Bacterial growth curves, planktonic cell counts (CFU/mL), and phage titers
(PFU/mL) at 4 hours are shown in Figure 5. For all strains, a significant (P < 0.05)
reduction in OD was observed in the NI +P group compared to NI =P, demonstrating
the efficient lysis of S. aureus cultures by CapO46 under standard growth conditions.
In these same groups, phage titers increased by approximately 2.8 log,, PFU/mL over
the initial inoculum.

In the control strain MM268 (Fig. 5A), no differences were observed between NI
—P and | =P or between NI +P and | +P, indicating that aTc induction alone does not
affect bacterial growth or phage infectivity. Phage titers confirmed this, with both NI +P
and | +P groups exhibiting a similar increase (~2.85 log.o PFU/mL).

In the growth curve of the single-target strain MK2137 (Fig. 5B), which carries an
sgRNA targeting the sarZ gene, no significant differences were observed between
induced and non-induced cultures without phage (NI —P vs. | —P) or between those
with phage (NI +P vs. | +P). However, CFU/mL counts at the 4-hour mark revealed a
significant increase of 1.23 log,, viable cells in the | +P group compared to the NI +P
group. At the same time, phage titration at the end of the experiment showed that the
phage concentration in the | +P group was significantly lower (by 0.56 log,,) than in
the NI +P group. These results are consistent with the CRISPRIi-seq findings and
indicate that silencing sarZ reduces bacterial susceptibility to phage infection.

In strains MK2138 (Fig. 5C) and MK2139 (Fig. 5D), targeting SAOUHSC 00695
and mgrA, respectively, | —=P cultures showed slightly but significantly lower OD
compared to NI =P throughout the experiment. However, CFU/mL counts were not
significantly different at 4 hours. In both strains, | +P groups exhibited increased growth
and higher CFU/mL (2.1 and 1.8 log,,, respectively) compared to NI +P, suggesting

resistance to phage infection upon gene silencing. This was confirmed by phage
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titration, as PFU/mL in the | +P group for both strains remained comparable to the initial
inoculum, indicating that phage replication was blocked.

For strain MK2140 (Fig. 5E), targeting rpiRc, a significant reduction in the growth
curve of the | =P group compared to NI —P was detected as early as 30 minutes post-
incubation and persisted throughout the 4-hour assay. A similar trend was seen in the
CFU/mL count at 4 hours, with a 0.3 log, reduction in the | =P group, suggesting that
rpiRc silencing impairs bacterial growth. In the presence of phage, a further reduction
in the | +P growth curve compared to the NI +P group was noted starting at 3 hours
post-infection, continuing to the end of the experiment. This aligns with the CRISPRI-
seq results, where rpiRc showed a significant drop in L2FC only at the 3-hour time
point. The increased susceptibility to phage observed in | +P was further supported by
a 0.43 logio CFU/mL decrease compared to NI +P. Despite these findings, phage
titration at the end of the experiment showed no significant difference in PFU/mL
between the | +P and NI +P groups.

In double-target strains MK2155 (Fig. 5F) and MK2157 (Fig. 5 H), | =P cultures
showed slight OD reduction compared to NI =P, but CFU/mL counts were unchanged.
In MK2156 (Fig. 5G) (sarZ/SAOUHSC _00695), no differences were seen in growth or
CFU/mL between NI =P and | —=P. However, in all three double-target strains, the | +P
groups showed significantly higher OD and CFU/mL compared to NI +P—1.8, 4.0, and
2.35 log;o CFU/mL for MK2155, MK2156, and MK2157, respectively—reaching levels
comparable to the | —-P condition. This indicates that combined gene silencing
conferred resistance to phage infection. In MK2156, phage titration showed no
increase in PFU/mL, indicating a complete block in viral replication. This result
corroborates the CFU/mL data and suggests that silencing sarZ and
SAOUHSC 00695 together conferred full resistance to phage infection. In contrast, in
MK2155 and MK2157, phage titers in the | +P groups increased by 0.55 and 0.80 log 1o
PFU/mL, respectively. Although the CFU/mL profiles for these strains indicated phage
resistance, the observed increase in PFU/mL demonstrates that this resistance was
not complete, as phage replication still occurred. Notably, silencing sarZ or
SAOUHSC 00695 together with mgrA partially restored phage replication, which was
otherwise fully suppressed in the mgrA-only silenced strain MK2139. These results
suggest that MgrA'’s role in phage susceptibility may be mediated through downstream
targets. Moreover, phage replication was reduced by 1.56 log1o PFU/mL in sarZ/mgrA
double mutants compared to sarZ alone, while SAOUHSC 00695/mgrA mutants
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showed ~0.7 log, increase in replication compared to the single-gene silencing

conditions.
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Figure 5. Bacterial growth curves and endpoint analyses of CRISPRi-targeted S. aureus strains under
phage challenge. Growth curves were monitored over 4 hours (240 min) for each strain in the absence
(—P, blue lines) and presence (+P, red lines) of phage CapO46, under non-induced (NI, solid lines) and
induced (I, dashed lines) conditions. Standard deviations (black bars) are shown at the 30-minute time
point. Adjacent bar graphs represent planktonic bacterial quantification (CFU/mL) after 4 hours and
phage titration (PFU/mL) at the start (initial) and after 4 hours (NI +P and | +P). Error bars indicate
standard deviation. Statistically significant differences between groups are denoted as follows: P < 0.05

(), P <0.0001 (***), and ns indicates no significant difference.

3.4.2 Effect of gene silencing on cell adhesion

To evaluate the impact of target gene silencing on cell adhesion in the presence
or absence of phage, we quantified the number of adhered cells on MBEC pegs after
4 hours of incubation. Results, expressed as CFU/mL, are shown in Figure 6. As
expected, all strains exhibited a significant reduction (P < 0.05) in the NI +P group

compared to NI =P (not annotated in the figure to avoid visual overload), confirming
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phage lytic activity against adhered cells under normal conditions. Reductions of 2.2,
2.7, 1.8, 3.4, 1.9, 1.8, and 3.1 log,, CFU/mL were observed for strains MM268,
MK2137, MK2138, MK2139, MK2155, MK2156, and MK2157, respectively. For strain
MK2140, adhered cells were undetectable in phage-exposed groups (NI +P and | +P).

In the control strain MM268 (Fig. 6A) and in MK2137 (Fig. 6B), no significant
differences were observed between NI =P and | —P or between NI +P and | +P,
indicating that neither aTc induction nor sarZ silencing affected adhesion at 4 hours.
For strains MK2138 (Fig. 6C), MK2139 (Fig. 6D), MK2140 (Fig. 6E), MK2155 (Fig. 6F),
and MK2156 (Fig. 6G), significant reductions of 1.2, 0.7, 1.8, 0.6, and 1.4 logio
CFU/mL, respectively, were observed in the | =P groups compared to NI -P. However,
CFU/mL measurements in the previous section showed no significant reduction in
planktonic bacterial counts for these strains, indicating that the decrease in adhered
cells was not due to impaired bacterial growth. This suggests a more direct impact of
gene silencing on the adhesion capacity itself. In contrast, MK2157 (Fig. 6H) showed
no significant difference in adhesion between NI -P and | —P, consistent with the
unchanged CFU/mL previously observed under the same conditions.

Comparing | +P to NI +P groups, significantly higher adhesion was observed in |
+P for MK2138, MK2139, MK2155, MK2156, and MK2157, with increases of 1.5, 2.7,
1.3, 2.9, and 1.2 log,o CFU/mL, respectively. These findings are consistent with the
CFU/mL results from the previous assay, which showed increased viable planktonic
cell counts in the | +P groups for these strains. This suggests that although gene
silencing may impair adhesion—as indicated by reductions in the | =P groups—the
greater bacterial survival in the | +P groups compared to NI +P was sufficient to result
in higher adhered cell numbers despite potentially reduced adhesion capacity.

For MM268 and MK2137, significant differences were observed only between
phage-exposed and unexposed groups (NI =P vs. NI +P and | —=P vs. | +P), indicating
that phage activity alone influenced adhesion. Reductions in | +P vs. | =P were 2.0
log; for MM268 and 2.4 log1, for MK2137; MK2140 showed a ~3 log,, reduction but
could not be precisely quantified due to undetectable levels. Conversely, MK2138 and
MK2156 showed increased adhesion in | +P vs. | =P (1.0 and 2.5 log,, respectively),
while no significant differences were observed for MK2139 and MK2155.

In MM268, MK2137, and MK2140, reduced adhesion in | +P vs. | =P aligned with
planktonic CFU/mL reductions reported previously. In MK2157, however, there was no

difference in adhered cell counts between NI —P and | —-P, indicating that silencing
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SAOUHSC 00695 together with mgrA does not affect adhesion in the absence of
phage. Yet, under phage challenge, a reduction in adhesion was observed in | +P
compared to | —P, despite equivalent planktonic CFU/mL values between these two
groups. This suggests that the silencing of SAOUHSC 00695 together with mgrA
specifically impairs adhesion when phage is present. Conversely, in MK2138 and
MK2156, phage exposure appeared to slightly enhance adhesion when
SAOUHSC 00695 was silenced alone or in combination with sarZ.
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Figure 6. Adhered cell counts of CRISPRi-targeted S. aureus strains on MBEC pegs after a 4-hour
incubation period. Bars represent the mean CFU/mL of three replicates, with error bars indicating
standard deviation. NI =P = non-induced, no phage; | =P = induced, no phage; NI +P = non-induced,
with phage; | +P = induced, with phage. Statistically significant differences (P < 0.05) between groups
are indicated by asterisks: P<0.05 (*), P< 0.01 (**), P < 0.001 (***), and P < 0.0001 (****). "ns" indicates

no significant difference.

3.4.3 Effect of gene silencing on biofilm biomass

To evaluate whether gene silencing affected total biofilm biomass, we quantified
biofilm formation after 4 hours using a crystal violet assay (Figure 7). Biofilm biomass
is expressed as absorbance at 590 nm (Abs 590nm), and significant differences (P <
0.05) between groups are indicated with asterisks.

In the control strain MM268 (Fig. 7A), no significant differences were observed
between NI —P and | —=P or between NI +P and | +P, confirming that aTc induction

alone had no impact on biofilm biomass. However, biofilm was significantly reduced in
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phage-challenged groups (NI +P and | +P) compared to their respective controls,
consistent with the reductions in planktonic population observed previously.

For the MK2137 strain (sarZ silencing, (Fig. 7B), biofilm biomass was significantly
reduced in | =P compared to NI —-P, despite no difference in planktonic CFU/mL,
suggesting that sarZ contributes to biofilm formation independently of cell density. In
the presence of phage, | +P produced slightly more biofilm than | =P, even though
CFU/mL was lower in | +P. This may reflect phage-related stress or DNA release from
cell lysis, which can enhance biofilm production by contributing to the extracellular
matrix [183,184]. Nonetheless, both | +P and NI +P produced significantly less biofilm
than NI -P, indicating that sarZ silencing and phage infection both reduce total
biomass.

In MK2138 (SAOUHSC 00695 silencing, (Fig. 7C), biofilm biomass was
significantly reduced in | =P versus NI —P, with no significant changes in CFU/mL.
Although | +P had higher planktonic CFU/mL than NI +P, both groups showed similar
biofilm levels, suggesting that silencing this gene suppresses biofilm even when cell
numbers increase under phage resistance.

In MK2139 (mgrA silencing, (Fig. 7D), biofilm biomass was significantly reduced
in | =P versus NI =P, and also in | +P compared to NI +P. Despite a 1.8 log,, increase
in CFU/mL in | +P versus NI +P, biofilm remained lower in | +P, reinforcing mgrA’s role
in biofilm regulation regardless of population size.

MK2140 (rpiRc silencing, Figure 7E) showed no significant differences in biofilm
biomass between groups, even though CFU/mL was reduced in | -P and | +P
compared to NI —=P. These results indicate that rpiRc silencing does not significantly
affect early biofilm formation under the tested conditions.

In MK2155 (sarZ/mgrA silencing, Figure 7F), biofilm biomass was significantly
reduced in | =P and | +P compared to their respective non-induced controls, indicating
that simultaneous silencing of sarZ and mgrA impairs biofilm formation. No difference
was observed between NI =P and NI +P, despite NI +P showing a lower CFU/mL,
suggesting that biofilm production was maintained even under phage pressure when
the genes were not silenced.

In MK2156 (sarZ/SAOUHSC_00695 silencing, Figure 7G), biofilm biomass was
significantly reduced in | =P and NI +P compared to NI —-P, indicating that both gene
silencing and phage infection impaired biofilm formation. No significant difference was
observed between | =P and | +P or between NI +P and | +P, even though CFU/mL was
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higher in the | +P group. This suggests that silencing sarZ and SAOUHSC_00695
compromises biofilm production regardless of increased bacterial survival under phage
challenge.

In MK2157 (SAOUHSC_00695/mgrA silencing, Figure 7H), a significant
reduction in biofilm biomass was observed in | -=P compared to NI -P, with no
differences in CFU/mL. No significant changes were found between NI +P and | +P or
between | —-P and | +P, even though CFU/mL was higher in the | +P group. These
results suggest that silencing SAOUHSC 00695 and mgrA reduces biofilm formation

independently of bacterial population density.

NI-P 1-P NI+P  14P NI-P 1P NI+P I+P NI-P 1P NI+P  |+P NI-P  I-P  NI+P |+P

Mm268 MK2137 MK2138 MK2139
Control SgRNA sarZ SgRNA SAQUHSC_00695 sgRNA mgrA

NP 1P NI4P 1+P NI-P 1P NI+P  |+P NI-P 1P NI+P  14P

MK2140 MK2155 MK2156 MK2157
SgRNA piRc sgRNA sarZ/mgrA sgRNA sarZ/SAOUHSC_00695 sgRNA SAOUHSC_00695/mgrA

Figure 7. Total biofilm biomass of CRISPRi-targeted S. aureus strains after a 4-hour incubation period,
quantified using the crystal violet assay. Bars represent the mean CFU/mL of three replicates, with error
bars indicating standard deviation. NI =P = non-induced, no phage; | -P = induced, no phage; NI +P =
non-induced, with phage; | +P = induced, with phage. Statistically significant differences (P < 0.05)
between groups are indicated by asterisks: P < 0.05 (*), P < 0.01 (**), P < 0.001 (***), and P < 0.0001

(****). "ns" indicates no significant difference.

4. DISCUSSION

Cap046 infection in strain MM268, a prophage-free derivative of S. aureus 8325-
4, exhibited significant differences compared to its original host (S. aureus 046),
including slower adsorption (30 min to reach 90% vs. 5 min in the original host) and a
higher burst size (103 vs. 30 PFU/cell). Strains derived from 8325 are known to have
reduced activity of the alternative sigma factor SigB, due to deletions in the rsbU
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regulatory gene [53]. Since SigB plays an important role in environmental stress
responses [54-56], we hypothesize that diminished SigB activity may impair bacterial
responses to phage infection. On the other hand, the higher burst size observed in
MM268 may be attributed to the absence of prophages in this strain, eliminating
possible superinfection exclusion mechanisms and metabolic competition [15].
Similarly, Finstrlova et al. [57], also reported increased burst sizes in prophage-free
strains compared to their lysogenic counterparts. Despite these kinetic differences,
phage CapO46 was still able to productively infect MM268 with high efficiency (EOP =
0.88).

Following this initial infectivity assessment in the genome-wide CRISPRI strain,
we aimed to identify ideal timepoints for CRISPRi-seq that would reveal host factors
involved in phage susceptibility or resistance. The strategy of quantifying CFU/mL at
various timepoints was based on the hypothesis that the proportion of costly and
essential gene knockdowns would change over time as infection progressed. Indeed,
differences were observed between the 1-hour and 3-hour timepoints. However, at 1
hour, only one essential gene showed a significant reduction in sgRNA abundance,
suggesting increased susceptibility upon silencing. Although unlikely, it cannot be ruled
out that the drop in CFU/mL was caused solely by this one gene. At 3 hours, six
essential genes showed decreased sgRNA abundance, compared to only three costly
genes, suggesting that adaptation of the bacterial population—via silencing of
resistance-favoring genes—may have outweighed cell death caused by silencing of
essential ones.

The genome-wide CRISPRI-seq assay revealed essential genes required for
bacterial survival during phage infection, previously undescribed for S. aureus phages.
The essential gene SAOUHSC_ 00551 is part of an operon that encodes proteins
involved in bacillithiol and folate biosynthesis (bshB2 and folE2), which are important
for oxidative stress resistance, immune evasion, and folate metabolism under stress
conditions [58—61]. Another essential gene, SAOUHSC 00473, has an unknown
function but is located downstream of rplY, which encodes ribosomal protein L25—
associated with stress adaptation in B. subtilis [62,63]. SAOUHSC_00003 encodes a
protein with an RNA-binding S4 domain related to YaaA, which in B. subtilis is involved
in ribosome assembly and possibly in coordinating DNA replication with ribosome
biogenesis, especially under stress [64].
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The uncharacterized gene SAOUHSC_ 02355, also essential, is the first in an
operon that includes glyA, upp, and mnaA, all involved in essential metabolic functions.
glyA is linked to folate metabolism and serine-to-glycine conversion, and plays a role
in lysostaphin resistance and bacterial virulence [65,66]. upp is involved in nucleotide
recycling and is induced by acid shock, indicating a role in pH stress adaptatio [67,68].
mnaA is required for wall teichoic acid (WTA) biosynthesis and has been proposed as
an antibiotic target [69,70]. SAOUHSC_02355 also contains an IPR028345 domain
associated with aminoglycoside resistance (e.g., gentamicin, kanamycin) [71]. Thus,
this operon may integrate metabolic, stress response, and antimicrobial resistance
functions. The gene rpiRc, discussed later, is a metabolic regulator that modulates
virulence via the agr system [72,73]. Together, these findings suggest that metabolic
processes, stress responses, and virulence regulation are fundamental for S. aureus
survival during phage infection.

Phenotypic confirmation of CRISPRi-seq results—via 4-hour growth curves and
endpoint CFU/mL and PFU/mL counts—demonstrated that silencing sarZ,
SAOUHSC_00695, mgrA, and rpiRc significantly impacted phage susceptibility in
ways consistent with CRISPRIi-seq findings. Silencing the costly gene sarZ reduced
bacterial susceptibility to CapO46, while silencing the costly genes SAOUHSC_00695
and mgrA led to complete resistance, suggesting these genes are necessary for
productive infection. Conversely, silencing the essential gene rpiRc increases bacterial
susceptibility to phage infection after 3 hours. Since changes in growth curves became
more evident after the first hour of incubation, it explains why these genes—except
mgrA—were classified as essential or costly only at the 3-hour CRISPRi-seq, while
being neutral at 1 hour. This supports that the phenotypic effects of gene silencing
became more pronounced over longer infection periods.

Previous studies have shown that MgrA, a global regulator in S. aureus,
participates in WTA glycosylation via the ArIRS two-component system, which
activates mgrA to repress tarM, allowing TarS to add B1,4-GIcNAc to WTA [74]. In
mgrA-deficient mutants, $1,4-GIcNAc is absent, though a1,4-GIcNAc levels remain
unchanged. As CapO46 likely depends on 1,4-GlcNAc for adsorption, complete mgrA
silencing in strain MK2139 may have removed this glycopolymer from the cell surface,
blocking phage infection. A similar effect may have occurred in sarZ-silenced strain
MK2137, since sarZ and mgrA regulate each other [75,76], and sarZ silencing may

have indirectly reduced B1,4-GlcNAc levels. Moreover, sarZ also modulates virulence
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factors, biofilm formation, and stress responses [75-77], and its deletion has been
associated with decreased mgrA, hla, and sspA expression, and increased spa
expression [75]. Since Protein A overexpression can physically block phage binding
sites [25], increased spa expression may have contributed to reduced phage
replication in both sarZ- and mgrA-silenced strains, as these mutants are known to
upregulate spa [78,79]. To determine whether resistance stems from 1,4-GIcNAc loss
or Protein A overexpression, additional experiments such as RNA-seq, RT-gPCR, or
assays using B1,4-GIlcNAc-deficient mutants are required.

Besides mgrA, sarZ, and SAOUHSC_00695, other WTA glycosylation-related
genes like tarS and tarM could also affect phage susceptibility. However, their direct
effects could not be evaluated, as they belong to operons where only the first gene
was targeted by sgRNA—ispD (tarl) and SAOUHSC 00972, respectively. Since tarl
and tarJ are essential and form a duplicated cluster whose backup copy cannot fully
compensate for loss of the main genes [80-83], silencing them is lethal. Our CRISPRi-
seq data confirmed this, as ispD (tarl) was essential under all conditions. Therefore, it
remains unclear whether tarS loss affects phage infection. Regarding tarM, its absence
is known to favor binding of phages that recognize B-O-GlcNAc-modified WTAs [29].
However, SAOUHSC_00972 was classified as neutral. Although the CRISPRi-seq
approach proved robust in identifying and validating host factors, the technique's ability
to evaluate genes such as farS and tarM was limited by their genomic context. To
overcome this limitation, future studies should design gene-specific sgRNAs targeting
tarS and tarM directly, enabling a more precise dissection of their individual
contributions.

Given that sarZand mgrA directly influence biofilm formation in S. aureus [75,84],
we evaluated whether their silencing impacted early biofilm formation and cell
adhesion after 4 hours. sarZ deletion is associated with increased sarA expression (a
positive biofilm regulator) and capsule gene activation through SigA-dependent Pcap
promoter binding [75,77]. Yet, we observed significantly reduced biofilm biomass in the
| =P group compared to NI —P. Since cell adhesion was similar between groups, this
decrease seems linked to reduced extracellular matrix production. As SarZ activates
mgrA, which regulates capsule genes (cap), disruption of this pathway may have
decreased capsule production and thus matrix synthesis in early biofilm. On the other
hand, the | +P group showed higher cell viability than NI +P, but similar levels of
adherent cells and biofilm biomass, suggesting that phage infection in sarZ-silenced
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strains impaired not only matrix production but also adhesion. Interestingly, the | +P
group produced more biofilm than | =P, despite having fewer planktonic and adherent
cells, suggesting phage infection may trigger matrix production via sarZ-independent
pathways, possibly through eDNA release from lysed cells, as shown in responses to
antibiotics and phages [51,85-89].

mgrA silencing led to reductions in both biofilm formation and cell adhesion.
Although mgrA mutants are associated with increased biofilm formation at later stages
[84] this effect appears absent in early stages. Literature shows that mgrA regulates
capA transcription, and its deletion may reduce capsule production [90], potentially
impairing initial biofilm formation. Moreover, surface protein overexpression (e.g., Ebh,
SraP, SasG) in mgrA mutants may hinder cell clustering—a critical early step in biofilm
development [49,91,92]. These findings explain the reduction observed in our 4-hour
assays, contrasting with studies on mature biofilms (=16 hours). Notably, in strain
MK2139, both | +P and | =P groups had similar levels of adherent cells and biofilm,
indicating that phage resistance due to mgrA silencing is unrelated to enhanced biofilm
formation. Instead, it likely results from WTA glycosylation changes. Conversely, the
increased biofilm in the NI +P group, despite reduced bacterial growth, supports the
idea that phage-induced lysis promotes biofilm formation via eDNA release.

SAOUHSC_00695 encodes a hypothetical protein with a CobW domain, part of
the G3E GTPase superfamily. These proteins share features with COG0523 members
and are associated with metal homeostasis and maturation of metalloproteins involved
in cobalamin biosynthesis, nickel metabolism, urease activation, and zinc incorporation
[93]. Although the function of SAOUHSC_00695 remains unclear, normal bacterial
growth in its absence suggests it is non-essential without phage, possibly due to
compensatory pathways. However, its role in phage infection may involve cell wall
modulation, since metal homeostasis affects WTA, peptidoglycan, and surface protein
biosynthesis [74,94,95]. Kuijk et al. [74] screened S. aureus mutants by immunoblotting
with Fab fragments of monoclonal antibodies against a1,4- or 31,4-GlcNAc-modified
WTA. The SAUSA300 0673 mutant, corresponding to SAOUHSC 00695 in strain
8325, showed strong binding to a1,4 and weak to 31,4 Fab, suggesting this gene
influences WTA glycosylation. SAOUHSC_00695 is also located downstream of mgrA
and overlaps the 5" UTR sRNA S266, raising the possibility of co-regulation. The
phenotypic similarity between SAOUHSC_00695 and mgrA silencing supports this.
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Partial  restoration of viral replication in the double mutant
SAOUHSC_00695/mgrA (MK2157) suggests activation of compensatory pathways or
baseline expression of infection-enabling genes. mgrA regulates metal transporter
genes like mntH, whose expression increases in its absence, helping maintain
manganese and zinc homeostasis [96-98]. Elevated mntH in the double mutant may
have restored metal balance and thus phage permissiveness. Since sarZ and mgrA
share regulatory targets, their combined silencing (MK2155) may have relieved
repression or activated compensatory mechanisms that restored infection. In contrast,
no restoration occurred in the sarZISAOUHSC_00695 mutant (MK2156), suggesting
weaker regulatory overlap. This implies that while sarZ may indirectly influence mgrA
expression, it may not suffice to trigger the same compensatory mechanisms observed
with direct mgrA silencing. Overall, these results suggest a complex regulatory network
balancing the expression of genes essential for phage infection—whether involved in
WTA modification, as literature suggests, or yet-unidentified pathways.

The rpiRc gene, classified as essential, encodes a transcriptional regulator of the
pentose phosphate pathway (PPP) and modulates RNAIIl levels, acting as a metabolic
sensor that controls the agr quorum-sensing system [72,73]. Gaupp et al. [73] showed
that rpiRc inactivation in S. aureus reduces Protein A production while increasing
RNAIIIl, hemolytic activity, and capsule synthesis, contributing to higher pathogenicity
in murine models. Moreover, RNAIIl modulates cell wall integrity via peptidoglycan and
LTA biosynthesis [99,100], and PPP is involved in cell wall architecture, affecting B-
lactam resistance [101]. Thus, increased RNAIll and PPP deregulation caused by
rpiRc silencing may have disrupted bacterial metabolism, adhesion, and biofilm
formation, and altered cell wall structure, increasing phage susceptibility. Furthermore,
decreased Protein A expression, which can mask phage receptors [25], may have
exposed them. Reduced adhesion in the | —=P group, despite similar planktonic counts
as NI -P, may reflect lower expression of surface adhesins—known to be
downregulated by RNAIII [102]. In both +P groups, adherent cells were undetectable,
likely due to low planktonic cell numbers, preventing direct assessment of rpiRc
silencing on adhesion in the presence of phage. Notably, increased susceptibility to
phage infection was observed after 3 hours in the rpiRc-silenced strain, even though
viral titers did not differ significantly between NI +P and | +P at the 4-hour endpoint.
This may reflect the short time between the onset of increased susceptibility and

titration, as viral replication requires at least 30 minutes. A viral titer assessment after
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4 hours of incubation will be necessary to better evaluate this effect. Further
investigations, including gene expression and cell wall characterization, will be
essential to elucidate the mechanisms linking rpiRc silencing to enhanced phage
susceptibility.

Although we did not directly assess the differentially expressed genes after mgrA
and sarZ silencing, literature suggests that these mutants exhibit reduced toxin and
virulence factor production, alongside increased adhesin expression [75,77,84,96]. In
our study, silencing both reduced phage susceptibility, indicating that resistance may
come at the cost of lowered virulence. Conversely, rpiRc silencing, which increases
RNAIIl and enhances toxin production and hemolysis, also increased susceptibility,
suggesting a tradeoff where heightened virulence may increase vulnerability to
phages. These findings are relevant for phage therapy, highlighting how phage-host
interactions modulate bacterial virulence and may uncover therapeutic targets.
Moreover, this study identified novel host factors for S. aureus phages, including
SAOUHSC_00695, a gene of unknown function involved in phage susceptibility.

As next steps, we propose prioritizing phage adsorption kinetics assays to
determine whether resistance in mutants results from loss of phage receptors. In
parallel, targeted RT-gPCR should evaluate key gene expression levels: WTA
glycosylation (tarM, tarS), capsule production (capA), Protein A (spa), metal transport
(mntH), and virulence regulation (RNAIII, hla, sspA, adhesins). These are essential to
confirm our main hypotheses. Subsequently, cell wall analyses (e.g., WTA
quantification and characterization) and genetic complementation experiments may
strengthen our findings and demonstrate causality. Finally, broader studies—such as
RNA-seq or new CRISPRi-seq assays in lysogenic strains—will help uncover
additional regulatory mechanisms and clarify how prophages influence the response
to lytic phages, contributing to the advancement of phage therapy.

5. CONCLUSIONS

This study presents the first genome-wide CRISPRi-seq screening in
Staphylococcus aureus to identify host factors that modulate susceptibility or
resistance to lytic phage infection. By integrating high-throughput sequencing with
targeted gene silencing and phenotypic validation, we uncovered both known and
previously uncharacterized bacterial genes involved in the phage-host interaction.
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Notably, all genes selected for experimental validation exhibited phenotypes that fully
corroborated the CRISPRIi-seq predictions, reinforcing the reliability and accuracy of
this approach. Our findings demonstrate the practical and high-throughput potential of
genome-wide CRISPRIi-seq to uncover essential components of bacterial defense and
permissiveness to phages—including genes whose study would be impossible with
conventional knockouts due to their essentiality. This strategy enables not only the
identification of individual host factors but also the detection of dynamic and time-
dependent responses to infection.

Among the validated targets, silencing of mgrA and SAOUHSC_00695 conferred
complete resistance to phage CapO46, likely by disrupting WTA glycosylation required
for phage adsorption. Conversely, silencing the essential gene rpiRc increased
bacterial susceptibility, potentially due to metabolic imbalance and greater exposure of
phage receptors. The combined repression of genes such as sarZ/mgrA and
SAOUHSC_00695/mgrA revealed the existence of regulatory compensation
mechanisms that influence both phage replication and bacterial survival. Additionally,
our results demonstrated that gene silencing influenced early biofilm formation and
adhesion, often independently of cell density, highlighting the interconnectedness
between virulence regulation, surface architecture, and phage resistance.
Interestingly, resistance to phage infection was frequently associated with reduced
virulence potential, while increased susceptibility (e.g., in rpiRc-silenced strains)
coincided with enhanced virulence, revealing a potential trade-off exploitable in
therapeutic strategies.

Altogether, this work not only advances our understanding of S. aureus phage
biology but also highlights the power and practicality of CRISPRIi-seq as a discovery
platform for host-phage interaction studies. The identification of multiple novel host
factors—confirmed by experimental assays—opens new avenues for rational design
of phage-based treatments and combinatory approaches in the fight against multidrug-
resistant pathogens. Despite its robustness, the CRISPRi-seq technique has
limitations, particularly in evaluating genes located within operons or those with strong
polar effects, which may hinder the individual assessment of certain targets. Future
studies will include adsorption assays, RT-qPCR, and WTA characterization to clarify
the molecular basis of these phenotypes and validate the mechanisms proposed.
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GENERAL CONCLUSIONS

This thesis reinforces the potential of bacteriophages as promising tools for
bacterial control in both food safety and microbiological research. The first chapter
described the isolation and comprehensive characterization of UFVCit2, a polyvalent
lytic phage targeting members of the Enterobacteriaceae family, including Salmonella
Enteritidis. The phage demonstrated high genetic safety, environmental stability, and
efficacy in reducing bacterial loads in food matrices such as lettuce and chicken meat,
highlighting its potential application in food biocontrol strategies.

The second chapter expanded the investigation into bacteriophage applications
by characterizing phage CapO46, a member of the Rosenblumvirus genus, with lytic
activity against Staphylococcus aureus, an important pathogen in both foodborne
diseases and healthcare-associated infections. Beyond its robust lytic profile and
favorable biological characteristics, CapO46 also demonstrated the ability to reduce S.
aureus counts in UHT milk, suggesting its potential use as a biocontrol agent in dairy
products.

In the third chapter, a genome-wide CRISPRiI screen was employed to identify
host factors in S. aureus that influence phage susceptibility. This approach revealed
key genes involved in cell wall biosynthesis, regulatory networks, metal homeostasis,
and metabolism that impact phage infection dynamics. These findings contribute to a
deeper understanding of phage-host interactions and provide essential knowledge for
improving phage therapy design, mitigating resistance, and informing the rational
development of phage-based antimicrobials.

Collectively, the data presented in this work highlight the versatility of
bacteriophages not only as biocontrol agents in food systems but also as tools for
dissecting bacterial physiology and vulnerability. Furthermore, this thesis emphasizes
the importance of integrating genomic, functional, and application-driven approaches
to advance the development of phage-based interventions in both industrial and clinical

settings.



