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Abstract: Salmonella, the causative agent of several diseases in humans and animals, including
salmonellosis, septicemia, typhoid fever, and fowl typhoid, poses a serious threat to global public
health and food safety. Globally, reports of therapeutic failures are increasing because of the increase
in bacterial antibiotic resistance. Thus, this work highlights the combined phage–antibiotic therapy
as a promising approach to combating bacterial resistance. In this manner, the phage ZCSE9 was
isolated, and the morphology, host infectivity, killing curve, combination with kanamycin, and
genome analysis of this phage were all examined. Morphologically, phage ZCSE9 is a siphovirus
with a relatively broad host range. In addition, the phage can tolerate high temperatures until 80 ◦C
with one log reduction and a basic environment (pH 11) without a significant decline. Furthermore,
the phage prevents bacterial growth in the planktonic state, according to the results of the time-
killing curve. Moreover, using the phage at MOI 0.1 with kanamycin against five different Salmonella
serotypes reduces the required antibiotics to inhibit the growth of the bacteria. Comparative genomics
and phylogenetic analysis suggested that phage ZCSE9, along with its close relatives Salmonella
phages vB_SenS_AG11 and wksl3, belongs to the genus Jerseyvirus. In conclusion, phage ZCSE9 and
kanamycin form a robust heterologous antibacterial combination that enhances the effectiveness of a
phage-only approach for combating Salmonella.

Keywords: phage therapy; phage-antibiotic synergy; Salmonella enterica; bioinformatics analysis; heat
map; phage isolation; phage interaction; DNA extraction

1. Introduction

Salmonella is a type of bacterium that can cause a variety of illnesses in both animals
and humans. It is a Gram-negative, rod-shaped, facultatively anaerobic, and motile mi-
croorganism known for causing conditions such as salmonellosis, septicemia, typhoid fever,
and fowl typhoid [1,2]. Salmonella bongori and Salmonella enterica (S. enterica) comprise
the genus, with S. enterica divided into six subspecies [3]. S. enterica, which has more
than 2500 serotypes, is the primary cause of enteric illness [4]. S. enterica serotype Typhi
causes typhoid fever. Furthermore, it can spread through asymptomatic humans who have
previously carried the infection, which is still a major public health issue in developing
countries [5]. Salmonella is a member of the Enterobacteriaceae family and spreads through
contaminated water, food, and the environment. Moreover, it is a commensal microor-
ganism in the intestinal tracts of many animals, including pets, livestock, and poultry [3].
Humans can contract Salmonella through various means, such as consuming contaminated
food or water or coming into direct contact with infected animals [6]. Furthermore, it can
enter the food chain through several routes, including poultry processing sites, animal feed,
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continuously contaminated livestock environments, vertical transmission, and contami-
nated hatcheries. Additionally, it can also spread to humans through the fecal–oral route.
Once humans contract it, Salmonella can lead to salmonellosis, typically developing within
12–72 h and characterized by symptoms such as abdominal cramps, fever, diarrhea, and
vomiting. As a result, it is estimated that Salmonella causes 1.3 billion cases of gastroen-
teritis worldwide each year, with three million deaths reported [7]. Additionally, more
infections were reported in developing countries, which significantly negatively impacts
their economy and health [7,8].

Antibiotics in countries that produce poultry are used to treat salmonellosis and pro-
mote growth [9]. To reduce the usage of antibiotics in agriculture and poultry production,
several countries have implemented measures to decrease their usage. In 1986, Sweden
banned the usage of any antibiotics that promote growth [10]. Then, in 1995 and 1998,
Denmark outlawed avoparcin and virginiamycin usage [11]. The European Union (EU)
took action in 1997 and 1998 by banning the usage of Avoparcin and other drugs (such as
spiramycin, bacitracin, virginiamycin, and tylosin) as growth promoters [12]. For instance,
Namibia was one of the first countries in Africa to implement a restriction on the extensive
usage of antibiotics in livestock [13]. Before the Food and Drug Administration (FDA)
regulated antibiotics at the beginning of 2017, many antimicrobials were given to livestock
in the US to promote growth [14]. Unfortunately, the improper use of antibiotics results
in the rise and spread of pathogens resistant to antibiotics, making antibiotics useless for
the clinical management of infections [15]. According to current trends in antimicrobial
resistance (AMR), areas where poultry is produced act as a significant gene repository
for AMR [16]. Numerous novel approaches are being researched to offer a long-term
solution due to the high mortality, morbidity, and expense of treating diseases brought on
by multidrug-resistant (MDR) pathogens [17–21]. Therefore, there is a need to discover
alternatives that work in harmony with antibiotics to obtain a synergistic effect, as the
antibiotics alone are not enough in many cases [22,23].

Bacteriophages (phages) are bacteria-infecting viruses that can be lytic or lysogenic [24].
Using phages is a promising treatment option for preventing bacterial infections in humans
and poultry. Researchers now view phages as a potential alternative to antibiotics due
to their powerful bacteriolytic activity, host specificity, self-limiting properties, and ease
of genetic manipulation [25]. In addition, phages can survive in various temperatures
and pH levels and infect various bacteria. As a result, they are promising candidates for
therapeutic use. Numerous studies have documented how effective host-specific phages are
at reducing bacterial counts in various foods, including meat, vegetables, eggs, processed
foods, and animal skin [26–29]. However, using phages exclusively frequently results in
the rise of phage-resistant bacteria [30]. In addition, recent research revealed the emergence
of phage-resistant mutants both in humans and in vitro [31–33]. Thus, investigations into
the synergistic effects of combining phages and antibiotics are being conducted to prevent
the evolution of bacterial resistance to both. Previous studies on phage–antibiotic synergy
demonstrated positive outcomes in eradicating bacteria [34–36]. The novel virulent phage
ZCSE9 was isolated and characterized in this study, and the effects of phage–antibiotic
combinations against six species of the human pathogen S. enterica were reported. Different
concentrations of kanamycin, together with phage ZCSE9, were investigated to evaluate
the synergy against these pathogens.

2. Materials and Methods
2.1. Bacterial Cultures and Preparations

The bacterial strains that were selected for the host range screen and other experiments
are listed in Table 1. In addition, S. enterica subsp. enterica serotype Typhi NCTC 160 was
used as a host strain for the isolation and characterization of the phage. The bacterial
culture was grown at 37 ◦C in tryptone soy broth (TSB) (Oxoid, Basingstoke, UK) or xylose
lysine deoxycholate (XLD) (Merck, Darmstadt, Germany).
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Table 1. Lytic activity of phage ZCSE9 against Salmonella enterica.

ID Salmonella Bacteria The Bacteriolytic Activity of ZCSE9

CMPZC52 int Salmonella enterica Blegdam II +
CMPZC49G.B Salmonella enterica Gallinarum +

CMPZC78 Sple Salmonella enterica Enteritidis +
CMPZC18 Salmonella enterica spp. +

CMPZC77 liv Salmonella enterica Kentucky +
CMPZC53 sple Salmonella enterica Blegdam I +
CMPZC85 liv Salmonella enterica Virchom −
CMPZC29 int Salmonella enterica Enteritidis II +
CMPZC49 liv Salmonella enterica Blegdam III +

CMPZC52 liv (15) Salmonella enterica spp. +
CMPZC2 Salmonella enterica Kentucky II −
CMPZC3 Salmonella enterica spp. −

CMPZC7 L Salmonella enterica Typhimurium II −
CMPZC77 int Salmonella enterica Kentucky III −

CMPZC100 Sple Salmonella enterica Nigeria −
CMPZC84 G.B Salmonella enterica spp. −

CMPZC52 Sple (7) Salmonella enterica Blegdam IV −
CMPZC 77 liv Salmonella enterica Kentucky IV +

CMPZC20 Salmonella enterica Typhi II −
CMPZC33 Salmonella enterica Typhimurium III −
CMPZC34 Salmonella enterica spp. +
CMPZC37 Salmonella enterica spp. −

NCTC 13348 Salmonella enterica Typhimurium +
NCTC 160 Salmonella enterica Typhi +

2.2. Isolation, Purification, and Amplification of the Phage

One gram of Guava collected from a garden in Al Qalyubia, Egypt, was added to
9 mL of TSB containing S. Typhi NCTC 160 as the main host bacteria. After incubation for
four hours at 37 ◦C, the sample was pelleted using centrifugation at low speed (6400× g)
at 4 ◦C for 15 min twice, and 1% of chloroform was added before each centrifugation.
The process of measuring the phage titer in the whole study was conducted using the
double-agar overlay plaque assays [37]. For isolating the phage, spots of the sample after
purification with different dilutions were added on the surface of bacteria at the 0.5% top
agar. Next, the plates were incubated overnight at 37 ◦C, and then the single clear plaques
were picked using a sterile yellow tip to isolate a pure phage. For the phage propagation,
the phage ZCSE9 was mixed with S. enterica at OD600 ~ 0.3 with MOI ~ 1 and kept for four
hours (or until the media of phage and bacteria transferred from turbid to clear). Then,
centrifugation, as described previously, was conducted to remove the remaining bacteria.
Finally, high-speed centrifugation of 15,300× g for one hour at 4 ◦C to pellet the phage and
saline magnesium buffer (SM) (100 mM Magnesium sulfate heptahydrate; 10 mM Sodium
chloride; 50 mM Tris (hydroxymethyl)aminomethane hydrochloride and adjusted the pH at
7.4) was used to resuspend the phage pellets followed by filtration using a 0.45 µm syringe
filter (Chrom Tech, Apple Valley, MN, USA). The phage supernatant was collected, and the
phage stock was stored at 4 ◦C.

2.3. Host Range and Lytic Profile

The sensitivity of 24 clinical Salmonella isolates to phage ZCSE9 (2 × 109 PFU/mL)
was tested using the drop test. Briefly, 50 µL of log-phase bacteria cultures in 4 mL of 0.5%
top agar were solidified on 1.5% TSA agar plates. Ten µL drops of the phage stock were
pipetted on the soft agar, and the presence or absence of bacterial lysis was recorded after
overnight incubation at 37 ◦C.
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2.4. Transmission Electron Microscopy (TEM)

The shape and structure of ZCSE9 were examined using TEM, as mentioned before [38].
First, a sample of 10 µL of the phage at a concentration of 109 PFU/mL was stained with
2.5% uranyl acetate. The sample was then placed on a carbon-coated Cu-grid and left to
dry for ten min before being examined using TEM. Images of the stained phage were taken
at various magnifications using TEM (1230 JEOL, Tokyo, Japan). Moreover, 100 µL of phage
ZCSE9 (109 PFU/mL) was added to 1 mL of overnight bacterial culture and then incubated
for one hour, followed by the previous steps of imaging using the same TEM for visualizing
the interaction between the phage and the bacteria.

2.5. Physicochemical Stability

The effects of environmental factors on the phage, such as temperature and pH,
were investigated by incubating 1.5 mL centrifuge tubes containing 100 µL of the phage
suspension (1010 PFU/mL) for one hour at various temperatures (−20, 4, 37, 50, 60, 70,
80, and 85 ◦C), to examine the temperature stability of the phage. Another 100 µL of the
phage suspension (1010 PFU/mL) was incubated in the same buffer solution at various
pHs, including pH 2, 3, 4, 7, 10, 11, and 12, for one hour at room temperature to test the pH
stability of the phage. The phage titer was assessed using the double-layer plate technique.

2.6. Determination of Optimal MOI

The MOI of phage ZCSE9 was determined according to previous work [39] with some
modifications. Briefly, 100 µL of S. enterica (OD600 = 0.4, ~108 CFU/mL) and 100 µL of
phage ZCSE9 were added to 900 µL of TSB to phage/bacteria ratios 0.001, 0.01, 0.1, 1, and
10. They were incubated at 37 ◦C for six hours, and then the phage and bacterial titers were
determined by double-layer plating.

2.7. One-Step Growth Curve

To evaluate the burst size of phage ZCSE9, a one-step growth curve experiment was
performed. Firstly, 10 mL of S. enterica culture with titer ~108 CFU/mL was infected by
phage ZCSE9 with titer 2 × 109 PFU/mL to a final MOI of 0.1. Then, after ten minutes of
incubation at 37 ◦C with shaking at rpm 90 in the water bath, 100 µL of infected growth was
moved to a flask containing 10 mL of TSB, and then 200 µL was transferred from the 10 mL
TSB flask into a new flask containing 20 mL of TSB. Briefly, 1 mL aliquots were withdrawn
from the 20 mL TSB flask at various time points throughout one hour, and all the aliquots
were kept in ice. To determine the phage titers, a tenfold serial dilution and spotting assay
were applied in this experiment.

2.8. Adsorption Rate Assay

The adsorption rate of ZCSE9 was determined using an adsorption rate assay ac-
cording to Bagińska et al. [40] with minor modifications. First, S. enterica host cells were
cultured in TSB until they attained an exponential growth phase. After that, the culture
was dispensed into nine sterile microtubes, with each tube containing 1 mL of the cul-
ture, to which 10 µL of 108 PFUs/mL ZCSE9 phage suspension was added. The resultant
mixed suspensions were incubated at 37 ◦C for durations of 0, 0.5, 1, 1.5, 2.5, 5, 10, 15, and
20 min. The suspensions were then centrifugated at 15,000× g for 1 min to obtain a pellet
comprising bacterial cells with attached phages. Finally, the supernatant was collected in
sterile microtubes and utilized in a double-layer plate technique to determine the titer of
unadsorbed phages.

2.9. Time Killing Curve

A time-killing curve assay was carried out to examine the antibacterial effect of phage
ZCSE9 against the host strain. First, a day-cultured bacteria with OD600 of 0.4 was diluted
with TSB to prepare a 5 × 106 CFU/mL bacterial suspension. Next, 180 µL of the bacterial
suspension was distributed into 96-well plates. Then, each well was infected with phage
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(20 µL) at different MOIs (10, 1, 0.1, 0.01, 0.001, and 0.0001) and incubated for five hours
at 37 ◦C. The absorbances at OD600 were recorded using a FLUOstar Omega microplate
reader (BMG LABTECH, Ortenberg, Germany) at 20 min intervals during the experiment.

2.10. Phage DNA Extraction and Genome Sequencing

The DNA extraction of phage ZCSE9 was conducted as described previously [41],
with some modifications. Firstly, 1 mL of lysis buffer containing proteinase K (100 µg/mL)
was added to 10 mL of stock phage buffer at 56 ◦C for one hour. Next, 10 mL of phenol/
chloroform/isoamyl alcohol (25:24:1) was added before centrifuging for 10 min at 10,976× g
at 4 ◦C. Next, the aqueous layer on top of the chloroform was transferred to another falcon
containing an equal volume of isopropanol and 1/10 volume of 3M sodium acetate left
overnight at −20 ◦C. Another centrifugation at 10,976× g at 4 ◦C for 10 min was conducted,
followed by discarding the supernatant and collecting the precipitated DNA. Then, the
pellet was washed with absolute ethanol and 70% ethanol, and the supernatant ethanol was
withdrawn with sterile tips. Finally, the DNA was dissolved in DNAse and RNAse-free
water. The DNA concentration was measured with a FLUOstar Omega microplate reader.
Next, the DNA was cleaved using the restriction enzyme, SmaI, following the protocols
stipulated by the supplier (NEB). The conditions and buffers were selected based on the
manufacturer’s recommendations, while the enzymatic incubation was conducted for 1 h,
followed by deactivation at 65 ◦C for 20 min. Subsequently, the cleaved DNA sample was
subjected to electrophoresis in a 1.0% (w/v) agarose gel at 90 V, employing a DNA ladder
as a reference marker, and stained with ethidium bromide for visualization. The genome of
phage ZCSE9 was sequenced by the Illumina MiSeq platform according to the instructions
using the Illumina Nextera tagmentation protocol (Illumina, Cambridge, UK).

2.11. Genome Analysis
2.11.1. Assembly and Annotation

The sequence reads were de novo assembled with Unicycler (v0.4.8) on the BV-BRC
portal. ProgressiveMauve and Ugene were used for visualization, comparison, and
genome orientation according to Salmonella phage vB_SenS_AG11 with accession number
NC_041991 [42,43]. The assembled genome was annotated using Rapid Annotation using
Subsystem Technology Toolkit (RASTtk) pipeline by customizing the annotation to start
with “annotate-proteins-phage” followed by “annotate-proteins kmer-v2” [44]. A second
round of annotation was performed after RASTtk annotation to confirm assigned functions
or to assign functions to proteins with unassigned functions. NCBI BLASTp, HHPred, and
InterPro Scan were used for this purpose. ARAGORN v1.2.41 was used to identify tRNA
genes [45]. The presence of temperate genetic markers, bacterial virulence, and AMR genes
was determined using PHageBACterioPHage LIfstyle Predictor (BACPHLIP v0.9.6) and
PhageLeads to evaluate the phage’s potential for therapeutic applications [46–48]. The
circular genomic map was drawn using CGView on the PROKSEE server [49]. Further-
more, Phage Depolymerase Finder (PhageDPO) was used to detect the genes with putative
depolymerase function [50], and DeepTMHMM was used to analyze the topology of the
transmembrane domains in the predicted proteins [51].

2.11.2. Phylogenetic Analysis

Genome–genome comparison for ZCSE9 and Salmonella phage vB_SenS_AG11 was
conducted using the ViPTree server; the latter was also used to construct a circular and a
rectangular proteomic tree based on clustering phages at the family level [52]. The output
of ViPtree was used to identify phages with the highest tBLASTx scores (SG) and outgroup
phages with the lowest (SG) scores which were used along with top BLASTn hits from
NCBI as input for the virus intergenomic distance calculator (VIRIDIC). The VIRIDIC tool
was used to compute pairwise intergenomic similarities between phage ZCSE9 and the
selected phages [53].
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Furthermore, PhageClouds was used to visualize the relationship between the genome
of phage ZCSE9 and other phage sequences on NCBI-GenBank based on their intergenomic
distances with a threshold of 0.2 [54].

More phages filtered from the NCBI virus database (filtration criteria was Jerseyvirus
and complete RefSeq genome) were analyzed using CoreGenes 5.0 to identify terminase
genes conserved through the genus and family levels [55]. Terminase, a large subunit
(TerL, signature gene), was used to construct a protein-based phylogenetic tree using the
phylogeny.fr web-based tool [48,56]. The TerL tree was constructed to verify the assignment
of phage ZCSE9 to the genus of the closely related matches according to intergenomic
similarity analysis. In addition, the terL tree included outgroups of phages that belong to
other genera assigned to class Caudoviricetes.

2.12. Phage-Antibiotic Synergy

The minimal inhibitory concentrations (MICs) were measured as mentioned by Prashik
et al. [57]. After the incubation, the procedure involved checking the difference in Salmonella
isolate growth in tryptic soya broth (TSB; Oxoid, Basingstoke, UK). The bacterial isolates
were first grown on XLD (Merck, Darmstadt, Germany) plates. Then, colonies were with-
drawn and cultured into TSB, which was incubated for four hours at 37 ◦C. The experiment
used kanamycin at different concentrations ranging from 500 to 3.75 µg/mL and phage
ZCSE9 at a high titer (107 PFU/mL) as the final concentration to evaluate their antibacterial
efficiency at a multiplicity of infection (MOI) of 0.1. A negative control of approximately
100 µL of S. Typhi (NCTC 160) was added to a 96-well plate. Then, 5 µL of phage ZCSE9
was added to 100 µL of S. Typhi (NCTC 160). Next, 100 µL of the bacterial culture was
added to the same volume of kanamycin only. The mixture was adjusted to be diluted
two-fold in each well with the final concentration of the antibiotic in the microtiter plates
ranging from 3.75 to 500 µg/mL. Then, 100 µL of the bacterial isolate was added to 100 µL
of kanamycin and 5 µL of phage ZCSE9 at MOI 0.1. The mixture was adjusted to be diluted
two-fold in each well. The clear well with the lowest concentrations of kanamycin only
and the kanamycin-phage mixture was identified as the MIC after a 24 h incubation period.
From each clear well, as well as the wells containing phage incubated with bacteria and the
negative control, 50 µL of TSB was withdrawn and added to 450 µL of fresh liquid media
followed by serial dilution, and 10 µL of each dilution was spotted on TSA plates and then
incubated at 37 ◦C overnight. The same steps were repeated using five different bacteria:
S. Typhimurium (NCTC 13348), S. Gallinarum (CMPZC49G.B), S. Blegdam I (CMPZC53 sple),
S. Blegdam II (CMPZC52 int), and S. Enteritidis (CMPZC78 Sple). Additionally, a 96-well
plate containing S. enterica (NCTC 160), S. Typhimurium (NCTC 13348), and S. Gallinarum
(CMPZC49G.B) was incubated for 12 h at 37 ◦C overnight in a Fluostar Omega multi-
mode microplate reader (BMG LABTECH, Ortenberg, Germany) to gather absorbance
data, which was used to construct a heatmap showing the percentage reduction in the
bacterial population.

3. Results and Discussion
3.1. Host Range

To determine the role of Salmonella in phage infectivity, we used 24 different Salmonella
bacteria strains to measure the ability of phage ZCSE9 with titer 2 × 109 PFU/mL to infect
the bacteria. The lysis activity included 13 bacteria from six serotypes, including Blegdam,
Gallinarum, Enteritidis, Kentucky, Typhimurium, and Typhi. However, the phage could
not infect Salmonella bacteria with serotypes such as Virchom and Nigeria (Table 1).

3.2. Morphological Characteristics of ZCSE9

The plaque morphology of phage ZCSE9 on TSA plates appears to be small, clear,
and round, with a halo zone at the periphery of the plaque (Figure 1A). In addition, phage
ZCSE9 has an icosahedral head and long, non-contractile tail that is densely packed at the
end, resembling a short tail–spikes complex. The phage tail length is 126 nm, and the head
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is 62 nm in size (Figure 1B). Moreover, TEM shows that virion attachment can involve many
phages simultaneously; however, the images show that the phages attach to the bacterial
cell wall via their heads while their tails float away (Figure 1C). The phage morphology on
the overlay agar shows halo zones, indicating the presence of enzymes that depolymerize
exopolysaccharides and biofilm [58]. It was confirmed in different articles previously that
the phage from the family Podoviridae [59,60] and Caudovirales [61] attach to the bacterial
surface using its tail. However, we found that phage ZCSE9 binds to the bacterial host
with its capsid. This is not the first observation since previous studies reported that phage
GMA6 from the same family attached to Gordonia malaquae bacteria with its capsid [62]. This
phenomenon is not well studied and needs more investigation to confirm the mechanism
of interaction between the phage and its bacterial host. We can reveal this phenomenon
to the non-contractile tail that makes the attachment with capsid until the tail binds and
injects its genetic material, or this bacteria is already infected with the phage previously,
and the other phages are unable to bind [63]. However, these hypotheses are not confirmed,
and more work is needed to answer the question of the binding using the capsid.
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3.3. Physicochemical Stability of Phage

Tolerance to environmental factors was used to investigate the fundamental conditions
for further phage applications by determining the variation in plaque-forming unit (PFU)
values. Heat stability tests revealed that phage ZCSE9 was completely inactive at 90 ◦C with
a significant reduction in the activity of the phage at 85 ◦C; however, no significant reduction
occurred in the stability of the phage after incubation for one hour at the temperature range
of −20 to 80 ◦C (Figure 2A). In addition, as depicted in (Figure 2B), when phage ZCSE9
was exposed to various pH values, we found that it maintained high activity at a broad
pH range (4–11), with the highest titer observed at pH 7. However, the activity sharply
decreased in both pH 3 and 12 and was inactive in pH 2.

The physiological stability of phages is crucial because pH and temperature conditions
will particularly influence the stability and killing activity of the phage [64]. Moreover, the
suitable applications of the phage may be determined based on their stability and activity.
Additionally, any antibacterial agent’s capacity to withstand acidic pH conditions is a key
requirement. In this study, the phage became completely inactive after exposure to low pH,
possibly due to protein denaturation in the virion at pH 2 [65]. However, ZCSE9 can be
encapsulated in beads to tolerate the pH levels of the gastrointestinal tract, where Salmonella
serotypes are typically colonized, to be used as a therapeutic [66–68]. The physiological
conditions of the human large and small intestines are consistent with these pH values.
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The phage can be stored safely at temperatures lower than 0 ◦C for a short time.
However, previous works showed a reduction in phage titer at temperatures below the
freezing point due to crystal formation with a recommendation to use glycerol [69]. Thus,
we recommend further experiments to measure stability when frozen for a longer time.
Moreover, the thermal stability of ZCSE9 against different temperatures from −20 ◦C to
85 ◦C was reported (Figure 2A). The most interesting part of these results is that this phage
tolerated the temperature of 80 ◦C for one hour with around one-log reduction. Previously,
one phage was isolated and characterized as a thermotolerant phage, phage 936, which
tolerated the temperature of 80 ◦C for 5 min with around half-log reduction, and phage
P1532 tolerated 90 ◦C for 20 min or at 97 ◦C for 5 min with a high reduction [70].

3.4. Optimal MOI, One-Step Growth Curve, and Adsorption Rate Assay

In this experiment, S. Typhi (8 × 105 CFU/mL) was infected at different MOIs and the
results showed that the MOI of 0.001 was, under these growth conditions, the most optimal
to obtain the highest phage titer (4 × 1010 PFU/mL). After that, the phage with MOI 0.01
has activity lower than MOI 0.001 and better than 0.1, 1, and 10 (Figure 3A).

A one-step growth assay at MOI 0.1 was carried out to demonstrate the lysis capabili-
ties of phage ZCSE9 against S. Typhi and to estimate the latent period (the time between
phage adsorption and release) in addition to burst size (the number of released virions per
single bacteria) of phage ZCSE9. The curve displayed that the latent period was around
10 min; in addition, there was 10 min of preparation, making the process from adsorption
to release 20 min. Moreover, the burst size was about 20 phages per single host bacterial
cell (Figure 3B).

The results of the adsorption rate assay were represented in a line graph in Figure 3C),
which illustrates the percentage of the unadsorbed phage in a specific time by the previously
identified host. The experiments showed that the time needed by S. enterica to adsorb
the largest number of phages is almost 20 min after presenting the phage with its host.
Moreover, the results also show that the phage adsorbs very rapidly, as 70% had adsorbed
in 2 min.
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Based on the results of optimal MOI, we found that a lower MOI (0.001) is more
efficient after six hours as it produces a higher number of phages and then kills its host
efficiently. Similar results were reported with Salmonella phage SP76, which has an optimal
MOI of 0.0001 [71]. However, the outcome of this experiment depends on the starting
conditions of the experiment. When the total incubation time is selected to be six hours,
there is a risk that the bacteria will reach the stationary phase before that. Thus, we
recommend further work to investigate the optimal MOIs in lower starting CFU/mL. The
process of attachment is necessary to recognize the bacterial host within a few minutes as
around 80% of Salmonella phages T156 were attached to the bacterial cells within 10 min [72].
This process has many factors controlling the dynamic of the phage. Here, the results of the
adsorption rate are compatible with the one-step growth curve, as the phage spent 20 min
in the adsorption process, and then the new progenies started to be produced. Moreover,
mixing between the bacteria and the phage was used to ensure the maximum number of
phages were in attachment with the bacteria with a limitation of free phages.

3.5. Lytic Activity

At various MOIs (10, 1, 0.1, 0.01, 0.001, and 0.0001), the bactericidal effect of phage
ZCSE9 on S. Typhi was examined in vitro (Figure 4). After 75 min of the infection period,
the bacterial turbidities at OD600 were 0.409 for bacterial control (the bacteria that had not
been exposed to the phage), 0.38 for MOI 0.0001, 0.31 for MOI 0.001, 0.27 for MOI 0.01, 0.17
for MOI 0.1, 0.06 for MOI 1, and 0.03 for MOI 10. However, the OD600 for bacterial control
increased significantly from 0.381 to 0.663, and at 180 min, the OD600 was 0.688 and then
nearly the same for the next 120 min without declining. In contrast, the bacterial growth in
all MOIs of ZCSE9 infected cultures declined to display notable bacterial killing activity
and hydrolysis.

The bactericidal activity of the phage ZCSE9 was increased by increasing the MOI
from 0.0001 to 10. This is not surprising as many previous analyses found that the phage
reduces its host more efficiently when used with high MOIs [73,74]. The spectrophotometer
provides data supporting bacterial reduction using different antibacterial agents at OD600.
However, such results can only be measured at a high concentration that gives turbidity
using spectroscopy without information about the phage count [75]. Thus, other methods
were used to solve the OD problems, such as the spotting technique, which takes a long
time but is valid and accurate for all used concentrations [76]. The reason behind the
high activity at high MOIs returns to the high chance of a phage finding its host in the
solution. However, this is not a problem as the phage is the only antibacterial agent to
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replicate using a bacterial host with time [77]. In this study, after a long time of using
low concentrations of bacteria, the low MOI kills the bacteria better than the high MOI.
However, in the turbidity assay, the phage with a high MOI could find and kill the bacteria
faster than with a low MOI.
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3.6. Genomic Characterization of Phage ZCSE9
3.6.1. Analysis and Annotation of the Genome

The reads were assembled into one contig, with a double-stranded DNA genome
length of 42,689 bp and an overall GC content of 49.7% (Accession: OP793478.2). The
predicted open reading frames (ORF) in the complete genome of ZCSE9 phage were 65, 37
of which were assigned to various proteins functions, including DNA genome packaging
(terminase small subunit and terminase large subunit), structure proteins (portal protein,
head fiber, head morphogenesis, major capsid protein, capsid scaffolding, tail completion,
tail terminator-like protein, and tail assembly chaperone), DNA metabolism and replication
proteins (DNA polymerase, helicase, HNH endonuclease, and Holliday junction resolvase),
and lysis proteins (holin, endolysin, spanin, and peptidase) (Table S1) with no detected
tRNA gene. Moreover, there were no detectable lysogenic phage-related markers in phage
ZCSE9, such as transposases or integrase. The genomic map illustrates functional genes and
their position on the genome (Figure 5). Phage ZCSE9 has a virulent lifestyle as predicted
by BACPHLIP with 100% probability. Similarly, PhageLeads could not detect any predicted
temperate lifestyle genes, and no antimicrobial resistance or virulence genes were found
either. The PhageDPO tool detected depolymerase activity in the tailspike protein (ORF
19 and 32) by both SVM and ANN models with 100% prediction (Table S2). Moreover,
genes encoding putative lysis-associated proteins, including two putative holins, were
identified where DeepTMHMM predicted two transmembrane topologies of class I and
class II holins (Figure S1). The full data about the genome were released on NCBI under
Acc. No. of OP793478.
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3.6.2. Phylogenetic Analysis

The phage ZCSE9 genome was compared to reference phage genomes using ViPTree,
which engendered a circular proteomic tree in which phage ZCSE9 clustered among un-
classified siphoviruses with a bacterial host of the class Gammaproteobacteria (Figure 6A).
Phages with top SG scores were used to generate a more detailed rectangular tree, in
which phage ZCSE9 is clustered with members of the genus Jerseyvirus (Figure 6B). More-
over, the whole genome alignment of phage ZCSE9 and its top match Salmonella phage
vB_SenS_AG11 (NC_041991) is shown in Figure 6C.

Intergenomic analysis by VIRDIC generated 37 clusters at the species level and
14 clusters at the genus level. VIRDIC grouped the ZCSE9 phage with other unclassi-
fied siphoviruses belonging to the same genus, Jerseyvirus (Figure 7A, Table S3). The phage
cloud computed the distance relationship between phage ZCSE9 and deposited phage
genomes on NCBI-GenBank, in which 144 phage genomes were connected to phage ZCSE9
based on a distance threshold ≤ 0.2 (Figure 7B). The phage cloud grouped phage ZCSE9
with phages belonging to the genus Jerseyvirus. CoreGene 0.5 identified the terminase
large subunit as an ortholog among RefSeq phage genomes classified under the genus of
Jerseyvirus. Subsequently, a TerL protein-based phylogenetic tree was constructed, which
supported the classification of phage ZCSE9 as a new species in the genus Jerseyvirus
(Figure 7C).
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in denotes the location of the terminase large subunit of the ZCSE9 phage.

In this study, phage ZCSE9 has properties similar to Salmonella phage fmb-p1, in-
cluding tolerance to high temperatures reaching 90 ◦C for one hour and survival in harsh
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basic environments [78]. Bacteriophages are a promising alternative to antibiotics in the
struggle against the emergence and spread of bacterial resistance; however, the safety of
phage therapy is often questioned [79]. Thanks to the advanced technologies in sequencing
and web-based analysis tools, we can easily perform genomic analysis and reveal answers
to challenging questions [48]. Genomic analysis of the phage ZCSE9 did not find genes
for bacterial virulence, antibiotic resistance, or temperate markers, which supports the
phage’s safety.

We could not use bioinformatics tools to determine the genome termini because the
library was prepared using the Nextera tagmentation protocol. Methods such as Nextera,
which rely on transposases to ligate the adapters, should not yield data acceptable for
PhageTerm and similar techniques [80]. Moreover, the putative tailspike endorhamnosidase,
identified by PhageDPO and the BLASTp, demonstrates the phage’s ability to cleave the
polysaccharide in capsular or biofilm form, which subsequently facilitates the phage
invasion and attachment to bacterial cells [81]. Furthermore, the point mutations in the
tailspike can expand the host range if it is monovalent [82]. DeepTMHMM identified genes
encoding putative lysis-associated proteins, including two putative holins; their topology
agreed with class I and II holins [83].

3.7. Synergistic Activity of Phage ZCSE9 and Kanamycin

Because antibiotics and phages are essentially different therapeutics, research into
such combinatorial therapies is critical. Here, we tested the effectiveness of kanamycin in
combination with the lytic phage ZCSE9 against five different Salmonella serotypes.

The activity of kanamycin against the six different Salmonella bacteria was investigated
by an MIC test. The MIC of kanamycin was 15 µg/mL against S. Typhi and S. Typhimurium,
62 µg/mL against S. Gallinarum and S. Blegdam I, and 30 µg/mL against S. Blegdam II
and S. Enteritidis. However, the MIC of kanamycin in combination with phage ZCSE9
was 7.5 µg/mL against S. Typhi and S. Typhimurium and 15 µg/mL against S. Gallinarum,
S. Blegdam I, S. Blegdam II, and S. Enteritidis as shown in (Table 2).

Table 2. The MIC of different bacteria against kanamycin alone and with phages.

Bacteria ID
Kanamycin Concentration (µg/mL)

500 250 125 62 30 15 7.5 3.75

K
an

am
yc

in

S. Typhi NCTC 160
√

S. Typhimurium NCTC 13348
√

S. Gallinarum CMPZC49G.B
√

S. Blegdam I CMPZC53 sple
√

S. Blegdam II CMPZC52 int
√

S. Enteritidis CMPZC78 Sple
√

Ph
ag

e
M

O
I0

.1
+

K
an

am
yc

in

S. Typhi NCTC 160
√

S. Typhimurium NCTC 13348
√

S. Gallinarum CMPZC49G.B
√

S. Blegdam I CMPZC53 sple
√

S. Blegdam II CMPZC52 int
√

S. Typhi CMPZC78 Sple
√

Furthermore, the effects of phage ZCSE9 and sublethal concentrations of the kanamycin
on Salmonella isolates were studied by calculating the viable cell concentration after 24 h
of exposure to phage–antibiotic combinations, as shown in Figure 8. The bacteria in the
controls without phages and antibiotics reached 8.5–9.5 log CFU/mL, and no significant
reduction was observed in the presence of the phage or antibiotic alone. In contrast, a
highly significant growth inhibition was detected with the antibiotic–phage combination,
whereas when kanamycin was used in combination with phage ZCSE9, the number of
bacteria was below the detection limit in the case of S. Typhi and S. Blegdam II, indicating a
significant elimination p < 0.001 of bacterial cells. Moreover, the number of bacteria was



Viruses 2023, 15, 912 14 of 20

notably reduced for S. Typhimurium, S. Gallinarum, S. Blegdam I, and S. Enteritidis to be
5.5 log CFU/mL, 5.2 log CFU/mL, 3.7 log CFU/mL, and 4.9 log CFU/mL, respectively.
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mycin on Salmonella isolates were studied by calculating the viable cell concentration after 
24 h of exposure to phage–antibiotic combinations, as shown in Figure 8. The bacteria in 
the controls without phages and antibiotics reached 8.5–9.5 log CFU/mL, and no signifi-
cant reduction was observed in the presence of the phage or antibiotic alone. In contrast, 
a highly significant growth inhibition was detected with the antibiotic–phage combina-
tion, whereas when kanamycin was used in combination with phage ZCSE9, the number 
of bacteria was below the detection limit in the case of S. Typhi and S. Blegdam II, indi-
cating a significant elimination p < 0.001 of bacterial cells. Moreover, the number of bacte-
ria was notably reduced for S. Typhimurium, S. Gallinarum, S. Blegdam I, and S. Enter-
itidis to be 5.5 log CFU/mL, 5.2 log CFU/mL, 3.7 log CFU/mL, and 4.9 log CFU/mL, re-
spectively. 
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Figure 8. Overnight phage ZCSE9–kanamycin synergy quantification against S. Typhi (NCTC 160),
S. Typhimurium (NCTC 13348), S. Gallinarum (CMPZC49G.B), S. Blegdam I (CMPZC53 sple), S. Blegdam
II (CMPZC52 int), and S. Enteritidis (CMPZC78 Sple) that was treated with kanamycin concentrations
of 7.5, 7.5, 15, 15, 15, and 15 µg/mL, respectively. The ZCSE9 in this experiment was at an MOI of 0.1.
The single asterisk denotes significant differences at p < 0.05, and the triple asterisk at p < 0.001.

The results from the antibiotic–phage combination confirm a synergistic interaction be-
tween kanamycin with the ZCSE9 phage. This finding is particularly noteworthy because it
suggests that this combination may be an effective treatment strategy for bacterial infections.
Several works have agreed on the efficiency of using phages in combination with traditional
antibiotics for treating infections caused by various bacterial pathogens [36,81–83]. One
key mechanism by which the ZCSE9 phage may enhance the effectiveness of kanamycin is
by stressing the bacteria with a sub-lethal dose of the antibiotic. This allows the bacteria
to become more lysed using the phage with low and high titers [84]. This is an important
consideration because it means that lower dosages of both kanamycin and the ZCSE9 phage
may be needed to achieve the desired therapeutic effect. This is particularly beneficial
from a pharmacokinetic perspective, as high dosages of the ZCSE9 phage may increase the
likelihood that the immune system will recognize and eliminate them from the human or
animal body [85].

The obtained results in the three heatmaps (Figures 9–11) are consistent with the MIC
and spotting presented results. For example, in Figure 9, the absorbance of S. Typhi (control
group) increased from OD600 0.08 (green) to 1.14 (red) in 720 min (12 h). However, when
using the phage alone, the absorbance increased from 0.08 to 0.84. In addition, the bacteria
in the last rows (0.5× and 0.25×MIC of kanamycin, 7.5 and 3.75 µg/mL, respectively) grew
to be similar to those without treatment after the end of the experiment. However, the heat
plot was nearly greenish when the phage with an MOI of 0.1 was used with kanamycin. In
addition, the bacterial growth increased at concentrations of kanamycin below the MICs
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(0.25×MIC, 3.75 µg/mL) with the phage with an MOI of 0.1, and the plot became yellow
(OD600 of 0.1) after 540 min.
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antimicrobial agents can lead to negative side effects and the development of resistance 
[86]. By using a combination of phage therapy and kanamycin, it may be possible to 
achieve the same therapeutic effect while minimizing these risks. Moreover, using phages 
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Compared to using kanamycin alone, it is easily noticed that after 270 min, the plot be-
came yellow (OD600 of 0.1–0.17), and the last two rows (0.5× and 0.25×MIC of kanamycin,
7.5 and 3.75 µg/mL, respectively) became pinkish and then red (OD600 of 0.4–1.23). Al-
most the same result was obtained against S. Typhimurium without treatment, as shown in
Figure 10. However, the row (0.5×MIC kanamycin, 7.5 µg/mL, with the phage with an
MOI of 0.1) remained green (OD600 of 0.092–0.089) after 540 min. In addition, the second
row shows the activity of the phage alone with an MOI of 0.1 in delaying the growth of
S. Typhimurium. Therefore, it is necessary to combine with antibiotics to enhance its activity.

In Figure 11, where S. Gallinarum was tested against kanamycin and phage ZCSE9
as previously discussed when kanamycin was used with a phage, the results were better,
as the row turned red (OD600 of 1.245) after 720 min when the 0.25×MIC of kanamycin
(15 µg/mL). In contrast, the row was yellow (OD600 of 0.118) after the same time when the
same concentration was combined with the phage with an MOI of 0.1.

Optimizing the combination of phage therapy and kanamycin could be a promis-
ing approach for reducing both dosages and limiting inflammatory immune responses.
This is especially important because the overprescription and overuse of antibiotics and
other antimicrobial agents can lead to negative side effects and the development of resis-
tance [86]. By using a combination of phage therapy and kanamycin, it may be possible to
achieve the same therapeutic effect while minimizing these risks. Moreover, using phages
combined with antibiotics may help reduce the selective pressure for antibiotic resistance
development, thus preserving the effectiveness of traditional antimicrobials [87–89]. We
recommend further studies that combine the phage with lower and higher MOIs with
different concentrations of antibiotics other than kanamycin to determine the possible
differences.

These results suggest that the synergistic effect after using kanamycin and the ZCSE9
could be a promising approach for treating bacterial infections. However, more investi-
gation is necessary to fully comprehend the mechanisms underlying this interaction and
maximize its application in clinical settings.

4. Conclusions

Our study isolated the broad-spectrum phage ZCSE9, which exhibits a potent lytic
effect on S. enterica NCTC 160 from guava. It displayed short latent periods as well as basic
pH and thermal tolerances. Furthermore, it demonstrated synergistic antibacterial activity
against five Salmonella serotypes when ZCSE9 and kanamycin were combined. Adding a
phage may reduce the antibiotic concentration required to treat Salmonella infections. This
suggests implementing a lower dosage regimen to help avoid the side effects frequently
associated with administering high antibiotic doses. Further work is needed to assure the
applicability of combining the phage with antibiotics for therapeutic purposes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v15040912/s1, Figure S1: Predicted class I and class II holins
using DeepTMHMM; Table S1: Annotated CDS of phage ZCSE9; Table S2: Phage depolymerase
finder results for ANN and SVM models; Table S3: VIRIDIC clustering results.

Author Contributions: Conceptualization, A.S.A. and A.E.-S.; formal analysis A.S.A., M.A.E., S.M.G.,
T.A.H., A.S., A.Y.Y., Z.K.H. and A.E.-S.; methodology A.S.A., M.A.E., S.M.G., T.A.H., A.S. and A.Y.Y.;
software, A.S.A., M.A.E., A.S. and A.Y.Y.; writing—review and editing, A.S.A., M.A.E., Z.K.H. and
A.E.-S., validation, A.S.A. and A.E.-S.; writing—original draft preparation A.S.A., M.A.E., T.A.H.,
A.S., A.Y.Y. and Z.K.H.; supervision, A.E.-S.; funding acquisition, A.E.-S. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was funded by The Egyptian Sciences and Technology Development Fund
(STDF) funded this work under funding number 41909.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

https://www.mdpi.com/article/10.3390/v15040912/s1
https://www.mdpi.com/article/10.3390/v15040912/s1


Viruses 2023, 15, 912 17 of 20

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank Hadeel Ahmed, Amro Mohamed, and Amira
Abdelazeem for their support during the work. In addition, we acknowledge the effort of Bishoy
Zaki in the bioinformatics work.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kurtz, J.R.; Goggins, J.A.; McLachlan, J.B. Salmonella Infection: Interplay between the Bacteria and Host Immune System. Immunol.

Lett. 2017, 190, 42–50. [CrossRef] [PubMed]
2. Andino, A.; Hanning, I. Salmonella enterica: Survival, Colonization, and Virulence Differences among Serovars. Sci. World J. 2015,

2015, 520179. [CrossRef] [PubMed]
3. Jajere, S.M. A Review of Salmonella enterica with Particular Focus on the Pathogenicity and Virulence Factors, Host Specificity and

Antimicrobial Resistance Including Multidrug Resistance. Vet. World 2019, 12, 504–521. [CrossRef] [PubMed]
4. Xu, F.; Ge, C.; Li, S.; Tang, S.; Wu, X.; Luo, H.; Deng, X.; Zhang, G.; Stevenson, A.; Baker, R.C. Evaluation of Nanopore Sequencing

Technology to Identify Salmonella enterica Choleraesuis Var. Kunzendorf and Orion Var. 15+, 34+. Int. J. Food Microbiol. 2021,
346, 109167. [CrossRef]

5. John, J.; Van Aart, C.J.C.; Grassly, N.C. The Burden of Typhoid and Paratyphoid in India: Systematic Review and Meta-Analysis.
PLoS Negl. Trop. Dis. 2016, 10, e0004616. [CrossRef] [PubMed]

6. Eng, S.K.; Pusparajah, P.; Ab Mutalib, N.S.; Ser, H.L.; Chan, K.G.; Lee, L.H. Salmonella: A Review on Pathogenesis, Epidemiology
and Antibiotic Resistance. Front. Life Sci. 2015, 8, 284–293. [CrossRef]

7. Pui, C.F.; Wong, W.C.; Chai, L.C.; Tunung, R.; Jeyaletchumi, P.; Hidayah, N.; Ubong, A.; Farinazleen, M.G.; Cheah, Y.K.; Son, R.
Salmonella: A Foodborne Pathogen. Int. Food Res. 2011, 18, 465–473.

8. Mølbak, K. Human Health Consequences of Antimicrobial Drug-Resistant Salmonella and Other Foodborne Pathogens. Clin.
Infect. Dis. 2005, 41, 1613–1620. [CrossRef]

9. Roth, N.; Käsbohrer, A.; Mayrhofer, S.; Zitz, U.; Hofacre, C.; Domig, K.J. The Application of Antibiotics in Broiler Production and
the Resulting Antibiotic Resistance in Escherichia coli: A Global Overview. Poult. Sci. 2019, 98, 1791–1804. [CrossRef]

10. Grundin, J.; Blanco Penedo, I.; Fall, N.; Sternberg Lewerin, S. “The Swedish Experience”—A Summary on the Swedish Efforts towards a
Low and Prudent Use of Antibiotics in Animal Production; SLU Framtidens djur, natur och hälsa: Uppsala, Sweden, 2020.

11. Aarestrup, F.M.; Seyfarth, A.M.; Emborg, H.D.; Pedersen, K.; Hendriksen, R.S.; Bager, F. Effect of Abolishment of the Use of
Antimicrobial Agents for Growth Promotion on Occurrence of Antimicrobial Resistance in Fecal Enterococci from Food Animals
in Denmark. Antimicrob. Agents Chemother. 2001, 45, 2054–2059. [CrossRef]

12. Casewell, M.; Friis, C.; Marco, E.; McMullin, P.; Phillips, I. The European Ban on Growth-Promoting Antibiotics and Emerging
Consequences for Human and Animal Health. J. Antimicrob. Chemother. 2003, 52, 159–161. [CrossRef] [PubMed]

13. Medina, M.J.; Legido-Quigley, H.; Hsu, L.Y. Antimicrobial Resistance in One Health. Adv. Sci. Technol. Secur. Appl. 2020, 209–229.
[CrossRef]

14. Wallinga, D.; Smit, L.A.M.; Davis, M.F.; Casey, J.A.; Nachman, K.E. A Review of the Effectiveness of Current US Policies on
Antimicrobial Use in Meat and Poultry Production. Curr. Environ. Health Rep. 2022, 9, 339–354. [CrossRef] [PubMed]

15. Pechere, J.C. Patients’ Interviews and Misuse of Antibiotics. Clin. Infect. Dis. 2001, 33, S170–S173. [CrossRef]
16. Agyare, C.; Boamah, V.E.; Zumbi, C.N.; Osei, F.B. Antibiotic Use in Poultry Production and Its Effects on Bacterial Resistance. In

Antimicrobial Resistance—A Global Threat; IntechOpen: London, UK, 2018. [CrossRef]
17. Abdelsattar, A.S.; Makky, S.; Nofal, R.; Hebishy, M.; Agwa, M.M.; Aly, R.G.; Abo El-Naga, M.Y.; Heikal, Y.A.; Fayez, M.S.; Rezk,

N.; et al. Enhancement of Wound Healing via Topical Application of Natural Products: In Vitro and in Vivo Evaluations. Arab. J.
Chem. 2022, 15, 103869. [CrossRef]

18. El-Shibiny, A.; El-Sahhar, S. Bacteriophages: The Possible Solution to Treat Infections Caused by Pathogenic Bacteria. Can. J.
Microbiol. 2017, 63, 865–879. [CrossRef]

19. Abdelrahman, F.; Easwaran, M.; Daramola, O.I.; Ragab, S.; Lynch, S.; Oduselu, T.J.; Khan, F.M.; Ayobami, A.; Adnan, F.; Torrents,
E.; et al. Phage-Encoded Endolysins. Antibiotics 2021, 10, 124. [CrossRef] [PubMed]

20. Abdelsattar, A.S.; Gouda, S.M.; Hassan, Y.Y.; Farouk, W.M.; Makky, S.; Nas, A.; Hakim, T.A.; El-Shibiny, A. In Vitro Bacteriophage-
Mediated Synthesis of Silver Nanoparticles for Antibacterial Applications and Heavy Metal Detection. Mater. Lett. 2022,
318, 132184. [CrossRef]

21. Theuretzbacher, U.; Bush, K.; Harbarth, S.; Paul, M.; Rex, J.H.; Tacconelli, E.; Thwaites, G.E. Critical Analysis of Antibacterial
Agents in Clinical Development. Nat. Rev. Microbiol. 2020, 18, 286–298. [CrossRef] [PubMed]

22. Rodriguez, A.; Lisboa, T.; Blot, S.; Martin-Loeches, I.; Sole-Violan, J.; De Mendoza, D.; Rello, J. Mortality in ICU Patients with
Bacterial Community-Acquired Pneumonia: When Antibiotics Are Not Enough. Intensive Care Med. 2009, 35, 430–438. [CrossRef]
[PubMed]

23. Keen, E.C. Phage Therapy: Concept to Cure. Front. Microbiol. 2012, 3, 238. [CrossRef] [PubMed]
24. Kasman, L.M.; Porter, L.D. Bacteriophages. In Brenner’s Encyclopedia of Genetics, 2nd ed.; Elsevier Inc.: Amsterdam, The

Netherlands, 2022; pp. 280–283. [CrossRef]

http://doi.org/10.1016/j.imlet.2017.07.006
http://www.ncbi.nlm.nih.gov/pubmed/28720334
http://doi.org/10.1155/2015/520179
http://www.ncbi.nlm.nih.gov/pubmed/25664339
http://doi.org/10.14202/vetworld.2019.504-521
http://www.ncbi.nlm.nih.gov/pubmed/31190705
http://doi.org/10.1016/j.ijfoodmicro.2021.109167
http://doi.org/10.1371/journal.pntd.0004616
http://www.ncbi.nlm.nih.gov/pubmed/27082958
http://doi.org/10.1080/21553769.2015.1051243
http://doi.org/10.1086/497599
http://doi.org/10.3382/ps/pey539
http://doi.org/10.1128/AAC.45.7.2054-2059.2001
http://doi.org/10.1093/jac/dkg313
http://www.ncbi.nlm.nih.gov/pubmed/12837737
http://doi.org/10.1007/978-3-030-23491-1_10
http://doi.org/10.1007/s40572-022-00351-x
http://www.ncbi.nlm.nih.gov/pubmed/35477845
http://doi.org/10.1086/321844
http://doi.org/10.5772/INTECHOPEN.79371
http://doi.org/10.1016/j.arabjc.2022.103869
http://doi.org/10.1139/cjm-2017-0030
http://doi.org/10.3390/antibiotics10020124
http://www.ncbi.nlm.nih.gov/pubmed/33525684
http://doi.org/10.1016/j.matlet.2022.132184
http://doi.org/10.1038/s41579-020-0340-0
http://www.ncbi.nlm.nih.gov/pubmed/32152509
http://doi.org/10.1007/s00134-008-1363-6
http://www.ncbi.nlm.nih.gov/pubmed/19066850
http://doi.org/10.3389/fmicb.2012.00238
http://www.ncbi.nlm.nih.gov/pubmed/22833738
http://doi.org/10.1016/B978-0-12-374984-0.00131-5


Viruses 2023, 15, 912 18 of 20

25. Mahony, J.; McAuliffe, O.; Ross, R.P.; van Sinderen, D. Bacteriophages as Biocontrol Agents of Food Pathogens. Curr. Opin.
Biotechnol. 2011, 22, 157–163. [CrossRef] [PubMed]

26. Atterbury, R.J.; Gigante, A.M.; Rubio Lozano, M.D.L.S.; Méndez Medina, R.D.; Robinson, G.; Alloush, H.; Barrow, P.A.; Allen, V.M.
Reduction of Salmonella Contamination on the Surface of Chicken Skin Using Bacteriophage. Virol. J. 2020, 17, 98. [CrossRef]
[PubMed]

27. Huang, C.; Virk, S.M.; Shi, J.; Zhou, Y.; Willias, S.P.; Morsy, M.K.; Abdelnabby, H.E.; Liu, J.; Wang, X.; Li, J. Isolation, Characteriza-
tion, and Application of Bacteriophage LPSE1 against Salmonella enterica in Ready to Eat (RTE) Foods. Front. Microbiol. 2018,
9, 1046. [CrossRef] [PubMed]

28. Hungaro, H.M.; Mendonça, R.C.S.; Gouvêa, D.M.; Vanetti, M.C.D.; de Oliveira Pinto, C.L. Use of Bacteriophages to Reduce
Salmonella in Chicken Skin in Comparison with Chemical Agents. Food Res. Int. 2013, 52, 75–81. [CrossRef]

29. Sharma, M.; Patel, J.R.; Conway, W.S.; Ferguson, S.; Sulakvelidze, A. Effectiveness of Bacteriophages in Reducing Escherichia coli
O157:H7 on Fresh-Cut Cantaloupes and Lettuce. J. Food Prot. 2009, 72, 1481–1485. [CrossRef]

30. Örmälä, A.-M.; Jalasvuori, M. Phage Therapy. Bacteriophage 2013, 3, e24219. [CrossRef] [PubMed]
31. Oechslin, F. Resistance Development to Bacteriophages Occurring during Bacteriophage Therapy. Viruses 2018, 10, 351. [CrossRef]
32. Hesse, S.; Rajaure, M.; Wall, E.; Johnson, J.; Bliskovsky, V.; Gottesman, S.; Adhya, S. Phage Resistance in Multidrug-Resistant

Klebsiella Pneumoniae St258 Evolves via Diverse Mutations That Culminate in Impaired Adsorption. MBio 2020, 11, e02530-19.
[CrossRef]

33. Wang, X.; Loh, B.; Gordillo Altamirano, F.; Yu, Y.; Hua, X.; Leptihn, S. Colistin-Phage Combinations Decrease Antibiotic Resistance
in Acinetobacter baumannii via Changes in Envelope Architecture. Emerg. Microbes Infect. 2021, 10, 2205–2219. [CrossRef]

34. Chang, R.Y.K.; Das, T.; Manos, J.; Kutter, E.; Morales, S.; Chan, H.K. Bacteriophage PEV20 and Ciprofloxacin Combination
Treatment Enhances Removal of Pseudomonas Aeruginosa Biofilm Isolated from Cystic Fibrosis and Wound Patients. AAPS J.
2019, 21, 49. [CrossRef]

35. Letrado, P.; Corsini, B.; DÍez-Martínez, R.; Bustamante, N.; Yuste, J.E.; García, P. Bactericidal Synergism between Antibiotics and
Phage Endolysin Cpl-711 to Kill Multidrug-Resistant Pneumococcus. Future Microbiol. 2018, 13, 1215–1223. [CrossRef] [PubMed]

36. Lin, Y.; Chang, R.Y.K.; Britton, W.J.; Morales, S.; Kutter, E.; Chan, H.K. Synergy of Nebulized Phage PEV20 and Ciprofloxacin
Combination against Pseudomonas aeruginosa. Int. J. Pharm. 2018, 551, 158–165. [CrossRef] [PubMed]

37. Abdelsattar, A.S.; Safwat, A.; Nofal, R.; Elsayed, A.; Makky, S.; El-Shibiny, A. Isolation and Characterization of Bacteriophage
ZCSE6 against Salmonella Spp.: Phage Application in Milk. Biologics 2021, 1, 164–176. [CrossRef]

38. Taha, O.A.; Connerton, P.L.; Connerton, I.F.; El-Shibiny, A. Bacteriophage ZCKP1: A Potential Treatment for Klebsiella Pneumoniae
Isolated from Diabetic Foot Patients. Front. Microbiol. 2018, 9, 2127. [CrossRef]

39. Liang, X.; Wang, Y.; Hong, B.; Li, Y.; Ma, Y.; Wang, J. Isolation and Characterization of a Lytic Vibrio Parahaemolyticus Phage
VB_VpaP_GHSM17 from Sewage Samples. Viruses 2022, 14, 1601. [CrossRef]
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