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Abstract: Due to irrational antibiotic stewardship, an increase in the incidence of multidrug resistance
of bacteria has been observed recently. Therefore, the search for new therapeutic methods for
pathogen infection treatment seems to be necessary. One of the possibilities is the utilization of
bacteriophages (phages)—the natural enemies of bacteria. Thus, this study is aimed at the genomic
and functional characterization of two newly isolated phages targeting MDR Salmonella enterica strains
and their efficacy in salmonellosis biocontrol in raw carrot-apple juice. The Salmonella phage vB_Sen-
IAFB3829 (Salmonella phage strain KKP 3829) and Salmonella phage vB_Sen-IAFB3830 (Salmonella
phage strain KKP 3830) were isolated against S. I (6,8:1,-:1,7) strain KKP 1762 and S. Typhimurium
strain KKP 3080 host strains, respectively. Based on the transmission electron microscopy (TEM)
and whole-genome sequencing (WGS) analyses, the viruses were identified as members of tailed
bacteriophages from the Caudoviricetes class. Genome sequencing revealed that these phages have
linear double-stranded DNA and sizes of 58,992 bp (vB_Sen-IAFB3829) and 50,514 bp (vB_Sen-
IAFB3830). Phages retained their activity in a wide range of temperatures (from —20 °C to 60 °C)
and active acidity values (pH from 3 to 11). The exposure of phages to UV radiation significantly
decreased their activity in proportion to the exposure time. The application of phages to the food
matrices significantly reduced the level of Salmonella contamination compared to the control. Genome
analysis showed that both phages do not encode virulence or toxin genes and can be classified as
virulent bacteriophages. Virulent characteristics and no possible pathogen factors make examined
phages feasible to be potential candidates for food biocontrol.

Keywords: virulent bacteriophages; Salmonella enterica; salmonellosis; multidrug resistance; genomic
analysis; functional annotation; food preservation; minimally processed food

1. Introduction

The human microbiome plays a significant role in the state of human health, and
dysbiosis—the imbalance between beneficial and pathogenic microbes—affects the de-
velopment of diseases in various organs, including the intestine [1-3]. One of the main
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bacterial pathogens transmitted through food and water is Salmonella—the etiological
agent of diseases such as typhoid (caused by S. Typhi), paratyphoid (S. Paratyphi A, B, or
C), or salmonellosis (various other S. enterica serovars) [4-7]. Due to irrational antibiotic
stewardship and the lack of a proper antibiotic policy, an increase in the incidence of the
multidrug resistance (MDR) of bacteria has been observed recently [7-9]. One of the vectors
of antibiotic resistance is the food chain through which bacteria can acquire antibiotic
resistance genes (ARGs) [10-12]. In Poland, Salmonella infections are still the most common
cause of food poisoning. In the latest report by the Chief Sanitary Inspectorate for 2021,
8269 cases caused by these bacteria were confirmed, of which 7975 were (96.4%) related
to food poisoning. The most common sources of collective outbreaks of food poisoning
and foodborne infections were contaminated milk and other dairy products, ready meals,
eggs and products containing them, pork and poultry meat, seafood, and secondarily
contaminated food of plant origin [13]. Our research on antibiotic resistance profiles of
Salmonella isolated from various links of the food chain in Poland showed that 50.9% of the
tested strains were MDR [14].

Considering the above, the search for new therapeutic methods for foodborne pathogen
infection treatment is necessary. One of the possibilities is the utilization of bacterioph-
ages—natural enemies of bacteria [15-17]. Despite the lack of approval for the use of prepa-
rations based on lytic bacteriophages in the European Union, many research centers have
conducted research on the development of effective phage biopreparations [18-20]. This
biological food preservation method has been approved for use in several non-EU countries,
such as the USA, Switzerland, and Canada [18,21]. Several biopreparations targeted at
the elimination of Salmonella, i.e., SalmoFresh™ (Intralytix, Inc., Baltimore, MD, USA),
PhageGuard S™ (Micreos Food Safety, Wageningen, The Netherlands), and SalmoPro®
(Phagelux, Shanghai, China) are commercially available. All of them are approved by the
Food and Drug Administration (FDA) [21-23]. In addition, the Polish company, Proteon
Pharmaceuticals S.A. (Lodz, Poland), also develops and commercializes phage bioprepa-
rations for use as feed additives for animal husbandry [24]. The preparation under the
trade name Bafasal®, at the request of the European Commission, received a positive
opinion from the Panel on Additives and Products or Substances Used in Animal Feed
(FEEDAP). Bafasal® is a preparation containing four strictly lytic bacteriophages targeting
Salmonella sp., intended for use as a zootechnical additive to drinking water and liquid
complementary feed for all species of birds [25].

It is worth noting that phage preparations are highly specific agents, often active only
against a specific species or bacterial strain of the host [26,27]. In view of the above, if such
agents are approved for use in the future, it will be important to develop a biopreparation
method effective against autochthonous strains (serovars) of Salmonella.

Thus, this study is aimed at the genomic and functional characterization of two newly
isolated bacteriophages targeting MDR Salmonella enterica strains and their efficacy in
salmonellosis biocontrol in ready-to-eat plant-based food.

2. Results and Discussion
2.1. Bacterial Host Strains

All bacterial strains used in our research came from the Culture Collection of Industrial
Microorganisms—Microbiological Resources Center of the Department of Microbiology
at the Prof. Waclaw Dabrowski Institute of Agricultural and Food Biotechnology—State
Research Institute (IAFB; Warsaw, Poland). Two multidrug-resistant (MDR) strains of
Salmonella were used for the isolation of bacteriophages, i.e., S. I (6,8:1,-:1,7) strain KKP
1762, and S. Typhimurium strain KKP 3080. Data on the phenotypic profiles of antibiotic
resistance and the presence of antibiotic resistance genes were presented in the previous
article [14]. Salmonella strains were isolated from food products in 2010 and 2019 (Table 1).
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Table 1. Salmonella strains used for the isolated target bacteriophages.

Salmonella Strain Number

Full Taxonomic Name Year of Isolation Antibiotic Resistance Pattern

KKP 1762

Salmonella enterica subsp.
enterica serovar 6,8:1,-:1,7 2010
S.1(6,8:1,-:1,7)

AMC-CPT-CT-CRO-MXF-AK-
CN-TOB

KKP 3080

Salmonella enterica subsp.
enterica serovar Typhimurium 2019
S. Typhimurium

AMC-FEP-CTX-CPT-CT-
CRO-MXF-OFX-AK-CN-TOB

Notes: AMC—amoxicillin/clavulanic acid; FEP—cefepime; CTX—cefotaxime; CPT—ceftaroline; CT—ceftolozane/
tazobactam; CRO-—ceftriaxone; MXF—moxifloxacin;, OFX—ofloxacin; AK—amikacin;, CN—gentamycin;
TOB—tobramycin.

Salmonella enterica subsp. enterica serovar Typhimurium strain KKP 3080 exhibited
a resistance profile to eleven antibiotics, belonging to four different classes of antibiotics
(penicillins, cephalosporins, fluoroquinolones, and aminoglycosides) [14]. The second
strain, Salmonella enterica subsp. enterica serovar 6,8:1,-:1,7 strain KKP 1762, had a simi-
lar antibiotic susceptibility profile, but did not show phenotypic resistance to cefepime,
cefotaxime, and ofloxacin.

The genomes of the host bacterial strains were sequenced and the full assembled
genomes were deposited in the GenBank database under accession numbers CP121297 (S. I
(6,8:1,-11,7) strain KKP 1762) and CP121298 (S. Typhimurium strain KKP 3080). Table 2 and
Figures 1-3 show maps of the bacterial host genomes’ organization.

The S.1(6,8:1,-:1,7) strain KKP 1762 genome is 4,578,573 bp length with a G+C content of
52.2% (Table 2). Forty antibiotic resistance genes (ARGs) have been identified in the genome
of this strain. Seventy-four putative horizontal gene transfer (HGT) events were predicted.
In addition, 315 regions related to mobile genetic elements (MGEs) were identified, of which
103 related to phage, 40 related to transfer, 34 related to integration/excision, 113 related to
replication/recombination/repair, and 25 related to stability / transfer /defense. Moreover,
two CRISPR arrays have been predicted; however, Cas proteins which are associated
with them have not been found. In S. I (6,8:1,-:1,7) strain KKP 1762 genome, four regions
(136,125 bp, 11,738 bp, 70,211 bp, and 160,306 bp, respectively) and 156 prophage genes
were detected, including 3 related to integration (Figure 1). A prophage is an inherited
form of a temperate bacteriophage, functioning as a dormant form of the viral genome,
which is mostly integrated into the bacterial chromosome and replicates vertically with the
genome of the bacterial host [28,29]. In bacterial cells, after infection with lysogenic phage,
phenotypic changes (lysogenic conversion) are observed [28,30]. Lysogenic conversion
may result in a resistance to related phages and in some cases, the acquisition of cargo
genes affects population dynamics, including genes involved in virulence, metabolism, or
antibiotic resistance genes [30]. Until the lytic cycle resumes, no offspring are produced.
Prophages can be defective or functional. Defective prophages have lost part of their
genome and can no longer produce daughter particles but may still be able to excise from
the host chromosome. In turn, a prophage is considered functional if it can resume the lytic
cycle and re-infect host cells [28].

Table 2. The Salmonella genomes’ sequence details obtained with Prokka 1.14.6 v1.1.0 software [31].

Salmonella Strain Number Genome Length G+C Content CDS Gene/mRNA rRNA Repeat Region tRNA tmRNA

KKP 1762 4,578,573 bp 52.2% 4265 4385 22 2 87 1

KKP 3080 4,777,899 bp 52.2% 4439 4554 22 2 84 1

Prophage genes contribute extensively to host physiology. Many studies have thus
far been involved in the identification and characterization of the virulence factors of
pathogenic bacteria encoded by phages [33-35]. Horizontally acquired prophage genes are
important factors in genomic evolution and provide discrete adaptive physiological contri-
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butions, such as enhancing fitness under specific environmental conditions or providing
non-obvious metabolic or signaling functions [28,35].
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Figure 1. Map of the genome organization of Salmonella enterica subsp. enterica serovar 6,8:1,-:1,7 strain
KKP 1762 generated using the Proksee software [32].
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Figure 2. The CRISPR features in Salmonella enterica subsp. enterica serovar Typhimurium strain KKP
3080 generated using the Proksee software [32].

The S. Typhimurium strain KKP 3080 genome is 4,777,899 bp in length, with a G+C
content of 52.2% (Table 2). Forty-two ARGs have been identified, and eighty-four puta-
tive HGT events were predicted in its genome. Moreover, 341 regions related to MGEs
were identified, of which 108 related to phage, 43 related to transfer, 40 related to inte-
gration/excision, 109 related to replication/recombination/repair, and 41 related to stabil-
ity /transfer/defense. In addition, four CRISPR arrays (101 bp, 1188 bp, 1018 bp, and 110 bp,
respectively), nine Cas genes, and one cluster (8461 bp) have been predicted (Figure 2).
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Figure 3. Map of the genome organization of Salmonella enterica subsp. enterica serovar Typhimurium
strain KKP 3080 generated using the Proksee software [32].

The clustered regularly interspaced short palindromic repeats (CRISPR)-Cas system
confers adaptive resistance to bacteria against invasion by MGEs, including viruses, plas-
mids, and transposons [36,37]. The genus Salmonella is known to carry a class 1 type I-E
system, closely related to the CRISPR—Cas system in Escherichia coli [38]. The systems have
been reported to carry either one or two CRISPR loci and cas-gene clusters of cas3, csel-cse2-
cas7-casb-casbe-cas1-cas2 genes [38,39]. This system captures protospacers from invading
MGEs and incorporates them into the CRISPR array using Cas proteins. CRISPR-Cas is
also involved in alternative functions such as the management of bacterial virulence and
physiology. In some species of bacteria, including Salmonella, selective protospacers were
found in the bacterial genome, which confirms the role of the CRISPR-Cas system in the
regulation of endogenous genes [36].

In the S. Typhimurium strain KKP 3080 genome, four regions (41,418 bp, 176,857 bp,
151,444 bp, and 39,063 bp, respectively), and 154 prophage genes were detected, including
2 related to integration (Figure 3).

2.2. Bacteriophages and Their Host Range

Target phages were screened against two selected multidrug-resistant Salmonella
strains in raw municipal wastewater. The Salmonella phage strain KKP 3829 and Salmonella
phage strain KKP 3830 were isolated against S. I (6,8:1,-:1,7) strain KKP 1762 and S. Ty-
phimurium strain KKP 3080 host strains, respectively. The purified and amplified phage
lysates (phage titer ~107 PFU mL~!) were used to define the bacterial host range by spot
test (Table 3).
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Table 3. Range of bacterial hosts for two newly isolated phages.
Salmonella Phage Strain
Bacterial Host Strain GenBank Accession Number KKP 3829 KKP 3830

Salmonella Strains (n = 54)
S. Berta strain KKP 996 ON627842 + +
S. enterica R strain KKP 997 MW046052 ++ +
S.1(6,8:1,v:-) strain KKP 998 ON764274 + -
S. Oranienburg strain KKP 999 ON627845 + -
S.1(4,12::-) strain KKP 1000 ON312999 + +
S. Kunduchi strain KKP 1001 MW332255 + +
S. Muenster strain KKP 1002 ON340716 + -
S. Hadar strain KKP 1003 ON756138 + -
S. enterica R strain KKP 1004 ON627844 + +
S. Senftenberg strain KKP 1005 ON627847 + -
S. Derby strain KKP 1006 ON764251 - -
S. Mbandaka strain KKP 1007 ON627846 + -
S.1(6,8:1,v:-) strain KKP 1008 ON340717 + -
S. Amsterdam strain KKP 1009 ON764277 + +
S. Potsdam strain KKP 1010 ON764279 + -
S. Infantis strain KKP 1039 ON764252 + -
S. enterica R strain KKP 1040 ON764280 + -
S. Agona strain KKP 1041 ON764253 + +
S. Infantis strain KKP 1042 ON798424 + -
S. Kentucky strain KKP 1043 ON764281 + -
S. Muenchen strain KKP 1044 ON764287 + -
S. Livingstone strain KKP 1045 ON764254 + -
S. enterica R strain KKP 1113 ON775567 - -
S. Mbandaka strain KKP 1169 ON764259 - -
S. Abony strain KKP 1193 ON764258 + +
S. Manchester strain KKP 1213 ON764805 + -
S. Manchester strain KKP 1217 ON764807 + -
S. Manchester strain KKP 1514 ON756136 + -
S. Senftenberg strain KKP 1597 ON461374 - -
S. enterica ND strain KKP 1608 ON312943 + -
S.1(6,8:1,v:-) strain KKP 1610 ON313000 + -
S. enterica ND strain KKP 1611 ON764857 + -
S. Manchester strain KKP 1612 ON764858 + -
S. Cannstatt strain KKP 1613 ON766359 + -
S. Newport strain KKP 1614 ON312941 + -
S. Typhimurium strain KKP 1636 ON773156 + +
S. Infantis strain KKP 1761 ON798425 + -
S.1(6,8:1,-:1,7) strain KKP 1762 ON340720 ++H -
S. Senftenberg strain KKP 1763 ON773159 + -
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Table 3. Cont.
Salmonella Phage Strain
Bacterial Host Strain GenBank Accession Number KKP 3829 KKP 3830

S. enterica R strain KKP 1775 ON&832663 + +
S. Typhimurium strain KKP 1776 ON461376 + +
S. Enteritidis strain KKP 3078 MW034593 + +
S. Typhimurium strain KKP 3079 MWO033548 + +
S. Typhimurium strain KKP 3080 MW033536 + ++ H
S. Typhimurium strain KKP 3081 MWO033602 + +
S. Enteritidis strain KKP 3814 ON732733 + +
S. Enteritidis strain KKP 3815 ON732742 + +
S. Enteritidis strain KKP 3816 ON756119 + +
S. Enteritidis strain KKP 3817 ON756120 + +
S. Enteritidis strain KKP 3818 ON756135 + +
S. Typhimurium strain KKP 3819 ON732745 + +
S.1(4,12::-) strain KKP 3820 ON732744 + +
S. Abortusequi strain KKP 3821 ON732827 + +
S. Sandiego strain KKP 3882 OP745459 + +
Other Nonpathogenic Enterobacterales Strains (n = 21)
Citrobacter freundii strain KKP 3655 MZ827001 - -
Enterobacter cloacae strain KKP 3082 MZ827006 + -
Enterobacter cloacae strain KKP 3656 OM304355 - -
Enterobacter cloacae strain KKP 3684 OM281790 ++ -
Enterobacter cloacae strain KKP 3686 OM281778 ++ -
Enterobacter ludwigii strain KKP 3083 MZ827002 - -
Pantoea agglomerans strain KKP 3651 OP978292 - -
Raoultella terrigena strain KKP 3689 OKO085529 - -
Serratia fonticola strain KKP 3084 MZ827668 - -
Serratia fonticola strain KKP 3685 OM281802 - -
Serratia fonticola strain KKP 3692 OM281803 - -
Serratia liquefaciens strain KKP 3654 0OP978313 - -
Serratia marcescens strain KKP 3687 OK103977 - -
Escherichia coli strain KKP 3688 OM281784 + -
Escherichia coli strain KKP 3691 OM281773 ++ -
Escherichia coli strain KKP 3707 OM281777 + -
Escherichia coli strain KKP 3800 OM250392 - -
Escherichia coli strain KKP 3801 OM250391 - -
Escherichia coli strain KKP 3802 OM250393 - -
Escherichia coli strain KKP 3824 ON303636 - -
Escherichia coli strain KKP 3825 ON303626 - -
Other Pathogenic Gram-negative Strains (1 = 2)
Pseudomonas aeruginosa strain KKP 994 0Q302514 - -
Pseudomonas aeruginosa strain KKP 1593 OK189606 - -
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Table 3. Cont.
Salmonella Phage Strain
Bacterial Host Strain GenBank Accession Number KKP 3829 KIKP 3830
Other Pathogenic Gram-positive Strains (n = 4)
Listeria monocytogenes strain KKP 1845 OK663000 - -
Listeria monocytogenes strain KKP 3270 MT990525 - -
Staphylococcus aureus strain KKP 995 0Q302557 - -
Staphylococcus aureus strain KKP 1082 0Q302555 - -

Notes: For each strain of Salmonella serovar included in the table, an abbreviated name is used—e.g., S. Ty-
phimurium means Salmonella enterica subsp. enterica serovar Typhimurium; S. I means Salmonella enterica subsp.
enterica. “R”—rough Salmonella strain; “ND”—Salmonella serovar was not specified at the time of submitting

., “_a

the manuscript; “H”—original bacterial host strain; “++”—transparent plaques; “+”—turbid plaques; “—“—no
plaques (non-susceptible bacterial strain). Each spot test was performed in triplicate (1 = 3).

Most of the observed phage lysis zones were turbid plaques. Salmonella phage strain
KKP 3829 showed a wide range of bacterial hosts. It infected 92.6% (50/54) of Salmonella
strains. In addition, it showed activity against three strains of bacteria from the Enterobacter
cloacae species and three from the Escherichia coli species. Salmonella phage strain KKP
3830 showed a much smaller range of activity (44.4% (24/54) against Salmonella strains). At
the same time, it did not show activity against other non-pathogenic Enterobacterales. None
of the isolated phages showed activity against four strains of the Salmonella genus, i.e., S.
Derby strain KKP 1006, rough S. enterica strain KKP 1113, S. Mbandaka strain KKP 1169,
and S. Senftenberg strain KKP 1597. Moreover, the phages did not show activity against the
tested bacteria of the Citrobacter, Pantoea, Raoultella, and Serratia genera. Pathogenic bacteria
other than Salmonella, both Gram-negative (Pseudomonas aeruginosa) and Gram-positive
(Listeria monocytogenes, Staphylococcus aureus), were non-susceptible to the tested phages.

The assessment of the host range for phages is an important step in terms of the
characterization of bacteriophages that are potential candidates to be used in the developed
biopreparation [40,41]. Phage cocktails intended for phage therapy are typically created by
combining several known or newly isolated phages to create a therapeutic mixture with
the broadest possible host specificity [40-43]. Mixtures of different phages with a wide host
range can be an alternative/equivalent to broad-spectrum antibiotics [44,45]. Two newly
isolated bacteriophages overlap our host range entirely. Despite this, the inclusion of both
bacteriophages in the phage biopreparation may provide a greater biodiversity and improve
its effectiveness, e.g., in the case of the host acquiring resistance to one of the phages.

2.3. One-Step Growth of Phages

To determine the growth characteristics of phages, one-step growth curves were
analyzed (Figure 4). For both phages, the latent period was 20 min. The rise period
(burst time) for the tested phages was at a similar level, from 55 min (Salmonella phage
strain KKP 3830) to 65 min (Salmonella phage strain KKP 3829). The phage burst size
was at a similar level, from 11 4 1 PFU cell ™! (Salmonella phage strain KKP 3830) to
22 + 0 PFU cell~! (Salmonella phage strain KKP 3829) (Table 4). In other studies, concerning
salmophages, similar latent periods but different burst sizes were reported. In the study by
Islam et al. [46], the latent period for salmophage LPST153 was 10 min, and the burst size
was 113 4 8 PFU cell~!. In turn, in the study by Abdelsattar et al. [47], the latent period for
the salmophage ZCSE9 was 10 min, but the burst size was about 20 PFU cell 1.

Both latent period and burst size of the phages are key factors when considering
whether a phage may be selected for biological control experiments [48]. It has been
proven that a large burst size and short latent period are positively correlated with effective
bacterial inactivation [49].
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Figure 4. One-step growth curve of Salmonella phages at MOI = 0.1. Points represent an average; error
bars represent the standard deviation (£SD) of the mean phage titers for three repetitions (n = 3):
(A)—Salmonella phage strain KKP 3829; (B)—Salmonella phage strain KKP 3830. Symbols in charts:
LP—latent period; RP—rise period (burst time); BS—burst size.

Table 4. Phage parameters calculated from the one-step growth experiments.

Sal Ila Phage Strai Latent Period Rise Period/Burst Time Burst Size
armoneiia T hage Strati (min) (min) x = SD (PFU Cell-1)

KKP 3829 20 65 22+0

KKP 3830 20 55 11£1
2.4. Phage Adsorption to Host Bacterial Cells

Adsorption experiments revealed that each of the tested phages adsorbed differently
to its bacterial host cells (Figure 5). Using MOI = 0.1 at 37 °C after 5 min of incubation,
adsorption levels averaged 30.0%, and 21.1% for Salmonella phage strain KKP 3829, and
Salmonella phage strain KKP 3830, respectively. At the end of the experiment (20 min),
both phages significantly increased the amount of their particles adsorbed to the bacterial
host cells.
A 120 B 120
1004 1004 3

L
=
1

'
=
1

Non-Absorbed Phage [%]
8 g
1 1
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=]
]
-
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=
1
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=

1 1 1 1T T T 1
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1 1 1 1 T 1
8 10 12 14 16 18 20 0 2 4 6 8

Time [min] Time [min]

Figure 5. Kinetic of Salmonella phages adsorption at MOI = 0.1. Points represent an average; error
bars represent the standard deviation (£SD) of the mean phage titers for three repetitions (n = 3):
(A)—Salmonella phage strain KKP 3829; (B)—Salmonella phage strain KKP 3830.
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The determined adsorption rate constants k ranged from 1.15 x 10° mL min~!

(Salmonella phage strain KKP 3830) to 2.69 x 10 mL min~! (Salmonella phage strain KKP
3829). The adsorption rate constant k correlated with the experimentally determined
adsorption coefficients—phages with the highest k values (i.e., Salmonella phage strain
KKP 3829) achieved a high adsorption coefficient (>70%) at the end of the experiments
(20 min) (Table 5).

Table 5. Phage parameters calculated from the adsorption rate experiments.

. Adsorption at 5 min Adsorption at 20 min Adsorption Rate Constant (k)
Salmonella Phage Strain X+ SD (%) X+ SD (%) (mL min-1)
KKP 3829 30.0 £18.2 749 +1.3 2.69 x 10°
KKP 3830 211 +11 69.7 £ 1.7 1.15 x 10°

In the study by Abdelsattar et al. [47], it was shown that the time necessary for
adsorption of the maximum number of phages was almost 20 min for salmophage ZCSE9.
Salmophage ZCSED9, in contrast to our two newly isolated phages, adsorbed very rapi-
dly—within two minutes, it adsorbed 70% of viruses.

2.5. Growth Kinetics of Bacterial Hosts after Phage Infection

The lytic activity of phages was determined using a Bioscreen C Pro automated growth
analyzer. To this end, growth curves were plotted for each bacterial host strain (optical
density in the function of bacteria cell number; data unpublished). The determination of
an equation of a straight line allowed the determination of the optical density values for
bacterial strain cultures, which in turn enabled the adjustment of the appropriate values of
the multiplicity of infection coefficient for each phage (MOI = 1000; MOI = 100; MOI = 10;
MOI = 1.0; MOI = 0.1; MOI = 0.01; MOI = 0.001; and MOI = 0.0001, respectively). The
results showed that phages, depending on the MOI used, inhibited the growth of bacterial
hosts to a varying extent (Figure 6).

Optical density measurement made with the Bioscreen C Pro automated growth
analyzer allowed us to establish the onset and duration of the logarithmic stage of growth
of the bacterial strains, which were deliberately infected with specific phages at different
MOIs compared to the control culture. For both Salmonella strains, infection with the
targeted phage at each MOIs caused a significant decrease (p < 0.0001) in the optical
density of the culture compared to the control culture. For S. 1 (6.8:1,-:1.7) strain KKP 1762
treated with the target phage, i.e., Salmonella strain KKP 3829, using the four highest MOlIs
(i.e., MOI = 1000; MOI = 100; MOI = 10; and MOI = 1.0), the growth of bacterial hosts was
completely inhibited. The addition of phages to the cultures of S. Typhimurium strain KKP
3080 resulted in a delayed start of the logarithmic growth phase of the hosts compared
to the control culture. Regardless of the MOlIs used, host growth curves were similar in
appearance, and even the highest MOlIs used did not completely inhibit host growth.

The changes in the optical density of the tested bacterial strains after incubation with
specific phages are presented in Table 6. The lower coefficients of the specific growth rate
(1) determined for the phage-infected cultures indicate a significant suppression of cell
division during the logarithmic stage of growth of the Salmonella strains.

In the study conducted by Islam et al. [46], salmophage LPST153 could consistently
inhibit the growth of S. Typhimurium ATCC 13311 with fewer counts at MOI ratios of
0.1, 1, 10, and 100 over 12 h. In turn, the bactericidal activity of salmophage ZCSE9 was
improved by increasing the MOI from 0.0001 to 10 [47]. Previous analyses revealed that
a phage is more effective at reducing the host when used with high MOlIs [50,51]. In the
study conducted by Mahmoud et al. [52], the growth of Salmonella Kentucky infected with
bacteriophages at MOI 1.0 was delayed by all tested phages compared to control cultures.
Moreover, a complete inhibition of the host growth was observed after 24 h of incubation
with target phages.
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Figure 6. Growth curves of the bacterial host strains (1 = 10) treated with phages at different infection
coefficients of MOISs (1000; 100; 10; 1.0; 0.1; 0.01; 0.001; and 0.0001) compared to the control culture
(red bold line): (A)—S. I (6,8:1,-:1,7) strain KKP 1762 + Salmonella phage strain KKP 3829; (B)—S.
Typhimurium strain KKP 3080 + Salmonella phage strain KKP 3830.

Table 6. Changes in the optical density of bacterial cultures after the addition of specific phages and
values of the specific growth rate coefficient ().

MOI

AOD

p-Value (Control Culture vs. the Phage-Treated Cultures)

ph1)

Oh 8h 16 h 24 h 32h 40 h 48 h
Salmonella enterica subsp. enterica serovar 6,8:1,-:1,7 strain KKP 1762
Control Culture 0.887 0.116

<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

1000 N/G N/G ns (>(->(->(-${-) (ﬁ(-*ﬁ(-*) (ﬁ(—’(-ﬁ(-*) (ﬁ(—*ﬁ(-*) (ﬁ(—*ﬁ(-*) (ﬁ(-***)
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

100 N/G N/G ns (:(-ae:(—ae) (:(-ae:(—:e) (:(-ae:(—:e) (:(-:e:(—:e) (:(-:e:(—:(-) (****)
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

10 N/G N/G ns (****) (****) (****) (****) (****) (****)
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

10 N/G N/G ns (****) (**ﬁ(—*) (ﬁ(-’(-ﬁ(-*) (ﬁ(—*ﬁ(-*) (ﬁ(—*ﬁ(-*) (ﬁ(—***)
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Table 6. Cont.

p-Value (Control Culture vs. the Phage-Treated Cultures)

MOI AOD  p(hh
Oh 8h 16 h 24h 32h 40 h 48 h
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
01 0093 0012 ns (****) (>(->{->(->{-) (****) (>(->{->(->{-) (>(->{->(->{-) (****)
0.0024 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
O'Ol 0415 0033 ns (>(->(-) (>(->(->(->{~) (ﬁ(—’(-ﬁ(-*) (ﬁ(—*ﬁ(—*) (ﬁ(—*’(-*) (ﬁ(—***)
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
0.001 0.866 0.046 ns (:(-ae:(—:(-) (:(-:(-:(-:(-) (:(-:(-x—:(-) (:(-:(-x—:(-) (:(-:(-a(—:(-) (*:(-a(—:(-)
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
00001 0829 0045 ns Lt FA4 F A4 F A4 Bt Lt
() () () () () ()

Salmonella enterica subsp. enterica serovar Typhimurium strain KKP 3080

Control Culture 0.887 0.098
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
1000 0.675 0.083 ns (:(-ae:(—:(-) (:(-:(-:(-:(-) (:(-:(-:(—:(-) (:(-:(-x—:(-) (:(-:(-a(—:(-) (*:(-a(—:(-)
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
100 0699 0083 ns (****) (>(->{->(->{-) (****) (>(->{->(->{-) (>(->{->(->{-) (****)
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
10 0706 0083 ns (>(->(->(->{-) (>(->(->(->{-) (ﬁ(—’(-ﬁ(-*) (ﬁ(—*ﬁ(—*) (ﬁ(—***) (ﬁ(—***)
o o7 ome  n DN OO0L UL 0OL 0N <000
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
01 0717 0089 ns L FA A4 FHA4 F A4 Bt H A4
() () () () () ()
R O R T T O 1
() () () () () ()
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
0.001 0.676 0.091 ns (:(-:e:(—:(-) (:(-:(-:(—:(-) (:(-:(-:(—:(-) (:(-:(-:(-:(-) (:(-:(-x—:(-) (:H-a(—a(-)
0.0150 0.0001 <0.0001 <0.0001 <0.0001
0.0001 0.764 0.097 ns ns *) (e (o) (o) (roes)

N/G—no growth phase of bacterial host. **** means a significant difference (p < 0.0001); ** means a significant
difference (p < 0.01); * means a significant difference (p < 0.05); ns means not significant (p > 0.05) of the control
culture (with Salmonella) vs. the phage-treated cultures

2.6. Determination of Morphological Features of Phages and Their Plaques

Salmonella phage strain KKP 3829 formed small transparent plaques below 1 mm in
diameter, while Salmonella phage strain KKP 3830 formed transparent plaques ~2 mm in
diameter. It is generally considered that smaller-sized phages diffuse more easily in the agar
layer and thus form larger plaques [53,54]. In the case of our two newly isolated phages, we
did not observe this relationship. None of the phages produced a clearly visible ‘halo” zone
(Figure 7, left side). It is considered that the phenotype of the ‘halo” zone is an indication
of the ability to depolymerize exopolysaccharide (by producing EPS depolymerases) and
can be effective in dispersing biofilms [55]. Electronograms obtained with the use of
TEM allowed us to visualize the virions morphology (Figure 7, right side). Both phages
have a complex structure (tailed phages) containing a head and long non-contractile tails.
Salmonella phage strain KKP 3829 has an elongated capsid, with a length of 30.8 nm, and is
a small salmophage with a total length of approximately 80.3 nm (Table 7). On the other
hand, Salmonella phage strain KKP 3830 has an isometric head, with a length of 70.4 nm.
Salmophage strain KKP 3830 has a long tail, measuring 154.5 nm long by 12.3 nm wide
(Figure 7 and Table 7).
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A

Figure 7. Morphology of plaques photographed on agar plates (left side) and electron micrographs
from the TEM (right side) showing the morphology of bacteriophages: (A)—Salmonella phage strain
KKP 3829 (100,000 x); (B)—Salmonella phage strain KKP 3830 (60,000 ).

Table 7. The dimensions of the phages were determined based on the measurements of virions.

Salmonella Phage  Total Dimension Capsid Length Capsid Width Tail Length Tail Width
Strain (nm) (nm) (nm) (nm) (nm)
KKP 3829 80.3 30.8 17.6 49.5 9.1
KKP 3830 2249 70.4 63.6 154.5 12.3

2.7. Phage Genome Sequencing and Bioinformatics Analysis

The complete genomes of the Salmonella phage strain KKP 3829 and Salmonella phage
strain KKP 3830 have been sequenced and deposited in the GenBank database under the
accession numbers OQ674105 and OQ674106, respectively. Moreover, the newly isolated
phages were deposited in the Culture Collection of Industrial Microorganisms—Micro-
biological Resources Center of the Department of Microbiology at the Prof. Waclaw
Dabrowski Institute of Agricultural and Food Biotechnology—State Research Institute
(IAFB; Warsaw, Poland), which is the potential partner of Microbial Resource Research
Infrastructure—European Research Infrastructure Consortium (MIRRI-ERIC).

For the genomic characterization of the bacteriophages, we used the latest guidelines
on the taxonomy of bacterial viruses published in January 2023 [56]. Similar to TEM,
genome analysis confirmed that both salmophages belonged to the tailed phages from the
Caudoviricetes class. Proteomic trees generated by the BION] program-based TBLASTX
genomic sequence comparisons of other phage genomes deposited in the Virus—Host
DB [57] are presented in Figure 8.

Genome sequencing of the Salmonella phage strain KKP 3829 and Salmonella phage
strain KKP 3830 revealed that these phages have linear double-stranded DNA (dsDNA). A
genome map of Salmonella phage strain KKP 3829 belonging to the Casjensviridae family is
presented in Figure 9. Salmonella phage strain KKP 3829 has a genome length of 58,992 bp
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with a total G+C content of 56.5%. Out of the 168 predicted open reading frames (ORFs),
37 ORFs are associated with genes encoding proteins with known functions and 49 ORFs
encode hypothetical proteins with unknown functions (Figure 9 and Table S1).

A

Inner ring: Virus family
Siphoviridae (102)
Autographiviridae (89)
Herelleviridae (2)
Drexlerviridae (1)
Others (316)

Outer ring: Host group
Actinobacteria (1293)
Gammaproteobacteria (566)
Firmicates (109)
Cyanobacteria (6)

Bacteroidota (5)
Others (207)

B

Inner ring: Virus family
Autographiviridae (189)
Drexlerviridae (121)
Siphoviridae (82)
Straboviridae (44)
Herelleviridae (1)
Others (333)

Outer ring: Host group

‘Gammaproteobacteria (1060)
Actinobacteria (473)
Firmicutes (21)

Cyanobacteria (3)
Bacteroidota (2)
Others (93)

Figure 8. Viral proteomic trees of: (A)—Salmonella phage strain KKP 3829; (B)—Salmonella phage
strain KKP 3830, and other phage genomes are represented in the circular view. The branch which
represented studied phages is marked by an asterisk. Color rings indicate virus families (inner rings)
and host groups (at a level of phylum; outer rings). These trees were calculated by BION] based
on genomic distance matrixes and mid-point rooted. Branch lengths are log-scaled. The sequence
and taxonomic data were based on Virus-Host DB [57]. The trees shown were generated using the
ViPTree server [58].
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Figure 9. Map of the genome organization of Salmonella phage strain KKP 3829 generated using the
Proksee software [32].

No potential tRNA is detected in the genome, suggesting that Salmonella phage strain
KKP 3829 relies on the tRNA of its host for protein expression. The lack of tRNA genes can
be associated with a highly compact phage genome that tends to lack any translational-
associated genes to exclude nonessential information [59]. Based on the functional organi-
zation of proteins, the genes in the salmophage strain KKP 3829 genome could be divided
into four groups: lysis, replication and metabolism-related, genome-packaging-related, and
structural genes. Proteins associated with lysis include, among others, holin, lysozyme, and
spanin. In the Salmonella phage strain KKP 3829 genome, three spanin coding regions (60, 84,
and 112 amino acids length, respectively) were predicted. Spanins are phage lysis proteins
required to disrupt the outer membrane. Phages use binary spanins or single-molecular
spanins in the final step of lysing Gram-negative bacteria. Two-component spanins, such as
Rz-Rz1 from phage lambda, are composed of an integral inner membrane protein, i-spanin,
and an outer membrane lipoprotein, o-spanin, which form a periplasm-containing com-
plex [60,61]. Endolysin (237 amino acids length) was predicted in the genome of Salmonella
phage strain KKP 3829. One of the endolysins is lysozyme [62,63]. Double-stranded DNA
phages use the holin—endolysin system to lyse bacterial host cells. Holin lyses the bacterial
cell membrane. In this way, the host cell wall is exposed to lysozyme to degrade the
bacterial peptidoglycan, followed by the release of progeny phages [64-66]. In addition, no
lysogenic genes (i.e., encoded integrase, recombinase, repressors, or excisionase) are found
in the Salmonella phage strain KKP 3829 genome, and no gene products show homology to
a toxin or other virulence factors, suggesting that Salmonella phage strain KKP 3829 could
be a virulent (lytic) and safe phage [62,67]. Among the genes related to replication and
metabolism, in the Salmonella phage strain KKP 3829, the genome contains the following
proteins: DNA helicase, DNA primase, DNA polymerase, HTH DNA binding protein,
Gp2.5-like ssDNA binding protein and ssDNA annealing protein, endonuclease, and others.
Terminase small and large subunits have been predicted in the Salmonella phage strain KKP
3829 genome as the proteins related to genome packaging. In the genome of this phage,
genes encoding proteins related to the structure are also predicted: tail fiber protein, tail
protein, major head protein, portal protein, and others (Table S1).
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BLASTn similarity searches performed for Salmonella phage strain KKP 3829 and re-
lated phages deposited in GenBank revealed a 96.13% nucleotide similarity with Salmonella
phage FSL SP-124 (GenBank Acc. No. KC139515.1), 96.06% nucleotide similarity with
Salmonella phage FSL SP-088 (GenBank Acc. No. NC_021780.1), 96.21% nucleotide similarity
with Salmonella phage SPN19 (GenBank Acc. No. JN871591.1), 96.28% nucleotide similarity
with Salmonella phage YSD1 strain YSD1_PHAGE (GenBank Acc. No. NC_048666.1), and
95.69% nucleotide similarity with Salmonella phage BSPM4 (GenBank Acc. No. NC_048655.1)
(Figures 10 and S1, and Table S2).

Salmonella phage
N
strain KKP 3829

Salmonella phage FSL SP-124 gy I
KC139515.1

10Kb
Salmonella phage

strain KKP 3829

Salmonella phage FS1 SP-088
NC_021780.1

10Kb
Salmonella phage
strain KKP 3829
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JN871591.1
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strain KKP 3829
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NC_048666.1

TOKD
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strain KKP 3829
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NC_048655.1
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Figure 10. Genome sequence comparison of the Salmonella phage strain KKP 3829 with five other re-
lated phage genomes exhibiting co-linearity detected by TBLASTX, using FastANI 1.3.3 software [68]
and Proksee software [32]. Homologous regions detected by a TBLASTX search are connected by
segments colored based on orthologous matches from query sequence fragments. The color bar
shows the percentage identity of TBLASTX.

In addition, Salmonella phage strain KKP 3829 was compared with other bacterial
viruses reported in the PhageAl database. Phage similarity on a 2D scatter plot com-
putationally predicted and rendered through PhageAl v.1.0.2 software is shown in the
Supplementary Materials (Figure 52).

A genome map of Salmonella phage strain KKP 3830 belonging to the Drexlerviridae
family is presented in Figure 11. Salmonella phage strain KKP 3830 has a genome length of
50,514 bp, with a total G+C content of 42.9%. The genome of Salmonella phage strain KKP
3830 had 102 predicted coding sequences (CDSs). Out of the 102 CDSs, 37 (36.3%) could be
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activator of host PrrC lysyl-tRNA endonuclease

deoxynucleoside monophosphate kinase, \

assigned putative functions, and 65 (63.7%) could not (Figure 11 and Table S1). No potential
tRNA is detected in the genome, suggesting that Salmonella phage strain KKP 3830, similar
to Salmonella phage strain KKP 3829, relies on the tRNA of its host for protein expression.

Ml GC Skew+
polynucleotide kinase .GC Skew-
\ L . , DNA methyltransferase .GC Content
DNA helicase M Lysis
. holin M structure
‘ . /:;::s%:pa"l" [l DNA metabolism and replication
'y Il DNA genome packaging

terminase small subunit__ -

terminase large subunit_ y

portal protein——

head morphogenesis

head maturation pr‘otease“""

major head proteinv'

virion structural protein/,’
o

tail completion or Neckl}:rotein(

__DNA repair exonuclease [l Hypothetical phage protein

.~

—DNA methyltransferase
. —DNA methyltransferase

“Ttranscriptional regulator

DNA primase

~
tail fiber protein

e ) N
",\

. 7 N
major-tail protem/ 7 \ single strand DNA binding protein
head closure Hcl N \, Erf-like ssDNA annealing protein
tail length tape measure pro'tsin// / N

tail length tape measure protein ‘,“‘ /
/ /

tail length tape measure protein

exonucglease VIII

| ‘ \ tail length tape measure protein
. S . \
minor tail protein tail protein

minor tail protein

minor tail protein tail protein

Figure 11. Map of the genome organization of Salmonella phage strain KKP 3830 generated using the
Proksee software [32].

Based on the functional organization of proteins, the genes in the salmophage strain
KKP 3830 genome could be divided into four groups: lysis, replication and metabolism-
related, genome-packaging-related, and structural genes. Both holin (71 amino acids length)
and lysozyme (i.e., endolysin; 164 amino acids length) were predicted in the phage genome.
In the Salmonella phage strain KKP 3830 genome, one spanin coding region (129 amino acids
length) was predicted. In addition, no genes encoded integrase, recombinase, repressors,
and excisionase, which are the main markers of lysogenic (temperate) viruses, are found in
the Salmonella phage strain KKP 3830 genome. Moreover, no gene products show homology
to a toxin or other virulence factors, suggesting that Salmonella phage strain KKP 3830 could
be a strictly virulent phage. Among the genes related to replication and metabolism, in
the Salmonella phage strain KKP 3830 genome, the following proteins were present: DNA
helicase, DNA primase, DNA methyltransferase, single-strand DNA binding protein, Erf-
like ssDNA annealing protein, and others. Terminase small and large subunits have been
predicted in the Salmonella phage strain KKP 3830 genome as the proteins related to genome
packaging. In the genome of this phage, genes encoding proteins related to the structure
are also predicted: tail fiber protein, tail protein, major head protein, portal protein, and
others (Table S1).

BLASTn similarity searches performed for Salmonella phage strain KKP 3830 and re-
lated phages deposited in GenBank revealed a 99.74% nucleotide similarity with Salmonella
phage YSP2 (GenBank Acc. No. NC_047898.1), 99.77% nucleotide similarity with Salmonella
phage GJL01 (GenBank Acc. No. KY657202.1), 97.97% nucleotide similarity with Escherichia
phage vB_EcoS_011D2 (GenBank Acc. No. MT478992.1), 96.86% nucleotide similarity
with Escherichia phage DanielBernoulli strain Bas08 (GenBank Acc. No. MZ501059.1), and
96.94% nucleotide similarity with Citrobacter phage vB_CfrD_Brooksby (GenBank Acc. No.
OL539443.1) (Figures 12 and S1, and Table S2 ).
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Figure 12. Genome sequence comparison of the Salmonella phage strain KKP 3830 with five other-
related phage genomes exhibiting co-linearity detected by TBLASTX using FastANI 1.3.3 software [68]
and Proksee software [32]. Homologous regions detected by a TBLASTX search are connected by
segments colored based on orthologous matches from query sequence fragments. The color bar
shows the percentage identity of TBLASTX.
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Salmonella phage strain KKP 3830 similarities on a 2D scatter plot computationally
predicted and rendered through PhageAl v.1.0.2. software are shown in the Supplementary
Materials (Figure S2).

2.8. Influence of Selected Factors on the Preservation of the Activity of Phages

In this study, the lytic activity of isolated phages exposed to a wide range of tempera-
tures (from —20 to 80 °C), active acidity (pH from 2 to 12), and time of UV exposure (0, 5,
10, 30, and 60 min) have been evaluated. The lytic activity was expressed as phage titer (in
log PFU mL™1).

Temperature is the crucial factor for bacteriophages’ viability and activity in the
environment [69]. It plays a crucial role in the attachment, penetration, and amplification of
phage particles in their bacterial host cells [70]. The effect of a wide range of temperatures
on the activity of phages is presented in Figure 13.
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Figure 13. The activity of phages against bacterial host strains after exposure to a wide range of
temperatures: (A)—Salmonella phage strain KKP 3829; (B)—Salmonella phage strain KKP 3830. Letters
a, b, and c indicate homogenous groups at a significance level of p < 0.05, n = 3.

Both phages retained their activity at freezing and refrigeration temperatures. Salmonella
phage strain KKP 3829 and Salmonella phage strain KKP 3830 were stable up to 50 °C
and 60 °C, respectively. For salmophage KKP 3829, the temperature of 60 °C significantly
reduced (p < 0.05) their activity by 90% compared to lower temperatures, while at higher
temperatures (70 °C and 80 °C), the phages were inactivated. In the case of Salmonella
phage strain KKP 3830, at 70 °C, approximately 99% of the virus particles were inactivated
(p < 0.05). A higher temperature (80 °C), as in the case of salmophage KKP 3829, had
an inactivating effect on them. The effect of temperature on phage activity is commonly
examined during the characterization of bacteriophages. In the research of Inbaraj et al. [71],
bacteriophage vB_SenS_Ib_psk2 against MDR S. Kentucky retained optimal activity from
20 °C to 42 °C. In another study, there was no significant loss of salmophage LPST153 count
between 30 °C and 60 °C, while the optimum temperature for phage stability was between
30 °C and 50 °C. However, the phage count was reduced by approximately 75% at 70 °C,
indicating that salmophage LPST153 exhibited moderate heat resistance [46]. Another
phage, salmophage BIS20, produced maximum titer at 37 °C; however, it was still able to
infect at temperatures up to 45 °C, albeit with a significant drop in titer [21]. Heat stability
tests revealed that salmophage ZCSE9 was completely inactive at 90 °C with a significant
reduction in the activity of the phage at 85 °C. No significant reduction occurred in the
stability of the phage after incubation for one hour at the temperature range of —20 °C to
80 °C [47].

The effect of a wide range of active acidity on the activity of phages is presented in
Figure 14. Both phages were stable over a wide range of active acidity (pH 3 to 11). Extreme
pH values (2 and 12) completely inactivated phage virions (p < 0.05). Similar results were
obtained by the authors in other studies on phages targeting Salmonella. Salmophage ZCSE9
maintained high activity in the range of pH 4 to 11, with the highest titer observed at pH 7.
Its activity rapidly decreased at both pH 3 and pH 12 and was inactive at pH 2 [47]. The
highest titer of salmophage BIS20 was observed at pH 7, whereas a significant reduction in
titer was observed at pH 9 after 1 h of incubation. No plaque zones were observed at pH 2,
5, and 12 [72]. The pH stability test of the salmophage LPST153 showed that it was highly
stable with pH ranging from 4 to 12. However, this phage was completely abolished under
strong acids or strong alkalis (pH < 4 or pH > 12) [46].

Figure 15 shows the effect of UV exposure time on phages’ activity. The exposure of
all phages to UV radiation significantly decreased their lytic activity in proportion to the
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exposure time (p < 0.05). It is worth noting that an hour’s exposure to UV radiation is not
an effective method of the complete inactivation of phage virion particles.

B

10— 10 a a a a a a 4 a a
= g
9 94
_ a a a @ a a a a a T_ _
8 = ,g 8
7= : 7 =
—
6 — & 6+
2T :O‘D 2T
L Y b T b
1 1 1 |
2 3 4 5 6 7 8 9 10 11 12 2 3 4 5 6 7 8 9 10 11 12
pH pH

Figure 14. The activity of phages against bacterial host strains after exposure to a wide range of pH
values: (A)—Salmonella phage strain KKP 3829; (B)—Salmonella phage strain KKP 3830. Letters a and
b indicate homogenous groups at a significance level of p < 0.05, n = 3.
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Figure 15. The activity of phages against bacterial host strains after different times of UV exposure:
(A)—Salmonella phage strain KKP 3829; (B)—Salmonella phage strain KKP 3830. Letters a, b, ¢, and d
indicate homogenous groups at a significance level of p < 0.05, n = 3.

The stability of phages exposed to UV radiation is much less frequently determined.
In the study by Wang et al. [73], the broad host-spectrum virulent salmophages, fmb-p1,
was stable after 30 min of UV exposure, although a 1-log decrease in phage titer after 1 h
of UV exposure was noted. Completely different results were presented in the study by
Kim et al. [74], in which the lytic salmophage, SS3e, lost 50% of its viability after 1 min, 90%
of the phage particles were inactivated (one log unit) after 5 min, and after 15 and 20 min
of exposure to UV radiation, the phage particles were undetectable.

2.9. Application of the Phage Cocktail to the Analyzed RTE Food Products

In the last stage of this research, the effect of the phage cocktail on the growth of
Salmonella rods in minimally processed juices was determined. Two juices were selected
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for application tests: carrot-mango—apple juice preserved with high hydrostatic pressure
(HHP; 600 MPa) and raw carrot-apple juice. A multiply of infection of 1.0 was used.
Figure 16 shows changes in Salmonella counts in HHP-preserved and phage-treated juice
during storage at 4 °C.
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Figure 16. The reduction level of the Salmonella count in HHP-preserved carrot-mango-apple juice
during storage at 4 °C after single-phage and phage-cocktail application (n = 3): (A)—Salmonella
enterica subsp. enterica serovar 6,8:1,-:1,7 strain KKP 1762; (B)—Salmonella Typhimurium strain KKP
3080. The pH changes during storage are shown on the right side of the graphs.

Considering the active acidity (pH) of juices during the seven-day refrigerated storage,
no significant changes were observed. The application of either phage individually or
the phage cocktail to HHP-preserved juice significantly reduced the growth of Salmonella.
The exception was the addition of Salmonella phage strain KKP 3830 to juice infected with
Salmonella enterica subsp. enterica serovar 6,8:1,-:1,7 strain KKP 1762, where no significant
reduction in the pathogen was demonstrated (Figure 16, Table 8).
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Table 8. Significant differences in the number of Salmonella roods in juices preserved with the HHP

technique and phage-treated compared to non-phage-treated juices.

p-Value (Control Sample vs. the Phage-Treated Samples)

Time
Salmonella Phage  Salmonella Phage  Salmonella Phage  Salmonella Phage
h 8 8 8 8 .
® KKP 3822 KKP 3829 KKP 3830 KKP 3831 Phage Cocktail
Salmonella enterica subsp. enterica serovar 6,8:1,-:1,7 strain KKP 1762
0 ns ns ns ns ns
24 ns 0'03 30 ns ns 092? 4
*) (***)
0.0063 0.0036 <0.0001
48 (**) (**) ns ns (****)
7 <0.0001 <0.0001 ns <0.0001 <0.0001
(****) (****) (>(->{->(->{-) (****)
120 <0.0001 <0.0001 ns <0.0001 <0.0001
(’(-*’(-*) (****) (ﬁ(-***) (*’(-*ﬁ(-)
168 <0.0001 <0.0001 ns <0.0001 <0.0001
(>(->e>(->(~) (****) (:(-aea(—:e) (ae>(->(~>(-)
Salmonella enterica subsp. enterica serovar Typhimurium strain KKP 3080
0 ns ns ns ns ns
24 0.0063 0.0197 ns 0.0042 0.0029
(**) *) **) )
48 <0.0001 <0.0001 0.0002 <0.0001 <0.0001
(>(->e>(->(~) (****) (>(->(~>(-) (:(-aea(—:e) (ae>(->(~>(-)
7 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
(****) (****) (****) (>(->{->(->{-) (****)
120 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
(**’(-*) (****) (****) (ﬁ(-***) (*’(-*ﬁ(-)
0.0002 <0.0001 0.0001 <0.0001 <0.0001
168 (*:ea(—) (****) (>(->(~>(-) (:(-aea(—:e) (ae>(->(~>(—)

**** means a significant difference (p < 0.0001); *** means a significant difference (p < 0.001); ** means a significant

difference (p < 0.01); * means a significant difference (p < 0.05); ns means not significant (p > 0.05) of the control
sample (with Salmonella) vs. the phage-treated samples

The level of Salmonella enterica subsp. enterica serovar 6,8:1,-:1,7 strain KKP 1762 con-
tamination was similar to the control samples, which is related to the lack of activity of
Salmonella phage strain KKP 3830 against this pathogen (see Table 3). Each of the phages
applied individually reduced the growth of the pathogen to a different extent. The growth
of pathogens was limited the most by the phage for which the given bacterial strain was
the target host (i.e., the growth of Salmonella enterica subsp. enterica serovar 6,8:1,-:1,7 strain
KKP 1762 was limited the most effectively by Salmonella phage strain KKP 3829, while
Salmonella Typhimurium strain KKP 3080 was limited the most by Salmonella phage strain
KKP 3830).

The strongest inhibitory effect on the growth of the pathogen was obtained with the
use of a cocktail composed of all four bacteriophages. Concerning the number of Salmonella
enterica subsp. enterica serovar 6,8:1,-:1,7 strain KKP 1762 in the juices treated with Salmonella
phage strain KKP 3829 or the phage cocktail, the bacteria count was similar at the end of
the refrigerated storage. The use of a phage cocktail reduced the growth of both strains
of bacterial pathogens at the end of refrigerated storage by about a one log unit (90%)
compared to non-phage-treated (control) samples.
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The second tested product was raw carrot-apple juice. The effect of the phage cocktail
on the inhibition of the growth of Salmonella count was determined both during refrigerated
storage (4 °C) and at 20 °C (Figure 17).
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Figure 17. The reduction level of the Salmonella count in raw carrot-apple juice during storage after
phage cocktail application (1 = 3): (A)—Salmonella enterica subsp. enterica serovar 6,8:1,-:1,7 strain
KKP 1762 at 4 °C; (B)—Salmonella enterica subsp. enterica serovar 6,8:1,-:1,7 strain KKP 1762 at 20 °C;
(C)—Salmonella Typhimurium strain KKP 3080 at 4 °C; (D)—Salmonella Typhimurium strain KKP
3080 at 20 °C. **** means a significant difference (p < 0.0001); * means a significant difference
(p < 0.05); ns means not significant (p > 0.05) of the control sample (with Salmonella) vs. the phage-
treated samples. The pH changes during storage are shown on the right side of the graphs.

The addition of a phage cocktail to juice infected with Salmonella enterica subsp. enterica
serovar 6,8:1,-:1,7 strain KKP 1762 and stored at 4 °C over 24 h significantly reduced
(p < 0.0001) the number of pathogenic bacteria. In the case of the second Salmonella strain
(5. Typhimurium strain KKP 3080), a significant reduction (p < 0.05) occurred after 48 h. In
the juices infected with Salmonella and stored at 20 °C, after 24 h in the control samples, an
increase in the rods by about one log unit compared to the initial number was observed,
which can be explained by the possibility of Salmonella growth at room temperature (20 °C).
In phage-treated samples stored at 20 °C, there was a significant reduction (p < 0.0001) in
Salmonella rods after 24 h compared to control samples. During the further storage of the
juices at 20 °C (2 days and more), as in the case of the seven-day storage of the juice at 4 °C,
no Salmonella was found in the cultures (LOD = 1 CFU mL~!, LOQ = 4 CFU mL™!) both in
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the control samples and in the phage-treated samples. The inhibition of Salmonella growth
can be caused by rapid changes in the pH of the food matrix (Figure 17; right side of the
graphs). These changes in pH are probably due to the use of raw juice, which was not a
sterile product and could contain autochthonous strains, e.g., acidifying bacteria. Salmonella
grows around pH 4-9, so lowering the pH to 3.9 and below may have stunted its growth.

The use of a four-phage cocktail of different bacteriophages did not allow to achieve a
complete reduction in Salmonella in the food matrix, but there was a significant inhibition
of the growth of this pathogen. Although Salmonella enterica subsp. enterica serovar 6,8:1,-
:1,7 strain KKP 1762 was completely inhibited in the in vitro study (see Section 2.5) at
MOI = 1.0, no such effect was obtained in the in vivo study. Therefore, in the future, the use
of a higher-titer phage cocktail may be the right approach. In addition, Salmonella phage
strain KKP 3830 showed no activity against S. I (6,8:1,-:1,7) strain 1762 (see Table 3), which
resulted in a depletion of the biopreparation. On the other hand, it can be observed that
after 24 h at 20 °C, there was a significant reduction in S. I (6,8:1-:1,7) strain 1762 (by about
99.999% compared to the control; Figure 17B), which is also confirmed in the in vitro study
(Figure 6A). Finally, the pH of the food matrix also affected the activity of the biopreparation.
From the in vitro study, we know that the bacteriophages were stable for 1 h at low active
acidity (pH 3—4), but no long-term stability studies were performed. Further studies will
be performed in parallel, both in sterile and raw food matrix intentionally infected with a
bacterial pathogen.

The concept of using phages for food preservation was developed many years ago.
In countries outside the European Union (e.g., USA, Canada, and New Zealand), phage
preparations are used commercially in the food industry. Scientists in European centers
are also conducting extensive research on the use of phages in food biopreservation. The
effectiveness of phage biopreparations is assessed in various food matrices. Islam et al. [75]
evaluated the effectiveness of a phage cocktail in a food matrix of animal origin. Application
of a three-phage cocktail with a wide range of Salmonella bacterial hosts resulted in a
significant decrease (by approximately 99.9%) in pathogenic bacteria in milk and chicken
breast. In addition, the phage-cocktail application caused a significant reduction in bacterial
biofilm, both in vitro and on stainless steel surfaces. In another study, salmophage LPST94
at MOI 1000 and 10000 reduced Salmonella by 99.9% in milk, apple juice, chicken breast,
and lettuce [76]. Bao et al. [77] assessed the effect of the addition of a phage cocktail on the
growth of Salmonella in milk and Chinese cabbage. A significant reduction in the number
of pathogenic bacteria was observed (1.5-4.0 log CFU sample!), with the phage cocktail
being more effective than a single-phage application.

In conclusion, the effectiveness of the phage cocktails in the reduction (or complete
elimination) in pathogenic bacteria in the food environment was confirmed.

3. Materials and Methods
3.1. Bacterial Host Strains

For the bacteriophages’ isolation, two strains of Salmonella enterica subsp. enterica were
used, i.e., S.1(6.8:1,-:1,7) strain KKP 1762 and S. Typhimurium strain KKP 3080. GenXone
SA (Ztotniki, Poland) was commissioned to sequence all the bacterial genomes. For this
purpose, bacterial genetic material was isolated using the Genomic Mini AX Bacteria kit
(A&A Biotechnology, Gdynia, Poland), according to the manufacturer’s protocol. DNA
libraries were prepared using Rapid Barcoding Kit reagents (Oxford Nanopore Technolo-
gies, Oxford, UK), according to the manufacturer’s protocol. A sequencing depth of at least
50x genome coverage was assumed. NGS sequencing was performed in the nanopore
technology on the GridION X5 sequencing device (Oxford Nanopore Technologies, Ox-
ford, UK) under the control of MinKnow v22.10.5. Bases were called with Guppy v6.3.8
Basecaller (Oxford Nanopore Technologies, Oxford, UK), followed by barcode demulti-
plexing, also using Guppy Barcoder v6.3.8 (Oxford Nanopore Technologies, Oxford, UK),
generating a .fastq file for each barcode. De novo assembly of genomes was performed
in Flye v2.8.1 software [78] and annotation of bacterial genomes in Prokka 1.14.6 v1.1.0
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software [31]. Proksee software [32] was used to visualize bacterial genomes. The RGI
5.2.1 v1.1.1 software was used to search for antibiotic resistance genes (ARGs) in bacterial
genomes [79]. Alien_hunter 1.7 v1.1.0 software was used to predict putative horizontal gene
transfer (HGT) events [80]. Mobile genetic elements (MGEs) were searched in mobileOG-db
(beatrix-1.6) v1.1.2 software [81]. CRISPR arrays and their associated Cas proteins were
analyzed in CRISPRCas-Finder 4.2.20 v1.1.0 software [82]. VirSorter 2.2.4 v1.1.1 [83] and
Phigaro 2.3.0 v1.0.0 [84] software were used to detect and characterize prophage regions
in bacterial genomes. The genomes of the host bacterial strains were deposited in the
GenBank database.

3.2. Bacteriophage Isolation, Purification, and Propagation

A total of 25 mL of municipal sewage (Czajka Wastewater Treatment Plant, Warsaw,
Poland) was centrifuged at 10,000 g (20 °C for 10 min; ultracentrifuge Sorvall LYNX 6000,
Thermo Fisher Scientific, Watertown, MA, USA) to separate organic and mineral particles
from bacteria and potential bacteriophages. The supernatant was filtered using a syringe
filter with a membrane pore diameter of 0.22 um (Minisart® NML Cellulose Acetate;
Sartorius, Goettingen, Germany). Then, 20 mL of the filtrated supernatant containing
bacteriophages from the sewage was transferred to 20 mL of double-concentrated Luria—
Bertani broth (BTL, Lodz, Poland). The culture medium with bacteriophages was inoculated
with 1 mL of an overnight culture of a bacterial strain on a Luria—Bertani broth and
incubated at 37 °C for 24 h. Afterward, the culture was centrifuged at 8000 g for 10 min
(ultracentrifuge Sorvall LYNX 6000, Thermo Fisher Scientific, Watertown, MA, USA) to
separate bacteria from the proliferated bacteriophages. The supernatant was filtered using
a syringe filter with a membrane pore diameter of 0.45 um (Minisart® NML Cellulose
Acetate; Sartorius, Goettingen, Germany; according to Mirzaei and Nilsson procedure [85]
with modification) and freeze-stored (-80 °C) with a 20% addition of glycerol.

The phage concentration was determined in each lysate using the double-layer agar-
plate method [86] in triplicate. For this purpose, a standard dilution series of lysates were
prepared. Then, for every 500 pL of lysate, 100 pL of the bacterial host was added. After
a 15 min incubation, 4 mL of soft agar (Luria—Bertani with 0.75% agar) was added and
poured onto a plate with a layer of nutrient agar (BTL, Lodz, Poland). After 24 h incubation
at 37 °C, plaques which formed on the bacterial lawn were computed using the formula
below, considering the dilution factor and expressed as phage titer (Pr—plaque forming
units in 1 mL of lysate, PFU mL~1):

C
PT = ﬁ * 2 (1)
where: C—number of plaques on Petri dish, (PFU); R—phage lysate dilution factor, (-);
2—factor of result conversion to 1 milliliter, (mL~1).
Single-phage (transparent with or without ‘halo” zone or turbid) plaques were cut with
a scalpel and purified in saline magnesium (SM) buffer according to the method proposed
by Mirzaei and Nilsson [85]. Purification was performed in four rounds of single-plaque
passage to ensure that the isolate represented the clonal phage population. In addition,
after filtering through a syringe filter with a membrane pore diameter of 0.45 um, each
lysate was inoculated to check for possible contamination with bacterial cells.

3.3. Spot Test to Determine the Range of Bacterial Hosts for the Tested Phages

In total, 81 diverse bacterial strains were used to examine the phage lytic range, which
consisted of one group of 54 Salmonella enterica strains and a group of 28 non-Salmonella
enterica strains. The bacterial strains have been isolated and deposited in the Culture
Collection of Industrial Microorganisms—Microbiological Resources Center (IAFB). The
taxonomic identification of most of the bacteria used was determined during previous
studies or in this study, in accordance with the procedure described in our articles [14,87].
Moreover, the Salmonella strains were sent to the National Salmonella Center (Medical
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University of Gdarisk, Gdansk, Poland) for serotyping. For this purpose, they were char-
acterized biochemically and serotyped according to standard techniques. The antigenic
factors were identified by Salmonella-specific rabbit antisera. The White-Kauffmann-Le
Minor scheme was used to name the serovars.

The ability of phages to infect bacteria with different strains was determined by spot
test [46]. In brief, 5 uL lysates from each phage (phage titer ~10” PFU mL~!) were spotted
onto bacteria lawns, which were separately poured with 81 bacterial strains, in which
the strains were propagated on nutrient agar plates. Four milliliters of 0.75% soft agar
overlay were applied to enable transparent spots/plaques development. The lytic range
activities of all bacterial strains were determined at 37 °C with 24 h incubation in triplicate.
After the incubation, transparent spots/plaques on any bacterial lawns were recorded
as corresponding phage sensitive, according to the signs: “++”—transparent plaques;

“+”—turbid plaques; “~“—no plaques (non-susceptible bacterial strain).

3.4. One-Step Growth

One-step growth curve experiments have been accomplished to assess the latent
period, rise period (burst time), and burst size, according to a method described by
Islam et al. [46] and Shakeri et al. [88], with our modification. Firstly, host bacterial
strains were allowed to grow to mid-log phase, and then, 5 mL of bacterial culture
(1.0 x 107 CFUmL™!) and 5 mL of phage lysate (1.0 x 10° PFU mL~!) were added to
40 mL of fresh Luria—Bertani broth to achieve a multiplicity of infection (MOI) of 0.1. The
phage-host mixture was incubated for 10 min at 37 °C and was subsequently centrifuged
at 7000 g for 2 min at 4 °C (ultracentrifuge Sorvall LYNX 6000, Thermo Fisher Scientific,
Watertown, MA, USA). Afterwards, the supernatant with excess free phages was discarded
and the bacterial pellet was washed twice with Luria—Bertani broth. Then, the pellet was
suspended in 50 mL of fresh Luria—Bertani broth and incubated at 37 °C for the duration of
the experiment. Samples (2 mL) were withdrawn at 5 min intervals by 2 h. Each sample
was centrifuged for 1 min at 10,000 rpm (centrifuge MiniSpin® plus, Eppendorf, Hamburg,
Germany) immediately after collection, and the supernatant was transferred to a new tube.
Experiments were performed in triplicate by the double-layer agar plate method. The latent
period was defined as the time interval between absorption and the beginning of the first
burst. The burst size was summarized as the ratio of the final number of phage particles
and the initial number of host bacteria at the beginning of the experiment [73,89].

3.5. Phage Adsorption to Host Bacterial Cells

To determine the phage adsorption constant and assess the phage adsorption kinetics
to host bacterial cells, the procedure described by Bagiriska et al. [90] was used. In brief, the
same volumes of phage lysate and 4 h host bacterial suspension (20 mL of each) were mixed
at MOI = 0.1 (10° PFU mL~! and 107 CFU mL !, respectively). Immediately after mixing
and after specific incubation intervals (i.e., 0, 1, 2, 3, 4, 5, 7.5, 10, 12.5, 15, 17.5, and 20 min)
at 37 °C, 2 mL of the sample was taken and filtered (syringe filter with a membrane pore
diameter of 0.45 um). The number of free, non-adsorbed phage particles in the supernatant
was determined using the double-layer agar plate method in triplicate. The number of
phages immediately after mixing with the host bacterial suspension was considered to be
100% of free phage particles, and other titers were compared to this value. The adsorption
rate constants (k) were determined according to the following formula:

23 PO
= —log — 2
k=5rlog @
where: k—adsorption rate constant (mL min~!); B—concentration of host bacterial cells;
t—time interval in which the phage titer falls from PO (original titer) to P (final titer).
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3.6. Changes in the Growth Kinetics of Bacterial Hosts after Phage Infection

Growth curves were made for each of the bacterial strains (data unpublished in this
study). For this purpose, the harvested culture was inoculated on PCA medium every
hour, incubated at 37 °C for 24 h, and the optical density was measured simultaneously
(DU® 640 Spectrophotometer, Beckman Instruments, Inc., Fullerton, CA, USA). The depen-
dence of the optical density on the number of bacterial cells was determined (performed
in triplicate).

Once phage titer was determined and bacterial host growth curves were plotted,
bacteria growth kinetics was measured using a Bioscreen C Pro automated growth analyzer
(Yo AB Ltd., Growth Curves, Helsinki, Finland). Bacteria proliferated in the Luria—Bertani
broth. The culture was diluted at a ratio of 1:100 in a fresh culture medium with the
addition of CaCl, and MgSQOy, both having final concentrations of 0.01 M. To ensure the
optimal value of the multiplicity of infection (MOI) coefficient, flasks with the new culture
were incubated at a temperature of 37 °C with continuous shaking until the desired optical
density depended on the phage titer. Then, 180 pL of each culture was pipetted into
multi-well plates and incubated in a Bioscreen C Pro at 37 °C until optical density increased
by ODggpp ~0.1, compared to the control medium. Phage lysates were prepared so that
the value of the MOI coefficient reached 1000, 100, 10, 1.0, 0.1, 0.01, 0.001, and 0.0001,
respectively. Then, 20 uL of respective phage lysates were added to wells, left at 20 °C for
20 min to allow the phages to adsorb to the host cell surface, and incubated at 37 °C for 48 h.
The apparatus automatically measured the optical density every 15 min at a wide band of
wavelengths ranging from 400 to 600 nm, with 15 s shaking preceding each readout. The
test was performed in 10 replicates for each strain and infection rate.

Next, coefficients of the specific growth rate (i) were computed for each strain using
the following formula:

_ InODmax — In ODpyin
t
where: In ODpax—natural logarithm of the maximal value of the optical density of the
culture during the exponential growth phase; In OD,,;,—natural logarithm of the minimal
value of the optical density of the culture during the exponential growth phase; t—duration
of the exponential growth phase, (h).

3.7. Determination of Morphological Features of Phages

Transmission electron microscopy (TEM) was used for determining morphological
features of the isolated bacteriophages and classifying them into respective families. Prop-
agated phage lysates were centrifuged at 4 °C and 14,500 rpm for 40 min (centrifuge
MiniSpin® plus, Eppendorf, Hamburg, Germany). The excess culture medium was re-
moved, and the pellet was suspended in 2 mL of 100 mM cold ammonium acetate (filtered
through a syringe filter with a membrane pore diameter of 0.22 pm). The precipitate
was disintegrated with a tip and centrifuged again. The whole procedure was repeated
four times. After centrifugation, the precipitate was flushed from the Eppendorf tube wall
with 50 puL of ammonium acetate according to Ackermann’s procedure [91] with modifica-
tion. An amount of 2 uL of the phage suspension in ammonium acetate was coated onto
carbon-sputtered copper-wolfram mesh grids. After drying, the specimen was stained in
2% uranyl acetate solution for 1 min. Samples were dried for 12 h at ambient temperature
under sterile conditions (according to Ackermann [92], Amarillas et al. [93], Mahmoud
et al. [52] procedures with modification) and visualized under JEM-1400 PLUS transmis-
sion electron microscopy (Japan Electron Optics Laboratory Co., Ltd., Tokyo, Japan) in
60,000-100,000 x magnification, at a voltage of 80 kV [94]. The images were dimensioned
in SightX v.2.1 software (Japan Electron Optics Laboratory Co., Ltd.).

3.8. Extraction of Bacteriophage Genomic DNA

Phage lysates were concentrated by ultracentrifugation. For this purpose, 40 mL
of phage lysate was transferred to dedicated bottles, and 8 mL of precipitation solution



Int. . Mol. Sci. 2023, 24, 10134

28 of 34

(PEG-NaCl; 20% PEG 8000 2.5 M NaCl) was added. The mixture was incubated on ice
overnight. The next day, the lysates were ultracentrifuged at 4 °C for 1 h at 27,000 rpm
(ultracentrifuge Sorvall LYNX 6000, Thermo Fisher Scientific, Watertown, MA, USA).
Bacteriophage genomic DNA was isolated using PureLink™ RNA /DNA Mini Kit (Thermo
Fisher Scientific Inc., Carlsbad, CA, USA) according to the manufacturer’s protocol with
our modifications. An amount of 400 uL lysis buffer (containing 5.6 ng carrier RNA) was
added to the phage pellet and vortexed for 15 s. Then, 50 pL of proteinase K was added and
incubated at 56 °C for 1 h with shaking at 900 rpm (ThermoMicer C, Eppendorf, Hamburg,
Germany). After incubation, the tubes were briefly centrifuged to remove any drops from
the inside of the lids. An amount of 250 puL of 100% ice-cold ethanol (molecular biology
grade) was then added to the samples, vortexed for 15 s, and incubated for 5 min at room
temperature (20 °C). After incubation, the tubes were briefly centrifuged to remove any
drops from the inside of the lids. A total of 675 puL samples were transferred to the viral spin
column and centrifuged for 1 min at 10,000 rpm (centrifuge MiniSpin® plus, Eppendorf,
Hamburg, Germany). Columns were transferred to new wash tubes, and 500 uL of wash
buffer was added and centrifuged for 1 min at 10,000 rpm. The procedure was repeated
3 times, with the last centrifugation for 3 min at 14,500 rpm. To elute the genetic material,
the viral spin column was transferred to new tubes and 20 pL of RNase-free water was
added. After a 1 min incubation, the samples were centrifuged twice for 1 min at 14,500 rpm.
DNA purity was measured by the Nanodrop ND-1000 Spectrophotometer (Thermo Fisher
Scientific, Watertown, MA, USA), and DNA concentration was quantified by a Qubit
4.0 Fluorometer using the Qubit dsSDNA BR Assay Kit (Invitrogen, Carlsbad, CA, USA).
DNA samples were stored at 4 °C until further processing for whole-genome sequencing
(WGS) analysis.

3.9. Phage Genome Sequencing and Bioinformatics Analysis

GenXone SA (Zlotniki, Poland) was commissioned to sequence all the phage genomes.
DNA libraries were prepared using Rapid Barcoding Kit reagents (Oxford Nanopore
Technologies, Oxford, UK) according to the manufacturer’s protocol. A sequencing depth
of atleast 50x genome coverage was assumed. NGS sequencing was performed by nanopore
technology on the GridION X5 sequencing device (Oxford Nanopore Technologies, Oxford,
UK) under the control of MinKnow v22.10.5. Bases were called with Guppy v6.3.8 Basecaller
(Oxford Nanopore Technologies, Oxford, UK), followed by barcode demultiplexing, also
using Guppy Barcoder v6.3.8 (Oxford Nanopore Technologies, Oxford, UK), generating a
fastq file for each barcode. De novo assembly of genomes was performed in Flye v2.8.1
software [78] and annotation of phage genomes in Phanotate v1.5.0 [95] and PhaGAA
software [96]. Proksee software [31] was used to visualize phage genomes. Viral proteomic
trees of phage genomes were calculated by BION] based on genomic distance matrixes and
mid-point rooted and were represented in the circular view. Branch lengths were log-scaled.
The sequence and taxonomic data were based on Virus-Host DB [57]. The trees were
generated using the ViPTree server [58]. Genome sequence comparison of newly isolated
phages with five other related phage genomes exhibiting co-linearity were detected by
TBLASTX using FastANI 1.3.3 software [68] and Proksee software [32]. The phylogenetic
relatedness of our phages against the most common phage hits was constructed using the
neighbour-joining method in the NCBI database [97]. Phage similarity was computationally
predicted on a 2D scatter plot and rendered through PhageAlI v.1.0.2 software [98]. The
phage genomes were deposited in the GenBank database.

3.10. Influence of Selected Factors on the Preservation of the Activity of Phages

This stage of the experiment aimed to determine the activity of bacteriophages exposed
to a wide range of temperatures, pH values, and time of UV exposure. To determine the
activity of phage lysates at various temperatures (20 °C, 4 °C, 20 °C, 30 °C, 40 °C, 50 °C,
60 °C, 70 °C, and 80 °C), 100 uL of the suspension was added to 9.9 mL of physiological
saline with pH 7.0. The mixture was held for 1 h at specified temperatures [99]. To
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determine the activity of phage lysates at various active acidity, 100 uL of the phage lysate
were added to test tubes containing 9.9 mL of sterile physiological saline (0.85% NaCl) with
a fixed active acidity (pH in the range from 2 to 12). The mixture was held at 20 °C for 1 h.
To determine the effect of UV radiation, phage lysates were exposed to UV radiation for 0,
5,10, 30, and 60 min. The experiments were carried out in three independent replicates.
After the stage of phage exposure to chemical or physical factors, a microdilution method
was employed to prepare lysates with varying titers. Phage concentration as a phage titer
was determined by the double-layer plate-agar method.

3.11. Application of the Phage Cocktail to the Analyzed RTE Food Products

The effect of the phages on the limitation of the growth of Salmonella rods in minimally
processed ready-to-eat juices was determined. Two juices were selected for application
tests: HHP-preserved carrot-mango—apple and raw carrot—apple juices.

3.11.1. HHP-Preserved Carrot-Mango—-Apple Juice

The food matrix was commercially available ready-to-eat HHP-treated (600 MPa)
carrot-mango—apple juice (10% carrot/20% mango/70% apple). Juice samples were in-
fected with a specific bacterial strain, i.e., S. I (6,8:1,-:1,7) strain KKP 1762 or S. Typhimurium
strain KKP 3080, to a final count of 10° PFU mL~!. Single phages or a phage cocktail were
applied to the juices. The phage cocktail was a mixture of four bacteriophages (two charac-
terized in this study, and two others, i.e., vB_Sen-IAFB3822 (Salmonella phage strain KKP
3822; GenBank accession number: OQ674104), and vB_Sen-IAFB3831 (Salmonella phage
strain KKP 3831; GenBank accession number: OQ674103) with known titer lysates. Before
infecting the products, the single phages or phage cocktail were filtered through a 0.45 pm
cellulose syringe filter. The titer of the prepared phage cocktail equaled 6.9 x 107 PFU mL !
and that was the average number of all phages in the biopreparation. The single phage
biopreparations or phage cocktail were added to the juice to obtain an MOI of 1.0. The
samples were stored at 4 °C. The changes in the count of Salmonella during refrigerate
storage were examined in triplicate at the Oth, 24th, 48th, 72nd, 120th, and 168th hours of
the experiment. Brilliance™ Salmonella Agar (Oxoid, Thermo Scientific, Basingstoke, UK)
was used for culturing. Simultaneously, the control samples (without the addition of the
single phages or phage cocktail) were analyzed. Moreover, pH changes were monitored for
each sample.

3.11.2. Raw Carrot-Apple Juice

The second food matrix was commercially available ready-to-eat raw carrot-apple
juice (90% carrot/10% apple). Juice samples were infected with a specific bacterial strain,
ie., 5.1(6,8:1,-:1,7) strain KKP 1762 or S. Typhimurium strain KKP 3080, to a final count of
10° PFU mL~!. Only the phage cocktail, which was prepared as before (see in Section 3.11.1.),
was applied to the juices. The phage biopreparation was added to the juice to obtain an MOI
of 1.0. The samples were stored at 4 °C or 20 °C. The changes in the count of Salmonella dur-
ing storage were examined in triplicate at the Oth, 24th, 48th, 72nd, 120th, and 168th hours
of the experiment. Brilliance™ Salmonella Agar (Oxoid, Thermo Scientific, Basingstoke,
UK) was used as a culture medium. Simultaneously, the control samples (without the
addition of the phage cocktail) were analyzed. Moreover, pH changes were monitored for
each sample.

3.12. Statistical Analysis

All the experiments were repeated at least three times. All data presented graphically
or in tables were subjected to statistical analyses performed using Graph Prism v9.4.1
(GraphPad Software Inc., San Diego, CA, USA) unless otherwise stated. The effect of
phages at different MOI rates on the growth kinetics of bacterial hosts was analyzed using
a two-way analysis of variance (ANOVA) followed by multiple comparison Dunnett’s test
with a 95% confidence interval (« = 0.05). One-way ANOVA followed by Tukey’s test with
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a 95% confidence interval (x = 0.05) was used to analyze the impact of selected physical
or chemical factors on phages” activity. Multiple t-test followed by a two-stage step-up
method by Benjamini, Krieger, and Yekutieli, with a correction for multiple comparisons
using the Holm-Sidak method (« = 0.05) was used to analyze the practical application of
the phage cocktail to food matrices.

4. Conclusions

The search for and the possibility of using bacteriophages for food biocontrol is
the subject of interest for a growing group of scientists around the world, including in
the European Union, where the use of phage biopreparations in food production is not
allowed. Phage biopreparations targeting various bacterial pathogens, most often found in
food, including Salmonella sp., Listeria monocytogenes, and Campylobacter jejuni, are being
developed and tested in vitro and in vivo. Particular attention has recently been paid to
the problem of the occurrence of bacteria resistant to antibiotics, the source of which may
be food.

Each area/region is characterized by its own indigenous microbiota, specific to a
given area. It is the same with bacteria in food—a group/specific strains of bacteria
dominate in each area. In the case of Salmonella, it is even serovars, some of which occur
in a given country, and the occurrence of others has never been recorded. Therefore, an
attempt to isolate bacteriophages targeted at autochthonous MDR Salmonella strains, and
then to characterize them at the morphological, genomic, and application level, was also
undertaken by our team from the Prof. Waclaw Dabrowski Institute of Agricultural and
Food Biotechnology—State Research Institute. In this article, we have presented two out
of numerous different bacteriophages isolated against MDR Salmonella strains. Genomic
analyses indicate that both newly isolated salmophages, Salmonella phage strain KKP
3829 and Salmonella phage strain KKP 3830, are strictly lytic viruses lacking other virulence
factors. In vitro studies significantly reduced the growth of bacterial hosts, regardless of
the infection factor used. Both phages show a wide tolerance to environmental factors,
including temperature, pH, or UV radiation, which may enable their use in combination
with other chemical or physical means of food protection or disinfection of production
lines in the food industry. Finally, in in vivo studies, the applied phage cocktail effectively
limited the growth of pathogenic bacteria. Our research shows that tested phages have
potential effectiveness as a biocontrol agent of Salmonella in foods.

In further research, the effectiveness of our virulent phages in other food matrices
and the effectiveness of the phage cocktail in combination with physical, chemical, or
physicochemical techniques for disinfecting the surface of production lines, including the
eradication of bacterial biofilms, will be addressed.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms241210134/s1.

Author Contributions: Conceptualization, M.W; methodology, M.W.; formal analysis, M.W., PS.
and T.I; investigation, M.W., 05, PS, DS, TI, LK., H.C, BS. and EJ.-K.; writing—original
draft preparation, M.W.; writing—review and editing, M.W. and 0.S.; visualization, M.W. and
T.I; supervision, B.S. and E.J.-K. All authors have read and agreed to the published version of
the manuscript.

Funding: The research was supported by internal statutory projects: No. 144-01-ZM “Utilization of
phages to control Salmonella sp. as an innovative method of ensuring microbiological food safety”.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: We thank Grzegorz Nowicki and Jakub Grabowski from the genXone SA for
helping in the sequence analysis of whole bacterial and phage genomes.


https://www.mdpi.com/article/10.3390/ijms241210134/s1
https://www.mdpi.com/article/10.3390/ijms241210134/s1

Int. . Mol. Sci. 2023, 24, 10134 31 of 34

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

References

1. Haran, ]J.P; McCormick, B.A. Aging, frailty, and the microbiome—How dysbiosis influences human aging and disease.
Gastroenterology 2021, 160, 507-523. [CrossRef]

2. Dixit, K,; Chaudhari, D.; Dhotre, D.; Shouche, Y.; Saroj, S. Restoration of dysbiotic human gut microbiome for homeostasis.
Life Sci. 2021, 278, 119622. [CrossRef]

3.  Martinez, J.E.; Vargas, A.; Pérez-Sanchez, T.; Encio, L.].; Cabello-Olmo, M.; Barajas, M. Human Microbiota Network: Unveiling
Potential Crosstalk between the Different Microbiota Ecosystems and Their Role in Health and Disease. Nutrients 2021, 13, 2905.
[CrossRef]

4. Dos Santos, A.M.P,; Ferrari, R.G.; Conte-Junior, C.A. Virulence Factors in Salmonella typhimurium: The Sagacity of a Bacterium.
Curr. Microbiol. 2018, 76, 762-773. [CrossRef]

5. Luo, Y, Yi, W; Yao, Y,; Zhu, N.; Qin, P. Characteristic diversity and antimicrobial resistance of Salmonella from gastroenteritis.
J. Infect. Chemother. 2018, 24, 251-255. [CrossRef] [PubMed]

6. Kurtz, J.R.; Goggins, J.A.; McLachlan, ].B. Salmonella infection: Interplay between the bacteria and host immune system.
Immunol. Lett. 2017, 190, 42-50. [CrossRef] [PubMed]

7. Wjcicki, M.; Swider, O.; Daniluk, KJ.; Srednicka, P; Akimowicz, M.; Roszko, M.L.; Sokotowska, B.; Juszczuk-Kubiak, E.
Transcriptional Regulation of the Multiple Resistance Mechanisms in Salmonella—A Review. Pathogens 2021, 10, 801. [CrossRef]

8. Campbell, ].5.0.; van Henten, S.; Koroma, Z.; Kamara, L.F; Kamara, G.N.; Shewade, H.D.; Harries, A.D. Culture Requests and
Multi-Drug Resistance among Suspected Urinary Tract Infections in Two Tertiary Hospitals in Freetown, Sierra Leone (2017-21):
A Cross-Sectional Study. Int. J. Environ. Res. Public Health 2022, 19, 4865. [CrossRef] [PubMed]

9. Majumder, M.A.A.; Rahman, S.; Cohall, D.; Bharatha, A.; Singh, K.; Haque, M.; Gittens-St Hilaire, M. Antimicrobial stewardship:
Fighting antimicrobial resistance and protecting global public health. Infect. Drug Resist. 2020, 13, 4713-4738. [CrossRef]

10. de Mesquita Souza Saraiva, M.; Lim, K.; do Monte, D.EM.; Givisiez, PE.N.; Alves, L.B.R.; de Freitas Neto, O.C.; Kariuki, S.;
Junior, A.B.; de Oliveira, C.].B.; Gebreyes, W.A. Antimicrobial resistance in the globalized food chain: A One Health perspective
applied to the poultry industry. Braz. J. Microbiol. 2022, 53, 465-486. [CrossRef]

11.  Founou, L.L.; Founou, R.C.; Essack, S.Y. Antibiotic resistance in the food chain: A developing country-perspective. Front. Microbiol.
2016, 7, 1881. [CrossRef]

12.  EFSA Panel on Biological Hazards (BIOHAZ). Role played by the environment in the emergence and spread of antimicrobial
resistance (AMR) through the food chain. EFSA J. 2021, 19, e06651.

13.  Chief Sanitary Inspectorate. Sanitary Condition of the Country in 2021. Available online: https:/ /www.gov.pl/web/gis/raport-
stan-sanitarny-kraju (accessed on 27 February 2023).

14.  Wojcicki, M.; Chmielarczyk, A.; Swider, O.; Srednicka, P; Strus, M.; Kasperski, T.; Shymialevich, D.; Cieslak, H.; Emanowicz, P;
Kowalczyk, M.; et al. Bacterial Pathogens in the Food Industry: Antibiotic Resistance and Virulence Factors of Salmonella enterica
Strains Isolated from Food Chain Links. Pathogens 2022, 11, 1323. [CrossRef] [PubMed]

15. Guo, D,; Chen, J.; Zhao, X.; Luo, Y,; Jin, M.; Fan, F; Park, C.; Yang, X,; Sun, C.; Yan, J.; et al. Genetic and Chemical Engineering of
Phages for Controlling Multidrug-Resistant Bacteria. Antibiotics 2021, 10, 202. [CrossRef] [PubMed]

16. Lima, R.; Del Fiol, ES.; Balcao, V.M. Prospects for the use of new technologies to combat multidrug-resistant bacteria.
Front. Pharmacol. 2019, 10, 692. [CrossRef] [PubMed]

17. Duan, Y;; Young, R.; Schnabl, B. Bacteriophages and their potential for treatment of gastrointestinal diseases. Nat. Rev.
Gastroenterol. Hepatol. 2022, 19, 135-144. [CrossRef]

18. Osei, E.K.; Mahony, J.; Kenny, ].G. From Farm to Fork: Streptococcus suis as a Model for the Development of Novel Phage-Based
Biocontrol Agents. Viruses 2022, 14, 1996. [CrossRef]

19. Potaska, M.; Sokolowska, B. Bacteriophages—A new hope or huge problem in the food industry. AIMS Microbiol. 2019, 5, 324-346.
[CrossRef]

20. Fernandez, L.; Gutiérrez, D.; Rodriguez, A.; Garcia, P. Application of bacteriophages in the agro-food sector: A long way toward
approval. Front. Cell. Infect. Microbiol. 2018, 8, 296. [CrossRef]

21. Moye, Z.D.; Woolston, ].; Sulakvelidze, A. Bacteriophage application for food production and processing. Viruses 2018, 10, 205.
[CrossRef]

22. Svircev, A.; Roach, D.; Castle, A. Framing the future with bacteriophages in agriculture. Viruses 2018, 10, 218. [CrossRef] [PubMed]

23. De Melo, A.G.; Levesque, S.; Moineau, S. Phages as friends and enemies in food processing. Curr. Opin. Biotechnol. 2018,
49, 185-190. [CrossRef]

24. Wojcik, E.A,; Stariczyk, M.; Wojtasik, A.; Kowalska, J.D.; Nowakowska, M.; Lukasiak, M.; Bartnicka, M.; Kazimierczak, J.;
Dastych, J. Comprehensive Evaluation of the Safety and Efficacy of BAFASAL® Bacteriophage Preparation for the Reduction of
Salmonella in the Food Chain. Viruses 2020, 12, 742. [CrossRef]

25. EFSA Panel on Additives and Products or Substances used in Animal Feed (FEEDAP). Safety and efficacy of a feed additive

consisting on the bacteriophages PCM F/00069, PCM F/00070, PCM F/00071 and PCM F/00097 infecting Salmonella Gallinarum
B/00111 (Bafasal®) for all avian species (Proteon Pharmaceuticals SA). EFSA J. 2021, 19, e06534.


https://doi.org/10.1053/j.gastro.2020.09.060
https://doi.org/10.1016/j.lfs.2021.119622
https://doi.org/10.3390/nu13092905
https://doi.org/10.1007/s00284-018-1510-4
https://doi.org/10.1016/j.jiac.2017.11.003
https://www.ncbi.nlm.nih.gov/pubmed/29208344
https://doi.org/10.1016/j.imlet.2017.07.006
https://www.ncbi.nlm.nih.gov/pubmed/28720334
https://doi.org/10.3390/pathogens10070801
https://doi.org/10.3390/ijerph19084865
https://www.ncbi.nlm.nih.gov/pubmed/35457729
https://doi.org/10.2147/IDR.S290835
https://doi.org/10.1007/s42770-021-00635-8
https://doi.org/10.3389/fmicb.2016.01881
https://www.gov.pl/web/gis/raport-stan-sanitarny-kraju
https://www.gov.pl/web/gis/raport-stan-sanitarny-kraju
https://doi.org/10.3390/pathogens11111323
https://www.ncbi.nlm.nih.gov/pubmed/36365074
https://doi.org/10.3390/antibiotics10020202
https://www.ncbi.nlm.nih.gov/pubmed/33669513
https://doi.org/10.3389/fphar.2019.00692
https://www.ncbi.nlm.nih.gov/pubmed/31293420
https://doi.org/10.1038/s41575-021-00536-z
https://doi.org/10.3390/v14091996
https://doi.org/10.3934/microbiol.2019.4.324
https://doi.org/10.3389/fcimb.2018.00296
https://doi.org/10.3390/v10040205
https://doi.org/10.3390/v10050218
https://www.ncbi.nlm.nih.gov/pubmed/29693561
https://doi.org/10.1016/j.copbio.2017.09.004
https://doi.org/10.3390/v12070742

Int. . Mol. Sci. 2023, 24, 10134 32 of 34

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.
43.
44.
45.
46.

47.

48.

49.

50.

51.

52.

Gientka, L; Wéjcicki, M.; Zuwalski, A.W.; Blazejak, S. Use of phage cocktail for improving the overall microbiological quality of
sprouts—Two methods of application. Appl. Microbiol. 2021, 1, 289-303. [CrossRef]

Abbas, R.Z.; Alsayeqh, A.F,; Aqib, A.I. Role of Bacteriophages for Optimized Health and Production of Poultry. Animals 2022,
12,3378. [CrossRef] [PubMed]

Wahl, A.; Battesti, A.; Ansaldi, M. Prophages in Salmonella enterica: A driving force in reshaping the genome and physiology of
their bacterial host? Mol. Microbiol. 2019, 111, 303-316. [CrossRef]

Gymoese, P; Kiil, K.; Torpdahl, M.; Osterlund, M.T.; Serensen, G.; Olsen, ].E.; Nielsen, E.M.; Litrup, E. WGS based study of the
population structure of Salmonella enterica serovar Infantis. BMC Genom. 2019, 20, 870. [CrossRef]

Charity, O.].; Acton, L.; Bawn, M.; Tassinari, E.; Thilliez, G.; Chattaway, M.A.; Dallman, T.J.; Petrovska, L.; Kingsley, R.A. Increased
phage resistance through lysogenic conversion accompanying emergence of monophasic Salmonella typhimurium ST34 pandemic
strain. Microb. Genom. 2022, 8, 000897. [CrossRef]

Seemann, T. Prokka: Rapid prokaryotic genome annotation. Bioinformatics 2014, 30, 2068-2069. [CrossRef]

Proksee Software. Available online: https:/ /proksee.ca/ (accessed on 2 March 2023).

Kraushaar, B.; Hammerl, ].A.; Kienol, M.; Heinig, M.L.; Sperling, N.; Dinh Thanh, M.; Reetz, J.; Jackel, C.; Fetsch, A.; Hertwig, S.
Acquisition of virulence factors in livestock-associated MRSA: Lysogenic conversion of CC398 strains by virulence gene-containing
phages. Sci. Rep. 2017, 7, 2004. [CrossRef]

Davies, E.V.; Winstanley, C.; Fothergill, ].L.; James, C.E. The role of temperate bacteriophages in bacterial infection.
FEMS Microbiol. Lett. 2016, 363, fnw015. [CrossRef] [PubMed]

Colavecchio, A.; Cadieux, B.; Lo, A.; Goodridge, L.D. Bacteriophages Contribute to the Spread of Antibiotic Resistance Genes
among Foodborne Pathogens of the Enterobacteriaceae family—A Review. Front. Microbiol. 2017, 8, 1108. [CrossRef] [PubMed]
Sharma, N.; Das, A.; Raja, P.; Marathe, S.A. The CRISPR-Cas system differentially regulates surface-attached and pellicle biofilm
in Salmonella enterica serovar Typhimurium. Microbiol. Spectr. 2022, 10, €00202-22. [CrossRef] [PubMed]

Haider, M.Z.; Shabbir, M.A.B.; Yaqub, T.; Sattar, A.; Maan, M.K.; Mahmood, S.; Mehmood, T.; Aslam, H.B. CRISPR-Cas system:
An adaptive immune system’s association with antibiotic resistance in Salmonella enterica serovar Enteritidis. BioMed Res. Int.
2022, 2022, 9080396. [CrossRef]

Tanmoy, A.M.; Saha, C.; Sajib, M.S.I; Saha, S.; Komurian-Pradel, F.; van Belkum, A.; Louwen, R.; Saha, S.K.; Endtz, H.P.
CRISPR-Cas Diversity in Clinical Salmonella enterica Serovar Typhi Isolates from South Asian Countries. Genes 2020, 11, 1365.
[CrossRef]

Medina-Aparicio, L.; Rebollar-Flores, J.E.; Beltran-Luviano, A.A.; Vazquez, A.; Gutiérrez-Rios, R.M.; Olvera, L.; Calva, E,;
Hernandez-Lucas, I. CRISPR-Cas system presents multiple transcriptional units including antisense RNAs that are expressed in
minimal medium and upregulated by pH in Salmonella enterica serovar Typhi. Microbiology 2017, 163, 253-265. [CrossRef]
Lobocka, M.; Hejnowicz, M.S.; Gagala, U.; Weber-Dabrowska, B.; Wegrzyn, G.; Dadlez, M. The First Step to Bacteriophage
Therapy: How to Choose the Correct Phage. In Phage Therapy: Current Research and Applications; Borysowski, J., Miedzybrodzki, R.,
Gorski, A., Eds.; Caister Academic Press: Norfalk, UK, 2018; pp. 23-67.

Oechslin, E. Resistance Development to Bacteriophages Occurring during Bacteriophage Therapy. Viruses 2018, 10, 351. [CrossRef]
Chan, B.K.; Abedon, S.T. Phage therapy pharmacology phage cocktails. Adv. Appl. Microbiol. 2012, 78, 1-23.

Hyman, P. Phages for Phage Therapy: Isolation, Characterization, and Host Range Breadth. Pharmaceuticals 2019, 12, 35. [CrossRef]
Ross, A.; Ward, S.; Hyman, P. More Is Better: Selecting for Broad Host Range Bacteriophages. Front. Microbiol. 2016, 7, 1352.
[CrossRef] [PubMed]

Lin, D.M.; Koskella, B.; Lin, H.C. Phage Therapy: An Alternative to Antibiotics in the Age of Multi-Drug Resistance. World J.
Gastrointest. Pharmacol. Ther. 2017, 8, 162-173. [CrossRef] [PubMed]

Islam, M.S.; Hu, Y.; Mizan, M.ER,; Yan, T.; Nime, I.; Zhou, Y.; Li, J. Characterization of Salmonella Phage LPST153 That Effectively
Targets Most Prevalent Salmonella Serovars. Microorganisms 2020, 8, 1089. [CrossRef] [PubMed]

Abdelsattar, A.S.; Eita, M.A.; Hammouda, Z.K.; Gouda, S.M.; Hakim, T.A.; Yakoup, A.Y.; Safwat, A.; El-Shibiny, A. The Lytic
Activity of Bacteriophage ZCSE9 against Salmonella enterica and Its Synergistic Effects with Kanamycin. Viruses 2023, 15, 912.
[CrossRef] [PubMed]

Mateus, C.; Costa, C.; Silva, Y.; Cunha, A.; Almeida, A. Efficiency of phage cocktails in the inactivation of Vibrio in aquaculture.
Aquaculture 2014, 424, 167-173. [CrossRef]

Abedon, S.T.; Herschler, T.D.; Stopar, D. Bacteriophage latent-period evolution as a response to resource availability.
Appl. Environ. Microbiol. 2001, 67, 4233-4241. [CrossRef]

Balcao, V.M.; Moreli, EC.; Silva, E.C.; Belline, B.G.; Martins, L.E,; Rossi, EP.N.; Pereira, C.; Vila, M.M.D.C.; da Silva, A.M. Isolation
and Molecular Characterization of a Novel Lytic Bacteriophage That Inactivates MDR Klebsiella pneumoniae Strains. Pharmaceutics
2022, 14, 1421. [CrossRef]

Lin, ]J.T.; Kirst, S.; Cuci, S.; Klem, A.; She, Y.-M.; Kropinski, A.M.; Anany, H. Isolation, Characterization, and Genome Analysis
of a Novel Bacteriophage, Escherichia Phage VB_EcoM-4HA13, Representing a New Phage Genus in the Novel Phage Family
Chaseviridae. Viruses 2022, 14, 2356. [CrossRef]

Mahmoud, M.; Askora, A.; Barakat, A.B.; Rabie, O.E.-F,; Hassan, S.E. Isolation and characterization of polyvalent bacteriophages
infecting multi drug resistant Salmonella serovars isolated from broilers in Egypt. Int. ]. Food Microbiol. 2018, 266, 8-13. [CrossRef]


https://doi.org/10.3390/applmicrobiol1020021
https://doi.org/10.3390/ani12233378
https://www.ncbi.nlm.nih.gov/pubmed/36496899
https://doi.org/10.1111/mmi.14167
https://doi.org/10.1186/s12864-019-6260-6
https://doi.org/10.1099/mgen.0.000897
https://doi.org/10.1093/bioinformatics/btu153
https://proksee.ca/
https://doi.org/10.1038/s41598-017-02175-4
https://doi.org/10.1093/femsle/fnw015
https://www.ncbi.nlm.nih.gov/pubmed/26825679
https://doi.org/10.3389/fmicb.2017.01108
https://www.ncbi.nlm.nih.gov/pubmed/28676794
https://doi.org/10.1128/spectrum.00202-22
https://www.ncbi.nlm.nih.gov/pubmed/35678575
https://doi.org/10.1155/2022/9080396
https://doi.org/10.3390/genes11111365
https://doi.org/10.1099/mic.0.000414
https://doi.org/10.3390/v10070351
https://doi.org/10.3390/ph12010035
https://doi.org/10.3389/fmicb.2016.01352
https://www.ncbi.nlm.nih.gov/pubmed/27660623
https://doi.org/10.4292/wjgpt.v8.i3.162
https://www.ncbi.nlm.nih.gov/pubmed/28828194
https://doi.org/10.3390/microorganisms8071089
https://www.ncbi.nlm.nih.gov/pubmed/32708328
https://doi.org/10.3390/v15040912
https://www.ncbi.nlm.nih.gov/pubmed/37112892
https://doi.org/10.1016/j.aquaculture.2014.01.001
https://doi.org/10.1128/AEM.67.9.4233-4241.2001
https://doi.org/10.3390/pharmaceutics14071421
https://doi.org/10.3390/v14112356
https://doi.org/10.1016/j.ijfoodmicro.2017.11.009

Int. . Mol. Sci. 2023, 24, 10134 33 of 34

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Zheng, X.-F; Yang, Z.; Zhangl, H.; Jinl, W.-X,; Xul, C.-W,; Gaol, L.; Raol, S.-Q.; Jiao, X. Isolation of virulent phages infecting
dominant mesophilic aerobic bacteria in cucumber pickle fermentation. Food Microbiol. 2020, 86, 103330. [CrossRef]

Oh, H.; Seo, D.J.; Jeon, S.B.; Park, H.; Jeong, S.; Chun, H.S.; Oh, M.; Choi, C. Isolation and characterization of Bacillus cereus
bacteriophages from foods and soil. Food Environ. Virol. 2017, 9, 260-269. [CrossRef] [PubMed]

Dakheel, K.H.; Rahim, R.A.; Neela, VK.; Al-Obaidi, J.R.; Hun, T.G.; Isa, M.N.M.; Yusoff, K. Genomic analyses of two novel
biofilm-degrading methicillin-resistant Staphylococcus aureus phages. BMC Microbiol. 2019, 19, 114. [CrossRef] [PubMed]
Turner, D.; Shkoporov, A.N.; Lood, C.; Millard, A.D.; Dutilh, B.E.; Alfenas-Zerbini, P.; van Zyl, L.J.; Aziz, RK.; Oksanen, HM,;
Poranen, M.M.; et al. Abolishment of morphology-based taxa and change to binomial species names: 2022 taxonomy update of
the ICTV bacterial viruses subcommittee. Arch. Virol. 2023, 168, 74. [CrossRef]

Mihara, T.; Nishimura, Y.; Shimizu, Y.; Nishiyama, H.; Yoshikawa, G.; Uehara, H.; Hingamp, P.; Goto, S.; Ogata, H. Linking Virus
Genomes with Host Taxonomy. Viruses 2016, 8, 66. [CrossRef]

Nishimura, Y.; Yoshida, T.; Kuronishi, M.; Uehara, H.; Ogata, H.; Goto, S. ViPTree: The viral proteomic tree server. Bioinformatics
2017, 33, 2379-2380. [CrossRef]

Bailly-Bechet, M.; Vergassola, M.; Rocha, E. Causes for the intriguing presence of tRNAs in phages. Genome Res. 2007,
17,1486-1495. [CrossRef] [PubMed]

Kongari, R.; Rajaure, M.; Cahill, J.; Rasche, E.; Mijalis, E.; Berry, J.; Young, R. Phage spanins: Diversity, topological dynamics and
gene convergence. BMC Bioinform. 2018, 19, 326. [CrossRef]

Cahill, J.; Young, R. Phage lysis: Multiple genes for multiple barriers. Adv. Virus Res. 2019, 103, 33-70.

Sharma, M.; Jaiswal, N.; Kumar, D.; Poluri, K.M. Enhanced dynamics of conformationally heterogeneous T7 bacteriophage
lysozyme native state attenuates its stability and activity. Biochem. |. 2019, 476, 613-628. [CrossRef]

Lu, M.; Liu, H.; Lu, H.; Liu, R;; Liu, X. Characterization and Genome Analysis of a Novel Salmonella Phage vB_SenS_SE1.
Curr. Microbiol. 2020, 77, 1308-1315. [CrossRef]

Jamal, M.; Bukhari, SM.A.U.S,; Andleeb, S.; Ali, M.; Raza, S.; Nawaz, M.A.; Hussain, T.; Rahman, S.U.; Shah, 5.5.A. Bacteriophages:
An overview of the control strategies against multiple bacterial infections in different fields. J. Basic Microbiol. 2019, 59, 123-133.
[CrossRef]

Gigante, A.M.; Hampton, C.M,; Dillard, R.S.; Gil, F,; Catalao, M.].; Moniz-Pereira, ].; Wright, E.R.; Pimentel, M. The Ms6 mycolyl-
arabinogalactan esterase LysB is essential for an efficient mycobacteriophage-induced lysis. Viruses 2017, 9, 343. [CrossRef]
Bujak, K.; Decewicz, P.; Kamiriski, J.; Radlifiska, M. Identification, characterization, and genomic analysis of novel Serratia
temperate phages from a gold mine. Int. J. Mol. Sci. 2020, 21, 6709. [CrossRef]

Necel, A.; Bloch, S.; Nejman-Falericzyk, B.; Grabski, M.; Topka, G.; Dydecka, A.; Kosznik-Kwasnicka, K.; Grabowski, L.;
Jurczak-Kurek, A.; Wotkowicz, T.; et al. Characterization of a bacteriophage, vB_Eco4M-7, that effectively infects many Escherichia
coli O157 strains. Sci. Rep. 2020, 10, 3743. [CrossRef]

Jain, C.; Rodriguez, R.L.M.; Phillippy, A.M.; Konstantinidis, K.T.; Aluru, S. High throughput ANI analysis of 90K prokaryotic
genomes reveals clear species boundaries. Nat. Commun. 2018, 9, 5114. [CrossRef]

Jonczyk, E.; Ktak, M.; Miedzybrodzki, R.; Gorski, A. The influence of external factors on bacteriophages. Folia Microbiol. 2011,
56, 191-200. [CrossRef] [PubMed]

Tey, B.T,; Ooi, S.T.; Yong, K.C.; Tan Ng, M.Y,; Ling, T.C.; Tan, W.S. Production of fusion m13 phage bearing the disulphide
constrained peptide sequence (C-WSFFSNI-C) that interacts with hepatitis B core antigen. Afr. J. Biotechnol. 2009, 8, 268-273.
Inbaraj, S.; Agrawal, RK, Thomas, P; Chaudhuri, P; Verma, A.; Chaturvedi, VK. Isolation and Characterization of
vB_SenS_Ib_psk2 Bacteriophage against Drug Resistant Salmonella enterica Serovar Kentucky. 2022. Available online:
https:/ /www.researchsquare.com/article/rs-1900211/v1 (accessed on 7 April 2023).

Sattar, S.; Ullah, I.; Khanum, S.; Bailie, M.; Shamsi, B.; Ahmed, I.; Shah, S.T.A.; Javed, S.; Ghafoor, A ; Pervaiz, A.; et al. Phenotypic
characterization and genome analysis of a novel Salmonella typhimurium phage having unique tail fiber genes. Sci. Rep. 2022,
12,5732. [CrossRef] [PubMed]

Wang, C.; Chen, Q.; Zhang, C.; Yang, J.; Lu, Z.; Lu, F; Bie, X. Characterization of a broad host-spectrum virulent Salmonella
bacteriophage fmb-p1 and its application on duck meat. Virus Res. 2017, 236, 14-23. [CrossRef]

Kim, S.; Kim, S.H.; Rahman, M.; Kim, J. Characterization of a Salmonella Enteritidis bacteriophage showing broad lytic activity
against Gram-negative enteric bacteria. J. Microbiol. 2018, 56, 917-925. [CrossRef] [PubMed]

Islam, M.S.; Zhou, Y,; Liang, L.; Nime, I; Liu, K,; Yan, T.; Wang, X.; Li, J. Application of a Phage Cocktail for Control of Salmonella
in Foods and Reducing Biofilms. Viruses 2019, 11, 841. [CrossRef]

Islam, M.S.; Zhou, Y.; Liang, L.; Nime, I; Yan, T.; Willias, S.P.; Mia, M.Z.; Bei, W.; Connerton, L.F.; Fischetti, V.A.; et al. Application
of a Broad Range Lytic Phage LPST94 for Biological Control of Salmonella in Foods. Microorganisms 2020, 8, 247. [CrossRef]

Bao, H.; Zhang, P.; Zhang, H.; Zhou, Y.; Zhang, L.; Wang, R. Bio-Control of Salmonella Enteritidis in Foods Using Bacteriophages.
Viruses 2015, 7, 4836-4853. [CrossRef]

Kolmogorov, M.; Yuan, J.; Lin, Y.; Pevzner, P.A. Assembly of long, error-prone reads using repeat graphs. Nat. Biotechnol. 2019,
37, 540-546. [CrossRef]

Alcock, B.P; Raphenya, AR.; Lau, T.TY,; Tsang, KK, Bouchard, M.; Edalatmand, A.; Huynh, W.; Nguyen, A.-L.V,;
Cheng, A.A,; Liu, S.; et al. CARD 2020: Antibiotic resistome surveillance with the comprehensive antibiotic resistance database.
Nucleic Acids Res. 2020, 48, D517-D525. [CrossRef]


https://doi.org/10.1016/j.fm.2019.103330
https://doi.org/10.1007/s12560-017-9284-6
https://www.ncbi.nlm.nih.gov/pubmed/28205130
https://doi.org/10.1186/s12866-019-1484-9
https://www.ncbi.nlm.nih.gov/pubmed/31138130
https://doi.org/10.1007/s00705-022-05694-2
https://doi.org/10.3390/v8030066
https://doi.org/10.1093/bioinformatics/btx157
https://doi.org/10.1101/gr.6649807
https://www.ncbi.nlm.nih.gov/pubmed/17785533
https://doi.org/10.1186/s12859-018-2342-8
https://doi.org/10.1042/BCJ20180703
https://doi.org/10.1007/s00284-020-01879-7
https://doi.org/10.1002/jobm.201800412
https://doi.org/10.3390/v9110343
https://doi.org/10.3390/ijms21186709
https://doi.org/10.1038/s41598-020-60568-4
https://doi.org/10.1038/s41467-018-07641-9
https://doi.org/10.1007/s12223-011-0039-8
https://www.ncbi.nlm.nih.gov/pubmed/21625877
https://www.researchsquare.com/article/rs-1900211/v1
https://doi.org/10.1038/s41598-022-09733-5
https://www.ncbi.nlm.nih.gov/pubmed/35388062
https://doi.org/10.1016/j.virusres.2017.05.001
https://doi.org/10.1007/s12275-018-8310-1
https://www.ncbi.nlm.nih.gov/pubmed/30361974
https://doi.org/10.3390/v11090841
https://doi.org/10.3390/microorganisms8020247
https://doi.org/10.3390/v7082847
https://doi.org/10.1038/s41587-019-0072-8
https://doi.org/10.1093/nar/gkz935

Int. . Mol. Sci. 2023, 24, 10134 34 of 34

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.
92.

93.

94.

95.

96.

97.

98.

99.

Vernikos, G.S.; Parkhill, J. Interpolated variable order motifs for identification of horizontally acquired DNA: Revisiting the
Salmonella pathogenicity islands. Bioinformatics 2006, 22, 2196-2203. [CrossRef]

Brown, C.L; Mullet, ]J.; Hindi, E; Stoll, ].E.; Gupta, S.; Choi, M.; Keenum, I.; Vikesland, P.; Pruden, A.; Zhang, L.
mobileOG-db: A manually curated database of protein families mediating the life cycle of bacterial mobile genetic ele-
ments. Appl. Environ. Microbiol. 2022, 88, €00991-22. [CrossRef] [PubMed]

Couvin, D.; Bernheim, A.; Toffano-Nioche, C.; Touchon, M.; Michalik, J.; Néron, B.; Rocha, E.P.C.; Vergnaud, G.; Gautheret, D.;
Pourcel, C. CRISPRCasFinder, an update of CRISRFinder, includes a portable version, enhanced performance and integrates
search for Cas proteins. Nucleic Acids Res. 2018, 46, W246-W251. [CrossRef] [PubMed]

Guo, J.; Boldug, B.; Zayed, A.A.; Varsani, A.; Dominguez-Huerta, G.; Delmont, T.O.; Pratama, A.A.; Gazitda, M.C.; Vik, D,;
Sullivan, M.B.; et al. VirSorter2: A multi-classifier, expert-guided approach to detect diverse DNA and RNA viruses. Microbiome
2021, 9, 37. [CrossRef]

Starikova, E.V.; Tikhonova, P.O.; Prianichnikov, N.A.; Rands, C.M.; Zdobnov, E.M; Ilina, E.N.; Govorun, V.M. Phigaro: High-
throughput prophage sequence annotation. Bioinformatics 2020, 36, 3882-3884. [CrossRef] [PubMed]

Mirzaei, K.; Nilsson, A.S. Isolation of phage for phage therapy: A comparison of spot tests and efficiency of plating analyses for
determination of host range and efficacy. PLoS ONE 2015, 10, e0118557. [CrossRef]

Jamal, M.; Andleeb, S.; Jalil, F.; Imran, M.; Nawaz, M.A.; Hussain, T.; Ali, M.; Das, C.R. Isolation and characterization of a
bacteriophage and its utilization against multi-drug resistant Pseudomonas aeruginosa-2995. Life Sci. 2017, 190, 21-28. [CrossRef]
[PubMed]

Wjcicki, M.; Swider, O.; Gientka, L; Blazejak, S.; Srednicka, P; Shymialevich, D.; Cieslak, H.; Wardaszka, A.; Emanowicz, P;
Sokotowska, B.; et al. Effectiveness of a Phage Cocktail as a Potential Biocontrol Agent against Saprophytic Bacteria in Ready-to-
Eat Plant-Based Food. Viruses 2023, 15, 172. [CrossRef] [PubMed]

Shakeri, G.; Hammerl, J.A.; Jamshidi, A.; Ghazvini, K.; Rohde, M.; Szabo, I.; Kehrenberg, C.; Plotz, M.; Kittler, S. The Lytic
Siphophage vB_StyS-LmqsSP1 Reduces the Number of Salmonella enterica Serovar Typhimurium Isolates on Chicken Skin.
Appl. Environ. Microbiol. 2021, 87, €01424-21. [CrossRef]

Son, HM.; Duc, HM.; Masuda, Y.; Honjoh, K.I.; Miyamoto, T. Application of bacteriophage sinsimultaneously controlling
Escherichia coli O157:H7 and extended-spectrum beta-lactamase producing Escherichia coli. Appl. Microbiol. Biotechnol. 2018,
102, 10259-10271. [CrossRef]

Baginiska, N.; Harhala, M.A.; Cieélik, M.; Orwat, E.; Weber-Dabrowska, B.; Dabrowska, K.; Gorski, A.; Joriczyk-Matysiak, E.
Biological Properties of 12 Newly Isolated Acinetobacter baumannii-Specific Bacteriophages. Viruses 2023, 15, 231. [CrossRef]
Ackermann, H.W. 5500 Phages examined in the electron microscope. Arch. Virol. 2007, 151, 227-243. [CrossRef] [PubMed]
Ackermann, H.W. Basic phage electron microscopy. In Bacteriophages. Methods and Protocols. Vol. 1: Isolation, Characterization and
Interactions; Clokie, A.R.J., Kropinski, A.M., Eds.; Humana Press: New York, NY, USA, 2009; pp. 113-126.

Amarillas, L.; Lightbourn-Rojas, L.; Angulo-Gaxiola, A.K.; Heredia, ].B.; Gonzalez-Robles, A.; Ledn-Félix, J. The antibacterial
effect of chitosan-based edible coating incorporated with a lytic bacteriophage against Escherichia coli O157:H7 on the surface of
tomatoes. J. Food Saf. 2018, 38, e12571. [CrossRef]

Zhao, ].; He, L.; Pan, L.; Liu, Y.; Yao, H.; Bao, G. Effect of a lytic bacteriophage on rabbits experimentally infected with pathogenic
Escherichia coli. World Rabbit Sci. 2017, 25, 273-279. [CrossRef]

McNair, K.; Zhou, C.; Dinsdale, E.A.; Souza, B.; Edwards, R.A. PHANOTATE: A novel approach to gene identification in phage
genomes. Bioinformatics 2019, 35, 4537-4542. [CrossRef]

Wu, J; Liu, Q.; Li, M.; Xu, J.; Wang, C.; Zhang, J.; Xiao, M.; Bin, Y.; Xia, J. PhaGAA: An integrated web server platform for phage
genome annotation and analysis. Bioinformatics 2023, 39, btad120. [CrossRef] [PubMed]

Zhang, Z.; Schwartz, S.; Wagner, L.; Miller, W. A greedy algorithm for aligning DNA sequences. J. Comput. Biol. 2000, 7, 203-214.
[CrossRef] [PubMed]

Tynecki, P.; Guzinski, A.; Kazimierczak, J.; Jadczuk, M.; Dastych, J.; Onisko, A. PhageAl-Bacteriophage Life Cycle Recognition
with Machine Learning and Natural Language Processing. bioRXiv 2020, 198606.

Svab, D.; Falgenhauer, L.; Rohde, M.; Szabé, J.; Chakraborty, T.; Téth, 1. Identification and characterization of T5-like bacterio-
phages representing two novel subgroups from food products. Front. Microbiol. 2018, 9, 222. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1093/bioinformatics/btl369
https://doi.org/10.1128/aem.00991-22
https://www.ncbi.nlm.nih.gov/pubmed/36036594
https://doi.org/10.1093/nar/gky425
https://www.ncbi.nlm.nih.gov/pubmed/29790974
https://doi.org/10.1186/s40168-020-00990-y
https://doi.org/10.1093/bioinformatics/btaa250
https://www.ncbi.nlm.nih.gov/pubmed/32311023
https://doi.org/10.1371/journal.pone.0127606
https://doi.org/10.1016/j.lfs.2017.09.034
https://www.ncbi.nlm.nih.gov/pubmed/28964812
https://doi.org/10.3390/v15010172
https://www.ncbi.nlm.nih.gov/pubmed/36680211
https://doi.org/10.1128/AEM.01424-21
https://doi.org/10.1007/s00253-018-9399-1
https://doi.org/10.3390/v15010231
https://doi.org/10.1007/s00705-006-0849-1
https://www.ncbi.nlm.nih.gov/pubmed/17051420
https://doi.org/10.1111/jfs.12571
https://doi.org/10.4995/wrs.2017.6395
https://doi.org/10.1093/bioinformatics/btz265
https://doi.org/10.1093/bioinformatics/btad120
https://www.ncbi.nlm.nih.gov/pubmed/36882183
https://doi.org/10.1089/10665270050081478
https://www.ncbi.nlm.nih.gov/pubmed/10890397
https://doi.org/10.3389/fmicb.2018.00202
https://www.ncbi.nlm.nih.gov/pubmed/29487585

	Introduction 
	Results and Discussion 
	Bacterial Host Strains 
	Bacteriophages and Their Host Range 
	One-Step Growth of Phages 
	Phage Adsorption to Host Bacterial Cells 
	Growth Kinetics of Bacterial Hosts after Phage Infection 
	Determination of Morphological Features of Phages and Their Plaques 
	Phage Genome Sequencing and Bioinformatics Analysis 
	Influence of Selected Factors on the Preservation of the Activity of Phages 
	Application of the Phage Cocktail to the Analyzed RTE Food Products 

	Materials and Methods 
	Bacterial Host Strains 
	Bacteriophage Isolation, Purification, and Propagation 
	Spot Test to Determine the Range of Bacterial Hosts for the Tested Phages 
	One-Step Growth 
	Phage Adsorption to Host Bacterial Cells 
	Changes in the Growth Kinetics of Bacterial Hosts after Phage Infection 
	Determination of Morphological Features of Phages 
	Extraction of Bacteriophage Genomic DNA 
	Phage Genome Sequencing and Bioinformatics Analysis 
	Influence of Selected Factors on the Preservation of the Activity of Phages 
	Application of the Phage Cocktail to the Analyzed RTE Food Products 
	HHP-Preserved Carrot–Mango–Apple Juice 
	Raw Carrot–Apple Juice 

	Statistical Analysis 

	Conclusions 
	References

