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Abstract 

Salmonella is a pr ev alent foodborne pathogen causing millions of global cases ann uall y. Antimicr obial r esistance is a gr owing pub lic 
health concern, leading to sear c h for alternati v es like bacteriopha ges. A total of 97 bacteriophages, isolated from cattle farms ( n = 

48), poultry farms ( n = 37), and w astew ater ( n = 5) samples in Türkiy e , w ere subjected to host-range analysis using 36 Salmonella 
isolates with 18 different serotypes. The broadest host rang e belong ed to an Infantis phage (MET P1-091), lysing 28 hosts. A total of 
10 phages with the widest host range underwent further anal ysis, r ev ealing sev en unique genomes (32 −243 kb), including a jum- 
bopha ge ( > 200 kb). Exce pt for one with lysogenic properties, none of them harbored virulence or antibiotic resistance genes, making 
them potential Salmonella reducers in different environments. Examining open reading frames (ORFs) of endolysin enzymes revealed 

surprising findings: five of seven unique genomes contained multiple endolysin ORFs. Despite sharing same endolysin sequences, 
phages exhibited significant differences in host r ange . Detailed analysis unveiled diverse receptor-binding protein sequences, with 

similar structures but distinct ligand-binding sites. These findings emphasize the importance of ligand-binding sites of r ece ptor- 
binding pr oteins. Additionall y, bacterial r eduction curv e and virulence index r ev ealed that Enteritidis phages inhibit bacterial growth 

even at low concentrations, unlike Infantis and Kentucky phages. 

Ke yw ords: antibiotic resistance; bacteriophages; biopreservation; endolysin; ligand-binding site; Salmonella 
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Introduction 

Salmonella enterica subsp. enterica ( Salmonella ) is one of the four 
major causes of diarrhea globally (WHO 2018 ). The emergence 
of m ultidrug-r esistant (MDR) Salmonella str ains hav e become 
a major public health concern as it limits treatment options 
for infected individuals (EFSA 2022 ) Antimicr obial r esistance is 
one of the most important topics in the One Health a ppr oac h,
which focuses on the global health threats in animal–human–
environmental interface (Velazquez-Meza et al. 2022 ) According 
to the World Health Organization, unless conditions change dra- 
maticall y, antibiotic-r esistant bacteria are estimated to kill 10 mil- 
lion people globally by 2050 (de Kraker et al. 2016 ). 

The use of bacteriophages has become popular in recent years 
as a promising alternative to antibiotics for the treatment of bac- 
terial infections, including MDR Salmonella infections. (Carvalho 
et al. 2017 ). Bacteriopha ges, shortl y pha ges, ar e viruses that in- 
fect bacterial cells and are the most abundant entities in nature 
(Puxty and Millard 2023 ). Pha ges mainl y follow two different life 
cycles, l ytic and l ysogenic. The l ytic c ycle, also kno wn as the viru- 
lent life cycle, including bacteriopha ges pr olifer ation and destruc- 
tion of their host cells, when they enter the cell (Drulis-Kawa et 
al. 2012 ), while the lysogenic cycle is characterized by the inte- 
Recei v ed 29 February 2024; revised 2 May 2024; accepted 29 May 2024 
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r e pr oduction in any medium, provided the original work is properly cited. For com
ration of the bacteriophage’s genetic material into the host cell’s
enome . T he use of obligatory virulent phages has potential ap-
lications against bacterial contamination in the One Health ap- 
r oac h (Matsuzaki et al. 2005 ). Furthermore, the main mechanism
f host lysis by phages is depending on their endolysin enzymes
hat lyse host cells by targeting the peptidoglycan (PG) layer, a
ighl y conserv ed and highl y inv ariant component of the bacterial
ell wall at the end of the lytic cycle to release newly assembled
hages. 

Bacteriopha ge ther a py is consider ed as a natur al and pr omising
ethod compared to antibiotics and other conventional methods,

ince bacteriophages offer several advantages over antibiotics.
ha ges solel y infect tar get bacteria and no other micr oor ganisms
n the environment (Domingo-Calap and Delgado-Martínez 2018 ),
her efor e they do not put pr essur e on other bacteria to acquire
esistance (Principi et al. 2019 ). Besides these advantages, the suc-
ess of pha ge ther a py depends on the c har acterization and selec-
ion of a ppr opriate pha ges. First, pha ge efficacy a gainst the tar get
trains is a k e y characterization (Vikram et al. 2020 ). In addition,
enetic c har acteristics of the pha ge ar e critical. Pha ges should not
ncode antimicrobial genes, virulence genes, or lysogenic lifestyle 
enes (Lavilla et al. 2023 ). 
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For commercial distribution and usage against common food-
orne pathogens, the phage including products should be re-
iewed and cleared by legislation and be approved by local au-
horities, such as the Food and Drug Administration (FD A) (V ikram
t al. 2020 ). There are several FDA-approved commercial phage-
ased biocontrol agent that targets Salmonella , including but not
imited to SalmoF reshTM b y Intralytix (USA), PhageGuar d-S b y
hageGuard (the Netherlands), Armament by Omnilytics (USA),
nd Biotector by Cheiljedang (South Korea). Ho w ever, due to
he nature of phages, these products were prepared for specific
erotypes , and ma y not affect others. As it is known, pathogenic
trains of Salmonella have geographically cluster in the different lo-
ations worldwide, e v en they shar e the same ser otype, they might
ot be affected by the same type of phages. As a result, current
ommercial pr oducts fr om differ ent countries may not be effec-
ive. It is crucial that for a successful phage product, first most
r e v alent and most infectious serotype strains in that region must
e determined, and a target-based product should be developed. 

The aim of this study was to isolate bacteriophages that infect
almonella spp. Samples collected in different seasons from poul-
ry, cattle farms, and w astew ater facilities in Türkiy e w ere used to
 har acterize the phages for further applications using phenotypic
host range, latent period, burst size, and adsorption constant),
nd genotypic methods (whole genome sequencing and bioinfor-
atic analysis). In addition, we also aimed to shed light on the

nfection mechanisms of these phages by using different bioin-
ormatics tools. Also, to observe the inhibitory effects of bacterio-
hages on bacteria, planktonic killing assay was performed, and
irulence indices were determined. 

aterials and methods 

acterial strains 

o isolate phages, eight different S. enterica subsp. enterica
 Salmonella ) r epr esenting the commonl y seen eight different
er otypes wer e used (Table 1 ). These isolates were collected from
arious sources in Türkiye and stored at −80 ◦C at the Food Engi-
eering De partment, Mid dle East Technical Uni versity (METU). All
tr ains wer e inoculated into 10 ml of Luria–Bertani (LB) broth for
hage isolation and incubated at 37 ◦C for 18–20 h. 

To determine the host range of phages, a wider set of Salmonella
solates ( n = 36) r epr esenting 18 differ ent ser otypes that wer e the

ost common and r ar e ser otypes in gener al and collected from
ifferent studies in Türkiy e, w ere used (Acar et al. 2017 ). These iso-

ates were selected based on their source, antimicrobial resistance
rofiles, and molecular subtypes [pulsed-field gel electrophoresis

PFGE) subtype] (Table 1 ). Also, MET S1-015 ( S. Montevideo) is used
or both phage isolation and host range determination. 

ampling 

 total of 85 samples were collected from cattle ( n = 48) and poul-
ry ( n = 37) farms from different regions of Türkiye, including the
outheastern Anatolia, Central Anatolia, Black Sea, and Marmara
 egions, in e v ery season fr om 2020 to 2021 ( Supplementary Table
 ). In addition, five samples were collected at the METU w astew a-
er facility in Ankara. 

acteriophage isolation and double plaque assay 

n total, 10 g of stool samples from farms were mixed with 100 ml
alt magnesium (SM) buffer, then incubated at 37 ◦C for 2 h in a
haking incubator and centrifuged at 9000 × g for 10 min and fil-
er ed thr ough 0.22 μm filter. Salmonella Enteritidis (MET S1-001),
yphimurium (MET S1-002), and Infantis (MET S1-006), isolates
Table 1 ) were used as hosts for the samples. A volume of 5 ml of
ample was pr e-enric hed with 100 μl of each strain and 5 ml of 2x
ryptic soy broth. After overnight incubation at 37 ◦C, the samples
ere centrifuged and filtered to obtain a phage solution that was

tored at 4 ◦C (Huang et al. 2018 ). Samples from the w astew ater
er e pr ocessed in the same manner, but with an additional five
almonella isolates (MET S1-248, MET S1-015, MET S1-063, MET S1-
07, and MET S1-163), r epr esenting fiv e ser otypes; Anatum, Mon-
e video, Telaviv, K entuc ky, and Hadar (Table 1 ). Phage presence
as assessed using a double-plaque assa y. T he phage solution and
ost (100 μl) were added to 4 ml of 0.6% LB agar, mixed, and poured
nto solid LB agar. Plaques were observed after overnight incuba-
ion at 37 ◦C. 

acteriophage purification and titer 
etermination 

or phologicall y differ ent pha ge plaques wer e detected using a
ouble plaque assay. Each plaque that a ppear ed mor phologicall y
ifferent was purified. Selected plaques with different morpholo-
ies were transferred to 100 μl of 0.9% NaCl solution and placed
n an Eppendorf tube using a sterile pipette tip. Serial dilutions of
p to 10 −8 were prepared, and double plaque assays were made

rom 10 −3 to 10 −8 dilutions . T he purification step was performed
t least three times until a uniform morphology was observed.
fter the uniform morphology was observed, saline magnesium

SM) buffer (1 M Tris-HCl pH: 7.5, 0.1 M NaCl, 0.01 M MgSO4.7H2O,
nd 2% gelatin) was added to a Petri dish to collect the plaques.
fter waiting for 30 min at room temperature, the buffer was col-

ected and centrifuged at 9000 × g for 10 min and filtered through
.22 μm filter. Eac h filter ed l ysate was stor ed under a differ ent
ETU ID at 4 ◦C and −80 ◦C at the Food Engineering Department,
iddle East Technical University. 

ost-r ange determina tion 

ost-r ange anal ysis was conducted to determine the spectrum
f bacterial strains that a particular bacteriophage can infect
nd replicate within. A total of 36 isolates r epr esenting 18 differ-
nt ser otypes wer e used to determine the host range (Table 1 ) .
almonella enterica ssp. enterica includes the main serotypes causing
nfections in warm-blooded animals, so this study did not focus
n Salmonella bongori and other S. enterica ssp. that infect humans
 ar el y. The pha ges isolated in our study were tested against the
ame species of Salmonella ( S. enterica ssp. enterica ), but multiple
tr ains r epr esenting common and r ar e ser otypes (Typhim urium,
nteritidis , Infantis , Anatum, Tela viv, Monte video, Hadar, K en-
uc ky, P ar atyphi, and so on). For the most fr equent ser otypes, m ul-
iple isolates were selected from various sources with different
FGE types . T he host range was determined according to modi-
ed protocols (Fong et al. 2017 , Moreno Switt et al. 2013 ). Host cells

100 μl) were added to semisolid (0.6% agar) LB agar and poured
nto solid LB plates with gentle mixing. After solidification, the
etri dish was divided into eight pieces and labeled. A volume of
 μl of the corresponding phage were spotted on each fragment.
he samples were left to dry at room temperature and incubated
vernight at 37 ◦C. One day later, the formations on the Petri dish
ere examined, and the spots were graded according to the clean-

iness of the zone. Ten phages with the broadest host range that
an infect the most common serotypes were selected for further
 har acterization. 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae079#supplementary-data
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Table 1. Salmonella isolates that are used as target strains in phage isolation and host range. 

METUID Ser ogr oup Serotype Isolate source Antibiotic resistance ∗∗ PFGE type ∗∗∗

MET S1-001 D1 Enteritidis Chic k en meat Susceptible NA 

MET S1-742 D Enteritidis Food Susceptible PT06 
MET S1-217 D Enteritidis Human Susceptible PT04 
MET S1-221 D Enteritidis Human Susceptible PT05 
MET S1-411 D Enteritidis Food Susceptible PT51 
MET A2-012 D Enteritidis Sludge Susceptible PT55 
MET S1-002 B Typhimurium Chic k en meat CipAzm NA 

MET S1-223 B Typhimurium Human TAmp PT23 
MET S1-185 B Typhimurium Human Sf PT15 
MET S1-663 B Typhimurium Animal (sheep) TAmpKf PT13 
MET A2-003 B Typhimurium Sludge Susceptible PT59 
MET A2-088 B Typhimurium DT104 NI NI 
MET S1-657 B Typhimurium Animal (sheep) STAmpAmcSfCn PT14 
MET S1-006 C1 Infantis Chic k en meat KKfSxtSfNCip NA 

MET S1-050 C1 Infantis Food KSTAmpSfN PT08 
MET S1-807 C1 Infantis Human CroEftSfSxtCKSAmp 

AmcTeFoxKf 
NI 

MET S1-857 C1 Infantis Sludge Susceptible PT73 
MET S1-007 C3 Kentucky Chic k en meat Susceptible NA 

MET S1-240 C3 K entuc ky Human Susceptible PT10 
MET S1-542 C3 K entuc ky Animal (sheep) Sf PT03 
MET A2-072 C3 K entuc ky Sludge KfSfAmpN AzmP ef PT72 
MET S1- 015 C1 Montevideo Ground meat KSTSfN NA 

MET S1-065 C1 Montevideo Food SfSxtNT PT25 
MET S1-170 C1 Montevideo Animal (cattle) Susceptible PT44 
MET S1-172 C1 Montevideo Animal (cattle) Sf PT31 
MET S1-248 E1 Anatum Sheep ground meat Susceptible PT42 
MET S1-548 E Anatum Food Susceptible PT42 
MET S1-579 E Anatum Food Susceptible PT42 
MET S1-163 C2 Hadar Food AmpKfN PT41 
MET S1-063 M Telaviv Offal Susceptible PT33 
MET S1-074 M Telaviv Food SfSxtNT PT33 
MET S1-530 M Telaviv Food Susceptible PT34 
MET S1-008 C Thompson Food KSTAmpKfSfSxtCn NA 

MET S1-010 E Senftenberg Food STSfN NA 

MET S1-087 E Othmarschen Food Susceptible PT27 
MET S1-166 C2 Newport Animal (cattle) Sf PT39 
MET S1-713 C1 Braenderup NI NI PFGE Ref. 
MET S1-864 C1 Mbandaka Sludge SxtSfAmpAzmPef PT65 
MET A2-099 E Liv er pool Food Susceptible PT54 
MET S1-003 C1 Vir cho w Food Susceptible NA 

MET S1-011 B Agona Food KSTSfN NA 

MET S1-220 D Typhi Human Sf PT23 
MET S1-184 B P ar atyphi B Human Susceptible PT15 

∗Bold samples were used for phage isolation. ∗∗Antimicrobial resistance profiles of the isolates were determined according to the Clinical Laboratory Standards 
Institute’s (CLSI) standards (CLSI 2013 ) in our pr e vious study (Acar et al. 2017 ). Ak: amikacin, Amc: amoxicillin-clavulanic acid, Amp: ampicillin, C: c hlor amphenicol 
Cip: ciprofloxacin, Cn: gentamicin, Cro: ceftriaxone, Eft: ceftiofur, Etp: ertapenemFo x: cefo xitin, Ipm: imipenem, K: kanam ycin, Kf: ce phalothin, N: nalidixic acid 
S: stre ptom ycin, Sf: sulfiso xazole, Sxt: sulfametho xazole-trimethoprim, and T: tetracycline . T he susceptibility limits of antimicrobial agents except ceftiofur were 
determined by the CLSI’s latest report (CLSI 2013 ). ∗∗∗ XbaI PFGE w as performed accor ding to the Centers for Disease Control and Pr e v ention PulseNet pr otocol (Ribot 
et al. 2006 ) in our pr e vious study (Acar et al. 2017 ). 
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Morphological classification by high-contrast 
transmission electron microscopy 

To categorize phage morphotypes based on their physical struc- 
tur es and sha pes, 10 bacteriopha ges wer e anal yzed using high- 
contr ast tr ansmission electr on micr oscopy (CTEM) (Ac kermann 

2009 ). A fr esh pha ge stoc k (1 ml) with a high titer was centrifuged 

at 21 000 × g for 90 min. The supernatant was discarded, and 1 ml 
of 0.1 M ammonium acetate solution w as added. A v olume of 10 
ml of the solution were dropped onto the TEM grid and left for 
2 min. The droplet was collected using filter paper, and 10 ml dye 
was pr omptl y added. Sodium phosphotungstate (2%, pH 7.2) was 
used as dye. After 2 min, the remainder was r emov ed using fil- 
(  
er paper. The grids were left to dry for 10 min and were sent to
he METU Central Laboratory. Images were processed using Im- 
 geJ softwar e. After pha ge mor phology was determined, pha ges
er e giv en unique identifiers containing information about phage
orphology and host (Adriaenssens and Rodney Brister 2017 ) 

ne-step growth curve, latent period, and burst 
ize 

ne-step growth curve experiments were performed using the 
ethod described by Clokie and Kropinski, with minor modifi- 

ations (Clokie and Kropinski 2009 ). At multiplicity of infection
MOI) of 0.01, 0.1 ml phage suspension (10 6 PFU/ml) was added
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o 9.9 ml Salmonella host culture (10 8 CFU/ml) and incubated for
 min at 37 ◦C, allowing bacteria to absorb phages. After incuba-
ion, 0.1 ml of the pha ge–host mixtur e was tr ansferr ed to pre-
armed 9.9 ml LB broth and from there 1 ml was tr ansferr ed

o 9 ml LB broth. A volume of 0.1 ml was r emov ed fr om all
hage–host dilutions, and a double plaque assay was performed
t 6 min intervals for 90 min. The plates were incubated at 37 ◦C
or 24 h to determine phage titers . T he latent period and burst
izes of the phages were calculated according to one-step growth
urves. 

dsorption curve 

he adsor ption curv es wer e determined as described by Clokie
nd Kropinski ( 2009 ). The target strains were incubated overnight
n brain–heart infusion broth at 37 ◦C. The titers of the phages used
n this experiment were adjusted to 10 6 . A volume of 950 μl LB
roth was added to 12 Eppendorf tubes, which were placed on ice
nd allo w ed to c hill befor e the experiment. A volume of 9 ml of
he mid-exponential phase cultur e wer e added to the beaker. A
olume of 1 ml of the phage suspension was added to the beaker,
nd the timer was started. At 1-min intervals for 10 min, 0.05 ml
ample was taken from the beaker and added to a chilled Eppen-
orf tube . T hen, by taking a 100 μl sample fr om the c hilled Ep-
endorf to soft LB and adding the target strain, the double plaque
ssay was performed. All plates were incubated overnight at 37 ◦C.
he next day, plaques were counted, and following formula was
sed to determine the adsorption rate constant, k (ml/min), where
 is the concentration of bacterial cells (CFU/ml), and t is the
ime interval (seconds) in which the titer decreased from P o (initial
FU/ml) to P (final PFU/ml). 

k = 

2 . 3 
Bt 

log 
Po 
P 

. 

hage genome size determination 

he PFGE protocol suggested by Lingohr et al. ( 2009 ) was followed
or genome size determination of the isolated bacteriophages.
r eshl y pr epar ed bacteriopha ges with high titers ( > 10 8 PFU/ml)
ere collected using SM buffer First, 400 μl of molten 1.2% agarose
as mixed with 400 μl of the phage suspension and plugs were
r epar ed. After solidification, the plugs were transferred to tubes
ontaining 5 μl phage lysis buffer [50 mM Tris, 50 mM EDTA, and
% (w/v) SDS] and 25 μl Proteinase K (20 mg/ml) solution. Plugs
ere incubated for 2 h at 54 ◦C with shaking, washed twice with

terile deionized water at 54 ◦C, and four times with Tris-EDTA
uffer (10 mM Tris, 1 mM EDTA) at 54 ◦C. Each plug was sliced to
 mm and loaded into pr epr epar ed PFGE a gar ose (1% SeaK em Gold
garose; 0.5 × TBE). The gel was placed in a PFGE chamber. A vol-
me of 836 μl of thiourea solution (10 mg/ml) was added to the
uffer immediatel y befor e use. Migr ation was performed using a
HEF-DR III System (Bio-Rad) for 19 h at 14 ◦C with electric field of
.0 V.cm-1 and an angle of 120 ◦. After the run, the gel was stained
ith 10 mg/ml ethidium bromide solution and destained sterile
eionized water. Salmonella Braenderup (MET S1-713) was used as
 efer ence. 

acteriophage DNA extraction, genome 

equencing, and analysis 

NA purification of phages was done by using Norgen Biotek
hage DNA isolation kit (Thorold, Canada) according to the manu-
actur er’s pr otocol. DNA sequencing of pha ges w as performed b y
llumina NovaSeq platform commercially (BM Lab, Ankara). 
Bioinformatic analysis of DNA sequences was performed us-
ng the methods and software reported by Shen and Millard
 2021 ). Quality control was performed using FASTQC ( http:
/ www.bioinformatics.babraham.ac.uk/ projects/ fastqc/ ), and Bb-
uk ( https:// sourceforge.net/ projects/ bbmap ) was used to trim
he raw reads. SPAdes version 3.9.0 (Bankevich et al. 2012 ) was
sed to assemble the phage genome . T he quality of the assem-
lies was assessed using QUAST (Gur e vic h et al. 2013 ). Banda ge
as used to visualize the assemblies (Wick et al. 2015 ). The con-

tructed genomes were first checked for their nearest relatives us-
ng BLASTn against the Caudovirales database. Prokka was used
or structural and functional annotation (Seemann 2014 ). Mul-
iple phage genome alignments were performed using Clinker
Gilchrist and Chooi 2021 ). Taxonomic characteristics such as
amil y and subfamil y wer e identified by using NCBI taxonomy
 hart. To scr een for virulence, antibiotic r esistance and temper-
te lifecycle genes, VFDB, ResFinder 4.1 and PhageLeads were use-
r espectiv el y (Liu et al. 2019 , Bortolaia et al. 2020 , Yukgehnaish et
l. 2022 ). Additionally, in order to observe variety among phage-
ncoded enzymes, multiple alignments were performed using
EGA 11, and phylogenetic trees were generated (Tamura et al.

021 ). Inter pr o was used to identify the protein families of phage-
eriv ed pr oteins (P aysan-Lafosse et al. 2023 ). I-tasser was utilized
o predict the ligand-binding sites (LBSs) and structure of phage-
eriv ed pr oteins (Zhou et al. 2022 ). 

acterial reduction and virulence index 

ffectiv eness of pha ges a gainst tar get bacteria was c har acterized
y planktonic killing assay and virulence index (Storms et al.
020 ). Mid-log culture of host was adjusted to 10 8 CFU/ml by us-
ng spectrophotometer (OD600 = 0.1). Also, fresh phage titers were
r epar ed, and titers wer e adjusted to 1 × 10 9 PFU/ml. 96-well plate
as used for this analysis. In the first four wells of first column
80 μl pha ge fr ee bacteria added as contr ol and in the last four
olumns, 180 μl LB broth with colistin (512 mg/l) were added as
lank. A volume of 180 μl bacteria was added to rest of the wells.
ha ge stoc ks wer e diluted fr om 10 8 to 10 1 PFU/ml, so that MOI
f the wells ranged from 1 to 10 −7 . Phage samples were experi-
ented in triplicate using the MULTISKAN SKY plate reader at a

7 ◦C incubation temper atur e . T he OD (600 nm) was measured ev-
ry 5 min for 24 h, with the plate shaken for 5 s befor e eac h r ead-
ng. Virulence index was calculated from the area difference be-
ween the control (phage free bacteria) and each reduction curves
y using the following formula where V i is the virulence index, A i 

s the area of phage killing curve, and A 0 is the area of bacterial
r owth curv e. Ar eas wer e calculated according to tr a pezoid rule.
his experiment was conducted in triplicate, and the standard de-
iations were computed accordingly. 

v i = 1 − A i 

A 0 
. 

ta tistical anal ysis 

tatistical analyses were performed using RStudio (Integrated De-
elopment for R. RStudio, PBC, Boston, MA). Poisson r egr ession
nd logistic r egr ession was performed to show that bacterio-
ha ges isolated fr om waste water had a wider host range than
hose isolated from farms. A mixed-effects logistic regression was
erformed to examine the seasonal variation in the prevalence
hages . T he one-wa y ANOVA conducted on the virulence index
ata of the different phages at varying concentrations of PFU/ml.

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://sourceforge.net/projects/bbmap
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Differ ences wer e consider ed statisticall y significant when P- value 
was less than .05. 

Results and discussion 

Bacteriophage isolation and purification 

In this study, 97 phages with differ ent mor phology out of 90 sam- 
ples were isolated, purified, and stored at 4 ◦C and −80 ◦C. Of these,
the highest number of phage ( n = 41) was achieved using S. Enter- 
itidis as a host, follo w ed b y S. Typhimurium ( n = 28), S. Infantis ( n 
= 12), S . K entuc ky ( n = 5), S. Hadar ( n = 4), S . Anatum and S. Telaviv
( n = 3) eac h, and S. Monte video ( n = 1) hosts. Detailed information 

is provided in Supplementary Table 2 . 
Since for phage isolation in all samples , S. Enteritidis , Ty- 

phimurium, and Infantis isolates were emplo y ed, the prevalence 
of phages isolated by utilizing these hosts was compared both 

tempor all y (cattle and poultry farms, and w astew ater facilities) 
and spatially (spring, summer, fall, and winter). In that case,
the ov er all Enteritidis pha ge isolation r ate was the highest (46%,
41/90), and similarly, among thr ee differ ent locations (cattle farm,
poultry farm, and w astew ater facilities) the isolation rate from the 
poultry farms was the highest (62%, 23/37). This trend was ob- 
serv ed for Typhim urium pha ges, because Enteritidis pha ges coin- 
fect Typhimurium isolates. In addition, the prevalence of Enter- 
itidis phages sho w ed a notable seasonal trend. The number of 
phages isolated during the summer increased from 12 to 23 dur- 
ing the winter months. A mixed-effects logistic r egr ession was 
performed to examine the seasonal variation in the prevalence 
of Enteritidis phage. It was found that the prevalence significantly 
increased during the fall ( P = .015) and winter ( P = .008) compared 

to the summer, whereas no significant difference was observed in 

the spring. Ho w e v er, these differ ences might also be attributed to 
potential unidentified sampling biases, such as variations in sam- 
pling locations. Further r esearc h is ther efor e r equir ed to test this 
hypothesis (Table 2 ). 

Inter estingl y, the ov er all isolation rate, as well as the isolation 

rate in poultry farms of Infantis infecting phages was the lowest; 
13% and 9%, r espectiv el y. This was particularly unexpected, since 
the pr e v alence of S. Infantis isolates has been r eported to be the 
highest for Salmonella serotypes in poultry farms in Türkiye (Durul 
et al. 2015 , Gıda ve Kontrol Genel Müdürlüğü 2018 ). This situation 

can be explained by the fact that the isolates S. Infantis may have 
acquir ed r esistance to pha ges. 

All phages in this study had titers above 10 8 CFU/ml after iso- 
lation. We observed that the phages isolated using S. Enteritidis 
and S. Typhimurium as hosts reached higher titers than the other 
phages . T hus , it is possible to state that they are more prevalent 
and/or r eplicate mor e quic kl y inside the bacterial populations.
Ther efor e, they may be more potent in managing or eliminating 
bacterial populations. 

Host-r ange determina tion 

The l ytic pr ofiles of the bacteriopha ges on differ ent hosts wer e 
e v aluated to determine their host ranges . T he efficacy of 97 iso- 
lated bacteriophages was tested on 36 Salmonella isolates, repre- 
senting 18 different serovars (Table 1 ). Overall, 23 phages lysed 

20 (20/36) or more host cells ( Supplementary Table 3 ). T hus , they 
are termed as broad host range infecting phages . T he broadest 
host range was detected for MET P1-091, which was isolated from 

c hic k en man ur e using S. Infantis as a host. This pha ge completel y 
and partiall y l ysed 28 Salmonella isolates (28/36). In this study, we 
could not isolate an y pha ges full y infecting S . Mbandaka, whic h is 
 r ar e ser otype in Türkiye. Furthermor e, pha ges isolated by using
. Enteritidis (MET S1-001) as a host, also infected S. Enteritidis
solates in our host range isolate list (Table 1 ), this trend is also
bserv ed for Typhim urium pha ges. Ho w e v er, pha ges, isolated by
sing S. Infantis as a host cannot infect all Infantis isolates in our
ost range isolate list. In addition, the efficacy of phages was an-
lyzed for S. Typhi and S . P ar atyphi, whic h ar e typhoidal ser ov ars.
he results sho w ed that among 97 phages, S. Typhi was infected
y only six different phages, whereas S. Paratyphi B was lysed by
he 89 isolated phages. 

The results of this study suggest that bacteriophages isolated 

r om waste water wer e mor e div erse and hav e br oader host r anges
han those isolated from farms. To prove this statistically, Poisson
 egr ession and logistic r egr ession was performed, and it was seen
hat phages isolated from w astew ater w ere found to have a signif-
cantl y differ ent host r ange than those isolated from farms ( P <
05). Akhtar et al. ( 2014 ) also reported a similar conclusion that it is

or e likel y to isolate pha ges with br oad host r anges fr om waste w-
ter than manure . T his trend might be due to the fact that phages
n w astew ater encounter a higher diversity of hosts, as wastew-
ter includes various sources, such as animal, human, and en-
ironmental wastes. In addition, Parmar et al. ( 2018 ) stated that
 diverse bacterial community drives the diverse bacteriophage 
r e v alence due to the frequent changes in bacterial populations. 

As a result of host range determination, 10 phages (MET-P1-
01, MET -P1-082, MET -P1-091, MET -P1-100, MET -P1-103, MET -P1-
16, MET-P1-122, MET-P1-137, MET-P1-164, and MET-P1-179) with 

he broadest host range and infecting the most common serotypes
ere selected and used for further analysis (Table 3 ). 

orphological classification by CTEM 

TEM ima ges wer e used to determine the mor phology of the 10
hages. Head and tail measurements were performed by pro- 
essing the r emaining ima ges using Ima geJ softwar e (Table 4 ).
hr ee Enteritidis pha ges (MET P1-001, MET P1-082, and MET P1-
03), originall y isolated fr om Enteritidis hosts, had distinguish-
ble base plates and shorter tails; ther efor e, they wer e named My-
 viridae , vB_SenM-001, vB_SenM-082, and vB_SenM-103, respec- 
iv el y. While the other two phages originally isolated from Enter-
tidis host (MET P1-122 and MET P1-164), had isometric capsids
nd longer tails with an attached base plate, the y were named
s Siphovirida e, vB_SenS-122, vB_SenS-164, r espectiv el y. Rest of
he phages also sho w ed characteristics of the Siphoviridae mor-
hotype. Morphological classification by using CTEM was widely 
sed and gave more common ground information that can be

nter pr eted by r esearc hers in this field. Caudovirideae was di-
ided into three families , Myo viridae , Sipho virideae , and P odo viri-
eae (Ackermann 2007) and this classification was gener all y used
or phages previously. Ho w ever, with technological impro vements ,
lassification of phages based on morphology was shifted to 
 genome-based taxonomy by the International Committee on 

axonomy of Viruses, ther efor e order Caudovir ales and families
yo viridae , P odo viridae , and Sipho viridae , determined by CTEM,
ere abolished (Turner et al. 2023 ). Ther efor e, these pha ges wer e
lso sequenced for taxonomic classification. 

ne-step growth curve, latent period, and burst 
ize 

ne-step growth curve is performed to measure the latent period
the time r equir ed for a bacteriopha ge to initiate and complete its
 epr oductiv e cycle), and the burst size (the number of phages re-
eased per infected host) of phages. While burst size and latent

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae079#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae079#supplementary-data
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Table 2. Number of isolated phages with respect to seasons. 

Number of sample Isolated Enteritidis phage Isolated Infantis phage 

Summer 24 12 1 
Winter 23 23 1 
Fall 22 16 9 
Spring 21 17 1 

Table 3. Host range of 10 selected phages. 

Serotype METUID P1-001 P1-082 P1-103 P1-122 P1-164 P1-091 P1-100 P1-116 P1-179 P1-137 

S. Enteritidis MET S1-742 + + + + + T T T + T 

S. Enteritidis MET S1-217 – + P – – T + + + + 

S. Enteritidis MET S1-221 + + T + T T – – T T 

S. Enteritidis MET S1-411 + + + + + T – T + T 

S. Enteritidis MET A2-012 + + + + T – – – P –
S. Typhimurium MET S1-223 + + T T T T – – T –
S. Typhimurium MET S1-185 T T + + + T – – + –
S. Typhimurium MET S1-663 T + + T + T – – – –
S. Typhimurium MET A2-003 T + + + T T – – T –
S. Typhimurim MET A2-088 + + + + + T + + T + 

S. Typhimurium MET S1-657 + + T T + T – – T –
S. Infantis MET S1-050 – – T + + + + + – T 

S. Infantis MET S1-807 – – P T – + + + – –
S. Infantis MET S1-857 T – – – – + + + T T 

S. K entuc ky MET S1-240 – – – T – + + + – + 

S. K entuc ky MET S1-542 T T + T T + + + T + 

S. K entuc ky MET A2-072 – T – – – + T T – + 

S. Montevideo MET S1-065 – – T T T T + T T –
S. Montevideo MET S1-170 T – T T T T T T T –
S. Montevideo MET S1-172 – – – – T – T T T T 

S. Anatum MET S1-548 T T + + – + + + T T 

S. Anatum MET S1-579 T – – – T – – – – –
S. Hadar MET S1-163 – – – – – – – – + T 

S. Telaviv MET S1-074 + – + + + + + + + T 

S. Telaviv MET S1-530 – – T T T + T T – T 

S. Thompson MET S1-008 – T T – – T + + – –
S. Senftenberg MET S1-010 + + – – – – – – – –
S. Othmarschen MET S1-087 – – T T – T T + T –
S. Newport MET S1-166 – – – – – + – – + T 

S. Braenderup MET S1-713 – – – – – T + + – –
S. Mbandaka MET S1-864 – – – – – – – – T –
S. Liv er pool MET A2-099 – – – – – – – – – –
S. Vir cho w MET S1-003 + + + – T – T T T + 

S. Agona MET S1-011 – + + T – + + T – –
S. Typhi MET S1-220 – – – P T – + + T T 

S. P ar atyphi B MET S1-184 + T + T + T + T T T 

∗: + : complete clearing, T: substantial turbidities throughout the cleared zone, P: a few individual plaques, and –: no clearing. 
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eriod alone do not dir ectl y impl y that the pha ge can be used as
 biocontrol agent, they are essential characteristics for phages
o be used in a pplications, particularl y when combined with
ther c har acteristics. A total of 10 bacteriopha ges and their tar get
er ov ars wer e used to construct gr owth curv es, and their latent
eriods and burst sizes were determined ( Supplementary Fig. 1
nd Table 5 ). The highest burst size of the phages was observed for
ET P1-001 (120 PFU/cell), and the shortest latent period (30 min)
as observed for MET P1-103, MET P1-122, and MET P1-164. These
v e pha ges wer e originall y isolated by using S. Enteritidis isolate

MET S1-001). T he a v er a ge latent period of pha ges isolated by S.
nteritidis host was found to be 32.4 min, which is shorter than
hat of other pha ges. Similarl y, the av er a ge burst sizes of S. En-
eritidis phages were calculated to be 62.4 PFU/cell (Table 5 ). For
he rest of the phages, the latent periods were longer, and burst
izes were found to be much smaller. For example, the latent pe-
iods of phages originally isolated by using S. Infantis isolate were
ound to be 63 min on av er a ge and the av er a ge burst sizes of these
ha ges wer e calculated to be 21.3 PFU/cell. Ther efor e, it can be
oncluded that phages targeting S. Enteritidis had a larger burst
ize with a shorter latent period. Ov er all, we observ ed that the
urst size of phages might be affected by bacterial serotypes . T his
nding was also in a line with a study conducted b y P etsong et
l. ( 2019 ). Ho w e v er, the r elationship between burst size and the
atent period is not al ways corr elated (Pr athibha and Ranasinghe
019 ). For instance, although Park et al. ( 2012 ) related the shorter
atent period to larger burst sizes, Wang ( 2006 ) stated that longer
atent periods can result in larger burst sizes. In this study, we ob-
erved that longer latent periods might lead to smaller burst sizes;
o w e v er, this may not be accurate for the opposite. 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae079#supplementary-data
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Table 4. Mor phological featur e of the pha ges. 

METU-ID Phage name 
Head (capsid) 
size (nm) Tail size (nm) CTEM analysis 

MET-P1-001 vB_SenM-001 62.05 ± 4.5 116.53 ± 9.9 

MET-P1-082 vB_SenM-082 98.54 ± 14.9 153.16 ± 5.5 

MET-P1-091 vB_SenS-091 72.38 ± 6.7 200.12 ± 20.5 

MET-P1-103 vB_SenM-103 54.62 ± 6.2 103.05 ± 4.7 

MET-P1-100 vB_SenS-100 50.64 ± 3.4 201.63 ± 4.9 

MET-P1-116 vB_SenS-116 79.86 ± 2.4 221.07 ± 9.6 
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Table 4. Continued 

METU-ID Phage name 
Head (capsid) 
size (nm) Tail size (nm) CTEM analysis 

MET-P1-122 vB_SenS-122 70.21 ± 13.0 199.76 ± 8.8 

MET-P1-137 vB_SenS-137 67.70 ± 3.7 160.96 ± 4.8 

MET-P1-164 vB_SenS-164 60.76 ± 6.6 220.66 ± 17.5 

MET-P1-179 vB_SenS-179 69.13 ± 3.8 165.66 ± 28.2 

Table 5. Burst size, latent period, and adsor ption constants of the bacteriopha ges. 

Phage ID Host 
Latent 

period (min) 
Burst size 
(PFU/cell) 

Free 
phage (%) ∗

Adsorption 
constant (k) 

MET P1-001 Enteritidis 36 120 4.2 8.46E–07 
MET P1-082 Enteritidis 36 39 6.4 8.04E–06 
MET P1-103 Enteritidis 30 64 6.9 7.96E–06 
MET P1-122 Enteritidis 30 35 6.7 7.90E–07 
MET P1-164 Enteritidis 30 68 13.2 7.30E–07 
MET P1-091 Infantis 60 18 12 7.42E–07 
MET P1-100 Infantis 60 30 8.7 7.73E–07 
MET P1-116 Infantis 72 21 6.2 8.07E–07 
MET P1-179 Infantis 60 16 11.1 7.5E–07 
MET P1-137 K entuc ky 66 18 9.6 7.63E–07 

∗Fr ee pha ge % at the end of 10 min. 
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For biocontr ol a pplications, one of the desir ed pr operties is
arger burst sizes with shorter latent periods, because they are the
ndicators of r a pid r e plication and effecti v e pha ge r elease (P ark et
l. 2012 , Li et al. 2021 ). T hus , the phages (MET P1-001, MET P1-103,
nd MET P1-164), originally isolated with Enteritidis in our study,
hich had latent periods from 30 to 36 min with 64–120 PFU/cell
urst sizes, might be the most favorable for biocontrol applica-
ions in our study. 
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Adsorption curve 

The adsorption curve was used to analyze the rate and effective- 
ness of pha ge attac hment to host cells. Among 10 phages inves- 
tigated in our r esearc h, MET P1-001 displayed the best adsorption 

rate (4.2% free phage in 10 min) ( Supplementary Fig. 2 and Ta- 
ble 5 ). In contrast, Infantis and Kentucky phages sho w ed the slow- 
est adsor ption r esults . T he results sho w ed that pha ges originall y 
isolated by Infantis isolates varied in adsorption curves, similar 
to burst sizes and latent periods. For example, MET P1-179, orig- 
inally isolated using Infantis, shares similar characteristics with 

MET P1-137, originally isolated using the K entuc k y host. Since w e 
used the original hosts for determination of adsorption curves for 
10 phages, these values might vary for different hosts that they 
can infect. 

Phage genome analysis 

A total of 10 phages with the widest host-range including the 
most common serotypes causing diseases were whole genome 
sequenced by Illumina platform. The raw r eads wer e pr ocessed 

according to the workflow described by Shen and Millard ( 2021 ).
Among 10 assemblies, in eight of them, m ultiple pha ge genomes 
were detected with acceptable coverages (25X-200X). A total of 
six assemblies (MET P1-001, MET P1-122, MET P1-164, MET P1- 
091, MET P1-100, and MET P1-116) exhibited the presence of two 
pha ge genomes, wher eas in two assemblies (MET P1-082 and MET 

P1-103) displayed the presence of three phage genomes. In only 
two assemblies (MET P1-137 and MET P1-179) there was only 
one pha ge genome. Pr esence of m ultiple pha ge genomes wer e r e- 
e v aluated in detail. Differ ent-sha ped plaque morphologies were 
not observed for those phages, and phenotypic features such as 
one-step and adsorption did not indicate the presence of two or 
more viruses . T his situation can be explained by coinfection phe- 
nomenon (Díaz-Muñoz 2017 ), in which coinfection is the simul- 
taneous infection of two phages to same host and is common 

in nature . T hese pha ges could be either l ysogenic or l ytic. When 

two phages coinfect the same host, they compete for the host re- 
sources (Che v aller eau et al. 2022 ). In this case, only the dominant 
pha ge mor phology could be observed. For example, the phage MET 

P1-103 has three phage genomes ho w ever, three different plaque 
mor phologies wer e not seen in phenotypic tests (Table 6 ). 

In our study, we observed seven unique phage genomes ob- 
tained from 10 phage samples, and all these unique phages were 
deposited in the NCBI database (Table 6 ). For con venience , phages 
wer e r enamed based on their genome sizes. One of the phage se- 
quences (MET P1-103) sho w ed pr opha ge contamination and was 
obtained in a single contig and c har acterized (MET_P1_103_31).
The assembled genomes were initially checked using BLAST to 
identify close r elativ es ( Supplementary Table 4 ). Pha ge annota- 
tions were made using closely related and well-defined phage 
genomes. Annotation results revealed that the phage genomes 
wer e highl y pac ked with coding sequences (CDS). This phe- 
nomenon has been observed in many phage genomes in litera- 
tur e, wher e pha ge genomes hav e v ery short ga ps and e v en small 
ov erla ps between genes (Turner et al. 2021 ). 

The genome-based taxonomy of phages in this study was 
determined using the BLAST Taxonomy Browser (Table 6 ). All 
sequenced pha ges wer e identified within the Heunggongvi- 
r ae kingdom, Ur o viricota phylum, and Caudo viricetes class .
Depending on the host isolates, phages were varied, ex- 
cept phage with approximately 58 kb size, related to phage 
Chi, belonging to the Casjensviridae famil y, specificall y the 
Chivirus genus. Chi like phages (MET_P1_001_58, MET_P1_082_58, 
ET_P1_91_58, MET_P1_100_58, MET_P1_103_58, MET_P1_116_58,
ET_P1_122_58, and MET_P1_164_58) was detected in all and 

hr ee pha ges isolated by Enteritidis and Infantis hosts, r espec-
iv el y. Chi-like viruses, identified in the 60 s, are known to in-
ect various genera, including Salmonella (Schade et al. 1967 ). In
ontrast to other phages, Chi is a flagellotropic phage, initiating
nfection by binding to the flagellar filament and utilizing flag-
lla rotation to reach the host cell (Esteves et al. 2021 ). Inter-
stingl y, all the pha ges isolated with Infantis host in this study
ncluded phages belonged to the same family (Demerecviridae),
ubfamily (Markadamsvirinae) and genus ( Tequintavirus ). In this 
en us, it was re ported that T5-lik e phages exhibit a Siphoviridae
orphotype and share characteristics such as number of tRNAs 

nd direct terminal repeats (Wang et al. 2005 ). Kentucky phage
MET_P1_137_112) shared with the same family and subfamily 
ut r epr esent a differ ent genus ( Epseptimavirus ). Among Enteri-
idis pha ges, we observ ed m ultiple genuses . T he most commonly
een one in Enteritidis phage samples, with approximately 43 kb
enome lenght (MET_P1_001, MET_P1_082, MET_P1_ MET_P1_103,
ET_P1_122, and MET_P1_164), r epr esent Jerseyvirus genus in 

uernseyvirinae subfamil y. Similarl y, in the liter atur e, Jerseyvirus
as been commonly reported to infect both Enteritidis and Ty-
him urium (Mor eno Switt et al. 2013 , Phothaworn et al. 2019 , Ge
t al. 2022 ). One of the Enteritidis phage sample (MET P1-082) in-
luded a jumbophage (MET P1_082_240) with a genome length of
43 kb. In nature, jumbo phages, ranging from 122 to 316 kb, are
 elativ el y r ar e (Yuan and Gao 2017 ). MET P1_082_240 jumbo pha ge
elongs to the genus Seoulviridae . MET P1_082_240 was genetically
lose to the jumbophage SPN3US, which was the first Salmonella 
umbo pha ge c har acterized in 2011, and had the same genome
ength, G + C% content, and two tRNAs (Lee et al. 2011 ). Lastly,
nly one prophage (MET_P1_103_31) isolated in Enteritidis isolate,
elonging to the Peduoviridae family and Peduovirus genus, was ob-
erv ed, sharing high conserv ation acr oss differ ent ser otypes and
eogr a phical r egions . T his pr opha ge is notabl y found in Infantis,
yphimurium, and Enteritidis across USA (Tyson et al. 2021 ). To
void the confusion, we only uploaded the presented phages to
CBI for accession numbers (Table 6 ). These r epr esentativ e ones
ere the unique phages in this study and used for the further
ioinformatic analysis. 

To further investigate the therapeutic potential of these phages,
heir genome sequences were screened for antimicrobial resis- 
ance , virulence , and temperate lifestyle genes using ResFinder,
FDB, and PhageLeads databases, respectively. None of the phages 
ontained antimicrobial resistance or virulence-associated genes.
o w e v er, the l ysogen y c hec k using Pha geLeads r e v ealed the pr es-
nce of an integrase gene in the chi-like phage (MET P1_122_58
nd MET P1_164_58), which was not detected by Pr okka. Ther efor e,
t was deemed unsuitable for phage therapy. When the integrase
ene was aligned using the BLAST database, a high homology was
bserved with other chi-like phages . T he lysogenic lifestyle of chi-
ike phages has been reported previously (Phothaworn et al. 2019 ).
v er all, our r esults indicated that all pha ges r e ported in this stud y
ere safe for phage therapy, with the exception of chi-like phages

MET P1_122_58 and MET P1_164_58). Further r esearc h is r equir ed
o assess the potential risks associated with using this phage as a
iosafety agent. 

The identification of unique genomes r epr esenting v arious
amilies , subfamilies , and genera, highlights the complexity of
ha ge comm unities in natur e . T hese findings broaden our per-
pective and emphasize the extent of div ersity, illustr ating the
onsider able ga p that still exists in our knowledge of pha ge div er-
ity and ecology. In addition, isolating bacteriophages of the same 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae079#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae079#supplementary-data
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Table 6. Genomic features of phages. 

Phage ID 

∗ Genome size GC content 
Accession 
number Family Subfamily Genus 

MET_P1_001_43 43 282 50 OP389270 Unassigned Guernseyvirinae Jerseyvirus 
MET_P1_001_58 58 765 56.3 – Casjensviridae – Chivirus 
MET_P1_082_43 43 282 50 – Unassigned Guernseyvirinae Jerseyvirus 
MET_P1_082_58 58 765 56.3 – Casjensviridae – Chivirus 
MET_P1_082_240 243 224 48.4 OQ383623 Unassigned Unassigned Seoulvirus 
MET_P1_091_58 58 765 56.3 – Casjensviridae – Chivirus 
MET_P1_091_107 106 978 39.3 – Demerecviridae Markadamsvirinae Tequintavirus 
MET_P1_100_58 58 765 56.3 – Casjensviridae – Chivirus 
MET_P1_100_107 106 987 39.3 OQ383620 Demerecviridae Markadamsvirinae Tequintavirus 
MET_P1_116_58 58 765 56.3 – Casjensviridae – Chivirus 
MET_P1_116_107 106 988 39.3 – Demerecviridae Markadamsvirinae Tequintavirus 
MET_P1_103_31 31 582 52.1 OQ383618 Peduoviridae – Peduovirus 
MET_P1_103_43 43 300 50 – Unassigned Guernseyvirinae Jerseyvirus 
MET_P1_103_58 58 765 56.3 – Casjensviridae – Chivirus 
MET_P1_122_43 43 282 50 – Unassigned Guernseyvirinae Jerseyvirus 
MET_P1_122_58 58 765 56.3 OQ383619 Casjensviridae – Chivirus 
MET_P1_137_112 112 278 39.8 OQ383621 Demerecviridae Markadamsvirinae Epseptimavirus 
MET_P1_164_43 43 282 50 – Unassigned Guernseyvirinae Jerseyvirus 
MET_P1_164_58 58 782 56.3 – Casjensviridae – Chivirus 
MET_P1_179_112 112 001 39 OQ383622 Demerecviridae Markadamsvirinae Tequintavirus 

∗Bolded ones are the unique phage genomes found in this study. 
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enus from different geographies can suggested that phages have
een tr ansferr ed or dispersed acr oss differ ent r egions by natur al
r artificial means, such as wind, water currents, animal vectors,
r human activities. 

Our findings led to the investigation of varieties in protein se-
uences of endolysins enzymes that lyse host cells by targeting
he PG layer in se v en unique phage genomes. To detect the diver-
ity among endolysin amino acid sequences, multiple alignments
ere made using MEGA 11 and a phylogenetic tree was created

 Supplementary Fig. 3 ). Additionall y, pr otein families were exam-
ned using InterPro ( Supplementary Table 5 ). 

The interesting finding is that five out of seven unique phage
enomes in our study hav e mor e than one open reading frames
ORFs) for endolysin ( Supplementary Table 5 ). This trend was
een not in the phages belonged to Jerseyvirus (MET_P1_001_43)
nd Chivirus (MET_P1_122_58) genus’s. It can be due to the
act that new protein families and domains ar e continuall y be-
ng discov er ed. Ho w e v er, in MET_P1_100_107, MET_P1_103_31,

ET_P1_137_112, and MET_P1_179_112 m ultiple endol ysin ORFs
er e encounter ed. As mentioned befor e, MET_P1_103_31 is a
ighl y conserv ed pr opha ge. In MET_P1_103_31, ther e ar e two en-
olysin ORFs; one of these proteins was found to belong to the
 ysozyme-like domain superfamil y and the endol ysin lambda-
ype family, cleaving the (1 → 4)-beta-glycosidic bond between N -
cetylm ur amic acid (MurNAc) and N -acetylglucosamine (GlcNAc)
esidues in bacterial cell wall PG (Bienk owska-Sze wczyk and Tay-
or 1980 ). Ho w e v er, the other endol ysin was found to belong to
he Antiholin LysA-like family, known for interacting with holin
o pr e v ent cell l ysis. It has been determined that members of this
r otein famil y ar e encoded within pr opha ge r egions in bacteria

To et al. 2013 ). Similarly, in MET_P1_100_107, MET_P1_137_112,
nd MET_P1_179_112, two different endolysin CDS were observed,
ith one adjacent to the holin gene and the other distant. When

he amino acid sequences of these endolysins were aligned to
ach other, it was seen that the endolysins adjacent to holin
WFG41157.1, WFG41320.1, and WFG41476.1) were similar to each
ther, and also the endolysins distant from holin were similar to
ach other too with high identity (% identity > 85%). It has been
bserved that endolysins adjacent to the holin gene contain the
eptidase M15C domain and belong to the DD-peptidase zinc-
inding domain superfamily. The peptidases in the M15, includ-

ng bacteriopha ge endol ysins, zinc-dependent d -Ala- d -Ala car-
o xype ptidases and dipeptidases, break short peptide chains in
he PG structure (Rawlings and Barrett 1993 ). It has been ob-
erved that endolysins, far from holin (WFG41120.1, WFG41278.1,
nd WFG41435.1) have the activity of cell wall hydrolase, SleB
omain which serves as lytic enzymes responsible for initiating
he breakdown of cortex PG, a crucial degradation process for
he germination of spores in Bacillus species (Li et al. 2012 ). Fur-
her studies should be conducted to identify which endolysins
hese pha ges primall y use. Multiple endol ysins in differ ent kind of
hage genomes have been reported previously. It has been stated
hat there are two ORFs encoding endolysin in the genomes of
ordonia phages GRU1 and GTE5, but since the combined gene
roducts show homology with single proteins in other systems,

t has been suggested that they were once encoded by a single
ene, and they were accepted as a single pr oduct (Petr ovski et al.
012 ). Based on this hypothesis, when the multiple endolysins in
he phages isolated in this study were examined by combining
hem, it was noticed that they did not show homology with any
ingle system. In another study, two endolysins were found in ad-
acent genes and close to the holin gene, but it was stated that
hese endolysins did not show homology as a single product, and
his was inter pr eted as containing two different endolysins with
iffer ent cleav a ge sites that act sim ultaneousl y. The pr esence of
 dual lytic system containing two holins and two endolysins in
actococcus KSY1 supports this explanation (Chopin et al. 2007 ). In
he contrary, in this study we only observed one holin gene in the
enomes that contain two endolysin genes and one of the two en-
olysins is adjacent to this holin gene. 

Different than the other phages, the jumbo phage
MET_P1_082_240) had different endolysin genes, including
e v en gl ycosyl hydr olase genes and one l ytic tr ansgl ycosylase
ene in its genome, which are not observed in other phages

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae079#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae079#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae079#supplementary-data
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( Supplementary Table 5 ). It has been known that jumbo phages,
which has glycosyl hydrolase domains in their tail fiber and tail 
spike proteins, could improve host recognition and infection,
e v en though injecting their large double-stranded genomes 
poses a greater challenge . T he presence of multiple glycosyl 
hydrolases might explain why the host ranges of jumbo phages 
ar e wider, e v en infecting m ultiple genuses. It was determined 

that these enzymes are in the immunoglobulin (Ig)-like fold 

superfamily. The Ig-like fold refers to a protein structural motif 
that mimics the general shape and arrangement found in Igs 
(antibodies), providing a common structural foundation for var- 
ious proteins involved in diverse biological functions including 
imm une r esponse (Halaby and Mornon 1998 ). Ig-like folds have 
been detected in phages with tails and double-stranded DNA.
In addition, these have been observed in phages that can infect 
different genuses (Fraser et al. 2006 ). We observed the same 
trend for this jumbo phage; besides Salmonella strains, it can also 
infect Esc heric hia coli O104: H4 (ATCC:7547) str ain. Other gr oup 

of endolysin found in jumbo phage was the lytic transglycosy- 
lase that are known as cell wall gl ycoside hydr olases, cell wall 
gl ycosidases, and PG gl ycosidases. We observ ed that this enzyme 
in the jumbo phage contains transglycosylase SLT domain 1 and 

belongs to lysozyme-like domain superfamily like the other lytic 
tr ansgl ycosylases of jumbo phages in liter atur e (Pei and Grishin 

2005 , Vermassen et al. 2019 ). 
Although two Infantis phages originally (MET P1-100 and MET 

P1-179) isolated from same strain (MET S1-006, Salmonella Infan- 
tis) belonged to the same famil y, subfamil y, and genuses, and had 

the similar endol ysins (pr ecent identity > %97), they have differ- 
ent host ranges; MET_P1_100_107 phage infected 22 strains while 
MET_P1_179_112 phage infected 19 strains out of 36 strains in to- 
tal (Table 3 ). To compare the genomic diversity of bacteriophages 
belonging to the same genus, gene clusters wer e cr eated with 

Clinker (Fig. 1 ) and genes with low identities were examined. It 
was observed that the genes with low identities belonged to tail 
fiber protein (0.4) and receptor-binding protein (0.3). Tailed phages 
employ a diverse array of receptor-binding proteins, including tail 
fibers , tail spikes , and the central tail spike, located at the dis- 
tal end of their tail, to specifically recognize host receptors . T hese 
proteins play an important role in host recognition and infecting 
the host (Dams et al. 2019 ); ther efor e, they might be considered 

the most critical proteins of bacteriophage infection. It is possi- 
ble to further differentiate closely related bacteria belonging to 
the same genus with their tail fiber and receptor-binding proteins.
The diversity in these genes indicates differences in host speci- 
ficity and the potential ability of these phages to infect different 
bacterial species, as evidenced by host range analysis. 

The genes encoding the receptor-binding proteins were fur- 
ther examined using Inter pr o, but we could not find a specific 
family. Considering that the structural differences between these 
proteins may contribute to host r ange v ariation, the structur es 
of these proteins were predicted using I-TASSER. According to 
the I-TASSER results, both MET_P1_100_107 and MET_P1_179_112 
pha ges hav e a r eceptor-binding pr otein structur e similar to 
the T5 pha ge r eceptor-binding pr otein pb5, with a template 
modeling score of 0.76. Interestingly, the most significant dif- 
ference was found not in the protein structures but in the 
LBS. P articularl y, intermolecular inter actions between pr oteins 
and ligands, such as small compounds, occur via amino acid 

residues at specific positions in the protein, often found in 

pock et-lik e regions . T hese specific k e y amino acid r esidues ar e 
r eferr ed to as LBSs. It was observed that MET_P1_100_107’s 
r eceptor-binding pr otein binds to ir on–sulfur cluster and 1,2- 
imetho xy-12-methyl[1,3]benzodio xolo[5,6-c]phenanthridin-12- 
um, while MET_P1_179_112’s r eceptor-binding pr otein binds to 
lpha- d -mannopyr anose. Pr e vious studies have emphasized the
mportance of receptor-binding proteins in terms of host range 
f bacteriophage (Gencay et al. 2019 ). Here, we also highlighted
ignificance of LBSs of these proteins for the host range the first
ime in the liter atur e to our knowledge. 

Another gene region with low sequence identity (identity = 40)
mong these two closely related phages (MET P1-100 and MET
1-179) was identified as a “hypothetical protein” in NCBI. How- 
 v er, these hypothetical pr oteins fr om eac h pha ge wer e later ana-
 yzed using BLASTP, r e v ealing that the pr otein of MET_P1_100_107
hage is 79% identical to the tail fiber protein of Salmonella phage
E11 (Fong et al. 2019 ), while the MET_P1_179_112 phage’s pro-
ein is identical to the tail fiber protein of Escherichia phage OSYSP
Yesil et al. 2017 ). Subsequently, the protein structures were pre-
icted using I-TASSER ( Supplementary Fig. 4 ). Upon examination,
oth pr oteins wer e found to be structur all y most similar to RNA-
ependent RNA pol ymer ases of tr anscribing cypoviruses (Hon-
rong and Lingpeng 2015 ). Additionally, both of these proteins had
he same LBSs, with RNA being the bound ligand. 

acterial reduction and virulence index 

acterial reduction was performed to measur e pha ge virulence in
iquid media in 96-well plates. Bacterial r eduction curv es sho w ed
he effect of phage titers on bacterial gr owth. Pha ges inhibits bac-
erial growth when the titer was higher than 6 log PFU/ml for at
east 4 h ( Supplementary Fig. 5 ). After 4–6 h, host de v eloped r e-
istance, and started to grow in all experiments. Statistical sig-
ificance of the differences in phage virulence indices at varying
FU/ml concentrations was determined using one-way ANOVA.
he analysis included data from three phage groups (Enteritidis,

nfantis, and K entuc ky), with eac h gr oup tested at eight differ-
nt titer concentrations . T his analysis supports the statement 
hat Enteritidis phages inhibit bacterial growth effectively even 

t low titers ( < 5 log CFU/ml), a trend not as strongly observed in
he Infantis and K entuc ky pha ges, with Infantis pha ges notabl y
ailing to inhibit bacterial growth at low le v els ( P < .05). When
ha ges wer e 8 log PFU/ml, bacterial gro wth w as completely in-
ibited for hours, in all instances ( Supplementary Fig. 5 ). For En-
eritidis pha ges, ther e was no a ppar ent r elationship with the host
esistance and phage titer. The results sho w ed that there is no lin-
ar correlation between the phage titer and host resistance. Host
tarted to grow around same time for all titers. Since Infantis and
 entuc ky pha ges wer e ineffectiv e at low titers, it might be hosts
ained r esistance r a pidl y. Virulence index is the ar ea between host
r owth curv e and host gr owth curv e with pha ge. Virulence index
hows the effectiveness of phage, and it was calculated for all
hage titers from 1 log to 8 log PFU/ml (Fig. 2 ). Expectedly, viru-

ence index was increased with the increased titer in all phages.
his analysis helps standardization of phage selection (Haines et 
l. 2021 ), ho w e v er, it should be noted that this analysis is dir ectl y
elated to host. For instance, within our results, we could compare
he phages affecting same hosts. Ne v ertheless, this anal ysis is par-
icularly useful for cocktail development, as it allows the identifi-
ation of phage—host combinations (Steffan et al. 2022 ). In their
tudy, Haines et al. ( 2021 ) compared the efficacy of plating and
irulence index scores of phages . T here was a direct correlation
etween the methods, and the authors stated that phages with a
irulence index score higher than 0.2 could be considered as effi-
ient for a given host. In our analysis, majority of phages had V i 

bove 0.4 even in low levels. 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae079#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae079#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae079#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae079#supplementary-data
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Figure 1. Comparison of genome organization of MET_P1_100_107 and MET_P1_179_112. ∗Genes are shaded based on sequence identity (0% white, 
100% black). The different colors represent clusters of genes that exhibit similarities between two phage genome. 

Figure 2. Virulence index of pha ges. Eac h experiment was conducted in triplicate, and the standard deviations were computed accordingly. 
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onclusion 

n conclusion, Salmonella is a significant foodborne pathogen that
ffects millions of people globall y eac h year. Antibiotic resistance
f Salmonella is a growing public health issue. Alternative ap-
r oac hes, suc h as pha ge ther a py, to combat the MDR Salmonella

nfections should be further investigated immediately. In this
tudy, 97 different phages were successfully isolated from vari-
us sources, highlighting the abundant presence of phages in na-
ur e. Furthermor e, pha ges with broad host range were genetically
dentified, which sho w ed that phages were different genetically,
nd there was no virulence gene or antibiotic resistance gene in
he phage genomes, which demonstrated that they could be used
n various applications, except one, which carries lysogenic abili-
ies. Also, endolysin sequence of bacteriophages are investigated
nd multiple endolysin sequence were observed. Besides, phages

solated from the same host and having the same endolysin se-
uence but having huge differences in the host range of were
bserv ed. Further inv estigation r e v ealed that LBSs of r eceptor-
inding proteins were the component influencing the host range

n this case. Additionally, bacterial reduction curves and virulence
ndexes pr ov ed that these pha ges ar e efficient for their host. 

In summary, our r esearc h has shed light on the rich diversity of
acteriophages in different environments and their potential util-

ty in practical applications . T hese findings will pave the way for
uture studies and signify their potential for various applications
n fields such as food safety, medicine, and veterinary medicine. 
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