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Introduction
Milk quality and safety are highly valued by the dairy 
industry. Specifically, microbial contamination has 
become a serious problem for raw milk and dairy prod-
ucts, such as cheese and yogurt. Salmonella is one of the 
most common foodborne pathogens found in milk [1]. 
Salmonella, a genus of facultative intracellular patho-
gens, poses a significant threat to both human and ani-
mal health [2]. With over 2600 serotypes, Salmonella is 
a leading cause of gastroenteritis, particularly in vul-
nerable populations, such as the elderly, infants, and 
immunocompromised individuals [3]. The majority of 
disease-causing serotypes belong to Salmonella enterica 
ssp. enterica, which encompasses at least 1450 serotypes, 
including S. Enteritidis and S. Typhimurium [4, 5]. Con-
taminated food is a primary source of human infection 
[6], and increasing antimicrobial use has raised concerns 
about resistance and multidrug resistance [7].
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Abstract
We engineered novel T5-like bacteriophage (phage) with extended host ranges by editing the long-tail fibers (PB3 
and PB4) to combat Salmonella Enteritidis. By replacing the long-tail fibers PB3 and PB4 regions of phage PH204 
with those from phage SP76, we created phages RPA1 − 3 and RPB1 − 3, which exhibited expanded host ranges, 
lysing 54 strains compared to the original 30 strains. These phages retained the biological characteristics of PH204, 
including temperature, pH stability and adsorption rate. In milk, RPA1 − 3 and RPB1 − 3 inhibited Salmonella ZWSA605 
growth, reducing bacterial counts to 1.51 log10 CFU/mL and 2.18 log10 CFU/mL after 8 h, respectively. Although 
the bacteriolytic activity of recombinant phages is lower than that of the parent phage, our findings suggest that 
these phages hold promise as candidates for future phage biocontrol applications in food.
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Both typhoid and non-typhoid Salmonella pose sig-
nificant public health threats, ranking among the top 15 
drug-resistant bacterial threats in the United States [8]. 
The rise in multidrug-resistant Salmonella isolates has 
raised concerns about the effectiveness of traditional 
treatments, specifically the decreased susceptibility to 
ampicillin, streptomycin, sulfonamide, tetracycline, and 
chloramphenicol [9]. With the development of new anti-
microbial agents, such as phage and probiotics, there is 
an urgent need to explore alternative treatments for Sal-
monella infections.

Phages are the most abundant biological entities on 
earth [10], outnumbering bacteria by nearly 10 times, 
and can be found in diverse environments, including 
the gastrointestinal tracts of animals and the ocean floor 
[11]. These viruses have shown promise as low-cost, safe, 
effective, and rapidly self-replicating antimicrobials for 
treating various bacterial infections [12]. The successful 
use of phages in controlling Salmonella contamination of 
milk has been widely reported [13–16]. However, there 
have been relatively few studies examining the effects of 
engineered phages on the growth of Salmonella in milk.

Phages are utilized as antimicrobial agents because 
of their specificity and precise targeting of hosts. How-
ever, these methods cannot target all species of the same 
bacteria, presenting a significant limitation against vari-
ous pathogens. Consequently, major clinical challenges 
remain associated with the use of phages in treating 
diverse bacterial infections. To address this, a combina-
tion of various phages, or phage cocktails, is necessary to 
target a wide range of bacterial pathogens. Nonetheless, 
the diversity in the physical structure, genomic compo-
sition, and life cycle of phage cocktails poses regulatory 
approval challenges [12]. Recently, phage engineering 
has emerged as a strategy to expand the host range of 
phages and enhance their ability to kill resistant bacte-
ria. For instance, clinicians successfully treated a patient 
infected with drug-resistant Mycobacterium abscessus 
using engineered phages. Another transgenic Staphylo-
coccus aureus phage was used to treat tibial infections, 
osteomyelitis and soft tissue infections in mice. In addi-
tion, modified phages can be used as antigen delivery 
carriers to prevent animal diseases [17]. Therefore, it 
is urgent to expand the host range of phages through 
genetic engineering for antimicrobial therapy [18]. Phage 
tails have been reported to contain receptor-binding 
proteins (RBPs) that determine host range [19]. Modify-
ing these parts could potentially generate phages with 
an extended host range. Nonetheless, it remains unde-
termined whether the PB3 and PB4 parts outside the 
pb1 part are host-range-determining regions of T5-like 
phages. Efforts have been made to alter the sequence of 
the long-tail fiber gene to change the host range of spe-
cific phages. For instance, in T2 family phages, the gene 

38 product (gp38) located at the tip of the long tail fiber 
determines the host range. Replacing the gene products 
(gp37 and gp38) in the T2 genome with the gene product 
from the E. coli O157:H7 specific phage PP01 resulted 
in the recombinant T2 phage T2ppD1, which exhibited 
the same host range as the donor phage PP01. How-
ever, T2ppD1 showed weaker binding affinity to E. coli 
O157:H7 compared to PP01 and produced turbid plaques 
on a lawn of E. coli O157:H7 cells [20]. Similarly, in 
T4-like phages, the C-terminal region of gp37 in the T4 
family may be crucial for receptor specificity. Exchanging 
gene 37 fragments between the T4-like phage WG01 and 
another T4-like phage QL01 expanded the host range of 
the recombinant phage WQD for infecting Escherichia 
coli through homologous recombination [21, 22]. Jing 
Zhang et al. demonstrated that editing the long tail fiber 
(pb1) of T5-like phages could produce engineered phages 
with an expanded host range, indicating that the pb1 
component may be a major determinant of host speci-
ficity for some T5-like phages [23]. Furthermore, studies 
have identified the outer membrane transport protein 
FhuA as the receptor for T5 phages, with the receptor-
binding protein located at the tip of the phage’s long tail, 
consisting of the PB3 and PB4 parts [24]. In the T5 family 
of phages, the PB3 and PB4 genes form the distal tail tip 
complex and play a crucial role in the flexible tail assem-
bly process. Specifically, the lower parts of PB4 and PB5 
constitute the tail tip straight fiber, while the upper part 
of PB4 connects to the tail tip cone, which is composed 
of PB3.

The host range of the T5-like phage PH204 isolated 
in this study differs significantly from that of another 
phage, SP76 isolated in a previous study. While SP76 
can lyse 64 strains of Salmonella, PH204 can lyse only 30 
strains. Despite these differences, the two phages share 
high genomic homology, making them suitable mod-
els for studying the factors influencing host range. We 
modified and expanded the host range of PH204 through 
homologous recombination and studied the effect of the 
long tail fiber on the host range by measuring the host 
range, biological characteristics, gene passage stability 
of the recombinant phage, and their efficacy in milk. The 
findings of this study could enhance engineered phage 
diversity and provide guidance for selecting engineered 
phage candidates for future phage preparations, as well 
as evaluating their effectiveness in controlling Salmonella 
contamination in milk.

Materials and methods
Bacteria strains, phages, and medium
Bacterial strains
Salmonella Enteritidis ZWSA337, isolated from a poultry 
farm in Hubei Province, was used as the host bacterium 
to isolate phage SP76. ZWSA337 had been previously 
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isolated and preserved. Similarly, Salmonella Enteritidis 
ZWSA605, isolated from a poultry farm in Hainan Prov-
ince, was used to isolate phage PH204. ZWSA605 had 
also been previously isolated and preserved. All strains 
were cultured overnight in LB broth (Beijing Biotek Bio-
technology Co., LTD, China) at 37 °C.

Phage isolation, purification and propagation
Phages SP76 and PH204 were isolated from sewage col-
lected from livestock and poultry farms in Jiangsu Prov-
ince, China. A mixture of 200 µL of filtrated sewage 
and phage was combined with 100 µL of logarithmic 
phase Salmonella ZWSA337 and ZWSA605 cultures 
(OD600 = 0.4, 2-2.9 × 108 CFU /mL), then mixed with 
semi-solid LB agar (Beijing Biotek Biotechnology Co., 
LTD, China) and plated on LB agar. The plates were incu-
bated at 37℃ for 8 h [25]. Plaques with clear, large spots 
and well-defined boundaries were selected for phage iso-
lation. Using a sterilized 1µL pipette, a single plaque was 
isolated and transferred into 1 mL of SM buffer (Guang-
zhou Luofake Tong Enterprise Management Co., LTD, 
China). The mixture was vortexed thoroughly. Then, 100 
µL of the mixture was taken for a tenfold serial dilution 
from 10− 1 to 10− 6, with each dilution spread onto double 
agar plates to obtain single plaques, thereby purifying 
the phage. This process was repeated five times. Finally, 
the phage suspension was filtered and sterilized using a 
0.22 μm microporous membrane (Merck Millipore, Ger-
many). The purified phage suspensions were stored in 
25% glycerol at -20℃ [26]. After mixing the phage and 
host bacteria in a 1:1 ratio, the mixture was spread on 
double agar plates and incubated for 8 h. Subsequently, 5 
mL of SM buffer was added to each plate, which was then 
shaken at 4 °C for approximately 2 h at a rotating speed 
of 50–60 rpm. The liquid from the plates was drawn into 
a sterile EP tube, centrifuged at 5,000 × g for 20 min, and 
the supernatant was transferred to a new sterile EP tube. 
The bacteria were filtered out using a 0.22 μm filter, and 
the filtrate was collected.

Electron microscopy
To photograph phages with electron microscopy more 
clearly, purified and filtered phages were evenly smeared 
on the surface of the copper grid and stained nega-
tively with 2% phosphotungstic acid [27]. Phage elec-
tron micrographs were observed and visualized using 
an HT-7700 transmission electron microscope (Hitachi, 
Japan) with an accelerating voltage of 80 kV.

Genome sequencing, assembly, and annotation
We extracted genomic DNA from phages PH204, 
RPA1 − 3, and RPB1 − 3 using the Fast Pure phage DNA Sep-
aration Mini-Kit (ZOMANBIO). The genome of phage 
SP76 had been previously annotated [28]. We performed 

genome sequencing (300 bp reads, PE150) using the Illu-
mina HiSeq system (Illumina, San Diego, CA) [29]. The 
sequencing reads were de novo assembled using Unicy-
cler [30]. The entire genome of phages SP76 and PH204 
were annotated with Prokka 1.14 [31] and RAST server 
(https://rast.nmpdr.org/).

Phylogenetic tree and comparative genomics analysis
To further analyze the relationship between phages 
PH204 and SP76, we downloaded 46 highly homologous 
phage genomes from NCBI ( h t t p  s : /  / b l a  s t  . n c  b i .  n l m .  n i  h . 
g o v /). We constructed a phylogenetic tree using MEGA 
(version 11) and visualized it with iTOL ( h t t p  s : /  / i t o  l .  e m 
b  l . d  e / i t  o l  . c g i). Additionally, we employed Easyfig  ( v e r s i 
o n 2.2.3) [32] to compare the sequence arrangements of 
PH204 and SP76 genomes.

Prediction of the 3D structures of fiber genes Peg158, 
Peg159, Peg162, and Peg163
Using the SWISS - MODEL server ( h t t p  s : /  / s w i  s s  m o d  
e l .  e x p a  s y  . o r g /), we predicted the tertiary structure of 
the Peg158, Peg159, Peg162, and Peg163 genes. To do 
this, we accessed the SWISS-MODEL website, created 
a new modeling project, and uploaded the amino acid 
sequences of Peg158, Peg159, Peg162, and Peg163. After 
the template search was completed, the templates were 
ranked based on the expected quality of the final model, 
estimated by a GMQE score close to 1 and the QMEAN 
scoring function [32–34].

Comparative genomic analysis of long-tail fiber genes
We conducted a comparative genomic analysis of the 
caudal fibers of two T5-like phages, PH204 and SP76, 
focusing on the corresponding genes Peg158, Peg159, 
Peg162, and Peg163. The amino acid sequences of 
Peg158, Peg159, Peg162, and Peg163 were uploaded to 
the Clustal Omega online services website ( h t t p  s : /  / w w w  
. e  b i .  a c .  u k / T  o o  l s / m s a / c l u s t a l o /). Using the default  p a r a m 
e t e r settings, we submitted the sequences for alignment. 
The result indicated common sequences represented by 
“*” below, while non-homologous regions were denoted 
by “–”. The multi-sequence alignment results were then 
visualized using Jalview software.

Construction of recombinant plasmid
We replaced the TFP fragment in PH204 (Peg158 and 
Peg159) with the corresponding fragment from SP76 
(Peg162 and Peg163) (Fig.  2) using a modified protocol 
[21]. We amplified the SP76 Peg162 and Peg163 frag-
ments, as well as upstream and downstream homologous 
arm fragments, and pUC118-AMP plasmid fragments 
using PCR with primers listed in Table 1. The PCR reac-
tion procedure involved an initial denaturation at 94℃ 
for 5 min, followed by 30 cycles of amplification with the 

https://rast.nmpdr.org/
https://blast.ncbi.nlm.nih.gov/
https://blast.ncbi.nlm.nih.gov/
https://itol.embl.de/itol.cgi
https://itol.embl.de/itol.cgi
https://swissmodel.expasy.org/
https://swissmodel.expasy.org/
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.ebi.ac.uk/Tools/msa/clustalo/
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following steps: 94℃ for 30 s, 55℃ for 30 s, and 72℃ for 
90 s. The process concluded with a final extension at 72℃ 
for 10  min. The fragments were then spliced together 
using fusion PCR, resulting in two recombinant plas-
mids, pUC-RPA1 − 3 and pUC-RPB1 − 3. These plasmids 
were generated through double digestion of the pUC118 
plasmid with BamHI and EcoRI restriction endonuclease 
enzymes.

Construction and isolation of recombinant phage
We performed homologous recombination and modifica-
tion of the phage using previous methods [21]. Plasmids 
pUC118-RPA1 − 3 and pUC118-RPB1 − 3 were transformed 
into Salmonella ZWSA605 and cultured in LB medium 
with 50  µg/mL ampicillin at 37℃ until an OD600 of 0.4 
was reached. Phage PH204 was then added and incu-
bated for 8  h. The phage filtrate was filtered, mixed 
with Salmonella ZWSA605 and 0.5% agar, poured into 
an agar plate, dried naturally, and incubated at 37℃ for 
8 h to obtain plaques. A single plaque was picked using 
a sterilized 1 µL pipette tip and placed into 1 mL of SM 
buffer, vortexed to mix well. Then, 100 µL of this mix-
ture was serially diluted from 10− 1 to 10− 6, spread on 
double-layer agar plates, and incubated to grow single 
plaques, thus purifying the phage. The target fragment 
size was detected using the corresponding primers listed 
in Table 1.

Host range analysis
To evaluate the phage host range, 97 Salmonella strains 
were used. The host profiles of recombinant phages 

RPA1 − 3 and RPB1 − 3, and their parental phages SP76 and 
PH204, were determined using the drop method [35]. 
Logarithmic phase Salmonella cultures were mixed with 
0.5% LB agar and spread onto plates. Phage suspensions 
(5 µL, approximately 109 PFU /mL) were then dropped 
onto each plate, dried, and incubated at 28  °C for 12  h. 
Plaques formed on 64 host strains by parental phage SP76 
were observed, while plaques formed on 30 host strains 
by parental phage PH204 were observed. Additionally, 
recombinant phages RPA1 − 3 and RPB1 − 3 formed plaques 
on 24 host strains that were not lysed by PH204. These 24 
host strains served as markers for successful recombinant 
phage screening.

Multiplicity of infection
We determined the optimal MOI for phages SP76, 
PH204, RPA1 − 3, and RPB1 − 3 using a modified standard 
protocol [36]. Phage dilutions ranged from 104 to 109 
PFU /mL. For each phage, we mixed 100 µL of logarith-
mic phase host bacteria culture (ZWSA337 for SP76, 
ZWSA605 for PH204, RPA1 − 3, and RPB1 − 3) with 4800 
µL of LB medium and incubated overnight at 37℃ and 
180 rpm. The culture was centrifuged at 5,000 × g, cen-
trifuged for 10  min, the supernatant was collected and 
diluted, and the phage titer was determined using the 
double-layer plate method. The sample with the highest 
phage titer was considered to have the optimal MOI, cal-
culated using the formula: PFU/mL = number of plaques 
× dilution factor × 10.

Thermal and pH stability tests
We assessed the thermal and pH stability of the phages 
using a modified protocol [37, 38]. For thermal stability, 1 
mL of phages (1 × 108 PFU /mL) was incubated at various 
temperatures (4 °C to 80 °C) for 1 h. For pH stability, 100 
µL of phage solution (1 × 108 PFU /mL) was added to 900 
µL of SM solution (pH 1–12) and incubated at 37℃ for 
1  h [39]. After each incubation period, the phage titers 
were determined using the double-layer plate method.

One-step growth curve
We determined the latent period and burst size of phages 
PH204, RPA1 − 3, RPB1 − 3, and SP76 using the one-step 
growth curve method [40]. Logarithmic Salmonella 
cultures (1 × 108 CFU /mL, OD = 0.4) were mixed with 
1 × 107 PFU /mL phage suspensions at 37℃. After 10 min 
adsorption, centrifugation, and resuspension in PBS, the 
samples were incubated at 37℃ and 180  rpm in 10 mL 
LB medium. Phage titers were determined every 10 min 
(up to 180 min) using the double-layer agar plate method 
[41].

Table 1 Primers used for constructing the plasmids for alteration 
of phages
Target Primer Primer sequence (5′–3′)
RPA RPA-1 F caggtcgactctagaggatccGTTAACGAAGTTAAGG-

TATCTGCTCAA
RPA-1R tttcttcatAAACTTTCCCGTAAATTTAATGAGATG
RPA-2 F cgggaaagtttATGAAGAAAATTCTTGACAGTGCAA
RPA-2R caTTAAATAGATGCCCAATCCACAGA
RPA-3 F gattgggcatctatttaaTGATTTCGAATAATGCACCAGC
RPA-3R tatgaccatgattacgaattcAAATTTAATAG-

TAGAACCTAAAGCACCAA
RPB RPB-1 F caggtcgactctagaggatccCCTTATATTGTGCAG-

CAACTAGAAACA
RPB-1R TAAATGGATGCCCACTCCACA
RPB-2 F gtggagtgggcatccatttaATGATTTCGAATAATG-

CACCAGC
RPB-2R cagtactcattatTTACCTTATATGGATATACCCAC-

TATTTAGG
RPB-3 F aaggtaaATAATGAGTACTGAAAATAGAGT-

TATAGACTTAGTAA
RPB-3R tatgaccatgattacgaattcAAACTTACTAGCAG-

TAGCTTTAGTATCATCA
M13 F CGCCAGGGTTTTCCCAGTCACGAC

R AGCGGATAACAATTTCACACAGGA
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Phage adsorption assay
We mixed 500 µL of fresh host bacteria ZWSA026 
(OD = 0.4, 1 × 108 CFU /mL) with 500 µL of diluted phage 
(1 × 106 PFU /mL) for the experimental group, and with 
500 µL of PBS for the control group. After incubating at 
37℃ for 10 min and centrifugation at 5000 g for 1 min, 
we calculated the phage titer in the supernatant using the 
double-layer plate method. The adsorption rate was cal-
culated as follows [38]:

Adsorption rate (%)=(Initial phage titer-Tested phage 
titer)/ Initial phage titer ×100.

Propagating stability of recombinant phage RPA1 − 3 and 
RPB1 − 3
To evaluate the propagating stability of recombinant 
phages RPA1 − 3 and RPB1 − 3, we collected samples from 
the 1th, 10th, and 20th generations of both phages. PCR 
amplification of Peg162 and Peg163 was performed using 
M13F /M13R primers, and the amplified PCR fragments 
were sent to Nanjing Jinsirui Co., LTD for sequencing. 
By comparing the sequencing results, we evaluated the 
genetic stability of the recombinant phages across differ-
ent generations.

Efficacy of phages on inhibiting Salmonella in the 
planktonic state
The lytic capacities of phages RPA1 − 3, RPB1 − 3, PH204, 
and SP76 were evaluated by measuring the OD600 values 
of planktonic Salmonella ZWSA605 and ZWSA337 at 
MOIs of 0.1, 0.01, and 0.001. We mixed 20 mL of host 
bacteria (2 × 108 CFU /mL) with 200 µL of diluted phage 

lysate (2 × 107 − 2 × 105 PFU /mL) and incubated the mix-
ture at 180 rpm at 37℃. The control group consisted of 
host bacteria and fresh LB medium. Record OD600 values 
of different MOIs at an interval of one hour. All experi-
ments were performed in triplicate.

Inhibitory effect of phage on milk model
Pasteurized milk from Nanjing Weigang Dairy Co., LTD 
was purchased locally and stored at room temperature. 
To simulate bacterial contamination, 8 mL of milk con-
taining phages RPA1 − 3, RPB1 − 3, and PH204 (108 PFU /
mL) or SP76 (108 PFU /mL) was mixed with 1 mL of Sal-
monella ZWSA605 (106 CFU /mL) or ZWSA337 (106 
CFU /mL), resulting in a final concentration of 105 CFU /
mL. The mixtures were incubated at 20℃ or 4℃ for 2, 4, 
6, and 8 h [15, 42]. At each time point, 100 µL of the liq-
uid was sampled and serially diluted with PBS for count-
ing of viable bacteria. A blank control was used, where 
PBS buffer replaced phage.

Statistical analysis
Graphs were produced using GraphPad Prism 8. For the 
phage RPA1 − 3 and RPB1 − 3 experiments in milk models, 
the Student’s t-test was used to compare the blank con-
trol group with the phage treatment group. Differences 
with P ≤ 0.05 were considered significant.

Results
Morphology of phages
Transmission electron microscopy (TEM) images of the 
two phages are shown in Fig.  1. Both phages exhibited 

Fig. 1 TEM images of phage PH204 (A) and SP76 (B). Phage PH204 and SP76 had a polyhedral head, with a head of approximately 80 ± 2 nm and a tail 
of approximately 230 ± 2 nm
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characteristic features of the Demerecviridae family, 
including polyhedral heads approximately 80 ± 2  nm 
in diameter and long, non-shrinkable tails around 
230 ± 2 nm in length.

Genomic and phylogenetic tree analysis of phage PH204 
and SP76
The complete genomes of phages PH204 and SP76 were 
sequenced and submitted to GenBank under accession 
numbers OR492254.1 and MW206381.1, respectively. 
Genome sizes were 110, 316  bp for PH204 and 111, 
639  bp for SP76, with average GC contents of 39% and 
39.9%, respectively.

Phylogenetic analysis of PH204 and SP76, along with 
46 other T5-like phages, revealed that they belong to 
the T5-like phage group (Fig. 3). Phage PH204 is closely 
related to phages SE11, siur09, and BB1, which belong to 
the Caudoviricetes, Demerecviridae, and Tequintavirus 
species, respectively. Conversely, phage SP76 is closely 
related to phages 8sent1748 and vB Eco mar003J3, which 
are also members of the Caudoviricetes, Demerecviridae, 
and Epseptimavirus species.

Comparison of long-tail fibers from phages PH204 and 
SP76
The PB3 and PB4 sequences of phages SP76 and PH204 
were compared to those of Salmonella phage vB_Sen-
E22, another member of the Tequintavirus genus. Our 
analysis revealed high homology among the three phages, 
with consistent amino acid sequences in the PB3 and 

PB4 regions (Supplementary materials FIG. S1). Easyfig 
comparison analysis showed that over 78% of the pro-
tein sequences in the genomes of PH204 and SP76 were 
similar (Fig.  4A). BLASTn comparison results showed a 
genome homology of 94.58% and a query coverage rate of 
72%. These findings suggest a high level of genomic simi-
larity between phages PH204 and SP76.

The long-tail protein sequences of phages PH204 and 
SP76 each contain two open reading frames (ORFs) 
(Fig.  4B). Comparison of the amino acid sequence of 
Peg158, Peg159, Peg162, and Peg163 revealed sequence 
homologies of 89.67% and 95.62%. These variations may 
contribute to the distinct host ranges of phages PH204 
and SP76.

Three-dimensional structural modeling of Peg158, Peg159, 
Peg162, and Peg163
The three-dimensional structures of the PB3 (Peg158 and 
Peg162) and PB4 (Peg159 and Peg163) proteins of phages 
PH204 and SP76 were predicted through homology mod-
eling. Following template selection based on the Global 
Model Quality Estimate (GMQE), the top-ranked tem-
plates were employed for predictive protein modeling. 
As depicted in Fig. 5A and B, the GMQE values for the 
Peg158 gene of PH204 and the Peg162 gene of SP76 were 
0.83 and 0.84, respectively. Similarly, the GMQE values 
for the Peg159 gene of phage PH204 and the Peg163 gene 
of SP76 were 0.85 and 0.86, respectively (Fig. 5C and D).

Fig. 2 Basic principle of homologous recombination of PH204 and a draft of cauda protein gene

 



Page 7 of 18Zheng et al. BMC Microbiology          (2025) 25:169 

Isolation of recombinant phages
The Peg162 and Peg163 genes encoding TFP in phage 
SP76 were selected to replace the corresponding DNA 
segments of the Peg158 and Peg159 genes encoding TFP 
in PH204. Two recombinant phages, RPA1 − 3 and RPB1 − 3, 
were isolated from Salmonella ZWSA337 by plaque puri-
fication and PCR identification. After 12 h incubation at 
28℃, the recombinant phages formed circular lytic areas 
(0.1 cm) on Salmonella ZWSA605 and ZWSA337 with-
out visible halos (Fig.  6A and D). However, plaques on 
Salmonella ZWSA605 were more transparent (Fig.  6E 
and F). Whole genome sequencing confirmed that 
RPA1 − 3 and RPB1 − 3 originated from PH204, with Peg162 
and Peg163 gene segments from SP76.

Host range analysis of phages PH204, SP76, RPA1 − 3 and 
RPB1 − 3
The host range of phages PH204, SP76, and their two 
derivatives was investigated using 97 Salmonella strains 
(Supplemental Table 1). The results are presented in 
Fig.  7. Among the 97 strains, phages PH204 and SP76 
were able to lyse 30 and 64 strains, respectively. Nota-
bly, the chimeric phages RPA1 − 3 and RPB1 − 3 exhibited 
a broader host range compared to phage PH204, each 
capable of lysing 54 strains.

Multiplicity of infection
MOI of phages serves as a crucial bioindicator for quan-
tifying phage input and output. Lowering the MOI 
can decrease the costs of phage production, thereby 

Fig. 3 Systematic genomic analysis of phages SP76 and PH204 at the nucleotide level. The outer layers of the tree (from right to left) represent class, fam-
ily, genus, and species. The scale represents the approximate number of gene clusters determined by genetic distance
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facilitating the large-scale production and application of 
phage-based products. When the MOI was 0.0001, the 
titer of SP76 was the highest, indicating that the optimal 
infection multiplicity for SP76 was 0.0001. Phages PH204 
and RPA1 − 3 had the highest titer at an MOI of 0.1, mak-
ing their optimal infection multiplicity 0.1. The titer of 
bacteriophage RPB1 − 3 was highest at an MOI of 0.001, 
thus its optimal infection multiplicity was 0.001 (Fig. 8A).

Thermal and pH stability
The thermal stability test results (Fig.  8B) show that 
RPA1 − 3 and RPB1 − 3 remained stable across various tem-
peratures, with active particles ranging from 76.6% at 4℃ 
to 50℃ for 1 h, similar to parent phages PH204 (90.8%) 
and SP76 (68.9%). Notably, at 60℃, PH204, RPA1 − 3, and 
RPB1 − 3 particles remained active(>21.6%), whereas SP76 
particles were less than 1% active.

The pH stability results (Fig.  8C) demonstrate that 
RPA1 − 3 and RPB1 − 3 have similar stability to PH204 and 
SP76, with a survival rate exceeding 76.7% within a pH 
range of 4–11. However, all four phages failed to sur-
vive under extremely acidic (pH = 1,2) or highly alkaline 
(pH = 12) conditions.

One-step growth curve
The one-step growth curves of the chimeric phages 
RPA1 − 3 and RPB1 − 3, along with their parent phages 
PH204 and SP76, are shown in Fig. 8D. The latent period 
for all phages was approximately 30 min. The burst times 
for phages RPA1 − 3, PH204, RPB1 − 3, and SP76 were 
20  min, 30  min, 40  min, and 20  min, respectively. Fol-
lowing an infection period of 50  min, 60  min, 70  min, 
and 90  min, phages RPA1 − 3, PH204, RPB1 − 3, and SP76 
entered the rest phase successively, with burst sizes of 20 
PFU, 20 PFU, 37 PFU, and 31 PFU per cell, respectively.

Adsorption rates of phages PH204, SP76, and recombinant 
phages
To evaluate the adsorption properties of phages PH204, 
SP76, RPA1 − 3, and RPB1 − 3, we selected a Salmonella 
strain ZWSA026 based on its susceptibility to these 
phages and measured their adsorption rates, as shown in 
Fig. 9. The adsorption rate of parental phages PH204 and 
SP76 were 31.47% and 46.47%, respectively. In contrast, 
RPB1 − 3 had a significantly slower (P<0.05) adsorption 
rate (25.3%) compared to PH204 (31.47%). RPA1 − 3 had 
an adsorption rate of 23.8%.

Fig. 4 Comparison of T5 phages SP76 and PH204 tail fibers using Easyfig. (A) Whole-genome collinear comparison of SP76 and PH204, with predictive 
tail fiber genes heightened in red. (B) PB3 and PB4 regions of SP76 and PH204 each consist of two ORFs
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Fig. 5 SWISS-MODEL was used to predict the amino acid three-dimensional structure model corresponding to Peg158, Peg162, Peg159, and Peg163 
genes. (A-D) Target protein structure of PH204 and SP76 genes, with quality indicated by color coding (blue: high, red: low)
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Fig. 6 Characteristics of recombinant phages. (A-B) Morphology of phages RPA1 − 3 and RPB1 − 3 on host bacteria ZWSA605 on LB double-layer plate. (C-
D) Morphology of phages RPA1 − 3 and RPB1 − 3 on host bacteria ZWSA337 on LB double-layer plate. (E-F) Lytic ability of phages SP76, PH204, RPA1 − 3, and 
RPB1 − 3 on strains ZWSA605 and ZWSA337
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Fig. 7 Comparison of the host range of phages PH204, SP76, RPA1 − 3, and RPB1 − 3 using the EOP values. Only 39 strains are shown in the image because 
the other 58 strains are sensitive to these phages. The gray colour (EOP<0) indicates that the phage has no EOP value, meaning it has no activity to lyse 
Salmonella
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Propagating stability of recombinant phages RPA1 − 3 and 
RPB1 − 3
The Peg162 and Peg163 genes of RPA1 − 3 and RPB1 − 3 
remained unmutated in the 1th, 10th, and 20th gen-
erations, indicating that phages RPA1 − 3 and RPB1 − 3 are 
genetically stable.

Lysing capacity of recombinant phages against Salmonella 
in planktonic form
Recombinant phages RPA1 − 3, RPB1 − 3 and parent phage 
PH204 effectively inhibited the proliferation of Salmo-
nella ZWSA605. The OD600 value of the host bacteria 
in the untreated group continued to increase within the 
first 12 h, while the OD600 values of the phage treatment 
groups (MOI 0.1, 0.01, and 0.001) initially increased 
and then decreased (Fig.  10A-C). Compared to the 
untreated group, phage RPA1 − 3 treatment groups (MOI 
of 0.1, 0.01, and 0.001) reduced OD600 values by 3.58, 
3.55, and 3.35, respectively, at 12 h (Fig. 10A). Similarly, 
phage RPB1 − 3 treatment groups (MOI of 0.1, 0.01, and 
0.001) decreased the OD600 value by 1.95, 1.87, and 1.99, 
respectively, at 12 h (Fig. 10B). The parent phage PH204 

treatment groups (MOI of 0.1, 0.01, and 0.001) decreased 
OD600 values by 1.79, 1.71, and 1.72, respectively, at 12 h 
(Fig. 10C). This suggests that the phages effectively inhib-
ited the growth of Salmonella ZWSA605.The smallest 
MOI (0.001) resulted in the most pronounced increase 
within the first 3 h, indicating that higher doses of phages 
led to greater inhibition of bacterial growth. Between 4 h 
and 12  h, the recombinant phages effectively inhibited 
the growth of Salmonella ZWSA605.

The donor phage SP76 and recombinant phages RPA1 − 3 
and RPB1 − 3 had lower inhibitory ability against Salmo-
nella ZWSA337. The OD600 values of the phage-treated 
first decreased and then increased (Fig.  10D, E, and F), 
indicating that the phages inhibited the growth of Sal-
monella ZWSA337, but only for a short period (2–5 h). 
The phage-treated groups had lower OD600 values than 
the phage-untreated groups, but the inhibitory effect 
was not sustained after 6 h. Compared to the untreated 
groups, the phage SP76 treatment groups (MOI of 0.1, 
0.01, and 0.001) decreased OD600 values by 0.71, 0.8, 
and 0.87, respectively, at 12 h (Fig. 10D). Phage RPA1 − 3 
treatment groups (MOI of 0.1, 0.01, and 0.001) reduced 

Fig. 8 Biological characteristics of recombinant phages RPA1 − 3, RPB1 − 3 and their parent phages SP76 and PH204. (A) Optimal multiplicity of infection of 
recombinant phages RPA1 − 3, RPB1 − 3, and their parent phages SP76 and PH204. (B) Temperature stability of recombinant phages RPA1 − 3, RPB1 − 3, and their 
parent phages SP76 and PH204. (C) pH stability of recombinant phages RPA1 − 3, RPB1 − 3 and their parent phages SP76 and PH204. (D) One-step growth 
curves of recombinant phages RPA1 − 3, RPB1 − 3, and their parent phages SP76 and PH204
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OD600 values by 0.37, 0.17, and 0.26, respectively, at 12 h 
(Fig. 10E). Phage RPB1 − 3 treatment groups (MOI of 0.1, 
0.01, and 0.001) reduced OD600 values by 0, 0.12, and 0.2, 
respectively, at 12 h (Fig. 10F).

Evaluation of the application of phage in milk
The milk biocontrol assay showed that phages PH204 
and SP76 exhibited statistically significant inhibition of 
ZWSA605 and ZWSA337, respectively, at 4℃ and 20℃ 
(Fig. 11). PH204 reduced ZWSA605 to 0.72 log10 CFU/
mL at 4℃ for 8 h, while SP76 reduced ZWSA337 to 0.26 
log10 CFU/mL. At 20℃, PH204 reduced ZWSA605 
to 3.11 log10 CFU/mL after 8  h, and SP76 reduced 
ZWSA337 to 0.33 log10 CFU/mL.

Phages RPA1 − 3 and RPB1 − 3 also showed statistically 
significant inhibition of ZWSA605 at 20℃, with RPA1 − 3 
reducing ZWSA605 to 1.51 log10 CFU/mL and RPB1 − 3 
reducing it to 2.18 log10 CFU/mL after 8 h. However, no 
inhibitory effects were observed on ZWSA337 at 4℃ and 
20℃.

Notably, the number of viable bacteria in the 20℃ 
phage treatment group was significantly lower than that 
in the 4℃ phage treatment group (RPA1 − 3, P < 0.001; 
RPB1 − 3, P < 0.0001, PH204 < 0.0001) after 8  h. Addition-
ally, phages RPA1 − 3 and RPB1 − 3 were significantly less 
effective than PH204 at both temperatures.

Discussion
In this study, we engineered two chimeric phages, 
RPA1 − 3 and RPB1 − 3, by modifying the long tail fiber 
gene of a T5-like phage. These chimeras were based on 
the backbone of phage PH204, with partial replacement 
of the Peg162 and Peg163 genes from phage SP76. This 
modification expanded the host range of both RPA1 − 3 
and RPB1 − 3. Notably, these chimeric phages retained the 
ability to infect 30 strains of the parent phage PH204 and 
additionally acquired the ability to infect 24 strains of the 
parent phage SP76.

To investigate the genomic features of phages PH204 
and SP76, we conducted phylogenetic and sequence anal-
yses. Phylogenetic analysis revealed that phages PH204 
and SP76 belong to Demerecviridae-like phages within 
the order Caudoviricetes, specifically classified under 
Tequintavirus and Epseptimavirus. Despite their high 
genomic homology, the plaque host ranges of PH204 and 
SP76 differ significantly. A detailed sequence comparison 
of the PB3 and PB4 regions of phages PH204 and SP76 
with another broad-spectrum T5-like phage, vB_Sen-
E22, showed notable differences in the PB3 and PB4 
regions of phage SP76. These differences may contribute 
to the varying host ranges of phages PH204 and SP76 
[43]. Further investigation into the differences in phage-
binding regions is required to demonstrate that varia-
tions in these regions may lead to changes in the phage 
host range.

Meanwhile, to investigate the relationship between the 
PB3 and PB4 regions of T5-like phages and their host 
range, we used homologous recombination to replace 
the PB3 and PB4 regions of SP76 with those from phage 
PH204 [44]. Previous studies have indicated that the 
successful reconstruction of long fibers in T2-, T4-, and 
T5-like phages depends heavily on the high homology of 
the edited sequences [23, 45–48].

Furthermore, phage adsorption rates were analyzed 
to evaluate the ability of phages to bind to host bacteria. 
The adsorption rates of phages RPA1 − 3 and RPB1 − 3 were 
lower than those of PH204 and SP76. Our findings sug-
gest that PB3 and PB4 may serve as primary host-range 
determinants for certain T5-like phages, with minimal 
effects on phage uptake. As early as 1982, Heller et al. 
showed that the long tail fibers of T5 phage were closely 
related to the adsorption rate of the phage, and no in-
depth studies were conducted on the influence of the 
host range [49].

Generally, the biological characteristics of RPA1 − 3 and 
RPB1 − 3, such as MOI, thermal stability, pH stability, and 
one-step growth curve, are essential for assessing their 
environmental stability against pathogenic bacteria [50, 
51]. Our study demonstrated that the thermal and pH 
stability of RPA1 − 3 and RPB1 − 3 were comparable to those 
of PH204, and the modifications in PB3 and PB4 did not 

Fig. 9 Adsorption of ZWSA026 by phages SP76, PH204, RPA1 − 3 and 
RPB1 − 3. Columns marked with * indicate significant differences at the 
0.01 < P < 0.05 level. Error bars represent the mean ± SEM
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significantly impact their growth characteristics. Accord-
ing to the one-step growth curve, the latency periods of 
RPA1-3 and RPB1-3 were both 30 min and, burst times 
were 20  min and 40  min, respectively, and burst sizes 
were 20 particles and 37 particles, respectively. Com-
pared with PH204 (its latency time was 30  min, the 
burst time was 30  min, and the burst was 20 particles), 
it indicated that the one-step growth curves of RPA1 − 3 
and RPB1 − 3 closely those of PH204, indicating that their 
growth cycles were not notably altered. Compared to 
previously reported genetically manipulated phages, 
recombinant phages RPA1 − 3, and RPB1 − 3 exhibited 

higher tolerance to environmental conditions, including 
pH = 3 and temperatures of 60℃ [52].

Additionally, the engineered phages RPA1 − 3 and 
RPB1 − 3 did not effectively inhibit Salmonella ZWSA337 
in a planktonic state, and their inhibitory capacity was 
lower than that of phage SP76. However, our results 
demonstrated that these engineered phages can inhibit 
Salmonella ZWSA605 in a planktonic state, with an 
inhibitory effect comparable to that of phage PH204. 
These findings indicate that the modifications of PB3 and 
PB4 did not significantly alter the bacteriostatic activity 
of RPA1 − 3 and RPB1 − 3. Moreover, these results suggest 

Fig. 10 Inhibition curves of phages RPA1 − 3, RPB1 − 3, PH204 and SP76 against Salmonella. (A-C) Inhibition curve of RPA1 − 3, RPB1 − 3, and PH204 against 
ZWSA605. (D-F) Inhibition curve of phage SP76, RPA1 − 3, and RPB1 − 3 against ZWSA337
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that recombinant phages RPA1 − 3 and RPB1 − 3 have been 
successfully isolated, and that long-tail fibers PB3 and 
PB4 may be essential for host recognition and absorp-
tion of certain T5-like phages. The basic biological char-
acteristics and functions of other regions of long-tail 
fibers and their relationship with bacteriolytic activity 
of phages require further investigation. Several studies 
have confirmed the potential of phages to inhibit bacte-
ria growth. Yoichi M et al. found that a recombinant T2 
phage, T2ppD1, could inhibit the growth of Escherichia 
coli O157:H7 for 7 h at MOI of 0.1 [20]. Mahichi F et al. 

identified a site-specific recombination phage, IP008, 
which effectively inhibited the growth of E. coli within 
11  h [53]. Additionally, Li Min et al. modified a T4-like 
phage that inhibited the growth of pathogenic Esch-
erichia coli within 14 h. These studies suggest that both 
naturally isolated and engineered phages can effectively 
inhibit the growth of planktonic Salmonella within a spe-
cific range.

Since phages are natural predators of bacteria and 
replicate only on target bacteria, they may enhance the 
biosafety of animal-derived foods [54]. Milk is a staple 

Fig. 11 Application of phages RPA1 − 3, RPB1 − 3, PH204, and SP76 in milk. (A-B) RPA1 − 3 inhibited the growth of Salmonella ZWSA605 in milk at both 4℃ 
and 20℃ using an MOI of 100. (C-D) RPB1 − 3 inhibited the growth of Salmonella ZWSA605 in milk at both 4℃ and 20℃ using an MOI of 100. (E-F) PH204 
inhibited the growth of Salmonella ZWSA605 in milk at both 4℃ and 20℃ using an MOI of 100. (G-H) SP76 inhibited the growth of Salmonella ZWSA337 
in milk at both 4℃ and 20℃ using an MOI of 100. (I-J) RPA1 − 3 inhibited the growth of Salmonella ZWSA337 in milk at both 4℃ and 20℃ with MOI of 100. 
(K-L) RPB1 − 3 inhibited the growth of Salmonella ZWSA337 in milk at both 4℃ and 20℃ with MOI of 100. **** Highly significant P-value < 0.001 (Tukey’s B)
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food consumed daily in many countries [55], and due 
to its high nutrient content, various bacteria can eas-
ily grow in it [56]. Contaminated milk is reported to be 
a major source of Salmonella infections [57]. Phages 
RPA1 − 3 and RPB1 − 3 demonstrated significant antibacte-
rial effects against Salmonella ZWSA605 in milk, com-
parable to phage PH204, but showed no antibacterial 
activity against Salmonella ZWSA337. These findings 
indicate that the modifications of PB3 and PB4 did not 
substantially alter the antibacterial activity of RPA1 − 3 and 
RPB1 − 3 in milk. When incubated at 4℃ and a MOI of 
100 for 8 h, PH204 effectively inhibits Salmonella in milk, 
reducing the number of bacteria by 0.72 log10 CFU /mL 
compared to the control group. However, bacteriophages 
RPA1 − 3 and RPB1 − 3 did not inhibit Salmonella in milk. 
This is similar to the result reported by Marcia Braz et 
al., which stated that phages have a low inhibitory effect 
on Salmonella in milk at 4℃ because temperature can 
affect bacteria activity, and phages replicate depending 
on the growth of their bacterial host [58]. At 20℃ for 8 h, 
phages RPA1 − 3, RPB1 − 3 and PH204 effectively inhibited 
Salmonella in milk, with a decrease in the bacterial count 
of 1.51 log10 CFU /mL, 2.18 log10 CFU /mL and 3.11 log10 
CFU /mL with MOI of 100, respectively. Similar results 
were observed at room temperatures in various dairy 
products contaminated with Salmonella [59]. Junjie Li et 
al. found that phage T156 reduced the number of Salmo-
nella in milk to 4.15 log10 CFU /mL at MOI of 1000 [60].

Conclusion
In this study, the PB3 and PB4 regions of two highly 
homologous T5 phages, SP76 and PH204, belonging to 
different genera, were modified to broaden their host 
range. Our results indicate that PB3 and PB4 may deter-
mine the host range of certain T5-like bacteriophages, 
with PB4 being partially necessary for the T5 bacterio-
phage Tequintavirus genus to perform its adsorption 
function. Notably, the engineered phages RPA1 − 3 and 
RPB1 − 3 were able to control the growth and survival of 
Salmonella ZWSA605 in milk, although their bacterio-
static effect was lower than that of the parental phage 
PH204. This study provides a reference for exploring the 
functions of PB3 and PB4 in Tequintavirus and other 
T5-like phages, as well as for modifying these phages to 
alter or expand their host range.
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