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Salmonella Abortusequi (S. Abortusequi) is the primary cause of abortions in
equine animals, and can cause serious foodborne illness. Thus, effective
biocontrol strategies are needed to decontaminate and control the emergence
of foodborne diseases. In recent years, phages have been used as a new strategy
for modulating foodborne pathogens and food safety. In this study, a new phage,
vB_SalP_LDDKO1, was isolated from donkey farm bedding. The data indicated
that the incubation period of vB_SalP_LDDKO1 was 10 min, the burst size was 378
PFU/cell, as well as a wide range of heat resistance (40-70°C) and pH stability (4-
12). Furthermore, genomic analysis and electron microscopy indicated that
vB_SalP_LDDKO1 belongs to the Class Caudoviricetes and genus Jerseyvirus.
Moreover, its genome was 42,378 bp long, encoded 57 ORFs, was double-
stranded DNA with a 49.52% GC content, and lacked virulence and drug-resistant
genes. In addition, how vB_SalP_LDDKOL1 inhibits the growth of S. Abortusequi
and removes the biofilm of S. Abortusequi was assessed in a liquid broth medium,
and the results showed that vB_SalP_LDDKO1 inhibited the growth of S.
Abortusequi for about 8 h and significantly reduced the viable bacteria
abundance compared with the phage-free positive control. Further,
vB_SalP_LDDKO1 treated the host bacteria for 12 h and effectively destroyed
the biofilm of S. Abortusequi. This study further investigated how effectively
vB_SalP_LDDKO1 modulates bacterial contamination in donkey meat inoculated
with S. Abortusequi LCU-S-ABORT-F at 4°C and 25°C. Furthermore, after 72 h of
vB_SalP_LDDKO1 treatment with different multiplicity of infection (1, 0.1, 0.01,
and 0.001), the bacterial contamination on the surface of donkey meat was
reduced by 4.3, 3.7, 3.3, and 3.5 log;o CFU/piece at 25°C, and 4.5, 3.9, 2.8, and 2.7
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logyo CFU/piece at 4°C. Whereas the phage titers at different temperatures were
basically comparable to the initial titers. Overall, these results indicated that
vB_SalP_LDDKO1, the new phage, can serve as an effective biological agent and
inhibit S. Abortusequi in donkey meat.
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Salmonella Abortusequi, phage vB_SalP_LDDKO1, biological characterization, genomic
analysis, biological control

Introduction

Salmonellosis, caused by Salmonella, is one of the most essential
zoonoses (Zhu et al., 2021) and can cause diarrhea in humans,
affecting one tenth of the world’s population (Wang et al., 2024b).
Salmonella is frequently found as a foodborne pathogen and causes
food poisoning, the most common disorder caused by bacterial
poisoning (Wiedemann et al., 2015). Furthermore, it can infect
various animals, such as mammals, birds, and humans (Grandolfo
et al., 2018). Moreover, it has also been observed that Salmonella
Abortusequi (S. Abortusequi) is the primary causative agent of
equine abortion, which is characterized by mare abortion, neonatal
septicemia, and polyarthritis (Bustos et al., 2016; Wang et al., 2019;
Zhu et al.,, 2021). Since the 1980s, several studies have reported
equine abortive salmonellosis worldwide; however, it has not been
studied comprehensively (Wang et al., 2023). Over the past decade,
high rates of equine abortion caused by S. Abortusequi infections
have re-emerged in China, with 30% to 100% current abortion rates
in infected mares (Wang et al., 2023), which results in significant
economic losses to the Chinese equine economy.

China is one of the largest donkey-farming countries in the
world (Seyiti and Kelimu, 2021). Because of its nutritional value and
unique flavor, donkey meat is becoming increasingly popular,
accounting for > 80% of the economic benefits of donkey farming
and production (Li et al., 2020a; Man et al., 2023). In the last decade,
a high incidence of Salmonella abortus has been reported in equids;
therefore, the food safety of donkey meat is becoming a research
hotspot. A study isolated a pathogen from a food poisoning
diarrhea patient in Nanjing, China, which was significantly
associated with Salmonella extracted from five-spice donkey meat
(Du et al,, 2018). In China, Salmonella infections in humans are
primarily associated with foods of animal origin, such as dairy and
meat products, and non-animal foods, including fresh fruits and
vegetables (Wang et al., 2024b). The current measures to control
bacterial contamination in the food include biological, physical, and
chemical methods (Yeh et al., 2018; Rossi et al., 2023). However,
these methods have adverse effects, such as food toxicity and quality
alterations (Troy et al., 2016). For instance, it has been reported that
chemical residues affect the flavor and structure of food (Huang
et al,, 2018), physical disinfection methods such as ultraviolet light
causes the loss of food nutrients (Ravindran and Jaiswal, 2019), and
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excessive and unscientific use of antibiotics increases bacterial
resistance and food safety problems (Beier et al, 2011; Wang
et al, 2024a). Therefore, it is urgent to develop safe and effective
methods to control Salmonella contamination in food.

Phages are bacteria-killing viruses that are specific, safe, have no
dangerous effects on human or animal health, and are abundant in the
environment. Therefore, phage methods are increasingly being applied
to prevent and control bacterial contamination of food. Several studies
have reported the use of phage preparations as an alternative to or in
addition to antibiotic treatment to control the contamination of various
food products with Salmonella, Clostridium perfringens, Escherichia
coli, and other bacteria (Kutateladze and Adamia, 2010; Principi et al,,
2019). Salmonella phage D1-2 has been observed to inhibit the growth
of drug-resistant Salmonella in egg white and yolk liquid at 4°C and
25°C (Li et al., 2020b). Furthermore, at low temperatures, a cocktail of
phages vB_SenM_P7 and vB_SenP_P32 in combination with
propionic acid (PA) under modified atmosphere packaging (MAP)
conditions can effectively control Salmonella in poultry meat, thereby
improving food quality and safety (Pelyuntha and Vongkamjan, 2023).
Moreover, Vibrio parahaemolyticus-specific phage vB_VpaS_OMN
effectively inactivates Vibrio parahaemolyticus on the surface of
oyster meat (Zhang et al, 2018). Furthermore, phage LPST10 has
been found to effectively reduce Salmonella abundance in milk,
sausages, and lettuce; thus, it is a promising candidate for controlling
Salmonella contamination in food (Huang et al, 2018). A study
revealed that phage vB_CpeP_HNO2 inhibited 95 ~ 99% of
Clostridium perfringens on the surface of chicken meat after 72 h of
action at 4°C (Tian et al, 2022). Duc, HM. et al. indicated that
multivalent phage PS5 simultaneously controlled Salmonella enteritidis,
Salmonella typhimurium, and Escherichia coli O157:H7 in foods such
as chicken skin, raw beef, fresh lettuce, and milk (Duc et al., 2020).

In view of the serious harm of S. Abortusequi and the low
number of studies on S. Abortusequi phage in recent years as well as
the prevention and control of S. Abortusequi contamination in
donkey meat, this study employed LCU-S-ABORT-F as the host
bacterium to isolate phage vB_SalP_LDDKO1 (hereafter referred to
as LDDKO1) from the bedding of a donkey farm in Liaocheng City,
Shandong Province, China. The biological properties, morphology,
and lysis ability of LDDKO1 against the host bacteria in a liquid
broth (LB) medium were assessed. Furthermore, the phage genome
was sequenced and comprehensively analyzed. Moreover, the effect
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of LDDKO1 on the growth of S. Abortusequi present on the surface
of donkey meat was also investigated. The results revealed that
LDDKO1 can effectively inhibit the viable counts of S. Abortusequi
and remove the biofilm of S. Abortusequi, thereby controlling its
contamination in the food.

Materials and methods
Bacterial strain

All strains used in this study were obtained from the Phage
Research Center of Liaocheng University, and the specific
information is shown in Table 1. The methods for the isolation of
avian Salmonella are described in previously published articles (Cao
et al, 2022), whereas S. Abortusequi of donkey origin was isolated into

TABLE 1 Lytic activity of phage LDDKO1 against Salmonella.

10.3389/fcimb.2024.1527201

the lungs, hearts, livers, and spleens of donkeys suspected of having S.
Abortusequi in various donkey farms in Shandong Province. Briefly,
the lung, heart, liver and other tissues of aborted donkey foals were
aseptically taken and inoculated in LB liquid medium for bacterial
enrichment, and then streaked and cultured on Nutrient Agar and
Salmonella Shigella (SS) Agar, respectively, and a single suspected
colony was picked for purification culture, and then the purified strains
were subjected to polymerase chain (PCR) and serotype identification
(Wang et al,, 2023).

Phage isolation, purification,
and characterization

Phage was isolated from the bedding of aborted donkeys.
Briefly, 200 pL of S. Abortusequi stored at -80°C is placed in a 10

Strain Lytic activity Cities ® Separation date Source
LCU-S-Abort-A S. Abortusequi + Liaocheng 2021 Donkey
LCU-S-Abort-B S. Abortusequi + Liaocheng 2021 Donkey
LCU-S-Abort-C S. Abortusequi + Dezhou 2021 Donkey
LCU-S-Abort-D S. Abortusequi + Dezhou 2021 Donkey
LCU-S-Abort-E S. Abortusequi + Liaocheng 2022 Donkey
LCU-S-Abort-F S. Abortusequi + Liaocheng 2022 Donkey
LCU-S-Abort-G S. Abortusequi + Dezhou 2022 Donkey

S1 Salmonella Typhimurium - Weifang 2019 Chicken
S3 Salmonella Enterica + Liaocheng 2019 Chicken
S4 Salmonella Enterica - Liaocheng 2019 Chicken
S5 Salmonella Enterica - Liaocheng 2019 Chicken
S8 Salmonella Enterica - Dongying 2019 Chicken
S10 Salmonella Typhimurium + Yantai 2019 Chicken
S11 Salmonella Typhimurium - Yantai 2019 Chicken
S18 Salmonella Pullorum - Liaocheng 2020 Chicken
S19 Salmonella Pullorum - Liaocheng 2020 Chicken
S20 Salmonella Pullorum - Liaocheng 2020 Chicken
S22 Salmonella Pullorum - Liaocheng 2020 Chicken
$42 Salmonella Enterica - Liaocheng 2021 Duck
S44 Salmonella Enterica - Heze 2021 Duck
S104 Salmonella Pullorum - Zibo 2022 Chicken
S105 Salmonella Pullorum - Zibo 2022 Chicken
S224 Salmonella Enterica + Weifang 2023 Chicken
S278 Salmonella Enterica + Liaocheng 2023 Duck
$359 Salmonella Enterica + Liaocheng 2023 Duck
§527 Salmonella Enterica + Weifang 2023 Chicken

“Names of cities where the serum samples were located in Shandong, China
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mL centrifuge tube and then 5-7 mL of liquid LB medium is added
and shaken for 12-16 h at 37°C at 180 rpm. The bacteria were then
purified on SS medium by three-zone delineation method, and a
single colony was picked and inoculated in LB liquid medium at
37°C with shaking at 180 rpm for 12 h. After incubation, the culture
solution was placed in a 4°C refrigerator for further use. An
appropriate amount of bedding material was sampled in a 50 mL
centrifuge tube, mixed well with the appropriate amount of
sterilized saline, and centrifuged at 10,000 rpm for 5 min at 4°C
to collect the supernatant, which was then filtered through 0.22 pm
filter membrane. Then 1 mL of the filtrate and 200 pL of bacterial
solution were added in a 10 mL centrifuge tube, mixed with 5-7 mL
of liquid LB medium for 4 h at 37°C and 180 rpm shaking. The
culture was then centrifuged at 10,000 rpm for 5 min at 4°C, and the
supernatant was filtered through a 0.22 um filter membrane. Finally,
the phage was verified by the dot-drop method, and the presence or
absence of phage spots was observed (Lu et al., 2003).

Host bacteria (200 pL) was mixed well with 6-8 mL of LB semi-
solid medium melted, cooled to 55°C, poured into the plate, mixed
with 5 uL of filtrate dropwise and incubated at 37°C for 4-6 h. Then,
the phage plaques were picked up in centrifuge tubes containing 1
mL of SM buffer, mixed well using vibration, and then centrifuged
to filter. The double-layer plate method was employed to purify the
phage in the filtrate. The above steps of phage plaques deduction,
centrifugation, and filtration were repeated 3-5 times until phage
plaques of uniform size and morphology were obtained.

Phage potency assay

The double-layer plate method was used to prepare plates.
Briefly, 10-15 mL of nutrient agar medium was melted and
cooled to 55°C. The purified phage was diluted 10-fold, and the
appropriate dilution was selected. Then, phage lysate (200 pL) and
host bacteria (200 pL) were added in a 10 mL centrifuge tube, mixed
well with 5-8 mL of LB semi-solid medium (melted and cooled to
55°C), and then poured into the configured plates placed in a 37°C
incubator and cultured for 4-6 h. For each dilution, the experiments
were repeated thrice.

Phage host range

The host range of isolated and purified phage was assessed by
spotting 19 avian Salmonella strains with different serotypes and 7
S. Abortusequi strains of donkey origin, respectively (Cao et al,
2022). The phage host range assay is mainly performed using the
double-layer plate spotting method. Briefly, for plate preparation,
200 pL of bacterial solution was mixed with 5-8 mL of melted LB
semi-solid medium cooled to 55°C. To observe the presence or
absence of phage plaques, 10 uL of phage lysate was dropwise added
to the plates and incubated at 37°C for 4-6 h. The presence of phage
plaques indicated that the phage could lyse the strain. The
experiment was repeated three times to obtain reliable results.
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Phage morphology analysis

For this analysis, the previously described method was followed
(Cao et al,, 2022). The phage was concentrated by double plate
amplification to obtain highly efficient phage lysates for easy
morphological analysis using a microscope. The phage lysate was
negatively stained with 1% phosphotungstic acid, and the phage
filtrate was added dropwise onto a copper mesh grid and then the
morphology of the phage was observed using a JEM-1200EXII
Transmission Electron Microscope (TEM) (JEOL, Japan) by
imaging the isolated phage at an acceleration of 80 KV. The
phage morphology was analyzed and measured using Image]J
software (Li et al., 2020b).

Phage multiplicity of infection analysis

Using the 10-fold dilution method, the phage was diluted, and
the appropriate dilution was mixed with host bacteria in a 1:1 ratio
(500 pL each) at a concentration of 10° CFU/mL at log; growth
phase (1, 0.1, 0.01 and 0.001 respectively) for 3 h at 37°C with 180
rpm shaking. Then, the phage potency was determined using a
double-layer agar plate method, and the optimal MOI with the
highest potency was selected. For each group, 3 parallel experiments
were conducted.

Phage one-step growth curve analysis

A one-step growth curve assay was performed with slight
modifications of the previously described method (Sun et al,
2012) to assess the incubation period and phage outbreak size.
The phage was diluted by the 10-fold dilution method, and the
appropriate dilution was mixed with host bacteria in a 1:1 ratio (500
uL each) at a concentration of 10® CFU/mL at log;, growth phase
and incubated in a water bath at 37°C for 10 min. This mixture was
then centrifuged at 10,000 rpm for 5 min at 4°C to remove the
supernatant, washed twice with equal volume of 37°C pre-warmed
LB medium, resuspended with 1 mL of LB medium, added with 10
mL of LB medium, and incubated at 37°C with constant shaking at
180 rpm. The mixture was sampled (500 pL) at 0 min and then once
every 10 min. Samples were taken at intervals of 120 min, and phage
titers were determined immediately in the first portion, and in the
other portion after treatment with 1% chloroform for 30 min, and
then phage titers were determined, and the test was repeated thrice
for each time point. The steps for the determination of phage titer
were as follows (Zhao et al., 2024). The samples were centrifuged at
10,000 rpm for 3 min, filtered through a 0.22 pm filter membrane to
obtain the phage lysate, and then diluted with a 10-fold specific
dilution method. The titer of phage in the lysate was determined
using the double-layer plate method. The one-step growth curve of
phage was plotted with incubation time on the horizontal axis and
the phage potency logarithmic value on the vertical axis. Phage
burst size was evaluated by dividing the average number of final free
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phage particles by the number of initial free phage particles (Shang
et al., 2021).

Phage thermal stability analysis

A total of 5 tubes of phage lysate (500 pL/tube) were incubated
in a water bath at 40°C, 50°C, 60°C, 70°C, and 80°C, respectively. At
each temperature, 100 pL of phage lysate was removed from each
tube at 20, 40, and 60 min, respectively. The potency was assessed
via the double-layer plate method. The experiment was
repeated thrice.

Phage pH stability analysis

Phage lysate (100 uL) was mixed with SM buffer (900 L) at pH
1,2,3,4,5,6,7,8,9, 10, 11, 12, and 13, respectively, in a water bath
at 37°C for 1 h. The potency of the lysate was determined by the
double-layer plate method. The experiment was repeated thrice.

Phage bioinformatics analysis

For phage DNA extraction, EZN.A® DNA kit (OMEGA,
United States) was employed, whereas TruSeqTM Nano DNA
Sample Prep Kit (Illumina, United States) was used for
sequencing libraries. Genome sequencing was performed by
Shanghai Lingen Biotechnology (Shanghai, China) using the
Mumina novaseq6000 sequencing platform. Quality control raw
data were filtered using fastp 0.23.4 (Chen et al., 2018), and FastQC
0.12.0 (Brown et al,, 2017), and the genome was assembled using
SPAdes 3.15.5 (Bankevich et al., 2012).

The open reading frames of phage were predicted using
GeneMarkS 4.28 (Besemer et al.,, 2001) (http://topaz.gatech.edu/
GeneMark/genemarks.cgi). Furthermore, the function of each ORF-
encoded protein was predicted via the BLASTp (https://
blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins ). Moreover,
VEDB (Liu et al, 2019a) (http://www.mgc.ac.cn/cgi-bin/VFs/v5/
main.cgi), CARD (Alcock et al., 2023) (https://card.mcmaster.ca/),
ICEfinder (Liu et al., 2019b) (https://bioinfo-mml.sjtu.edu.cn/) were
used, respectively, to predict the function of each ORF. Moreover,
ICEfinder/ICEfinder.html predicted the genomic virulence genes,
drug-resistance genes, and integrases. The ANI between genomes
was calculated using JSpeciesWS (http://jspecies.ribohost.com/
jspeciesws) (Richter et al, 2016) based on the Blast+ algorithm.
The TBtools software was employed to plot ANI maps with ANI
values. Phage LDDKOI has been uploaded to NCBI’s Genbank
database under accession number PP932687.

Biofilm removal ability of phage
The ability of phage LDDKO1 to remove the host bacterial

biofilm was determined by following the previous literature (Runci
et al., 2017). Briefly, host bacterial solution (10® CFU/mL, 200 uL)
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was added to a 96-well plate for 48 h at 37°C. Then, the culture
solution was gently aspirated, washed with PBS buffer thrice, and
incubated with phage LDDKOI lysate (200 uL) at 1, 0.1, 0.01, and
0.001 MOL The control group received an equal volume of LB. The
plates were incubated in a constant temperature incubator for 6 h
and 12 h. Then, the wells were washed with 200 pL of PBS buffer,
stained with 200 pL of 1% crystal violet solution at room
temperature for 30 min, washed to remove the crystal violet
solution thrice with sterile PBS buffer, and treated with 200 uL of
100% ethanol solution for 15 min to completely dissolved the
biofilm. Lastly, 100 pL of this solution was sampled to measure
the optical density (OD) at 595 nm with an enzyme meter.

Lysis ability of phage

The in vitro lysis ability of LDDKO1 was determined using the
reference already published in the literature (Lu et al., 2003). Briefly,
different concentrations of phage (MOI = 1, 0.1, 0.01, and 0.001)
were mixed with the host bacterial solution (10° CFU/mL),
respectively. The positive control group was the host bacterial
culture medium without phage, while the negative control group
included phage and LB medium; both the groups were incubated at
37°C for 24 h. The culture solution of each group was collected at
2-h intervals to measure the OD of each group at 600 nm. Each
experiment was repeated three times.

Inhibition of S. Abortusequi in donkey meat
by phage LDDKO1

The bacteriostatic effect of LDDKO1 on S. Abortusequi present on
the surface of donkey meat was verified based on the relevant
methods described in the literature (Shang et al., 2021; Noor
Mohammadi et al, 2022; Tian et al., 2022). Freshly slaughtered
donkey meat was purchased from the slaughterhouse in Liaocheng
City, Shandong Province. To reduce contamination, the meat
(approximately 0.5 g) was sliced into 1 x 1 cm squares in a sterile
biosafety cabinet, placed in a sterile culture dish, and disinfected with
ultraviolet radiation. During the sterilization process, the petri dish
was turned over twice, etc. After sterilization, donkey meat from
different areas was randomly taken for bacterial isolation and
identification, and phage LDDKO1 biocontrol experiments were
carried out after detection of sterility. Briefly, 50 uL of S.
Abortusequi (10% CFU/mL) was added to 5 spots (10 WL/spot) on
the surface of each sterile donkey meat and incubated for 1 h in a
sterile biosafety cabinet. Then, 100 uL of LDDKO1 at 1, 0.1, 0.01, and
0.001 MOI were taken, added to the same location, and immediately
placed in sterile sealed bags at 4°C and 25°C for 0, 1, 12, 24, 36, 48,
and 72 h, respectively. For the positive control group, the same
volume of sterile PBS was used instead of phages. At each sampling
time point, donkey meat pieces were placed in 2 mL of sterile PBS
buffer, minced with a tissue homogenizer, and then evenly divided
into two parts. One part was centrifuged and diluted with PBS
gradient for bacterial counting using SS medium at 37°C. The other
part was centrifuged and filtered through a membrane to obtain a
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phage solution. The phage potency was determined at 37°C using a
double-layer plate method. Each experiment was repeated thrice.

Statistical analysis

Bacterial counts and phage titers were determined by plate
counting and double-layer plate methods, respectively. Furthermore,
bacterial counts were converted to log;o CFU/mL or log; CFU/piece,
while the phage counts were converted to log;o PFU/mL. All statistical
analyses were performed using the SPSS 23.0 software (SPSS Inc.,
version 27.0; Chicago, IL, USA), and the data are expressed as the
mean * standard deviation (SD) of at least three biological replicates.
Statistical differences between groups were assessed using Student’s t-
test. p-values < 0.05 indicated a statistically significant difference (" p
> 0.05, * p < 0.05, ** p < 0.01, and *** p < 0.001).

Results

Isolation, purification, and morphology of
phage LDDKO1

This study isolated an S. Abortusequi phage, named
vB_SalP_LDDKOI1, from the bedding of a donkey farm in
Liaocheng City, Shandong Province, China. The phage was
purified using the double-layer plate method and then used to
verify the host spectrum of 7 S. Abortusequi strains and 19 avian
Salmonella strains with different serotypes (Table 1). The results
showed that phage LDDKO1 lysed the 7 strains of S. Abortusequi, 2
strains of Salmonella typhimurium, and 4 strains of Salmonella
enteritidis (Table 1; Supplementary Figure S1). Furthermore, it
formed transparent, regular, and uniformly sized round phage
plaques on double-layer plates (Figure 1A). LDDKO1 is a phage
that has not been reported by other researchers. Therefore, it was

10.3389/fcimb.2024.1527201

further investigated. The TEM analysis of the purified LDDKO1
revealed that it had an icosahedral head with a diameter of 54.8 nm
and a long, non-contractile tail with a diameter of 120.6 nm
(Figure 1B), suggesting that the phage belongs to the
Siphoviridae family.

Biological characterization of
phage LDDKO1

Different concentrations of LDDKO1 and host bacteria were
mixed and incubated for 3 h to determine the phage titers by the
double-layer plate method (Figure 2A). It was observed that the
phage potency was the highest at the MOI of 0.1, which was about
1.86 x 10'° PFU/mL; therefore, the optimal MO of this phage was
0.1 (Figure 2A). One-step growth curve analysis showed that the
incubation period of the phage was about 10 min. Furthermore,
after the phage infected the host bacteria, its potency increased
rapidly in 10-50 min and stabilized after 60 min (Figure 2B). The
burst size of LDDKO1 was calculated to be about 378 PFU/cell.

The heat resistance analysis revealed a stable phage potency at
40, 50, and 60°C for 1 h. After incubation at 70°C for 20 min, 40 min,
and 1 h, the phage potency decreased by about 1.2 log, 1.7 log, and 2
log;y PFU/mL, respectively. Moreover, its activity was completely
lost at 80°C after only 20 min (Figure 2C). Similarly, LDDKO01
maintained a high potency at pH 4-12; however, its potency was
significantly reduced from pH 2 and 3 to 3 and 6.4 log;;0 PFU/mL,
respectively. At pH 1 and 13, the phage is completely inactivated
under strong acid and alkali conditions (Figure 2D).

Bioinformatics analysis of phage LDDKO1

The whole genome sequence analysis revealed that LDDKO1
had a 42,378 bp long genome with double-stranded DNA, 49.52%

FIGURE 1

Isolation, purification, and morphology of LDDKO1. (A) Phage plaques formed on double-layer agar plates. (B) Transmission electron micrograph of

phage LDDKO1. Scale bar = 50 nm.
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GC content, and encoded 57 ORFs. Furthermore, the annotation
results showed that the ORFs of LDDKO1 had 28 known proteins
and 29 hypothesized proteins. The phage lacked tRNAs and did not
carry virulence and drug-resistance genes. The predicted functional
proteins primarily included DNA replication and modification
modules (DNA ligase, endonuclease, efc.) and phage structural
modules (tail protein, major coat protein, efc.). The annotation
results of known functions of the phage genome are shown in
Supplementary Table S1, and the genome circle diagram is shown
in Figure 3A.

For the isolated phage LDDKO1, a proteomic tree was established
using 5633 phage genomes acquired from the Viptree database. It was
observed that LDDKO1 and vB_SenS-EnJE1 were clustered together
with a close affinity, and their bacterial hosts all belonged to the class
Pseudomonadota (Figures 3B, C). The BLASTn comparison of the
NCBI database revealed that the highest sequence homology
(99.94%) was between the genome of LDDKO1 and Salmonella
phage vB_SenS_4FS1 (PP537413.1), followed by Salmonella phage
PIZ SAE- 01E2 (MN336266.1) with 94.78% homology. The similar
phage genome sequences were extracted and further analyzed using
VIRIDIC (Figure 3D), which revealed that LDDKOI indicated the
highest homology with Salmonella phage JD02 (OL652658), followed
by Salmonella phage vB_SenS_Psm105 (PP437544) and Salmonella
phage vB_SenS_Psm140 (PP437543).

The phylogenetic relationships between LDDKO01 and 19
Salmonella phages were assessed based on two representative
highly conserved proteins: the major coat protein (LDDKO1-
ORF12) and the terminase large subunit (LDDKO01-ORF19).

Frontiers in Cellular and Infection Microbiology

LDDKO1 indicated a significant association with three phages of
the genus Jerseyvirus, located in the same branch and distantly
related to phages of eight other genera (Figure 3E). Furthermore, a
similar evolutionary tree was obtained when the amino acid
sequence of the terminase large subunit was employed
(Figure 3F), which indicated a close association with two strains
of Jerseyvirus and a distant affinity to Salmonella phage Jersey.
Moreover, the genome sequences of LDDKO01 were compared with
those of the homologous phages vB_SenS-EnJE1 and JDO02,
respectively, using Easyfig to analyze the genome evolutionary
relationships (Figure 3G). The data indicated that LDDKO1 was
significantly correlated with vB_SenS-EnJE1, showing similarities in
the protein’s function and the regions where they were located.
LDDXKO1 and JDO02 showed opposite regional similarities. Overall,
based on the morphology assessed via electron microscopy,
comparative genomic analysis, phylogenetic analysis, and the
latest guidelines of the International Committee on Classification
of Viruses (ICTV), LDDKO1 was determined as a new phage
belonging to the Class Caudoviricetes and genus Jerseyvirus.

In vitro bacteriostatic effect and biofilm
elimination ability of phage LDDKO1

To verify the ability of LDDKO1 to remove the biofilm of S.
Abortusequi, the bacterial biofilm was treated with phage treatment
and then subjected to the biofilm crystallization violet method. The
results showed that only at MOI = 1, 6 h of phage treatment could
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remove the biofilm (Figure 4A). At 12 h of phage treatment, the
phage significantly removed the biofilm (Figure 4B). These results
suggest that LDDKO1 can remove the S. Abortusequi biofilm.
Furthermore, the in vitro inhibition of host bacteria within 24 h
after LDDKO1 treatment at different MOIs indicated that LDDKO1
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had good inhibitory effects in different infection complex groups
compared with the bacterial fluid-positive control group. Moreover,
the inhibitory effect of LDDKO1 was similar at different MOI groups
from 0 to 8 h, where the inhibitory effect at MOI = 1 was better than
at other MOI after 8 h (Figure 4C).
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Effectiveness of phage LDDKOL1 in reducing
S. Abortusequi in donkey meat

This study investigated the inhibitory effect of LDDKO1 on S.
Abortusequi present on the surface of donkey meat. The sterile
donkey meat pieces were artificially infected with S. Abortusequi
and then treated with LDDKO1 with different MOIs for different
times at 25°C and 4°C, respectively. The results showed that
LDDKO1 significantly inhibited S. Abortusequi in donkey meat at
different temperatures, and the bacterial inhibition rate was
essentially proportional to the phage’s titer. The bacterial content
of each group 4.3, 3.7, 3.3, and 3.5 log;o CFU/piece after 72 h of
LDDKO1 treatment at different MOIs (1, 0.1, 0.01, 0.001) was
compared with that of levels of S. Abortusequi in donkey meat
from initial inoculation at 25°C (Figure 5A). Compared with the
levels of S. Abortusequi in donkey meat from initial inoculation at
4°C, the bacterial content of each group decreased by 4.5, 3.9, 2.8,
and 2.7 log;, CFU/piece, respectively, after 72 h of LDDKO1
treatment at different MOI (Figure 5B). These data suggested that
LDDKO1 is more effective in controlling Salmonella populations
at 4°C than at 25°C. The phage assay (Figures 5C, D) showed that
during the inhibition process at 25°C and 4°C, each group’s
phage titers did not change significantly and were comparable to
the initial titers.
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Discussion

S. Abortusequi is the primary pathogen responsible for abortion
in equine animals, which is frequently spreading in various regions.
Due to the prolonged pregnancy of equine animals and the small
number of offspring in each litter, abortion causes great economic
losses to the donkey industry in China (Wang et al., 2023). Recently,
the food safety of donkey meat has gained increasing attention
because of the high prevalence of S. Abortusequi in equine animals
(Wang et al,, 2019). With the growing demand for alternatives to
antibiotics and chemical sanitizers (Beier et al., 2011; Troy et al,
2016), phages have gained much attention for their application as
alternative biocontrol agents for controlling pathogenic bacterial
contamination in food, food preparation, and food processing
environments. This study isolated and characterized an equine S.
Abortusequi phage, LDDKO01, from the bedding of a donkey farm in
Liaocheng, Shandong Province, China. LDDKO1 is a new phage that
can infect equine S. Abortusequi and some avian Salmonella and
can be used as a biocontrol agent in the food industry.

The stability of phage is essential for the effectiveness and shelf
life of food biocontrol. Temperature and pH tolerance are the key
factors that can significantly affect phage activity. Therefore, this
study evaluated the phage’s ability to tolerate different temperatures
and pH values to assess its clinical potential and efficiency. Wang
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et al. isolated phage P;, SAE-01E2 from sewage and submitted it to
temperatures ranging from 4 to 70°C and pH values between 4 and 10
for 80 min (Wang et al., 2020). The data revealed that the abundance
of phage remained high. Furthermore, Yuqing Zhou et al (Zhou et al,,
2022). isolated phage EPO1, which indicated stable potency when
subjected to 40-60°C temperature for 1 h; however, the potency
decreased by 4 log;, units after 1 h at 70°C. The change in potency
was small at pH 5-10; however, at pH 2, 3, 12, and 13, the phage
became inactivated. Here, the isolated phage LDDKO1 indicated good
heat, acid, and alkali resistance and can maintain good activity at 40-
70°C and pH 4-12. After 1 h of LDDKOI treatment at pH 2-4, the
potency decreased significantly; however, there was still a certain
degree of activity. These data indicate that LDDKO1 can be used in
different pH and temperature food matrices.

Phage MOI is an important bioindicator that measures the
amount of phage inputs and outputs. A smaller MOI can reduce the
cost of phage production, which is helpful for the large-scale
production and application of phage products (Abedon, 2016).
Here, the optimal MOI of LDDKOI was 0.1, and its potency was
up to 1.86 x 10'° PFU/mL, indicating that this phage can achieve
the best bactericidal effect in the clinical setting. During phage
adsorption with host bacteria, the replication efficiency of phage is
enhanced by the short latency period, fast lysis rate, and large lysis
volume, allowing the rapid generation of progeny viruses. Yating
Guo et al (Guo et al,, 2021). isolated the Salmonella phage LPSTLL
and revealed that it had an incubation period of 10 min, a lysis
period of 120 min, and a lysis volume of about 71 PFU/cells.
Furthermore, Yuqing Zhou et al (Zhou et al,, 2022). isolated the
Escherichia phage EP01 from swine farm effluent, which had an
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incubation period of about 10 min and a lysis volume of about 80
PFU/cell. Here, the one-step growth curve showed that the latency
period of phage LDDKOI was about 10 min. Moreover, its potency
increased in the first 50 min but stabilized after 60 min, and the final
phage potency was maintained at 10°-10'© PFU/mL. Therefore, in
this study, the isolated and purified phage has the advantages of
short latency and fast lysis, further confirming their potential as
food biocontrol agents.

Bacterial biofilm is an excessive bacterial aggregated membrane-
like material formed when bacteria attach to contact surfaces,
secrete polysaccharide substrates as well as fibrous and lipid
proteins, and wrap themselves around them (Baldassarri et al.,
2001). Antibiotics do not affect bacteria in the biofilms, making it
challenging to treat infections (Baldassarri et al, 2001). In this
study, LDDKO! significantly degraded the bacterial biofilm after
12 h of treatment, and this ability had the same efficiency as phage
EFDGI (Khalifa et al,, 2015), further demonstrating the potential of
this phage to replace antibiotics. However, when phage LDDKO1
treated its host bacteria for 6 h, only phage with MOI of 1 was able
to inhibit the formation of bacterial biofilm, whereas phages with
different MOIs were able to inhibit the formation of bacterial
biofilm when the host bacteria were treated for 12 h. These
results may indicate that the ability of phage LDDKOI to remove
bacterial biofilm may be related to the amount of phage and the
duration of action.

Whole genome sequencing is recognized as an essential tool to
ensure the safety of phage preparation (Shang et al., 2021) and
understand phage characteristics (Jin et al., 2023). Phages contain
virulence and drug-resistance genes that limit their application in
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food biocontrol in the food industry. Whole genome sequencing
was carried out to assess the genetic characterization of phage
LDDKO1, which showed that LDDKO1 lacks virulence and drug-
resistance genes, indicating its suitability as an alternative for the
food hygiene industry. Furthermore, the whole-genome sequence
and phylogenetic analysis of the telomerase large subunit and major
coat protein of phage LDDKO1, as well as gene annotation, revealed
that LDDKOLI is a new phage belonging to the genus Jerseyvirus of
Class Caudoviricetes. Further classification of this phage is
warranted to better understand its biodiversity.

One of the main criteria for selecting phage for developing
biocontrol against foodborne pathogens is the phage’s lysing ability
and stability (Montso et al,, 2019). In this study, donkey meat was
artificially inoculated with S. Abortusequi and then phage-treated at 4°C
and 25°C to simulate industrial storage and processing temperatures.
LDDKOI treatment was given at different temperatures for 72 h,
significantly reduced the viable counts of S. Abortusequi in donkey
meat (average 3.6 log;o CFU/piece) compared with its initial inoculated
levels, indicating that the significant bacterial inhibitory effect of
LDDKO1, even in a refrigerated environment. Several studies have
reported that phages can reduce Salmonella contamination in food,
such as LPST94 (Islam et al., 2020), S144 (Gambino et al., 2020), etc.
Tahir et al (Noor Mohammadi et al, 2022). treated Clostridium
perfringens with phage CPQI at different temperatures and observed
that the viable counts of Clostridium perfringens increased in chicken
even at the MOI of 10, suggesting that drug-resistant bacteria may
regenerate, inconsistent with the presented study results. Here, 12 h
LDDKO! treatment of S. Abortusequi in donkey meat at different
temperatures resulted in decreased (by 1 log;o CFU/piece on average)
viable bacteria abundance in donkey meat, which further decreased by
3.6 log;o CFU/piece on average after 72 h of treatment. The short
incubation period and strong lytic ability of LDDKO01 might indicate
why surface-resistant bacteria are not easily produced in donkey meat.

In general, the higher the MOI of the phage in the food, the higher
the pathogenic bacteria reduction because the high phage titer increases
the possibility of phage binding to the host bacteria. This study also
revealed that the high titer of LDDKO1 had a significant bacteriostatic
effect in donkey meat compared to its low titer. This is consistent with
the study of Zhang et al., which showed that high doses of EPO1 better
removed bacterial contamination from food surfaces (Zhou et al,
2022). This may be because the high EP01 dose causes more collisions
between the phage particles and the bacterial cells on the food surface
(Zhou et al,, 2022). Although phages cannot eliminate bacteria, they
significantly reduce the number of viable bacteria, thereby decreasing
the probability that consumers would be exposed to infectious doses of
pathogenic bacteria.

Although LDDKO1 can effectively remove the pathogen
contamination from the surface of donkey meat, there are still certain
limitations: (i) When applied on food products, LDDKOI can only
target some bacteria and has a narrow host range, (ii) LDDKO1 can only
reduce the number of viable bacteria in the host below the initial level;
however, cannot eliminate all the bacteria from the surface of the
donkey meat, and (iii) The LDDKO1 cross-species lysing ability against
some avian Salmonella was not determined. Based on the above
limitations, our future research will focus on combining LDDKO1
with other phages or natural bactericidal products to target more

Frontiers in Cellular and Infection Microbiology

11

10.3389/fcimb.2024.1527201

bacterial species, prevent the emergence of drug-resistant strains, and
achieve complete sterilization. Furthermore, the mechanism of
LDDKOI’s action on the host will be studied and the range of the
hosts of phage LDDKO01 will be expanded through genetic engineering
(Shang et al,, 2021).

Conclusion

This study isolated a new phage strain, LDDKOI, from the
bedding of a donkey farm in Liaocheng City, Shandong Province,
China. The biological characterization revealed that LDDKOI was
safe and had high lysing ability, wide pH and thermal stability, a
short incubation period, and high reproductive activity.
Furthermore, the genomic DNA sequencing analysis revealed that
LDDKO1 lacked drug-resistant and virulence genes. Moreover,
LDDKOI was able to eliminate bacterial biofilm and reduce the
growth of S. Abortusequi in both LB medium and donkey meat.
These data suggest that the phage LDDKOI can control foodborne
pathogens and, therefore, be used as a natural alternative biocontrol
agent for food production and preservation.

Data availability statement

The datasets presented in this study can be found in online
repositories. The raw data from the sequence experiment have been
deposited in the database of NCBI under accession numbers
PP932687. (https://www.ncbi.nlm.nih.gov/).

Ethics statement

The animal study was approved by Special Committee on
Scientific Research Ethic of Liaocheng University: No.2022112005.
The study was conducted in accordance with the local legislation
and institutional requirements.

Author contributions

SC: Conceptualization, Formal analysis, Funding acquisition,
Methodology, Validation, Visualization, Writing - original draft.
XK: Data curation, Investigation, Validation, Writing - original
draft. YXL: Data curation, Investigation, Validation, Writing -
original draft. ZW: Data curation, Formal analysis, Visualization,
Writing - original draft. ZZ: Formal analysis, Investigation,
Visualization, Writing - original draft. XL: Data curation,
Investigation, Visualization, Writing - original draft. PL:
Investigation, Validation, Writing — original draft. LW: Investigation,
Validation, Writing - original draft. FY: Investigation, Validation,
Writing - original draft. SL: Investigation, Validation, Writing —
original draft. RL: Investigation, Validation, Writing — original draft.
YBL: Conceptualization, Funding acquisition, Methodology,
Resources, Writing — original draft. XF: Funding acquisition,
Supervision, Writing - review & editing. TW: Funding acquisition,

frontiersin.org


https://www.ncbi.nlm.nih.gov/
https://doi.org/10.3389/fcimb.2024.1527201
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Cao et al.

Project administration, Resources, Supervision, Writing - review
& editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by The Natural Science Foundation of Shandong
Province (Grant number ZR2023QC082), The National Natural
Science Foundation of China (Grant number 32372957), The
Project of Shandong Province Higher Educational Science and
Technology Program for Youth (2022KJ287), The Key Research
and Development Program of Shandong Province (Grant
number 2022CXGC010606).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

Abedon, S. T. (2016). Phage therapy dosing: The problem(s) with multiplicity of
infection (MOI). Bacteriophage 6 (3), €1220348. doi: 10.1080/21597081.2016.1220348

Alcock, B. P., Huynh, W., Chalil, R., Smith, K. W., Raphenya, ,.A. R., Wlodarski, M.
A, et al. (2023). CARD 2023: expanded curation, support for machine learning, and
resistome prediction at the Comprehensive Antibiotic Resistance Database. Nucleic
Acids Res. 51, D690-D699. doi: 10.1093/nar/gkac920

Baldassarri, L., Cecchini, R,, Bertuccini, L., Ammendolia, M. G., Iosi, F., Arciola, C. R,
et al. (2001). Enterococcus spp. produces slime and survives in rat peritoneal
macrophages. Med. Microbiol. Immunol. 190, 113-120. doi: 10.1007/s00430-001-
0096-8

Bankevich, A., Nurk, S., Antipov, D., Gurevich, A. A., Dvorkin, M., Kulikov, A. S,
etal. (2012). SPAdes: A new genome assembly algorithm and its applications to single-
cell sequencing. J. Comput. Biol. 19, 455-477. doi: 10.1089/cmb.2012.0021

Beier, R. C.,, Anderson, P. N., Hume, M. E,, Poole, T. L., Duke, S. E., Crippen, T. L.,
et al. (2011). Characterization of Salmonella enterica isolates from Turkeys in
commercial processing plants for resistance to antibiotics, disinfectants, and a
growth promoter. Foodborne Pathog. Dis. 8, 593-600. doi: 10.1089/fpd.2010.0702

Besemer, J., Lomsadze, A., and Borodovsky, M. (2001). GeneMarkS: a self-training
method for prediction of gene starts in microbial genomes. Implications for finding
sequence motifs in regulatory regions. Nucleic Acids Res. 29, 2607-2618. doi: 10.1093/
nar/29.12.2607

Brown, J., Pirrung, M., McCue, L. A, and Wren, J. (2017). FQC Dashboard:
integrates FastQC results into a web-based, interactive, and extensible FASTQ
quality control tool. Bioinformatics 33, 3137-3139. doi: 10.1093/bioinformatics/btx373

Bustos, C. P., Gallardo, J., Retamar, G., Lanza, N. S., Falzoni, E., Caffer, M. L, et al.
(2016). Salmonella enterica serovar Abortusequi as an emergent pathogen causing
equine abortion in Argentine. J. Equine Veterinary Sci. 39, S58-559. doi: 10.1016/
jjevs.2016.02.127

Cao, S, Yang, W,, Zhu, X, Liu, C, Lu, J, Si, Z, et al. (2022). Isolation and
identification of the broad-spectrum high-efficiency phage vB_SalP_LDW16 and its
therapeutic application in chickens. BMC Veterinary Res. 18 (1), 386. doi: 10.1186/
512917-022-03490-3

Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). fastp: an ultra-fast all-in-one FASTQ
preprocessor. Bioinformatics 34, i884-i890. doi: 10.1093/bioinformatics/bty560

Du, X, Jiang, X, Ye, Y., Guo, B, Wang, W, Ding, J., et al. (2018). Next generation
sequencing for the investigation of an outbreak of Salmonella Schwarzengrund in
Nanjing, China. Int. J. Biol. Macromolecules 107, 393-396. doi: 10.1016/
j.ijbiomac.2017.09.005

Duc, H. M,, Son, H. M., Yi, H. P. S,, Sato, J., Ngan, P. H,, Masuda, Y., et al. (2020).
Isolation, characterization and application of a polyvalent phage capable of controlling

Frontiers in Cellular and Infection Microbiology

12

10.3389/fcimb.2024.1527201

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcimb.2024.1527201/
full#supplementary-material

Salmonella and Escherichia coli O157:H7 in different food matrices. Food Res. Int. 131,
108977. doi: 10.1016/j.foodres.2020.108977

Gambino, M., Nergaard Serensen, A., Ahern, S., Smyrlis, G., Gencay, Y. E., Hendrix,
H., et al. (2020). Phage S144, a New Polyvalent Phage Infecting Salmonella spp. and
Cronobacter sakazakii. Int. J. Mol. Sci. 21 (15), 5196. doi: 10.3390/ijms21155196

Grandolfo, E., Parisi, A., Ricci, A., Lorusso, E., de Siena, R., Trotta, A., et al. (2018).
High mortality in foals associated with Salmonella enterica subsp. enterica Abortusequi
infection in Italy. J. Veterinary Diagn. Invest. 30, 483-485. doi: 10.1177/
1040638717753965

Guo, Y., Li, J., Islam, M. S,, Yan, T., Zhou, Y., Liang, L., et al. (2021). Application of a
novel phage vB_SalS-LPSTLL for the biological control of Salmonella in foods. Food
Res. Int. 147, 110492. doi: 10.1016/j.foodres.2021.110492

Huang, C., Shi, J., Ma, W., Li, Z.,, Wang, J., Li, J., et al. (2018). Isolation,
characterization, and application of a novel specific Salmonella bacteriophage in
different food matrices. Food Res. Int. 111, 631-641. doi: 10.1016/j.foodres.2018.05.071

Islam, M. S., Zhou, Y., Liang, L., Nime, I, Yan, T., Willias, S. P., et al. (2020).
Application of a broad range lytic phage LPST94 for biological control of salmonella in
foods. Microorganisms 8 (2), 247. doi: 10.3390/microorganisms8020247

Jin, X,, Sun, X,, Wang, Z., Dou, J., Lin, Z., Lu, Q., et al. (2023). Virulent Phage
vB_EfaS_WHI1 Removes Enterococcus faecalis Biofilm and Inhibits Its Growth on the
Surface of Chicken Meat. Viruses 15 (5), 1208. doi: 10.3390/v15051208

Khalifa, L., Brosh, Y., Gelman, D., Coppenhagen-Glazer, S., Beyth, S., Poradosu-
Cohen, R, et al. (2015). Targeting enterococcus faecalis biofilms with phage therapy.
Appl. Environ. Microbiol. 81, 2696-2705. doi: 10.1128/aem.00096-15

Kutateladze, M., and Adamia, R. (2010). Bacteriophages as potential new
therapeutics to replace or supplement antibiotics. Trends Biotechnol. 28, 591-595.
doi: 10.1016/j.tibtech.2010.08.001

Li, X., Amadou, I, Zhou, G.-Y,, Qian, L.-Y., Zhang, J.-L., Wang, D.-L,, et al. (2020a).
Flavor components comparison between the neck meat of donkey, swine, bovine, and
sheep. Food Sci. Anim. Resour. 40, 527-540. doi: 10.5851/kosfa.2020.e30

Li, Z., Ma, W., Li, W., Ding, Y., Zhang, Y., Yang, Q,, et al. (2020b). A broad-spectrum
phage controls multidrug-resistant Salmonella in liquid eggs. Food Res. Int. 132,
109011. doi: 10.1016/j.foodres.2020.109011

Liu, M, Li, X,, Xie, Y., Bi, D., Sun, J,, Li, J., et al. (2019b). ICEberg 2.0: an updated
database of bacterial integrative and conjugative elements. Nucleic Acids Res. 47, D660~
D665. doi: 10.1093/nar/gky1123

Liu, B, Zheng, D., Jin, Q., Chen, L., and Yang, J. (2019a). VFDB 2019: a comparative
pathogenomic platform with an interactive web interface. Nucleic Acids Res. 47, D687—
D692. doi: 10.1093/nar/gky1080

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fcimb.2024.1527201/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2024.1527201/full#supplementary-material
https://doi.org/10.1080/21597081.2016.1220348
https://doi.org/10.1093/nar/gkac920
https://doi.org/10.1007/s00430-001-0096-8
https://doi.org/10.1007/s00430-001-0096-8
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1089/fpd.2010.0702
https://doi.org/10.1093/nar/29.12.2607
https://doi.org/10.1093/nar/29.12.2607
https://doi.org/10.1093/bioinformatics/btx373
https://doi.org/10.1016/j.jevs.2016.02.127
https://doi.org/10.1016/j.jevs.2016.02.127
https://doi.org/10.1186/s12917-022-03490-3
https://doi.org/10.1186/s12917-022-03490-3
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1016/j.ijbiomac.2017.09.005
https://doi.org/10.1016/j.ijbiomac.2017.09.005
https://doi.org/10.1016/j.foodres.2020.108977
https://doi.org/10.3390/ijms21155196
https://doi.org/10.1177/1040638717753965
https://doi.org/10.1177/1040638717753965
https://doi.org/10.1016/j.foodres.2021.110492
https://doi.org/10.1016/j.foodres.2018.05.071
https://doi.org/10.3390/microorganisms8020247
https://doi.org/10.3390/v15051208
https://doi.org/10.1128/aem.00096-15
https://doi.org/10.1016/j.tibtech.2010.08.001
https://doi.org/10.5851/kosfa.2020.e30
https://doi.org/10.1016/j.foodres.2020.109011
https://doi.org/10.1093/nar/gky1123
https://doi.org/10.1093/nar/gky1080
https://doi.org/10.3389/fcimb.2024.1527201
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Cao et al.

Lu, Z, Breidt, F., Fleming, H. P., Altermann, E., and Klaenhammer, T. R. (2003). Isolation
and characterization of a Lactobacillus plantarum bacteriophage, ®JL-1, from a cucumber
fermentation. Int. J. Food Microbiol. 84, 225-235. doi: 10.1016/s0168-1605(03)00111-9

Man, L., Ren, W., Sun, M., Du, Y., Chen, H., Qin, H., et al. (2023). Characterization of
donkey-meat flavor profiles by GC-IMS and multivariate analysis. Front. Nutr. 10.
doi: 10.3389/fnut.2023.1079799

Montso, P. K., Mlambo, V., and Ateba, C. N. (2019). Characterization of lytic
bacteriophages infecting multidrug-resistant shiga toxigenic atypical escherichia coli 0177
strains isolated from cattle feces. Front. Public Health 7. doi: 10.3389/fpubh.2019.00355

Noor Mohammadi, T., Shen, C, Li, Y., Zayda, M. G., Sato, J., Masuda, Y., et al.
(2022). Characterization of Clostridium perfringens bacteriophages and their
application in chicken meat and milk. Int. J. Food Microbiol. 361, 109446.
doi: 10.1016/j.ijfoodmicro.2021.109446

Pelyuntha, W., and Vongkamjan, K. (2023). Control of salmonella in chicken meat
by a phage cocktail in combination with propionic acid and modified atmosphere
packaging. Foods 12 (22), 4181. doi: 10.3390/foods12224181

Principi, N., Silvestri, E., and Esposito, S. (2019). Advantages and limitations of
bacteriophages for the treatment of bacterial infections. Front. Pharmacol. 10.
doi: 10.3389/fphar.2019.00513

Ravindran, R., and Jaiswal, A. K. (2019). Wholesomeness and safety aspects of
irradiated foods. Food Chem. 285, 363-368. doi: 10.1016/j.foodchem.2019.02.002

Richter, M., Rossello-Mora, R., Oliver Glockner, F., and Peplies, J. (2016).
JSpeciesWS: a web server for prokaryotic species circumscription based on pairwise
genome comparison. Bioinformatics 32, 929-931. doi: 10.1093/bioinformatics/btv681

Rossi, G. A. M., Link, D. T., Bertolini, A. B., Tobias, F. L., and Mioni, M. (2023). A
descriptive review of the use of organic acids and peracetic acid as a decontaminating
strategy for meat. eFood 4, e104. doi: 10.1002/efd2.104

Runci, F., Bonchi, C., Frangipani, E., Visaggio, D., and Visca, P. (2017). Acinetobacter
baumannii biofilm formation in human serum and disruption by gallium. Antimicrobial
Agents Chemotherapy 61 (1), €01563-16. doi: 10.1128/aac.01563-16

Seyiti, S., and Kelimu, A. (2021). Donkey industry in China: current aspects,
suggestions and future challenges. J. Equine Veterinary Sci. 102, 103642.
doi: 10.1016/j.jevs.2021.103642

Shang, Y., Sun, Q., Chen, H., Wu, Q., Chen, M., Yang, S., et al. (2021). Isolation and
characterization of a novel salmonella phage vB_SalP_TR2. Front. Microbiol. 12.
doi: 10.3389/fmicb.2021.664810

Sun, W. ], Liu, C. F,, Yu, L., Cui, F. J., Zhou, Q., Yu, S. L., et al. (2012). A novel
bacteriophage KSL-1 of 2-Keto-gluconic acid producer Pseudomonas fluorescens
K1005: isolation, characterization and its remedial action. BMC Microbiol. 12, 127.
doi: 10.1186/1471-2180-12-127

Frontiers in Cellular and Infection Microbiology

13

10.3389/fcimb.2024.1527201

Tian, Y., Wu, L, Lu, R, Bao, H., Zhou, Y., Pang, M., et al. (2022). Virulent phage
vB_CpeP_HNO02 inhibits Clostridium perfringens on the surface of the chicken meat.
Int. J. Food Microbiol. 363, 109514. doi: 10.1016/j.ijfoodmicro.2021.109514

Troy, D. J., Ojha, K. S, Kerry, J. P., and Tiwari, B. K. (2016). Sustainable and
consumer-friendly emerging technologies for application within the meat industry: An
overview. Meat Sci. 120, 2-9. doi: 10.1016/j.meatsci.2016.04.002

Wang, J., Guo, K., Li, S., Liu, D, Chu, X, Wang, Y., et al. (2023). Development and
application of real-time PCR assay for detection of salmonella abortusequi. J. Clin.
Microbiol. 61, €0137522. doi: 10.1128/jcm.01375-22

Wang, X,, Ji, Y., Su, J., Xue, Y., Xi, H., Wang, Z., et al. (2020). Therapeutic Efficacy of
Phage P;,SAE-01E2 against Abortion Caused by Salmonella enterica Serovar
Abortusequi in Mice. Appl. Environ. Microbiol. 86 (22), e01366-20. doi: 10.1128/
aem.01366-20

Wang, H,, Liu, K. ], Sun, Y. H,, Cui, L. Y., Meng, X,, Jiang, G. M., et al. (2019).
Abortion in donkeys associated with Salmonella abortus equi infection. Equine
Veterinary J. 51, 756-759. doi: 10.1111/evj.13100

Wang, Z., Zhou, H,, Liu, Y., Huang, C., Chen, J., Siddique, A., et al. (2024b).
Nationwide trends and features of human salmonellosis outbreaks in China. Emerging
Microbes Infections 13 (1), 2372364. doi: 10.1080/22221751.2024.2372364

Wang, L., Zhu, J., Chen, L., and Du, H. (2024a). Cefiderocol: Clinical application and
emergence of resistance. Drug Resistance Updates 72, 101034. doi: 10.1016/
j.drup.2023.101034

Wiedemann, A.S., Virlogeux-Payant, 1., ChaussA©, A.-M., Schikora, A., and Velge,
P. (2015). Interactions of Salmonella with animals and plants. Front. Microbiol. 5.
doi: 10.3389/fmicb.2014.00791

Yeh, Y., de Moura, F. H., Van Den Broek, K., and de Mello, A. S. (2018). Effect of
ultraviolet light, organic acids, and bacteriophage on Salmonella populations in ground
beef. Meat Sci. 139, 44-48. doi: 10.1016/j.meatsci.2018.01.007

Zhang, H,, Yang, Z., Zhou, Y., Bao, H,, Wang, R,, Li, T., et al. (2018). Application of a
phage in decontaminating Vibrio parahaemolyticus in oysters. Int. J. Food Microbiol.
275, 24-31. doi: 10.1016/j.ijfoodmicro.2018.03.027

Zhao, R, Jiang, S., Ren, S., Yang, L., Han, W., Guo, Z,, et al. (2024). A novel phage
putative depolymerase, Depol16, has specific activity against K1 capsular-type Klebsiella
pneumoniae. Appl. Environ. Microbiol. 90, €0119723. doi: 10.1128/aem.01197-23

Zhou, Y., Li, L., Han, K., Wang, L., Cao, Y., Ma, D, et al. (2022). A polyvalent broad-
spectrum escherichia phage tequatrovirus EPO1 capable of controlling salmonella and
escherichia coli contamination in foods. Viruses 14 (2), 286. doi: 10.3390/v14020286

Zhu, M., Liu, W., Zhang, L., Zhang, W., Qi, P., Yang, H., et al. (2021).
Characterization of Salmonella isolated from donkeys during an abortion storm in
China. Microbial Pathogenesis 161 (Pt A), 105080. doi: 10.1016/j.micpath.2021.105080

frontiersin.org


https://doi.org/10.1016/s0168-1605(03)00111-9
https://doi.org/10.3389/fnut.2023.1079799
https://doi.org/10.3389/fpubh.2019.00355
https://doi.org/10.1016/j.ijfoodmicro.2021.109446
https://doi.org/10.3390/foods12224181
https://doi.org/10.3389/fphar.2019.00513
https://doi.org/10.1016/j.foodchem.2019.02.002
https://doi.org/10.1093/bioinformatics/btv681
https://doi.org/10.1002/efd2.104
https://doi.org/10.1128/aac.01563-16
https://doi.org/10.1016/j.jevs.2021.103642
https://doi.org/10.3389/fmicb.2021.664810
https://doi.org/10.1186/1471-2180-12-127
https://doi.org/10.1016/j.ijfoodmicro.2021.109514
https://doi.org/10.1016/j.meatsci.2016.04.002
https://doi.org/10.1128/jcm.01375-22
https://doi.org/10.1128/aem.01366-20
https://doi.org/10.1128/aem.01366-20
https://doi.org/10.1111/evj.13100
https://doi.org/10.1080/22221751.2024.2372364
https://doi.org/10.1016/j.drup.2023.101034
https://doi.org/10.1016/j.drup.2023.101034
https://doi.org/10.3389/fmicb.2014.00791
https://doi.org/10.1016/j.meatsci.2018.01.007
https://doi.org/10.1016/j.ijfoodmicro.2018.03.027
https://doi.org/10.1128/aem.01197-23
https://doi.org/10.3390/v14020286
https://doi.org/10.1016/j.micpath.2021.105080
https://doi.org/10.3389/fcimb.2024.1527201
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Characterization and genomic analysis of Salmonella Abortusequi phage, vB_SalP_LDDK01, and its biocontrol application in donkey meat
	Introduction
	Materials and methods
	Bacterial strain
	Phage isolation, purification, and characterization
	Phage potency assay
	Phage host range
	Phage morphology analysis
	Phage multiplicity of infection analysis
	Phage one-step growth curve analysis
	Phage thermal stability analysis
	Phage pH stability analysis
	Phage bioinformatics analysis
	Biofilm removal ability of phage
	Lysis ability of phage
	Inhibition of S. Abortusequi in donkey meat by phage LDDK01
	Statistical analysis

	Results
	Isolation, purification, and morphology of phage LDDK01
	Biological characterization of phage LDDK01
	Bioinformatics analysis of phage LDDK01
	In vitro bacteriostatic effect and biofilm elimination ability of phage LDDK01
	Effectiveness of phage LDDK01 in reducing S. Abortusequi in donkey meat

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


