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Abstract

Staphylococcus aureus, a prominent pathogen, is frequently encountered in clinical and food-processing settings.
Given its ability to develop antimicrobial resistance, effective control strategies are required to ensure microbial
safety. In this study, four lytic S. aureus phages (SapYZU10, SapYZU11, SapYZU12, and SapYZU13) were iso-
lated from sewage samples in Yangzhou, China. Their biological characteristics and bactericidal effect against
S. aureus isolates in vitro and in milk and fresh pork were evaluated. Their activities remained relatively stable
under stressful conditions (-80-70°C, pH 3.0-12.0). Notably, SapYZU11 (100%, 53/53) effectively lysed all 53
S. aureus strains, followed by SapYZU12 (90.57%, 48/53), SapYZU13 (79.25%, 42/53), and SapYZU10 (71.70%,
38/53). Among the phages with short latent periods (10-20 min), SapYZU11 had a larger burst size (152.00 plaque
forming units [PFU]/mL) and no genes related to antibiotic resistance and virulence. Furthermore, SapYZU11
effectively eradicated S. aureus and its cocktail (YZUsal, YZUsa4, YZUsal2, YZUsal4, and methicillin-resistance
S. aureus (MRSA) JCSC 4744) in Luria—Bertani broth and both food items. Particularly in milk, SapYZU11 with
a multiplicity of infection (MOI) of 100 inhibited MRSA JCSC 4744 strain and S. aureus cocktail with maximum
reduction levels of 5.03 log (Lg) colony-forming unit (CFU)/mL and 2.80 Lg CFU/mL, respectively. Conversely,
contaminated pork treated with three MOIs of SapYZU11 at 25°C and 4°C resulted in reductions of 0.29-1.29 Lg
CFU/mL and 0.11-0.32 Lg CFU/mL, respectively. Therefore, SapYZU11 proved as a promising biocontrol agent
against S. aureus in different food production settings.
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Introduction

In this fast-paced era, animal-derived food products are
widely popular among consumers (Mahros et al., 2021).
However, foods such as milk and meat, which are rich
in proteins and nutrients, promote stubborn bacterial
growth, potentially contaminating food products (lyer
et al., 2021). Such frequent and uncontrolled bacterial
contamination causes a significant economic burden
and poses a threat to public health (Zhou et al., 2018b).
Staphylococcus aureus is a Gram-positive pathogen that

causes a variety of diseases, including skin infections,
respiratory infections, and food poisoning in animals and
humans (Su et al., 2020). Moreover, because of antibiotic
overuse, S. aureus has gradually evolved as a pathogen,
such as methicillin-resistance S. aureus (MRSA), with the
ability to cause life-threatening infections spreading rap-
idly worldwide (Samir et al., 2022). A recent conducted
survey of food products, covering most of the provin-
cial capitals of China, revealed that high prevalence of
S. aureus was found in meat products as well as pasteur-
ized milk (Zhang et al., 2022a). Furthermore, S. aureus
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accounts for approximately 11.26% of outbreaks caused
by important foodborne pathogens in China (Wu et al.,
2018). Considering that the use of antibiotics and chem-
ical agents affects the flavor of food or even has adverse
effects (Nikolic et al., 2020; Ravindran and Jaiswal, 2019)
and that the development of new antibiotics is diffi-
cult, it is necessary to find alternative options to control
S. aureus in food applications.

Bacteriophages (phages), which are ubiquitous viruses,
can be isolated from river water, soil, farms, and domes-
tic sewage and can effectively lyse bacterial cells (Bhetwal
et al., 2017). In recent years, phages have gradually come
to be known as natural and effective bactericidal substi-
tutes because of the low efficiency of potent antibiotics in
treating bacterial diseases, and hence play an important
role in the prevention and control of foodborne patho-
gens (Pang et al., 2019; Santos and Azeredo, 2019). Some
advantages of phages include target specificity protect-
ing the microbiota of the host, capacity to multiply at
the site of infection, and low production costs (Monteiro
et al., 2019). The safety and efficacy characteristics of
phages were proven in several human and animal mod-
els with bacterial infections (Miedzybrodzki et al., 2012;
Takemura-Uchiyama et al., 2014). Nonetheless, the iso-
lation and screening of phages having a broad-spectrum
effect and high lysis ability remains one of the primary
paths to control S. aureus in food products.

In this study, highly lytic S. aureus phages were isolated
to analyze their biological characteristics. To confirm the
potential of phages against S. aureus, their bactericidal
effects were evaluated in vitro and food matrices (milk
and fresh pork).

Materials and Methods
Strains and culture conditions

This study used 62 bacterial strains of different genera
(Table 1). A total of 47 S. aureus strains (YZUsa 1-47)
were isolated from 267 nonduplicate samples collected
from three swine farms, two slaughter houses, and
four markets (Yangzhou, China) from October 2019
to May 2020. The 267 samples included swine stool
swabs (n = 30), swine nose swabs (n = 30), dust swabs
(n = 30), swine carcass swabs (n = 40), and pork swabs
(n = 137). All swab samples were collected using sterile
dry swabs (Amies Agar Transport Swabs, Copan, Italy)
as described previously and transported to laboratory
within 2h (Zhou et al., 2018a). All samples were screened
for S. aureus isolates as described by Li et al. (2015) and
confirmed by polymerase chain reaction (PCR) sequenc-
ing of products targeting the Staphylococcus-specific
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16S ribosomal RNA (rRNA). Following other strains
were used in this study: seven standard isolates, namely,
S. aureus American Type Culture Collection (ATCC)
25923 and ATCC 29213, Staphylococcus epidermidis
ATCC 12228, Escherichia coli China Center of Industrial
Culture Collection (CICC) 10664, Salmonella Enteritidis
CICC 21513, Listeria monocytogenes ATCC 1911, and
Vibrio mimicus CICC 21613; four clinical MRSA isolates,
namely, N315, MRSA85/2082, JCSC 4744, and WZ153;
and three Staphylococcal strains, namely, Staphylococcus
caprae SD2 and S. epidermidis YIC and SD1. All strains
were obtained from the Key Laboratory of Prevention
and Control of Biological Hazard Factors, Yangzhou
University (Jiangsu, China).

Isolation and propagation of phages

S. aureus phages were isolated from sewage samples
collected between December 2019 and May 2020 from
Yangzhou, China, using the previously described method
(Zhou et al., 2021). In brief, 50 mL of the collected sew-
age was separated at 8,000 x g for 10 min, and the super-
natant liquid was collected through 0.45- and 0.22-pm
membranes (Sangon Biotech Co. Ltd., Shanghai, China).
A 3-mL phage filtrate and a 100-pL host bacteria with
stable growth were suspended in a double Luria—Bertani
(LB) broth (2 xLB; Hope Bio-Technology Co. Ltd.,
Qingdao, China), and incubated at 120 revolutions per
minute (rpm) and 37°C for 24 h. The presence of phage
was confirmed using the spot assay, and the high-titer
phage suspensions of at least three enrichment processes
were purified. Phages were diluted at different concentra-
tions using saline magnesium (SM) dilution buffer. The
host bacteria were mixed with phages and added to 5 mL
of soft-top agar (LB containing 0.4% [w/v] agar), followed
by pouring of the mixture into solid nutritional agar
plates (LB containing 1.5% [w/v] agar) for overnight incu-
bation. Large and round transparent patches were mixed
in the buffer and a double layer was created; a pure phage
solution was obtained after several cycles. The phage
titers were determined in plaque forming units (PFU/
mL) as described by Zhou et al. (2021).

Transmission electron microscopy analysis of phages

Transmission electron microscopy (TEM; Tecnai 12;
Tecnai, Eindhoven, Netherlands) was used to examine
the morphology of phages (Zhou et al., 2021). The phages
were concentrated by isokinetic centrifugation using the
cesium chloride density gradient method and incubated
in a copper mesh. After 5 min, 2% phosphotungstic acid
(Sigma-Aldrich Trading Co. Ltd., Shanghai, China) was
added and allowed to dry naturally.
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Table 1. Host range of SapYZU10, SapYZU11, SapYZU12, and SapYZU13.
No. Strain Species Location Source Lysis performance
SapYZU10 SapYZU11 SapYZU12 SapYZU13

1. YZUsaf1 S. aureus Swine farm Stool +Ht +tt +tt +t+
2. YZUsa2 S. aureus Swine farm Stool - +++ + -
3. YZUsa3 S. aureus Swine farm Stool +++ +++ +++ +++
4 YZUsa4 S. aureus Swine farm Stool +++ +++ +++ +++
8, YZUsa5 S. aureus Swine farm Dust ++ +++ ++ +
6. YZUsa6 S. aureus Swine farm Nose ++H+ +H+ +++ ++t
7. YZUsa7 S. aureus Swine farm Nose - W it W
8. YZUsa8 S. aureus Slaughter house Nose - +tt - -
9. YZUsa9 S. aureus Slaughter house Nose - + + -
10. YZUsa10 S. aureus Slaughter house Nose - + + -
1. YZUsa11 S. aureus Slaughter house Nose - +++ ++ -
12. YZUsa12 S. aureus Slaughter house Nose +++ +++ +++ +++
13. YZUsa13 S. aureus Slaughter house Nose - + ++ +
14. YZUsa14 S. aureus Slaughter house Nose ++H+ +H+ +++ ++t
15. YZUsa15 S. aureus Slaughter house Nose - +H+ + -
16. YZUsa16 S. aureus Slaughter house Nose +++ ++t +tt +t+
17. YZUsal7 S. aureus Slaughter house Nose +Ht +tt +tt +H+
18. YZUsa18 S. aureus Slaughter house Nose +++ +++ +++ +++
19. YZUsa19 S. aureus Slaughter house Nose +++ +++ +++ +++
20. YZUsa20 S. aureus Slaughter house Nose +++ +++ +++ +++
21. YZUsa21 S. aureus Slaughter house Nose +++ +++ ++t +++
22. YZUsa22 S. aureus Slaughter house ~ Carcass ++ +++ ++ +++
23. YZUsa23 S. aureus Slaughter house ~ Carcass ++H+ +H+ +++ +++
24, YZUsa24 S. aureus Market Pork St it et it
25. YZUsa25 S. aureus Market Pork + ++t + +
26. YZUsa26 S. aureus Market Pork + +H+ W +
217. YZUsa27 S. aureus Market Pork - + - +
28. YZUsa28 S. aureus Market Pork - ++ +++ -
29. YZUsa29 S. aureus Market Pork + + ++ +
30. YZUsa30 S. aureus Market Pork - + - -
31. YZUsa31 S. aureus Market Pork - + ++ +
32. YZUsa32 S. aureus Market Pork +++ + +t+ +
33. YZUsa33 S. aureus Market Pork ++t + +tt +
34. YZUsa34 S. aureus Market Pork +t + +tt +
858 YZUsa35 S. aureus Market Pork +++ + ++ +
36. YZUsa36 S. aureus Market Pork +++ + ++ +
37. YZUsa37 S. aureus Market Pork +++ + +++ +
38. YZUsa38 S. aureus Market Pork +++ +++ +++ +++
39. YZUsa39 S. aureus Market Pork - + - -
40. YZUsa40 S. aureus Market Pork St it it it
41, YZUsa41 S. aureus Market Pork ++ ++H+ +++ +++
42. YZUsa42 S. aureus Market Pork +H+ + +++ +
43, YZUsa43 S. aureus Market Pork + +++ +++ +++
44, YZUsa44 S. aureus Market Pork + + +++ +
45, YZUsa45 S. aureus Market Pork +++ ++ +++ ++
46. YZUsa46 S. aureus Market Pork ++ +++ + +
(Continues)
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Table 1. Continued.
No. Strain Species Location Source Lysis performance
SapYZU10 SapYZU11 SapYZU12 SapYZU13

47. YZUsa47 S. aureus Market Pork + ++ ++ +++
48. MRSA N315 S. aureus Hospital Human +++ ++ ++ ++
49, MRSA 85/2082 S. aureus Hospital Human - ++ ++ -
50.  MRSA JCSC 4744 S. aureus Hospital Human + +++ ++ ++
51. MRSA WZ153 S. aureus Hospital Human i ++ ++ W
52. ATCC 25923 S. aureus - - - + - -
53. ATCC 29213 S. aureus - - + +t+ + +
54. ATCC 12228 S. epidermidis - - - + - -
55. YIC S. epidermidis - Pickle - - - -
56. SD1 S. epidermidis - Pickle - - - -
57. SD2 Staphylococcus caprae - Pickle - - - -
58. CICC 10664 Escherichia coli - cicc - - - -
59. Eh-YZU05 Enterobacter hormaechei - Pork - - - -
60. CICC 21513 Salmonella - CicC - - - -
61. ATCC 1911 Listeriamonocytogenes - ATCC - - - -
62. CICC 21613 Vibrio mimicus - CicC - - - -

“+++” indicates clear and translucent plaque.
“++” indicates a slightly turbid plaque.

“+” indicates plaque turbidity.

“~"indicates no plaque.

ATCC: American Type Culture Collection; CICC: China Center of Industrial Culture Collection.

Multiplicity of infection of phages

As described by Luo et al. (2021), the phage solution
diluted into different multiples was dispersed in host
bacterial suspension (multiplicity of infection [MOI] =
100, 1, 0.1, 0.01, and 0.001), and the phage dilution ratio
with a relatively high titer was used as the best MOI for
the phage.

One-step growth curve

The experimental method for phage growth in host bac-
teria is based on previous studies with some adjustments
(Luo et al., 2021). Phages stock dilutions (100 pL, 107
PFU/mL) were dispersed onto the pre-prepared S. aureus
ATCC 29213 suspension (100 pL, 10 colony-forming
unit [CFU]/mL) and were allowed to rest for 10 min. The
adsorbent was centrifuged using the same procedure,
and the precipitate was resuspended in 5-mL LB broth.
The cultures were aspirated at 0 min, and then at 10, 20,
30, 40, 50, 60, 75, 90, 105, 120, 135, 150, 165, 180, 200,
220, and 240 min to determine their titers. The burst size
was calculated by dividing the titer of the stably growing
phage by the average of the original titer.

Thermal and pH stabilities

The phages were studied for their ability to survive at dif-
ferent temperatures and pH values. To measure thermal
stability, 100 pL of phage suspension (10° PFU/mL) was
transferred into 900-puL fresh LB broth, incubated at —80,
—40, —20, 40, 50, 60, and 70°C and collected after 20 min,
40 min, and 1 h.

For estimating pH stability, the phage suspension was
added to fresh LB broth with different pH values (pH was
adjusted from 2.0 to 12.0 using HCl or NaOH) to a final
concentration of 108 PFU/mL. Subsequently, the culture
was incubated at 37°C for 1 h. After respective tempera-
ture and pH experiments, the phage titer was also deter-
mined using the double-layer agar method.

Lytic spectra of phages

Bacterial strains (n = 62) were dispersed in a double-layer
dish, solidified to allow each phage solution (10® PFU/mL,
10 pL) to be dropped vertically onto the surface. Sodium
chloride, Magnesium sulphate, and gelatine (SM) buffer
was selected as a blank control and incubated at 37°C.
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The resulting plaque brightness was divided into four dif-
ferent grades (Li et al., 2021b) as shown in Table 1: clear
and translucent (+++), slightly turbid (++), turbidity (+),
and no plaque (-).

Bactericidal activity of phage against S. aureus
in LB broth

Phage activity in the bacterial challenge test was deter-
mined by the 96-well plate culture method (Alves et al.,
2014). The concentration of each of the S. aureus strain
suspension (ATCC 29213, YZUsal, YZUsa4, YZUsal2,
YZUsal4, and MRSA JCSC 4744) was adjusted to 10°
CFU/mL, and five S. aureus strains (YZUsal, YZUsa4,
YZUsal2, YZUsal4, and MRSA JCSC 4744) were
selected to be mixed in equal volumes to prepare S.
aureus cocktail. Thereafter, S. aureus or S. aureus cocktail
was thoroughly mixed with phage (MOI = 0.01, 1, and
100) in equal proportions to make phages and bacterial
mixtures. A 96-well plate containing 198-uL LB broth
was supplemented with 2 pL of phages and bacterial mix-
tures, and statically cultured at 37°C for 24 h; the absor-
bance was measured at 600 nm every 3 h.

Genomic analysis of phage SapYZU11

The extracted phage genomic DNA was sequenced on an
Mlumina sequencer (Illumina, San Diego, CA, USA), and
the sequencing results were processed according to the
method described by (Zhou et al. (2021). Open reading
frames (ORFs) were predicted using software packages
(FGENESB, Glimmer, and GeneMarkS) and annotated
based on the “NCBI Prokaryotic Genome Automatic
Annotation Pipeline” and “eggNOG” functions. Transfer
RNA (tRNA)-encoding genes were screened using tRNA
Scan-SE. The completed phage genome sequence of
SapYZU 11 was deposited in GenBank (accession num-
ber MW 864250).

Bactericidal activity of phage against S. aureus in
skimmed milk

The effect of purified phage on the growth of S. aureus
in skimmed milk was measured according to previously
described methods with certain modifications (Li et al.,
2021a). Ultra-high temperature (UHT) skimmed milk
was used in the current study to evaluate the effect of
phage on S. aureus. Skimmed milk, 10 mL, was inocu-
lated with 100-uL MRSA JCSC 4744 or S. aureus cock-
tail (10° CFU/mL), followed by treatment with 100 uL
of phage solution (MOI = 0.01, 1, and 100) or SM bufter.
This was then incubated with a static culture at 25°C or
4°C. Cultures (1 mL) were removed for bacterial counting

at 0, 3, 6, 9, 12, 24, and 48 h (25°C) or on daily basis
(7 days, 4°C).

Bactericidal activity of phage against S. aureus
in fresh pork

The method as described by Li et al. (2021b) with minor
modifications was used to measure the effect of phages
on the growth of S. aureus in fresh pork. In order to
prevent the interference of microbiota, fresh pork sam-
ples of 1 x 1 x 1 cm size were washed with 70% etha-
nol and treated with ultraviolet radiation (UV) for 1 h.
The S. aureus cocktail (10° CFU/mL, 100 pL) was evenly
distributed on the surface of each meat piece, followed
by a stable attachment and addition of the same amount
of phage solution (MOI = 0.01, 1 and, 100) in the same
position. Finally, the samples were cultured in constant
temperature incubators at 25°C and 4°C. A standard plate
count was performed at 0, 3, 6, 9, 12, 24, and 48 h (25°C)
or on daily basis (7 days, 4°C) to quantify the surviving
cells.

Statistical analysis

All tests in this study were performed in triplicate.
Results are presented as mean values, and variances
were determined by standard deviation from mean val-
ues (Zhou et al., 2021). The SPSS software with two-way
analysis of variance (IBM-Armonk, New York, USA) was
used to calculate the significance of data, and performed
to determine differences between control and treatment
groups (thermal and pH stability, inhibition assays in
vitro, and food matrix). P < 0.05 was considered statisti-
cally significant.

Results
Isolation and morphological analysis of phages

Four phages (SapYZU10, SapYZU11, SapYZU12, and
SapYZU13) infecting the host S. aureus ATCC 29213
were obtained from the sewage samples of Yangzhou,
China. TEM results (Figures 1A—1D) indicated that the
head diameters of SapYZU10 and SapYZU11 phages mea-
sured 41.61 + 3.39 nm and 26.75 + 2.69 nm, respectively.
SapYZU10 and SapYZU11 phages had similar short tails
(13.56 + 1.96 nm and 28.55 + 2.03 nm, respectively), and
belonged to the Podoviridae family. Phages SapYZU12
and SapYZU13 had an icosahedral head (75.47 £+ 2.36 nm
and 74.77 + 5.32 nm, respectively) attached to a con-
tracted tail (182.33 + 11.26 nm and 104.05 + 9.23 nm,
respectively). These morphological characteristics indi-
cated that phages SapYZU12 and SapYZU13 belonged
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G sapYZUu10

(D)

Figure 1.

(A) Electron microscopy and (B) plaque morphology of S. aureus phages (SapYZU10, SapYZU11, SapYZU12, and

SapYZU13). Images of phage plaques are magnified three times and shown with red squares.

to the Myoviridae family. Additionally, phage patches
formed by the four mentioned phages were different,
their diameters were more than 1 mm, and their sizes
were uniform (Figures 1IE-1H).

Optimal MOI and one-step growth of phages

When the four phages were in an optimal MOI, the
titers produced were above 108 PFU/mL, especially for

SapYZU11, in which titer was as high as 1.6 x 10° PFU/
mL (Figures 2A-2D). As shown in Figures 2E-2H, the
incubation periods of phages SapYZU10, SapYZU11,
and SapYZU12 were 20 min, but their burst sizes were
different. Compared to SapYZU10 (63.01 PFU/infected
cell) and SapYZU12 (61.23 PFU/infected cell), SapYZU11
had the highest burst size of 152.00 PFU/infected cell.
Although SapYZU13 had a short incubation period (10
min), its burst size (59.42 PFU/cell) was lowest of the
four phages.
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Figure 2.
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(A) Titer change of S. aureus phage under six multiplicity of infection (MOls). (B) One-step growth curve of phages

with an MOI of 0.1 with S. aureus ATCC 29213 as host bacterium.
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Thermal and pH stability of phages

The tolerance to distinct temperatures and pH condi-
tions of phages are shown in Figure 3. Results showed
no reduction in titers when the four phages were incu-
bated between —80°C and —20°C, remaining at 8.85, 8.92,
8.64, and 7.79 log (Lg) PFU/mL. The titers of phages
SapYZU10, SapYZU11, and SapYZU12 decreased by
0.74, 0.62, and 0.67 Lg PFU/mL, respectively, when incu-
bated between 40°C and 50°C (P< 0.05) whereas the titers
of SapYZU13 stabilized at 7.7 Lg PFU/mL. With the tem-
perature rising to 60°C, activity of the four phages con-
tinually reduced by 1.26, 1.99, 1.86, and 2.40 Lg PFU/mL,
respectively (P < 0.05). The thermal inactivation kinetics
of SapYZU11 and SapYZU13 were similar when incu-
bated at 70°C for 20 min and their titers decreased to 4.90
Lg PFU/mL and 2.95 Lg PFU/mL, respectively, whereas
phages SapYZU12 and SapYZU13 were inactivated at
70°C. However, SapYZU11 was inactivated after incuba-
tion at 70°C for 40 min and longer, and only SapYZU10
retained a fraction of its activity after 1-h incubation,
with a titer of 3.89 Lg PFU/mL (Figures 3A—3D). In addi-
tion, the results of acid—base solution on the growth of
four phages showed that they retained a stable titer (8.13,
8.20, 7.91, and 7.52 Lg PFU/mL) from pH 3.0 to pH 12.0
for 1 h (Figures 3E-3H).

Lytic spectrum of phages

Upon testing the phages against 62 common bacte-
rial strains, including 53 S. aureus (Table 1), the results
showed that SapYZU11 had the widest lytic spectrum,
lysing 100% of the tested S. aureus strains and one
S. epidermidis strain. Notably, 29 S. aureus (+++) strains
were sensitive to SapYZUL11, six S. aureus strains (++)
showed slightly turbid plaques, and the remaining
phage plaques were very cloudy (+). Compared to phage
SapYZU12 with a lysis rate of 90.57% (48/53), SapYZU13
and SapYZU10 lysed only 79.25% (42/53) and 71.70%
(38/53) of S. aureus strains, respectively. However, all
four phages were unable to lyse bacteria other than
S. aureus and S. epidermidis.

Phage SapYZU11 treatment in LB broth

The effects of four phages on S. aureus ATCC 29213 in LB
broth are shown in Figures 4A, 4B, and Supplementary
Figures S1 and S2. The optical density (OD,,, ) value of
S. aureus ATCC 29213 without phage treatment was sta-
ble at 0.10 in the first 6 h, increased sharply to 0.91 at
6-15 h, and finally rose slowly at 15-24 h before stabiliz-
ing at 1.04. When the MOIs were 1 and 0.01, SapYZU11
reduced the OD,, value of S. aureus to 0.45 (at 15 h,
P < 0.05), which was significantly lower than that of the
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control group (0.98). However, SapYZU11 with an MOI
of 100 showed better inhibitory effects, and the maxi-
mum reduction was 0.65 (at 15 h, P < 0.001). Compared
to SapYZU11l, phages SapYZU10, SapYZU12, and
SapYZU13 showed maximum reduction in OD,,,  val-
ues of S. aureus when the MOI was 100, which were 0.17
(at 24 h), 0.17 (at 24 h), and 0.06 (at 12 h), respectively
(P <0.05).

In addition, consistent with the expected results, follow-
ing treatment with phage SapYZUI1 at different MOI
values (1 and 100) within 24 h, the OD_  values of
five S. aureus strains, i.e., YZUsal, YZUsa4, YZUsal2,
YZUsal4, and MRSA JCSC 4744, were stabilized at
0.14, 0.12, 0.14, 0.15, and 0.16, respectively. By con-
trast, when MOI was 0.01, SapYZU11 only decreased
the growth inhibition of S. aureus YZUsal2, and the
OD,,., Value was 0.36 at 24 h (P < 0.05; Figures 4C and
S3-S6). Furthermore, when the MOI values were 1 and
100, SapYZU11 inhibited the growth of S. aureus cock-
tail for 24 h, and reduced their OD, values at 24 h by
0.41 and 0.43, respectively. However, the control effect
of SapYZU11 with an MOI of 0.01 on S. aureus cocktail
decreased slightly, and the best effect was achieved at 18
h, with the OD value decreased by 0.33 (P < 0.05).

600nm

Phage SapYZU11 treatment in milk

The effect of SapYZU11 on the viability of S. aureus in
milk was examined at 25°C and 4°C (Figures 5A and
5B). At 25°C, SapYZU11 with an MOI of 100 effectively
inhibited the growth of MRSA JCSC 4744 and S. aureus
cocktail for up to 24 h, thus reducing their counts by
5.03 Lg CFU/mL and 2.80 Lg CFU/mL (compared to
the untreated milk sample), respectively (P < 0.001).
Moreover, when the MOI values were 1 and 0.01, the
growth of MRSA JCSC 4744 was significantly inhibited,
and its count decreased by 3.97 Lg CFU/mL and 2.03
Lg CFU/mL, respectively (P < 0.001). At the same MOI
values, the S. aureus cocktail counts were 7.50 Lg CFU/
mL and 8.41 Lg CFU/mL at 48 h, respectively, whereas
the count was 8.90 Lg CFU/mL for the untreated milk
sample.

The results of SapYZU11 on S. aureus in milk at 4°C
are shown in Figures 5C and 5D. SapYZU11 at an MOI
of 100 resulted in maximum reductions of MRSA JCSC
4744 and S. aureus cocktail at 4 days to 0.33 Lg CFU/mL
and 0.29 Lg CFU/mL, respectively (P < 0.05). After phage
treatment at MOIs of 0.01 and 1, the counts of MRSA
JCSC 4744 decreased by 0.25 Lg CFU/mL (at 6 days) and
0.27 Lg CFU/mL (at 3 days), respectively, whereas the
S. aureus cocktail counts at MOIs of 0.01 and 1 decreased
by 0.11 Lg CFU/mL (at 2 days) and 0.16 Lg CFU/mL (at
3 d), respectively.
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(A) Stability of S. aureus phages were maintained under different temperatures (-80°C, —40°C, —20°C, 40°C, 50°C,

60°C, and 70°C) for 2 h. (B) Stability of S. aureus phages was maintained under acid-base solution conditions (2.0, 3.0, 4.0, 5.0,

6.0, 7.0, 8.0, 9.0, 10.0, 11.0, and 12.0) for 2 h.

Figure 3.
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Figure 4.

In vitro lytic activity of (A) phage SapYZU10, and (B) SapYZU11 against S. aureus ATCC 29213 in LB broth. In vitro

lytic activity of phage SapYZU11 against (C) MRSA JCSC 4744 and (D) S. aureus cocktail (YZUsa1, YZUsa4, YZUsa12, YZUsa14,

and MRSA JCSC 4744) in LB broth.

Phage SapYZU11 treatment in fresh pork

In order to test the bactericidal potential of SapYZU11 in
meat products, fresh pork was artificially inoculated with
S. aureus cocktail. When administered at MOIs of 1 and
100, SapYZU11 reduced the counts of viable S. aureus at
25°C by 0.98 Lg CFU/mL (at 48 h) and 1.29 Lg CFU/mL
(at 48 h), respectively (P < 0.05; Figure 6A). On the other
hand, at MOIs of 1 and 100, S. aureus decreased by 0.16
Lg CFU/mL (at 3 days) and 0.32 Lg CFU/mL (at 4 days)
at 4°C, respectively (P < 0.05; Figure 6B). However, when
using SapYZU11 at an MOI of 0.01 at 25°C, the maxi-
mum reduction of S. aureus was demonstrated to be 0.30
Lg CFU/mL at 48 h (P < 0.05). By contrast, the count of
S. aureus was reduced by 0.11 Lg CFU/mL (at 2 days) fol-
lowing phage SapYZU11 treatment at 4°C.

Discussion

In the food industry, phages with specific characteristics
are considered natural antimicrobials and potential tools
against multi-drug-resistant bacteria (Lewis and Hill,
2020). In this study, four virulent S. aureus phages were

isolated, and their inhibition against S. aureus in LB broth
and food was analyzed. It is reported that latent period
and burst size of phages are indicators of potential anti-
bacterial capabilities (Yang et al., 2020). A phage with a
larger burst size can have a practical advantage in therapy,
because the phage population increases therapy’s initial
dose by several hundred folds within a short time period
(Amarillas et al., 2017). Previously, studies reported that
the latent period of phages pSal-SNUABM-04 (Kwon
et al., 2020) and SaGU1 (Shimamori et al., 2021) infect-
ing S. aureus was 60 min and 40 min, respectively. In
comparison, our data from the one-step growth curve
showed that SapYZUI11l and three other phages had
shorter latent periods. Despite exhibiting a shorter latent
period, SapYZU13 was not considered the best candidate
to be a biocontrol agent because of its lower burst size.
Another study reported that phages ME18 and ME126,
which infect S. aureus, displayed a burst size of 114.00
PFU/cell and 140.00 PFU/cell, respectively (Gharieb
et al., 2020). In contrast, SapYZU11 has a larger burst
size, which is critical of efficacy as a biological antibacte-
rial agent. These results indicated that SapYZU11 could
be used as an effective biocontrol agent against S. aureus
contamination in the food industry.
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Figure 5. Effectiveness of phage SapYZU11 in reducing (A and C) MRSA JCSC 4744, and (B and D) S. aureus cocktail (10°
CFU/mL) in milk at 4°C and 25°C. Phage SapYZU11 with three MOlIs (0.01, 1, and 100) was mixed with S. aureus in milk, and the
number of bacteria was determined at the indicated time points (4°C: 1, 2, 3, 4, 5, 6, and 7 day; 25°C: 0, 3, 6, 9, 12, 24, and 48 h).
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Figure 6. Effectiveness of phage SapYZU11 in reducing S. aureus cocktail in fresh pork at (A) 4°C and (B) 25°C. S. aureus
(10° CFU/mL) was divided into several parts and added to fresh pork and phage SapYZU11 at three MOls (0.01, 1, and 100) at the
same position after drying. The number of bacteria was determined at the indicated time points (4°C: 1, 2, 3, 4, 5, 6, and 7 day;
25°C:0,3,6,9,12, 24, and 48 h).
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Temperature and pH values have significant effects on
phage stability, and are considered important character-
istics to be applied in the food industry (Cao et al., 2021).
Isolated phages sustained for 1 h at temperatures below
50°C exhibited a stable titer. However, at 60°C, the activ-
ity of phages decreased, and after incubation at 70°C for
20 min, they gradually became inactive, similar to the
S. aureus phage vB_SauS_]JS02 (Zhang et al., 2022b).
However, the temperature tolerance of SapYZU11 and
other three phages was generally higher, compared to
the four Staphylococcus phages Stab20-Stab23 isolated
in Albania (Oduor et al., 2020). Moreover, SapYZU11
exhibited higher pH tolerance and stability than some
previously reported phages, such as phage JD419 (Feng
et al.,, 2021). Notably, SapYZU11 showed the highest
activity at pH 12.0 for 2 h upon persistent incubation,
allowing for its utilization in distinct food matrices and
food production conditions with different pH values.

A phage with a wide range of hosts is a primary criterion
of application in the food industry to ensure maximal
bacterial infection, especially in fermented foods or farm
animals (Meaden and Koskella, 2013). In a study involv-
ing 21 S. aureus strains as host spectra, phage vB_SauM_
CP9 could lyse only 10 strains effectively (Kitamura et al.,
2020). In another study involving four phages in the host
spectrum, phage Trsa205 infected 37.50% (21/56) of S.
aureus strains and lysed 66.07% (37/56) when combined
with Trsa207, Trsa220, and Trsa222 phages (Abdurahman
et al., 2021). In comparison, the isolated S. aureus phage
SapYZU11 showed a broad range of hosts, with ability
to infect a full range of tested S. aureus strains. Analysis
of complete genome revealed that SapYZU11 harbored
two genes encoding tail fiber protein (Figure S7 and
Supplementary Table S1), which shared 83.60% and
97.60% amino acid sequence identity with phage CSA13
(Cha et al., 2019). Phage CSA13 had a broad host spec-
trum and lytic activity against strains, including methicil-
lin-susceptible S. aureus (MSSA), MRSA, local S. aureus
isolates, and non-aureus Staphylococci. Therefore, a
broad host spectrum of SapYZU11 could be due to the
existence of unique tail fiber proteins. Its genome did
not encode any gene related to tRNA, drug resistance,
lysogenicity, and virulence. These results identified that
SapYZU11 had a potential application value as a biocon-
trol agent in food. However, the future research must
elucidate the efficiency of plating (EoP), resistance, and
safety of phage SapYZU11 for a more accurate and effec-
tive phage therapy in food applications.

In control of S. aureus in LB broth by phages, the abil-
ity of SapYZUIl1 to significantly inhibit the growth
of all six S. aureus strains (ATCC 29213, YZUsal,
YZUsa4, YZUsal2, YZUsal4, and MRSA JCSC 4744)
was reflected. This lytic activity was similar to the one
reported by Ma et al. (2021), where the phage cocktail

Isolation and characterization of a broad-spectrum phage SapYZU11

(LSA2366 and LSA2308) was found to decrease the con-
tent of S. aureus BM001 in LB broth within 24 h. Notably,
in LB broth with S. aureus cocktail, SapYZU11 with MOIs
of 1 and 100 displayed a high level of infective potential
similar to phage LPSTLL (Guo et al., 2021). However, the
optical density of S. aureus cocktail culture significantly
decreased within 15 h of incubation with SapYZU11 at
an MOI of 0.01, possibly because of the development of
phage resistance or complex interactions between bacte-
ria as reported by Zhou et al. (2021). Further research is
required to understand the exact mechanism for devel-
oping bacterial resistance against phage SapYZU11.

Phage SapYZU11 had excellent characteristics and bio-
logical safety supporting its possible application in the
food industry. In the present study, milk and fresh pork
were used as representatives of food products frequently
contaminated with S. aureus to evaluate the efficacy
of SapYZU11 in controlling these pathogens in food
matrices. The experimental results of artificial contam-
ination of S. aureus in milk sample showed that when
controlling the growth of MRSAJCSC 4744 at 25°C, the
inhibitory rate of SapYZU11 at MOIs of 1 and 100 was
more than 99.99%. This lytic activity was higher than that
reported in a study conducted by Ma et al. (2021), show-
ing an inhibitory rate of 99.97% against S. aureus in milk
sample at 24 h following treatment with LSA2308 at an
MOI of 10,000. Phage SapYZU11 exhibited greater effi-
ciency than phage LSA2308, with the inhibition rate for
S. aureus reaching 99.05% with SapYZU11 at an MOI of
0.01 in milk. In addition, SapYZU11 displayed a high level
of infective potential against S. aureus cocktail at 25°C,
and exhibited lytic activity in fresh pork samples. Their
inhibitory effect was more apparent with growing num-
bers of MOIs at 25°C, as reported by Zhou et al. (2021).
Similar results were also reported by Zhou et al. (2022),
suggesting that addition of a high dosage of SapYZU11
could remove bacterial contamination from food prod-
ucts with greater efficiency.

At 4°C, concentration in S. aureus and S. aureus cock-
tail after 7-day SapYZU11 treatment was closely com-
pared to the initial bacterial concentration (3.92-4.15
Lg CFU/mL) in milk and fresh pork samples whereas
concentration in the control group was 4.38-4.51 Lg
CFU/mL, which is consistent with the lytic activity of
phages SPHG1 and SPHG3 (Esmael et al., 2021). In fact,
phages require a stable host to reproduce and propagate;
therefore, in low-temperature conditions both bacterial
growth and phage activity are slow, consequently dimin-
ishing the outcome of phage treatment (Abhisingha et al.,
2020). It was reported that some phages showed similar
lytic activity at 4°C; however, the bactericidal mecha-
nisms of phages at low temperature is still unclear (Witte
et al., 2022). Accordingly, the temperature must be con-
sidered prior to the treatment with phage. Additionally,
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the data showed that inhibition of S. aureus by phage
SapYZU11 in milk had a more significant effect than
that in fresh pork, regardless of whether the phage was
applied at 25°C or 4°C. These results revealed that aside
from phage type and concentration, the food item could
play a vital role in determining the efficacy of a bacte-
riophage intervention. This could have possibly resulted
from the inability of phage particles to move and reach
their host on the surface of a solid food or/and the emer-
gence of phage resistance (Duc et al, 2020). Greater
inhibition of S. aureus in milk could be attributed to the
mobility of liquid milk, as the free movement offered in
a liquid system would aid phage—bacteria engagement,
increasing interactions between them.

Although SapYZU11 was proved to be effective in remov-
ing pathogen contamination from milk and fresh pork,
one limitation of the current study was that the viable
concentration of host bacteria could only be reduced to
the initial level at the most but not below the detection
limit (<1 Lg CFU/mL). This limitation also suggests how
it was not be possible for one phage to control all patho-
genic S. aureus. Therefore, further research is required
wherein multiple combinations of phages, other food-
grade antimicrobials, or higher concentration of phages
could be used to improve their antibacterial effectiveness.
In addition, in this study, the lysing activity of SapYZU11
was evaluated only in milk and pork. The future studies
must include in vitro analysis in more food matrices and
could focus on the stability, effectiveness, and safety of
phage SapYZU11.

Conclusions

In conclusion, the four phages isolated in this study
demonstrated high activity at a wide range of tempera-
tures and pH values, and were able to lyse more than
60% of S. aureus. Notably, SapYZU11 lysed 100% of the
tested S. aureus and revealed greater burst size (152.00
PFU/cell), compared to those of the other three phages.
Moreover, SapYZU1l was more effective against S.
aureus in LB broth, and significantly decreased the con-
tent of S. aureus cocktail in milk and fresh pork at 25°C
and 4°C. These results suggested that phage SapYZU11
could be used as a novel natural biocontrol agent against
S. aureus in food products.
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Isolation and characterization of a broad-spectrum phage SapYZU11
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Figure $1. In vitro lytic activity of phage SapYZU12 against Figure S4. In vitro lytic activity of phage SapYZU11 against
S. aureus ATCC 29213 in LB broth. S. aureus YZUsa4 in LB broth.
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Figure S2. In vitro lytic activity of phage SapYZU13 against Figure S5. In vitro lytic activity of phage SapYZU11 against
S. aureus ATCC 29213 in LB broth. S. aureus YZUsa12 in LB broth.
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Figure S3. In vitro lytic activity of phage SapYZU11 against Figure S6. In vitro lytic activity of phage SapYZU11 against

S. aureus YZUsa1 in LB broth.

S. aureus YZUsa14 in LB broth.
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Figure S7. Whole genome map of phage SapYZU11.

SapYzZU11
17790 bp

Table S1.  Genomic function annotation of SapYZU11.
ORFs Start End Strand  Length  Protein  Putative function Best phage homolog Identity ~ Accession No.
(bp) (aa) (%)
ORF1 266 625 + 360 120 Hypothetical protein Staphylococcus phage 77.87  QDH84802.1
SA03-CTH2
ORF2 638 820 + 183 61 Hypothetical protein Staphylococcus phage SAP-2 100.00  YP_001491544.1
ORF3 827 2053 + 1,227 409 Major head protein Staphylococcus phage SAP-2 98.53  YP_001491544.2
ORF4 2068 3051 + 984 328 Upper collar protein Staphylococcus phage CSA13 98.17  YP_009819982.1
ORF5 3044 3799 T 756 252 Lower collar protein Staphylococcus phage SLPW] 98.41  YP_009278569.1
ORF6 3812 5755 & 1,944 648 Minor structural Staphylococcus phage SAP-2 97.99  YP_001491544.2
protein
ORF7 5767 6519 + 753 251 Phage lysin Staphylococcus phage GRCS 97.60  YP_009004305.1
ORF8 6582 7478 + 897 299 Tail fiber protein Staphylococcus phage LSA2366 9416  QQO038231.1
ORF9 7538 9301 + 1,764 588 Tail fiber protein Staphylococcus phage LSA2366 99.66 QQ0O38232.1
ORF10 9303 9722 i 420 140 Holin Staphylococcus phage LSA2366 100.00 QQO38233.1
ORF11 9700 11139 + 1,440 480 Phage lysin Staphylococcus phage Pabna 99.37  YP_009816546.1
ORF12 11253 13538 - 2,286 762 DNA polymerase Staphylococcus phage SCH1 9711 YP_009787907.1
ORF13 13554 14801 - 1,248 416 DNA encapsidation Staphylococcus phage Pabna 99.52  YP_009816544.1
protein
ORF14 14849 15328 - 480 160 Hypothetical protein Staphylococcus phage GRCS 96.05  YP_009004298.1
ORF15 15331 15501 - 171 57 Hypothetical protein Staphylococcus phage S24-1 96.36  YP_004957422.1
ORF16 15494 15907 - 414 138 Hypothetical protein Staphylococcus phage BP39 91.97  YP_009283981.1
ORF17 15910 16089 - 180 60 Hypothetical protein Staphylococcus phage SLPW 100.00  YP_009278557.1
ORF18 16140 16508 - 369 123 Single-stranded Staphylococcus phage Pabna 98.10  NC_048107.1
DNA binding protein
ORF19 16532 16768 - 237 79 Hypothetical protein Staphylococcus phage SLPW 9744  YP_009278555.1
ORF20 16786 17088 - 303 101 Hypothetical protein Staphylococcus phage SLPW 99.00  YP_009278554.1
ORF21 17081 17278 - 198 66 Hypothetical protein Staphylococcus phage GRCS 95.38  YP_009004291.1
ORF22 17282 17473 - 192 64 Hypothetical protein Staphylococcus phage BP39 87.76  YP_009283976.1
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