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Abstract: Staphylococcus aureus, a pathogenic species of genus Staphylococcus involved in foodborne
illness always remain among the top priorities of the world major concerns. In the present study, we
have used recombinant SAP8 endolysin from the bacteriophage SAP8 and commercial nisin to inhibit
the viability of pathogenic S. aureus KCTC 3881 cells; however, the approach was not identified as
cost-effective. A gradual decrease in the viable S. aureus KCTC 3881 cell counts was observed with
an increase in the concentrations of recombinant SAP8 endolysin and nisin. However, combined
treatment with recombinant SAP8 endolysin and nisin decreased the viable S. aureus KCTC 3881
cell counts in a significant manner. The combination of 0.01 µM of recombinant SAP8 endolysin
with 9 IU/mL and 18 IU/mL of nisin demonstrated a promising decrease in the viable cell counts
of the strain. Under the scanning electron microscope, the combination treatment with 0.01 µM of
recombinant SAP8 endolysin and 18 IU/mL of nisin showed complete cellular destruction of S. aureus
KCTC 3881. We propose that a combination of recombinant SAP8 endolysin and nisin could be a
strong alternative to antibiotics to control the growth of S. aureus including MRSA.

Keywords: Staphylococcus aureus; recombinant SAP8 endolysin; nisin; combination effect

1. Introduction

Food safety always remains among the top priorities of the world major concerns. The
global burden due to foodborne illnesses and their economic and social impacts remains
excessively high [1]. The foodborne diseases caused by pathogenic gram-positive and
gram-negative bacteria always remains a serious concern globally. Staphylococcus (S.) aureus
is a Gram-positive, round-shaped, facultatively anaerobic, ubiquitous microorganism, and
considered as an important foodborne pathogenic species of genus Staphylococcus [2,3].
S. aureus persist in food setting, form biofilm, release enterotoxins in food, show resistance
to typical antimicrobials, and is the third major cause of foodborne illness in humans [4,5].
The antibiotic therapies against S. aureus are not showing satisfactory results, therefore
development of new anti-bacterial strategies against these highly antibiotic resistance
bacteria is strongly needed. Resistance of S. aureus to multiple antibiotics has urged the
employment of bacteriophages (bacterial viruses) as an alternative option of therapies for
the treatment of biofilm formation and infections [6]. Food and Drug Administration (FDA)
have approved bacteriophages and nisin as food additives to control pathogenic bacteria
and their toxins [7–9]. Duc et al. have used phage SA46-CTH2 and nisin together to combat
S. aureus [10]. Although phage therapy has been successfully employed against pathogenic
bacteria, concern exists about the safety and development of bacterial resistance against
phage [11]. Hussain et al. have studied about the marine Vibrio resistance mechanism
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against phages [12,13]. However, in the recent past, bacteriophage endolysins have been
successfully employed against several pathogenic bacteria [14–16]. Yu et al. examined
endolysin SAP8 activity against MRSA and found it as an alternative agent to control
S. aureus strains [16]. In comparison with bacteriophage endolysins, bacteriocins from lactic
acid bacteria have been successfully extracted and employed to control the growth of food-
borne pathogenic bacteria. Nisin, a commercialized product, extracted and purified from
Lactococcus lactis, has been used as a bio-preservative in the food industry [17]. In previous
studies, nisin has successfully been employed against S. aureus, and significant reduction
in growth of S. aureus was observed [18]. While the antibacterial effects of bacteriophage
endolysin SAP8 and nisin have been studied previously, the combination or synergistic
effects are still unexplored.

In this study, we have investigated the effects of recombinant SAP8 endolysin from the
bacteriophage SAP8 and commercial nisin in controlling the growth of S. aureus KCTC 3881.
Furthermore, the combination effect of recombinant SAP8 endolysin and nisin against the
strain has been studied.

2. Materials and Methods
2.1. Antimicrobial Activity of the Recombinant SAP8 Endolysin against Staphylococcus aureus

The recombinant DNA for SAP8 endolysin was previously constructed and expressed
in Escherichia coli strain and the recombinant protein named LysSAP8 was named recom-
binant SAP8 endolysin in this study [16]. The antimicrobial activity of the recombinant
SAP8 endolysin mentioned above was examined against methicillin resistant S. aureus
(MRSA) KCTC 3881 isolated from human lesion. Previously, 73 strains of S. aureus, in-
cluding MRSA strains, were found to be susceptible against recombinant SAP8 endolysin,
including S. aureus KCTC 3881, which demonstrated that recombinant SAP8 is not strain-
specific [16]. In our previous study, we tested crude nisin from L. lactis strain against
several S. aureus strains and found strongest activity of nisin against S. aureus KCTC 3881,
chosen as a model strain in this study [19]. To test activities of recombinant SAP8 en-
dolysin and nisin, S. aureus KCTC 3881 strain was cultured in MRS broth (BD, Sparks,
MD, USA) at 37 °C for 12 h. To measure CFU/mL, 10 times serial dilutions of culture
was made, then we poured 10 µL of each dilution on MRS agar plate in triplicate form.
After incubation at 37 °C for 24 h, colonies were counted and determined CFU/mL using
formula (total colonies × dilution factor × 100). The CFU/mL of broth culture medium
appeared 109 CFU/mL, 1 mL of culture broth was taken, and centrifuged at 2451× g for
10 min at 4 °C. The cell pellet was washed and resuspended with distilled water and
diluted to attain approximately 108 CFU/mL of cells. Ten-fold serial concentrations of the
recombinant SAP8 endolysin were added to distilled water inoculated with 106 CFU/mL
of S. aureus KCTC 3881 cells. The mixture was incubated at 30 °C for 3 h and viable cell
counts were measured.

2.2. Co-Treatment with the Recombinant SAP8 Endolysin and Nisin against
Staphylococcus aureus

S. aureus KCTC 3881 cells were prepared following the above-mentioned method.
The cell pellet was washed and resuspended with distilled water and diluted to attain
approximately 106 CFU/mL of cells. The recombinant SAP8 endolysin (0.01 µM) and nisin
(9 IU/mL and 18 IU/mL; Galacin Nisin 101, Galactic, Belgium) were added simultane-
ously to distilled water inoculated with 106 CFU/mL of S. aureus KCTC 3881 cells. The
mixture was incubated at 30 °C for 3 h and viable cell counts were measured at times.
To calculate minimum inhibitory concentration (MIC) of SAP8 endolysin, nisin, and a
combination of SAP8 endolysin and nisin, resazurin assay was performed as described
by the manufacturer, with slight modifications [20]. Briefly, in 96 well microplates, 20 µL
of 106 CFU/mL of S. aureus was inoculated in 176 µL of MRS broth medium and 4 µL of
different concentrations of the recombinant SAP8 endolysin (0.1 µM, 1 µM, 5 µM, 10 µM),
nisin (9 IU/mL, 18 IU/mL, 36 IU/mL, 72 IU/mL), and in combination with 0.01 µM of
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SAP8 endolysin were added in triplicates. The microplate was incubated at 37 °C for 12 h.
After incubation, 20 µL of resazurin (1000 ppm) were added to each well of microplate and
incubated in an orbital shaker at 37 °C for 4 h at 100 rpm for resazurin metabolization.

2.3. Scanning Electron Microscopy of S. aureus Co-Treated with Endolysin and Nisin

As mentioned above, 20 µL of an aliquot of S. aureus KCTC 3881 cells after 3 h of
co-treatment with 0.01 µM of the recombinant SAP8 endolysin and 18 IU/mL of nisin were
taken and centrifuged to remove the culture supernatant. After centrifugation, 20 µL of
50% of EtOH was added to the cell pellet, the cells were resuspended and incubated for
15 min at room temperature, followed by centrifugation to recover the cells. After this, the
cells were treated with 60–100% of EtOH stepwise and finally diluted in 20 µL of 100% of
EtOH. After EtOH treatment, 2 µL of the cells were loaded onto a membrane filter (0.22 µm;
Agela Technologies Inc., Wilmington, DE, USA) and imaging was done under the scanning
electron microscope (JSM-6700F, JEOL, Tokyo, Japan) [21].

2.4. Fresh Agricultural Food (Lettuce) Application Test

Combination treatment of recombinant SAP8 endolysin and nisin was applied to actual
food lettuce to confirm whether it exerts an effect on the growth inhibition of S. aureus with
a modification of previously published method [22]. The lettuce was washed in water for
30 s and sterilized by immersion in 70% EtOH for 15 min. Afterwards, the lettuce was cut
to an appropriate size (2 cm × 2 cm) on a clean bench and dried under UV treatment for
30 min. The overnight culture of 105 CFU/mL cells of S. aureus KCTC 3881 strain was
inoculated on lettuce sample and dried at 37 °C for 2 h. After drying, the lettuce sample
treated with 105 CFU/mL cells of S. aureus KCTC 3881 strain was immersed in 2 mL of
a mixture of SAP8 endolysin (0.01 µM) and nisin (18 IU/mL) to examine their growth
inhibition effects. 0.008% of sodium hypochlorite (NaClO) was also applied separately
as positive control on lettuce samples inoculated with S. aureus KCTC 3881. The lettuce
sample was left at room temperature for 1 h, aseptically recovered, put in a tube containing
0.1% peptone water, crushed, and vortexed. For viable cell count, 10 times serial dilutions
were made, pouring 10 µL of each dilution on MRS agar plate in triplicate form. After
incubation at 37 °C for 24 h, colonies were counted and determined CFU/mL using formula
(total colonies × dilution factor × 100).

3. Results
3.1. Growth Inhibition of S. aureus KCTC 3881 with Recombinant SAP8 Endolysin

The antimicrobial activity of recombinant SAP8 endolysin was investigated against
S. aureus KCTC 3881 in a dose-dependent manner after 3 h of incubation. The recombinant
SAP8 endolysin showed antimicrobial activity against S. aureus KCTC 3881 at a concen-
tration range from 0.001 µM to 1 µM. Typically, 5.93 log CFU/mL of S. aureus KCTC 3881
was gradually decreased by increasing the concentration of recombinant SAP8 endolysin.
The cell count reduction was negligible in the presence of 0.001 µM of recombinant SAP8
endolysin, while an increase in the concentration to 0.01 µM, 0.1 µM, and 1 µM resulted in a
notable reduction in the cell count after 3 h of incubation. The 5.93 log CFU/mL of S. aureus
KCTC 3881 was reduced to 3.64 log CFU/mL after treatment with 1 µM of recombinant
SAP8 endolysin (Figure 1 and Table 1).
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Figure 1. Growth inhibition of Staphylococcus aureus KCTC 3881 with recombinant SAP8 endolysin
ranging from 0.001–1 µM. Data are provided as the mean value ± SD, measured in triplicate. Different
letters present significant differences (p < 0.05).

Table 1. Growth inhibition of Staphylococcus aureus KCTC 3881 under different treatments.

Treatment S. aureus (Log CFU/mL)

Control (DW) 5.90
Sap8 endolysin (µM)

0.001 µM 5.83
0.01 µM 5.39
0.1 µM 4.88
1 µM 3.55

Nisin (IU/mL)
9 IU/mL 4.53
18 IU/mL 4.26

SAP8 endolysin (µM) + Nisin (IU/mL)
0.01 µM + 9 IU/mL 4.26
0.01 µM + 18 IU/mL 3.85

3.2. Growth Inhibition of S. aureus KCTC 3881 Followed by Co-Treatment with Recombinant
SAP8 Endolysin and Nisin

The antimicrobial activity of nisin and recombinant SAP8 endolysin were compared
individually and in combination against S. aureus KCTC 3881. A decrease in the spectrum
of viable cell counts after individual treatment with 9 IU/mL and 18 IU/mL of nisin and
0.01 µM of recombinant SAP8 endolysin was noticed, but the inhibition of S. aureus KCTC
3881 in response to the combination of different concentrations of nisin and 0.01 µM of
recombinant SAP8 endolysin was identified to be much more effective. Typically, 0.01 µM
of recombinant SAP8 endolysin was combined with 9 IU/mL and 18 IU/mL of nisin, and
the inhibition of S. aureus KCTC 3881 was investigated. The viable cell counts of S. aureus
KCTC 3881 after both the treatments reached 4.26 and 3.85 log CFU/mL from 5.90 log
CFU/mL, respectively (Figure 2 and Table 1). Combination of 0.01 µM of recombinant
SAP8 endolysin and 18 IU/mL of nisin completely inhibited the growth of S. aureus in
resazurin assay. This combined effect observed in resazurin assay could be due to possible
reasons such as long incubation time and decreasing the total number of S. aureus cells to
5 log CFU/mL.
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Figure 2. Growth inhibition of Staphylococcus aureus KCTC 3881 with recombinant SAP8 endolysin
(µM) and nisin (IU/mL). Data are provided as the mean value ± SD, measured in triplicate. Different
letters present significant differences (p < 0.05).

3.3. Growth Inhibition of S. aureus KCTC 3881 on Lettuce

Combination effect of recombinant SAP8 endolysin and nisin was also assessed on
fresh agricultural food lettuce against S. aureus KCTC 3881. 0.01 µM of recombinant SAP8
endolysin was combined with 18 IU/mL of nisin and applied against S. aureus KCTC 3881
on lettuce. In addition, 0.008% of sodium hypochlorite (NaClO) was also applied separately
as positive control on lettuce samples inoculated with S. aureus KCTC 3881. The viable
cell counts of S. aureus KCTC 3881 were decreased to zero after being treated with NaClO.
However, the viable cell counts of S. aureus KCTC 3881 were gradually decreased after
treatment with combination of 0.01 µM of recombinant SAP8 endolysin and 18 IU/mL of
nisin as compared to control after 1 h of incubation. After 6 h of incubation, the viable cell
count of S. aureus KCTC 3881 reached half of the original cell count (Figure 3).
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Figure 3. Growth inhibition of Staphylococcus aureus KCTC 3881 in lettuce by combination of SAP8
endolysin and nisin. Data are provided as the mean value ± SD, measured in triplicate.

Additionally, cellular destruction of S. aureus KCTC 3881 was investigated by scanning
electron microscope after using 18 IU/mL of nisin and 0.01 µM of recombinant SAP8
endolysin compared with untreated cells of S. aureus KCTC 3881. The complete cellular
destruction of S. aureus KCTC 3881 cells was observed after treatment as compared with
the control (Figure 4).
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4. Discussion

In this study, we have demonstrated that the successful treatment of pathogenic
S. aureus KCTC 3881 depends on an essential combination between different concentrations
of recombinant SAP8 endolysin and nisin. Based on the comparative treatment of S. aureus
KCTC 3881 with recombinant SAP8 endolysin and nisin, a gradual decrease in the viable
cell count of S. aureus KCTC 3881 was observed, with an increase in the concentrations
of recombinant SAP8 endolysin and/or nisin; this technique was not identified as a cost-
effective approach. However, co-treatment of recombinant SAP8 endolysin and nisin
against the strain led to a significant decrease in the viable cells.

Antibiotic-resistant pathogenic bacteria have become a rising concern worldwide with
an increase in the risks of foodborne illness, human and zoonotic transmission, especially
methicillin-resistant S. aureus (MRSA), which has been frequently reported due to consump-
tion of contaminated milk, animal or human cross contamination, or through food chain
such as during animal slaughtering, food processing, or consumption of contaminated
dairy products [5,15,23–25]. S. aureus strains prevail as commensal opportunistic nasal
microbiota in humans and animals, disruption in the linings of cutaneous and mucosal bar-
riers cause S. aureus to get access to the underlying tissues and cause infection [26]. S. aureus
strains form complex biofilm community in different hosts surrounded by extracellular
polymeric substances (EPS). These EPS protect S. aureus community from antibacterial
agents [10,27]. Besides this, S. aureus evolved independently to acquire SCCmec com-
plex, executing S. aureus to cause resistance to β-lactam family members of antibiotics [28].
Twelve known different types of SCCmec have been found and among them type I, II, III,
IV, V, and VI harbor genes of large SSCmec elements that confer resistance in MRSA [29].
All types of SCCmec carried mecA encode penicillin-binding protein 2a (PBP2a), which
has very low affinity for β-lactam family members [30]. In several S. aureus strains from
human and animals, mecC and mecB (mecA variants) were also identified [31,32]. The
development of resistance to multiple antibiotics has urged scientists to discover new
ways of treatment and bacteriophages have become a powerful tool to treat these bac-
teria [6,33,34]. The antipathogenic effects of the bacteriophages have been successfully
reported in food, animals, aquaculture, crops, and humans [35,36]. Several studies have
reported isolation, characterization, and investigation of the protective effects of phages
from S. aureus [16,37]. Phage therapy largely depends on phage selection possessing de-
sired characteristics such as high stability, absence of virulence genes, lytic activity, and
wide host range [10]. Phage host range depends on tail fibers that help in recognition
of viral receptors on the bacterial surface [10]. Phages developed different systems to
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be protected by host defense systems, as phages lack targeted sequences to escape from
S. aureus restriction-modification systems [10]. However, in certain cases phage therapy is
not recommended, as phages are able to transfer virulence or antibiotic resistance genes
from one bacterium to another bacterium [38]. In the Myoviridae family from Staphylococcus,
phages encode SceD-like transglycosidase genes that increase vancomycin resistance of
MRSA [39]. Hussain et al. have studied about the marine Vibrio resistance mechanism
against phages [12,13]. Therefore, endolysin genes from phages responsible for host lysis
could be a novel approach to combat these risk factors. Additionally, nisin an antimicrobial
peptide has been widely used against pathogenic bacteria [21,23]. Nisin control a wide
range of Gram-positive bacteria by forming pores in bacterial cytoplasmic membrane and
by inhibiting cell wall synthesis [10,40–42]. In previous studies, it was reported that phage
could prevent growth of S. aureus only at high concentration like 109 PFU/mL, but in com-
bination with nisin (100 IU/mL), low concentration of phage (108 PFU/mL) could prevent
regrowth of S. aureus [10]. Several reasons were suggested behind this phenomenon, such
as nisin might form pores in bacterial cytoplasmic membrane, lytic enzymes on phage
tail acted synergistically with nisin to cause damage in bacterial membrane, nisin might
rapidly decrease bacterial cell counts and eventually enhance phage efficacy, nisin might
kill phage resistant cells. Our results also provide a new mechanistic basis for the treatment
of infections caused by S. aureus by combination of recombinant SAP8 endolysin and nisin.
We showed that increasing concentration of SAP8 endolysin and nisin led to a decrease in
the count of viable cells of S. aureus KCTC 3881 (Figure 1 and Table 1); however, treatment
with 0.01 µM of recombinant SAP8 endolysin with 9 IU/mL and 18 IU/mL of nisin led
to a significant decrease in the viable cell counts (Figure 2 and Table 1). The viable cell
counts of S. aureus KCTC 3881 in fresh agricultural food lettuce were also decreased after
combination treatment of SAP8 endolysin and nisin, which also supported our hypothesis
(Figure 3). The results were further confirmed using the scanning electron microscope un-
der which the combination effect of 0.01 µM of recombinant SAP8 endolysin and 18 IU/mL
of nisin led to the complete destruction of the S. aureus cells (Figure 4). Previously, combi-
nation treatment with endolysin LysH5 from bacteriophage and nisin was studied against
S. aureus in pasteurized milk, and the synergistic effect showed results similar to ours after
6 h of incubation [43]. Our study reinforces and suggests the combination treatment with
recombinant SAP8 endolysin and nisin as a potent alternative to combat the growth of
pathogenic S. aureus.

5. Conclusions

Even though SAP8 endolysin and nisin are good candidates for controlling the
pathogenic bacteria S. aureus, a combination of recombinant SAP8 endolysin and nisin
might be an efficient way, and could be a strong alternative to antibiotics, to control the
growth of S. aureus, including MRSA.
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8. Özel, B.; Şimşek, Ö.; Akçelik, M.; Saris, P.E. Innovative approaches to nisin production. Appl. Microbiol. Biotechnol. 2018, 102,
6299–6307. [CrossRef]

9. Wang, C.; Yang, J.; Zhu, X.; Lu, Y.; Xue, Y.; Lu, Z. Effects of Salmonella bacteriophage, nisin and potassium sorbate and their
combination on safety and shelf life of fresh chilled pork. Food Control 2017, 73, 869–877. [CrossRef]

10. Duc, H.M.; Son, H.M.; Ngan, P.H.; Sato, J.; Masuda, Y.; Honjoh, K.I.; Miyamoto, T. Isolation and application of bacteriophages
alone or in combination with nisin against planktonic and biofilm cells of Staphylococcus aureus. Appl. Microbiol. Biotechnol. 2020,
104, 5145–5158. [CrossRef]

11. Wittebole, X.; de Roock, S.; Opal, S.M. A Historical Overview of Bacteriophage Therapy as an Alternative to Antibiotics for the
Treatment of Bacterial Pathogens. Virulence 2014, 5, 226–235. [CrossRef] [PubMed]

12. Hussain, F.A.; Dubert, J.; Elsherbini, J.; Murphy, M.; Vaninsberghe, D.; Arevalo, P.; Kauffman, K.; Rodino-Janeiro, B.K.; Gavin, H.;
Gomez, A.; et al. Rapid evolutionary turnover of mobile genetic elements drives bacterial resistance to phages. Science 2021, 374,
488–492. [CrossRef] [PubMed]

13. Martínez, B.; Obeso, J.M.; Rodríguez, A.; García, P. Nisin-bacteriophage cross resistance in Staphylococcus aureus. Int. J. Food
Microbiol. 2008, 122, 253–258. [CrossRef] [PubMed]

14. Jasim, H.N.; Hafidh, R.R.; Abdulamir, A.S. Formation of Therapeutic Phage Cocktail and Endolysin to Highly Studymulti-Drug
Resistant Acinetobacter Baumannii: In Vitro and in Vivo. Iran. J. Basic Med. Sci. 2018, 21, 1100–1108.

15. Vázquez, R.; Domenech, M.; Iglesias-Bexiga, M.; Menéndez, M.; García, P. Csl2, a Novel Chimeric Bacteriophage Lysin to Fight
Infections Caused by Streptococcus Suis, an Emerging Zoonotic Pathogen. Sci. Rep. 2017, 7, 16506. [CrossRef]

16. Yu, J.H.; Lim, J.A.; Chang, H.J.; Park, J.H. Characteristics and Lytic Activity of Phage-Derived Peptidoglycan Hydrolase, LysSAP8,
as a Potent Alternative Biocontrol Agent for Staphylococcus aureus. J. Microbiol. Biotechnol. 2019, 29, 1916–1924. [CrossRef]

17. Gough, R.; Gómez-Sala, B.; O’Connor, P.M.; Rea, M.C.; Miao, S.; Hill, C.; Brodkorb, A. A Simple Method for the Purification of
Nisin. Probiotics Antimicrob. Proteins 2017, 9, 363–369. [CrossRef]

18. Pinto, M.S.; de Carvalho, A.F.; dos Santos Pires, A.C.; Souza, A.A.C.; da Silva, P.H.F.; Sobral, D.; de Paula, J.C.J.; de Lima Santos,
A. The effects of nisin on Staphylococcus aureus count and the physicochemical properties of Traditional Minas Serro cheese. Int.
Dairy J. 2011, 21, 90–96. [CrossRef]

19. Yang, J.M.; Moon, G.S. Isolation of a Lactococcus lactis strain producing anti-staphylococcal bacteriocin. Korean J. Food Sci. Anim.
Resour. 2018, 38, 1315–1321. [CrossRef]

20. Teh, C.H.; Nazni, W.A.; Nurulhusna, A.H.; Norazah, A.; Lee, H.L. Determination of antibacterial activity and minimum inhibitory
concentration of larval extract of fly via resazurin-based turbidometric assay. BMC Microbiol. 2017, 17, 36. [CrossRef]

21. Kaláb, M.; Yang, A.F.; Chabot, D. Conventional scanning electron microscopy of bacteria. Infocus Mag. 2008, 10, 42–61. [CrossRef]
22. Yun, B.; Lee, H.-S.; An, H.M.; Kim, W.-I.; Kim, H.-Y.; Han, S.; Kim, H.-J.; Ryu, J.-G.; Kim, S.-R. Effect of Chlorine Dioxide and

Sodium Hypochlorite Treatment on the Reduction of Foodborne Pathogen in Korean Chive. J. Food Hyg. Saf. 2017, 32, 154–162.
[CrossRef]

23. Carfora, V.; Giacinti, G.; Sagrafoli, D.; Marri, N.; Giangolini, G.; Alba, P.; Feltrin, F.; Sorbara, L.; Amoruso, R.; Caprioli, A.; et al.
Methicillin-Resistant and Methicillin-Susceptible Staphylococcus aureus in Dairy Sheep and in-Contact Humans: An Intra-Farm
Study. J. Dairy Sci. 2016, 99, 4251–4258. [CrossRef]

http://doi.org/10.1016/j.fm.2017.12.002
http://doi.org/10.1016/j.ijfoodmicro.2004.05.008
http://doi.org/10.1016/j.meegid.2013.08.011
http://doi.org/10.3389/fmicb.2021.652276
http://doi.org/10.1016/j.fm.2019.103245
http://doi.org/10.1038/s41579-021-00602-y
http://doi.org/10.1093/femsre/fux022
http://doi.org/10.1007/s00253-018-9098-y
http://doi.org/10.1016/j.foodcont.2016.09.034
http://doi.org/10.1007/s00253-020-10581-4
http://doi.org/10.4161/viru.25991
http://www.ncbi.nlm.nih.gov/pubmed/23973944
http://doi.org/10.1126/science.abb1083
http://www.ncbi.nlm.nih.gov/pubmed/34672730
http://doi.org/10.1016/j.ijfoodmicro.2008.01.011
http://www.ncbi.nlm.nih.gov/pubmed/18281118
http://doi.org/10.1038/s41598-017-16736-0
http://doi.org/10.4014/jmb.1908.08021
http://doi.org/10.1007/s12602-017-9287-5
http://doi.org/10.1016/j.idairyj.2010.08.001
http://doi.org/10.5851/kosfa.2018.e67
http://doi.org/10.1186/s12866-017-0936-3
http://doi.org/10.22443/rms.inf.1.33
http://doi.org/10.13103/JFHS.2017.32.2.154
http://doi.org/10.3168/jds.2016-10912


Antibiotics 2022, 11, 1185 9 of 9

24. Giacinti, G.; Carfora, V.; Caprioli, A.; Sagrafoli, D.; Marri, N.; Giangolini, G.; Amoruso, R.; Iurescia, M.; Stravino, F.; Dottarelli, S.;
et al. Prevalence and Characterization of Methicillin-Resistant Staphylococcus aureus Carrying MecA or MecC and Methicillin-
Susceptible Staphylococcus aureus in Dairy Sheep Farms in Central Italy. J. Dairy Sci. 2017, 100, 7857–7863. [CrossRef]

25. Spanu, V.; Scarano, C.; Cossu, F.; Pala, C.; Spanu, C.; de Santis, E.P.L. Antibiotic Resistance Traits and Molecular Subtyping of
Staphylococcus aureus Isolated from Raw Sheep Milk Cheese. J. Food Sci. 2014, 79, M2066–M2071. [CrossRef]

26. Lee, A.S.; De Lencastre, H.; Garau, J.; Kluytmans, J.; Malhotra-Kumar, S.; Peschel, A.; Harbarth, S. Methicillin-resistant Staphylo-
coccus aureus. Nat. Rev. Dis. Prim. 2018, 4, 18033. [CrossRef]

27. Gutiérrez, D.; Rodríguez-Rubio, L.; Martínez, B.; Rodríguez, A.; García, P. Bacteriophages as weapons against bacterial biofilms in
the food industry. Front. Microbiol. 2016, 7, 825. [CrossRef]

28. Jevons, M.P. “Celbenin”-resistant staphylococci. Br. Med. J. 1961, 1, 124. [CrossRef]
29. International Working Group on the Classification of Staphylococcal Cassette Chromosome Elements (IWG-SCC). Classification

of staphylococcal cassette chromosome mec (SCCmec): Guidelines for reporting novel SCCmec elements. Antimicrob. Agents
Chemother. 2009, 53, 4961. [CrossRef]

30. Hartman, B.J.; Tomasz, A. Low-affinity penicillin-binding protein associated with beta-lactam resistance in Staphylococcus aureus.
J. Bacteriol. 1984, 158, 513–516. [CrossRef]

31. García-Álvarez, L.; Holden, M.T.; Lindsay, H.; Webb, C.R.; Brown, D.F.; Curran, M.D.; Walpole, E.; Brooks, K.; Pickard, D.J.; Teale,
C.; et al. Meticillin-resistant Staphylococcus aureus with a novel mecA homologue in human and bovine populations in the UK and
Denmark: A descriptive study. Lancet Infect. Dis. 2011, 11, 595–603. [CrossRef]

32. Becker, K.; van Alen, S.; Idelevich, E.A.; Schleimer, N.; Seggewiß, J.; Mellmann, A.; Kaspar, U.; Peters, G. Plasmid-encoded
transferable mecB-mediated methicillin resistance in Staphylococcus aureus. Emerg. Infect. Dis. 2018, 24, 242. [CrossRef] [PubMed]

33. Chan, B.K.; Abedon, S.T.; Loc-Carrillo, C. Phage Cocktails and the Future of Phage Therapy. Future Microbiol. 2013, 8, 769–783.
[CrossRef] [PubMed]

34. Roach, D.R.; Leung, C.Y.; Henry, M.; Morello, E.; Singh, D.; di Santo, J.P.; Weitz, J.S.; Debarbieux, L. Synergy between the Host
Immune System and Bacteriophage Is Essential for Successful Phage Therapy against an Acute Respiratory Pathogen. Cell Host
Microbe 2017, 22, 38–47.e4. [CrossRef]

35. Akmal, M.; Rahimi-Midani, A.; Hafeez-Ur-rehman, M.; Hussain, A.; Choi, T.J. Isolation, Characterization, and Application of a
Bacteriophage Infecting the Fish Pathogen Aeromonas Hydrophila. Pathogens 2020, 9, 215. [CrossRef]

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

37. McCallin, S.; Sacher, J.C.; Zheng, J.; Chan, B.K. Current State of Compassionate Phage Therapy. Viruses 2019, 11, 343. [CrossRef]
38. Hyman, P. Phages for phage therapy: Isolation, characterization, and host range breadth. Pharmaceuticals 2019, 12, 35. [CrossRef]
39. Cui, Z.; Guo, X.; Dong, K.; Zhang, Y.; Li, Q.; Zhu, Y.; Zeng, L.; Tang, R.; Li, L. Safety assessment of Staphylococcus phages of the

family Myoviridae based on complete genome sequences. Sci. Rep. 2017, 7, 41259. [CrossRef]
40. Brum, L.F.W.; dos Santos, C.; Zimnoch Santos, J.H.; Brandelli, A. Structured Silica Materials as Innovative Delivery Systems for

the Bacteriocin Nisin. Food Chem. 2021, 366, 130599. [CrossRef]
41. Niaz, T.; Shabbir, S.; Noor, T.; Abbasi, R.; Imran, M. Alginate-Caseinate Based PH-Responsive Nano-Coacervates to Combat

Resistant Bacterial Biofilms in Oral Cavity. Int. J. Biol. Macromol. 2020, 156, 1366–1380. [CrossRef]
42. Wiedemann, I.; Breukink, E.; van Kraaij, C.; Kuipers, O.P.; Bierbaum, G.; de Kruijff, B.; Sahl, H.G. Specific binding of nisin to the

peptidoglycan precursor lipid II combines pore formation and inhibition of cell wall biosynthesis for potent antibiotic activity. J.
Biol. Chem. 2001, 276, 1772–1779. [CrossRef]

43. García, P.; Martínez, B.; Rodríguez, L.; Rodríguez, A. Synergy between the Phage Endolysin LysH5 and Nisin to Kill Staphylococcus
aureus in Pasteurized Milk. Int. J. Food Microbiol. 2010, 141, 151–155. [CrossRef]

http://doi.org/10.3168/jds.2017-12940
http://doi.org/10.1111/1750-3841.12590
http://doi.org/10.1038/nrdp.2018.33
http://doi.org/10.3389/fmicb.2016.00825
http://doi.org/10.1136/bmj.1.5219.124-a
http://doi.org/10.1128/AAC.00579-09
http://doi.org/10.1128/jb.158.2.513-516.1984
http://doi.org/10.1016/S1473-3099(11)70126-8
http://doi.org/10.3201/eid2402.171074
http://www.ncbi.nlm.nih.gov/pubmed/29350135
http://doi.org/10.2217/fmb.13.47
http://www.ncbi.nlm.nih.gov/pubmed/23701332
http://doi.org/10.1016/j.chom.2017.06.018
http://doi.org/10.3390/pathogens9030215
http://doi.org/10.4292/wjgpt.v8.i3.162
http://doi.org/10.3390/v11040343
http://doi.org/10.3390/ph12010035
http://doi.org/10.1038/srep41259
http://doi.org/10.1016/j.foodchem.2021.130599
http://doi.org/10.1016/j.ijbiomac.2019.11.177
http://doi.org/10.1074/jbc.M006770200
http://doi.org/10.1016/j.ijfoodmicro.2010.04.029

	Introduction 
	Materials and Methods 
	Antimicrobial Activity of the Recombinant SAP8 Endolysin against Staphylococcus aureus 
	Co-Treatment with the Recombinant SAP8 Endolysin and Nisin against Staphylococcus aureus 
	Scanning Electron Microscopy of S. aureus Co-Treated with Endolysin and Nisin 
	Fresh Agricultural Food (Lettuce) Application Test 

	Results 
	Growth Inhibition of S. aureus KCTC 3881 with Recombinant SAP8 Endolysin 
	Growth Inhibition of S. aureus KCTC 3881 Followed by Co-Treatment with Recombinant SAP8 Endolysin and Nisin 
	Growth Inhibition of S. aureus KCTC 3881 on Lettuce 

	Discussion 
	Conclusions 
	References

