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ABSTRACT

Objectives: The emergence of resistant bacteria is being increasingly reported around the world,
potentially threatening millions of lives. Amongst resistant bacteria, methicillin-resistant Staphylococcus
aureus (MRSA) is the most challenging to treat. This is due to emergent MRSA strains and less effective
traditional antibiotic therapies to Staphylococcal infections. The use of bacteriophages (phages) against
MRSA is a new, potential alternate therapy. In this study, morphology, genetic and protein structure of
lytic phages against MRSA have been analysed.

Methods: Isolation of livestock and sewage bacteriophages were performed using 0.4 uym membrane
filters. Plaque assays were used to determine phage quantification by double layer agar method. Pure
plaques were then amplified for further characterization. Sulfate-polyacrylamide gel electrophoresis
and random amplification of polymorphic DNA were run for protein evaluation, and genotyping
respectively. Transmission electron microscope was also used to detect the structure and taxonomic
classification of phage visually.

Results: Head and tail morphology of bacteriophages against MRSA were identified by transmission
electron microscopy and assigned to the Siphoviridae family and the Caudovirales order.

Conclusion: Bacteriophages are the most abundant microorganism on Earth and coexist with the
bacterial population. They can destroy bacterial cells successfully and effectively. They cannot enter
mammalian cells which saves the eukaryotic cells from lytic phage activity. In conclusion, phage
therapy may have many potential applications in microbiology and human medicine with no side effect
on eukaryotic cells.

©2019 Korea Centers for Disease Control and Prevention. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Staphylococcus aureus is a gram-positive, non-motile, non-
sporulating bacterium which causes hospital and community
infections [1]. This bacterium is responsible for several life
threatening infections including endocarditis, osteomyelitis, skin

and soft tissue infections and wound infections leading to a high
mortality rate each year [2]. It has been reported that mortality
of methicillin-resistant Staphylococcus aureus (MRSA) infections
have increased amongst AIDS patients in the United States of
America [3]. Based on a systematic review and meta-analysis in
Iran, 7,464 samples of S. aureus were isolated from patients from
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different cities, with 52.7% + 4.7% of strains carried the mecA
gene which is responsible for resistance to methicillin [4].

Staphylococcus can induce cellular apoptosis after invasion
of host cells, and invasion mediated by Staphylococcal
fibronectin-binding proteins allow the other microorganisms
to bind to the hosts cells and initiate secondary infections [5].
Due to the methicillin resistance of S. aureus to most commonly
used antibiotics such as oxacillin, nafcillin, methicillin and even
vancomycin, treatment of MRSA is more challenging compared
to other resistant strains [6]. In addition, indiscriminate and
overuse of antibiotics has made the penicillin susceptible
S. aureus strains, resistant to the population to B-lactam
antibiotics [7].

Bacteriophages (phages) can be found in all habitats and
more significantly colonization of bacterial strains. A phage is
a type of virus that can attack and destroy bacterial cells [8].
Twelve distinct groups of phages have been discovered which
are highly specific against bacterial species [9]. The order of
Caudovirales bacteriophages can be categorized into 3 major
families including Siphoviridae, Myoviridae, and Podoviridae. All
members of the Caudovirales order, have double stranded DNA,
with a morphological head and tail structure [9]. The typical
structure of a phage includes a head that is filled with DNA
or RNA, and a tail used for injection of the genome into the
bacterial cells. Due to receptor limitations on phages, they are
unable to infect mammalian cells [10].

Isolation of phages against many bacterial populations have
been carried out from wastewater, sewage, retail raw chicken
meat, soil, blood cultures, cerebrospinal fluid, superficial
wounds, deep wound swabs, respiratory tract specimens,
urine and miscellaneous specimens [8]. After the process of
phage isolation specifically against MRSA, they can be used
as an alternative therapy to treat MRSA infections. Due to the
inability of bacteriophages to enter mammalian cells, no side
effects on eukaryotic cells have been reported [11].

The main aim of this study was to isolate and characterize
lytic phages against MRSA reporting their morphology, genetic
material and structural protein composition.

Materials and Methods

1. Bacterial strain and growth media

Bacterial strains were isolated from clinical specimens
from hospitals in the west of Iran, Kermanshah. Isolates were
incubated at 37°C for 24 hours on blood agar (Oxoid Ltd,
Basingstoke, UK) and then sub-cultured on TS agar (Tryptic
Soya, Liofil- chem, Italy). Single colonies were tested
with tube coagulase and the DNase test, and growth on
mannitol salt agar (Difco, Detroit, Mich., USA).

After identification of S. aureus positive specimens, they were
stored in 20% glycerol at -20°C. The Oxacillin susceptibility
test was performed to identify MRSA strains (0.5 McFarland
suspension of S. aureus was spotted onto Mueller-Hinton agar
supplemented with 4% NaCl and 6 ug of oxacillin per mL). To
initiate the analysis, subculture bacterial strains were added to
the nutrient agar. In addition, the presence of the methicillin
resistance gene (mecA) was determined by multiplex
polymerase chain reaction (PCR; Eppendorf epGradient
S thermocycler).

2. Isolation of phages against MRSA

Phages against clinical MRSA in sewage and stool samples
were isolated based on the enrichment method described by
Cerveny, et al with some modifications [12]. Briefly, sewage
and stool samples were collected from the main sewage pipe
and livestock farming in Ilam University of Medical Science
and Ilam University, respectively. Samples were centrifuged
and supernatants were filtered through 0.45 and 0.2 um sterile
filters. Twenty mL of filtered sewage sample and 20 mL sterile
nutrient broth were mixed and spiked with 5.0 mL of overnight
culture clinical MRSA, and then incubated at 37°C for 24
hours. To deplete bacterial strains, the mixture had undergone
centrifugation and the supernatant was then sterilized by
0.45 and 0.2 pm filters. Moreover, to check for the presence of
phages, a double layer agar method was used as described by
Adams [13].

2.1. Plaque assay
Double agar overlay technique was performed to determine

plaque formation. Each of the phage suspensions was serially
diluted. This was performed by adding 1 mL of diluted phage
and 1 mL of host bacterium that was mixed with 2 mL of
molten soft-agar (0.75 % agar, w/v). This was poured quickly
onto the surface of a solidified nutrient agar plate (1/5 % agar,
w/v; Difco Laboratories) [13].

2.2. Phage purification and concentration

All of the isolated phages were purified by single-plaque
isolation, and mix plaques with CaCl, were obtained by the
standard procedure presented by Sambrook et al [14]. One
separated phage was picked with a sterile pipette tip along
with the surrounding cell mass, and then inoculated into100
pL CaCl, with 200 pL of host strain that had been cultured
overnight. One mL of top agar was added and quickly poured
onto a solidified nutrient agar plate.

Phages were concentrated based on the published methods
described by Yamamoto et al [15] with some modifications.
MRSA isolated from host cells was added to the isolated phages
and then incubated for 24-48 hours at 37°C to complete the
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lysis of host cells. In the next step, culture fluid was centrifuged
and filtered through 0.4 pm filters. Polyethylene glycol 8,000
was added to make the final concentration of 20%. Finally, the
pellet was collected following centrifugation (12,000 rpm for
20 minutes in 4°C).

3. Random amplified polymorphic DNA-polymerase chain re-
action (RAPD-PCR) analysis

Phage DNA was extracted by DNA extraction kit (NOREGEN®).
RAPD-PCR was performed based on the Johansson et al [16]
study with some modifications.

Four different primers used in this study which included:
primer 1: (5'-ACGCAGGCAC-3'), primer 2: (5'-AACGCGCAAC-3"),
primer 3: (5'-CCGCAGCCAA-3') and primer 4:
(5'-AACGGGCAGA-3') that were selected based on a relatively
similar study [17]. RAPD-PCR cycles are described in Table 1.

The PCR mixture consisted of 1 puL Taq DNA polymerase, 1
pL primer, 1 pL dNTPs, 2 pL PCR buffer, 1 uL phage DNA, and
6.5 pL distilled water (for 12.5 pL reaction). DNA band patterns
of each primer were obtained after gel electrophoresis (0.8%
agarose gel) of the RAPD-PCR (12.5 pL). DNA molecular weight
marker (1,000 bp) was used as a standard. Four types of MRSA
phage were isolated from the stool samples.

4. Sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

Phage sedimentation (with 20% PEG and 12,000 rpm, 20
minutes in 4°C) was used for sodium dodecyl SDS-PAGE
separation. Formaldehyde was used to prevent the effects of
PEG on SDS-PAGE.

MRSA-specific phages were mixed with an equal volume of
sample buffer (0.0625 M Tris-HCI; pH 6.8, 15% glycerol, 1% SDS,
1% Beta-mercaptoethanol and bromophenol blue), and heated

Table 1. Random amplified polymorphic DNA-polymerase chain
reaction cycle programs.

Time Temperature
45s 94°C
120 s 30°C
60s 72°C
4 cycles
5s 94°C
30s 30°C
30s 72°C
25 cycles

10 min 72°C

in a boiling water bath for 10-15 minutes [18].

5. Transmission Electron Microscopy

After transferring the samples containing CaCl, to the
laboratory, samples were prepared with uranyl acetate (2%)
for transmission electron microscopy (TEM) performed at
the TEM Lab, Institute of Biochemistry and Biophysics, Uni
versity of Tehran, Tehran, Iran. Firstly, the same amount of
sample and glutaraldehyde (2.5%) was placed on a carbonic
grid. After 1.5 minutes, the grid was left to dry on filter paper
then washed with deionized water. One drop of uranyl acetate
(2%) was added to the sample, and the grid was dried out on
filter papers; samples were then ready for TEM. Particles were
examined using a ZEISS EM 900 electron microscope (80 kV
accelerating voltage; TEM Lab, Nano Kefa Institute, Iran).

6. Host range

The host range of each phage was determined by inoculation
of bacterial species into a double-layer agar, and the phages
were tested against all the clinical MRSA.

Results

1. Detection of mecA gene in clinical MRSA

To determine the presence of the methicillin resistance gene
(mecA) in clinical MRSA samples, multiplex PCR was used
(Figure 1).
2. RAPD-PCR

RAPD-PCR was performed on the phage-extracted DNA from

Figure 1. Multiplex PCR for detection of mec+ gene in Staphylococcus.
The presence of the methicillin resistance gene (mec A) was
evaluated in clinical MRSA. DNA molecular weight marker (1,000 bp)
was used in this figure.

MRSA = methicillin-resistant Staphylococcus aureus.
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stool samples. In this study, 4 different primers were used which
differentiated between all MRSA specific phages (Figure 2).

3. Structural protein analysis

The structure of MRSA specific phage proteins shown in
Figure 3 revealed 2 major protein bands approximately 30
and 48 kDa in weight, and a minor structure protein band, of
approximately 80 kDa (Figure 3).

4. Phage morphology

Based on the morphological features of the bacteriophages
observed by electron microscopy, all the phages examined
showed a long icosahedral capsid and non-contractile tails.
According to the International Committee on Taxonomy of
viruses, these phages were belonged to the Siphoviride family
[19] of the Caudovirales order [20]. The morphology of MRSA-
specific bacteriophage has been illustrated in Figure 4.

Discussion

S. aureus is a source of many human and animal infections
such as osteomyelitis, endocarditis, skin abscesses and many
more [2]. Overuse of antibiotics has led to the emergence
of MRSA. The emergence of MRSA strains highlights the
necessity for therapeutic improvements in the future [21]. It
has been suggested that the combination of bacteriophages
and antibiotic therapy maybe more effective than
unilateral treatment [21]. Due to the failure of treatment
of Staphylococcal infections by routinely used antibiotics,
this study highlights the role of phage therapy as a possible
solution [22]. Phage therapy has many potential applications in
human medicine and dentistry as well as in veterinary science
and agriculture, and it can be an appropriate alternative
therapy especially for multi drug resistant bacteria [23,24].

The first report of phage therapy in clinical medicine was
described by Felix d’'Herelle [25]. Many researchers think
bacteriophages can play an important role to defeat resistant
bacteria such as S. aureus. There has been a remarkable increase
in the number of Staphylococcus phages with marvellous
progress in targeting resistant S. aureus [22].

In a similar study, different MRSA-specific phages belonging
to the Podoviridae family, have been isolated from farm
animals, and visualized using electron microscopy which
showed the possibility of using lytic bacteriophages against
MRSA strains [26]. In another study, 2 new phages isolated
from a farmyard were classified into the Siphoviridae family
which had lytic activity against MRSA [27].

There are a wide variety of phages on the planet capable in
destroying a large number of different bacterial populations [23].

Figure 2. Agarose gel electrophoresis showing RAPD-PCR
amplification of DNA from isolated MRSA specific phage.

P1 = Primer number one etc; M = molecular weight marker (1,000 bp);
MRSA = methicillin-resistant Staphylococcus aureus; RAPD-PCR =
random amplified polymorphic DNA-polymerase chain reaction.

Figure 3. SDS-PAGE patterns of structural proteins isolated from
MRSA-specific phage. Line-1: bacterial protein, Line-2: phage
protein and line-3: molecular weight marker (1,000 bp).

MRSA = methicillin-resistant Staphylococcus aureus; SDS-PAGE =
sulfate-polyacrylamide gel electrophoresis.

Figure 4. Morphology of MRSA bacteriophage determined by TEM.
MRSA = methicillin-resistant Staphylococcus aureus; TEM =
transmission electron microscopy.
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Compared to the classic antibiotics, phage therapy is more
cost-effective and without serious side effects on eukaryotic
cells. Phages have complementary receptors on bacterial cell
membranes [28]. The specific affinity of bacteriophages to the
particular bacterial strains can prevent common side effects
reported from routine antibiotics therapy. In addition, phage
gene modification can improve the specificity and sensitivity
of bacteriophages against bacterial strains [29]. Phenotype
variation can help bacteria to escape from immune system
and anti-bacterial treatments [29]. This problem can also be
addressed by using phage mutants [30].

In this study, isolation and characterization of effective
bacteriophages with lytic activity against MRSA has been
evaluated. Based on our finding, phage therapy could be a good
candidate to combine with traditional therapies.

However, to gain the benefits from the natural action of
bacteriophages against the bacterial population, more clinical
and in vivo studies should be conducted to show efficacy of
phage therapy.

In conclusion, the phages reported in this study exhibited
good bacterial lysis activity. However, these isolated phages
need to be further characterized and if found to have efficacy,
they can be used in commercial lysate preparations in the near
future, where therapeutic potential against a wider range of
bacterial strains can be further investigated. Research using
animal models of phage-bacterial interactions and ultimately
clinical trials will highlight this topic and may provide a
powerful alternative treatment against the dangers of multi-
resistant pathogens.

Conflicts of Interest

The authors have declared no conflicts of interest.

Acknowledgments

This study has been supported by a research grant from Ilam
University of Medical Sciences, Ilam, Iran.

References

[1] Dinges MM, Orwin PM, Schlievert PM. Exotoxins of Staphylococcus aureus.
Clin Microbiol Rev 2000;13(1):16-34.

[2] Lowy FD. Staphylococcus aureus infections. N Engl ] Med 1998;339(8):520-32.

[3] Stein R [Internet]. Drug-resistant staph germ’s toll is higher than thought.
Washington Post; 2007. Available from: http://www.washingtonpost.
com/wp-dyn/content/article/2007/10/16/AR2007101601392.html.

[4] Askari E, Soleymani F, Arianpoor A, Tabatabai SM. Epidemiology of mecA-
methicillin resistant Staphylococcus aureus (MRSA) in Iran: a systematic
review and meta-analysis. Iran ] Basic Med Sci 2012;15(5):1010-9.

[5] Menzies BE. The role of fibronectin binding proteins in the pathogenesis of
Staphylococcus aureus infections. Curr Opin Infect Dis 2003;16(3):225-9.

[6] Chambers HF, DeLeo FR. Waves of resistance: Staphylococcus aureus in the
antibiotic era. Nat Rev Microbiol 2009;7(9):629-41.

[7] Enright M, D.A.R., Randle G, Feil E. The evolutionary history of methicillin-
resistant Staphylococcus aureus (MRSA). PNAS 2002:7687-92.

[8] Azizian R, Azizi Jalilian F, Sekawi Z, Amini R. Dynamics of Bacteriophages
as a Promising Antibiofilm Agents. ] Pure Appl Microbiol 2014;8(2):1015-
9.

[9] Rezaei F, Nasser A, Azizi Jalilian F, Hobbs Z. Using Phage as A Highly
Specific Antibiotic Alternative Against Methicillin Resistance
Staphylococcus aureus (MRSA). Biosci Biotechnol Res Asia 2014;11(2):523-
9.

[10] Van Belleghem J, Dabrowska K, Vaneechoutte M, Barr ], Bollyky P.
Interactions between Bacteriophage, Bacteria, and the Mammalian
Immune System. Viruses 2019;11(1):1-22.

[11] Miernikiewicz P, Dabrowska K, Piotrowicz A, et al. T4 Phage and Its Head
Surface Proteins Do Not Stimulate Inflammatory Mediator Production.
PLoS ONE 2013;8(8):e71036.

[12] Cerveny KE, DePaola A, Duckworth DH, Gulig PA. Phage therapy of local
and systemic disease caused by Vibrio vulnificus in iron-dextran-treated
mic. Infect Immun 2002;70(11):6251-62.

[13] Gudina I, Gizachew Z, Woyessa D, Tefera TK. Isolation of Bacteriophage
and Assessment of its Activity against Biofilms of Uropathogenic
Escherichia coli in Jimma Town, South Western Ethiopia. Am ] Curr
Microbiol 2018;6(1):52-66.

[14] Petrenko V. Landscape phage: evolution from phage display to
nanobiotechnology. Viruses 2018;10(6):311.

[15] Yamamoto KR, Alberts BM, Benzinger R, Lawhorne L. Rapid bacteriophage
sedimentation in the presence of polyethylene glycol and its application
to large-scale virus purification. Virol 1970;40(3):734-44.

[16] Johansson ML, Quednau M, Molin G, Ahrne S. Randomly amplified
polymorphic DNA (RAPD) for rapid typing of Lactobacillus plantarum
strains. ] Appl Microbiol 1995;21(3):155-9.

[17] Gutierrez D, Martin-Platero AM, Rodriguez A, et al. Typing of
bacteriophages by randomly amplified polymorphic DNA (RAPD)-PCR to
assess genetic diversity. FEMS Microbiol Lett 2011;322(1):90-7.

[18] Kwiatek M, Parasion S, Mizak L, et al. Characterization of a bacteriophage,
isolated from a cow with mastitis, that is lytic against Staphylococcus
aureus strains. Arch Virol 2012;157(2):225-34.

[19] Maleki F, Hadadi MH, Rezaei F, et al. Classification and Replication
Mechanism of Staphylococcus Phage. Biosci Biotechnol Res Asia
2015;12(1):481-6.

[20] Ackermann H. Tailed bacteriophage: The order caudovirales. Adv Virus
Res 1998;51:135-201.

[21] Wang Z, Zheng P, Ji W, et al. SLPW: A virulent bacteriophage targeting
methicillin-resistant Staphylococcus aureus in vitro and in vivo. Front
Microbiol 2016;7:934.

[22] Nobrega FL, Costa AR, Kluskens LD, Azeredo ]. Revisiting phage therapy:
new applications for old resources. Trends Microbiol 2015;23(4):185-91.

[23] Golkar Z, Bagasra O, Pace DG. Bacteriophage therapy: a potential solution
for the antibiotic resistance crisis. ] Infect Dev Ctries 2014;8(2):129-36.

[24] Rakhuba D, Kolomiets E, Dey ES, Novik G. Bacteriophage receptors,
mechanisms of phage adsorption and penetration into host cell. Pol ]
Microbiol 2010;59(3):145-55.

[25] Fruciano DE, Bourne S. Phage as an antimicrobial agent: d’Herelle’s
heretical theories and their role in the decline of phage prophylaxis in the
West. Can ] Infect Dis Med Microbiol 2007;18(1):19-26.

[26] Kraushaar B, Thanh MD, Hammerl JA, et al. Isolation and characterization
of phages with lytic activity against methicillin-resistant Staphylococcus
aureus strains belonging to clonal complex 398. Arch Virol
2013;158(11):2341-50.

[27] Vandamme EJ, Mortelmans K. A century of bacteriophage research and
applications: impacts on biotechnology, health, ecology and the economy.
] Chem Technol Biotechnol 2019;94(2):323-42.

[28] Wang I-N, Smith DL, Young R. Holins: the protein clocks of bacteriophage
infections. Annu Rev Microbiol 2000;54:799-825.

[29] Nobrega FL, Costa AR, Kluskens LD, Azeredo ]. Revisiting phage therapy:
new applications for old resources. Trends Microbiol 2015;23(4):185-91.

[30] Samson JE, Magadan AH, Sabri M, Moineau S. Revenge of the phages:
defeating bacterial defences. Nat Rev Microbiol 2013;11(10):675-87.



