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ABSTRACT
Background and Objectives: Phage therapy has gained interest as an alternative treatment for methicillin-resistant Staphylococcus aureus (MRSA) infections. The purpose of this study was to isolate and characterize an effective bacteriophage
against isolates of MRSA.
Materials and Methods: Bacteriophage was isolated from hospital sewage. Lytic activity and the titers of phage lysates
were measured using spot test and double-layer plaque assay. The phage characterization was determined through transmission electron microscopy. Adsorption rate, host range and stability tests were investigated. The latent period and burst
size were estimated from a one-step growth curve. The effect of bacteriophage against MRSA biofilms was determined and
Real-time PCR was used to assess the effects of the bacteriophage on the expression of the biofilm-associated genes.
Results: TEM results showed that the phage resembled the Cystoviridae family. Its latent period was 30 min, corresponding
to about 71/43 phage particles per infected cell. The phage had a broad host range and it was most stable at 37°C and pH 7.
It was sensitive to NaCl concentrations. The expressions of the biofilm-associated genes were significantly reduced in the
presence of the phage.
Conclusion: The isolated phage was effective against MRSA strains and it can be an optional strategy of controlling biofilm
development.
Keywords: Bacteriophage; Methicillin-resistant Staphylococcus aureus; Phage therapy; Wounds

INTRODUCTION
Despite the fact that antibiotic resistance in bacteria is a natural phenomenon, the alarming increase
in pathogenic bacteria refractory to various antimicrobials is attracting attention worldwide. Indeed,
the World Health Organization (WHO) has recently

reported a list of priority pathogens for which novel antimicrobial alternatives are urgently required.
Among these pathogens, methicillin-resistant Staphylococcus aureus (MRSA) strains are perhaps the
best known (1). Methicillin-resistant staphylococci
were first reported in 1961 immediately after the introduction of methicillin into clinical practice. Until
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the late 1990s, MRSA was basically a nosocomial
pathogen; however, over the last decade, methicillin-resistant staphylococci have been considered as
the major cause of community-acquired infections
(2). They are responsible for several diseases ranging
from soft tissue and skin infections to life threatening conditions such as pneumonia, bacteremia and
endocarditis especially in patients > 65 years old (3).
Methicillin resistance is mediated by mecA gene
and acquired by horizontal transfer of a mobile genetic element designated staphylococcal cassette
chromosome mec (SCCmec). The gene mecA encodes
penicillin-binding protein 2a (PBP2a) which has a
low affinity for β-lactams resulting in resistance to
this entire class of antibiotics (4).
Staphylococcus aureus produces many virulence
factors including toxins, immune-modulatory factors, and exoenzymes. The most important virulence
factor of this bacterium is the capacity of biofilm formation. S. aureus biofilm is mediated by the icaADBC operon, agr locus, and other genes which can express a variety of microbial surface components. For
example, polysaccharide intercellular adhesin (PIA),
which is encoded by the icaADBC operon, represents
more than 90% of the biomass of a biofilm (5).
Phage therapy, the application of bacteriophage
viruses to treat bacterial infections, has existed for
more than a hundred years (6). Due to its high specificity and effectiveness (specially against multi drug
resistant bacteria), it may be a suitable alternative to
antibiotic treatment (7). In the last 15 years, there has
been a significant increase in the number of isolated
Staphylococcus phages and many studies have indicated efficient and comprehensive antimicrobial activity of phages in vitro and in vivo (8).
Considering all the above information, this study
aimed to isolate and characterize a lytic bacteriophage from hospital sewage with antibacterial activity against MRSA strains causing bedsores and
diabetic wounds. Furthermore, the effects of the bacteriophage on the expression of the biofilm-associated genes were investigated.

MATERIALS AND METHODS
Bacteriophage isolation and enrichment. Bacteriophage was isolated from Mofid Children's Hospital
sewage in September 2020 in Tehran, Iran. The sample was transported to the laboratory and stored at
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4°C. In order to remove or reduce bacteria and debris,
10 ml of sample was centrifuged (10, 000 × g for 10
min) and filtered through 0.22 µm pore size filters. To
amplify the number of phages, clarified sewage was
mixed with 10 ml of Luria–Bertani (LB) broth (Thermo Fisher Scientific, US). Then, 0.1 ml of an overnight broth culture MRSA strain ATCC 6538 was inoculated into the mixture and the flask was incubated
at 37°C with gentle mixing in shaking incubator (50
rpm). After 24 h incubation, the content of the flask
was centrifuged and filtered again (9, 10). Lytic activity of isolated phage was determined with a spot test,
and the titers of phage lysates were measured using
Double-Layer Plaque Assay (10).
Spot test assay. An overnight culture of the MRSA
strain was mixed with 3 ml of LB soft agar (0.75%
agar at 45°C), and the contents were poured into a petri dish containing 15 ml of 1% LB bottom agar. The
plate was left to dry for a few minutes, and then 10 µl
of the filtered supernatant was poured over the solidified soft agar. After it had been absorbed, the plate
was incubated at 37°C overnight. The following day,
the plate was checked for zones of clearing (11, 12).
Double-layer plaque assay (DLA assay). In order to measuring the titers of bacteriophage, the recovered supernatant was serially diluted in the LB
broth medium. Then, 0.1 ml of the diluted phage and
0.5 ml of MRSA ATCC 6538 (adjusted to 0.5 McFarland standard) were added to 3 ml soft LB agar
(0.75% agar at 45°C). The mixture was then layered
onto a LB agar plate and allowed to solidify before
incubation at 37°C overnight. Plaque-forming units
(PFU) were calculated per milliliter by determining
the number of plaques×10×the inverse of the dilution
factor (9, 11).
Phage characterization by transmission electron
microscopy (Phage Morphology). A high titer phage
preparation was deposited on a formvar-carbon coated grid Cu Mesh 300, fixed with 1% glutaraldehyde,
stained with the standard negative staining using 2%
uranyl acetate, and examined by an EM 208S (Zeiss,
Germany) transmission electron microscope at 100
kV (8, 13).
Determination of optimal multiplicity of infection (MOI). Multiplicity of infection (MOI) is the
ratio of phages added to bacteria (14). The MRSA
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strain was grown in LB broth at 37°C until early logarithmic growth phase (optical density at 625 nm,
0.08-0.1) corresponding to around 108 CFU. Bacterial
cultures (1 ml) were inoculated with 109, 108, and 107
PFUs at the MOIs 10, 1 and 0.1, respectively. Bacterial growth was monitored by recording OD 625 nm at
30 min intervals up to 240 min (8, 15).
One-step growth curve. One-step growth curve of
the isolated phage was performed using the method of
Wang et al. (2016) with some modifications. Briefly,
isolated phage at a MOI of 10 was added to the cells of
MRSA and allowed to adsorb for 15 min at 37°C. The
mixture was then centrifuged at 10,000 × g for 1 min.
After the supernatants were removed, the pellets containing the phage-infected bacterial cells were suspended in fresh LB broth and incubated with shaking
at 180 rpm and 37°C. Partial samples were obtained
at 10 min intervals and the titrations from the aliquots
were immediately done using the double-layer agar
method (8). The latent period was estimated from a
one-step growth curve and the burst size was measured by dividing number of phages formed during
rise period with the estimated number of infected
cells present at the latent period time (16).
Phage adsorption assay. The adsorption rate of the
phage to the host bacterium was determined by adding 1 ml (107 PFU) of phage to 9 ml of overnight-cultured host bacterium (adjusted to 0.5 McFarland
standard). The phage-host mixture was kept at 37°C,
and aliquots were collected at 5 and 10 minutes. Each
aliquot was centrifuged at 8,000 g for 10 minutes to
sediment the phages attached to the bacteria. The titer of the unabsorbed phages in supernatant was then
measured with the double-layer agar method (12, 15).
Determination of host range. The host range of
the isolated bacteriophage was determined against 20
clinical MRSA isolates and Staphylococcus aureus
ATCC 25923. Wound exudate samples were collected from patients hospitalized at Loghman-e Hakim
Hospital, Tehran, Iran from November of 2018 to January of 2019 and transferred to Pasteur Institute of
Iran. Isolates were diagnosed as S. aureus following
biochemical tests and they were confirmed as MRSA
based on the mecA gene PCR amplification (17). For
host range determination, Spot test was employed.
Bacteria were grown in LB broth for 6-8 h at 37°C to
reach the turbidity of 0.5 McFarland. Bacterial lawns
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were formed on LB plates, and 10 µl of phage suspensions were placed on the bacterial lawns. Plates
were incubated at 37°C and observed after 24 h for
phage-mediated lysis (12).
Phage stability tests. Thermal stability of the isolated phage was determined by incubation of phage
suspension at -20, 4, 37, 50, 60 and 70°C for 1 h, followed by determining the number of phages by the
double-layer agar method.
For pH stability tests, 10 µl of phage suspension was
added to 0.99 ml of LB broth at a pH range of 2-12 and
incubated at 37°C for 1 h before phage titration (12).
The stability of the free phage particles in a hyper
saline environment was estimated by the incubation
of 0.1 ml of phage in various concentrations (5%,
10%, and 15%) of NaCl (0.9 ml) for 1 h. Then, the
titer of the active phage was determined by the double-layer agar method (18).
Effect of bacteriophage in biofilm degradation.
Biofilm disruption was assayed using the biofilm plate
assay as described previously (19, 20). An overnight
culture of MRSA was diluted 1:100 in Trypticase Soy
Broth (TSB, Merck, USA) and 0.2 ml of the suspension was transferred into the 96-well flat-bottomed
polystyrene tissue culture microtiter plates. After 24 h
of incubation at 37°C, the wells were emptied, washed
three times with phosphate-buffered saline (PBS, pH
7), and treated with 0.1 ml of the phage at different dilutions (from 10 -1 to 10 -10). Sterile physiological saline
without phages served as a negative control. After 24
h of exposure at 37°C, the wells were washed three
times with PBS and the persisting biofilm layer was
stained with Triphenyl Tetrazolium Chloride (TTC,
Sigma. USA) and detected with a Nano Drop device
by measuring absorbance at 595 nm. This method
was used to evaluate the effect of phage on 3-day and
5-day old preformed MRSA biofilms (19, 20). The
biofilm inhibition percentage was calculated according to the following equation: Percentage inhibition =
100 - [{adsorption of the most effective concentration
of phage / adsorption of control} × 100] (21).
Effect of bacteriophage in expression levels of
biofilm-associated genes quantified by Quantitative Real-Time PCR: RNA extraction and cDNA
synthesis. For the establishment of biofilm, 3 flasks
containing 10 ml TSB and 0.3 g of sterile glass wool
which served as a surface for attachment were used
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(one flask for negative control, one for positive control
and one flask for phage-treated sample). In the next
step, 0.1 ml of MRSA ATCC 6538 (adjusted to 0.5
McFarland standard) was added to each flask. Then,
2 of 3 flasks were incubated for 24 h at 37°C (positive
control and phage-treated sample), and 1 of 3 flasks
was incubated for 24 h at 37°C with mixing (100 rpm)
to prevent the formation of biofilm (negative control).
After 24 h, samples were washed twice by PBS. Next,
10 ml of the isolated phage was added to phage-treated sample flask and 10 ml TSB was added to each
control flask. Finally, the flasks were incubated as before. After 24 h, samples were washed by PBS again
and 10 ml PBS glass beads was added to each flask
and shake vigorously by shaker incubator for 20 min
to detach the cells attached to the glass wool. The liquid phase was removed and centrifuged at 9000 rpm
for 15 min to pellet the detached cells. The pellet was
resuspended in 1 ml PBS for RNA extraction (22, 23).
RNA extraction was done using a high-pure RNA
isolation kit (DENAzist Asia, Iran) and the quantity and purity of the extracted RNA were measured
by a Nano Drop device. Applying a cDNA synthesis kit (Takapou Zist, Iran), the extracted RNA was
converted to cDNA based on the manufacturer’s
instructions.

RESULTS

Quantitative real-time PCR. The mRNA of the
studied genes was quantified with the ABI Step One
Plus detection system (Applied Biosystems, USA)
using the SYBR Green master mix (Amplicon Bio,
Denmark). All reaction tubes contained 2 µl of the
cDNA, 0.5 µl of each of forward and reverse primers,
10 µl SYBR green PCR master mix and 7 µl DEPC
water. The reaction was started with an initial denaturation at 95°C for 5 min and 40 amplification cycles
of 94°C for 20s, 60°C to 62°C (Annealing temperature of icaA, icaD and 16S rRNA were 62°C, 60°C
and 60°C, respectively) for 20s and 72°C for 20s.
All the reactions were performed in duplicate (Table 1). The formula RQ= 2−ΔΔCt was used to get relative gene expression in the comparative CT method. In this part, 16S rRNA was used as an internal
control (24).

Phage adsorption assay and one-step growth
curve. The phage particles were adsorbed to the bacterial host after 5 min (96%) (Fig. 4A). The one-step
growth curve indicated a latent period of 30 min and
a burst time of 70 min, corresponding to about 71/43
phage particles per infected cell (Fig. 4B).

Statistical analysis. GraphPad Prism 9 was used
for statistical analyses. Due to the normality of the
data, a one-way analysis of variance (ANOVA) test
was utilized to compare means. P-value < 0.05 was
considered statistically significant.
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Bacteriophage isolation and enrichment. In the
spot test, clear plaques were observed wherever phage
lysate was spotted onto LB agar plates covered with a
bacterial lawn of MRSA. Accordingly, it was revealed
that the isolated phage had lytic activity (Fig. 1A). In
the DLA technique, the lytic phage formed small clear
plaques and the titer of the purified phage was 8 × 1010
PFU/mL-1 (Fig. 1B).
Phage characterization by transmission electron
microscopy (Phage Morphology). The morphology
of phage was investigated by TEM and is shown in
Fig. 2. As the phage was spherical in shape with a lipid
membrane around the capsomere, thus the phage can
be classified into the Cystoviridae family.
Determination of optimal multiplicity of infection
(MOI). The MOI could be critical to the bacterial inactivation efficiency and it is necessary to determine
the best MOI for phage therapy. As observed in Fig. 3,
the reduction of pathogenic bacteria increased in parallel with MOI. all tested MOIs were effective against
the host strain and the optimal MOI of phage was 10.
Hence, we used the MOI 10 in further experiments.

Determination of host range. The host range of
the bacteriophage was determined against 20 clinical MRSA strains isolated from bedsore and diabetic wounds and Staphylococcus aureus ATCC 25923.
This phage had a broad host range and infected 80%
of clinical isolates of MRSA (16/20). It was also effective against Staphylococcus aureus ATCC 25923.
Phage stability tests. The high-level activity of the
phage was observed after 1 h of incubation at 37°C.
Despite remarkable reductions in the titer of the phage,
full inactivation was observed only at 70°C (Fig. 5A).
The stability of the phage at different pH values (2, 4,
7, 10, and 12) is shown in Fig. 5B. The fewest changes
in the titer of the phage were observed at pH values
of 4 - 10. Beyond these values, the activity decreased
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Table 1. The sequences, length, and annealing temperature of primers used for qPCR.
Target genes
icaA
icaD
16S rRNA

Primer Sequence (5’ →3’)
F: 5-GAGGTAAAGCCAACGCACTC-3
R: 5-CCTGTAACCGCACCAAGTTT-3
F: 5-ACCCAACGCTAAAATCATCG-3
R: 5-GCGAAAATGCCCATAGTTTC-3
F: 5GGGACCCGCACAAGCGGTGG-3
R: 5-GGGTTGCGCTCGTTGCGGGA-3

Size
(bp)
151

Annealing
temperature (°C)
62

Ref

211

60

(24)

191

60

Fig. 1. Spot test assay to check the presence of bacteriophage (A). The lytic phage formed small clear plaques (DLA assay) (B).

Fig. 2. Transmission Electron Microscopy of negatively-stained phage. It seemed that the isolated phage belonged to the
Cystoviridae family.
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titer was observed in 15% NaCl.

Fig. 3. The bacteriolytic activity of isolated phage at different MOIs (0/1, 1, and 10) against MRSA ATCC 6538 (OD
625 nm). The optimal MOI of phage was 10.

Effect of bacteriophage in biofilm degradation.
Isolated phage was significantly effective against all
types of biofilms (i.e., 24 h, 3-day and 5-day biofilms).
Different dilutions of phage were examined and the
adsorption of effective concentrations and negative
control are reported in Table 2. The most effective
dilutions against 24h, 3-day and 5-day biofilms were
10-9 (6.5×105 PFU/ml), 10-5 (8.3×107 PFU/ml) and 10-1
(8.7×109 PFU/ml), respectively.
Effect of Bacteriophage in expression levels of
biofilm-associated genes quantified by quantitative real-time PCR. Real-time PCR findings showed
that in the presence of bacteriophage, the expressions
of the biofilm-associated genes reduced remarkably.
However, compared to the positive control, bacteriophage had a greater effect on the expressions of icaA.
(Fig. 6, P˂0.0001).

DISCUSSION

Fig. 4. Adsorption (A) and one-step growth curve of phage
in MRSA ATCC 6538 (B). After 5 min, the phage exhibited
rapid adsorption to the bacteria. The one-step growth curve
indicated a latent period of 30 min and a burst time of 70
min, corresponding to about 71/43 phage particles per infected cell.

dramatically, and full inactivation was observed at pH
2 (Fig. 5B).
The phage’s stability at different NaCl concentrations was investigated. The titration of bacteriophage
in 5%, 10%, and 15% of NaCl were 8× 106 PFU/mL-1,
13× 105 PFU/mL-1 and 104 PFU/mL-1, respectively. By
increasing the NaCl concentration, the rate of phage
survival decreased and the highest decrease in phage
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The increasing prevalence of MRSA poses a serious threat to the world. Among the current attempts
to solve this issue, phage therapy offers a promising
alternative to control MRSA infections (12). In the
present study, a lytic bacteriophage was isolated from
the hospital sewage in Tehran which had a specific
activity against MRSA. Based on TEM results and
its comparison with other studies, the isolated phage
can be classified into the Cystoviridae family. The genome of this family is double-stranded RNA and the
virions are spherical in shape and they have a lipid
membrane around the capsomere (25-27). Other studies reported different kinds of phages against MRSA
based on TEM results (8, 12, 28). Rahimzadeh et al.
(2021) isolated Cystoviridae phages from hospital
sewage in Mazandaran, Iran, for instance (25).
Determining the optimal MOI, which is the optimal
ratio of the number of phages per host cell, is necessary to produce the most phage product in the later
stages of the experiment. The results showed that all
tested MOIs (0/1, 1, and 10) were effective, and the
optimal MOI of this phage was 10. The characteristic
features of the isolated phage, i.e., the latent period of
30 min, burst time of 70 min, a burst size of 71/43 and
the adsorption rate (96%) were similar to the phages
reported by others (12, 28). The latent period indicat-
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Fig. 5. The stability of the phage at different temperatures (A) and pH (B). The phage was most stable at 37°C and pH 7.
Table 2. The effect of isolated phage on biofilm structures (OD 595 nm).
24 h biofilm
Phage
(6.5 × 105 PFU/ml)
2.331
0.653
0.0
72

Control
Biofilm formation (OD)
Biofilm inhibition (%)

3-day biofilm
Control
Phage
(8.3 × 107 PFU/ml)
1.777
0.299
0.0
84

5-day biofilm
Control
Phage
(8.7 × 109 PFU/ml)
1.774
0.653
0.0
63

Fig. 6. The effects of lytic bacteriophage on the expression of the genes responsible for biofilm formation by MRSA. Gene
expressions before (C: positive control) and after treatment by phage (PM) have been shown (
P ˂ 0.0001). Also, C- is a
negative control in which biofilm formation was prevented.

ed that the time needed to replicate the virus inside
the host is very short and a new generation of phage
will be propagated after 30 min. The amount of
progeny obtained in this study was acceptable and it
provided high concentrations needed for phage therapy. Moreover, the phage was adsorbed to the host
bacterium very quickly, which is an advantage for
antibacterial activity. All of these properties make
the isolated phage a suitable candidate for treatment.
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The isolated phage showed a broad range of lytic
activity against MRSA and lysed 80% of MRSA
clinical strains isolated from bedsore and diabetic
wounds. Other studies have confirmed this result
(8, 12, 28). For example, Peng et al. (2019) showed
that the isolated lytic bacteriophage was able to infect 97% of healthcare- and community-associated
MRSA strains (28). In general, phages with a wider host range and the capability of infecting more
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strains of the target bacterial species are more suitable for possible treatment. It is also best to combine
phages with a narrow host range with other phages
and use them as phage cocktails for treatment (12).
Due to various strains and types of structural proteins, different thermal, pH, and saline stabilities
have already been reported for bacteriophages (8,
29). Therefore, it was interesting to investigate the
stability of the phage under conditions mimicking
wounds. In almost every case, the temperature of a
wound increases by approximately 2°C when it is
infected (30). According to our results, the isolated
phage was stable in temperatures ranging from -20°C
to 60°C (for 60 minutes). This finding indicated that
low temperatures can be used for storing the phage.
Furthermore, this phage can survive in temperatures
ranging from 38°C to 60°C.
The results related to the effect of pH also demonstrated that the isolated phage had good lytic activity
in the pH range of 4 to 10, and outside this range, the
activity was severely reduced and no activity was observed at pH 2. Unlike the pH of healthy skin (which
is between 4 and 6), the pH of wounds might be neutral or a little alkaline (7.15 - 8.9) (31). The optimal
pH for the highest activity of the isolated phage was
nearly the same as the pH of wounds.
In addition, the saline-tolerance experiment showed
that the phage retained its activity in NaCl concentrations of up to 15%. As normal saline with the NaCl
concentration of 0.9% is routinely used for wound
cleaning, the results showed that the addition of the
phage in normal saline could be a suitable way for
applying the phage (32). Therefore, due to the stability of the isolated phage, it can be an appropriate
candidate for the treatment of wound infections.
The isolated bacteriophage can greatly destroy the
MRSA biofilm. Our results indicated that with increasing biofilm durability, low phage dilutions (in
which the isolated phage concentration was higher)
were more effective. Two other studies showed the effectiveness of phages on Staphylococcus aureus and
MRSA biofilms (19, 20).
Normally, various enzymes and antibacterial agents
can influence the expression and activity of the genes
involved in biofilm formation by MRSA. For the first
time, we considered the effects of the bacteriophage
on the expression of the genes related to biofilm production by MRSA. Our results indicated that the lytic bacteriophage significantly reduced the expression
of the assessed genes.
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Generally, in this study, a lytic bacteriophage
against MRSA belonging to the Cystoviridae family was isolated from hospital sewage. This phage
had a broad host range and it is stable at different pH
values, salt concentrations, and temperatures. Therefore, the bacteriophage can tolerate various environmental conditions and remain active. Moreover, this
phage eradicated the biofilm structure and reduced
the expressions of the biofilm-associated genes significantly. According to the study and its comparison
with previous studies, isolated bacteriophage was
effective on MRSA strains causing bedsores and diabetic wounds.
Other research is still necessary for the comprehensive molecular characterization of the bacteriophage.
Also, its antibacterial activity in in vivo conditions is
left to future work.
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