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Accumulating evidence has denoted the danger of resistance in tenacious organisms like
methicillin-resistant Staphylococcus aureus (MRSA). MRSA, a supple bacterium that
adopts a variety of antibiotic resistance mechanisms, is the cause of multiple life-
threatening conditions. Approaching a post-antibiotic era, bacteria-specific natural
predators, bacteriophages, are now given the chance to prove eligible for joining the
antibacterial weaponry. Considering the foregoing, this study aimed at isolating
bacteriophages with promising anti-MRSA lytic activity, followed by characterization
and optimization of the production of the bacteriophage with the broadest host range.
Five phages were isolated from different environmental sources including the rinse of raw
chicken egg, raw milk, and, remarkably, the raw meat rinses of chicken and fish.
Examined for lytic activity against a set of 23 MRSA isolates collected from various
clinical specimens, all five phages showed relatively broad host ranges with the
bacteriophage originally isolated from raw fish rinse showing lytic activity against all the
isolates tested. This phage is suggested to be a member of Siphoviridae family, order
Caudovirales, as revealed by electron microscopy. It also exhibited good thermal stability
and viability at different pH grades. Moreover, it showed reasonable stability against UV
light and all viricidal organic solvents tested. Optimization using D-optimal design by
response surface methodology was carried out to enhance the phage yield. The optimum
conditions suggested by the generated model were a pH value of 7, a carbon source of
0.5% w/v sucrose, and a nitrogen source of 0.1% w/v peptone, at a temperature of 28°C
and a bacterial inoculum size of 107 CFU/ml, resulting in a 2 log-fold increase in the
produced bacteriophage titer. Overall, the above findings indicate the lytic ability inflicted
by this virus on MRSA. Apparently, its stability under some of the extreme conditions
tested implies its potential to be a candidate for pharmaceutical formulation as an anti-
MRSA therapeutic tool. We hope that bacteriophages could tip the balance in favor of the
human front in their battle against multidrug-resistant pathogens.
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1 INTRODUCTION

The Universe is full with creatures; they are all related one way or
another. Looking at their sizes, the tiniest organisms have an
incommensurable impact onto human beings. They present an
impressive dichotomy in their influence; some are foes, while
others could be friends. No matter how else one may look at
modern medicine, the past century has witnessed the subjugation
of noxious bacteria, the cause of infectious diseases, and this has
altered the fate of the global populace. Antibiotics, the
miraculous drugs, have rescued entire communities from the
danger of bacterial outbreaks, they saved the lives of
immunocompromised individuals and neonates, and they
enabled physicians to surgically operate on patients,
unhesitatingly. Not only these, antibiotics also empowered the
application of cancer therapies. In addition, the good of
antibiotics did not stop at the human realm; conversely, it
extended to serve non-medical purposes like increasing the
efficiency of livestock, food preservation, aquaculture, and
some other industries (Meek et al., 2015; Dodds, 2017;
Waglechner and Wright, 2017; Wencewicz, 2019; Gao and
Zhang, 2021).

Unluckily, antibiotics have been steadily stripped off their
power, and the antimicrobial resistance (AMR) havoc has been
globally encountered for a long time now (Gao and Zhang, 2021;
Montassier et al., 2021). The future is further gloomed by the
progressive expansion of resistance even across familiar
pathogens like Staphylococcus aureus. Soon after methicillin
was implemented as the first beta-lactamase-resistant agent in
1959, cultures of methicillin-resistant Staphylococcus aureus
(MRSA) were detected in hospitals and, few decades later, in
community and livestock as well (Grema, 2015).

MRSA is known to cause multifarious, hard-to-treat diseases
like diabetic foot and surgical-site infections, pneumonia, sepsis,
joint, and multiple skin infections (Grema, 2015; Craft et al.,
2019; MRSA | CDC, 2019; Algammal et al., 2020; Siddiqui and
Koirala, 2020). Besides, intestinal colonization with MRSA has
contributed to the risk of horizontal gene transfer to commensal
organisms and also led to increasing MRSA-associated colitis
(Nataraj and Mallappa, 2021). As declared by the Infectious
Diseases Society of America (IDSA), S. aureus is a member of the
organisms grouped as “ESKAPE” connoting its ability to evade
even the last-resort antibiotics such as vancomycin (Santajit and
Indrawattana, 2016). Furthermore, in 2017, The World Health
Organization (WHO) designated MRSA as a high priority
multidrug-resistant (MDR) pathogen (WHO, 2017).

“If we fail to act, we are looking at an almost unthinkable
scenario where antibiotics no longer work and we are cast back
into the dark ages of medicine”—by this statement, David
Cameron, the former UK Prime Minister, has emphasized the
need for a coordinated and immediate counterattack against
antimicrobial resistance (Jim O’Neill, 2016; Raina, 2019). Urgent
execution of a coherent action plan is a priority not to evoke such
a dreadful future where the aspiration of sometimes the entire
population is curtailed to survival in the face of a set of otherwise
easily treatable diseases (Meek et al., 2015; Dodds, 2017).
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One way apt to supplement the suggested combatting policies
is calling out for a centenarian that has the potential to be an
added value to the antibacterial weaponry, bacteriophage.
Bacteriophage is the bacteria-specific virus that is capable of
destroying the bacterial cells it breeds on, especially the lytic ones
(Ackermann, 2012). In 1926, in a book called The Bacteriophage
and its Behaviour, D’Herelle described the successful use of
bacteriophages for treatment of various infections (D’Herelle,
1929). After that, some companies like Abbott and Eli Lilly
implemented the use of therapeutic phages against
staphylococcal infections and proved quite promising
(Ackermann, 2012).

Hitherto, the use of bacteriophages for the treatment of
resistant bacterial infections has regained some interest over
the past few decades, and some advancements have been
accomplished as well in this regard (Luong et al., 2020). On
that account, this study sought the isolation of bacteriophages
active against clinical isolates of MRSA, as an example of a
dangerous and common multidrug-resistant organism, in a trial
to highlight the potential that phages possess in the battle against
bacterial resistance (Berryhill et al., 2021; Erol et al., 2021;
Gordillo Altamirano and Barr, 2021). It also aimed at
evaluating the in vitro efficacy and stability of the promising
phage. Moreover, it attempted maximizing the production of this
phage, applying different modalities.
2 MATERIALS AND METHODS

2.1 Bacterial Isolates: Collection,
Identification, and Susceptibility Testing
Twenty-three MRSA isolates were collected from the grown
cultures of several clinical specimens in the Diagnostic
Microbiology Laboratories in two University Hospitals, Cairo,
Egypt. To confirm their identification, the isolates grown on
mannitol salt agar (Kateete et al., 2010) were subjected for
microscopical examination and biochemical tests, namely,
coagulase and catalase (Fisk, 1940; Clarke and Cowan, 1952;
Brown et al., 2005; Gayar et al., 2014). In addition, the isolates
were introduced in the VITEK2 automated system (Shetty et al.,
1998). They were also tested for their susceptibility to cefoxitin
using disk diffusion method (Patel and Clinical and Laboratory
Standards Institute, 2017; Craft et al., 2019). The 23 MRSA
isolates were deposited in the culture collection of Ain Shams
University of the World Data Centre for Microorganisms
(WDCM) (http://ccinfo.wdcm.org/collection/by_id/1186)
under the accession codes from CCASU-MRSA-2022-1 to
CCASU-MRSA-2022-23. They were preserved as stock aliquots
with glycerol at −80°C and were regularly renewed by subculture
on nutrient agar slants as well (Hubálek, 2003; Prakash et al.,
2013). Their susceptibility profiles towards some anti-MRSA
agents (amikacin, vancomycin, linezolid, SMX/TMP,
doxycycline, and tigecycline) were determined as well using
Kirby–Bauer disk diffusion method (Ferraro, 2000; Felten et al.,
2002; Shibabaw et al., 2014). The interpretation of the results was
done referring to the standard breakpoints of Clinical and
May 2022 | Volume 12 | Article 904531
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Laboratory Standards Institute (CLSI) guidelines 2018
(Weinstein, 2018; CLSI in 2018).

2.2 Recovery of Bacteriophages From
Environmental Samples
2.2.1 Isolation of S. aureus-Specific Bacteriophages
Eighty-eight samples were collected from various environmental
sources and deidentified human urine and stool samples
collected from the Diagnostic Microbiology Laboratories of
Specialized Ain Shams University Hospitals, Cairo, Egypt. This
study was approved by Faculty of Pharmacy Ain Shams
University Ethics Committee Number, ACUC-FP-ASU
RHDIRB2020110301 REC #68. The sources of the respective
specimens were chosen based on the possibility of incorporating
S. aureus and hence bacteriophages specific against it (Table 1)
(Clokie and Kropinski, 2009; Wommack et al., 2009; Hallajzadeh
et al., 2019; Hyman, 2019; Moodley et al., 2019; Pertics et al.,
2020). All samples were stored at 4°C until time of processing.
Liquid samples were handled according to their visible clarity.
Visibly clear samples were used as such. Turbid samples were
exhaustively filtered using wetted cotton and filter paper. Only
the clear supernatant was kept for further processing (Clokie and
Kropinski, 2009; Gill and Hyman, 2010; Hallajzadeh et al., 2019;
Mahmoud et al., 2020). One MRSA isolate was used as the
bacterial host for isolation of bacteriophages. A loopful from the
bacterial isolate grown onto nutrient agar slant was inoculated
into tryptic soy broth (TSB) and incubated for 6–7 h in a shaking
water bath at 37°;C, 180 rpm. The suspension was used when
heavily turbid, with optical density equivalent to a bacterial count
of 109 CFU/ml (Gayar et al., 2014). For phage isolation, TSB was
prepared as double strength broth, especially supplemented with
traces of calcium carbonate and magnesium sulfate heptahydrate
(Serwer et al., 2004; El-Dougdoug et al., 2019; Ács et al., 2020). A
mixture of the bacterial host inoculum, the environmental
sample, and the isolation medium at a ratio of 1:1:10,
respectively, was incubated overnight at 28°;C, 180 rpm
(Hussein et al., 2019). Next day, the co-culture was centrifuged
for 20 min at 6,000 rpm. Chloroform was added to the
supernatant at 1:10 ratio and was vigorously shaken for 5 min
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3
(Stenholm et al., 2008; Hussein et al., 2019). The suspensions
were left to separate for 4–6 h at 4°;C, and the supernatant
formed above a plug-like sediment was collected and
recentrifuged under the same conditions. The harvested lysates
were stored at 4°C.

2.2.2 Screening of the Obtained Lysates for Lytic
Activity Against MRSA
The fresh lysates were qualitatively screened for anti-MRSA
bacteriophages via spot test. It was performed according to the
technique originally described by Adams (1959). Clear inhibition
spots indicated the presence of phages active against MRSA
(Adams, 1959; Sambrook et al., 1989; Clokie and Kropinski,
2009). The lysates with consistently positive spot test results were
proceeded for the quantitative plaque assay. It was performed
using the standard double agar overlay (DAO) technique
(Anderson et al., 2011; Vahedi et al., 2018). On the following
day, plaques were examined and counted. The phage titer was
calculated using the following equation (Clokie and Kropinski,
2009):

Phage titer in plaque − forming unit per ml  PFU=mlð Þ =
number of plaques= volume of lysate infected � dilutionð Þ

2.2.3.Phage Propagation
The same procedure used for isolation was repeated thrice, but
the starting sample was replaced by an aliquot from the obtained
crude lysate. In essence, propagation was regularly performed in
order to have a sizeable stock of high-titer phage suspensions.

2.3 Evaluation of Some Characteristics of
the Isolated Bacteriophage F2
2.3.1 Host Range
The lysates (selected based on their consistent spot test positive
result) were examined for lytic activity against the remaining 22
MRSA isolates as bacterial indicators using spot test (Mahmoud
et al., 2020). The lysate showing the best host range was selected
for further studies.
TABLE 1 | A list of the environmental samples collected for the isolation of bacteriophages and the results of the spot test screening of the lysates obtained.

Source Number Initially positive spot test Consistently positive spot test

Ponds and lakes 5 1 -
Sea water 2 2 -
River water and landfill leachate 2 - -
Domestic tap water 3 1 -
Hospital and laboratories’ drainages 3 3 -
Rinse of leafy vegetables 3 - -
Poultry feathers, litter and raw chicken rinses 12 8 2: L10, L12
Sewage samples 12 5 -
Soil samples 5 - -
Raw milk samples 10 4 1: H10
Wastewater draining from different food stores and restaurants 10 2 -
Rinses of raw chicken eggs 3 1 1: D3
Raw meat and fish rinses 5 2 1: F2
Human urine and stool samples 13 -
Total 88 29 5
May 20
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2.3.2 Morphology of the Isolated S. aureus
Phage Particles
Preparing for microscopical examination, a concentrated phage
suspension of the selected lysate was centrifuged at 10,000 rpm
for 25 min twice in a row and was then filtered using a syringe
filter (0.22 mm). After that, a 20-ml sample was prepared as
directed by Kalatzis et al. and was examined using a transmission
electron microscope (JEOL_JEM_1010 Electron Microscope
Siemens & Halske, Germany, performed at Regional Center for
Mycology and Biotechnology, Al-Azhar University, Cairo,
Egypt) (Ackermann, 1998; Kalatzis et al., 2016; Nasser et al.,
2019; Mahmoud et al., 2020).

2.3.3 Longevity Test
An aliquot of the phage lysate was kept at temperatures of 4°C,
37°C, and −20°C for 90 days. Each was examined for infectivity
at days 1, 2, 3, 4, 5, 6, 7, 15, 30, 60, and 90 by spot test (Fortier and
Moineau, 2009; Mahmoud et al., 2020).

2.3.4 Thermal Stability
A fixed volume of the phage suspension was exposed to a
temperature range from 30°C to 60°;C at 5°; intervals in a
previously adjusted water bath for 1 h. An aliquot was
aspirated at the end of the exposure time and was immediately
examined for loss of infectivity by spot test. Plates were examined
after incubation, and thermal inactivation point was determined
accordingly (Mahmoud et al., 2020).

2.3.5 pH Stability
One milliliter of the phage suspension was added to 1 ml TSB
previously adjusted to a specific pH in the range from 1 to 13
using 1N NaOH and HCl. Mixtures were left at room
temperature for 1 h. The infectivity of the phage at the
different pH values was assessed using the standard spot test
(Jamalludeen et al., 2007; Mahmoud et al., 2020).

2.3.6 Stability Towards UV Light
A sample of the phage suspension was directly irradiated by the
UV light into a laminar flow hood at a constant 30-cm distance
from the source for 1 h total exposure time. Samples were drawn
at different intervals of 10, 20, 30, 40, 50, and 60 min and were
spotted for infectivity (Rodriguez et al., 2014; Alič et al., 2017;
Kim et al., 2018).

2.3.7 Sensitivity to Organic Solvents
Three solvents, namely, chloroform, ethanol, and isopropyl alcohol,
were diluted with distilled water to final concentrations of 10, 30,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
and 50% v/v; 100% v/v concentration of each was used as well. An
aliquot of the phage suspension was blended with each of these
concentrations in 1:1 ratio and was incubated for 1 h at room
temperature (Kim et al., 2018; Łubowska et al., 2019). The effect was
assessed using spot test.
2.4 Optimization of the Anti-MRSA
Phage Production
2.4.1 Studying Different Factors Influencing the
Production of the Phage F2 One Factor at a Time
The effect of different factors on the co-culture functionality was
tested individually, and the response in terms of the produced
phage titer (PFU/ml) was assessed at the end of each run carrying
out the standard plaque assay. The factors selected were
production medium components such as carbon source (0.5%
v/v glycerol and 0.5% w/v sucrose) and nitrogen source (0.1% w/
v peptone and 0.1% w/v glycine) (Kim et al., 2021), the bacterial
host inoculum size (107, 108, and 109 CFU/ml), and temperature
(28°C, 33°C, and 37°C) (Grieco et al., 2012; González-Menéndez
et al., 2018a; Reuter and Kruger, 2020). Optimal factors that led
to the highest phage production were selected for
further experiments.
2.4.2 Production Optimization Using Response
Surface Methodology
The factors selected to be optimized using response surface
methodology (RSM) were pH (coded A), sucrose concentration
(coded B), and peptone concentration (coded C). Each factor was
incorporated at three different levels (Table 2). The design of
experiments (DOE) was performed using D-optimal design, with
the help of the statistical software package, Design Expert® v. 7.0
(Design Expert Software, Stat-Ease Inc., Statistics Made Easy,
Minneapolis, MN, USA). Seventeen production runs were
carried out as proposed by the software (Table 3). One
response value was monitored at the end of each run: phage
titer in PFU/ml. The relationship between the factors was
determined, and a polynomial cubic equation was fitted by the
software using the data obtained from the experiments (Bhaumik
et al., 2013; González-Menéndez et al., 2018a; El-Housseiny
et al., 2021).

2.4.2.1 Statistical Analysis
Replicates of each run were carried out, and the calculated
mathematical mean was considered the observed result. Data
analysis was performed by Design Expert® v. 7.0. Response
TABLE 2 | The factors selected for RSM optimization of phage production and their levels.

Factor Level

-1 0 +1

Media components A: pH 6 7 8
B: Carbon source; sucrose concentration (%w/v) 0.1 0.5 0.9
C: Nitrogen source; peptone concentration (%w/v) 0.05 0.1 0.15
May 2022
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surfaces and model diagnostic plots were also generated using
the same program (El-Sayed et al., 2020a).

2.4.2.2 Verification of the RSM Optimization Results
The numerical optimization function in the Design Expert®

Software was used to identify the co-culture conditions
optimum for maximum phage production as recommended by
the program. An additional experiment was conducted with the
newly suggested optimal conditions. The phage titer produced
applying these conditions was compared to that obtained under
the unoptimized ones.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5
3 RESULTS

3.1 Collection, Identification, and
Susceptibility Testing of MRSA Isolates
The 23 isolates were identified as S. aureus using preliminary
identification tests and confirmed by VITEK2. They all showed
resistance to cefoxitin, hence proving to beMRSA (Patel andClinical
and Laboratory Standards Institute, 2017; Weinstein, 2018; Craft
et al., 2019; Siddiqui and Koirala, 2020). The susceptibility patterns
displayed that most of the isolates were resistant to nearly all the
tested agents except for vancomycin and linezolid (Figure 1).
FIGURE 1 | Susceptibility patterns of the collected MRSA isolates (n=23) towards some antimicrobial agents. Each result is the mean of three replicates.
TABLE 3 | The D-optimal design production runs suggested for phage F2 production and their observed responses.

Run A: pH B: Sucrose (% w/v) C: Peptone (% w/v) Response observed (phage count) (PFU/ml)

1 6 0.10 0.05 3×1010

2 6 0.9 0.15 6×1011

3 7 0.10 0.10 3.8×1011

4 8 0.9 0.15 1.3×1012

5 7.5 0.7 0.10 6.6×1011

6 6 0.10 0.15 4.5×1010

7 6 0.10 0.15 4.2×1010

8 6 0.10 0.05 2.7×1010

9 8 0.5 0.05 7.2×1011

10 8 0.10 0.15 5.4×1010

11 7 0.90 0.05 6.4×1011

12 6 0.90 0.05 2×1010

13 7 0.50 0.10 2.2×1012

14 8 0.90 0.15 1.4×1012

15 7 0.50 0.15 9×1010

16 8 0.10 0.05 8.6×109

17 6 0.50 0.10 2.6×1011

Control 7 – – 3×1010
May 2022 | Volume 12 | Article 904531
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3.2 Recovery of S. aureus Bacteriophages
and Screening for Activity Against MRSA
Screening resulted in 29 samples showing preliminarily positive
spot test against MRSA; however, only five of these lysates
showed consistently positive spot tests (Table 1; Figure 2) and
hence were selected for further studies. All lysates had relatively
reproducible, high initial titers as determined by plaque assay
(>108 PFU/ml) (Figure 3). Plaques appeared clear, regularly
circular, and small in size (1–5 mm). Interestingly, F2 plaques
were surrounded by halos (Figure 4).

3.3 Evaluation of the Isolated Putative
Bacteriophages’ Characters
3.3.1 Host Range
The five lysates were fairly active against most of the isolates.
Putative phage F2 showed lytic activity against all the 22 MRSA
isolates tested, so it was selected to complete the study.

3.3.2 Morphology of Phage F2 as Demonstrated
by TEM
The electron micrograph showed that F2 is a tailed bacteriophage
(Figure 5), so it is believed to be of the order Caudovirales. The
exact tail dimensions were hard to accurately determine because
whole tails were scarce in the examined field and the size was
highly dependent on the bacteriophage position on the grid.
However, the tail size was estimated to be 100 nm, and the head
diameter was 34 nm. The tail showed neither head-to-tail
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6
connectors nor base plates. Matching these observations to the
information found on “Viral Zone” website (Siphoviridae—an
overview | ScienceDirect Topics, 2011; Siphoviridae ~ ViralZone,
2011; King et al., 2012) together with the rules compiled by the
International Committee on Taxonomy of Viruses (ICTV) (King
et al., 2011; King et al., 2012), it could be suggested that F2 might
be a member of the Siphoviridae morphotype.

3.3.3 Longevity Test
The F2 aliquots kept at the different temperatures of 4°C, 37°C,
and −20°C succeeded to sustain infectivity till the end of the test
(90 days).

3.3.4 Thermal Stability
Phage F2 retained its activity along all the temperatures tested
except at 60°C, at which the lytic spot completely disappeared.
Hence, 60°C was considered its thermal inactivation point.

3.3.5 pH Stability
Along the pH range from 3 to 11, phage F2 was capable of
producing clear lytic spots. However, when placed in an
environment that is either extremely acidic (pH = 1, 2) or
extremely alkaline (pH = 12, 13), the lytic spot disappeared.

3.3.6 Sensitivity to UV
The lytic activity of phage F2 was retained up till 30 min of
exposure to UV irradiation. However, it started to gradually
FIGURE 2 | Spot tests of the five harvested lysates against MRSA, showing clear spots and proving their lytic abilities.
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decline after this point in time as presented by a weak
degradative spot, till it completely disappeared after 1 h
of exposure.

3.3.7 Sensitivity to Organic Solvents
The bacteriophage F2 was stable at all the concentrations of the
three chemical agents applied, except that its lytic activity
weakened with ethanol starting from a concentration of 50% v/v.

3.4 Production Optimization of Phage F2
3.4.1 OFAT Optimization
The results of the OFAT optimization experiments are
summarized in Figure 6 as follows.

a. Effect of Different Carbon Sources

Sucrose at 0.5% w/v resulted in 56-fold increase in titer, while
glycerol at the same concentration did not lead to any
remarkable increase.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7
b. Effect of Different Nitrogen Sources

The phage yield increased hugely when applying peptone at 0.1%
w/v, approximately 300-fold. However, no noticeable increase
occurred when glycine was applied at the same concentration.

c. Effect of Bacterial Inoculum

The host inoculum concentration that led to maximum
production of phage F2 was equal to 6×107 CFU/ml.

d. Effect of Temperature

The optimum incubation temperature was 28°;C, resulting in
phage titer as high as ~1010 PFU/ml.
3.4.2 RSM Optimization
3.4.2.1 The Combined Effect of pH, Carbon, and Nitrogen
Sources
The 17 experiments proposed by the Design Expert® Software
along with their observed results are shown in Table 3. The
FIGURE 3 | Plaque assay results of phage F2 at different dilutions.
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generated reduced cubic model for the prediction of the
produced phage titer (PFU/ml) was as follows:

Log10 (Phage count) =-274 .83010+83 .83276*A
+101.56114*B+2065.24586* C-30.75049 * AB-610.77648* AC
+16.35854* BC-6.03935* A2+13.17374*B2+104.52059* C2

+2.43068* A2 B+43.85170* A2C-3.12607 * AB2

3.4.2.2 Statistical Analysis
To determine the significance of the model and its
appropriateness for phage titer prediction, ANOVA was
performed (Table 4). Both F- and p-values were calculated to
represent the significance of the model and its terms. The F-value
of the model was 975.10 (p-value = 0.0001), inferring that the
model is significant. Regarding the model parameters, the linear
terms, namely, A, B, and C, together with the interactive ones,
AB, AC, BC, A2, B2, C2, A2 B, A2 C, and AB2, all proved
significant, as they had p-values <0.05 (El-Sayed et al., 2020a;
El-Sayed et al., 2020b). The coefficient of variation (C.V.%) was
0.25. A C.V.% this low bespeaks the reliability of the
experimental data (El-Housseiny et al., 2016; El-Sayed et al.,
2020a; El-Sayed et al., 2020b; El-Housseiny et al., 2021). How
well the model describes the data was assessed by R2, the
coefficient of determination. It was 0.9997, indicating that the
model can explain 99.97% of the variability that may result in
response (El-Sayed et al., 2020a; El-Housseiny et al., 2021).
Predicted R-squared (Pred R2) was found to be 0.9504 and was
tenably in agreement with its adjusted analogue (adj R2) of
0.9986. Adequate precision ratio was 97.680, way greater than
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8
4, indicating that this model can be used to navigate the design
space (El-Sayed et al., 2020a; El-Housseiny et al., 2021).

The 3D response surface plot generated by Design Expert®

for the model F2 is provided in Figure 7 as a graphical
illustration of the interactions between the influential variables
(El-Sayed et al., 2020a).

Using the numerical optimization function in the Design
Expert® software along with the 3D plots, the optimum
conditions suggested for maximum phage production were pH
7, sucrose of 0.5% w/v, and peptone of 0.1% w/v.

3.4.2.3 Model Diagnostics
Model diagnostics seek the assessment of a model’s validity and
are presented in the form of graphical summaries as follows:

a. The Box–Cox Plot

This plot helps to determine the most appropriate power
transformation to be carried out. A transformation to the
base 10 log was recommended in case of phage F2
(Figure 8A).

b. Predicted vs. Actual Plot

The central line in this graph represents the ideal case where
actual and predicted data are perfectly matching. In our case,
there was a fair agreement between the actual and the
predicted responses as revealed by the close distribution
around the line (Figure 8B).

c. Residuals vs. Run Order Plot
FIGURE 4 | Plaque morphology as presented by phage F2. Plaques are clear, regularly circular, small in size (diameter of 3–5 mm), and halos are shown around the plaques.
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FIGURE 5 | Electron micrograph of bacteriophage F2. The head diameter is 34 nm, and the tail length is 100 nm.
A B

DC

FIGURE 6 | Effect of different factors on the phage production titers using one-factor-at-a-time (OFAT) method, and the optimum level of each that led to maximum
phage production (A, carbon source; B, nitrogen source; C, inoculum size; D, temperature). Results are the mean of the three replicates.
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This is a scatter plot with the residuals presented on the y-axis
and the run order on the x-axis. The model F2 showed a well-
behaved residual vs. run order plot where the residuals
bounced arbitrarily around the residual = 0 line, suggesting
model validity (Figure 8C).
3.4.2.4. Model Experimental Verification
Phage F2 production using the suggested optimal levels of the
three factors (pH 7, 0.5% w/v sucrose, and 0.1% w/v peptone)
resulted in a phage titer of 2.2 × 1012 PFU/ml, and this value was
very close to the one predicted by the model. The optimal
conditions reached brought about a 2-log fold increase in
phage titer as compared to that obtained under the basic
unoptimized conditions (3 × 1010 PFU/ml).
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 10
4 DISCUSSION

The exacerbation of the bacterial resistance to most of the clinically
used antibiotics has prompted the readdressing of bacteriophage
therapy as a promising recourse. Indeed, several sporadic risings of
antibacterial phage therapy have been reported along the past
century (Abedon et al., 2017; Jennes et al., 2017; Nir-Paz et al.,
2019). Lytic phages are comparable to antibiotics in terms of their
recognizable antibacterial effect. Moreover, there are some
advantages that distinguish phage therapy, such as specific
reproduction at the infection site, the merit of single or infrequent
administration, and of course the privilege of being active against
the otherwise pan-drug-resistant bacteria. In an attempt to isolate
phages active against resistant organisms, MRSA, an example of
perturbing multidrug-resistant organism, was chosen as the
TABLE 4 | ANOVA for response surface reduced cubic model (F2).

Source Sum of Squares df* Mean Square F-value p-value

Model 9.16 12 0.76 975.10 <0.0001 Significant
A—pH 0.28 1 0.28 356.89 <0.0001
B—Sucrose 0.29 1 0.29 367.62 <0.0001
C—Peptone 1.31 1 1.31 1,674.89 <0.0001
AB 0.021 1 0.021 26.87 0.0066
AC 0.14 1 0.14 181.94 0.0002
BC 0.62 1 0.62 786.43 <0.0001
A2 0.34 1 0.34 438.59 <0.0001
B2 1.20 1 1.20 1,538.11 <0.0001
C2 0.045 1 0.045 56.93 0.0017
A2B 0.60 1 0.60 772.88 <0.0001
A2C 1.73 1 1.73 2,209.06 <0.0001
AB2 0.24 1 0.24 305.89 <0.0001
Residual 3.130E−003 4 7.824E−004
Cor Total 9.16 16
May 2
022 | Volume 12 | Artic
*Degree of freedom.
FIGURE 7 | Three-dimensional (3D) response surface plot representing the effect of three parameters on bacteriophage production. pH and sucrose were plotted,
and peptone was set at central level. The plots were obtained from Design Expert software® v. 7.0.
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bacterial host for this purpose (Berryhill et al., 2021; Gordillo
Altamirano and Barr, 2021). Twenty-three MRSA isolates were
collected from various clinical specimens. They were resistant to
nearly all the antibiotics tested except for linezolid and vancomycin.
Bacteriophage isolation was carried out by incubating an
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 11
environmental sample with the freshly grown bacterial host,
followed by removal of bacterial cells using centrifugation and
chloroform treatment. Eighty-eight environmental samples
varying widely in their sources were collected for this purpose:
sewage, wastewater, hospital wards and laboratory water, raw milk,
A

B

C

FIGURE 8 | Model diagnostic plots for Model F2. (A) Actual vs. predicted plot, (B) Box–Cox plot, and (C) residuals versus run order plot. The plots were obtained
from Design Expert software ® v. 7.0.
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the rinse of raw chicken eggs, poultry wastes, food restaurant run-
offs, and the rinses of the raw meat of beef, chicken, and fish. Only
five lysates continued to show positive results over a long period of
time with raw chicken and fish rinses and raw milk appearing to be
potential reservoirs for separation of staphylococcal lytic phages
(Hyman, 2019). Hitherto, most of S. aureus-specific phages were
reported to be separated from sewage (Han et al., 2013; Li and
Zhang, 2014; Abatángelo et al., 2017; Melo et al., 2018) and milk
(Garcıá et al., 2009; Kwiatek et al., 2012). To the best of our
knowledge, only a few studies have described the recovery of S.
aureus phages from chicken and fish (Duc et al., 2020). Plaque assay
provides guidance on a particular lysate’s purity and the counts of
viruses present as well (Anderson et al., 2011). If it results in only
one form of plaques of similar morphology, size, and shape, this
indicates the presence of a single pure virus. On the contrary, if it
gives rise to numerous plaque forms of different characteristics, then
this suggests the presence of multiple viruses. In addition, the
numbers of similar plaques are inserted into a mathematical
equation that approximately infers the quantity of the virus
present in the original lysate in plaque forming units per ml
(PFU/ml) (Anderson et al., 2011; Hyman, 2019). The initial titers
of the five phage suspensions were reasonably high (>108 PFU/ml)
and were fairly reproducible. The lysate F2 showed only one plaque
form, suggesting the presence of single virus. Plaque morphology
could point to the type of a phage. Clear transparent plaques are
usually characteristic of lytic (virulent) phages, whereas phages with
lysogenic ability (temperate phages) feature opaque, turbid ones
(Jurczak-Kurek et al., 2016; Park et al., 2020). Moreover, some
phages produce plaques surrounded with halos. Halos are ascribed
to the diffusion of bacteriophage enzymes that are mostly active
against the cell wall of bacterial cells and the biofilms formed by
some (Dakheel et al., 2019; Vukotic et al., 2020; Tan et al., 2021).
Observing F2 plaques, they were clear, circular with regular entire
margins, and small in diameter (3–5mm), suggesting it being lytic
(Duc et al., 2020). In addition, the plaques displayed halos around
them that were observed to extend in size with increasing
incubation time or when kept at room temperature for multiple
days, implying an anti-biofilm activity; however, this requires
further testing against biofilm-forming organisms (Dakheel et al.,
2019; Vukotic et al., 2020).

Customarily, phage candidates for therapy are selected based
on strict criteria; for example, being obligately lytic, possessing a
broad host range, and, naturally, high stability (Klumpp and
Loessner, 2013). Therefore, it was necessary to investigate some
of the main characteristics of the obtained phage. The host range
of a bacteriophage is bound to genus, species, and strains of
bacteria that it is capable of infecting (Hyman, 2019). This,
obviously, is particularly important when applying phage in
therapy. A host range of a certain phage limited to a single
species is preferable, as it inhibits the phage from attacking
bacteria other than the one causing the disease, leaving the host’s
microbiome undisturbed. Thus, in terms of species, a phage with
a narrow host range is desirable. However, within this species, a
phage infecting many, if not all strains, is advantageous. It
insinuates its aptness for empirical application in analogy to
broad-spectrum antibiotics (Hyman, 2019). The interaction
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 12
between bacteriophage and host cell receptors is responsible
for the phage specificity and, consequently its range of activity
(Ross et al., 2016; de Jonge et al., 2019). In addition, the phage
isolation procedure in the classical fashion, which happens to
appoint only one host on which phages are intended to grow,
might be a contributor to their normally confined host range
(Hyman, 2019). As shown in the results, the five lysates proved to
be broadly active, with F2, showing a polyvalent behavior, being
effectual in lysis of the whole set of 22 MRSA isolates. Hence, it
was selected for further studies.

The morphology of phage particles is customarily used for
their prelusive classification. Even though various morphologies
of bacteriophages have been discovered, and in spite of the recent
proposals to abolish the traditional classification of having only
one bacteriophage order (Turner et al., 2021), to this point in
time, the order Caudovirales is the one comprising tailed phage
families, most popularly Myoviridae, Siphoviridae, and
Podoviridae. Phages of these families have an icosahedral
capsid with a genome of double-stranded (ds) DNA, they but
differ in their tail shape. Siphoviridae, from Greek siphon,
meaning “tube,” is characterized by non-contractile, thin, long
tails; they are often flexible and are built of stacked discs of six
subunits (King et al., 2012; Othman et al., 2015; Alič et al., 2017).
Negative staining and transmission electron microscopy (TEM)
inspection is the most important technique used for visualization
of phages (Ackermann, 2012). F2 phage suspension was
introduced for TEM (Clokie and Kropinski, 2009; Kalatzis
et al., 2016). The morphological features of the virus particle
illustrated the following: it appeared to be tailed; therefore, it
could be placed under the order Caudovirales. It had an
icosahedral head with no connectors at the head-to-tail
junction. It lacked base plates as well, excluding the probability
of belonging to Myoviridae (Han et al., 2013; Alič et al., 2017). It
was marked with a long, tubular tail (100 nm) and a head of
about 34 nm in diameter. Based on the morphological similarity
with the descriptions shown on Viral Zone website
(“Siphoviridae ~ ViralZone,”), and according to the guidelines
compiled by the International Committee on Taxonomy of
Viruses (ICTV)—ninth report (King et al., 2011), it was
suggested that F2 probably belongs to Siphoviridae. Even so,
genome sequencing is the technique reliable when it comes to
confirmation of classification and life cycle of phages. The
suggested classification of the isolated phage was consistent
with those demonstrated in some former studies that had
managed to isolate S. aureus Sipho-viruses (Alič et al., 2017;
Zhang et al., 2017; Cha et al., 2019; Kornienko et al., 2020). Some
studies have described that the vast majority of S. aureus phages
are members of Siphoviridae (Deghorain and Van Melderen,
2012; Klumpp and Loessner, 2013; Duc et al., 2020).

The longevity of F2 has been checked as well. It perpetuated a
strong lytic effect when kept at different temperatures for 90 days.

Physicochemical stability of bacteriophages is critical for
large-scale isolation, different stages of formulation and
storage, and eventually real-life applications (Abdelsattar et al.,
2019; Abdallah et al., 2021). The phage infectivity is influenced
by numerous factors, like temperature, pH, irradiation, and the
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presence of certain chemicals (Mahmoud et al., 2020; Abdallah
et al., 2021). Based on this, F2 was challenged by various
physicochemical conditions. It appeared to possess some
properties that can set it out for therapeutic purposes.

Thermal inactivation point was 60°;C after 1 h of exposure,
indicating its promising suitability for storage at shelf and
tolerability for hot weather in general. This observation was
consistent with the thermal stability investigation similarly done
by González et al. They concluded that the phage tested lost
infectivity when exposed to a temperature of 60°;C for 90 min
(González-Menéndez et al., 2018b). Moreover, this degree of
thermal stability surpasses that of some well-known S. aureus
bacteriophages mentioned in previous studies like SPW (Li and
Zhang, 2014), SAJK-IND, and MSP (Ganaie et al., 2018), which
totally lost their lytic activity above 50°;C. Nonetheless, other
studies have shown higher thermal inactivation points. For
instance, inactivation at 65°;C was observed by Wang et al.
(2016), and the isolated phage vB_SauM_CP9 retained
infectivity till 70°;C in another study by Abdallah et al. (2021).
Exceptional stability up to 85°;C was also noticed by Mahmoud
et al. while examining their S. aureus phages (Mahmoud
et al., 2020).

Over the pH spectrum, F2 displayed an oscillating pattern. It
was completely inactivated at the acidic end of the spectrum (pH
1) and showed a very weak lytic activity at pH 2, exhibited as a
partially clear spot. Along the pH range, 3–11, it retained its
activity as illustrated by totally clear spots. However, it started to
decline again after exposure to the alkaline extreme (pH 12 and
13). This pattern is similar to that mentioned in a study
published in 2017 (Zhang et al., 2017), as the isolated Sipho-
virus was stable all over the pH range of 3–12. In another study
performed by Abdallah et al., the bacteriophage vB_SauM_CP9
was inactivated outside the pH range of 4–9 (Abdallah et al.,
2021). In a different study by Wan et al., a S. aureus phage was
stable over a narrower range, only at pH 6, 7, and 8 (Wan
Nurhafizah et al., 2017). Thus, it can be deduced that F2 phage is
characterized by high stability over a very wide pH range.

Because of UV efficacy, it is becoming a common method for
disinfection of water and surfaces in hospital and operation
rooms (Rodriguez et al., 2014), and it has the potential to be
included in phage industry processes in the future. Nevertheless,
the ability of UV to induce genomic damage, genetic mutations,
and recombination is well-recognized. Accordingly, UV was
reported to be one of the most damaging methods of phages in
very short times (Kim et al., 2018). On grounds of this theory, the
UV effect on phage F2 was observed. Indeed, it could maintain its
lytic ability for only 30 min of exposure to UV; its activity then
weakened till it completely disappeared after 1 h, indicating that
UV has a certain deadly effect on it. This finding was in
accordance with the observation of some studies (Rodriguez
et al., 2014; Kim et al., 2018; Hussein et al., 2019).

Upon examining the viricidal effect of some of the commonly
used organic solvents (ethanol, isopropanol, and chloroform) on
the phage particles, they appeared to have poor impact in killing
them. Phage F2 retained its activity along most of the
concentrations used; however, it suffered from a little decrease
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in its lytic effect starting from 50% v/v ethanol upwards. This
notably agrees with the results published in 2018 by Kim
et al. (2018).

If antibacterial phage therapy is to be applied publicly, the
central point will be isolation of bacteriophages effective in lysis
of the resistant pathogens and their mass production so as to
meet the future demands. Phage propagation is highly dependent
on the physiological nature of the bacterial host, especially its
multiplication rate (Hadas et al., 1997; Kick et al., 2017; Nabergoj
et al., 2018). Lysogenic phages unstoppably replicate in
accordance with their infected hosts growth rate. Contrarily,
the reproduction cycle of lytic phages, the ones most important
in therapy, ends with the lysis of their host cells. The phage
production process is usually sensitive to even the slightest
variations in culture conditions, physiology of the organisms,
and culture media composition (Egli, 2015; Nguyen et al., 2021);
besides, the lytic phages run out of their production factories,
with no more living bacterial cells that could be infected. Thus,
for a higher phage yield, handling the phage–host interaction,
and elongating the period over which bacterial cells are alive in
the co-culture, could be a potential strategy when considering
scaling up of phage production. Based on this, the final step of
the study was designed to optimize the production of phage F2
on laboratory scale (Grieco et al., 2012; González-Menéndez
et al., 2018b; Kim et al., 2021).

Production optimization is ordinarily accomplished through
different approaches, some of which are conventional, like the
one-factor-at-a-time (OFAT) method, where the effect of some
factors influencing the production is studied individually.
Nonetheless, besides being tedious and time consuming, the
traditional optimization methods are not efficient in capturing
the combined effect of multiple factors; therefore, OFAT
approach alone is not sufficient to have a complete
understanding of the bacterium-phage system behavior (Latha
et al., 2017). On the contrary, other methods are more advanced
such as the RSM, which is concerned with the combinatorial
interaction of the factors; therefore, it is apt for studying
processes where the response is affected by a blend of input
variables. It is also time and cost saving. Currently, it is
performed with the aid of design software. Thus, taking it on is
an edge. In the present study, both approaches, OFAT and RSM,
were adopted in a trial to identify the conditions conducive to
enhance the bacteriophage-produced titer. Knowing that carbon
and nitrogen sources are often imperative media components,
two different sources were tried for each. Sucrose and peptone
were the preferable sources for phage F2. This was in partial
agreement with the study carried out in 2021 by Kim et al., on the
staphylococcal Kayvirus psa-3, as they declared glycerol and
glycine as the preferable sources (Kim et al., 2021).
Unexpectedly, the bacteriophage F2 inclined towards the
diluted side of 107 CFU/ml as the preferable inoculum size that
led to maximum production. This was close to the result of Kim
et al., as they got 108 CFU/ml as the one giving the highest phage
yield (Kim et al., 2021). Since temperature is one of the most
influential culture conditions, three levels of temperatures were
tested, and 28°;C was the temperature that led to maximum
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phage count. This differed from the results reached by Gonzalez
et al., as they found 38°;C to be the optimal temperature for their
staphylococcal Myovirus production (González-Menéndez et al.,
2018a). Next, RSM was employed, and the parameters included
for investigation were pH, concentration of the selected carbon
source, and concentration of the selected nitrogen source as well,
each at three different levels. Using the statistical software
package Design Expert® v. 7.0, the D-optimal design was
selected, as it provides a sensible selection of an optimal set of
runs from a larger multitude of potential experiments. This
design was also used in a previous similar study (González-
Menéndez et al., 2018a). According to the experimental design,
17 experiments were performed in order to investigate the effect
of the stated factors simultaneously, and a response surface
reduced cubic model was generated.

ANOVA was used afterwards to determine the model
significance and validity (Bhaumik et al., 2013). The obtained
F-value was 975.10 (p-value <0.0001), which proves the
significance of the model. The coefficient of determination R2

denotes the ability of the model to predict the variation in
response. It ranges from 0 to 1 (Chen et al., 2009; El-Sayed
et al., 2020a), where 1 indicates that 100% of the variation could
be explained by a model. The R2 value derived (R2 = 0.97)
corroborates that the developed model could explain more than
90% of the variability in response. The adjusted R2 (Adj R2)—a
modified version of R2 that is adjusted for the number of
predictors in a model—was recorded to be 0.9986. Moreover,
the predicted R2 (Pred R2)—the one showing how adequately a
model predicts responses for new observations—should be in
reasonable agreement with Adj R2 and should not differ from it
by more than 0.2 (El-Sayed et al., 2020b). This, too, holds true as
it equals 0.9504. Adequate precision is the signal-to-noise ratio.
Ratios >4 are advantageous, as it indicates appropriate model
discrimination (Abdel-Hafez et al., 2014). Its value was found to
be 97.680. Furthermore, the model came out to have low
coefficient of variance (C.V.%), 0.25, revealing that the model
was reliable (El-Sayed et al., 2020b; El-Sayed et al., 2020a). Model
diagnostic plots obtained by the software proved the validity of
the model. The factors impacting bacteriophage production were
discerned through the p-value. The parameters, namely, A, B,
and C, along with the interactions, AB, AC, BC, A2, B2, C2, A2B,
A2C, and AB2, all had p-values <0.05; thus, they were significant
model terms and are assumed to substantially influence phage
production. This indicates that all three factors (pH, sucrose
concentration, and peptone concentration) significantly
influenced phage titer. Interaction is when the effect of one
factor depends on the level of another factor. All interactions
between the factors had significant effect on the phage
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production. Viewing the graphical 3D plot presentation of the
model, an estimation of the ideal combination of variables for
maximum response was obtained. This, together with the
numerical optimization function rendered by the software,
pointed to the optimum conditions for maximum phage titer.
The optimum conditions were pH 7, sucrose of 0.5% w/v, and
peptone of 0.1% w/v. Upon experimental verification, these
conditions resulted in a phage titer of 2.2 × 1012 PFU/ml, and
this value was very close to the one predicted by the model.
Ultimately, it can be said that the optimization process managed
to improve the yield of the bacteriophage F2 by 2 log-fold as
compared to the basic unoptimized conditions.
CONCLUSION

The constant expansion of drug-resistant bacteria has prompted
the search for efficient antibacterial alternatives like phage
therapy. In this study, a bacteriophage isolated from raw fish
managed to effectively lyse 23 MRSA strains. This phage is
suggested to belong to order Caudovirales, family Siphoviridae;
however, it needs to be further characterized so as to confirm the
identification. Overall, it had good stability towards some
extreme conditions like temperature, pH, and UV irradiation,
making it a good candidate for in vivo testing. In addition,
optimizing the production of this phage using OFAT and RSM
led to a distinctive increase in the produced titer compared to
that in the unoptimized propagation conditions. In conclusion,
to gain the benefits from bacteriophages as competent
antibacterial therapeutic tool, primarily effective phages must
go through numerous testing and well-designed clinical trials.
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