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ABSTRACT  

Isolation and Host Range of Staphylococcus aureus Bacteriophages
and Use for Decontamination 

of Fomites 

Kyle C. Jensen 
Department of Microbiology and Molecular Biology, BYU 

Master of Science 

Staphylococcus aureus is a common bacterium found on the skin and mucosal 
membranes of about 20% of the population.  S. aureus growth on the skin is harmless, but if it 
bypasses the skin it can causes life-threatening diseases such as pneumonia, meningitis, 
bacteremia, and sepsis.  Antibiotic-resistant strains of S. aureus, called Methicillin Resistant S. 
aureus (MRSA), are resistant to most antibiotics except vancomycin.  However, vancomycin 
resistant strains of MRSA are becoming more common.  In this study, 12 phages were isolated 
capable of infecting human S. aureus and/or MRSA strains.  Five phages were discovered 
through mitomycin C induction of prophages and seven phages were found through enrichment 
of environmental samples.  Primary S. aureus strains were also isolated from environmental 
sources to be used as tools for phage discovery and isolation as well as to examine the target cell 
host range of the phage isolates.  S. aureus isolates were tested for susceptibility to oxacillin in 
order to determine methicillin-resistance.  Experiments were performed to assess the host range 
and killing potential of newly discovered phage.  The M1M4 phage had the broadest host range 
and lysed 12% of the S. aureus strains that were tested.  The host ranges were reinforced by 
spectrophotometric assay data which showed a reduction in bacterial optical density of 1.3 OD600. 
The phages were used to decontaminate MRSA from fomites (glass and cloth) and successfully 
reduced colony forming units by 1-2 logs, including tests of a phage cocktail against a cocktail of 
MRSA isolates.  Our findings suggest that phage treatment can be used as an effective tool to 
decontaminate human MRSA from both hard surfaces and fabrics. 

Key words: Staphylococcus aureus, methicillin-resistant Staphylococcus aureus, 
bacteriophage, phage therapy 
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Introduction 

 Staphylococcus aureus infections are the most frequent hospital-acquired infections 

reported in developed countries [2].  S. aureus is a gram positive coccus commonly found 

colonizing the skin and mucosal membranes of humans and many livestock species [3, 4].  S. 

aureus is very specialized in its ability to colonize and infect humans with an average of 38 

different proteins specifically for host innate immune evasion [5].  These immune evasion 

mechanisms allow S. aureus to be more opportunistically effective as a pathogen.  Methicillin-

Resistant S. aureus (MRSA) is a variant of S. aureus resistant to methicillin and is responsible 

for more than 50% of S. aureus infections in European intensive care units [6].  Recently MRSA 

strains have become more common in community settings and more difficult to treat due to 

increasing levels of multiple-antibiotic resistance [6-8]. 

 Bacteriophages (phages) are viruses capable of infection and replication in bacterial cells.  

Phages are the most abundant biological entity found on the planet and as such represent a huge 

portion of the world’s genetic diversity [9, 10].  They also represent a huge—mostly untapped—

source of new genes and protein products with potential use as medical treatments [11].  Phages 

discovered in 1915 were quickly commercialized and used for medical phage therapy.  Early 

phage therapy was fraught with many problems: purifying phage treatments, exaggerated healing 

claims, and a failure to scientifically prove efficacy [12].  These problems, plus a lack of funding 

during World War II and the invention of the easily usable antibiotic penicillin, caused most 

scientists to abandon phage research in favor of pursuing new antibiotics.  Recent increases in 

multi-antibiotic-resistant bacterial infections have begun to renew interest in phage therapy [13]. 
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 The purpose of this introduction is to provide a foundation for the significance S. aureus 

plays in nosocomial infections, community-associated colonizations, and the difficulties in 

treating MRSA infections.  It will also introduce phages as a potential source of bactericidal 

treatments for MRSA-contaminated fomites. 

Staphylococcus aureus 

 S. aureus colonizes 20% of the human population, and can persist anywhere between 70 

days to more than 8 years [14, 15].  S. aureus growth on the skin and mucous membranes is 

harmless, but if it bypasses the skin it can cause life-threatening diseases such as skin and soft 

tissue infections, bacteremia, sepsis and endocarditis [16].  Immune evasion mechanisms such as  

protein A inactivate immunoglobulin by binding to the Fcγ domain  and thus disable complement 

fixation, and enable S. aureus to become more virulent and fit [17].  S. aureus bacteremia 

mortality rate is 43% [16, 18].  S. aureus infections are the most commonly acquired nosocomial 

infections [19].  These infections can occur in many different tissue types including bones, joints, 

blood, lungs, heart, and brain.  Those who are immunocompromised are more susceptible to 

these dangerous infections [20]. In 2005, approximately 11,000 deaths were attributed to S. 

aureus in the United States [21]. 

 Livestock are also commonly colonized and infected with S. aureus [7, 22-24].  Bovine 

mastitis in cattle is the most well-known disease caused by S. aureus, infecting the udder and 

inducing inflammation [23].  The indirect cost of bovine mastitis is difficult to calculate, but 

direct costs in the U.S. are estimated at $1.7-2 billion [25, 26].  S. aureus also causes disease in 

poultry such as bacterial chondronecrosis, which causes lameness in chickens [27].  Studies have 

shown that S. aureus jumped from humans to poultry approximately 38 years ago and has since 

become a near ubiquitous in poultry flora [27].  During the butchery process S. aureus flora are 
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released contaminating the raw poultry.  For instance, 77% of raw turkey and 41% of raw 

chicken is contaminated with these bacteria [28].  Handling contaminated raw meat is another 

route of transmission for S. aureus to enter the community [29].  Livestock-associated S. aureus 

strains have been shown to move from animals to humans.  This is exemplified by MRSA 

sequence type 398 which moved from pigs to humans in the early 2000s and now colonizes 

many humans worldwide [23, 24]. 
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Figure 1: Structure of penicillin and methicillin 

Penicillin (A) and methicillin (B) are both β-lactam antibiotics.  Here the structure 
of both is shown.  The active region on both molecules is the β-lactam ring which 
competitively binds to DD-transpeptidase and is the site where penicillinase 
cleaves penicillin. 

Figure 2: Transpeptidase catalysis of peptidoglycan 

DD-transpeptidase assists in synthesizing new peptidoglycan by crosslinking the 
enzyme-OH to the D-Ala-D-Ala end of the peptidoglycan chain releasing one of 
the D-Ala residues.  The enzyme then covalently binds the peptidoglycan chain 
with an adjacent chain at the Gly residue and releases the enzyme.  β-lactam 
antibiotics mimic the D-Ala-D-Ala region of peptidoglycan and competitively 
bind DD-transpeptidase 
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Methicillin-Resistant Staphylococcus aureus 

 β-lactam antibiotics function through the binding of the four-membered β-lactam ring to 

the bacterial enzyme DD-transpeptidase [30].  DD-transpeptidase assists in synthesizing new 

peptidoglycan by crosslinking the enzyme-OH to the D-Ala-D-Ala end of the peptidoglycan 

chain releasing one of the D-Ala residues [31].  The enzyme then covalently binds the 

peptidoglycan chain with an adjacent chain at the Gly residue and releases the enzyme (Fig. 2).  

β-lactam antibiotics mimic the D-Ala-D-Ala region of peptidoglycan, and competitively bind 

DD-transpeptidase (Fig. 1A) [30, 31].  Cell death occurs because of an imbalance between cell 

wall production and natural degradation.  Penicillinases are enzymes which confer penicillin-

resistance. The enzyme cleaves the β-lactam ring of β-lactam antibiotics thus preventing cell 

death [32].  Methicillin is a penicillinase-resistant β-lactam antibiotic created in response to 

penicillin-resistance [32]. Methicillin has a similar mode of action as other β-lactams, but is 

unaffected by penicillinases because of stoichiometric interference (Fig 1B) [33]. 

 Methicillin-resistant isolates of S. aureus were isolated in British hospitals in 1959, only 

two years following the introduction of methicillin [34].  Methicillin-resistant S. aureus (MRSA) 

resists methicillin by employing a new transpeptidase with a low affinity for penicillinase-

resistant β-lactams [35].  The mecA gene encodes for the new transpeptidase, commonly known 

as Penicillin-Binding Protein 2A (PBP2A).  PBP2A replaces the function of the original 

transpeptidase and, because PBP2A has low affinity for β-lactams, it is unaffected by methicillin 

[36].  The original copy of the mecA gene is hypothesized to have come from Staphylococcus 

fleurettii, which contains a chromosomal copy of mecA, but has none of the other genes usually 

associated with S. aureus mecA [37]. 
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 In addition to methicillin-resistance, many MRSA strains are resistant to nafcillin, 

tobramycin, gentamicin, amikacin, cefoxitin, clindamycin, erythromycin, and chloramphenicol 

[38-40].  In the past antibiotic resistance was not considered a significant problem because new 

antibiotics were introduced to counter resistant bacterial strains.  After the initial flurry of 

antibiotic discovery in the 1960s, new antibiotic derivatives have been slow in their creation, and 

almost no new antibiotics with novel mechanism have been discovered [41]. The lack of novel 

antibiotics has increased the difficulty in treating multi-antibiotic bacterial strains [42]. 

 MRSA easily moves between different reservoirs causing community-associated MRSA 

(CA-MRSA) and hospital-associated-MRSA (HA-MRSA) interchange to occur often (Fig. 3) 

[24].  MRSA isolates becoming resistant to antibiotics have been shown to occur in both the 

hospital and on livestock farms [43-45].  In both settings, MRSA antibiotic resistances can 

quickly spread.  MRSA colonizing livestock can transfer to the community through farm workers 

working closely with the animals, or through butchers working with raw meat contaminated with 

MRSA [46, 47].  Once in the community, MRSA can cause infections which often leading to 

hospitalization and potentially introducing the new strain to other patients as a nosocomial 

infection [48].  CA-MRSA infections are quickly increasing and changing the dynamics of 

MRSA infections [48].  This changing dynamic is alarming because of the few new antibiotics 

created to stop these infections.  As an alternative to discovering new antibiotics, many scientists 

have begun investigating phages as a medical treatment for MRSA [49]. 
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Routes of Transmission 

 

 

  

Figure 3 MRSA Routes of Transmission 

MRSA is uniquely able to colonize many different host organisms.  MRSA strains often transfer 
from one organism to another.  CA-MRSA can easly move from farms to the community via raw 
meat and farm workers.  From the community MRSA is then easily introduced into the hospitals.  
The movement of MRSA is dynamic and can flow in nearly every direction [18]. 
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 Between the years of 2003 to 2008, MRSA deaths in the U.S. doubled, outnumbering the 

combined mortality rate from HIV-positive and influenza hospital patients [50].  In 2011, 80,461 

people in the United States were diagnosed with a MRSA infection and about 19,000 died due to 

the infection [51].  Despite the increasing difficulty in treating MRSA infections, hospitals have 

increased their efforts at controlling MRSA, decreasing the overall rates of MRSA in the United 

States and in Europe decreasing [6, 52].  Despite nosocomial infection decreases CA-MRSA 

infections are becoming increasingly more common outside the hospital [48].  CA-MRSA have 

distinct lineages from HA-MRSA and can be differentiated from nosocomial infections [48].  

USA300 and USA400 are the most common CA-MRSA strains in the U.S. [53].  HA-MRSA and 

CA-MRSA infections are increasingly being treated with vancomycin.  The increased use of 

vancomycin raises concerns that vancomycin-resistance well be increasingly selected for 

creating vancomycin-resistant S. aureus (VRSA) more often [54].  Vancomycin is one of a few 

antibiotics available to treat MRSA.  Despite worldwide distribution of VRSA, isolates are still 

rare [55, 56].   

 Fomite contamination in hospitals is a large source of nosocomial infections [57].  MRSA 

from serum contaminating surfaces is detectable for 41 days on glass, 45 days on tile, and greater 

than 60 days on countertops [58].  S. aureus remained viable on cleaning cloths for 24 hours and 

were transferred to objects it touched [59].  In the community MRSA regularly moves from 

person to person, or fomite to person.  Everyday items, such as computers and basketballs, act as 

a fomite reservoir for MRSA with 2 of 24 public computer keyboards being contaminated with 

MRSA [60].  The use of a cleansing wipes to decontaminate a fomite does not guarantee sterility. 

Fomites inoculated with 109 CFUs S. aureus and cleaned with disinfecting wipes only reduced 

bacterial CFUs by 4.5 logs leaving 105 viable S. aureus cells, enough to cause infection [61]. 
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Bacteriophages 

 Estimates place the population of phage worldwide at about 1031 particles [10]. Phages 

are viruses capable of infecting bacteria, and as such are obligate parasites using the cellular 

machinery to create new phage particles [12, 62].  Phages use the host machinery to either 

produce a lytic or a lysogenic infection.  Lytic infections immediately move to phage replication 

and lysis of the bacterial cell.  Phage induced cell lysis represent a significant force on bacterial 

populations being implicated in approximately 20-90% of bacterial deaths [63].  Phage infections 

can follow one of two paths.  Virulent infections immediately move to phage participle 

replication and lysis of the host cell.  Temperate phages integrate the phage genome into the host 

chromosome creating a prophage.  It then waits until conditions are right to resume a lytic 

infection and escape from the host.  Of the two types of phage infection lytic phage are more 

efficient for medical treatments due to their immediate lysing of bacterial cells [64]. 

 Phages were first discovered around the turn of the 20th century and initially studied for 

their anti-bacterial capabilities.  D’Herelle was one of the first scientists to use phages as an 

antimicrobial.  He administered phages to a boy with dysentery and within 24 hours the boy 

began to recover [65]. In addition, d’Herelle administered phage to three more patients with 

dysentery, all who subsequently began to recover.  However, before d’Herelle published his 

experiments regarding phage treatments, Richard Bruynoghe and Joseph Maisin used phage to 

successfully treat a patient with a staphylococcal skin infection, somewhat obscuring d’Herelle’s 

work at the time [12]. With the discovery of penicillin, and subsequent antibiotics, Western 

science turned away from phage therapy largely in favor of the more convenient antibiotics [12]. 

Despite Western science’s abandonment of phage therapies, Eastern European scientists 
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continued using medical phage therapy [66, 67]. With the emergence of multi-antibiotic-resistant 

bacteria Western scientists have finally begun to renew their interest in phage [13, 68, 69].   

 One of the greatest advantages offered by phages is the coevolution between phages and 

host bacteria, which allows phages to infect resistant host strains [70, 71].  Werts et al. used 

phage lambda to show phage/E. coli coevolution.  Phage lambda’s protein J uses the E. coli cell 

receptor protein LamB to attach.  Treating E. coli with phage lambda increased selective pressure 

for lamB mutations in order for E. coli to escape phage attachment.  In turn this introduces 

selective pressure for lambda protein J mutants to coevolve and bind to the new LamB receptor 

[72].  Additional studies have shown that bacteria can quickly become resistant to current 

populations of phages.  Phages then face increased selection for phage mutants with infectivity 

for the new strain of bacteria, and have been shown to increase infectivity to all past strains of 

the bacterium [73]. 

  

10 
 



 

 
 
 
Bacteriophage Morphology 

 
  

Figure 4 Phage Morphology 

Phage morphology comes in many unique varieties.  S. aureus phages are usually one of three 
classes: Myoviridae, Siphoviridae, and Podoviridae.  As such most are also double stranded DNA 
phage.  It is thought the most clinically relevant strains of phage are the Myoviridae class because 
of their inability to enter the lysogenic cycle.  Image from H.-W. Ackermann’s review [1] 
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MRSA Bacteriophage 

 Phages have many different morphological types. Their genomes are usually composed 

of dsDNA but occasionally are ssDNA, ssRNA, or dsRNA [1].  Though there are more phage 

categories, S. aureus phages are generally separated into one of three different dsDNA classes: 

Podoviridae, Siphoviridae, and Myoviridae (Fig. 4).  Podoviridae have short tails and genomes 

of approximately 20kb.  Siphoviridae are non-contractile tailed phage and have genomes of 

approximately 50kb.  Myoviridae class phages have contractile tails consisting of a sheath and a 

central tube and genomes of greater than 125 kb.  Myoviridae S. aureus phages are also obligate 

virulent and are hypothesized to be more useful for medical phage therapy [1, 74]. 

 There are several obstacles to overcome before medical phage therapy can become a 

viable treatment. Those obstacles include limited phage host range, possible carriage of bacterial 

virulence genes, temperate phage induced protection of the bacterial cell from other phage lysing 

the cell and immunogenicity.  Phage host range is defined as the number of bacterial host strains 

the phage infects.  Phage host ranges vary dramatically between phage strains.  Medical phage 

therapy can adapt to limited host range by using a cocktail of phage with a combined larger host 

range.  A phage’s host range can be increased through passaging in the presence of resistant 

bacterial strains [75, 76].  After successive rounds of replication, mutant phages with infectivity 

towards the resistant bacterial strain are selected.  Temperate phages present multiple problems 

due to their ability to enter the lysogenic cycle.  During this cycle the phage integrates its 

genome into the host DNA, often introducing virulence factors and phage resistance mechanisms 

into the host bacterium [77, 78].  Many virulence factors attributed to S. aureus are actually 

phage encoded, such as Panton-Valentine leukocidin, staphylokinase, enterotoxin A and Toxic 

Shock Syndrome Toxin 1 [79].  Virulence factors benefit both the S. aureus host and phage by 
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increasing the fitness of S. aureus inside a human host.  In return the prophage multiplies along 

with its bacterial host.  Lysogens also increase host fitness by introducing phage-resistance to the 

prophage.  These mechanisms are classified as abortive infection, adsorption inhibition, injection 

blocking, or restriction/modification systems [78].  Phage antibacterial effects are also 

dramatically affected by antibodies, which cause a loss of antibacterial effect [80].  Phage 

immunogenicity is an important issue which dictates the success or failure of phage therapy [81].  

In addition, natural bacterial flora contributes to phage immunogenicity because antibodies are 

created as a result of contact with natural phages which infect the natural flora.  This natural 

vaccine creates antibodies against phages which may be used in phage therapy, limiting the 

therapy’s efficacy [82].  In fact, phage immunogenicity is being taken advantage of in current 

research using phage as a vehicle for HIV proteins in an attempt to create a HIV vaccine [83].  

Despite the enormous obstacles to overcome, phage therapy has been successfully used by 

Eastern European countries and  is still used with great success today [84].   

 S. aureus can remain on a hard surface for three months and on for fabric three weeks 

[85].  Hard surfaces can easily transmit S. aureus to skin for at least 70 days post inoculation [86].  

Effective reductions in S. aureus nosocomial infections require hospitals to carefully manage 

fomite decontamination.  Phages are a natural decontaminator; therefore several studies have 

used phages to quantify phage-mediated fomite decontamination.  Decontamination using phage 

was shown to be viable in two studies attempting to remove Yersinia pestis or Listeria 

monocytogenes from hard surface fomites.  Each study showed bacterial load reductions of 

between 3.5-5 logs [87, 88]. 

 The purpose of this research was to isolate phages which can be used to reduce MRSA 

loads on fomites.  With this in mind, a three aim plan was created to accomplish this goal: 1) to 
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isolate phages and purify them into single strains; 2) Identify the host range and lytic efficiency 

of each of the phages; and 3) to perform experiments testing decontamination efficacy of the 

phages.  Herein is described the isolation of 12 phages with lytic activity against MSSA and 

MRSA isolates.  The M1M4 phage had the broadest host range and lysed 12% of the S. aureus 

strains it was tested against.  Spectrophotometry assay results reinforced the host range results 

and showed reductions of cellular densities of about 1.3 OD600 for most phage tested.  

Decontamination of fomites (glass and cloth) yielded between one and two log reductions in 

MRSA colony forming units. 
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Materials and Methods 

Media 

Bacterial cultures were grown in LB, LB broth supplemented with magnesium and calcium (LB-

MC), LB-MC top agar, or Mannitol Salt Agar.  LB broth contained the following: 1% tryptone, 

0.5% yeast extract, 0.5% NaCl, 0.1% 2 N NaOH and was sterilized by autoclaving for one hour.  

LB agar was prepared as LB broth above with the addition of 1.2% agar. LB-MC was prepared 

similar to the LB broth above.  However, after autoclaving sterile 4mM MgCl2 and 4mM CaCl2 

was added.  LB-MC top agar was prepared as LB agar with a reduction of agar to 0.4% and 

supplemented with sterile 4mM MgCl2 and 4mM CaCl2. 

Mannitol Salt Agar was purchased from Fluka Analytical and contained 1.0% D-mannitol, 0.1% 

meat extract, 1.0% peptone, 0.0025% phenol red, 7.5% NaCl, and 1.5% agar and was sterilized 

by autoclaving for one hour.  

Phage Buffer was used to for storage of phage particles.  It contained 500ml ddH2O, (100mM) 

2.92 g NaCl, (10mM) 1.016g MgCl26H2O, (50mM) 3.94 g Tris-HCl, (0.01%) 50 mg gelatin. pH 

was adjusted to 7.5 and the phage buffer was autoclaved for one hour. 

S. aureus and Methicillin-Resistant S. aureus Isolation 

Samples were taken from locations commonly associated with S. aureus: athletic facilities, 

hospitals, nasal swabs, chicken coups, raw meat, and from collaborators.  S. aureus was selected 

for by adding equal an amount 2X LB broth to wet samples and suspending dry samples in LB 

broth and thoroughly vortexing to remove S. aureus cells.  A MSA plate was spotted with 10µL 

of a sample, streaked to isolation and incubated at 37°C for 48h.  Fermentation positive colonies 
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were further tested by Gram stain, catalase testing, and coagulase tube tests to confirm isolation 

of S. aureus (Gram positive cocci which is positive for catalase, coagulase and mannitol 

fermentation).  Methicillin-resistance was determined by plating on MSA plates with 2µg/mL 

oxacillin, followed by incubation at 37°C for 48h (note that oxacillin-resistance is considered to 

be equivalent to methicillin-resistance in many studies; [89, 90]).  Additional strains were 

acquired from the American Type Culture Collection (Manassas, VA, USA) and from BEI 

Resources (Manassas, VA) (table 1).  

Phage Isolation 

Temperate Phage Induction 

S. aureus was inoculated into LB broth and grown overnight at 37°C at 200rpm.  The overnight 

culture was used to inoculated four hour cultures S. aureus sub-cultures grown for 30 min at 

37°C at 200rpm (insuring log phase growth), followed by exposure to mitomycin C (Sigma-

Aldrich) at 0.5μg/mL for 8h at 37°C.  Cells were pelleted by centrifugation at 3000xg for 10 min 

and supernatants passed through a 0.45μm filter and stored at 4°C until plaque assays were 

performed.  100µL of phage sample was added to 100µL of bacteria and incubated overnight at 

37°C before adding to molten LB top agar for plaque production.  To purify the phage into single 

strains isolated plaques were picked and crushed to release phage particles and re-inoculated 

onto S. aureus. Positive plaque forming samples were repicked and overlaid three successive 

rounds to purify phage into single strain isolates.  The bacterial strain used to isolate each phage 

is indicated in Table 2.   
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Virulent Phage Isolation 

Environmental samples were obtained and stored at 4°C until phage enrichment could be 

performed.  LB broth was added to dry samples and thoroughly vortexed to dislodge phage 

particles.  An equal volume of 2x LB broth was added to liquid samples.  All samples were then 

filtered using 0.45µm filters to remove bacteria.  Five different strains of S. aureus four hour 

cultures were combined: M1, M5, S. aureus 29213, DH1 and HA1 (see Table 1), to which the 

filtrate was added. The enrichment samples were incubated overnight at 37°C shaking at 

60rpm.  The overnight enrichment was centrifuged at 5,000xg for 12 min to pellet bacteria, and 

then filtered using a 0.45µm filter. A bacterial overlay was created by mixing 100µl four hour S. 

aureus culture into 3ml molten LB-MC top agar and poured over a LB agar plate.  Once 

solidified 10µl of enrichment was spotted on the overlay and dried.  The overlay was incubated 

overnight at 37°C.  Each overlay was inspected for plaque formation in the area where samples 

were spotted.  All plaques were picked and mixed in 3ml molten LB-MC top agar with 100µl S. 

aureus and overlaid on LB agar.  Positive plaque forming samples were repicked and overlaid 

three successive rounds to purify phage into single strain isolates.  The bacterial strain used to 

isolate each phage is indicated in Table 2.   

High Titer Phage Lysates 

High titer phage lysates were prepared by adding 100µl host bacteria and varying amounts of 

phage lysate into 3ml molten LB top agar and overlaid onto LB agar plates.  Overlays with near 

complete lysis, or a webbed plaque distribution, were treated with 4ml of phage buffer and the 

top agar overlay was crushed, followed by 90 min incubation at room temperature.  Phage buffer 

was removed and centrifuged at 5,000rpm for 10 min and filtered at 0.45μm to remove bacterial 
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cells, then stored at 4°C with chloroform.  Phage stocks were tittered by serial dilution and 

plating similarly described above. 

Host range 

Spot Test 

Overnight cultures were prepared in LB broth and then sub-cultured by addition of 

100µL to 3ml LB broth and grown at 37°C for 90 min.  100µL of sub-culture was inoculated into 

3mL of molten LB top agar and overlaid onto LB agar plates.  Each overlay was allowed to 

solidify for 15min.  All phage lysates (original titers approximately 108pfu/mL) were diluted in 

10 fold increments and 10µL of each dilution was spotted onto the bacterial overlay [91], dried, 

then incubated at 37°C overnight.  As a control, each bacterial strain was also mock infected with 

sterile phage buffer.  Results were analyzed based on detection of any lysis and further dilutions 

were checked for single plaques to ensure phage lysis rather than bacteriocin induced lysis. All 

spot tests were repeated in triplicate to confirm results.   

Spectrophotometric Assays 

500µl of S. aureus overnight culture was used to inoculate 3ml LB-MC broth and incubated at 

37°C with 200rpm shaking, until the culture reached an optical density (O.D.) of 1.40, between 

2.5-3h post inoculation.  A high titer phage lysate was diluted with phage buffer to a 

concentration of 108 pfu/ml.  100µl phage and 20µl bacteria were inoculated into 3.5ml LB broth.  

For use as a control a parallel mock treated run was also performed using sterile phage buffer.  

Samples were removed at 2, 3, and 4 hours post infection and an OD600 was measured (Ultraspec 

10 spectrophotometer, Amersham Biosciences, Piscataway, NJ, USA) using sterile LB broth as a 

blank.  All experiments and mock treatments were run in triplicate. 
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Decontamination Assays 

Cloth decontamination 

To mimic the condition where nosocomial infections may occur, we used lab coat material 

composed of 35% cotton and 65% polyester as a fomite.  1.5 x 1.5cm pieces of lab coat material 

were cut and autoclaved to achieve sterility.  Four hour sub-cultured MRSA samples were 

diluted 1:104 and 100µL was inoculated onto the lab coat and allowed to remain for 30 min at 

37°C.  The initial bacterial load inoculated and subsequently recovered from untreated cloth was 

~1-5x106 Colony Forming Units (CFU).  100µL of phage lysate was then added and incubated at 

37°C for 30min.  Phage titers added to the cloth ranged from 1x107 to 1x108 PFU for a range of 

multiplicity of infection of 200 to 50,000.  As a control, sterile phage buffer instead of phage 

lysate was added as a mock treatment.  Viable bacteria were removed by placing the cloth into 

500µL LB broth followed by vortexing at high speed for 10s.  10µl of the broth was serially 

diluted, then another 10µl was spotted onto an LB agar plate and incubated at 37°C overnight; 

colonies were counted the next morning.  Colony-forming units were calculated for both mock-

treated and phage treated.  Mock-treated bacterial loads were then divided by phage-treated in 

order to determine the decontamination capability of the phage.  These assays were performed in 

triplicate.   

Glass coverslip decontamination 

To mimic conditions possibly more suitable to phage decontamination we performed 

decontamination assays using glass coverslips.  22 x 22 mm glass coverslips were used to test 

decontamination on hard surfaces. 10µL of sterile milk was spread onto the sterile coverslip 

surface and dried, giving the coverslips a better surface for bacterial adherence [88]. The test 

MRSA strain was sub-cultured for 4h at 37°C, with 200rpm shaking, to achieve logarithmic 
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growth and then diluted 1:103, giving a final concentration of approximately 106 cfu/mL. 10µL 

of the cell culture was spread onto the coverslips and incubate at room temperature for 30 min. 

Coverslips were then treated with 100µL of phage lysate at a multiplicity of infection of 200 to 

50,000 and incubated at room temperature for 30min.  As a control, sterile phage buffer instead 

of phage lysate was added as a mock treatment.  Viable bacteria were removed by placing the 

coverslip into 500µL LB broth followed by vortexing at high speed for 10 seconds.  10µl of the 

broth was serially diluted, then another 10µl was spotted onto an LB agar plate and incubated at 

37°C overnight; colonies were counted the next morning.  Colony-forming units were calculated 

for both mock-treated and phage treated. Mock-treated bacterial loads were then divided by 

phage-treated in order to determine the decontamination capability of the phage.  These assays 

were performed in triplicate.   
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Results 

Isolation and Host Range of Bacteriophage with Lytic Activity against Methicillin-

Resistant Staphylococcus aureus and Potential use as a Fomite Decontaminant 

Kyle C. Jensen, Bryan B. Hair, Trevor M. Wienclaw, Mark H. Murdock, Jacob B. Hatch, Aaron 

T. Trent, Tyler D. White, Kyler J. Haskell, and *Bradford K. Berges 

In lieu of the results section I have included a first author publication containing the results of the 

previously described experiments.  The publication was accepted to PLoS One on June 9, 2015. 

Abstract 

Staphylococcus aureus is a commensal bacterium and opportunistic pathogen commonly 

associated with humans and is capable of causing serious disease and death including sepsis, 

pneumonia, and meningitis.  Methicillin-resistant S. aureus (MRSA) isolates are typically 

resistant to many available antibiotics with the common exception of vancomycin.  The presence 

of vancomycin resistance in some S. aureus isolates combined with the current heavy use of 

vancomycin to treat MRSA infections indicates that MRSA may achieve broad resistance to 

vancomycin in the near future.  New MRSA treatments are clearly needed.  Bacteriophages 

(phages) are viruses that infect bacteria, commonly resulting in death of the host bacterial 

cell.  Phage therapy entails the use of phage to treat or prevent bacterial infections.  In this study, 

12 phages were isolated that can replicate in human S. aureus and/or MRSA isolates as a 

potential way to control these infections.  5 phages were discovered through mitomycin C 

induction of prophage and 7 others as extracellular viruses.  Primary S. aureus strains were also 

isolated from environmental sources to be used as tools for phage discovery and isolation as well 

as to examine the target cell host range of the phage isolates by spot testing.  Primary isolates 
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were tested for susceptibility to oxacillin in order to determine which were MRSA.  Experiments 

were performed to assess the host range and killing potential of newly discovered phage, and 

significant reductions in bacterial load were detected.  We explored the utility of some phage to 

decontaminate fomites (glass and cloth) and found a significant reduction in CFUs of MRSA 

following phage treatment, including tests of a phage cocktail against a cocktail of MRSA 

isolates.  Our findings suggest that phage treatment can be used as an effective tool to 

decontaminate human MRSA from both hard surfaces and fabrics. 

 

Introduction 

Staphylococcus aureus infections are the most frequent type of hospital-acquired 

infections reported in developed countries [2].  S. aureus is a common commensal bacterium 

capable of colonizing the nose and skin and is found transiently in ~50% of the human 

population and ~20% permanently [3, 92].  Nasal colonization has been linked to surgical site 

infections [93] and S. aureus can cause life-threatening diseases in many different tissue types 

including bones, joints, blood, lungs, heart, and brain [16]. S. aureus is the bacterium most 

commonly associated with bloodstream, soft tissue, lung and skin infections [94]. Many of these 

infections are treated using antibiotics; however, bacterial evolution has resulted in strains of S. 

aureus resistant to multiple antibiotics.   

Methicillin Resistant Staphylococcus aureus (MRSA) represents a group of S. aureus 

isolates commonly resistant to methicillin as well as erythromycin, levofloxacin, tetracycline, 

clindamycin, mupirocin, gentamicin, trimethoprim, and/or doxycycline but is typically 

susceptible to vancomycin [90]. Serious MRSA infections are increasingly difficult to treat using 

current antibiotics [95]. While MRSA infections rates have recently trended downwards, 
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community acquired MRSA infections are now more common requiring treatment using 

antibiotics such as vancomycin [51, 96]. The concern is that vancomycin resistance seen in other 

bacteria (including some S. aureus isolates) may be acquired by MRSA, thus leaving clinicians 

without any viable treatment options [97].  In April 2014 Rossi et al. highlighted this problem 

when they reported a case of MRSA resistant to vancomycin in Brazil [98]. There is a valid 

concern that vancomycin-resistant MRSA could become predominant in the near future and such 

infections may be untreatable.  In 2012, there were an estimated 75,309 cases of invasive MRSA 

with 9,670 resulting in deaths within the United States [99]. A 2011 study estimated that the case 

fatality rate of invasive MRSA in the United States was about 25% [51] and another showed that 

S. aureus bacteremia in New York City had a 30% mortality rate from 2002-2007 

[18].  Researchers seeking new treatments for antibiotic-resistant bacteria have increasingly 

begun to look towards bacteriophage as a viable option in treating these infections, either in 

tandem with or as a replacement for antibiotics [64, 100].   

Bacteriophages (phages) are viruses capable of infection and replication in bacterial 

cells.  Phages are the most common organism found on the planet and as such represent great 

diversity in their overall host range [9, 10].  Since virus infectivity requires binding to a specific 

receptor, phage are specific for a small host range and are thus unable to infect human cells. 

Thus, the side effects associated with phage therapy of eukaryotic hosts are thought to be 

minimal [12].  The idea of using phage as a potential therapeutic tool has been around for as long 

as phage have been known to exist [12, 101] though some eastern European countries continued 

using phage as medical treatments and in some countries physicians still regularly practice phage 

therapy [66, 67].  Phage were used in the early 1900s to treat bacterial infections, but phage 

treatment was largely abandoned in favor of antibiotics in the 1940s [102].  Although bacteria 
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can evolve to escape from phage-mediated killing, the use of a biological agent such as phage 

allows for evolution to also work in favor of phage re-acquiring the ability to lyse target cells 

[72, 100, 103].  Thus, it is thought that phage therapy could be superior to antibiotic therapy in 

terms of the ability of the treatment to evolve in response to the development of resistance by the 

target bacterium.  Off-target effects of antibiotic therapy can have detrimental effects on non-

pathogenic normal flora, but such effects are expected to be minimal with phage therapy [12].   

In this report, we describe the isolation of 12 phages with lytic activity towards human 

MSSA/MRSA isolates.  Virulent and temperate phages were found, isolated and purified using 

MRSA strains as hosts.  We analyzed the lytic host range and lytic ability of each phage using 

spot tests and lytic culture assays of a panel of S. aureus and MRSA cultures isolated from 

various human, livestock and environmental locations.  In order to demonstrate the efficacy of 

our phage for clearing MRSA, we used our new phage to decontaminate MRSA from fomites 

and found a significant reduction in MRSA load from both a glass surface as well as fabric, 

which could be associated with nosocomial transmission.  Further, we found significant 

reduction of MRSA loads when mixtures of MRSA isolates were treated with either single phage 

or with phage cocktails.  Our results suggest that phage can be used as an effective way to 

decontaminate materials contaminated with MRSA.   

 

Materials and Methods 

Isolation of Staphylococcus aureus strains 

Bacterial strains were isolated on Mannitol Salt agar (MSA) plates (Fluka 

Analytical).  Plaque assays and spot tests for host range were performed on Luria-Bertani (LB) 
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agar (10g tryptone, 5g yeast extract, 5g NaCl, 1mL 2N NaOH, 12g/L agar).  LB broth contained 

10g tryptone, 5g yeast extract, 5g NaCl, and 1mL 2N NaOH per liter.  Top LB agar contained 

4g/L agar, supplemented with 4mM MgCl2 and 4mM CaCl2.  Phage buffer was made with 

100mM NaCl, 10mM MgCl2, 50mM Tris-HCl, and 0.01% gelatin (pH 7.5).   

Some strains were acquired from the American Type Culture Collection (Manassas, VA, 

USA) and others from BEI Resources (Manassas, VA).  Additional strains of S. aureus were 

obtained from athletic facilities, hospitals, nasal swabs, environmental sampling, and from 

collaborators.  To select for S. aureus, each sample was suspended in LB broth and thoroughly 

vortexed. 10µL of each sample was spotted onto a MSA plate, streaked to isolation and 

incubated at 37°C for 48h. Gram-staining, catalase and coagulase tube tests were performed on 

single colonies isolated on MSA plates to confirm S. aureus (gram positive cocci positive for 

catalase, coagulase and mannitol fermentation). Methicillin resistance was determined by plating 

on MSA plates with 2 µg/mL oxacillin, followed by incubation at 37°C for 48h (note that 

oxacillin resistance is considered to be equivalent to methicillin resistance in many studies; [89, 

90]).   

Isolation of bacteriophage 

Virulent phage isolation 

Samples were obtained from the environment and stored at 4°C until phage enrichment.  

LB broth was added to dry samples and thoroughly vortexed to dislodge phage particles.  An 

equal volume of 2x LB broth was added to liquid samples.  All samples were then filtered using 

0.45µm filters to remove bacteria.  The filtrate was then added to a 4h culture of five different 

strains of S. aureus:  M1, M5, S. aureus 29213, DH1 and HA1 (see Table 1).  Samples were 
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incubated overnight at 37°C shaking at 60rpm for phage enrichment.  The overnight culture was 

centrifuged for 12 min at 5,000xg to pellet bacteria, and then filtered using a 0.45µm filter. 

100µL of phage sample was added to 100µL of bacteria and incubated overnight at 37°C before 

adding to LB top agar for plaque production.  Three rounds of successive plaque purifications 

were performed to isolate each phage.  The bacterial strain used to isolate each phage is indicated 

in Table 2.   

Temperate phage isolation 

Log-phase S. aureus or MRSA sub-cultures were grown for 30 min at 37°C at 200rpm, 

followed by exposure to mitomycin C (Sigma-Aldrich) at 0.5μg/mL for 8h at 37°C.  Cells were 

pelleted by centrifugation and supernatants passed through a 0.45μm filter and stored at 4°C until 

plaque assays were performed, as above.   

High titer phage lysates were prepared by adding host bacteria and phage into LB top 

agar and overlaying onto LB agar plates.   Overlays with near complete lysis, or a webbed plaque 

distribution, were treated with 4ml of phage buffer and the top agar overlay was crushed, 

followed by 90 min incubation at room temperature.  Phage buffer was removed and centrifuged 

at 5,000rpm for 10 min and filtered at 0.45μm to remove bacterial cells, then stored at 4°C with 

chloroform.  Phage stocks were tittered by limiting dilution, using a similar protocol as used for 

plaque purification above.   
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Host range analysis 

Spot testing 

Overnight cultures were prepared in LB medium and then sub-cultured by addition of 

100µL to 3ml LB broth and grown at 37°C for 90min.  100µL of sub-culture was inoculated into 

3mL of molten LB top agar and overlaid onto LB agar plates.  Each overlay was allowed to 

solidify for 15min.  All phage lysates (original titers approximately 108pfu/mL) were diluted in 

10 fold increments and 10µL of each dilution was spotted onto the bacterial overlay [91], dried, 

then incubated at 37°C overnight.  As a control, each bacterial strain was also mock infected with 

sterile phage buffer.  Results were analyzed based on detection of any lysis and further dilutions 

were checked for single plaques to ensure phage lysis rather than bacteriocin induced lysis. All 

spot tests were repeated in triplicate to confirm results.   

Spectrophotometric assay of phage-treated liquid cultures 

Overnight bacterial samples were sub-cultured in LB medium supplemented with 5mM 

CaCl2 and MgCl2 until reaching an OD600 of 1.4 by shaking at 200rpm at 37°C.  At that point, 

20µL of bacteria was inoculated into 3.5mL LB medium.  Phage samples were diluted to 108 

pfu/mL in phage buffer.  Bacterial samples were treated with 100µL of phage (or mock-treated 

with sterile phage buffer alone) into 3.5mL of culture.  Samples were removed at 2, 3, and 4h 

after infection and the OD600 was measured on an Ultraspec 10 spectrophotometer (Amersham 

Biosciences, Piscataway, NJ, USA) using growth medium as a blank.  Experiments were run in 

triplicate.   
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Decontamination assays 

Glass coverslip decontamination 

Decontamination assays were performed to assess the ability of phage to clear MRSA 

from surfaces. 22 x 22 mm glass coverslips were used to test decontamination on hard surfaces. 

Coverslips were autoclaved and allowed to cool. 10µL of sterile milk was spread onto the 

surface and allowed dry, giving the coverslips a better surface for bacterial adherence [88]. The 

test MRSA strain was sub-cultured for 4h at 37°C to achieve logarithmic growth and then diluted 

1:103, giving a final concentration of approximately 106 CFU/mL. 10µL of the culture was 

spread onto the coverslips and allowed to dry at room temperature (approx. 30min). 100µL of 

phage lysate was then added to the surface at a multiplicity of infection of 200-50,000 and 

incubated at room temperature for 30min. A mock treatment was performed using sterile phage 

buffer in place of phage lysate. To remove remaining bacteria from the surface, each coverslip 

was placed in a sterile 50mL conical tube containing 500µL of LB medium and vortexed at high-

speed for 10s. Serial dilutions of each test were then plated on LB agar and incubated overnight 

at 37°C. Colonies were counted to determine bacterial load, and the ability of each phage to 

decontaminate the surface was calculated by dividing the mock-treated bacterial loads by the 

phage-treated bacterial loads.   

Cloth decontamination 

To test the utility of our phage for clearing MSSA/MRSA from items associated with 

nosocomial transmission, we tested lab coat material which was composed of 35% cotton and 

65% polyester.  1.5 x 1.5cm pieces were prepared and autoclaved to achieve sterility.  MRSA 

samples were sub-cultured for 4h to achieve logarithmic growth, then diluted 1:104 and 100µL 

was added to the lab coat sample and allowed to remain for 30 min at 37°C.  Our baseline 
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bacterial load recovered from untreated cloth was ~1-5x104 CFU.  100µL of phage lysate was 

then added and incubated at 37°C for 30min.  Phage titers added to the cloth ranged from 1x107 

to 1x108 PFU for a range of multiplicity of infection of 200 to 50,000.  As a control, sterile phage 

buffer alone was added as a mock treatment.  Bacteria were removed by placing the cloth into 

500µL LB medium followed by vortexing at high speed for 10s.  The resulting medium was 

serially diluted, then plated onto an LB agar plate and incubated at 37°C overnight; colonies 

were counted the next morning.  To determine the decontamination capability of the phage, 

colony-forming units were calculated and mock-treated bacterial loads were divided by phage-

treated bacterial loads.  These assays were performed in triplicate.   

Statistical analysis 

 Unpaired, one-tailed student’s t tests were performed in experiments from Figures 5, 6, 

and 7 in order to determine if significant differences existed between phage-treated and mock-

treated samples.  A value of p < 0.05 was considered to be statistically significant.   

Ethics Statement 

Brigham Young University Institutional Review Board (IRB) approval was granted for 

this study (protocol X14403).  Informed written consent was obtained for each participant, and 

minors were not included in this study.  Other human samples were provided by collaborators 

without any patient identifiers and were classified as exempt by the IRB.    
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Results 

Isolation of S. aureus and methicillin-resistant S. aureus (MRSA) strains 

A diverse group of S. aureus and MRSA isolates were acquired during the course of these 

experiments in order to be used as tools for phage discovery and characterization.  Some isolates 

were purchased from ATCC, some were acquired from collaborators, and others were isolated 

from the environment including from human, animal, and environmental sources.  The following 

criteria were used to confirm isolation of S. aureus or MRSA:  growth on mannitol salt agar 

plates, ability to ferment mannitol, positive coagulase and catalase tests, and gram stains to 

confirm gram-positive cocci.  Growth in the presence of 2µg/mL oxacillin confirmed that some 

isolates were MRSA.  A summary of the S. aureus and MRSA isolates used in these studies is 

found in Table 1.  In total, 42 S. aureus strains were used including 30 MRSA and 12 

methicillin-susceptible strains.  34 isolates were from human sources and 8 were from animal 

sources. 
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Strain ID Source Oxacillin 
M1-9 Sports Training Center Resistant 
SA 29213, 6538, 4651 Purchased from ATCC Susceptible 
MRSA 43300 Purchased from ATCC Resistant 
USA300 LAC Collaborator Resistant 
USA300 strains 0114, CA-127, CO-34, GA-
92, NY-336, JE2 Acquired from BEI Resistant 

USA400 MW2 Collaborator Resistant 
USA400 HFH-30364 Acquired from BEI Resistant 
NS 6, 15 Nasal Swabs Resistant 
NS 13-14, 16, 22-23 Nasal Swabs Susceptible 
HA 1-5 Hospital Resistant 
DH 1-2 Dog Hair Resistant 
DH 3 Dog Hair Susceptible 
CJ 11 Raw Chicken Susceptible 
CJ 9 Raw Chicken Resistant 
RB 1 Raw Beef Susceptible 
TK 11 Raw Turkey Resistant 
TK 9 Raw Turkey Susceptible 

Table 1 S. aureus isolates 

MSSA/MRSA isolates used in these studies.  Isolates were confirmed as S. aureus or MRSA 
as detailed in Methods.  Methicillin resistance was tested by growth on MSA plates in the 
presence of 2μg/mL oxacillin.  ATCC = American Type Culture Collection, NS = human 
nasal swab, HA = hospital acquired, DH = dog hair, CJ = raw chicken, RB = raw beef, TK = 
raw turkey.  
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Isolation of S. aureus and/or MRSA-specific bacteriophage 

Phages were isolated as described in methods, either from environmental samples or via 

induction of prophages.  In total we isolated 12 S. aureus-specific phages, all of which were 

isolated on and have lytic activity against MRSA strains (see Table 2).  5 of these were temperate 

phages induced from human S. aureus isolates by mitomycin C treatment.  The remaining 7 were 

virulent phages isolated from environmental samples.  These samples were first suspended in LB 

broth and then filtered to remove bacteria. This filtrate was then incubated with a mixture of 5 

MSSA/MRSA strains to amplify any phage present.  6 of the 7 virulent phage originated from 

poultry samples with the 7th originating from sewage influent.  All phages were purified through 

three rounds of plaque purification, with the S. aureus strain used listed in Table 2.  Following 

plaque purification, high titer phage stocks were produced and tittered by limiting dilution.   
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Strain ID Source Isolating Strain 

M1M5 Temperate/MRSA 5 M1 

M1M4 Temperate/MRSA 4 M1 

M1NS15 Temperate/NS 15 M1 

M5NS22 Temperate/NS 22 M5 

M5NS6 Temperate/NS 6 M5 

SEW Virulent/Sewage Influent M1 

CJ11 Virulent/Raw Chicken M1 

CJ12 Virulent/Raw Chicken M1 

CJ16 Virulent/Raw Chicken DH1 

CJ17 Virulent/Raw Chicken DH1 

CJ18 Virulent/Raw Chicken DH1 

CF6 Virulent/Chicken Feces DH1 
 

  

Table 2 Phage Isolates 

Phage isolates discovered in these studies.  Temperate phages have a bipartite name 
where the first part reveals the bacterial strain used for isolation and the second part 
indicates the host strain.  NS = human nasal swab, SEW = sewage influent, DH = dog 
hair, CJ = raw chicken, CF = chicken feces.  
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Assessment of host range of phage isolates 

One goal of this study was to determine the specificity of phage for particular 

MSSA/MRSA isolates, with the expectation that some phage would have a broader tropism than 

others due to presence/absence of phage receptor molecules or intracellular restriction 

mechanisms.  To assess the tropism of the phage described in Table 2, spot tests were performed 

on plates containing lawns of various MSSA/MRSA isolates as described in Methods.  Plates 

were assessed for the lytic ability of each phage isolate by monitoring for clearing of bacterial 

lawns (Table 3) and all spot tests were repeated to confirm the validity of the results.  All 

bacterial isolates shown in Table 1 were tested for host range, although many isolates were not 

lysed by any of the phages and so those results are not shown in Table 3.  Based upon spot 

testing results, at least 6 unique phages were isolated:  CJ12, SEW, M1M4, CJ17, a cluster 

including M5NS6 and M5NS22, and a cluster including M1M5, CJ18, CJ11, CF6, M1NS15, and 

CJ16.  Interestingly, some members of the latter cluster (M1M5 and M1NS15) were found via 

mitomycin C induction of prophage while the others were found as virulent phages (CJ18, CJ11, 

CF6, CJ16).   
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Strain ID Virulent phages Temperate phages 

 
SEW CJ12 CJ16 CJ11 CJ18 CF6 CJ17 M1M4 M1M5 M1NS15 M5NS6 M5NS22 

M1 X X X X X X  X X X 
  

M5  
 

     X 
 

 X X 

M7 X X X X X X X X X X 
 

 

DH1 X X X X X X X X X X 
 

 

NS13 X 
 

     X 
 

 
 

 

HA1 X X      X 
 

 
 

 

HA3  
 

     
  

 X X 
 

  

Table 3 Phage Host Range 

  Phages were assessed for host range by spot testing and plaque formation.  Following 
plaque purification, phages were tested for host range by spot testing on lawns of S. 
aureus and MRSA isolates.  Detection of any lawn clearing is indicated by an X.  All 
testing was performed in triplicate, and virus stocks were serially diluted to confirm 
presence of phage lysis (discreet plaque formation) rather than bacteriocin activity.   
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Phage M1M4 had the broadest host range, with lytic ability against 6 different bacterial 

strains.  CJ17 and the M5NS6 cluster had the narrowest host range, with only 2 different 

bacterial strains lysed.  Of the isolated phages, all had activity against human MRSA isolates, 

possibly because a cocktail of human MRSA isolates were used to enrich phage in the early steps 

of this study.  We also noted that 3 bacterial strains (M1, M7, and DH1) were lysed by most of 

the new isolated phages, possibly due to the lack of prophage in these isolates.  The majority of 

the bacterial isolates examined were not lysed by any of the phages.  One possible explanation 

for this finding is that half of the phages (6 of 12) were isolated from an animal source while 

only 8 of the 42 S. aureus strains tested came from animal sources.   
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Assessment of host range 

 

  
Figure 5 Assessment of host range by lysis of bacterial cultures 

 Phages were added to log phase bacterial cultures to assess host range and to determine 
the killing efficiency of the phages.  Optical density was measured at 600nm to quantify cell 
density of the culture.  A) MRSA strain DH1 infected with phage strain SEW across a time 
course.  B) MRSA strain DH1 infected with phage strain CJ11 across a time course.  C) A 
variety of bacterial strains were challenged with different phage and OD600 readings were taken 
at 4h.  Results are reported in ∆OD600 units which were calculated as the difference between 
the OD600 of mock-treated cultures (sterile phage buffer only) and phage-treated cultures.  D) 
Various combinations of bacterial strains were treated with either single phage strains or 
combinations phage.  In panels C and D, the percent difference in OD600 readings (phage-
treated divided by mock-treated) is also shown.  All experiments were performed in triplicate; 
standard error is indicated.  * p < 0.002 by student’s t test.  # p < 0.01 by student’s t test when 
evaluating phage treated vs mock treated samples.   
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In order to confirm the host range results, and to determine the relative lytic ability of the 

various phages, liquid bacterial cultures were exposed to phage and spec. assays were performed 

in log phase cultures (Fig. 5).  Since some bacterial isolates produce toxins, it is possible that 

phage stocks contained such toxins which could lead to false positive results on a spot test.  Such 

toxins are expected to be too dilute to be effective in the large volumes used for a spec. assay but 

could be active in the spot test procedure, thus the spot tests were diluted until single plaques 

were visible.  We found that changes in the optical density of bacterial cultures were routinely 

noted at 180 and 240 min post-infection (Figs. 5A, B).  In subsequent experiments, readings 

were only taken at the 240 min time point.  We calculated the difference in OD600 readings 

between mock-treated and phage-treated cultures for a variety of phage and bacterial strain 

combinations and results are reported in ∆OD600 units in Fig. 5C, D.  We found significant 

reductions in OD600 readings for many different combinations of phage and bacterial targets, 

including significant differences when one phage was targeted to multiple bacterial isolates or if 

multiple phages were used to target multiple bacterial isolates (Fig 5D).   

Assessment of phage ability to decontaminate fomites 

Nosocomial transmission of MSSA/MRSA is a major problem, especially when the 

immunocompromised and those with underlying health issues become infected.  We sought to 

determine if our phages could effectively decontaminate fomites associated with nosocomial 

transmission.  We used the results of the spot tests to design combinations where the phages 

were predicted to have a host range that would include the bacterial targets.  Decontamination of 

fabric was also analyzed as a more likely source of nosocomial transmission.  We used glass 

coverslips to represent decontamination of solid surfaces.   
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To imitate a contaminated fomite we inoculated a single MRSA strain onto sterile cloth 

(from a lab coat similar to one worn by clinicians) and then added a single phage and determined 

the bacterial load following either phage treatment or mock treatment.  Multiple phage 

attachment incubation time points were tested to find the ideal time point for target cell lysis 

(5min, 10 min, 15 min, and 30 min) and results are presented in Appendix Figure 1.  The only 

significant results detected were that a 30 min. phage cocktail treatment showed a significant 

reduction in colony forming units (CFUs) in comparison to the 10 min. phage treatment on lab 

coat fabric, and the 10 min. phage treatment showed a significant reduction in CFU in 

comparison to the 30 min. phage treatment on glass coverslips. Subsequent experiments were 

performed at 30 min.  Mock treatments were performed using sterile phage buffer alone.   

We found significant reductions in the numbers of MRSA CFUs in tests where one 

phage/one MRSA was used to decontaminate lab coat fabric (Fig. 6).  Decontamination of 

MRSA strain M1 inoculated fabric with one of four phages yielded a 1-1.5 log reduction of 

CFUs ml-1 compared to mock treated samples (Fig. 6A).  Each different phage treatment had a p-

value < 0.01. MRSA DH1 was similarly inoculated and treated with phages (Fig. 6C) and 

resulted in 0.5-1 log reductions in CFUs in each test with a p-value < 0.05.   

We inoculated sterile glass coverslips with MRSA (see Methods) and then treated with 

singular phages or mock treatments and measured the ability to decontaminate bacteria (Fig. 6B, 

D).  Glass slides inoculated with MRSA strain M1 and treated with singular phage showed 

highly significant reductions in CFUs (p < 0.005) compared to mock treatments (Fig. 6B).  Each 

phage treatment yielded at least a 1.5 log reduction in CFUs with two phages nearly achieving a 

2 log reduction. Coverslips inoculated with MRSA strain DH1 also showed significant decreases 

in CFUs as compared to the mock treatment (Fig. 6D), with the exception of M1M4 treatment.  
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CJ11 treated coverslips achieved a 0.5 log reduction (p < 0.02), while SEW and CJ12 achieved a 

1 log (p < 0.01) and 1.5 log reduction (p < 0.007), respectively.   
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Decontamination, single phage 

 

  Figure 6 Decontamination of lab coats and glass coverslips 

MRSA samples were inoculated onto either lab coat fabric or glass coverslips and 
then exposed to either a single phage or a mock phage treatment (sterile phage buffer only).  
The multiplicity of infection ranged from 200 to 50,000. Bacteria were recovered and viable 
bacterial counts were determined by serial dilution and growth on LB agar plates.  Results 
are reported as colony-forming units ml-1 A) MRSA strain M1 treated with either SEW, 
M1M4, CJ11 or CJ12 recovered from lab coat fabric. B) MRSA strain M1 treated with 
either SEW, M1M4, CJ11 or CJ12 recovered from glass coverslips. C) MRSA strain DH1 
treated with either SEW, M1M4, CJ11 or CJ12 recovered from lab coat fabric. D) MRSA 
strain DH1 treated with either SEW, M1M4, CJ11, or CJ12 recovered from glass 
coverslips.  Assays were performed in triplicate; standard error is indicated.  * p < 0.05 by 
unpaired, one-tailed student’s t test when evaluating phage-treated vs mock-treated samples. 
# p < 0.005 by same student’s t test.  
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We combined phages M1, M1M4, CJ11, and CJ12 to create a phage cocktail to measure 

potential synergistic ability to decontaminate MRSA from lab coat material or glass coverslips 

(Fig. 7). The phage cocktail was designed to include the most efficiently lytic phages as well as 

those with the broadest tropism.  Using the phage cocktail we found significant reductions in 

CFUs when decontaminating either lab coat fabric (Fig. 7A) or glass coverslips (Fig. 7B).  In 

treating the lab coat fabric we observed a nearly 2 log reduction in CFUs for both M1 and DH1 

strains.  In studies using MRSA strain DH1, we found a highly significant decrease in CFUs on 

fabric with a p value < 0.008 (Fig. 7A), similar to the phage cocktail treatment of MRSA strain 

M1 on a glass coverslip with a p value < 0.003 (Fig 7B).   
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Decontamination, Phage cocktail 

 

  Figure 7 Decontamination of lab coats and glass coverslips with a phage cocktail 

MRSA samples were inoculated onto either lab coat fabric or glass coverslips and then 
exposed to a phage cocktail consisting of SEW, M1M4, CJ11, CJ12, or mock phage treatment 
(sterile phage buffer only).  The combined multiplicity of infection ranged from 300 to 
1,300.  Bacteria were recovered from treated materials and viable bacterial counts were 
determined by serial dilution and growth on LB agar plates.  A) MRSA strain M1 and DH1 
treated with phage cocktail or mock treatment recovered from lab coat fabric. B) MRSA strain 
M1 and DH1 treated with phage cocktail or mock treatment recovered from glass coverslips. 
Assays were performed in triplicate; standard error is indicated.  * p < 0.05 by unpaired, one-
tailed student’s t test when evaluating phage-treated vs mock-treated samples. # p < 0.005 by 
same student’s t test.  
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Discussion 

In this study, we isolated 12 new phages with lytic activity against S. aureus and MRSA.  

We determined the host range of these phages by both spot testing and spec. assays of phage-

treated bacterial cultures.  We then examined the ability of single phages or phage cocktails to 

decontaminate MRSA from a glass surface as well as from fabric.  We found that our phages 

were able to significantly reduce MRSA growth in culture, and that they were able to 

significantly reduce colony-forming units of human MRSAs from both glass and fabric.   

The host range tests carried out in these studies showed that our newly isolated phage 

tended to have greater lytic activity against human S. aureus strains as compared to non-human 

isolates, and to also lyse MRSA more commonly than methicillin-susceptible S. aureus.  Most of 

our virulent phage isolates were found in sources related to chickens.  Phage isolated from 

chicken sources would not necessarily be predicted to have activity against MRSA or human S. 

aureus isolates.  However, these findings may be related to the protocol used to initially enrich 

phage, wherein 5 S. aureus strains were used: 4/5 was MRSA and 4/5 was human S. aureus 

isolates.  Other phage may have been present during enrichment, but we selected for those with 

lytic activity against human MRSA in our enrichment protocol.   

Measurement of the optical densities of phage-treated MRSA cultures revealed that very 

efficient lysis occurred.  The density of phage-treated cultures after 4h was essentially the same 

as 2h.  After comparing the results of the spot tests and spec. assays, we found that the results 

were mostly in agreement with one another.  Some anomalies were seen in this comparison, such 

as when spot tests indicated lytic ability for a given phage/bacterial strain but culture assays 

failed to show significant lysis.  Two examples are shown in Fig 5C (e.g., SEW and CJ12 

treatment of isolate HA1).  When we tested more challenging scenarios for phage reduction of 
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bacterial samples (e.g., one phage targeted to 3-4 bacterial strains in Fig. 5D) we still detected 

significant reductions in bacterial cell density.  The cell density was higher in such experiments, 

despite the fact that spot testing predicted that all bacterial strains could be lysed.  We partially 

attributed these findings to MRSA strain HA1, which was not lysed efficiently in culture assays.  

When strain HA1 was removed from one such experiment, the cell density dropped (Fig. 5D and 

data not shown) indicating that HA1 was less susceptible to clearing in a culture assay.   

We opted to use glass as a model test surface for MRSA decontamination, as has been 

tested previously by others [88].  Significant reductions in bacterial CFUs were detected in 

nearly all experiments when using either glass or fabric.  One experiment failed to show a 

significant reduction for phage strain M1M4 (see Fig. 6D), but this strain was discovered as a 

temperate phage and so the lytic potential is expected to be less than that seen for virulent 

phages.  Since M1M4 had the broadest host range of our phages, we still included this phage in 

subsequent testing.  Many decontamination experiments showed a reduction in CFUs greater 

than 1 log, and occasionally 2 log reductions were seen.  Cocktails of phage were typically more 

effective at decontaminating MRSA than single phage.   

We conclude that we have isolated at least 6 unique phages with lytic activity against 

human MRSA isolates.  These phages have robust activity in both liquid culture and in 

decontaminating hard surfaces and fabrics associated with nosocomial transmission.  Our future 

plans include further characterization of these phages by genome sequencing and transmission 

electron microscopy, and further testing for decontamination potential under varying 

circumstances.  
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Discussion 

Phages have some very attractive attributes for medical phage therapy and especially for 

fomite decontamination.  The results of the preceding research show that fomite decontamination 

using phages is a viable option. However, increased phage host range and lytic ability need to be 

achieved before widespread disinfectant use can occur.  The three-fold hypothesis stated that 

phages could be found and isolated into pure strains, the host range and lytic efficiency for each 

of the phage could be identified, and using phages to decontaminate fomites is possible and 

reduced bacterial loads from common fomites harboring MSSA or MRSA was achieved.  The 

phage cocktail treatments achieved 2 log reductions in bacterial load and show promise for future 

use in cleaning fomites.   

Using induction and enrichment techniques, 15 phage isolates were initially found.  Three 

of the phages lacked the ability to produce a strong lytic infection.  They could not be maintained 

in high enough titers to perform all three steps of plaque purification and were subsequently 

abandoned.  In addition, 42 S. aureus isolates were found and all were used in determining the 

phage host ranges.  

Through host range tests and lytic ability the phages were assed for future use in 

decontamination assays.  The spot test was designed to analyze each phage’s ability to lyse each 

of the 42 S. aureus isolates.  Each phage isolate was able to lyse at least 2 primary S. aureus 

isolates.  Unfortunately, none of the phages were able to lyse any USA300 and USA400 

strains—much lower than initial expectations.  This lack of lytic ability towards the most 

common MRSA isolates in the United States limits the efficacy of the phages use outside of the 

lab.  However, in the future, consistent passaging of the phages in the presence of the USA300 

and USA400 strains can increase the host range to eventually lyse these strains [70, 73].  Using 
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this method, future research should be able to create a phage cocktail with a much larger host 

range than the current host range of the cocktail presented in this document.   

Based on host range results the phages were categorized into groups with similar patterns 

indicating that there were at least six different phage strains isolated. CJ12, SEW, and M1M4 all 

had unique host ranges, while M1M5 and CJ18; CF6, M1NS15, CJ16, CJ17, and CJ11; M5NS6 

and M5NS22 were grouped together respectively.  The differences in host range did allow us to 

combine the phage in a cocktail to create a phage lysate with a host range larger than any single 

phage.  The phage host ranges only included human S. aureus strains rather than the non-human 

isolates.  This oddity was not predicted based on the locations where most of the virulent phages 

were isolated; the raw meat sources would not necessarily indicate a preference towards lysis of 

human strains of S. aureus but rather the raw meat strains.  The limited host range may be related 

to the protocol used to enrich the phages [104]; wherein five different S. aureus strains were 

used.  The enriching hosts were 4/5 MRSA and 4/5 human S. aureus isolates.  Other phages may 

have been present during enrichment, but by using mostly human MRSA strains the enrichment 

may have inaδvertently enriched only the phages with lytic activity against human MRSA and 

without any lytic activity against the raw meat S. aureus.  Secondly, the enrichment process did 

not use any USA300 or USA400 strains potentially leading to enrichments without phages 

ability to lyse the most common MRSA strains. 

Optical density (OD) differences in bacterial growth were observed between phage 

treated and mock treated liquid MRSA cultures.  In most cases the spec. assay results reinforced 

the host range results.  HA1 lysis proved to be the exception with phages being unable to 

significantly reduce bacterial growth (Fig. 5C).  CJ12 and SEW treatment reduced MRSA cell 

density by less than 1 OD600.  Other MRSA strains were significantly reduced by phage 

48 
 



 

treatment.  HA1 may have stronger defense mechanisms for protection of phage resulting in 

decreased phage lysis and thus positive results during spot testing, but little other lysis in liquid 

cultures [11].   

When tested with more challenging scenarios for phage reduction of bacterial samples 

(e.g., one phage targeted to 3-4 bacterial strains in Fig. 5D), we still detected significant 

reductions in bacterial cell density.  The cell density was higher in such experiments compared to 

singe phage-single host pairings.  All host strains in the S. aureus cocktail were within each 

phage’s host range, but increased cell density may be partially attributed to HA1’s low lysis rates 

in liquid cultures.  When strain HA1 was removed from one such experiment, the cell density 

dropped (Fig. 5D and data not shown) indicating that HA1 was less susceptible to clearing in a 

culture assay.  Importantly, single phage strain treatments were able to show significant 

reductions in cell density of at least 0.2 OD600, indicating that phage treatment against 

contamination with multiple MRSA strains can still be reduced using phage treatment. 

The final aim was to realistically simulate fomites in hospital settings and use the phages 

to decrease MRSA load.  Lab coat material mimicked the passage of S. aureus from patient to 

doctor to other patients.  Using small strips of lab coat material we showed approximately two 

log reductions in bacterial CFUs with all phages used.  CJ12 was the most efficient single phage 

in reducing bacterial load on lab coat material with reductions of about 2 logs against both DH1 

and M1 (Fig 6).  When phages SEW, M1M4, CJ11, and CJ12 were combined into a cocktail, 

synergistic reductions in CFUs were observed.  Approximately two log CFU reductions were 

observed in every instance when using the phage cocktail to decontaminate lab coat fabric (Fig 

7A). 
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Glass coverslips provided a model system for simulating hard surface contamination in 

hospital settings and has previously been used for bacterial decontamination using phage [88].  

The glass surface was thought to be a more hospitable environment for the phage than fabric, and 

when compared to lab coat material decontamination we expected to see higher levels of 

bacterial load reduction.  Unexpectedly, we didn’t see much difference between the two 

decontamination surfaces indicating that neither surface was better or worse for phage use.  

Using the glass slides we did detect significant reductions in bacterial CFUs in nearly all 

experiments (Fig. 6 B & D).  M1M4 had the broadest host range; however, its lytic ability was 

not as robust as some of the other phages (Fig 6 B & D).  Lack of robust lysis from M1M4 is not 

unusual because M1M4 is a known temperate phage and likely entered the lysogenic cycle, 

halting cell lysis.  Despite being a known temperate phage it still significantly reduced M1 

bacterial load on the glass slides.  SEW and CJ12 phages were able to show significant 

reductions in all the experiments on glass slides.  Similar to lab coat fabric decontamination we 

did see synergistic reduction in MRSA CFUs (Fig. 7B). 

 The phage cocktail showed a significant 2 log decrease in bacterial loads on fomites. 

Despite the significant reduction, using the phage cocktail as a decontaminate for MRSA is 

likely still insufficient reason to warrant switching from cleansing wipes able to reduce bacterial 

loads 5 logs [61].  An important factor which may be playing a role in preventing greater log 

reductions in MRSA CFU may be the temperate natures of the phages [101].  Based on 

morphological data not shown in this thesis I suspect that most of the phage may belong to the 

Siphoviridae class of phages.  Siphoviridae are typically temperate phage and as such may be 

entering the lysogenic cycle during the decontamination test, reducing the ability of the phage to 

decontaminate a surface. Lysogen formation should be tested in the future by treating surviving 
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MRSA colonies again with the same phage.  Phages with higher lytic ability and less 

preponderance to enter the lysogenic cycle can also be selected for by continuous passaging.  

The phages within the cocktail could be selected for increased host ranges using previously 

discussed methods and increased lysis efficiency [76].  If the host range and lytic efficiency is 

increased to 5-6 log reductions of MRSA load, the phage cocktail would become a viable 

cleanser for hospital surfaces. 

 Future experiments are needed to more fully characterize the phages through gene 

sequencing.  Phage DNA will be isolated and used for Sanger sequencing to identify novel 

strains of phage.  Once novelty has been assured more thorough sequencing using next 

generation sequencing can take place. The resulting genetic data will be annotated and analyzed 

for interesting phage genes. Genes of special interest are lysogenic genes, S. aureus virulence 

genes, and antibiotic resistance genes. Ideal phages will not harbor any of these genes. 

 S. aureus biofilms also present a significant problem because of their formation on 

fomites inserted into the body.  This introduces S. aureus into the body and acts as a reservoir for 

infections.  A follow-up project we are working on uses bacteriophage and silver nanoparticles to 

eliminate S. aureus biofilms.  Silver nanoparticles have previously been shown to have a 

bactericidal effect and can reduce S. aureus biofilms [44].  Biofilm forming S. aureus will be 

identified using three different techniques: congo red-agar biofilm detection, PCR of biofilm-

associated genes, and crystal violet staining of biofilms.  S. aureus colonies on congo red-agar 

turn black when producing a biofilm.  Initial testing shows that 98% of the 42 S. aureus strains 

form at least a weak biofilm.  Initial testing has also shown that many of the S. aureus strains 

harbor known biofilm forming genes, for example icaD.  We will also use crystal violet staining 

to measure the efficacy of biofilm removal using phage therapy, silver nanoparticle treatment, or 

51 
 



 

a combined approach, but as of yet have not yet begun working on this aspect of the project.  The 

end goal of the project is a decrease in biofilm formation when both phages and silver 

nanoparticles are present. 

 An additional follow-up research project will look at S. aureus contamination in raw 

meat.  Many S. aureus strains found in meat are multi-antibiotic resistant and represent further 

danger to the community.  The follow-up project will look at the prevalence of MRSA 

contaminating raw meats with the endpoint of identifying contamination rates in raw beef, 

poultry, and pork.  Minimum inhibitory concentrations for eight common antibiotics will also be 

performed to identify multi-antibiotic resistant strains and their prevalence.  Each S. aureus 

isolate will also be genotyped for specific virulence factors, biofilm production, and immune 

evasion genes.  As we move forward with research into MSSA, MRSA and S. aureus phages we 

hope to find new methods for treating MRSA infections and controlling its transmission through 

fomite decontamination.  

52 
 



 

References 

1. Ackermann HW. Bacteriophage observations and evolution. Research in Microbiology. 

2003;154(4):245-51. doi: 10.1016/s0923-2508(03)00067-6. PubMed PMID: 

WOS:000184207600005. 

2. Deleo FR, Chambers HF. Reemergence of antibiotic-resistant Staphylococcus aureus in 

the genomics era. Journal of Clinical Investigation. 2009;119(9):2464-74. doi: 10.1172/jci38226. 

PubMed PMID: WOS:000269708600006. 

3. Casewell MW, Hill RLR. The Carrier State - Methicillin-Resistant Staphylococcus-

Aureus. Journal of Antimicrobial Chemotherapy. 1986;18:1-12. PubMed PMID: 

WOS:A1986D439400002. 

4. Miller RR, Walker AS, Godwin H, Fung R, Votintseva A, Bowden R, et al. Dynamics of 

acquisition and loss of carriage of Staphylococcus aureus strains in the community: The effect of 

clonal complex. Journal of Infection. 2014;68(5):426-39. doi: 10.1016/j.jinf.2013.12.013. 

PubMed PMID: WOS:000333766200003. 

5. McCarthy AJ, Lindsay JA. Staphylococcus aureus innate immune evasion is lineage-

specific: A bioinfomatics study. Infection Genetics and Evolution. 2013;19:7-14. doi: 

10.1016/j.meegid.2013.06.012. PubMed PMID: WOS:000327698700002. 

6. Denis O, Nonhoff C, Dowzicky MJ. Antimicrobial susceptibility among Gram-positive 

and Gram-negative isolates collected in Europe between 2004 and 2010. Journal of Global 

Antimicrobial Resistance. 2014;2(3):155-61. doi: 10.1016/j.jgar.2014.05.001. PubMed PMID: 

WOS:000349929100005. 

7. Nemati M, Hermans K, Lipinska U, Denis O, Deplano A, Struelens M, et al. 

Antimicrobial resistance of old and recent staphylococcus aureus isolates from poultry: First 

53 
 



 

detection of livestock-associated methicillin-resistant strain ST398. Antimicrobial Agents and 

Chemotherapy. 2008;52(10):3817-9. doi: 10.1128/aac.00613-08. PubMed PMID: 

WOS:000259480800051. 

8. Schneider-Lindner V, Delaney JA, Dial S, Dascal A, Suissa S. Antimicrobial drugs and 

community-acquired methicillin-resistant Staphylococcus aureus, United Kingdom. Emerging 

Infectious Diseases. 2007;13(7):994-1000. PubMed PMID: WOS:000247758200005. 

9. Srinivasiah S, Bhavsar J, Thapar K, Liles M, Schoenfeld T, Wommack K. Phages across 

the biosphere: contrasts of viruses in soil and aquatic environments. Research in Microbiology. 

2008;159(5):349-57. doi: 10.1016/j.resmic.2008.04.010. PubMed PMID: 

WOS:000259413800007. 

10. Wommack KE, Colwell RR. Virioplankton: Viruses in aquatic ecosystems. Microbiology 

and Molecular Biology Reviews. 2000;64(1):69-+. doi: 10.1128/mmbr.64.1.69-114.2000. 

PubMed PMID: WOS:000085790100005. 

11. Labrie SJ, Samson JE, Moineau S. Bacteriophage resistance mechanisms. Nature 

Reviews Microbiology. 2010;8(5):317-27. doi: 10.1038/nrmicro2315. PubMed PMID: 

WOS:000276788300009. 

12. Sulakvelidze A, Alavidze Z, Morris JG. Bacteriophage therapy. Antimicrobial Agents 

and Chemotherapy. 2001;45(3):649-59. doi: 10.1128/aac.45.3.649-659.2001. PubMed PMID: 

WOS:000167134800001. 

13. Gill JJ, Hyman P. Phage Choice, Isolation, and Preparation for Phage Therapy. Current 

Pharmaceutical Biotechnology. 2010;11(1):2-14. PubMed PMID: WOS:000274427100002. 

14. Brown AE, Leech JM, Rogers TR, McLoughlin RM. Staphylococcus aureus colonization: 

modulation of host immune response and impact on human vaccine design. Frontiers in 

54 
 



 

Immunology. 2014;4. doi: 10.3389/fimmu.2013.00507. PubMed PMID: 

WOS:000354031800001. 

15. VandenBergh MFQ, Yzerman EPF, van Belkum A, Boelens HAM, Sijmons M, Verbrugh 

HA. Follow-up of Staphylococcus aureus nasal carriage after 8 years: Redefining the persistent 

carrier state. Journal of Clinical Microbiology. 1999;37(10):3133-40. PubMed PMID: 

WOS:000082644800009. 

16. Lowy FD. Staphylococcus aureus infections. New England Journal of Medicine. 

1998;339(8):520-32. doi: 10.1056/nejm199808203390806. PubMed PMID: 

WOS:000075447000006. 

17. Falugi F, Kim HK, Missiakas DM, Schneewind O. Role of Protein A in the Evasion of 

Host Adaptive Immune Responses by Staphylococcus aureus. Mbio. 2013;4(5). doi: 

10.1128/mBio.00575-13. PubMed PMID: WOS:000326881800017. 

18. Pastagia M, Kleinman LC, de la Cruz EGL, Jenkins SG. Predicting Risk for Death from 

MRSA Bacteremia. Emerging Infectious Diseases. 2012;18(7):1072-80. doi: 

10.3201/eid1807.101371. PubMed PMID: WOS:000306034600006. 

19. Emori TG, Gaynes RP. An Overview of Nosocomial Infections, Including the Role of the 

Microbiology Laboratory. Clinical Microbiology Reviews. 1993;6(4):428-42. PubMed PMID: 

WOS:A1993MF02500006. 

20. McNeil JC. Staphylococcus aureus - antimicrobial resistance and the 

immunocompromised child. Infection and drug resistance. 2014;7:117-27. doi: 

10.2147/idr.s39639. PubMed PMID: MEDLINE:24855381. 

55 
 



 

21. Klein E, Smith DL, Laxminarayan R. Hospitalizations and deaths caused by methicillin-

resistant Staphylococcus aureus, United States, 1999-2005. Emerging Infectious Diseases. 

2007;13(12):1840-6. PubMed PMID: WOS:000251446600007. 

22. Armand-Lefevre L, Ruimy R, Andremont A. Clonal comparison of Staphylococcus 

aureus isolates from healthy pig farmers, human controls, and pigs. Emerging Infectious 

Diseases. 2005;11(5):711-4. PubMed PMID: WOS:000228683000012. 

23. Fluit AC. Livestock-associated Staphylococcus aureus. Clinical Microbiology and 

Infection. 2012;18(8):735-44. doi: 10.1111/j.1469-0691.2012.03846.x. PubMed PMID: 

WOS:000306223600011. 

24. Smith TC. Livestock-Associated Staphylococcus aureus: The United States Experience. 

Plos Pathogens. 2015;11(2). doi: 10.1371/journal.ppat.1004564. PubMed PMID: 

WOS:000352083400003. 

25. Petrovski KR, Trajcev M, Buneski G. A review of the factors affecting the costs of 

bovine mastitis. Journal of the South African Veterinary Association-Tydskrif Van Die Suid-

Afrikaanse Veterinere Vereniging. 2006;77(2):52-60. PubMed PMID: WOS:000241690300001. 

26. Jones GM, Bailey TL. Understanding the Basics of Mastitis. Virginia Cooperative 

Extension. 2009. 

27. Lowder BV, Fitzgerald JR. Recent human-to-poultry host jump, adaptation, and 

pandemic spread of Staphylococcus aureus. Virulence. 2010;1(4):283-4. doi: 

10.4161/viru.1.4.11838. PubMed PMID: WOS:000292520600011. 

28. Waters AE, Contente-Cuomo T, Buchhagen J, Liu CM, Watson L, Pearce K, et al. 

Multidrug-Resistant Staphylococcus aureus in US Meat and Poultry. Clinical Infectious Diseases. 

2011;52(10):1227-30. doi: 10.1093/cid/cir181. PubMed PMID: WOS:000289795700004. 

56 
 



 

29. de Boer E, Zwartkruis-Nahuis JTM, Wit B, Huijsdens XW, de Neeling AJ, Bosch T, et al. 

Prevalence of methicillin-resistant Staphylococcus aureus in meat. International Journal of Food 

Microbiology. 2009;134(1-2):52-6. doi: 10.1016/j.ijfoodmicro.2008.12.007. PubMed PMID: 

WOS:000270004700009. 

30. Tipper DJ, Stroming.Jl. Mechanism of Action of Penicillins - A Proposal Based on Their 

Structural Similarity to Acyl-D-Alanyl-D-Alanine. Proceedings of the National Academy of 

Sciences of the United States of America. 1965;54(4):1133-&. doi: 10.1073/pnas.54.4.1133. 

PubMed PMID: WOS:A19656909200027. 

31. Wise EM, Park JT. Penicillin - Its Basic Site Of Action as an Inhibitor of a Peptide 

Cross-Linking Reaction in Cell Wall Mucopeptide Synthesis. Proceedings of the National 

Academy of Sciences of the United States of America. 1965;54(1):75-&. doi: 

10.1073/pnas.54.1.75. PubMed PMID: WOS:A19656658400016. 

32. Pollock MR. Origin and Function of Penicillinase - A Problem in Biochemical Evolution. 

British Medical Journal. 1967;4(5571):71-&. PubMed PMID: WOS:A1967A009200009. 

33. Karunaratne DN, Farmer S, Hancock REW. Synthesis of Bulky Beta-Lactams for 

Inhibition Of Cell-Surface Beta-Lactamase Activity. Bioconjugate Chemistry. 1993;4(6):434-9. 

doi: 10.1021/bc00024a004. PubMed PMID: WOS:A1993MK93900004. 

34. MP. J. “Celbenin”-resistant staphylococci. British Medial Journal. 1961;(1):124-5. 

35. Matsuhashi M, Song MD, Ishino F, Wachi M, Doi M, Inoue M, et al. Molecular-Cloning 

of the Gene of a Penicillin-Binding Protein Supposed to Cause High-Resistance to Beta-Lactam 

Antibiotics In Staphylococcus-Aureus. Journal of Bacteriology. 1986;167(3):975-80. PubMed 

PMID: WOS:A1986D839800029. 

57 
 



 

36. Lim D, Strynadka NCJ. Structural basis for the beta-lactam resistance of PBP2a from 

methicillin-resistant Staphylococcus aureus. Nature Structural Biology. 2002;9(11):870-6. doi: 

10.1038/nsb858. PubMed PMID: WOS:000178884700019. 

37. Tsubakishita S, Kuwahara-Arai K, Sasaki T, Hiramatsu K. Origin and Molecular 

Evolution of the Determinant of Methicillin Resistance in Staphylococci. Antimicrobial Agents 

and Chemotherapy. 2010;54(10):4352-9. doi: 10.1128/aac.00356-10. PubMed PMID: 

WOS:000281907200040. 

38. Chambers HF, DeLeo FR. Waves of resistance: Staphylococcus aureus in the antibiotic 

era. Nature Reviews Microbiology. 2009;7(9):629-41. doi: 10.1038/nrmicro2200. PubMed 

PMID: WOS:000268942500010. 

39. Cazares-Dominguez V, Cruz-Cordova A, Ochoa SA, Escalona G, Arellano-Galindo J, 

Rodriguez-Leviz A, et al. Vancomycin Tolerant, Methicillin-Resistant Staphylococcus aureus 

Reveals the Effects of Vancomycin on Cell Wall Thickening. Plos One. 2015;10(3). doi: 

10.1371/journal.pone.0118791. PubMed PMID: WOS:000352084200041. 

40. Chmel H, Person A, Tecsontumang F. Studies on Multi-Antibiotic Resistant Strains of 

Staphylococcus-Aureus. Infection. 1982;10(3):173-6. doi: 10.1007/bf01640771. PubMed PMID: 

WOS:A1982NW02100012. 

41. Lewis K. Platforms for antibiotic discovery. Nature Reviews Drug Discovery. 

2013;12(5):371-87. doi: 10.1038/nrd3975. PubMed PMID: WOS:000318350900015. 

42. Boucher HW, Talbot GH, Bradley JS, Edwards JE, Jr., Gilbert D, Rice LB, et al. Bad 

Bugs, No Drugs: No ESKAPE! An Update from the Infectious Diseases Society of America. 

Clinical Infectious Diseases. 2009;48(1):1-12. doi: 10.1086/595011. PubMed PMID: 

WOS:000261546800001. 

58 
 



 

43. Anderson AD, Nelson JM, Rossiter S, Angulo FJ. Public health consequences of use of 

antimicrobial agents in food animals in the United States. Microbial Drug Resistance-

Mechanisms Epidemiology and Disease. 2003;9(4):373-9. doi: 10.1089/107662903322762815. 

PubMed PMID: WOS:000221317900009. 

44. Ansari MA, Khan HM, Khan AA, Cameotra SS, Alzohairy MA. Anti-biofilm efficacy of 

silver nanoparticles against MRSA and MRSE isolated from wounds in a tertiary care hospital. 

Indian Journal of Medical Microbiology. 2015;33(1):101-9. doi: 10.4103/0255-0857.148402. 

PubMed PMID: WOS:000352086300018. 

45. Khachatourians GG. Agricultural use of antibiotics and the evolution and transfer of 

antibiotic-resistant bacteria. Canadian Medical Association Journal. 1998;159(9):1129-36. 

PubMed PMID: WOS:000076895900027. 

46. Graveland H, Wagenaar JA, Heesterbeek H, Mevius D, van Duijkeren E, Heederik D. 

Methicillin Resistant Staphylococcus aureus ST398 in Veal Calf Farming: Human MRSA 

Carriage Related with Animal Antimicrobial Usage and Farm Hygiene. Plos One. 2010;5(6). doi: 

10.1371/journal.pone.0010990. PubMed PMID: WOS:000278494900009. 

47. Doyle ME, Hartmann FA, Lee Wong AC. Methicillin-resistant staphylococci: 

implications for our food supply? Animal health research reviews / Conference of Research 

Workers in Animal Diseases. 2012;13(2):157-80. doi: 10.1017/s1466252312000187. PubMed 

PMID: MEDLINE:23253164. 

48. Skov RL, Jensen KS. Community-associated meticillin-resistant Staphylococcus aureus 

as a cause of hospital-acquired infections. Journal of Hospital Infection. 2009;73(4):364-70. doi: 

10.1016/j.jhin.2009.07.004. PubMed PMID: WOS:000272035400010. 

59 
 



 

49. Borysowski J, Lobocka M, Miedzybrodzki R, Weber-Dabrowska B, Gorski A. Potential 

of Bacteriophages and Their Lysins in the Treatment of MRSA Current Status and Future 

Perspectives. Biodrugs. 2011;25(6):347-55. PubMed PMID: WOS:000298267400001. 

50. David MZ, Medvedev S, Hohmann SF, Ewigman B, Daum RS. Increasing Burden of 

Methicillin-Resistant Staphylococcus aureus Hospitalizations at US Academic Medical Centers, 

2003-2008. Infection Control and Hospital Epidemiology. 2012;33(8):782-9. doi: 

10.1086/666640. PubMed PMID: WOS:000306106100004. 

51. Dantes R, Mu Y, Belflower R, Aragon D, Dumyati G, Harrison LH, et al. National 

Burden of Invasive Methicillin-Resistant Staphylococcus aureus Infections, United States, 2011. 

Jama Internal Medicine. 2013;173(21):1970-8. doi: 10.1001/jamainternmed.2013.10423. 

PubMed PMID: WOS:000330954300006. 

52. Kallen AJ, Mu Y, Bulens S, Reingold A, Petit S, Gershman K, et al. Health Care-

Associated Invasive MRSA Infections, 2005-2008. Jama-Journal of the American Medical 

Association. 2010;304(6):641-8. doi: 10.1001/jama.2010.1115. PubMed PMID: 

WOS:000280829200019. 

53. Miller LG, Diep BA. Colonization, fomites, and virulence: Rethinking the pathogenesis 

of community-associated methicillin-resistant staphylococcus aureus infection. Clinical 

Infectious Diseases. 2008;46(5):752-60. doi: 10.1086/526773. PubMed PMID: 

WOS:000253453700018. 

54. Jones M, Huttner B, Leecaster M, Huttner A, Damal K, Tanner W, et al. Does universal 

active MRSA surveillance influence anti-MRSA antibiotic use? A retrospective analysis of the 

treatment of patients admitted with suspicion of infection at Veterans Affairs Medical Centers 

60 
 



 

between 2005 and 2010. Journal of Antimicrobial Chemotherapy. 2014;69(12):3401-8. doi: 

10.1093/jac/dku299. PubMed PMID: WOS:000345767300032. 

55. Hiramatsu K, Hanaki H, Ino T, Yabuta K, Oguri T, Tenover FC. Methicillin-resistant 

Staphylococcus aureus clinical strain with reduced vancomycin susceptibility. J Antimicrob 

Chemother. 1997;40(1):135-6. PubMed PMID: 9249217. 

56. Tenover FC, Weigel LM, Appelbaum PC, McDougal LK, Chaitram J, McAllister S, et al. 

Vancomycin-resistant Staphylococcus aureus isolate from a patient in Pennsylvania. 

Antimicrobial Agents and Chemotherapy. 2004;48(1):275-80. doi: 10.1128/aac.48.1.275-

280.2004. PubMed PMID: WOS:000187728500039. 

57. Kramer A, Schwebke I, Kampf G. How long do nosocomial pathogens persist on 

inanimate surfaces? A systematic review. Bmc Infectious Diseases. 2006;6. doi: 10.1186/1471-

2334-6-130. PubMed PMID: WOS:000240446700001. 

58. Williams C, Davis DL. Methicillin-resistant Staphylococcus aureus fomite survival. 

Clinical laboratory science : journal of the American Society for Medical Technology. 

2009;22(1):34-8. PubMed PMID: MEDLINE:19354027. 

59. Scott E, Bloomfield SF. The Survival and Transfer of Microbial-Contamination Via 

Cloths, Hands and Utensils. Journal of Applied Bacteriology. 1990;68(3):271-8. doi: 

10.1111/j.1365-2672.1990.tb02574.x. PubMed PMID: WOS:A1990CW88500009. 

60. Kassem II, Sigler V, Esseili MA. Public computer surfaces are reservoirs for methicillin-

resistant staphylococci. Isme Journal. 2007;1(3):265-8. doi: 10.1038/ismej.2007.36. PubMed 

PMID: WOS:000249216100010. 

61. Lopez GU, Kitajima M, Havas A, Gerba CP, Reynolds KA. Evaluation of a Disinfectant 

Wipe Intervention on Fomite-to-Finger Microbial Transfer. Applied and Environmental 

61 
 



 

Microbiology. 2014;80(10):3113-8. doi: 10.1128/aem.04235-13. PubMed PMID: 

WOS:000335386200018. 

62. Coffey B, Mills S, Coffey A, McAuliffe O, Ross RP. Phage and Their Lysins as 

Biocontrol Agents for Food Safety Applications. In: Doyle MP, Klaenhammer TR, editors. 

Annual Review of Food Science and Technology, Vol 1. Annual Review of Food Science and 

Technology. 12010. p. 449-68. 

63. Winget DM, Williamson KE, Helton RR, Wommack KE. Tangential flow diafiltration: 

an improved technique for estimation of virioplankton production. Aquatic Microbial Ecology. 

2005;41(3):221-32. doi: 10.3354/ame041221. PubMed PMID: WOS:000234763600002. 

64. Viertel TM, Ritter K, Horz H-P. Viruses versus bacteria-novel approaches to phage 

therapy as a tool against multidrug-resistant pathogens. Journal of Antimicrobial Chemotherapy. 

2014;69(9):2326-36. doi: 10.1093/jac/dku173. PubMed PMID: WOS:000343322200004. 

65. Summers WC. Felix d’Herelle and the origins of molecular biology. New Haven, Conn.: 

Yale University Press; 1999. 

66. Sulakvelidze A, Kutter, E. . Bacteriophage therapy in humans. Bacteriophages: biology 

and applications. 2005:381 - 436. 

67. Summers WC. Bacteriophage therapy. Annual Review of Microbiology. 2001;55:437-51. 

doi: 10.1146/annurev.micro.55.1.437. PubMed PMID: WOS:000171732600018. 

68. Verbeken G, Pirnay J-P, Lavigne R, Jennes S, De Vos D, Casteels M, et al. Call for a 

Dedicated European Legal Framework for Bacteriophage Therapy. Archivum Immunologiae Et 

Therapiae Experimentalis. 2014;62(2):117-29. doi: 10.1007/s00005-014-0269-y. PubMed PMID: 

WOS:000332978000005. 

62 
 



 

69. Maura D, Debarbieux L. Bacteriophages as twenty-first century antibacterial tools for 

food and medicine. Applied Microbiology and Biotechnology. 2011;90(3):851-9. doi: 

10.1007/s00253-011-3227-1. PubMed PMID: WOS:000289520000005. 

70. Buckling A, Brockhurst M. Bacteria-virus coevolution. Advances in experimental 

medicine and biology. 2012;751:347-70. doi: 10.1007/978-1-4614-3567-9_16. PubMed PMID: 

MEDLINE:22821466. 

71. Kysela DT, Turner PE. Optimal bacterlophage mutation rates for phage therapy. Journal 

of Theoretical Biology. 2007;249(3):411-21. doi: 10.1016/j.jtbi.2007.08.007. PubMed PMID: 

WOS:000252012400001. 

72. Werts C, Michel V, Hofnung M, Charbit A. Adsorption of bacteriophage lambda on the 

LamB protein of Escherichia coli K-12: point mutations in gene J of lambda responsible for 

extended host range. Journal Of Bacteriology. 1994;176(4):941-7. PubMed PMID: 8106335. 

73. Buckling A, Rainey PB. Antagonistic coevolution between a bacterium and a 

bacteriophage. Proceedings of the Royal Society B-Biological Sciences. 2002;269(1494):931-6. 

doi: 10.1098/rspb.2001.1945. PubMed PMID: WOS:000175540100009. 

74. Safferman RS, Cannon RE, Desjardins PR, Gromov BV, Haselkorn R, Sherman LA, et al. 

CLASSIFICATION AND NOMENCLATURE OF VIRUSES OF CYANOBACTERIA. 

Intervirology. 1983;19(2):61-6. doi: 10.1159/000149339. PubMed PMID: 

WOS:A1983PZ67600001. 

75. Bono LM, Gensel CL, Pfennig DW, Burch CL. Competition and the origins of novelty: 

experimental evolution of niche-width expansion in a virus. Biology Letters. 2013;9(1). doi: 

10.1098/rsbl.2012.0616. PubMed PMID: WOS:000313509400009. 

63 
 



 

76. Mizoguchi K, Morita M, Fischer CR, Yoichi M, Tanji Y, Unno H. Coevolution of 

bacteriophage PP01 and Escherichia coli O157 : H7 in continuous culture. Applied and 

Environmental Microbiology. 2003;69(1):170-6. doi: 10.1128/aem.69.1.170-176.2003. PubMed 

PMID: WOS:000180328000023. 

77. Penades JR, Chen J, Quiles-Puchalt N, Carpena N, Novick RP. Bacteriophage-mediated 

spread of bacterial virulence genes. Current Opinion in Microbiology. 2015;23:171-8. doi: 

10.1016/j.mib.2014.11.019. PubMed PMID: WOS:000349879800026. 

78. Mahony J, McGrath S, Fitzgerald GF, van Sinderen D. Identification and characterization 

of lactococcal-prophage-carried superinfection exclusion genes. Applied and Environmental 

Microbiology. 2008;74(20):6206-15. doi: 10.1128/aem.01053-08. PubMed PMID: 

WOS:000259985300005. 

79. Brussow H, Canchaya C, Hardt WD. Phages and the evolution of bacterial pathogens: 

From genomic rearrangements to lysogenic conversion. Microbiology and Molecular Biology 

Reviews. 2004;68(3):560-+. doi: 10.1128/mmbr.68.3.560-602.2004. PubMed PMID: 

WOS:000223991100009. 

80. Gorski A, Miedzybrodzki R, Borysowski J, Dabrowska K, Wierzbicki P, Ohams M, et al. 

Phage as a Modulator of Immune Responses: Practical Implications for Phage Therapy. 

Advances in Virus Research, Vol 83: Bacteriophages, Pt B. 2012;83:41-71. doi: 10.1016/b978-0-

12-394438-2.00002-5. PubMed PMID: WOS:000306815600002. 

81. Smith HW, Huggins MB, Shaw KM. Factors Influencing the Survival and Multiplication 

of Bacteriophages in Calves and in Their Environment. Journal of General Microbiology. 

1987;133:1127-35. PubMed PMID: WOS:A1987H350100002. 

64 
 



 

82. Dabrowska K, Miernikiewicz P, Piotrowicz A, Hodyra K, Owczarek B, Lecion D, et al. 

Immunogenicity Studies of Proteins Forming the T4 Phage Head Surface. Journal of Virology. 

2014;88(21):12551-7. doi: 10.1128/jvi.02043-14. PubMed PMID: WOS:000343314900032. 

83. Delhalle S, Schmit J-C, Chevigne A. Phages and HIV-1: From Display to Interplay. 

International Journal of Molecular Sciences. 2012;13(4):4727-94. doi: 10.3390/ijms13044727. 

PubMed PMID: WOS:000303454700047. 

84. Vandamme EJ. Phage therapy and phage control: to be revisited urgently!! Journal of 

Chemical Technology and Biotechnology. 2014;89(3):329-33. doi: 10.1002/jctb.4245. PubMed 

PMID: WOS:000331219200001. 

85. Neely AN, Maley MP. Survival of enterococci and staphylococci on hospital fabrics and 

plastic. Journal of Clinical Microbiology. 2000;38(2):724-6. PubMed PMID: 

WOS:000085187200044. 

86. Desai R, Pannaraj PS, Agopian J, Sugar CA, Liu GY, Miller LG. Survival and 

transmission of community-associated methicillin-resistant Staphylococcus aureus from fomites. 

American Journal of Infection Control. 2011;39(3):219-25. doi: 10.1016/j.ajic.2010.07.005. 

PubMed PMID: WOS:000289060600009. 

87. Arachchi GJG, Cridge AG, Dias-Wanigasekera BM, Cruz CD, McIntyre L, Liu R, et al. 

Effectiveness of phages in the decontamination of Listeria monocytogenes adhered to clean 

stainless steel, stainless steel coated with fish protein, and as a biofilm. Journal of Industrial 

Microbiology & Biotechnology. 2013;40(10):1105-16. doi: 10.1007/s10295-013-1313-3. 

PubMed PMID: WOS:000324234100003. 

65 
 



 

88. Rashid MH, Revazishvili T, Dean T, Butani A, Verratti K, Bishop-Lilly KA, et al. A 

Yersinia pestis-specific, lytic phage preparation significantly reduces viable Y. pestis on various 

hard surfaces experimentally contaminated with the bacterium. Bacteriophage. 2012;2:168-77. 

89. Yossepowitch O, Dan M, Kutchinsky A, Gottesman T, Schwartz-Harari O. A cost-saving 

algorithm for rapid diagnosis of Staphylococcus aureus and susceptibility to oxacillin directly 

from positive blood culture bottles by combined testing with BinaxNOW® S. aureus and Xpert 

MRSA/SA assay. Diagn Microbiol Infect Dis. 2014;78:352-5. 

90. McDougal LK, Fosheim GE, Nicholson A, Bulens SN, Limbago BM, Shearer JE, et al. 

Emergence of resistance among USA300 methicillin-resistant Staphylococcus aureus isolates 

causing invasive disease in the United States. Antimicrob Agents Chemother. 2010;54:3804-11. 

91. Kutter E. Phage Host Range and Efficiency of Plating. Methods in Molecular Biology. 

2009;501:141-9. doi: 10.1007/978-1-60327-164-6_14. PubMed PMID: 

BIOSIS:PREV200900301760. 

92. Grice EA, Segre JA. The skin microbiome. Nature Reviews Microbiology. 

2011;9(4):244-53. doi: 10.1038/nrmicro2537. PubMed PMID: WOS:000288436600011. 

93. Casewell MW. The nose: an underestimated source of Staphylococcus aureus causing 

wound infection. Journal of Hospital Infection. 1998;40:S3-S11. doi: 10.1016/s0195-

6701(98)90199-2. PubMed PMID: WOS:000075945100002. 

94. Diekema DJ, Pfaller MA, Schmitz FJ, Smayevsky J, Bell J, Jones RN, et al. Survey of 

infections due to Staphylococcus species: Frequency of occurrence and antimicrobial 

susceptibility of isolates collected in the United States, Canada, Latin America, Europe, and the 

Western Pacific region for the SENTRY Antimicrobial Surveillance Program, 1997-1999. 

66 
 



 

Clinical Infectious Diseases. 2001;32:S114-S32. doi: 10.1086/320184. PubMed PMID: 

WOS:000168311200004. 

95. Robert J, Bismuth R, Jarlier V. Decreased susceptibility to glycopeptides in methicillin-

resistant Staphylococcus aureus: a 20 year study in a large French teaching hospital, 1983-2002. 

Journal of Antimicrobial Chemotherapy. 2006;57(3):506-10. doi: 10.1093/jac/dki486. PubMed 

PMID: WOS:000235282500015. 

96. Pallin DJ, Egan DJ, Pelletier AJ, Espinola JA, Hooper DC, Camargo CA, Jr. Increased 

US emergency department visits for skin and soft tissue infections, and changes in antibiotic 

choices, during the emergence of community-associated methicillin-resistant Staphylococcus 

aureus. Annals of Emergency Medicine. 2008;51(3):291-8. doi: 

10.1016/j.annemergmed.2007.12.004. PubMed PMID: WOS:000253739300012. 

97. Sakoulas G, Moellering RC, Jr. Increasing antibiotic resistance among methicillin-

resistant Staphylococcus aureus strains. Clinical Infectious Diseases. 2008;46:S360-S7. doi: 

10.1086/533592. PubMed PMID: WOS:000255606600004. 

98. Rossi F, Diaz L, Wollam A, Panesso D, Zhou Y, Rincon S, et al. Transferable 

vancomycin resistance in a community-associated MRSA lineage. The New England Journal Of 

Medicine. 2014;370(16):1524-31. doi: 10.1056/NEJMoa1303359. PubMed PMID: 24738669. 

99.  . 

100. Mann NH. The potential of phages to prevent MRSA infections. Research in 

Microbiology. 2008;159:400-5. 

101. Burrowes B, Harper DR, Anderson J, McConville M, Enright MC. Bacteriophage therapy: 

potential uses in the control of antibiotic-resistant pathogens. Expert Review of Anti-Infective 

Therapy. 2011;9(9):775-85. doi: 10.1586/eri.11.90. PubMed PMID: WOS:000297077600013. 

67 
 



 

102. Summers WC. The strange history of phage therapy. Bacteriophage. 2012;2:130-3. 

103. Hofnung M, Jezierska A, Braun-Breton C. lamB mutations in E. coli K12: growth of 

lambda host range mutants and effect of nonsense suppressors. Mol Gen Genet. 

1976;145(2):207-13. 

104. Jensen EC, Schrader HS, Rieland B, Thompson TL, Lee KW, Nickerson KW, et al. 

Prevalence of broad-host-range lytic bacteriophages of Sphaerotilus natans, Escherichia coli, and 

Pseudomonas aeruginosa. Applied and Environmental Microbiology. 1998;64(2):575-80. 

PubMed PMID: WOS:000071858600031. 

  

68 
 



 

Appendix 

 
 

 
 

Supplementary Figure 1 Time course decontamination of lab coats and glass coverslips 

A decontamination time course assay was done to identify the optimal time to expose the bacterial to 
phage before recovering cells.  MRSA samples were inoculated onto either lab coat fabric or glass 
coverslips and then exposed for 5 min., 10 min., 15 min. or 30 min. to either a phage cocktail or a 
mock phage treatment (sterile phage buffer only; results not shown).  The multiplicity of infection 
ranged from 200 to 50,000. Bacteria were recovered and viable bacterial counts were determined by 
serial dilution and growth on LB agar plates.  Results are reported as colony-forming units ml-1 A) 
MRSA strain DH1 inoculated onto lab coat fabric and then treated with a phage cocktail of SEW, 
M1M4, CJ11 and CJ12. The 30 min. phage treatment showed a significant reduction in CFUs in 
comparison to the 10 min. phage treatment.  B) MRSA strain DH1 inoculated onto glass coverslips 
and then treated with a phage cocktail of SEW, M1M4, CJ11 and CJ12. The 10 min. phage treatment 
showed a significant reduction in CFU in comparison to the 30 min. phage treatment. Assays were 
performed in triplicate; standard error is indicated.  * p < 0.05 by unpaired, one-tailed student’s t test 
when evaluating the various time points relative to each other.  

69 
 


	Brigham Young University
	BYU ScholarsArchive
	2015-06-01

	Isolation and Host Range of Staphylococcus aureus Bacteriophages and Use for Decontamination of Fomites
	Kyle C. Jensen
	BYU ScholarsArchive Citation


	Title Page
	Abstract
	Table of Contents 
	List of Tables 
	List of Figures 
	Introduction
	Staphylococcus aureus
	Fig. 1 Structure of Beta-lactam
	Fig. 2 Transpeptidase

	Methicillin-Resistant Staphylococcus aureus
	Fig. 3 Routes of transmission

	Bacteriophages
	Fig. 4 Bacteriophage morphology

	MRSA Bacteriophage

	Materials and Methods
	Media
	S. aureus and Methicillin-Resistant S. aureus Isolation
	Phage Isolation
	Temperate Phage Induction
	Virulent Phage Isolation
	High Titer Phage Lysates

	Host range
	Spot Test
	Spectrophotometric Assays

	Decontamination Assays
	Cloth decontamination
	Glass coverslip decontamination


	Results
	Isolation and Host Range of Bacteriophage with Lytic Activity against Methicillin-Resistant Staphylococcus aureus and Potential use as a Fomite Decontaminant
	Abstract
	Introduction
	Materials and Methods
	Isolation of Staphylococcus aureus strains
	Isolation of bacteriophage
	Virulent phage isolation
	Temperate phage isolation
	Host range analysis
	Spot testing
	Spectrophotometric assay of phage-treated liquid cultures
	Decontamination assays
	Glass coverslip decontamination
	Cloth decontamination
	Statistical analysis
	Ethics Statement

	Results
	Isolation of S. aureus and methicillin-resistant S. aureus (MRSA) strains
	Table 1 S. aureus isolates

	Isolation of S. aureus and/or MRSA-specific bacteriophage
	Table 2 Phage isolates

	Assessment of host range of phage isolates
	Table 3 Phage host range
	Fig. 5 Assessment of host range

	Assessment of phage ability to decontaminate fomites
	Fig. 6 Decontamination with single phage
	Fig. 7Decontamination with Phage cocktail


	Discussion
	Acknowledgments


	Discussion
	References
	Appendix
	Sup. Fig 1 Time course decontamination


