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INDUSTRY SUMMARY 
Rationale: Staphylococcus aureus is an opportunistic pathogen of major concern in 
both human and animal health. While this bacterium can cause life-threatening illness, it 
more commonly asymptomatically colonizes the nasal passages and skin of healthy 
people. S. aureus can also be carried by livestock animals including swine, and there is 
evidence that S. aureus can be transmitted back and forth between humans and swine.  
This makes swine a potential reservoir for S. aureus, which may pose a risk to workers 
in swine production facilities, and potentially to the larger community. Bacteriophages 
(phages) are bacterial viruses and they are major predators of bacteria in natural 
environments. The continued emergence of antibiotic resistant bacteria, including 
resistant strains of S. aureus, has led to increased interest in novel antibacterial 
strategies, including the use of phages. Objectives: Preliminary data suggested the 
previously isolated S. aureus phages could be effective in combatting S. aureus 
prevalence in swine production environments. To evaluate the utility of these phage the 
goals of this project were to i) determine the ability of S. aureus phages to control S. 
aureus biofilms in the presence of biofilm-disrupting agents such as alpha-amylases, 
proteases and nucleases and ii) bacteriophages and other antibiofilm agents will be 
evaluated for their ability to reduce the burden of S. aureus biofilms. Results: The 
phage collection was further characterized by genome sequencing and comparative 
genomics.  New DNA sequencing approaches revealed a novel clade of “jumbo” 
phages in the phage collection; these phages have broad host ranges and are able to 
transduce S. aureus DNA.  Biofilm 96-well plate assays for 15 S. aureus isolates 
showed large variation in the biofilm formation ability of all isolates tested. These strains 
were compared to positive biofilm control strain, S. aureus ATCC 25923 and  
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Staphylococcus epidermidis negative control strain, ATCC 12228. The strain with the 
strongest biofilm formation ability besides the positive control was human isolate 
NRS70, which is an ST5, USA100 and SccMec type II strain. The strongest biofilm 
former of the swine isolates tested in this assay was “PD18” which is a ST9 methicillin-
sensitive (MSSA) nasal swine strain isolated in North Carolina. Overall, the biofilm 
formation of all S. aureus strains tested was far lower than the positive control. 
Treatment of both human and swine isolated S. aureus biofilms on a plastic surface with 
α amylase, trypsin, DNase I and phage K at two different time points revealed that 
phage K was able reduce biofilm mass by ~37% S. aureus strains after 6 hours. 
However, DNase I treatment for both 4 and 6 hour treatments showed the most 
effective degradation of all S. aureus biofilms. This suggests the assayed isolates are 
forming biofilms which are constructed at least partially from extracellular DNA (eDNA).  

KEY FINDINGS 
• DNA sequencing of S aureus phages in the collection identified a novel clade of 

“jumbo” phages that have not been previously described for S. aureus. 
• Phages were identified that are able to move DNA between S. aureus strains, 

which may provide a mechanism for movement of antibiotic resistance genes in 
the production environment. 

• Swine and human S. aureus isolates were found to be variable in their ability to 
form biofilms in vitro. 

• A broad host-range phage could reduce mature biofilm burden, but was not as 
effective as the enzyme DNaseI, suggesting that DNA makes up a major 
component of S. aureus biofilm in the model system. 

 
KEYWORDS: Staphylococcus aureus, MRSA, bacteriophage, phage therapy, 
occupational health, swine production 
 
SCIENTIFIC ABSTRACT 
Staphylococcus aureus is a pathogen of significant concern in both humans and 
livestock.  Asymptomatic carriage of S. aureus by swine, particularly multidrug-resistant 
(MDR) strains, poses a potential risk to workers involved with livestock production and 
to the larger community. Bacteriophages are the most abundant form of life in the 
biosphere and are major predators of bacteria in natural environments. Recent interest 
in phages as novel antimicrobials has raised the possibility that phages infecting S. 
aureus may provide an alternative means for modulating this pathogen in the livestock 
environment and reducing the risk of transmission to humans. A collection of 51 phages 
was isolated from the environmental samples. These phages were further characterized 
by transmission electron microscopy and genome sequencing which indicated the 
presence of three major phage types in the collection: temperate siphophages related to 
phiETA, virulent phi29-like podophages, and large myophages with “jumbo” genomes. 
These phages were further characterized by host range and biofilm degradation assays. 
S. aureus strains were found to be generally weak biofilm formers in vitro.  While liquid 
host range assays showed that the phages have varied host ranges, phage K 
specifically, was able to degrade ~37% of preformed S. aureus biofilms. However, 
DNase I treatment resulted in the greatest reduction of biofilm in all tested strains.  
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INTRODUCTION 
There are an estimated 80,000 invasive methicillin resistant Staphylococcus 

aureus (MRSA) infections in the United States annually (1). S. aureus is the leading 
cause of bacteremia, skin, soft tissue and device-related infections (2). These S. aureus 
infections, particularly MRSA infections, can be extremely difficult and costly to treat. In 
one study, the median cost to treat a surgical site infection with MRSA was $92,363 (3). 
MRSA infections are mainly divided into three main sources of infection: hospital 
associated (HA-MRSA), community associated (CA-MRSA) and livestock associated 
(LA-MRSA). Carriage of S. aureus in the general public in the continental US ranges 
from 26% to 32% (4).  An estimated 1.3% of that S. aureus being MRSA (5). However, 
in individuals in the US that are swine farmers, production workers or veterinarians, 
carriage of multi-drug resistant S. aureus (MDRSA) is two to six times greater than 
individuals in the community, or those who are not exposed to swine (6, 7). MDRSA is 
defined by an S. aureus isolate that demonstrates resistance to three or more classes of 
antimicrobials (1).  

While there have been few human infections from ST398 LA-MRSA recorded, 
there have been several cases that had severe consequences, such as a case of lethal 
necrotizing pneumonia and several cases of bacteremia (8, 9). Recently, there has 
been growing concern for bloodstream infections caused by several ST398 isolates that 
have appeared in multiple hospital infections, leading the authors to investigate if ST398 
has once again become a “human adapted subclone” in France (10, 11). Therefore, LA-
MRSA strains may still pose a threat to swine worker safety.  

In a recent survey of S. aureus carriage among swine in the US, Sun et al., 2015 
examined 36 different swine herds; this sample represented 11 different states and 9 
different breed stock companies. Results from this study found that only two out of 1200 
S. aureus isolates were not categorized as MLST lineages: ST9, ST398 or ST5. 
Additionally, for 21 out of 35 herds the prevalence of S. aureus exceeded 80%. 
However, this prevalence is S. aureus in general, all isolates in this study with the 
exception of a known MRSA positive herd were MSSA. This study indicates that MRSA 
prevalence in the USA appears to be currently lower than in European countries (12). In 
the Netherlands, MRSA prevalence among swine herds is approximately 69% (13).  

To combat the transfer of MRSA strains from swine to humans and to the 
community new safety measures should be employed. While elimination of S. aureus 
from swine environments as well as swine workers does not seem likely, one study 
found that people carrying MSSA had an 83% decreased risk of MRSA acquisition 
when samplings were conducted months apart (14). Therefore, if a product could serve 
to decolonize MRSA carriage in swine and workers temporarily, this may allow for an 
MSSA strain to fill the niche. Bacteriophages, viruses that infect bacteria, could have a 
part in resolving this problem.  

There are two known life cycles a phage can pursue: lytic or lysogenic. In the 
lytic life cycle a phage adsorbs to a bacteria, it then injects its DNA into the host cell and 
replicates, producing virions. After replicating in the cell, the phage will lyse the cell to 
release its progeny. In contrast, in the lysogenic life cycle a phage will adsorb to the cell, 
as well as inject its DNA, however, this DNA will either be integrated into the 
chromosome of the bacteria or exist as its own entity such as a plasmid. Either way, the 
phage DNA will replicated each time the bacterial DNA is replicated; damage and stress 
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to the bacterial cell can cause these phage to excise from the bacterial genome and 
begin the lytic life cycle (15).  

Strictly lytic phages are considered to be the best option for therapeutic 
applications, as lysogenic phage present safety concerns with their ability to integrate 
into the host genome and possibly disseminate bacterial DNA. For the S. aureus 
bacteriophages, lytic phages of serogroups D and G are of most interest for therapeutic 
use; other serogroups of S. aureus phage were commonly used to type strains of S. 
aureus for clinical usage, however these phage are lysogenic (16). These novel phages 
could have both great therapeutic and genetic potential. 

To persist in nonideal conditions many bacteria opt to form biofilms. A biofilm is 
composed of surface-associated microbial cells that are encased in an extracellular 
polymeric substance matrix (17). There are four generic stages of biofilm formation: 1.) 
bacterial attachment, 2.) microcolony formation, 3.) biofilm maturation and 4.) 
detachment and dispersal (18). Forming a biofilm provides bacteria with protection from 
a hostile environment, host defenses and antibiotics. How some biofilms are resistant to 
antibiotics is still not completely known. However, several hypotheses such as the 
failure of antibiotics to diffuse successfully through the polymeric substance matrix, as 
well as the slow-growing, starved state of the bacteria, or most likely a combination of 
factors have been proposed. Regardless of which reason is more correct, it is very hard 
to treat and eliminate biofilms successfully (19).  

In S. aureus two different types of biofilms have been observed.  The first is a 
polysaccharide intercellular antigen (PIA) dependent biofilm which is mediated by the 
icaADBC operon (intercellular adhesion). This type of biofilm is characterized by the 
production of a glycocalyx which is primarily composed of β-1,6-linked N-
acetylglucosamine residues as well as a smaller proportion of non-N-acetylated D-
glucosaminyl residues (20). In contrast, PIA-independent biofilms rely on the major 
autolysin protein Alt, fibronectin binding protein FnBp and extracellular DNA (eDNA) to 
form biofilms. An important recent observation is that MSSA strains tend to form PIA-
dependent biofilms while MRSA strains form PIA-independent biofilms (21).  

 
MATERIALS AND METHODS 
Culture and maintenance of bacteria and phages.  Staphylococcus aureus was 
routinely cultured on trypticase soy broth (Bacto TSB, Difco) or trypticase soy agar 
(TSA, TSB + 1.5% w/v Bacto agar, Difco) aerobically at 30 ºC. Phages were cultured 
using the double-layer overlay method (22) with 4 mL of top agar (10 g/L Bacto 
Tryptone (Difco)), 10 g/L NaCl, 0.5% w/v Bacto agar) supplemented with 5 mM each 
calcium chloride and magnesium sulfate over TSA bottom plates. Lawns were 
inoculated with 0.1 ml of a mid-log S. aureus bacterial culture grown to an OD550 of 
~0.5.  Bacterial strains used for phage isolation and propagation are shown in Table 1. 
  
 
Table 1. S. aureus strains used in this study. For nationwide swine farm survey, four 
human clinical isolates representing the first enrichment panel and swine nasal isolates 
indicated by the black border included for the second enrichment panel used for 
isolating S. aureus phages. 
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Creating Phage Stocks. After subculturing the phage, parent stocks of each phage 
were made by the confluent plate lysate method (23).  Each phage was propagated on 
its original isolation host and harvested from the agar overlay with 6 mL of phage buffer 
(100 mM NaCl, 25 mM Tris-HCl pH 7.4, 8 mM MgSO4, 0.01% w/v gelatin).  Phage 
lysates were filter-sterilized (0.2 µm) and stored in the dark at 4 ºC. 
 
Phage Genomic DNA Extraction.  High titer (>108 PFU/mL) stocks of each phage 
were made and gDNA was then extracted from 10-20 mL of phage stock. To extract 
gDNA, 0.5 µL of nuclease solution per ml of lysate (10 μg/mL DNase & RNase final) 
was added and lysates were incubated at 37 ºC for 30 minutes. Next, precipitant 
solution (10% PEG-8000, 1 M NaCl final) was added to each lysate at a rate of 1:2 
precipitant:lysate and incubated at 4 ºC overnight. The next day the lysate was 
centrifuged at 10,000 x g, 4 ºC for ten minutes and the supernatant was discarded. The 
remaining pellet was then resuspended in 500 µL of resuspension buffer (5 mM 
MgSO4) and transferred to a new 1.5 ml microcentrifuge tube. To remove any insoluble 
particles the sample was centrifuged for 5-10 seconds and the supernatant transferred 
again to a new 2 mL microcentrifuge tube. To eliminate the heat stable nuclease 
produced by S. aureus to each 500 µL aliquot of resuspended phage, 10 µL of 0.5 M 
EDTA pH 8 and proteinase K to a final concentration of 100 μg/mL was added and 
incubated at 50 ºC for 30 minutes. After allowing the sample to return to room 
temperature 1 mL of resin from the Promega Wizard Kit ® was added and the tube was 
inverted approximately five times. The resin was then run through a 3 mL syringe that 
had a minicolumn attached to it and then rinsed twice with 2 mL of 80% isopropanol. 
The minicolumn was then transferred to a 1.5 mL microcentrifuge tube and centrifuged 
at 13,000g for 2 minutes to dry the resin. After drying the minicolumn was transferred to 
a new 1.5mL microcentrifuge tube and 100 µL of preheated 80 ºC water was added to 
the column and centrifuged at 13,000 g for 1 minute to elute the DNA. Extracted gDNA 
from the phage lysate was then stored at 4 ºC.  
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Restriction Digest of gDNA.  To distinguish different phage types approximately 300 
ng of extracted gDNA was digested with both DraI (5’ TTTAAA 3’) (New England 
BioLabs Inc. https://www.neb.com). 300 ng of gDNA from each phage was incubated 
with enzyme and CutSmart ® Buffer individually at 37 °C overnight. After overnight 
incubation, 4 µL of loading dye was then added and the total 24 µL for each sample was 
run on a 1% agarose gel at 90 V for two and half hours. 
 
Phage genome sequencing and annotation.  DNA was sequenced in an Illumina 
MiSeq 250-bp paired-end run with a 550-bp insert library through the generosity of Dr. 
H. Morgan Scott’s lab at Texas A&M College of Veterinary Medicine & Biomedical 
Sciences (College Station, TX, USA). FastQC (bioinformatics.babraham.ac.uk), FastX 
Toolkit (hannonlab.cshl.edu) and SPAdes 3.5.0 (24) were then used for read quality 
control, read trimming, and read assembly, respectively. Preliminary phage 
relationships were determined by BLASTn (25) against the nr database at NCBI. 
Analyses were performed via CPT Galaxy (https://cpt.tamu/edu/galaxy-pub). 
 
Liquid host range assay. 
Staphylococcus aureus was routinely cultured on trypticase soy broth (Bacto TSB, 
Difco) or trypticase soy agar (TSA, TSB + 1.5% w/v Bacto agar, Difco) aerobically at 30 
ºC. 18 hour overnight cultures were diluted in fresh in TSB to an OD550 of ~1.0 and iced. 
This culture was then diluted 10X when added to a cell culture 96 well plate (Falcon®, 
Corning ®) into TSB and either 109 PFU/ml phage, 107 PFU/ml phage, or phage buffer 
(100 mM NaCl, 25 mM Tris-HCl pH 7.4, 8 mM MgSO4, 0.01% w/v gelatin) was added to 
the well. 96 well plates were incubated with shaking in plate reader (Tecan® SparkTM 
10M) for 20 hours and the OD550 was recorded every 30 minutes.  
 
Biofilm 96-well plate assay.  
Staphylococcus aureus was routinely cultured on trypticase soy broth (Bacto TSB, 
Difco) or trypticase soy agar (TSA, TSB + 1.5% w/v Bacto agar, Difco) aerobically at 37 
ºC. TSA plates were streaked from 24-hour TSB cultures of each S. aureus strain and 
incubated for 24 hours at 37 ºC. After 24 hours of incubation the approximately three 
loops of each S. aureus strain was scraped off a TSA plate into 500 ul of TSB which 
was vortexed on high for one minute. This culture was then diluted down to an OD550 of 
0.5 in TSB and iced. Next, cultures were vortexed for 30 seconds on high and 20 ul was 
used to inoculate cell culture 96 well plates (Sarstedt®) which contained trypticase soy 
broth with an added 1% dextrose (TSBg) (Bacto TSB, Difco) (BDH, Dextrose 
Anhydrous). This plate was incubated for 24 hours statically at 30 ºC. After incubation, 
the supernatant was removed and the following treatments were added individually, α 
amylase (10 mg/ml final), trypsin (10 mg/ml final), DNase I (100 µg/ml), Phage K (108 
PFU/ml final). Lambda dilution and sterile water were used as controls. Plates were 
incubated at 30 ºC with treatments for either 4 or 6 hours. After treatment times had 
elapsed, the plate was washed twice with PBS (Dulbecco’s PBS, Sigma) and heat fixed 
for 60 minutes at 60 ºC and stained with 1% crystal violet (VWR) for 15 minutes. Plates 
were washed with PBS again 5X to remove stain and allowed to air dry for 30 minutes. 
95% EtOH was added to resolubilize the stain and this solution was transferred to a 

https://cpt.tamu/edu/galaxy-pub
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new 96 well plate which was read in a plate reader at OD570. Any wells which read over 
an OD of “1” were diluted 10X and read again.  
 
Sequencing of Type I Phages  
 
Pacific Biosciences  
DNA samples were purified using AMPure pb bead prior to following kit methodology. 
Pacific BioSciences SMRTbell ® Express Template Preparation Kit for libraries >15 kb 
was attempted twice. All kit methodology was followed with the exception that ligation 
incubation was conducted overnight. Library preparation was conducted by the Texas 
A&M Agrilife Genomic and Bioinformatics Service (College Station, TX).  
 
Oxford Nanopore Technologies MinION™ 
Phage of interest DNA samples were purified using AMPure pb bead prior to following 
kit methodology. Oxford Nanopore Technologies Rapid Sequencing Kit methodology 
was followed with DNA samples being run on multiple 106 model flow cells. All flow cell 
washing methods were followed in between samples including running phage lambda 
DNA as a positive control to validate cell validity before running sample DNA. 
 
Swift Biosciences™  
Library preparation of Mars Hill genomic DNA was conducted using Accel-NGS ® 1S 
plus DNA library kit and kit methodology was followed. These methods were performed 
by Dr. Andrew Hillhouse’s lab. 
 
Illumina Truseq® PCR-free  
Phage DNA was sheared to approximately 350 bp using a Diagenode Bioruptor® Pico. 
1 ug of DNA was used to follow the Illumina Truseq ® PCR-free library preparation 
protocol. Samples were quantified using KAPA qPCR library quantification kit (Roche ©) 
and diluted to 4nM. Sequencing of phage DNA was performed by an Illumina MiSeq V2 
Nano 500 cycle kit.  These methods were performed by Dr. Andrew Hillhouse’s lab. 
FastQC (Andrews, 2010), and SPAdes 3.5.0 (26) were then used for read quality 
control, read trimming, and read assembly, respectively. Preliminary phage 
relationships were determined by BLASTn against the nr database at NCBI (27). 
Analyses were performed via CPT Galaxy (https://cpt.tamu/edu/galaxy-pub) (28). Apollo 
was used for gene annotations (29).Track creation of phage Mars Hill was annotated 
thoroughly and used as an annotation guide and track for the other type I phage. Mars 
Hill termini were determined by using primers to sequence ~1000 bp off each end of the 
genome. For initial PCR DNA polymerases Phusion U (ThermoFisher), Phusion 
(Thermofisher) and Taq (New England Biolabs) were tested. Phusion U (ThermoFisher) 
was used for subsequent PCR. The PCR product was sequenced by Sanger 
sequencing. Madawaska and Machias termini were determined using SPAdes (26) to 
produce sequences in which the original termini were internal to the genome with >40X 
coverage. Mapleton remains unclosed. Alignment figures were generated using 
Progressive Mauve (30). 
 
RESULTS AND DISCUSSION 

https://cpt.tamu/edu/galaxy-pub
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Overall, twenty-six isolated phages were sequenced, with four of them having 
genomes of ~44 kb, seventeen with ~18 kb, one with ~141 kb and four with ~267 kb. 
Two of these phages, phage Maine and phage Portland were isolated during 
preliminary sampling. All other phages were isolated from the phage survey of swine 
farms across the US. Table 2 indicates what the phage isolates are currently named 
and what they will be named once deposited into GenBank. The original naming is in 
the format of host-farm-swine (S) or human panel (H)-number of isolate (if there was 
more than one plaque isolated for each sample). For example, if two plaques were 
isolated against S. aureus strain PD17 from Farm 4, the first isolate would be labeled as 
PD17-F4-S-1.  Currently three phages have been deposited in GenBank, phage 
Portland (MN098325), Maine (MN045228) and Sebago (MK618716). 

Sequenced Siphoviridae  
The four ~44 kb genomes sequenced to date are identical with 100% nucleotide 

identity and are related to known temperate S. aureus phage phiETA (AP001553) found 
in bacterial genome sequences. One of these phages, Sebago, has been deposited into 
Genbank (MK618716) described in a brief publication (31). Phage Sebago shares ~77% 
nucleotide identity and 54 genes in common with phage StauST398-3. Phage Stau398-
3 was submitted to GenBank in 2013 and was isolated from the genome of an S. aureus 
ST398 isolate collected in France (JQ973847). Out of the four phages, two were 
isolated from Minnesota, one from Wyoming and one from Texas. As ST398 is the most 
common sequence type of S. aureus in US swine production, it is not surprising that 
these phages are most similar to a prophage from that sequence type (32). While these 
phages share ~77% nucleotide identity with phage StauST398-3, they share 100% and 
99.91% with two ST398 genomes: ISU926 and RIVM3897 respectively (33) 
(CP017091.1). RIVM3897 is an LA-MRSA isolate obtained from a Dutch patient 
collected in 2008 (33). ISU926 is also an LA-MRSA and was isolated from a swine 
nasal swab in the US in 2010 (SAMN04571756). These two strains provide evidence 
that Sebago-like phages are present in some LA-MRSA from around the world. A 
possible explanation for this is that these phages provide some benefit to the S. aureus 
host and are therefore very well conserved across multiple ST398 clones (Wang and 
Wood). However, it is surprising that the Sebago-like phages share 100% nucleotide 
identity with a portion of the RIVM3897 genome, as lysogenic phages tend to be 
hotspots for genomic diversity in bacterial genomes and at least some variation at the 
nucleotide level would be expected (34). 
 
 
Table 2. Sequenced phages from both preliminary and survey of US swine farm 
experiments. Bolded text indicates the phage has already been deposited in NCBI 
under the listed name. 
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  S. aureus Siphoviridae are known to contain and mobilize many different 
virulence factors in S. aureus. For example, S. aureus Siphoviridae encode virulence 
factors such as staphylokinase (sak), exfoliative toxin A (eta), Panton-Valentine 
leukocidin (PVL) among others (35). Phage Sebago encodes a putative toxin protein 
with 100% amino acid identity to proteins simply annotated as “toxin” in multiple S. 
aureus strains. This protein is listed as part of a toxin-antitoxin system in two S. aureus 
phages: DW2 (YP_009044997.1) (36) and 3MRA (YP_009209304.1) (37). However, 
many additional experiments would need to be conducted to verify both the toxin and 
potential antitoxin system function, as neither of the phages referenced provide 
molecular evidence for the specific function of this gene. Several classes of these 
temperate phages are known to be able to transduce DNA between bacterial strains or 
act as helper phages to mobilize genomic elements resident in some S. aureus 
genomes (38). The presence of these phages in some samples suggests that these 
natural processes are occurring in the swine production environment.  

 
Sequenced Myoviridae 

Phage Maine has a genome of ~142 kb and has been deposited in GenBank 
(MN045228) and described in a brief publication (39). Maine is most similar to phage K 
and JD007 at the nucleotide level with ~83% and 93% similarity respectively. Maine has 
~9 kb terminal repeats which was determined by PhageTerm, a tool that helps 
determine phage termini and packaging mechanisms (40). These repeat regions were 
expected, as phage K has ~8.5 kb terminal redundancy and this feature is a hallmark of 
Twort-like phages (41). Maine was the only K-like phage isolated from this study.  Why 
there were so few phages of this type isolated is unclear, however, it may be that K-like 
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phages are not common in swine production environments. Throughout the literature, K-
like phages are often isolated from sewage samples and this may be a more 
appropriate sample source to isolate K-like phages from (42-44). 

 Currently, there are 82 complete genome sequences deposited under 
Twortvirinae in GenBank (Tax ID:2560081). An analysis of 22 of these Myoviridae 
complete genomes found that 70% of the ORFs encoded proteins were of unknown 
function. However, no antibiotic resistance or virulence were detected in all 22 complete 
genomes (45). Phage Maine has 73% of identified proteins that do not have an 
assigned function with. Despite these unknowns, Twort-ike phages have been used 
widely for phage therapy applications as they are lytic and often have broad host ranges 
(46). 

 
Sequenced Podoviridae 

One Podoviridae from preliminary sampling (phage Portland) and sixteen others 
from the US survey of swine farms were sequenced for a total of seventeen 
Podoviridae. The sixteen phages isolated from the survey study originated from five 
different sample sites (farms 4, 7, 9, 15, and 19). Sequencing revealed low levels of 
sequence diversity between the isolated Podoviridae at both the DNA and protein level, 
with the most dissimilar genome having 89% identity at the DNA level to all others. 
Additionally, all Podoviridae are highly related to the previously described phages 
44AHJD and P68, with the most dissimilar Podoviridae still sharing 87% nucleotide 
identity to P68. The most similar phages in GenBank is phage PSa3 which shares 
~88% nucleotide identity with PD32-F19-S-2 (NC_047855.1).  

All isolated Podoviridae genomes range in size from approximately 17.6 to 18 kb. 
This makes these phages more similar in genome size to phage P68 (18,227 bp) than 
44AHJD (16,784 bp) (47). Podoviridae regardless of isolation host or geographic 
location are similar at the nucleotide level for the core protein-coding genes when 
compared to PD32-F19-S as a reference (Figure 1). PD32-F19-S-2 was chosen as a 
representative as this phage was one of the first phages of this type to be sequenced 
and annotated. Both highly conserved genes such as the major capsid the most diverse 
genes such as “hypothetical gene 8” show that all isolates are similar with no 
divergence in phylogenetic trees of either gene at the DNA level. Phage isolates from 
farm 7 appear to be the most diverse, as they have multiple hypothetical genes that are 
not present in phage PD32-F19-S-2. 
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Figure 1. Genomic similarity comparison of all Podoviridae isolated from swine 
operations in the US. Phage P68 is included as a canonical reference. 
 
 
Sequenced Jumbo Phage 

Type I phage Mars Hill was refractory to sequencing across multiple different 
platforms. Illumina DNA library preparation using Truseq kits followed by sequencing 
using Illumina MiSeq 250-bp paired-end V2 500-cycle chemistry was unsuccessful. This 
workflow was attempted twice with Mars Hill and TP2 isolated during preliminary 
experiments and then once more two years later again with 4023-F15-H isolated from 
the US survey of swine environments. While Pacific Biosciences sequencing technology 
has been used previously to sequence phage with DNA modifications, Mars Hill 
genomic DNA failed Pacific BioSciences SMRTbell Express Template library 
preparation kit twice (48). Additionally, only unusable sequence was obtained when 
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using Oxford Nanopore Technologies Rapid Sequencing Kit and the Accel-NGS® 1S 
plus DNA library kit from Swift Biosciences™ did not produce a usable library. A 
genome of Mars Hill was obtained in May of 2019 by using Illumina Truseq PCR-free 
library preparation and sequencing using an Illumina MiSeq V2 Nano 500 cycle kit. 
 
S. aureus biofilm formation and treatment  

Brand testing and methodology testing for biofilm formation in various S. aureus 
strains was extensive due to the inconsistencies in methodology in the current literature. 
Various strains of S. aureus from different sources were tested for their ability to form 
biofilms in this system. Four different brands of 96-well plates were tested with five 
different S. aureus isolates to test the ability of the plates to promote S. aureus biofilm 
formation. Of these five isolates one was S. aureus biofilm positive control, ATCC 
25923 and another was a biofilm formation negative control, Staphylococcus 
epidermidis strain ATCC 12228. Sarstedt tissue culture plates (Fisher Scientific, USA) 
were chosen, as the positive control strain, ATCC 25923 formed the most robust 
biofilms while the negative biofilm control ATCC 12228 formed the least amount of 
biofilm on these plates. Additionally, five different growth media, three different plate 
drying methods and three different crystal violet resolubilization methods were tested. 
After methods were finalized, sixteen different S. aureus strains of both human and 
animal origin were assessed for their ability to form biofilms (Figure 2). These strains 
were compared to S. aureus strains ATCC 25923 and ATCC 12228. Most S. aureus 
strains were found to express weak to moderate ability to form biofilms in culture, in 
comparison to the robust biofilm formed by the positive control strain ATCC 25923. 
However, human-derived isolates of S. aureus had a tendency to to produce stronger 
biofilms than isolates of swine origin (Figure 2). The strain with the strongest biofilm 
formation ability besides the positive control is human isolate NRS70, which is an ST5, 
USA100 and SccMec type II strain. The strongest biofilm former of the swine isolates 
tested in this assay was “PD18” which is a ST9 methicillin-sensitive (MSSA) nasal swine 
strain isolated in North Carolina. The weak formation of biofilms by most strains may be 
reflective of the substrates not providing optimal surface for the bacteria to attach to or 
that growth conditions were not optimal, although multiple conditions were evaluated. In 
the future to encourage more robust biofilm formation it may be necessary to coat 96 
well plates in proteins that will encourage the attachment of S. aureus such as 
fibronectin (57), although this may not provide a particularly relevant model for biofilm 
formation in the production environment. Additionally, further study of which biofilms in 
swine barns are most likely to have a high prevalence of S. aureus would be helpful in 
knowing how to best replicate those biofilms conditions in the lab.  

Of the strains that formed the most biofilm, ATCC 25923, two human isolates, 
one swine isolate and ATCC 12228 were chosen for further experiments. Treatment of 
both human and swine isolated S. aureus biofilms on a plastic surface with α amylase, 
trypsin, DNase I and phage K at two different time points revealed that phage K was 
able reduce biofilm mass by ~37% after 6 hours (Figure 3). However, DNase I 
treatment for both 4 and 6 hour treatments showed the most effective degradation of all 
S. aureus biofilms (Figure 3). This suggests the assayed isolates are forming biofilms 
which are constructed at least partially from eDNA. This result is in agreement with 
previous studies which have shown that DNase I is able to degrade S. aureus biofilms 
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(58). In one study, concentrations of 0.1-100 µg/ml resulted in a 9-69% reduction in S. 
aureus biofilm biomass (59). The average reduction in biomass in this study was 84 and 
85% for the 4h and 6h treatments respectively.  

 
 

Figure 2. Ability of 15 different S. aureus and one Staphylococcus epidermidis 
isolate to form static biofilms at 24 hours. ATCC 25923 is an S. aureus biofilm 

positive control, while ATCC 12228 is a Staphylococcus epidermidis biofilm negative 
strain. Of the panel tested strain NRS70 shows the highest biofilm forming ability; this 
strain is a human clinical S. aureus isolate.  
 

 
 
In S. aureus there are two known types of biofilm formation: polysaccharide 

intercellular adhesin (PIA)-independent biofilms, which rely on the major autolysin 
protein Alt, fibronectin binding protein Fnbp and extracellular DNA (eDNA) to form 
biofilms, and PIA-dependent biofilm which are characterized by the production of a 
glycocalyx which is primarily composed of β-1,6-linked N-acetylglucosamine residues as 
well as a smaller proportion of non-N-acetylated D-glucosaminyl residues (21) (20). In 
previous studies it was observed that MSSA strains tend to form PIA-dependent biofilms 
while MRSA strains form PIA-independent biofilms (21).  However, the results from this 
assay indicate that eDNA is possibly a significant component of S. aureus biofilms 
regardless of methicillin sensitivity. In a study from 2018 testing the biofilm formation 
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ability of 23 MRSA and 24 MSSA S. aureus there was no significant difference found 
between the biofilm formation ability between the two groups. Additionally, a subset of 
17 S. aureus isolates were tested further and it was found that DNase I was able to 
prevent biofilm formation in 88.2% of the isolates as well as disperse 94.1% of 
preformed biofilms. The authors concluded that both PIA-dependent and independent 
S. aureus biofilms contained eDNA, and while PIA-dependent biofilms did have less 
eDNA it was still present in enough quantity that treatment with DNase I would disperse 
the biofilm (60). 

While phage K was able to reduce the S. aureus biofilm biomass by an average 
of 37% after 6h its clear that this treatment would need to be better optimized by varying 
concentration or longer treatment times as the control treated with buffer alone reduced 
biomass by an average of 21%. Therefore, while phage may be able to contribute to 
biofilm reductions, this activity is not exceptionally strong and the enzymatic treatment 
of DNaseI produces a stronger effect. Additionally, while previous experiments have 
shown that S. aureus phage plaque formation is optimized at 30 º C other more 
commonly used temperatures such as 37 º C could be better suited for phage treatment 
of biofilms. In two different studies significant reduction in S. aureus biofilm biomass 
was observed after longer incubation times with phage for 48h and 74h (61) (62). 
Unfortunately, during preliminary experiments in this study 24h of phage treatment did 
appear to degrade S. aureus biofilms significantly, however, so did the PBS only 
treatment, again leading to the conclusion that this assay requires further optimization.  

 

 
 

Figure 3. Treatment of 24h preformed S. aureus and S. epidermidis (ATCC 12228) 
biofilms with alpha amylase (10 mg/ml), trypsin (10 mg/ml), Dnase I (100 µg/ml), phage 
K (108 PFU/ml) and controls of lambda diluent (phage buffer) and water at 4 h and 6 h 
treatment intervals.  

 
 
 
 
CONCLUSIONS 
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Prior to this study, three major classes of S. aureus phages had been described: 
large (~140 kb) virulent K-like myophages, small (~18 kb) virulent phi29-like 
podophages, and a slightly more diverse group of temperate siphophages with 
genomes of ~45 kb (16).  Swine production environments across the globe are a 
reservoir of S. aureus with some harboring MRSA (49). This study sampled 20 different 
swine farms from across the US and found that 63% of swine farms were positive for S. 
aureus phage. This result indicates that in the US these swine production environments 
also provide a possible reservoir for S. aureus phages.  While the expected K-like 
phages were not frequently isolated, a number of large, non-K-like myophages were 
isolated from swine operations across the US.  These phages were initially difficult to 
characterize as their DNA is undigestible by most restriction enzymes and their DNA 
was refractory to sequencing by standard methods.  All phage are “jumbo” phages with 
an average genome size of ~270 kb, and are related to Bacillus jumbo phage AR9 (50) 
and also probably the S. aureus jumbo phage S6 (51), which has been described but 
not sequenced. 

The identification and acquisition of DNA sequence of these phages is 
significant, as phages of this type have not been identified in S. aureus before, despite 
~100 years of work on phages infecting this bacterium.  Significantly, Mars Hill 
displayed an ability to transduce plasmid DNA at an efficiency of ~7 x 10-9 CFU/PFU 
which is comparable to known transducing siphophages for S. aureus. This result 
indicates that these jumbo phages, in addition to the known siphophages, are also 
possible vectors for horizontal gene transfer in S. aureus.  The fact that these phages 
were found to be widely distributed in swine barns across the US indicates a novel 
potential mechanism for mediating horizontal gene transfer between S. aureus strains, 
and possibly between staphylococcal species.  However, Mars Hill was not able to 
mobilize the chromosomal mecA gene and this indicates that chromosomal elements 
are perhaps less easily mobilized by these phages. These phages would also have 
been missed in any metagenomic study that used standard (i.e., PCR based) library 
preparation methods on phage from swine environmental samples. This study raises 
questions about the diversity of phages with modified DNA that are missed by 
metagenomic studies using traditional library preparation to identity phage sequences. 
Several Siphoviridae were isolated in this study, indicating that these phages are 
capable of persisting in the swine barns and also potentially mediating horizontal gene 
transfer in the environment.  

A high prevalence of MRSA in swine production environments may pose a threat 
to worker health, especially for employees involved in activities such as pressure 
washing and tail docking as these activities generate particle sizes capable of 
depositing primarily in human upper airways but also the primary and secondary 
bronchi, terminal bronchi and alveoli (53). LA-MRSA isolates have been found to have a 
half-life of five days in settled barn dust with an approximate reduction of 99.9% after 
66-72 days (54). Therefore, vehicles and other movement on the farm may transfer LA-
MRSA into or out of these environments. It is possible that the abundant small 
Podoviridae could be used for the biocontrol of S. aureus in swine barns. However, 
Podoviridae have narrow host ranges and therefore may not be ideal in a situation 
where target strains are unknown and have not been tested to see if they are sensitive 
to these phages. The Podoviridae isolated as part of this study were not evaluated in 
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the biofilm assay as their narrow host ranges prevented them from being evaluated 
against multiple S. aureus strains. K-like phages, like those evaluated here, could also 
be used as they do have broader host ranges but their efficacy appears to be limited. 
Although Mars Hill-like jumbo also phages have the broad host ranges, their ability to 
transduce DNA raises concerns for their use in the environment. While the mecA gene 
was not mobilized by Mars Hill in this study, S. aureus can carry many different 
plasmids which carry antibiotic resistance genes, such as vancomycin resistance genes 
as well as resistance to organic and inorganic ions (55, 56). Therefore, we are reluctant 
to recommend use of these phages as antibacterials until additional studies are 
conducted to better understand their interactions with the environment.  

Future directions in this work include investigating the genomic diversity seen in 
Podoviridae and jumbo phage genomes that may influence their host ranges, identifying 
genes of unknown function in sequenced Mars Hill-like phages, evaluating phage 
populations in international swine operations, evaluating the potential for Podoviridae or 
K-like Myoviridae for health applications, and optimization of biofilm treatments and 
conditions for further analysis if phage treatment could provide a viable option for S. 
aureus biofilm removal.  
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