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Abstract
It is becoming increasingly di�cult in combating Multi-drug resistant (MDR) bacteria. MDR Staphylococcus
aureus particularly methicillin-resistant S. aureus is one such notorious pathogen in clinical settings and the food
industry. With increasing incidences of drug resistance and slow progress in developing new antibiotics,
bacteriophages against pathogenic S. aureus are promising as antibacterial. We isolated Four local �eld MDR S.
aureus from wastewater samples. We got a bacteriophage against an MDR S. aureus from a river-water sample.
The bacteriophage was lytic and was stable at various temperatures ranging from − 20°C to 37°C. the
bacteriophage was stable at a highly alkaline PH and had a narrow host range. Through genomic analysis, the
bacteriophage DNA encodes 52 genes, and all predicted genes are on one strand, it also encodes a phage RNA
polymerase; although it does not show similarity to any known staphylococcal bacteriophage, it shows similarity
(91%) to Enterobacteriaceae phages. When surveying the research articles about Staphylococcal phages, we
could �nd about the unclassi�ed and Singleton-Staphylococcal phages.

Introduction
Staphylococcus aureus is a Gram-positive bacterium, it is facultative anaerobe and has a low G+C content DNA. It
has a ubiquitous niche and is a common commensal of humans and animals. It colonizes on moist surfaces like
nasal passage and axillae (Foster 1996). S. aureus is a successful pathogen, and it can cause severe infections
such as skin and soft tissue infection, endocarditis, bacteraemia. It is said that S. aureus can infect almost all
organs (Wilde et al 2015). The study of this bacterium is important, as it is the leading cause of high morbidity
and mortality in hospitals. It has a remarkable tendency to become resistant to all antibiotics coming to clinical
use (Kaur et al 2012). Its success as a pathogen is because of the presence of several virulence and resistance
genes. S. aureus is believed to have one prophage, and most variants even have four prophages (Deghorain and
Van 2012). Because of the presence of prophages and pathogenic islands, it gains resistance genes through
horizontal gene transfer. And this is a leading cause of evolution in pathogenic S. aureus (Deghorain and Van
2012). Dissemination of multi-drug resistant (MDR) S. aureus in the environment is becoming a major concern
because of various types of methicillin-resistant S. aureus emerging from sources other than hospitals. Thus
there are various forms of MRSA based on its origin and molecular typing these are- Hospital-acquired (HA-
MRSA), Community-acquire (CA-MRSA), and Livestock-acquired (LA-MRSA). Currently, vancomycin-resistant and
intermediate S. aureus (VRSA and VISA respectively) have also surfaced, vancomycin was until recently available
as an option to treat S. aureus infection (McGuinness et al 2017). Some effective antibiotics like daptomycin are
available to treat a few diseases caused by pathogenic S. aureus (Tong et al 2015). The World Health
Organization (WHO) has identi�ed several bacterial pathogens including pathogenic MRSA as a leading cause of
nosocomial infection, mainly because of inappropriate and irrational use of medicines in health-care and food
industries. In the year 2015, WHO introduced an action plan against antimicrobial resistance
(https://www.who.int/antimicrobial-resistance/global-action-plan/en/) One of the important focal points was the
development of novel antimicrobial products to combat the multidrug-resistant strains. Antibiotics not only cause
selective pressure and propagation of resistance genes, but they may be more harmful for example they cause
gut dysbiosis and affect mitochondrial functioning. Therefore, an alternative to antibiotics is now being
considered. One of the most popular candidates is a bacteriophage (or phage)- viruses that kill bacteria. It was
discovered earlier than antibiotics and its effect as antibacterial was also known, but because of antibiotics, it
was a less favourable mode of treatment. Now, because of the re-emergence of resistant bacteria, the potential of
phage is being re-considered.
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Phages against S. aureus are numerous. The percentage of Siphoviridae family phages is largest for S. aureus,
followed by Myoviridae and only a few Podoviridae family phages are present. Application of Siphoviridae phage
is usually not considered owing to its safety concerns as most of them are lysogens. In phage therapy, a highly
potent lytic phage is desirable.

Earlier, Staphylococcal phages were used only for typing of S. aureus (phage typing) strains and most literature
related to its phages is based on its properties which renders S. aureus pathogenic, i.e., evolution as a pathogen.
S. aureus phages were classi�ed earlier on the basis of reaction with polyclonal antibody, and 11 serological
groups were identi�ed (Deghorain and Van 2012). In a study done by Kwan et al (2005) on the genomes of 27 S.
aureus phages, three classes were identi�ed. In class I, majority of the phages were with small genomes of about
20Kbp, having short non-contractile tail; in class II, phages were with genome size of about 40kbp with long non
contractile tail and in class III, phages were with genome size of about 125kbp with long contractile tails
(Deghorain and Van 2012, Kwan et al 2005). In general, the majority of phages belong to the order Caudovirales
and in particular S. aureus phages belong to Caudovirales (Deghorain and Van 2012). The phages of S. aureus
have linear double stranded DNA, and based on tail morphology they can be grouped in to three families:
Myoviridae, that has long contractile double sheath tail; Siphoviridae, that has long non contractile tail and,
Podoviridae, that has small contractile tail (Deghorain and Van 2012). In general, most temperate phages of S.
aureus belong to the Siphoviridae family, and are considered less important for application based purposes.
Phages of S. aureus that belong to Myoviridae and Podoviridae family are mostly lytic. These are important for
downstream applications because a highly potent lytic phage is desirable as it subverts the essential metabolic
pathways of the host (Kwan et al 2005). An updated and comprehensive study on the diversity of Staphylococcal
phages has been done by Oliveira et al (2019), they grouped the Staphylococcal phages into four major clusters
(A-D clusters) and several sub-clusters.

For application as antimicrobial a thorough genome analysis is essential so that, no resistance or virulence genes
and integrase gene are present that may lead to horizontal gene transfer in the host.

In this study, we have isolated few MDR S. aureus from the local �eld samples, and a bacteriophage against it
from a river sample; it was named vb_Sau_ARW1 as per the guidelines of International Committee on Taxonomy
of Viruses (ICTV), and its physical and genome characteristics were investigated. To get an idea about our work a
�ow diagram is provided in the �gure 1.

Materials And Methods
All water samples collected through sterile practices. All experiments were done in triplicate. In graphical
representations, average value was taken. All cultural media, chemicals and ATCC bacterial strains were
purchased from Himedia Labs Pvt. Ltd., Mumbai, India. 

Isolation of S. aureus and its phage from water samples

The process of isolation of S. aureus and screening of phage has been discussed in the supplementary �le 1
because the full description here in this paper was beyond the limits. In this study we have isolated a phage from
a river water sample against the host W1 which is a con�rmed local �eld strain of S. aureus and is an MRSA
con�rmed through antimicrobial susceptibility testing (AST).
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Host Range vb_Sau_ARW1

The ability of the phage to infect the other bacterial hosts. For this, the following environmental S. aureus isolates
were taken: W1, W2, W3, W4, E. coli ATCC 23848, S. aureus ATCC 25923, and a lab strain of Enterobacter. 8 µL of
0.22 µm membrane �ltered vb_Sau_ARW1 lysate was added on the host culture plates. If a clear zone appeared
on a culture plate, it may indicate phage active against that host. Agar overlay was done to exclude the doubt of
lysis due to lysozyme in the lysate. For this, vb_Sau_ARW1 lysate was incubated with isolates mentioned above
and kept for overnight incubation at 37°C in a rotator incubator and agar overlay was done the next day. In case
of ambiguity, such as a faint or turbid plaque, further analysis by picking the plaque and re-incubating it with the
host, followed by re-enumeration by double agar overlay.

Partial puri�cation of vb_Sau_ARW1

Puri�cation of phage is done by picking a single plaque and re-enriching with the host for three consecutive times
and precipitated by PEG-NaCl for downstream applications.

For partial puri�cation and concentration of phages (Pickard 2009), ten plates (agar overlay plating method) with
dense plaque count was taken, in each plate, 4ml Phage buffer (P buffer) (10Mm Tris-Cl, 10mM MgSO4, 68mM
NaCl, 1 mM CaCl2 constituted in molecular grade water and made up the volume to 1L) was added and kept
overnight at 4°C. After overnight incubation, the lysate was centrifuged at 6000 rpm for 15 min at 4°C. The �ltrate
was then �ltered through a 0.22 µm membrane �lter. In the �ltrate RNase A (20mg/ml) and DNase (1mg/ml) were
added such that the �nal concentration was 4µl/ml. This was kept at 37°C for 30 minutes and then kept at room
temperature for an additional one hour. Further, for phage precipitation, an ice-cold solution of 40% PEG-NaCl was
added (PEG-6000 and 3M NaCl) such that its volume is one-fourth of the total volume of the treated �ltered
lysate. This was kept at 4°C on ice for an hour and then it was centrifuged at 6000 rpm for 40 min at 4°C. The
precipitate was reconstituted in 0.1ml of P buffer. This partially puri�ed phage was kept at -80°C for the next
phase of analysis as described below.

Transmission electron microscopy

TEM analysis was done at the Indian Institute of Technology, Roorkee, India. Sample prepared brie�y as- 10 µl of
the PEG precipitated phage and puri�ed crude lysate was loaded on a copper grid and stained by 10 µl of uranyl
acetate (Ackermann 2009). Imaging was done at magni�cation 35000X. (TEM model: Tecnai G2 20)

vb_Sau_ARW1genomic DNA isolation and sequencing

The partially puri�ed phage is subjected to the phenol-chloroform DNA extraction and ethanol precipitation
(Pickard 2009). The precipitate was reconstituted in molecular grade water and was stored at -20°C.

Quality of the genomic DNA was checked on 0.8% agarose gel (loaded 3 μl) for the single intact band. The gel
was run at 110 V for 30 mins. 1 μl of each sample was used for determining concentration using Qubit® 2.0
Fluorometer.

Sequencing of the phage genomic DNA and analysis of high quality data (HQ) was done at the Xcelris Labs Pvt.
Ltd., India. It was sequenced on the Illumina platform with read length 2X 150 PE and coverage of more than
10000. For de novo assembly of the phage, SPAdes version–3.1.0 was used. BLASTn and BLASTx (version
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2.2.28) were done for similarity search for the sequenced phage genome against the non-redundant protein
database.

For reference based approach, reference phage genomes were downloaded from EMBI-EBI
https://www.ebi.ac.uk/genomes/phage.html. There were total of 2401 phage genomes from which 104 genomes
were representing S. aureus. HQ data were mapped with the reference phage genomes using CLC genomic
workbench.

Genes prediction was done through Prodigal version 2.6.3 (Hyatt et al 2010). The phage lifecycle prediction was
done through PHACTS (McNair et al 2012), a web tool (https://edwards.sdsu.edu/PHACTS/). Presence or
absence of tRNA genes was done through a web-based tool called tRNAscan-SE
(http://Lowelab.usu.edu/tRNASCAN-SE/) (Lowe and Chan 2016). For identi�cation of antimicrobial resistance
genes ‘Resistance Gene Identi�er’ (RGI), a web based tool was used (https://card.mcmaster.ca/analyze/rgi) [17]
(Alcock et al 2020).

HQ data is submitted in SRA submissions (in NCBI), submission ID is shared in the result section.

Adsorption Rate

For the determination of adsorption rate Kropinski (2009), Kaur et al. (2012) were considered. 9 ml of
exponentially growing S. aureus (W1) culture of optical density at 600 nm (OD600) 0.2 OD (108 CFU/ml) was
taken in a 100ml �ask, to this 1ml of pre-warmed phage suspension of titre 1*105 PFU/ml was added. At time
zero, 100 µl aliquot was withdrawn and added to 900 µl fresh broth (kept in 2 ml Eppendorf tube), thereafter at
regular interval of 1.5 min., this process was repeated till 10 min. These aliquots were centrifuged at 14000 rpm
for 15 min., the supernatant was carefully withdrawn and mixed with fresh host broth culture for phage
enumeration. The amount of phage adsorbed to the host cell was determined as a decrease in the titer of free
phage. Refer to table 1. Adsorption rate (ka) was calculated with following mathematical formula ka =
(2.3/Bt)*log(Po/P), here B is host concentration, t is time taken for decrease in the plaque counts from initial, Po to
the �nal plaque count, P.

One step growth

For one step growth, methods by Ellis and Delbruck (1939), Hyman and Abedon (2009) were followed. 1 ml of
phage at a MOI of 0.1 was added in 9 ml of exponentially growing S. aureus culture (similar to adsorption rate
method) and allowed to adsorb completely on S. aureus for 8 min, this was centrifuged at 6000 rpm for 10 min.
This pellet was suspended in 10ml broth. After every 5 minutes, 100µl of the aliquot was taken and added in
900µl broth and plated by agar overlay method. An average value of �ve independent experiments was taken. 

Phage viability

Viability of vb_Sau_ARW1 for a period of one year was tested. Filtered phage stocks were kept in the P buffer.
Their viability was tested at temperatures ranging from -20°C, 4°C, 25°C, 40°C, and 60°C. Survivability of phage
was studied at different PH: in the 9 ml of P buffer of different PH was prepared; that is., PH of 2,4,6,8,10, and 12 to
this 1 ml of phage suspension was added and kept at 37°C for overnight incubation. 100 µl of sample was taken
from each tube and mixed with 100 µl of actively growing host, and agar-overlay was done on this mixture for
phage enumeration.

https://edwards.sdsu.edu/PHACTS/).%20Presence
http://lowelab.usu.edu/tRNASCAN-SE/
https://card.mcmaster.ca/analyze/rgi
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Results

Isolation of vb_Sau_ARW1 and identi�cation through TEM
We got a phage against S. aureus (W1 isolate) from a water sample of the River Ganga, but in low titre of
38PFU/ml (please refer to the supplementary �le 1). The TEM image of the phage is shown in Fig. 2. The image
suggests a phage that belongs to the order Caudovirales and Podoviridae family, which has a typical icosahedral
geometry of capsid and a short stubby tail.

Discussion
Both genomic and TEM analysis are in accordance with each other that our phage vb_Sau_ARW1 has
characteristics of order Caudovirales, family Podoviridae. Like a typical phage it has a modular genome
organization (Fig. 3), means the genes are present in a particular order in which its transcription and replication is
necessary. It can be inferred from the de novo and reference based approach the phage shows similarity to
Klebsiella phages of the family Podoviridae and sub-family Autographivirinae, vb_Sau_ARW1 genome has a RNA
polymerase, and all the predicted genes are encoded on minus strand, this is typical feature the sub-family
Autographivirinae, a few other phages of this sub-family are T7, SP6 (King et al 2011). Contrary to the usual
Staphylococcal phages, vb_Sau_ARW1 does not show similarity to the known S. aureus phages. Since phages
have highly mosaic genomes (Deghorain and Van 2012, Oliveira et al 2019), thus an anomaly may be expected. It
must be noted here that the location of isolation of the host and vb_Sau_ARW1 are different, that may contribute
to this anomaly. Also, there are some unassigned/unclassi�ed phages of S. aureus for example, PT1028, it has ds
DNA genome of around 20Kbp and has unknown morphology. P954 and ROSA are unassigned phages of
unknown morphologies, both have ds DNA genome of size 40kbp, but these two show similarity to S. aureus
phages of the family Siphoviridae (Oliveira et al 2019, King et al 2011). The singleton SPbeta-like phage is a
Siphoviridae phage that shows less than 10% similarity to any known Staphylococcal phage, its lysogeny module
is non-functional (Oliveira et al 2019).

Regarding the phage physical parameters, the survival was assessed by placing it in different temperatures and
PH. The most optimum condition for its activity is at room temperature and at PH within a range of 7–8. Like
most phages, vb_Sau_ARW1 was found to be stable at alkaline condition but was inactivated in acidic conditions,
but the size of the plaque (zone of lysis) decreased in highly alkaline PH. The phage was stable at various
temperatures (-20°C, 4°C, 25°C and 37°C), but above 40°C phage titre dropped sharply. The phage remained viable
at -20°C for the entire period of this study (for three years). The phage was also active for a month at 4°C, its titre
did not diminish signi�cantly. We found that this phage has a short adsorption rate, high burst size, and short
latency period (the time interval between adsorption and appearance of the �rst burst of phage progeny). Some
example of S. aureus phages with short latency period are phage SPW (a Myoviridae phage) and phage SLPW (a
Podoviridae phage (Li and Zhang 2014, Wang et al 2016). It should be noted that both latent period and burst size
depend on the host cell, infecting phage, and the incubation conditions (Sinha et al 2018). Thus this indicates
that it is a good candidate for biocontrol as it can quickly adsorb and kill the host.

In totality the results of the phage physical and genomics characteristics, particularly the host range where it is
not infecting any Gram-negative isolates i.e. E. coli ATCC 23848 and Enterobacter but produces faint plaques with
some S. aureus isolates, a faint plaque is an indicator of a lysogeny (Hyman 2019), however, no genes related to
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lysogeny was predicted, also the PHACTs tool predicts that it follows a lytic lifecycle. The G + C content of the
phage genome is not in accordance with the usual Staphylococcal phages. Here, we do not emphasize that it is a
Staphylococcal phage but an atypical phage which has genomic features of phages of Gram-negative groups but
it infects Staphylococcal isolates. What makes this phage divergent or is it a phage from Enterobacteriaceae
group capable of infecting divergent bacterial species is an interesting topic and warrants further research.
Overall, this research contributes to the phage genomics that may be useful in understanding phage evolution.
The genomic data also opens prospects of phage based antimicrobial peptides.
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Tables
Table 1: Phage Adsorption Assay. Pt’, initial concentration of phage; Pt, concentration of phage at a given time.

S.No. Time in
min.

Average value of plaque forming unit
(as PFU/ml)

Free Phage (Unadsorbed) (in percent values) =
[(Pt’-Pt)/Pt’] *100

 

1 0 157 100

2 1.5 28 17.9

3 3 22 14.1

4 4.5 12 7.7

5 6 9 5.8

6 7.5 1 0.7

7 9 0 0

  

Table 2: Host range study of the isolated phage with local �eld isolates of Staphylococcus and a representative of
Gram-positive bacteria, Gram-negative bacteria ATCC cultures, and a lab isolate of Enterobacter  
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Isolates/host→

 vb_Sau_ARW1

↓

W1 or

S
aureus

W2 W3 W4 S.
aureus
ATCC
25923

 E.
coli
ATCC
23848

Enterobacter            

Spot assay yes yes yes yes yes nil nil            

Agar overlay clear faint faint faint faint nil nil            

Agar overlay
with plaque
puri�ed phage

clear nil nil nil nil nil nil            

 

Figures

Figure 1

A �ow diagram depicting the work-plan of our research, please note that the description about the isolation of S.
aureus and phage is given in the supplementary �le 1.
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Figure 2

TEM images of the phage vb_Sau_ARW1 at different magni�cations, a, PEG-NaCl puri�ed phage shows clear
capsid, b, Crude lysate shows the phage with a stubby tail (arrow shows phage particle, at magni�cation
35000X).
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Figure 3

A linear map of vb_Sau_ARW1 genome. Genes were predicted through Prodigal (Plotted on the software DNA
Plotter).
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Figure 4

4a: Graph of adsorption assay of the phage determined in terms of percent free-phages; 4b: Graph of the growth
curve of vb_Sau_ARW1.

Figure 5

5a: Graph representing the phage survival at different acidity and basicity; 5b: A plaque assay plate showing
considerable decrease in the plaque size in the acidic medium.
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