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1. INTRODUCTION

1.1 The current status of antibiotic resistance

Antibiotic resistance is the hot topic of the 21% century as a result of the ever-increasing
number of hospitalization due to multidrug-resistant (MDR) bacterial infections. A state of
emergency has been acknowledged all around the world and during 2012 World Health
Organization (WHQ) warned of the possibility of entering an era where the antibiotics lose
their power over controlling the bacterial infections (WHO, 2012). The Review on
Antimicrobial Resistance published in 2016 and funded by Welcome trust and UK
government states that in 2014 antimicrobial drug resistant strains caused at least 700 000
deaths annually worldwide. This number is expected to reach at least 10 million in 2050,
unless action is taken (O’Neill, 2016). The urgent need for effective antimicrobial drugs
has started several studies towards finding other remedies for combating the growing threat
of pathogenic bacteria. From the alternative approaches, the use of clinical products
containing bacteriophages shows great promise. Based on the recent preclinical testing,
phage therapy seems highly selective and relatively safe augmentation or an alternative for
antibiotics (Merabishvili et al., 2009; Weber-Dabrowska et al., 2016; Sarker et al., 2016).

1.2 Short historical overview of phage therapy

Phage therapy is the use of bacterial viruses, bacteriophages (or just phages) in the
treatment of bacterial infections (Abedon et al., 2012). The power of this form of therapy
comes from the natural pathogen-host interaction between phages and bacteria. The
interaction also confers to the relatively narrow host range or infectivity of the phages and
to the vast abundance, which is estimated to be 10%° to 10% phages in the world (Whitman
et al., 1998; Abedon et al., 2012). Before the availability and effectiveness of modern
antibiotics, the phage research was blooming, but plagued by poor understanding about
phage biology which lead to inconclusive results. Due to the lack of significant clinical
trials and the discovery of penicillin in 1947, the phage research practically ended in the
Western European countries and in the U.S. (for reviews, see Wittebole et al., 2011 and
Parracho et al., 2012).

Today the scientists are desperately trying to find effective methods against the MDR
strains of bacteria that have been emerging because of the use of antibiotics for several
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decades (Reese et al., 2011). As the antibiotics are starting to lose their efficacy and the
antibiotic pipeline runs dry, the interest in phage therapy has been rejuvenated. One reason
for the increased interest in phages is that the resistance of bacterium to multiple antibiotics
does not necessarily confer protection against phages. This means that the use of phage
therapy can be focused to fight against highly pathogenic and dangerous strains to give
hope for individuals with untreatable or mortal infections. So far, phage therapy has gained
a firm foothold only in a few East European countries such as Poland and in the former
Soviet Union countries like Georgia, where the regulatory climate is favorable and phage

research is more readily funded (Wittebole et al., 2011).
1.3 Phages

1.3.1 Phage morphology and characteristics

The bacterial viruses, like many other viruses, measure from tens to hundreds of
nanometers in size. Phages, however, have unique morphology which usually composes of
two main protein structures: DNA filled hexagonal head-like capsid and a syringe-like tail
fiber (Ackermann, 1975; Ackermann and Kropinski, 2007). Tailed phages, which are
divided in to three groups — Myoviridae, Shiphoviridae and Podoviridae — each with
varying tail morphology, forming almost the entirety (96 %) of over 6000 currently known
phage species. The rest are polyhedral, pleomorphic or filamentous phages. Only a few of
these phages have lipid constituents, such as lipid membranes, which makes them
susceptible to solvents (Hendrix et al., 1999; Ackermann and Kropinski, 2007; Poranen et
al., 2015).

Phages are lifeless outside of cells, but recognize their host bacteria based on the unique
surface proteins and receptors by binding to them using specific proteins usually located in
the tail fiber (Duckworth et al., 1987). The small size of phages gives them many useful
attributes such as the possibility to permeate through the blood-brain barrier and fine
chromatography filters. Because phages are generally robust and thrive in places where
there are any bacteria present, the waste water plants, sewers, soil and outdoor water
sources serve as the perfect environmental reservoir for finding phages (Lobocka et al.,
2014; Mattila et al., 2015).
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1.3.2 Phage life cycle

Phages multiply in bacteria by hijacking the molecular machinery of the host to form new
phages. There are mainly two distinct paths that the phage reproduction life cycle can take:
Iytic (virulent) and lysogenic (temperate). In the lytic life cycle, phage multiplies in its host
and the newly assembled phages immediately escape from the cell using enzymes to lyse
the bacterial cell wall. In the case of lysogenic life cycle, the phage enters the cell and
incorporates its genome to the bacterial DNA (Canchava et al., 2003). During the lysogenic
cycle, phages can remain dormant in the genome indefinitely until the reproduction is
triggered by suitable environmental conditions, outside signal or small-molecule
communication between phages. (Duckworth et al., 1987; Oppenheim et al., 2005; Erez et
al., 2017). Since phages can have reproduction life cycle that is lytic, lysogenic or a
mixture of both, due to the lytic or lysogenic (temperate) nature of phages, it is important
to study the therapy phages carefully to ensure efficacy and prevent adverse effects or even
boosting the bacterial resistance (Merabishvili et al., 2009). Problems of lysogenic phages
arise when a phage introduces new genes and coding elements to the bacterial genome in
the form of virulence factors through lysogenic conversion (Bae et al., 2006). Due to
prevalent issues in safety, only phages with lytic life cycles can be used in antibacterial

treatment.
1.3.3 Phage host specificity

Phages have evolved to recognize the unique receptors, proteins and lipid components of
the outer membrane of their host bacteria. This attributes to the fact that phages can be
found in diverse pheno- and genotypes with drastically different host ranges, and basically
every strain of different bacteria has their own corresponding phages (Clockie et al., 2011).
The highly selective host specificity explains why the phages cannot infect or multiply in
eukaryotic cells. The host specificity of phage also means that the phages only multiply in
the area where the host bacteria are present, thus making them efficient combating the
bacterial population locally. Thanks to the advantages of the highly specific pathogen-host
interaction, phages compare favorably with relatively unspecific antibiotics since phages
are less harmful for the normal bacterial flora and thus cause less collateral damage during
treatment. This is imperative as by maintaining the healthy flora during treatment, the risk

of opportunistic bacterial infection is considerably lower (Loc-Carrillo and Abedon, 2011).
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1.4 Multidrug-resistant bacteria

Bacteria defend themselves from the environment by using many different regulatory
pathways, molecular machinery, shielding and by rapidly evolving. In MDR strains these
defense mechanisms are the top of the line and constantly upgraded. The key to the rapid
increase of MDR bacterial strains lies in the bacterial capability to rapidly reproduce and
adapt with the ability to incorporate useful genes into their plasmid DNA repertoire almost
effortlessly (Alberts et al., 2008; Reese et al., 2011). These genes are referred to as
virulence factors, which include genes residing in plasmids, transposons, pathogenicity
islands and lysogenic bacteriophages (Bae et al., 2006; Diep et al., 2008; Baba et al.,
2008). As a consequence of careless use of powerful antibiotics for decades, we have
provided the perfect environment i.e. breeding grounds for the bacterial species to evolve
and to gain resistance against even the most potent antimicrobial drugs. Nowadays, the
antibiotic resistance is no longer uncommon outside hospital settings. Because of this the
risk of spreading the antibiotic resistance to new strains due to horizontal gene transfer and
transfer of pathogenicity and virulence factors is imminent and will cause severe problems
in the near future (Reese et al., 2011; Alibayov et al., 2014).

1.5 Staphylococcus aureus
1.5.1 Short history of S. aureus

It is estimated that over 20 % of the human population is colonized by S. aureus. Although
MRSA strains can cause mild or even deadly infections in the right circumstances when
there is a break in the protective skin barriers or in the case of lowered immune defense,
they can be fatal to otherwise healthy and young individuals (Miller et al., 2005;

Somerville and Proctor, 2009).

Methillicin-resistant S. aureus (MRSA) (historically named after gaining methillicin
resistance) are one of the most problematic antibiotic resistant strains of Staphylococci.
The first clinical MRSA isolate was found already in 1961, only one year after methillicin
was released (Parker and Jevons, 1964). Today, these strains generally include S. aureus
strains that are resistant to all B-lactam agents and even the last resort vancomycin (Gordon
and Lowy, 2008). MRSA bacteria are the common cause of skin and respiratory tract
infections especially after hospital treatment (Ayliffe, 1997; Chambers, 2001). Prolonged
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S. aureus infections are also prominent in the farming industry, where MRSA strains
plague livestock and present a threat of cross infections in workers. For example, in pigs
the strain expresses major risk to the farmers due to the genetic similarity of pigs and
humans and the proximity between the animals, feces and workers (Armand-Lefevre et al.,
2005; Schook et al., 2015).

1.5.2 S. aureus morphology

S. aureus is an opportunistic 0.7-1.2 um diameter gram-positive coccal bacteria commonly
found on the human skin and respiratory tracks as a part of the normal bacterial flora and
as a foodborne pathogen, and it is prominent in all mammals in general. S. aureus is
catalase positive, facultative anaerobic and forms distinct microscopic grape-like clusters
(Archer, 1998; Somerville and Proctor, 2009).

1.5.3 S. aureus cell wall

Like other gram-positive bacteria, S. aureus has a thick cell wall that offers protection
against multiple antimicrobial drugs. The cell wall is made of peptidoglycan, proteins and
teichoic acids which form a robust three-dimensional structural network. The rigidity and
the toughness of the wall come from the glycan strands that are composed of six
disaccharide subunits which have a high degree of cross-bridging (Somerville and Proctor,
2009). The teichoic acids provide integrity and confer to the pathogenicity and

colonization of S. aureus (Swoboda et al., 2010).
1.5.4 S. aureus genome

The typical S. aureus genome consists of roughly 2600 genes and several thousands of
strains have been sequenced (Geer et al., 2009). Based on the genomes of nine different S.
aureus strains that have been fully sequenced (Feng et al., 2007), the sequence analysis
revealed the strains have approximately 78 % core genome similarity and the 22 %
difference in genes comes from accessory genomes such as virulence factors (Lindsay and
Holden, 2004). S. aureus strains can withstand harsh conditions exceptionally well and
currently there are strains that are resistant to at least 8 different antibiotics (Feng et al.,
2007).
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1.6 Pseudomonas aeruginosa

1.6.1 Morphology and characteristics

Another significant opportunistic pathogen that can survive in a variety of hostile
ecological niches whilst enduring disinfectants and antibiotics is Pseudomonas aeruginosa
(Hardalo and Edberg, 1997). This highly adaptive, ubiquitous pathogen is accountable up
to over 20 % of the infections in hospital settings (Bouza et al., 1999). P. aeruginosa is a
rod-shaped gram-negative bacterium measuring at 0.5-0.8 um by 1.5-3.0 um and it forms
persistent polysaccharide-encased surface-attached biofilms. This nosocomial pathogen is
one of the main causes of infections in immunocompromised hosts, patients with

catheterized urinary tracks, burn wounds and cystic fibrosis. (Bodey et al., 1983)
1.6.2 P. aeruginosa genome

P. aeruginosa has a large and complex genome composed of 5.7-7 Mbp genome
supplemented with variable accessory segments, making the first fully sequenced P.
aeruginosa genome of PAOLl (6.3 Mbp), one of the largest bacterial genomes ever
sequenced (Stover et al., 2000). Over 90 % of the genome consists of highly conserved
core genome which is shared between different P. aeruginosa strains. The remaining
accessory segments have major clinical importance as they can significantly differ between
strains. These unique accessory genomes of P. aeruginosa encompass virulence factors
and confer to the strains resistance against the multiple classes of antibiotics (Mesaros et
al., 2006; Kung et al., 2010).

1.7 Virulence factors and toxigenesis

The reason why pathogenic bacteria present a threat to humans and other organisms in
general is mostly due to the virulence factors and vast abundance of substances such as
pigments, toxins, enzymes and cell wall components, latter of which are produced and
secreted by the bacterial cells. Some strains also form persistent biofilms that help the
bacterial colonization and harm the host. Virulence factors increase the infectiveness of the
invading pathogens in the form of special molecules that help in the invasion, evasion of
the host cell defenses and in obtaining nutrients from the host cell. Toxins trigger the

inflammatory processes when recognized by the immune system of the host. In severe
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incidents or when exposed to large toxin quantities, this can cause harm to the organism in
the form of cell death, tissue destruction and toxic shock or sepsis (Alberts et al., 2008;
Reese et al., 2011).

Gram-positive and gram-negative strains of bacteria produce toxins, which can be divided
into exo- and endotoxins, which are substances formulated and excreted by the bacteria or
are present in the structures of bacterial cells, respectively. Exotoxins are proteins that
work mostly enzymatically and can inhibit host cell RNA translation, target the intestine
and/or cause cell damage from a distance. Both gram-positive and gram-negative bacteria
can produce protein exotoxins that are excreted outside the bacterial cell, but only gram-
negative bacteria produce cell wall-derived endotoxins in the form of lipopolysaccharide
(LPS) or lipooligosaccharide (LOP) (Reese et al., 2011).

The bacterial toxins are biomolecules which are usually extremely small, very robust,
difficult to detect and thus hard to eliminate. Although the toxicity of the biomolecule can
be removed, it can still function as an antigenic substance that can cause inflammation.
Toxins produced by or present in the cell are unique to different bacterial strains, which
makes the individual eradication tedious (for reviews, see Gill, 1982; Middlebrook and
Dorland, 1984). To ensure that the current safety requirements are met, all bacteriophage-
drug substances are subjected to strict quality parameters and guidelines which include the
test methods and acceptance criteria (Parracho et al., 2012). For example, in the case of
bacterial endotoxins that are present everywhere where gram-negative bacteria are found,
legislation has been made to limit the toxin amount measured as EU (endotoxins units) in
pharmaceuticals to 0.5 EU/ml or 5 EU in an hour per kg of body weight. This is considered

a maximum level of endotoxin in intravenous applications (Parracho et al., 2012).
1.8 Purification of phage-substances

For pharmaceutical purposes, the concentration of bacterial toxins must be lowered onto a
safe level in all clinical products, such as intravenous or -muscular drugs and externally
applied lotions (for review see Parracho et al., 2012). Phage solution preparation processes
usually encompass the use of pathogenic host bacteria for phage propagation, which causes
several problems in the form of bacterial remnants such as debris and high concentrations
of toxins in the raw supernatant. Due to the small size and diversity of the toxic

biomolecules, the basic size-exclusion filtration is commonly used, but it is in some cases



16

insufficient in removing all the toxic compounds. Conventionally time-consuming
procedures, such as high speed centrifugation (CsCl gradient) and aftermarket purification
Kits, are used in phage purification (Drucker et al., 1992; Boulanger 2009). These methods
have proven to be effective, but high price, phage deterioration, low yields and the low
purification capacity were found to be limiting factors in the mass production of purified
phages (Adrianssens et al., 2012).

The purification of phage solutions with a high-performance liquid chromatography
(HPLC) systems with anion exchange chromatography (AEC) columns, have been
successful in the rapid removal most of the impurities and boasting phage yields up to 100
% (Drucker et al., 1992; Adrianssens et al., 2012; Bourdin et al., 2014). In this purification
approach, the lysate components are selectively bound and unbound based on the charge
differences between biomolecules and phages in the solution (Adrianssens et al., 2012).
This type of chromatographic tool can be effectively utilized when the overall net charge
of phage is calculated from the sequence data derived from the genome of the phage. The
estimation is usually more accurate when it is based on the most abundant structure of the
phage particle i.e. the large head capsid structure. Although HPLC may be sufficient for
large scale clinical production, the current impediment lies in the high pharmaceutical
legislation and regulation demands for the equipment used in the detox process, which in
turn makes the starting of professional clinical phage purification more demanding
(Parracho et al., 2012).

1.9 Relevance of the study

So far, the advances in phage therapy have been greatly hindered by the lack of high
quality research, strict pharmaceutical legislation and the loss of interest in finding other
alternatives due to the relatively good efficiency of antibiotics. This has left the phage
therapy in its infancy in most countries although back-up methods combating the ever-
increasing antibiotic resistance of bacteria are desperately needed (Wittebole et al., 2011).
Using phage therapy in the treatment of animal-borne infections is a promising starting
point due to the less strict legislation of animal pharmaceuticals and the promising results
already gained on animal models (Carmody et al., 2010; Monk et al., 2010). Despite that

there are broad host range phages against human derived S. aureus, there have been
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difficulties in finding suitable phages that infect and lyse even a fraction of the currently
known S. aureus strains isolated from pigs (Tuomala, 2016).

2. AIMS OF THE STUDY

The phage collection of the University of Jyvaskyla contained three preisolated broad host
range S. aureus phages which were found during a phage research project (Mattila et al.,
2015). Here, we describe the S. aureus phage SA14P1, which was chosen for further
characterization including sensitivity and purification tests, sequencing and transmission
electron microscopy (TEM) imaging, to determine the usability of phage as a potential
therapeutic phage against 54 MRSA pig isolate strains. Finally, we set out to find novel
phages against clinically important human infecting Pseudomonas aeruginosa strains from
hospital waste water samples and to test the host range of seven preisolated phages using

43 MDR P. aeruginosa strains as potential targets.

3. MATERIALS AND METHODS

3.1 Phages and bacterial strains

S. aureus and P. aeruginosa phages and their corresponding host bacteria used in this
research were obtained from the freezer stocks of the University of Jyvaskyla. The phages
were isolated from various waste water and soil samples during a two-year phage
extraction project against the strains of bacteria derived from various hospital samples
(Mattila et al., 2015). After a brief preliminary characterization, the phages were stored in -
70 °C in 30 % glycerol for later use. The bacterial strains of 54 pig isolate S. aureus and 43
human P. aeruginosa were provided by Heikinheimo et al. and HUSLAB, respectively.
Phages, host strains and bacterial strains used in the experiments are described in detail in

Appendix 2, 3 and 4, respectively.
3.2 Bacterial growth media and conditions

Bacteria were grown in 5 ml liquid Luria-Bertani (LB) cultures at pH 7.5 or LB-agar
plates. The plates were provided by Pentti Kuusela and made by HUSLAB
(Elatusaineyksikkd). For making LB-soft, agar was added into the culture medium to a

final concentration of 0.4 %. Media were autoclaved before use and stored at RT or 4 °C.
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Liquid culture incubations were done on a shaker at 230 rpm at 37 °C and plates at 37 °C

in an incubator. Solutions are described in detail in Appendix 1.
3.2.1 Phage propagation

High titer phage stocks (crude phage lysates) were made using semiconfluent plate
method. Semiconfluent plates were obtained using phage dilution series and dilution of
overnight cultured host bacteria in LB. The amount of host bacteria was calculated using
the formula 90/A600 after measuring the absorbance of bacterial liquid culture at 600 nm
using a spectrophotometer (BioPhotometer, Eppendorf). Bacterial solution containing the
phages was plated with 3 ml of melted soft agar on a premade LB-agar plate and the plates
were cultivated overnight at 37 °C. 3 ml of SM-buffer was applied on semiconfluent plates
and incubated for 30 min at RT before the bacterial lawn was scraped to a 50 ml Falcon
tube using an L-shaped rod. Live bacteria were removed from the lysate by incubating the
solution in 6.7 % chloroform on a shaker for 1 h in RT, centrifuging at 4000-5000 rpm for
10 min and 0.22 pum filtering of the supernatant (Millex GV durapore, PVDF membrane,
Merck Millipore Ltd.). The titer of the stock was measured by making a dilution series
from the lysate and plating 100 ul the dilutions with the corresponding host bacteria. The

amount of bacteria was calculated as described above. The stocks were stored at 4 °C.
3.2.2 Drop test

The host specificity of the phage was evaluated using a drop test method, where known
amount of bacteria was plated using LB-agar overlay method and after solidifying, the 10
pl droplets of phage lysate (with known titer) were added on specific spots. The plates
were incubated overnight at 37 °C. Clear plaques would form in the droplet, if bacterium

was suitable host for the phage.
3.2.3 Phage lysate concentration

SA14P1 phage lysate was centrifuged at 40 000 rpm for 2 h to a concentration of roughly 1
x 108 PFU/ml. Ultracentrifuge (Beckman L7-80, Ordior) with SW55 Ti swing-out rotor. 5
ml centrifuge tubes (Ultra-Clear™ Centrifuge Tubes, 172 X 2 in., 13x51 mm, Beckman
Instruments Inc.) were used as centrifuge vessels. After centrifugation phages were pooled
to 1 ml and stored at 4 °C.
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3.3 SA14P1 phage DNA

3.3.1 DNA isolation

SA14P1 phage DNA was extracted from 400 pl of crude 0.22 um filtered SA14P1 phage
lysate, with a titer of 108 PFU/mI in SM-buffer, using a slightly modified version of the
manual phenol extraction procedure depicted in the general laboratory manual Molecular
Cloning by Joseph Sambrook (See Appendix 5). The purity and concentration of isolated

DNA was measured using NanoDrop-1000 spectrophotometer (Thermo Scientific).
3.3.2 DNA digestion

The phage DNA digestion was performed using 249.1 ug of SA14P1 phage DNA and four
different restriction enzymes: EcoR1-HF (New England Biolabs) and Scal, Smal, Xbal
(Thermo Scientific). Digestion was performed at 37 °C for 2 h, as in the protocol provided
by the manufacturer. Digested DNA samples were mixed with a 6 X loading dye buffer
and run in 0.8 % agarose gel in a 1 x TAE running buffer for 2.5 hours at RT, voltage 64
V. 1 kb plus DNA ladder (50 ng/ul, Invitrogen) was used as a standard. The gel running
device was HE99X Submarine electrophoresis unit (Amersham Pharmacia Biotech Inc.).
The gel was stained using MidoriGreen staining solution (7.5 pl/100ml in H20, Nippon
Genetics) for 30 min and washed with dH.O for 30 min in 200 rpm shaker covered from
light at RT. The bands were visualized using Molecular Imager® Gel Doc™ XR+ (Bio-

Rad) and Image Lab™ imaging software (Bio-Rad).
3.3.3 Sequencing analysis

The 10 pl sample of the isolated phage DNA (concentration of 348.8 ng/ul), was sent for
Darren Smith in Northumbria University (Newcastle, UK) for next generation sequencing

(NGS) in a MiSeq PE300 sequencing device (lllumina Inc.).

For SA14P1 phage sequence analysis, many different open source computer softwares
were utilized. First, advanced information was gathered and the sequence was assembled.
Data analysis was carried out remotely by processing via supercomputer Taito
(https://www.csc.fi/fi). The genome went through Biokit-module which contained the A5
pipeline (Tritt et al., 2012) and other genomic software which require high computing

performance. The sequenced genome was processed using RAST (Aziz et al., 2008;
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Overbeek et al., 2013; Brettin et al., 2015). The software is fully-automated service for
annotating complete or nearly complete bacterial and archaeal genomes, and it provides the
tools for rapidly distinguishing the most important parts in the genome of the phage. The
contig files were chosen for a basic local alignment research tool (BLAST) search based on
the size and number of reads to find similar virus genomes from the NCBI database (Geer
et al., 2009). Because the genome was received from the sequencing in three separate
pieces, the genome was rebuild using Chipster -software (Kallio et al., 2011). As the
sequence was 99 % identical with the NCBI entries 23MRA and USA300 TCH1516, the
final assembly of the SA14P1 genome was carried out using the Siphoviridae phage
23MRA (GenBank: KJ452292.1) as a template.

3.3.4 Determination of cohesive ends

For determining the presence of cohesive DNA ends, SA14P1 phage DNA was digested
with Xbal or Nsil restriction enzymes (Thermo Scientific) according to the protocol of the
manufacturer. Both Xbal and Nsil treated DNA was split into two separate eppendorf
tubes. One set of tubes were placed at 4 °C and the other set of tubes were heated for 3 min
to 60 °C and put on ice before loading the samples into the gel. The gel was prepared, run

and imaged as described above.
3.4 S. aureus sensitivity tests against SA14P1

SA14P1 host strain specificity determination was conducted using a 96-well microplate
(SpectraPlate-96 TC, PerkinElmer) and 1:100 dilutions of bacteria from overnight cultures
in LB-, TSB- or TSA-medium. The amount of bacteria was calculated with 90/A600 for
each tested bacterial strain. The tested strain was added in to six wells each as 200 pl of the
bacterial dilution and to three of them 10 pl of crude phage lysate with a titer of 108
PFU/ml was added. The progression of the infection was monitored using a multimode
microplate reader (FLUOstar OPTIMA, BMG Labtech) that measured absorbance of the
phage-bacteria mixture at 600 nm. In the case of bacterial lysis, the optical density started
to rapidly decrease as the bacterial cells start to break down. Since phages do not absorb at
600 nm wavelength, the increase of phage particles does not affect the optical density of
the sample at the selected range. The measurement was conducted at the time points of 0,
1, 2, 3, 4,5 and 24 hours post infection. The plate was kept on a 200 rpm shaker at 37 °C
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between the measurements. The SA14P1 host strain SA14 (known to be sensitive) served
as a positive control strain. Other positive control was lytic and previously tested phage
fRu-Sau02 and its host strain 5676. The addition of SA14P1 into culturing medium (LB)
was used as a negative control. The results were presented in the form of mean graphs,
where the change in absorbance is easy to detect and evaluate accurately. Graphs were

made using Microsoft Excel software.

3.5 SA14P1 phage purification

3.5.1 Salt tolerance test

To determine if the phage particles can withstand the high salt concentrations during the
HPLC purification, the phage lysate was subjected to a varying concentration of NaCl in
20 mM Tris-Cl pH 7.5 buffer. The phage lysate was incubated for 1 h at RT in 0, 0.1, 0.25,
0.5, 0.75 or 1.0 M of NaCl. After incubation, 10 pl of each treated phage lysate was titrated

using the drop test method as described above.
3.5.2 Anion exchange chromatography

Purification was done from 4 ml of SA14P1 crude phage lysate with a titer of 1.39 x 10°
PFU/mI. The lysate was purified with a two-step process: First, in 100K molecular weight
cut off (MWCO) column (Amicon ultra, Merck Millipore Ltd.) for pre-purification and
then purified with HPLC equipment (Akta purifier, GE Healthcare). The lysate was
concentrated and washed two times in a Amicon ultra centrifugation tube with 3 ml of
buffer A (20 mM Tris-Cl pH 7.5) using 4000 rpm at 4 °C until 1 ml of lysate was
remaining. The 1 ml of ultrafiltrated phage lysate was loaded in HPLC instrument into a
1000 pl injection loop. The phage particles were separated from the lysate using AEC
with CIM® Tube monolithic QA-Column with 6 pm pore size (BIA separation GmbH) to
bind the negatively charged phage particles to the positively charged column. The phages
were washed using the low concentrations of NaCl in 20 mM Tris-Cl pH 7.5 to remove
impurities. The elution of the phage particles was achieved by increasing the NaCl
concentration linearly from 0 to 550 mM and finally to 1 M and collecting 1.5 ml fractions.
All fractions collected from distinct chromatogram peaks were titrated using the drop test

method to confirm the presence or the absence of phage particles.
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3.6 TEM imaging of SA14P1 phage

Before the imaging, the high titer HPLC-purified SA14P1 stock was further concentrated
using a table top centrifuge (Centrifuge 5415R, Eppendorf) for 90 min at 16.1 REF at 4 °C
to reach a high phage count of roughly 1 x 10° phages/ml. The phage pellet was
resuspended in 50 pl of 0.1 M ammonium acetate. The carbon coating of the TEM copper
grid was conducted just before the addition of the sample, using a glow discharge method
to produce a thin hydrophilic surface for the sample to sit on (K100X, Emitech). TEM-grid
containing 10 pl of phage stock was stained on a droplet of 1 % uranyl acetate for 60
seconds. TEM imaging was done using Jeol JEM-1400 (Jeol Inc.). The acceleration
voltage of 80 kV and current of 48,5 1A were used throughout the imaging session. Images
were by a 11-megapixel side-mounted CCD camera (11 MegaPixel Morada, Olympus).
Phage morphology analysis, particle size measurements and image processing was done

using the FIJI image processing package software version 1.50g (Schindelin et al., 2012).

3.7 Pseudomonas aeruginosa phages
3.7.1 P. aeruginosa phage isolation

The isolation of a novel phage from hospital waste water samples was done against MDR
Pseudomonas aeruginosa strains. Detailed water sample information is described in
Appendix 7. The waste water samples were pooled to a single 15 ml falcon tube containing
the MDR strains 5513, 5514, 5525 and 5551 (See Appendix 4). These strains were chosen
for the isolation attempt as they did not have corresponding phages. The mixture was
incubated at 37 °C overnight and inspected for visible change in transparency and/or
consistency. Crude lysate was prepared using the methods described above. The titer of the
lysate and the presence of phages were analyzed using the drop test technique and target
bacteria strain 5525. The newly isolated phage was named fHoPae01 and stored at — 70 °C
in either 8 % DMSO or 20 % glycerol. Phage lysate was stored at 4 °C.

3.7.2 Host range assessment for P. aeruginosa phages

The infectivity of the newly isolated phage was characterized to determine the P.
aeruginosa strain host specificity in conjunction with seven phage isolates from the
University of Jyvaskyla (Mattila et al., 2015). These phages included PA1P1, PA5P1,
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PA8P1, PA10P2, PA11P1 PA12P1 and PA14P1 which are described in more detail in
Appendix 4. The phages were propagated using the semiconfluent plate method described
above. Preliminary host range assessment for P. aeruginosa phages was performed using

the drop test method.
4. RESULTS

4.1 Sensitivity of S. aureus against SA14P1

Sensitivity assay using SA14P1 phage was conducted against 54 S. aureus pig isolates.
From these isolates, 48 were successfully tested. The remaining strains could not be tested
due to poor growth despite multiple optimization efforts. Based on the results, SA14P1
phage was unable to lyse most of the pig MRSA strains and in the case of possible
infection, only the growth speed of the bacteria was slightly hindered. According to the
results, 16 out of 48 MRSA strains showed the signs of sensitivity to SA14P1 phage. The
sensitivity test method worked as intended for both control strains and the decrease of
sample absorption gave a clear indication of the ability of the phage to lyse the bacterial
cells. Examples of visualized sensitivity test results are shown in Figure 1.
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Figure 1. SA14P1 sensitivity test. The sensitivities of the pig isolate S. aureus strains were studied
measuring the change in bacteria growth speed when phage lysate was added. The increase in bacterial cell
count increases the optical density and the addition of phage lysate decreases or slows down the growth. The
results can be classified to four scenarios: (A) lysis effect, (B) slowed growth, (C) negative control and (D)
unaffected growth of resistant strain. Here are shown the actual results, that were obtained from the
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sensitivity test. The bacterial strains used in the experiments are shown in the graphs. LB is Luria Bertani-
medium.

Previously DNA sequence analysis of the protein A gene variable repeat region (spa
typing) has been used to rapid and accurate method to discriminate Staphylococcus aureus
outbreak isolates. From the 54 tested strains, 12 have been reported transmittable to human
hosts (Heikinheimo et al., 2016). Here the CC398 strains are spa types t034 and t108 of
which t034 is responsible for 72 % of the recent cases of the dominant CC398-associated
infections in Finland (https://www.thl.fi/en/web/thlfien) (Fluit, 2012). The strains with spa
type t108 are also transmittable from human to human, which makes them especially
interesting in this research. There were in total 7 spa t034 and 5 spa t108 strains in this
research, from which four and three showed susceptibility to SA14P1, respectively. The
results indicate that the strains with spa type t034 or t108, that can infect humans, are more
susceptible to SA14P1 phage, which can be seen in Figure 2 as the relatively high portion
of human infecting strains slowed by the addition of the phage. The strains that did not

grow in the sensitivity test conditions consist entirely of strains that infect only pigs.
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Figure 2. Pig-MRSA sensitivity to SA14P1. The S. aureus sensitivity to SA14P1 phage was tested using a
plate reader to monitor the growth of S. aureus strains in liquid cultures with and without SA14P1 phage.
The test was done using three duplicate growths, from which three were added a 10 ul volume of SA14P1
crude phage lysate at a titer of 108 PFU/ml. The majority of the strains tested did not display any signs of
lysis or even hindered growth. Some strains, however, presented up to a twofold decrease in growth speed
when phage lysate was added. Due to poor pig MRSA growth, 11 strains could not be tested. From the 54
strains tested, 12 were from strains with spa types t108 and t034 which reportedly are transmittable to
humans and five of these (t108) are transmittable from human to human (Heikinheimo et al., 2016). These
data indicate that the spa types t034 and t108 are more sensitive to SA14P1 phage than other pig isolates.
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4.2 The genome and DNA features of SA14P1

4.2.1 Genome size estimation

After SA14P1 DNA was extracted from crude phage lysate using manual phenol
extraction, DNA concentration was measured to be relatively high, 348.8 ng/ul. The results

verify that DNA isolation was successful.

The phage DNA was digested using various suitable restriction enzymes to roughly
estimate the size of the genome of the phage. The genome was successfully cut with
EcoRI-HF, Scal and Xbal. The only restriction enzyme that did not cut the genome was
Smal (Figure 3). The digestion using EcoRI-HF in well 3 gave an estimated genome size
of 45 kbp which corresponds to the size of Siphoviridae or Podoviridae genome (Figure 3).
There were some impurities in the samples that are visible as cloudiness at the bottom of

the gel.
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Figure 3. SA14P1 genome size. The preliminary genome size estimation was done using various restriction
enzymes to digest the SA14P1 DNA. The 10 pl sample volume containing 5 pl of a 6X running buffer with
different digestions were loaded into the wells 3 — 6 and 7 pl and 3.5 pl of DNA ladder were loaded into the
wells 2 and 8, respectively. Restriction enzyme digestions with EcoRI-HF, Scal, Smal and Xbal were loaded
in to the wells 3, 4, 5, 6, respectively. Undigested DNA was loaded into the well 7. The 0.8 % agarose gel
was run for 2.5 h using 64 V in 1 x TAE running buffer at RT. The gel image shows that Smal did not cut the
DNA. From the EcoRI-HF digestion, the size of the genome was estimated to be roughly 45 kb in size.
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4.2.2 Sequence analysis

Preliminary sequence analysis revealed that the phage sequence was in eight contigs, from
which three (0, 1, 3) contained the actual phage genome. The rest of the contigs contained
small amounts of contaminating bacterial DNA. The genome size measured 43 098 bp long
and the GC-content was 32.9 %. The BLAST search of the largest sequenced SA14P1
phage contig revealed that the phage was 99 % identical to a previously found USA300
TCH1516 and 23MRA siphoviruses (GenBank: CP000730.1 and KJ452292.1,
respectively). These phages were found to be S. aureus prophages whose expression is
inhibited when cultured in media with blood (Tenover et al., 2009; Santiago-Rodriguez et
al., 2015). The differences between the SA14P1 and 23MRA were found to be minor point
mutations that were mainly one amino acid insertions and duplications throughout the
genome. There were homologs to other Staphylococcal phages in many of the identified
open reading frames and high overall similarity with Phage 77 (GenBank: 2743812.) (Liu
et al., 2004). The main features of SA14P1 genome are presented in Table 1.

Table 1. Main information of SA14P1 genome. Genome features were elucidated using IGV, RAST and
ExPASy ProtParam bioinformatics tools.

General features

Genome size 43 098 bp
GC-content 32.9%
Number of coding sequences 70

Major capsid protein size 1146 bp
Major capsid protein isoelectric point 5.0005
Phage tail length tape-measure protein 4533 bp*

*Tape-measure protein in two pieces.

Using the bioinformatics tools of integrative genomics viewer (IGV) and RAST, the
sequence was analyzed to find proteins that are encoded by the open reading frames. Many
coding sequences for proteins typical of a temperate phage were found. These included
sequences such as DNA integration, antibiotic resistance and superantigen-like protein
coding genes. These encoded proteins are listed in the Table 2. It is possible that the phage
genome harbors other virulence factors, such as staphylokinase which was found during

the analysis.
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Table 2. Phage genome annotation results. The SA14P1 sequence was analyzed using RAST 2.0 to study
the contents of the genome and the proteins that are encoded. The aim was to identify prophage associated
structures, virulence factors and functional proteins that would give clear evidence of the phages temperate
nature.

Product Length (bp) Function

DNA integration related proteins

DNA?bmdmg protein, phage 180 DNA binding

associated

Phage integrase 1026 Mediates site-specific recombination

between two different sequences
Antibiotic resistance
Metallo-beta-lactamase  superfamily 486 B-lactamase resistance
domain protein in prophage
Superantigen-like proteins

Hypothetical SAR0365 homolog in 183, 249* Defense against immune system
superantigen-encoding  pathogenicity

islands SaPI

Exoenzymes

Staphylokinase 492 Disrupts fibrin meshwork

*Superantigen coding protein might be in two pieces.

The genome study revealed that there was a relatively long repetitive sequence for the
phage tail tape-measure protein, which would indicate long tailed phage (Mahony et al.,
2016).

4.2.3 Cohesive ends

Based on genome sequencing results and the preliminary digestion with different
restriction enzymes for size estimation, it was presumable that the phage genome has
cohesive ends that affect the genome digestion results displayed in the gel in Figure 3. This
difference in the band location can be visualized in the Xbal restriction enzyme digestion
results in well 6 (Figure 3). To elucidate how the digested end fragments of the genome
bind to each other, the digestion was repeated with a heat treatment procedure shown in
Figure 4 A, and using Xbal and Nsil restriction enzymes. The aim was to see if there is a
difference in band locations between virtual digestion, heat-treated (H) and untreated
digestions. The results are presented in Figure 4 B.
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Figure 4. Cohesive DNA ends digestion results. A) Heat treatment protocol. B) The DNA digestions of
SA14P1 were analyzed and compared using virtual digestions from NEBcutter V2.0 software (New England
BioLabs Inc.) to evaluate the real-life digestion results (on the right) with the expected virtual digestion
results (on the left). Heat-treated digestions are marked with H. When using Xbal restriction enzyme, the left
end fragment is cut to a 4292 bp long fragment. This fragment is missing in the untreated sample. When the
digested DNA is heat-treated the fragment becomes visible. The right end fragment is considerably smaller
(141 bp) when using Xbal, and thus it becomes almost impossible to see in the gel. According to the virtual
digestion of Nsil, the left end of the DNA sequence forms a 4423 bp long segment which is missing in the
untreated sample. Also, the right end fragment which is cut to a length of 2183 bp is missing in the untreated
sample. After heat-treatment, the missing DNA fragments become visible as seen in the virtual digestion.
Differences are highlighted with arrows.

After testing the hypothesis of cohesive DNA ends using heat-treatment protocol, the
results indicate that there was a significant difference between the band locations of the
heat-treated and the untreated DNA digestions. The heat-treatment unbinds some DNA
fragments, that are formed after the DNA is digested, from each other. When the virtual
digestions were compared with the actual digestion results, there was a significant
difference in the way the restriction enzyme digests the SA14P1 phage DNA (Figure 4 B).
When the real-life untreated digestions on the gel were analyzed and compared with the
virtual digestion results, the Xbal restriction enzyme gave a different result in the 4292 bp
region. The gel image presented that there was a band missing in the untreated sample at
4300 bp range (Figure 4 B). Instead, there seemed to be a double band at around 5500 bp.
According to the virtual digestion of Nsil, the left end of the DNA sequence forms a 4423
bp long segment which is missing in the untreated sample. Also, the right end fragment
which is cut to a length of 2183 bp is missing in the untreated sample. All of these

fragments appeared after the DNA was heat-treated.
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By estimating the sizes of the observed bands that appeared in the heat-treated sample, the
results indicated that the bands matched the end pieces of the phage DNA which were cut
by the Nsil and Xbal restriction enzymes, as seen on Figure 3. This is strong evidence that
the phage DNA has cohesive (sticky) ends. The DNA ends bind together after digestion

and when heat-treated are released again (Figure 4 B).
4.2.4 Purification viability based on genomics

In order to purify the phage using AEC, the overall charge of the phage particle was first
determined. This was done by recognizing the major capsid protein sequence from the
sequence data using RAST-software annotations and generating valuable information
about the functional proteins and structures found in the corresponding DNA. The overall
charge of the phage particle was estimated by calculating the net charge of the major
capsid protein of the phage. The isoelectric point of the major capsid protein at pH of 7.5
was determined using EXPASy ProtParam tool- software (Artimo et al., 2012). In the case
of the SAL14P1, the isoelectric point of major capsid protein was 5.0005, which
corresponds distinctly negative charge at pH 7.5, thus making the concept of using anion

exchange chromatography a feasible option in phage purification.
4.3 Anion exchange chromatography purification results

To ensure that the high salt concentrations in HPLC do not affect the infectivity or
structural integrity of the phage, the phage was subjected to the high concentrations of
NaCl and the infectivity was checked. SA14P1 did not show a decrease in phage titer after
the salt durability test, which ensured that the phages could survive in the high NaCl
concentration subjected during HPLC purification.

The HPLC results indicated that the bulk of the phage eluted at rather high NaCl
concentration of 350 mM, but there were still some phage particles in other fractions as
well (Figure 5). The chromatogram peaks indicated that high amounts of impurities were
washed from the lysate already at the start of the purification. This could be visualized as a
tall and wide peak at 0-3 ml of buffer (fractions A1-A4) (Figure 5). After the NaCl
concentration started to increase, lower amounts of debris washed away which was shown
as multiple smaller peaks in 5-16 ml volumes (fractions A8, A9 and A13). The strongest
and narrowest individual peak at 16-17 ml (fractions B15 and B14) at 350 mM NacCl
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turned out to contain the majority of the phage particles at around 10108 PFU/ml (Figure
5). At the highest NaCl concentration there were some impurities and only small amounts
of phage particles still present. Based on the total number of phages recovered in a single
peak, the yield was calculated to be roughly 80-90% which is unusually high for an
experimental set-up. Considering that at the starting point the phage titer was 1.39 x 10®
PFU/ml, the results indicated that majority of the phages were recovered.
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Figure 5. Anion-exchange chromatogram of SA14P1 lysate. The phage lysate was purified using anion
exchange chromatography. The 1 ml ultra-filtrated phage lysate was bound to the column and washed using 5
ml of 20 mM Tris-Cl pH 7,5 buffer solution. After washing step, the phage was eluted from the column by
linearly increasing buffer solution concentration from 20 mM Tris-Cl pH 7,5 to 1 M NaCl. Elution fractions

were collected and tested with the drop test method. The peak corresponding the phages is marked with an

arrow in the chromatograph. Blue line depicts A280 of the sample and NaCl concentration is marked with
green line.

The fractions were tested using the drop test method. Based on the test results, the first
fractions did not contain any phages, thus the high peak seen in the chromatogram in
Figure 5 (fractions A2 and A4) contained only impurities or deactivated phage particles.
As the NaCl concentration was increased, the amount of eluted phages started to rise, but
the small peaks (fractions A8, A9 and A13) contained only small amounts of phages.
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When the NaCl concentration reached 350 mM a distinct sharp peak appeared in the
chromatogram (fractions B15 and B14) which contained the majority of the phages. After
the salt concentration was increased to 1 M there was a slight increase of phages that still
eluted from the column (Figure 6). At low NaCl concentrations, no significant amounts of
phages were eluted, but when looking at the tall peaks occurring at A2 and waste in Figure
5, it is shown that large amounts of debris and some phages were eluted from the column.
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Figure 6. HPLC purification results. The amount of phages in the HPLC-purified fractions was determined
using drop test method. The results showed that the largest amount of phages was eluted roughly at 350 mM
NaCl concentration. When the NaCl concentration was increased to 1 M there was still some phages eluted,
but compared with the phage containing fraction, the amount was more than three times lower. After
calculating the phage yield in the single peak at B14, the total yield was estimated to be almost 90 %, which
is high for an experimental set-up.

4.4 TEM-imaging
4.4.1 Phage morphology

The high magnification of the TEM made it possible to determine the morphology of the
phages and to evaluate their condition after the purification steps. Based on the findings the
phage can be categorized into order Caudovirales (tailed phages) and more specifically to
the family Siphoviridae due to the distinct long non-contractile tail and round and/or
hexagonal head capsid (Figure 7 A and Figure 8). Phage head capsids sized roughly 60 nm
in diameter and the tail fiber measured to be over 200 nm long and 8 nm wide. The length
of the longest whole phage particle measured was 420 nm. The measurements were done
on 10 intact phages and the results are shown in Table 3. The results indicated that the

average tail length of the phages is over 200 nm which would indicate that the SA14P1
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phage belongs to the serogroup F. Overview of the purified lysate is shown in Figure 8 and

individual phage is shown detail in Figure 7.

Figure 7. Individual SA14P1 phage particles. SA14P1 phage morphology was studied using high
magnification TEM images. Head capsid sized roughly a 60 nm diameter and the tail measured roughly 200
nm long. Among the intact phages there were a lot of phages that had lost their tail completely or part of it.
A) The overall features of SA14P1 showing the round possibly hexagonal head capsid and the long flexible
tail. B) The attachment head of the phage at the end of the tail. The attachment heads of two phages are
marked with arrows. C) The phages that had broken head capsid were colored black by the uranyl acetate
negative staining solution, which can be seen marked with an arrow.

4.4.2 Purification efficacy and phage dimensions

Based on the imaging results, the uranyl acetate staining worked, but the majority of the
phages were positively stained. The lysate did not contain distinct impurities such as salt
crystals or bacterial debris, which indicates that the purification using a AEC method with

HPLC instrument was successful.

Table 3. Phage dimensions. Phage dimension were measured from TEM images using FIJI open source
image processing package. The measurement was done on 10 intact, phage particles and averaged.

Measured nm

Overall length 344.4 + 59.6
Head capsid width* 58.3+6.1
Tail width 8.4+0.8
Tail length 207.4 £ 60.2

*Averaged result of measurements that were done horizontally and vertically to each phage.

The TEM images revealed that the negative staining of individual phage particles with 1%
uranyl acetate was partially successful and the phages were easily distinguished from the
background. The phages were however mostly positively stained. Due to the staining
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method, some phage head capsids were dark colored which would indicate that there was a
break in the capsid structure. Based on the overview images of the lysate in Figure 8, it
was observed that many of the phage particles were damage in some part of the
purification process. This was seen as a complete or partial loss of a tail fiber or dark
colored head capsid. Many of the damaged phages were completely missing the tail, which
might indicate that the tail-capsid junction is a prominent weak point in the phages

structure. However, the infectivity of the phage did not change after HPLC purification.

Figure 8. TEM image of purified SA14P1 phage lysate. TEM image of the uranyl acetate stained HPLC-
purified phage lysate showed that the lysate contained tailed and tailless phage particles. The tailed particles
corresponded to the Siphoviridae species and the round particles seemed to be the same species, but the tail
part had been detached from the head capsid. The intact phages were measured to have 250 nm-300 nm
overall length from the head to the tip of the tail. Uranyl acetate staining was partially successful as many
phages were positively stained and only a few phages had been over stained. Some of the overstained
particles had lost their tail, which might indicate a break in the head capsid.

4.5 Phage isolation against P. aeruginosa and strain specificity tests

The concept of isolating novel phages from hospital waste water samples was tested to find
potent phages against P. aeruginosa strains. Phage isolation attempt was successful: a
phage against MDR P. aeruginosa strain 5525 was found in the hospital waste waters and
it was named fHoPae01. The phage formed medium sized clear plaques, and a crude lysate
stock with a titer of 2.2 x 10'° PFU/mI was reached using semiconfluent plate -method
(Figure 9 A). Further sensitivity testing showed that the phage could lyse at least 27 of the
P. aeruginosa strains from the 43 tested. Results of the preliminary phage host specificity
test (Figure 9 B). All phages that were tested performed well and the PA8P1 proved to
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have the broadest infectivity range of 37 strains. In total, the phages could infect up to 80
% of the strains that were tested (See Appendix 6).
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Figure 9. Strain specificity of P. aeruginosa phages. P. aeruginosa phages were propagated and tested for
strain specificity using the semiconfluent plate method and the drop test method, respectively. Phages were
scored based on the ability to lyse the target bacteria which consisted of 43 isolates of P. aeruginosa. A) The
titration results indicate that the P. aeruginosa phages reach relatively high titers of over 10° PFU/mI without
additional concentration steps. B) With these crude lysates the phages were able to lyse up to 80 % of the P.
aeruginosa strains tested. The PA5P1 proved to have the narrowest host range with the lysis of 23 % (10
strains) of the strains tested and the PA8P1 proved to have the broadest host range with 86 % (37 stains).
Newly isolated phage fHoPae01 lysed 63 % of the target strains.

5. DISCUSSION
5.1 Therapy potential of SA14P1

Based on the data gathered from the SA14P1, it is certain that the phage cannot perform as
a therapy phage as it has the characteristics of a temperate phage. Although SA14P1 has
rather broad host range and it forms clear plagues in bacterial cultures, there is a high
probability of horizontal gene transfer when the phage goes into a lysogenic state and
integrates into the genome of the host bacteria. This conclusion is backed by the presence
of the phage associated integrase and DNA-binding proteins in the SA14P1 genome (Table
3), which further increase the risk of augmenting the pathogenicity or the resistance of the
host bacteria through lysogenic conversion (Bae et al., 2006; Diep et al., 2008; Baba et al.,
2008). SA14P1 genome was also found to encode staphylokinase which is a vital immune

modulator for S. aureus strain bacteria against host innate immunity (Bokarewa et al.,
2006).
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5.2 SA14P1 genome

When comparing the SA14P1 genome with the 23MRA genome found in BLAST-search,
they were found 99 % identical. 23MRA was described as a phage that was found as
integrated prophage in the genome of a MRSA strain from a human blood sample
(Santiago-Rodriguez et al., 2015). The genome of S. aureus isolates usually encompasses
lysogenic bacteriophages from which most belong to the Siphoviridae phage family
(Highlander et al., 2007; Santiago-Rodriguez et al., 2015). There is a high probability that
the SA14P1 is an induced prophage from S. aureus isolate. Integrated phages have a
significant role in conferring to the pathogenicity of the bacteria by encoding toxins,
immune modulator staphylokinase or superantigens that cause toxic shock syndrome and
host tissue destruction. It is possible that SA14P1 phage influences the pathogenicity of S.
aureus strains through lysogenic conversion. Because bacterial genomes encompass
prophages and other virulence factors, it is critical to use sequencing and database searches

when determining the therapeutic suitability of isolated phages.
5.3 Purification of phages

5.3.1 AEC purification efficacy

The detailed evaluation of the phage revealed some interesting results of the effectiveness
of AEC purification. Based on the phage particles net-charge, the elution of the phage
could be roughly estimated based on previous trials. The phage was seen to elute as
hypothesized at a relatively high salt concentration of 350 mM NaCl, which was expected
due to the distinct negative charge of the major capsid protein of the phage particle. When
the fraction expected to contain the phage was used in titer determination the results
showed up to 80-90 % vyield, which is high for an experimental set-up (Adrianssens et al.,
2012; Bourdin et al., 2014). By using a step gradient when increasing the salt concentration
instead of a linear increase used in our experiment, this result can be improved even
further. This would give more time for washing the impurities and the elution of the phage.
The linear increase in the NaCl concentration, however, gave valuable information on the
phages elution from the column, and these results can be used as preliminary guidelines
when purifying similar phages in the future. With a fully optimized HPLC purification

method and suitable phages, the yields have been reported as high as 100 % (Adrianssens
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et al., 2012; Bourdin et al., 2014). The TEM imaging confirmed that the studied HPLC-
purified phage lysate was highly concentrated and free of impurities.

HPLC purification can also contribute to phage lysate concentration, as phages are
selectively eluted at a certain NaCl concentration (Adrianssens et al., 2012; Bourdin et al.,
2014). The preliminary purification tests described in this experiment were carried out with
the liquid chromatography method only to see does the major head capsid charge gives a
clear indication of phage elution parameters and to verify if delicate virus particles such as
SA14P1 could be purified using this method. The method should be optimized for making
more detailed evaluation of phage concentration and purification efficiency. The phage
purification results should also be analyzed using full plates for titration instead of the drop

test to further increase the accuracy of the results.
5.3.2 Significance of pre-filtration steps

Using the centrifuge Amicon ultra 100 000 MWCO column as a prepurification method
turned out to be an important part of the purification process because of the high amount of
bacterial debris in the crude lysate. By using the column, the phage-containing lysate was
concentrated, washed from the bulk of the impurities and the remains of the culture
medium were changed to a more suitable running buffer for the HPLC method. This helps
to keep the fine filters inside the HPLC clean and prevents bacterial remnants from
clogging the AEC column. However, the additional centrifugation steps have some definite
drawbacks when working with rather delicate virus particles such as SA14P1 of
Siphoviridae species. TEM-images revealed that the sample contained a lot of broken virus
particles that had lost their tail. This was likely due to the last concentration step of the
phage lysate before TEM imaging, because the infectivity of HPLC-purified phage lysate
remained unchanged (data not shown). This deterioration of phage particles could have
been avoided by using higher titer phage stock.

5.4 SA14P1 chromosome and cohesive ends

DNA digestion gave a preliminary estimation phage genome size of 45 kb. Based on this
information alone, the chances of the phage being temperate are high, based on the high
number of temperate Siphoviridae phages, which have genome sizes of 40-45 kb

(Santiago-Rodriguez et al., 2015). During the genome analysis of SA14P1 phage, it was
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found that the phage DNA had cohesive ends. All currently known tailed phage virions
contain a single, from 18 to 500 kb long linear dSDNA chromosome. Based on the phages
DNA replication strategy and terminase actions during DNA packaging, the DNA strand
can have one of six type of termini. These include circularly permuted direct terminal
repeats, exact direct terminal repeats (short or long), terminal host DNA sequences,
covalently bound terminal proteins and cohesive ends. All termini types except terminal
proteins are generated by phage-encoded enzyme terminase in nucleolytic cleavage (Feiss
and Widner, 1982: Casjens and Gilcrease, 2009). SA14P1 DNA digestion was studied
using heat treatment and a agarose gel electrophoresis method (Figure 3). The results
revealed that the phage DNA has cohesive ends, which bind together after digestion.

5.5 S. aureus pig isolate strain sensitivity

MRSA bacterial strains isolated from pig samples showed to have overall better resistance
against phages derived from human samples when compared with the rather broad host
range and lysis characteristics of the SA14P1 against human derived MRSA strains. This
outcome is puzzling, as the close genomic similarity between human and pig could convey
to the similarity in infecting pathogens (Armand-Lefevre et al., 2005). In addition, the farm
animals are considered one of the main cause of zoonoses in the form of direct infections
and food-borne pathogens (Armand-Lefevre et al., 2005). The results gained in this
research would suggest that the pig MRSA strains differ significantly from the human
strains. The pig MRSA strains have been shown to have an overall low sensitivity to the
SA14P1 and to other phages that were isolated against human strains (Tuomala, 2016).
This might be an indication of different surface receptors on pig MRSA cells compared
with the human bacterial strains inhibiting the recognition and attachment of phages. This
would explain why the growth of the bacteria was either unaffected or just hindered. The
varying results are also linked to the temperate nature of the phage which might explain
why the phage did not immediately cause complete lysis. The results of sensitivity testing
after 24-hour incubation showed some promising outcomes in a longer time scale (data not

shown).
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5.6 Newly found phage fHoPae01

The attempt at phage isolation from hospital waste waters against Pseudomonas
aeruginosa strains was successful. The newly found phage fHoPaeOl displayed great
characteristics as it could infect many diverse and highly resistant strains, from which
some were missing corresponding phages. Based on the results from the preliminary tests,
the phage seems lytic and should be characterized and sequenced together with all the
phages tested to find out what kind of a phage it is. The fact that the phage was found in
water samples collected near hospitals gives a good indication of the potential places

where to find phages.
5.7 MRSA growth conditions in sensitivity tests

When studying the sensitivity of MRSA pig isolates against SA14P1, the culturing of the
bacteria on LB, THB and TSA plates proved to be a major challenge (Figure 2). These
bacterial strains were derived from nostril or carcass swab samples of pigs and initially
cultivated on blood agar (Heikinheimo et al. 2016). During the project, the strains were
taken from the -70 °C freezer storage and cultivated on mainly on LB plates and in LB
media liquid cultures at 37 °C overnight without CO> regulation. After cultivation, the
number of bacterial colonies was low in many cases, which hindered the project due to an
insufficient number of bacteria for the sensitivity tests. The main reasons for fairly slow
bacterial growth might have been the use of unsuitable growing medium, incubation
temperature, harsh freezer conditions and/or the lack of CO; regulation. MRSA and other
heteroresistant strains are known to be difficult to cultivate due to poor growth and
different growth requirements compared with other bacterial strains. Typical MRSA grows
at 33— 35 °C and some require CO: regulating (CLSI, 2013). For better growth results, the
culturing parameters need to be further optimized in the form of growth media, the
temperature and atmospheric regulation. This would, however, require special equipment
which would suit MRSA strains, but not all other bacteria. Special culture media, such as
BACTEC™ Plus aerobic broth (Becton, Dickinson and Company), brain-heart infusion
medium and plates have been used for culturing MRSA, and these could be useful when

faced with demanding MRSA strains in the future (Santiago-Rodriguez et al., 2015).
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5.8 Phage implementations
5.8.1 Modified phages

The safe use of the SA14P1 phage for pharmaceutical purposes would require genetic
and/or other type of modification. This would include the removal of all virulence factors
potentially beneficial for the host bacteria. However, since phages are abundant in the
nature, it would be more feasible to search for better phages for phage cocktail treatment
purposes. The fact that genetically modified organisms (GMO) in pharmaceutical products
have stricter legislation further hinders the use of a modified phages over phages in their
natural state. Despite the antagonistic stance to GMO, modified phages can and have been
utilized in various scenarios in bacterial treatment and typing, vaccination, gene delivery
and even in treating drug addiction (Meola et al., 1995; Dickerson et al., 2005). Many of
these applications rely on the virus capsid that can be modified and used as a carrier, or on
recognition by the immune system and on the identification of host bacterial species in
vitro and in vivo applications respectively (Watson and Eveland, 1965; Molenaar et al.,
2002). Temperate phages, such as SA14P1, could be used as gene transporters that could

for example deliver susceptibility genes for specific antibiotics.

Some antibacterial applications utilize only specific parts of the phage particle. These
include the use of “empty” phages that do not have genome, separate phage tails and phage
derived proteins, enzymes and lysins that break down the bacterial cells (Boulanger and
Letellier, 1988; Loessner et al., 1994; Smarda and Benada, 2005; Fenton et al., 2010;
Drulis-Kawa et al., 2015). These approaches are considered less active as the phages
cannot replicate in the bacterial cells. Individual phage structures and substances can be
preferable in numerous different situations where the only suitable phages are lysogenic or
the most effective antibacterial property of the phage is related to the structures or enzymes
they produce. Most of these phage implementations have however the same caveat, which
is the problem of ensuring the absence of active phage particles which are able to

reproduce.
5.8.2 Other implementations

In addition to the use as antibacterials, phages can be used as tools in bacterial typing and
as universal surface disinfectants. Bacterial typing application is based on the relatively
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narrow host range of the phages, which in turn can be used to interact with bacterial strains
usually aiming to the clear lysis of bacterial cells. This gives to arise many different
applications where the phages are used as identifiers to rapidly and precisely gain
knowledge of the unknown bacterium. The bacterial strain can be recognized with minimal

sample preparation from various samples (see review by Clark and March, 2006).
5.9 Phage challenges and possibilities

5.9.1 Eradication of bacterial toxins

There are multiple problems that are still left to be solved if phages are to be used for
pharmaceutical purposes. One of the most problematic aspects in phages is the propagation
step, where pathogenic host bacterial species are used. These bacteria can include for
example the resistant variants of Enterococcus faecum, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter species
and Escheria coli or (ESKAPEE) strains, that are now considered the most problematic
clinically (for review, see Navidinia, 2016). Although the bacterial cells can be in most
cases killed and filtered from the phage lysate by using chloroform and suitable filters, the
eradication of bacterial endotoxins, exotoxins and cell debris is a lot more tedious work.
From these, the endotoxins (LPS and LOS) that are present in the cell walls of gram-
negative bacteria, are released after bacterial cells are Killed, which makes the prospect of
the rapid destruction of a large population of bacteria rather dangerous for the patient as
the toxins cause severe inflammation and have other properties of potent toxins. LPS
compounds are also highly heat-resistant and almost impervious to chemicals which makes

the purification extremely difficult (Masignani et al., 2006).
5.9.2 Legislation

Advances in phage therapy are greatly hindered due to the business-oriented pharmacy
industry, mainly because of problems in the intellectual property- and patent rights
concerning phage products (Clark and March, 2006). This is a significant deterrent to the
major drug corporations, as there is a high degree of uncertainty in making profit with over
a 100-year-old discovery. Phages are readily found in the nature and thus every company
could produce their own variant of the said product and eventually bring competition to the
field of phage medicine market. At the moment, the patent right for the rights to a certain
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phage does not exist, which makes the prospect of owning phage products a lot more
uncertain (Clark and March, 2006). Another major factor holding back the clinical use of
phages is the lack of universal guidelines and framework relating to the administration and
classification of phage products (Verbeken et al., 2009). Hopefully the legislation in the
Western world becomes more suitable for phage medicine production and
commercialization, so that it could provide the required interest for the research and

production of new and more efficient phage-derived clinical products in the future.
5.9.3 Limited host range and bacterial immunity

The novel nature of phages contributes to a wide spectrum of applications for the treatment
of bacterial infections in previously unseen ways. This is mainly due to the highly selective
host range, which opens the possibility to treat infections without harming the normal
bacterial flora. Unfortunately, high specificity is also a significant drawback because of the
meticulous process of identifying the invading pathogen and choosing the right phage for
the job. This, on the other hand, increases the chances of success, but also dramatically
increases the costs of the phage medicine. Therefore, phage therapy is currently considered
a great application in personalized treatment, but it still lacks in being the magic bullet that
solves all the problems. The recent advent of multiple phages-containing cocktails has
improved the effectiveness of the treatments by increasing the chance of finding phage-
bacterium match when many different strains of bacteria are targeted simultaneously and
the individual bacteria are subjected to a barrage of different phages at the same time
(Oliveira et al., 2010). The use of phage cocktails might also be useful in the form of phage
synergy, which means that a phage that seems insufficient at combating the infection on its
own can work when it is used in combination with different phages. The increase in
efficacy can be greater than when using the phages separately. This also minimizes the
chances of bacteria gaining immunity against phages used in the treatment (Schmerer et
al., 2014).

5.9.4 Phage safety in clinical products

The most controversial aspect about phages is their safety. Although phage medicines are
sold freely in East-European countries, until today, there has been less than a handful of

well-made preclinical experiments that have shown only minimal side effects when phages
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were applied superficially or orally in humans (Bruttin and Brissow, 2005; Sarker et al.,
2016). Phages have been for long since used successfully in animal models and their use
has been recognized to be beneficial (Carmody et al., 2010; Monk et al., 2010). When the
safety of phage containing clinical products is discussed, one should also consider the fact
that humans digest unknown quantities of phages in different food products produced by
fermentation (bacteria). The majority of the speculations towards the safety of phage
originates from the poorly done phage experiments from the time before antibiotics and
thus the final verdict of phage safety should be given only after clinical trials have been

completed and the results have been thoroughly analyzed.

6. FUTURE PERSPECTIVES

6.1 The next step

The research done in this thesis provided some preliminary data for the future experiments.
The next logical research topic would be to find suitable phages against MRSA pig isolate
strains, to study and compare them with the human-derived counterparts. To find phages
against pig MRSA, the search should start from the source (farms) of the bacterial
infections and the bacteria. The liquid chromatography purification method performed well
in phage purification for TEM imaging. The future tests should include detailed analysis of
the toxin levels of AEC-purified phage lysates and study the prospects of AEC in the
purification of other phage types. P. aeruginosa phages studied briefly in this research
showed great characteristics, and should be further studied in the form of genome
sequencing and general characterization to evaluate their potential in phage therapy. The
newly isolated phage fHoPae01 should also be studied and added to the genome database if

the phage turns out to be an entirely new finding.
6.2 Future developments

There is still a lot of research to be done in the field of phage therapy. One of the most
important research areas are the possible side effects of active phage-containing solutions.
The fact that phage antigens are recognized by the immune system can confer to undesired
inflammation and in the worst cases allergic reactions and lowered immunity. This might
also lead to decrease in the infectivity and function of phages (Fogelman et al., 2000;
Gorski et al., 2012). On top of this, the bacterial cell death that is induced by the lytic
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phages might also lead to harmful inflammation. This makes the administration of phages a
major problem. Researchers are currently trying to find ways for the package and delivery
of phages in order to shield them from the immune defense system and the inhospitable
conditions inside the body. These methods include degradable capsules and maybe in the
future even extracellular vehicles which would greatly improve the durability of phages,
selectivity and maximize the efficacy of the therapy. As phages are found to be seemingly
harmless when administrated orally, the next new phage treatment concept could be the
isolation of broad-host-range phages against Streptococcus mutans, which is one of the
harmful bacterial strains inside the mouth. This would be a good way to prevent the
formation of biofilms and eventually caries (Dalmasso et al., 2015). The interest in
isolating phages against plant pathogens has also been revived, providing treatments for

plant diseases in an organic way (Obradovic et al., 2004).
7. CONCLUSIONS

The in-depth characterization of SA14P1 revealed that the phage cannot be used as a
potential therapy phage. This was due to the lysogenic (temperate) life cycle of the phage,
which makes the probability of increasing the pathogenicity of the target bacteria high. The
sensitivity assay showed that the bacteria that infect pigs seem more resistant to phages
that are found to have human infecting S. aureus hosts. This indicates that there are
differences between the S. aureus bacterial strains infecting humans or only pigs. The
efficacy of the phages against human infecting P. aeruginosa showed great promise by
infecting in total almost 90 % of the 43 bacterial strains tested. The attributes of the newly

isolated phage fHoPaeO1 make it interesting subject for further studies.

Phage research has been revitalized and the recent well-described studies show the
potential of phage therapy against several different bacterial infections in various therapy
settings. Moreover, the increasing phage medicine selection in East-European countries
already offers a wide range of remedies. The unique attributes of phages make them highly
diverse tools with almost limitless possibilities. In the future, the spectrum of phage-
derived medicine is undoubtedly going to widen, and as the biology of the phages starts to
unravel, the potency of phage therapy will increase. Hopefully, the fast-developing
molecular biology techniques and genetic analysis of phages provides the help needed in

the fight against MDR infections, as the post-antibiotic era is rapidly approaching.
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APPENDICES

Appendix 1: Solutions and reagents

Buffer A 20 mM Tris-Cl
pH 7.5
dH,0

Buffer B 20 mM Tris-Cl
1 M NaCl
pH 7.5
dH0

LB medium 10 g/l Bacto-Tryptone
10 g/l NaCl
5 g/l Bacto Yeast Extract
pH 7.5
dH,0

SM-buffer 100 mM NaCl
8mM MgS04-6H,0
50 mM Tris-Cl pH 7.5

TE-buffer 10 mM Tris-HCI (pH8.0)
1 mM EDTA
dH.0

TSA 15 g/l Tryptone
5 g/l NaCl
5 g/l soytone
dH,0

50



TSB + Mg*

6X loading dye buffer

17 g/l Tryptone
3 g/l Phytone

5 g/l NaCl

2.5 g/l glucose
2.5 g/l K2HPO,
20 mM Mg?*
dH.0

30 % glycerol
0.25 % bromophenol
0.25 % xylene cyanol FF
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Appendix 2: Phages used in the experiments.

Phage identifier Host strain Plaque size Description Reference
SA14P1 SAl4 small Siphoviridae Mattila et al.
fRu-Sau02* 5676 large Myoviridae **

PA1P1 PAl small - Mattila et al.
PA5P1 PA5 medium - Mattila et al.
PA8P1 PA8 small - Mattila et al.
PA10P2 PA10 small - Mattila et al.
PAl11P1 PAll small - Mattila et al.
PA12P1 PA12 small/medium - Mattila et al.
PA14P1 PAl4 very small - Mattila et al.

* Isolated from phage therapy product for Staphylococcus. **Microgen, Russia; http://en.microgen.ru/

52



Appendix 3: Staphylococcus aureus strains used in the experiments.
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Strain identifier(s) Origin Description Spatype Reference

SAl4, 60881 Hospital sample* Host for SA14P1 - Mattila et al.
5676, 13KP Hospital sample** Host for fRu-Sau02 - HUSLAB

7879 1 5 Nasal swab Sensitivity test 12741 Heikinheimo et al.
7879 _6_10P Carcass swab Sensitivity test 12741 Heikinheimo et al.
7081 15 Nasal swab Sensitivity test 12741 Heikinheimo et al.
7605 16 20 Nasal swab Sensitivity test 1108 Heikinheimo et al.
7605 6 10P Carcass swab Sensitivity test 1091 Heikinheimo et al.
7936 _6_10 Nasal swab Sensitivity test 1034 Heikinheimo et al.
7936 11 15 Nasal swab Sensitivity test t011 Heikinheimo et al.
7936_16 20 Nasal swab Sensitivity test 12741 Heikinheimo et al.
4507_1 5 Nasal swab Sensitivity test t2741 Heikinheimo et al.
4507 _6_10 Nasal swab Sensitivity test 12741 Heikinheimo et al.
13331 5 Nasal swab Sensitivity test 12741 Heikinheimo et al.
1333 6_10 Nasal swab Sensitivity test - Heikinheimo et al.
1333 11 15 Nasal swab Sensitivity test 12741 Heikinheimo et al.
6277 1 5 Nasal swab Sensitivity test 12741 Heikinheimo et al.
7594 1 5 Nasal swab Sensitivity test 12741 Heikinheimo et al.
7594 6 10 Nasal swab Sensitivity test 12741 Heikinheimo et al.
7594 11 15 Nasal swab Sensitivity test 12741 Heikinheimo et al.
7594 16 20 Nasal swab Sensitivity test 12741 Heikinheimo et al.
1057 1 5 Nasal swab Sensitivity test 12741 Heikinheimo et al.
1057 _6_10 Nasal swab Sensitivity test 12741 Heikinheimo et al.
1057_11 15 Nasal swab Sensitivity test 12741 Heikinheimo et al.
1057_16 20 Nasal swab Sensitivity test 12741 Heikinheimo et al.
7502_1 5 Nasal swab Sensitivity test 12741 Heikinheimo et al.
7502_6_10 Nasal swab Sensitivity test 12741 Heikinheimo et al.
7502_11 15 Nasal swab Sensitivity test 12741 Heikinheimo et al.
7502_1 5P Carcass swab Sensitivity test 1091 Heikinheimo et al.
6161 1 5 Nasal swab Sensitivity test t034 Heikinheimo et al.
6161 6 10 Nasal swab Sensitivity test 12741 Heikinheimo et al.
6161 11 15 Nasal swab Sensitivity test 12741 Heikinheimo et al.
6161 16 20 Nasal swab Sensitivity test 12741 Heikinheimo et al.
6161 6 10P Carcass swab Sensitivity test t091 Heikinheimo et al.
3582 6 10 Nasal swab Sensitivity test 12741 Heikinheimo et al.
3582 11 15 Nasal swab Sensitivity test 1034 Heikinheimo et al.
0812 1 5 Nasal swab Sensitivity test 1108 Heikinheimo et al.
0812 6 10 Nasal swab Sensitivity test 1108 Heikinheimo et al.
0812 11 15 Nasal swab Sensitivity test 1108 Heikinheimo et al.
0812 16 20 Nasal swab Sensitivity test t108 Heikinheimo et al.
0250 1 5 Nasal swab Sensitivity test 11381 Heikinheimo et al.
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0250_6_10
0250_11_15
0250_16_20
5105 1 5
5105 _6_10
5105 11 15
5105_16_20
0186_1 5
0186_6_10
0186_11 15
66721 5
6672_6_10
6672_11 15
1724 1 5
1724 6_10
1724 11 15

Nasal swab
Nasal swab
Nasal swab
Nasal swab
Nasal swab
Nasal swab
Nasal swab
Nasal swab
Nasal swab
Nasal swab
Nasal swab
Nasal swab
Nasal swab
Nasal swab
Nasal swab
Nasal swab

Sensitivity test
Sensitivity test
Sensitivity test
Sensitivity test
Sensitivity test
Sensitivity test
Sensitivity test
Sensitivity test
Sensitivity test
Sensitivity test
Sensitivity test
Sensitivity test
Sensitivity test
Sensitivity test
Sensitivity test
Sensitivity test

t127
11381
11381
t2741
t2741
t2741
t2741
t2741
t2741
t034
t034
1034
t034
12741
t2741
12741

Heikinheimo et al.
Heikinheimo et al.
Heikinheimo et al.
Heikinheimo et al.
Heikinheimo et al.
Heikinheimo et al.
Heikinheimo et al.
Heikinheimo et al.
Heikinheimo et al.
Heikinheimo et al.
Heikinheimo et al.
Heikinheimo et al.
Heikinheimo et al.
Heikinheimo et al.
Heikinheimo et al.
Heikinheimo et al.

*Human derived sample provided by Turku University hospital. **provided by HUSLAB.



Appendix 4: Pseudomonas aeruginosa strains used in the experiments.

Strain identifier(s) Origin Description Reference
PA1, 61841 Hospital sample* Host strain for PA1P1 Mattila et al.
PA5, 11AN03663 Medix** Host strain for PA5P1 Mattila et al.
PA8, 62263 Hospital sample* Host strain for PASP1 Mattila et al.
PA10, 62206 Hospital sample* Host strain for PA10P2 Mattila et al.
PA11, 62180 Hospital sample* Host strain for PA11P1 Mattila et al.
PA12, 62181 Hospital sample* Host strain for PA12P1 Mattila et al.
PA14, 62109 Hospital sample* Host strain for PA14P1 Mattila et al.
5513, 123768 Hospital sample*** - HUSLAB
5514, 123754 Hospital sample*** - HUSLAB
5525, 123702 Hospital sample*** Host strain for fHoPae01 HUSLAB
5537, 123650 Hospital sample*** - HUSLAB
5538, 123612 Hospital sample*** MDR HUSLAB
5539, 123610 Hospital sample*** MDR HUSLAB
5548, 123448 Hospital sample*** - HUSLAB
5550, 123411 Hospital sample*** - HUSLAB
5551, 123379 Hospital sample*** - HUSLAB
5553, 123358 Hospital sample*** - HUSLAB
5826, 14TS0007 Hospital sample*** - HUSLAB
5847, 14KK1140 Hospital sample*** - HUSLAB
5827, 14KK0007 Hospital sample*** MDR HUSLAB
5828, 13ET07332 Hospital sample*** - HUSLAB
5668, KP11051 Hospital sample*** - HUSLAB
5829, 13KP11089 Hospital sample*** - HUSLAB
5831, 13TS07995 Hospital sample*** - HUSLAB
5669, 13KP11107 Hospital sample*** - HUSLAB
5832, 13KP11109 Hospital sample*** - HUSLAB
5833, 13KP11076 Hospital sample*** MDR HUSLAB
5834, 14UB0073 Hospital sample*** MDR HUSLAB
5670, 14US152 Hospital sample*** - HUSLAB
5835, 14KP00198 Hospital sample*** - HUSLAB
5671, 14TS0093 Hospital sample*** - HUSLAB
5672, 14TS0253 Hospital sample*** - HUSLAB
5740, 14UB00438 Hospital sample*** - HUSLAB
5836, 14TS00365 Hospital sample*** - HUSLAB
5837, TS644 Hospital sample*** - HUSLAB
5838, TS630 Hospital sample*** - HUSLAB
5741, ME 654.2 Hospital sample*** - HUSLAB
5742, KK 784 Hospital sample*** - HUSLAB
5839, TS649 1 Hospital sample*** - HUSLAB
5848, 14AME966_2 Hospital sample*** - HUSLAB
5840, TS562 Hospital sample*** - HUSLAB
5743, ME 604 Hospital sample*** - HUSLAB




5841, ME618 Hospital sample***
5842, TK659 Hospital sample***
5844, HA760 Hospital sample***
5845, ME854 1 Hospital sample***
5745, KK 831 Hospital sample***
5746, KK 858 Hospital sample***
5747, TE 132 Hospital sample***
5846, ME733_2 Hospital sample***

MDR
MDR

HUSLAB
HUSLAB

HUSLAB
HUSLAB
HUSLAB
HUSLAB
HUSLAB
HUSLAB
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*Provided by Turku University Hospital. **Purchased from Medix Laboratories. ***Provided by HUSLAB
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Appendix 5: Phage DNA isolation protocol

1.3 pl of DNasel (Promega 1 U/ul, RNase free) and 4 ul of RNseA is added to 400 ul of
raw phage lysate. Incubate 30 min at 37 °C to break down the bacterial DNA and RNA.

EDTA is added to a final concentration of 20 mM with 50 pg/ml protease K and 0.5 %
SDS concentration. Incubate at 56 °C for 1 h.

Cool to RT and extract once with 1 volume of phenol 1:1, once in 1 volume of phenol-
chloroform-isoamylalcohol (25:24:1). Repeat until no white sedimentation is visible in the

intermediate phase. Finally extract with 1 volume of chloroform (24:1).

Extract the DNA by adding final concentration of 0.3 M of NaOAc, pH 7.0. Stir and add 2
volume Abs EtOH and stir. Let the DNA strand extracts. Transfer the DNA strand to new
Eppendorf containing 70 % EtOH. Centrifuge with 12 000 g for 2 min at 4 °C. Then
remove EtOH and dry the DNA. Finally dissolve DNA to 100 pl of TE-buffer and store at
4 °C.
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Appendix 6: Pseudomonas aeruginosa phage host specificity test results.

Strain ID Pseudomonas aeruginosa phages

PA1P1 PAS5P1 PA8P1 PAL10P2 PA11P1 PA12P1 PAl14P1 fHoPaeOl
5513 +++ — +++++ 4 +++ +++++ +++ -+
5514 -+ -+ -+ -+ -+ -+ -+ -+
5525 e — ++++ ++++ ++++ ++++ ++++ ++
5537 +++ -+ +++++ e+ -+ +++++ --
5538 = mem - mem ++
5539 +++ - +++ +++ +++ +++ +++ -+
5548 -- -- -- -- -- -- -- --
5550 -+ - ++ +++++ ++++ +++++ +++++ ++++
5551 -+ -+ -+ -+
5553 +++ ++ +++ +++ ++++ ++ ++ ++
5826 +H++ - +++ ++++ -+ ++ +++ ++
5847 ++ --- ++++ -+ -+ ++ ++ -+
5827 +4++ --- ++++ +++ +++ ++++ +++ ++
5828 +HH++ -+ +H+++ +++ +++++ +++ +++
5668 +++ -- ++ +++ -+ -+ -+
5829 -+ -+ -+ -+ - - -
5831 +++ - -+ ++ ++ --
5669 +++ ++ +++++ e+ ++++ +++ ++++ +++
5832 ++ -+ +++ +++ -+ -+ ++++ -+
5833 +++ — +++ ++ ++ ++ ++ ++
5834 +++ ++ ++++ +++++ + + ++++ +
5670 + — +++ +++++ +++ +++ +++ ++
5835 +++ -+ ++ +++ ++ +++ +++ ++++
5671 ++++ - ++ ++++ +++ ++ ++ -+
5672 ++ --- +++ -+ -+ ++++ +++ ++
5740 -+ --- - --- --
5836 +++ - + ++++ +++ ++++ - ++
5837 +++ ++ ++ ++ ++ ++ ++ -+
5838 +++ ++ +++++ 4+ +++ ++++ -- --
5741 +++ -- +++ +++ +++ -- +++ +++
5742 +++ - +++++ A+ +++ - - +++
5839 +++ --- +++ +++ +++ ++++ -- ++
5848 +++ — +++ +++ - - +++++ --
5840 +++ - ++++ +++ ++ - ++ --
5743 e +H+++ +++ ++ +4++++ ++
5841 -+ -- -- -- ++
5842 -+ -+ ++ ++ +++ ++ -+ ++
5844 ++ ++ ++ +++ +++ ++ - +++
5845 -- ++ - -+ ++ - -- --
5745 ++ ++ ++ +++ +++ +++ ++++ ++++
5746 -+ -- ++H+++ i+ +++ +++ +++ -+
5747 -+ -- +++ -+ +++ +++ +++ +++
5846 ++++ ++++ +++ +++ +++ +++ +++
+++++ = complete lysis, +++ = lysis, ++ = partial lysis, + = poor lysis -+ = result not clear, -- = some

reaction, --- = no reaction
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Appendix 7: Hospital waste water samples

Raw sewage samples were prepared by centrifuging at 7500 rpm for 15 min at 4 °C (RC-
513, refrigerated Superspeed centrifuge, Sorvall) using GSA-rotor. The supernatants were
filtered through Stericup and seritop Vacuum driven filtration system with Millipore
Express™ PLUS 0.22 pum bottle top filter. The samples were stored at 4 °C for 133 days
before isolation attempt. Samples were prepared by Henni Tuomala.

Table 4. Hospital sewage samples used in Pseudomonas aeruginosa phage extraction.

Sample Location in Finland Type Collector Date

1 Clinic of Cancerous diseases Sewage Ismo Pukkinen 15.4.2016
2 Peijas (OS) Sewage Heikki Hakoméki 14.4.2016
3 Lohja Hospital (OS) Sewage Pekka Eloranta 13.4.2016
4 Porvoo Hospital (PS) Sewage Niklas Andersson 13.4.2016

OS=outside sewer, PS = pump sewer



