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A boulder found in the bed of an arroyo (a dry creek) located in the western part of Sedona, Arizona,
USA, otherwise known as West Sedona. It represents a typical, presumably somewhat microorganism
denuded red rock.
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Historically, the first observation of a transmissible lytic agent that is specifically active against
a bacterium (Bacillus anthracis) was by a Russian microbiologist Nikolay Gamaleya in 1898. At
that time, however, it was too early to make a connection to another discovery made by Dmitri
Ivanovsky in 1892 and Martinus Beijerinck in 1898 on a non-bacterial pathogen infecting tobacco
plants. Thus the viral world was discovered in two of the three domains of life, and our current
understanding is that viruses represent the most abundant biological entities on the planet.
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The potential of bacteriophages for infection treatment have been recognized after the dis-
coveries by Frederick Twort and Felix d’Hérelle in 1915 and 1917. Subsequent phage therapy
developments, however, have been overshadowed by the remarkable success of antibiotics in
infection control and treatment, and phage therapy research and development persisted mostly
in the former Soviet Union countries, Russia and Georgia, as well as in France and Poland. The
dramatic rise of antibiotic resistance and especially of multi-drug resistance among human
and animal bacterial pathogens, however, challenged the position of antibiotics as a single most
important pillar for infection control and treatment. Thus there is a renewed interest in phage
therapy as a possible additive/alternative therapy, especially for the infections that resist routine
antibiotic treatment.

The basis for the revival of phage therapy is affected by a number of issues that need to be resolved
before it can enter the arena, which is traditionally reserved for antibiotics. Probably the most
important is the regulatory issue: How should phage therapy be regulated? Similarly to drugs?
Then the co-evolving nature of phage-bacterial host relationship will be a major hurdle for
the production of consistent phage formulae. Or should we resort to the phage products such
as lysins and the corresponding engineered versions in order to have accurate and consistent
delivery doses? We still have very limited knowledge about the pharmacodynamics of phage
therapy. More data, obtained in animal models, are necessary to evaluate the phage therapy
efficiency compared, for example, to antibiotics. Another aspect is the safety of phage therapy.
How do phages interact with the immune system and to what costs, or benefits? What are the
risks, in the course of phage therapy, of transduction of undesirable properties such as virulence
or antibiotic resistance genes? How frequent is the development of bacterial host resistance
during phage therapy? Understanding these and many other aspects of phage therapy, basic and
applied, is the main subject of this Topic.

Citation: Abedon, S. T., Garcia, P, Mullany, P., Aminov, R., eds. (2017). Phage Therapy: Past,
Present and Future. Lausanne: Frontiers Media. doi: 10.3389/978-2-88945-251-4
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Editorial on the Research Topic

Phage Therapy: Past, Present and Future

INTRODUCTION

As an ancient proverb states, “The enemy of my enemy is my friend.” The so-called strictly lytic or
virulent bacteriophages (phages)—especially the viruses of pathogenic bacteria—can certainly be
considered enemies of “bad” bacteria and thereby our friends. The phage potential as antibacterial
agents was recognized almost immediately upon the first generally accepted descriptions of these
viruses as transmissible bacteriolytic entities (Abedon et al., 2011). As this was prior to Fleming’s
(1929) discovery of naturally occurring antibiotics, rather than being named as variations on that
theme, the Greek concept of “phage” was chosen instead (d'Hérelle, 1917). “Phage” seemingly is a
description of the macroscopic impact these viruses have on bacteria, which to the eye appear to be
“eaters” or “devourers” of bacterial cultures (Summers, 1991), in broth or solid media.

The therapeutic, antibacterial application of phages came to be known as phage therapy,
especially in clinical or veterinary contexts. More broadly, phages have also been used as biological
control agents, reducing bacterial loads in foods, e.g., such as of Listeria monocytogenes in food
processing (Bai et al., 2016), of zoonotic pathogens in food animals (Atterbury, 2009), or, in the
treatment of crops against plant pathogenic bacteria as reviewed by Buttimer et al. Furthermore,
modified phages can be used as DNA, protein, or drug delivery vehicles (Clark et al., 2012), and
non-bacterial viruses can be used as biological control agents as well (e.g., Hyman et al., 2013;
Kondo et al., 2013; Gilbert et al., 2015). Phage study, whether ultimately for therapy or biocontrol,
spans from purely clinical observation to molecular analysis to considerations of immunology
as well as ecology, the latter as phages represent essentially “living” drugs. In addition is the
development of enzybiotics, which are therapeutic enzymes and most prominently include phage
endolysins. The latter are proteins which phages employ to lyse the bacteria they are infecting,
thereby releasing intracellularly produced phage progeny (Fischetti, 2008).

This diversity of studies and approaches to antibacterial therapy is important since, despite ~100
years of phage and phage therapy study (Abedon et al., 2011), there is still much to learn about
phages and their use as therapeutic agents. There is also a compelling need for new safe and effective
selectively toxic antibacterials, especially in the face of the antibiotic resistance crisis (Aminov,
2010). Phages and their products thus represent a largely untapped supply of such antimicrobials.
Their use, however, has not yet been broadly embraced by the modern medical establishment.
Exceptions are found especially in the countries of Georgia, Poland, and Russia, where phage
therapy has been practiced by clinicians for many decades (Kutter et al., 2015; Cooper et al.).
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Abedon et al.

Editorial: Phage Therapy

In this topic, we present 37 articles on or related to the
use of lytic phages as antibacterial agents. These are grouped
into several distinct categories, including (i) phage isolation for
phage therapy, (ii) host range characterization, (iii) other in
vitro phage characterizations, (iv) in vivo phage characterization,
(v) characterization of phage therapy in animals, (vi) phage
impact on bacterial biofilms, (vii) enzybiotics, (viii) clinical phage
therapy, (ix) biological control of bacteria using phages, and (x)
the current state of phage therapy implementation (Figure 1).

PHAGE ISOLATION FOR PHAGE THERAPY

Key to any successful drug development is its discovery and
subsequent characterization. For phage therapy, equivalent steps
should be taken, including determination of how to combine

phages into multi-phage mixtures known as phage cocktails. The
review article in this topic by Weber-Dabrowska et al. discusses
the essential steps involved including sources and methods of
phage isolation, choice of phage-propagation hosts, methods of
characterization, selection criteria for therapeutic purposes, and
limitations on phage procurement for therapy.

The use of phages as antibacterial therapeutics is especially
important for targeting those pathogens for which antibiotic
treatment options are limited. On-demand isolation of
corresponding phages can be achieved via the enrichment
of samples from environmental reservoirs, as explored by
Mattila et al. Interestingly, the efficiency of enrichment-based
phage isolation from municipal sewage varies considerably, with
the best results seen for Pseudomonas aeruginosa, Salmonella,
and the extended spectrum p-lactamase (ESBL) producing

Phage Isolation

Further Host-Range
Determination

In vivo characterization

Clinical Therapy

Starting Point: Identification of Utility for
Phage-Mediated Antibacterial Activity

In vitro characterization

In situ characterization

Biological

Regulation

Endpoint Goal: Real-World Implementation of
Phage-Mediated Antibacterial Activity

FIGURE 1 | Topics addressed in this editorial. Connections are indicated via horizontal, vertical, and diagonal lines, and initial steps are found at the top of the figure.
Consideration of time and resources required by each step is beyond the scope of this editorial, though individual aspects are considered in articles as cited in the
main text. In summary, phage isolation is typically done in combination with preliminary host-range characterization, i.e., as in terms of enrichment and isolation hosts.
This is followed by in vitro characterization in association with further host-range characterization (i.e., involving a larger panel of potential hosts) and bioinformatic (in
silico) characterization. Enzybiotic development, if undertaken, typically will follow host-range and in silico characterization. For promising phages, in situ
characterization comes next, including animal models for potential human treatments (in vivo characterization), or with other species for non-human treatments.
Clinical testing can follow, including treatment of non-human species. Alternatively, phages may be employed for biological control of environments, and both
biological control and therapeutic use of phages can be against biofilms. Not only may whole phages be used for therapy or control but so too may enzybiotics.
Further development toward successful commercial or public-sector implementation generally must address regulatory requirements.

Preliminary Host-Range
Determination

Genomic & Bioinformatic
Characterization

Enzybiotics

+

Control Impact on Biofilms
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Escherichia coli and Klebsiella pneumoniae. The procedure
is less efficient for vancomycin-resistant Enterococcus and
Acinetobacter baumannii, while isolation of new phages against
methicillin-resistant Staphylococcus aureus (MRSA) strains was
very difficult. Potentially, the latter may be due to the choice of
environmental reservoir used for the anti-MRSA phage isolation
since, as Wang et al. show, pig fecal sewage may be a better
source for these phages.

HOST RANGE CHARACTERIZATION

Prior to animal testing there are various approaches
toward characterizing phages for antibacterial effectiveness
(Weber-Dabrowska et al.). Most important is the range of
bacteria targeted (Mirzaei and Nilsson, 2015). As a minimal
requirement for phage therapy, a phage should be able to infect
the bacterial isolates it is supposed to be targeting, and to
display reasonable specificity so that non-target bacteria are not
affected. A proper understanding of phage host range is also
necessary for the development of efficient cocktails, which ideally
would be formed using multiple phages that possess synergistic
properties, particularly in terms of host range, thereby offering
better infection control capability. Nevertheless, for some phage
applications such as phage therapy and phage-based biosensors,
it should be taken into account that host range is not a fixed
property, but rather it can evolve over time, thereby changing
phage specificity (Ross et al., 2016).

For obvious reasons, multidrug-resistant (MDR) pathogens
are a primary target for phage therapy. The host range of four
phage cocktails that are approved and commercially available
in Georgia have been tested by Gundogdu et al. on a panel of
142 clinical strains of E. coli isolated in Turkey and possessing
extended-spectrum B-lactamase activity. The phage cocktail
antibacterial efficiencies varied from 59.2 to 87.3% of strains, as
based on spot testing, which is promising given that these were
difficult-to-treat MDR bacterial strains.

In addition, and like antibiotic therapy, phage therapy can
result in the evolution of bacterial resistance. Understanding
resistance development is important in terms of both basic
biology and phage-based applications. Some phage resistant
bacteria are less fit than their phage-sensitive parents. Lim et al.
found that phage PB1-resistant P. aeruginosa displayed small-
colony variants which were impaired in biofilm formation, were
more antibiotic sensitive, displayed decreased twitching motility,
and had reduced elastase and pyocyanin production.

OTHER IN VITRO PHAGE
CHARACTERIZATIONS

In addition to the assessment of host range (previous section),
other phage “organismal” characteristics such as burst size, ability
to display lysogeny, and general plaque morphology should
be evaluated. In vitro characteristics also include the ability
to degrade experimental bacterial biofilms (subsequent section)
along with complete genome sequencing. The latter typically
is followed by in silico analyses, especially to exclude phages

carrying bacterial virulence factor genes. Also, it is advantageous
to exclude phages carrying lysogeny-associated genes. Hamdi
et al. isolated five phages that infect Citrobacter freundii which
they found had no known virulence factor or integrase genes.
The latter are employed by many phages to initiate lysogenic
cycles. Such properties suggest potential utility for these phages
as antimicrobial agents.

Bardina et al. isolated and characterized three phages
(UAB_Phi20, UAB_Phi78, and UAB_Phi87) infecting Salmonella
to reduce the presence of this zoonotic bacterium in poultry.
Sequence analysis of genomes did not indicate the presence
of virulence factor or antibiotic resistance genes. Phage
UAB_Phi20, however, encodes lysogeny-associated genes,
although no lysogens could be isolated. The authors suggest that
this could be because of a lack of signals needed to transcribe the
CI repressor gene required for establishment of lysogeny.

Lytic phage development also depends on the physiological
state of the host. According to Bryan et al. T4 phages infecting
stationary phase E. coli may enter a “hibernation” mode,
which is a persistent but reversible dormant state. Infected
bacteria continue to produce some phage proteins, but phage
development is halted until appropriate nutrients become
available. A “scavenger” mode is encountered when exposed
to limited nutrients, with the production of small quantities
of progeny per infection. These considerations are important
in understanding phage therapy of bacteria displaying varied
physiological states, such as within biofilms or during chronic
bacterial infections.

IN VIVO PHAGE CHARACTERIZATION

By in vivo we mean in situ phage assessment within other
organisms or surrogates, such as during animal testing
(further considered in a subsequent section). Such assessment
includes in terms of safety to the host during treatment,
though in practice few side effects with phage therapy have
been detected (Miedzybrodzki et al). Potential cytotoxic
effects can also be evaluated using eukaryotic cell lines via
different assays such as trypan blue, staining with Hoechst and
propidium iodide, lactate dehydrogenase release, and the MTS
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium) assay, as described in this topic
by Henein et al.

Important as well are phage and especially virion interactions
with immune systems, which is a concern for biologics generally,
i.e., protein-based drugs. In the article by Mirzaei et al. several E.
coli phage preparations, were found to induce strong cytokine-
driven inflammatory responses in HT-29 and Caco-2 intestinal
epithelial cells. Whether this was the effect of phages per se or
residual contaminants in phage preparation(s) was questioned by
Dufour et al., however. As a Response, Mirzaei et al. proposed
morphological differences as possible bases of contradictory
outcomes, perhaps highlighting a need for better standardization
of approaches. Mirzaei et al, in a subsequent Corrigendum,
acknowledged that at least some aspect of the cytokine responses
described in the original publication may have been due to
residual contaminants.
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For lipopolysaccharide (LPS)-activated monocytes, neither
purified phage T4 nor T4 lysate, according to the results of Bocian
et al,, had a significant impact on the ex vivo human immune
response. Phage lysates however, may affect the differentiation
of human monocytes into myeloid dendritic cells, but purified
phage preparations do not have that effect (Bocian et al.). Also
regarding LPS, Miernikiewicz et al. found that recombinant
short tail fiber (gp12) from phage T4 decreased inflammatory
responses to LPS in a murine model. Cell culture and mouse
testing indicated no toxicity, suggesting that this recombinant
protein potentially could be used as an anti-LPS medicinal.

No significant increase in antiphage antibodies in the sera
of most patients undergoing anti-staphylococcal phage therapy
were detected by Zaczek et al. In patients with the increased
titers of antiphage IgG and IgM to these phages, no interference
with phage therapy clinical outcomes were observed. While the
influence of purified T4 and A3/R phages on differentiation
of human myeloid dendritic cells (DCs) from monocytes is
negligible, phage-lysed bacterial material has a substantial effect
on their differentiation (Bocian et al.). Thus, the products of
phage-induced lysis of bacteria during phage therapy could
influence the differentiation as well as potentially the functions
of DCs that are differentiating from monocytes recruited to sites
of infection.

CHARACTERIZATION OF PHAGE
THERAPY IN ANIMALS

In the modern era, clinical use of drugs typically is preceded by
animal testing. Phage therapy, since it has been in practice for so
long, comes from a tradition where clinical use has tended to take
precedence over animal testing (Abedon, 2015c¢). Phage therapy
in the modern era nonetheless has to adopt current standards of
drug development, that is, in which animal testing by necessity
precedes clinical use, and several articles in the topic are devoted
to animal testing of phages and phage preparations.

Wang et al. characterized the staphylococcal phage SLPW.
Treatment of intra-abdominal MRSA infections in mice with
phage SLPW provided high protection (80% survival) as well
as reduction of infection-induced inflammatory cytokines, thus
substantiating this phage as a potential therapeutic agent against
MRSA infections. With a Clostridium difficile target, a 4-phage
cocktail was tested in a Galleria mellonella larva model and
was found by Nale et al. to be as effective as vancomycin.
Another problematic multi-drug resistant nosocomial pathogen,
A. baumannii, was targeted using phage vB-GEC_Ab-M-G7 by
Kusradze et al. In a rat wound model, this phage substantially
decreased bacterial loads.

Abedon briefly reviewed in a general commentary a rabbit
staphylococcus osteomyelitis model system published by Kishor
et al. (2016). Presented as well is a summary of several
animal presumptive chronic infection models previously used for
phage therapy development. A series of criteria are suggested
for confirmation that such systems represent adequate disease
models including demonstration of antibiotic tolerance by
infecting bacteria and/or of presence of biofilms.

Pharmacological issues of phage therapy include phage
transit from the stomach to the distal gastrointestinal tract.
Migdzybrodzki et al. showed in a rat model that modification
of the stomach environment using the drugs ranitidine and
omeprazole, which reduce production of stomach acid, protect
staphylococcal phage A5/80, allowing passage to the lower
intestine. These authors also found that phage penetration from
oral administration to systemic circulation can differ among
phage types as phage A5/80 reaches the bloodstream following
oral administration aided by acid-reducing drugs but similarly
administered T4 did not.

PHAGE IMPACT ON BACTERIAL BIOFILMS

Formation of biofilms during bacterial infection is one of
the major problems in infection control. Bacteria in biofilms
are extremely resistant to antimicrobials, well protected from
host defenses, and tend to develop chronic infections (Cooper
et al., 2014). Some bacteriophages penetrate biofilms and this
may supplement or replace a less efficient antibiotic treatment
(Abedon, 2015a,b). C. difficile, for example, produces biofilms
which contribute to its virulence and impair antimicrobial
activity. Nale et al. found that a cocktail of C. difficile phages could
significantly reduce these biofilms and prevent colonization when
used either alone or in combination with vancomycin.

Catheter-associated urinary tract infections (CAUTIs) such
as caused by Proteus mirabilis are very difficult to treat as they
form biofilms that are highly tolerant to antibacterials. Two
novel virulent phages active against P. mirabilis were isolated,
characterized, and studied for application on catheter-associated
biofilms by Melo et al. In a dynamic biofilm model simulating
CAUTIs, the authors demonstrated a significantly lower rate of P.
mirabilis biofilm formation up to 168 h following catheterization,
thus highlighting the potential of these phages in preventing
bacterial surface colonization.

Biofilms can also be targeted by degrading the matrix in
which bacterial cells are suspended. Gutiérrez et al. tested a
recombinant protein from a staphylococcal phage encoding
an exopolysaccharide depolymerase, a kind of enzybiotic.
In polysaccharide producing staphylococci the enzyme can
prevent and disperse biofilms, thus potentially allowing better
antimicrobial access to targeted bacteria.

ENZYBIOTICS

Purified antibacterial enzymes have been described as enzybiotics
(Veiga-Crespo et al., 2007), i.e., as derived from ‘antibiotic’.
These can include extracellular polymeric substance (EPS)
depolymerases (as above) but also, phage-encoded lytic enzymes,
i.e., lysins. Though some lysins are virion-particle associated, as
are many EPS depolymerases (Pires et al., 2016), the majority are
endolysins, meaning “from-within cell-wall degrading enzymes.”
Enzybiotics upon purification, however, are applied from
without.

The peptidoglycan of Gram-positive bacteria is not protected
by an outer membrane so is directly susceptible to phage lysins
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applied from without. Blazquez et al. generated a novel (“tailor-
made”) endolysin (PL3) targeting Streptococcus pneumoniae.
It combines the amidase activity of a phage endolysin (Pal)
with that of LytA, a Streptococcus autolysin. Joining these two
unrelated catalytic domains into a single protein resulted in
greater antibacterial activity in a zebrafish model.

In Gram-negative bacteria, phage lysins typically need to
be modified to penetrate the outer membrane barrier. This
can be done by engineering hybrid molecules that combine
natural lysin with an antimicrobial peptide. Yang et al. found
that one such construct, PlyA, displayed good activity against
growing cultures of both A. baumannii and P. aeruginosa, but not
against stationary phase cells unless used with outer membrane
permeabilizing agents. No antibacterial activity, however, could
be detected in some bio-matrices such as culture media, milk,
or sera, suggesting a need for further optimization. Endolysins
such as ABgp46, as characterized by Oliveira et al., are also active
against A. baumannii, including MDR strains. In addition, the
range of activity of this lysin can be extended to other Gram-
negative bacteria if used in combination with outer membrane
permeabilizing agents. Endolysin LysABP-01 from A. baumannii
phage @ABP-01 also possesses antibacterial activity against A.
baumannii and P. aeruginosa as well as E. coli, which as shown
by Thummeepak et al. can be enhanced in the presence of the
antibiotic colistin.

CLINICAL PHAGE THERAPY

Clinical phage therapy is the treatment or prevention of
infections in humans and the use of phages in microbiome
modification. In addition is the related use of phages to treat or
prevent infections in animals. Clinical phage therapy is permitted
for routine use in a limited number of countries though the
corresponding data from these efforts is limited. Because of the
long-term treatment requirements of chronic conditions such as
cystic fibrosis, the appearance of bacterial resistance to phages
can be a problem. Krylov et al. propose to employ a combinatorial
approach during treatment of drug-resistant P. aeruginosa to
circumvent this problem, by using phages with a proven safety
record combined into cocktails.

Although not life-threatening, some chronic skin infections,
such as caused by Propionibacterium acnes, can require long-
term antibiotic treatment, thus contributing to dysbiotic changes
in microbiomes and selection for antimicrobial resistance. Phage
therapy of acne may be a valuable alternative to reduce the
overuse of antibiotics in the treatment of this condition, as
reviewed by Jonczyk-Matysiak et al.

BIOLOGICAL CONTROL OF BACTERIA
USING PHAGES

In the review article by Buttimer et al., phage biocontrol of
bacterial crop diseases is compared to chemical control measures.
Phages they suggest are more environmentally friendly, can be
tailored against specific disease-causing bacteria, and can be
easily reformulated if resistance develops. Some field trials, for

example, have shown potential for phage biocontrol of bacterial
blight of leek, as explored by Rombouts et al.

Another aspect of biocontrol (vs. phage therapy in the strictest
sense) is reduction of loads in animals of what otherwise could
be food-borne pathogens. In poultry, Ahmadi et al. found that
the prophylactic administration of phage PSE, active against
Salmonella enterica serovar Enteritidis, significantly reduced
shedding of this pathogen. Improved biocontrol measures against
Salmonella will include the selection of phages that can infect
a broader range of bacterial strains. This has been explored,
including in terms of phage genomics, by Bardina et al.

In another example of biocontrol, Hernandez reported that
bacteriophages against Serratia spp., which can spoil Atlantic
horse mackerel (Trachurus trachurus), were isolated and tested
for protection of fresh filets. Reductions in Serratia counts of
more than 90% were observed in treatment with about 10® phages
per gram of filet after 6 days of refrigerated storage (6°C). Phage
application at lower densities was less effective.

THE CURRENT STATE OF PHAGE
THERAPY IMPLEMENTATION

An important aspect of drug utility is availability, and this
requires adequate manufacturing, marketing, and delivery to as
well as education of users. Prior to these steps, it is necessary
to maintain an adequately robust development pipeline along
with strategies toward regulatory approval. Presently, phage
therapy is relatively extensively used only in three countries,
Georgia, Poland, and Russia, while its acceptance and re-
implementation in other countries is still pending (Expert Round
Table on Acceptance and Re-Implementation of Bacteriophage
Therapy, 2016). As discussed by Cooper et al., difficulties
with acceptance are due to: (i) differences in biological,
physical, and pharmacological properties of phages compared
to conventional antimicrobials, (ii) the need to employ multiple
phage isolates (cocktails) due to the high specificity of phages
(thereby allowing for more effective presumptive treatment,
that is, treatment which is initiated prior to precise diagnosis
of microbial etiologies), and (iii) current approval processes
for antimicrobial agents that are based on chemically derived
drugs and which consequently are less suitable for phages.
Alternative approval pathways may be required for phage therapy
(Aminov et al, 2017), while phage-derived enzybiotics are
already suitable for the current approval processes as therapeutic
proteins.

Based on the wealth of data obtained by some phage therapy
centers, Gorski et al. suggest that it is time to consider phage
therapy benefits in their entirety, including compassionate use
targeting cohorts of patients for whom no alternative treatment
is currently available. The effects of phage therapy, which target
infectious agents and which also can modulate the immune
system, resemble the effect of antibiotics, which, in addition to
antibacterial activity, can display other regulatory effects on the
human body (Aminov, 2013). Thus, the impact of phages beyond
intended antibacterial activity should be carefully evaluated
in association with more standard practices of phage therapy
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development. Lastly, Nagel et al. point out that as infectious
diseases significantly affect developing countries, phage therapy
considering its relative technical simplicity as well as ease
of phage isolation, characterization, and production, could be
especially useful in these settings.

CONCLUSION

Bacteriophages have been instrumental in the development of
modern biology, particularly the understanding of biological
process at the molecular level which has been crucial for the
development of modern biological sciences (Cairns et al., 1966;
Summers, 1999). They have also been used therapeutically
for ~100 years, with a good safety record (although their
exploitation in this regard has lagged behind their use in
molecular biology). Publications demonstrating the safety of
phage applications (some of which include phase I safety trials)
include (Rhoads et al., 2009; Wright et al., 2009; Miedzybrodzki
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Losses in crop yields due to disease need to be reduced in order to meet increasing
global food demands associated with growth in the human population. There is a
well-recognized need to develop new environmentally friendly control strategies to
combat bacterial crop disease. Current control measures involving the use of traditional
chemicals or antibiotics are losing their efficacy due to the natural development of
bacterial resistance to these agents. In addition, there is an increasing awareness that
their use is environmentally unfriendly. Bacteriophages, the viruses of bacteria, have
received increased research interest in recent years as a realistic environmentally friendly
means of controlling bacterial diseases. Their use presents a viable control measure
for a number of destructive bacterial crop diseases, with some phage-based products
already becoming available on the market. Phage biocontrol possesses advantages over
chemical controls in that tailor-made phage cocktails can be adapted to target specific
disease-causing bacteria. Unlike chemical control measures, phage mixtures can be
easily adapted for bacterial resistance which may develop over time. In this review, we
will examine the progress and challenges for phage-based disease biocontrol in food
Crops.

Keywords: bacteriophages, plant diseases, biocontrol, biopesticides, phytopathogens

IMPORTANCE OF CROP DISEASES

The human population is expected to reach 9.6 billion by 2050 and this will result in increased
demands for food. It has been estimated that the global food supply may need to grow by as much
as 70% in order to meet these demands (UN, 2013). For such growth, it has been predicted that
crop supply may have to increase as much as 80-110% (Ray et al., 2013). To achieve these yields,
the impact of crop disease has to be reduced. It has been estimated that at least 10% of global food
production is lost to plant diseases (Strange and Scott, 2005). The major pathogens of plants are
parasitic plants, oomycetes, nematodes, viruses, fungi and bacteria. Among the latter, there are over
200 plant pathogenic bacterial species (Considine and Considine, 1995). Those considered to be the
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most important belonging to the genera of Pseudomonas,
Ralstonia, Agrobacterium, Xanthomonas, Erwinia, Xylella,
Pectobacterium, and Dickeya (Mansfield et al., 2012).

BACTERIOPHAGES, THEIR LIFE
CYCLES AND THEIR MORPHOLOGY

Bacteriophages (phages) are the most abundant biological entity
in the biosphere with an estimated number of 103!, as total
prokaryotic cell numbers are understood to be around 10°° in
the biosphere and phage numbers are believed to be at least 10
times greater than this value (Whitman et al., 1998; Wommack
and Colwell, 2000). Phages are specific viruses of bacteria that
subvert the metabolism of their bacterial hosts in order to
replicate. Of the phages that have been identified, the majority
belong to the tailed phages; and these form the Taxonomic
Order: Caudovirales (Ackermann, 2007). These phages possess
icosahedral heads containing genomes comprised of double
stranded DNA. The order Caudovirales is made up of three
phage families; Myoviridae which have rigid contractile tails,
Podoviridae with short, non-contractile tails and Siphoviridae
with long flexible tails. Phages belonging to other families have
highly variable morphologies with genomes of varying nucleic
acid composition.

HISTORY OF BACTERIOPHAGES AND
THEIR USE AS ANTIBACTERIAL AGENTS
TOWARD PLANT DISEASES

The discovery of bacteriophages is credited to Frederick Twort
(Twort, 1915) and Felix d’Herelle (d'Herelle, 1917). Similar
findings of antibacterial agents that hinted on the existence of
phage had been made prior to that of Twort and d'Herelle
(Abedon et al., 2011). However, they were the first to suggest
this phenomenon as being viral in origin. The potential of
phages as antibacterial agents was quickly recognized, with
d'Herelle in 1919 demonstrating the capability of his phage
preparations to treat dysentery patients in the Hopital des
Enfants-Malades in Paris (Wilkinson, 2001). Following this work,
many early studies and attempts were made to use phages
to treat staphylococcal infections, cholera and bubonic plaque
of humans (Sulakvelidze et al., 2001). This pre-antibiotic era
approach became known as bacteriophage therapy. Studies were
also initiated with the aim of using phages to control plant
diseases. Mallmann and Hemstreet (1924) showed that the filtrate
of decomposing cabbage could be used to inhibit the “cabbage-
rot organism” Xanthomonas campestris pv. campestris. In 1925,
Kotila and Coons demonstrated with bioassays that they could
use phage to prevent soft rot by Pectobacterium atrosepticum
and Pectobacterium carotovorum ssp carotovorum on slices of
potato tuber and carrot, respectively (Coons and Kotila, 1925;
Kotila and Coons, 1925). The first field trials were also done by
Thomas (1935), who showed that he could reduce the incidence
of Stewarts wilt disease by treating seeds with phage against
the phytopathogen Pantoea stewartii from 18% (untreated) to

1.5% (treated). However, this type of research became neglected
as understanding of the nature of phage was poor at the
time, and data on their efficacy was limited (Okabe and Goto,
1963).

BACTERIOPHAGE TYPES USED FOR
THERAPY/BIOCONTROL

From a terminology perspective, the term bacteriophage therapy
is usually reserved for human and animal applications. For plants
the term bacteriophage biocontrol is more often used. In recent
years, several studies have been published on phage biocontrol
on a number of important bacterial plant pathogens, with many
very promising results (see Table 1). The main deciding factor
whether a phage is applicable for biocontrol (and also therapy
in humans or animals) is whether a phage is exclusively lytic
(virulent) or instead temperate in nature. Virulent phages are
those which conduct infections that ultimately result in lysis of
their host bacterium with the release of progeny phage particles.
Temperate phages can follow the lytic route of infection but
also follow the route of lysogeny, where the phage genome
integrates into the bacterial chromosome or persists as a plasmid.
In this form the phage is known as a prophage (Lobocka
et al., 2004). With this strategy, the phage genome replicates
as part of the bacterial genome of its host until a trigger
switches it into the lytic cycle. These triggers can be chemical
or physical (UV light or heat) in nature (Brunner and Pootjes,
1969; Miiller et al., 2012). It is interesting to note that certain
plant extracts can also trigger these events (Sato, 1983). Often,
prophage DNA can increase the fitness of the bacterial host
due to genes present on prophage genome. For example, in
the case of plant pathogens, the P. atrosepticum prophages
ECA41 and ECA29 both improve the motility of the bacterial
host (Evans et al., 2010). Prophages may also harbor genes
for toxins, e.g., shiga, cholera, and diphtheria toxins (Abedon
and Lejeune, 2005). Another concern with these phages is the
spread of virulence genes by transduction, where these phages
can excise themselves from their host genomes incorporating
host DNA into their own genomes facilitating horizontal transfer
of genetic material among bacteria (Griffiths et al., 2000). Also,
some lytic bacteriophages are capable of transduction, where they
accidently pack bacterial DNA into their own capsid heads during
the later stages of lytic cycle (Klumpp et al.,, 2008). There is
also a third mechanism of phage-host interaction identified in
filamentous phages (Inovirus family). Here, phages form a non-
lethal chronic infection with continuous production of progeny
phages. However, suitability of these phages for biocontrol is
questionable as their infection can have varying effects on host
virulence, as shown with phytopathogen Ralstonia solanacearum
with its phage ¢RSS1 causing increased virulence (Yamada,
2013), although it has been shown possible to isolate virulent
filamentous phage (Kuo et al, 1994). Another undesirable
property in a phage intended for biocontrol is the ability to bring
about superinfection exclusion to its host during infection. This
prevents secondary infection of the host by another phage (Lu
and Henning, 1994).

Frontiers in Microbiology | www.frontiersin.org

January 2017 | Volume 8 | Article 34 | 16


http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

Buttimer et al.

Bacteriophages and Bacterial Plant Diseases

TABLE 1 | Summary of bacteriophage biocontrol experiments which have been conducted since the year 2000 to the present.

Pathogen

Host

Disease

Information

Reference

Pectobacterium carotovorum ssp.

carotovorum, Pectobacterium
wasabiae,
Dickeya solani

Dickeya solani

Dickeya solani

Streptomyces scabies

Ralstonia solanacearum

Ralstonia solanacearum

Xanthomonas campestris pv.
vesicatoria

Xanthomonas campestris pv.

vesicatoria

Xylella fastidiosa

Xanthomonas axonopodis pv. allii

Pectobacterium carotovorum ssp.

carotovorum

Streptomyces scabies

Potato

Potato

Potato

Potato

Tomato

Tomato

Tomato

Tomato

Grapevines

Onion

Lettuce

Radish

Soft rot

Soft rot/Blackleg

Soft rot

Common scab

Bacterial wilt

Bacteria wilt

Bacterial spot

Bacterial spot

Pierce’s Disease

Xanthomonas leaf
blight of onion

Soft rot

Common scab

Bioassays with phage ®PD10.3 and ®PD23.1 could
reduce severity of soft rot of tubers by 80% on potato
slices and 95% with whole tubers from a mixed
pathogen infection.

Phage vB_DsoM_LIMEstone1 and
vB_DsoM_LIMEstone2 reduced soft rot of inoculated
tubers in bicassays and in field trials which produced a
potato crop with higher yields.

Bioassays with phage ®D1, ®D2, ®D3, ®D4, ®D5,
®D7, ®D9, ®D10, ®D11 could reduce incidence of
soft rot by up to 30-70% on co-inoculated potato slices
with pathogen and phage.

Seed tubers treated with phage ®AS1 resulted in
producing tuber progeny with reduced levels of surface
lesion of scab (1.2%) compared with tubers harvested
from non -treated seed tubers (23%).

Tomato plants treated with phage ®RSL1 showed no
symptoms of bacterial wilt during the experimental
period; whereas all untreated plants showed wilting
18 days post infection.

Simultaneous treatment of phage PE204 with

R. solanacearum of the rhizosphere of tomato
completely inhibited bacterial wilt. However,
pre-treatment with phage before the inoculation of
pathogen was not effective with control of bacterial wilt,
whereas post treatment of PE204 delayed disease
development.

Greenhouse experiments with formulated phage
cocktails could reduce disease severity with formulated
phage cocktails providing better protection in
comparison to unformulated. A similar effect was found
in three consecutive field trials.

In field experiments phage treatment was comparable
to disease control with copper-mancozeb. Combination
of phage and plant activator (ASM) resulted in
enhanced control.

X. fastidiosa levels in grapevines were significantly
reduced on pre and post inoculation of a four phage
(Sano, Salvo, Prado and Paz) cocktail. Pierce disease
symptoms could be stopped using phage treatment
post infection as well as applying phage prophylactically
to grapevines.

Field trial showed that weekly and biweekly applications
of phage could reduce disease severity, a result which
was comparable to treatments of weekly applications of
copper-mancozeb.

Green house trials showed that phage PP1 could
significantly reduce disease development on lettuce
plants.

Phages Stsc1 and Stsc3 could prevent disease
development by treating radish seedlings. Non-treated
radishes had 30% less weight than negative control,
with phage treated radishes having masses similar to
negative control.

Czajkowski et al., 2015

Adriaenssens et al., 2012

Czajkowski et al., 2014

McKenna et al., 2001

Fujiwara et al., 2011

Bae et al., 2012

Balogh et al., 2003

Obradovic et al., 2004

Das et al., 2015

Lang et al., 2007

Limetal., 2013

Goyer, 2005

(Continued)
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TABLE 1 | Continued

Pathogen Host Disease

Information Reference

Asiatic citrus
canker

Xanthomonas axonopodis pv. citri Grapefruit

Citrus bacterial
spot

Xanthomonas axonopodis pv.
citrumelo

Orange

Pseudomonas syringae pv. porri Leek Bacterial blight

Brown blotch
Disease

Pseudomonas tolaasii Mushrooms

Erwinia amylovora Pear, apple trees  Fire blight

Five greenhouse experiments utilizing phage treatment
could reduce disease severity by 59%. However, using
a skim milk formulation of phage did not have increased
disease control. Phage treatment was also capable of
reducing disease occurrence in a citrus nursery. Control
was less effective than copper-mancozeb. Combination
did not give increased disease control.

Balogh et al., 2008

Phage treatments reduced citrus spot occurrence by
35 and 48% in two trials in commercial citrus nursery.
Control was equal or less effective than
copper-mancozeb. Combination did not give increased
disease control

Balogh et al., 2008

Specific bio-assays demonstrated the in planta efficacy =~ Rombouts et al., 2016
of phages vB_PsyM_KIL1, vB_PsyM_KIL2,

vB_PsyM_KIL3, and vB_PsyM_KIL3b. However, phage

cocktail of six phages (VB_PsyM_KIL1, vB_PsyM_KIL2,

vB_PsyM_KIL3, vB_PsyM_KIL4, and vB_PsyM_KIL5

and vB_PsyM_KIL3b), were tested with two parallel

field trial experiments in three locations which showed

variable results. In one trial, symptom development was

attenuated.

Surface of mushrooms were inoculated with pathogen. Kim et al., 2011
The formation of blotches was completely blocked by

co-incubation of phages with pathogen.

Phages ®Ea1337-26 and ®Ea 2345 reduced infection
of detached pear tree blossoms by 84 and 96%,
respectively, with Pantoea agglomerans as a carrier.
Also, infection of potted apple tree blossoms could be
reduced by 54% with phage ®Ea1337-26 and

P, agglomerans. Control was comparable to
streptomycin.

Boulé et al., 2011

Ideally a phage for biocontrol applications should be
exclusively lytic and possess a host range which allows productive
infection on all strains of the pathogen genus/species being
targeted. Also, current opinion is that phages should be able to
lyse the host quickly while producing high numbers of progeny
phage and diffuse easily though the environment to which they
are being applied. However, there was a report of a phage ($RSL1)
of the phytopathogen R. solanacearum which was described as
not highly lytic but still exhibited great biocontrol effect. The
current standing theory of this phage’s disease prevention ability
is that it is capable of co-existing without complete removal
of its host from the soil surrounding crop roots, forming an
equilibrium of infection that maintains the phage’s population but
yet suppresses bacteria pathogenicity (Fujiwara et al., 2011).

While a given phage’s infection properties may appear to have
great potential with in vitro studies, this does not necessarily
translate into biocontrol potential in the field. Balogh (2006)

showed in a study of three phages of X. citri pv citri exhibiting
Iytic activity in overlay plate assays that two of these phages

were unable to lyse their host bacterium on grapefruit leafs, and
indeed were later shown to be ineffective for the suppression
of citrus canker in greenhouse trials. Attention should also be
paid to the receptors that a given phage recognizes on a bacterial
target. This can aid in the creation of phage mixtures with a
reduced likelihood of host resistance (Frampton et al., 2014),
and as such can lead to the development of phage combinations

where individual members work in synergy to eliminate the target

bacterium (Born et al., 2011).

ADVANTAGES OF PHAGE BIOCONTROL
OVER OTHER STRATEGIES

Unlike chemical biocides, phages occur naturally in the
environment and humans are thus exposed to them on a
daily basis without any harm. After application, their numbers
increase if their target bacterial host species are accessible to
them. However, they tend to persist in high numbers in any
environment only long as the host is present (Iriarte et al.,
2012). Thus, phages are unlike copper-based pesticides which
can potentially accumulate in the soil (Hirst et al., 1961; Pietrzak
and McPhail, 2004). Phages generally have a narrow host range,
typically being limited to stains within a particular species of
bacteria. This can allow the creation of phage mixtures which
can target bacterial species within a given genus of bacteria
only. This could be a specific bacterial phytopathogen or it
could be a particular bacterium in a microbial community
whose suppression could help improve crop growth. Basit
et al. (1992) for example, isolated phage which was unable
to infect a desired strain of Bradyrhizobium japonicum which
could aid soy bean crop growth due its nitrogen fixation
properties, but could inhibit competing bacteria which did not
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possess this feature, thus allowing enhanced nitrogen fixation to
occur.

Biofilm formation is an important factor in the virulence
of phytopathogens such a E. amylovora (Koczan et al., 2011;
Li and Wang, 2014). It is an attribute which has been shown
to be involved in bacterial phytopathogen resistance to copper
bactericides (Rodrigues et al., 2008). Phages have evolved to
overcome this biofilm barrier through the use of depolymerase
enzymes on their capsids but can also be released on host
lysis, which allows them to degrade biofilm material, allowing
the phage anti-receptor to gain access to the receptors on the
surface of their host bacterium (Born et al., 2014). There is a
growing demand by consumers for food produce that is free
from chemicals biocides and preservatives. This has resulted in
the restricted use of chemicals to produce “organic label” crops.
The requirements of such food require the absence of chemical
residues in crop production and processing (Lohr, 2001). Since
phages are naturally occurring in the environment, they can
be registered as biopesticides, making them suitable for more
consumer-friendly organic farming (OmniLytics, 2006).

POTENTIAL ISSUES CONCERNING THE
USE OF PHAGE IN BIOCONTROL

The main limitation for the application of phages in biocontrol
in most settings is bacterial host-range. While this can be an
advantage in certain circumstances, developing a phage-biocide
that eliminates every member of a particular bacterial genus or
species can be a challenge. Frequently the development of phage
mixtures (cocktails) overcomes this disadvantage. Occasionally
(but nevertheless, rarely) a phage is isolated which has an
unexpectedly broad host-range. One example of this is a phage
isolated from sewage and shown to target Pectobacterium and also
enteric bacteria associated with humans (Pirhonen and Palva,
1988). Thus, careful attention should be given to ensure full
understanding of likely host-range of a phage to avoid inefficacy
or indeed to avoid the elimination of non-target potentially
beneficial bacteria. In the latter context, instances of phage
infecting beneficial bacteria resulting in reduced crop yield have
been reported (Basit et al., 1992; Ahmad and Morgan, 1994).

It is believed that phages do not directly interact with plants.
However, a number of phage-like genes have been identified
in wheat, corn and Arabidopsis cress (Hedtke et al., 1997;
Chang et al., 1999; Tkeda and Gray, 1999) which would suggest
incorporation of phage DNA into the genomes of these crops and
thus a possible a role in their evolution.

ADVANTAGES OF PHAGES IN THE
CONTEXT OF HOST RESISTANCE

Like antibiotics and copper sprays, for which resistance has
been reported, there is also the possibility of bacteria becoming
resistant to phage infection following constant exposure.
However, unlike chemicals, phages are biological entities which
can evolve and overcome these biological alterations in their

hosts. There has always been a constant race between phage and
bacteria in nature. This is indicated by the fact that 10-20% of
bacterial populations in certain habitats are lysed daily because of
phage infection (Suttle, 1994). In the context of phage resistance,
Qiao et al. (2010) found that Pseudomonas syringae phage
phi2954 was dependent on a host protein glutaredoxin 3 for
successful infection. Mutant host strains without this protein
were shown to be resistant to the phage. Nevertheless, these
authors showed it was possible to isolate mutants of the phage
that had become independent of this host protein for infection
and this observation has been developed and employed in certain
phages aimed at biocontrol. Flaherty et al. (2001) also showed
that phages could evolve to overcome phage resistance in target
bacteria and these were referred to as H-mutants. This allowed
the development of phages with broader host ranges.

In addition to simple mutation-based phage resistance,
bacterial phytopathogens can also possess other more complex
resistance mechanisms such as the altruistic abortive infection
(Abi) systems which give a bacterial host population immunity
against a phage by causing phage-infected cells to commit
suicide in order to prevent phage reproduction (Parma et al.,
1992). While a number of these systems have been identified in
Lactococcus starter culture strains found in dairy fermentations
(Coftey and Ross, 2002; Chopin et al., 2005), recently such a
system was identified in the phytopathogen P. atrosepticum and
was termed ToxIN. This was characterized as a plasmid encoded
Type III protein-RNA toxin-antitoxin system. The toxic protein
ToxN is bound to RNA antitoxin ToxI in its inactive form.
However, when phage infection occured, ToxI RNA antitoxin
became unbound from ToxN causing death of the bacterial host
cell (Fineran et al., 2009). Indeed, Blower et al. (2012) also
showed using phage phiTE, that the phage was capable of creating
mutants that could overcome this system by producing a pseudo
ToxI RNA antitoxin preventing ToxN toxic activity.

Another mode of phage resistance is CRISPR/Cas systems,
which are used by bacteria as well as archaea to form an immunity
to protect from infection by foreign DNA such as phage. These
systems are comprised of clustered regularly interspaced short
palindromic repeat (CRISPR) arrays and CRISPR associated
(Cas) proteins. In a recent study of 1,724 bacterial and archaeal
genomes it was found that these systems were present in 10%
of studied genomes. Previous studies had estimated CRISPR/Cas
prevalence values of 40 and 80% of studied bacteria and
archaeal genomes, respectively (Burstein et al., 2016). These
have been detected in phytopathogens such as P. atrosepticum
(Przybilski et al., 2011), E. amylovora (Rezzonico et al., 2011), and
Xantomonas oryzae (Semenova et al., 2009). CRISPR arrays are
comprised of short stretches of DNA (termed spacers), which are
transcribed into short RNAs which interact with Cas proteins to
detect and cut foreign DNA that match the sequence of the spacer
(protospacer). Spacer sequences are acquired during exposure
to foreign DNA in phage or plasmids, and thus they provide a
genetic immunity from invasion by foreign DNA due to previous
encounters (Marraffini and Sontheimer, 2008). However, it is also
possible for phage to evolve to overcome these systems. Indeed,
Semenova et al. (2009) detected a spacer in X. oryzae which
matched a protospacer of phage Xop411. However, the phage was
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still able to infect this bacterium, due a mutation having occured
in the protospacer sequence.

Bacteria developing resistance against phage infection is not
necessarily a negative development in the context of phage
biocontrol. Phage-resistance mutations in bacteria frequently
are accompanied by a fitness cost, one example being a
reduction in virulence, resulting in reduced disease severity.
This results from the fact that molecules involved in phage
attachment are frequently also involved in the virulence process.
Examples include lipopolysaccharide (LPS) (Evans et al., 2010a),
extracellular polysaccharide (EPS) (Ayers et al., 1979), flagella
(Evansetal.,2010b; Addy et al., 2012) and pili (Ahern et al., 2014).
Thus, mutations leading to resistance frequently compromise
virulence. There, are however, a few examples where these
mutations in bacteria surface structures did not lead to reduced
virulence as seen with LPS production mutants of Pectobacterium
and Dickeya (Schoonejans et al., 1987; Pirhonen et al., 1988).

BACTERIOPHAGE AND CHEMICALS

Phage have been shown to be stable in certain agrichemicals
(Ravensdale et al., 2010). However, precautions need to be
taken with some chemicals being combined with phage.
Chemical biocides typically contain a range of phage inactivating
substances such as surfactants and chelators (Yamamoto
et al., 1968; Chattopadhyay et al, 2002). Also, copper-based
bacteriocides have been shown to inactivate phage, but this
inactivation can be avoided with the delayed application of phage
(4-7 days) after initial application of copper-based bactericide
(Iriarte et al., 2007).

COMPLEXITY OF PHAGE INTERACTION
WITH SOIL

The rhizosphere is the area of soil which is in close proximity
to the roots of a plant. There are several factors which can
affect phage activity in this environment such as pH, moisture
levels, presence of organic matter and soil type. A number of
these factors either individually or in combination can cause
phage inactivation. Different soil types affect the survival of
phage. For example, clay loam soils appear better at maintaining
phage at low soil moisture levels and high soil temperatures than
that of sandy loam soils (Straub et al., 1992) As well, low soil
pH can also negativity affect phage survivability (Sykes et al.,
1981).

Levels of adsorption of phage are affected differently in
differing soil types, with levels of hindrance varying from one
phage type to another (Goyal and Gerba, 1979). Phage can
become bound to soil components such as clays (kaolinite
and montmorillonite) as these minerals possess positively
and negatively charged surfaces to which phage can adsorb
(Schiffenbauer and Stotzky, 1982). Such adsorption can be
influenced by pH (Goyal and Gerba, 1979; Loveland et al., 1996)
as well as the presence of organic materials (Zhuang and Jin,
2003). Under favorable conditions, phages have been identified

that persist at relatively stable concentrations for several weeks in
soil (Fujiwara et al., 2011).

PHAGE IN THE PHYLLOSPHERE

The phyllosphere is the portion of the plant which is above the
ground and phages can readily be isolated from this location.
How phages get there naturally has not been defined precisely,
although it is possible that they originate in the soil from which
the plant germinated - or alternatively get deposited by insect
vectors. Indeed, phages for the phytopathogens Pantoea stewartii
and Erwinia herbicola var. herbicola have been isolated from
corn flea beetles (Woods et al., 1981). Another route is the
translocation of phage from the roots to leaves of plants through
the plant vascular system. And it has been shown that phages
of R. solanacearum, Xanthomonas perforans, and Xanthomonas
euvesicatoria can translocate though tomatoes plants, phage of
Xanthomanas oryzae though the rice seedlings and phages of
E. amylovora though apple seedlings and fire thorn (Rao and
Srivastava, 1973; Iriarte et al., 2012; Kolozsvariné Nagy et al.,
2015). However, this translocation may be influenced by the
phage type, plant age, plant size, plant species, plant health
and possibly soil type in which the plant is growing (Iriarte
et al,, 2012). It has also been reported that E. amylovora phages
could pass from the leaves to the roots of apple seedlings
(Kolozsvariné Nagy et al., 2015). The phyllosphere is nevertheless
a harsh environment for phages to survive and it has been
reported that their numbers can rapidly decline during daylight
hours (Balogh et al., 2003; Iriarte et al., 2007). The destructive
influence of UV light from the sun has been reported to be
a limiting factor for the application of phages for successful
biocontrol. The radiation causes the formation of lesions in
DNA which can block DNA replication and transcription. In
an vivo study with phage phiXV3-16, Iriarte et al. (2007)
demonstrated a direct relationship between phage reduction on
tomato leaves and increasing UVA+B dose. They also showed
in an in vitro study that UV was capable of inactivating phage
used against Xanthomonas campestris pv. vesicatoria, preventing
it from exerting a biocontrol effect. Phage sensitivity against
UV light has been shown to occur also with phage of Dickya
solani and E. amylovora phages (Czajkowski et al., 2014; Born
etal,, 2015). However, there have been phages isolated against the
phytopathogen Pseudomonas syringae pv. actinidiae which can
tolerate extended UV-B doses (Yu et al., 2015). Other potential
factors that could cause phage decline on the phyllosphere
are desiccation, temperature, pH as well as certain chemicals
produced by plants (Erskine, 1973; Delitheos et al., 1997; Iriarte
et al., 2007).

PHAGE APPLICATION METHODS FOR
OPTIMAL BIOCONTROL
PERFORMANCE ON PLANTS

One of the limitations to effective phage biocontrol on crops is
the possibility of poor persistence on the phyllosphere due to

Frontiers in Microbiology | www.frontiersin.org

January 2017 | Volume 8 | Article 34 | 20


http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

Buttimer et al.

Bacteriophages and Bacterial Plant Diseases

the factors discussed in the previous section. However, several
methods have been found to reduce this problem. Survival of
phage can be improved in the phyllosphere and rhizosphere if
they are accompanied by a viable host. This can be an avirulent
strain of the pathogen being targeted or indeed another species
of bacteria which occurs naturally in that environment (Svircev
et al., 2006; Bae et al., 2012; Iriarte et al., 2012). It has also been
found that avoiding daylight during application can improve
phage-based biocontrol. Indeed, it has been demonstrated that
applying phage to tomato leaves in the evening resulted in longer
phage persistence in the phyllosphere, giving phage more time to
infect and kill their bacterial targets (Balogh et al., 2003; Iriarte
et al., 2007).

Born et al. (2015) conducted studies with number of
substances to investigate if they gave phage protection against
UV and reported that natural extracts from carrot, red pepper
and beetroot all gave protection as did casein, soy peptone and
also purfied aromatic amino acids, astaxathin and Tween 80.
None of these subtances had a compromising effect on phage
infection and stability (Born et al., 2015). Thus, it appears that
a wide range of substances could enhance phage preformance
in the phyllosphere with the main requirement being that they
need to absorb UV thus limiting phage exposure. Biodegradable
polymers have also been shown to give these protective effects
(Khalil et al., 2016). In addition, Balogh et al. (2003) also
showed an enhanced phage activity by combining the following
preparations with phage, namely (i) 0.5% pregelatinized corn
(PCF) and 0.5% sucrose, (ii) 0.5% Casecrete NH400, 0.5% sucrose
and 0.25% PCF and (iii) 0.75% skim milk and 0.5% sucrose.
These tests were performed in greenhouse trials and in field trials
on tomato plants with phages against Xanthomonas campestris
pv. vesicatoria. All formulations were used under a variety
of different conditions, but generally demonstrated enhanced
disease protection.

Soil based phage delivery is another approach that has been
looked at to improve phage presistance in the phylosphere. Iriarte
et al showed that a proprietary mixture of phage (OmniLytics
Inc.) active against X. perforans strain 97-2 could translocate
to the upper leaves of a tomato plant from its roots. They
demonstrated that these phages which were applied to soil at
levels of 108PFU/mL could be detected at titres of 10* PFU/g in
leaf tissue for 7 days, whereas with a direct foliar application of
the same phage mix, phage were undetectable 1 to 2 days after
application (Iriarte et al., 2012). This work would suggest that
the phage control of foliar plant diseases could be controlled by
applying the phages to surrounding soil of a plant rather than by
foliar spraying.

COMBINATION OF PROTECTIVE
METHODS APPEAR TO BE THE BEST
DIRECTION FOR PHAGE BIOCONTROL

There is evidence to support that combining phage with
several methods used to control crop disease results in better
control. The bacterium Pantoea agglomerans has been used as
a biocontrol agent to suppress growth of the agent of fire

blight E. amylovora and is being sold under the band name
Bloomtime® (Mikicinski et al., 2016). However, it has been
reported that combining this bacterium with phage biocontrol
can give enhanced protection that is comparable to that achieved
with the antibiotic streptomycin (Svircev et al., 2006; Boulé
et al., 2011). A similar observation of enhanced control was
seen using a bacteriocin-producing strain of R. solanacearum
with a phage to combat tobacco bacterial wilt (Tanaka et al,
1990). In another study, combining phage with Acibenzolar-S-
methyl (ASM) was shown to have improved protection against
bacterial spot of tomato in the field (Obradovic et al., 2004).
However, combinations of phage with copper based pesticides do
not appear to produce synergistic effects. Treatment with copper-
mancozeb as seen with citrus canker and bacterial spot of citrus
fruits did not produce synergy against Xanthomanas axonopodis
pv.citri or Xanthomanas axonopodis pv. citrumelo, respectively
(Balogh et al., 2008). As mentioned previously, this could be due
to phage sensitivity to the components of these copper based

sprays.

IMPROVED UNDERSTANDING OF
BACTERIAL HOST DIVERSITY SHOULD
AID PHAGE BIOCONTROL AND
IMPROVE ITS SUCCESS IN THE FUTURE

Recent years have seen recognition of the increasing diversity and
complexity of bacterial phytopathogens mainly due to advances
in molecular techniques (16S rRNA sequencing). For example,
X. campestris pv. vesicatoria, which was previously a single species
has since been divided into four (Jones et al., 2004). Another
example is of the soft rot Erwinia group, which has undergone
a significant taxonomic reshuffle with creation of novel species
and genera (Hauben et al., 1998; Gardan, 2003; Samson et al.,
2005). These developments are very important, as while the
afflictions caused by these bacteria may appear identical on their
respective crop targets, the phage sensitivities of the pathogens
are likely to differ significantly, but nevertheless are likely to have
some correlation with their taxonomic groupings. For example,
the soft rot Erwinia group, which affects potato crops, has
more recently been reclassified into two new bacterial genera
(Pectobacterium and Dickeya), and these are relatively distinct
from the point of view of phage susceptibilities (Czajkowski,
2016).

PHYTOPATHOGENS TARGETED FOR
PHAGE BIOCONTROL AND HOW THEY
ARE CURRENTLY MANAGED

There are a number of important bacterial plant pathogens
that have received attention for phage biocontrol in recent
years (Table 1) as existing approaches are having limited
efficacy or their use is restricted in certain regions of the
world. The following section discusses selected crop pathogens
where phage biocontrol has been evaluated and is showing
promise.
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Dickeya and Pectobacterium

Both Dickeya and Pectobacterium belong to the family of
Enterobacteriacea, which collectively can be referred to as the
Soft Rot Enterobacteriacea (SRE). Both genera characteristically
produce several cell-wall-degrading enzymes that allow them
to infiltrate and macerate the plant tissue on which they feed
(Pérombelon, 2002). The plant host range of both bacterial genera
is very broad: species belonging to Dickeya have been reported
to infect 10 monocot and 11 dicot families, while those of
Pectobacterium are reported to infect eleven monocot and sixteen
dicot families (Ma et al., 2007).

P. carotovorum ssp carotovorum has a wide host range and
global distribution, while P. atrosepticum is primarily found
in temperate climates with a host range mainly limited to the
potato (Pérombelon, 2002). P. wasabie and P. carotovurum ssp.
brasilensis are also found to infect potato in several regions
worldwide (Waleron et al., 2013; Lee et al., 2014). In Europe,
Dickeya dianthicola is reported to be very important in potato
disease, although more recently, a new Dickeya species called
D. solani is being more frequently identified. Both also cause
disease in other regions of the world (Toth et al., 2011). The
economic impact of these potato infections can be severe. In the
Netherlands, they cause annual losses in the seed potato sector of
as much €30 million per year and in Israel, potato yield losses due
to Dickeya have been as much as 20-25% (Prins and Breukers,
2008; Tsror (Lahkim) et al., 2008).

With regard to the potato, there are no effective bactericides
to protect against SRE and the most effective approach has
been through careful culturing practices, involving avoidance
of contamination and the removal of diseased plants and/or
diseased tissue. Certification systems are also employed. These
involve the propagation of seed plants using healthy tissue
culture plantlets followed by propagation in greenhouses, and
then open field grow-out production. It is accompanied by
careful monitoring and removal of diseased plants before release
for general production. The generation number of these crops
is also kept low to limit bacterial build up. However, the
success of these certification schemes has been variable and
heavily weather dependant (De Boer, 2004; Czajkowski et al.,
2011).

Erwinia amylovora

Erwinia amylovora, a member of the family of Enterobacteriacea,
is the causative agent of fire blight which is a destructive
disease that occurs to species of the plant family Rosaceae.
The disease has been reported in 40 countries across North
America, Europe, the Pacific Rim, and the Middle East (Bonn
and van der Zwet, 2000). It heavily affects apple and pear
production in several regions, with costs estimated as much
as $100 million per year in the USA due to production losses
and control measures (Norelli et al, 2003). It is considered
to be a quarantine concern in countries belonging to plant
protection agencies of APPPC (Asia and Pacific Plant Protection
Commission), COSAVE (Comite Regional de Sanidad Vegetal
para el Cono Sur), EPPO (Europe and Mediterranean Plant
Protection Organisation) and IAPC (Inter-African Phytosanitary
Council) (CABI, 2016).

Pathogenesis typically involves the bacterium entering a
susceptible plant host though the nectarthodes of its flowers, but
it may also enter the plant though other openings such as wounds
(Buban and Orosz-Kovacs, 2003). Once in the plant, it is capable
of moving though the intracellular space of parenchyma, where at
the latter stages it may reach the xylem vessels. Under favorable
conditions, disease can present itself as wilting, necrosis of tissue
and dieback of the plant (Vanneste and Eden-Green, 2000). The
bacterium does not produce cell-wall-degrading enzymes but
the exopolysaccharide amylovoran, biofim formation capacity,
motility, a type III secretion system, and quorum sensing are all
understood to be features in its virulence (Piqué et al., 2015).

Traditionally, control of fire blight relies on cultural practices
involving the removal of diseased tissue as well as preventative
sprays containing copper or antibiotics (Norelli et al., 2003).
However, issues with these chemical controls is copper tolerance
of the pathogen and also the long term of use antibiotics (such as
streptomycin) as a control strategy may be limited in the future,
with growing concern of antibiotic resistance and the resulting
restricted used of antibiotics for agriculture in certain regions of
the world such as EU countries (Ordax et al., 2006; Russo et al.,
2008; Mayerhofer et al., 2009; de Leén Door et al., 2013). As
mentioned, biological controls using antagonistic bacteria have
shown a capacity for controlling the disease (Mikicinski et al.,
2016)

Ralstonia solanacearum

Ralstonia solanacearum is a Gram negative soil-borne bacterium.
It is considered to be one of most destructive phytopathogens
with a host range of up to 200 plant species from over 50
families (Denny, 2007). The bacterium is highly heterogeneous,
historically being divided into five races (based on plant host
range) and five biovars (based on carbon utilization) (Denny,
2007). It causes diseases of economically important crops, such
as bacterial wilt of tobacco, banana and tomato as well as brown
rot of the potato (Sanchez Perez et al., 2008). The bacterium has
global distribution (Sanchez Perez et al., 2008), and with regard
to tomato and potato production, has quarantine status in the
EU (Anonymous, 2000). The species has considerable economic
impact: for example, brown rot of the potato has been estimated
to exceed more than €950 million in losses per year worldwide
(Scherf et al., 2010). Infection begins by the bacterium entering
the host plant though its roots where it will then colonize the
xylem. Infection typically leads to the development of yellowing
of the plant, stunted growth, wilting and death, although the
bacterium is also capable of asymptomatic infections (Sanchez
Perez et al., 2008). Typical methods of control include the use of
cultural practices such as selection of planting time, crop rotation,
using clean seedlings and the use of resistant cultivars (Mariano
et al., 1998). However, the use of such cultivars has shown a
negative correlation between resistance and yields (Yuliar et al,,
2015). Also, resistance possessed by these cultivars tends to be
strain specific (Wang et al., 2000).

Pseudomonas syringe
The bacterial phytopathogen P. syringea belongs to the class of
Gammaproteobacteria (Hirano and Upper, 2000). The species is
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currently subdivided into more than 50 pathovars, with different
pathovars representing different strains with differing plant host
ranges (Hirano and Upper, 1990; Parkinson et al., 2011). Stains
of most pathovars typically exhibit narrow host ranges, with
pathovar P. syringea pv. syringea being an exception, having been
reported to infect more than 80 plant species (Hirano and Upper,
2000).

Pseudomonas syringea pv. tomato causes necrotic lesions
surrounded by a yellow chlorotic halos on tomato, a disease
known as bacterial speck (Cruz et al., 2010). The pathovar can
also infect members of genera of Arabidopsis and Brassica in
laboratory setting (Elizabeth and Bender, 2007). The disease
reduces yields while also affecting fruit quality (Fatmi, 2003).
Pathogenesis by the bacterium involves the invasion of plant
tissue from natural openings, such as stomata, where a type III
secretion system plays a major role in its virulence with the
release of effectors to overcome the plant immune system (Xin
and He, 2013). It is spread by contaminated tomato seeds but
can also survive as an epiphyte for extended periods on tomato
plant surfaces and is dispersed in windblown rain (Smitley and
McCarter, 1982; McCarter, 1983; Preston, 2000). Control of the
organism typically involves the use of uncontaminated seeds and
the used of bactericides (copper and streptomycin) to limit its
spread (Preston, 2000; Fatmi, 2003). However, copper tolerant
strains of the bacterium have been reported (Alexander et al.,
1999).

Xanthomonas species

Xathomonas is a large genus, which belongs to the class of
Gammaproteobacteria, containing at least 27 official species,
many of which also possess several pathovars. Collectively, the
genus host range is broad: infecting around 400 plant hosts,
a number of which are important crops such rice, banana,
tomato, and citrus fruits. Species and pathovars of this genus
typically exhibit a high degree of host- as well as tissue-specificity,
invading either the xylem or intercellular spaces of the mesophyll
parenchyma tissue (Ryan et al., 2011).

Xathomonas campestris pv. vesicatoria is the causitive agent
of bacterial spot disease of tomato and pepper, with the disease
having been identified in many countries worldwide (Jones
et al., 2005). This tomato disease can be very severe with yield
losses of up to 50% reported for tomatoes grown both in
greenhouses and fields in the USA and Caribbean (Camesano,
2015). Disease is caused by the bacterium entering the plant
though stomata or wounds. The bacteria then colonize the
intercellular space of the plant, inducing water-soaked lesions
that later become necrotic, which can result in defoliation
and severely spotted fruit (Thieme et al, 2005). Control of
the disease has involved preventative cultural practices such as
avoiding unnecessary crop damage and using uncontaminated
seed, but also includes use of resistant cultivars as well as
chemical controls with copper or streptomycin (Goode and
Sasser, 1980). However, the use of resistant cultivars has not
always been successful and there have been reports of bacteria
developing resistance to the above two agents (Goode and Sasser,
1980; Ritchie and Dittapongpitch, 1991; McDonald and Linde,
2002).

Xylella fastidiosa

Xylella fastidiosa belongs to the of class of Gammaproteobacteria.
It is a xylem-limited phytopathogen that requires insect vectors
(such as sharpshooters) for its distribution and infection of
its host plants (Chatterjee et al, 2008). It causes disease
on a number of crops such as the grape, citrus, almond,
peach and coffee (Hopkins and Purcell, 2002). While it has
primarily been contained in the Americas, it has been indentified
in Europe in recent years causing disease on olive trees
(Hopkins and Purcell, 2002; Loconsole et al., 2014). Disease
caused by the bacterium is believed to be induced by the
formation of biofilm aggregates in the vascular system, which
restricts the movement of nutrients and water throughout
the plant (Chatterjee et al., 2008). It causes Pierce disease
of the grapevine, a highly destructive infection, which heavily
affects grape production in the USA, and has been estimated
to cost as much as $104.4 million annually to the state of
California (Tumber et al., 2014). Existing control methods have
been limited in their management of the disease and include
removal of infected plants and control of the infected insect
vector populations with neonicotinoid-based insecticides (Janse
and Obradovic, 2010). However, the use of these insecticides
has seen restrictions in recent years due to their possible
effects on honey bee populations (Anonymous, 2013; Lu et al.,
2014).

CRITICAL SUMMARY OF RECENT
PHAGE BIOCONTROL STUDIES ON
CROPS

There is growing evidence showing that phage have promising
biocontrol applications for number of plant diseases in different
crops. The following section describes recent studies that have
been conducted since the year 2000 and the findings from these
is summarized in Table 1.

The most common crops that appear to benefit from the
application of phages for biocontrol in recent scientific literature
are the potato and the tomato, as both have been the focus
of numerous recent studies. The bacterial pathogens in the
case of the potato are predominantly the SRE. As mentioned
above, one of the most important SREs in Europe is D. solani;
and the potential of phage to control this phytopathogen have
been assessed indicating strong potential for disease control. For
example, Adriaenssens et al. (2012) conducted a bioassay and
a field trial using phage (LIMEstonel). The bioassay involved
the incubation of seed tubers (cultivar Bintje), which had either
been inoculated with the bacteria or co-inoculated with the
bacteria and the phage (MOI of 100). They showed that tubers
inoculated with the bacteria alone would experience to 40%
maceration of tuber tissue, while those co-inoculated with the
phage and bacteria exhibited no more than 10% maceration
of tuber tissue. Similar results were observed with the seed
tuber cultivar Kondor. The field trial using the same phage
against the same pathogen also suggested it was capable of
exerting this biocontrol effect in-planta, as phage treated infected
seed potatoes resulted in higher crop yields than those without
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phage treatment. Similar findings were reported by Czajkowski
et al. (2014) who also isolated phages specific for D. solani.
These workers conducted bioassays with tuber slices incubated
with the bacterial pathogen with or without phages (MOI of
0.01) and showed that the application of phages could prevent
potato tuber tissue maceration by up to 70%. SREs other than
D. solani were also studied for their susceptibility to phages
by the same group. They found that the application of phages
(MOI of 0.01) to control P. carotovorum ssp carotovorum and
P. wasabie destruction could prevent damage of up to 80%
on tuber slices and up to 95% on whole tubers against tissue
maceration from a mixed bacterial infection (Czajkowski et al.,
2015). Such data is highly encouraging as many SRE infections
tend to result for a mixture of genera/species. Aside from potato,
SRE infections have also been controlled by phage in lettuce,
with high levels of disease prevention being reported (Lim
et al, 2013). Aside from the SRE problem, potato infections
from the Gram-positive bacterium Streptomyces scabies results
in the formation of a corky lesion (known as common scab)
on the tuber and indeed other root vegetables also, as well as
causing the reduced growth of seedlings (Lerat et al., 2009).
This pathogen has also been successfully treated in potato by
phage biocontrol and thus has implications for other crops also
as demonstrated by Goyer (2005). In conclusion, the above
studies indicate strong potential for phage based control of these
diseases.

Another crop which has been the focus of several studies in
the context of phage therapy is the tomato, which is commonly
infected by R. solanacearum (also causes brown rot in the potato)
and X. campestris pathovars. Again, phage biocontrol approaches
have been demonstrated to give a significant reduction in
bacterial wilt (Ralstonia) and leaf spot caused by Xanthomonas.
Indeed, the successful trials against R. solanacearum reported by
Mansfield et al. (2012) are significant considering the wide host
range of the bacterium. Similarly, in the case of Xanthomonas,
the observed beneficial effect of the application of phages can also
be extrapolated to other plants affected by pathogens belonging to
the same genus. Indeed, studies on elimination of Xanthomonas
using phage have been conducted with successful outcomes on
both grapefruit and orange (Balogh et al., 2008) as well as onion
(Lang et al., 2007). A variety of other crop infections have also
been reduced in severity in other phage biocontrol studies. These
include Pseudomonas infections of mushrooms (brown blotch)
and leeks (bacterial blight) and infection of the grapevine by
Xylella (Das et al., 2015).

COMMERCIALIZATION OF PHAGE FOR
BIOCONTROL IN CROP DISEASE

In recent years, several phage biocontrol products have reached
the market. A USA based company Omnilytics was the first
company to receive registration (from the US Environmental
protection agency) for their phage based biopesticide product
Agriphage. The product is designed for the control of bacterial
spot or speck of tomatoes and peppers (specific for X. campestris
pv. vesicatoria, or P. syringae pv. tomato). This product has

also received an OMRI listing making it suitable for use by
commercial organic growers (OmniLytics, 2006). A Hungarian
company Enviroinvest was the second company to receive
registration for their biopesticide named Erwiphage for the
control of fire blight of apple trees (specific for Erwinia
amylovora) (Enviroinvest, n.d.). There is also a Scottish company,
APS biocontrol, which has developed a bacteriophage-based
wash solution (Biolyse) for potatoes tubers, which is to be
used for prevention of soft rot disease (specific against soft rot
Enterobacteriacea) during storage (APS Biocontrol Ltd, n.d.).
Interestingly this product has been reported to be used by the
Tesco supermarket chain (Branston, 2012).

However, in some regions of the world there are delays
that have to be overcome with regard to legislation allowing
phage biocontrol approaches for the of control of bacterial
plant diseases. A problem with phage-mediated biocontrol is
that phage mixtures/cocktails need to be updated constantly
in order to lyse as many newly emerging strains of the target
bacterium as possible. This approach is used by Omnilytics
(OmniLytics, 2004). This allows a phage cocktail to be adapted
to the relevant disease-causing bacterial strains in a given
situation, also facilitating counteraction of any phage resistance
development during the phage application. However, EU
regulations (1107/2009 EC) require that any change to one of
the components of a phage cocktail would require reregistering
which requires time and expense, making the US approach
currently unfeasible in the EU (Doffkay et al., 2015). Legislation
governing phage biocontrol may need to become more malleable
in the EU for the best application and performance of phage
products as biopesticides.

OTHER PHAGE APPLICATIONS OF THE
PAST AND POSSIBLE FUTURE WITH
REGARDS TO PHYTOPATHOGENS

Phage typing schemes have been employed for several
phytopathogens for epidemiology studies (Toth et al., 1999;
Ahmad et al., 2014). These systems allow the identification of
a particular strain of a species based on their susceptibility to
series of phage. The downfall of this method, however, is that
it depends on the isolation of pure cultures for identification
as well as the maintenance of stocks of typing phage as well as
host strains for which to propagate them. Nowadays, studies
of phytopathogens has moved away from phage typing due
to its tendency to generate false positives and false negatives
results as well as its low resolution and the development
of new and improved molecular techniques (Czajkowski,
2016)

Several phage-based detection systems have been developed
for human and animal pathogens (van der Merwe et al,
2014). Recently however, work has been published on the
promising application of these methods for the detection of
plant pathogens. Such a detection system has been developed for
R. solanacearum, which is based on detection of the bacterium
by phage propagation followed with quantitative PCR (qPCR).
Samples that contain the bacterium will cause added phage
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titres to increase, these titre increases can then be detected using
qPCR. This method was found to be faster than conventional
methods with greater sensitivity allowing detection of 10> CFU/g
of soil, 10> CFU/ml from drainage water from potted plants and
10> CFU/g in 0.1 g of leaf tissue. The method also does not
require the destruction of a plant for the detection of bacterium
unlike those currently used to detect R. solanacearum (Kutin
etal., 2009). It is possible to engineer phage of phytobacteria into
reporter systems that can emit a detectable bioluminescent signal
during infection. A “luxAB-tagged” reporter phage was developed
for Pseudomonas cannabina pv. alisalensis (agent of bacterial
blight of crucifers) which was shown capable of detecting the
bacteria within minutes. This phage was also capable of emitting
a detectable signal during infection of both cultures and diseased
plant samples (Schofield et al., 2013). Both the mentioned systems
have advantages over other molecular detection methods, in
that phage propagation requires active metabolism, conveniently
limiting it to viable bacterial cells.

CONCLUSION

Effective control of plant disease typically calls for a disease
management strategy that involves several integrated approaches.
Currently, the use of phage biocontrol is an emerging, but as
yet uncommon practice. However, phages do possess several
properties which can add to the arsenal of controls for crop
diseases. They are natural, making them suitable for organic
farming. They can be used to create phage cocktails with
tailored host ranges. Also, phages naturally have the potential
to evolve to adapt to overcome phage-resistance or overcome
new strains of bacteria. They can be combined with other
chemical or biocontrol agents. A possible limitation to their use
is their sensitivity to UV light and to certain soil conditions.
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The global rise of multi-drug resistant bacteria has resulted in the notion that an “antibiotic
apocalypse” is fast approaching. This has led to a number of well publicized calls for
global funding initiatives to develop new antibacterial agents. The long clinical history
of phage therapy in Eastern Europe, combined with more recent in vitro and in vivo
success, demonstrates the potential for whole phage or phage based antibacterial
agents. To date, no whole phage or phage derived products are approved for human
therapeutic use in the EU or USA. There are at least three reasons for this: (i) phages
possess different biological, physical, and pharmacological properties compared to
conventional antibiotics. Phages need to replicate in order to achieve a viable antibacterial
effect, resulting in complex pharmacodynamics/pharmacokinetics. (i) The specificity of
individual phages requires multiple phages to treat single species infections, often as
part of complex cocktails. (iii) The current approval process for antibacterial agents has
evolved with the development of chemically based drugs at its core, and is not suitable
for phages. Due to similarities with conventional antibiotics, phage derived products such
as endolysins are suitable for approval under current processes as biological therapeutic
proteins. These criteria render the approval of phages for clinical use theoretically possible
but not economically viable. In this review, pitfalls of the current approval process will be
discussed for whole phage and phage derived products, in addition to the utilization of
alternative approval pathways including adaptive licensing and “Right to try” legislation.

Keywords: bacteriophage, phage therapy, adaptive pathways, alternative licensing, pharmaceutical regulation

INTRODUCTION

The discovery of penicillin in 1928 heralded a dynamic shift in modern medicine with antibiotics
quickly becoming one of the linchpins of modern medicine (Zaffiri et al., 2012). However,
in the 1960s, the “golden era” of the identification of novel antibiotics ended with modern
development focusing on the modification of existing drugs (Nathan and Cars, 2014) with only
four multinational pharma companies maintaining antibiotic divisions (Fair and Tor, 2014). This
lack of interest is not only due to the difficulties in discovering new antibiotic classes but also
decreasing financial returns within drug development (Scannell et al., 2012). It is particularly true
for anti-infective agents, where a median 10 day drug-treatment costs ~US$ 85 for non-HIV
anti-microbial drugs compared to ~US$ 848 for anti-neoplastic drugs (Falagas et al., 2006). When
compared to the total number of drugs granted regulatory approval, anti-infective drugs represent
due to a poor return on overall investment which stifles their development (Figure 1; Piddock,
2012).
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No. Drugs Approved

htm). M, Total; B, anti-infective; M, anti-bacterial.

FIGURE 1 | FDA Novel Drug Approval 2011-2015. Data obtained from (http://www.fda.gov/Drugs/DevelopmentApprovalProcess/Druglnnovation/ucm430302.

Despite public concern about increasing levels of antibiotic
resistance, antibiotic consumption continues to increase,
particularly in the BRIC (Brazil, Russia, India, China) nations
(Van Boeckel et al., 2014). The ability to obtain antibiotics
without prescription, their subsequent misuse by patients (Li,
2014), and the continued use of antibiotics as a growth promoter
in agriculture (Cully, 2014), has contributed to an increase
in the number and scale of multi-drug resistant infections
(Molton et al., 2013). Increased consumption and fervid media
reporting has generated huge interest in the development of new
antibacterial agents and has led to the formation of a number of
working groups, such as the US Food and Drug Administration’s
(FDA) Antibacterial Drug Development Task Force
(http://www.fda.gov/Drugs/DevelopmentApprovalProcess/Devel
opmentResources/ucm317207.htm; accessed 13th June 2016)
or the Biotechs from Europe innovating in Anti-Microbial
resistance (BEAM) Alliance (http://beam-alliance.eu/; accessed
13th June 2016). These groups have called for financial incentives
and patent extensions to be applied to antibacterial drug
development in order to stimulate research (Sonderholm, 2009;
Laxminarayan and Powers, 2011; Wise, 2015).

Interest in phage therapy (i.e., the clinical use of bacteriophage
based therapeutic products in humans), has been traditionally
confined to academic groups and a few clinical centers in
Eastern Europe, most notably the ELIAVA Institute in Tbilisi,
Republic of Georgia. However, the specificity of phages and the
enormous variation in human—bacteria—phage combinations
will lead to an immense number of obligatory clinical trials if
they are to be considered as a viable alternative to antibiotics.
This constitutes one of the primary obstacles for the industrial
development of phage based therapeutic products, in addition
to concerns over intellectual property protection. Nevertheless,
commercial interest has been piqued in the form of small
BioPharma companies (Table 1), but significant interest from
multinational pharmaceuticals is still lacking. These small

BioPharma companies have enabled a number of commercial
phage products to be approved for use in reducing food
contaminants (Endersen et al., 2014), but widespread use of
phage therapeutics in humans remains elusive in the West
(Kingwell, 2015).

The societal need for new antibacterial agents, and the
knowledge that phage therapy may work in practice, requires
the engagement of commercial entities to further develop phage
based products rather than proceeding as a purely academic
enterprise. However, what appears to limit the development
of phage products for human use is primarily associated with
development costs and regulations. Through the application
of new or refined regulations the development of phage
based pharmaceutical products may become faster and more
commercially attractive for companies.

In this article, the current requirements for the development
and approval of new antibacterial drugs are described with
emphasis placed on the challenges faced by phages and phage
based products. Potential alternative or additional approval
pathways within existing and proposed legislation and how phage
therapy could benefit from these pathways are also discussed.

THE REVIVAL OF PHAGE THERAPY

Since the early part of the 20th Century, bacteriophages have
been used to treat a range of different bacterial infections
(Kutter et al., 2010). However, since the introduction and success
of antibiotics in the mid-20th century, interest in phages as
antimicrobial agents within Western Europe and the US has
waned. Increasing problems with antibiotic resistant bacterial
infections has led to alternative strategies being sought. This has
in turn revitalized research into bacteriophages and their derived
products as antibacterial agents (Oliveira et al., 2015). Phage
therapy possesses advantages and disadvantages when compared
to conventional antibiotics. These advantages include the ability
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TABLE 1 | Summary of current phage based products in development for the treatment of human disease.

Company Product Type Target Application Company website
Micreos Staphefekt Endolysin S. aureus Topical https://www.staphefekt.com/en/newspublications
Intralytix ShigActive Phage Shigella Ingested http://www.intralytix.com/index.php?page=prod
AmpliPhi AmpliPhage-001 Phage Ps. aeruginosa -2 http://www.ampliphibio.com/product- pipeline.html
AmpliPhage-002 S. aureus Topical
AmpliPhage-004 C. difficile -
Technophage  TP-102 Phage -2 Ulcers http://www.technophage.pt/index.php/r-d/product-
pipeline
TP-122 -a Respiratory
TP-132 -2 -2
TP-107 -2 Topical
Pherecydes PP021 Phage E. coli Burn and Skin http://www.pherecydes-pharma.com/pipeline.html
Pharma
PP1131PP1231 Pseudomonas Burn, Skin, and Respiratory
tract infection
PP2351 Staphylococcus Bone, Joint, and Prosthesis
Avid Pyocin Phage E. coli Diarrheal and food http://www.avidbiotics.com/programs/
Biotics Derived poisoning
Avidocin C. difficile -a
Pyocin Pseudomonas -2
Purocin Salmonella Food poisoning
Purocin Listeria Food poisoning
ContraFect CF-301 Phage S. aureus -2 http://www.contrafect.com/pipeline/overview
Derived
Lysins
CF-303 S. -a
pneumoniae
CF-304 S. faecalis -a
and
E. faecium
CF-305 S. agalactiae -a
CF-306 B. anthracis -a
CF-307 Group B -a
Streptococcus

anformation not available.

of phages to self-replicate in the presence of a suitable bacterial
host. They act with minimal disruption to the local microbiota
and are relatively easy to isolate from environmental sources,
while the limited host range of lytic phages may detract from
their overall clinical usefulness. Although the advantages and
disadvantages of phage therapy have been briefly highlighted
here, they are discussed extensively elsewhere (Loc-Carrillo and
Abedon, 2011; Nilsson, 2014; Kutter et al., 2015).

Virulent phages have been isolated from a variety of
environments and proven in vitro to be efficient against a
large number of bacterial species (Mattila et al., 2015; Salem
et al., 2015; Sauder et al,, 2016). In vivo testing has shown
that phages can be used to treat various types of infections
in animal models (Hawkins et al., 2010; Dufour et al., 2015;

Ghorbani-Nezami et al., 2015; Holguin et al., 2015; Galtier
et al,, 2016) and also in humans (Kutter et al., 2010; Abedon
et al., 2011; Chanishvili, 2012; Rose et al., 2014; Abedon, 2015).
Results from these more recent in vitro and in vivo trials
have led to a deeper understanding of the unique nature of
phage therapy but have also highlighted the need for further
research into their pharmacokinetics and pharmacodynamics
(PD/PK).

Often compared to conventional antibiotics in the lay press,
the capability to kill bacteria is the only similarity that whole
phages and antibiotics share. Therefore, whole phage therapy is
often complicated by additional factors and as such possesses
unique pharmacokinetics and pharmacodynamics that remain
poorly understood. Amongst these unique characteristics is
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the poor diffusion of phages as the result of their immense
size when compared to antibiotics (~10° times larger). This
means that whole phages cannot be administered in high
concentrations (>10'" PFU). In order to provide an equivalent
amount of “drug” compared to a 10 day course of penicillin
(assuming equal minimum inhibitory concentrations and non-
replicating phages) over 100 Kg of phages would be required
(Bancroft and Freifelder, 1970; Nilsson, 2014). This lack of
diffusion and restricted dosage concentration can be offset by
the ability of phages to replicate upon finding their target
organism.

As with all antimicrobial agents, the ever present shadow
of resistance is particularly relevant to whole phage therapies
where bacterial exposure to phages provides a co-selective
pressure to develop and evade resistance. In the case of
conventional antibiotics, targets are often essential metabolic
functions, while phages and phage derived products (e.g.,
endolysins) primarily target surface structures, among the most
rapidly changing features in bacteria. The epoch spanning
co-evolutionary arms race between phages and bacteria have
also resulted in the development of a number of distinct and
constantly evolving anti-phage systems, most famously CRISPR-
Cas systems (Horvath and Barrangou, 2010), to protect bacteria
from infection by phages. In addition to CRISPR-Cas systems,
other bacterial resistance mechanisms exist including phage
exclusion and restriction modification systems, and have been
discussed extensively elsewhere (Hyman and Abedon, 2010).
While such systems present a threat to the overall efficacy of
a whole phage therapeutic, they are not universally distributed
in bacterial species (Grissa et al., 2007; Burstein et al., 2016)
and phages also develop counter measures to these resistance
mechanisms (Maxwell, 2016).

Although humans are routinely exposed to phages on a
daily basis, concern persists over their immunogenicity and
overall safety, presenting an additional stumbling block for the
adoption of phage therapy. High doses of phage proteins can
elicit unwanted side effects from stimulation of the immune
system (Gorski et al., 2012; Dabrowska et al., 2014). Due to their
classification as biological therapeutics (Rose et al., 2014), both
whole phage therapies and therapies based on phage derived
products will need to be manufactured under current good
manufacturing practices (¢cGMP) and also adhere to current
pharmacopeia requirements that are based on the type of
application. This will require not only large scale manufacturing
in inert suspension media, something being addressed by
small biopharma, but also production of ultrapure preparations
conforming to strict endotoxin requirements (<0.5 EU/mL for
subcutaneous injections).

CURRENT CLINICAL TRIALS REGULATION

The regulatory foundation for clinical studies and clinical
trials in humans is to ethically establish the potential toxicity,
efficacy and side effects of new drugs and to prioritize the
health of the participants over the generation of results. It
is equally important that sufficient data support the claim of

potential benefits and that these benefits outweigh anticipated
risks. Clinical studies and trials should be carried out in
a scientifically correct and transparent manner, be designed
to result in trustworthy data and assess the pharmacological
properties of the new drug in a stepwise process adapted to
available information.

PRE-CLINICAL TESTING

In the current paper, a number of points will be discussed
that specifically impact upon individual licensing pathways. In
addition, there are a number of pre-clinical testing issues which
need to be addressed prior to use in patients regardless of the
approval process. These include the need to develop standard
testing protocols such as those found in antibiotic (e.g., BSAC
or EUCAST; Brown et al., 2016) or microbicide biocide testing
(e.g., ASTM E2197) to ensure consistency in results. There is
an ongoing shift from classical qualitative assays such as the
spot test (host range is assessed by plaque formation) to more
quantitative methods such as the efficacy of plating (number of
plaques on a target strain compared to number of plaques on
the routine host; Khan Mirzaei and Nilsson, 2015), protocols
still vary between laboratories. The creation of international
standards would ensure the reliability and reproducibility of data.

Standard “efficacy” criteria are utilized by companies seeking
to claim activity for chemical microbicides against a particular
pathogen (e.g., a defined strain of S. aureus as an analog for
MRSA). These activities are often under defined environmental
and test conditions utilizing a reference strain as the target (e.g.,
ASTM E2197)1. Currently no such standardized criteria exist for
whole phages. Although whole phages are unlikely to achieve
such large reductions in short time periods (usually >5log;o
reduction in <5 min), suitable criteria could be established.
These criteria could be based upon a defined lower kill level,
the persistence of antibacterial activity over prolonged periods
of time, or other virulence characteristics (Borysowski et al.,
2014). Such criteria would enable multiple libraries based on lytic
activity to be assembled for custom made therapies.

CLASSICAL CLINICAL TRIALS

Clinical trials in the United States must be carried out in
accordance with laws in the United States Code, title 21, chapter
9; the Federal Food, Drug and Cosmetic Act and in particular
part A of subchapter V: Drugs and Devices (http://www.fda.gov/
RegulatoryInformation/Legislation/FederalFoodDrugandCosme
ticActFDCAct/FDCActChapterVDrugsandDevices/default.htm

#Part_A; accessed 13th June 2016) under the jurisdiction of
the FDA and have influenced the regulations of many other
countries due to their comprehensive nature. Within the EU,
clinical trials are currently performed in accordance to the
Clinical Trials Directive (EU-CTD). This should be superseded
in 2016 by the simplified and updated Clinical Trials Regulation

IASTM E2197-11, Standard Quantitative Disk Carrier Test Method for
Determining the Bactericidal, Virucidal, Fungicidal, Mycobactericidal and
Sporicidal Activities of Liquid Chemical Germicides, ASTM International, West
Conshohocken, PA, (2011), www.astm.org.
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(EU-CTR; http://ec.europa.eu/health/human-use/clinical-trials/
directive/index_en.htm; accessed 13th June 2016), allowing a
single application in one member state to apply to all EU member
states which would participate in the trial.

Clinical trials are often broken into four distinct phases
(Figure 2) following successful pre-clinical studies. These phases
increase in complexity and size as a product moves closer to
approval. Should approval be granted, all products are then
subjected to rigorous routine review as they are used. These stages
have been reviewed in detail elsewhere (Pocock, 1983) and are
summarized in Table 2.

It is estimated that ~US$2.6 billion is required to successfully
go from concept to an approved drug (Mullard, 2014).
Although some of the initial screening has been taken up
by academia (mainly pre-clinical and development work), a
significant investment of time and resources is still required from
pharmaceutical companies. When compared to drugs developed
to treat chronic conditions (e.g., statins), the development
of antibacterial agents is economically unviable, due to their
comparatively short usage time.

In response to the pressing need to develop new, safe and
effective antibacterial agents, additional legislation has been
introduced which attempts to modify the approval process,
including limited population approval and the incentivization of
antibacterial drug development (Brown, 2013; Bax and Green,
2015).

THE APPLICATION OF WHOLE PHAGE
AND PHAGE DERIVED PRODUCTS TO
“CLASSICAL” CLINICAL TRIAL
SCENARIOS

Both whole phages and their derived products will be
subjected to the same rigorous clinical trials process
as antibiotics. They are also classified as “Therapeutic
biological products” and thus subject to the Food, Drug,
and Cosmetic Act (http://www.fda.gov/RegulatoryInformation/
Legislation/FederalFoodDrugandCosmeticActFDCAct/FDCAct
ChapterVDrugsandDevices/default.htm#Part_A; accessed 13th
June 2016) and also the Public Health Service Act

(http://www.fda.gov/RegulatoryInformation/Legislation/ucm148
717.htm; accessed 13th June 2016) and under EU Directive
2001/83/EC (Rose et al., 2014; Pelfrene et al., 2016) and would
require additional controls over the manufacturing process.
Should any changes be made to the manufacturing process,
extensive comparability testing would be required to confirm
the consistency of the product (Chirino and Mire-Sluis, 2004).
Regulators, such as the EMA, are aware of the additional issues
faced by phage therapeutics and believe that dialogue with
developers will contribute toward a solution (Kingwell, 2015).

For ease of reference, a number of assumptions have been
made in the current article as follows:

e A single strictly virulent phage or phage derived product
(e.g., endolysin) is selected from pre-clinical studies which
produces a suitable level of bacterial reduction for the intended
application.

TABLE 2 | Summary of clinical trials testing requirements.

Phase Aim Cohort size Notes
Phase | Determination 20-100 e 1stin human studies using
of safety healthy volunteers
e Evaluation of dosing while
monitored
e Determination of adverse
effects
Phase Il Determination 100-500 e Determination of efficacy
of efficacy in target population
e Evaluation of side effects
Phase Il Confirmation 1000-5000 e Verification of efficacy in
of efficacy target population
e Evaluate rarer side effects
e Comparison to gold
standard treatment
Phase IV Safety -a e Monitoring of routine use
surveillance to ensure no adverse side

effects

Adapted from (Pocock, 1983). @Not applicable.

CompOundS
1ﬁ j\
—

3-6 years 6-7 years > 0.5-2 years > p
" o —_— < Phase IV, production
Discovery and pre-clinical Clinical trials (phases I, IT and III) and approval

FIGURE 2 | Schematic representation of current FDA approval procedures for anti-infective drugs.
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e The phage or phage derived product has been subjected
to appropriate pre-clinical in vivo testing to determine the
toxicity, immunogenicity, and dosing of the treatment.

e All products should be produced according to cGMP, as
determined by local regulators, as well as being soluble in, and
compatible with, commonly used physiological solutions (e.g.,
saline) or other physiologically inactive media.

e All components of a phage or phage product cocktail must
have been shown to be acceptable as stated above for single
phages. In addition, the dynamics between the individual
components of the cocktail should also be assessed prior to use.

Initial clinical testing (Phase I) will not vary greatly between
antibiotics, whole phages or their derived products and as such
should be relatively simple to perform with the appropriate
approvals. The routine exposure of humans to phages provides
the immune system with a low level of circulating phage-specific
antibodies (Kucharewica-Krukowska and Slopek, 1987) and
subsequent exposure as part of a therapy may compound this.
Indeed a number of in vitro and in vivo studies have shown that
phages stimulate the innate and adaptive immune systems in a
phage specific manner (Dabrowska et al., 2014; Majewska et al.,
2015) and potentially in a protein specific manner (Dabrowska
et al, 2014). However, a number of studies performed with
cocktails of whole phages have suggested that phages are harmless
when ingested (Table 3; Bruttin and Brussow, 2005; Sarker et al.,
2012) or applied topically (Rhoads et al., 2009). This lack of
response may be in part due to the degradation of phages as they
transit the digestive system, reducing the number that come into
contact with immunostimulatory cells (Abedon, 2015), but also
due to varying degrees of sensitivity between different cell types.

Despite this initial suggestion of safety under Phase
I conditions, potential safety issues will remain during
Phases II-IV as “rarer” side effects are sought. At these
stages, drugs under evaluation are subjected to trials of efficacy
in a population who suffer from the particular disease under
investigation. Due to the nature of the lytic phage lifecycle, it
is not inconceivable that the active replication of phages at a
site of infection could produce side effects, such as toxic shock,
as bacterial debris is released. Such issues could potentially be
anticipated and avoided by the selection of phages which exhibit
different properties such as lower virulence or through the
combination of phages with conventional antibiotics. Although
this may suggest that whole replicating phage therapies could
be consigned to topical application further research is required,
particularly if the issue is addressed through the incorporation
of anti-endotoxin adjuvants (de Tejada et al., 2015; Valera et al.,
2015).

During Phase II and III studies additional complications
arise when trying to recruit a statistically relevant homogenous
population to study (Rose et al., 2014). In the case of diseases
caused by a single bacterial species (e.g., cholera), this may be
due to a low incidence in the general population or, and more
likely, the disease can be caused by multiple organisms (e.g.,
diabetic foot ulcers). It is therefore likely that clinical trials on
phages will be based on long term or multi-site studies in order
to obtain representative population sizes and could be facilitated

by the introduction of the EU-CTR. The introduction of the EU-
CTR could also enable trials to be coordinated from specialist
phage therapy centers allowing for the distribution of specialist
knowledge and products.

Although the combination of multiple phages into a cocktail
compensates for a limited host range (Bruttin and Brussow, 2005)
a number of compromises are made. The increased complexity
of multi-phage cocktails will dilute the concentration of the
individual phage components due to their size, and also introduce
competition of phages for binding sites, both of which could
compromise the treatment (Nilsson, 2014).

Pre-made phage cocktails can be designed to target either
against uncharacterized (multiple phages targeting multiple
bacterial species), or typed bacterial infections (multiple phages
targeting a single bacterial species). Additionally, patient specific
cocktails can be produced in which phages are selected from a
pre-existing library against the patient’s specific strain (Pirnay
etal.,, 2011). While the manufacture of pre-made cocktails would
be tightly controlled and mass produced under cGMP in order to
satisfy regulatory requirements (Parracho et al., 2012; Rose et al.,
2014) it could decrease the production cost per dose. Pre-made
cocktails would also require supplementary approval as cocktail
components are modified to compensate for the development of
bacterial resistance. The clinical usefulness of pre-made cocktails
would be limited due to the shifting nature of epidemic strains;
however, the rate at which resistance develops under therapeutic
conditions is currently unknown. In theory at least, a pre-defined
cocktail should be able to successfully navigate the current
regulatory process assuming appropriate non-inferiority (drugs
under investigation possess similar levels of activity compared to
standard treatment) trial designs. However, it remains unclear
if additional approval would be required as components of the
cocktail change.

Although patient specific cocktails may provide better overall
results (due to the tailored nature of the treatment) these
would present additional challenges in order to gain regulatory
approval. Classical trials of patient specific cocktails would have
to be designed to target specified bacterial strains within the same
species, further reducing the available population which could
be recruited and require multi centered trials to be undertaken.
In theory at least individual approvals would be required due to
their unique composition. In order to compensate for the variety
of potentially infectious strains, patient specific cocktails would
require libraries of pre-approved phages to be developed. This
would allow cocktails to be assembled on a case by case basis,
currently an unprecedented move, although the stockpiling of
vaccines and some antitoxins could be considered to be a suitable

analog (Bodas et al., 2012; Martin et al., 2012).
As previously mentioned, the overall cost for the complete

(pre-clinical to Phase III) development of a novel drug is
astronomical (estimated to be US$2.6 billion; Mullard, 2014)
and represents a significant obstacle for the broad evaluation
of phage therapy in human populations. This cost would be on
a per cocktail basis (assuming cocktails were pre-defined and
manufactured) and probably equate to those encountered by an
antibiotic or phage derived protein. When new strains arise, for
which the pre-defined cocktail is not approved, treatment could
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TABLE 3 | Current clinical trials for phage based therapy in humans.

Trial number Study title Status (date of Summary of trial Published research articles
completion)
NCT02664740 Standard treatment Not yet recruiting e Multicenter trial comparing phage impregnated -2
associated with phage dressing (107 PFU/mL) to a placebo dressing
therapy vs. placebo for e Dressings to be replaced at Day 7 and 14
diabetic foot ulcers infected e Wants to recruit 60 participants
by S. aureus (PhagoPied) ¢ Measuring wound healing over 12 weeks
* Presence/absence of bacteria and antibiotic resistance
NCT02116010 Evaluation of phage therapy Recruiting (July e Phase I/Il multicenter trial comparing phage cocktails -a
for the treatment of 2016) against Silver Sulfadiazine
Escherichia Coli and e Time taken to get a persistent reduction of bacteria
Pseudomonas aeruginosa relative to bacterial content at DO
wound infections in burned e Assessing tolerance to the treatment
patients (PHAGOBURN) e Assessing level of clinical improvement
NCT01818206 Bacteriophage effects on Completed (April e Induced sputum samples taken from 59 CF patients Saussereau et al., 2014
Pseudomonas aeruginosa 2012) ® Ps. aeruginosa count after 6 and 24 h exposure to
(MUCOPHAGES) phage cocktail
® Phage counts after 6h
NCT00945087 Experimental phage therapy Unknown (Last -2
of bacterial infections Updated Sept
2013)
NCT00663091 A prospective, randomized, Completed (May * Phase | safety study evaluating an 8 phage cocktail Rhoads et al., 2009
double-blind controlled 2008) (each phage component approx. 109 PFU/mL)
study of WPP-201 for the e Desired enrollment of 64
safety and efficacy of
treatment of venous leg
ulcers
NCT00937274 Antibacterial treatment Terminated (Jan e Comparison of 2 separate T4 phage cocktails against Sarker et al., 2016

against diarrhea in oral

2013)

standard oral rehydration solutions in ETEC and EPEC
infections

rehydration solution

Desired enrolment of 120
Assessment includes safety tolerance and reduction of

stool volume and frequency

Data obtained from http.//www.Clinicaltrials.gov (09/03/16). &Not applicable.

still be carried out under compassionate usage or “off license.”
However, in the case of patient specific cocktails, approvals
may have to be obtained on a phage by phage basis, prior to
combination into cocktails and could potentially, increase overall
costs by orders of magnitude.

The biology and unique, but poorly understood, PD/PK of
whole phage based therapies, may in actuality reduce their
viability as antibiotic replacements for the treatment of bacterial
infections in humans. In the case of PD, their large size and
poor diffusion through non-aqueous mediums would present
challenges if used as a systemic treatment. This would require
potentially huge doses of phage to be administered in order
to achieve a therapeutic effect. In terms of pharmacokinetics,
large phage doses would be cleared efficiently from the body by
the immune system and could prevent the establishment of a
productive phage infection. The administration of large doses of
phages would increase the probability of phages being able to
reach the site of infection prior to being removed by the immune
system. In addition to this, the overall immunostimulatory

capacity of phage could be reduced through complex formulation
by masking the phages (Kim et al., 2008) or through modification
of phages to alter immunostimulatory proteins (Dabrowska et al.,
2014).

Although many of the issues raised here have been presented
as phase specific, they in fact transcend the individual trial phases
and represent incompatibilities within the current approvals
process itself. Indeed, for patient specific cocktails, it is highly
improbable that current regulations would allow for the approval
of a library rather than requiring the approval of each individual
phage, drastically increasing the overall cost.

Conversely, phage derived products (e.g., endolysins) may
address some of these limitations and have attracted some
attention from commercial entities (Table 2). Despite being
defined as “therapeutic biological products” their activity
kinetics, and probably approval pathways, would be more akin
to antibiotics than whole phage cocktails. The ability to produce
them as recombinant proteins in a non-target vector means
that overall manufacturing and purification processes could
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be adapted from currently existing methods (such as those
used to produce insulin). This would allow for classification
at a substantially higher level of detail than is possible with
whole phage cocktails. The activity of endolysins has also been
shown to transcend single bacterial strains in Gram positive
pathogens such as S. aureus (Fischetti, 2016). This would not
only enable trials to be performed on larger populations but
could also increase their attractiveness to larger scale pharma
companies, as they could be used to target multiple conditions
caused by a particular bacterial species. However, they would be
of limited effectiveness against polymicrobial infections. Many
of the derived endolysins currently described in the literature
target Gram positive pathogens (Fischetti, 2010; Nakonieczna
et al,, 2015). Further research is needed to evaluate their efficacy
against Gram negative pathogens due to differences in cell wall
composition as well as more research on Gram negative specific
endolysins (Dong et al., 2015; Oliveira et al., 2016). Additionally,
other phage derived proteins such as holins and tailspikes may
provide suitable alternatives to endolysins for Gram negative
pathogens (Saier and Reddy, 2015).

ADAPTIVE LICENSING FRAMEWORKS

The process for gaining regulatory approval for novel antibiotics
is a long and time consuming process, which is further
complicated when whole phages are applied to these proceedings.
Although the process itself is optimized for certain types of drugs,
regulators believe that the current trials legislation is “adequate”
for use with bacteriophage based therapies (Verbeken et al., 2012;
Pelfrene et al,, 2016). However, many researchers engaged in
the field actively disagree with this, as the current approvals
procedures are too rigid and too costly in terms of time and
money. They have more recently suggested that current pathways
need to be modified or novel pathways need to be developed for
use with phages (Verbeken et al., 2014; Kutter et al., 2015; Young
and Gill, 2015).

Multiple initiatives have been taken by both the FDA and
Europe Medicines Agency (EMA) to simplify and shorten the
approvals process for drugs while maintaining standards. They
are not designed for antibacterial drugs or, more specifically,
phage based therapeutics. These frameworks include an EMA
pilot project on adaptive licensing initiated in 2014 (AL or
adaptive pathways) and encompasses six undisclosed products.
The pilot study, which is due to report later in 2016, seeks to
investigate how current regulations can be optimized for the
approval of new drugs in cases where there is a high medical need.
The pilot also seeks to determine which criteria should apply for
drugs that can be approved in a graduated simplified process.

Introduced to the US Senate in January 2015, the Promise
for Antibiotics and Therapeutics for Health (PATH) Act (S.185;
https://www.congress.gov/bill/114th- congress/senate-bill/185/
text; accessed 13th June 2016) is an amendment to section 506
of the Federal Food, Drug, and Cosmetic Act (21 U.S.C. 356).
This amendment proposes the creation of a “limited population
pathway for antibacterial drugs” that will allow for the approval
of antibacterial drugs within a highly defined population

without the need for clinical trials through the development
of a Benefit-Risk profile that reflects the “severity, rarity, or
prevalence” of the infection. Although the decision making
process could inevitably be informed by both traditional (e.g.,
survival), alternative (e.g., bacterial clearance), and small clinical
data sets, the process may also take into consideration other
supplementary information such as non-clinical susceptibility
and pharmacokinetic data. However, the supplementary set of
considerations will be decided on a drug by drug basis. Once
approved, product labeling will reflect the limited population
that the drug can be used on and subjected to post approval
monitoring. Subsequent approval for use within a wider
population can be sought, but it is not clear if this would require
full clinical trials or if off license use would be permitted.

AL pathways are iterative processes in which treatment
outcomes are used to inform the ongoing trial, through
the involvement of all stakeholders, as well as input from
independent scientific advice. The iterative process can, as
in the EMA pilot project, be based on different conditions
including: (i) the introduction of more steps, starting with a small
highly defined patient population which is expanded as more
information becomes available (ii) conditional approval for a
product that is granted based on existing data, or (iii) adopting
a centralized compassionate use of a new drug.

ADAPTIVE LICENSING FOR PHAGES

When compared to classical trials, AL pathways may provide
additional flexibility that would enable whole phage therapeutics
and their derived products to be approved for clinical use.
These opportunities would come in the form of initial limited
population testing and potentially through the use of non-
traditional surrogate endpoints.

Regardless of the pathway employed, phage clinical trials will
inevitably consist of a series of compromises due to the complex
interplay between infection type, causative agent and therapeutic
strategy. Trial outcomes will also shift depending on additional
priorities such as clinical need, scope of the trial, anticipated
efficacy of treatment, and overall cost. In addition to this, trials
could be based around a multitude of different formulations, each
possessing advantages and disadvantages (Figure 3).

FORM OF THERAPY

As previously mentioned, phage therapy may involve treatment
with single phages, phage derived products e.g., endolysins, or
cocktails. Host range considerations would limit the available
population that could be treated with single phage preparations,
whereas the formation of phage cocktails would be able
to increase the number of patients that could be treated.
The number of potential recruits for trials could also be
increased for disease states which cause seasonal outbreaks of
a single clonal type in a confined area (e.g., hospital acquired
Clostridium difficilie infections; Furuya-Kanamori et al., 2015).
Trial participants could be easily recruited for clinical trials of a
single phage, particularly if the target organism is a commonly
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Pre-made cocktail

Phage Isolation

# Characterization?

Pre-clinic
Cocktail against pathogen Pre-made cocktail for Libraries of phage (25+) Library of phage (25+) against
A for use in condition X use in condition X for use in condition X pathogen A for use in condition X
Treatment Selection (s Formulate cocktail based
on patient infection
Treatment of patient In clinic
Adverse
Apply for effects . -
expansion to Clinical Improvement” m——) Cause mm——) Discontinue
condition Z No Poor Use
Yes efficacy
Cure Improvement Improvement Post-clinic

>standard

Custom cocktail

<standard

Cocktail scoring

Limited population approval
for use in condition X

FIGURE 3 | Proposed submission of whole phage based products under an adaptive licensing framework. Characterization to be based on genotypic
analysis and lytic activity. bIrnprovement to be characterized on the basis of classical and surrogate endpoints.

occurring pathogen (e.g., MRSA). The recruitment process
would be also be facilitated by a centralized approvals process
(e.g., EU-CTR) which would enable multi-centered trials to be
performed with a single application. However, many infecting
bacterial strains are temporally or spatially restricted, limiting the
availability of participants.

Phage cocktails, on the other hand, can increase the number of
strains susceptible to infection by one or more of the components
which make it possible to target common bacterial infections
caused by different strains in different patients and thus facilitate
the recruitment of participants. Cocktails can be pre-made and
targeted against common pathogenic strains or custom made,
either upon the emergence of a particular strain or to fit the
requirements of individual patients (Pirnay et al., 2011).

Pre-made Cocktails

Highly defined pre-made cocktails should be able to fit into
existing AL frameworks as it would be relatively simple to
define a limited population, although this would not be able
to compensate for differences between causative strains. Should
the causative strain be specified (e.g., Pseudomonas aeruginosa
PAOL1) this would further limit the population which could be
recruited, therefore a multi-centered approach would be needed
and could be expedited by the modified EU-CTR. To compensate
for shifting global trends, clinically relevant bacterial collections
should be assembled and distributed which would enable easier
isolation of suitable phages. It should also be noted that pre-
defined cocktails are less flexible to the rise and fall of new
bacterial strains and would ultimately be susceptible to the

development of bacterial resistance. The overall efficacy would
decrease over time in which a new cocktail would need to be
developed and approved for use.

Custom Cocktails

Custom made cocktails are one way to address the development
of bacterial resistance against phages. In the case of bacteria
which harbor phage resistance systems (e.g., CRISPR), phages
encoding specific anti-defense mechanisms e.g., anti-CRISPR
systems (Bondy-Denomy et al., 2013) could be given higher
priority even if their infection characteristics are not as good as
other phages. Several phages targeting different surface receptors
could be applied simultaneously or serially, resulting in a
synergistic effect and could reduce the potential for resistance
developing (Schmerer et al., 2014) although other criteria could
be used for the selection of cocktail components (Chan and
Abedon, 2012). The inducement of synergy between phages
would also be a good strategy for long term treatment of
deep infections. In such infections, phages would have difficulty
reaching their targets and would be cleared by the immune
system reducing their overall number. By inducing synergy a
smaller overall number of phages would be required to reach
the site of infection as each phage component would be able to
establish a productive infection. However, as with all phage trials
there are arguments that the overall number of participants in
custom cocktail trials would be limited to just one (Eichler et al.,
2015) as infecting strains, and therefore cocktail composition,
would vary on a patient to patient basis. As such it may be
advantageous to inform AL trials based on a pre-characterized

Frontiers in Microbiology | www.frontiersin.org

August 2016 | Volume 7 | Article 1209 | 38


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Cooper et al.

Adaptive Licensing for Phage Therapy

library of phages against a defined pathogen in a defined
condition (e.g., Ps. aeruginosa burn infections), although this
would require a significant redesign of approvals processes.

Creation of a Pre-characterized Library of

Phages and Selection for Use in Patients

A long-term possibility for the implementation of whole phage
therapeutics would be to create phage libraries containing the
most efficient phages against the most severe pathogens, e.g.,
multiresistant Gram-negative bacteria. This could be done by
initially pooling existing phage banks (most of them maintained
by research institutions) into common libraries, followed by
the continuous isolation and addition of new phages. Copies
of the library would be stored in national phage depositories
or major hospitals. This would shorten the time for finding
highly efficient matching phages and assembling cocktails as
well as facilitate an approval process. Individual phages would
initially be characterized in vitro (as with most isolation and
characterization papers) using structural, genomic (i.e., absence
of lysogenic properties), host range, and efficacy analyses (Malki
etal,, 2015; Sauder et al., 2016). However, and more importantly,
the pre-characterization could also establish safety and efficacy
including suitable in vivo testing in animal models before phages
are added to the library. It is important to ensure that even phages
which do not meet the required in vitro efficacy criteria (e.g.,
insufficient lytic activity) are not discarded as they may perform
better in vivo (e.g., less immunostimulatory), or possess greater
efficacy against future epidemic strains.

The assembly of pre-approved phage libraries could
potentially prove advantageous as it would allow for the
creation of multiple cocktails to target an individual infection
type within a single library thereby increasing the population
size that could be recruited. Only the cocktails themselves would
need to be tested for safety and efficacy since individual phages
in the library would already be fully tested. This approach would
also allow for the creation of additional libraries for phages
which appear to be less active or possess a restricted host range.
Indeed the possibility of creating multiple or tiered libraries (as is
the case with multiple lines of antibiotics) would allow additional
flexibility as resistance to individual phages develops. However,
as the complexity of cocktails increases to treat polymicrobial
infections, or as multiple tiered libraries are assembled, the
overall cost and time required to complete trials would increase.

It should be noted that the concept of pre-approved libraries
would require a radical shift in the thought processes of
regulatory agencies and would require the development of new
assessment criteria. These criteria could include the absence
of non-toxicity regardless of the combination of phages used,
in combination with a “minimal” activity level of each phage.
Such a shift in thought process would also ultimately lead to
the development and approval of libraries of phage derived
antibacterial proteins. By approving both phages and their
derived proteins as libraries rather than on an individual basis,
the overall number of trials would be reduced due to increased
flexibility of the drug and potentially an increased treatment
success rate.

Patient Criteria and Emergency

Procedures

Following the successful formation of a pre-characterized library
or specified cocktail, patients would be recruited on the basis
of confirmed infection type (i.e., a specified bacterial agent in
a specified disease state). As in the EMA pilot studies, the
trial would progress iteratively, starting with small groups of
participants and resolving uncertainties before expanding the
trial into new populations. Adverse effects influenced by rare
human genetic traits may be problematic for this type of AL
approach, but further research is required. As a consequence,
the initial (human) testing of phages or cocktails from the
libraries should be conducted in non-life threatening topical
infections (e.g., diabetic foot infections). Any target infection
should also have at least one additional treatment available as a
safety precaution. Should the application of the cocktail result
in Serious Adverse Events/Serious Adverse reactions, Suspected
Unexpected Serious Adverse Reactions or no measurable clinical
benefit, the decision to remove a patient from the treatment
should be made quickly and alternative treatment applied as soon
as possible.

Assessing Outcomes and Expansion of
Populations

The necessary expansion from small groups of trial participants
to larger cohorts during adaptive pathway trials would be
contingent on the outcomes that can be assessed given the actual
cohort size. Classical clinical trials often use well-defined and
clinically relevant endpoints like patient survival time, resolution
of infection, decrease in lesion size or perceived symptoms, but
surrogate endpoints based on biomarkers for indirect assessment
can also be applied (Fleming and Powers, 2012).

In the initial stages, classical endpoints should be included
in adaptive pathway phage therapy trials, but pharmacological
assessment will be as important. Surrogate endpoints will
probably be of greater importance for phage therapy trials.
Increase in phage titers, reduction of bacteria load or
infection parameters (e.g, CRP) and absence of additional
pro-inflammatory responses may indicate that the treatment has
a positive effect and that the study can be widened. Therefore,
phage trials under AL would be designed as non-inferiority
trials, in which the intervention is compared to the conventional
therapy (e.g., antibiotics) to establish a similar level of overall
effect (D’Agostino et al., 2003) rather than having to demonstrate
superiority.

If applied in a pre-formed library format for patient specific
cocktails, individual phage components could potentially be
scored to further inform and develop the library. Such a scoring
mechanism would not only require the treatment outcome to be
established, but the actual role of the individual phage in that
outcome and would require the ability to differentiate between
the components of the cocktail.

AL pathways offer many possibilities for the approval of
whole phages. However, each of these different avenues require
compromises which will subsequently impact the efficacy of the
treatment and on the overall cost and time required to complete
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trials (Table 4). In the case of cocktails the time and cost to
reach the clinic will increase significantly if it is necessary to
approve each individual component of the cocktail separately.
However, if radical action is taken and libraries of phages against
specified pathogens are approved, this could potentially counter
the increased cost and time.

Although it is likely that phage derived proteins will not suffer
adversely when trying to gain regulatory approval, AL pathways
could still prove beneficial. The use of a limited population
approach would enable data to be obtained while informing
future clinical studies of different disease states, particularly if
developers are interested in systemic application. In addition to
this, classical and surrogate endpoints could be utilized that could
be derived from antibiotic trials (Cornely et al., 2012; Verduri
etal., 2015).

“RIGHT TO TRY” LEGISLATION AND
“COMPASSIONATE USE”

The Code of Federal Regulations (CFR) Title 21, Chapter I,
Subchapter D, Part 312, Subpart I (http://www.ecfr.gov/cgi-
bin/text-idx?SID=43f054659224216924a6379ef9602c2b&mc=
true&tpl=/ecfrbrowse/Title21/21tab_02.tpl; accessed 13th June
2016) and European Regulation 726/2004/EC (http://eur-lex.
europa.eu/LexUriServ/LexUriServ.do?uri=0]:L:2004:136:0001:
0033:en:PDF; accessed 13th June 2016) govern the expanded
access of non-approved medications to patients that have been
submitted for approval by regulatory agencies. Although this is
often under compassionate use guidelines where no alternative
treatment exists (Whitfield et al., 2010) there are increasing calls
to amend the laws in the US to make this process easier through
additional legislation such as the H.R 3012 (Right to Try Act;
https://www.congress.gov/bill/114th-congress/house-bill/3012;
accessed 13th June 2016). Introduced to Congress during July
2015, H.R. 3012 would allow Phase I experimental drugs,
biological products, or devices to be used in terminally ill
patients.

Although such regulations would allow for the use of phages
on individual patients in the US under Part 312.310, expansion to
an intermediate patient population size (Part 312.315) would be
possible, but potentially difficult. While there have been a limited
number of cases in which phage cocktails have been approved
for compassionate use this process is not routine (Rhoads et al.,
2009; Khawaldeh et al., 2011). However, should resistance rates
continue to increase, and the number of available drugs decrease
further, phage therapy may be the only remaining therapeutic
option.

In addition to cGMP and other specific requirements,
informed consent from patients is required for compassionate
use. While this should be relatively simple, the lack of
public awareness surrounding phages may be detrimental to
recruitment. This lack of public awareness could be circumvented
by the formation of trials in EU member states possessing
specialized phage centers (such as the Institute of Immunology
and Experimental therapy in Wroclaw Poland) as part of an EU-
CTR application in combination with compassionate usage in

other parts of Europe which has been suggested by researchers
in the field (Kutter et al., 2015).

UTILIZATION OF ADDITIONAL DATA
SOURCES

The clinical use of phages in specialized centers in Eastern
Europe has generated immense amounts of data, little of which
is published in Western scientific literature (Miedzybrodzki
et al., 2012). As some of these centers now lie within the EU,
data generated post membership should conform to Western
standards and could potentially form the basis of a meta-analysis
or systematic review of clinical phage therapy when combined
with more recent trial data that has been generated.

In order to utilize such data that has been generated prior to
EU membership, or for countries whose regulatory frameworks
may differ to EU and FDA standards, criteria would need to
be established in order to assess the overall quality of the
work performed. This could be done on the basis of the
achievement of an appropriate clinical outcome (i.e., duration of
hospitalization or resolution of infection) or an assessment of the
methodology and trial design prior to incorporation into meta
analyses.

CONCLUDING REMARKS

Despite the pressing need to develop new antibacterial agents, the
approval rate of anti-bacterial drugs remains low when compared
to other forms of drug due in part to both economic and
scientific issues. Phage derived products, such as endolysins, are
likely to be suitable for classical clinical trials procedures due to
their similarities with conventional antibiotics. However, in the
case of whole phage therapies, currently available mechanisms
are not suitable, requiring large patient cohorts and extensive
resources. In this article the limitations of current clinical
approval pathways, as well as possible alternative pathways
for the approval of phage therapy, have been discussed and
summarized (Table 5).

While the current article is by no means exhaustive on every
potential pathway that could be employed for the approval
of phage based therapies for human use, it hopefully sparks
discussion and debate on the nature of clinical trials and the need
for more flexible regulations when dealing with phages and their
derived products. For phages that are genetically similar (>95%)
this could include additional accelerated or automatic approval
pathways. This would be particularly useful for those phages
whose major components (e.g., capsids) are identical but whose
host range and efficacy is influenced by small changes in tail fiber
composition (Ando et al., 2015; Goren et al., 2015). However,
genetic engineering of whole phages (Ando et al.,, 2015), or the
creation of wholly artificial phages from sequence data (Smith
et al., 2003), would require approvals pathways to be revisited
in the future as these technologies approach clinical readiness.
In the case of customizable cocktails taken from pre-licensed
libraries, suitable regulatory criteria need to be developed. This
would in essence separate phage approvals from the normal
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TABLE 5 | Summary of current and possible alternative pathways as applied to whole phage and phage derived therapeutics.

“Classical” licensing

Adaptive licensing

Compassionate use

“Gold” Standard

Already established for antibacterial drugs
Would be suitable for phage derived products
Additional legislation being introduced to
streamline procedures for antibacterial drugs

Advantages .

Limited population approvals
Iterative process which can inform
future work

Can be adapted for pre and custom
phage cocktails

* Immediate clinical usage

¢ Data could be used to inform future work

e Could be utilized for all forms of phage
therapy

Recruitment for trials
* Cost
Reformulation would require additional trials

Disadvantages

Varying degrees of complexity
Limited population approvals

¢ |imited to a single patient basis
e Not actually approved for use

Other considerations Likely that only highly defined products would be o

able to succeed, limiting success

Approval of predefined libraries would
require wholly new approvals process

e | ack of public awareness of phages

Time to implement?® ++

+4 or +++*

+

3%

Cost to implement®

$$ or $38* $

aAssumption has been made that “Classical” licensing is a baseline. *Both cost and time to implementation would be affected by the form of treatment chosen. Pre-approved libraries

taking longer and costing more to achieve.

biological therapeutics approvals and would require a substantial
shift in the collective mindset of regulatory agencies.

Perhaps the most radical possibility would be to establish
a centralized phage bank under governmental control from
which phages could be isolated, collated, tested, and distributed
on a case by case basis to be used in compassionate use
treatments or AL trials. Data and treatment outcomes could
then be collated by the phage bank to provide greater insight
into phage therapy as a whole. This would not only remove
the commercial element to development, but would provide
direct to clinic access for therapies and also enable a greater
degree of control to be exerted over treatment potentially
reducing phage resistance rates. Such a system could be
developed within existing public health organizations (e.g.,
Public Health England, UK or Folkhélsomyndigheten, Sweden)
as these organizations are responsible for collating data on
antibiotic resistance trends and provide reference laboratory
facilities, but would require a substantial initial investment to
establish and thus may be unpalatable in the current economic
climate.

While no phage specific approvals pathway currently exists,
such a pathway could be developed with suitable engagement
between regulators and researchers. This pathway could be
based on existing guidelines, where products which have been
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selection for therapeutic purposes and limitations of their use. Perspectives for the use of
genetically engineered phages to specifically target bacterial virulence-associated genes
are also briefly presented.
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INTRODUCTION

The post-antibiotic era in which minor injuries and common infections can kill - because of
lack of drugs or their ineffectiveness — nowadays is not an apocalyptic fantasy, but a real 21st
century possible threat (WHO, 2014). For example, ESKAPE organisms (Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa,
and Enterobacter species) are extremely resistant to multiple antimicrobial agents (Moellering,
2010) and are a serious challenge in medicine today.

According to the National Institutes of Health (NIH, USA), phages are innovative components
that may be used to combat microbial resistance (NIH, 2014). Clinical application of phage
preparations is associated with well-described and -characterized processing, and its influence on
phage stability during preparation and under storage conditions should be verified and described
in detail, especially as it is needed for phase III clinical trials (Vandenheuvel et al., 2015). As
suggested, personalized phage therapy is probably more effective than prét-a-porter preparations,
as itis based on tailored preparations which can be adjusted to changing bacterial pathogens (Keen,
2012; Mattila et al., 2015).
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STATE OF THE ART

Bacteriophages are viruses which have the ability to multiply
only in bacterial cells, and they are detectable almost everywhere
where live bacteria exist (they have been isolated from all
environments and ecological niches, e.g., inland waters, hot
springs, salt water, soil, cold water) (Lin et al., 2010; Zheng et al.,
2013; Zhan et al., 2015). It is estimated that in the biosphere there
are approximately 10°°~3! phages (Hendrix et al., 1999; Hendrix,
2002), which is 10-fold higher than the total number of bacterial
cells (Abedon et al.,, 2011a). They are an inherent element of the
human microbiome, and therefore they are well tolerated when
used in phage therapy (Miedzybrodzki et al., 2012; Reyes et al.,
2012).

A serious medical and social problem results from the
increasing antibiotic resistance of bacterial strains (Arias and
Murray, 2009; Magiorakos et al., 2012; Deris et al., 2013; WHO,
2014). The pharmaceutical industry is withdrawing from research
and development on new antibiotics due to unprofitability of the
venture and the risks of development of resistance in bacteria
(Clarke, 2003).

Initially, bacteriophages were isolated from stool samples of
patients suffering from diarrhea and were first successfully used
in the treatment of bacterial dysentery (D’Hérelle, 1917). Hankin
was the first to observe that the water of the Ganga and the
Yamuna rivers (India) had antiseptic properties; in particular,
water samples from them were able to destroy Vibrio cholerae
(Hankin, 1896; Abedon et al., 2011b).

In humans phages have been successfully used in the treatment
of a wide range of infections, both local and systemic (Weber-
Dabrowska et al., 2001, 2003; Borysowski and Gorski, 2008;
Miedzybrodzki et al., 2012; Borysowski et al., 2014; Rose et al.,
2014). This is due to the fact that they have many features which
give them advantages over antibiotics, e.g., phages multiplying
at the site of infection where there are bacteria sensitive to
them (Abedon and Thomas-Abedon, 2010; Loc-Carrillo and
Abedon, 2011; Kutter et al., 2012). Interestingly, development
of the resistance of bacteria to antibiotics does not parallel
the development of phage resistance in bacteria, although the
acquisition of resistance to phages by bacteria may pose a
significant problem (Loc-Carrillo and Abedon, 2011). Therefore,
as mentioned, phages can be used to treat infections caused by
antibiotic-resistant bacterial strains (Gérski et al., 2007; Kutter
et al., 2010), including bacteria resistant to multiple antibiotics
(Gorski et al,, 2007; Hanlon, 2007). Moreover, it has been
demonstrated that phage therapy is safe and relatively free of side
effects (Borysowski and Gorski, 2008; Lusiak-Szelachowska et al.,
2014; Jonczyk-Matysiak et al., 2015).

The use of bacteriophages in antimicrobial phage therapy is
based on their ability to recognize, adsorb and multiply only
within the bacterial cell and cause its lysis (Burrowes et al., 2011).
Phage therapy is defined as the use of bacteria-specific viruses to
combat pathogenic bacteria that cause infections (Loc-Carrillo
and Abedon, 2011). Bacteriophages are usually highly specific
and may be active against antibiotic resistant Gram-positive and
Gram-negative bacteria (Biswas et al., 2002; Burrowes et al., 2011;
Vinodkumar Srinivasa et al., 2011; Chhibber et al., 2013).

Phages have been used as a therapeutic agent in two main
centers (Weber-Dabrowska et al., 2000a,b; Sulakvelidze et al.,
2001; Clark and March, 2006): in Poland [the Ludwik Hirszfeld
Institute of Immunology and Experimental Therapy, Polish
Academy of Sciences in Wroclaw (IIET PAS)] and at the Eliava
Institute in Tbilisi, Georgia. In 2005 the Phage Therapy Unit
was opened there — the first of its type in the European Union.
Over the past few years, phage therapy has gained wider interest
(Denou etal., 2009; Gorski et al., 2009, 2012; Miedzybrodzki et al.,
2012; Pirnay et al.,, 2012; Henein, 2013; McCallin et al., 2013;
Borysowski et al., 2014; Matsuzaki et al., 2014). Moreover phages
are used as therapeutics also, e.g., in former USSR and the Russian
Federation (Krylov et al.,, 2012; Krylov, 2014; Sarker et al., 2016).

SOURCES OF PHAGE ISOLATION AND
PHAGE PROPAGATION HOSTS

The environment is a unique source of all types of phages,
offering the possibility to isolate them for therapeutic purposes
(Naghavi et al., 2013; Shukla et al., 2014). Phages are unevenly
distributed, with the prime source of phages against human
bacterial pathogens being the immediate hospital vicinity (Latz
et al., 2016). For quality controlled production, phages active
against P. aeruginosa and S. aureus were isolated from sewage
and river water (Merabishvili et al., 2009). Already Dubos
et al. (1943) isolated phages against Shigella dysenteriae 2308
from New York city sewage. The isolation of phages from
environmental sources is more often possible when the sample
contains the target bacterium (Gill and Young, 2011; Periasamy
and Sundaram, 2013). An optimal source for searching for new
phages is sewage (Lobocka et al., 2014; Weber-Dabrowska et al.,
2014). Vandersteegen et al. (2013) isolated raw inlet sewage water
phages, Romulus and Remus, active against S. aureus. These
phages infected 80% of tested strains and had the potential to
destroy biofilm. It is also possible to obtain new virulent phages
from stream water (Ul Haq et al., 2011). Sheep and cattle fecal
samples were also a source of newly isolated phages.

The occurrence of phages against bacteria that are not
abundant, in samples obtained from the environment, is usually
low, so the simplest and most direct methods for their
isolation may be unreliable. Therefore it is recommended to use
large volume sample because concentration and/or enrichment
methods may be relevant (Gill and Young, 2011). In larger
sample volumes the possibility to detect phage is increased,
and this type of searching may be recommended when too few
desired phages are present in the sample (Gill and Hyman, 2010).
Sometimes phage inactivation may occur during the waste water
treatment process; e.g., during anaerobic-aerobic adsorption
on solid particles as well as aerobic treatment using activated
sludge or flocculants (Tanji et al., 2002). But, in Bacteriophage
Laboratory IITD PAS phages active against Enterococcus and
Staphylococcus strains were isolated from drinking water (Weber-
Dabrowska et al., 2014).

The broad host range phage isolation protocol from sewage
and pond water was described by Jensen et al. (1998). The widely
considered narrow host range of isolated phages may be the result
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of the isolation procedure rather than the naturally occurring
phage spectrum. Host specificity of phages that are isolated from
aquatic samples is broader than that of phages isolated from
other types of samples (Wommack and Colwell, 2000). Two
staphylococcal phages, PhiSA039 and PhiSA012, isolated from a
municipal wastewater treatment plant in Tokyo were shown to
have a wide host range (Synnott et al., 2009). Similarly, the P-
27/HP bacteriophage isolated from sewage was polyvalent and
was able to control multidrug resistant S. aureus (Gupta and
Prasad, 2011). It was able to kill 60% of isolates of S. aureus
from humans. Parra and Robeson (2016) found three polyvalent
bacteriophages (FC, FP, and FQ) infecting the S. enterica serovar
Choleraesuis and Escherichia coli strains, in wastewater samples
in Chile. Yu et al. (2015) suggested that polyvalent phages may
be rapidly isolated from the environment by using different
sequential hosts. Their novel method is based on two sequential
multihost isolations, and both culture-dependent and culture-
independent phage libraries were tested for phages of broad range
of infectivity. These methods were found to be useful for isolation
of broadly polyvalent phages that were able to infect bacteria
of distantly related taxons. Another example of unexpectedly
broad host-range phage is phage JHP, which was isolated recently
by Khawaja et al. (2016). Unfortunately, it is difficult to obtain
phages whose specificity is broad enough to cover all strains
within a pathogenic species, despite the fact that it is possible to
isolate phages with a broad host range (Nilsson, 2014). A typical
problem in phage therapy is a narrow host-range of certain
phages. T4 phages tested by Denou et al. (2009) for the efficacy
in curing E. coli diarrhea proved to be not only species- but
also strain-specific. Therefore, it was necessary to use phage
cocktails containing 10 and 16 phages that cover half to two
thirds of E. coli strains (representing the five main pathotypes
isolated from patients suffering from diarrhea). Ready-made,
broad-host-range cocktails that contain phages active against
different pathogens may be a good solution when rapid phage
application is needed.

The richest source of the most effective therapeutic phages
is the material from patients who recovered from an infection
(D’Herelle, 1938). Mattila et al. (2015) isolated phages on
demand from sewage. They emphasized the ease of isolation
of phages against such pathogenic strains as Pseudomonas
aeruginosa, Salmonella, extended spectra beta-lactamase E. coli,
and K. pneumonia, but greater difficulty to find phages active
against vancomycin-resistant Enterococcus and Acinetobacter
baumannii strains. Isolation of phages that are active against
S. aureus turned out to be the most difficult. However, e.g.,
Kwiatek et al. (2012) and Sahin et al. (2013) obtained phages
active against S. aureus clinical MRSA strains.

O’Flynn et al. (2004) isolated phages active against the
E. coli O157:H7 strain from human fecal samples of patients
with gastrointestinal disorders, and from bovine feces. Certain
phages were isolated from human skin swabs, in particular from
bacterial strains (Brown et al., 2016), e.g., phages specific to
Propionibacterium acnes. Raw hospital sewage samples were the
source of the phiAxp-3 lytic phage which was active against
Achromobacter xylosoxidans A22732 (Ma et al., 2016). This phage
was active against four A. xylosoxidans strains tested.

Sometimes, it is possible to isolate a phage against certain
strain of pathogenic species and then adapt this phage to another
host strain against which one cannot easily isolate new phages.

Typically, high titer lysates containing phages that can
effectively infect certain strains of bacterial pathogens can be
obtained by the propagation of these phages in cells of related
strains. Sometimes, to avoid the risk of infection and to simplify
the culture procedure, a non-pathogenic bacterial strain — called
a surrogate strain - may be chosen for phage isolation and
propagation (Gill and Hyman, 2010). For example, David et al.
(1980) chose for their research Mycobacterium smegmatis — a
species safer than the closely related pathogenic M. tuberculosis -
to propagate the D29 phage. This strain grew rapidly compared
to the pathogenic M. tuberculosis and was also susceptible to the
D29 phage; therefore for practical reasons it was chosen for the
propagation of this phage.

SYNERGY BETWEEN PHAGES

Some phage preparations are in the form of a cocktail - they
may be composed of more than one phage. Phages in the cocktail
may be active against various strains of the same bacterial species,
but the killing of target bacteria by the cocktail may be more
effective than expected based on the lytic activities of single
cocktail phages. This phenomenon is referred to as synergy, and
it may be helpful and useful from the therapeutic point of view.
According to research conducted by Schmerer et al. (2014), it
is possible to obtain such synergy if one phage can facilitate the
infection of the same bacterium by another phage. They isolated
the phage from sewage and observed that it caused the formation
of large plaques on a mucoid E. coli strain. The large size of
plaques resulted from the combined activity of two phages - J8-
65 (turbid plaques with a halo effect) and T7 (forming small
plaques). The combination of these two phages resulted in 10-
100-fold higher killing efficacy of host bacteria compared to each
phage alone. The likely cause of this synergy was the activity of J8-
65 colanidase - an enzyme which degrades the exopolysaccharide
of mucoid bacterial surface. By degrading a mucoid barrier
protecting cells from the T7 adsorption, the colanidase provided
easier access of T7 to the bacterial cell surface receptors. This
observed synergy was temperature- and media-dependent. From
a practical point of view, phage-encoded depolymerase enzymes
may facilitate phage access to bacteria in a biofilm community
(Cornelissen et al., 2011; Pires et al., 2016), which may have
practical implications in biofilm treatment. Phage efficacy in
destroying biofilm was observed in the case of biofilms formed by,
e.g., Enterococcus or Staphylococcus (Gutiérrez et al., 2015; Khalifa
etal., 2015).

The knowledge based on the possibility to obtain synergy may
significantly improve production of phage preparations intended
for phage therapy, as it strengthens their potential efficiency.

METHODS OF PHAGE ISOLATION

Samples that are believed to contain phages may be directly -
after sterilization by filtration (0.22 pwm) or after incubation
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(enrichment method) - plated on a bacterial host lawn to
search for plaques - the simplest method for visualization of
phage occurrence. It is worth considering that for each phage
and bacterium specific medium, growth and storage conditions
should be adjusted and evaluated (Fortier and Moineau, 2009).
Moreover, for new phage isolation it is recommended to use one
bacterium in the exponential phase of growth (Wommack and
Colwell, 2000; Kutter, 2009). To verify the findings, each test
should be performed at least in duplicate.

Liquid samples seem to be easier for phage searching, whereas
solid ones need to be suspended in a sterile liquid medium.
Sometimes it is possible to use pooled samples (e.g., in searching
for phages in the urine of an infected patient, when the material
was collected at different time points). However, independent
testing seems to be a more likely method of isolating phages
than pooling (Gill and Hyman, 2010). The main steps in phage
isolation for therapeutic purposes are presented in Figure 1.
Identification of new phages and adding them to the collection
begins with multiplying phages obtained from an environmental
sample with the use of the target bacterial host and checking the
activity of the phage against strains of a well-defined bacterial
collection. This procedure is known as the determination of the
phage host range on a target host strain panel (Mirzaei and
Nilsson, 2015; Pirnay et al.,, 2015). Interestingly, some phages
can form plaques that are too small to be seen. An example is
Bacillus phage G, which cannot diffuse through agar, due to its
extraordinary large virion size (Hendrix, 2008).

There are many ways to improve the visibility of phage
plaques on a bacterial lawn. One possible method, especially
in the case of phages isolated from environmental samples, is
the use of sublethal doses of antibiotics (e.g., 2.5-3.5 pg/ml of
ampicillin, depending on the top agar thickness), which was
suggested by Lo$ et al. (2008). This allows one to obtain plaques
of increased diameter or obtain any kind of visible plaques in
standard conditions in the case of E. coli phages. Similarly, Kaur
et al. (2012) also used sublethal doses of antibiotics (inhibitors
of proteins synthesis) to increase the size of MR-5 phage plaques
(which are usually tiny, small, and difficult to visualize) on
the methicillin-resistant S. aureus strain. The addition to the
soft agar layer of 2,3,5-triphenyltetrazolium, sodium thiosulfate
or ferric ammonium citrate, as it was done in the case of
Salmonella enterica subsp. enterica bacteriophages isolated from
swine lagoon effluent may be another way to facilitate plaque
visualization (McLaughlin and Balaa, 2006).

For therapeutic purposes it is necessary to select a phage
against the isolated bacterium that is the cause of infection. There
may be a large number of phages in the tested sample, but only
one may be identified on a particular bacterial strain lawn (Kutter,
2009).

When multiple phages are expected to be present in a tested
sample, the enrichment method is used with more than one
bacterium, and the obtained cell lysate may potentially be a source
of many phages (Lobocka et al., 2014). In this method bacteria
are usually cultivated in LB medium or in broth, sometimes
in BHI broth (Beheshti Maal et al., 2015). D’'Herelle (1938)
recommended applying more than 50 bacterial strains in this
procedure. One may even use bacteria from different taxons

(genera, species) and obtain phages with a wide host range
(Lobocka et al., 2014).

Liquid culture and the solid plate method are preferred for
phage isolation. The double layer method is used to determine
the titer of phage in the sample and/or preparation at each step of
searching and preparing phage preparations used as therapeutics
(Gratia, 1936; Adams, 1959). Fresh bacterial culture in the
expotential phase of growth is mixed with the environmental
sample sterilized by filtration (where phages are likely to be
detected) and incubated properly depending on the host bacterial
strain, to allow the phage to amplify and attain a high titer.
If a plaque is observed on the bacterial lawn, the next step of
phage isolation is to pick and transfer a single plaque into liquid
medium (Mattila et al., 2015). The efficiency of plating (EOP) of
some phages, e.g., the T4 phage, is 100%, which means that in
optimal conditions every single particle of the phage can infect a
host cell and produce plaques (Kutter, 2009). Typically, three to
five passages are necessary to ensure the multiplication of a single
phage from the environmental sample (Lobocka et al., 2014).
The monoclonality of phage preparations is a separate issue, as
commonly used phage propagation strains may be a source of
contaminating undesired phages.

To detect the presence of phages in samples in which we could
not detect them using the plate method, the colorimetric method
is used in our laboratory (Figure 1). It is simple and sensitive,
and it offers unequivocal results (McLaughlin, 2007; Zaczek et al.,
2011). It exploits the ability of living bacterial cells to reduce the
tetrazolium to formazan, which is visible as the appearance of a
dark red color in the bacterial culture over time. Lysis of bacteria
results in the lack of culture medium staining as compared to
the control and may suggest the presence of phages in the tested
samples. Advantages of this method include the possibility to
detect phage particles present in the sample in a low number
and the possibility to detect phage presence in many samples
simultaneously during one experiment. Fischer et al. (2013) also
recommended the microplate test for the rapid determination of
bacteriophage susceptibility of Campylobacter strains. Moreover
this method is suitable for automation of the phage susceptibility
testing. Additionally, the microplate test allows one to examine
a 5-10-fold greater number of isolated strains, compared to the
conventional plate method.

A method that is useful for the acquisition of phages for
cocktails with great therapeutic potential is so called step-by-step
(SBS) method (Gu et al., 2012). It is based on the selection of lytic
phages active against both the wild type phage-sensitive strain
and its phage-resistant variant. The wild type bacteria and the
first phage-resistant strain are used for isolation of the first and
the second phage, and bacteria resistant to the second phage are
applied to isolate the third phage.

Mirzaei and Nilsson (2015) compared the efficiency of plating
(EOP) and host range of several phages using the spot test and
the double-layer agar method that are commonly used in the
initial phage characterization. Strains of the standard E. coli
and Salmonella reference collections, and ESBL-producing E. coli
served them to isolate phages from sewage water and waste water
from Stockholm (including hospital samples). Six phages of the
widest lytic spectrum were chosen for the comparative analysis
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of both methods. The results did not fully correlate. The authors
suggested that the differences may be an effect of lysis from
without, the presence of bacteriocins or endolysins in the lysate,
or the presence in certain bacterial strains of prophages encoding
phage resistance genes.

Most often, phage growth in laboratory conditions does
not reflect its good propagation in vivo (Weld et al., 2004).
Phages that have similar properties and may have a similar
host range under laboratory conditions can have different
therapeutic efficacy in vivo. Therefore, it is important to select
for therapeutic purposes only phages that have high fitness
in vitro, and try to simulate conditions corresponding to the

site of infection to check phage potential therapeutic efficacy
(Bull et al., 2010; Bull and Gill, 2014; Lobocka et al., 2014). It
is believed that phage success in therapeutic application may
result from appropriate phage-bacterial dynamics (Bull and Gill,
2014).

For phage screening it is recommended to use as many
bacterial strains as possible. Phage typing and the host range
are usually determined using a routine spot test, in which
phage lysates or their dilutions are used. This method is
simple, quick and not expensive, yet very useful, and it gives
an overview of the bacterial sensitivity to a particular set of
phages.
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THERAPEUTIC PHAGES

The most common phage preparations are colloid suspensions
(protein based), most often prepared freshly (Vandenheuvel
et al., 2015). For therapeutic purposes bacteriophages should be
dispersed in solution, stable, safe and have a high affinity to
bacteria. Thus, lytic tailed phages belonging to the Myoviridae,
Siphoviridae, and Podoviridae families are used for phage therapy
(Wittebole et al., 2014).

The historical collection of Bacteriophages in the IIET PAS was
initiated by Ludwik Hirszfeld, who was working with Salmonella
bacteriophages. Currently, the collection contains approximately
800 phages, active against mainly such pathogens as Escherichia,
Morganella, Klebsiella, Enterobacter, Enterococcus, Pseudomonas,
Staphylococcus, and Salmonella, and it is being continuously
expanded. In the collection there are phages that were isolated
from hospital sewage, inland and marine waters, animal and
human feces, water, soil, plant, and clinical materials, e.g., from
patients with the diabetic foot syndrome. Our phage collection
contains phages that may be active against both K. pneumonia
PDR (resistant to carbapenems), E. coli O157:H7 and O104:H4
(which caused the death of more than 50 patients in Germany in
2011). The procedure of preparing phages against S. aureus and
P. aeruginosa has been in our laboratory under patent protection
since 2002 (EP1 406 642 B1, PL 19543781, US 7, 232564 B2).

We noticed that phages in our collection have wide lytic
spectra. The ones with the widest spectrum are staphylococcal
phages (mean = 95%); coliphages have mean activity against
E. coli strains of 86% (including ESBL-positive strains); E. faecalis
phages destroy approximately 80% of our strains; phages active
against Klebsiella lyse 62% of our strains; whereas P. aeruginosa
phages lyse 56%. In the case of some Salmonella serotypes we
have phages with activity as high as 100%. We found that newly
isolated bacterial strains are less sensitive to “historical” phages.
This phenomenon has been observed especially in the case of
E. coli, K. pneumonia, P. aeruginosa, and, on a lesser scale, in the
case of S. aureus strains.

It is recommended to maintain ongoing monitoring of
available phage collections and update phage cocktails with
newly isolated and characterized phages, removing old and
inactive ones (Gill and Young, 2011). Our laboratory’s phage
collection increases constantly with phages isolated from both
environmental and clinical materials. There is a possibility as well
to use a preparation from our repository and quickly apply it in
a patient (Fortuna et al., 2008). Even when phage sensitivity is
changing during phage therapy, it is possible to find a new active
phage.

Plaque morphology is important for the selection of
therapeutic phages. Only clear, non-turbid plaques without a halo
effect should be classified as the effect of the lytic phage activity.
The obtained plaques are a complex result of different phage
features, growth phase of the bacterial host, diffusion of virions in
agar plate, and inactivation of phage particles by debris of bacteria
(Abedon and Yin, 2009; Gill and Young, 2011). Similarities
in morphology between plaques may often result from similar
properties of phages that infect related bacteria. Phage adsorption
from the therapeutic point of view is effective when it is fast —

typically 70% or higher in 10 minutes. According to Bull and Gill
(2014), it is possible to predict phage success when the phage-
bacterial population dynamics is known. Successful treatment
requires phages of high lytic activity — a feature that is correlated
with the phage burst size (Mirzaei and Nilsson, 2015).

After phage isolation it is necessary to characterize every new
phage before incorporating it into the collection. It is important
to test: the latent period, the burst size (Hyman and Abedon,
2009; Mirzaei and Nilsson, 2015), host growth, “phage lifestyle”,
the adsorption rate, multiplicity of infection (MOI), and stability
in storage condition, morphology of plaques, phage morphology,
ultrastructure, and taxonomy (Ackermann and Heldal, 2010; Gill
and Hyman, 2010). Moreover, phages should be characterized
by sequencing of the whole genome to exclude toxin genes,
virulence factor genes, and genes responsible for lysogeny, and
they should have low transducing potential (Lobocka et al,
2014). For the safety of phage application it is also necessary
to remove prophages and certain other mobile genetic elements
from phage propagation strains. The risk of, e.g., virulence genes’
presence in phage genomes cannot be totally excluded for safety
reasons (Vandenheuvel et al, 2015). So, every single isolate
should be considered as an entity with individual properties
and requirements. Quality requirements for the production of
phage preparation intermediate or finished products should be
provided in laboratories with specified air quality and cleanliness,
which minimize the risk of its contamination, and the biosafety
level depends on the type of bacteria that are used in preparing
formulations (Pirnay et al., 2015).

The requirement for manufacturing the BFC-1 phage cocktail
for clinical trials using good manufacturing practices (GMPs) was
obvious (Merabishvili et al., 2009). All products that are used for
the preparation of the cocktail were certified. The preparation
was cleared of endotoxins. Pirnay et al. (2015) the quality and
safety requirements for sustainable phage therapy products were
published. They suggested that manufacture of products for
phage therapy should be described in detail at each stage of the
process in standard operating procedures (SOPs) and validated.

CRITERIA OF PHAGE SELECTION FOR
THERAPEUTIC PURPOSES

Phage Properties

The most important criterion for selecting phages for therapeutic
application is their specificity - called affinity (Ly-Chatain,
2014). This property is of great importance for phage therapy.
Therefore, one should be certain that an isolated bacterium is
sensitive to the selected phage, as it may limit the effectiveness of
phage application (the use of preparations such as cocktails may
improve phages’ lytic spectrum) (Goodridge, 2010). To manage
the problem associated with phage specificity it is advisable to use
phage cocktails which have broader lIytic activity against bacteria
than single phages. Phages with broad spectrum-strain lytic
activity should be selected. Phage specificity for certain species of
Gram-positive and Gram-negative bacteria (including antibiotic-
resistant strains, e.g., MRSA, VRE, ESBL-producing E. coli,
and multidrug resistant P. aeruginosa) allows one to eliminate
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pathogenic bacteria without affecting the natural microflora.
There are suggestions that some phages show family rather than
genus or species specificity (Gill and Hyman, 2010).

There are numerous criteria that allow us to classify phages
as useful for therapeutic purposes, including efficacy of phage
therapy and the possibility to avoid adverse effects (Denou
et al., 2009). First of all it is postulated to use only Iytic
phages. Temperate phages often give visibly turbid plaques
(Gill and Young, 2011). According to Ackermann (2005), it is
estimated that approximately half of the phages isolated from
the environment are temperate. It is important for consideration,
because most therapeutic phages are isolated from environmental
samples. The presence of prophages within a bacterial strain
may cause lysogenic conversion, which undermines phage
applicability in therapy. Therefore, phages that contain genes
for lytic phage repressors, integrases or transposases should
not be used for therapeutic purposes (Lobocka et al., 2014). It
is especially important, because certain mutants of temperate
phages may cause the formation of clear plaques (Weigle, 1953).

For safety reasons, every phage that has potential for
therapeutic application should be sequenced. Especially the
possibility of phage genome participation in horizontal gene
transfer should be investigated (Pirnay et al., 2015; Davies et al.,
2016). Phages have not been demonstrated to have adverse effects
on eukaryotic cells, and they should be safe for humans and
animals.

Phage Stability under Storage

Conditions and Formulations

Phages are composed of protein structures, and therefore they
may be instable in solution form (Vandenheuvel et al., 2015).
It is recommended to adjust the type of storage of phages to
their biology and properties. Most often, the best way of their
storage is cooling. Sometimes it is possible to add substances that
may enhance phage stability in water suspension, or to preserve
by freeze-drying, spray drying, or encapsulation. Some phages
are considered as stable when their titer does not significantly
decrease for a few days, while others preserve their stability
for years. In the case of preparations applied for therapeutic
purposes, there are quality and safety requirements that storage
conditions should be validated and monitored (Pirnay et al.,
2015).

Phage storage should assure the stability of phage particles
in the form and conditions in which the preparation is stored,
but the form of application should also protect phage particles
against losing their activity. For example, Cooper et al. (2014)
tested a cocktail of three phages (phages GL-1, GL-155, and
LP-Mjp) active against P. aeruginosa in the form intended for
nebulized formulation. The assessed phages retained their activity
over 180 days at a storage temperature of 4°C as well as at room
temperature, and they were successfully nebulized with little loss
of infectivity. However, the endotoxin levels [as verified by the
Limulus amoebocyte lysate (LAL) test] were considerably higher
than the acceptable levels.

Phage particles’ stability in a preparation intended to be
used in humans may depend on the composition of the
phage preparation. O’Flaherty et al. (2005) observed that the

K phage active against S. aureus showed stability in bismuth-
based cream and this cream exhibited bactericidal activity also
several days after storage at room temperature. What is more,
in a semi-solid preparation - a Cetomacrogol cream - at a
concentration of 2.5 x 108 pfu/ml per gram, Propionibacterium
acnes phages remained active for 90 days when the preparation
was stored at 4°C in a light-protected place (Brown et al,
2016). A non-ionic cream base preparation was chosen because
it excludes potential occurrence of interactions of ions with
phage particles. These properties, especially stability and its
easy-to-use form, assure this preparation’s potential for topical
treatment of acne infection. Esteban et al. (2014) stabilized
the K-phage and delivered it via an oil-in-water nanoemulsion.
Freshly prepared K/nanoemulsion exhibited greater bactericidal
properties than freely suspended bacteriophage. The emulsions
containing the K phage killed cells of three different strains of
S. aureus. Similar observations were obtained for preparations
that were stored at room temperature and at 4°C, for up
to 10 days. It was observed that bacteriophage activity was
enhanced when it was delivered via nanoemulsions. Tablets and
powders containing phages may ensure the phage titer and
its stability in low humidity conditions (Schade and Caroline,
1944c).

The shelf life of phage preparations should be monitored, as
phages differ in their titer’s stability under storage conditions,
and its persistence depends on suspended media as well as on
different physical and chemical external conditions (Jonczyk
et al., 2011). A good candidate for phage therapy is a phage
that can easily propagate in both laboratory and industrial
conditions and is characterized by stability in storage conditions.
For some phages storage in lysate form at 4°C is required, as no
significant loss of its titer is observed (Ackermann et al., 2004).
For other phages better conditions that allow titer stability to
be maintained may be freezing at —80°C with the addition of
glycerol or freeze-drying. Golec et al. (2011) offered a reliable
method of preservation of tailed phages. It involves storage of
phages in the DNA form frozen inside the infected bacterial
cells at —80°C without observing any significant decrease in
phage and host viability. The authors suggested that this method
may be useful for newly isolated phages that have an unknown
structure and biology and whose propagation conditions have
not been determined and optimized. They also recommend this
method as suitable for phage preservation. Puapermpoonsiri
et al. (2010) indicated that the secondary drying cycle following
lyophilization is most important for maintaining phage stability.
Phages active against Pseudomonas aeruginosa and S. aureus were
encapsulated into biodegradable microspheres (for inhalation)
based on emulsification and freeze-drying, and it was observed
that only a partial loss of phage lytic activity took place, which
may result from the exposure of the phage particles to the water-
dichloromethane interface, with the lyophilization process itself
having little effect (Puapermpoonsiri et al., 2009). Also, Alfahdel
et al. (2011) used S. aureus phage lyophilization in a viscous
solution of 1-2% (w/v) hydroxypropyl methylcellulose (HPMC)
with/without the addition of 1% (w/v) mannitol, yielding nasal
inserts composed of a highly porous leaflet-like matrix. Phages
were homogeneously distributed in the dried matrix. Their titers
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decreased 10-fold following lyophilization to 108 pfu per insert;
and further 100- to 1000-fold loss of pfu was observed during
6-12 months of storage at 4°C. It is possible to add substances,
e.g., albumin, salts, or gelatin, to improve stability; but in the case
of phages in pharmaceutical application it may be problematic
(Gill and Hyman, 2010). Tovkach et al. (2012) prepared an
Erwiniophage ZF40 suspension with the addition of a magnesium
and gelatin STMF buffer which ensured the stability in long-term
preservation of unstable enterobacterial phages (+4 to —2°C).
The authors mentioned that the possible problems with long-
term storage may be the result of phage virions’ or DNA structural
instability. Schade and Caroline (1944b,c) tested the influence
of lyophilization on phage stability. They observed that that
addition of, for example, yeast extract, lecithin, and raw egg
white, protected dysentery phage Sh-1, promoting the stability
of this sensitive phage during lyophilization. Interestingly, the
dysentery phage was protected against damage that could be
the result of lyophilization, and obtained powders were stable
during 12 months of storage over a desiccant at 37°C (Schade
and Caroline, 1944a). Also phages active against S. aureus,
including MRSA strains, were lyophilized with the presence of
different stabilizers: sucrose, trehalose, mannitol, and glycine,
polyvinylpyrrolidone and PEG 6000 (polyethylene glycol) at
different concentrations (Merabishvili et al., 2013). Trehalose and
sucrose (0.5 M) were found to be the best additives protecting the
ISP phage, whose titer dropped by 1 log after lyophilization and
by another one after being stored in powder form for 37 months
at4°C.

Fortier and Moineau (2009) stated that lyophilization is a
more effective method to preserve phage stability than storage
in a solution, and lyophilized phages had higher heat stability
and were resistant to drying. As they observed, phage protective
action was provided in egg yolk. Other researchers observed that
storing the BFC-1 phage cocktail for 12 months at 4°C, did not
cause the observed loss of stability (Merabishvili et al., 2009).

Importantly, inactivation of phage particles may occur before
reaching the site of infection. This situation should be possible
to avoid; therefore the initial dose and the route of phage
administration should enable them to circulate, achieve the
infection site and multiply there as long as pathogenic bacteria
are present (Gill and Young, 2011). However, suspensions of
phages that exceed 10! pfu/ml seem to be difficult to obtain since
concentrated suspensions become too viscous (Nilsson, 2014).

Phage preparations that are used as therapeutics may contain
only one phage or be a cocktail consisting of two or more phages.
The latter type of preparation’s composition may prevent the
occurrence of cross-resistance, and, based on this phenomenon,
a bacterium which is resistant to one phage may remain sensitive
to another, and cocktails that contain phages using different
receptors for binding to bacteria may be a better solution for
eliminating the development of resistance in bacteria (Gill and
Hyman, 2010). Some changes in lytic patterns of patients’ strains
isolated during the course of phage therapy may be observed. It
may be due to instability and heterogeneity of bacterial strains as
well as different bio- and serotypes of bacteria or changing phage
receptors. According to Chan and Abedon (2012), the treatment
of infections caused by antibiotic-resistant bacteria seems to be

more effective when a phage cocktail is used, compared with
single phage efficacy.

LIMITATIONS OF PHAGE
PROCUREMENT FOR THERAPEUTIC
PURPOSES

The most important factor for effective use of phages as
therapeutics is the widest possible knowledge (Goodridge, 2010)
regarding biology of phages, their individual properties and
stability in different forms of available preparations (both lysates
and purified preparations). There are opinions that phage
treatment may induce the production of antiphage antibodies
and this may limit the phage antibacterial activity (Sulakvelidze
et al., 2001). Moreover, it is possible that bacteria may develop
resistance to phages. The next limitation is the lack of legislative
solutions adapted to broad use of bacteriophages to combat
antibiotic-resistant bacteria.

The presence of phages of a wide host range in the collections,
on one hand, allows the number of phages needed in a collection
to be reduced, and on the other hand, it offers the opportunity to
increase the probability of finding phages active against emerging
drug-resistant bacterial strains (Mirzaei and Nilsson, 2015). The
phage searching and isolation procedure should be designed in
such a way as to prevent possible treatment failure resulting from
wrong phage selection (Gill and Hyman, 2010).

Clear lysis zones observed on a bacterial lawn are most often
the result of phages’ lytic activity. Sometimes, it is possible for
a phage preparation to contain a factor that causes lysis but it
is not directly connected with phages’ lytic activity (Hyman and
Abedon, 2010). The agents responsible for the observed effect
could be bacteriocins, endolysins (that may cause lysis from
without). Additionally, abortive infection can cause bacterial
death without the release of new phage progeny. Interestingly,
filamentous phages form plaques, but they do not lead to the
lysis of bacterial cells (Gill and Hyman, 2010). Also Bdellovibrio
bacteria can form plaques (Hobley et al., 2006).

It is extremely important to keep in mind that there are
differences between phages themselves, and the type of their
isolation, tested material, and thus the type of procedure during
phage propagation should be adjusted to an individual phage and
should depend on the type of host bacteria in which phages are
propagated (Mattila et al., 2015). Sometimes it is not possible
to detect any plaques on the bacterial lawn. The reason for
this phenomenon may be that the bacterial host is insensitive
to the phage, and it does not indicate that there is no phage
in the sample but that the wrong bacteria were chosen (Gill
and Young, 2011) or that phage particles could disintegrate
(Gill and Hyman, 2010). One of the isolation limitations may
result from the differences in propagation ability of phages under
experimental conditions or from the inability to isolate phages
which are present in the sample (Hendrix, 2002). Bacteria that are
present in environmental samples are unculturable (we cannot
isolate them, or we do not know the culture requirements)
in laboratory conditions with commonly available equipment
and methods, and therefore we are able to isolate only a small
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number of phages occurring in these sources. Cultures used
in the search for phages occurring in water samples should
be incubated at 25°C rather than 37°C. Interestingly, it is
of great importance to adjust proper culture conditions to a
particular bacterial host’s requirements. Procurement of phages
generally may seem to be easy, but matching them for therapeutic
purposes should be adjusted to individual phage properties.
Other limitations may be due to a large number of genetic
changes in bacterial and phage strains. This phenomenon may
be in part a result of the acquisition of resistance to phages by
bacteria.

Phage virions within the mammalian body are exposed to
factors that may cause their inactivation. Contact with the acidic
gastric pH (Verthé et al., 2004), alkaline bile salts (Ma et al., 2008),
antibodies (Keller and Traub, 1974) and phagocytes, as well as the
toxicity of urea, may result in the loss of their lytic activity. In
order to avoid adverse factors, searching for improved methods
of administration and formulations for new forms that reduce
the exposure of phage to destructive conditions is desirable. For
example, the encapsulation of phages may enable phage particles
to retain the activity in unfavorable conditions (Dini et al., 2012;
Colom et al., 2015).

Therapeutic phages are currently applied in the form of lysates
or purified preparations, and they cannot be toxic (Skurnik and
Strauch, 2006; Skurnik et al., 2007). Due to the necessity to keep
the final preparations safe, it is essential that the media used
for phage cultivation and propagation are definitely free from
such dangerous contaminants as prions, viruses and allergens
(Goodridge and Abedon, 2008).

In order to prevent an anaphylactic reaction in response
to bacterial components, such as endotoxins (which may be a
component of the phage lysate), some investigators recommend
the use of purified preparations (Skurnik and Strauch, 2006; Loc-
Carrillo and Abedon, 2011). However, while it is thought that
the staphylococcal phage lysates stimulate the body’s immune
response, purified preparations may show immunosuppressive
activity (Gorski et al., 2012). Purification of phage preparations
of bacterial endotoxins is becoming more effective. Endotoxin
levels in preparations for intravenous use should not exceed 5
endotoxin units (EU 1 & 100 pg) per kilogram of body weight per
hour (Wanninger and Artz, 2009). The most common method
uses isopycnic density gradient centrifugation. Sometimes this
method may be problematic — phage particles may be damaged
by high salt concentrations (Gill and Young, 2011). There
are methods, e.g., ion exchange chromatography or affinity
chromatography (Oélizlo et al., 2011; Narasimhaiah et al., 2013),
which allow one to obtain purified preparations with reduced
endotoxin content. Other methods used for phage purification
may be cesium chloride (CsCl) gradient centrifugation or sucrose
gradient (Kleiner et al., 2015). The yield of phages using the CsCl
method is low, and some phages may be lost due to aggregation
or damage of virions. High performance liquid chromatography
(HPLC) may also be applied successfully to concentrate and
purify tailed phages (Adriaenssens et al, 2012). Both the
methods of staphylococcal phage purification (P391328) and
the method of obtaining bacteriophage preparations containing
trace amounts of endotoxins (P382800; US 20100227376 Al)

have been used in our laboratory under patent protection. For
phage purification, Merabishvili et al. (2009) recommended the
use of the Endotrap blue chromatographic column that binds
endotoxins.

MODIFIED PHAGES

Apart from isolating naturally occurring phages from
environmental samples, it is possible to obtain genetically
modified phages (by recombination of phage genomes, site-
directed mutagenesis, selection of spontaneous mutants or phage
display methods). These methods offer a great therapeutic tool
for dealing with the challenges of phage therapy (Moradpour
and Ghasemian, 2011; Chhibber and Kumari, 2012; Dabrowska
et al,, 2014). Modified phages may be deplated of undesired
properties, may have changed specificity or improved therapeutic
potential, as e.g., phages that have dual activity — antitumor and
bactericidal — without an observable reduction in antimicrobial
activity (Dabrowska et al, 2014). These findings open new
possibilities for the use of phage therapy.

The discovery of bacterial adaptive immunity system,
CRISPR/Cas (Clustered Regularly Interspaced Palindromic
Repeats [CRISPR]/CRISPR-associated [Cas]) systems, has
opened new possibilities in the design of a genetic load that can
be delivered by bacteriophages. In nature, bacteria can acquire
resistance to a bacteriophage by the incorporation of the genome
fragment of this bacteriophage as a spacer between repeats in
the CRISPR locus (Szczepankowska, 2012). In the case of the
CRISPR/Cas systems of type II, small CRISPR RNAs (crRNAs)
produced by the processing of CRISPR locus transcripts serve
to guide a nucleolytic enzyme to target invading phage or
other DNA molecules, if they are only complementary to them.
The CRISPR/Cas systems were also found in some phages
(Hargreaves et al., 2014; Zheng et al,, 2016). A CRISPR/Cas
system that is encoded by a virulent V. cholerae phage is used
to destroy the DNA of its host chromosomal island, which
excises from the chromosome in response to phage infection,
circularizes and interferes with phage development (Seed et al,,
2013). This natural system provides a proof of the concept that
phage-mediated delivery of CRISPR/Cas-encoded RNA-guided
nucleases (RGNs) is an efficient way to target bacterial DNA in
a sequence specific manner. Indeed staphylococcal $MN1phage
particles packed with engineered phagemid DNA carrying
CRISPR/Cas with spacers targeting certain S. aureus virulence
genes killed virulent, but not avirulent S. aureus (Bikard et al,,
2014). They could also reduce the number of virulent S. aureus
strain cells on a skin of infected mice. Modified phages with
multiple varying CRISPR spacers were effective in destruction of
multiple DNA targets in the infected bacterial cell.

Phages of changed properties may be also obtained by
chemical modifications. Modifications of phage particles by
attaching monomethoxy-polyethylene glycol (mPEG) to proteins
caused the phage to become less immunogenic. The PEGylated
phage caused a decrease in the level of cytokines such as IFN-y
and IL-6 in both the non-immunized and the phage immunized
mice (Kim et al, 2008). The modified phage particles were
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characterized by a longer half-life in the organism, which may
be of practical importance in enhancing the effectiveness of
phage therapy. Our recent hypothesis suggests that it might
be possible to obtain modified phages with homing peptides
that enable phage localization in infected tissues (Gorski
et al.,, 2015). Taken together, all kinds of phage modifications
open new possibilities for the use phages in antibacterial
therapies.

CONCLUDING REMARKS

Phage therapy offers a real chance for patients suffering from
infections caused by antibiotic-resistant bacteria. Widening our
knowledge about phage biology, their individual properties and
stability in different forms of available preparations offers the
most significant prospect for effective application of phages as
therapeutics (Goodridge, 2010).

Phage searching and isolation procedures should be adjusted
to the type of bacterial strain being the host of the phage, which
would also prevent treatment failures that may lead to phage
misselection. Phage preparations intended for treating infections
in humans should be safe, sterile and endotoxin-free. What
is more, the methods of administration and formulations for
new forms that reduce the exposure of phages to destructive
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Bacteriophages are bacterial viruses, capable of kiling even multi-drug resistant
bacterial cells. For this reason, therapeutic use of phages is considered as a possible
alternative to conventional antibiotics. However, phages are very host specific in
comparison to wide-spectrum antibiotics and thus preparation of phage-cocktails
beforehand against pathogens can be difficult. In this study, we evaluate whether
it may be possible to isolate phages on-demand from environmental reservoir. We
attempted to enrich infectious bacteriophages from sewage against nosocomial drug-
resistant bacterial strains of different medically important species in order to evaluate
the probability of discovering novel therapeutic phages. Stability and host-range were
determined for the acquired phages. Our results suggest that on-demand isolation
of phages is possible against Pseudomonas aeruginosa, Salmonella and extended
spectrum beta-lactamase Escherichia coli and Klebsiella pneumoniae. The probability of
finding suitable phages was less than 40% against vancomycin resistant Enterococcus
and Acinetobacter baumannii strains. Furthermore, isolation of new phages against
methicillin resistant Staphylococcus aureus strains was found to be very difficult.

Keywords: antibiotic resistance, ESBL, MRSA, phage therapy, phage cocktails, bacteriophages

INTRODUCTION

Antibiotic resistance is an emerging global health crisis, resulting from the continuous use (and
misuse) of antibiotics in healthcare, farming industry, and elsewhere (Cantas et al., 2013; World
Health Organization [WHO], 2014). Phage therapy refers to the utilization of bacteriophages (or
just phages, viruses infecting bacteria) to treat bacterial diseases (Abedon et al., 2011). Given the
increasing number of drug-resistant bacterial infections, especially within hospital settings, the
exploration of alternatives to conventional antibiotics has become an important research objective
(Finch, 2011; Sommer and Dantas, 2011). Bacteriophages are very abundant (Hendrix et al., 1999)
and every bacterium is likely to have their own specific viruses that could be utilized as antibacterial
agents (Clokie et al., 2011; Flores et al., 2011; Ormild and Jalasvuori, 2013). Historically, phages
were used therapeutically already in the early 20th century (Sulakvelidze et al., 2001). Yet, the
discovery of broadly effective antibiotics led to the demise of the development of phage therapy
in western countries and only as the antibiotics are starting to fail there has been a serious attempt
to restore the old tool. However, the second coming of phage therapy faces challenges regarding
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to the strict regulatory guidelines and the development of
effective therapeutic practices (Gill and Hyman, 2010; Lu and
Koeris, 2011; Keen, 2012). Yet, phage therapy can provide an
evolutionarily sustainable alternative to conventional antibiotics,
should we be able to adjust our regulations and procedures to
meet the special requirements of phage based medicine (Keen,
2012; Ormali and Jalasvuori, 2013).

It is important to note that phages infect bacterial hosts very
selectively. Often, the narrow host-range is considered as an
advantage over traditional antibiotics since phage treatment can
focus accurately on the pathogen without harming commensal
bacterial flora (Loc-Carrillo and Abedon, 2011). On the other
hand, bacteria develop resistance also to phages rapidly, and
thus the achieved antibacterial effect may be transient (Hyman
and Abedon, 2010; Labrie et al., 2010). When multiple different
phages are used simultaneously in a phage cocktail, development
of resistance is less likely (Skurnik et al., 2007; Chan et al.,
2013). However, it is challenging to obtain a set of phages that
is effective against all variants of a given pathogen (Pirnay et al.,
2011; Chan et al,, 2013). There can be a tradeoff between the
host range and the therapeutic efficacy of a cocktail for a specific
species of bacteria: when the number of phages in a cocktail
increases in an effort to increase the host range of the cocktail,
the number of phages against a specific strain of bacteria may
decrease. Therefore, the host specificity of phages, while in theory
beneficial, poses a practical problem when combined with the
rapidly emerging resistant phenotypes.

In principle, it is possible to acquire bacteriophages on-
demand to treat, for example, infections that are resistant to all
known antibiotics and off-the-shelf (standardized) phage-therapy
products (Keen, 2012; Ormili and Jalasvuori, 2013). Tailoring a
therapeutic cocktail personally for each patient would allow the
cocktails to comprise phages that are effective against the bacterial
strains responsible of the infection (Pirnay et al., 2011; Chan
etal., 2013). Therefore and in comparison to premade cocktails, a
personalized phage therapy does not carry a surplus of ineffective
phages. Indeed, there are older studies suggesting that tailored
phage treatments are several times more effective compared
to standardized cocktails (Zhukov-Verezhnikov et al., 1978),
and thus effective phage-therapy practices to treat constantly
changing bacterial pathogens may depend on the adjustment of
the treatment to the causative agent (Keen, 2012).

Generating a personal set of phages requires that the pathogen
is isolated and, then, effective bacteriophages obtained against
it. One possible way for identifying suitable viruses is to have
a variety of bacteriophages isolated and prepared beforehand
and then the causative pathogen screened through the phage-
library (Chan et al.,, 2013). Alternatively, phages may be isolated
asneeded from environmental reservoirs. In some cases, the latter
option may be inevitable due to the lack of infectious phages
in the premade libraries against all possible bacterial variants.
Ultimately, environment serves as the only source of practically
endless phage variety and thus exploitation of the environmental
resources forms the basis for personalized phage medicine.

While phages are known to be abundant, it is obvious that
all environments cannot contain infective phages against all
different bacterial hosts (see e.g., Flores et al., 2011; Atanasova

et al.,, 2012). To the best of our knowledge, the probability of
finding therapeutically useful phages against different resistant
pathogens on-demand has not been studied per se despite the
fact that it is likely to be the limiting factor in attempts to
update premade cocktails or to generate on-demand personalized
therapies (Chan et al., 2013). As an example, hospital acquired
wound infections have been suggested to be especially suitable
target for phage therapy as the causative agents are generally
resistant to various antibiotics (Loc-Carrillo et al., 2012). Yet,
there might be multiple different bacterial species present in these
infections, including, e.g., Staphylococcus aureus, Enterococcus
faecium, Escherichia coli, Klebsiella pneumoniae, Pseudomonas
aeruginosa, and Acinetobacter baumannii (Agnihotri et al., 2004).
Therefore, a successful phage-based treatment can be dependent
on the practicality of being able to simultaneously and rapidly
isolate new durable phages against very different pathogens.

In this study, we provide an evaluation of the on-
demand isolation of phages against the most common hospital
borne resistant pathogens: methicillin resistant S. aureus
(MRSA), extended spectrum beta-lactamase (ESBL) E. coli and
K. pneumoniae, multi-drug resistant (MDR) P. aeruginosa,
vancomycin resistant Enterococcus (VRE), A. baumannii and
different Salmonella species. All aforementioned species are also
listed in CDC’s report on the top 18 drug-resistant threats to the
United States in 2013 (CDC, 2013). These bacteria commonly
cause infections of skin, lung and urinary tract, as well as
foodborne infections among others and affect people all around
the world disregarding their background (CDC/FDA/NIH,
2011).

Sewage is known to be an optimal resource of phages (Lobocka
et al., 2014), thus a wastewater treatment plant in Jyviskyld,
Finland (Nenidinniemi) was used as the environmental reservoir
for phage hunt. The stability of the acquired viruses and their
cross-infectivity on other potential host strains were determined.

We demonstrate vast differences in probabilities of finding
novel phages against different hosts by using enrichment method
for isolation. There appears to be severe constraints in isolating
phages on-demand against pathogens like MRSA. On the other
hand, it seems feasible to obtain phages against ESBL positive
E. coli and K. pneumoniae as well as P. aeruginosa.

MATERIALS AND METHODS

Bacteria Strains and Culturing
Conditions

Bacterial strains used in this study were mostly purchased
from Medix Laboratories or acquired from Turku University
Hospital (Supplementary Table S1). One Klebsiella strain and four
Enterococccus strains were obtained from commercial culture
collections. Aside from six bacterial strains, all had caused
(antibiotic resistant) human infections and thus they represent
pathogens that could have been treated with phages. Overall,
we obtained 12 MRSA strains, 16 E. coli ESBL strains, 6
K. pneumonia (ESBL) strains, 17 P. aeruginosa MDR strains, 9
A. baumannii strains, 10 E. faecium (VRE) strains, 4 Enterococcus
faecalis (VRE) strains, and 9 different Salmonella strains. Detailed
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FIGURE 1 | Average density of infectious bacteriophage particles in the prepared stocks of each host species (large circle). Small circles indicate the
maximum and minimum values observed.

TABLE 1 | Summary of the decrease in phage titers as observed after
1-month storage at +4°C.

Host bacterium Average decrease in titer (log10)

Acinetobacter baumannii 0.973
Enterococcus faecium/ faecalis 0.222
Escherichia coli 0.496
Klebsiella pneumoniae 0.594
Pseudomonas aeruginosa 0.437
Salmonella sp. 0.529
Staphylococcus aureus 0.491

characterization of the bacterial strains was beyond the scope of
this paper.

All bacteria were cultured in Lysogeny Broth (LB) -medium
(Sambrook et al., 1989) at 4-37°C shaken 230 rpm (Enterococcus
strains were cultivated without shaking).

Isolation Protocol

The following isolation protocol with slight modification in
individual experiments was used throughout the study. Either
unprocessed sewage samples or supernatants of turbid samples
(centrifuged 3000-6000 g in Megafuge 1.0R, Heraeus, or in
Eppendorf centrifuge 5702 R, 10-15 min at +4°C) were used
in the enrichment steps. In cases where previous isolation
attempts had failed to yield phages, the supernatant was also
filtrated through a 0.45 pm filter to remove all remaining
bacterial cells. The first enrichment step was conducted using
20-30 ml of sewage water filled up to 30-40 ml with LB-
broth, depending on the volume of collected sewage samples.
The target bacterial strain was added (50-200 pl o/n culture
grown in LB-broth, 300 pl in case of E. faecium and E. faecalis)
to enrich (potential) phages in the sample. These enrichments
were cultivated overnight at +37°C, shaken 230 rpm. Bacteria

from this enrichment culture were removed by centrifugation
(3000-6000 g in Megafuge 1.0R, Heraeus, or in Eppendorf
centrifuge 5702 R, 15-20 min, +4°C) and filtration (0.2 or
0.45 pm filter). The amount of potential phages in a 2.5 ml sample
of the bacteria-free enrichment were further amplified by adding
2.5 ml of LB-broth and 50-100 pl of the target host bacterium
and were grown overnight as above. The sample from this second
enrichment step was centrifuged at 13 000 g for 15 min at room
temperature and at least 10 pl the supernatant was plated on
a LB-agar containing petri dish along with 100-300 w1 of the
host strain and 3 ml of melted 0.7% soft-agar. The plates were
incubated overnight at 4-37°C. If plaques were observed on the
bacterial lawn, a separate plaque was picked and transferred
into 500 pl of LB-broth. A sample from this plaque-stock was
further plated on the same host strain. Plaque-purification was
performed three times for all discovered phages in order to isolate
a single homogenous phage from the potentially heterogeneous
phage mix that may have been present in the initial enrichment.

Due to poor isolation success for S. aureus, different
modifications of the above-described method were used for
enriching phages. The volume of the first enrichment step as well
as the number of enrichment steps was increased (120 ml sewage
sample + 70 ml L broth 4 1 ml host overnight cultures in the
first step). Rotation speed during shaken cultivation steps was
varied between 100, 120, 180, or 360 rpm. In addition, samples
from different sources were used for phage enrichment (River
in Ljubljana, Slovenia, a water-lock sample from the Helsinki
university hospital and soil samples from a livestock farm). These
samples were not included in analysis of isolation success from
sewage.

Preparation of Phage Stock

Semi-confluent plates (i.e., plates of which about half of the area
is covered by phage induced plaques and the rest is bacterial
lawn) were prepared by plating 100 .l of host strain (300 vl
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TABLE 2 | Probability for discovering a bacteriophage from a sewage sample against different pathogens.

Bacterial pathogen Mean hit %*

Isolation attempts Number of strains hit

Acinetobacter baumannii 38.9
Enterococcus faecium/faecalis 33.9
Escherichia coli 90.6
Klebsiella pneumoniae 83.3
Pseudomonas aeruginosa 79.4
Salmonella sp. 88.9
Staphylococcus aureus 6.1

34 5/9
27 5/14
35 15/16
15 6/6
44 15/17
11 8/9

17 1/12

*As calculated over the bacterial strains of the given species.

of Enterococcus strains) and 3 ml of melted soft-agar with
appropriate dilution of the phage stock. Plates were incubated
overnight at +37°C. The soft-agar layers of semi-confluent
plates were combined with 2.5-5 ml of LB-broth/plate. The
combination was incubated for 4 h at +37°C, 230 rpm, and
centrifuged at 6000 g for 15 min at +4°C (Megafuge 1.0R,
Heraeus). If we were unable to get semi-confluent plates, we
used as a combination “over-infected” plates supplied with 100-
700 wl of the overnight-cultivated host strain. The supernatant
was filtered (0.2 wm filter) and stored at +4°C.

Cross Infection Tests

All phages were used to cross-infect all different bacterial strains
of its original host species (excluding P. aeruginosa phages as
only half of them were used) for preliminary evaluation of their
host range. Cross-infection tests were done by spotting 8 .l of
phage stock dilution (1:10 or 1:100) on 100 .1 bacterial overnight
culture in soft-agar (0.7%). Plates were incubated at +37°C
overnight. Formation of less opaque spots on the bacterial lawn
was scored as a successful infection.

Phage Stock Stability

The titer of each phage stock was determined by standard double
agar overlay method by plating a dilution series (10~2-10~%)
immediately after preparation of the stock. Titer of the stock was
determined again after 1-month storage (+4°C) to estimate the
stability of the stock in LB-medium.

RESULTS

We evaluated the feasibility for generating a personalized
phage-product on-demand against different bacterial pathogens.
We chose bacterial species from seven different genuses
that are responsible for the majority of hospital acquired
bacterial infections, namely Escherichia, Salmonella, Klebsiella,
Pseudomonas, Staphylococcus, Enterococcus, and Acinetobacer.
Total of 283 phage isolation attempts were conducted for
83 different host strains. Overall 108 bacteriophages were
discovered. All of these viruses were characterized for their
plaque morphology and stability (described individually for each
virus in Supplementary Table S2).

Phages were isolated via three consecutive plaque-picking
steps to avoid mixed-culture stocks. Due to different plaque
morphologies and titers, the preparation of phage stocks was

adjusted for each phage. However, no actual optimization of
phage production was carried out. The density of viable phage
particles was measured immediately after the preparation of the
stock (Figure 1). In order to determine their viability for acute
use, the number of viable particles was re-measured 1 month
later (see summary in Table 1). On average, the titers of the
stocks decreased around 0.5 logl0 during the 1-month storage
in L-broth in 4°C. However, for some phages of Enterococcus, the
titers could no longer be resolved. Phage-specific titers and plaque
morphologies are listed in Supplementary Table S2.

The probability for finding an infectious bacteriophage from
sewage for different host bacterium varied substantially (Table 2).
Namely, phages for only a single S. aureus strain, SA10, were
discovered in total of 117 enrichment attempts (the phages
specific to the one S. aureus strain were obtained at the same time
and they produced visually identical plaques, thus we selected
only one of these phages for subsequent analyses). Conversely,
almost every isolation attempt yielded a bacteriophage for E. coli,
K. pneumoniae, P. aeruginosa, and Salmonella strains. Phage
isolation for Acinetobacter and Enterococcus had success rates
between 30 and 40%. Given the medical importance of MRSA, we
decided to investigate whether alternative source materials would
be more suitable for discovering phages. We obtained water
samples from a water lock situated in a room used to treat MRSA-
patients in Helsinki University Hospital. Two phages for a single
strain (SA10) were found from these samples. A single MRSA-
specific bacteriophage was isolated from a set of soil samples
acquired from a livestock farm. Also, a water sample from river
Ljubljana, Slovenia, produced a single bacteriophage for strain
SA10. Yet, we failed to find a single phage for any of the ten other
MRSA-strains used in the isolation attempts.

As presented in Figure 2, we studied the host-range of the
obtained phages in order to determine their cross-infectivity and
thus the potential to combine previously isolated phages into
phage-cocktails. Aside from a couple of exceptions, almost all
phages isolated for any given P. aeruginosa strain could also infect
majority of the other strains. However, we neither found any
phages for strain PA15 nor did any of the other phages infect this
strain. In addition, only 4 out of 20 tested Pseudomonas phages
infected strain PA6. Detailed characterization of these particular
strains was beyond the scope of this paper.

Along with Pseudomonas phages, some of the Salmonella
phages had a wide host range. E. coli phages tended to infect more
than one strain, except EC1P1, EC11P2, EC15P2, and EC16P1.
For other bacterial species, isolated phages generally had less
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FIGURE 2 | Cross-infectivity of the isolated bacteriophages. Measurements where less than 10° pfu/ml were used are indicated with an asterisk. Only half of
the isolated Pseudomonas phages were used in the experiments. White background indicates no lysis area, black marks clearly detected lysis area and light gray
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alternative hosts, if any, indicating that a rapid preparation
of a personalized phage-cocktail is likely to require multiple
separate but simultaneous phage enrichments using a single
bacterial strain as a host. Especially, Klebsiella and Enterococcus
phages are very host specific. Sometimes phage stocks produced
only a dim inhibition area on alternative hosts (presented as
light gray coloring in Figure 2). This suggests that something,
but not necessarily the phage in the prepared stocks was
restricting the growth of the bacterium. Furthermore, phages
isolated for any particular host often had similar infection
patterns. This suggests that additional isolation attempts
using the same isolation source for enrichment may not
be the best choice for improving the host-range of the
cocktail.

DISCUSSION

Due to the enormous variety of bacteriophages in environmental
reservoirs, on-demand isolation of novel phage-antibacterials is
a potential way to generate a personalized medicine for treating
bacterial infections that are resistant to conventional drugs. In
this study, we evaluated the feasibility of isolating phages for such
therapeutic cocktails.

The efforts required to find phages differs substantially
between bacterial species. Phages can be readily discovered
for E. coli, K. pneumoniae, P. aeruginosa, and Salmonella
species. Although virus production was neither optimized
nor standardized in this study, phages of these hosts also
readily generated high-density virus stocks (Figure 1). In
contrast, we found it very challenging to isolate phages
against Staphylococcus strains despite of several attempts that
were conducted at different times of year and from multiple
sources (sewage, river, hospital water lock, and livestock farm
soil samples). It was also more laborious to isolate phages
for E. faecium and faecalis and A. baumannii, although it
must be noted that we had only handful of these strains
and we performed only few isolation attempts for them.
Nevertheless, based on the results, the on-demand discovery
of phages appears to be feasible for some but not all
bacteria. This highlights the importance of premade wide-
host range cocktails or the existence of other antimicrobial
solutions against species such as S. aureus (such as the one
developed by Kelly et al, 2011). Also, teixobactin, the first
new potential antibiotic to be discovered in 30 years is very
effective against bacteria lacking the outer membrane (such
as S. aureus and Enterococcus; Ling et al, 2015). Yet, gram-
negative pathogens with the impermeable outer membrane
(e.g., E. coli, Salmonella, K. pneumonia, and P. aeruginosa)
are inherently resistant to antibiotics like teixobactin, but
contrastingly appear to be suitable targets for obtaining a
cocktail from environmental reservoir (sewage) as needed.
Also, better preservability and wider host-range of these
phages supports the on-demand isolation approach. While
conventional tools for antibiotic development may still remain

relevant, in the face of worsening world-wide antibiotic
resistance crisis we should be actively exploring these promising
alternatives in order to retain the upper hand against all
pathogens.

Generalization of the obtained results must be done while
acknowledging the potential sources of error. First, while
we collected our sewage samples at different times (over
the timespan of almost 2 years), only a single wastewater
management plant was used. Although the biological material
in these plants changes constantly, the phage populations
may still be substantially different in different plants, thus
possibly skewing the chances for finding phages against certain
species. Moreover, the host ranges of some phages appear
identical, suggesting that the hosts themselves may be genetically
very close to one another. Second, albeit we performed
several hundred isolation attempts, just a few isolations were
performed for any particular strain and thus the achieved
probabilities should be treated as a case study rather than an
exhaustive evaluation. Third, we did not perform an in-detail
characterization for the isolated phages. Such characterization,
at least to some extent, will be necessary during actual
therapy practices (Skurnik et al., 2007; Merabishvili et al., 2009;
Keen, 2012), as bacteriophages are known to carry undesirable
genes coding for toxins and antibiotic resistances (Loc-Carrillo
and Abedon, 2011). However, separating lytic phages from
temperate phages (possibly when accompanied with genome
sequencing and analysis) should be enough and feasible for
the rapid assessment of safety (Chan et al., 2013). Also, phage
stocks have to be purified from (host-bacterium generated)
endotoxins before therapeutic use (Keen, 2012). These steps
were not performed or their effects on phages evaluated in this
study.

CONCLUSION

The success of on-demand isolation of phages appears to be
critically dependent on the bacterial host. Promisingly, against
pathogens for which conventional antibiotics are becoming the
least useful, such as ESBL E. coli and K. pneumoniae, personalized
phage therapy could be considered as a potential alternative.
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Staphylococcus aureus (S. aureus) is a Gram-positive pathogen causing a variety of
infections in humans and animals. Extensive use of antibiotics has led to the emergence
of methicillin-resistant S. aureus (MRSA). As an alternative antibacterial agent against
drug-resistant S. aureus, a lytic phage, designated SLPW, was isolated from fecal
sewage in a pig farm. The SLPW was morphologically classified under Podoviridae
and contains a double-stranded DNA genome. The genome of SLPW was 17,361
bp (29.35% G+C) containing 20 open reading frames and lacked regions encoding
lysogeny-related integrase gene and c/ repressor gene. Phage SLPW showed a broad
host range and high efficiency of plating against various types of S. aureus. One-step
growth curve showed a short latency period (10 min) and a long lytic period (120 min).
Phage SLPW remained stable under a wide range of temperatures or pH and was almost
unaffected in chloroform or ultraviolet light. Further, it efficiently lysed MRSA strains in vitro
and in vivo. Intraperitoneal phage administration at 1 h post-infection cured the mice
and reduced the bacterial expression of inflammatory cytokines in mice. Specifically, the
phage SLPW displayed a wide antibacterial spectrum. It was therapeutically effective
against intra-abdominal infection in mice harboring different multilocus sequence typing
(MLST) types of S. aureus strains. Therefore, phage SLPW is a potential therapeutic
agent against MRSA infections.

Keywords: Staphylococcus aureus, MRSA, phage SLPW, infection, therapy

INTRODUCTION

Staphylococcus aureus (S. aureus) is the most virulent pathogen causing various diseases, including
skin abscesses, pneumonia, endocarditis, and osteomyelitis, in humans and animals (Lowy,
1998; Plata et al.,, 2009). The two major sources of infection include community and hospital
(Engemann et al., 2003). The bacterial strains are resistant to many antibiotics, and especially
to methicillin and vancomycin. The emergence and prevalence of methicillin-resistant S. aureus
(MRSA) and vancomycin-resistant S. aureus (VRSA) underscores the need for development of
effective therapeutic alternatives (Sasidharan et al., 2011; Gardete and Tomasz, 2014).

In the last 15 years, there has been a marked increase in the number of identified Staphylococcus
phages, with tremendous progress in therapeutic interventions targeting Staphylococcus, especially
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S. aureus (Hsieh et al., 2011). Phages are the most common  TABLE 1| SLPW strains and lytic activity
organisms on the planet and represent great diversity in host

range. S. aureus phages target pathogens in diseases, such Species of strain  No. of strain  MLSTtype el Source®
as bacteremia, eye infections, and S. aureus-associated lung  gi0n10c000us ATCC25923 ST 243 ] i
infections (Wills et al., 2005; Kazmierczak et al., 2015). Compared  aureus (22)
with traditional antibiotics, bacteriophages are cost-effective ATCC29213  ST5 1.37 x 1075 I
without serious side effects, and are virulent especially against S1 ST 398 4.4 x 106 |
drug-resistant bacteria (Borysowski et al., 2011; Kazmierczak S0 ST 239 6.12 x 101 |
et al, 2015). Further, phages generally recognize specific 33 ST 239 _ |
receptors on bacterial cell membrane, without affecting human, s4 ST 239 213 x 10-1 |
or animal cells. Therefore, the side effects in eukaryotic hosts are S5 ST 398 6.33 x 10~ |
minimal (Sulakvelidze et al., 2001). Studies involving S. aureus 6 ST9 _ |
phages show effective and comprehensive antimicrobial activity s7 ST 239 8.92 x 10-5 |
in vitro and in vivo (Capparelli et al., 2007; Gutierrez et al., 2015). SH5 sTo 289 x 101 I
In this study, we isolated a lytic phage, SLPW, from SH-6 sTo 5.44 x 10-7 I
fecal sewage in a pig farm. We report the wide host range, SH-7 ST o 791 % 10-6 I
adequate stability and strong bacteriolytic activity of this phage. SH-8 STo 814 x 10~ i
Specifically, the phage SLPW was safe and effective against MRSA SHo ST 502 x 10-1 |
infection in mice. SH-10 T9 457 % 101 |
SH-11 ST9 2.62 x 1071 I
MATERIALS AND METHODS SH-12 ST9 4.23 x 101 I
Ethics Statement SH-13 ST9 4.22 x 107° I
. . . . . SH-14 ST9 9.17 x 1076 I
Animal experiments were carried out according to the animal 4
welfare standards approved by the Ethical Committee for Animal SH-15 sTo 1.98 10 . !
Experiments of Shanghai Jiao Tong University, China. All animal SH-16 sTo 282107 !
experiments complied with the guidelines of the Animal Welfare |, . ... . o, - sTo 1.81 x 10~ I
Council of China. Staphylococcus
aureus (18)
Bacterial Strains and Culture Conditions MS3 sT9 162 v
In this study, 38 S. aureus strains (18 MRSA strains, 7 clinically MS5 sT5 752 x 10—1 Y,
isolated pathogenic strains and 13 strains isolated from milk MS6 STs 288 x 10-1 v
samples of dairy cows with mastitis) and 8 other strains MS7 sT5 703 % 10-1 v
(Staphylococcus epidermidis ATCC12228, Bacillus subtilis YS, S. MS8 ST9 8.99 » 10~ v
zooepidemicus ATCC35246, 4 Streptococcus suis and Escherichia MS9 STo 8.1 x 10~ v
coli MC1061) were used (Table 1). Two reference strains of S. MS10 ST 239 280 x 10-6 v
aureus ATCC 25923 and ATCC 29213 from the American Type MS11 STo 4.33 x 10~ Y
Culture Collection (ATCC) were also used. All the strains were MS13 ST 899 x 10-1 "
grown in Todd-Hewitt broth (THB) and brain heart infusion MS15 ST5 817 x 10-1 "
(BHI) or agar medium supplemented with 2% (vol/vol) fetal MS16 ST o 0.93 x 10~1 "
bovine serum (Gibco, Invitrogen Corp., Carlsbad, CA) at 37°C. MS17 ST 398 433 x 105 Y
Phage Isolation, Purification, and Host MS18 ST9 sezxi0mh
. . MS19 ST9 2.98 x 10 \%
Range Determination MS20 ST 398 1.23 x 107" \%
The method of Matsushiro et al. was adopted for the isolation MS21 ST 398 167 x 10-1 "
of S. aureus phages with some modifications (Matsushiro and MS22 ST 398 _ "
Okubo, 1972). Seventy-four samples, including 44 dust swabs MS23 STo _ "
and 30 fecal samples were suspended in SM buffer [NaCl 5.8
g/L, MgSO47HZO 2 g/L, 1M TrlSHCl (pH75) 50 ml/L, and 2% Staphylococcus ATCC12228 —C — \Y2
gelatin 5 ml/L] and centrifuged at 5000 x g for 20 min at4°C. The  epidermidis
supernatants were filtered through 0.22-pm pore membranes
and evaluated for the presence of lytic phages using different ~ 5acilus subtiis s - B v
S. aureus isolates on BHI plates. After overnight incubation, Streptococcus suis S8 _ _ v
bacterial plaque formation suggested the presence of lytic phage, 550 B _ v
which was purified after three rounds of single-plaque isolation. 57 _ B v
For purification, a single-phage plaque was precipitated in the
presence of 10% (wt/vol) polyethylene glycol (PEG) 8000 and 1 (Continued)
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TABLE 1 | Continued

Species of strain No. of strain MLST type EOP?2 Source®
SS9 - — v

Streptococcus ATCC35246 - — I

zooepidemicus

Escherichia coli MC1061 — — v

4EOR efficiency of plating (EOP = phage titer on test bacterium / phage titer on host
bacterium Staphylococcus aureus ATCC25923). Assays were conducted at least three
times. The data shown represent means derived from three independent experiments.
by clinically-isolated pathogenic strains; I, isolated from milk samples of dairy cows with
mastitis; lll, purchased from American Type Culture Collection; IV, stored in our lab.

¢—, no plaque on target bacterium.

M NacCl at 4°C for at least 1 h. The precipitate was collected by
centrifugation at 10,000 x g for 10 min at 4°C and suspended
in SM buffer. After the addition of 0.5 g/mL CsCl, the mixture
was layered on top of CsCl step gradients (densities of 1.15,
1.45, 1.50, and 1.70 g/mL) in Ultra-Clear centrifugation tubes
and centrifuged at 28,000 x g for 2 h at 4°C, and dialyzed in
sodium chloride-magnesium sulfate buffer [100 mM NaCl, 10
mM MgSO4-7H, 0, and 50 mM Tris-HCI (pH 7.5)]. Phages were
stored at 4°C for further experiments.

The host range of the phage was defined by the double-layered
agar method described by Adams (1959). The SLPW phage was
inoculated with all the 47 strains listed in Table1 and then
monitored for plaque formation.

Transmission Electron Microscopy (TEM)

of Phage Particles

The purified phage sample was loaded onto a copper grid for
7 min followed by negative staining with 2% (vol/vol) uranyl
acetate (pH 6.7) and drying. The phage morphology was observed
using a FEI TEM Tecnai G2 Spirit Biotwin (FEI, Hillsboro, US)
at an accelerating voltage of 80 kV.

Restriction Enzyme Digestion of Phage

Genomic DNA

Purified phage genomic DNA was prepared as described
previously by Son et al. (2010). For the identification of nucleic
acid type, purified phage genomic DNA was subjected to nuclease
treatment using DNase I (20 U/pL), RNase A (5 U/nL), and
Mung bean nuclease (20 U/iL) at 37°C for 1 h. Restriction site
analysis of the phage was conducted by digesting purified phage
genomic DNA with 10 U Xho I, EcoR 1, Hind 111, Ned 1, and Not
I for 1 h at 37°C. Products of digested phage nucleic acid were
separated by 0.8% (wt/vol) agarose gel electrophoresis.

Genome Sequencing and Annotation

Shotgun sequencing was used for Phage SLPW whole genome
analysis. Sequence alignments were carried out using the Accelrys
DS Gene software package of Accelrys Inc. (USA). Putative
open reading frames were suggested using the algorithms of the
software packages Accelrys Gene v2.5 (Accelrys Inc.) and ORF
Finder (NCBI). Identity values were calculated using different

BLAST algorithms (http://www.ncbi.nlm.nih.gov/BLAST/) at the
NCBI homepage. The sequence of phage SLPW has been
submitted to NCBI (GenBank accession number: KU992911).

Assay of Optimal Multiplicity of Infection
(MOI)

Overnight cultures of S. aureus ATCC 25923 strain were diluted
1:100 in fresh BHI and incubated at 37°C with shaking until early
logarithmic growth phase (optical density at 600 nm, 0.4-0.6),
diluted 1:10, and mixed with phages at different MOIs. After 3.5
h incubation at 37°C, the mixture was centrifuged at 5000 x g for
20 min at 4°C and the supernatants were filtered through 0.22-
pwmporesize membranes. The phage titer in the supernatant was
immediately determined using a double-layer agar plate method.
This assay was performed at least in triplicate.

One-Step Growth

For determination of one-step growth of phage SLPW, we used
S. aureus ATCC 25923 as the host strain because it displayed
the largest clearance zone in a spot test and was lysed rapidly to
yield a clear lysate in liquid culture. One-step growth experiments
were performed using a modified method described previously
(Pajunen et al., 2000). Briefly, SLPW phage was added at a MOI
of 0.1 to the cells of S. aureus and allowed to adsorb for 15 min
at 37°C. The mixture was then centrifuged at 10,000 x g for 1
min. After the supernatants were removed, the pellets containing
the phage-infected bacterial cells were suspended in fresh BHI
and incubated with shaking at 180 rpm and 37°C. Partial samples
were obtained at 10 min intervals and the titrations from the
aliquots were immediately determined using the double-layer
agar plate method. This assay was performed at least in triplicate.

Phage Stability

Phage stability was determined at different temperatures (25, 37,
45, 50, 55, 60, 65, and 70°C), using an aliquot of phage SLPW
obtained after 1 h. The titers of the phage lysate were assayed
using a double-layer agar plate method. The phage stability at
different pH-values was tested by determining the titers after
dilution of the phage lysates (1:100) in SM buffer and stored at
37°C for 3 h. To analyze the chemical stability, the phage SLPW
was treated with chloroform (5, 25, 50, or 75%, vol/vol) for 6,
12, 18, and 24 h at 4°C. In addition, the phage SLPW was also
exposed to ultraviolet light treatment for 10, 20, 30, 40, 50, and
60 min, and titrated immediately using a double-layer agar plate
method.

Efficiency of Plating

Phage SLPW was screened against S. aureus strains using
the efficiency of plating method (EOP = phage titer on test
bacterium/phage titer on host bacterium) to determine the
effectiveness against a variety of target bacteria. Ten-fold serial
dilutions of phage suspensions (100 pL) were mixed with 100 pL
of the target or host bacterium (grown overnight at 37°C) and
incubated for 5 min at room temperature (25°C) and plated as
double layers on THB (Viscardi et al., 2008).
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Phage Bacteriolytic Activity In vitro

Overnight cultures of S. aureus culture were diluted 1:100 in
fresh THB liquid medium incubated at 37°C with shaking at
180 rpm until an early-exponential host bacterial culture (optical
density at 600 nm, 0.4-0.6) was reached. Phage SLPW was added
at MOI of 0.01, 1, and 100, and an identical S. aureus culture
with the same volume phage diluent was used as the control. The
mixture was then grown at 37°C with shaking at 180 rpm. The
phage bacteriolytic activity was assessed by monitoring the cell
absorbance of the culture solution (ODggg) at 30-min intervals
for up to 4 h, and this assay was performed in triplicate.

Phage Protection Studies

Female BALB/c mice (6 weeks of age) were purchased from the
Experimental Animal Center, Shanghai Jiao Tong University.
Overnight cultures of S. aureus were diluted 1:100 in fresh THB
liquid medium incubated at 37°C with shaking at 180 rpm to
an early-exponential host bacterial culture (optical density at
600 nm, 0.4-0.6). Cells were pelleted and washed twice with
phosphate-buffered saline (PBS). The mice were infected with
a dose of 1 x 10° CFU in 0.2 mL of the S. aureus strain.
The bacterial cells were injected unilaterally into the abdominal
cavities of mice, and 0.2 mL of the purified phage samples (1 x
10° PFU) were injected into the other side immediately, at 60
and 120 min after a bacterial challenge. The controls included
uninfected mice administered with 0.2 mL of phage in SM buffer.
The mouse survival rate was recorded daily for 7 days. The CFU
or PFU organ burden in spleen, lung, and blood was determined
by sacrificing groups of six mice at 6, 12, and 24 h after phage
SPLW administration. Each sample was homogenized in 1 mL
PBS and serially diluted in PBS. CFU were evaluated by plating
each dilution on THB agar plates. The PFU were evaluated by
plating each dilution on the double-layer agar plate.

Cytokine Assays

To evaluate the antimicrobial effects of phage, 0.2 mL of phage
in SM buffer (1 x 10° PFU) was administered intraperitoneally
at 1 h after infection with S. aureus (1 x 10° CFU). SM buffer
alone was administered to uninfected mice serving as control
groups. Spleen tissues were removed from mice 6, 12, and 24
h after injection with phage SLPW. Tissues were homogenized
in 1 mL of lysis buffer (Qiagen, West Sussex, UK), followed by
centrifugation at 2000 x g for 10 min. The supernatants were
sterilized with a millipore filter (0.45-pwm pore size).

Total RNA was isolated from the supernatants using an
AllPrep RNA microkit (Qiagen). The ¢cDNA synthesis was
performed using the PrimeScript RT reagent kit (TaKaRa, Dalian,
China) according to the manufacturer’s instructions. The mRNA
levels were measured using two-step relative qRT-PCR. The f-
actin housekeeping gene was amplified as an internal control.
The sequences of the primers for tumor necrosis factor alpha
(TNF-a), interleukin-6 (IL-6), interleukin-1p (IL-1p), and B-actin
are listed in Table 2. Gene expression was normalized to the
expression of the housekeeping gene B-actin. Real-time PCR
was performed using a SYBR Premix Ex Taq kit (TaKaRa) and
CFX Connect™ RT-PCR system (BIO-RAD, Hercules, USA).

TABLE 2 | Primers used for qRT-PCR

Primer Sequence (5'-3')

IL-1B-F TCCAGGATGAGGACATGAGCAC
IL-1B-R GAACGTCACACACCAGCAGGTTA
IL-6-F CCACTTCACAAGTCGGAGGCTTA
IL-6-R GCAAGTGCATCATCGTTGTTCATAC
TNF-a-F AAGCCTGTAGCCCACGTCGTA
TNF-a-R GGCACCACTAGTTGGTTGTCTTTG
B-actin-F TGACAGGATGCAGAAGGAGA
B-actin-R GCTGGAAGGTGGACAGTGAG

FIGURE 1 | Transmission electron microscopy of negatively-stained
phage SLPW.

The comparative cycle threshold (27AACTY method was used to
analyze the mRNA levels.

Statistical Analyses

Experimental data points were plotted using GraphPad Prism 5
(GraphPad Software, Inc., San Diego, CA). Data were expressed
as mean values & standard errors of the means (SEM). The
phage protection analyses were performed using the non-
parametric Mann-Whitney U-test. A P < 0.05 was considered
significant.

RESULTS AND DISCUSSION

Phage Isolation and Host Range

Determination

In this study, we isolated a lytic S. aureus phage designated as
SLPW, from fecal sewage in a pig farm of Shanghai (China)
in 2013. Using S. aureus ATCC25923 as the host strain, the
phage plaques measuring 1-2 mm in diameter were obtained.
The phage SLPW had a strong ability to produce plaques on
S. aureus strains. Among the 40 S. aureus strains, 36 (90%)
isolates were lysed by SLPW (Table 1). Furthermore, the SLPW
phage showed strong lytic activity against the majority of MRSA
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strains (16 of 18 strains), suggesting a potential therapeutic
role in MRSA infection. However, no plaque production was
observed in Staphylococcus epidermidis, Bacillus subtilis, S.
zooepidemicus, Streptococcus suis, and E. coli strains investigated
(Table 1).

The morphology of the isolated phage SLPW was determined.
Electron microscopy showed that the SLPW particle had an
isometric head of 49.5 + 1.5 nm and a short, non-contractile
tail measuring 19.5 + 1.5 nm long (Figure 1). Thus, it was
morphologically similar to phages of the family Podoviridae

bp

23130
9416

FIGURE 2 | Agarose gel electrophoresis of phage SLPW genome
digested with nuclease. Lane M: A-Hind Il digest DNA Marker, Lane 1-3:
phage SLPW genome digested with RNaseA, DNase |, and Mung Bean
Nuclease, respectively.

bp

15000
5000

2322
2500

1000

FIGURE 3 | Restriction digestion patterns of phage SLPW DNA. Lane
M1: A-Hind Ill digested DNA Marker, Lane 1: phage SLPW genome, Line 2-6:
phage SLPW genome digested with Xho |, EcoR |, Hind Ill, Ned |, and Not |,
respectively, Line M2: DL 1500042000 marker.

according to the classification of International Committee on
Taxonomy of Viruses (ICTV; Adams et al., 2014).

Phage Nucleic Acid Type and Genome

Description

The purified phage genomic DNA was subjected to digestion
by different nucleases. The results showed that the genome
of phage SLPW was completely digested by DNase I but not
by RNase A or Mung bean nuclease (Figure2), suggesting
that phage SLPW was a double-stranded DNA. Purified phage
SLPW genomic DNA could be digested with several restriction
endonucleases including Xho 1, EcoR 1, Hind 111, and Ned I
(Figure 3).

The complete nucleotide sequence of phage SLPW was
determined. The SLPW genome comprises 17,861 bp with an
average G+C content of 29.35%, which is similar to that of
the lytic Staphylococcus phages S13, PSa3, and 66 (Table S1).

TABLE 3 | Optimal multiplicity of infection (MOI) of phage SLPW.

CFU of S. aureus PFU of MOI Phage SLPW
ATCC25923 strain phage SLPW titers (PFU/mL)
108 108 100 3.32 x 109
107 108 10 2.71 x 109
108 108 1 3.12 x 1010
108 107 0.1 4.87 x 1010
108 108 0.01 2.92 x 108
108 105 0.001 4.41 x 107
108 104 0.0001 3.37 x 108
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FIGURE 4 | One-step growth curve of phage SLPW in S. aureus. Phage
SLPW was co-incubated with S. aureus ATCC25928 strain cultured at an MOI
of 0.1 for 15 min at 37°C. The mixture was centrifuged to remove
non-absorbed phage. The re-suspended pellets were incubated at 37°C and
sampled at 10 min intervals over a period of 3 h. Phage titer was measured.
Results are shown as means + SEM from triplicate experiments. The latent
period was 10 min: interval between the absorption and the beginning of the
initial burst. The burst size was estimated at 95.3 PFU per infected cell, which
was the ratio of the final count of liberated phage particles to the initial count of
infected bacterial cells.
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FIGURE 5 | Stability tests of phage SLPW. (A) Thermostability: Phage SLPW was incubated at various temperatures as indicated. Samples were collected after 1
h; (B) pH stability: Phage SLPW was incubated under different pH conditions for 3 h; (C) Chloroform stability: Phage SLPW was treated with chloroform (5, 25, 50, or
75%, vol/vol) for 6, 12, 18, and 24 h; (D) Ultraviolet light stability: Phage SLPW was exposed to UV light for 10, 20, 30, 40, 50, and 60 min. The overall results were
expressed as survival rates, and were titrated immediately using double-layer agar plate method. Results are shown as means + SEM from triplicate experiments.
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FIGURE 6 | Bacteriolytic activity of SLPW against S. aureus in vitro. Early exponential cultures of S. aureus (A) ATCC25923 and (B) MS3 strains were
co-cultured with SLPW phage at MOls of 0.01, 1, and 100, respectively. S. aureus cultured with a similar volume of phage diluent was used as a control. Results are
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As shown in Table S2, 20 open reading frames (ORFs) were
defined as potential genes of SLPW. Genes involved in packaging,
head, tail, lysis, and DNA replication showed high homology
with other phages listed in Figure S1 and Table S2 (Kwan et al.,
2005). However, a few unknown proteins of SLPW including
Gp4, Gp6, and Gp20 showed a lower degree of similarity than
those of other Podoviridae Staphylococcus phages (Table S2),
which may lead to functional discrepancy. The genes of SLPW

encoding lysin (Gp14) and holin (Gp10) showed high similarity
with Staphylococcus lytic phages listed in Table S2, which also
showed a broad host range and strong lytic ability against S.
aureus (Kraushaar et al., 2013). Comparison of the genome
structure with Staphylococcus prophages suggested that SLPW
was a lytic phage, which lacked specific integration-related and cI
repressor genes, devoid of lysogenic characteristics (Kwan et al.,
2005; Hoshiba et al., 2010; Biswas et al., 2014).
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Determination of Optimal Multiplicity of
Infection (MOI) and One-Step Growth
Curve

The results showed that the optimal MOI of phage SLPW was
0.1, which was the highest titer attained by the phage lysates
(4.87 x 10'° PFU/mL; Table 3). Based on the optimal MOI, we
established a one-step growth curve. Short latency period (10
min) and large burst size (estimated at 95.3 PFU per infected cell;
Figure 4) suggest lytic nature of the SLPW phage and a higher

MS3
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% 80 —s—s—s——s—s—x = 2h
‘é —— Infected mice treated with
= 60 SMbuffcr o
Z —F—F—3F—F—3 —+ Uninfected mice injected
E 407 with phages
@20

t T T T T T 7
0 3 6 9 1224 48 72 96 120 144 168
Times (h)

FIGURE 7 | Survival curves of mice infected with S. aureus MS3 strain
and treated with phage SLPW. Phage (MOls of 1) was administered
intraperitoneally into mice at O, 1, or 2 h post-infection and the survival rates
were recorded. Data shown are representative of three independent
experiments using 10 mice per group, and displayed as mean + SEM.

Iytic activity than the previously published lytic S. aureus phages
(Han et al,, 2013; Li and Zhang, 2014).

Phage Stability

The potential clinical role of phage SLPW was evaluated by
determining their physical and chemical stabilities. The thermal
stability of the phages was investigated at different temperatures.
We found that the activity of phage SLPW was stable at
temperatures up to 45°C. Higher temperatures resulted in
progressive inactivation. Phage SLPW was completely inactivated
when heated to 65°C (Figure 5A). The pH stability was studied
in SM buffers at a pH range of 2-12. Phage SLPW showed a
relatively high survival rate (more than 80%) at a pH ranging
from 6 to 10. Beyond these values, the activity decreased
dramatically (Figure 5B). Further, the viability of phage SLPW
was almost unaffected in the presence of 5, 25, 50, and 75%
chloroform as shown in Figure 5C. Ultraviolet irradiation assay
showed that about 90% of phage SLPW survived UV light (30
w, 30 cm wave-length) treatment ranging from 10 to 60 min
(Figure 5D).

Studies suggested a probable relationship between phage
structure and survival under adverse environmental conditions
(Lasobras et al., 1997). Ackermann et al indicated that tailed
phages remain comparatively steady in adverse conditions
(Ackermann et al., 2004). Under harsh conditions, such as strong
ultraviolet light, and large temperature fluctuations, phages
belonging to Myoviridae protect themselves from extremely
dry environment via intercellular location in pseudo-lysogens
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FIGURE 8 | Survival curves of mice infected with different S. aureus strains and treated with phage SLPW. Phage (MOls of 1) was injected intraperitoneally
into mice at 1 h post-infection and the survival rates were recorded. Infected mice treated with SM buffer served as control. Data shown are representative of three
independent experiments using 10 mice per group, and displayed as mean + SEM.
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FIGURE 9 | S. aureus concentrations in the blood and organs of mice treated with phage SLPW at 1 h post-infection. Six mice were sacrificed from each
mouse group at different time points. SM buffer was administered to infected mice, which served as control. Results are shown as means + SEM from triplicate
experiments. The Mann-Whitney U-test was used to compare the phage concentration data. Significant differences (P < 0.01) are indicated by asterisks.
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FIGURE 10 | Figure 10 Phage SLPW concentrations in the blood and
organs of mice treated with phage SLPW at 1 h post-infection. Six mice
were sacrificed from each group at 24 h after the experiment. Phage was
injected into uninfected mice, which served as controls. Results are shown as
means + SEM from triplicate experiments. The Mann-Whitney U-test was
used to compare the phage concentration data. Significant differences (P <
0.01) are indicated by asterisks.

or biofilms created by bacterial hosts (Jonczyk et al, 2011).
Phages from Podoviridae family may be extremely resistant to
dry environment and survive large temperature fluctuations
(Prigent et al., 2005). Our studies suggest that SLPW, which
belongs to Podoviridae, showed a broad range of thermal and pH
stability and strong resistance to chloroform and ultraviolet light
treatment. Based on the above studies, tailed phages generally
show great ability to adapt to adverse conditions, contributing to
the development of phagotherapy.

Bacteriolytic Activity In vitro

The phage SLPW bacteriolytic activity was tested in an early-
exponential phase culture of S. aureus ATCC25923 and MS3
strains. The growth of these strains steadily declined at an
MOI 1 and was completely inhibited at MOI 100 directly after
phage administration (Figure 6). However, when the culture was
administered using phage SLPW at MOI 0.01, the absorbance
(OD600) continued to increase during the incubation (Figure 6).
The results suggested that SLPW was highly effective against
S. aureus in vitro and an MOI 1 was used for therapeutic
study in vivo.

Phage Therapeutic Study

Although studies indicate successful outcomes with topical phage
treatment of human and animal infections involving S. aureus,
few studies focused on the treatment of acute and lethal infection
(Chhibber et al., 2013; Pincus et al., 2015). To investigate the
virulence of MRSA strain MS3 in BALB/c mice, the mortality of
mice was recorded daily, and followed over a period of 7 days
after infection. Injection with 1 x 10° and 1 x 107 bacterial
cells resulted in 100 and 0% death, respectively (data not shown).
These doses were therefore used in subsequent experiments.

To evaluate the therapeutic potential of phage SLPW in
vivo, assays were performed using BALB/c mice after infection
with high concentrations of S. aureus (1 x 10° CFU/mouse).
The results showed that mice treated with phage immediately
(0 h) or at 1 h post-infection showed significantly higher
survival rates than the control groups (infected mice treated
with SM buffer) after 7 days. The survival rates following
phage therapy at 0, 1, and 2 h were about 80, 80, and 50%
after 7 days, respectively (Figure 7). Recent studies have shown
that immediate phage treatment provided better protection
than delayed administration against bacterial infection in mice
(Watanabe et al., 2007; Hsieh et al., 2011). However, our study
indicated that the survival rates between immediate and delayed
therapy (1 h post-infection) by phage SLPW were similar
(Figure 7). This finding confirmed that phage SLPW showed
higher efficiency and sensitivity against S. aureus in vivo. In
addition, phage SLPW exhibited satisfactory therapeutic effect
against different sequence types of S. aureus following multilocus
sequence typing (MLST; Figure 8).

Treatment efficacy was evaluated by examining bacterial
colonization in the organs and blood of mice after phage therapy
(1 x 107 PFU/mouse) following 1 h of infection with a non-
lethal dosage of S. aureus (1 x 10’ CFU/mouse). Mice infected
with S. aureus strains showed relatively high pathogen density
in organs (Takemura-Uchiyama et al, 2014; Li et al, 2015).
However, the mice treated with SLPW showed significantly
lower S. aureus levels in the spleen and lung than the control
groups at every time point (Figure9) suggesting that SLPW
was therapeutically effective against systemic infection caused by
S. aureus. However, the S. aureus concentrations in the blood
of the phage-administered groups were slightly lower than in
the control groups (Figure9). The results also showed that
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FIGURE 11 | Levels of the pro-inflammatory cytokines IL-18, IL-6, and TNF-« in the spleens of mice treated with phage SLPW at 1 h after infection. Six
mice were sacrificed from each mouse group at different time points. SM buffer was administered to uninfected control mice. The values of pro-inflammatory
cytokines in the control groups were normalized to 1.0. Levels of IL-18, IL-6, and TNF-a mRNA were normalized to p-actin mRNA levels and were expressed as n-fold
increases with respect to the control. Results are shown as means + SEM from triplicate experiments. The Mann-Whitney U-test was used to compare the cytokine
levels between infected groups and treatment groups. Significant differences (P < 0.001) are shown by asterisks.

phage titers in the blood and organs at 24 h after therapy
were significantly increased by nearly four orders of magnitude
in the spleen and two orders of magnitude in the blood and
lung compared with those in the uninfected control groups
(Figure 10). Based on these results, we confirmed that SLPW
contributed to resistance to S. aureus and enhanced mouse
survival. Unfortunately, the therapeutic effect of SLPW in
uninfected control mice was temporary (Figure 10) and phage
therapy before infection with S. aureus showed no effect on
survival (data not shown).

The strength and efficiency of the host immune response
depends on the level of pro-inflammatory cytokines including
IL-1B, IL-6, and TNF-a, which are indicators of the severity of
infection (Wang et al., 2014; Lee et al., 2015). The results showed
that phage therapy of uninfected mice (medium-treated groups)
did not alter the cytokines levels (Figure 11). Therefore, phage
treatment was considered safe in mice and cytokine experiments
showed no bias. The IL-1f, IL-6, and TNF-ao mRNA levels were
significantly lower in the phage-administered mice (treatment
groups) than in untreated mice (infected groups) at every time
point (Figure 11). The results suggested that phage treatment
successfully attenuated inflammation caused by S. aureus in mice.

The adverse effects associated with bactericidal agents include
the release of large amounts of pathogen-associated molecular
patterns recognized by Toll-like receptors and induction of pro-
inflammatory cytokines in mammals (Ginsburg, 2002; Horner
and Raz, 2003). However, our studies showed that treatment
of uninfected mice with phage SLPW showed no significant
differences in the expression of pro-inflammatory cytokines (IL-
18, IL-6, and TNF-a) during 24 h (Figure 11). In addition,
phage therapy of uninfected mice resulted in similar survival
as mice injected with normal saline after 7 days (data not
shown). Our findings suggest that therapy using phage SLPW
was safe, although phage residues in tissues may influence normal
microflora in the human body (Endersen et al., 2014). Therefore,
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The objective of this study is to determine the in vitro susceptibility of Georgian
bacteriophage cocktails on multidrug resistant (MDR) extended-spectrum beta-
lactamase producing Escherichia coli (ESBL-EC) isolated from patients’ blood and
urine cultures. A total of 615 E. coli isolates were included in this study. Phene
Plate (PhP)-typing and phylogenetic grouping were used for the typing. Antimicrobial
resistance profiles and ESBL production of all isolates were confirmed according
to Clinical and Laboratory Standards Institute (CLSI) criteria. The activities of four
bacteriophage cocktails (Enko-phage, SES-bacteriophage, Pyo-bacteriophage, and
Intesti-bacteriophage) were determined against 142 ESBL-EC using in vitro spot tests.
According to this, Enko-phage were active against 87.3% of the tested strains while that
ratio was 81.7% for Intesti-bacteriophage, 81.7% for Pyo-bacteriophage, and 59.2% for
SES-bacteriophage cocktails. Based on the contingency tests, the phage cocktails were
observed to be statistically significantly (o < 0.001) more effective on ESBL-EC strains
belonging to phylogenetic groups D and B2. The employed phage cocktails were found
to be affective against all tested resistant types. These results are promising especially
for the infections that are caused by MDR pathogens that are difficult to treat. As this
is a preliminary step to the potential clinical trials to be designed for the country, in vitro
confirmation of their success on a MDR ESBL-EC collection should be accepted as an
initial action, which is encouraging to consider clinical trials of phage therapy especially
in countries which are not introduce phage therapy.

Keywords: ESBL-E. coli, bacteriophage, antibiotic resistance, phage therapy, phylogenetic grouping

INTRODUCTION

Escherichia coli is the leading bacterial pathogens responsible for intestinal and extraintestinal
infections, including urinary tract infections, bacteremia, and meningitis (Kaper et al., 2004).
Certain strains of E. coli have been shown to carry certain genes coding for enzymes that hydrolyze
a wide range of beta-lactams and are referred to as extended-spectrum beta-lactamase producing
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E. coli (ESBL-EC). In recent vyears, the dissemination of
ESBL-EC has become a serious health problem worldwide
including Turkey (Pitout and Laupland, 2008; Rodriguez-Bano
and Pascual, 2008; Tasbakan-Isikgoz et al., 2011; Hawser et al,,
2012). ESBL producing pathogens are known to be resistant
not only first, second, and third generation cephalosporins and
monobactams, but also to several other classes of antibiotics.
As a result, infections that are difficult to treat occur, and
occasionally the use of “antibiotics of the last resort” such as
carbapenems, colistin is inevitable (Cantén et al., 2012). However,
unfortunately, emergence of resistance against these drugs of last
resort is also observed around the world (Schwaber and Carmeli,
2008; Hasman et al., 2015). The upcoming threat of increase in
the prevalence of untreatable infections has motivated the quest
for alternatives of antibiotic therapy.

Bacteriophages (phages) are natural parasites of bacteria
and they have been considered as effective agents for the
treatment of bacterial infections since 1920s (Sulakvelidze et al.,
2001; D’'Herelle, 2007). The reason phages have been used as
antimicrobial agents in that they can recognize, bind onto, and
reproduce within a bacterial host, resulting in rapid cell lysis.
However, poor understanding of phage biology and inconsistent
outcomes experienced in early trials resulted in the phage therapy
never being adopted universally (Sulakvelidze et al., 2001; Kutter
et al., 2010). The advancement and consequently widespread
use of antibiotics left phage therapy remaining as a common
practice confined in the former Iron Curtain Countries where
it has been successfully applied for around 90 years. Currently,
although antibiotic therapy is successful in the treatment of
majority of infections, frontline therapies are not effective in
noticeable amount exceptions (Gould, 2009; Gootz, 2010; Keske
et al., 2014) which is the underlying reason for the revitalization
of phage therapy in bacterial infections around the world
(Parracho et al., 2012). Thus, adopting this renewed approach
we designed this preliminary study on ESBL-EC since it is
a significant infection control and treatment challenge in the
world.

This study aimed to examine the in vitro activity of Georgian
bacteriophage cocktails which are used as part of standard clinical
practice in the Republic of Georgia on a well-characterized ESBL-
EC isolated from Turkish patients’ blood and urine. As this is
a first step to the potential clinical trials to be designed for the
countries that have reached a very high prevalence country wide,
the study is of capital importance.

MATERIALS AND METHODS

Sample Collection

Clinical samples belonging to five experimental groups were
included in this study. Experimental groups are (i) the blood
of hospitalized patients, (ii) the urine of hospitalized adult
patients, (iii) the urine of hospitalized pediatric patients, (iv)
the urine of adult outpatients, and (v) the urine of pediatric
outpatients. All samples are collected from the patients attending
a 1300-bed tertiary hospital in Kayseri, Turkey, between 2014
and 2016. The samples did not include descriptive information

from any patients. Identification of E. coli strains was performed
using conventional microbiological methods and VITEK-2
(bioMérieux) automated system. Extraction of chromosomal
DNA was done by growing a single colony of the isolates in Luria—
Bertani (LB) broth overnight, collecting pellet in 100 ml sterile
Milli-Q water, and boiling at 95°C for 15 min. E. coli strains were
subjected to confirmatory tests using PCR amplification of the
universal stress protein (uspA) gene as previously described by
Chen and Griffiths (1998).

Typing of Isolates

Phene Plate (PhP) Fingerprinting

All strains were typed using a high-resolution biochemical
fingerprinting method specifically developed for E. coli strains
(PhPlate AB, Stockholm, Sweden; Landgren et al, 2005).
Inoculation of the plates was done according to the manual
instruction and the plates were incubated at 37°C. The rate
of each reaction was evaluated by measuring the absorbance
value in each well after 7, 24, and 48 h of incubation
using a digital scanner. After the final scan, the PhPlate
software was used to create absorbance (A620) data from
the scanned plate images and the mean absorbance in each
well over the three readings was calculated, yielding the
biochemical fingerprint for each isolate. The biochemical
fingerprints of the isolates were compared pairwise and
the similarities among the isolates were calculated by the
correlation (similarity) coeflicient and clustered according to
the unweighted pair group method with arithmetic averages
(Sneath and Sokal, 1973; Saeedi et al., 2005). Isolate pairs
having a similarity coefficient above the default identity level
(0.975) of software was regarded as identical and assigned to
the same biochemical phenotype. All data handling, including
calculations of correlations and coefficients as well as clustering
were performed using the PhPlate software version 4002 (PhPlate
AB, Stockholm, Sweden).

Phylogenetic Grouping

Phylogenetic grouping (A, B1, B2, D) was done for ESBL-EC
strains using multiplex PCR with primers coding for chuA and
yjaA genes and the DNA fragment TSPE4.C2 according to
Clermont et al. (2000).

Strains belonging to the same biochemical phenotype and
phylogenetic groups were considered as members of the same
clone and were regarded as common types, and those differing
by one method were regarded as single types.

Phenotypic ESBL Detection and

Antimicrobial Resistance Test

ESBL production of the isolates was screened by the double-disk
synergy on Mueller-Hinton agar using cefotaxime, ceftazidime,
cefpodoxime, and ceftriaxone with and without clavulanic acid
(10 mg), according to Clinical and Laboratory Standards Institute
(CLSI), recommendations (Clinical and Laboratory Standards
Institute [CLSI], 2015). After phenotypic confirmation, the
susceptibility of ESBL-EC producing strains was tested
against nine antimicrobial agents using Kirby-Bauer disk
diffusion methods according to CLSI guidelines. Antimicrobial
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agents included were ampicillin/sulbactam, ciprofloxacin,
gentamicin, sulfamethoxazole, amoxicillin/clavulanate,
piperacillin/tazobactam, amikacin, cefepime, imipenem, and
ertapenem. E. coli ATCC 25922 and ESBL-positive
blacix—m—15 ESBL-producing strains were used as quality
control strains.

In vitro Susceptibilities of Bacteriophage

Cocktails

Among all ESBL-EC, one representative from each PhP-
common type and all single types are included in phage
assay. Spot tests were performed to determine the activities
of four commercially available bacteriophage cocktails on
each non-replicating ESBL-EC isolate. The bacteriophage
cocktails produced in the George Eliava Institute and they
were commercially available in sterile media containing
1 x 10°7° phage particles in 1 mL for Pyo-bacteriophage
and Intesti-bacteriophage in Georgia. For the remaining two
cocktails, the plaque forming unit/mL concentration is not
available.

For spot test, all ESBL-EC isolates were initially tested for
their purity on MacConkey agar no. 3. One single colony
were transferred onto LB agar and incubated at 37° for 18 h.
These steps were repeated twice to yield desired colonies (i.e.,
round shaped) with similar morphology in the agar plates.
Single colonies were picked and incubated in LB broth for
about 3 h. Then, 100 wL of the bacterial culture (A600 ca.
0.5) mixed with 5 ml of the molten semi-solid LB agar (0.6%)
and over laid on the surface of the LB agar. After 10 min,
10 pL of phage suspension was applied on the bacterial layer
and incubated at 37°C overnight. Bacterial sensitivity to phage
preparations was established by lysis at the spot where the
phage was deposited (Gabrilovich, 1973). Observing confluent,
semi-confluent, opaque lysis or individual plaques determined
the isolate susceptibility. When the lysis was not possible, the
corresponding isolates were determined to be resistant. Each test
was repeated thrice.

The following four commercial phage cocktails were included
in this study.

Enko-phage active against Salmonella  typhimurium,
Salmonella enteritidis, Salmonella heidelberg, Salmonella newport,
Salmonella cholerae, Salmonella oranienburg, Salmonella dublin,
and Salmonella anatum; Shigella flexneri (serovars 1, 2, 3, 4)
and Shigella sonnei (six different serovars), enteropathogenic
E. coli, Staphylococcus aureus, Staphylococcus epidermidis, and
Staphylococcus saprophyticus.

SES-bacteriophage active against Staphylococci (S. aureus,
S. epidermidis, and S. saprophyticus); Streptococci (Streptococcus
pyogenes, Streptococcus sanguis, Streptococcus salivarius, and
Streptococcus agalactiae) and different serotypes of entero-
pathogenic E. coli serovars.

Pyo-bacteriophage active against Staphylococcus  spp.,
Streptococcus spp, Pseudomonas aeruginosa, Proteus mirabilis,
Proteus vulgaris, and E. coli.

Intesti-bacteriophage active against Shigella spp., Salmonella
spp.» E. coli, Staphylococcus spp., Enterococcus spp., Proteus spp.,
P. aeruginosa.

RESULTS

A total of 615 E. coli were isolated from urine (n = 433) and
blood (n = 182) cultures of patients (one isolate per patient)
included in each experimental group (Table 1). One hundred
and seventy-five out of 615 E. coli strains were confirmed to be
genuine ESBL producers. All 175 ESBL-EC isolates were grouped
into 20 common types (i.e., types with more than two identical
isolates) and 122 single types based on typing methods. The
lowest number of identical isolates in a common type was 2, and
the highest number of identical isolates belonging to a common
type was 5. With the consideration of clonality the number of
representative isolates was determined to be 142 for ESBL-EC.
Phylogenetic distribution of these 142 strains revealed that, 40.8%
of the isolates belonged to group D, 38.1% belonged to B2, 14.2%
belonged to group A, and 7% belonged to B1.

The rates of ESBL-EC within each experimental group were
found to be ranging between 14.7% (for urine culture of
children outpatients) and 40.4% (for blood culture of hospitalized
patients) (Table 2). In addition to ESBL production all isolates
were found to be multidrug resistant (MDR, resistant to >3
classes; Magiorakos et al., 2012; Table 3).The rate of Carbapenem
non-susceptible (non-S) strains was found to be ranging between
2.2 and 5.1% among different experimental groups of ESBL-EC.

All 142 non-replicating ESBL-EC were included in the
bacteriophage assay. According to phage susceptibility assay 131
(92.3%) of the ESBL-EC strains were determined to be susceptible
to at least one phage cocktail. Among those, Enko-phage, Intesti-
bacteriophage, and Pyo-bacteriophage preparations were active
against greater number of isolates than SES-bacteriophage (87.3,
81.7, 81.7, and 59.2%, respectively). Resistance and sensitivity
profiles of these four phage preparations are given in Table 4.

Considering the phage susceptibility distributions of the tested
strains with respect to different phylogenetic groups, it was
observed that each phylogenetic group shows different phage
susceptibility characteristics. While Enko, Pyo, and Intesti phages
are dominantly effective on B2 and D phylogenetic groups (7.4%
resistance rate for all phage cocktails in B2, 3.4, 5.2, and 8.6%
resistance rates for Enko, Pyo, and Intesti, respectively in D), a
more even susceptibility response can be observed for A and B1

TABLE 1 | Numbers of confirmed E. coli strains included in this study
within each experimental group.

Experimental groups Number of E. coli strains

ESBL —ve ESBL +ve Total
Urine
Hospitalized adults 74 43 117
Hospitalized children 26 19 45
Adult outpatients 92 26 118
Children outpatients 131 22 153
Blood (adults and children) 17 65 182
Total 440 175 615

ESBL —ve, strains not producing extended-spectrum beta-lactamases; ESBL +ve,
strains producing extended-spectrum beta-lactamases.
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TABLE 2 | Distribution of 615 E. coli strains within each experimental group after PhP-typing.

Number of representative strains PhP-types

Experimental groups ESBL —ve ESBL +ve Total %ESBL +ve Common types Single types DI
Urine

Hospitalized adults 65 33 98 33.7 12 (31) 86 0.996
Hospitalized children 23 14 37 37.9 5(13) 32 0.991
Adult outpatients 70 21 91 23.01 18 (45) 73 0.994
Children outpatients 87 15 102 14.07 25 (76) 77 0.990
Blood 87 59 146 40.4 23 (59) 123 0.996

ESBL —ve, strains not producing extended-spectrum beta-lactamases; ESBL +ve, strains producing extended-spectrum beta-lactamases; DI, diversity index. The

numbers in the bracket indicated how many strains belong to common types.

TABLE 3 | Antimicrobial resistance percentages of 142 ESBL-EC strains.

Experimental groups

Antimicrobial agents tested

SAM CIP GEN STX AMC TZP AMK* FEP IMI ERT
Urine (83)
Hospitalized patients (47) 82 73.3 42.3 74.5 51.2 30 5 100 2.2 2.2
Outpatients (n = 36) 79.2 60.5 24.4 60.2 47.6 20 0 100 0 0
Blood (n = 59) 95 67.8 48 78 59.5 40.7 3.4 96.6 5.1 3.4

SAM, ampicillin/sulbactam; CIR, ciprofloxacin; GEN, gentamicin; STX, sulfamethoxazole; AMC, amoxicillin-clavulanate; TZF, piperacillin/tazobactam; AMK, amikacin; FER,

cefepime; IMI, imipenem; ERT, ertapenem. *Reduce susceptibility.

phylogenetic groups (p < 0.00001, chi-square test). This trend
can also be observed for SES cocktail with statistical significance
(p = 0.000295, chi-square test), yet effectiveness for B2 and D
phylogenetic groups seems to be less than the other cocktails (27.7
and 34.4% resistance rates for B2 and D groups, respectively)
(Table 5).

ESBL-EC strains isolated from hospitalized patients were
more susceptible to Enko-phage than other phage preparations,
whereas outpatients’ isolates were more susceptible to Pyo-
bacteriophage than the other cocktails. Eleven (7.7%) of
the ESBL-EC isolates were found to be resistant to all
commercially available bacteriophage cocktails. These 11 ESBL-
EC were isolated from blood (n = 5), from the urine of
hospitalized adults (n = 2), from the urine of pediatric
outpatients (n = 2) and from the urine of adult outpatients
(n = 2). The susceptibility/non-susceptibility patterns of
E. coli showed no correlation with their antibiotic resistance
patterns.

DISCUSSION

Over the past decade, the prevalence of ESBL-EC has attracted
the attention of health authorities due to their increasing rates
on a daily basis (Paterson and Bonomo, 2005). Recent studies
have shown that the prevalence of ESBL-EC in different countries
can be as high as 63%, with the highest rate belonging to
E. coli isolated from ICU patients in Turkey (Hawser et al,
2009; Magiorakos et al, 2012; Nakai et al, 2016). Reports
indicated that ESBL-EC rates are generally very high in Turkey;
however, previous studies generally do not take the clonal

TABLE 4 | Sensitivity profiles of tested phage cocktails on 142 ESBL-EC
included in this study.

Number of ESBL-EC strains

ENKO SES PYO INTESTI
Confluent 38 1 38 35
Semi-confluent 29 10 27 20
Opaque lysis 23 7 23 27
Individual plaques 34 66 28 34
Resistant 18 58 26 26

ENKO, Enko-phage; SES, SES-bacteriophage; PYO, Pyo-bacteriophage; INTESTI,
Intesti-bacteriophage.

relationships of the isolates into account (Kacmaz et al., 2005).
Although molecular typing methods such as pulsed field gel
electrophoresis (PFGE) or multilocus sequence typing (MLST)
have been used extensively for determining clonal relationships of
the investigated strains, for practical purposes, we employed the
PhP-typing method that specifically developed to discriminate
E. coli strains (Kithn et al, 1995). This system has been
used in several epidemiological studies (Ahmed et al., 2006;
Cassanovas-Massana and Blanch, 2013) and was shown to
have similar discriminatory power with the genotypic methods
(Ansaruzzaman et al., 2000; Vollmerhausen et al., 2011). Thus,
the ESBL-EC rates (between 14.7 and 40.4%) reported in this
study might be indicating a more accurate estimate for Turkish
outpatients and hospitalized patients. However, the ESBL-EC
ratio especially for hospitalized patients, are still very high
and the required precautions should be taken urgently. In
addition to ESBL production, the high antibiotic resistance
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TABLE 5 | Association between phylogenetic groups and phage resistance
among 142 ESBL-EC strains.

Number of Number of strains in each
strains phylogenetic groups
B2 D A B1 p value
ENKO
Resistant 18 4 2 10 2 <0.00001
Susceptible 124 50 56 10 8
SES
Resistant 58 15 20 17 0.000295
Susceptible 84 39 38
PYO
Resistant 26 4 3 14 5 <0.00001
Susceptible 116 50 55 6 5
INTESTI
Resistant 26 4 5 13 5 <0.00001
Susceptible 116 50 53 7 5

ENKO, Enko-phage; SES, SES-bacteriophage; PYO, Pyo-bacteriophage; INTESTI,
Intesti-bacteriophage; p values were calculated using chi-square test.

rates found this study might be attributed to their frequent
preference in empirical treatment and the overall antibiotics
usage policies. A previous Turkish meta-study highlighted the
increase of ciprofloxacin, cefepime, co-trimoxazole resistance
and ESBL production during the study period of 1996-2012
(Aykan and Cifci, 2013). As co-resistance to aminoglycosides
and quinolones is developed quickly during the ESBL-EC
treatments, carbapenems have been the drugs of choice when
an infection is caused by ESBL-EC. In this study carbapenem
resistance ratio was found to be between 2.2 and 5.1%. Since
the carbapenems are still active against the majority of ESBL-
EC, clinicians increasingly prefer carbapenems for empiric
or definitive therapy in community-onset and nosocomial
infections caused by this pathogen (Rodriguez-Bano et al.,
2012). However, this situation results in a frequent explosion
of carbapenems to bacteria, which consequently makes the
spreading of carbapenemase-producing bacteria scenario more
probable and worrisome.

The treatment difficulties on infections caused by MDR
pathogens continue to be a vexing problem. Thus, alternative
approaches as the treatment options are in quest. Being one of
the most popular approaches employing phages as anti-infective
agents was adopted in this study. The results of the study indicate
that, a great majority (131/142, 92.3%) of diverse ESBL-EC strains
were susceptible to at least one phage cocktail. Furthermore,
considering the high diversity among each experimental groups
based on typing methods, it might be concluded that phages
are effective on a broad range of ESBL-EC clones. This is quite
promising especially from the point of infections difficult to
treat that are caused by MDR pathogens. In an Irish study
conducted by Fitzgerald-Hughes et al. (2014), 82% of ESBL-EC
isolated from patients were found to be susceptible to the same
bacteriophage cocktails used in current study. Higher percentage
found in our study might be explained by the geographical
contact between Georgia and Turkey. Because of the neighboring

geographies, residents go back and forth between these two
countries resulting in bacterial transfers. Thus, as the producer
(The G. Eliava Institute of Bacteriophages, Microbiology and
Virology) updates its commercial phages regularly, new phages
against new strains disseminated from Turkey (e.g., via patients,
food, etc.) might find a room in these bacteriophage cocktails.
However, in another study conducted by Sybesma et al. (2016)
in which they used 29 E. coli bacteriophages from the Eliava
collection in addition to four commercial phage cocktails on
E. coli set compromising ESBL negative and positive E. coli,
the phage susceptibility rate was found to be 92.6%. In the
current study, 7.7% ESBL-EC isolates were found to be resistant
to all bacteriophage cocktails tested. Since the phage cocktails
are originated from Georgian biogeography, the phages of these
strains might not be contained in the cocktail preparations. On
the other hand, isolation of bacteriophages, which are able to
be effective on these resistant strains from those pathogens’ own
environment might be possible. With a specified preparation of
phage cocktails and/or with the adaptation of bacteriophages
(Sybesma et al., 2016), even more successful susceptibility results
are potentially achievable. In our study, SES-bacteriophage was
the least active (59.2%) cocktail whereas in Fitzgerald-Hughes
etal’s (2014) study, SES-bacteriophage was the most active phage
preparation. This outcome might be the indication of different
E. coli sub-groups being common in Ireland and in Turkey.
According to our study, bacteriophage cocktails were found
to be effective against all antimicrobial resistance types tested,
including carbapenem resistance. This orthogonality between
the phage activity and the antimicrobial resistance might be
an encouraging factor for the adoption of phage therapy as
an alternative or complementary option to difficult to treat
infections. For instance, in this study the majority of ESBL-EC
(58.4%) were isolated from the urine cultures of the patients. For
these patients, carbapenems are generally considered as the drug
of choice (Prakash et al., 2009) and in Turkey there are no oral
options for carbapenem treatment. Therefore, treatment for the
urinary tract infections caused by ESBL-EC generally requires
hospitalization due to intravenous antibiotic therapy application.
This is an unfavorable situation as it increases the odds of
the patients’ being exposed to nosocomial infections, as well
as increasing the medical expenses. Considering these multiple
drug resistant pathogens are frequently susceptible to the tested
phages according to our in vitro experiments, employing phage
therapy (oral) with in vitro tested phage preparations could be an
alternative or complementary approach for the cases that narrow
spectrum antibiotic therapy is not sufficient or hospitalization is
required.

The association of the phylogenetic groups with the virulence
characteristics of E. coli has been repeatedly reported in the
literature, which allows a separation of commensal (A and
Bl) and pathogenic (B2 and D) strains (Bingen et al., 1998;
Duriez et al,, 2001). As B2 and D are mainly accepted to
contain the pathogenic strains, while A and B1 phylogenetic
groups are known to mostly include environmental/commensal
strains, the altering characteristics might reveal a feature for the
employed phage cocktails. According to our results, the cocktails
have a particular effectiveness on the pathogenic strains. The
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underlying reason for that phenomenon might be an artificial
selection of “pathogen killing” bacteriophages during phage
adaptation procedures since they are selected on clinical strains.
Anyhow, this finding can lead us to draw a conclusion that the
bacteriophage cocktails are highly specific to selected pathogens,
which might turn out to be a preferable feature as they are less
likely to harm beneficial components of human microbiome even
when they are used orally.

Journals published since 1920s have indicated that the success
rate of the in vivo phage therapy—orally, rectally, locally,
intrapleural injections or intravenously, etc.—is nearly 95%,
clinical improvements or full recovery is usually observed within
at most 7 days with no reports of serious complications or
side effects (allergy, kidney or liver failure, etc.) associated
with their use (Chanishvili, 2012). Although clinical practice
of phage therapy as a common medical practice has not been
approved yet, except a few Eastern European countries, some
studies conducted in EU have already reached the clinical trial
phase (Merabishvili et al., 2009; Rhoads et al., 2009; Wright
et al, 2009; Pelfrene et al,, 2016). As an example, a study
started in 2013 and conducted within European Union PF7
programme with the collaboration of researchers from Belgium,
France, and Switzerland, achieved their first phage therapy
application of burn wound infections on human patients in July
2015".

CONCLUSION

This study demonstrated the in vitro activity of bacteriophage
preparations that are used as a part of standard clinical practice
in the Republic of Georgia, against MDR ESBL-EC isolated from
Turkish patients. Although bacteriophage therapy has been a
successful part of standard healthcare practice for decades, the
non-practicing camp has been skeptical to accept bacteriophages
as alternative anti-infectives. However, the need for novel
antimicrobial therapies have always been of great importance, yet
with the emergence of pan-resistant Gram-negative pathogens

! http://www.phagoburn.eu
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Phage therapy involves the application of Iytic bacteriophages for treatment of clinical
infections but bacterial resistance may develop over time. Isolated from nosocomial
infections, small colony variants (SCVs) are morphologically distinct, highly virulent
bacterial strains that are resistant to conventional antibiotics. In this study, SCVs was
derived from Pseudomonas aeruginosa exposed to the Iytic bacteriophage PB1 and
these cells were resistant to subsequent phage infection by PB1. To elucidate the
mechanism of the SCV phage resistance, we performed phenotypic assays, DNA
microarrays and whole-genome sequencing. Compared with wild-type P aeruginosa,
the SCV isolate showed impaired biofim formation, decreased twitching motility,
reduced elastase and pyocyanin production. The SCV is also more susceptible to the
antibiotic ciprofloxacin and exhibited higher syrface hydrophobicity than the wild-type,
indicative of changes to cell surface lipopolysaccharide (LPS) composition. Consistent
with these results, transcriptomic studies of SCV revealed up-regulation of genes
involved in O-specific antigen (OSA) biosynthesis, suggesting the regulation of surface
moieties may account for phage resistance. Western blot analysis showed a difference
in OSA distribution between the two strains. Simultaneously, genes involved in aromatic
and branched chain amino acid catabolism were down-regulated. Whole genome
sequencing of the SCV revealed multiple single nucleotide variations within the Pf1
prophage region, a genetic locus known to play a crucial role in biofim formation and
to provide survival advantage via gene transfer to a subpopulation of cells. Insights into
phenotypic and genetic changes in SCV gained here should help direct future studies
to elucidate mechanisms underpinning phage resistance, leading to novel counter
resistance measures.
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INTRODUCTION

The emergence of multidrug-resistant pathogens and the
difficulties in developing new antibiotics have spurred the
resurgence of interest in phage therapy, involving the use of
Iytic bacteriophages against specific pathogens as a form of
treatment (DiMasi et al., 2003; Gilbert et al., 2003; Spellberg
et al., 2004; Talbot et al., 2006; Keen, 2012; Ly-Chatain, 2014).
Pseudomonas aeruginosa is an opportunistic pathogen found
ubiquitously in urban and natural environments, e.g., soil, rivers
and sewage. In hospital settings, bacteria colonizes the surfaces
of medical equipment such as catheters, inhalers, nebulizers
and tubings (Stamm, 1978; Kirschke et al., 2003), where they
account for approximately 10% of nosocomial infections (System,
2004). P. aeruginosa have been isolated from urinary tract
and inner ear infections, burn wounds and from the surface
of human epithelia in cystic fibrosis patients (Govan and
Deretic, 1996; Lyczak et al., 2000; Lang et al, 2004; Taneja
et al., 2004). Eradicating P. aeruginosa is not trivial as it has
evolved various resistance mechanisms against conventional
antibiotic therapies (Yoshimura and Nikaido, 1982; Nickel et al.,
1985; Poole, 2004). Phage therapy has thus gained increasing
consideration as an alternative treatment for antibiotic-resistant
bacteria. Currently, phage therapies against methicillin-resistant
Staphylococcus aureus and pathogenic Escherichia coli are in
clinical trials (Harper and Enright, 2011). Studies have been
carried out to elucidate how P. aeruginosa affects animal models
of gut sepsis (Watanabe et al., 2007), burn wound (McVay et al.,
2007) and lung infection (Morello et al.,, 2011). In one human
clinical trial, Wright et al. (2009) administered a bacteriophage
cocktail to treat chronic otitis. In another, Khawaldeh et al. (2011)
reported the use of a lytic bacteriophage cocktail to treat a human
patient suffering from P. aeruginosa urinary tract infection.
Although these reports indicate that while phage therapy can
be initially effective against P. aeruginosa, spontaneous phage
resistance often occurs afterward, rendering the phage therapy
ineffective.

Small colony variants (SCVs) of infectious strains of bacteria
were first identified in 1910 (Proctor et al., 2006), so named
because the colonies formed by SCVs are one 10th the colony size
of their wild-type counterparts. SCVs exhibit higher antibiotic
resistance than wild-type bacteria and they often form after
exposure to high concentrations of antimicrobial agents such
as gentamicin (Wei et al.,, 2011). Studies have also showed that
SCVs could be induced in planktonic cultures of P. aeruginosa
in response to infection by the lysogenic filamentous phage Pf4
(Webb et al., 2004; Hui et al., 2014). In the current study, a
phage resistant SCV (F1 strain) of P. aeruginosa PAO1 strain
(FO strain) was successfully isolated using the lytic phage PBI.
The first PB1 phage was first described in Holloway et al.
(1960). Subsequently, a family of at least 42 other PBI1-like
bacteriophages against P. aeruginosa was discovered (Krylov
et al,, 1993; Pleteneva et al., 2008; Ceyssens et al., 2009). PB1 and
PB1-like bacteriophages belong to the Myoviridae phage family
and use bacterial lipopolysaccharide (LPS) as their receptor
(Kropinski etal., 1977), and these lytic bacteriophages are a family
of promising agents for phage therapy(Garbe et al., 2010; Krylov

et al, 2013). Phage cocktail containing PBl-like myoviridae
phages are currently use in clinical trials (Kwan et al., 2006;
Merabishvili et al., 2009). The selection pressure imposed by
PB1 phage allowed the isolation of SCVs which produce smaller
colonies than their wild-type counterparts on agar plates. Besides
determining the SCVs’ resistance to subsequent PB1 infections
other characteristics such as their surface hydrophobicity,
pyocyanin production, biofilm formation and cell lengths using
microscopy were determined as well. The gene expression profiles
of both wild-type and SCV P. aeruginosa were studied using
DNA microarrays, and several pathways that could potentially
confer phage resistance in SCV were identified. Whole genome
sequencing enabled identification of point mutations and single
nucleotide polymorphisms in the genome of SCVs that could
have conferred a survival advantage and resulted in other
phenotype changes in the SCVs.

MATERIALS AND METHODS

Bacterial Strains and F1 Strain Isolation
Pseudomonas aeruginosa strain PAO1 (ATCC 47085) was
designated as the wild-type FO strain in this work. Glycerol
stock of FO was streaked on LB agar plates supplemented with
10 pg/mL tetracycline and incubated overnight at 37°C. For
sub-culturing, 1 mL of overnight culture was added to 25 mL
of LB broth diluted with 25 mL of reduced strength LB (20%)
broth and incubated at 37°C, 225 rpm for all experiments unless
otherwise stated. For phage infection, 500 L of PB1 phage stock
(1 x 10'° PFU/mL) was added to the subculture after allowing the
subculture to recover at 37°C, 225 rpm for 1 h. Infected cultures
were cultured for 24 h at 37°C, 225 rpm. The culture was streaked
on fresh LB plates with 10 pg/mL tetracycline and incubated
overnight at 37°C. The SCV was isolated (F1) for subsequent
experiments.

Determination of the Stability of SCV
Phenotype

Single colonies of FO and F1 were inoculated in 5 mL LB media
and incubated at 37°C, 225 rpm for 6 h. The cultures were
streaked onto agar plates and incubated at 37°C overnight. The
colony size of both FO and F1 were compared the following day.
The SCV phenotype was determined to be stable as long as the
colony size of F1 remained smaller than that of FO. The process
was repeated for seven passages.

OD600 Measurements, Cell Viability
Assays, Generation Time Determination
and Gram Staining and Microscopy

OD reading was measured at 600 nm using a UV-vis
spectrophotometer in a 1 cm cuvette. Serial dilutions (107! to
10~7) of cultures were performed in 0.01% peptone. 100 L of
103 to 107 dilutions with duplicates were spread on LB plates
with 10 pg/mL tetracycline. Plates were incubated overnight at
37°C. Plates with colonies ranging from 25 to 300 were counted
and the numbers obtained averaged. Morphologies on agar plates
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were observed. For the determination of generation time, hourly
OD600 measurements were taken for 7 h and a growth curve
was plotted (not shown). By measuring the gradient for the linear
portion of the plot, the generation time could be determined. For
microscopy studies, FO and F1 cultures at mid-log were heat fixed
and Gram-stained (Sigma) according to manufacturer’s protocol.
The slides were viewed under a 100X objective with an Eclipse
Ni-U microscope (Nikon) under oil immersion.

Antibiotic Susceptibility Measurement
with Etest

One mililiter of an overnight culture was diluted in 50 mL
of LB media and incubated at 37°C, 225 rpm for 4 h. The
turbidity of the culture was adjusted with 1X PBS to match that
of MacFarland standard 0.5. Bacterial lawn of FO or F1 was
streaked onto Mueller-Hinton II agar plates with a cotton swab
and plates allowed to dry for 5 min. An Etest strip (bioMérieux)
containing gentamicin or ciprofloxacin was then placed onto the
agar plate with sterile tweezers and the plates were incubated at
37°C overnight. The minimum inhibitory concentration (MIC)
readings were read off at the point where the inhibition ellipse
intersects the scale on the strip.

Biofilm Formation Assay

The assay was adapted from the original protocol as described
by Stepanovi¢ et al. (2000). A single colony of bacteria was
inoculated in 5 mL Vogel-Bonner medium supplemented with
2% (w/v) glucose and incubated overnight at 37°C. Two hundred
microliter of the overnight culture was seeded per well into a
96-well plate and the plate was further incubated for 24 h at
37°C. The culture was carefully aspirated with a pipette and
each well was washed once with 200 L of 1X sterile phosphate
buffer saline (PBS), pH 7.5. The plate was inverted and dabbed
dry onto paper towels after washing. One hundred and fifty
microliter of methanol was added per well to fix the cells for
7 min and the methanol was then removed by removed by
inverting the plate and gently flicking off any residual liquid. The
plate was then dabbed dry onto paper towels. One hundred and
fifty microliter of crystal violet was added per well to stain the
attached cells for 30 min and the crystal violet was then removed
by inverting and gently flicking the plate. The wells were then
rinsed gently with tap water. The plate was inverted and finally
dabbed dry onto paper towels. The amount of attached cells was
then quantified via the solubilization of the bound crystal violet
through the addition of 150 L of 33% acetic acid into each well.
The absorbance at 620 nm (Agp) was measured using a plate
reader.

Elastase and Pyocyanin Assays

The assay was modified from the procedure given by Kamath
et al. (1998) and Carlsson et al. (2011). Bacteria were grown for
60 h in Kings Medium A (King et al., 1954). Five mililiter of
the overnight culture was centrifuged at 4600 rpm for 5 min at
room temperature and the supernatant was collected and filtered
through a 0.2 wm filter.

To measure the specific activity of elastase, 20 mg of
Elastin-Congo Red (Sigma) substrate was added to 2 mL
of reaction buffer (30 mM Tris-HCL;, pH 7.5) in a 15 mL
falcon tube. After warming the mixture to 37°C, 800 pL of
filtered supernatant was added. The entire mixture was further
incubated at 37°C, 225 rpm for 2 h. Elastin-Congo Red was
pelleted by centrifugation at 4600 rpm for 10 min and the
ODA495 of the supernatant was measured with reaction buffer
as the blank. The background absorbance was determined by
measuring the absorbance of the reaction buffer and filtered
supernatant without Elastin-Congo Red. Measurements were
carried out in triplicate by a Infinite 200 PRO plate reader (Tecan)
and the values were averaged and corrected for background
absorbance. The elastase activity (OD495 hr~! mL~!) of the
filtered supernatant was calculated by adjusting the corrected
OD495 values for incubation time, reaction volume and
dilution factors. The amount of total protein in the filtered
supernatant was determined with a Bradford assay, using the
Coomassie Plus Assay Kit (Pierce) according to manufacturer’s
instructions. Finally, the specific activity of elastase (OD495 mg
protein™! h™!) in the supernatant was determined by dividing
the elastase activity with the total protein concentration.

For the measurement of pyocyanin concentration, 2 ml of
chloroform was added to the filtered supernatant and vortexed
for 30 s. The mixture was then centrifuged at 4600 rpm for
10 min to allow complete separation of the aqueous and organic
phases. Eight hundred microliter of the blue chloroform phase
was collected and mixed with 200 wL of 0.2 M HCI before
vortexing for 30 s. One hundred fifty microliter of the pink layer
was added to a 96 well plate and OD520 was measured with
Infinite 200 PRO plate reader (Tecan). OD520 was multiplied by a
factor of 17.072 to obtain the concentration of pyocyanin and the
concentration of pyocyanin in the supernatant was determined
by taking into account of dilution factors.

Twitching Motility and Microbial
Adhesion to Hydrocarbon (MATH) Assays

The twitching assay was carried out as described by Rashid
and Kornberg (2000). Bacteria were stabbed onto twitch agar
plates (1% agar LB plates). Twitch plates were incubated at
37°C for 48 h. The diameter of the zone of twitching was
measured to estimation bacterial motility. To determine surface
hydrophobicity, the MATH assay was adapted from the work of
Pérez et al. (1998). Bacteria were first grown to mid-log in LB
media. A 4 mL aliquot of the culture was centrifuged at 4600 rpm
for 5 min. The supernatant was discarded and the pellet was re-
suspended in 4 ml of PBS. This aliquot was then sub-divided
into 2 aliquots of 2 ml each. Four hundred microliter of xylene
was added to one of the tubes. Both tubes were vortexed for
2 min before allowing the tubes to stand for 30 min. Subsequently,
1 mL of aqueous phase from each aliquot was added to a cuvette
and the OD OD600 measured (ODg and OD,yjene representing
the OD of the aliquot without and with xylene respectively).
Surface hydrophobicity (H%) was calculated by the percentage
change in turbidity before and after addition of xylene using the

ODyylene—OD
formula: % x 100
0
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Statistical Analysis for Phenotypic Assays

The differences between FO and F1 were assessed with the Mann-
Whitney test (for cell length measurement as the distribution
of cell length are not normally distributed) and the unpaired
Students t-test (for all other assays) using GraphPad Prism.
Values are reported as mean =+ standard deviation (SD).
P-values < 0.05 were considered statistically significant.

LPS Extraction and Western Analysis

The LPS extraction procedure was modified from that of Davis
and Goldberg (2012). A 5 mL suspension of mid-log culture (OD
0.5) was centrifuged at 4600 rpm for 10 min and the supernatant
was discarded. The bacterial pellet was resuspended in 200 pL
1X SDS buffer (2% B-mercaptoethanol, 2% SDS, 10% glycerol
in 0.1M Tris-HCl pH 6.8, pinch of bromophenol blue) and
boiled for 15 min. The solution was allowed to cool to room
temperature for 15 min and 10 pL of 10 mg/mL Proteinase K
was added. Samples were then incubated at 590C overnight. Two
hundred microliter of ice cold Tris-saturated phenol was added
and samples were vortexed for 5 s. The mixture was incubated
at 650C for 15 min with occasional vortexing and then allowed
to cool to room temperature. One mililiter of diethyl ether was
added and vortexed for 5 s centrifuging at 20,600 g for 10 min.
The bottom layer containing the LPS was carefully removed by
a pipette. The remaining solution was re-extracted a second time
by adding 200 pL of ice cold Tris-saturated phenol and following
the steps above.

For LPS Western blot analysis, 15 uL of each sample was
run on a denaturing 4-20% Tris-Glycine gel (Novex) according
to manufacturer’s instructions. Monoclonal antibodies 5C7-
4, 5c-101 and MF15-4 (MyBiosource) recognizing the inner,
outer core and O-specific antigen (OSA) for OS5 serotype
were used as the primary antibody, and goat anti-mouse
IgG-HRP (SantaCruz Biotechnology) was used as secondary
antibody. Chemiluminescence detection was carried out using
Clarity™ Western ECL blotting substrate (Biorad), and the blot
was visualized on ImageQuant LAS 500 (GE Healthcare Life
Sciences).

DNA Microarray

A total of four biological replicates of FO and F1 each were
used. Cells were grown to OD600 = 0.5 (mid-log) and 10 mL
aliquots of culture were treated with 20 mL RNAProtect
bacteria reagent (Qiagen) according to manufacturer’s protocol.
RNA was isolated from these cells using RNAeasy MIDI kit
(Qiagen). RNA was then converted to cDNA using Superscript
IT (Invitrogen). The cDNA was fragmented using DNAsel (New
England Biolabs) and then labelled with Genechip DNA labeling
reagent (Affymetrix) and terminal deoxynucleotidyl transferase
(Promega). The hybridization cocktail was prepared using the
GeneChip Hybridization, Wash and Stain Kit (Affymetrix) and
hybridized to a P. aeruginosa genome array (Affymetrix). All
steps performed were carried out according to the respective
manufacturers’ protocol. Arrays were hybridized for 16 h at 50°C
and then washed and stained with the GeneChip Hybridization,
Wash and Stain Kit (Affymetrix). Data from the arrays were
analyzed using Partek Genomics Suite. A list of differentially

expressed genes (DEGs) was constructed using the criteria of
p < 0.05 (one-way ANOVA) and a fold change (FC) of 1.5. Data
are deposited in the Gene Expression Omnibus (GEO) database
under accession number GSE75654.

Next Generation Sequencing (NGS)

The Puregene kit (Qiagen) was used to isolate genomic DNA
from overnight bacterial cultures, according to manufacturer’s
instructions. The quality of the isolated gDNA was assessed
through Nanodrop (Thermo Scientific). A total of five biological
replicates for F1, four biological replicates for FO were used.
Genomic library preparation was carried out using Nextera XT
kit (Illumina) and according to manufacturer’s instructions. All
samples were pooled and ran on Mi-Seq (Illumina) in a 2 x 300
run. Raw reads were trimmed and aligned to P. aeruginosa PAO1
reference genome (Stover et al., 2000) using online tools'. The
sequences were also compared with the annotated genome of
P. aeruginosa strain PAO1°. Aligned reads were analyzed using
Partek Genomic Suite to identify single nucleotide variations
(SNVs). Only SNVs with a coverage > 50, non-reference average
base quality >20, and non-reference average mapping quality
>20 were retained to generate an SNV list.

RESULTS

SCV Phenotype of Derived Strain of F1

Wild-type P. aeruginosa PAO1 (F0) was cultured and infected
with PB1 phage. After overnight incubation at 37°C and
centrifugation at 225 rpm, the culture was streaked on the
agar plate and further incubated. A number of morphologically
distinctive small colonies was observed (Figure 1A) and a SCV
was isolated (F1) from the plate. To check if SCV phenotype
of F1 was stable, the cells were sub-cultured and plated on agar
plates. Figure 1A shows the colony morphology of FO and F1
strains after 24 h incubation at 37°C. F1 colonies consistently
showed the typical small and transparent colonies of an SCV after
subculturing and this phenotype persists after seven passages. It
was hypothesized that there may be variations within the genome
of F1 forming a genomic imprint that allows the SCV phenotype
to be maintained. Since F1 was isolated under the selection
pressure imposed by PB1 phage, it is possible that F1 is resistant
to subsequent bacteriophage treatment. Both FO and F1 were re-
infected with PB1 and their cell viabilities at 0, 3, 6, and 24 h post
infection were measured, using their uninfected counterparts
as controls (Figure 1B). When FO is infected with phage, its
viability decreased after 3 h, then increased at 6 h and eventually
attained 10° CFU/ mL after 24 h. In contrast, the viability of
F1 increased steadily, in a manner similar to uninfected FO, to
10° CFU/mL after 24 h, regardless of whether phage was added.
The generation time for F1 strain as determined by OD600
measurement is lower than FO (Figure 1C), which may suggest
that F1 has a faster growth rate, contradicting previous reports
on SCVs being slow-growing (Proctor et al., 2006). However, cell
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FIGURE 1 | Morphology and Cell Viability. (A) Bacteria was plated on agar plates and incubated for 24 h at 37°C; left- FO (wt); right- F1 (SCV). (B) Bacteria count
at 0, 3, 6, 24 h post infection (p.i.) for FO and F1 strains. (C) Generation times (time taken for the doubling of population) for FO and F1 strains, a total of three
biological replicates were carried out. (D) Morphologies of gram-stained FO and F1 strains, viewed under a 100x objective. (E) Distribution of cell length of 40
replicates each for FO and F1 strains; Mann-Whitney test. F1 cells are significantly smaller than FO cells. (F) Antibiotic susceptibility of FO and F1 strains to gentamicin
(left panels) and ciprofloxacin (right panels). *p < 0.05, **p < 0.005, ***p < 0.0005.

viability measurements showed there is no difference in growth
(Figure 1B). This is because FO and F1 cells have different sizes,
thus producing the dichotomy between optical density and cell
viability (Sutton, 2011). A representative set of 40 cells from each
of FO and F1 strains were picked for cell length measurement.
As shown in Figures 1D,E, F1 has a distribution of cell lengths
which is noticeably shorter than that of FO. From the Etest results,
there appears to be no difference in gentamicin susceptibility
but an increase in ciprofloxacin susceptibility in F1 (Table 1;
Figure 1F).

Several phenotypic assays (biofilm formation, elastase/
pyocyanin assays, twitching motility, microbial adhesion to
hydrocarbon or MATH assay,) were also carried out to
characterize the other physiological differences between FO wild-
type and F1 SCV strains. Using crystal violet to quantify biofilm
on 96-wells (Figure 2A), it was found that biofilm formed by
F1 cells on the surface of the wells have a lower absorbance at
620 nm than FO0; indicating a lower amount of biofilm formation
by the F1 compared with the FO cells. The elastase and pyocyanin

TABLE 1 | Antibiotic susceptibility measurement with Etest.

Minimum inhibitory concentration (ng/mL)

Antibiotic FO F1
Gentamicin 2.000 1.500
Ciprofloxacin 0.094 0.016

assays (Figures 2B,C) detected lower amounts of elastase and
pyocyanin in the supernatant of F1 cultures compared to FO.
Since both elastase and pyocyanin are virulence factors whose
functions include inhibiting the growth of competing microflora,
damaging pulmonary tissues and contributing to P. aeruginosa
persistence in cystic fibrosis patients (Lau et al., 2004), decreased
production of these factors by the phage-resistant F1 could result
in lesser adverse effects if phages were used to treat patients.
The twitching assay (Figure 2D) showed that the twitching zone
of F1 is smaller than that of F1, indicating that F1 cells have
lower surface-associated motility than F0 in 1% agar. The MATH
assay is a measurement of surface hydrophobicity, based on the
partitioning of cells between organic and aqueous phases. H% of
F1 is higher than that of FO (Figure 2E), suggesting that F1 may
have a more hydrophobic cell surface, which may be attributed to
an increase in surface LPS or changes to LPS structure. From our
Western blot analysis, we observed a different banding pattern for
OSA (formerly known as B-band) between FO and F1 (Figure 2F).
FO have a uniform distribution of OSA of different lengths while
F1 seems to possess predominantly OSA of medium length and
low amounts of shorter length OSA while devoid of full length
OSA.

DNA Microarray
To study the differences in gene expression between the wild-
type FO and SCV FIl strains, bacterial samples at mid-log
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FIGURE 2 | Results for phenotypic assays. (A) Biofilm formation assay of three replicates of FO and F1 strains; Student’s t-test. F1 cells have a significantly lower
0OD260 than FO, indicating fewer attached cells since fewer of them are stained. (B) Elastase assay of five replicates of FO and F1 strains; Student’s t-test. F1 cells
produce significantly lower elastase specific activity than FO. (C) Pyocyanin production assay of five replicates of FO and F1 strains, measured concurrently with
elastase activity; Student’s t-test. F1 cells produce significantly lower amount of pyocyanin than FO. (D) Twitch assay for seven replicates of FO and F1 strains;
Student’s t-test. F1 cells have a significantly lower twitching ability than FO. (E) MATH assay of 12 replicates of FO and F1 strains; Student’s t-test. F1 cells have a
significantly higher H% than FO cells. (F) Western blot analysis of LPS preparations from FO and F1 strains, tested using antibodies for inner, outer core and OSA.
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growth phase were collected for RNA extraction and cDNA
synthesis for DNA microarray transcriptome analysis. After
array hybridization and scanning, data was normalized using
the Gene Chip (GC) robust multi-array analysis (GCRMA) and
probesets were filtered according to their signal intensity and
standard deviation (Hackstadt and Hess, 2009). Probesets with
low signal (<3.2), constituting noise, and with low standard
deviation (<0.25) were removed, yielding 1566 probesets which
met the threshold for analysis. This represented an average
of 63% of the 5900 open reading frames (ORFs) detected on
the array chip. Using a p-value criteria of <0.05 and a FC
of 1.5 for a DEG, 148 DEGs (Figures 3A,B) were identified

between FO and F1. The 148 DEGs represented 2.5% of the
total number of ORFs, of which 55 genes were upregulated
while 93 were downregulated (Supplementary Tables S1 and
S2). Annotating these DEGs according to their PseudoCAP
(Pseudomonas community annotation project) class functions
(Figure 3C) revealed that the three largest groups of DEGs
belong to metabolism (30%), protein secretion/transport (28%)
and hypothetical proteins (27%).

An interesting group of genes that were upregulated in F1
are the P. aeruginosa serotype O5 OSA biosynthesis cluster
(Table 2A) - wbpl, wbpH, wbpG, hisF2 and hisFI. OSA acts as
the O-antigen for serotype O5 to which PAO1 belongs. This
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FIGURE 3 | Microarray analysis. (A) Volcano Plot showing the fold change and p-value of the 1566 probesets. For a gene to be differentially expressed, it must
satisfy the criteria of p-value <0.05 and fold change > 1.5 or < —1.5. One hundred and forty-eight differentially expressed genes (DEGs) are shown in red on the
plot. (B) Pie chart showing PseudoCAP functional classification of DEGs, with metabolism, hypothetical proteins and protein secretion forming the majority. (C) Bar
graph showing PseudoCAP functional classification of DEGs sorted according to their expression level.

cluster contains 16 genes that are involved in the synthesis several amino acid catabolic pathways, such as aromatic amino

of LPS and three other genes that are not (Burrows et al.,
1996). This group of genes is also found in serotypes O2,
016, 018, and 020 which have a structurally related O-antigen
serogroup. Down-regulated genes include those involved in

acid catabolism (Table 2B) - hpd, hmgA, maiA and fahA and
branched chain amino acid (BCAA) catabolism (Table 2C) -
bkdA2, bkdB, mmsA, mmsB and IpdV and (Figures 4A-D).
We proposed that the amino acids may be required as

TABLE 2A | Up-regulated genes involved in Pseudomonas aeruginosa serotype 05 B-band LPS biosynthesis.

Locus Gene Function Fold Change p-value
PA3148 wbpl Probable UDP-N-acetylglucosamine 2-epimerase 1.8 4.E-02
PA3149 wbpH Probable glycosyltransferase WbpH 2.2 3.E-02
PA3150 wbpG LLPS biosynthesis protein WopG 2.1 2.E-02
PA3151 hisF2 Imidazoleglycerol-phosphate synthase, cyclase Subunit 2.4 1.E-02
PA3152 hisH2 Glutamine amidotransferase 2.3 3.E-03

Frontiers in Microbiology | www.frontiersin.org March 2016 | Volume 7 | Article 282 | 90


http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

Lim et al. Phage-Resistant Small Colony Variants

TABLE 2B | Down-regulated genes involved in aromatic amino acid catabolism.

Locus Gene Function Fold Change p-value
PAO865 hpa* 4-hydroxyphenylpyruvate dioxygenase —4.1 8.E-03
PA0870 phhC Aromatic amino acid aminotransferase —2.2 1.E-02
PA2007 maiA* Maleylacetoacetate isomerase —2.7 3.E-02
PA2008 fahA* Fumarylacetoacetase -3.2 5.E-03
PA2009 hmgA* Homogentisate 1,2-dioxygenase 2.7 2.E-02
TABLE 2C | Down-regulated genes involved in branched chain amino acid catabolism.

Locus Gene Function Fold Change p-value
PAO744 - Probable enoyl-CoA hydratase/isomerase -4 1.E-03
PA0745 - Probable enoyl-CoA hydratase/isomerase -5.0 1.E-03
PAQ747 - Probable aldehyde dehydrogenase —-1.6 4.E-02
PA1984 - NAD + dependent aldehyde dehydrogenase -5.5 9.E-04
PA2000 - Dehydrocarnitine CoA transferase, subunit B -1.6 5.E-02
PA2001 atoB Acetyl-CoA acetyltransferase -1.9 1.E-02
PA2012 gnyA Alpha subunit of geranoyl-CoA carboxylase —-2.6 4.E-02
PA2013 agnyH Gamma-carboxygeranoyl-CoA hydratase -2.6 2.E-02
PA2014 gnyB Beta subunit of geranoyl-CoA carboxylase 2.3 2.E-02
PA2247 bkdA1 2-oxoisovalerate dehydrogenase (alpha subunit) 2.7 1.E-02
PA2248 bkdA2* 2-oxoisovalerate dehydrogenase (beta subunit) -3.4 4.E-03
PA2249 bkdB* Branched-chain alpha-keto acid dehydrogenase (lipoamide component) —-3.4 1.E-03
PA2250 lpdv* Lipoamide dehydrogenase-Val -3.0 4.E-03
PA2553 - Probable acyl-CoA thiolase -5.6 3.E-03
PA2554 - Probable short-chain dehydrogenase 2.2 1.E-02
PA3569 mmsB* 3-hydroxyisobutyrate dehydrogenase —-4.3 7.E-04
PA3570 mmsA* Methylmalonate-semialdehyde dehydrogenase —4.5 6.E-03

*Denotes genes that were validated with gPCR.

substrates for other pathways hence they are from being
catabolized.

Identifying Unique F1 Single Nucleotide

Variations by Whole Genome Sequencing
Since the SCV phenotype of F1 is stable, whole genome
sequencing to identify single nucleotide variations (SNVs) was
performed to elucidate the underlying genomic changes in F1
compared to wild-type FO. From the SNV list, we needed to
identify SNV that were present only in F1 but absent in FO. We
pooled all the SNVs found in F1 and FO separately and compared
the SN'Vs. Using this approach, 64 SNVs were identified that were
unique only to F1 (Table 3). These SNVs were located in the
region from PA0717-PA0729 (Figure 5A) with the PseudoCAP
class function of “related to phage, transposon and plasmid.”
Three SNVs were from intergenic regions while 61 were from
coding regions. Of the 61 SNV, 18 were transversions while the
rest was transitions. Furthermore, 11 of the 61 SNVs in the coding
region, 11 SNVs correspond to non-synonymous mutations
while the remainder 50 SNVs corresponds to synonymous
mutations (Figures 5B,C). It was observed that transversions and
non-synoymous SNVs tend to congregate nearer to the 5" end of
the region (Figure 5B).

It is puzzling that F1 carried so many synonymous mutations
that led to no change in amino acids in the coded proteins.

Synonymous mutations may affect the regulation of protein
expression at the stage of translation whereby certain codons are
much preferred to code for a particular amino acid. This form
of codon usage bias has been extensively described in Escherichia
coli (Sharp et al.,, 1988; Pek et al., 2015). Studying codon bias in
P. aeruginosa, Grocock and Sharp (2002) concluded that a weak
codon bias is present in P. aeruginosa and calculated relative
synonymous codon usage (RSCU) values for each codon. Using
their RSCU values, we investigated whether there is a trend of
F1 using preferred codons, as specified by its 50 synonymous
mutations, to code for particular amino acids. Synonymous
SNVs were split into two groups based on whether a less or
more efficient codon for a particular amino acid was used. We
identified 29 SNVs where a preferred codon was used and 22
SNVs where a less-preferred codon was used. For each of these
groups, the proportion for each class of amino acid side chain that
was found in the group was counted. We deduced that aromatic
and BCAAs were preferentially coded using more efficient codons
(Figure 5D). An overview of these findings is presented in
Figure 5D which displays the type of SNV at each position.
To address whether such SNVs are common among all SCVs
after infecting P. aeruginosa with PB1 phage, we isolated four
additional SCVs derived from PBI infection of FO and sequenced
their genomes. 55 of the 61 SNV that were identified in F1 were
also present in these 4 SCVs (Figure 5E).
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TABLE 3 | Single nucleotide variations unique to F1 strain compared to the wild-type.

Locus (No. SNVs) Position Ref base Genotype call Ref amino Amino PseudoCAP class function
acid acid call

PAO719 7899412 C G Ser Arg Hypothetical Related to phage,
(3) 789960 A C Arg Arg transposon, or

7899852 C A Ser Tyr plasmid
PAO0720 790228 T C Tyr Tyr DNA replication, Related to phage,
(11) 790267 A G Gin GIn recombination, transposon, or

790312 A C Gly Gly modification and repair plasmid

790360 C T lle lle

790408 T C Arg Arg

790411 G C Pro Pro

790447 G A Gln Gln

790453° A T Leu Leu

790521%P T C Val Ala

7905400 C T Arg Arg

790580%P A T Thr Ser
Intergenic 790604 C G
PAQ724 791486 G A Ser Ser Related to phage,
(4) 7915182 C A Ala Asp transposon, or

7916262 G C Gly Ala plasmid

791651 C T Gly Gly
PA0726 793023 C G Pro Pro Hypothetical Related to phage,
(11) 793026 T C Asn Asn transposon, or

793056 G A Gin Gin plasmid

793371 C G Leu Leu

793374 C T Asp Asp

793389 T C His His

793410 T C lle lle

7934112 G A Val lle

7934322 T G Ser Ala

793437 C T Tyr Tyr

793449 T C Asp Asp
PAO727 794872 G A Glu Glu Hypothetical Related to phage,
(19) 794875 A G Val Val transposon, or

795082 G T Arg Arg plasmid

795289 C G Val Val

795307 ¢} T Arg Arg

795331 G A Gin Gin

795349 ¢} T Arg Arg

795355 T C Ala Ala

795361 A G Gly Gly

795391 G (¢} Gly Gly

795394 T C Leu Leu

795403 ¢} T His His

795457 G A Thr Thr

795499 ¢} T Ala Ala

795553 T C Tyr Tyr

795574 T C Phe Phe

795583 T C Arg Arg

795598 T C Phe Phe

795652 T G Ala Ala
PA0728 795867 G A Lys Lys Putative enzymes Related to phage,
(10) 796015 T C Leu Leu transposon, or

796035 C T Cys Cys plasmid

796125 A G Arg Arg

796161 C T Asn Asn

796203 C T Arg Arg

796273 T ¢} Leu Leu

796443 T C Phe Phe

796446 C T Ala Ala

796452 T C Thr Thr

(continued)
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TABLE 3 | Continued

Locus (No. SNVs) Position Ref base Genotype call Ref amino Amino PseudoCAP class function
acid acid call
Intergenic 796789 T G
797040 T C
PA0729 797516 T C Val Ala Hypothetical
(3) 797533 T ¢} Leu Leu
797550 C T Ser Ser

aDenotes a non-synonymous SNV, ®Denotes SNV that are not found in the other 4 SCVs isolated!.

DISCUSSION

In this study, SCV were isolated from the surviving population
of wild-type P. aeruginosa PAO1 after 24 h of exposure to
PB1 phage. The SCV isolates were found to be resistant to
further PB1 infection and displayed several phenotypic changes.
Compared to the wild-type F0, the PB1 phage-resistant F1 are
less competent at attaching to surfaces in the biofilm formation
assay (Figure 2A), produces lower amounts of the virulence

factors elastase and pyocyanin (Figures 2B,C), and do not twitch
as much (Figure 2D). Since both attachment and twitching
are important processes in the formation of biofilms (O’'Toole
and Kolter, 1998; Ramsey and Whiteley, 2004), FO would be
expected to have greater biofilm formation than F1. Consistent
with reports on bacterial SCVs, reduced twitching ability is also
associated with smaller colonies on agar (Proctor et al., 2006).
The surface of F1 is also more hydrophobic than FO (Figure 2E),
allowing F1 cells to aggregate more easily through hydrophobic
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FIGURE 4 | Pathway analysis of microarray results. (A) Pathway analysis- 5 genes, phhA, hpd, hmgA, maiA and fahA from the aromatic amino acid catabolism
pathway were downregulated (green). (B) Pathway analysis- 5 genes, bkdA2, bkdB, IpdV, mmsA and mmsB from the branched chain amino acid catabolism
pathway were downregulated (green). (C) A representative gPCR validation of phhA, hpd, hmgA, maiA and fahA, normalized to rpoD. (D) A representative gPCR
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FIGURE 5 | Whole genome sequencing of F1 to identify unique SNVs. (A) Figure showing the distribution of unique F1 strains SNV across the Pf1 prophage
regions. All intergenic regions except those containing SNVs were removed for clarity. Numerical values indicate the number of SNVs found in each gene. Genes of
the same color belongs to the same operon. (B) A schematic showing the size of Pf1 prophage region (~8 kb) in relation the size of the PAO1 genome (~6 Mb)
(C) Synoymous SNVs were split into two groups based on whether a less or more efficient codon for a particular amino acid was used in F1 and the type of amino
acid side chains were shown in the pie charts. Aromatic and branched chain amino acids (yellow and blue regions respectively) were preferentially using a more
efficient codon. (D) Diagram showing the attributes of the SNVs found in each locus. (E) Venn diagram showing the distribution of these 64 SNVs across 4 other
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interactions and hence able to form smaller-sized colonies than
FO, similar to clinical variants reported by Kirisits et al. (2005).
The production of virulence factors, pyocyanin and elastase
(Figures 2D,E) are co-regulated through the las quorum sensing
system (Pearson et al., 1997; Glessner et al., 1999; Sauer et al,,
2002). The lower expression of both factors in F1 may indicate
that the las system is deficient in F1 strains.

From the microarray data, several genes from P. aeruginosa
serotype O5 OSA biosynthesis cluster were found to be
upregulated. OSA is made up of repeating units of sugars which
acts as the serotype specific O antigen (Burrows et al.,, 1996).
The structure of OSA varies among the different P. aeruginosa
serotypes and PAO1 strain belongs to the O5 serotype. OSA
has a varying chain length based on the number of repeating
units (Rocchetta and Lam, 1997). The chain length of the OSA
is regulated by wzz (Daniels et al., 2002). The expression pattern
of several OSA genes was upregulated in the F1 over the FO
strain (Table 2A), indicating alteration of the structure of OSA
in F1. These observations were supported through Western blot
analysis of LPS preparations using antibodies specific to the inner,
outer core and OSA. The results showed a markedly different
distribution of OSA banding pattern between the two strains.
We observed the absence of high molecular weight OSA and
lower amounts of low molecular weight OSA in the F1 over
the FO strain. This could have contribute to the lower surface
hydrophobicity observed in the MATH assay which suggest
change in structure of LPS. In the study by Garbe et al. (2010),
they concluded that the receptor for the PB1-like phage JG024 is
a component of the core LPS. Changes to the OSA could play
a role in preventing binding of phage particles and initializing
the infection process. From these results, we can postulate that
differences in surface properties between the strains may prevent
PB1 phage from binding to LPS receptors on F1 surface.

Infection by PB1 phages could have induced a stress response
in the P. aeruginosa that caused the bacteria to accumulate
spontaneous mutations. Phage-driven changes in phenotype
have been previously shown for PP7, a ssRNA, pilus-binding
phage. Similar to PB1, PP7 induces SCVs in P. aeruginosa
(Brockhurst et al., 2005). Under stressful conditions, the SOS
response in bacteria is activated, thus allowing the bacteria to
undergo mutations on a genome wide scale (McKenzie et al.,
2000). Certain regions of the genome tend to be hypermutable,
and indeed, our sequencing results show that SNVs were
predominantly found in the Pfl prophage region, located at
positions PA0719-PA0729 of the P. aeruginosa genome. This
region originated from a horizontal gene transfer event from
Pfl filamentous lysogenic phages, to ensure that their genetic
material is preserved in the bacteria, and has an unusually low
GC-content when compared to the rest of the genome. In a study
by Wei et al. (2011), where P. aeruginosa SCV was generated by
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Citrobacter freundii causes opportunistic infections in humans and animals, which are
becoming difficult to treat due to increased antibiotic resistance. The aim of this study was
to explore phages as potential antimicrobial agents against this opportunistic pathogen.
We isolated and characterized five new virulent phages, SH1, SH2, SH3, SH4, and
SH5 from sewage samples in Tunisia. Morphological and genomic analyses revealed
that the five C. freundii phages belong to the Caudovirales order, Podoviridae family,
and Autographivirinae subfamily. Their linear double-stranded DNA genomes range from
39,158 to 39,832 bp and are terminally redundant with direct repeats between 183
and 242 bp. The five genomes share the same organization as coliphage T7. Based
on genomic comparisons and on the phylogeny of the DNA polymerases, we assigned
the five phages to the T7virus genus but separated them into two different groups.
Phages SH1 and SH2 are very similar to previously characterized phages phiYeO3-12
and phiSG-JL2, infecting, respectively, Yersinia enterocolitica and Salmonella enterica,
as well as sharing more than 80% identity with most genes of coliphage T7. Phages
SH3, SH4, and SH5 are very similar to phages K1F and Dev2, infecting, respectively,
Escherichia coli and Cronobacter turicensis. Several structural proteins of phages SH1,
SH3, and SH4 were detected by mass spectrometry. The five phages were also stable
from pH 5 to 10. No genes coding for known virulence factors or integrases were
found, suggesting that the five isolated phages could be good candidates for therapeutic
applications to prevent or treat C. freundii infections. In addition, this study increases our
knowledge about the evolutionary relationships within the T7virus genus.

Keywords: Citrobacter freundii, pathogen, phages, virulent, T7virus, therapeutic applications

INTRODUCTION

Members of the Gram-negative Enterobacteriaceae have caused significant diseases throughout
human history. They are responsible for many human infections in the intestine, urinary tract,
bloodstream, and wounds (Abbott, 2011; Shanks et al., 2012). The genus Citrobacter belongs to this
bacterial family, although it was originally classified within the genus Salmonella due to biochemical
and serological similarities (Harhoft, 1949; Ewing and Davis, 1972). Citrobacter freundii is the
type species of this genus, with a genome size of ~5 Mb and a G+C content of 50 to 52%
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(Kumar et al., 2013; Kimura et al., 2014). C. freundii is commonly
found in soil, water, foods, and the intestinal tracts of animals
and humans (Drelichman and Band, 1985). Some strains of
C. freundii can also cause opportunistic infections in humans
and animals, which are becoming more difficult to treat due to
increased antibiotic resistance. As such, C. freundii infections
have become a public health concern (Samonis et al., 2008;
Antonelli et al., 2015; Campos et al., 2015) and alternatives or
adjuncts to antibiotic treatment are required.

In this context, lytic/virulent phages are being re-investigated
as potential antimicrobial agents to either combat bacterial
diseases or to stop the dissemination of multi-resistant bacteria.
The potential of phages to control or treat bacterial diseases
has been previously demonstrated (Smith and Huggins, 1982;
Slopek et al., 1983). However, their use was mostly abandoned
for several well-documented reasons including the inability
to purify phage preparations from bacterial components, the
lack of understanding of basic phage biology, the inability to
differentiate temperate from lytic phages, narrow host ranges,
the development of phage-resistant bacterial mutants, and the
inherent difficulties of patenting phages and their use. It is
believed that progress has been made to overcome most, if not all,
these difficulties (Carlton, 1999; Loc-Carrillo and Abedon, 2011).

Several phages infecting various strains of C. freundii have
been recently characterized. Six of them belong to the Myoviridae
family [double-stranded DNA genome (dsDNA), contractile tail]
and were isolated from water samples in Texas. Their genomic
characterization indicated that three of these phages (Moon,
Miller, Merlin) are related to the T4virus genus (Edwards et al.,
2015; Hwang et al., 2015; LeSage et al., 2015) while the other
three (Mordin, Michonne, Moogle) are related to the Felixolvirus
genus (Bernal et al., 2015; Guan et al., 2015; Nguyen et al., 2015).
The complete genomic sequence of the C. freundii phage Stevie
is also available (Shaw et al., 2015). This Siphoviridae phage
(dsDNA, noncontractile tail), which was isolated from a dirt
sample in Texas, is related to the TIvirus genus. Phages of the
Podoviridae family (dsDNA, short tail) can also infect C. freundii
strains as the podophage LK1 was isolated from sewage and its
genome size was estimated to be 20-23 kb (Chaudhry etal., 2014).
The podophage phiCFP-1 was isolated from sewage in China and
classified as a T7virus with a genome of 38,625 bp with 43 orfs
and direct terminal repeats of 229 bp (Zhao et al., 2015).

Phages belonging to the T7virus genus are particularly
interesting for therapeutic applications as they are usually
easy to culture and have a short lytic cycle. They also have
smaller genomes and a conserved organization, which facilitates
their in-depth analysis. Their genomes can be divided into
three transcriptional regions including early-, middle-, and
late-expressed genes (Scholl and Merril, 2005; Zhu et al,
2010). As for the prototype coliphage T7, the genes of these
phages can be transcribed due to an efficient phage-encoded
RNA polymerase that specifically recognizes a set of conserved
promoters dispersed throughout the phage genome (Chen and
Schneider, 2005; Huang et al., 2012).

Here, we describe five lytic Podoviridae phages infecting
C. freundii isolated from sewage samples in Tunisia. Their
analyses showed that they belong to the Autographivirinae

subfamily and they share similarities with phages infecting other
Enterobacteriaceae.

MATERIALS AND METHODS

Bacterial Strains, Phage Isolation, and
Culture Conditions

Five bacterial isolates were obtained by plating Tunisian
wastewater samples on Salmonella-Shigella agar (Biokar) and
incubating the plates for 24 h at 37°C. The species of each
bacterial isolate was determined by 16S rRNA sequencing
and API 20 E strip (BioMérieux). C. freundii strains were
genotyped using multi-locus sequence typing (MLST) of seven
housekeeping genes (aspC, clpX, fadD, mdh, arcA, dnaG, and
lysP) as described previously (Bai et al., 2012). The allelic profile
and sequence type (ST) of each strain was identified using
the MLST database website (http://pubmlst.org/cfreundii/).
Evolutionary analyses were conducted with MEGA7 (Kumar
et al,, 2016). The neighbor-joining phylogenetic tree (Saitou and
Nei, 1987) of the five strains was generated from the concatenated
sequences of the seven loci. The evolutionary distances were
computed using the Maximum Composite Likelihood method
(Tamura et al., 2004) and are in the units of the number of base
substitutions per site.

Two C. freundii isolates were used as hosts for phage isolation.
Water samples were obtained from four different areas in Tunis
(Table 1). One millilitre of the filtered water samples was mixed
with 1 ml of an overnight bacterial culture in 3 ml of Brain
Heart Infusion broth (BHI) (Biokar or BD). After incubation
for 24 h at 37°C, the mixtures were centrifuged and 4 pl of
each filtered-supernatant was spotted on a fresh bacterial lawn.
After incubation at 37°C for 24 h, phage lysis zones were picked
with a sterile truncated tip and amplified in the presence of their
respective host in BHI for 24 h at 37°C. Then, the mixtures
were centrifuged and the supernatants filtered. Isolated plaques
were obtained using the double-layer agar method and picked
with a sterile truncated tip. This step was repeated three times to
ensure phage purity. Phages and bacterial strains were deposited
at the Félix d’'Hérelle Reference Center for Bacterial Viruses of
the Université Laval (www.phage.ulaval.ca) under the following
names: phages SH1 (HER 516), SH2 (HER 517), SH3 (HER 518),
SH4 (HER 519), and SH5 (HER 520) as well as C. freundii strains
CF3 (HER 1518) and CF5 (HER 1516).

TABLE 1 | Origins of phages and their host strains.

Phage Origins of phages Host Origins of
strain  strains
SH1 Wadi of Khaznadar CF5 Entry water treatment plant
of Menzah1
SH2 Wastewater from Mellassine CF5
SH3 Office of national sanitation CF3 Entry water treatment plant
of Ksar Said of Gammarth
SH4 Wastewater from Mellassine CF3
SH5 Wadi of Ezzouhour city CF3
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Microbiological Assays

The host range of the five phages was determined by
spotting 4 pl of various serial dilutions (10° to 1077) of a
phage lysates on BHI soft agar (0.75% agar) containing one
bacterial strain. After overnight incubation at 37°C, plates
were examined for the presence of isolated plaques in the
spotted areas, which indicated a full phage lytic cycle on
the host. The host range was tested on 5 C. freundii (this
study), one Cronobacter turicensis (290708/07) and 25 bacterial
strains available at the Félix d’Hérelle Reference Center for
Bacterial Viruses of the Université Laval: 10 Escherichia coli
(HER1024, HER1040, HER1144, HER1255, HER1462, HER1155,
HER1290, HER1022, HER1213, and HER1445), two Shigella
dysenteriae (HER1020 and HER1031), one Shigella sonnei
(HER1043), two Salmonella Paratyphi (HER1045, HER1220),
one Salmonella Typhi (HER1038), two Salmonella Typhimurium
(HER1023, HER1095), two Salmonella Newport (HER1185
and HER1019), one Salmonella Heidelberg (HER1428), one
Salmonella Senftenberg (HER1397), and 3 Yersinia enterocolitica
(HER1249, HER1071, HER1072). Phage susceptibility to pH (2
to 10) was also determined in BHI broth with the pH adjusted
using hydrochloric acid (HCI) or sodium hydroxide (NaOH).
One hundred microlitre of each phage lysate at >10°PFU/ml
were mixed with 900 pl of media for each pH condition and
incubated at 37°C for 60 min. Phage titer was then determined
using the double-layer agar method.

Electron Microscopy

Phages were prepared and observed as described previously
(Fortier and Moineau, 2007). The reported dimensions are the
means of at least ten virions stained with uranyl acetate (2%).

Phage Structural Proteins

Phages were precipitated from lysates (1L) with 10% polyethylene
glycol (PEG) 8000 and 2922g of sodium chloride then
concentrated using a discontinuous CsCl gradient followed by
a continuous CsCl gradient, as described previously (Chibani
Azaiez et al., 1998; Sambrook and Russel, 2001). A purified phage
sample was sent directly for structural protein identification by
liquid chromatography/tandem mass spectrometry (LC-MS/MS)
at the Plateforme Protéomique, Centre de Génomique de Québec
(Université Laval). A custom database was generated using the
putative predicted proteins. Results were analyzed using Scaffold
Proteome software version 4.4.5.

Genome Sequencing and Bioinformatics

Analyses

Phage DNA was extracted from high titer phage lysates using
a Plasmid Maxi Kit (Qiagen) with modifications described
elsewhere (Deveau et al., 2002). Phage DNA was prepared for
sequencing using the Nextera XT DNA library preparation kit
(Ilumina) according to the manufacturer’s instructions. The
libraries were then sequenced on a MiSeq system using a MiSeq
reagent kit v2 (Illumina, 500 cycles). De novo assembly was
performed with Ray assembler version 2.2.0 using k-mer sizes of
21, 51, 96, 31, and 51 and we obtained mean coverage depths
for each single phage contig of 2717, 1643, 3804, 134, and

2431 for SH1, SH2, SH3, SH4, and SH5, respectively. Coverage
was calculated with Samtools. Open reading frames (ORFs)
were identified using ORF Finder (Rombel et al, 2002) and
GeneMark (Lukashin and Borodovsky, 1998) then confirmed by
visual inspection for the presence of a Shine-Dalgarno sequence
close to a start codon (AUG, UUG or GUG) using BioEdit
7.2.0 (Hall, 1999). ORFs were considered if they contained at
least 30 amino acids (aa). Similarities with known proteins
were searched with BLAST. Hits were considered when the E-
value was lower than 1073, The percentage of identity between
proteins was calculated by dividing the number of identical
residues by the size of the smallest protein. The theoretical
molecular weight (MW) and isoelectric point (pI) of the ORFs
were calculated using the Compute pI/MW tool (http://web.
expasy.org/compute_pi/).

Determination of Genome Ends

To confirm the direct terminal repeats, primers adjacent to the
predicted terminal ends were designed using Primer-BLAST
at NCBI The putative ends were established by aligning the
genome termini with similar phage genomes using ClustalW2
(http://www.ebi.ac.uk/Tools/msa/clustalw2/). The primers were
used to sequence directly from the phage DNA at the
sequencing and genotyping platform of the Université Laval
using the ABI data 3730XL DNA analyzer. The primers used
are described in Table2. Terminal repeat sequences were
determined using Staden software (version 1.7.0) (Staden,
1996).

DNA Polymerase Phylogeny

The DNA polymerase sequence dataset used for phylogeny
included phage proteins from different families and genera
(Labrie et al., 2013). The sequences were aligned using MAFFT
with the E-INS-i parameter (Katoh and Standley, 2013). The
alignment was then processed to generate the tree as previously
described (Mercanti et al., 2015). Briefly, the best amino-acid
substitution model implemented in PhyML 3.0 to calculate the
best tree was predicted with ProtTest 3.2 (Darriba et al., 2011).
The Shimodaira-Hasegawa-like procedure was used to determine
the branch support values (Shimodaira, 2002). Finally, Newick
utility package (Junier and Zdobnov, 2010) and ITOL (Letunic
and Bork, 2011) were used to render the tree.

Nucleotide Sequence Accession Numbers
The annotated phage genomic sequences were deposited in
GenBank under the numbers KU687347 (SH1), KU687348
(SH2), KU687349 (SH3), KU687350 (SH4), KU687351 (SH5).

TABLE 2 | Primers used to determine the terminal repeats.

Phage Forward primer (5'-3') Reverse primer (5’-3')

SHA GCCTCACTGTTCCGTCATTT CAACTGAAAGGAGGTGGCTC
SH2 TGTCTCAGGGAGTGGCTTTA GCTCAATGTTACGCTTGCTG
SH3 GCCCTACCCCAGTCTATCAT CTATCCCTACGCCATCTTGC
SH4/SH5 CTGCTGTTCTACTTGCTGCT GCTATGGTCCCTGACTGCTA
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RESULTS

Isolation of Bacteria and Phages

Five bacterial strains were isolated from different wastewater
samples. Gram staining showed Gram negative bacilli.
Sequencing of 16S rRNA and API 20E strip identification
revealed that they belong to the C. freundii species. MLST
analyses showed that the five strains also belong to different
genotypes, CF5 belong to ST19 and the four other strains belong
to four novel and different ST. Phylogenetic analyses (Figure 1)
revealed that CF3, CF4, and CF7 belonged to a different branch
from CF5 and CF8. Two C. freundii isolates (CF3 and CF5) were
selected from each branch and used as host organisms to isolate
phages.

A total of five virulent phages, SH1, SH2, SH3, SH4, and SH5,
were isolated from four sewage samples (Table 1). For phages
SH1 and SH2, plaques of 2 mm in diameter appeared after only
3 h of incubation at 37°C and the plaques became larger with
diameters ranging from 4 to 6 mm after overnight incubation,
as shown in Figure 2. Phage SH3 produced smaller plaques of 1
mm in diameter while phages SH4 and SH5 produced plaques of
about 3 mm in diameter.

The host range of the five phages was determined using the
31 Gram-negative bacterial strains described in the Materials and
Methods section. Phages SH1 and SH2 were able to lyse their host
strain, C. freundii CF5, and S. Typhi HER1038. Phage SH3 was
able to lyse its host strain, C. freundii CF3 and C. freundii CF4.
Phages SH4 and SH5 lysed their host strain, C. freundii CF3, as
well as C. freundii CF4 and C. turicensis 290708/7.

Sensitivity to pH

The five phages were tested for their susceptibility to different pH
conditions. They were exposed to pHs ranging from 2 to 10 for 1
h at 37°C. All phages were completely inactivated when exposed
to pH 2 and pH 3. A 10-fold reduction in phage titer was also

— CF3

CF4

CF7

CF5

CF8

0.0050

FIGURE 1 | Neighbor-joining phylogenetic tree of the five strains of
Citrobacter freundii.

noticed at pH 4. All phage suspensions were stable from pH 5 to
pH 10.

Morphological Characteristics

Negatively stained purified phages were observed with an
electron microscope and all five possessed an icosahedral capsid
and small non-contractile tail (Figure 3, Table 3). However, the
tips of the tails differed which led us to divide them into two
morphological groups. The first group included phages SH1 and
SH2, which had a narrower base plate compared to the second
group, which included phages SH3, SH4, and SH5 (Figure 3).
Nonetheless, their overall morphology allowed us to classify the
five phages into the Caudovirales order and the Podoviridae
family.

Genomic Characteristics

The double-stranded DNA of the five phages was extracted and
sequenced. The genome size of these phages ranged from 39,158
to 39,832 bp, which was similar to that of coliphage T7 (39,936
bp) (Table 3). The GC contents of the phage genomes were
similar to that of their C. freundii hosts, 50 to 51% (Frederiksen,
2015). After genome alignments with similar phages, primers
adjacent to the predicted terminal ends were used to directly
sequence the phage genomic DNA. As expected, the sequencing
signal dropped at the end of the genome (Figure 4) and this was
used to determine the position of the terminal ends and their
sequences. The last adenine at the end of the repeated sequences
was not considered because it is added by the polymerase (Clark,
1988; Garneau et al., 2010). Our analyses revealed that the
five Podoviridae phage (podophage) genomes contained direct
terminal repeats at both ends (Table 3). The length of the direct
terminal repeats of phages SH1 (230 bp) and SH2 (242 bp) were
similar to that of Yersinia phage phiYeO3-12 (232 bp; Pajunen
et al., 2001), Salmonella phage phiSG-JL2 (230 bp; Kwon et al.,
2008), and Citrobacter phage phiCFP-1 (229 bp; Zhao et al,,
2015). Terminal repeat lengths of SH3 (183 bp), SH4 (190 bp),
and SH5 (190 bp) were close to the length of coliphage K1F (179
bp; Scholl and Merril, 2005).

Genome Organization
Analyses of the predicted orfs in the genomes of the five
newly isolated podophages revealed that they all have the same
transcriptional orientation and use only ATG as an initiation
codon (Tables 4, 5). Comparative genome analyses also indicated
that these phages were affiliated with the Autographivirinae
subfamily and the T7virus genus. Similar to the morphological
groupings, we could also divide the five phage genomes into
subgroups (Figure5). The first group included phages SH1
and SH2, which had high identity (80%) to genes of Yersinia
phage phiYeO3-12 as well as coliphages T7 and T3. The
second phage group (SH3, SH4, and SH5) could be divided
into two subgroups. Group 2A included phage SH3, which
was close to coliphage K1F, while group 2B was comprised of
phages SH4 and SH5, which are similar to Cronobacter phage
Dev2.

The genomes of the five isolated phages are co-linear and
share the same genomic organization as phage T7 with what
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overnight incubation at 37°C.

FIGURE 2 | Plaques formed by phages SH1, SH2, SH3, SH4, and SH5, respectively, from left to right on their host strains of C. freundii after an

FIGURE 3 | Electron micrographs of phages SH1 (left) and SH3 (right).

seems to be early-, middle-, and late-expressed regions. The
early genes are usually involved in host takeover and conversion
of the host metabolism for the benefit of phage production
(Pajunen et al., 2001). This region is also characterized by the
presence of an RNA polymerase responsible for the transcription
of all the middle- and late-expressed genes. The middle-
expressed region includes genes responsible for DNA metabolism
while the late region contains genes coding for structural
proteins.

Proteomic Analyses

The structural proteome of one phage representing each of the
three subgroups (phage SH1 for group 1, SH3 for group 2A and
SH4 for group 2B) was analyzed. Purified phages were analyzed
by LC-MS/MS and the results are presented in Table 6. For phage
SH1, 11 proteins were detected with an amino acid coverage
ranging from 12 to 65%. Ten of the 11 genes coding for these
proteins were located in the presumably late-expressed module,
as expected for genes coding for structural proteins. The other
protein (ORF19) was a N-acetylmuramoyl-L-alanine amidase
probably involved in host lysis and it had the lowest coverage
(12%). Its gene was located in the middle-expressed region. It is
unclear if this protein is in the phage structure or if it is a non-
structural phage protein that was carried over from the phage
purification process.

TABLE 3 | Morphological and genomic characteristics of the five isolated
phages and phage T7.

Phage Capsid Tail (nm) Genome GC% Terminal
(nm) — size (bp) repeat (bp)
Width Length
SH1 61+16 14+£09 12+1.0 39,434 51.0 230
SH2 58+25 14+£14 10+1.1 39,158 50.7 242
SH3 65+14 21+£11 134+1.0 39,444 50.6 183
SH4 67+13 29+£24 16+1.2 39,274 52.6 190
SH5 65+1.1 27+18 16+20 39,832 52.5 190
T7* 56 14 9 39,936 50 160

*According to (Ackermann and Nguyen, 1983; Dunn et al., 1983).

For phage SH3, 9 structural proteins were detected with
coverage ranging from 21 to 67%, while for phage SH4, 7
structural proteins were identified with coverage ranging from
18 to 40%. For these two phages, all the proteins detected were
structural proteins from the capsid, head-tail joining, tail, tail
tube, and tail fibers.

DNA Polymerase Phylogeny

Because the five Citrobacter podophages belong to the T7virus
genus, we compared in greater detail their relationships with
other characterized similar phages available in public database
(Figure 6). The T7 DNA polymerase is a conserved protein
often used to study the global distribution and diversity of
podophages, in a manner analogous to the 16S rRNA in bacteria
(Breitbart et al., 2004). Based on DNA polymerase phylogeny,
the five phages were confirmed to belong to the T7virus genus
in the subfamily Autographivirinae. However, they mapped at
two different sub-branches. Phages SH1 and SH2 were similar to
Yersinia phages phiYeO3-12 and vBYenP AP5, Salmonella phage
phiSG-JL2, Citrobacter phage phiCFP-1, and Enterobacter phages
E3 and E4. They were also closer to the prototype phage T7 than
the other three phages characterized here. Phages SH3, SH4, and
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FIGURE 4 | SH5 genome sequencing with both reverse and forward primers.
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SH5 were part of the same clade of t7viruses as SH1 and SH2,
but clustered in different subgroups. Phage SH3 was related to
Enterobacteria phages K1F and EcoDS1, and Escherichia phage
PE3-1. Phages SH4 and SH5 were more related to Cronobacter
phage Dev2. Taken altogether, despite the differences between
these two groupings, SH1/SH2 and SH3/SH4/SH5 seem to be
derived from a common ancestor.

Comparison Between Phages SH1/SH2,
phiYeO03-12, and Coliphage T7 (Group 1)

Pairwise analyses between the deduced proteomes of phages SH1
and SH2 revealed 31 proteins (out of 53) with more than 95%
identity (Table 4). Among them, seven (ORF8, ORF18, ORF23,
ORF26, ORF29, ORF39, ORF44) were 100% identical, including
two proteins with predicted functions, ORF39/internal virion
protein B and ORF44/DNA packaging protein A. Phage SH1
also shared more than 95% identity with 31 proteins of Yersinia
phage phiYeO3-12 including seven proteins with 100% identity
(ORF8, ORF20, ORF22, ORF23, ORF25, ORF26, ORF29). Phage
SH2 shared more than 95% identity with 34 proteins of Yersinia
phage phiYeO3-12 including 13 proteins with 100% identity
(Table 4). Phage SH2 seems more related to phage phiYeO3-12
than phage SH1. One of the most notable differences between
phages SH1 and SH2/phiYeO3-12 was mobile elements. Phage
SH1 is missing the homing endonuclease encoded on phages
SH2 and phiYeO3-12 (ORF23%H2/ORF5.3 PhiYe03-12) However,
phage SHI1 has another homing endonuclease (ORF17), which
is absent in both genomes of SH2 and phiYeO3-12. ORF175H!
is homologous to a homing endonuclease found on C.
rodentium phage CR44b (46%). Phage SHI is also missing
ORF35°H2/ORF10BPhY¢03-12 3 minor capsid protein (Condron
et al,, 1991). On the other hand, the tail fiber protein of phage
phiYeO3-12 shares only 68 and 67% identity with the tail fiber
proteins of SH2 and SH1, respectively, which could explain the
divergent host ran