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Abstract

The rise of antimicrobial resistance (AMR) has created a critical need for alternatives to
traditional antibiotics. Bacteriophages, viruses that specifically target bacteria, are emerging
as a potential solution. This literature review examines the use of bacteriophages, both as
alternatives and supplements to antibiotics, highlighting their applications, advantages, and
challenges. The concept of Phage-Antibiotic Synergy (PAS) is explored, demonstrating how
phages can enhance the efficacy of antibiotics under certain conditions. This study discusses
the current use of bacteriophages in medical, agricultural, and food safety contexts,
underscoring their potential to address the global threat of AMR. Despite promising findings,
limited research underscores the need for further investigation to fully understand the

capabilities and limitations of bacteriophage therapy.



1 Introduction

Antibiotics are a class of drugs used to treat infections caused by bacteria. They work by
either killing bacteria (bactericidal) or inhibiting their growth and reproduction
(bacteriostatic). They are providing treatments effective against several and various bacterial
diseases that once may have been fatal, and in this way, they have revolutionized medicine.
Already back in ancient times, the use of natural substances with antibacterial properties
started. But the modern era of antibiotics began in 1928, with Alexander Fleming’s discovery

of penicillin — which became the first widely used antibiotic. [1]

During a Nobel Lecture in 1945 Alexander Fleming said “But I would like to sound one note
of warning. Penicillin is to all intents and purposes non-poisonous so there is no need to
worry about giving an overdose and poisoning the patient. There may be a danger, though,
in underdosage. It is not difficult to make microbes resistant to penicillin in the laboratory
by exposing them to concentrations not sufficient to kill them, and the same thing has
occasionally happened in the body. The time may come when penicillin can be bought by
anyone in the shops. Then there is the danger that the ignorant man may easily underdose
himself and by exposing his microbes to non-lethal quantities of the drug make them

resistant.” [2]

And as Alexander Fleming feared — we have reached the point where an overuse of
antibiotics has led to a spread of antibiotic resistance in a number of bacteria. [3]

In this literature study [ want to look into the use of bacteriophages as a possible supplement,
or even alternative to antibiotics. I will look into when it can be used, what it can be used

for, how it is used today and what challenges we are facing in the use of the bacteriophages.



1.1 What i1s antimicrobial resistance?

Antimicrobial resistance occurs when pathogens develop resistance to the effects of drugs
meant to eliminate them. As a result, they survive and continue to multiply. This makes

resistant infections extremely challenging, and in some cases, impossible to treat.

Antimicrobial resistance (AMR) represents a severe threat to both animal and human health
worldwide, causing the deaths of at least 1.27 million people globally yearly. According to
a study done by the Global Research on AMR, it is expected that drug-resistant infections
will cause the death of more than 39 million people from now to 2050, if further action is
not taken. [4] The resistant microorganisms spread easily between countries and even
continents, though humans, animals, food and the environment. [5] This makes AMR a
global challenge requiring international collaboration and needs to be solved in a “one

health” perspective. The global antibiotic use needs to be reduced.

Antimicrobial resistance (AMR) threatens many of the advancements in modern medicine.
It complicates the treatment of infections and increases the risks associated with various
medical procedures and treatments, including surgeries. [6] The world is facing an antibiotic
pipeline where there is a lack of new antibiotics being developed, while bacteria develop
resistance to existing ones. This is why alternatives to antibiotics are essential. This could
decrease the antibiotic resistance, ensure better treatments of complex infections, and

support the global public health.

The Norwegian National Antibiotic Strategy (2015—-2020) states that "The threat of antibiotic
resistance cannot be eliminated, but we must implement measures to reduce the development
of resistance and at the same time adapt to minimize the consequences for humans and

animals. This requires renewed efforts across multiple sectors." [7]



2 Bacteriophages

2.1 What are bacteriophages?

Viruses are often specific to an exact host, and even to specific cells within that particular
host. Almost every living organism has its unique set of viruses that can attempt to infect its
cells, showing the large diversity of the types of viruses that exist. Bacteriophages, also

known as phages, are viruses that specifically target and infect bacteria. [8]

Over billions of years, bacteriophages have progressed to specialize in infecting and killing
bacteria, making them crucial in keeping bacterial populations under control. We can find
them everywhere — in our bodies, in the food we eat, in our homes, and in nature. It's
estimated that there are 100 nonillion (10%') phages on Earth, making them the most abundant

organisms on the planet. [9]

Viruses are usually linked to disease, but bacteriophages are different types of viruses that
do not cause a threat. As an alternative, they play an important role in the fight against an
actual threat: antibiotic resistance. Some bacteriophages can be used as a possible alternative
to antibiotics, and some can be used in conjunction with them. Contrasting antibiotics,
bacteriophages target and kill bacteria without causing the same side effects or problems.
This makes bacteriophages a very efficient, natural, and environmentally friendly alternative
to the traditional antibiotics. Bacteriophages have a wide range of applications, particularly
within human medicine, veterinary medicine, aquaculture, agriculture, and the food industry.

[10]

2.2 History

The history of bacteriophages dates back to 1915. Frederick Twort, a British scientist was
working on a vaccine for smallpox and kept getting his plate contaminated with
staphylococci. He observed that between all the bacterial growth, there were some clear spots
where bacteria did not grow or was killed. Although his research on the smallpox vaccine
was unsuccessful, Twort published his observations on these mysterious clear spots but did

not pursue further investigation. [11, 12]

At the same time, Félix D’Herelle made similar observations as Twort, but in dysentery
patients. He isolated the clear spots from the plates, incubated them with the dysentery

bacteria, and found that the bacteria were completely eradicated. D’Herelle spent the rest of
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his career attempting to develop bacteriophages as therapeutic agents. He published his

findings in 1917 and continued his work, treating dysentery patients with phage therapy. [13]

A lot of research and multiple experiments on the use of bacteriophages were done during
this time, especially in the Soviet Union. There was a major challenge during this time — the
fact that the bacteriophage therapy requires accurate identification of the bacterial strain for
effective treatment. [14] In the 1920s, they lacked the necessary knowledge and equipment,
leading to multiple unsuccessful attempts at phage therapy.

Another significant challenge was the limited understanding of phage structure and
composition. Before the discovery of the electron microscope, there was considerable debate
within the scientific community about whether phages were viruses, enzymes, or something
else entirely. [15] This lack of understanding hampered the production and storage of

bacteriophages.

Consequently, further research into bacteriophages halted when Alexander Fleming
discovered penicillin. [ 14] Antibiotics target different types of bacteria, and some target only
a few (narrow-spectrum antibiotics), but comparing antibiotics to bacteriophages, they all
have a broad specter. Therefor antibiotics became a lot easier to use and outcompeted the

phages completely in the west.

In some countries they continued the experiments and use of bacteriophages, and they are

still used frequently in countries like Poland, Russia, and Georgia.

Today, however, with the rise of antibiotic resistance posing an extreme threat to public
health and the environment, interest in bacteriophages is resurging. With our increased
knowledge and advanced technology, bacteriophages are being reconsidered as a critical tool

in the ongoing battle against bacterial infections. [16]



2.3 Work of bacteriophages

Viruses are simple organisms that cannot reproduce on their own. They need a host cell to
do so. In nature, bacteriophages work as bio-controllers. If a bacterial species becomes too
dominant, they will be set back by bacteriophages, ensuring the wide microbial diversity that
the ecosystems need. Bacteriophages are the most abundant organisms on the planet. They
have developed together with their host bacteria, resulting in each bacteria species having

their own bacteriophages.

There are both pros and cons to the fact that bacteriophages are very specific. It is great that
they only attack their target, without causing damage to the other bacteria. For example,
antibiotics that are applied per os, a normal side effect will be diarrhea. With bacteriophages
we will not have those side effects, as they leave the healthy microflora unaffected. On the
other hand, it also means that we need to have exact information about the bacteria to be able

to give the correct treatment

There are many types of bacteriophages, each suited for different applications.
Understanding which bacteriophage is appropriate for a given use is crucial. Some are better
suited than others. Bacteriophages come in various genetic forms, such as DNA and RNA,

either single- or double-stranded. [17]

The most commonly known and studied group is the Caudovirales [18] a double-stranded
DNA virus with a head and tail. [19] The Caudovirales-order is the one most used in medical
purposes. At the end of their tail, they have receptor-binding structures recognizing and
binding specific bacteria. Once the bacteriophage has bound the bacteria, their tail works as
a syringe injecting their DNA into the host bacteria, taking control of the host for replication.

[20]



2.4 Lytic and lysogenic life cycle

Bacteriophages multiplicate in different ways. They can have a lytic, or a lysogenic cycle

(figure 1).
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Figure 1 The lytic and lysogenic cycles of bacteriophages [8]

The Iytic cycle starts with the specific recognition of and binding to the bacterial host.
Thereafter the bacteriophage injects the viral genome into the host and takes control of it.
The physiological activities of the bacteria are taken over and are used for the reproduction
of viruses, manufacturing more viruses. The viruses then burst out of the cell by lysing the
host cell. As soon as they are released, the bacteriophage progeny can find new hosts to
infect. Lytic bacteriophages are the most suitable for medical use. All the viruses of the order

Caudovirales can multiply in a lytic cycle.

The lysogenic cycle involves the incorporation of the viral genome into the host cell genome
and passing it on to subsequent generations. This type of multiplication cycle allows the host
cell to survive and reproduce, and as the viral genome is incorporated into the bacteria DNA,
the virus will be reproduced in all cell offsprings. [21] The lysogenic bacteriophages increase

their own multiplication by increasing the multiplication of the bacteria. That is why they
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often carry genes that help the bacterial hosts' multiplication capacity. These genes can be
hazardous, increasing antibiotic resistance. These types of bacteriophages can in other words

reshape bacteria and make them more dangerous. [22]

In addition to the lytic cycle, some of the Caudovirales bacteriophages can also reproduce
in a lysogenic cycle. [8] Lysogenic bacteriophages can lead to bacteriophage resistance and
an unwanted gene transmission between bacteria. It is therefore important to do a quality
control of the host bacteria that is used for the production of bacteriophages, to ensure that

lysogenic bacteriophages do not enter the final product.

3 Bacteriophage therapy

3.1 Production of Bacteriophages and Quality Controls

The biological nature of bacteriophages means they are entirely dependent on host cells for
reproduction. To produce bacteriophages at scale, the first step involves cultivating a high
concentration of the specific host bacteria under optimal conditions. This environment is
designed to maximize bacterial growth, ensuring a sufficient host population for phage
infection. [23] Once the host bacteria reach the desired concentration, the specific

bacteriophage is introduced into the culture.
3.1.1 Propagation and Cleansing

Once injected with bacteriophages, the host bacteria become production centers for viral
replication. The bacteriophage infects the bacteria, using the host's machinery to reproduce.
Over time, as the phages replicate within the bacterial cells, they cause the bacteria to lyse
(burst), releasing new bacteriophages into the solution. [24, 25] This process continues until

the bacterial culture is effectively consumed by the bacteriophages.

When all the host bacteria have been lysed, the resulting solution contains both the desired
bacteriophages and remnants of the bacterial debris. At this point, purification processes are
necessary to remove the bacterial remnants and isolate a clean solution of bacteriophages.
[26] Quality control measures dictate the level of purification required, ensuring that the

final product is safe for the intended use.
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3.1.2 Selecting Non-Virulent Hosts

In bacteriophage production, it is critical to choose non-virulent strains of bacteria as the
host organisms. Virulent, drug-resistant, or especially multi-resistant bacterial strains should
be avoided due to safety risks. Using virulent strains not only increases the potential danger
during the production process but also complicates the purification and containment of the

phages, which may lead to contamination with harmful pathogens. [25]

For industrial-scale production, where large quantities of host bacteria are required, the
selection of safe, non-pathogenic strains becomes even more critical. Industrial facilities
must ensure that they are not accidentally cultivating dangerous or drug-resistant bacteria
during phage production, which could pose serious risks to human and animal health, or the

environment. [27]
3.1.3 Quality Control and Regulatory Oversight

In addition to selecting the appropriate bacterial host, the quality of the final bacteriophage
product depends heavily on quality control protocols. These protocols cover every step of
the process, from bacterial cultivation to phage propagation and purification. Thorough
strategies must be in place to control the level of cleaning and purification, guaranteeing that

all bacterial debris is correctly removed from the solution. [28]

Regulatory bodies often set detailed standards for bacteriophage production, especially if the
phages are meant for use in medical or food safety applications. How strictly they control
the purification can vary depending on the intended use of the bacteriophages. For example,
bacteriophages used in food production may require less stringent purification than those
used in pharmaceutical products. Regardless of the exact application, following these
guidelines is necessary to ensure the safety, efficacy, and quality of the bacteriophage

preparations. [29]

In addition to the above mentioned, quality control measures are important to ensure the
correct use of bacteriophages. As bacteriophages are specific viruses that target specific
bacteria, their biological effectiveness relies on selecting the correct bacteriophage-host

bacteria pair.

Proper quality control measures must ensure that the bacteriophages possess the appropriate

primary structure and reproductive cycle, and that the production system maintains a high
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standard. This helps minimize the risk of producing bacteriophages or genes that are

unwanted, ensuring the safety and efficacy of bacteriophage therapy.

3.2 Challenges

3.2.1 Preventing Resistance Development

Bacteria have developed complex mechanisms to avoid bacteriophages to recognize and

bind to them, contributing to increase phage resistance. However, bacteriophages have

evolved strategies to oppose these bacterial defenses, establishing a continuous evolutionary

battle that has lasted billions of years. [30] To improve bacteriophage therapy, it’s important

to implement strategies that maximize phage efficacy and minimize bacterial resistance.

Some key strategies for controlling bacterial resistance in phage therapy:

1.

Cocktail Strategy: Combining different bacteriophages targeting the same bacteria
is beneficial. By using this cocktail strategy, the chances of the bacteria creating a
resistance to all the bacteriophages at once are significantly reduced. This method
can compare to antibiotic combination therapies, which also work to outdo bacterial

defenses by attacking from multiple fronts. [31]

High Doses, Short Intervals: Another approach highly efficient in avoiding the
development of bacterial resistance involves using high concentrations of
bacteriophages over a short period of time. This concentrated treatment gives
bacteria less opportunity to adapt or develop resistance mechanisms towards the
phages. However, careful monitoring and dosing is critical as we must ensure that

high doses do not cause unwanted side effects in patients.

Avoiding Physiological Changes in Bacteria: In some cases, bacteriophages can
initiate harmful physiological changes in their bacterial hosts. For instance, in
patients with cystic fibrosis who are infected with Pseudomonas aeruginosa, it has
been observed that some bacteriophages can make the bacteria form biofilms.
Biofilms are protective layers that screen bacteria from being attacked, making them
harder to eradicate. It is therefore important to do thorough research and document
the effects that given phages have on exact bacteria, to avoid worsening infections

rather than curing them. [32]
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3.2.2 Immune System Considerations

In addition to bacterial resistance, the immune system of both humans and animals can also
pose challenges to bacteriophage therapy. [33] Over time, the body can develop immune
responses against phages, especially in the case of repeated exposure to the same
bacteriophage. This immune recognition can reduce the effectiveness of phage therapy, as
the body's defenses can neutralize the phages before they can even act on the bacterial

infection. [34]

This highlights the importance of selecting bacteriophages carefully, not only for their
effectiveness against bacteria but also for their capability to escape or moderate the hosts
immune response. In some cases, alternating between different phage types or developing

phages with immune-evasive properties may help extend the efficacy of treatment.
3.2.3 Comprehensive monitoring

While phage-based therapies are developing, they are facing challenges that must be
controlled to make them safe and effective for different use. This demands careful
monitoring and strict quality checks. Currently, rules for phage therapy differ around the
world, leading to practices not being consistent. Quality control focuses on keeping
bacteriophages free from contamination and ensuring they remain genetically stable so they

only target harmful bacteria. [35]

There are ongoing efforts to develop consistent global standards, which would make it easier
to both develop and approve phage therapies in different regions. [35] Research highlights
the need for specific production methods to meet high safety standards, including testing to
avoid resistance and harmful genetic changes. [36] These steps are vital for ensuring that

bacteriophage therapy can be used safely and effectively worldwide.
3.2.4 Knowledge about the target bacteria

Luckily, with today’s modern diagnostic methods, we are able to detect exactly what bacteria
is causing disease in an individual or in an outbreak. As we already know, bacteriophages
are extremely specific in what bacteria they can infect and kill. Each bacteriophage has its
own target. Knowledge about the bacteria causing disease is therefore highly necessary. This

means that the use of bacteriophages requires that the treatment of individuals or outbreaks
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has time to wait until it is decided what bacteriophages shall be used, and if they are

available.

Since bacteriophages, in contrast to many antibiotics, have a narrow spectrum, we need to
combine a large number of phages to get a wider spectrum. This is an advantage if we are

not able to get a diagnosis that is as specific as needed in the use of one type of phage.
3.2.5 Endotoxin effect

One of the huge advantages of bacteriophages is that they are generally safe to use. Through
a lot of research, it is proven that phages have few adverse side effects in humans and
animals. [37, 38] This is especially an advantage in immunocompromised patients, like those

with cancer or different chronic diseases.

However, since effective phages can lyse bacteria within a few minutes [39], phage therapy
may induce a quick and significant release of endotoxins. A few studies have reported
transient adverse side effects during treatments using phages, which include inflammation,
hypotension, and fever. [39—41] This is likely due to allergic reactions or in some cases an
endotoxin shock in reaction to the endotoxins released from the bacteria. Side effects can
also occur if the cleansing of the phages is not sufficient. Therefore, quality control in the

production of the bacteriophages is extremely important to avoid or reduce side effects.

3.3 Use of bacteriophages today

Bacteriophages are already being utilized in various sectors today. In clinical settings,
bacteriophages are used to treat bacterial infections, especially those resistant to antibiotics.
They specifically target pathogenic bacteria without disturbing beneficial microflora,
offering an alternative to traditional antibiotics. Some applications include treating chronic

wounds and gastrointestinal infections. [35]

In agriculture and food safety, phages are used as biocontrol agents. This involves applying
bacteriophages to disinfect nonliving surfaces, equipment, or environments. [42] They also
play a significant role in reducing bacterial contamination in food production, from pre-
harvest to processing. Phage-based solutions help control pathogens like E. coli and

Salmonella in livestock and crops, ensuring safer food supply chains.
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In the food industry, bacteriophages are increasingly used to prevent foodborne diseases.
Phage formulations are applied to raw and minimally processed foods, such as meat and
fresh produce, to lower bacterial loads without using chemicals that could alter the product’s
quality. This targeted approach maintains food safety standards while supporting

environmentally friendly practices. [43]

The growing use of bacteriophages highlights their potential to address antibiotic resistance,
promote sustainable agriculture, and ensure food safety through natural and targeted

bacterial control.

In this section, I will highlight several examples of how bacteriophages are used today.

3.3.1 CUSTUS®YRS

Yersinia Ruckeri

Enteric Redmouth disease (ERM) is primarily a freshwater disease of salmonids, but
seawater cases are occasionally reported following the transfer of Atlantic salmon to sea.
According to an article on The Fish site (2018), the number of such cases has increased in

regions where the pathogen is present. [44]

ERM, also known as Yersiniosis, has spread to salmonids worldwide, affecting both Atlantic
salmon (Salmo salar) and rainbow trout (Onchorhynchus mykiss). The disease is caused by
the pathogen Yersinia ruckeri. ERM disease is an important acute or chronic disease,
primarily affecting salmonids. It is characterized as hemorrhagic septicemia where we see
massive destruction of tissues, especially lymphoid and hematopoietic tissues in the spleen

and liver. [45]

Salmonids seem to be the most sensitive to Yersiniosis, compared to freshwater fish species
like European eels and carp. They are prone to suffer disease outbreaks, especially in young
life stages, and in worse cases leading to significant mortalities and economic losses for the

industry.

Treatments usually rely on in-feed oral use of antibiotics, including amoxicillin, oxolinic
acid, and florfenicol. In vitro testing has shown rapid resistance development against several
antibiotics, and there is a growing drug resistance problem. [44] Also, a study carried out in
China, doing a surveillance of ERM from April 2016 to August 2018, found that antibiotic

resistance profiles and genes of Y. ruckeri were found. Y. ruckeri had appeared resistance to
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14 of the 20 antibiotics, and 39 antibiotic resistance genes were detected positively from 95

specific primers. [46]

As the rise of antibiotic resistance poses a major threat to human health, and the use of
antibiotics in food production is partly responsible, the company STIM made headlines when
gaining approval for a phage product that effectively eliminates harmful bacteria, providing

an alternative solution for treating a disease that currently relies only on antibiotics. [47]
The first bacteriophage product in fish farming in Norway

In 2018 STIM produced CUSTUS®yrs, as the first bacteriophage product used for
Norwegian fish farming. They are working to control the balance between the tolerance and
the infection pressure of the fish. The bacteriophages are specialized to infect and kill
Yersinia Ruckeri. The bacteriophages in CUSTUS®yrs offer a straightforward and effective
defense against harmful bacteria levels in the fish's environment. It is primarily used during

operations that carry a high risk of yersiniosis outbreaks. [48]

Disease outbreaks are often seen shortly after the fish is released into a natural body of water
in the sea, after mechanical delousing or other similar handling. These disease outbreaks are

likely to be due to stress-related activation of a subclinical infection. [49]

CUSTUS®yrs is used in the biofilters in connection with washing down the pens, sedation
tank in connection with vaccination, and in the well-boat in connection with delousing. In
other words, bacteriophages are used to control the disease pressure during stressful

operations where the fish is the most susceptible to disease.
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Results
Some data on the use of CYSTUS, and the results:
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Figure 2 Vaccinated vs unvaccinated fish in smolt facility /50/]

This graph (figure 2) shows the mortality rate after vaccination in the smolt facility.
Norwegian smolt are constantly exposed to pathogen pressure, which they can usually
withstand. However, as previously mentioned, disease outbreaks tend to occur when the fish
are subjected to stressful procedures, such as vaccination. As shown in the graph, by adding
CUSTUS®YRS (bacteriophages) to the sedation pool, the levels of Yersinia bacteria are kept

low, preventing disease outbreaks during vaccination.
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2: Transportation
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This graph (figure 3) illustrates that the overall bacterial levels (blue) increase the longer the
fish are kept in the well boat, while the level of Yersinia ruckeri (green) decreases due to the
use of CUSTUS®YRS. During transport in a well boat, the fish release significant amounts
of bacteria. As a result, if the fish carry Y. ruckeri, the transport can lead to major outbreaks
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and the spread of the bacteria.
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3: Mechanical delousing
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Figure 4 CUSTUS®YRS in delousing [50]

This graph (figure 4) demonstrates the use of CUSTUS®YRS during the fourth delousing
process for a fish farming company that previously experienced high mortality rates during
the last two delousing. During mechanical delousing in a well boat, the fish are subjected to
significant stress and exposed to high infection pressure. The results show low mortality

rates in this case, thanks to the use of CUSTUS®YRS, which effectively controls the

Yersinia ruckeri infection pressure. [50]

CUSTUS®YRS is composed only of two bacteriophages, but still covers the diversity of the
target bacteria Y. ruckeri that the Norwegian salmon is affected by. However, it is not

efficient against Norwegian variants of Y. ruckeri that attack rainbow trout.

3.3.2 Food safety

Food safety refers to handling, preparation, and storage of food in ways that reduce the risk

of individuals becoming sick from foodborne illness. [51]

There are four main principles in food safety; clean, separate, cook, and chill. These are

applied in different stages of the food production chain. It is very important to avoid cross-
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contamination. For example, lettuce crops should not be farmed in the same place as beef
cattle graze. The same lettuce should not be cut with the same knife as the one you use for

your chicken.

Despite significant efforts from producers and government to ensure food safety for
consumers and more awareness of these principles — foodborne diseases continue to be the
main reason for hospitalization and other fatalities. Each year worldwide, unsafe food causes
600 million cases of foodborne diseases and 420,000 deaths. Of these disease cases, a large

number is due to Escherichia coli (E. coli). [52]

Escherichia coli (E. coli) is a bacterium that is found in the gut of all humans and mammals.
Most E. coli strains are harmless. However, some strains can cause severe foodborne illness.
The consumption of raw or undercooked meat, raw milk, and contaminated raw vegetables
is the primary way of transmission of these E. coli strains to humans. These will be in focus

for the rest of his chapter. [53]

There are several variants of pathogenic E. coli. Both intestinal and extraintestinal. In this

thesis I will focus on three of the intestinal ones;

- Enterotoxigenic E. coli (ETEC): the E. coli type responsible for the most deaths

- Enteropathogenic E. coli (EPEC): one of the most common causes of bacterial

gastroenteritis

- Enterohemorrhagic E. coli (EHEC): the most virulent type of E. coli, not treatable

with antibiotics

The main source of food poisoning of E. coli is fecal contamination of food and water. The
contamination of ETEC and EPEC is more commonly from the human gastrointestinal tract,
while for EHEC the major cause of contamination is fecal matter from animals. This tells us
that for ETEC and EPEC the contamination is often due to human handling and food hygiene

failure.

Symptoms of ETEC and EPEC are most commonly watery diarrhea and stomach pain, and
occasionally also vomiting. They pose a huge risk of dehydration, especially if vomiting.
This makes it hard to rehydrate orally, and in developing countries this poses an especially

high risk, as hospitals are not available to everyone.
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EHEC usually gives hemorrhagic diarrhea and severe cramps. This strain also produces
Shiga-toxin, which in severe cases can damage organs, such as the kidneys, and in the worst

case lead to death. [54]

As these pathogens pose a huge threat to humans and animals, we need ways to decrease

their occurrence.
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Phage Therapy Biocontrol Biosanitation Biopreservation
2 (0 L ST
@ L el \‘\\5\ > ¢ /
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Pathogen control Pathogen control Industry Consumers

Current Opinion in Food Science

Figure 5 From Pre-Harvest to Consumers [55]

Bacteriophages are used for controlling bacterial pathogens throughout the whole food
production process, from the farm to post-harvest stages (figure 5). On farms, phage therapy
can be applied directly to livestock or to plants to reduce bacterial contamination.
Bacteriophages are able to target specific bacterial threats and therefore are offering an

alternative or supplement to conventionally used antibacterial techniques. [56, 57]

Today, pasteurization, pressure preparation, radioactivity, and antiseptics are conventional
antibacterial techniques used to decrease bacterial activity in nutrition. Unfortunately, these
techniques have many downsides like malfunctions due to corrosiveness, their nutritional
significance, and the fact that these cleansing methods eliminate all contaminants — including
the beneficial bacteria naturally occurring in the food. Luckily, the quantity of viable
bacteriophage treatments licensed for health and safety purposes has expanded in the last
few years. Due to their selectivity and stability, the bacteriophages have a lot fewer side

effects than the previously mentioned antibacterial techniques. [58]
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Bacteriophage to control E. coli contamination

Enterohemorrhagic E. coli strains produce Shiga toxin. One of the common serotypes is the
Escherichia coli O157: H7. This is as previously mentioned, an important food and
waterborne pathogen causing hemorrhagic diarrhea, and in severe cases also hemolytic-

uremic syndrome (HUS) in humans. [59]

Recent research shows that vegetables, fresh milk, and UHT-preserved milk polluted with
E. coli have been effectively treated with phage formulations specific to E. coli. E. coli type
0157:H7 was dramatically decreased on different types of vegetables, due to one of the
phages. Research has shown that a mix of three phage types, the so-called “cocktail
strategy”, was beneficial for the decrease in the re-growth of E. coli at different temperatures.

[60]

Also in ongoing research on meat systems, researchers have done thorough inspections of
bacteriophage use in the treatment of the Shiga-toxin-producing E. coli. Eighth commodities
including beef mince, cooked chicken, chicken breast, salmon, cheese, etc., were
investigated and they found that the bacteriophages were highly effective in reducing
pathogen levels of the analyzed foods. The amount of E. coli 0157:H7 was reduced
significantly. [61]

Some examples of specific products that are already on the market for the control of EHEC

0157:H7 in pre- and post-harvest are:

- Finalyse®
o A pre-harvest hide wash, that has been proven to significantly reduce E. coli
O157:H7 at an exposure time of 5 minutes. This means that the levels of the
E. coli O157:H7 are decreased before the beef enters the packing plant.

Finalyse® is great as a first step in a long food process chain. [62—64]

- EcoShield™
o Approved for being blended into ground beef, as an environmentally friendly
alternative to the previously tried efforts to remove E. coli O157:H7.
o Three lytic bacteriophages are being used as biocontrol agents
o Science has shown that EcoShield™ significantly reduced the levels of the
bacterium in experimentally contaminated beef by > 94% and in lettuce by

87% after a 5-minute contact time.
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o However, the effect after a one-time application of EcoShield™ did not
include the protection of the foods from recontamination with E. coli
O157:H7. Their results exhibit that EcoShield™ is effective in drastically
reducing contamination of beef and lettuce with E. coli O157:H7, but does
not protect against potential later contamination, for example, due to

unsanitary handling of the foods post-processing. [65]

Previously, efforts to reduce the E. coli O157:H7 contamination have mainly focused on
washing, chemical application, and gamma-irradiation — each of which has huge
environmental and nutritional impacts. Today's use of bacteriophages seems to only be the
beginning of the change to a more environmentally friendly food production market. The
products mentioned are only examples of how bacteriophages are used to control food safety
today, and as already mentioned the number of bacteriophage-treatments qualified for health

and safety purposes are increasing rapidly.

3.3 BAS: Bacteriophage-antibiotic synergy

A common method of using bacteriophages involves combining them with antibiotics to
enhance their effectiveness. Research has shown that phages can reduce the Minimum
Inhibitory Concentration (MIC) of antibiotics, even for bacteria that are resistant. However,
interactions between phages and antibiotics can vary, sometimes showing antagonistic
effects. This interaction often depends on the antibiotic class, with variations within the same
class impacting the outcome. [66]

This relationship is described by the term Phage-Antibiotic Synergy (PAS), which describes
how sublethal doses of antibiotics can increase phage production. [67] This is not limited to
antibiotics — it also applies to other environmental stressors. The PAS effect is an example
of phages adapting to challenging environments by increasing their replication when the host
bacteria are under stress. Antibiotics, alongside other stressors, threaten bacterial survival
and, as a result, also increase phage reproduction. As a response, phages optimize their
production in the presence of proper bacterial hosts.

A study done in 2018 explored various combinations of bacteria, phages, antibiotics, and
other stressors. It proved that infections could be managed more efficiently with a
combination of low-dose antibiotics and phages due to the PAS effect, which could also help

limit the development of antibiotic-resistant bacteria. [68]
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However, not many studies have been done on the synergistic relationship between phages
and antibiotics. Despite the limited research, current findings suggest that this method may

become valuable for using bacteriophages in the future.

3.4 Strengths and weaknesses of bacteriophages

3.4.1 Strengths
Self-limiting doses

New phages will be produced as long as there are bacteria to kill. During the process of
killing bacteria, the phages are able to increase in number specifically where the hosts are
located. There are some limitations, such as dependence on a relatively high density of
bacteria. Since the phages themselves contribute to establishing their own dose, this process

is called “auto-dosing”. [69]
Their specificity

The phages are not harmful to other organisms as they do not kill other bacteria including
our microflora, like antibiotics or sanitation chemicals can do[70]. They do not kill human
or animal cells either [71], as for example some sanitary chemicals [72] and antibiotics do.

[73]
Environmentally friendly:

Bacteriophages are eco-friendly compared to conventional plant protection products in the
way they fight against pathogenic bacteria. Due to their specificity to their target bacteria,
they are not expected to have a negative impact on the bacterial biodiversity and serve as a

green and sustainable solution in crop production and protection. [74, 75]
Reduction of antibiotic use

Phages can reduce antibiotic resistance in two ways:

- inaless direct way; if phage therapy is used when possible, fewer antibiotics will be

used and therefore less resistance will be developed. [76]

- In a direct way; phages can be used to directly kill antibiotic-resistant bacteria and
can be used in therapy or to prevent the resistant microorganisms from spreading.

[77, 78]
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Natural origin

Public resistance to laboratory-synthesized drugs and genetically modified organisms
(GMOs) is growing [69], with more consumers prioritizing natural and organic foods and
therapeutic options. The fact that bacteriophages are naturally occurring, and non-GMO
presents a significant advantage. It aligns with consumer demand for more natural, eco-
friendly solutions, making phages an appealing option for biocontrol in food safety and other

applications.

Phages are suitable for food safety, especially in the context of raw foods, like raw milk, beef
tartare, and other minimally processed foods. Phages can reduce the amount of harmful
bacteria in these products, enhancing safety without the use of synthetic chemicals that may

be considered less healthy. [79]

However, the idea of adding viruses to food and pharmaceuticals may be misinterpreted by
the general public, and concerns of the concept may occur. Despite this, the specific and
targeted nature of phages, combined with their natural origin, offers biocontrol in food safety

that is unique as it does not alter the organic status of food.

These factors make bacteriophages promising in the ongoing efforts to balance natural food

production with effective pathogen control.

Not only are the bacteriophages suitable for raw foods, but they have been tested successfully
on a wide variety of food products, including raw and cooked meats, vegetables, and ready-

to-eat products, making them useful across different food industries. [57]
3.4.2 Weaknesses

Narrow spectrum

Due to the bacteriophage’s high specificity, their host spectrum is extremely narrow.
Bacteriophages can manage diseases caused by a single, known bacterial species, but most
bacteriophages are so specific that they cannot even target all pathogenic strains of a single
bacterial species, some only act on certain species of a specific bacterial genera.
Unfortunately, infections in actual clinical cases are usually caused by multiple pathogenic
bacteria. Therefore, the desired therapeutic effect is difficult to reach with single

bacteriophages. [80]
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Phages will have huge limitations on presumptive treatment (treatment beginning prior to
the identification of the pathogens causing the disease or problem). However, in “phage-
cocktails”, where multiple phages are combined, the lytic spectrum of phage products can
be much broader than the one of an individual phage. But even the phage solution we call
“broadly acting phages” has more selective specter than the “narrow-spectrum” antibiotics.

[69]
Phage resistance

Bacteria can develop resistance against phages, as they can against antibiotics. But as they
have an advantage with mutating and overcoming resistance, this is less of an issue compared
to antibiotics. The resistance development in phage therapy can often be countered by having
multiple different phages in a phage cocktail solution so that if the bacteria develop
resistance to one phage, the rest can still kill it and prevent the bacterium from passing the

resistance on to the next generation. [81, 82]
Potential for horizontal gene transfer

Lysogenic phages can be the source of horizontal gene transfer and contribute to antibiotic
resistance genes (ARGs) spread. Theoretically, transduction may result in the emergence of
new microbes or even more resistant genes in bacteria. [76, 83] Yet, the exact role of phages

in the spread of ARGs remains unknown.
Storage and environmental conditions

Commercial phage products often claim that they are robust towards various environmental
conditions. However, research gives a different perspective. Phages are highly sensitive to
multiple external factors, such as pH, temperature, and ion concentration. These factors can
significantly affect their stability and effectiveness. Given the differences in products with
varying temperatures, textures, and acidity levels, it seems challenging to maintain a
consistent phage solution with reliable qualities across all environments. Based on this, it is

clear that biocontrol using phages requires careful consideration of these limitations.

- Temperature: they are sensitive to extreme temperatures, as high temperatures can

denature the phage proteins, while lower temperatures may decrease their viability.

- pH: Most phages are stable in the pH range of 5-9, and outside of this range phages

may lose their infectivity.
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- lons and salinity: phages can be inactivated by high concentrations of salts or sugars,

particularly NaCl and sucrose. [84]

In other words, maintaining optimal conditions for temperature, pH, and ion concentration

is crucial for their stability and application, especially in food safety and agriculture.

4 Discussion, conclusion

There are still many unknown aspects of bacteriophage therapy, but new and ongoing

research continues to broaden our understanding of how phage therapy can be optimized.

Antibiotics target a broad range of bacteria, often harming beneficial microbiota and
contributing to antibiotic resistance. In contrast, bacteriophages are highly specific, attacking
only certain bacterial strains without affecting the surrounding beneficial bacteria. This
specificity makes phages a promising alternative in the therapy of infections, especially in
the context of rising antibiotic resistance. However, phage therapy faces multiple challenges,

including regulatory issues and the need for personalized treatment approaches. [85]

4.1 What challenges should bacteriophage therapy help address?

4.1.1 Antimicrobial Resistance (AMR)

AMR poses a huge global health threat, where many bacterial infections are no longer
treatable with traditional antibiotics. Bacteriophages offer a promising solution as they
specifically target bacteria and can therefore target antibiotic-resistant bacteria. This could
help reduce the reliance on antibiotics and slow the development of resistance. The
specificity of phages also minimizes the interference with beneficial bacteria, unlike broad-

spectrum antibiotics.
4.1.2 Food Safety and Production

Phage therapy has already been applied within the food production industry to control
bacterial contamination in livestock, fish, and crops. Bacteriophages can be used from pre-
harvest to post-harvest stages, helping to prevent foodborne illnesses caused by bacteria like
E. coli and Salmonella. Since phages are natural and can be used in organic or minimally

processed foods, they offer an attractive alternative to chemical treatments.
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4.1.3 Control of Infections in Immunocompromised Patients

Immunocompromised individuals, such as cancer patients or patients going through complex
treatments, are highly vulnerable to bacterial infections. Phage therapy's specificity and low
risk of side effects make it a safer option for these patients, as it avoids the broad-spectrum

harm that antibiotics can cause.
4.1.4 Environmental Sustainability

The overuse of antibiotics in agriculture, aquaculture, and medicine has led to environmental
contamination, which accelerates the number of resistance genes in bacteria. Phages, as
natural biocontrol agents, offer a more environmentally sustainable option. They specifically
target harmful bacteria without affecting the surrounding ecosystem, unlike chemical

disinfectants or antibiotics, which can harm non-target species.

These aspects highlight how bacteriophage therapy can improve the control of infection

across medical, agricultural, aquacultural, and environmental sectors.

4.2 Strengths and weaknesses of this study
This thesis has a strong theoretical framework and practical relevance.

Today, the focus on bacteriophages as alternatives or supplements to antibiotics is highly
relevant to the current challenges. With antimicrobial resistance being one of the biggest
global health issues we have, this research addresses an important area that has a major
impact on public health, food safety, and environmental sustainability. I am highlighting both
the potential of bacteriophages, and the limitations of their use by discussing the challenges
related to environmental stability, resistance, and specificity of bacteriophages. This gives a
detailed and realistic view. I am using some practical applications and case studies, like the
use of CUSTUS®YRS in Norwegian fish farming and EcoShield™ in livestock, to connect

theoretical knowledge to real-world applications.

There are several weaknesses in this study. Firstly, bacteriophage therapy is still a relatively
unexplored topic, which limits the number of available case reports and studies.
Furthermore, the methods of bacteriophage therapy vary significantly, reducing the
comparability between them. My thesis is based on secondary data and literature reviews,
and not original experimental work. There is also a limited focus on long-term clinical data,

as there are few long-term clinical trials available for reference. By including some specific
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case studies, while valuable, it might limit the applicability of my conclusions. The field of
bacteriophage research is rapidly changing, and some information might become outdated
soon, as new studies and technological advances develop. Keeping the thesis up to date with

the latest findings could be a challenge, especially for such a dynamic area.

4.3 The future

Due to the specificity of bacteriophages, it is unlikely that phage therapy can replace broad-
spectrum antibiotics. In acute situations requiring immediate antimicrobial treatment, there
is no time for sensitivity testing for bacteriophages. However, it is crucial to preserve the
effectiveness of broad-spectrum antimicrobials by using them only when absolutely
necessary and for shorter periods. It is still uncertain what role bacteriophages may
eventually play in clinical practice, however, there are several other potential applications.
They have numerous properties that can make them compelling alternatives to chemical
antibiotics. Many of the concerns associated with phage therapy can be manageable through
a combination of proper selection of phages, effective formulations, and a greater

understanding of their application.

With the rise of antibiotic-resistant bacterial infections, phages offer many advantages with
relatively few drawbacks. Advances in our understanding of phage biology, combined with
stricter medical and food safety standards compared to the early days of phage therapy [86],
may give bacteriophages a second opportunity to demonstrate their full potential in Western

medicine.

29



References

1. Antibiotika — oppdagelse og utvikling fra for bakteriologiens gjennombrudd til i dag |
Tidsskriftet Michael. https://www.michaeljournal.no/article/2024/06/Antibiotika —
oppdagelse og utvikling fra for bakteriologiens gjennombrudd til i dag. Accessed 23 Oct
2024

2. Fleming A (1945) Penicillin. Nobel Lect 93
https://www.nobelprize.org/uploads/2018/06/fleming-lecture.pdf

3. Antimicrobial resistance. https://www.who.int/news-room/fact-
sheets/detail/antimicrobial-resistance. Accessed 23 Oct 2024

4. (2024) Antibiotic resistance has claimed at least one million lives each year since 1990 |
University of Oxford. https://www.ox.ac.uk/news/2024-09-17-antibiotic-resistance-has-
claimed-least-one-million-lives-each-year-1990. Accessed 31 Oct 2024

5. CDC (2024) About Antimicrobial Resistance. In: Antimicrob. Resist.
https://www.cdc.gov/antimicrobial-resistance/about/index.html. Accessed 23 Oct 2024

6. Antimicrobial resistance. https://www.who.int/news-room/fact-
sheets/detail/antimicrobial-resistance. Accessed 23 Oct 2024

7. omsorgsdepartementet H (2015) Nasjonal strategi mot Antibiotikaresistens 2015-2020.
In: Regjeringen.no. https://www.regjeringen.no/no/dokumenter/nasjonal-strategi-mot-
antibiotikaresistens-2015-2020/id2424598/. Accessed 23 Oct 2024

8.(2018) 21.2B: The Lytic and Lysogenic Cycles of Bacteriophages. In: Biol. Libr.
https://bio.libretexts.org/Bookshelves/Introductory and General Biology/General Biolog
y_(Boundless)/21%3A_Viruses/21.02%3A_Virus_Infections and Hosts/21.2B%3A_The
Lytic_and Lysogenic Cycles of Bacteriophages. Accessed 23 Oct 2024

9. Saunders S (2022) Bacteriophages. In: Locus Biosci. http://www.locus-
bio.com/bacteriophages/. Accessed 23 Oct 2024

10. (2021) Hva er bakteriofager - ACD Pharma. https://acdpharma.com/hva-er-
bakteriofager/. Accessed 23 Oct 2024

11. Frederick William Twort | British scientist | Britannica.
https://www.britannica.com/biography/Frederick-William-Twort. Accessed 23 Oct 2024

12. Keen EC (2015) A century of phage research: Bacteriophages and the shaping of
modern biology. BioEssays News Rev Mol Cell Dev Biol 37:6.
https://doi.org/10.1002/bies.201400152

13. Felix D’Hérelle. In: Oxf. Ref.
https://www.oxfordreference.com/display/10.1093/o1/authority.20110803095715291.
Accessed 23 Oct 2024

30



14. Myelnikov D (2018) An Alternative Cure: The Adoption and Survival of Bacteriophage
Therapy in the USSR, 1922-1955. J Hist Med Allied Sci 73:385.
https://doi.org/10.1093/jhmas/jry024

15. Summers WC (2012) The strange history of phage therapy. Bacteriophage 2:130.
https://doi.org/10.4161/bact.20757

16. Ringgaard A (2016) Virus kan bli fremtidens antibiotika.
https://www.forskning.no/virus-medisin/virus-kan-bli-fremtidens-antibiotika/387082.
Accessed 23 Oct 2024

17. Dion MB, Oechslin F, Moineau S (2020) Phage diversity, genomics and phylogeny.
Nat Rev Microbiol 18:125—138. https://doi.org/10.1038/s41579-019-0311-5

18. Ackermann HW (1998) Tailed bacteriophages: the order caudovirales. Adv Virus Res
51:135-201. https://doi.org/10.1016/s0065-3527(08)60785-x

19. Caudovirales - an overview | ScienceDirect Topics.
https://www.sciencedirect.com/topics/immunology-and-microbiology/caudovirales.
Accessed 23 Oct 2024

20. Zinke M, Schroder GF, Lange A (2021) Major tail proteins of bacteriophages of the
order Caudovirales. J Biol Chem 298:101472. https://doi.org/10.1016/j.jbc.2021.101472

21.(2018) 21.2B: The Lytic and Lysogenic Cycles of Bacteriophages. In: Biol. Libr.
https://bio.libretexts.org/Bookshelves/Introductory and General Biology/General Biolog
y_(Boundless)/21%3A_Viruses/21.02%3A_Virus_Infections and Hosts/21.2B%3A_The
Lytic and Lysogenic Cycles of Bacteriophages. Accessed 23 Oct 2024

22. Vorland L, Ross I, Simonsen G (2021) Virus mot bakterier
https://acdpharma.com/wp-content/uploads/2021/03/Bakteriofagrapport-endelig.pdf

23. Tokman JI, Kent DJ, Wiedmann M, Denes T (2016) Temperature Significantly Affects
the Plaquing and Adsorption Efficiencies of Listeria Phages. Front Microbiol 7:631.
https://doi.org/10.3389/fmicb.2016.0063 1

24. (2014) Bacteriophages: Structure and Reproduction (Replication Cycle). In: Biol.
Discuss. https://www.biologydiscussion.com/viruses/bacteriophages-structure-and-
reproduction-replication-cycle/5690. Accessed 23 Oct 2024

25. Garcia R, Latz S, Romero J, Higuera G, Garcia K, Bastias R (2019) Bacteriophage
Production Models: An Overview. Front Microbiol 10:.
https://doi.org/10.3389/fmicb.2019.01187

26. Merabishvili M, Pirnay J-P, Verbeken G, Chanishvili N, Tediashvili M, Lashkhi N,
Glonti T, Krylov V, Mast J, Parys LV, Lavigne R, Volckaert G, Mattheus W, Verween G,
Corte PD, Rose T, Jennes S, Zizi M, Vos DD, Vaneechoutte M (2009) Quality-Controlled
Small-Scale Production of a Well-Defined Bacteriophage Cocktail for Use in Human
Clinical Trials. PLOS ONE 4:e4944. https://doi.org/10.1371/journal.pone.0004944

31



27. Mancuso F, Shi J, Malik D (2018) High Throughput Manufacturing of Bacteriophages
Using Continuous Stirred Tank Bioreactors Connected in Series to Ensure Optimum Host

Bacteria Physiology for Phage Production. Viruses 10:537.
https://doi.org/10.3390/v10100537

28. Vazquez R, Diez-Martinez R, Domingo-Calap P, Garcia P, Gutiérrez D, Muniesa M,
Ruiz-Ruigdmez M, Sanjudn R, Tomés M, Tormo-Mas MA, Garcia P (2022) Essential
Topics for the Regulatory Consideration of Phages as Clinically Valuable Therapeutic
Agents: A Perspective from Spain. Microorganisms 10:717.
https://doi.org/10.3390/microorganisms 10040717

29. Bretaudeau L, Tremblais K, Aubrit F, Meichenin M, Arnaud I (2020) Good
Manufacturing Practice (GMP) Compliance for Phage Therapy Medicinal Products. Front
Microbiol 11:. https://doi.org/10.3389/fmicb.2020.01161

30. Hasan M, Ahn J (2022) Evolutionary Dynamics between Phages and Bacteria as a
Possible Approach for Designing Effective Phage Therapies against Antibiotic-Resistant
Bacteria. Antibiotics 11:915. https://doi.org/10.3390/antibiotics 11070915

31. Ribeiro JM, Pereira GN, Durli Junior I, Teixeira GM, Bertozzi MM, Verri WA,
Kobayashi RKT, Nakazato G (2023) Comparative analysis of effectiveness for phage

cocktail development against multiple Salmonella serovars and its biofilm control activity.
Sci Rep 13:13054. https://doi.org/10.1038/s41598-023-40228-z

32. Scanlan PD, Buckling A (2012) Co-evolution with lytic phage selects for the mucoid
phenotype of Pseudomonas fluorescens SBW25. ISME J 6:1148-1158.
https://doi.org/10.1038/ismej.2011.174

33. Dabrowska K (2019) Phage therapy: What factors shape phage pharmacokinetics and
bioavailability? Systematic and critical review. Med Res Rev 39:2000-2025.
https://doi.org/10.1002/med.21572

34. Krut O, Bekeredjian-Ding I (2018) Contribution of the Immune Response to Phage
Therapy. J Immunol 200:3037-3044. https://doi.org/10.4049/jimmunol.1701745

35. Cui L, Watanabe S, Miyanaga K, Kiga K, Sasahara T, Aiba Y, Tan X-E,
Veeranarayanan S, Thitiananpakorn K, Nguyen HM, Wannigama DL (2024) A
Comprehensive Review on Phage Therapy and Phage-Based Drug Development.
Antibiotics 13:870. https://doi.org/10.3390/antibiotics 13090870

36. Van der Schueren B, Vrijlandt P, Thomson A, Janssen H, Dunder K (2024) New
guideline of the European Medicines Agency (EMA) on the clinical investigation of
medicinal products in the treatment and prevention of diabetes mellitus. Diabetologia
67:1159-1162. https://doi.org/10.1007/s00125-024-06162-z

37. Steien P -Oppdatert: -Skrevet av: TR (2022) ACD Pharma har tro pd kommersiell og
medisinsk suksess med bakteriofager - Farmatid.
https://www.farmatid.no/aktuelt/reportasjer/article-2544. Accessed 23 Oct 2024

32



38. Chung KM, Nang SC, Tang SS (2023) The Safety of Bacteriophages in Treatment of
Diseases Caused by Multidrug-Resistant Bacteria. Pharmaceuticals 16:1347.
https://doi.org/10.3390/ph16101347

39. LaVergne S, Hamilton T, Biswas B, Kumaraswamy M, Schooley RT, Wooten D (2018)
Phage Therapy for a Multidrug-Resistant Acinetobacter baumannii Craniectomy Site
Infection. Open Forum Infect Dis 5:0fy064. https://doi.org/10.1093/ofid/ofy064

40. Dedrick RM, Guerrero-Bustamante CA, Garlena RA, Russell DA, Ford K, Harris K,
Gilmour KC, Soothill J, Jacobs-Sera D, Schooley RT, Hatfull GF, Spencer H (2019)
Engineered bacteriophages for treatment of a patient with a disseminated drug resistant
Mycobacterium abscessus. Nat Med 25:730. https://doi.org/10.1038/s41591-019-0437-z

41. Doub JB, Ng VY, Johnson AJ, Slomka M, Fackler J, Horne B, Brownstein MJ, Henry
M, Malagon F, Biswas B (2020) Salvage Bacteriophage Therapy for a Chronic MRSA
Prosthetic Joint Infection. Antibiotics 9:241. https://doi.org/10.3390/antibiotics9050241

42. Abedon ST (2017) Bacteriophage Clinical Use as Antibacterial “Drugs”: Utility and
Precedent. Microbiol Spectr 5:10.1128/microbiolspec.bad-0003-2016.
https://doi.org/10.1128/microbiolspec.bad-0003-2016

43. Jaglan AB, Anand T, Verma R, Vashisth M, Virmani N, Bera BC, Vaid RK, Tripathi BN
(2022) Tracking the phage trends: A comprehensive review of applications in therapy and
food production. Front Microbiol 13:. https://doi.org/10.3389/fmicb.2022.993990

44. Tackling enteric redmouth disease (ERM) | The Fish Site.
https://thefishsite.com/articles/tackling-enteric-redmouth-disease-erm. Accessed 24 Oct
2024

45. Yersinia ruckeri - an overview | ScienceDirect Topics.
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/yersinia-ruckeri.
Accessed 23 Oct 2024

46. Feng Y, Cao S, Qin Z, Ouyang P, Chen D, Guo H, Fang J, Deng H, Lai W, Geng Y
(2022) Comparative analysis of sturgeon- and catfish-derived Yersinia ruckeri reveals the

genetic variation and the risk of heavy antibiotic resistance. Aquac Rep 25:101231.
https://doi.org/10.1016/j.aqrep.2022.101231

47. smbpartner.no The Bacteriophage Project | STIM. In: Bacteriophage Proj. STIM.
https://stim.uk/r-d/bacteriophages/;'. Accessed 24 Oct 2024

48. Frantzen C (2020) Kontroller smittepresset av Yersinia Ruckeri. Lofotenseminaret 21
https://stim.no/content/wp-content/uploads/2020/08/6.-Cyril-CUSTUS-Lofotseminaret.pdf

49. Yersiniose hos fisk - Yersinia ruckeri. In: Veterinarinstituttet.
https://www.vetinst.no/sykdom-og-agens/yersinia-ruckeri-yersiniose. Accessed 23 Oct
2024

33



50. smbpartner.no Bakteriofager mot yersiniose | STIM. In: Bakteriofager Mot Yersiniose
STIM. https://stim.no/bakteriofagbeskyttelse-mot-yersiniose/;'. Accessed 23 Oct 2024

51. What is Food Safety? https://blog.foodsafety.com.au/what-is-food-safety. Accessed 23
Oct 2024

52. Estimating the burden of foodborne diseases.
https://www.who.int/activities/estimating-the-burden-of-foodborne-diseases. Accessed 23
Oct 2024

53. E. coli. https://www.who.int/news-room/fact-sheets/detail/e-coli. Accessed 23 Oct 2024

54. Shiga Toxin-Producing E. coli (STEC). In: Epidemiology.
https://www.vdh.virginia.gov/epidemiology/epidemiology-fact-sheets/shiga-toxin-
producing-escherichia-coli-stec/. Accessed 23 Oct 2024

55. Phages and Food: Combatting Bacteria From Farm to Fork. In: ASM.org.
https://asm.org:443/Articles/2023/June/Phages-and-Food-Combatting-Bacteria-from-
Farm-to-F. Accessed 8 Nov 2024

56. D’ Accolti M, Soffritti [, Mazzacane S, Caselli E (2021) Bacteriophages as a Potential
360-Degree Pathogen Control Strategy. Microorganisms 9:261.
https://doi.org/10.3390/microorganisms9020261

57. El-Shibiny A, Dawoud A (2020) Bacteriophage Applications for Food Safety. In:
Witzany G (ed) Biocommunication of Phages. Springer International Publishing, Cham, pp
463-484

58. Imran A, Shehzadi U, Islam F, Afzaal M, Ali R, Ali YA, Chauhan A, Biswas S,
Khurshid S, Usman I, Hussain G, Zahra SM, Shah MA, Rasool A (2023) Bacteriophages
and food safety: An updated overview. Food Sci Nutr 11:3621.
https://doi.org/10.1002/fsn3.3360

59. Ameer MA, Wasey A, Salen P (2024) Escherichia coli (e Coli 0157 H7). In: StatPearls.
StatPearls Publishing, Treasure Island (FL)
http://www.ncbi.nlm.nih.gov/books/NBK 507845/

60. Tomat D, Quiberoni A, Mercanti D, Balagué C (2014) Hard surfaces decontamination
of enteropathogenic and Shiga toxin-producing Escherichia coli using bacteriophages.
Food Res Int 57:123—129. https://doi.org/10.1016/j.foodres.2014.01.013

61. Vikram A, Tokman JI, Woolston J, Sulakvelidze A (2020) Phage Biocontrol Improves
Food Safety by Significantly Reducing the Level and Prevalence of Escherichia coli
O157:H7 in Various Foods. J Food Prot 83:668-676. https://doi.org/10.4315/0362-
028X.JFP-19-433

62. (2017) New Study Confirms Finalyse® Reduces E. Coli O157:H7 In Just Five
Minutes. In: www.feedlotmagazine.com.
https://www.feedlotmagazine.com/news/company news/new-study-confirms-finalyse-

34



reduces-e-coli-o0157-h7-in-just-five-minutes/article dfOcb841-dlae-56¢9-al6a-
9¢89457f9608.html. Accessed 23 Oct 2024

63. Antic D, Houf K, Michalopoulou E, Blagojevic B (2021) Beef abattoir interventions in
a risk-based meat safety assurance system. Meat Sci 182:108622.
https://doi.org/10.1016/j.meatsci.2021.108622

64. Food-Safety Products For Beef Packers And Processors.
https://www.thecattlesite.com/news/29787/food-safety-products-for-beef-packers-and-
processors. Accessed 23 Oct 2024

65. Figure 3. effect of ecoShield™ on recontamination of ground beef. White... In:
ResearchGate. https://www.researchgate.net/figure/eftfect-of-ecoShield-on-
recontamination-of-ground-beef-White-bars-indicate-pBS-controls_fig3 234012476.
Accessed 23 Oct 2024

66. Gu Liu C, Green SI, Min L, Clark JR, Salazar KC, Terwilliger AL, Kaplan HB,
Trautner BW, Ramig RF, Maresso AW (2020) Phage-Antibiotic Synergy Is Driven by a
Unique Combination of Antibacterial Mechanism of Action and Stoichiometry. mBio
11:10.1128/mbio.01462-20. https://doi.org/10.1128/mbio.01462-20

67. Ryan EM, Alkawareek MY, Donnelly RF, Gilmore BF (2012) Synergistic phage-
antibiotic combinations for the control of Escherichia coli biofilms in vitro. FEMS
Immunol Med Microbiol 65:395-398. https://doi.org/10.1111/j.1574-695X.2012.00977.x

68. Kim M, Jo Y, Hwang YJ, Hong HW, Hong SS, Park K, Myung H (2018) Phage-
Antibiotic Synergy via Delayed Lysis. Appl Environ Microbiol 84:¢02085.
https://doi.org/10.1128/AEM.02085-18

69. Loc-Carrillo C, Abedon ST (2011) Pros and cons of phage therapy. Bacteriophage
1:111. https://doi.org/10.4161/bact.1.2.14590

70. Ranveer SA, Dasriya V, Ahmad MF, Dhillon HS, Samtiya M, Shama E, Anand T,
Dhewa T, Chaudhary V, Chaudhary P, Behare P, Ram C, Puniya DV, Khedkar GD, Raposo
A, Han H, Puniya AK (2024) Positive and negative aspects of bacteriophages and their
immense role in the food chain. Npj Sci Food 8:1. https://doi.org/10.1038/s41538-023-
00245-8

71. Viruses called bacteriophages eat bacteria — and may thereby treat some health
problems - VA News. https://news.va.gov/100885/viruses-called-bacteriophages-eat-
bacteria-and-may-thereby-treat-some-health-problems/. Accessed 23 Oct 2024

72. Hydrogen peroxide induces cell death in human TRAIL-resistant melanoma through
intracellular superoxide generation. https://www.spandidos-
publications.com/10.3892/1j0.2013.1769. Accessed 23 Oct 2024

73. Use antibiotics in cell culture with caution: genome-wide identification of antibiotic-
induced changes in gene expression and regulation - PMC.
https://pmc.ncbi.nlm.nih.gov/articles/PMC5548911/. Accessed 23 Oct 2024

35



74. Role of Bacteriophages in the Implementation of a Sustainable Dairy Chain - PMC.
https://pmc.ncbi.nlm.nih.gov/articles/PMC6349743/. Accessed 23 Oct 2024

75. Phage Mediated Biocontrol: A Promising Green Solution for Sustainable Agriculture |
Indian Journal of Microbiology. https://link.springer.com/article/10.1007/s12088-024-
01204-x. Accessed 23 Oct 2024

76. Ranveer SA, Dasriya V, Ahmad MF, Dhillon HS, Samtiya M, Shama E, Anand T,
Dhewa T, Chaudhary V, Chaudhary P, Behare P, Ram C, Puniya DV, Khedkar GD, Raposo
A, Han H, Puniya AK (2024) Positive and negative aspects of bacteriophages and their
immense role in the food chain. Npj Sci Food 8:1. https://doi.org/10.1038/s41538-023-
00245-8

77. How Phages Overcome the Challenges of Drug Resistant Bacteria in Clinical
Infections - PMC. https://pmc.ncbi.nlm.nih.gov/articles/PMC6954843/. Accessed 23 Oct
2024

78. Phage Abpl Rescues Human Cells and Mice from Infection by Pan-Drug Resistant
Acinetobacter Baumannii - PubMed. https://pubmed.ncbi.nlm.nih.gov/29258062/.
Accessed 23 Oct 2024

79. Zia S, Alkheraije KA (2023) Recent trends in the use of bacteriophages as replacement
of antimicrobials against food-animal pathogens. Front Vet Sci 10:1162465.
https://doi.org/10.3389/fvets.2023.1162465

80. Limitations of Phage Therapy and Corresponding Optimization Strategies: A Review.
https://www.mdpi.com/1420-3049/27/6/1857. Accessed 23 Oct 2024

81. Mechanisms and clinical importance of bacteriophage resistance | FEMS Microbiology
Reviews | Oxford Academic.
https://academic.oup.com/femsre/article/46/1/fuab048/6374866. Accessed 23 Oct 2024

82. Abedon ST, Danis-Wlodarczyk KM, Wozniak DJ (2021) Phage Cocktail Development
for Bacteriophage Therapy: Toward Improving Spectrum of Activity Breadth and Depth.
Pharmaceuticals 14:1019. https://doi.org/10.3390/ph14101019

83. Role of Staphylococcal Phage and SaPI Integrase in Intra- and Interspecies SaPI
Transfer - PMC. https://pmec.ncbi.nlm.nih.gov/articles/PMC1951805/. Accessed 23 Oct
2024

84. Ranveer SA, Dasriya V, Ahmad MF, Dhillon HS, Samtiya M, Shama E, Anand T,
Dhewa T, Chaudhary V, Chaudhary P, Behare P, Ram C, Puniya DV, Khedkar GD, Raposo
A, Han H, Puniya AK (2024) Positive and negative aspects of bacteriophages and their
immense role in the food chain. Npj Sci Food 8:1. https://doi.org/10.1038/s41538-023-
00245-8

85. (2024) How bacteria-munching viruses could offer an alternative to antibiotics — UK
Health Security Agency. https://ukhsa.blog.gov.uk/2024/03/12/how-bacteria-munching-
viruses-could-offer-an-alternative-to-antibiotics/. Accessed 24 Oct 2024

36



86. Summers WC (2001) Bacteriophage therapy. Annu Rev Microbiol 55:437-451.
https://doi.org/10.1146/annurev.micro.55.1.437

37



	Abstract
	1 Introduction
	1.1 What is antimicrobial resistance?

	2 Bacteriophages
	2.1 What are bacteriophages?
	2.2 History
	2.3 Work of bacteriophages
	2.4 Lytic and lysogenic life cycle

	3 Bacteriophage therapy
	3.1 Production of Bacteriophages and Quality Controls
	3.2 Challenges
	3.3 Use of bacteriophages today
	3.3 BAS: Bacteriophage-antibiotic synergy
	3.4 Strengths and weaknesses of bacteriophages

	4 Discussion, conclusion
	4.1 What challenges should bacteriophage therapy help address?
	4.2 Strengths and weaknesses of this study
	4.3 The future

	References

