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ARTICLE INFO ABSTRACT

Keywords: Bacteriophages, bacteria-infecting viruses, are considered by many researchers a promising solution for anti-
Quorum sensing microbial resistance. On the other hand, some phages have shown contribution to bacterial resistance phe-
Biofilm

nomenon by transducing antimicrobial resistance genes to their bacterial hosts. Contradictory consequences of
infections are correlated to different phage lifecycles. Out of four known lifecycles, lysogenic and lytic pathways
have been riddles since the uncontrolled conversion between them could negatively affect the intended use of
phages. However, phages still can be engineered for applications against bacterial and viral infections to ensure
high efficiency. This review highlights two main aspects: (1) the different lifecycles as well as the different factors
that affect lytic-lysogenic switch are discussed, including the intracellular and molecular factors control this
decision. In addition, different models which describe the effect of phages on the ecosystem are compared,
besides the approaches to study the switch. (2) An overview on the contribution of the phage in the evolution of
the bacteria, instead of eating them, as a consequence of different mode of actions. As well, how phage display
has helped in restricting phage cheating and how it could open new gates for immunization and pandemics

lytic-lysogenic switch
Pathogenic bacteria

control will be tacked.

1. Introduction

Bacteriophages (phages for short) is a word means bacteria eaters
since the presence of these viruses introduces a clear plaque when
they’re applied to bacterial lawn Chanishvili (2016). However, It is not
always the case, as it was found that “eating bacteria” is one track
phages can pursue out of four possible pathways: lytic, lysogenic,
pseudo-lysogenic, and chronic mode of actions (M et al., 2017).

Virulent phages which undergo the lytic lifecycle have been inves-
tigated deeply, especially, after the antimicrobial resistance phenome-
non. Studies of these phages have provided target specificity, co-
evolution with their bacterial host, unlike the chemical antimicrobial
agents (Hanifin et al., 2008). To date, the Food and Drug Administration
(FDA) has permitted the use of bacteriophages on an individual basis,
under the guidelines of investigational new drug application (IND). In
addition, virulent phages are also used as biocontrol agents in food in-
dustry and as veterinary antimicrobials El-Shibiny and Dawoud (2020).
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However, the highlighted other phage pathways do not necessitate
bacterial host disintegration, which makes phage isolation and purifi-
cation steps more challenging. This paradox raises the concern that some
phages can be beneficial to bacteria instead of killing them. For instance,
the non-lytic phages can transfer virulent and antibiotic-resistant genes
from pathogenic to non-pathogenic bacterial cells (Penadés et al., 2015).
Consequently, the adopted virulent genes may lead to boosting the
antibiotic-resistant bacteria rather than controlling their activity
(Brown-Jaque et al., 2015, Gomez-Gomez et al., 2019). This process is
referred to as “lysogenic conversion” or “phage conversion™.

Although phages are considered a promising alternative to antimi-
crobial agents, they have a dark, not- well explored side. Stemming from
this, it is crucial to dig deep in understanding and predicting their
behavior in order to control and use them in several applications. This
review aims to highlight the ability of phages to take a decision in
moving between lytic and lysogenic cycles. Consequently, the four
phage cycles and molecular mechanisms of the decision are discussed,
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along with how they can adversely affect the micro-ecosystems and
human body through the phage-bacterial infection. In addition, illus-
trating when the phage could become as an enemy for human and how
the human can take the maximum use of “non-eaters” phages in
pandemic diseases.

2. The four phages life cycle
2.1. Lytic and lysogenic life cycles

Once the phage infects a bacterial host cell, it releases its genetic
material and accordingly takes one of two main routes of replication:
lytic or lysogenic. Other replication modes exist such as chronic cycle in
filamentous phage (Rakonjac et al., 2017) and pseudo-lysogeny (Fili-
piak et al., 2020, L.os and Pseudolysogeny, 2012) but lytic and lysogenic
modes are the best studied (Fig. 1) (Z and ST, 2016).

For virulent phages, they enter lytic mode, while temperate phages
are characterized by the lysogenic activity. The lytic pathway has
distinctive genes such as genes encoding for holins and lysins. Upon
these genes expression, the phage disassembles the bacteria’s cell
membrane and disrupts the peptidoglycan layer. Then, the host cell is
transformed into a factory for phages synthesis that in turn lysis, infect
and kill other bacteria Young (2014). Lysis genes are governed by lysis
repressors, which are controlled by the lysogenic master regulator
genes. As the lytic genes become active, lytic phages exclusively express
the virulent genes and disrupt their hosts to start the spreading over.
Hence lytic decision is called “go” decision. From the phenotype
perspective, lytic phages appear in the form of clear plaques in relatively
high concentrations on petri dishes.

On the other hand, the lysogenic pathway is mostly abundant in
stable bacterial hosts. Temperate phages integrate their genetic mate-
rials (prophage) and continue to vertically pass on along with the host
divisions. Hence, lysogenic decision is called “stay” decision, as pro-
phages stay as a part of the bacterial genome after the integration, or as a
plasmid or linear genes independent from bacterial genome Dolgin
(2019). Lysogens can integrate their genetic material at random or at
specific sites, called “attachment sites”, via transposition or site
recombination respectively. Others may not integrate their genes but
save them externally as episome or linear genes that are expressed along
with bacterial genes. The variable states of the lysogenic phage can be
summarized in three main steps: establishment, maintenance and in-
duction (Howard-Varona et al., 2017). Lysogenicity is dominating when
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the genes of the lytic proteins are blocked by lysis repressors (e.g CI, CII,
CIII repressors). From the phenotype perspective, lysogenic phages
usually appear in the form of turbid plaques of incomplete lysis on petri
dishes.

2.2. Pseudo-lysogenic and chronic modes of action

Other than the best understood cycles, little is known about fila-
mentous phages and pseudo-lysogenic. Pseudo-lysogeny is one of the
phages —bacteria interaction modes that starts in unflavored growth
conditions such as low nutrition levels (Cenens et al., 2013). Under
stress, pseudo-lysogenic phages neither replicate by lysing the cells and
spreading their progeny (lytic cycle), nor integrate and pass their
genome during bacterial duplication (lysogenic cycle). Instead, the
replication process is hindered due to the lack of cellular energy. After
stalling in pseudo-lysogeny, phages can go back to one of the more
common replication cycles once a more favorable environment is
available f.0s and Pseudolysogeny (2012). In general, phages that follow
pseudo-lysogenic cycle, like temperate phages, may offer mutualistic
benefit packages between the phage and its bacterial host. Mutual fac-
tors will be discussed later.

Unlike all other replication modes, filamentous phages are parasites
that do not disrupt the bacterial host. Lytic, lysogenic and pseudo-
lysogenic phages become virulent at some point of the replication
cycle, but it is not the case with chronic phages. For example, virulent
phages are lytic once they enter the cell, while the lysogenic integrates
and passes their genome with bacteria till it is activated (switch to lytic
cycle). Even the pseudo-lysogenic phages can go back to lytic or lyso-
genic modes and become lytic under some conditions. However, chronic
phages bud out of the bacterial membrane without causing cell lysis.
Filamentous phages can build a peer to peer relationship with the bac-
terial host. In this relation, filamentous phages support the bacteria as
they help in composing biofilms, and transferring toxins and other
virulent factors to the bacterial host (Hay and Lithgow, 2019).

3. Lytic-lysogenic switch

Although lysogenic phages do not disrupt the bacterial cells, they are
metaphorically considered a “time bomb” that will explode the bacte-
rium in harsh or unsustainable conditions. Once the bacterial cells are
induced, the phages activate the lysogenic to lytic switch program
(Filipiak et al., 2020). Usually the word (phage “switch™) is referred to
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Fig. 1. The four phage modes of action. a) Lytic life cycle; b) lysogenic life cycle; c) pseudo-lysogenic life cycle; d) chronic life cycle and the release through protein
complex (Rakonjac et al., 2011), or budding (Sime-Ngando et al., 2019). e& f are symbolic representations of the antagonistic relation between CI and Coi repressor

genes during lytic and lysogenic.
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the transition from temperate phage mode into lytic mode. Another
switch exists from lytic to lysogenic, but it is less studied (Williamson
et al., 2002, Zhen et al., 2019, Paul, 2008). In this section, we will focus
on the switch from lysogenic to lytic mode of action.

3.1. The cellular mechanism behinds the decision

Under physical or chemical cell stress, lysogenicity can be switched
into lytic mode thorough a process called “induction”. Induction is an
internal or external stress that causes DNA damage, which leads to
changes in repressors of the lytic-lysogenic master regulator genes
(Filipiak et al., 2020). For instance, during damaging stress, cell takes
the SOS response in attempt to repair its DNA. In SOS repair response,
RecA protein is activated and suppresses a number of repressors
including the lytic repressors, which in turn leads to lysogenic to lytic
switch activation (Campoy et al., 2006). While SOS dependent induction
activates the bacterial SOS response, the induction can also take other
SOS-independent routes. Both involve DNA damage yet each employs
different downstream cascades (Modell et al., 2014).

Lambda (1) temperate phage, as an example, can undergo lysogenic-
to-lytic cycle switch in case of cell stress (e.g. temperature, pH change,
bacterial growth levels, bacterial cell density, phage density, nutrients
availability, chemical treatment, UV radiation) (Casjens and Hendrix,
2015, Choi et al., 2010). In another ecosystem, human microbiota can be
affected by numerous external and internal body conditions such as the
food type, species of bacterial infection and the antibiotic usage.
Moreover, phages and phages communications are expected to be of a
high manipulating effect on the mouse gut microbiota diversity (Cor-
nuault et al., 2020), which suggests similar effect in human. Different
induction methods have been analyzed to trigger the switch into lytic
mode, as discussed in Table 1.

3.2. The molecular mechanism of the induction

Lytic-lysogenic decision-making depends on the gene expression
process that it is sometimes referred to as a “genetic switch” Maxwell
(2019). For instance, the expression of some genes “lysis genes” acti-
vates the lysis mode; while their absence activates the lysogenic mode
Young (2014). These bi-modes are activated or repressed by gene
regulation of mainly two antagonistic proteins: CI lysis-repressor and
Coi anti-repressor proteins (Chang et al., 2015, Savageau, 2013). CI
represses the lysis process, while Coi inactivates CI and activates lysis
mode accordingly (Fig. 1.e & 1. f). Throughout this section, we will talk
about the bi-modes of lytic and lysogenic switch or what is called “stay
or go decision”.

Fig. 2 XXXXX

Phage genome analysis has shown that lysogenicity phenotype ap-
pears due to the presence of a lysogen decision gene cluster. The cluster
contains a number of known anti-lytic genes (e.g. CI repressor, anti-
repressor, Cro-like repressor, integrase, and excisionase) (Chang et al.,
2015). On a molecular level in cases of stress, the CI repressor gene is
blocked by Coi anti-repressor due to gene regulation and results in
activating the lysis program and prophage excision Savageau (2013). A
molecular study has suggested that the regulation of both genes CI and
Coi is dependent on environmental factors and the status of the bacterial
host (Heinzel et al., 1992). Later, an experiment showed that phage p1
transduction in stationary phase- Escherichia coli (E. coli) bacteria at
42 °C might lead to induction of the P1 phage. It also detected alter-
ations in the genes responsible for the maintenance of lysogenicity
Ormaasen (2021).

3.3. The effect of Lytic-lysogenic switch on the bacterial ecosystem
In bacteria-phage interactions, competition usually takes place.

Ecologists are interested in proposing statistical models to describe and
predict the bacteria-phage dynamics in the various ecosystems. For a

Table 1
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Summary of the inducing factors that triggers lysogenic-to-lytic switch.

Types of
induction

Inducing agents

The effect on lytic-
lysogenic switch

References

Universal
lysogenic
inducer

Physical
stress

Chemical
stress

Bacterial
stress

Mitomycin-C

pH change

Temperature
change

UV- treatment

Nutrient level

Seasonal time

Organic carbon

Heavy metals

Toxicity

Chemical
Oxygen
Demand (COD)

Cell density

Biofilms

A positive control of the
induction process
which turns temperate
phages into lytic after
incubation for 5h to 7h.
Change in the optimum
pH lead to the lytic
mode activation. The
study highlighted pH of
5 to have higher
induction compared to
pH of 8, yet both pH’s
showed signs of
inductions relative to
the negative control
(pH of 7).

In an appropriate range
of temperature
increase, the temperate
phage favors the lytic
mode.

Activates Rec-A
protease and leads to
the lytic switch.

It is a controversial
area, yet a study
reported syndetic
induction upon the
additional nutrition and
supplementary levels of
phosphate with
Mitomycin-C in
cyanobacteria.

At seasons of low-
productivity
environmental
conditions, lysogenic
switch is prevalent. On
the other hand, in other
seasons with boosted
environmental
conditions, lysis is
dominating.

When the carbon is
consumed, the pH is
lowered and phages are
induced to go lytic
switch.

Relative concentration
(<0.1mM) of Chlorine
Cr (VI) activates SOS
response and leads to
activation of the lytic
mode.

Relative high
concentration of
Potassium Cyanate
(0.15uM) leads to
activation of the lytic
mode.

The study showed no
significant effect of
COD variations on the
number of phage
particles (or VLPs).

It is a controversial
factor (discussed in
section 2.4) that leads
to lysogenic activation.
Phage induction
increases the biofilm
formation.

(Cochran et al.,
1998)

(Choi et al., 2010)

(Choi et al., 2010,
Schuster et al.,
1973)

(Osterhout et al.,
2007)

(McDaniel and
Paul, 2005)

(Williamson et al.,
2002, Paul, 2008)

(Choi et al., 2010)

(Choi et al., 2010)

(Choi et al., 2010)

(Choi et al., 2010)

(Zhen et al., 2019)

(Tan et al., 2020)

(continued on next page)
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Table 1 (continued)

Types of Inducing agents  The effect on lytic- References
induction lysogenic switch
Quorum In case of Vibrio (Liang and
sensing (QS) cholerae (V. cholerae) Radosevich, 2019,
and Enterococcus Maxwell, 2019)
faecalis, QS induces
phages to go lytic
switch.
Antibiotics Quinolone and other (Zhang et al., 2000,
antibiotics lead to lytic Torres-Barceld,
switch of phages. 2018)
Nutrition style Lysogenic mode is (Paul, 2008)
preferred in
oligotrophic bacteria.
Microbiota Bile salts Bile salts reduce the (Scanlan et al.,
efficiency of lytic 2019, Hernandez
phages. et al., 2012)
Intestinal Unlike normal (Diard et al., 2017)
inflammation conditions, during
inflammation,
oxidative species and
other secretions
encourage the
induction of phages into
lytic mode.
Mouse gut The study showed (Cornuault et al.,
phage goes ultra- 2020)
virulent inside mouse
gut. Further

experiments need to be
done on human
samples.

long time, lytic phages were highly revisited and valued for their ability
to shape the bacterial microecosystem through the lysis of the domi-
nating bacteria to control their abundance. Later, other piece of puzzle
was added to the picture by questioning the effect of lysogenic phages on
the bacteria microecosystem. Temperate phages do not kill the bacteria
but pass their genes along with bacterial genome. Moreover, they might
benefit the bacteria by developing immunity or horizontally integrate a

Generalized transduction

lysis of bacterial DNA
+ synthesize of phage

) .

a fragment from bacterial DNA is
packaged into the phage capsid

- _/1}"\

Specialized transduction

prophage DNA
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resistance genes of virulent factors into bacterial genome (Obeng et al.,
2016). As the concept of lytic and lysogenic switch becomes clearer,
increasing efforts are directed towards studying the effect of phage
replication mode on the ecosystems with the aid of the mathematical
models. Two hypnotized models are dominating the study of
bacteria-phage dynamics: the oldest, Kill-the-Winner (KtW) model; and
the relatively new paradigm, Piggyback-the-Winner (PtW) model (Chen
et al., 2019).

For a long while, evolutionists believed in KtW model. The old
dogma suggested that as the bacteria boost in certain ecosystem, phages
viciously reproduce and lyse the bacterial hosts. In KtW theoretical
model, the virus is the winner, hence it is the most active not just the
abundant opponent that kills the dominating prey, the host bacteria
Thingstad (2000). This was backed up by the fact that the phages are
much abundant, almost 10 folds relative to the bacterial host cells.
Phages do not lyse all bacterial cells due to some factors proposed by
KtW supporters. Mainly, bacteria defend against phages by imposing
genetic mutations that resist phage adherence and infection. As a
consequence, the phages evolve to overcome the resistant barrier to
invade the bacterial host. The coevolution process of phage and bacteria
in response to each other is referred to as “arms race” (Hanifin et al.,
2008) which leads to flourishing the diversity in the ecosystem
(Thingstad, 2000, Thingstad and Lignell, 1997).

The recent discoveries in phage-bacteria dynamics could not be
explained by the old version of KtW model. The raising studies show
huge gap between the experimental findings and the theoretical calcu-
lations of KtW model. Unlike our previous knowledge of phages lytic
behavior against the high density bacteria, studies revealed phages go
lysogenic in cases of high density bacteria (Zhen et al., 2019, Chen et al.,
2019). This suggests that phages do not kill the bacteria, but piggy-
backing them in order to pass the genome to other bacterial hosts. This
finding shakes the ground of KtW model and establishes the new foun-
dations for Piggyback the winner (PtW) model. While KtW speculates
controlling the growth of the dominating bacteria in an ecosystem, PtW
predicts increasing the bacterial biomass in the ecosystem (McDole
et al., 2012).

PtW model could reconcile experimental findings which KtW failed

Lateral transduction

4 -

prophage DNA

Bacterial DNA

prophage DNA replication
within the bacterial DNA

New phages contain
portions of bacterial
DNA+ prophage

packging mechanism

Fig. 2. The three types of Transduction: Generalized transduction, Specialized transduction, and Lateral transduction adopted from (Griffiths et al., 2000).
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to explain. Moreover, Bacteriophage Adherence to Mucus (BAM) model
reviles many facts about bacteria-phage interactions. BAM model
studies the phage dynamics and behavior in response to the microbes in
mucus (e.g, in mucins of coral reefs, lung and gut mucosa) (Almeida
etal., 2019). In BAM model, a phage concentration gradient is observed,
where phages are more abundant in the middle mucosal layer, which is
mucus rich, relative to the upper layer. Whereas, the bacterial gradient is
the opposite, higher in the upper layer and lower in the middle. Recent
studies showed that phages in the upper layer prefer the lysogenic mode
of action, which is reconciled with PtW model due to the high bacterial
abundance. Reversely, the phages in the middle layer with lower bac-
teria count experience induction and lytic mode of action (Silveira and
Rohwer, 2016). To date, the debate between both theoretical models is
ongoing. KtW supporters try to update and consider several factors that
solve the weakness and gaps in their model (Xue and Goldenfeld, 2017).

3.4. Approaches to study the lytic-lysogenic switch

Three approaches are used to study the lytic/ lysogenic switch:
traditional, genome sequencing and advanced experimental approaches.
Traditional approaches are usually performed after isolating, propa-
gating and structurally characterizing the phage, where lysogenic test is
done to verify the phage replication mode (Bae et al., 2006). Then, in-
duction experiment is done to quantify the phage particles lysed. Usually
the universal inducer, Mitomycin-C, is used in the induction (Cochran
et al., 1998). The induction process is essential to differentiate the phage
forming lysogens from the phage for which bacteria are resistant. Then,
phages particles and burst size are calculated. However, many issues are
found in the traditional approaches. Other issues are reviewed by
Howard-Varona et al. (2017).

Sequencing approaches can minimize the weakness and un-
certainties of the traditional approach. They include scanning prophage
sequencing; whole microbial metagenomics (Waller et al., 2014) or even
single cell genomes. Then, the results are tested against virome data-
bases (Sutton and Hill, 2019, Rampelli et al., 2016, Elbehery et al., 2018,
Gregory et al., 2019). Otherwise, researches might scan for marker genes
which are specific for lytic or lysogenic modes of action (Schmidt et al.,
2014). Then, results are compared to the literature. However,
sequencing approaches have limitations in the data availability and they
also need further verifications using experimental evidences.

Advanced experimental approaches rely on more trusted methodol-
ogy, unlike the traditional approaches. More efforts are devoted to
develop models and systems which are capable of mimicking the phage
behavior in ecosystems. In addition, increasing the resolution of the
detecting tools to capture a florescent labeled phages and marker genes
in single cell (Cenens et al., 2013, Dang and Sullivan, 2014).

4. History of phage cheating

One of the key roles of phages is to balance the bacterial population
in every shared environment. Their abundance in biosphere is estimated
to be around 10°°-10%2 virions (Ashelford et al., 2003, Weinbauer,
2004). They were identified as a vehicle for different genes in the
environment since they act as a vector for genes substitution in a process
known as transduction. Phages have four types of life cycles, however,
transduction commonly happens through either the lytic cycle or the
lysogenic cycle (Chiang et al., 2019, Zinder, 1992)

Genetic transduction is one of the main evolutionary methods which
used by the bacteria to adapt with a lot of natural and artificial stresses.
Transduction term was discovered and announced by Norton Zinder and
Joshua Lederberg in 1952 (Chiang et al., 2019, Zinder and Lederberg,
1952), when they were investigating through an experiment on Salmo-
nella typhimurium if the conjugation occurs only in E. coli or also in other
types of bacteria Zinder (1992). They used two various strains: one was
met™ his™ and the other was phe™ trp~ tyr . These mutations negatively
affect the nutrition of each strain (Griffiths et al., 2000). When they
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cultured separately, each strain on media that contained only inorganic
salts, a carbon source, and water, the wild type cells have shown no
growth, but the growth was observed when both strains were mixed
showing that recombination has taken place in between Salmonella
typhimurium strains. However, a U-shaped glass tube, that consisted
from two arms were also filled separately with the two Salmonella
typhimurium strains and supplied with a bacterial sterile filters of
different sizes to prohibit any physical connection between the bacterial
cells of the two different strains to ensure that if the conjugation is
responsible for the recombination or not. It was concluded that the
temperate bacteriophage p22 was responsible for horizontal gene
transfer (HGT). Consequently, this process was called transduction
(Zinder and Lederberg, 1952). Zinder and Lederberg have discovered
the first type of transduction is called generalized transduction where
the phage can take any part of the host’s genome and pack it in the phage
virion, with 0.1% possibility (Griffiths et al., 2000). Then after four years
the second type of transduction was discovered in E. coli that took place
by A\ phage in 1956 and named specialized transduction (Morse et al.,
1956). In specialized transduction, the phage cleaves specific portions
from host genome, particularly; regions surround the prophage inte-
gration site. The last transduction phenomenon was explored in Staph-
ylococcus aureus (S. aureus) and was called lateral transduction Davidson
(2018). It occurs through a temperate phage that excises late in its
atypical lytic cycle (Chiang et al., 2019). Unusually, phage replicates
first, then, starts the excision process from the bacterial genome. This
type is distinguished from the other types as being able to transfer large
DNA stretches at high frequencies in addition to the prophage (Chen
et al., 2018).

5. Evolution of pathogenic bacteria

Virtually, phages may carry genes that help their hosts to adapt and
to stabilize by transferring new traits to them. Shiga toxins (Stx) are
toxins expressed by genes found in the lambdoid prophages and were
produced by different bacterial strains but the most popular one is Shiga
toxin-producing E. coli (STEC) that cause human illness and death (Liu,
2014, Schnaar and Lopez, 2018). It was found that various Enterobacter
cloacae and E. coli strains acquired new Shiga toxin genes (e.g. Stx1le and
Stxla) which are originally produced by Enterobacter cloacae M12 x
01451 strain and E. coli O157:H7 strain; RM8530. Stxla- and
Stxle-temperate converting phages were responsible for this gene
transfer process (Khalil et al., 2016). Biofilm formation is also associated
with HGT. Moreover, Anthrax, which is a serious infectious disease
caused by Bacillus anthracis, used to have no capability to survive
completely outside the mammalian hosts (Schuch and Fischetti, 2009).
However, phages increased its chance to cause illness for humans and
animals through introducing a phenotypic changes that enabled them to
survive as dormant spores outside their original host, and potentiated
their endosymbiotic capabilities (Schuch and Fischetti, 2009). Further-
more, Cholera is an epidemic disease caused by V. cholera bacterium
(Das et al., 2011). Some environmental non-disease causing strains ac-
quired virulence genes, e.g., cholera toxin (CT) and toxin coregulated
pilus (TCP), via temperate bacteriophage CTX¢ (Faruque and Mekala-
nos, 2012).

5.1. Bacteriophages contribute to the development of antibiotic resistance

Antibiotics have been used for a while to treat bacterial infections
since the ancient Egyptians. They, applied moldy bread to infected
wounds. In 1909, Paul Ehrlich discovered a chemical agent called
arsphenamine that was effective chemotherapy in the treatment of the
bacterial infection (syphilis) (Valent et al., 2016). Then, Alexander
Fleming discovered accidentally the first antimicrobial compound:
penicillin Fleming (1979). By the time, the scientists proved the effec-
tiveness of antibiotics in reducing the morbidity and mortality of
humans but soon it became dangerous on human public health through
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generation of multi-drug resistance (MDR) bacteria phenomenon. It was
not anticipated that microbes would overcome these various chemical
compounds and adapted with them. However, this adaptation have been
achieved through many resistance mechanisms: (i) Permeability
changes in the bacterial cell wall/membrane which restrict antimicro-
bial access to target sites; (ii) Vigorous efflux of the antimicrobial from
the cell; (iii) Mutation in the target site; (iv) Enzymatic alteration or
disintegration of the antimicrobial; (v) Gaining of alternative metabolic
pathways to those inhibited by the drug (McDermott et al., 2003). There
is various phenotype of resistance: including intrinsic resistance (also
named insensitivity) which is the innate ability of a bacterial species to
resist the activity of a particular antimicrobial agent through its inherent
structural or functional characteristics. It allows a tolerance of particular
antimicrobial drugs that have never been susceptible to them. While the
other resistance pattern, the acquired resistance, occurs when the
microorganism obtains the Antibiotic Resistance (AR) genes via muta-
tion of genes involved in normal physiological processes and cellular
structures as in Mycobacterium tuberculosis which is resistant to rifamy-
cins. This resistance is achieved by point mutations in the
rifampin-binding region of rpoB (Smith et al., 2013), and also via (HGT)
mechanism (bacteriophage transduction) as shown in:

5.1.1. Methicillin-resistant Staphylococcus aureus (MRSA)

S. aureus is a pathogenic bacterium that causes sepsis, toxic shock
syndrome and necrotizing pneumonia in humans. They acquired resis-
tance to methicillin by transferring of mecA gene among staphylococci
via generalized transduction mediated by lysogenic phage. mecA gene is
carried on Staphylococcal Cassette Chromosome mec (SCCmec) which
codes for penicillin-binding proteins (PBPs). PBP 2a is not sensitive to /3-
lactam inhibition. In 1970, Cohen and Sweeney reported that the ideal
transfer occurs only to S. aureus recipients that had a prophage (Cohen
and Sweeney, 1970). Although SCCmec can be transferred by homolo-
gous recombination due to the ccr-recombinase gene products encoded
within SCCmec or by ccr-mediated recombination (Katayama et al.,
2000), there is a recent study suggests that the acquisition of SCCmec is
due to homologous recombination since ccr-mediated recombination
requires complementary SCCmec flanking sequences. The study has also
reported the importance of the chromosomal integration and expression
for effective chromosomal gene transfer (Scharn et al., 2013).

5.1.2. Vancomycin-resistant enterococcus faecium

Enterococcus faecium has intrinsic resistance to f-lactams via muta-
tions in the penicillin-binding protein-5 (PBP5) which is encoded by a
horizontally transferred gene. WHO has reported the limitation of the
drugs that can cure or eliminate infections with Enterococcus faecium
which has acquired resistance to vancomycin through obtaining one of
two linked gene clusters VanA and VanB. These gene clusters code for
enzymes that modify peptidoglycan precursor, decreasing its affinity to
vancomycin. These genes are acquired by HGT including transduction
via bacteriophages (Delpech et al., 2019).

5.1.3. Multidrug-resistant salmonella typhimurium

The generalized transduction and specialized transduction help in
acquiring and transferring the resistance genes among the Salmonella
serotypes. Salmonella Typhimurium DT104 is considered as an epidemic
strain due to their ability to show multi-drug resistant (Mather et al.,
2013). Phages have accelerated their resistance progress. phage PDT17
that is emitted by S. Typhimurium DT104 and P22-like phage ES18 have
introduced many antibiotic resistance genes: ampicillin (amp), chlor-
amphenicol (cam), sulfonamide (sul) and streptomycin (str) (Schmieger
and Schicklmaier, 1999). Carbadox-induced phages transfere tetracy-
cline gene (tet) from S. Typhimurium DT104 NCTC13348 to another
S. Typhimurium DT104 strain (Bearson et al., 2014). P24 phage has
already mediated the transduction of antibiotic resistance genes:
beta-lactamase (blaCMY-2) and tetracycline resistance genes (tetA and
tetB) from S. Heidelberg S25 to S. Typhimurium MZ1262 (Zhang and
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LeJeune, 2008), while Fluoroquinolone-induced phages have trans-
ferred the plasmid that has kanamycin resistance genes from
S. Typhimurium DT120 (BBS 1162) and S. Typhimurium DT104 (BBS
1170) to S. Typhimurium BBS 243 (B.L. and B.W., 2015).

5.2. In epidemic conditions

5.2.1. Cholera

As mentioned above, Cholera is caused by pathogenic V. cholera (Das
et al., 2011, Faruque et al., 1998, Kaper et al., 1995). Researchers have
shown that the transmission of V. cholerae is due to its presence of the
infectious organism in the stools of cholera patients (Merrell et al.,
2002). Phages could play a dual role in cholera epidemic: lytic phages
can control the spread of cholera pathogens in water or food, and also
can contributes in the evolution of pathogenic V. cholera and affect the
dynamics of cholera epidemic Faruque (2013).

5.3. The impacts of bacteriophage in dairy industry

Phages are not only enemies to pathogenic bacteria but also may be
enemies to human. Although phages could contribute in maintaining our
health, they may be menacing our food industry which reflects badly on
our health and economy. The dairy industry -which is based on the use
of bacteria in making products such as cheeses, buttermilk, and sour
cream- is threatened by virulent phages whose presence result in
fermentation failure since they invade the lactic acid bacteria (LAB) and
kill them. The sources and causes of phage contamination are various:
(a) Raw ingredients e.g., the raw milk which is a well-known container
of phages; (b) reusing of ingredients such as whey proteins; (c) via
aerosols throughout the working area (Verreault et al., 2011); (d)
invalid sanitation procedures e.g., bad handling of material, unsafe
movement of employees; (e) using contaminated starter cultures (Bac-
teriophages of lactic acid bacteria and their impact on milk fermenta-
tions). Although the presence of prophages in the bacterial strains may
help in good-quality cheese production through the expression of
prophage-encoded endolysins which in turn could activate autolysis and
the release of intracellular flavor-generating enzymes, prophages could
contribute in generating of new lytic phages eliminating the bacterial
resistance (Labrie and Moineau, 2007, Lepeuple et al., 1998).

5.4. Phages as a vaccine

Phages can trigger the innate and adaptive immune systems of the
organism against several pathogens such as bacteria and viruses. In-
duction of the pattern recognition receptors (PRRs), which is important
in innate immune system, takes place in the host cells that recognize
pathogen-associated molecular patterns (PAMPs) (Oakes et al., 2019).
Toll-like receptors (TLRs) which is a type of PRRs, can be activated by
the phages (Krut and Bekeredjian-Ding, 2018). Upon activation, TLRs
generate inflammatory signals such as cytokines that in turn control the
evolution of the adaptive immune response (Hess and Jewell, 2020).
Phages can also induce the adaptive immune response by interacting
with the antigen-presenting cells (APC) that lead to forming major his-
tocompatibility complexes (MHCs) on the surface of (APC) cells (Fig. 3)
(Tao et al., 2019). these findings made the use of phages as a delivery
system tool for foreign antigens is possible and opened new gates for
phages, such as filamentous phages, T4 phage, T7 phage, A phage, MS2,
and Qp phage, to contribute in the development of vaccines for diseases
by incorporating the gene of foreign peptide or protein (antigen) into
their coat protein genes and expressing them on their surfaces (Smith
and Petrenko, 1997).

5.4.1. Anthrax and plague diseases

Anthrax and plague are epidemic diseases that has been used as a
biological weapon (Whitby et al., 2002). As mentioned above, Anthrax is
caused by Bacillus anthracus bacteria, and it was the first bacterial
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Innate immunity

Macrophages engulf phages
and produce cytokines in response

Current Research in Microbial Sciences 2 (2021) 100050

Adaptive immunity

DCs present phage-displayed
antigens to T cells through MHCs

Fig. 3. Phages induce both innate and adaptive immune responses to antigens (Tao et al., 2019).

disease that infect humans and animals. However, plague is caused by
Yersinia pestis bacteria and the disease has caused around 25-40 million
death cases in Europe Brightman (2019). Since there was no approved or
developed vaccine for plague but there was an authorized one for
Anthrax, the scientists created one vaccine formula for Anthrax and
plague together using T4 phage as a delivery system of their antigens.
The two genes of the antigens were incorporated into the capsid protein
Soc (9 kDa). T4 phage-based vaccine has proved its efficiency in the
elimination of anthrax and plague diseases in animal models and has
shown high efficiency compared to the other vaccines. In addition,
supportive agent wasn’t needed to provoke T-helper cells in the 1% and
2™ immune responses (Tao et al., 2018).

5.4.2. Zika disease

Zika is an epidemic disease that caused by flavivirus and transmitted
by mosquito. Zika virus was found in East Africa in 1947 (Gubler et al.,
2017). In 2007, it was the first year in which Zika virus was reported as
an outbreak that occurred in Island of Yap (Federated States of
Micronesia) (World Health Organization 2018). The virus had a group of
envelope protein epitopes that contributed in the development of vac-
cines. The researchers elicited the immunity against the virus through
the use of various phages (e.g., QB, MS2, and PP7) which acted similar to
the nanoparticles that carries virus epitopes. The results have shown that
phages mixture which contains various virus epitopes is effective in the
reduction of infection more than using of just one epitope with phages in
an experiment applied to mice (Basu et al., 2018).

5.4.3. Influenza

Influenza is a viral disease affects the respiratory system of the or-
ganism menacing the public health. Latest studies constructed a T7
phage vaccine against influenza A by engineering the phage to display
M2e protein on its surface to evoke the production of IgG2a and IgG1
antibodies against influenza A virus. This vaccine has proved its effec-
tiveness on health and economic levels (Hashemi et al., 2012).

5.4.4. Hepatitis B

Hepatitis B is a disease caused by the hepatitis B virus and transmits
from an infected person to another through body fluids such as the blood
or semen. The researchers designed a vaccine consisting of the A phage-
displayed hepatitis B antigen (1-HBsAg) (March et al., 2004).

5.4.5. COVID-19

COVID-19 is a pandemic disease caused by SARS-CoV-2 that struck
firstly in Wuhan, China in December 2019. As a consequence of its
outbreak, Wuhan was isolated from other provinces. According to Eu-
ropean Centre for Disease Prevention and Control, the confirmed cases
until 2°¢ of September 2020 reached 25,983,958 cases involving
862,568 deaths (COVID-19 Situation Update Worldwide, as of 2¢d of

September 2020, n.d.). This virus has become a universal challenge and
each country is racing to discover the vaccine to stem the outbreaks of
the virus. Like most of single-stranded RNA viruses, SARS-CoV-2 is more
susceptible to mutations (Korber et al., 2020). Its virion size is 60 nm and
can extend to be 140 nm in diameter when considering its surface spike
(S) protein Singhai (2020). S protein is considered the virus key to
invade the human host cells through binding to angiotensin-converting
enzyme 2 (ACE2) receptors. Subunits S1 are responsible for receptor
binding and S2 are responsible for virion fusion (Scudellari, 2020,
Shang et al., 2020). In a recent study, researchers have affirmed the
essential role of phage display in determining of SARS-CoV-2 antibodies
by using it to display a single-domain antibody library. After the
different rounds of bio-panning, they recognized human single-domain
antibodies for five distinct epitopes on SARS-CoV-2 receptor-binding
domain (RBD) which is able to attack the cryptic epitope that positioned
in the spike trimeric interface to suppress SARS-CoV-2 (Wu et al., 2020).

6. Conclusion

Phage lifecycle decision has a great impact on many aspects of
determining their use, host pathogenesis, and ecosystem understanding.
Many questions need future investigation, starting from the lytic-
lysogenic switch decision, such as the study approaches used in
detecting switch decision. In general, the techniques used in studying
lytic-lysogenic switch will revolutionize our understanding of phages
replication modes in the real and complex systems. Investment in the
methodology approaches will cascade our knowledge about phage
behavior and advance our capabilities of using phages in several ap-
plications. Further research into the surprising variation of temperate
phages impact on their host evolution should elucidate aspects of anti-
microbial resistance and bacterial adaptation to surrounding environ-
ment. While phage display is a promising method that has been already
investigated for eradication of many infections, its role in immunization
or vaccination could help in solving the current situation the world face
against COVID-19 disease.
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