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Abstract

Inappropriate use of antibiotics is globally creating public health hazards associated with antibiotic resistance. Bac-
teria often acquire antibiotic resistance by altering their genes through mutation or acquisition of plasmid-encoding
resistance genes. To treat drug-resistant strains of bacteria, the recently developed CRISPR-Cas9 system might be an
alternative molecular tool to conventional antibiotics. It disables antibiotic-resistance genes (plasmids) or deactivates
bacterial virulence factors and sensitizes drug-resistant bacteria through site-specific cleavage of crucial domains of
their genome. This molecular tool uses phages as vehicles for CRISPR-cas9 delivery into bacteria. Since phages are
species-specific and natural predators of bacteria, they are capable of easily injecting their DNA to target bacteria. The
CRISPR system is packaged into phagemid vectors, in such a way that the bacteria containing the antibiotic-resistance
plasmid sequence or that containing specific DNA sequences were made to be targeted. Upon CRISPR delivery, Cas9
is programmed to recognize target sequences through the guide RNA thereby causing double-strand cleavage of tar-
geted bacterial DNA or loss of drug resistance plasmid, which results in cell death. Remarkably, the safety and efficacy

of this newly developed biotechnology tool and the biocontrol product need to be further refined for its usage in

clinical translation.
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Introduction

Globally, antibiotics have been commonly used in ani-
mals with remarkable health and economic benefits for
more than 50years (Flynn 2012). In food animals, anti-
biotics are used to improve growth, and to prevent and
control diseases (McEwen and Fedorka-Cray 2002). In
many countries, including Ethiopia, antibiotics are usu-
ally mixed with feed to promote growth in poultry farms.
Since antibiotics added to feed are premixed and pur-
chased, the amount in the feed is not thoroughly regu-
lated (Fairoze 2012).
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In dairy farms, mastitis is the most common chal-
lenge resulting in economic loss and premature culling
of cows. Among mastitis-causing bacteria, Staphylococ-
cus aureus is measured as a major causative agent that
threatens farmers, while other gram-negative bacteria
that cause mastitis and milk spoilage like Streptococcus
agalactiae, Corynebacterium bovis, Mycoplasma species,
Streptococcus uberis (Erskine 2001), coliforms, Serratia,
Pseudomonas, Proteus species, and environmental Strep-
tococci, Enterobacter species are involved (Quinn et al.
2002).

In addition to affecting milk and milk products, mas-
titis-causing bacteria are responsible for zoonotic dis-
eases in humans (Radostits et al. 2007). Apart from dairy
health management, antibiotics are often used to control
mastitis (NMC 1999). Consumption of antibiotic-con-
taminated milk also poses public hazards by affecting
gastrointestinal microflora and the development of anti-
biotic-resistant zoonotic bacteria (Thirapatsakun 1999).
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In general, there are many risks derived from the illogi-
cal use of antibiotics due to direct organ damage as well
as the indirect influence of resistant organisms on the
biotic environment (Thawani. 2010). Antibiotic resist-
ance also leads to therapeutic failure, economic losses
and animal welfare problems. Nowadays, bacteria are
becoming ever cleverer by exhibiting distinct kinds of
resistance even though the fight to defeat bacteria patho-
gens is continued (Fair and Tor 2014). As most mecha-
nism of antibiotic resistance is through alteration of
genes or acquisition of antibiotic resistance gene encod-
ing plasmids, the issue is beyond the rational use of anti-
biotics and needs advanced genetic-based interventions.

In the past decade, due to its unique adaptive nature
and therapeutic potential, the CRISPR-Cas (clustered
regularly interspaced short palindromic repeats-Cas)
system also got rising interest in the scientific commu-
nity. The CRISPR-Cas9 system derived from the adaptive
immune system of prokaryotes utilizes small guide RNAs
(crRNAs) for sequence-specific interference with target
nucleic acids. CRISPR-Cas comprises a genomic locus
called CRISPR that contains short repeats separated by
distinctive spacers sequences often acquired from mobile
genetic elements (MGEs) such as bacteriophages, trans-
posons or plasmids. The CRISPR array is headed by an
adenine-thymine (AT-rich) principal sequence and is
often separated by Cas genes that encodes the Cas pro-
teins (Shmakov et al. 2015).

CRISPR-Cas systems are categorized into two classes,
six types (I to VI) and various subtypes. In Class 1 sys-
tems (Type I, III, and IV) there are multi-Cas protein
effector complexes while in Class 2 systems (Type II, V,
and VI) there is only single effector protein (Jiang and
Doudna 2017, Koonin et al. 2017). Table 1 summarizes
the detail classification of CRISPR-Cas system. As bac-
teriophages are viruses that kill their bacterial hosts in
a lytic state, they are considered as one class of thera-
peutics that recently attract the attention partly due
to their high specificity, nontoxicity, and abundance in
nature (Abatdngelo et al. 2017; Abda 2020; Tang et al.
2015).

Table 1 Features of different types of CRISPR systems
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In early twentieth century, Felix ded’'Herelle and Fred-
erick Twort independently discovered the concept of
‘phage therapy’ and used in the treatment of bacterial
infections (d’Herelle 1961). The distinctive ability of
phages to specifically target living bacterial hosts was
used not only for therapy but also harnessed as a tool
for bacterial diagnostics, through which bacterial strains
are distinguished based on their susceptibility to phages
(Keen 2015). Genetic studies for constructing hybrid
bacterial strains and subsequent gene mapping also uti-
lized sections of bacterial DNA transferred by the phages
through the process of transduction (Anderson et al
1972).

Genetic modification of phage particles is carried out
by genetic engineering of phage. The principle of this
method is to create many phage variants demonstrating
specific proteins on their surface based on the fusion of
phage coated protein genes with genes encoding for-
eign protein or peptides fragments (Sblattero and Brad-
bury 2000). In the past few years, phage engineering
technology has advanced the idea of phage-mediated
gene therapy. Although the high specificity of phages
can be useful to treat a given bacteria, Cas can increase
the range bacteria to be targeted by viruses through
modification made on temperate bacteriophages and
phage safety while decreasing the virulent genes in the
host strain. The bactericidal efficacy of bacteriophage
an also be exploited by CRISPR-Cas technology to treat
antibiotic-resistant bacteria (Park et al. 2017). Hence,
the objective of this review is to give an overview on
the mechanism of CRISPR-Cas9-mediated phage ther-
apy, and to present CRISPR-Cas9-mediated phage ther-
apy potential application as an alternative tool against
bacterial infection.

CRISPR-Cas system

CRISPR-Cas system is a complex system first noticed
by Japanese scientists in 1987 when studying genes in
Escherichia coli (Ishino et al. 1987). Later, scientists
found sequence spacers in CRISPR that are homolo-
gous to sequences in bacteriophages and plasmids,

Characteristic ~ Typel Typell Typel lll

Type IV TypeV Type VI

Effector complex Multi-subunit (Class 1) - Single unit (Class 2)

Multi-subunit (Class 1)

Multi-subunit (Class 1) - Single unit (Class 2) ~ Single unit (Class 2)

Signature Protein  Cas3 Cas9 Cas10 Csf1 Cas12 Cas13

Target molecule  DNA DNA RNA/DNA ? DNA RNA

Details Cleaves ssDNA Originates blunt Binds to RNA mol- Most unknown Original staggered- RNA-guided RNase
strands double strand ecules CRISPR system double strand break

break

Source: Alexandre and Gabriela. (2019)
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indicating that CRISPR was a defense system of bacte-
ria against such external genetic elements. The experi-
ments in S. thermophilus found that strains requiring
new spacers from the bacteriophage genomes allow the
strains to resist the infection of corresponding phages
(Grissa et al. 2007). Furthermore the bioinformatic
analysis on CRISPR motifs and Cas proteins encoding
sequence revealed its presence both in bacterial and
Archaea genomes (Rousseau et al. 2009).

Structure of CRISPR loci
The CRISPR locus consists of short recurrence
sequences of typically 28—37bp (Barrangou and Mar-
raffini 2014), parted by spacers each containing a dis-
tinct sequence of comparable span. The repeats are
organized in a palindromic repeat but in their cor-
responding 5’ to 3 directions. The spacers harboring
plasmid-derived elements determine the specificity of
CRISPR’s defense system (Barrangou and Marraffini
2014) and also act as an immunological memory
against future infection (Grissa et al. 2007).

The leader sequence often has adenine (A) and
thymine (T), found upstream to CRISPR loci. This
sequence has about 500bp which includes promoter

elements that signal for transcription of crRNA
(CRISPR RNA) and the proper insertion of external
genetic material into CRISPR sequences (Yosef et al.
2012). Next to the leader sequence there are Cas genes
from which Cas proteins are expressed. The crRNA
also transcribed from CRISPR loci along with Cas pro-
teins forms an effector complexes that execute cleav-
age of foreign genetic elements.

Due to presence of variable Cas genes as well as
diverse CRISPR loci arrangements, there are three
types (Type L, II and III) CRISPR-Cas systems. How-
ever, CRISPR-Cas systems are also categorized into
classes and subtypes. Class 1 with complex architec-
ture involves multiple effector proteins to recognize
and cleave foreign DNA and while class 2 system rec-
ognizes and cleaves using one multi-domain enzyme
with simplified architecture. Due to its targeting
specificity, adaptability and simplicity, the class 2 sys-
tem that embraces the type II CRISPR-Cas9 is used in
many biotechnological applications (Singh et al. 2017).

Steps of CRISPR-Cas as adaptive immunity for bacteria
Adaptation

Adaptation or acquisition is the first step for CRISPR-
Cas mediated bacterial defense against invaders (Fig. 1).
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Here, the genetics of the infective phage is inserted to
the CRISPR-Cas, therefore giving the organism ability to
recognize and further invade its phage strain. These Casl
and Cas2 are important proteins for phage adaptation
(Fig. 1) and common to all CRISPR-Cas systems, irre-
spective of the type (Makarova et al. 2006). Both proteins
are required for this step since the expression of Casl or
Cas2 on their own does not potentiate spacer acquisition
(Yosef et al. 2012).

In the adaptation step, the Casl-Cas2 complex plays
two important roles cutting the foreign DNA found
upstream of spacer (protospacer) and inserting it to the
CRISPR sequence (Makarova et al. 2006). Protospacer
assortment is mediated by a PAM sequence unique to
each CRISPR-Cas subtype and bacteria. Additionally,
PAM is also involved in the self/non-self-recognition
(Anders et al., 2014). For instance, the E. coli type I-E
CRISPR-Cas system spacer recruitment starts with the
gratitude of PAM sequences in ssDNA by Cas/la and
Cas/1a’ subunits (Mojica et al. 2009).

CRISPR-Cas RNA biogenesis

To sustain immunity, pre-ctRNAs are produced from the
CRISPR array and further processed in to crRNA (Haur-
witz et al. 2010). The process is often mediated by the cas
proteins or by host ribonuclease enzymes (Marraffini and
Sontheimer, 2010).

Interference

The crRNA guides the CRISPR-cas machinery into for-
eign genetic material to be targeted and silenced. In type
II system, the tracrRNA and crRNA form a complex
because they contain complementary sequences (Deltch-
eva et al. 2011). Formation of this RNA complex leads to
structural changes that activate Cas9. Once activated, the
gRNA-bound complex selectively recognizes the foreign
gene segment for the accurate PAM site (Fig. 1). Once
recognized, the dsDNA is opened and crRNA binds to
the exposed ssDNA to make R-loop to subsequently
cause double-strand-break at 3 nucleotides upstream of
the PAM site (Jinek et al. 2012).

Mechanism of specific DNA cleavage

by CRISPR-Cas9

Among several Cas proteins, Cas9, which is a program-
mable RNA-guided endonuclease, commonly used for
genomic editing. The crystal structure of Cas9 shows
that it is a bi-lobed protein with nucleic acid recognition
(REC) lobes found at the center and the NUC lobes hav-
ing HNH, RuvC, and PAM-interacting nuclease domains
make a grove to house the sgRNA target DNA (Nishi-
masu et al., 2014) (Fig. 2). Recognition of PAM needs
availability of a well-matched PAM element with the
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groove (Sternberg et al. 2014). The commencement of
DNA-sgRNA hetero-duplex R-loop creation is triggered
by PAM-dependent enrolment of sgRNA-Cas9 complex
(Szczelkun et al. 2014).

sgRNA guides sequence complementarity formation at
the target site causes allosteric activation of the nuclease
domains that cause dsDNA break following the exten-
sion of the R-loops (Sternberg et al., 2015). Recent studies
indicated that the conformational change of Cas9 REC
lobe (REC3) during this process is important signal to the
HNH nuclease to control the general catalytic ability of
Cas9 (Chen et al., 2017). Cas 9 maintains an auto-inhibi-
tory conformation as far as there is no crRNA:tracrRNA
duplex. Prolonged Cas9-RNA-PAMs binding increses the
Cas9 nuclease activity when it is attached to the correct
target site (Anders et al., 2014).

CRISPR-Cas9 editing of bacteria

Bacterial genome editing strategy depends on the utiliza-
tion of a gRNA that able to recognize a specific sequence
in the chromosome where Cas9 can cut. Although bac-
terial genome also has some self-targeting CRISPR Cas
(Stern et al. 2010), it is often deactivated by mutation.
Reactivating the system is useful only if the target for cut-
ting is pathogenicity islands or prophages from strains of
interest. Counter-selecting of specific genotypes in com-
plex populations can also carry out by Lethal self-target-
ing (Gomaa et al. 2013).

Nowadays, the CRISPR-Cas9 system is proposed to
cut an antibiotic-resistance cassette present in another
strain of bacteria. The system can also serve as another
vital approach used to spare large fragments of E. coli
genome with synthetic DNA (Wang et al. 2016). This
molecular tool is already being used to explore many
basic and translational studies (Liang et al. 2017, Lin
et al. 2008). For instance Oh and van Pijkeren established
genome-editing strategies to manipulate Lactobacillus
reuteri, a bacteria known to have immune-modulatory
and antimicrobial property (Lin et al. 2008). In general,
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genetic modifications can be made by recombinant DNA
technology that helps to construct ssNDA or dsDNA oli-
gonucleotide that guides CRISPR-Cas9 system (Fig. 3).
CRISPR- Cas9 tools have also been developed pathogen
such as Staphylococcus aureus that often develop antibi-
otic resistance (Liu et al. 2017).

Anti-CRISPR mechanisms of phage

Prokaryotes harbor a extraordinary arsenal of pro-
tection plans to cohabit with their viral hunters. For
instance, phages have devised diverse strategies to
combat antiviral defense mechanisms. Phages can
escape the CRISPR-Cas interference by making a ran-
dom mutations in their spacer or the PAM sequence
(Semenova et al. 2011). Furthermore, the competence of
absconding CRISPR-Cas immunity by point-mutation is
that spacer diversity increases the adaptive burden on
the virus and therefore elicit fast death of the predator
(Van Houte 2016).

New studies confirmed that Mu-like phages, that
affect P aeruginosa, vigorously constrain their host’s
CRISPR-Cas system by producing anti-CRISPR proteins
that affect CRISPR-Cas interference machinery (Bondy-
Denomy et al. 2015). Confiscating the host’s immune
mechanism is critical for phage spread as the competence
of infection significantly reduces when viral spacers are

deleted. Interestingly, examination of phages that able to
effectively infect the host developed novel spacers that
come from the similar genomic locus, consequently indi-
cating that the virus have a entirely functional CRISPR-
Cas system (Seed et al. 2013).

CRISPR-Cas9 based phage engineering

One of the main pitfalls of antibiotics is their broad
spectrum of action for killing pathogens as well as nor-
mal flora bacteria (Tamma et al. 2012). Based on their
genetic signatures, phages can be exploited to target and
kill specific bacteria. Because CRISPR-Cas technology
can be programmed so that its antimicrobials spectrum
of action can be programmed and fine-tuned against
specific DNA sequences of a given bacteria thereby only
those bacteria that contain targeted DNA can be killed.
In this way bacteria that contains genes encoding antibi-
otic resistance or virulence can be targeted (Bikard et al.
2014).

Phage genome editing by CRISPR-Cas system was first
applied in 2014 to select a genel.7 mutant T7 phage (Kiro
et al., 2014). Nowadays, CRISPR-Cas is widely used for
phage genome editing (Fig. 4). For example, to identify L.
monocyto genes, CRISPR-Cas based Listeria phages were
utilized (Hupfeld et al. 2018). So, engineering the phage
plasmid that has sequence area to be transcribed in to
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cas9 tracrRNA, crRNA is very important. During phage
infection, the CRISPR-Cas9 complex explicitly binds
and cuts the target site. Mutations are introduced into
the donor plasmid and the DNA break can be repaired
by recombination with the donor to generate mutants of
interest (Fig. 4).

Rebooting phages using assembled phage
genomic DNA

On top of the so far discussed methods which utilizes
homologous recombination, an alternatively method
of transforming the host cells with naked phage DNA
comprising the wanted alterations, engineered phages
can be directly produced (Fig. 5). Here the infectious

phages are assembled in the host following production
of each component. For phages of small genome like
the phiX174 (5386bp), it is possible to incorporate the
genome to using in vitro produced oligonucleotides that
covers full genome (Mamedov et al. 2007). For phages
like T7 (39,937 bp) which has more genomes, the DNA
can be assembled in vitro by ligation of discrete genome
segments that were precisely cut with a given restriction
enzymes (Chan et al., 2005). Through these methods
phages with fragments that harbor desired mutation
can be produced.

Compared to Gram-negative, the efficiency of transfor-
mation of Gram-positive bacteria is lower. Recent devel-
opment however able to reboot efficiency of phages of
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Gram-positive bacteria through creation of L-form bac-
teria so that it gets easily transformed even with bigger
phage genome DNA. For instance the Listeria L-form has
been rebooted for Listeria phages as well as for related
bacterial genera of Bacillus and Staphylococcus phages
(Kilcher et al. 2018).

Phage-mediated delivery of CRISPR-Cas9

to bacteria

To control the target infectious bacteria, efficiency of
phage delivery is very important. As CRISPR-Cas system
is programmable, challenge on the phage delivery can be
resolved. Several studies have used phage particles as a
vector to deliver DNA encoding bactericidal proteins to
directly kill target bacteria without using Cas nucleases.
However, such phages can also be used as DNA deliv-
ery vectors. Phagemids are thus plasmids carrying phage
packaging signal, which can be repurposed to deliver dif-
ferent effector DNAs in to the target bacteria. Phagemids
can also utilize helper phage that carries the neces-
sary materials for the production of capsids that are not
encoded by the DNA of phagemid (Dotto et al. 1981). On
top of controlling the functional packaging, the modifica-
tion on helper phage can also be repurposed to increase
phage delivery (Russel et al. 1986).

So far, numerous toxins and restriction enzymes are
delivered to E. coli and S. aureus by M13 phagemid (Bik-
ard et al. 2014, Citorik et al. 2014, Moradpour et al. 2009).
A restriction enzyme has been delivered through Pf3
phage to control Pseudomonas (Hagens et al. 2004). The
M13 phagemid system were also used to inject a plasmid
encoding Cas9 as well as gRNAs that targets antibiotic-
resistance genes through which efficient cell death was
observed. In other study, a phagemid for Staphylococcus
phage phil was designed through cloning its packaging
element on to another plasmid that contain CRISPR-
Cas9 system. The phagemid constructed in this way
confirmed to combat bacteria with various antibiotic-
resistance genes and virulence factors (Yosef et al. 2015).

Using CRISPR-Cas modified phage to target
antibiotic-resistant genes

Antibiotic resistance is one of the emerging public health
issues across the world. There is increasing trend of prev-
alence of multidrug-resistant strains (Thabit et al. 2015),
that demands new biomolecular tools and inventions to
combat such infections. In this regard CRISPR-Cas tech-
nology has been emerged as an alternative tool to be used
by incapacitating antibiotic resistance genes and bacte-
rial virulence factors, or by producing toxic factors that
kills the target bacteria (Citorik et al. 2014). For instance,
researchers used Cas9 to target gene responsible for
beta-lactamase resistance often found in E. coli plasmids.
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Since the efficiency of conjugation-based technique
is very poor, scientist started to use bacteriophages as a
potential means to straightforwardly inject DNA into
specific bacterial species (Melnikov et al. 1984). Utilizing
similar approach, E. coli containing the antibiotic-resist-
ance plasmid were re-sensitized to antibiotic, without
any deleterious effect on wild type bacteria. The Cas9
were also made to target the gene that acts as virulence
factor of Enterohemorrhagic E. coli. Cas9-mediated
treatment were found to have better efficacy than the
chloramphenicol antibiotic. Concomitantly the approach
were used to combat the Staphylococcus aureus virulence
genes (Bikard et al. 2014).

The bacteriophage-based tool to deliver CRISPR Cas9
to bacteria also against antibiotic resistance gene carried
in the chromosome. This approach has been used against
Kanamycin resistance gene aph-3' in S. aureus with
good clinical outcomes (Bikard et al. 2014). Using mouse
model of antibiotic resistant S. aureus skin infection were
efficiently treated. Hence such approach that harness the
multiplexing competences of Cas9 were able to com-
bat antibiotic resistance factors found in the chromo-
somal as well as plasmid in bacteria (Citorik et al. 2014).
The developed tool was also capable of target diverse
sequences of a given bacteria as well as multiple bacte-
rial species without affecting un-intended bacterial spe-
cies. Such high efficiency this system over antibiotics or
natural phages indicates the potential future application
of CRISPR systems as alternative molecular tool to treat
bacterial infection (Yu et al. 2018).

As stated above, CRISPR-Cas is an immune system of
bacteria and archaea that protects them from invading
nucleic acids. Bacteriophages and plasmids are inserted
in CRISPR loci on the bacterial genome and later used by
the Cas protein machinery to target and degrade invad-
ing nucleic acids carrying the similar sequence. Several
years ago, it was postulated that a synthetic CRISPR-Cas
system could be developed as an antimicrobial to kill spe-
cific bacterial genotypes (Bikard et al. 2012).

Concomitant to combating bacterial virulence and
toxin production to prevent pathogenesis, antibiotic
resistant bacteria can be re-sensitized to treatment. To
upsurge the discerning benefit of re-sensitized bacteria, a
temperate and lytic phage mediated re-sensitization were
also developed (Yosef et al. 2015).

Advantage of CRISPR-Cas system in combating
antibiotic resistance

DNA endonuclease Cas9 from type II system CRISPR-
Cas of bacteria uses a gRNA to recognize target DNA by
the base pairing principle. Such base-pairing specificity
underlies the efficiency of CRISPR gRNAs dictating the
Cas9 nuclease to target the sequences invader organism
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(Hsu et al. 2014). This tool also allows the expression of
specific anti-bacterial products that able to kills antibi-
otic-resistant pathogens that reside in the complex bac-
terial populations. Moreover, this molecular tool has
selective advantage for its ability to discriminate between
commensal and pathogenic bacteria.

Among the delivery methods, phage mediated delivery
is the most appropriate method because of the natural
infection of the phage with bacteria, for example, phage-
mediated delivery during acute infection can be con-
sidered as the better methods of therapy. However, for
strains of a given bacteria that has difference on phage
susceptibility, an alternative phage-delivery method or
vehicle is needed. If a proper and broad host vector is
engineered, upgrading its delivery systems is a criti-
cal step towards tackling the challenge of the complex
microbial community. There are also many other rewards
that make CRISPR-phage therapy a striking alterna-
tive to antibiotics in relation to bacteriophage delivery
of CRISPR-Cas9 to bacteria. For instance, unlike broad
spectrum antibiotics, phages have better specificity to
their bacterial hosts reducing the undesired side effects
to mammalian cells (EI-Shibiny and El-Sahhar 2017).

Furthermore, in terms of time and cost, the selection of
new phages and the process of isolation is less expensive
than the development process required for antibiotics
(Golkar et al. 2014). Contrary to most antibiotics, phages
have the ability to self-replicate and spread through the
body during systemic administration, can pass blood-
brain-barrier as well as biofilms (Wittebole et al. 2014).

Limitation of CRISPR-Cas9 mediated the phage

as antibacterial biocontrol agents

The real-world environment, is not as such oversimpli-
fied and there are lots of bacteria typically embedded in
a microbial community, in which using such approach
often poses critics. Naturally, microbial communities
residing in animal body as well as in the environment
harbor diverse plasmids and MGEs bearing many resist-
ance genes (Thomas and Nielsen 2005). If such diverse
plasmids present in a single strain of species, targeting
them one by one will be very challenging and needs more
time and costs of downstream analyses (Marbouty et al.
2017).

Some bacteria are opportunistic pathogens some time
mimicking commensal flora with desired benefits. If they
are completely removed using CRISPR-Cas, the growth
or metabolism of the host may be affected by its complete
removal or it may allow the outgrowth of other more
clinically problematic species as it happens to Clostrid-
ium difficile infection in the gut (Theriot et al. 2014).

CRISPR-Cas may also pose deleterious effect by
increasing antibiotic resistance in some bacterial species.
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For instance, although the I-F CRISPR-Cas of P aer-
uginosa successfully kills antibiotic resistant bacteria
(Xu et al. 2019), the system also indorses antimicrobial
resistance in C. jejuni (Shabbir et al. 2018). These finding
showed that using this molecular tool still need advanced
investigation to be used in a long-term therapeutic
modality.

Another limitation of CRISPR-Cas systems is that as
CRISPR-Cas9 seems easily portable between species,
one of the important considerations is the reversibil-
ity of nuclease cleavage by the host repair system unless
the final outcome of cleavage is host cell death. Similar
to yeast cells (Tong et al. 2015), some bacteria has NHE]
systems that could repair the cleaved target DNA (Bern-
heim et al. 2017). Some bacteria like E. coli needs the
exogenous recombination system (Jiang et al., 2013).

Additionally, developing and validation of Cas system
against bacteria that are hard to grown in the laboratory
is very difficult. The delivery vector is thus need to be
redesigned so that it is able to target such bacterial spe-
cies. The other limitation is that the genetic biosafety
of phages is difficult to judge. Phages applied should be
free from toxin or virulence factors, antibiotic-resist-
ance genes. The function of other phage genome also
needs to be analyzed for the safety before application.
Also, there should be thorough mutational analysis in
the CRISPR-Cas system itself once it is utilized in the
host system.

Conclusion

Antibiotics are used to improve growth, and to prevent
and control diseases. However, the intensive use of anti-
biotics for treatment, prevention, and control of disease
often leads to problem of antibiotic resistance. Antibiotic
resistance is often developed by alteration of host genes,
plasmid, and horizontal gene transfer between bacte-
ria. Cas9 programmed phage mediated CRISPR system
degrades targeted DNA which results in cell death or
plasmid loss or causes bacteria avirulent. The main prob-
lem in CRISPR-Cas9 antibacterial delivery is carrying the
large protein-RNA complex across the bacteria mem-
brane. To resolve this issue, phages are used as delivery
vehicles harnessing its natural predator characteristics to
the host bacteria. The efficient delivery of RGNs on con-
jugative vectors and phagemid to the target species bac-
teria and subsequent sequences-specific DNA cleavage
that leads to loss of virulence, loss of antibiotic resistance
and bacterial cell death are the critical characteristics of
this system. Remarkably the safety and efficacy of this
newly developed biotechnology tool need to be fur-
ther refined to use it for clinical translation. Therefore,
further research is needed to optimize the efficiency of
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CRISPR-Cas and expanding the phage host range to the
accurate microbial communities. The study should also
be carried out by monitoring the side effects of the tech-
nology for any unpredictable ecological responses of bac-
terial species associated with the spread of CRISPR-Cas9
delivery vectors to the bacterial community.

Acknowledgments

The authors extend gratitude to Texas A&M University and Hawassa University
Faculty of Veterinary Medicine for providing materials and internet used to
write this manuscript.

Authors’ contributions

FBB: Writing and review the manuscript. SAN: Conceptualizing the manuscript,
drafting the figures and editing edit the manuscript. All authors have read and
approved the manuscript.

Funding
Not applicable.

Availability of data and materials
The data supporting the findings are presented in the manuscript. The cor-
responding author can also be reached for any data inquiry.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors are consented for the publication of the manuscript.

Competing interests
The authors declare that they have no competing interests.

Received: 19 September 2022 Accepted: 3 January 2023
Published online: 27 February 2023

References

Abatangelo, V., N. Peressutti Bacci, C.A. Boncompain, A.A. Amadio, S. Carrasco,
C.A. Sudrez, and H.R. Morbidoni. 2017. Broad-range lytic bacteriophages
that kill Staphylococcus aureus local field strains. PLoS One 12: €0181671.
https://doi.org/10.1371/journal.pone.0181671.

Abda, T.D.S. 2020. Review on application of Oncolytic Virotherapy of Cancer cells in
veterinary medicine. https://doi.org/10.7176/alst/79-04.

Alexandre, L., and J. Gabriela. 2019. CRISPR-Cas: Converting a bacterial defence
mechanism into a state-of-the-art. Genetic Manipulation Tool Antibiotics 8:
18. https://doi.org/10.3390/antibiotics8010018.

Anders, C,, O. Niewoehner, A. Duerst, and M. Jine. 2014. Structural basis of
PAM-dependent target DNA recognition by the Cas9 endonuclease.
Nature 513: 569-573. https://doi.org/10.1038/nature13579.

Anderson, K, H. Ross, L. Ziegler, and PS. Meakelea. 1972. F+, Hfr, and F'strains
of Salmonella Typhimurium and Salmonella Abony. Bacteriological Reviews
36: 608-637. https://doi.org/10.1128/br.36.4.608-637.1972.

Barrangou, R, and L.A. Marraffini. 2014. CRISPR-cas systems: Prokaryotes
upgrade to adaptive immunity. Molecular Cell 54: 234-244. https://doi.
0rg/10.1016/j.molcel.2014.03.011.

Bernheim, A, A. Calvo-Villamanan, C. Basier, L. Cui, E. Rocha, M. Touchon, and
D. Bikard. 2017. Inhibition of NHEJ repair by type II-A CRISPR-Cas systems
in bacteria. Nature Communications 8: 2094. https://doi.org/10.1038/
s41467-017-02350-1.

Bikard, D., C. Euler, W. Jiang, P. Nussenzweig, G. Goldberg, X. Duportet, V.
Fischetti, and L. Marraffini. 2014. Exploiting CRISPR-Cas nucleases to
produce sequence-specific antimicrobials. Nature Biotechnology 32:
1146-1150. https://doi.org/10.1038/nbt.3043.

Page 9 of 11

Bikard, D., A. Hatoum-Aslan, D. Mucida, and L. Marraffini. 2012. CRISPR interfer-
ence can prevent natural transformation and virulence acquisition during
in vivo bacterial infection. Cell Host & Microbe 12: 91-263. https://doi.org/
10.1016/j.chom.2012.06.003.

Bondy-Denomy, J,, B. Garcia, S. Strum, M. Du, M. Rollins, Y. Hidalgo-Reyes, B.
Wiedenheft, K. Maxwell, and AR. Davidson. 2015. Multiple mechanisms
for CRISPR-Cas inhibition by anti-CRISPR proteins. Nature 526: 136—139.
https://doi.org/10.1038/nature15254.

Chan, L, S. Kosuri, and D. Endy. 2005. Refactoring bacteriophage T7. Molecular
Systems Biology 1: 1744-4292. https://doi.org/10.1038/msb4100025.

Chen, JS, YS. Dagdas, and B.P. Kleinstiver. 2017. Enhanced proof reading
governs CRISPR-Cas9 targeting accuracy. Nature 550: 407-410. https://
doi.org/10.1038/nature24268.

Citorik, R, M. Mimee, and T. Lu. 2014. Sequence-specific antimicrobials using
efficiently delivered RNAguided nucleases. Nature Biotechnology 32:
1141-1145. https://doi.org/10.1038/nbt.3011.

Deltcheva, E, K. Chylinski, CM. Sharma, K. Gonzales, Y. Chao, Z.A. Pirzada, M.R.
Eckert, J. Vogel, and E. Charpentier. 2011. CRISPR RNA maturation by
trans-encoded small RNA and host factor RNase Ill. Nature 471: 602-607.
https://doi.org/10.1038/nature09886.

d'Herelle, M. 1961. Sur un microbe invisible antagoniste des bacilles dysentér-
iques. Acta Kravsi 165: 373-375.

Dotto, G, V. Enea, and N. Zinder. 1981. Functional analysis of bacteriophage f1
intergenic region. Virology 114: 463-473. https://doi.org/10.1016/0042-
6822(81)90226-9.

El-Shibiny, A, and S. EI-Sahhar. 2017. Bacteriophages: The possible solution
to treat infections caused by pathogenic bacteria. Canadian Journal of
Microbiology 63: 865-879. https://doi.org/10.1139/cjm-2017-0030.

Erskine R.J 2001. Mastitis control in dairy caw. In Herd health, food animal pro-
duction medicine, Radostitis O.M.eds. edition W. B. sounders company,
Philadelphia, Penn sylvania, 3rd 397-432.

Fair, RJ.,, and Y. Tor. 2014. Antibiotics and bacterial resistance in the 21st
century. Perspectives in Medicinal Chemistry 28: 25-64. https://doi.org/10.
4137/PMC.S14459.

Fairoze, M. 2012. Personal communication with Dr. Mohamed Nadeem Fairoze,
Professor and Head of Dept. of Livestock Products Technology at Veterinary
College, KVAFS University.

Flynn, W. 2012. The judicious use of medically important antimicrobial drugs in
food-producing animal’s center for veterinary medicine (HFV-1).Vol. 77, 145.
Food and Drug Administration. Department Of Health and Human Ser-
vices. From the Federal Register Online via the Government Publishing
Office [www.gpo.gov] [FR Doc No: 2012-18366].

Golkar, Z, O. Bagasra, and D. Pace. 2014. Bacteriophage therapy: A potential
solution for the antibiotic resistance crisis. Journal of Infection in Develop-
ing Countries 8: 129-136. https://doi.org/10.3855/jidc.3573.

Gomaa, A, H. Klumpe, M. Luo, K. Selle, R. Barrangou, and C. Beisel. 2013.
Programmable removal of bacterial strains by use of genome-targeting
CRISPR-Cas systems. MBio 5: e00928-e00913. https://doi.org/10.1128/
mBio.00928-13.

Grissa, I, G. Vergnaud, and C. Pourcel. 2007. The CRISPRdb database and tools
to display CRISPRs and to generate dictionaries of spacers and repeats.
BMC Bioinformatics 8: 1-10. https://doi.org/10.1186/1471-2105-8-172.

Hagens, S., A. Habel, U. Ahsen, A. Gabain, and U. Blasi. 2004. Therapy of
experimental pseudomonas infections with a nonreplicating genetically
modified phage. Antimicrobial Agents and Chemotherapy 48: 3817-3822.
https://doi.org/10.1128/AAC48.10.3817-3822.2004.

Haurwitz, R, M. Jinek, B. Wiedenheft, K. Zhou, and J. Doudna. 2010. Sequence
and structure specific RNA processing by CRISPR endonuclease. Science
(-) 329: 1355-1358. https://doi.org/10.1126/science.1192272.

Hsu, P, E. Lander, and F. Zhang. 2014. Development and applications of
CRISPR- Cas9 for genome engineering. Cell 157: 1262-1278. https://doi.
0rg/10.1016/j.cell.2014.05.010.

Hupfeld, M., D. Trasanidou, L. Ramazzini, J. Klumpp, M. Loessner, and S. Kilcher.
2018. A functional type II-A CRISPR-Cas system from Listeria enables
efficient genome editing of large non-integrating bacteriophage. Nucleic
Acids Research 46: 6920-6933. https://doi.org/10.1093/nar/gky544.

Ishino, Y, H. Shinagawa, K. Makino, M. Amemura, and A. Nakata. 1987. Nucleo-
tide sequence of the iap gene responsible for alkaline phosphatase
isozyme conversion in Escherichia coli, and identification of the gene
product. Journal of Bacteriology 169: 5429-5433. https://doi.org/10.1128/
jb.169.12.5429-5433.1987.


https://doi.org/10.1371/journal.pone.0181671
https://doi.org/10.7176/alst/79-04
https://doi.org/10.3390/antibiotics8010018
https://doi.org/10.1038/nature13579
https://doi.org/10.1128/br.36.4.608-637.1972
https://doi.org/10.1016/j.molcel.2014.03.011
https://doi.org/10.1016/j.molcel.2014.03.011
https://doi.org/10.1038/s41467-017-02350-1
https://doi.org/10.1038/s41467-017-02350-1
https://doi.org/10.1038/nbt.3043
https://doi.org/10.1016/j.chom.2012.06.003
https://doi.org/10.1016/j.chom.2012.06.003
https://doi.org/10.1038/nature15254
https://doi.org/10.1038/msb4100025
https://doi.org/10.1038/nature24268
https://doi.org/10.1038/nature24268
https://doi.org/10.1038/nbt.3011
https://doi.org/10.1038/nature09886
https://doi.org/10.1016/0042-6822(81)90226-9
https://doi.org/10.1016/0042-6822(81)90226-9
https://doi.org/10.1139/cjm-2017-0030
https://doi.org/10.4137/PMC.S14459
https://doi.org/10.4137/PMC.S14459
https://www.gpo.gov
https://doi.org/10.3855/jidc.3573
https://doi.org/10.1128/mBio.00928-13
https://doi.org/10.1128/mBio.00928-13
https://doi.org/10.1186/1471-2105-8-172
https://doi.org/10.1128/AAC.48.10.3817-3822.2004
https://doi.org/10.1126/science.1192272
https://doi.org/10.1016/j.cell.2014.05.010
https://doi.org/10.1016/j.cell.2014.05.010
https://doi.org/10.1093/nar/gky544
https://doi.org/10.1128/jb.169.12.5429-5433.1987
https://doi.org/10.1128/jb.169.12.5429-5433.1987

Balcha and Neja Animal Diseases (2023) 3:4

Jiang, F, and J.A. Doudna. 2017. CRISPR-Cas9 structures and mechanisms.
Annual Review of Biophysics 46: 505-529. https://doi.org/10.1146/annur
ev-biophys-062215-010822.

Jiang, W,, D. Bikard, D. Cox, F. Zhang, and L. Marraffini. 2013. RNA-guided edit-
ing of bacterial genomes using CRISPR-Cas systems. Nature Biotechnology
31:233-239. https://doi.org/10.1038/nbt.2508.

Jinek, M., K. Chylinski, I. Fonfara, M. Hauer, J.A. Doudna, and E. Charpentier.
2012. A programmable dual-RNA-guided DNA endonuclease in adaptive
bacterial immunity. Science (—) 337: 816-821. https://doi.org/10.1126/
science.1225829.

Keen, E.C. 2015. A century of phage research: Bacteriophages and the shaping
of modern biology. Bioessays 37: 6-9. https://doi.org/10.1002/bies.20140
0152.

Kilcher, S., P. Studer, C. Muessner, J. Klumpp, and M. Loessner. 2018. Cross-
genus rebooting of custom-made, synthetic bacteriophage genomes
in L-form bacteria. Proceedings of the National Academy of Sciences 115:
567-572. https://doi.org/10.1073/pnas.1714658115.

Kiro, R., D. Shitrit, and U. Qimron. 2014. Efficient engineering of a bacterio-
phage genome using the type I-E CRISPR-Cas system. RNA Biology 11:
42-44. https;//doi.org/10.4161/rma.27766.

Koonin, EV, K.S. Makarova, and F. Zhang. 2017. Diversity, classification and evo-
lution of CRISPR-Cas systems. Current Opinion in Microbiology 37: 67-78.
https://doi.org/10.1016/j.mib.2017.05.008.

Liang, L., R. Liu, A. Garst, T. Lee, V. Nogue, G. Beckham, and R. Gill. 2017. CRISPR
enAbled trackable genome engineering for isopropanol production in
Escherichia coli. Metabolic Engineering 41: 1-10. https://doi.org/10.1016/j.
ymben.2017.02.009.

Lin, Y, C. Thibodeaux, J.A. Pefa, G. Ferry, and J. Versalovic. 2008. Probiotic lacto-
bacillus reuteri suppress proinflammatory cytokines via c-Jun. Inflamma-
tory Bowel Diseases 14: 1068-1083. https://doi.org/10.1002/ibd.20448.

Liu, Q, Y. Jiang, L. Shao, P.Yang, B. Sun, S.Yang, D. Chen, and al. He. 2017.
CRISPR/Cas9-based efficient genome editing in Staphylococcus aureus.
Acta Biochimica et Biophysica Sinica 49: 764-770. https://doi.org/10.1093/
abbs/gmx074.

Makarova, K., N. Grishin, S. Shabalina, Y. Wolf, and E. Koonin. 2006. RNA-inter-
ference-based immune system in prokaryotes: Computational analysis of
the predicted enzymatic machinery, functional analogies with eukaryotic
RNAI, and hypothetical mechanisms of action. Biology Direct 1: 1-26.
https://doi.org/10.1186/1745-6150-1-7.

Mamedov, T, N. Padhye, H. Viljoen, and A. Subramanian. 2007. Rational de
novo gene synthesis by rapid polymerase chain assembly (PCA) and
expression of endothelial protein C and thrombin receptor genes. Journal
of Biotechnology 131: 379-387. https://doi.org/10.1016/j jbiotec.2007.08.
010.

Marbouty, M., L. Baudry, A. Cournac, and R. Koszul. 2017. Scaffolding bacterial
genomes and probing host-virus interactions in gut microbiome by prox-
imity ligation (chromosome capture) assay. Science Advances 3: 160-2105.
https://doi.org/10.1126/sciadv.1602105.

Marraffini, L, and E.J. Sontheimer. 2010. CRISPR interference: RNA-directed
adaptive immunity in bacteria and archaea. Nature Reviews Genetics 11:
181-190. https://doi.org/10.1038/nrg2749.

McEwen, S., and P. Fedorka-Cray. 2002. Antimicrobial use and resistance in
animals. Clinical Infectious Diseases 34: 93-106. https://doi.org/10.1128/
microbiolspec. ARBA-0009-2017.

Melnikov, A, A. Tchernov, I. Fodor, and A. Bayev. 1984. Lambda phagemids and
their transducing properties. Gene 28: 29-35. https://doi.org/10.1016/
0378-1119(84)90084-2.

Mojica, F, C. Diez-Villasefior, J. Garcia-Martinez, and C. Almendrosn. 2009.
Short motif sequences determine the targets of the prokaryotic CRISPR
defence system. Microbiology 155: 733-740. https://doi.org/10.1099/
mic.0.023960-0.

Moradpour, Z, Z. Sepehrizadeh, F. Rahbarizadeh, A. Ghasemian, M. Yazdi, and
A. Shahverdi. 2009. Genetically engineered phage harbouring the lethal
catabolite gene activator protein gene with an inducer-independent
promoter for biocontrol of Escherichia coli. FEMS Microbiology Letters 296:
67-71. https://doi.org/10.1111/j.1574-6968.2009.01620.x.

Nishimasu, H., FA. Ran, PD. Hsu, et al. 2014. Crystal structure of Cas9 in com-
plex with guide RNA and target DNA. Cell 156: 935-949. https://doi.org/
10.1016/j.cell.2014.02.001.

NMC. 1999. Current Concept in bovine mastitis National mastitis Council (NMC).
3rd ed, 1840 Wilsonblud, Arlinton, VA 22201.

Page 10 of 11

Park, J., B. Moon, J. Thornton, Y. Park, and K. Seo. 2017. Genetic engineering of a
temperate phage-based delivery system for CRISPR/Cas9 antimicrobials
against Staphylococcus aureus. Scientific Reports 7: 44929. https://doi.org/
10.1038/srep44929.

Quinn, PM,, C.B. Markey, and G. Carter. 2002. Clinical veterinary microbiology,
331-344. Virginia: Harcourt Publishers.

Radostits, O., C. Gay, D. Blood, and K. Hinchlif. 2007. Mastitis. In Veterinary medi-
cine, 9th ed., 174-758. London: Harcourt Ltd.

Rousseau, C,, M. Gonnet, M. Le Romancer, and J. Nicolas. 2009. CRISPI: A CRISPR
interactive database. Bioinformatics 25: 3317-3318. https://doi.org/10.
1093/bioinformatics/btp586.

Russel, M., S. Kidd, and M. Kelley. 1986. An improved filamentous helper phage
for generating single stranded plasmid DNA. Gene 45: 333-338. https://
doi.org/10.1016/0378-1119(86)90032-6.

Sblattero, D, and A. Bradbury. 2000. Exploiting recombination in single
bacteria to make large phage antibody libraries. Nature Biotechnology 18:
75-80. https://doi.org/10.1038/71958.

Seed, K., D. Lazinski, S. Calderwood, and A. Camilli. 2013. A bacteriophage
encodes its own CRISPR/Cas adaptive response to evade host innate
immunity. Nature 494: 489-491. https://doi.org/10.1038/nature11927.

Semenova, E, M. Jore, K. Datsenko, A. Semenova, E. Westra, B. Wanner, J. van
der Oost, S. Brouns, and K. Severinov. 2011. Interference by clustered
regularly interspaced short palindromic repeat (CRISPR) RNA is governed
by a seed sequence. Proceedings of the National Academy of Sciences USA
108: 10098-10103. https://doi.org/10.1073/pnas.1104144108.

Shabbir, M.A,, Q. Wu, M.Z. Shabbir, A. Sajid, S. Ahmed, A. Sattar, Y. Tang, J. Li, MK.
Maan, and H. Hao. 2018. The CRISPR-cas system promotes antimicrobial
resistance in campylobacter jejuni. Future Microbiology 13:1757-1774.
https://doi.org/10.2217/fmb-2018-0234.

Shmakov, S., O. Abudayyeh, K. Makarova, Y. Wolf, J. Ootenberg, E. Semenova, L.
Minakhin, J. Joung, S. Konermann, and K. Severinov. 2015. Discovery and
functional characterization of diverse class 2 CRISPR-Cas systems. Molecu-
lar Cell 60: 385-397. https://doi.org/10.1016/j.molcel.2015.10.008.

Singh, V,, D. Braddick, and P. Dhar. 2017. Exploring the potential of genome
editing CRISPR-Cas9 technology. Gene 599: 1-18. https://doi.org/10.
1016/j.gene.2016.11.008.

Stern, A, L. Keren, O. Wurtzel, G. Amitai, and R. Sorek. 2010. Self-targeting by
CRISPR: Gene regulation or autoimmunity? Trends in Genetics 26: 335-340.
https://doi.org/10.1016/.tig.2010.05.008.

Sternberg, S.H., B. Lafrance, M. Kaplan, and J.A. Doudna. 2015. Conformational
control of DNA target cleavage by CRISPRCas9. Nature 527: 110-113.
https://doi.org/10.1038/nature15544.

Sternberg, S.H., S. Redding, M. Jinek, E.C. Greene, and J.A. Doudna. 2014. DNA
interrogation by the CRISPR RNA-guided endonuclease Cas9. Nature 507:
62-67. https://doi.org/10.1038/nature13011.

Szczelkun, M.D., M.S. Tikhomirova, T. Sinkunas, G. Gasiunas, T. Karvelis, P
Pschera, V. Siksnys, and R. Seidel. 2014. Direct observation of R-loop
formation by single RNA-guided Cas9 and Cascade effector complexes.
Proceedings of the National Academy of Sciences USA 111: 9798-9803.
https://doi.org/10.1073/pnas.1402597111.

Tamma, P, S. Cosgrove, and L. Maragakis. 2012. Combination therapy for
treatment of infections with gram-negative bacteria. Clinical Microbiology
Reviews 25:450-470. https://doi.org/10.1128/CMR.05041-11.

Tang, Z, X. Huang, PM. Sabour, J.R. Chambers, and Q. Wang. 2015. Prepara-
tion and characterization of dry powder bacteriophage K for intestinal
delivery through oral administration. LWT-Food Science and Technology 60:
263-270. https://doi.org/10.1016/j.Iwt.2014.08.012.

Thabit, A, J. Crandon, and D. Nicolau. 2015. Antimicrobial resistance: Impact
on clinical and economic outcomes and the need for new antimicrobials.
Expert Opinion on Pharmacotherapy 16: 159-177. https://doi.org/10.1517/
14656566.2015.993381.

Thawani. 2010. Rational use of medicine achievements and challenges. Indian
Journal of Pharmacology 42: 63-64. https://doi.org/10.4103/0253-7613.
64486.

Theriot, C,, M. Koenigsknecht, P. Carlson, G. Hatton, A.M. Nelson, B. Li, et al.
2014. Antibiotic-induced shifts in the mouse gut micro biome and
metabolize increase susceptibility to Clostridium difficile infection. Nature
Communications 5: 3114. https://doi.org/10.1038/ncomms4114.

Thirapatsakun, T. 1999. Mastitis management. In Small holder dairying in the
tropics, ed. Hunt and Chantalakhana, 299-339. Nairobi: ILRI.


https://doi.org/10.1146/annurev-biophys-062215-010822
https://doi.org/10.1146/annurev-biophys-062215-010822
https://doi.org/10.1038/nbt.2508
https://doi.org/10.1126/science.1225829
https://doi.org/10.1126/science.1225829
https://doi.org/10.1002/bies.201400152
https://doi.org/10.1002/bies.201400152
https://doi.org/10.1073/pnas.1714658115
https://doi.org/10.4161/rna.27766
https://doi.org/10.1016/j.mib.2017.05.008
https://doi.org/10.1016/j.ymben.2017.02.009
https://doi.org/10.1016/j.ymben.2017.02.009
https://doi.org/10.1002/ibd.20448
https://doi.org/10.1093/abbs/gmx074
https://doi.org/10.1093/abbs/gmx074
https://doi.org/10.1186/1745-6150-1-7
https://doi.org/10.1016/j.jbiotec.2007.08.010
https://doi.org/10.1016/j.jbiotec.2007.08.010
https://doi.org/10.1126/sciadv.1602105
https://doi.org/10.1038/nrg2749
https://doi.org/10.1128/microbiolspec.ARBA-0009-2017
https://doi.org/10.1128/microbiolspec.ARBA-0009-2017
https://doi.org/10.1016/0378-1119(84)90084-2
https://doi.org/10.1016/0378-1119(84)90084-2
https://doi.org/10.1099/mic.0.023960-0
https://doi.org/10.1099/mic.0.023960-0
https://doi.org/10.1111/j.1574-6968.2009.01620.x
https://doi.org/10.1016/j.cell.2014.02.001
https://doi.org/10.1016/j.cell.2014.02.001
https://doi.org/10.1038/srep44929
https://doi.org/10.1038/srep44929
https://doi.org/10.1093/bioinformatics/btp586
https://doi.org/10.1093/bioinformatics/btp586
https://doi.org/10.1016/0378-1119(86)90032-6
https://doi.org/10.1016/0378-1119(86)90032-6
https://doi.org/10.1038/71958
https://doi.org/10.1038/nature11927
https://doi.org/10.1073/pnas.1104144108
https://doi.org/10.2217/fmb-2018-0234
https://doi.org/10.1016/j.molcel.2015.10.008
https://doi.org/10.1016/j.gene.2016.11.008
https://doi.org/10.1016/j.gene.2016.11.008
https://doi.org/10.1016/j.tig.2010.05.008
https://doi.org/10.1038/nature15544
https://doi.org/10.1038/nature13011
https://doi.org/10.1073/pnas.1402597111
https://doi.org/10.1128/CMR.05041-11
https://doi.org/10.1016/j.lwt.2014.08.012
https://doi.org/10.1517/14656566.2015.993381
https://doi.org/10.1517/14656566.2015.993381
https://doi.org/10.4103/0253-7613.64486
https://doi.org/10.4103/0253-7613.64486
https://doi.org/10.1038/ncomms4114

Balcha and Neja Animal Diseases (2023) 3:4

Thomas, C,, and K. Nielsen. 2005. Mechanisms of, and barriers to, horizontal
gene transfer between bacteria. Nature Reviews Microbiology 3: 690-732.
https://doi.org/10.1038/nrmicro1234.

Tong, Y, P.Charusanti, L. Zhang, T. Weber, and S. Lee. 2015. CRISPR-Cas9
based engineering of actinomycetal genomes. ACS Synthetic Biology 4:
1020-1029. https://doi.org/10.1021/acssynbio.5000038.

van Houte, S. 2016. The diversity-generating benefits of a prokaryotic adaptive
immune system. Nature 532: 385-388. https://doi.org/10.1038/natur
el7436.

Wang, K, J. Fredens, S. Brunner, S. Kim, T. Chia, and J. Chin. 2016. Defining
synonymous codon compression schemes by genome recoding. Nature
539: 59-64. https://doi.org/10.1038/nature20124.

Wittebole, X, S. De Roock, and S. Opal. 2014. A historical overview of bacterio-
phage therapy as an alternative to antibiotics for the treatment of bacte-
rial pathogens. Virulence 5: 226-235. https://doi.org/10.4161/viru.25991.

Xu, Z., M. Li, Y. Li, H. Cao, L. Miao, Z. Xu, Y. Higuchi, S. Yamasaki, K. Nishino, and
PC.Woo. 2019. Native CRISPR-Cas-mediated genome editing enables
dissecting and sensitizing clinical multidrug-resistant P. aeruginosa. Cell
Reports 29: 1707-1717 e1703. https://doi.org/10.1016/j.celrep.2019.10.
006.

Yosef, |, M.G. Goren, and U. Qimron. 2012. Proteins and DNA elements essen-
tial for the CRISPR adaptation process in Escherichia coli. Nucleic Acids
Research 40: 5569-5576. https://doi.org/10.1093/nar/gks216.

Yosef, I, M. Manor, R. Kiro, and U. Qimron. 2015. Temperate and lytic bacterio-
phages programmed to sensitize and kill antibiotic-resistant bacteria.
Proceedings of the National Academy of Sciences USA 112: 7267-7272.
https://doi.org/10.1073/pnas.1500107112.

Yu, L, W. Su, PD. Fey, F. Liu, and L. Du. 2018. Yield improvement of the anti-
MRSA antibiotics WAP-8294An by CRISPR/dCas9 combined with refactor-
ing self-protection genes in Lysobacter enzymogen OH11. ACS Synthetic
Biology 7: 258-266. https://doi.org/10.1021/acssynbio.7b00293.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 11 of 11

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1038/nrmicro1234
https://doi.org/10.1021/acssynbio.5b00038
https://doi.org/10.1038/nature17436
https://doi.org/10.1038/nature17436
https://doi.org/10.1038/nature20124
https://doi.org/10.4161/viru.25991
https://doi.org/10.1016/j.celrep.2019.10.006
https://doi.org/10.1016/j.celrep.2019.10.006
https://doi.org/10.1093/nar/gks216
https://doi.org/10.1073/pnas.1500107112
https://doi.org/10.1021/acssynbio.7b00293

	CRISPR-Cas9 mediated phage therapy as an alternative to antibiotics
	Abstract 
	Introduction
	CRISPR-Cas system
	Structure of CRISPR loci
	Steps of CRISPR-Cas as adaptive immunity for bacteria
	Adaptation
	CRISPR-Cas RNA biogenesis
	Interference


	Mechanism of specific DNA cleavage by CRISPR-Cas9
	CRISPR-Cas9 editing of bacteria
	Anti-CRISPR mechanisms of phage
	CRISPR-Cas9 based phage engineering
	Rebooting phages using assembled phage genomic DNA
	Phage-mediated delivery of CRISPR-Cas9 to bacteria
	Using CRISPR-Cas modified phage to target antibiotic-resistant genes
	Advantage of CRISPR-Cas system in combating antibiotic resistance
	Limitation of CRISPR-Cas9 mediated the phage as antibacterial biocontrol agents
	Conclusion
	Acknowledgments
	References


