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Gene editing tools have become an indispensable part of research into the 
fundamental aspects of cell biology. With a vast body of literature having been 
generated based on next generation sequencing technologies, keeping track of 
this ever-growing body of information remains challenging. This necessitates the 
translation of genomic data into tangible applications. In order to address this 
objective, the generated Next Generation Sequencing (NGS) data forms the basis 
for targeted genome editing strategies, employing known enzymes of various 
cellular machinery, in generating organisms with specifically selected phenotypes. 
This review focuses primarily on CRISPR/Cas9 technology in the context of 
its advantages over Zinc finger proteins (ZNF) and Transcription activator-like 
effector nucleases (TALEN) and meganucleases mutagenesis strategies, for use in 
agricultural and veterinary applications. This review will describe the application 
of CRISPR/Cas9  in creating modified organisms with custom-made properties, 
without the undesired non-targeted effects associated with virus vector vaccines 
and bioactive molecules produced in bacterial systems. Examples of the 
successful and unsuccessful applications of this technology to plants, animals 
and microorganisms are provided, as well as an in-depth look into possible future 
trends and applications in vaccine development, disease resistance and enhanced 
phenotypic traits will be discussed.
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1. Introduction

Targeted genome engineering enables the modification of specific genomic loci at 
predetermined sites to generate novel plants, animals, and microorganisms by bypassing the 
procedure of using random mutagenesis and long-term selection (1, 2). Understanding the 
functional significance of individual coding and regulatory genes creates unprecedented 
opportunities. These technologies make it possible to revolutionize agriculture and industry to 
solve research and practical problems in the areas of food and biological safety. The development 
of these technologies will enable us to further understand the function of individual genes, 
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which can be exploited to improve nutrition and the taste of food, and 
increase the resistance of agricultural animals and plants to infection 
and parasites (3–5).

Among the main approaches to directly modify the genome, two 
technologies can be distinguished: ectopic gene insertion (cis- and 
trans-genesis) and editing the nucleotide sequence (6, 7). Each of 
these strategies is radically different from the previous approaches of 
induced mutagenesis and crossing that were once widely used. Their 
use required a clear understanding of the function of individual genes 
as well as their interactions and regulation. Thus, the use of direct 
genomic modification technologies is practically devoid of the element 
of randomness, and the resulting organisms, with a high degree of 
probability, acquire and transmit the desired properties and 
characteristics to their offspring. Each of these approaches has certain 
features, advantages and limitations, successes and failures, of which 
the most relevant will be discussed in this review.

2. Genome editing before the advent 
of CRISPR/Cas9

Genetic engineering was first introduced into scientific practice 
in the 1970s, even before the advent of widespread modern nuclease-
based gene editing platforms; however, a number of technical 
shortcomings limited its widespread use. The limiting factors of the 
methods initially used were relatively low efficiencies and specificity 
(depending on the specific object of research) as well as significant 
material and time costs.

At the early stages of genetic engineering, genome modification 
was based upon the natural mechanism of homologous recombination 
(very low efficiency–up to 0.001%), when a vector (usually a 
recombinant plasmid) containing a DNA construct corresponding to 
the sequence of the target gene with the necessary modifications 
exchanged nucleotide sequences with the intact target gene (8). The 
revolutionary work of Rouet et al. demonstrated the possibility of 
introducing double-strand breaks into the chromosomes of mouse 
cells of the transplanted COS1 cell line using an expression system of 
the rare-cut nuclease I-Sce I with amazing efficiency, up to 82% (9, 10).

The discovery of site-specific recombinases (SSR) of bacteriophage 
P1 and baker’s yeast Saccharomyces cerevisiae introduced the method 
of complete gene deletion into the practice of genome editing (11, 12). 
The two most common types of SSR are the Cre-loxP and Flp-FRT 
systems. Cre recombinase is an enzyme first discovered in 
bacteriophage P1 that excises a DNA fragment by homologous 
recombination between highly specific flanking sequences, known as 
Lox-P sites (13, 14). The Flp-FRT system operates in a similar manner; 
however, the Flp recombinase discovered in baker’s yeast recognizes 
FRT sequences (15, 16). During hybridization of cells expressing SSR 
and cells containing the gene of interest flanked by loxP or FRT sites, 
the target gene may be cleaved and inactivated (Figure 1) (17, 18). The 
main disadvantage of this method is the need for preliminary 
integration of loxP and FRT sites within the genome region to 
be deleted. Therefore, its main application was the creation of genomic 
modifications for basic animal research (19). The targets in this case, 
as a rule, were marker genes encoding green fluorescent protein 
(GFP), β-galactosidase, antibiotic resistance enzymes, and others (20).

Because it was found that the introduction of a double-stranded 
DNA break markedly increases the efficiency of genome editing, the 

search for endonucleases capable of generating such breaks within a 
desired region of the genome began. As a result, meganucleases were 
used for these purposes and a number of artificial nucleases were 
developed including zinc-finger nucleases (ZFNs) and transcription 
activator-like effector nucleases (TALENs). A feature of these 
nucleases is the recognition of the target DNA sequence due to amino 
acid residues, which required time-consuming optimization of the 
accuracy and efficiency of these systems. In 2012, the CRISPR/Cas9 
bacterial “immunity” system was proposed for genome editing, which 
targets a region of the genome based on Watson-Crick interactions 
between the target region of the DNA and crRNA/gRNA, which is 
part of the CRISPR/Cas9 effector complex. The introduction of a 
double-stranded DNA break triggers the repair process, which 
includes non-homologous end connection (NHEJ) and homologous 
directed repair (HDR). NHEJ directly connects the ends of the cleaved 
DNA, whereas HDR uses a homologous sequence as a matrix to 
restore missing DNA sequences at the break point (21). A brief 
demonstration of the mechanism of action of these four nuclease 
systems is presented in Figure 2.

The first kind of nucleases that were used were Meganucleases, 
which are a highly specific enzymes characterized by an ability to 
recognize and cut longer DNA sequences from 14 to 40 base pairs 
(Figure 2) (22). There are five meganuclease families based on their 
structures: LAGLIDADG, His-Cys box, HNH, PD-(D/E)XK and 
GIY-YIG (23). The LAGLIDADG family of proteins exhibits 
conserved features, of which I-CreI, I-CeuI, I-AniI, I-SceI, I-PfuI, 
and I-DmoI, are the most widely used (24, 25). Because of their 
high specificity for the DNA target site, the number of candidate 
target genes for genome editing is relatively low, which requires the 
identification of new meganucleases for genetic modification of 
other genes. Currently, tens of thousands of such enzymes are 
available; however, identifying specific meganucleases for each 
purpose (modification) is a significant obstacle when conducting 
research (26).

The second type are Zinc-finger nucleases (ZFNs), a synthetic 
endonucleases constructed by fusing the DNA-binding domains of 
transcription factors with the nuclease domain of FokI restriction 
enzyme (27). Each DNA-binding domain can recognize 3 nucleotides 
and when combined into tandem structures of 3–6, the DNA-binding 
domains of individual ZFNs are able to recognize 9–18 pairs of 
nucleotides in the target DNA. ZFNs involve the use of a pair of 
editors designed in such a way that each pair recognizes DNA sites in 
the forward (5′-3′) and reverse (3′-5′) strands of the target gene 
flanking the area selected for editing. With this design, the nuclease 
domains of FokI dimerize and introduce a double-strand break in 
DNA (Figure 2) (28, 29). Despite a number of advantages, the use of 
ZFN is limited because of the high cost and complexity of designing 
and testing the editors, the limited choice of the target site, and the 
possibility of non-specific DNA cleavage.

Transcription activator-like effector nucleases (TALEN) are the 
third type of artificial programmable endonucleases, created by fusing 
transcription activator-like effector (TALE) DNA-binding domains to 
the DNA cleavage domain of FokI endonuclease (Figure 2). TALEs 
can be engineered to bind to practically any desired DNA sequence, 
so when combined with a nuclease, DNA can be  cut at specific 
locations. The TALE DNA-binding domain contains a repeated highly 
conserved 33–34 amino acid sequence with divergence at the 12th and 
13th amino acids (30). These two positions, referred to as the Repeat 
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Variable Di-residue (RVD), are highly variable and show a strong 
correlation with specific nucleotide recognition (31).

The main advantage of the TALEN design over ZFN is the greater 
number (>18 bp) of binding nucleotides. To date, there are 
approximately 20 constructed RVDs, 7 of which are used in 90% of the 
cases (32). Among other advantages of TALENs is the ability to edit a 
wider range of DNA sites compared with ZFNs, which are determined 

by the sequence of the DNA-binding domain. Nevertheless, TALENs 
have disadvantages manifested both in off-targeted binding effects and 
the difficulty in delivering enzymes to target cells because of their high 
molecular weight (33, 34).

The fourth type of nucleases are CRISPR/Cas, which 
revolutionized the science of genetic modification in the past decade, 
and will be subsequently discussed in more detail.

FIGURE 1

Mechanism of action of site-specific recombinases in mouse cells. This figure is based on previously published work (18).

FIGURE 2

Mechanism of action of different genetically engineered nucleases for DNA restriction (22).
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3. CRISPR/Cas9-mediated genome 
editing

A recent and revolutionary genome editing tool is the CRISPR/
Cas9 bacterial “immunity” system, which is based on the guiding 
ability of short RNAs and nuclease activity of the CRISPR-associated 
Cas9 enzyme. When combined, the complex (Cas9/gRNA) can cleave 
DNA at almost any desired site (Figure 2) (35, 36). In nature, CRISPR 
(clustered regularly interspaced short palindromic repeats) is an 
adaptive immunity mechanism for members of the Archaea and 
bacteria kingdoms. It consists of two key components; CRISPR array 
and CRISPR-associated nuclease. The CRISPR array stores genetic 
information pertaining to previous phage or plasmid infections, thus 
acting as a genetic “memory.” It consists of tandem nucleotide repeats 
(25–36 bp in length) separated by unique sequences of approximately 
the same length, also known as spacers. The spacers are acquired from 
the genome of parasitic elements during prokaryote infection and 
become the basis of prokaryote adaptive immunity, as they guide the 
CRISPR-associated nuclease (the second component of CRISPR/Cas9 
system) to destroy the parasite genome during re-infection. A short 
RNA guiding CRISPR/Cas9 system that targets DNA is known as 
crRNA (CRISPR RNA). The genes encoding Cas proteins are often 
located in close proximity to the CRISPR template (Figure 3) (21, 37).

Three types (I–III) of CRISPR systems have been identified across 
a wide range of bacterial and archaeal hosts. Each system comprises a 
cluster of CRISPR-associated (Cas) genes, noncoding RNAs, and a 
distinctive array of repetitive elements (direct repeats). The Type II 
CRISPR system is well-characterized, consisting of the nuclease Cas9, 
the crRNA array that encodes the guide RNAs, and a required 
auxiliary trans-activating crRNA (tracrRNA) that facilitates the 

processing of the crRNA array into discrete crRNAs and mediates the 
crRNA interaction with the Cas9 apoenzyme. The synthetic crRNA 
analog obtained by fusion of crRNA and trans-crRNA is known as a 
single guide RNA (sgRNA or gRNA). Because of its convenience and 
easy customization, CRISPR/Cas9 technology has been used for 
genome editing of target cells. Since 2010, multiple modifications and 
improvements to this system have been implemented to make it easier 
to use and available to any researcher (38). This system enables one to 
control gene expression, make precise genome modifications, and 
even trigger chromosomal recombination.

As mentioned previously, CRISPR-Cas technology relies on the 
interaction between the crRNA/gRNA and target DNA (RNA–DNA 
interaction), which determines the exact position where Cas 
nucleases can perform double-strand DNA cleavage. Changing the 
sequence of the sgRNA changes the specificity of the CRISPR/Cas9 
system. Because the synthesis of a new crRNA/gRNA is easy, 
CRISPR/Cas9 has a number of advantages compared with ZFNs and 
TALENs, such as the simplicity of design, versatility with respect to 
any target, and the ability to modify several genomic sites 
simultaneously (multiplex editing). The only significant disadvantage 
of CRISPR/Cas9 is the high molecular weight of the Cas9 nuclease, 
which can impede delivery of the genome editing components into 
cells. However, various easy-to-use delivery methods (e.g., lentiviral 
expression system, liposomes, electroporation, transfection by 
recombinant plasmids) have been developed to overcome this 
limitation (39, 40). A comparison of the advantages and 
disadvantages of the four methods for nuclease genome editing is 
presented in Table 1 (41). Based on the majority of the parameters 
evaluated in Table 1, CRISPR/Cas9 technology is the superior or 
most preferred technology.

FIGURE 3

Schematic representation of the mechanism of the CRISPR-Cas system for double-stranded DNA cleavage. This figure is based on previously 
published work (21).
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4. CRISPR-Cas9 applications

CRISPR -Cas9 technology facilitates knockin–knockout strategies 
to study and determine the influence of a particular gene on the 
virulence of a virus or its replication as well as the phenotypic traits of 
animals or prokaryotes. The results of such modifications are usually 
associated with one of two possible outcomes: knockout - deletion of 
any gene from the genome, or knockin–introduction of a new gene 
into the genome of a virus or animal. As a result, the implementation 
of a DIVA strategy (differentiation of infected from vaccinated 
animals), in which the gene is inactivated by integrating a marker gene 
(e.g., encoding a green or red fluorescent protein), facilitates the 
selection of the recombinant organism.

The major advantages of CRISPR/Cas 9 is the ease and 
versatility of design and cloning to generate guide RNA (gRNA) 
libraries for large-scale genetic screening. Genomic screenings 
enables the discovery of the function of new genes and to determine 
their role and mechanism of action within living cells. Before 
CRISPR/Cas9, genomic screenings were performed using two main 
approaches: “turning on” gene expression using a cDNA library and 
“turning off ” genes by RNA interference (42). The efficacy of these 
approaches was rather restricted, whereas contemporary gRNA 
libraries enable one to edit not only the whole genome, but a subset 
of genes involved in a specific signal or metabolic pathway as well 
as ncRNAs. Moreover, no Cas9-related cytotoxicity has been 
reported and its activity depends solely on the complex of NHEJ 
proteins responsible for DNA repair following double-strand 
breaks. Currently, CRISPR/Cas 9-based screenings are used to 
analyze pathological processes, such as carcinogenesis, metastasis, 
and inflammation (21).

Various scientific groups around the world are conducting 
research on the development of prevention strategies for various 
animal diseases (e.g., African swine fever, classical swine fever, Marek’s 

disease, capripoxvirus infections, Aujeszky’s disease) in an effort to 
create a safe and effective biological product or vaccine that provides 
long-term protection against infection.

4.1. Application of CRISPR/Cas9 during the 
production of healthy animals with useful 
economic traits

The increasing global population depends on the effective and 
enhanced productivity of livestock and poultry for food. One of the 
best strategies to increase the efficiency of food production is to select 
farm animals with the most desirable traits, either through extensive 
selective breeding campaign or by modifying the genetics of these 
animals (43). Microinjection of the structures required for CRISPR/
Cas9 function, directly into zygotes results in a high probability of 
obtaining offspring with the desired recombinant traits. The CRISPR/
Cas9 construct is capable of inactivating genes and creating site-
specific mutations by cytoplasmic injection, pronuclear injection, or 
electroporation (44).

Because CRISPR/Cas9 has become an important tool for genetic 
engineering, it has been used to produce changes and correct 
undesirable defects in specific genes to improve the quality of livestock 
(e.g., cattle, pigs, horses). A large number of animals with edited 
genomes have been created. These include a pig with an altered 
myostatin gene, resulting in larger muscle mass, or a pig with 
resistance to the reproductive and respiratory syndrome virus, and 
transgenic cattle resistant to tuberculosis (45–47). Recently, scientists 
from China has created three different pig lines that are resistant to 
the classical swine fever virus (48–51). When studying the productivity 
of genetically modified livestock, significant improvements have been 
achieved with respect to meat yield, disease resistance, and other 
desirable qualities (52).

TABLE 1 Comparison of parameters for various methods of genetic editing using nucleases (41).

Parameters
Method of genome modification using nucleases

ZFNs TALENs Meganucleases CRISPR/Cas

Versatility Low Medium Low High

Cost Low High Low Low

Cytotoxicity ++ + - -

Specificity Low Medium High High

Effectivity Medium Medium Low High

Construction

Moderately difficult 

(requires specific enzyme 

for each DNA fragment)

Difficult (Requires the 

synthesis of a highly specific 

enzyme for DNA and a 

method for delivering the 

protein to the target cell)

Difficult (requires it is necessary to 

select a specific restriction site for each 

gene)

Moderately easy (Requires 

synthesis of RNA-guides and 

delivery of Cas9 to target 

cell)

Multiplex genome editing Low probability Low probability Impossible Possible

Preparation of additional helping 

factors
Not required

Requires delivering the 

enzymes to the target cell
Not required

Requires synthesis of RNA-

guides and delivery of Cas9 

to target cell

Probability of NHEJ Low Low Low Medium

Probability of HR Low Low Low Medium
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4.2. The use of CRISPR/Cas9 in the 
modification of viral genomes

Virus replication depends on numerous factors in the target 
host cells. Due to the obligate host-dependent replication of viruses, 
it is more difficult to apply genome editing tools to the virus genome 
than compared with the editing of the eukaryote host genome. 
Success in generating novel viral mutants has been achieved with 
CRISPR/Cas9 in the absence of viral replication in the cell and, as 
a consequence, decontamination of cell cultures and sensitive 
organisms. Recently, various studies have successfully used 
CRISPR/Cas9 technology to obtain attenuated viral variants 
(viruses with both DNA- and RNA-containing genomes) as vaccine 
prototypes (53, 54).

4.2.1. Editing DNA viruses using CRISPR/Cas9
The CRISPR/Cas9 system has been successfully applied to 

DNA-containing viruses, such as the smallpox vaccine virus (VACV) 
(55, 56), human polyomavirus 2 (JCPyV) (57), African swine fever 
virus (ASFV) (58–60), avian adenovirus 4 (FAdV-4) (61), Aujeszky’s 
disease virus (62, 63), and Marek disease virus (64) (Table 2). CRISPR/
Cas9 technology guided by gRNA provides significantly greater 
efficiency for creating mutant VACVs without obvious side effects in 
recipient organisms compared to using a site-specific recombinase 
system. Additionally, it provides a marker-free system that can be used 
to efficiently construct VACV vectors carrying therapeutic genes in 
the TK or N1L regions (55, 56). A system was established to make 
changes to the non-coding region and the open reading frame (ORS) 
of the “late” gene in the genome of human polyomavirus 2, which 
subsequently inhibited viral replication and protein expression (57). 
The genomes of ASFVs were altered between positions 71 and 78 in 
the phosphoprotein p30 gene, encoded by the CP204L gene. This 
resulted in the mutated ASFVs not displaying the classical cytopathic 
effects when cultured in the infected wild boar lung cell line WSL (58). 
Additionally, the complete deletion of the gene encoding the 
immunogenic protein A238L (5EL) of the ASF virus genotype IX was 
the basis for implementing a differentiation between infected and 
vaccinated animal (DIVA) strategy for ASF (59). The CRISPR/Cas9 
system was successfully applied to generate a unique nucleotide 
deletion (1966DEL) within the avirulent strain KR5 of the avian 
adenovirus 4, between ORS 42 and ORS 43 confirmed the absence of 
virulent function (61).

4.2.2. Editing of RNA-containing viruses using 
CRISPR/Cas9

Currently, the CRISPR/Cas9 system is primarily used for editing 
genes of DNA-containing viruses, but technical obstacles related to its 
use for the mutagenesis of RNA-containing viruses remain. The 
recently discovered Cas9 nuclease from the Gram-negative bacterium 
Francisella novicida (FnCas9) is capable of targeting endogenous 
bacterial RNA. This FnCas9 can be  directed by an engineered 
RNA-targeting guide RNA to target and inhibit a human +ssRNA 
virus, hepatitis C virus, within eukaryotic cells. This work revealed a 
versatile and portable RNA-targeting system that can effectively 
function in eukaryotic cells and be  programmed as an antiviral 
defense (65). The recently developed CRISPR/Cas13a system 
effectively modified the NS3 region of the Dengue virus and the 
replication of the recombinant virus in mammalian cells (66). The loss 
of infectious activity of the Porcine reproductive and respiratory 
syndrome virus (PRRSV) resulted from the inactivation of the viral 
genes, ORC5 and ORC7, using the CRISPR/Cas13b system; thus, the 
cleavage of viral RNA was observed in virus-sensitive cells (67). These 
data demonstrate a new and effective technology for future gene 
editing of RNA-containing viruses.

4.3. The use of CRISPR/Cas9 in the creation 
of vector vaccines

Orthopoxviruses (OPXV) are suitable viral vectors for gene 
expression and therapy because they have a large transgenic capacity 
up to 25,000 base pairs (kbp) (68), a wide range of hosts (including 
humans) (69, 70), and they are capable of stimulating both long-term 
cellular and humoral immune responses against the viral vector (−s) 
antigen (s), despite the existing vector immunity (68, 71). They are 
also thermostable, easy to store, transport, and use, which ultimately 
ensures their high profitability in commercial production systems. The 
first OPXV successfully used as a vector was the smallpox vaccine 
virus (VACV), which was used as a vaccine to fight smallpox in 
humans. Because of the successful use of recombinant VACV-
encoding hepatitis B antigens to stimulate the immune system against 
hepatitis B (72), replication-deficient orthopoxvirus-modified vaccinia 
virus Ankara (MVA) and NYVAC was adopted for constructing 
recombinant vectors and vaccines against various human and animal 
diseases (73, 74).

TABLE 2 Genetically modified DNA viruses using CRISPR/Cas9.

Virus Serotype/Strain Modified gene Type of modification Reference

Aujeszky’s disease virus
HNX TK, gE Deletion (62)

BarthaK61 EP0, UL50 Insertion (63)

African swine fever virus

Georgia 2007/1 8-DP Deletion (60)

- Cp204L Deletion (58)

ASFV-Kenya-IX-1033 A238L (5EL) Deletion (59)

Marek disease virus RB-1B GFP
UL6/UL19/UL27/UL30/ 

UL49/ICP4/UL25
Deletion (64)

Human polyomavirus 2 

(JCPyV)
- «late» gene Deletion (57)

Avian adenovirus4 (FAdV-4) KR5 ОРС42/43 (1966DEL) Deletion (61)
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Recombinant OPXV can encode antigens for one or more 
infectious agents, including antigens and genes encoding specific 
immune-stimulating factors, such as cytokines or chemokines (75). 
Recombinant OPXV can be  constructed by homologous 
recombination between transfected heterologous DNA and replicating 
viral DNA (76), in vitro ligation (77), or recombination of artificial 
bacterial chromosomes (78). Commonly used insertion sites include 
the thymidine kinase (TK) gene, the hemagglutinin (HA) gene, the 
intergenic region between the F12L and F13L genes, and sites of 
natural deletions in the OPXV genome (especially with respect to 
MVA) (76).

As a rule, these systems require multistage operations with low 
efficiency. The creation of candidate recombinant vaccines by 
homologous recombination is limited due to low recombination 
efficiency (<3%), the complexity of processes (for example, the 
creation of a plasmid with a transgene and selection of a 
recombinant virus), the instability of the transgene, the need for 
200–500 bp flanking DNA sequence (which promotes 
recombination to non-target sites), and the absence of simultaneous 
multiple editing of several genes (76, 77, 79–82). Using CRISPR/
Cas9, scientists have been able to circumvent all of these limitations 
to accelerate the process of obtaining recombinant viruses as vectors 
during the transfer of foreign genes in the prevention of various 
animal diseases.

To date, several recombinant vaccines and vectors based on OPXV 
have reached different stages of clinical trials. Various vaccines and 
vectors are based on VACV, MVA, NYVAC, raccoon poxvirus, lumpy 
skin disease virus (LSDV) and modified strains of OPXV Tian Tian 
smallpox vaccine (MVTT). They target malignant neoplasms (e.g., 
prostate, skin, colorectal cancer, breast and ovarian cancer) (83–88) 
and infectious diseases (e.g., AIDS, malaria, Ebola, tuberculosis, 
hepatitis, flu). In many parts of Europe, Canada, and the USA, the 
recombinant vaccine VACV–Raboral V-RG is widely used for the 
eradication of rabies virus in wild fox populations (76, 89). Several 

vector vaccines based on OPXV have been used to prevent various 
animal diseases (Table 3) (88).

4.4. The use of CRISPR/Cas9 for the study 
of the interaction viruses with host cells

Recently, a genome-wide screen using CRISPR/Cas9 was 
conducted to identify host factors that may potentially participate in 
the replication of certain viruses, such as SARS-CoV-2 (90), HIV (91), 
arthritic alphaviruses (92), Coxsackie virus (93), Venezuelan equine 
encephalitis virus (VEEV) (94) and influenza virus (95). For the 
influenza virus, it was demonstrated that inactivation of specific host 
genes, such as DOCK5, Annexin-A1, IFIT2, IRF7 and ZDHHC22, can 
induce protection against cell death during infection (96–100). 
Because of the high throughput and precise editing features of the 
CRISPR/Cas9 screening system, one can quickly and accurately 
identify specific genes and proteins involved in the pathogenesis of 
viruses. The relative ease of use and reproducibility of the CRISPR/
Cas9 system makes it a powerful tool for studying virus-host 
interactions and identifying new antiviral targets.

4.5. The use of CRISPR/Cas9 to create 
bacterial producers of recombinant 
proteins

CRISPR-Cas9/Cas12a are well-studied nucleases optimized for 
the production of recombinant bacteria, which benefits the production 
of food, vitamins, and medicines. Bacteria may be used as biological 
“factories,” which can readily manufacture products using cheap 
raw materials.

A list of genetically modified bacteria using CRISPR/Cas 
technology are listed in Supplementary Table S1.

TABLE 3 Current vaccines based on orthopoxviruses (88).

Orthopoxvirus strain Recombinant vector Host Disease Integrated gene

Vaccinia

PROSTVACV/ TRICOM; 

Vaccinia-B7.1
Human Prostate; Melanoma cancer

Prostate specific antigen; and 

co-stimulatory T-cell molecules

PANVAC-V Human
Colorectal, thoracic and 

ovarian cancer

Transgenes for the tumor-

associated antigens epithelial 

mucin 1 and carcinoembryonic 

antigen

Raboral V-RG

Wild animals (red fox, 

coyote, raccoon dog, 

cats)

Rabies Rabies virus glycoprotein G

NYVAC

NYVAC- CDV-H/F Ferrets Plague of dogs

Canine distemper virus 

haemagglutinin (H) and fusion 

(F) protein genes

NYVAC-EHV-1-vP1014 Equine Equine rhinopneumonia
Immediate early gene (gene 64) 

of equine herpesvirus-1 (EHV-1)

NYVAC-PRV- gII/gp50 Swine Pseudo-rabies
Pseudorabies virus glycoproteins 

gII and gp50

Racoon poxvirus RCN /rabies-G Cats Rabies Rabies glycoprotein G
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5. Comparison of prospects for the 
development and application of 
genetic targeting technologies in the 
future

As described earlier, cis- and trans-genesis technologies enable the 
introduction of new genes into the genome to impart fundamentally 
new qualities on the host cell; for example, pest resistance, cold, or 
drought tolerance (101–103). Such foreign genes can also 
be  introduced into the recipient genome using genome editing 
technologies (104). Genomic editing, for the most part, has a less 
radical effect on the physiology of the modified organism, because the 
changes are usually precise and minimal.

The genome and transcriptome of each organism may 
be considered a balanced system over the course of evolution where a 
significant change in the nucleotide sequence (more pronounced than 
spontaneous mutagenesis) could change the phenotype, or introduce 
foreign genes that may cause an imbalance to this system. Interference 
between existing and newly acquired molecules, signaling, and 
metabolic cascades can be unpredictable, which can reduce the value 
of productive Genetically Modified Organisms (GMOs) or render 
them potentially dangerous to the environment or for food 
consumption (105, 106).

A striking example of the unpredictable consequences of the 
genomic modification of a productive organism was the creation of 
GMO soybeans resistant to the herbicide glyphosate (Monsanto) 
(107). The resulting GMOs remained viable under the conditions of 
glyphosate treatment; however, it accumulated in their tissues, 
resulting in an unsafe food product, since glyphosate has genotoxic, 
immunotoxic, and potentially, carcinogenic effects (108, 109). Another 
example of an unpredictable outcome was a genetic modification for 
the development of a strain-producer of the amino acid L-tryptophan 
(“Showa Denko K.K.,” Japan), which is used as a dietary supplement 
(110, 111). An increase in the productivity of the strain unexpectedly 
led to the contamination of the final product with highly toxic 
dimerization products of tryptophan precursors, which the proposed 
purification methods did not remove. A study of the safety of 
genetically modified soy with reduced linoleic acid content (to 
improve the properties of soy oil and bring it closer to the quality of 
olive oil) in mice revealed that its long-term use reduced the likelihood 
of obesity and the development of insulin resistance; however, it 
stimulated the development of fatty hepatosis (112).

By themselves, the technologies for the genetic modification of 
productive animals are not dangerous, especially if we  take into 
account the fact that there are natural mechanisms of horizontal 
transfer of genetic information even between evolutionarily distant 
organisms (113–115), which could potentially lead to the emergence 
of a natural “genetically modified organism.” However, because of the 
reasons listed above, GMOs or GMO products require thorough 
comprehensive study as neglect of this rule can, at times, have 
tragic consequences.

When assessing the safety of food obtained from GMOs, it is 
possible to use protocols similar to those used in the preclinical study 
of drugs by assessing acute, chronic, and reproductive toxicity as well 
as the mutagenic and carcinogenic potential (116). The safety of 
GMOs for the environment should be considered if there is a risk of 
“release” of GMOs into the environment. The possibility of 

transmission and distribution of genes in the wild population should 
be assessed as well as the “invasive potential” of GMOs to replace 
natural populations. In some cases, GMOs are designed to replace or 
modify existing species in nature. This approach is based on gene-
drive technology and was proposed to combat the persistence of a 
parasite (e.g., pathogens of malaria, Dengue fever, Zika) in disease-
carrying insects (117, 118).

It has become increasingly clear that genetic technologies and 
GMOs are the key to solving many problems associated with hunger, 
epizootics, depletion of natural resources, and environmental 
pollution (119–121). However, this requires the development of clear 
legal norms and the creation of an effective independent institute to 
monitor the use of genomic technologies and the study of the 
GMOs created.

6. Conclusion

Selective breeding for desirable phenotypic traits has been 
performed in agriculture since the first description of heredity by 
Gregor Mendel in 1865. This is a time-consuming practice and the 
desirable phenotype is not guaranteed, due to polygenic traits, 
complex gene regulation and epigenetics. The vast expansion of the 
human population following the industrial revolution necessitated 
large scale changes to agricultural practices in order to sustain and 
secure the increasing demand for food, medicine and vaccines. It was 
expected that science would not only contribute, but be at the forefront 
to develop and implement these changes.

Genome editing technologies have brought significant 
breakthroughs to routine laboratory work and have revolutionized 
research by facilitating the study of cells and organisms, on a 
molecular level. The function of an individual gene, protein or 
complex could be investigated, by deleting or inserting it into a new 
host. This in-depth study into the fundamental biology of organisms 
enabled the application of subsequent changes to the genetic 
composition of the organism, in order to obtain a highly desirable 
trait. These traits included the expression of novel proteins in order 
to transfer novel characteristics to an organism, resulting in a disease 
resistant or drought tolerant phenotype compared to the parental 
organism. None of the selective targeting and alteration of specific 
genes would be possible, if it is not based on a clear and fundamental 
understanding of the importance and function of the specific gene 
or protein complex.

The most widely used genome editing technologies include the 
CRISPR/Cas9 system, chimeric zinc-finger nucleases (ZFN) to create 
double-strand breaks, and transcription activator-like effector 
nucleases (TALEN). In recent years, CRISPR/Cas9 has become the 
preferred, most efficient and cost-effective method for use in editing 
the genomes of viruses, prokaryotes and eukaryotes. Relying on a 
single target molecule to guide RNA for DNA sequence recognition, 
the Cas9 enzyme may be steered toward a specific site with a low risk 
of off-target effects. This also enables multiplexing in contrast to the 
other existing gene-targeting technologies.

The applications of CRISPR/Cas9 have far exceeded the potential 
of only editing genomes, but have additionally been used in 
diagnostics and third generation sequencing technologies. The ability 
to timeously and efficiently identify and differentiate between 
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pathogens causing disease, could result in the protection of the 
livestock by implementing control, prevention or mitigating strategies. 
The versatility of the implementations of CRISPR-based technologies 
add value throughout the livestock production chain, including 
animal production, diagnosis, protection and treatment. The future 
applications of these technologies would only be  limited by the 
creativity of dedicated scientist.
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