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1. Introduction

1.1. Fish industry

Global fish production became the fastest growing food technology in the major food yield
in the past decades. Aquaculture produces more fish biomass than the production of the
whole beef biomass around the world, and more biomass than capture fisheries (included
with the amount of non-edible species) (Edwards and et al., 2019).
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Figure 1: World capture fisheries and aquaculture production (FAO, 2018).

Since the middle of the twentieth century the enlargement in aquaculture and fisheries
production is notable. Particularly the consumer society to diverse and nutritious food in the
last twenty years has changed (FAO, 2018).

The world aquaculture production increased quickly from 5 million to 63 million tons. In
addition, capture fisheries production increased from 69 million to 93 million tons over the
last three decades (Food and Agriculture Organization (FAO), 2014) (Figure 1).

In 2016, the continuous growing of aquaculture to the global production of capture fisheries
and aquaculture reached 46.8 percent, up from 25,7 percent in the year of 2000 (FAO,
2018).

Between 1961 and 2015, the average growth in total food fish consumption (3.2 percent)
outran the population accession (1.6 percent) and transcended that of meat from collective
terrestrial animals over 55 years, between 1961 and 2016. Food fish consumption grew
around 1.5 percent yearly, from 9.0 kg to 20.2 kg per capita (Figure 2) (FAO, 2018).
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Figure 2: World fish utilization and apparent consumption (FAO, 2018).

Global aquaculture production included 80.0 million tonnes of food fish in the year of 2016.
Farmed food fish produced 54.1 million tonnes of finfish, 17.1 million tonnes of molluscs,
7.9 million tonnes of crustaceans and 938 500 tonnes of other aquatic animals like turtles,
sea cucumbers or edible jellyfish (FAO, 2018).

A significant part of the society is working in aquaculture sectors and in fisheries all around
the world. Asia has been in first place with 89 percent of the global aquaculture production
over the last twenty years. The Americas and Africa have raised their shares in production,
whereas Oceania and Europe have decreased production in the same period. The data from
2016 shows that the employment was 85 percent of the global population in these work
areas in Asia. In second place was Africa with 10 percent, followed by Latin America and
the Caribbean with 4 percent.

The most dominant producer of farmed food fish was China in 2016, and they have
produced more than the rest of the world combined every year since 1991. The other major
producing countries were India, Indonesia, Viet Nam, Egypt, Bangladesh and Norway in the
same year (FAO, 2018). In keeping with the model results, China will produce 37 percent of
total fish (capture production and aquaculture production) worldwide, and is expected to
account for 38 percent of the global consumption of food fish in 2030 (World Bank, 2013).

The consumption in Asia was the most remarkable; it was more than two-thirds of the global
total consumption (149 million tonnes) in 2015. In the same year, Europe, Japan and the
United States of America together represented only around 20 percent of the total food fish
consumption on the world, although it was 47 percent in 1961 (FAO, 2018).



In 2050, the earth’s population will probably reach 9 billion. Accordingly, the world food
sector must secure nutriment and food for the increasing population. The food production
sector needs to be more effective in utilizing productive resources; resources are scarcer in
the more crowded world. Fish can be globally advantageous in feeding and nutritional
security among the poor and vulnerable society (World Bank, 2013).

Fish is an excellent nutrition source; it has several positive values. It provides not only high-
value protein but also it is low in saturated fats, carbohydrates, and cholesterol, containing
several vitamins, minerals and polyunsaturated omega-3 fatty acids (FAO, 2012).

In 2016, the frequently most favoured form is live, fresh or chilled fish (45 percent) for the
direct human consumption, followed by frozen fish (with 31 percent) (FAO, 2018).
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Figure 3: Global aquaculture production (m.t.), the x-axis shows the year (Food and
Agriculture Organization, 2019).

Around 84 percent of the aquaculture consists of aquatic plants, molluscs and freshwater
fish as reported by the United Nations Food and Agriculture Organization (Figure 3) (Food
and Agriculture Organization, 2019). Aquatic plants and molluscs create approximately half
of the total aquaculture volume. The key features of these species groups continuous growth
are that they do not require inputs to farm nor do they need to be fed. (Boyd et al., 2020).
The farming of fed aquatic animal species has outpaced the farming of unfed species. The
production of unfed animals has decreased constantly to 30.5 percent between 2000 and
2016. Despite this, both of type of the farming system expanded continuously, but the volume
of fed species grew faster than the non-fed species.

On the list of the major produced species in the world aquaculture, finfish hold the first
place in the year of 2016. The most produced finfish species was grass carp
(Ctenopharyngodon idellus). Fewer other species, such as species of molluscs, crustaceans
or other animals like frogs or sea cucumber, were farmed.

The complete unfed species production increased to 24.4 million tonnes in 2016. It included
15.6 million tonnes of aquatic invertebrates, such as marine bivalve molluscs from the seas,
lagoons and coastal ponds together with 8.8 million tonnes of filter feeding finfish in inland
aquaculture, where the most significant species were bighead carp (Hypophthalmichthys
nobilis) and silver carp (Hypophthalmichthys molitrix) (FAO, 2018).
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Figure 4: Fed and non-fed food fish aquaculture production, the blue bar graphs show fed
species, the orange bar graphs show unfed species and the grey graph the unfed species
share ( %) from 2001-2016 (FAO, 2018).

During ten years, from 2006 to 2016, the totally commercially farmed species items climbed
to 598, listed by FAO (Food and Agriculture Organization) and by producing countries.
There was notable growth with 26.7 percent, from 472 in 2006 to 598 in 2016 (Figure 4). A
species item contains a single species, an interspecific hybrid or a group of species.
Different animals represent “species items “, the largest and most diverse part registers 369
finfishes (including 5 hybrids). In addition, it consists of 109 molluscs, 64 crustaceans, 40
aquatic algae, 9 aquatic invertebrates, 7 amphibians and reptiles (excluding alligators,
caimans or crocodiles) (FAO, 2018).

It appears that the production of food fish has increased monumentally, making the fish and
seafood globally more popular and reducing the price of fish. Therefore, greater investment
is needed in new technologies in the industry (World Bank, 2013). Climate change presents
the most serious challenge to growing level of sustainable global aquaculture. Definitive
climate induced changes in physical and biological condition may require us to modify
management practices in the future (Boyd et al., 2020).

Genetically modified aquatic animals are fundamentally needed for the quickly increased
aquaculture production, to feed the growing human population globally and for curing
inherited diseases in the aquaculture (FAO, 2018; H.K. Bartman, 2019.)

In the course of a literature search, an update on the current state of knowledge with regard
to gene editing in aquaculture is compiled from various already published works.

This diploma thesis is created with the help of literature management programs as well as
various abstract databases.
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1.2.  Gene editing

Gene engineering techniques have been employed by scientists and researchers to answer
some combined questions in biology. In the late 1980s and early 1990s, attempts have been
made to precisely modify the complex genome. Thanks to the developed techniques, it was
possible to decipher of DNA structure, its replication, transcription and translation of
genomics. Genetic engineering authorized the functional recombinant proteins, high-
yielding transgenic plants and animals, thereby identifying the molecular signatures of
genetic and pathogenic disease.

Furthermore, new genetic engineering techniques have revolutionized the genetic
manipulation creating a significant impact on modern medicine, principally gene therapy
(Cathomen und Keith Joung, 2008; Malik et al., 2019).

Gene editing or genome engineering is a technique, in which the DNA or nucleotide
sequences are inserted, deleted or replaced at the specific place in the genome of living
organisms or cells using specific set of engineered nucleases as molecular scissors. Diverse
genome editing techniques have been developed for manipulating the DNA sequence of the
organism (Malik et al., 2019).

Gene editing has been very effective and has provided new prospects for biological
discovery in the last few decades (Gratacap et al., 2019).

It targets modification of the genome to introduce precise, favourable changes on site
specific location. It is possible to induce favourable changes, for example fixing alleles at
existing trait loci, or introducing alleles from different strains or species (Gratacap et al.,
2019).

Although, the process causes breaks of the gene, later it can be repaired via activation of
DNA repair mechanism, and hence parts of the DNA can be positioned into site-specific
regions in the genome of interest (Karre, 2020).

The genotypic and phenotypic characteristics of an organism can also be modified by
creating exact and special changes in the genome (Malik et al., 2019).

Thanks to the gene editing tools and technologies, diverse fields and departments have been
covered, which can help researchers to develop new experiments. It can be applied in the
areas of the agricultural science, in biomedical science, in the development of environmental
science and in various areas of medicine, like veterinary medicine or human medicine
(Karre, 2020).

Genome engineering can definitely be applied in the treatment of genetic diseases, different
chronic health diseases, cancer and management of diseases. It offers the extraordinary
ability to introduce any targeted modification into genome and takes this method to a
practical reality (Malik et al., 2019).

The most often used methods in gene editing, which are widely successful, utilize sequence-
specific programmable nucleases (Bibikova et al., 2003; Moscou und Bogdanove, 2009).
These molecular scissors precisely cut the DNA at a special localisation. Consequently, the
DNA can be modified and specific sequence inserted (Egelie et al., 2016).
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Figure 5: Overview of the diverse gene editing nucleases (ZFN, TALEN,
CRISPR/Cas9). The black arrows illustrate the cleavage site of the DNA (Xu et al.,
2020).

These specific include two different types. Zinc finger nucleases (ZFNs) and transcription
activator-like effector nucleases (TALENs) are both protein guided, whereas the two
component CRISPR/Cas9 systems contain RNA-guided endonucleases (RGENs) (Figure 5)
(Malik et al., 2019; Xu et al., 2020.). Table 1 presents the most significant characteristics of
these gene editing tools.
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Table 1: Comparison of three significant genome editing tools- ZFNs, TALENs and CRISPR (Malik

etal., 2019).
Feature
.. . . Clustered regularly-interspaced
Zinc finger nucleases (ZFNs) Transcription activator-like short palindromic repeats
effector nucleases (TALENSs) (CRISPR)
Fusion of zinc finger DNA- Fusion of Transcription activator- .
Lo . . . Cas9 end, 1 d guide RNA
Structure binding domain (DBD) with like effector DNA (TALE ) repeats ( a}:NZI; onuciease anc guice
DNA-cleavage domain of Fok I with DNA-cleavage domain of Fok &
endonuclease I endonuclease
Size of 9-18 bases in DNA 30-36 bases in DNA 23 DNA bases in DNA

recognition site

Ease of designing

Difficult than TALENSs and Easier than ZFNs Easier than other two

CRISPR
Multiplexing No No Yes
Off target Same as that of TALENs Same as that of ZFNs More than other two
Ease of . .
redesiening/ Easy, requires only change in 20-bp
adapteﬁ)ilitfl to Difficult, require recording of large DNA segments (500-1000 bp) protospacer of gRNA

target new site

Viral delivery

Using Lenti und adenoviruses.
Needs cotransduction with two
lentiviral vectors each encoding a
monomer to form functional
heterodimer

Using adenovirus

Difficult than other two because it
requires polyadenylation signal and
promoter

Efficacy ++ ++ +++
Indels, obligate ligation-gated recombination (ObLiGaRe). Can inserta | Indels
Application 15-kb inducible gene expression cassette at a defined locus in human
cell lines, Tag ligation.
Cost Higher than CRISPR Higher than CRISPR Less than other two

All of these methods can generate targeted double-strand DNA breaks (DSBs) in the DNA.
The generated double-strand breaks can lead to a loss of large chromosomal regions, which
may cause the most hazardous type of DNA damage.

The two major types of the endogenous cellular DNA repair pathways are non-homologous
end joining (NHEJ) and homologous recombinational (HR) repair or HDR in eukaryotic
cells (Takata et al., 1998; Barnes, 2001; van den Bosch, M., Lohman, P.H., 2002; Lieber,
2010; Chang et al., 2017) (Figure 6).

During the sub pathway of NHEJ, the break ends are identified, resected, polymerized and
ligated by proteins in flexible mode (Chang et al., 2017).

The break ends are directly ligated, it does not require homologous template for the repair.
This method is an error-prone progress, which often comes with imprecise repairs, like


https://de.wikipedia.org/wiki/Palindrom
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loss/gain of some nucleotides. Therefore, the result is variable, namely deletions and
insertions of nucleotide or nucleotide substitutions occurs in the broken region (Swiech et
al., 2015; Malik et al., 2019).

The mechanism comprises individual and sequential steps: (1) Identification of DNA end,
assembly and stabilisation the NHEJ complex at the place of DNA double-strand break; (2)
Bridging of the DNA ends and support of break end stability; (3) Processing of DNA end;
(4) Ligation of the DNA broken ends and dissolution of the NHEJ complex (Davis und
Chen, 2013).

The homology directed repair (HDR) mechanism can be exploited by the cells when there is
homologous DNA as a template to restore a DSBs (Chu et al., 2015). Following the
introduction of a DSB into the genome, proteins are enlisted to the exposed the ends of DNA
to start repair the break (Liu und Huang, 2016). The result of this type of repair is precise
and controllable. Therefore, this pathway is effective used to precisely edit genomic
sequence, to induce specific deletions, insertions or designer mutations as well as to insert
exogenous sequence (Chu et al., 2015). It occurs low in post mitotic and differentiated cells.
The effectiveness of HDR is highly determined by the target locus of the genome, the
template itself as well as the cell type and stage of life (Saleh-Gohari und Helleday, 2004).

\ Double strand break

L L
-1 ¥

3 &
-  NUNNNTNNNNY S
Nonhomologous Homology-directed
end-joining (NHE]) repair (HDR)

¥ P s
e o sARRMRRARRRNR > < JRVNNNNNNNN ¢
S'MWI J'W
Indel muiation  Premature =
stop codon

:;,
Donor DNA

s DTSRI ENNNNNRNNN
5 ¥
Precise genome editing

Figure 6: Various strategies of DNA double-strand breaks into genomic loci,
which are repaired by non-homologous end-joining (NHEJ) or homology-
directed repair (HDR) pathway (Bharati et al., 2019).

There are several methods of gene editing technology that have motivated researchers
editing the genome in specific genes in order to allow targeted alterations. Tools using
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CRISPR-Cas9, TALEN and ZFN have become a powerful new methodology, which
promoted connected the gene editing technology (Karre, 2020).

1.2.1. Zinc finger nucleases (ZFNs)

Zinc finger nucleases are artificially engineered hybrid proteins, which were discovered in
1994. As the first modulated gene editing tools, they have a prominent place in the field of
the genome engineering (Choo et al., 1994).

Its principle is that different zinc fingers identify different sets of nucleotide triplets. This
hybrid protein consists of specific DNA binding domains, who fused with the endonuclease
Fok 1, created to targeted specific genome sequences. (The original source of restrictive
endonuclease Fok I is Flavobacterium okeanokoites) (Choo et al., 1994; Kim et al., 1996;
Urnov et al., 2010; Tang et al., 2015b).

Zinc Finger Proteins (ZFPs) have a unique ability to recognize and bind to specific DNA
sequences and ZFN enzymes can cut the DNA in the targeted sequences (Tang et al.,
2015b). In addition ZFN can create a DNA double-strand break (DSB) at preselected sites
(Cathomen und Keith Joung, 2008). The significant concern for ZFNs is off-target cleavage,
contrarily with many natural endonucleases (Carroll, 2014).

ZFNs and ZFPs are classified in three major subtypes (C2H2, C4, and C6), in which C2H2
is, due to its simplicity, the most broadly used in engineered ZFNs (MacPherson et al., 2006;
Tang et al., 2015b).

The major advance of this technique compared to standard gene therapy is the potential to
conserve temporal and tissue-specific gene expression (Cathomen und Keith Joung, 2008).

Jinc-finger nuclease

]
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Figure 7: Zinc-finger nuclease (ZFN)-mediated genome editing (Cathomen und
Keith Joung, 2008).

Figure 7 shows the architecture of ZFNs. The two monomer subunits of the multimerized
ZFNs bind to the target locus of the DNA sequence. Each subunit contains three zinc-fingers
(orange, 1-2-3), which identify 9 base pairs within the full target site, and the Fok I
endonuclease domain (green). The two short linkers (grey) associate with two domains.
After the dimerization of the two subunits is activated, and they cut the DNA in the spacer
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sequence. ZFN creates a double-strand break (DSB) and separates the two target half sites
(L) and (R) (Cathomen und Keith Joung, 2008).

After the break occurs, primarily, the error-prone NHEJ process, also the DNA repair takes
place (Malik et al., 2019).

The ZFNs can contain individually between three and six zinc finger domains that each
recognize and bind between 9 and 18 base pairs target site (Liu et al., 1997). The 3 zinc
finger motifs monomer is the minimal requirement, and it was also reported that the strings
with 3 to 4 zinc finger motifs have the highest binding ability (Tang et al., 2015b).

In summary, the endonuclease activity together with special nucleotide sequence binding
particularities of ZFs takes a part in the genome engineering via targeted DSB formation.
Several successful endonuclease-mediated gene editing attempts had been applied in
different species, thanks to the high conservation of DNA-repair mechanism (Palpant und
Dudzinski, 2013). This application has been used to manipulate the genome, for example, of
zebrafish (Meng et al., 2008), rodents (Geurts et al., 2009), Drosophila melanogaster
(Beumer et al., 2006) and of numerous human cells including primary somatic cells (Urnov
et al., 2005) and embryonic stem cells (Hockemeyer et al., 2009).

1.2.2. Transcriptional activator-like effector nucleases (TALENS)

TALENS consist of special effector proteins, which contain the DNA binding domain and
Fok 1 nuclease domain. These domains work in pairs as dimers, binding to the opposite strand
DNA and induce DSB. TALENs are applied for genome editing and introducing targeted
DSBs into specific DNA sites of interest, as an alternative to ZFNs (Joung und Sander,
2013; Malik et al., 2019). These unique nucleases are secreted by the pathogenic bacteria
Xanthomonas, which infect the cytoplasm of plant cells (Boch et al., 2009).

Each of these nuclease platforms has a central domain for the special DNA binding and
distinct N- and C-termini architectures for localization and activation (Boch und Bonas
2010, Miller et al. 2011, Joung und Sander 2013, Lamb et al. 2013). The DNA binding
domain comprises monomers with 10 to 30 repeats and each of them binds with one
nucleotide of the target DNA sequence (Moscou und Bogdanove 2009, Lamb et al. 2013).
Besides, they comprise a non-specific Fokl catalytic nuclease domain combined to a
customizable DNA binding domain.

TALENS bind as dimers to target sites in the nucleus with Fokl domains is located at the c-
termini and cleavage occurring in the ,,spacer” sequence (Li et al., 2011; Mahfouz et al.,
2011; Joung und Sander, 2013).

Thereafter, the repair of DNA breaks, which occurs primarily in the same way as ZFNs, the
error-prone NHEJ way (Malik et al., 2019).
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TALENS can be very easily and rapidly designed. Their high rates of cleavage activity and
their relevant limitless targeting array make them appropriate for non-specialist researchers
(Figure 8) (Joung und Sander, 2013).

Fokl
nuclease
domain

a
N-terminal TALE repeat C-terminal
domain [

domain

domains

Figure 8: a) Schematic diagram of a TALEN, b) TALENs bind and cleave as
dimers on a target DNA site and cause DSBs in the spacer sequence (Joung
und Sander, 2013).

Taken together, the TALEN-based method requires engineering a pair of large repetitive
sequence encoding domains for site-specific DNA identification and cleavage in the genome
(Malik et al., 2019).

With the use of TALEN, efficient introduction of targeted modifications has been achieved
in numerous model organisms (Joung und Sander, 2013). Genes from several species have
been manipulated including zebrafish (Huang et al., 2011; Sander et al., 2011; Bedell et al.,
2012), rat (Tesson et al., 2011) and pig (Carlson et al., 2012).

These nucleases, thanks to their capacity of targeted gene modification, can also be used in
treatment of a wide range of diseases and genetic disorders (Joung und Sander, 2013).
However, their highly repetitive sequences make long TALE repeats frequently inefficient,
labour consuming and expensive to create. For this reason, there was demand to develop
new simpler, more rapid, robust, more efficient and cost- effective techniques for the gene
editing in the biomedical field (Malik et al., 2019).
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1.2.3. Clustered Regularly Interspaced Short Palindromic Repeats — Cas-9 system

The Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) gene engineering
technique is one of the latest trends in the genome editing toolbox. This most recent gene
editing method was discovered in 2012. It is a significant technical jump forward to
biomedical applications and research, as well as one of the fastest to progress to the use for
precise gene modification in different organisms (Jinek et al., 2012; Crudele und
Chamberlain, 2018; Malik et al., 2019).

It has various advantages over the above-mentioned (ZFNs- and TALENs- based) processes.
It is more effective, much simpler to accomplish and appropriate for high-performance and
multiple gene editing in many living organisms and cell lines (Malik et al. 2019). Due to its
simplicity, speed and low cost to devise, it is widely adopted and is now the technology of
choice (Lucas und Southgate, 2013; Pankaj, 2014; Malik et al., 2019).

It works in simple as well as more complex cells (Mali et al., 2013).

This system was utilized to develop RNA-guided endonucleases that enable targeted
genome editing (Malik et al., 2019). Originally, it was naturally present in prokaryotic cells,
namely in bacteria and archaea (Grissa et al., 2007).

There are at least 11 diverse CRISPR/Cas systems, which have been categorized into three
groups according to the attribute of Cas protein: type I, type II and type III. The type II
system uses only one Cas protein to identify and cleave targeted DNA sites, while different
type I and type III systems expect a set of Cas proteins (Brouns et al., 2008; Makarova et al.,
2011; Wiedenheft et al., 2011).

Because of the simpleness of the type II system, which is also known as CRISPR/Cas9, it
has been considered a potent programmable mechanism to specific modifications in the
genome (Malik et al., 2019) (Figure 9).

CRISPR/Cas9 system comprises a Cas9 endonuclease, and a modified single guide RNA
(sgRNA/gRNA), which comprises a targeting CRISPR RNA (crRNA), and trans-activating
crRNA (tracrRNA) (Jinek et al. 2012). Hence, the two essential components are the Cas9
protein and sgRNA (Jinek M., Jiang, F., Taylor, D.W., Sternberg,S.H., Kaya E. 2014). The
Cas9 nuclease is directed to its target sequence by a precisely designed guide RNA of about
20 base pairs (Gersbach 2014). Thus, one of the great advantages of this system is that it
requires simply the change of 20 nucleotide sgRNA spacer sequences, which is easier to
manipulate, and not the large repetitive complex design of DNA binding arrays for each
novel genomic target site, as in ZFN - and TALEN systems (Joung und Sander 2013, Malik
etal. 2019).

Another important part is the protospacer-adjacent motif (PAM) of the target sequence
which binds with Cas9. PAM is a short specific sequence (NGG trinucleotide sequence)
following the target DNA sequence, presenting a downstream of the crRNA binding site and
necessary for Cas nuclease-mediated break.

The cleavage of the DNA is carried out by the Cas9 enzyme at position 3-4 nucleotides
upstream of PAM (Jinek et al., 2012; Malik et al., 2019).
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Figure 9: Genome editing with CRISPR/Cas9 (Li und Wang, 2017).

Summarily, the Cas9 endonuclease precisely cuts the target DNA sequence and introduces a
DSB under the control of sgRNA. Accordingly, researchers can add or delete sequences of
the genetic material or switching an existing segment with an altered sequence of the DNA
to create modifications. A DBS can be repaired either via NHEJ or HDR (Liang et al., 1998;
Lees-Miller und Meek, 2003; Malik et al., 2019).

This system opened several innovative chances in addition to applications for genome
editing techniques of both in vivo and in vitro systems (Xu et al., 2020).
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1.3. Gene silencing

Gene silencing also known as RNA interference (RNAi) has reformed the genetics. Earlier,
it looked clear that DNA creates messenger RNA (mRNA) and that mRNA makes proteins
(Hood, 2004). But with time, it has become clear for researchers through intensive studies
and research, that RNAi has a central role in the regulation of diverse processes in animals
and in plants (Indra Pratap Singh, Sara Hasan, 2019).

In the cell, genes would be expressed under normal situations but they can be switched off
by certain apparatus in the cell (Daneholt, 2006).

RNAI occurs in all eukaryotes organisms. It is a mechanism for silencing gene expression,
namely it inhibits the translation of RNA (Indra Pratap Singh, Sara Hasan, 2019).

This new, reliable method transforms experimental biology from single-celled protozoa to
mammals. RNAi has several advantages over other nucleic-acid-based methodologies and as
a result, it is recently the most broadly applied gene silencing technique in the functional
genomics (Estrada et al., 2008).

The mechanism requires an endonuclease enzyme called dicer. Dicer is a cytoplasmic
RNAse III enzyme with endonuclease activity that cuts the long double stranded RNA
(dsRNA) or hairpin RNA (hpRNA) into short fragments of 20-25 base pair nucleotide.
These generated short fragments are called small interfering RNA (siRNA), which are
duplexes after the cleavage but then are unwound into two single strands. One of the two
strands is degraded in the cytoplasm by subsequent cellular proceedings. This strand called
passenger strand. The other strand, also known as the guide strand, incorporates with
Argonaute (Ago) and with other proteins to form an RNA-induced silencing complex
(RISC) (Sen und Blau, 2006). The other three enzymes in this multiprotein complex are
specifically helicase, nuclease-ribonuclease and RNA-dependent RNA polymerase (RdRp).
Each enzyme has a specific function; Helicase unwinds the double stranded siRNA.
Whease, nuclease-ribonuclease cuts mRNA and RdRp extends the silencing signal. Ago
protein, the catalytic component of the RISC, cleaves the target mRNA strand. The guide
siRNA of the siRNA/RISC complex leads the gene silencing, namely to target mRNA, thus,
results the degradation of the target transcript or inhibition of translation. Consequently, the
protein synthesis is interrupted (Figure 10). The elements of siRNA/mRNA complex can be
reused. RISC or siRNA duplexes will be generate and amplified by the act of RdRp (Borges
und Martienssen 2015, Singh et al. 2016, Indra Pratap Singh, Sara Hasan 2019).
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Figure 10: Graphic of the mechanism of the RNAI in eukaryotic cells
(Majumdar et al., 2017).

Gene silencing has two types, which regulate the endogenous genes at: transcriptional level
and posttranscriptional level (P. Parveen, K. Deepti Brundavani, K. Mahathi 2019).

In transcriptional gene silencing, histones are modified, generating an environment of
heterochromatin around a gene. Thus, the process of transcription is not possible because the
gene is inaccessible to the transcriptional procedure after the modification (Walsh et al.,
2011; P. Parveen, K. Deepti Brundavani, K. Mahathi, 2019).

In the posttranscriptional gene silencing, the mRNA will be inhibited accordingly,
preventing translation. Furthermore, it will initiate the degradation of mRNA (Keum et al.,
2011; Indra Pratap Singh, Sara Hasan, 2019). The RNAi mechanism belongs to
posttranscriptional gene silencing (Keum et al., 2011).

The RNAi1 mechanism has two main types, with small differences. They are mediated by
either siRNA (with 21-23 nucleotides) or dsRNA that is longer and may create a great
population of siRNA (Tirasophon et al., 2005; Tiu und Chan, 2007). The dsRNA created
more varied pool of efficient siRNA combined into RISC complexes than the shorter siRNA
(Naito et al., 2004).

The processes of gene silencing protect the genome from invading viruses and transposons.
It is probably a part of an ancient immune system protecting the genetic material from
infectious gene elements (GL, 2002). In addition, it executes cellular functions to survival,
health and development (Hood, 2004).
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RNAI is a powerful technology to study gene function, and to explore the gene expression
regulatory mechanisms. In addition, it can supply an innovation for gene therapy (Wang et
al., 2007).

In summary, the use of this pathway is a promising tool in biotechnology and in medicine
(Hammond, 2005).
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2. Applications (Targeted gene modification in animals)

Marine and aquaculture industries belong to significant sectors of global trade and food
production. Regrettably, there are loads of infectious pathogens, which have a negative
effect on the fish food industry. These infectious pathogens should be detected and
characterized, and treatment strategies with modern and up to date techniques should be
developed against them to outpace great disease outbreaks (Gotesman et al., 2018).
Furthermore, the effectiveness, production, efficiency and wellbeing of the cultured fish
could be improved with enhanced disease resistance transgenic fish (Lucas und Southgate,
2013).

Fish are a potential model, with several advantages as bioreactors in comparison to
mammals. They have a short generation interval, easy and low cost of maintenance,
enormous numbers of individuals and high density culture. In addition, mammalian viruses
and prions are not found in fish populations. Some examples are now available representing
the potential of fish as bioreactors for medical products. Besides, various developed
complexes can be applied in fish spawning (Lucas und Southgate, 2013).

This chapter summarizes the above mentioned different applications of gene modifications
in fish medicine.

2.1. Gene editing in fish medicine using CRISPR/Cas9

Gene editing can help to create physiological changes in phenotypic results. Researchers use
biological scissors (specific nucleases) to cut the DNA at specific sites and join the
fragments, thus modifying it. These are widespread practises in the gene engineering (Karre,
2020). Gene editing can be used to modify cells, tissues and organs of animals in order to
handle cure abnormality and dysfunctions in patient (Perota et al., 2016). The new molecular
biology tools make targeted changes in the genetic material. Over 70 aquatic fishes’ genome
have been deciphered during the last decades (Okoli et al., 2021).

Some products in the aquaculture, which created by CRISP/Cas9 will one day be appraised
for commercialization. Notable advances being developed in several fish species such as
sterility, disease resistance, pigmentation and improved growth (Table 2.). Gene editing
methods have the ability to provide far-reaching keys to challenges the fish aquaculture
(Okoli et al., 2021).
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Table 2: Effective applications of CRISPR/Cas9 genome editing in different aquatic species
(Gratacap et al., 2019).

Species Target gene* Trait of interest Notable
features
Atlantic  salmon, | tyr/slc45a2 Pigmentation
Salmo salar dnd Sterility
elov-2 Omega-3 metabolism
Tilapia, dmrtl/nanaos2-3/foxi2 Reproduction Germline
Oreochromis transmission
niloticus gsdf Reproduction
aldhla2/cyp26al Reproduction
sf-1 Reproduction Germline
transmission
dmrt6 Reproduction
amhy Reproduction
wtla/wtlb Reproduction
Sea bream, Sparus | mstn Growth
aurata
Channel catfish, | mstn Growth Germline
Ictalarus transmission
punctatus ticam1/rbl Immunity
LH Sterility
Southern catfish, | cyp26al Germ cell development
Silurus
meridionalis
Common carp, | sp7a/sp7b/mstn(ba) Muscle development
Cyprinus carpio
Rohu carp, Labeo | TLR22 Immunity Homology-
rohita directed
repair
Grass carp, | gcjam-a Disease resistance In vitro
Ctenopharyngodon
idella
Northern Chinese | slc24a5/kctd10/weel/soxe2/wnt7b | Pigmentation/development
lamprey,
Lethenteron morii
Rainbow trout, | igfbp-2b1/2b2 Growth
Oncorhynchus
mykiss
Pacific oyster, | mstn Growth
Crassostrea gigas

*Full gene names: aldhla2, aldehyde dehydrogenase family 1, subfamily A2; amhy, anti-
Mullerian hormone; cyp26al, cytochrome P450, family 26, subfamily a,
polypeptide 1; dmrtl, doublesex and mab-3 related transcription factor 1; dmrt6, doublesex
and mab-3 related transcription factor 6; dnd, dead end; elovi-2,
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ELOVL fatty acid elongase 2; fox/2, forkhead box L2; gcjam-a, grass carp junctional
adhesion molecule-A; gsdf, gonadal somatic cell derived factor; igfbp-

2b1/2b2, IGF binding protein 2b1/2b2; kctd10, potassium channel tetramerisation domain
containing 10; LH, luteinizing hormone; mstn, myostatin; nanos?2,

nanos C2HC-type zinc finger 2; nanos3, nanos C2HC-type zinc finger 3; rb/, rhamnose
binding lectin; sf-1, steroidogenic factor 1; slc45a2, solute carrier family

45 members 2; soxe2 SRY-box transcription factor E2; sp7a/sp7b, transcription factor Sp7-
like; ticam1, toll-like receptor adaptor molecule 1; TLR22, toll-like receptor 22; Tyr,
tyrosinase; weel, WEE1 G2 checkpoint kinase; wnt7b, wingless-type MMTV integration
site family, member 7B; wtla/b, Wilms tumour 1 transcription factor a/b (Gratacap et al.
2019).

2.1.1. CRISPR/Cas9 in fishery science

Zebrafish is widely used as a model organism to study and investigate genetic modifications.
It is an excellent model of vertebrate diseases and development because of its fast growth,
transparent embryos and its comparatively facile forward genetics. The researchers have
used gene-editing tools in zebrafish to get answers for important problems in fish genetics,
reproduction, toxicology, drug-receptor and host-pathogen interaction with favourable
results. The most effective and promising gene-editing tool for studying several biological
mechanism is the CRISPR/Cas9 technology. It has been successfully used in the
development of gene modification in diverse fish species, like Atlantic salmon, medaka,
zebrafish and tilapia (Lieschke und Currie, 2007; Doyon et al., 2008; Auer et al., 2014;
Edvardsen et al., 2014; Qiu et al., 2014; Wang et al., 2015).

Li et al.,(2014) presented the effective targeted and heritable gene editing method using
CRISPR/Cas9 in Nile tilapia (Oreochromis niloticus). The mutation in two genes (fox/2 and
dmrtl), induced by CRISPR/Cas9 were successfully transmitted through the germline to the
F; generation. Moreover, this study shows the usefulness of the CRISPR/Cas9 technique
with high efficiency in non-model species like genetically engineered tilapia and other
aquaculture fish.
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2.1.2. CRISPR/Cas9 in mono-sex population

Gene editing tools propose various, and nature-friendly ways to produce a mono-sex
population. The sexual dimorphism is a traditional detail. There also is systematic difference
in plenty of fish species, which is presented in body growth. As an example, male tilapia
grow faster than females, while female rainbow trout (Oncorhynchus mykiss) and Indian
major carps grow faster than their male partners do. The difference in growth rates can be
evaded with the production of mono-sex population, which could rise the yield rates per unit
of area. Additionally, it can reduce the threat of unwanted reproduction of prolific fishes in
wild through the production of a mono-sex population. With targeted nucleases, it became
possible to produce mono-sex and sex-reserved fishes by a direct route disrupting the sex-
determining genes without provoking any significant influence on biodiversity. Knockout
the genes in tilapia which determine the sex of the female (with XX sex-determining
chromosome), such as fox/2, sf~-1 or cypl9ala, were disturbed via targeted nucleases in
testicular development. (Another way to process the sex reversal is made with organisation
of androgen or gynogen hormones; however, this way leads to massive issues like
bioaccumulation, biomagnification and other problems with water quality and biodiversity.)
(Liund Wang, 2017; Malik et al., 2019).

Medaka fish (Oryzias latipes) is particularly useful in the studies about reproduction because
of the availability of its genetic manipulations and the property of information on the
regulation of its reproduction (Matsuda et al., 2002; Karigo et al., 2012; 2014). In a study
(Takahashi et al., 2016) TALEN technique to generate target gene knockout (KO) for gene
gnrhl (hypophysiotropic GnRH) (Cattanach et al. 1977), [hb, and fshb (vital subunit for LH
and FSH hormone, separately) was used in medaka (Oryzias latipes). The study reported that
TALENs successfully cut the targeted sites of corresponding genes. TALEN-induced
disruption of the gnrhl guide to female infertility due to anovulation besides all male KO
medaka were fertile, and their testes reached normally the maturity. The infertility of the
gnrhl KO female medaka clearly verified that GNRH1 has an important role in the
regulation of reproduction in females.
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2.1.3. CRISPR/Cas9 in sterility of fishes

The sterility in fish could easily be tackled with targeted nucleases. Controlling unwanted
fish reproduction in predatory and weed species, as well control over establishment of exotic
and transgenic fishes in the wild if they accidental escape from separated milieu like ponds
and flow-through systems. It is feasible with the production of sterile fishes. For example,
sterile channel catfishes (Ictalurus punctatus) are created by using ZFN technology, and by
disrupting the § subunit gene of pituitary luteinizing hormone. The sterile catfishes reduced
the potential environmental and ecologic hazards; therefore, the catfish industry could profit.
This was the first sterilisation using ZFN mechanism in aquaculture as well as the first
effective gene editing of channel catfish (Qin et al., 2016; Malik et al., 2019).

A major problem of fish farming are the escaped Atlantic salmon (Salmo salar L.), as it is
the cultured fish that are carried in open sea cages during the growth period (Taranger et al.,
2015). Sterile fish, namely germ cell-free salmon, could reduce this problem by stopping the
introgression, the gene flow between domesticated salmon into wild stocks (Glover et al.,
2012). In a study, Wargelius et al. (2016) produced germ cell-free salmon in FO by using
CRISPR-Cas9 to knockout dead end (dnd) gene. Dnd allows the survival of germ cells. The
knockout of the dnd gene in mammals leads to an all-male offspring (Youngren et al., 2005).
CRISPR/Cas9 also can be used to knockout the pigmentation in salmon, namely the targeted
knockout of the slc45a2 (alb) pigmentation gene leads to completely albino phenotype
(Edvardsen et al., 2014) (Figure 11.). Hence, in the study dnd/alb KO mutant Atlantic
salmons were produced through double allelic mutations, with the use of CRISPR/Cas9. As
a result, the fish were completely lacking pigmentation and devoid of germ cells in FO. The
study showed that the biallelic KO allows with high probability also in long-life-cycle-
species, which prohibits the generation of F2. This study demonstrated for the first time that
CRISPR/Cas9-mediated KO of dnd leads to complete loss of germ cells in FO generation in
any fish species. Besides, the germ cells are not required for female sex differentiation but
may be required for establishing a normal structure in the ovarian in Atlantic salmon.
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Figure 11: Morphology and histology of one-year-old dnd/alb KO and control Atlantic
salmon. Control fish presented on the left side (a, c, e, g). Dnd/alb KO fish presented on the
right side (b, d, f, h). Fish b is a female dnd/alb KO fish, d and f show the gross morphology of
the female dnd/alb KO in comparison to the gross morphology of the control female (a, c, ¢):
the lack of the ovarian bulb in comparison to control (e), g and h show the histology of the
female gonad in dnd/alb KO fish (h) in comparison to control ovary (g). Abbreviations: Th —
theca cell; OcN — oocyte nucleus; Gr — granulosa cell; Fc — fibrocyte. (Wargelius et al., 2016).

2.1.4. CRISPR/Cas9 in reproduction

Kiss1/Gpr54 system (kisspeptin-encoding gene - Kiss/ (Dungan et al., 2006), its G protein-
coupled receptor 54 - GPR54 (Lee et al. 1999)) has a central role in the regulation of
reproduction in most vertebrates (Popa et al., 2008; Roa et al., 2008; Oakley et al., 2009).
These systems have also been identified as multiple kissl/gpr54 paralogous genes
(kiss/kissr) in non-mammalian vertebrates, which is different from the mammals. During a
study (Tang et al., 2015a) zebrafish kissi-/-, kiss2-/- and kissI-/-; kiss2-/- mutant lines
together with kissrl-/-, kissr2-/- and kissri-/-;kissr2-/- mutant lines were generated using
optimized TALEN restriction enzyme. The result clearly showed that the spermatogenesis,
folliculogenesis and a reproductive potential are not damaged in all of these mutant lines.
Fish were normal and fertile in both sexes. Furthermore, the data indicated that kiss/kissr
systems are not required for zebrafish reproduction, signifying that the kiss/kissr systems
represent unnecessary roles for reproduction in definite non-mammalian vertebrates. It is
also showed that mammals and fish have developed different strategies for neuroendocrine
control of reproduction.
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2.1.5. CRISPR/Cas9 in fast-growing fishes

Several endemic cold-water fish species have a slow growth rate because of their genetic
nature, physiology and environmental limitations of their surroundings. But this cold-water
species has an excellent virtue: they can live in stagnant water (ponds) while other species
demand continuous clean and well-aerated water. With the help of targeted nucleases, the
expression of growth-promoting genes could be increased. Furthermore the gene inhibiting
the skeletal muscle growth could be knocked out (Malik et al., 2019). In the study from
(Zhong et al., 2016), the gene coding from myostatin (suppressor of muscle growth) in
common carp (Cyprinus carpio) was disrupted by CRISPR/Cas9. As a result, the mutated
fishes have grown considerably more muscle cells, and shown larger phenotypes in F
generation, so the carp genes were successfully targeted.

Analogous methods have been used to increase the production of slow-growing cold-water
fishes like snow trout (Malik et al., 2019).

2.1.6. CRISPR/Cas9 in ornamental fishes

The production of ornamental fishes with desired colour and pigmentation can also be
realized by targeted genome editing tools. Thanks to ZFN, TALEN and CRISPR/Cas9
techniques, the mutation of golden genes resulted in the making of light-coloured eyes that
are inheritable up to F1 generation (Doyon et al., 2008; Dahlem et al., 2012; Jao et al.,
2013).

Somatic and germline disruption of genes in zebrafish (Danio rerio) was accomplished with
the use of zinc-finger nucleases (ZFNs). Designed ZFNs targeted the golden and no tail/
Brachyury (ntl) genes of the zebrafish. Thanks to the injection of ZFN-encoding mRNA into
the one-cell embryos, a significant percentage of the animals had different mutations at the
ZFN-specified locus in the fish and were presented with corresponding awaited loss-of-
function phenotypes. The results of this study confirm that ZFN technology is applicable to
precisely and professionally produce heritable mutant alleles at loci of interest. This study
also suggests that this method may be essential in severe organisms that allow mRNA
delivery into the fertilized eggs (Doyon et al., 2008).

CRISPR/Cas9 nuclease system also represents a highly effective gene knockout method in
zebrafish. The study from Jao et al. (2013) reported that with custom guide RNAs and a
zebrafish codon-optimized Cas9 enzyme were efficiently targeted the correspondent
transgene 7g(-5.Imnxl1:egfp). Furthermore, four endogenous loci were also successfully
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targeted (tyr, golden, mitfa, and ddx19). The high rate of the mutagenesis proves that most
cells contained biallelic mutations. In four of the five target cases recessive null-like
phenotypes were observed, denoting the high level of the biallelic gene disruption.
Additionally, effective germ-line transmission of the Cas9-induces mutation was noticed.
The result of this research also indicates that five genomic locations can be targeted
together, at the same time, with outcomes in multiple loss-of-function phenotypes in the
same vaccinated zebrafish.
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Figure 12: Genome editing with CRISPR/Cas9 nuclease system in zebrafish (Danio rerio)
(Jao et al., 2013).

Figure shows the mechanism of the CRISPR/Cas9 system in the above-mentioned study:
the dual NLS-tagged zebrafish codon-optimized Cas9 protein with a single
crRNA:tractRNA chimeric gRNA create the nuclease system. The mix was injected into
one-cell-stage embryos to induce RNA-guided targeted DNA DSB through the Cas9
enzyme. Both components together comprised a 20-bp target sequence (dark red) to a PAM
site of NGG and first produced as RNAs by in vitro transcription from the SP6 or T3 (for
Cas9) or T7 (for gRNA) promoter (Jao et al., 2013).
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2.1.7. CRISPR/Cas9 in pigmentation

The study from (Ma et al., 2015) represented a successful gene editing process with the help
of TALEN in the teleost fish, namely in the cavefish (4styanax mexicanus). This fish
species is a brilliant organism for studying the genetic basis of evolution. The study used
designed TALEN to target two genes in the cavefish (oculocutaneous albinism 2 (oca2) and
melanocortin 1 receptor (mclr)), that contain coding changes and are responsible for
reduced pigmentation. The result shows that the genes of cavefish can be mutated using this
technique and that the change on the fish is noticeable. Specifically, the induced mutations
in oca? result in the mosaic loss of melanin pigmentation, namely the lack of melanin-
producing melanophores in the regions that were lighter in appearance under the
microscope. They appear as albino patches in FO founder fish, signifying biallelic gene
mutations in FOs as well permitting us to evaluate the role of this gene in pigmentation.
Apparent differences in phenotype were not observed in the pigmentation of mc/r-TALEN
injected fish compared to uninjected familial fish. This process demonstrates that TALEN
has a potential to create mutations at specific locations in Astyanax mexicanus. This
organism has become a dominant model system for researching the genetic basis of
evolution in an extreme location, the cave. This study also shows that TALEN has an
advantage over CRISPRs for this type of experiment. TALEN can be targeted at
approximately any site in the genome. However, only limited sites can be targeted through
CRISPRs as that they need a PAM sequence (Blackburn et al., 2013).

Figure 13: Interpretation of pigmentation in surface fish in oca2-injected FOs
(Maetal., 2015).
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The panels present the following analysis (Figure 13): A: Pigmentation in an uninjected fish.
B: Close up of the dorsal region of uninjected surface fish from picture A. C: Pigmentation
in a 400 pg oca?2 exon 9 injected FO surface fish. D: Close up of pigmentation patch lacking
the melanin pigmentation from picture C.

A recent study (Adi Segev-Hadar, Tatiana Slosman, Ada Rozen, Amir Sherman, Avner
Cnaani, 2021) describes the generation of stable and heritable red tilapia phenotype through
induced loss-of-function mutations in the slic45a2 gene of Nile tilapia (Oreochromis
niloticus). The solute carrier family 45 member 2 (slc45a2) is a membrane-associated
transporter protein that mediates melanin biosynthesis and is evolutionarily conserved from
fish to humans. To achieve this purpose, the slc45a2 gene in the fish was identified and
highly specific gRNAs (gRNA2 and gRNA3) were designed against this gene. Tilapia
zygotes at the single-stage cell got multiple microinjection of slc45a2-specific
ribonucleoproteins (RNPs). As a result, the microinjection induced up to 97-99 % albinism,
which generated a solid-red phenotype, including loss of melanin in the eye. Mutant alleles
were carried in all injected fish with variable mutagenesis efficiencies, presented by the
next-generation sequencing of the injected zygotes. The sequencing analysis of gDNA from
the FO albino mutant and its heterozygous F1 offspring demonstrated to us that the new
slc45a2 mutant alleles with a red phenotype in Nile tilapia are stable, trackable and
heritable. CRISPCas9 system has applicative potential in O. niloticus culture.

The below mentioned figure (Figure ) presented the phenotypic analysis of tilapias. Panel B:
at 1-month post fertilization, the embryo revealed a normal gray-black pattern with dark
eyes. C: with slc45a2-RNPs, injected mutant fish showed 97-99 % loss of melanin in the
skin and no melanin in the eye. D: post sexual maturation, FO mutant displayed a complete
loss of melanin.

B Wild Type
e

Figure 14: Different phenotypes between wild adult and slc45a2 mutant adult Nile tilapia
(Adi Segev-Hadar, Tatiana Slosman, Ada Rozen, Amir Sherman, Avner Cnaani, 2021).
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2.1.8. CRISPR/Cas9 in growth

The most work has concentrated on the transfer of GH (Growth Hormone) genes.
Enhancement of growth (size and rate) has jumped from 0 % to an incredible 300 % under
some circumstances (Lucas und Southgate, 2013).

The myostatin (MSTN) gene is a regulator of skeletal muscle growth in all vertebrates and
controls myoblast differentiation in vitro (Souza et al., 2008). Modifying the myostatin via
gene knockout or overexpression of inhibitors increases muscle mass in particular
(McPherron et al., 1997; Lee und McPherron, 2001). In the study from (Khalil et al., 2017) a
successful targeting of the muscle suppressor gene MSTN in channel fish (Ictalurus
punctatus) through CRISPR/Cas9 system was presented. CRISPR zygote microinjection
was used to knockout the MSTN gene and determine the effects of this knockout on growth.
In the target protein-encoding site of MSTN high rates of mutagenesis were induced.
Mutated fry had more muscle cells than the controls group, and their average body weight
increased by 29.7 % 40 days after the microinjection. A large percentage of the embryos
were mutated within the target sites and it was not detected any mutations nearby and
outside the target site.

The results of this study exhibit that with the CRISR/Cas9 tool can edit the channel fish
genomes very efficiently and that with this technique it will be possible to ease the genetic
improvement and functional genomics of channel catfish. Maybe, thanks to this approach,
growth-enhanced channel catfish will be produced and this will increase the productivity.

2.1.9. CRISPR/Cas9 in body configuration

The transgenic modification of the nutritional characteristics of fish is already probable via
transgenesis, which could be advantageous for customers. Zebrafish transfected with B-
actin-salmon desaturase genes have increased their meat the levels of omega-3 fatty acids,
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). Another analogous result
was verified with the same transgene transfer to common carp and channel catfish. The
expression of these transgenes was certified (Lucas und Southgate, 2013).
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2.1.10.  CRISPR/Cas9 in oomycetes

Oomycetes Aphanomyces invadans causes Epizootic ulcerative syndrome (EUS) in many
fish species. It leads to mass mortality in cultured and wild fish worldwide and generate
huge economic impact (Fallis et al., 1998; ,,OIE (World Organisation for Animal Health)
Listed Diseases*, 2017). Extracellular proteases produced by this oomycete, these initiate the
EUS disease process (Yike, 2011). The study from (Majeed et al., 2017) identified the
secreted proteases from A. Invadans utilizing SDS-PAGE and mass spectometery followed
by BLASTp analysis. Three prominent protein bands were shown through SDS-PAGE and
identified via spectometer. The proteolytic activity of these proteases was assessed on casein
and fish immunoglobulin M (IgM) of rainbow trout (Oncorhynchus mykiss) and giant
gourami (Osphronemus goramy). The secreted proteases were able to degrade the casein and
IgM in both of fish species. The activity of the antiprotease of the fish serum was also
explored. The findings presented that inhibition of secreted proteases using several protease
inhibitors to reduce the proteolytic activity. Furthermore, the results suggested that the
extracellular proteases could be potentially affect in A. invadans as virulence factor. This
study offers further functional investigations on the role of identified proteases in EUS
pathogenesis and using genome editing tools, such as CRISPR/Cas9 nuclease for
development the drug against this disease.

Majeed et al. (2018) designed three single guide-RNAs (gRNA) to target oomycete A.
invadans serine protease gene. This oomycete is a group of parasites and primary causal
factor for epizootic ulcerative syndrome (EUS). The zoospores develop in the sporangium in
fish tissues and create dermal lesions coming out as deeper ulcers, red spots or blackish
burn-like marks or (ROBERTS et al. 1993, Pathiratne et al. 1994, Lilley und Roberts 1997,
Vishwanath et al. 1998). Protease secret, especially genes from serine protease secret from
A. invadans, which have already been identified, have been used as targeted gene for gene
editing (Majeed et al., 2017). CRISPR/Cas9 system was used to select these genes in a test
to investigate its function in EUS. Three dwarf gourami (7richogaster lalius) groups were
intramusculary injected with three different suspensions to examine the effect of edited
genes on the virulence of the oomycete. One group get non-treated 4. invadans zoospores,
another group RNP-treated A. invadans zoospores and the third group inoculated with
autoclaved pond water as negative control. During the 30 days of in vivo experiment, the
group with the RNP- treated zoospores and the control group did not present any clinical
signs, the PCR did not extend the DNA of 4. invadans. Histologically was also not found
any infiltration or necrosis of the muscles tissue in these two groups. On the contrary, the
positive control group showed characteristic symptoms, like ulcers in skin and muscles,
reddering, swelling and presented 4. invadans hyphae.
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Summarily, this study established a successfully gene editing via CRISP/Cas9 which
prevented the production of serine protease. With this promising tool and a great opportunity
it is practicable to study of oomycetes and secreted proteases, to control of EUS and might it
helps in the development of drugs against this pathogen.

2.2. Gene silencing in fish medicine

The RNAI tool has been commonly utilized to understand and examine the gene function in
aquatic diseases. Additionally, this technique can be investigated the RNA-based viruses
(Biacchesi, 2011; Reshi et al., 2014). It is also appropriate for the development of therapies
for viral diseases in livestock and aquatic creatures. In addition, it represents one of the
newest and most promising method in antiviral medicines and therapeutics (Lima et al.,
2013). Almost all the studies applying RNAi tools in fish have been successfully done in
zebrafish (Danio rerio), which is a valuable fish model organism for aquaculture and
biomedicine applications (Carpio und Estrada, 2006; Estrada et al., 2008) (Table 3.).

Table 3: Effective applications of RNAI technique in fish (Estrada et al., 2008).

Type of Genes RNAi response Organism
molecule targeted Specific | Nonspecific
Long dsRNA | ntl, fl h, X X Zebrafish
pax2.1, embryos®
LacZ
Long Gfp, Zf-T, X Zebrafish embryos
dsRNA pax6.1
Long Thbx16/spt, X Zebrafish embryos
dsRNA LacZ
Long poull-1, gfp, X Zebrafish embryos
dsRNA terra
Long RanBP1 X Zebrafish embryos
dsRNA
Long M2mAchR X Zebrafish embryos
dsRNA
siRNA ofp, tyrd X Rainbow trout
embryos®
siRNA dmd X Zebrafish embryos
esiRNA ntl X Zebrafish embryos
siRNA ntl X Zebrafish embryos
siRNA laminA and B2, X ZFL, SJD and ZF4°
Eg5, GL2, gfp
siRNA laminA, GL2, X Zebrafish embryos
g
Long dsRNA | myostatin X Zebrafish embryos
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T7RPshRNA ‘ ntl, gfp X Zebrafish embryos

dsRNA: double-stranded RNA; Long dsRNA: double-stranded RNA >30 nt; siRNA:
small interfering RNA

(21-25nt); esiRNA: endoribonuclease digestion-derived siRNA; T7RP-shRNA: short-
hairpin RNA (shRNA)

expression system, based on T7 RNA polymerase (T7RP)-directed transcription
machinery.

a Danio rerio.

b Oncorhynchus mykiss.

¢ Cell lines derived from adult and embryonic zebrafish (Danio rerio).

2.2.1. Gene silencing in viral disease of fish medicine

With RNAI based therapies for viral disease, invertebrate, vertebrate and human pathogens
can also be treated (Hammond, 2006).

The inhibition of gene transcription and the study of viral replication were completed in the
study from (Gotesman et al., 2015): SIRNA molecules targeted the nucleoprotein “N” and
phosphoprotein “P” transcripts to inhibit in vitro replication of spring viremia of carp virus,
(SVCV) and they were tested in a cell line from epithelioma papulosum cyprini (EPC). (This
virus belongs to Rhabdoviridae family of viruses and causes severe loss in carp farms.) The
study shows that using siRNA to inhibit the of SVCV-N and SVCV-P genes expression
reduced SVCV replication.

In another study, the in vitro viral replication of cyprinid herpesvirus-3 (CyHV-3) was
inhibited by (s))RNA in common carp brain cells (CCB cells). (This virus causes high
mortality rates both in common and koi carp Cyprinus carpio L.) The siRNAs were meant to
target either thymidine kinase (TK) or DNA polymerase (DP) genes, which are the codes of
transcripts in DNA replication. The treatment with siRNA shows that TK or DP genes
reduced the release of viral elements from contaminated CCB cells, that is siRNA inhibited
the viral replication (Gotesman et al., 2014).

CyHV-3 is most successfully inhibited via RNAi-mediated gene silencing technique when
multiple viral genes are targeted (Adamek et al., 2014; Gotesman et al., 2014).

2.2.2. Gene silencing in parasitic disease of fish medicine

The treatment of parasitic diseases with RNAi1 mechanism has shown promising results as
well.

The study of Saleh and co-workers demonstrated that siRNA could be used to knock down

the expression of specific genes of Heterosporis saurida, a parasite of the lizardfish
(Saurida undosquamis) (Saleh et al.,2016).
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SiRNAs were designed to inhibit the ATP/ ADP antiporter 1 and methionine
aminopeptidase Il genes and tested in vitro cultivation model. This study came to the
conclusion that siRNA reduced the targeted gene transcription and spore counts of H.
saurida and also concluded that this process is an advance development for inhibiting this
microsporidian parasite.

Salmon whirling diseases are caused by the cnidarian myxozoan parasite (Myxobolus
cerebralis), whose one alternative host is an invertebrate oligochaete, Tubifex tubifex (B.,
1903; Sarker et al., 2015). (Sarker und El-Matbouli, 2015) used targeted siRNA mediated
gene silencing for MyxSP-1 serine protease in vivo in M. cerebralis-infected oligochaetes,
providing intervention strategy in salmonid whirling disease. Under the research, T. tubifex
was soaked in a special solution with fluorescently labelled siRNA, and as a result it was
observed that siRNA was taken up from 7. fubifex. The fluorescence was detected in the
body of oligochaetes. In addition, the researchers observed knockdown in MyxSP-1 mRNA
expression.

Another study from (Sarker et al., 2017) demonstrated that 7. fubifex soaked in solution
holding dsRNA targeting the MyxSP-1 of the Myxobolus cerebralis injected the cnidarian
myxozoan parasite from contaminating the rainbow trout (Oncorhynchus mykiss) fry host.
The specific-pathogen-free rainbow trout fry were immersed in water inhabited by live
siRNA-treated 7. tubifex. The siRNA treatment with MyxSP-I presented maximum
significant knockdown, and salmonids did not generate salmonid whirling diseases.

These results show the proof of RNA-based therapy in vivo against this parasitic infection in
salmons.

2.2.3. Gene silencing for gene function studies in fish medicine

The successful inhibition of zebrafish gene expression via a short hairpin RNA (shRNA)-
mediated process was presented in a study from De Rienzo et al. (2012). ShRNAs originate
from longer double-stranded (ds) precursors, and they can be used for gene silencing
because they can post-transcriptionally prevent the expression of complementary RNA
(Bartel, 2009). Two genes (wnt5b and zDiscl) were used for the test, each with a similar
phenotype in both genetic mutants and morphants. The results show that shRNAs inhibited
wnt5bh expression and targeted zDisc! effectively and specifically. In sum, shRNAs decrease
endogenous RNA levels in zebrafish gene expression.

Wang et al. (2007) studied the knock down of green fluorescent protein (gfp) and no tail
(ntl) gene expression by in vivo-transcribed short-hairpin RNA (shRNA) with T7 plasmid
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system in zebrafish (Danio rerio) embryos. The T7RP expression vector and the T7shRNA
vectors target these two genes, respectively.

The study was based on the specific identification of the T7RP to T7 promoter, and the
transgenic zebrafish line stably expressing T7RP was recognised. Additionally, shRNA
vectors which targeted foreign gfp gene and endogenous nt/ gene were created (Figure 15.).
Ultimately the shRNA constructs (pT7Bmp2b) were injected into the F3 embryos of the
pCMVT7R transgenic line. The results revealed that the T7 transcription system could
function to drive the expression of shRNA in zebrafish embryos and eventuate the gene
knock down effect (Figure 16).

Figure 15: E-H shows the phenotype that appearing at the 25-somite stage of zebrafish embryos. The
similar ntl phenotype was also detected in 14 % (11/77) embryos (F-G). E illustrates a wild type
zebrafish embryo and H presents the ntl mutant (Wang et al., 2007).

Figure 16: Gfp gene expression in pPCMVT7R transgenic zebrafish embryo of mid-somite stage. PO
embryo expressed the gfp gene mosaically, F1/F2 one expressed the gfp gene uniformly in the whole
embryo (Wang et al., 2007).
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Another study (Gruber et al., 2005) used two different siRNA techniques to demonstrate a
highly efficient gene knock down method in three different zebrafish lines, ZFL, SJD and
ZF4 cell lines, which was derived from adult and embryonic zebrafish (Danio rerio).
Different zebrafish genes, lamin A, lamin B2, kinesin related motor protein Eg5 and
exogenous GFP (eGFP) were chosen as target genes to be silenced. Knockdown of the
target genes with specific phenotypes was noted from previously studies for homologous
siRNA in mammalian cells.

By  contrast, injection of  lamin A, GL2 (control) and  eGFP
siRNAs into zebrafish embryos influenced the morphology and led to morphological
defects, abnormal development and the early death of most embryos.

This study presented for the first time that the cellular RNA interference mechanism works
in Danio rerio cell lines. Moreover, it demonstrated that the active RNA1 machinery of
specific gene in cell lines is possible.

2.2.4. Gene silencing in oomycetes

The first application of gene silencing in a relevant aquaculture pathogenic oomycete,
Saprolegnia parasitica was described in the study from Saraiva et al. (2014). The gene of
tyrosinase, SpTyr is neccesary to the melanin biosynthetis of this fish pathogen. It is
involved in pigment formation and the decrease in gene expression can cause detectable
changes in the phenotype. Different S.parasitica lines were treated with SpTyr-dsRNA.
After tyrosinase gene silencing the melanin production was reduced, tyrosinase activity
decreased between 38 % and 60 %. The SpTyr-silenced lines exhibited less pigmentation in
developing sporangia, sporadically a modified, abnormal morphology, and also a less
electron dense cell wall. This work demonstrated that gene silencing via RNAL1 is a suitable
method to functionally identify genes in S.parasitica.



39

Figure 17: Effect of silencing of SpTyr gene on cell wall of Saprolegnia parasitica (Saraiva et al.,
2014).

Fehler! Verweisquelle konnte nicht gefunden werden.Figure describes the gene
expression level of SpTyr-silenced lines using TEM. This method exposes an electron dense
layer in the cell wall (CW) of sporangia of control lines (*) and a non-silenced line (D). The
pictures (A-C) show the decreased electron dense layer in the cell wall of the sporangium
with decreased levels of SpTyr-expression.

2.3. Gene silencing in crustaceans

The limited information regarding the gene content of crustaceans and the absence of tools
for genetic manipulation has made it challenging to follow the mechanistic basis for dsSRNA
in crustaceans. Growing our knowledge about genomics and proteomics in crustaceans
should supply the key to solving the molecular mechanism in this new occurrence.
Presently, few studies have explained the RNAi1 method and recognized its practical use in
the study of gene function in crustaceans (Estrada et al., 2008). Another study declares that
the RNAi method is widely utilized as a technique to examine gene function and develop
antiviral agents to fight viral infections in invertebrate animals (Capodici et al., 2002).

The first metazoan in which the gene silencing process was registered was a nematode
Caenorhabditis elegans (Fire et al., 1998). The nature of RNAI presented in this animal the
capability of cells to notice and interiorize extracellular dsSRNA to initiate intracellular
procedures of gene silencing, in vivo (Winston et al., 2002; Feinberg und Hunter, 2003).
Gene silencing can be generated in different way, for instance via feeding, injection or
transgenic expression of dsSRNA molecules (Grishok, 2005).

The following table ( Table 4) shows a summary about the RNA1 method in crustaceans
from a study (Estrada et al., 2008).
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Table 4: Effective applications of RNAi technique in crustaceans (Estrada et al., 2008).

RNA Target Genes RNAI response Organism
dsRNA spalt Pleiotropic effects | Artemia
franciscana
dsRNA chh Decrease in Litopenaeus
glucose levels schmitti
dsRNA ALF Protection against | Pacifastacus
WSSV leniusculus
dsRNA pmYRP65 Inhibition of YHV | Penaeus monodon®
cell entry
dsRNA A | proPO Increased bacterial | Pacifastacus
Endogenous D orowth leniusculus
dsRNA pacifastin Decreased Pacifastacus
bacterial® growth leniusculus
dsRNA Mih-B Reduction of Metapenaeus ensis
vitellogenin gene
dsRNA Pem-GIH Decrease in Pem- | Penaeus monodon
GIH
transcripts and
reduction of
vitellogenin gene
dsRNA hel, pol, pro, Inhibition of YHV | Penaeus monodon®
gpl16, gp64 replication
dsRNA (gfp) Non-specific
antiviral immunity
dsRNA vp28, vpl5 Non-specific Penaeus monodon
antiviral immunity
and lower viral
. _1.B protection
dsRNA ?;lflislatir(ll;i pro Inhibition of YHV | Penaeus monodon
replication
dsRNA (gfp, TSV pol) Partial inhibition of
YHV
replication
siRNA (duck u) Non-specific Litopenaeus
antiviral immunity | vannamei
siRNA vp28 Non-specific Penaeus japonicus
antiviral immunity

A Produced sequence-specific response.
B Produced both non-sequence-specific and sequence-specific antiviral immune reactions.
C Primary culture of lymphoid ‘Oka’ cells.

D Aeromonas hydrophila
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2.3.1. Gene silencing in viral disease of crustaceans

Recently, three unrelated virus diseases in shrimps have been target inhibited with the
dsRNA technique: white spot syndrome virus (WSSV), yellow head virus (YHV) and Taura
syndrome virus (TSV). This chapter describes the successful studies that address them.

In a study of Tiransophon and co-workers, primary cultures of black tiger shrimp (Penaeus
monodon) lymphoid ‘Oka’ cells were used to verify the inhibition in the viral replication of
YHV through RNAi mediated gene silencing (Tirasophon et al., 2005). In vitro transcribed
dsRNA of YHV helicase (hel), protease (pro), polymerase (pol), and structural viral genes
gpl16 and gp64 were transfected into a shrimp Oka cells culture, and the morphological
change was investigated under a microscope. As a result, it was found to inhibit YHV
replication. DsRNA was more effectively targeted to the non-structural genes (protease,
polymerase, and helicase) of YHV than the structural genes in suppressing the viral
replication. The targeted structural genes (gp64 and gp116) had the least inhibitory effect on
viral replication.

This study demonstrated that dsRNA controlled the primary cell culture of Penaeus
monodon protect against YHV infection. In addition, it shows the first proof that RNAi
mediated gene silencing is also working in shrimp cells.

The YHV shrimp virus causes significant economic damage and production losses in farmed
penaeid shrimp (Flegel, 1997; Lightner et al., 1998). A study (Assavalapsakul et al. 2006)
used dsRNA-mediated RNA interference silencing to specifically downregulate the
pmYRP65 message. The 65-kDa receptor protein by YHV therefore inhibited the whole
virus entry in the Penaeus monodon cells. A primary cell culture from the lymphoid (Oka)
organ of P. monodon was then applied, to target of these virus infections.

This report marks the first identification of an intervertebrate Nidovirus receptor, namely
pmYRP65. The antibodies against this protein, and the down regulation of the pmYRP65
message via RNAI, are in a position to inhibit the entry of yellow head virus into Oka cells,
recommend that the protein identified is certainly a YHV receptor protein, the 65-kDa
protein. In the absence of the message, the lymphoid organ cells were shown to be refractory
to infection with this virus, proving that pmYRP65 acts equally a receptor protein for YHV.

White spot syndrome virus (WSSV) gives rise to mortality and causes serious losses in
commercial shrimp farms worldwide because of the current intensity of aquaculture
practices.

An alternative and effective methodology to prevent this infection in shrimp could be the
utilisation of RNA interference. Shorter 21-nucleotide siRNAs with homology were
investigated to the WSSV either vpl5, vp28 or gfp genes to give a sequence- specific
interference and response in the shrimp Penaeus monodon in a study from (Westenberg et
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al. 2005). Vpl15 is a basic DNA binding protein of WSSV (Witteveldt et al., 2005); vp28 is a
main WSSV cover protein besides probable participates in systemic virus infection (Van
Hulten et al. 2001); gfp siRNAs are useful for nonspecific control for siRNA effects. The
intramuscularly injection of the vp28 and vpl5 siRNAs resulted an important reduction in
shrimp mortality upon WSSV infection but no such specific different in the reduction when
they gave control gfp siRNA the injection.

Consequently, both shrimp injected siRNAs and large dSRNA molecules induce a sequence-
independent anti-viral immunity.

100%
B0%

GO

A0%T

20%

percentage mortality

0%

a 2 4 6 B 10 12
days post challenge

Figure 18: Time-mortality graph of shrimps (Penaeus monodon) injected with
siRNAs (Westenberg et al., 2005).

The Figure presented the above mentioned study (Westenberg et al. 2005). Each shrimp was
vaccinated with 10 uM siRNAs or buffer (C+ and C-). After twenty-four hours the injection
they were challenged with WSSV or injected with buffer (C-). Their collective mortality rate
is shown against a day after challenge (n = 15).

A study of Liu and co-workers used freshwater crayfish (Pacifastacus leniusculus) to
experimentally infect with the white spot syndrome virus (WSSV) (Liu et al., 2006).
Numerous differentially expressed genes were recognised and characterized in this study.
The protein, namely antilipopolysaccharide factor (ALF) was picked out because its
transcript levels increased upon viral infection. Quantitative PCR represented in cell culture
of hematopoietic tissue from freshwater crayfish that knockdown of ALF via RNAi caused
about 10-fold higher WSSV levels than those treated with control dsRNA.

Accordingly, RNA interference experiments with ALF in the animals and in cell cultures
indicated the protection of ALF against WSSV infection in crayfish as the knockdown of
ALF through RNAI leads to higher rates of viral replication. In other words, the function of
ALF protein in viral propagation is interesting since its removal via RNA1 results in an
important improvement of viral replication.

Consequently, the report showed that ALF disturbs WSSV dissemination applying RNA1
both in vivo and in vitro. It was the first study to describe RNAI in vitro with a crustacean. It
was also the first to identify an endogenous factor interfering with WSSV dissemination in
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crustacean. ALF probably has a prominent place in the immune protection against viral
infection of crayfish.

2.3.2. Gene silencing in bacterial disease of crustaceans

A study from Liu et al. (2007) indicates that phenoloxidase (PO) is a significant element of
the protection against a highly pathogenic bacterium, Aeromonas hydrophila, in the
infection in the freshwater crayfish, Pacifastacus leniusculus. Pheoloxidase is the terminal
enzyme in the melanisation cascade, and it takes part in the recognition of and immune
defence toward microbial infection in invertebrates. Gene silencing using dsRNA-mediated
RNA interference transcript depletion of crayfish prophenoloxidase (proPO) caused several
changes: increasing bacterial growth, lower phagocytosis, decreased phenoloxidase activity,
lower nodule formation, and higher mortality rate when infected with this bacterium.
Contrarily, if the inhibitory domain of the crayfish prophenoloxidase activation cascades,
namely the pacifastin gene is modified with dsRNAi, opposite of the above-mentioned
processes occurs. Specifically, it results in lower bacterial growth, increased phagocytosis,
increased nodule formation, higher phenoloxidase activity, and delayed mortality. In
conclusion, the data from this study elucidate that PO is necessary in the freshwater crayfish
defence against pathogenic bacterial infection by 4. hydrophila.

2.3.3. Gene silencing in decrease glucose level by crustaceans

The crustacean hyperglycemic hormone (CHH) is essentially responsible for the regulation
of hemolymph glucose levels, growth, molting, and reproduction (Soyez et al., 1990). A
study (Lugo et al., 2006) examined the facility of dSRNA to inhibit the function of this
hormone in an Atlantic Ocean shrimp, Lifopenaeus schmitti, in vivo. CHH gene silencing
was implemented through the injection of CHH dsRNA into the abdominal hemolymph
sinuses of the shrimps. After 24 hours the undetectable CHH mRNA levels, the suppression
of CHH gene function, and an analogous decrease in hemolymph glucose levels in adult
shrimps, demonstrated that effective gene silencing had occurred. This study demonstrates
the first time that the dSRNA process is working in adult shrimps in vivo, and that it can be
used to study the gene function in crustaceans.
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2.3.4. Gene silencing in pleiotropic effect by crustaceans

A recent study of Copf and co-workers demonstrated dsSRNA generated the knockdown of
the expression of spalt genes in the branchiopod crustacean Artemia franciscana (Copf et
al., 2006). Spalt genes have a central effect in development and their function has been
nearly joined with the function of Hox genes in different contexts. This study examined the
role of spalt genes in Artemia and found that spalt is expressed in the presegmental ‘growth
zone’ and in a series of stripes in each of the trunk segments as they appear from the growth
zone. The reduced effects of spalt function in Artemia were studied via the RNAI method.
Due to the knocking down of spalt gene expression, it created pleitropic effects. These
effects represented several homeotic transformations in phenotypes, thoracic to genital
(T—Q), genital to thoracic (G—T) and post-genital to thoracic (PG—T) that are combined
with a stochastic depression of Hox genes in the analogous segments of RNAi-treated
animals. The most common phenotype was the growth of rudimentary or malformed
appendages (Figure 19). In summary, it appears that spalt genes maybe have a possible role
in the maintenance of Hox gene repression in Artemia and in other species. In addition, this
result would be advantageous in unravelling the genetic ways that underline specific
volutionary process in Artemia franciscana.
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Figure 19: Artemia franciscana spalt RNAi modified phenotypes: malformed, rudimentary and
missing appendages of different regions the body.
Panel (A) highlighting the region of the body where malformed, rudimentary or missing
appendages happen, together with posterior thoracic (T8-T11) and genital (Gl and G2)
segments. (B) Scanning electron microscopy (SEM) of thoracic appendages in a normal
individual, during mid-larval stages, presenting the characteristic morphology of juvenile,
growing phyllopodous appendages. (C, D, E) SEM of dsRNA- treated individuals in late larval
stages: (C) Individual with missing appendages in segments T9-T11; (D) individual with
malformed appendage (marked by asterisk) in T11 segment, presenting clear abnormalities
compared to normal phyllopodous appendages or to juvenile appendages (compare to panel B);
(E) individual with rudimentary and malformed (in T9 and T10) or missing (in T11) thoracic
appendages. Anterior is up in all panels (Copf et al., 2006).

2.3.5. Gene silencing in reproduction of crustaceans

A report from a study by Treerattrakool and co-workers demonstrates that the use of
double-stranded RNA elucidate the function of gonad-inhibiting hormones (GIH) in black
tiger shrimp (Penaeus monodon) (Treerattrakool et al., 2008). GIH is an essential peptide
hormone that regulates reproduction in crustaceans and modulates ovarian maturation by
inhibiting the synthesis of vitellogetin (Vg), the precursor of yolk proteins. This study
inquired into the cDNA encoding GIH (Pem-GIH) from shrimp and its probable role in
vitellogenesis. CDNA encoding a GIH from the eyestalk of P. monodon was cloned via RT-
PCR and RACE methods. The Pem-GIH transcript was detected in eyestalk, brain, thoracic
and abdominal nerve cords of adult shrimps. With the help of the RNA interference
technique the gonad-inhibiting activity of Pem-GIH was investigated. DsSRNA can activate a
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decrease in Pem-GIH transcript levels both in eyestalk ganglia and abdominal nerve cord
explant cultures and in female P.monodon bloodstock. Functional-knockdown study of Pem-
GIH through dsRNA was used to exhibit the negative influence on Vg mRNA expression in
the ovary of previtellogenic adult female for the first time, and thus it provides proof for its
role as a gonad-inhibiting hormone in this shrimp species. The study characterized and
recognised the Pem-GIH cDNA of P. monodon in both biological and molecular viewpoints.
As a result, this study proved that dsSRNA-mediated gene silencing is a potent tool for
functional study of the genes in crustaceans.

Neurosecretory structures in crustaceans’ eyestalks are produced neuropeptides, namely the
crustacean hyperglycemic hormone (CHH), molt-inhibiting hormone (MIH) and gonad-
inhibiting hormone (GIH) of the CHHMIH/ GIH gene family. These can regulate several
processes, such as molting and reproduction (Keller, 1992; De Kleijn und Van Herp, 1995;
Chan et al., 2003). A study (Tiu und Chan, 2007) described the production of recombinant
protein and dsRNA for the eyestalk neuropeptide gene and an RNA interference
methodology to study the reproductive function of the molt-inhibiting hormone (MeMIH-B)
in female sand shrimp, Metapenaeus ensis. Ovary and hetapopancreas explants were
cultured in mediums including recombinant MeMIH-B and the vitellogenin gene (MeVgl)
expression level was upregulated in a dose-dependent way. In this way the maximum of
MeVgl transcript level in the hepatopancreas explants treated with 0.3 nm recombinant
MeMIH-B reached. Moreover, an increase in the MelVgl expression in the hepatopancreas
was detected when shrimp with recombinant MeMIH-B were injected. In addition, the
vitellogenin-like immunoreactive protein showed a corresponding increase in the gonad and
hemolymph of these female shrimps.

Female shrimps were injected with MeMIH-B dsRNA and a significant reduction in
MeMIH-B transcript level in thoracic ganglion and eyestalk was observed. There was also a
significant drop of MeVgl expression in the hepatopancreas and ovary, and the vitellogenin
level in hemolymph was also reduced. This study demonstrated that the combined used of
recombinant protein and RNAi tools can stimulate the function of MeMIH-B in
vitellogenesis in M. ensis.



47

3. Ethical issues and future of gene editing

Ethically, the benefits must be greater than the risks. The use of CRISPR-Cas9 technique
can be risky and harmful since it may produce off-target mutations (Yang et al., 2013).
Several ethical and bioethical issues are connected to the implementation of gene-editing
methods that can affect the use of gene-editing technology. The process is complex and it
includes numerous ethical and technical issues that can influence the performance of
genome editing. Such tools and technologies have resulted in the development of mutations
that can cause several side effects when they are administered without appropriate protocol
(Karre, 2020). This technique can also lead to cell death or transformation through the
cutting of unintended sequences created mutations (Fu et al., 2013). To reduce the off-target
mutations efforts via new variants of Cas9 enzyme have been made (eSpCas9, hypaCas9,
Cas9HF-1), but these need further improvements, such as accurate modifications for
therapeutic interference (Cong et al., 2013; Hsu et al., 2013). The CRISPR method was
previously a technical ‘disruptor’ and we should contemplate how it can be turned into a
‘health disruptor’ (Ledford, 2015; Capps et al., 2017). The main disadvantage is the cost of
the tools and techniques, besides the reagents, that are applied in the procedures (Karre,
2020).

On the other hand, there are risks. The unplanned release of the genetically modified (GM)
experimental organisms in the natural world and caused extinction of the whole population
due to targeted gene drive. Consequently, radical outcomes to the natural balance in the
ecosystem form (Oye et al., 2014; Malik et al., 2019). Gene drive is a process of biased
inheritance of genetic variants in a population in non-Mendelian way (Collins, 2018). The
conversion efficiencies of the CRISPR-Cas9 editors of targeted gene drive mechanisms have
been described as higher than 98 % (Gantz und Bier, 2015). The off-target mutations can
amplify in each generation, and it is risky to transfer genes and modified sequences to other
species. The negative characteristics can be transmitted to related organisms far and wide.
Therefore, the dispersion of the gene drive trait may be difficult to control (Esvelt et al.,
2014). Furthermore, it makes more difficult to identify the GM organism outside the lab,
thanks to precise genetic modifications through the effective CRISPR/Cas9 method. There
are additional aspects which play serious roles: the health effects of an allergic reaction to
GM products, and the environmental effects of the uncontrolled release of transgenes.
Additionally, the diversity of natural genomes is reduced. This shows up the sociocultural
aspect of “playing God” (Hackett et al., 2014).

The emergent gene editing platform is a switch from the slow but commonly accessible
tools to novel and sharp gene editing ones (Capps et al., 2017). Genomic selection is on the
threshold of becoming a reality, and is making affected impressions in the genetic
development of livestock. The betterment of the genes of aquatic species is a continuing
process. Innovations are being reported together with quick advancement technology of
targeted gene editing. In the future, the best genotypes for aquaculture applications will be
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developed via traditional selective breeding together with new biotechnologies and
molecular/genomic methods. To grow aquaculture production, more management tools will
be required, especially the genetic enhancement, which has strong potential to efficiently
and sustainably enhance production. Genetic improvement can be revolutionizing with a
non-transgenic method, with highly effective gene editing tools. Genetic enhancement in
aquatic creatures develops quickly, and the food production, competence and potential
environmental impressions using genetic improvement appears promising for the future
(Lucas und Southgate, 2013).

Transgenic salmon were lately accepted for public consumption. If there is a public
acceptance of transgenic fish flesh in the marketplace, then genetic enhancement of
aquacultured organisms will dramatically increase. (Lucas und Southgate, 2013).

In addition, CRISPR/Cas9 can revolutionize gene and cell substitution therapies. It can be
used for identification of new drug targets and it has made the making of disease models
easier. The CRISPR-based genomics screens allow the identification of mutations that
confer drug resistance (Shalem et al., 2014).

The publicity could not tolerable the rapid expanding CRISPR zoo. The regulation of
patents and economic interests create more remarkable issues. Patents make it possible to
have the biotechnological companies’ excessive power and benefit on the other hand support
to regulate the field. In addition, through the practice of patenting there are probably initiate
litigations and frictions between researchers and biotechnological companies (Malik et al.,
2019).

Thanks to the genome editing technology there are several important advancements in
biomedical research however; it is presented with various challenges (Malik et al., 2019).
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4. Conclusion

In modern times the marine industries are essential sectors of the food production and global
trade. On the grounds of the biological advantages of fish models, numerous novel protocols
have accomplished gene modification in different fish species over the last few years.

These studies demonstrate that gene editing is a very effective and widely used method in
extensive range of fish species. It is applied from species with special adaptations (e.g.,
cavefish) to evolutionarily primitive species (e.g., lamprey), as well as from large species
with economic relevance (e.g., Atlantic salmon) to model organisms (e.g., zebrafish) and
cell lines (e.g. ZFL, SID, ZF4) (Zhu und Ge, 2018).

Targeted insertion, deletion or replacement of specific base sequences can create mutations
of the specific gene in different fish species. These modifications in genomic DNA may
bring radical changes in aquaculture production in the future. This makes it possible to
improve characteristics in aquaculture, like disease resistance, growth or reproduction.

RNAI play a crucial role in the silencing of gene expression. With this new method over
eco-friendly molecular device, it makes the RNAi-mediated gene knockdown of a target
gene possible. It can also influence the development of functional genomics and therapeutic
applications in fish species and crustaceans.

In summary, the creation of mutant animals in aquaculture through specific gene
modification methods is the reality.
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5. Zusammenfassung

Gene Editing und Gen Silencing Techniken haben das Potenzial, unser Wissen iiber
Biologie und Pathogenitét von Fischen und anderen Wassertierarten zu revolutionieren. Jene
Techniken konnen den Phinotyp verdndern, und dabei Anomalien und Dysfunktionen bei
Lebewesen behandeln. Des Weiteren wird Gene Editing derzeit in weiten Bereichen der
Aquakultur untersucht, beispielweise beim Wachstum, bei der kontrollierten Fortpflanzung,
bei der Sterilitit oder der Krankheitsresistenz. Zinkfingernuklease, TALENs und
CRISPR/Cas9-basierte Gene-Editing-Methoden schneiden gezielt die DNA und fiihren zu
erwiinschten Verdanderungen an den spezifischen Stellen. Das CRISPR/Cas9-system ist
aufgrund seiner Einfachheit, Schnelligkeit und der geringen Kosten das leistungsfahigste
Instrumentarium. Gene Silencing kann dabei verwendet werden, um die Ubersetzung von
RNA zu hemmen, bzw. die Genexpression zu regulieren. Zudem fiihrt Gene Silencing zur
Inaktivierung von Zielgenen oder Chromosomenregionen und verhindert dadurch einige
Infektionen in der Aquakultur. Diese Methode wird von Forschern hiufig zur Untersuchung
von Genen mit verschiedenen Stérungen eingesetzt.

Aus ethischer Sicht erschweren diese prizisen genetischen Verdnderungen die Erkennung
gentechnisch verdnderter Organismen in der Natur und koénnen durch die erzeugten
Mutationen verschiedene Nebenwirkungen verursachen. Zusammenfassend lésst sich sagen,
dass die Verdanderung der genomischen DNA die Aquakulturmedizin in Zukunft umfassend
beeinflussen kann.
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6. Summary

Gene editing und gene silencing techniques have the potential to revolutionize our
knowledge in biology and pathogenicity of fish and other aquatic animals. It can change the
phenotype, handles cure abnormalities and dysfunctions in creatures. Gene editing is
currently experimental in wide fields of the aquaculture include growth, controlled
reproduction, sterility or disease resistance. Zink finger nuclease, TALENs and
CRISPR/Cas9 based gene editing methods targeted cleavage the DNA, consequently induce
favourable changes to site specific locations. CRISPR/Cas9 is the most powerful toolbox
because of its simplicity, speed and low-cost.

Gene silencing can be used to inhibit the translation of RNA, namely to regulate the gene
expression. It leads to inactivation of targeted genes or chromosome regions therefore
prevents some infections in the aquaculture. This methodology is widely used by researchers
to investigate genes with different disorders.

On the ethical side, these precise genetic modifications make us more complicated to
recognise GM organism in the natural world and can cause several side effects through
created mutations. To put in concisely, the modification of genomic DNA can
comprehensive influence the aquaculture medicine in the future.
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