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Abstract

In the past two decades, with the discovery of RNA interference (RNAi) or post-
transcriptional gene silencing (PTGS), the modern molecular biology field has
been boosted with its immense applications. This rapid and powerful silencing
method is useful in studying the gene function as well as in therapeutic
applications for disease treatment. The RNAi or PTGS is a biological process
of mRNA degradation induced by complementary double-stranded (ds) small
interfering RNA (siRNA) sequences that mediate suppression of target protein-
coding gene expression and provide resistance to both exogenous and endoge-
nous microbial nucleic acids. This sequence-specific natural gene silencing
mechanism has revolutionized experimental biology. RNAi technology has
important practical applications in aquatic animal health, including functional
genomics, therapeutic intervention, and other areas. Here in this chapter, we
introduced the RNAi or PTGS mechanisms and the current understanding of
gene silencing in aquatic animals in both fish and shellfish and will propose key
areas of aquaculture fields where gene silencing could be applied.
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2.1 Introduction

RNA interference (RNAi) or post-transcriptional gene silencing (PTGS) is a natu-
rally occurring biological regulatory mechanism first described in Caenorhabditis
sp. model (Fire et al. 1998). Following this ground-breaking discovery, molecular
biology has advanced tremendously for both in vitro and in vivo studies. RNAi
mechanism has been described in all eukaryotic species ranging from unicellular
organism to complex species from both animal and plant kingdoms (Ghildiyal and
Zamore 2009). RNAi is essentially an endogenous cellular mechanism utilized by
the host to prevent the transcription of foreign genetic material and inhibits the
accumulation of microbial pathogens. RNAi is triggered by gene-specific double-
stranded RNA (dsRNA), leading to post-transcriptional silencing of specific genes
by inhibiting the messenger RNA (mRNA) expression or translational in a cell or
organism (Fabian et al. 2010; Fire et al. 1998; Meister and Tuschl 2004; Schuster
et al. 2019). The basic concept of RNAi-mediated silencing pathways is the associa-
tion of double-stranded (ds) small RNAs of �21–22 base pairs nucleotides, having
characteristic 2 nt 30 overhangs, with a Argonaute protein superfamily to form
RNA-protein core complex termed the RNA-induced silencing complex (RISC)
(Elkayam et al. 2012; Kim and Rossi 2008; Nguyen et al. 2016; Schirle et al.
2016). In eukaryotes, three classes of small RNAs exist: (1) small interfering
RNAs (siRNAs), (2) microRNAs (miRNAs) and (3) PIWI-interacting RNAs
(piRNAs) (Ketting 2011). Interestingly, these small RNAs guide Argonaute proteins
onto target RNAs molecules via Watson-Crick base pairing that results in silencing
in gene. The siRNAs, miRNAs or piRNAs pathways follow the basic principle of
post-transcriptional gene silencing; however, the general mechanism for effector
functions and small RNA biogenesis is relatively different. For instance, the piRNA
biogenesis is dicer independent, whereas siRNAs and miRNAs depend on RNase-III
dicer enzymes for processing of double-stranded RNA (dsRNA) precursors into
small RNAs (Carthew and Sontheimer 2009).

Aquaculture, farming of aquatic animals and plants, continues to dominate the
food-producing sector in the world (Kumar 2020; Kumar et al. 2021; Roy 2020; Roy
et al. 2019, 2020). However, due to the global demand increase, the pressure for
intensification and expansion of aquaculture systems has rendered aquaculture
business fragile and created ideal ground for disease outbreaks, having a devastating
impact on socio-economic development worldwide (Kumar et al. 2016, 2019a, b,
2020a, b, 2021; Tran et al. 2020). Moreover, in recent years, the application of RNAi
technique has become a potential tool to investigate the functionality of gene of
interest and suppress the infection or replication of many pathogens that cause severe
economic losses in aquafarming. Therefore, there is an urgent need to thoroughly
understand the cost-effective RNAi technology to manage heath of aquatic animals
and avoid severe mortality and production losses in aquaculture.
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2.2 Mechanism of RNAi Technology

The genetic studies on two model organisms, e.g. Drosophila sp. and
Caenorhabditis sp., have helped in the understanding of mechanism underlying
RNAi (Reshi et al. 2014). However, the RNAi mechanism was first recognized in
plants, when post-transcriptional gene silencing using small specific RNA
oligonucleotides of 20�25 bases was studied. The RNAi-mediated gene silencing
involves mRNA expression and translational repression by non-specific binding
(imperfect) of small RNAs to the 3' UTR region of target mRNA molecule. Further
studies using biochemical and molecular genetics reveal that RNAi occurs via a
two-stage process involving an initiation stage and an effector stage (Fig. 2.1)
(Hammond et al. 2001).

Fig. 2.1 Schematic representation of RNAi molecular mechanism in aquatic animals
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2.2.1 Initiation Stage

The initiation stage was reported to take place inside cell cytoplasm. Briefly, a
protein molecule known as dicer (ribonuclease III) specifically recognizes the
dsRNA sequences and generates 21�23 nucleotides in length small interfering
RNAs (siRNAs) molecules (Fig. 2.1) (Reshi et al. 2014).

2.2.2 Effector Stage

The generated double-stranded small interfering RNAs were unwound into single-
stranded molecules by a protein complex (containing dicer, Argonaute proteins, etc.)
known as RNA-induced silencing complex (RISC). Among two strands, the sense
strand is released, while antisense strand is retained by RISC. The antisense strand
further guides RISC onto the complementary mRNA molecules, resulting in degra-
dation of target mRNA (Fig. 2.1) (Lingel and Izaurralde 2004). The endonucleases
bind to the mRNA region homologous to the siRNA and carry out degradation,
resulting in inhibition of expression or translation of target molecules (Zamore et al.
2000).

2.3 RNAi Technology in Aquatic Animal Health Managements

Aquatic animals including both fish and shellfish are susceptible to a variety of
pathogens, posing a constant threat to the aquaculture production and severe ecolog-
ical and economic losses. However, the development of RNAi technology, as a
promising gene knockdown tool, has shown promising results in both health and
disease management of aquatic animals (Kumar et al. 2018). Fishes were the first
vertebrate in which RNAi knockdown of gene expression using long dsRNA was
performed. The comprehensive RNAi study was first done in embryos of rainbow
trout (Oncorhynchus sp.), carrying a green fluorescent protein (GFP) expressing the
vector. The siRNAs were able to reduce the number of strongly fluorescent embryos
by 60% compared to the negative control embryos, thus providing the first evidence
of an effective siRNA-mediated gene silencing in fish (Boonanuntanasarn et al.
2003). The major proteins involved in the RNAi pathway, including dicer and
Argonaute, have been identified in fish and shrimp species, e.g. Danio rerio
(zebrafish), Gobiocypris rarus (rare minnow), Penaeus monodon (giant tiger
prawn), Litopenaeus vannamei (whiteleg shrimp), Marsupenaeus japonicus
(kuruma shrimp) and Fenneropenaeus chinensis (Chinese white shrimp), confirming
the existence of RNAi machinery in aquatic animals (Table 2.1) (Nguyen et al. 2016;
Saksmerprome et al. 2009).

There are reports which highlight that RNAi has become promising tool to study
the function of genes in a cell or animals. Additionally, the RNAi-based sequence-
specific dsRNA has shown to be effective against severe aquatic animal pathogens.
For instance, genes from shrimp pathogens such as yellow head virus (YHV), white
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spot syndrome virus (WSSV), and Taura syndrome virus (TSV) have been targeted
by dsRNA, resulting in enhanced survival of shrimp species (Tirasophon et al. 2007;
Westenberg et al. 2005; Yodmuang et al. 2006). The detailed application of RNAi
technology in aquatic animals is summarized below.

2.3.1 Functional Genomics

RNAi technique can be applied to study the physiological status of different aquatic
species. For instance, RNAi technique is being used to determine the process of
moulting, reproductive functions (gonad-stimulating hormone and gonad-inhibiting

Table 2.1 Major core RNAi genes identified in aquatic animals

Species Genes Tissue References

D. rerio Dicer Fertilized eggs Andrews et al.
(2014)

Dicer 1 Retina Akhtar et al.
(2015)

Argonaute
2

Fertilized eggs Kretov et al.
(2020)

G. rarus Argonaute
2

Gill, heart, intestine, kidney, liver, muscle and
spleen

Su et al. (2009)

L. vannamei Dicer 1 Fertilized eggs Yao et al.
(2010)

Dicer 2 Gill, hepatopancreas, heart, intestine,
stomach, nerve, pyloric caecum and epidermis

Chen et al.
(2011)

Argonaute
1

Gill Labreuche
et al. (2010)

Argonaute
2

Gill

P. monodon Dicer 1 Lymphoid organ and haemolymph Su et al. (2008)

Dicer 2 Gill, haemolymph and haemocyte but not in
tissue muscle

Li et al. (2013)

Argonaute
1

Lymphoid organs, muscle, gill,
hepatopancreas, ovary and nerve cord tissue

Dechklar et al.
(2008)

Argonaute
2

Lymph tissue, gill, haemocytes, eyestalk,
heart, ovary, epidermis, stomach, brain,
muscle, hepatopancreas, intestines and nerve

Yang et al.
(2014)

Argonaute
3

Haemocytes, lymphoid organ, ovary, heart,
hepatopancreas, nerve cord, brain gill,
thoracic ganglia, and eyestalks

Phetrungnapha
et al. (2013)

TRBPa Ovaries and lymphatic organs Yang et al.
(2013)

F. chinensis TRBPa Haemocytes Wang et al.
(2012)M. japonicus TRBPa Haemocytes

aTRBP transactivation response RNA-binding protein
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hormone) and growth by identifying the genes regulating the function of this
processes (De Santis et al. 2011).

Additionally, there are several RNAi-related studies on aquatic model organisms,
e.g. D. rerio (zebrafish) and Artemia franciscana (brine shrimp), which help in
understanding of animal physiology. Zebrafish, a cyprinid freshwater fish, share
very high physiological and genetic similarities with higher vertebrate, including the
digestive tract, brain, vasculature, musculature and innate immune system. For
instance, zebrafish has almost 70% of functional similarities with human genes
responsible for disease, whereas the brine shrimp, an aquatic invertebrate highly
osmotolerant, characteristically small and branchiopod crustacean that can be grown
in gnotobiotic conditions (germ-free environment, allowing host-associated micro-
bial communities control), serves as exceptional model organism to study the host-
pathogen interactions in commercially important shrimps and other crustacean’s
species. RNAi studies on these model organism have unravel the mechanisms of
stress resistance, controlling the process of cell division, by identifying the genes
involved in the differentiation, development and reproductive processes (Kumar
et al. 2018; Nguyen et al. 2016).

2.3.2 Sex Control

The RNAi technique to control the sex of aquatic animals has remarkably high
practical application in aquaculture sector. For instance, an important shellfish
species, Macrobrachium rosenbergii (giant freshwater prawn), have a very high
economic value; however, due to higher growth rate and bigger in size, only male
population is preferred for culture. In this prawn species, a highly expressed andro-
genic gland specific gene, namely, insulin-like AG (Mr-IAG), plays important role
in male sex differentiation (Ventura and Sagi 2012). Interestingly, injecting the male
prawn juvenile, at an early developmental stage, with Mr-IAG-specific dsRNA,
resulted in in vivo silencing of Mr-IAG gene and functional and full sex reversal
of male population into neo-females. Subsequently, if the neo-female population
were crossed with untreated males, the resulted progenies will be all male population
(Ventura et al. 2009). The above experiment demonstrates that RNAi technology is
useful in maintaining all male population in prawn species without changing the
genome structure, and hence it could become a promising strategy to regulate the sex
in other aquatic animals, without creating transgenic animal species.

2.3.3 Disease Management

The fish and shrimp species are constantly exposed to pathogenic microbes in
aquatic environment due to which disease outbreak caused by bacteria, viruses and
parasites is often observed in aquaculture system. Moreover, with the development
of RNAi technology, the understanding on immune mechanism and role of genes
potentially involved in tolerance against pathogenic microbial infection has
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significantly increased. This has created a positive impact on developing health
management protocols for inhibiting the proliferation of pathogenic microbes and
improved host survival. However, still RNAi technique is mostly done in smaller
scale, and application for commercial disease management is very limited in aqua-
culture. The RNAi technology used for antimicrobial strategies in aquaculture is
summarized below.

2.3.3.1 Antibacterial
The RNAi technique helps in understanding the functional role of genes and
underlying immune mechanism, imparting tolerance in aquatic species against
pathogenic bacterial infection. In aquatic species, using RNAi, it was shown that
prophenoloxidase, p38 mitogen-activated protein and crustin play important role in
the multiplication of pathogenic bacteria. For instance, RNA-mediated knockdown
of prophenoloxidase inactive precursor resulted in significantly increased bacterial
load in shrimp species (Fagutao et al. 2009). Similarly, knockdown of p38 mitogen-
activated protein kinases leads to significant lower expression of antimicrobial
peptide genes (PEN4, crustin and ALF2) and higher mortality of shrimp species
against pathogenic bacterial pathogens (Vibrio alginolyticus and Staphylococcus
aureus) (Yan et al. 2013). In another study, the role of M. japonicus crustin
(MjCRS) was determined by RNAi technique, and results showed that MjCRS is
an important antibacterial defence peptide and silencing results in upregulation of
pathogenic bacteria numbers and decreased survival of shrimp species (Hipolito
et al. 2014).

2.3.3.2 Antiviral
RNAi technique has been widely used as a powerful tool to identify the genes that
participate in viral replication and protect the aquatic animals from viral infection
(Wang et al. 2013). Through sensing the viral nucleic acid, RNAi-mediated immu-
nity is triggered to inhibit the replication of the RNA and DNA viruses and knocking
down the virus-specific genes or downregulating host genes that are related with
viral replication mechanisms. In aquatic animals, siRNA- and miRNA-mediated
RNAi antiviral immunity is being reported (Ongvarrasopone et al. 2011).

In siRNA-mediated RNAi silencing, the exogenous microbial dsRNA sequences
were cleaved by dicer protein into a siRNA duplex. The siRNA duplex generally
possesses 30 OH, 50 phosphate (PO4) and 30 dinucleotide overhangs molecules.
Afterwards, the siRNA duplex combines with Argonaute protein and forms a
precursor RNAi-induced silencing complex (pre-RISC). In complex, one passenger
strand from duplex is cleaved by Argonaute protein. Later, the Argonaute protein
and guide strand in RISC target the complementary strand of mRNAs, resulting in
inhibition of translation (Saksmerprome et al. 2013). In shrimp, siRNA-mediated
post-transcriptional silencing is reported as important antiviral immune mechanism
that leads to inhibition of viral proliferation and infection by degradation of viral
mRNA. For example, the viruses after entry and replication inside host produce
dsRNA molecules, which initiate an siRNA-mediated antiviral mechanism. The
viral dsRNA is processed by dicer2 protein, which cleaved the strand and produces
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siRNAs molecules. Afterwards, the siRNAs bind with Argonaute protein and form
RISC, resulting in degradation and inhibition of viral replication. Interestingly, it has
been found that siRNA contains a 2nd�7th seed region that is responsible for initial
recognition of target molecule and a 12th�17th nt supplementary region that helps
in binding to the target molecule (Gong and Zhang 2021).

Moreover, miRNAs molecule is derived from the spliced short introns or endog-
enous noncoding RNA transcripts that are folded into incomplete stem-loop
structures. In miRNA-mediated RNAi silencing, the primary miRNAs
(pri-miRNAs) are transcribed by the RNA polymerase from genome and later
cleaved into approximately 70 nucleotide precursors, called pre-miRNAs, by Drosha
protein. Simultaneously, the pre-miRNAs bind with exportin 5 and exported to cell
cytoplasm, where pre-miRNAs are processed by Dicer protein into miRNA
duplexes. The miRNA duplex binds with Argonaute protein and forms pre-RISC.
Later, after the passenger strand is removed from duplex, the RICS containing
Argonaute protein and guide strand targets the complementary strand resulting in
post-transcriptional gene silencing of target mRNA (Gong et al. 2018). Interestingly,
the miRNA 2nd�7th bases are the key domain that recognizes target mRNA through
Watson-Crick base pairing, which is generally known as seed sequence. In aquatic
animals, miRNAs are reported as a key regulator for variety of biofunctions, e.g. cell
development, metabolism, differentiation, proliferation, immunity and apoptosis
(He et al. 2015). There are also growing evidence that miRNA plays critical role
in antiviral immunity in aquatic organisms by targeting multiple genes through
individual miRNA or one gene by several miRNAs. It has been also demonstrated
that miRNA promotes apoptosis and cellular phagocytosis by targeting the specific
genes, resulting in suppression of viral proliferation and infection.

2.3.3.3 Antiparasitic
An important application of RNAi, apart from being antibacterial and antiviral tool,
is its considerable potential for the development of parasitic control technologies.
Being very sequence-specific in action, it may be possible to develop species-
specific dsRNA for parasites. In mammals, RNAi has been used to suppress gene
expression in the intra-mammalian life stages (adults and schistosomula) of
Schistosoma mansoni, which affects more than 200 million people worldwide and
is responsible for 300,000 deaths annually (Da’dara and Skelly 2015).

In aquaculture, the first evidence of gene silencing mediated by dsRNA in a fish
parasite was reported in 2007 (Ohashi et al. 2007). Since then, the RNAi technology
has been mostly applied to study gene function of various parasites responsible for
disease outbreaks in aquaculture. Despite being considered a suitable and capable
tool for functional genomics, very little research has been done on its use in the
manipulation of the gene function of fish parasites. RNAi techniques have been
successfully used to study the microsporidian parasite (Heterosporis saurida) of
lizardfish (Saurida undosquamis) and Myxobolus cerebralis (causative agent of
whirling disease infection) in the salmonid fishes. The study highlights that RNAi
could be a promising tool to enlighten better about the gene functions in parasites for
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targeted drug delivery, silencing gene expression and reducing the role of vectors to
transmit disease by parasites.

2.4 Delivery Strategies

For successful RNAi-induced silencing, suitable and specific systems are required
for delivering RNAi molecules to their target host cell. Depending on the species and
organ, different dsRNA delivery strategies can be used, such as electroporation,
microinjection, oral pathway, lipid nanoparticles, polymer-based systems and
protein-based systems. However, numerous extra- and intracellular biological
barriers to RNAi delivery exist in an organism necessitating the smart designing of
delivery strategies (Attasart et al. 2010; Timmons and Fire 1998; Tseng et al. 2000).
A variety of delivery strategies have been developed for the successful delivery of
siRNA molecules, both in vivo and in vitro conditions. Some of the delivery
strategies used in aquatic species are discussed below.

2.4.1 Electroporation

Electroporation is another microbiology technique, which utilizes electrical field in
order to increase the permeability of the cell membrane, allowing introduction of
chemicals, drugs or DNA molecules into the cell. The first experiment on electropo-
ration delivery method to introduce foreign DNA was conducted on P. monodon in
1999 (Tseng et al. 2000). Afterwards, several works have been done to validate the
method of electroporation-based introduction of foreign DNA using Artemia model
system (Arenal et al. 2000). Electroporation technique was also employed to deliver
siRNA molecule into embryos of model shrimp (Artemia sinica) to knock down the
As-sumo1 gene. These studies support the electroporation technique to deliver
nucleic acid into embryos of fish and shellfish at earlier life stages. Additionally,
electroporation can be performed with significantly large numbers of zygotes or
embryos at the same time.

2.4.2 Microinjection

Microinjection, utilizing glass micropipette to inject a liquid substance, is a direct
method to introduce DNA into either cytoplasm or nucleus. The microinjection
method has also been used widely to introduce nucleic acids, including dsRNA,
into fishes and shellfish, at different developmental stages. Studies on aquatic
animals, e.g. Daphnia magna, Macrobrachium rosenbergii, L. vannamei,
P. monodon and A. franciscana, have reported that microinjection of siRNA
resulting in significant induced post-transcriptional silencing in host animals
(Chimwai et al. 2016; Han et al. 2019; Kumar et al. 2018).
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2.4.3 Oral Delivery

Oral delivery of RNAi therapeutic molecule, either naked or conjugated with a
polymer or in the form of bacteria that contain the specific dsRNA/siRNA or in
the form feed, has been successfully applied to many aquaculture species (Sarathi
et al. 2008). Antiviral activity of RNAi molecule incorporated in nanoparticulate
feed has been reported in shrimp species, targeting the WSSV vp28 gene. The study
demonstrated that gene knockdown by RNAi incorporated feed results in significant
increased protection of shrimp species against viral challenge (Ufaz et al. 2018). In
another study, oral delivery of RNAi molecule against WSSV infection in
P. monodon leads to reduced percentages in cumulative mortality and delayed
average time of death (Thammasorn et al. 2015).

2.4.4 Vector-Based Delivery

Vectors are tools commonly used by molecular biologists to deliver genetic material
into the cells. This process can be performed in both in vivo (living organism) or
in vitro (cell culture) condition. Vector-based delivery methods include those
derived from viruses and plasmids. Viral vectors are recognized as efficient delivery
systems for RNAi technology (Qayoom and Mushtaq 2020). However, induction of
strong immune response and the risk of vector integration with host genome are
often associated this method. These delivery methods are still in laboratory use and
require further work and validation before they can be used in commercial
aquaculture.

2.5 RNA Interference (RNAi) Procedure in Crustaceans: A Case
Study from A. franciscana Model System

2.5.1 Culture of A. franciscana for Microinjection

At first, the Artemia cysts were hydrated in distilled water for 1 h. Later, the cysts
were decapsulated using sodium hydroxide (NaOH) and sodium hypochlorite
NaOCl for 2 min; afterwards, the reaction was stopped by adding sodium
thiosulphate (Na2S2O3). The decapsulated cysts were washed and suspended in
filtered 35 g/L autoclaved seawater (FASW) and incubated for 28 h at 28 �C for
hatching with constant illumination of approximately 27μE/m2 s. The developmental
stage instar II (mouth is opened to ingest particles) hatched larvae were collected and
daily fed with green algae (Tetraselmis suecica) until they grow to adults in a 28 �C
controlled temperature room with approximately 27μE/m2 s constant illumination.

It is important to mention that approximately after 2 weeks of Artemia culture, the
females are manually separated and kept in a separate tank from male population to
avoid the mating and fertilization.
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2.5.2 Preparation of A. franciscana hsp70 and gfp dsRNA

The dsRNA specific to the A. franciscana hsp70 gene transcript is amplified using
gene-specific primers, and each primer included with T7 promoter (50

TAATACGACTCACTATAGGG 30) at their 50 ends (forward primer, 50

GATGCAGGTGCCATTGC 30 and reverse primer, 50 AGCTCCTCAAAACGGGC
30). In addition, a green fluorescence protein (gfp) fragment was also amplified to
prepare dsRNA of gfp, which could serve as a negative control. Here also T7
promoter was included at their 50 ends (forward 50 AGAGCGCTTCTCGTTGGGG
30 and reverse 50 AGACCTGAAGTTCATCTGC 30). After PCR, the purified product
was incubated overnight at 37 �C with T7 enzyme mix, reaction buffer and four
ribonucleotides (ATP, CTP, GTP and UTP). Afterwards, the dsRNA was incubated
with RNAse or DNase I for 1 h at 37 �C for 1 h for nuclease digestion to remove any
ssRNA and DNA template that did not anneal.

The dsRNA of hsp70 and gfp was quantified using nanodrop spectrophotometer
and further subjected to agarose gel electrophoresis (1.5%) in order to check the
efficiency and integrity of duplex formation.

2.5.3 Microinjection of Artemia Females with dsRNA

The hsp70 and gfp dsRNA were mixed separately in 1:10 ratio (v/v) with phenol red
(0.5%) in Dulbecco’s phosphate-buffered saline (DPBS). The diluted hsp70 or gfp
dsRNA (250 nL of solution containing approximately 80 ng dsRNA) was injected to
egg sacs of adult Artemia female with a FemtoJet® microinjector using Femtotips II
microinjection capillary tips while viewing under stereomicroscope.

The females were injected with each hsp70 and gfp dsRNA. Injected females
were kept for 2 h, and animals which remained healthy, retained dye and could swim
properly were used in the further experiments. The injected females were transferred
to 6-well plate (1 female/well) containing sea water (35 ppt). In each well, a healthy
adult male was transferred, and the pairs were fed daily with green algae, Tetraselmis
suecica. The plates were maintained in a 28 �C controlled temperature room with
approximately 27μE/m2 s constant. After 5 days, larvae were collected from each
mating pairs, injected with dsRNA hsp70 and gfp, for further analysis.

2.5.4 Validation of RNAi Microinjection Efficiency

2.5.4.1 Survival of A. franciscana Larvae
The Artemia larvae collected from single female injected with either hsp70 or gfp
dsRNA were transferred to sterile falcon tubes (50 mL) containing 30 mL seawater.
Subsequently, the larvae were challenged at 107 cells/mL with pathogenic bacterial
pathogen strain. The survival of Artemia larvae was recorded after 48 h of pathogen
addition.
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2.5.4.2 Detection of hsp70 mRNA in Brine Shrimp Larvae
The larvae from injected Artemia females with dsRNA either hsp70 or gfp were
collected in sterile falcon tubes (50 mL) containing 30 mL seawater. Subsequently,
the larvae were washed with distilled water and resuspended in eppendorf tubes
(1.5 mL) with RLT buffer. Later, the larvae were homogenized, and according to the
manufacturer’s protocols, the total RNA was isolated using RNA extraction kit.
Equal amounts of larvae total RNA (determined by nanodrop spectrophotometer)
were used for synthesis of cDNA, using first-strand synthesis qRT-PCR kit. Subse-
quently, cDNA product (5μL) was used for hsp70 PCR amplification using set of
forward and reverse primers. The PCR products were transferred in 1.5% agarose gel
(w/v), stained with nucleic acid gel stain (GelRed™) and visualized by imaging
system (ChemiDoc MP).

2.5.4.3 Detection of Hsp70 Protein in Brine Shrimp Larvae
As mentioned before in detection of hsp70 mRNA protocol, the larvae from dsRNA
injected females were collected in sterile eppendorf tubes (1.5 mL) and homogenized
in equal volume of loading buffer (5μL). Later the samples were vortexed, heated at
95 �C for 5 min, and 15μL of each sample were transferred in SDS-PAGE gel (10%).
A positive control, i.e. HeLa (heat shocked) cells were loaded in one well. Later, the
gels were then stained with Coomassie Biosafe to visualize the quality of samples.
Subsequently, the gels are transferred to polyvinylidene fluoride membrane (PVDF)
for antibody probing. At first, the membrane was incubated with blocking buffer at
room temperature for 60 min and then with primary antibody (monoclonal anti-
Hsp70 antibody). Later, the membrane was incubated with secondary antibody (anti-
mouse IgG). Finally, western ECL substrates (chemiluminescence reagent) were
added to membrane for 5 min, and the bands were visualized in imaging system
(ChemiDoc MP).

2.6 Conclusion and Future Perspective

RNAi has undergone an information explosion in the last two decades, and it is now
established that as much as 5% of the human genome is dedicated to encoding and
producing, the >1000 microRNAs (miRNAs) regulate at least 30% of our genes. It
is now understood that RNAi is a promising tool that controls the vital processes of a
biological organism, such as cell growth, tissue differentiation, heterochromatin
formation and cell proliferation. RNAi can successfully result in the knockdown
of single or multiple genes, providing a quick and convenient method to analyse the
gene function. More specifically, small interfering RNAs (siRNA) of ~20�22 bp
dsRNA molecules having a characteristic 2 nt 30-overhangs allow recognition and
subsequent binding of RNAi machinery, ultimately leading to a homology-
dependent degradation of the target indigenous mRNA. The possibilities of
dsRNA molecules production are evolving from in vitro to in vivo synthesis with
lower cost, allowing more practical applications in broader scale. Additionally, the
newly developed dsRNA delivery techniques allow manipulations at the cellular and
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tissue level especially, and studies have shown initial success in dsRNA delivery
simultaneously on many individuals. RNAi can now be applied to control the sex of
a population and has shown possibility for widespread application, enhancing the
animal production and prevention of microbial diseases in aquatic animals. In
conclusion, RNAi technology promises great potential for use in both research and
applied sciences and could become a core component in aquatic animal health
management.
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