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CHAPTER 1
INTRODUCTION

Background

Shrimp aquaculture is one of the main industry that drives world’s economic
growth especially in India, China, and southeastern Asia (Destoumieux-Garzon et al.,
2001). According to Food and Agriculture Organization of the United Nations, shrimp
aquaculture has grown exponentially since 1980s due to high market demand (Flegel,
Lightner, Lo, & Owens, 2008). Therefore, crustaceans such as giant river prawn
(Macrobrachium rosenbergii) and penaeid shrimps have become important aquaculture
products worldwide.

M. rosenbergii is one of the main species cultured in southeastern Asia and has
worldwide production of 200,000 tonnes per year (FAO fishery statistic, 2017). Due to high
market demand, farmers were being forced to increase culturing density which can lead
to many problems especially infectious diseases caused by virus, bacteria, and fungi
(Lightner & Redman, 1998). One of the most serious threats to M. rosenbergii is white tail
disease (WTD) caused by Macrobrachium rosenbergii nodavirus (MrNV). The prominent
clinical sign of WTD-infected larvae, post larvae (PL), and early juvenile is whitish muscles
particularly in abdominal region. The mortalities may reach 100 percent within 7-15 days
after the infection or 3-5 days after the appearance of the first gross signs which causes
great economic losses (Sahul Hameed, Yoganandhan, Sri Widada, & Bonami, 2004).
There is no report on control and prevention of WTD. There are only preventive procedures
such as screening of brood stock and PL, good farm management, and good
practices(OIE, 2009).

As a crustacean, shrimp’s immune system is solely relied on innate immune
system which consists of humoral and cellular responses. Pattern recognition receptors
(PRRs) such as Toll receptors lead to the activation of humoral and cellular immune
responses by the recognition of pathogens or pathogen-associated molecular patterns

(PAMPs)(F. Li & Xiang, 2013). Humoral immune responses include prophenol oxidase



system (ProPO), clotting proteins, melanization and antimicrobial peptides(Soderhall &
Cerenius, 1998). On the other hand, cellular immune responses involve hemocytes which
capable of neutralizing pathogens by phagocytosis, apoptosis, nodule formation, and
encapsulation(Jiravanichpaisal, Lee, & Soderhall, 2006).

Apoptosis or programmed cell death is a cellular process for removing harmful
cell that carrying genetic damage or having uncontrolled proliferation. Apoptosis is also
considered as an important cellular response that limit viral replication and eliminate viral-
infected cells in multicellular organisms (Everett & McFadden, 1999; Koyama, Fukumori,
Fujita, Irie, & Adachi, 2000). There are several apoptosis regulators in crustacean that
have been reported including an initiator caspase (L. Wang, Zhi, Wu, & Zhang, 2008),
effector caspases (J.H. Leu, Lin, Huang, Chen, & Lo, 2013; P. H. Wang, Wan, Chen, et
al.,, 2013), inhibitor of apoptosis protein (J. H. Leu, Kuo, Kou, & Lo, 2008), the
mitochondrial-related voltage-dependent anion channel (VDAC) (Shoshan-Barmatz &
Ben-Hail, 2012), and translationally controlled tumor protein (TCTP) or fortilin (J.H. Leu et
al., 2013).

TCTP or fortilin is highly conserved protein among eukaryotes(Thomas, Thomas,
& Luther, 1981) that plays important roles in many biological processes including cell
growth (Gachet et al., 1999), cell cycle control (Cans et al., 2003), and has anti-apoptotic
activities (H. Liu, Peng, Cheng, Yuan, & Yang-Yen, 2005). There are several studies that
identified TCTP cDNA in shrimp and suggested that TCTP might play critical roles in
shrimp’s anti-viral immunity (Bangrak, Graidist, Chotigeat, & Phongdara, 2004; S. Wang,
Zhao, & Wang, 2009; W. Wu et al., 2013). Bangrak and others reported that PmTCTP
mRNA expression from Penaeus monodon is significantly up-regulated after the infection
of white spot syndrome virus (WSSV) and significantly decreased in WSSV-infected
moribund shrimp (Bangrak et al., 2004). In 2008, Wang and others identified FcTCTP from
Fenneropenaeus chinensis and found that FCTCTP expression is increased after the
exposure of WSSV (S. Wang et al., 2009). Another study from Wu and others in 2013 has
been reported that silencing of LvTCTP from Litopenaeus vannamei using RNA|

technology led to increase of WSSV copies (W. Wu et al., 2013). To date, there is no



information about TCTP from M. rosenbergii in terms of immunological roles against MiNV
infection. Here in, the objectives of this study were to clone and characterize TCTP from
M. rosenbergii and examine its role in innate immunity against viral infection.

There are many ways to investigate host-pathogen interactions through gene
expression (transcriptome profiling). In recent years, high-throughput technology such as
next generation sequencing (NGS) has emerged and is widely used in both genomic and
transcriptomic research. One of the most popular NGS platform in the market is lllumina
Genome Analyzer. NGS technology can also be used to study differential gene-
expression on various tissues or certain conditions such as stress and pathogen infection
(Morozova & Marra, 2008). There are transcriptomic studies for penaeid shrimps such as
Peneaus monodon (Huerlimann et al., 2018; Nguyen et al., 2016; Soonthornchai et al.,
2016), Litopeneaus vannamei (K. Chen et al., 2015; C. Li et al., 2012; Yu et al., 2014),
Fenneropeneaus chinensis (S. Li, Zhang, Sun, Li, & Xiang, 2013; X. Shi et al., 2018),
Fenneropenaeus merguiensis (Powell, Knibb, Remilton, & Elizur, 2015; W. Wang et al.,
2017), and Marsupeneaus japonicus (Sellars, Trewin, McWilliam, Glaves, & Hertzler,
2015) to investigate tissue-specific expression, the stress response, and viral infection.
Moreover, many studies have performed on whole transcriptome sequencing of the
hepatopancreas of M. rosenbergii in response to Vibrio parahaemolyticus infection (Rao
et al., 2015), hepatopancreas and lymphoid organ in response to white spot syndrome
virus (WSSV) (Cao et al., 2017; Rao et al., 2016), and intestinal tissue in response to WSSV
or the viral PAMP mimic (poly I:C) (Z. Ding, Jin, & Ren, 2018). Most recently, transcriptomic
analysis of hematopoietic tissue of M. rosenbergii adult prawn in response to MMV
infection has been studied. They also reported differentially expressed genes involved in
MMV infection in adult prawn (Jariyapong et al.,, 2019). Many of these genes were
belonged to various immune mechanisms such as pattern-recognition receptors,
antioxidants, and antimicrobial peptides (Jariyapong et al., 2019).

White tail disease caused by MrNV has direct impact on M. rosenbergii post-
larvae culture. However, there is no transcriptomic data on M. rosenbergii post-larvae in

response to the infection with MNV. Therefore, this study was aimed to discover immune-



related genes of M. rosenbergii that respond to MV infection in post-larvae prawn, using
NGS technology. Identifying these genes is crucial to understanding the mechanism by
which M. rosenbergii combats a viral infection and provides manipulatable gene targets

to test for disease prevention and spread.

Objective

1. To clone and characterize TCTP from M. rosenbergii (MrTCTP)

2. To analyze the tissue distribution of MrTCTP transcript among various tissues
and responses against viral infection

3. To examine MrTCTP role in anti-viral immunity using RNA interference

4. To generate highly complete transcriptome of M. rosenbergii that can be used
as reference transcriptome for the further gene expression analysis

5. To discover immune-related genes of M. rosenbergii in response to MMV

infection

Research hypotheses

1. MrTCTP is expected to be highly conserved among various TCTP proteins and
expressed ubiquitously expressed in every tissue examined.

2. The expression of MITCTP is expected to be aberrantly expressed in response
to viral infection and MrTCTP-knockdown prawn is expected to have higher mortality after
the infection of MrNV.

3. Assembled transcriptome of M. rosenbergii is expected to be highly complete
and well annotated with low level of redundancy.

4. Immune-related genes of M. rosenbergii regarding antiviral-immunity are
expected to be aberrantly expressed in response to MrNV infection.

5. High correlation of the differentially expressed genes between RNAseq and gRT-

PCR results using difference biological samples is expected.



Scopes

1. Clone MrTCTP using degenerate primers and rapid amplification of cDNA ends
(RACEs) and characterize using multiple sequence alignment, homology search, and
prediction software

2. Analyze the tissue distribution of MrTCTP transcript and responses against viral
infection using semi-quantitative RT-PCR

3. Examine MrTCTP role in anti-viral immunity by monitoring cumulative mortalities
of MrTCTP-knockdown prawn using RNA interference regarding viral infection

4. Generate high quality transcriptome of M.rosenbergii post-larvae using whole
transcriptome sequencing and de novo transcriptome assembly software

5. Annotate the assembled transcriptome using homology search software and
assess the quality of assembled transcriptome

6. Discover immune-related genes of M. rosenbergii post-larvae in response to
MMV infection using alignment-based abundance estimation and differential expression
analysis software

7. Validate the differential expression results using quantitative PCR (gRT-PCR) in

separate biological samples



CHAPTER 2
LITERATURE REVIEW

Macrobrachium rosenbergii (Giant River Prawn)

Macrobrachium rosenbergii or giant river prawn is a large freshwater prawn native
throughout the tropical and subtropical areas of the Indo-West Pacific, from India to
Southeast Asia (Vietnam, Philippines,) and Northern Australia (Motoh & Kuronuma, 1980).
M. rosenbergii is one of the largest freshwater prawn in the world and is commercially
important. It has been introduced to various parts of Africa, Thailand, China, Japan, New
Zealand, the Americas, and the Caribbean for aquaculture (New, 2000). Since then,
global production of M. rosenbergii has increased and exceeded 200,000 tonnes in 2002

(FAO fishery statistic, 2017).

Figure 1 Macrobrachium rosenbergii (De Man, 1879)

Source: Food and Agriculture Organization of the United Nations (Online)



Scientific classification
Domain: Eukaryota
Kingdom: Metazoa
Phylum: Arthropoda
Subphylum: Crustacea
Class: Malacostraca
Order: Decapoda
Suborder: Natantia
Family: Palaemonidae
Genus: Macrobrachium

Species: Macrobrachium rosenbergii

Biological features

Males prawn are usually larger than the females, which can grow up to 320 mm
whereas the females can grow up to 250 mm. The color of M. rosenbergii is usually
greenish to brownish gray depending on habitat and diet. As a decapod crustacean, head
(cephalon) and thorax are fused into a cephalothorax. The rostrum at the tip of the
cephalothorax has 11-14 dorsal teeth and 8-10 ventral teeth. Cephalon part of
cephalothorax contains eyes, antennulae, antennae, mandibles, maxillulae, and maxillae.
Thorax part of cephalothorax contains three pairs of maxillipeds (mouthparts), and five
pairs of pereiopods (true legs). Abdomen contains five pairs of pleopods, and a pair of
uropod (Holthuis, 2000). Anatomy sketch of M. rosenbergii is presented in Figure 1.

Macrobrachium means “large arms” which can justify by the second pair of
walking legs. Especially in the males, the walking legs can be very powerful and twice the
body length. The abdomen of the female is wider than that of the male as well as longer
pleura (overlapping plates of cuticle) for incubating the eggs. Female genital pores are
located at the third walking legs whereas the male genital is on the fifth walking legs

(Holthuis, 2000).



Habitat and life cycle

M. rosenbergii lives in tropical freshwater environments adjacent to the brackish
water typically in extremely turbid water. When mating, the males deposit spermatophores
under the female’s thorax, then the females perform egg extrusion. The fertilized eggs will
be carried within the pleura until hatching. The gravid females migrate into estuaries and
perform hatching. Larvae live in brackish water until metamorphose into post-larvae (PL).
After the metamorphosis, the PL begin to migrate towards freshwater. The larvae feeds
on zooplankton, tiny worms, and larvae of other crustacean whereas the PL and adults
are omnivore which eat algae, plants, and other aquatic life (Motoh & Kuronuma, 1980).
Males and females M. rosenbergii are differ in size and growth rates. The males are
generally larger than females and have heterogeneous individual growth (HIG). There are
three distinct male’s morphotypes including small males (SM), orange claw males (OC),
and blue claw males (BC) in which male’s development generally follows this order. The
presence of the BC delays the transition of the OC and suppress the growth of the SM.
This allows the BC to dominate other morphotypes (A. Barki, Karplus, & Goren, 1991).



Macrobrachium rosenbergii's Nodavirus (MrNV)

White tail disease (WTD) is an infection disease of M. rosenbergii caused by
Macrobrachium rosenbergii nodavirus (MNV). This disease was first discovered in the
Pointe Noire in Guadeloupe Island and then in Martinique, French West Indies in 1997
with the prominent clinical sign of whitish muscles particularly in abdominal region and up
to 100 percent mortalities in post larvae (PL) hatchery (Arcier et al., 1999). Few years after
the first discovery, MiNV has been identified as causative agent for this disease (Bonami,
Shi, Qian, & Sri Widada, 2005). MrNV is also found in Taiwan (Tung, Wang, & Chen, 1999),
China (Qian et al., 2003), India (Sahul Hameed et al., 2004), Thailand (Yoganandhan, Sri
Widada, Bonami, & Sahul Hameed, 2005), and Australia (Owens, La Fauce, Juntunen,
Hayakijkosol, & Zeng, 2009). MrNV has been found in brackish and freshwater and can
be detected in infected larvae, PL, and early juvenile with whitish muscles sign whereas
adult may act as a carrier (Sahul Hameed et al., 2004). It has been reported that extra
small virus (XSV) is usually found in MMV-infected prawn. XSV is a non-enveloped,
icosahedral with 15 nm diameter bearing one ssRNA genome encoding capsid protein.
Many studies suggested that XSV may be a satellite virus that utilize RARP from MV for
replication (Bonami et al., 2005; Murphy et al., 1995; Widada & Bonami, 2004) . However,
Zhang and others reported that MMV is the major cause of the pathology and the
relationship between MMV and XSV is still unknown (H. Zhang et al., 2006).
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Figure 2 3D Reconstruction of Macrobrachium rosenbergii nodavirus (MrNV)

Source: Kok LH, Chare LK, Poay LB, Wen ST,David B. (2017). Cryo-Electron
Microscopy Structure of the Macrobrachium rosenbergii Nodavirus Capsid at 7

Angstroms Resolution. Scientific reports, 7(2083).

As a member of nodaviruses, MV is a non-enveloped, icosahedral with 26-27
nm diameter (Figure 2) which comprises a nucleocapsid bearing two positive single-
stranded RNA genomes (RNA-1 and RNA-2) (Figure 3). RNA-1 is 3202 bp positive ssRNA
encoded protein A or RNA-dependent RNA polymerase (RdRp) (Widada & Bonami,
2004). Additionally, the 3’ end of RNA-1 (sub-genomic of RNA-1 or known as RNA-3) also
encodes protein B in different reading frame (+1 reading frame relative to protein A).
Protein B2 is capable of inhibiting RNAI pathway in host cell by binding to dsRNA which
prevents the degradation of RNA by RNAI (H. Li, Li, & Ding, 2002). RNA-2 is 1175 bp
positive ssRNA encoding coat protein precursor alpha (known as capsid protein) which
is then cleaved into protein beta and gamma after the provirions assembly (Bonami et al.,

2005).
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Figure 3 Genomic organization of Macrobrachium rosenbergii nodavirus (MrNV)

Source: Murphy FA, Fauquet CM, Bishop DHL, Ghabrial SA, Jarvis A, Martelli GP,
et al. (1995). Virus Taxonomy: Classification and Nomenclature of Viruses. Springer-

Verlag Wien. (Modified)

Clinical signs

The prominent clinical sign of WTD-infected larvae, post larvae (PL), and early
juvenile is whitish muscles particularly in abdominal regions and abnormal molting (Figure
4). The whitish muscles are clearly visible against dark background (Arcier et al., 1999).
The discoloration starts at the tail and spread towards the head and appears 2-3 days
after the infection. Necrotic tissues are also found in the striated muscle. The mortality rate
is up to 100 percent within 7-15 days after the infection or 3-5 days after the appearance
of the first gross signs. However, very few infected PL with prominent signs can survive

and grow normally (Sahul Hameed et al., 2004).
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Figure 4 WTD-infected M. rosenbergii juvenile showing whitish muscles

Source: Owens L, La Fauce K, Juntunen K, Hayakijkosol O, Zeng C. (2009).
Macrobrachium rosenbergii nodavirus disease (white tail disease) in Australia. Dis Aquat

Organ. 23,85(3): 175-80.

Histopathology
MMV mainly infects muscles and other mesodermal tissues (e.g. intratubular
connective tissue of hepatopancease). Necrotic muscles show high levels of eosinophilic
and show the absence of striated appearance (Figure 5). The infected striated muscles
show fibrosis and haemocytic infiltration which can be characterized by basophilic
inclusion in the cytoplasm of the connective tissues. However, the viral inclusions are not

detected in hepatopancreatic tubules and gut epitheliums (Arcier et al., 1999).
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Figure 5 An area of necrotic muscles in WTD-infected shrimp

Source: Owens L, La Fauce K, Juntunen K, Hayakijkosol O, Zeng C. (2009).
Macrobrachium rosenbergii nodavirus disease (white tail disease) in Australia. Dis Aquat

Organ. 23, 85(3): 175-80.

Transmission
MMV infects larvae, post larvae (PL), and early juvenile causing massive mortality
in infected PL (Sahul Hameed et al., 2004). The viral replication occurs in connective
tissue of the muscles as can be observed by basophilic inclusion in the cytoplasm. MMV
may transmit by both vertical and horizontal ways. The main route of transmission is the
vertical which demonstrated in the brooders to progeny experiment and RT-PCR in

ovarian tissues and fertilized eggs (Sudhakaran et al., 2007).
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The Immune System of Shrimp

The immune system of shrimp is less developed compared to the finfish and other
vertebrates which have ability to produce immunoglobulin (Roch, 1999). Therefore,
shrimp’s immune system is solely relied on innate immune system known as non-specific
defense mechanisms which consist of humoral and cellular responses. Humoral defenses
include activation and secretion of molecules stored within hemocytes such as prophenol
oxidase system (ProPO), clotting proteins, melanization and antimicrobial peptides
(Soderhall & Cerenius, 1998). On the other hand, cellular defenses include reactions
conducted directly from hemocytes and other cells such as phagocytosis, apoptosis,

nodule formation, and encapsulation (Jiravanichpaisal et al., 2006).

Pattern recognition receptors (PRRs)

Innate immune system in shrimp requires the recognition of the pathogens by the
pattern recognition receptors (PRRs) to trigger the responses (Medzhitov & Janeway,
2000). PRRs are various groups of germ-line encoded proteins that can lead to rapid
humoral and cellular immune response (X. W. Wang & Wang, 2013). There are PRRs that
have been studied in shrimp including peptidoglycan recognition proteins (PGRPs),
Gram-negative binding proteins (GNBP) or lipopolysaccharide and beta-1,3-glucan
binding proteins (LGBPs), C-type lectins and Toll receptors (Amparyup, Sutthangkul,
Charoensapsri, & Tassanakajon, 2012; C. Yang et al., 2008; L. S. Yang et al., 2007; Y.
Zhang et al., 2009). Additionally, in insects, there are other groups of PRRs that have been
identified including galectins, thioester containing proteins (TEPs), fibrinogen-related
proteins (FREPs), scavenger receptors (SRs), and Down syndrome cell adhesion
molecules (DSCAMs) (Christophides, Vlachou, & Kafatos, 2004; Nakamoto et al., 2012;
Watson et al., 2005).

Unlike vertebrate antibodies, PRRs recognize pathogen associated molecular
patterns (PAMPs) rather than specific epitope of the microbes. PAMPs are molecular
patterns or molecular structures shared by pathogens which are the polysaccharides and

glycoproteins that are not associated with the hosts such as lipopolysaccharide (LPS),
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peptidoglycan, lipotechoic acid, and glucan. In addition, PAMPs can be nucleic acids
such as single stranded and double stranded RNA of viruses (Christophides et al., 2004;
Jensen & Thomsen, 2012; X. W. Wang & Wang, 2013).

Immune signaling pathways

The recognition of pathogens or PAMPs by pattern recognition receptors (PRRs)
triggers humoral and cellular immune responses via signal transductions (F. Li & Xiang,
2013). This signal transduction or immune signaling pathways includes binding of
extracellular ligands to surface receptor that activates the molecular cascade inside the
cells and triggers response against pathogens (Borregaard, Elsbach, Ganz, Garred, &
Svejgaard, 2000).

The Toll and immune deficiency (IMD) signaling pathways are considered to be
the most important immune signaling pathways in invertebrates (De Gregorio, Spellman,
Tzou, Rubin, & Lemaitre, 2002). The toll receptor recognizes pathogens via cytokine-like
ligand Spatzle whereas vertebrate Toll-like receptors (TLRs) recognize pathogens directly
(Lemaitre & Hoffmann, 2007; P. H. Wang et al., 2012). Endogenous ligand Spéatzle will be
cleaved into mature form after the infections and then binds to the toll receptor. After the
activation of NF-kappa-B family protein Dif/Dorsal by the binding to the toll receptor,
expression of immune-related genes such as antimicrobial peptide genes (AMPs) are up-
regulated (Lemaitre & Hoffmann, 2007). The IMD pathway functions parallel to the toll
signaling pathway. The IMD pathway induces immune-related genes expression in
response to the pathogen particularly to the Gram-negative bacteria (Lemaitre &
Hoffmann, 2007). The JAK-STAT signaling pathway is also an important pathway in
antiviral response. This pathway is activated by the inflammation and production of type |
interferon (IFN) induced by the viral infection, resulting in the up-regulation of interferon-

stimulated genes (ISGs) (de Veer et al., 2001; Sadler & Williams, 2008).
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RNA interference (RNAI) pathway

RNA interference (RNAI) or post-transcriptional gene silencing (PTGS) is a
biological process which is conserved in many eukaryotes. RNAI pathway involves two
types of small RNA molecule including, microRNA (miRNA) and small interfering RNA
(siRNA) that are capable of inhibiting gene expression by neutralizing mRNA (Saurabh,
Vidyarthi, & Prasad, 2014). Many studies found that administration of synthetic
dsRNA/siRNA can protect shrimp from viral infection suggesting that RNAI pathway has
a crucial role in crustacean antiviral immunity (Tirasophon, Roshorm, & Panyim, 2005; J.
Xu, Han, & Zhang, 2007; Yodmuang, Tirasophon, Roshorm, Chinnirunvong, & Panyim,
2006).

RNAi pathway involves cleavage of foreign double-stranded RNA (dsRNA)
molecules (e.g. from viral infection) into short double-stranded fragments of 21-30
nucleotides siRNA. The siRNA is then bounded to the RNA-induced silencing complex
(RISC) which can cleave RNA that is complemented to the siRNA (Kupferschmidt, 2013).
There are numerous studies revealed that administration of dsRNA or siRNA in shrimp can
inhibit viral replication (Tirasophon et al., 2005; J. Xu et al., 2007; Yodmuang et al., 2006).
The dsRNA can also be formed during replication of both RNA (e.g. taura syndrome virus
(TSV) and yellow head virus (YHV)) and DNA viruses (e.g. white spot syndrome virus
(WSSV)). These dsRNA will engage the RNAIi pathway and then trigger the antiviral
responses (T. Huang & Zhang, 2013b).

The miRNAs are germ-line encoded RNAs that regulate gene expression,
especially during growth and development by binding to the RISC and inhibit the
translation of the mRNA. Huang and Zhang revealed that there are 31 miRNAs that
expressed differentially in response to WSSV infection (25 miRNAs were up-regulated
while 6 miRNAs were down-regulated) suggesting thar these miRNAs could mediate
immune signaling pathway and involved in innate immunity (T. Huang & Zhang, 2013a).
Moreover, Yang and others identified a total number of 24 miRNAs that involve in innate
immune system including phagocytosis, proPO system, and apoptosis (G. Yang, Yang,

Zhao, Wang, & Zhang, 2012).
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Hemocytes and hematopoiesis

Most of crustaceans have three different types of hemocyte including, hyaline
cells (HC), semigranular cells (SGCs) and granular cells (GCs) which play a crucial role
in protecting the animal against the infection (Jiravanichpaisal et al., 2006). The hyaline
cells are responsible for cellular response such as phagocytosis (Johansson, Keyser, &
Sritunyalucksana, 2000). The granular cells contain granule with several immune
substances such as the proPO-activating enzymes and crustins, whereas the
semigranular cells are responsible for both cellular and humoral responses (Sricharoen,
Kim, Tunkijjanukij, & Soderhall, 2005). Hematopoiesis or hemocytes formation in shrimp is
occurred in the hematopoietic tissues (HPTs) which made of lobules covered by
connective tissue and located at the dorsal side of the stomach, and at the start of the

maxillipeds (van de Braak et al., 2002).

Clotting, antimicrobial peptides, and prophenol oxidase system (proPO)

Clotting is one of the humoral responses that preventing hemolymph loss and
microbial spread during the injury (Maningas, Kondo, & Hirono, 2013). The blood
coagulation in crustacean involves cross-linking aggregates of clotting proteins (CPs) by
a calcium-dependent transglutaminase (TGase) produced by hemocyte during microbe
invasion or injury. The TGase forms crosslinks between glutamine and lysine of the CPs
which cause blood clotting (Hall, Wang, van Antwerpen, Sottrup-Jensen, & Soderhall,
1999). Recent report showed that lysosome and crustin are significantly down-regulated
in TGase depleted shrimp suggesting that clotting system is linked with the expression of
antimicrobial peptides (AMPs) (Fagutao, Maningas, Kondo, Aoki, & Hirono, 2012).

Antimicrobial peptides (AMPs) are very important components of innate immune
system. AMPs are usually small cationic, amphipathic, germ-line encoded proteins that
have rapid and efficient antimicrobial effects against broad spectrum of microorganisms
including Gram-positive, Gram-negative, yeast, fungi, and some viruses. AMPS’s
antimicrobial mechanisms are differ in structural conformation, charge, and amphipaticity

(Bulet etal., 1991; Yount, Bayer, Xiong, & Yeaman, 2006). |t seems to be that AMPs disrupt
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the membrane integrity of the target. The cationic charge of AMPs firstly attach to the
negatively charged membrane and then destroy microbes by membrane destabilization
or pore formation (Brogden, 2005; Yount et al., 2006). To date, there are four major types
of crustacean AMPs that have been identified including single-domain linear alpha-
helical, single-domain containing cysteine, multi-domain or chimeric, and unconventional
AMPs (Rosa & Barracco, 2010).

Prophenol oxidase system or proPO-activating system participates in innate
immunity by association with other responses such as melanization, opsonization,
hemocyte induction, encapsulation, and nodule formation (Cerenius & Soderhall, 2004;
Soderhall & Cerenius, 1998; Soderhall, Cerenius, & Johansson, 1994). The proPO-
activating system is controlled by an immune signaling pathway which requires
recognition of PAMPs by PRRs that leads to activation of serine proteinases cascade (SPs)
and finally to the proteolytic cleavage of the proPO zymogen into active PO enzyme. The
active PO enzyme produces polymeric melanin around invading pathogens resulting in

melanization at the infection site (Cerenius & Soderhall, 2004).

Phagocytosis

Phagocytosis is an important part in innate immune system. Phagocytosis is a
highly conserved mechanisms among multicellular organisms involving ingestion of
microparticles including microbial pathogens, and cellular debris from apoptosis and
necrosis (Stuart & Ezekowitz, 2008). In crustacean, this process begins with the
recognition of PAMPs by PRRs and then triggers the responses via immune signaling
pathway. The responses include rearrangement of the cell’s cytoskeleton, membrane
remodeling, maturation of phagosomes, and production of cytokines. Consequently,
phagosomes, lysosome, and endosome are fused into mature phagolysosomes which
have acidic and hydrolytic properties and capable of digest the microparticles after being

ingested (Stuart & Ezekowitz, 2008).
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Apoptosis

Apoptosis or programmed cell death is a cellular process for removing harmful
cell that carrying genetic damage or having uncontrolled proliferation. Apoptosis is also
considered as an important cellular response that limit viral replication and eliminate viral-
infected cells in multicellular organisms (Everett & McFadden, 1999; Koyama et al., 2000).
The mechanisms of apoptosis include blebbling (protrusion of cell membrane), cell
shrinkage, nuclear fragmentation (karyorrhexis), chromosomal fragmentation, chromatin
condensation (pyknosis), and mRNA degradation (Figure 6) (Karam, 2009). Unlike
necrosis, apoptosis is well-controlled process that causes no harm to the organisms.
Apoptosis produces cell fragments called “apoptotic bodies” that being immediately
engulfed and processed by the phagocytes causing zero damage to the surrounding

cells (Alberts et al., 2008).

Nucleus fragmenting (karyoerrhexis)

Nucleus condensing (pyknosis)
/

Blebs

Apoplotic body
Cell shrinkage

Phagoc guif:
(a) (b) apopiot bodes (c)

Figure 6 Diagram of a cell undergoing apoptosis
(a) Normal cell, (b) Cell starts shrinking and blebbing and nucleus starts
condensing (pyknosis), (c) Nucleus fragmentation (karyorrhexis) occurs and cell breaks

into apoptotic body which being engulfed and processed by the phagocyte

Source: Apoptosis, Emma Farmer (Online)
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Due to well-regulated and well-controlled of this process, apoptosis can be
triggered by two distinct pathways, intrinsic and extrinsic pathways. The extrinsic pathway
is activated by ligands binding to cell-surface death receptors and transmission of death
signal. This pathway involves in elimination of cells during growth and development, cell
differentiation, and tissue remodeling (Tran, Meinander, & Eriksson, 2004). On the other
hand, the intrinsic pathway involves responses to disturbance of intracellular homeostasis
by cellular stress such as hypoxia, anoxia, viral or bacterial proteins, reactive oxygen
species (ROS), radiation, and malfunctioned proteins (Ferri & Kroemer, 2001). The
mitochondrial signaling plays an important part in the both pathways and ampilification of
the death signal (Hand & Menze, 2008).

Both extrinsic and intrinsic pathways trigger the activation of the apoptosis
hallmark called “caspases” (Menze, Fortner, Nag, & Hand, 2010). Caspases are highly
conserved cysteine protease that involve in the execution of cell death. Caspases are
divided into two types, the initiator (Caspase 2, 8, 9, 10, 11, and 12) and the effector
(Caspase 3, 6, and 7). The initiator caspases are activated by oligomerization at a specific
oligomeric activator protein such as apoptotic protease activating factor 1 (APAF-1). The
effector caspases are then activated through proteolytic cleavage that triggered by the
activated initiator. The active effector caspases then degrade intracellular proteins and
trigger the cell death program (Kumar, 2007).

There are several apoptosis regulators in crustacean that have been reported
including an initiator caspase (L. Wang et al., 2008), effector caspases (J.H. Leu et al.,
2013; P. H. Wang, Wan, Chen, et al., 2013), inhibitor of apoptosis protein (J. H. Leu et al.,
2008), the mitochondrial-related voltage-dependent anion channel (VDAC) (Shoshan-
Barmatz & Ben-Hail, 2012), and translationally controlled tumor protein (TCTP) or fortilin
(J.H. Leu et al., 2013). In addition, Bangrak and others reported that PmTCTP mRNA
expression from Penaeus monodon is significantly up-regulated after the infection of white
spot syndrome virus (WSSV) and significantly decreased in WSSV-infected moribund

shrimp (Bangrak et al., 2004). This results confirmed that TCTP play a role in anti-apoptotic
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activities (H. Liu et al.,, 2005) and might play critical roles in shrimp’s anti-viral

immunity(Bangrak et al., 2004).

Translationally controlled tumor protein (TCTP)

Translationally controlled tumor protein (TCTP) was first discovered in 1980s by
three research groups and first named P21, Q23, and P23 (Gachet et al., 1999). In the
late 1980s, the name translationally controlled tumor protein was originated because this
protein was identified from a human tumour and is regulated at the translational level
(Gross, Gaestel, Boehm, & Bielka, 1989). TCTP is also called histamine releasing factor
(HRF), and fortilin due to extracellular function as an anti-apoptotic protein and histamine
releasing factor (F. Li, Zhang, & Fujise, 2001; MacDonald, Rafnar, Langdon, &
Lichtenstein, 1995).

Protein structure

TCTP is a 18-20 kDa hydrophilic protein (approximately 170 amino acid residues)
which highly conserved among eukaryotes (Thomas et al., 1981). The TCTP family does
not share similarity with any proteins. Multiple sequence alignment of TCTP revealed that
approximately 9% of amino acid sequences are conserved (9 amino acid residues and
another 6 amino acid residues with one mismatch) (Figure 7A). Most of the conserved
residues are located in the beta-stranded core domain indicating the importance of
interaction with other molecules. The other two domains specific for TCTP are the flexible
loop and the helical domain. The flexible loop contains highly conserved areas which have
been listed in the prosite database as TCTP signature 1 and 2 (Bommer & Thiele, 2004).
The helical loop contains two molecular function motifs which are the tubulin-binding
region and the ca”’ binding area (Gachet et al., 1999; Kim, Jung, Lee, & Kim, 2000).
Ribbon diagram containing three major domains of TCTP from fission yeast is shown in

Figure 7B.
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Regulation

TCTP is ubiquitously expressed in all eukaryotic organisms and in every tissues
and cell types investigated. TCTP is present in both cytosol and nucleus. The summary of
TCTP regulation and biological functions is presented in Figure 8. The expression levels
of TCTP vary according to cell/tissue types and developmental stages. In addition, TCTP
is preferentially expressed in highly mitotic tissue rather than less mitotic ones (e.g. brain)
(Thiele, Berger, Skalweit, & Thiele, 2000). There are numerous studies reported that the
expression levels of TCTP are mainly regulated by various extracellular signals such as
growth signals (Bommer et al., 2002) and cytokines (Nielsen, Johnsen, Sanchez,
Hochstrasser, & Schiotz, 1998; Teshima, Rokutan, Nikawa, & Kishi, 1998). Moreover,
TCTP expression can also be regulated by cellular conditions including starvation
(Bommer et al., 2002; Bonnet et al., 2000), heat shock, heavy metals, calcium stress (A.

Xu, Bellamy, & Taylor, 1999), or pro-apoptotic/cytotoxic signals (Oikawa et al., 2002).



23

(A)
[ =xons | [ Exon 1 | EXON 2 I EXON 3
2° Structure 3
Elements o » . = sida ”~ i 25 _,
10 20 30 40 so 60 70
| |

S. pombe ;u.vxnv:sen ‘LVSEAYDLKE - VDDIVYEADCQMVTVKQGGD - - VDI AE- - ENA! ETVNNLJYSPRESPT-SF-
P. sativum {LVYQDLLTGDLLLS S YPYKETENGULWEVEGKWVVK - - -GAVDVNIGANP E-DEGVDDTAVKVVDINDVFRIQEQPPF -
C. elegans “LIYKDIPTr PMKL-VDDLVYEFKGKHVVRKE-G-EIVL IDINL EMNCYE
Drosophila ‘KIYRDIIA Ag TYKMKL-VDDVIYEVYGKLITR-Q-GDDIKL -EGTDIT 'ECFAFG
Mouse WIIYRDLISHDZLFSSIYKIREIADGLCLI KMVSRTEGAIDDELI gc‘ri‘rvv‘rcvp: m‘qh,s]ﬁ
Microtubule binding PLK PLK (=
ca' binding
TCTP signature

EXONS | [ Exon3 | EXON 4 | EXON 5
2° Structure
Elements - S ” . i

80 S0 100 110 120 130 140 150 16¢
| | | |

S. pombe DKKSYMSYISGYMEAIKARLQESNP - - ERVPVEEKNAIGFVKKILAN- - FKDYDFY I3 SMDP~- - DAMVVLMNYR~- EDGITSYMIFFKDGLVSESF 168
P. sativum DKKQPLGFVKYIRLLTPKLEAEKQ- - - - - EBBKKNIEGATKYLLGK~- LKDLQFFV@=SMHD - - ~DGSLVFAYYK—-DGAADSTFLYFSFALKEILC 167
C. elegans DASMFKAYI SKFMENVI. VDARKKKIQGWVVSLLAKDRFKNLAFFIS RAAEGAENGQVAIIEYRDVDGTEVLTLMLVKEAIIEE 181
Dtn-cphil. DKKSYTLYLSDYMEKVLAKLEEKSP - - DQVDIBKTNMNKAMKDILGR - - FKELQFF” SSMDC—~ ~-DGMVALVEYREINGDSVEVLMFFK! EE! 172
Mouse my.uhn.nxom]zo.--znv-mauloxlmm--pmonx P—- -DGMVALLDYR~-- EDGVTZFMIFFKDGLEMESC 172
agbdomenidil
binding
Ca' binding | 1]

TCTP signature

(8)

TCTP 2

B-stranded
core
domain

Figure 7 Multiple sequence alignment, ribbon diagram and functional mapping of TCTP

(A) Multiple sequence alignment of TCTP. Conserved residues are labelled in red,

the nine absolute conserved residues are in white letter while the six conserved with one

mismatch are in the black letter. The secondary structure elements of fission yeast TCTP

are represented as follows, beta-stra

nded core domain: yellow arrows, helices: orange

bars, coiled regions: grey line. The tubulin-binding region and the Ca2+ binding area are

shown in the blue and green bar, respectively. The TCTP signature 1 and 2 are indicated

by the pink boxes. Serine residues |

n the mouse sequence (highlighted in green) are

phosphorylated by the Plk mitotic kinase (Yarm, 2002). (B) Ribbon diagram of fission yeast

TCTP (Thaw et al., 2001). The color coding is the same as in (A).

Source: Bommer, U. A., & Thiele, B. J. (2004). The translationally controlled tumour

protein (TCTP). Int J Biochem Cell Biol, 36(3), 379-385.
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Biological function

TCTP or fortilin has been reported to play important roles in many biological
processes including cell growth and cell cycle control (Cans et al., 2003; Gachet et al.,
1999), microtubule stabilization (Yarm, 2002), inflammation (MacDonald et al., 1995),
chemo-resistance (Sinha et al., 2000), and anti-apoptotic mechanisms (H. Liu et al., 2005).
The summary of biological functions and regulation of TCTP is presented in Figure 9.

From the fact that TCTP is preferentially expressed in highly mitotic tissue, TCTP
is believed to be crucial for cell growth, and cell division (Cans et al., 2003; Gachet et al.,
1999). This conclusion was agreed by following reports which demonstrated that: (1)
down-regulation of TCTP was associated with reversion of the tumour cells and slow-
growth phenotype (Kamath et al., 2003; Tuynder et al., 2002)., (2) over-expression of
TCTP can cause growth retardation and delayed cell cycle progression (Gachet et al.,
1999). (3) TCTP is bound microtubules during most of the cell cycle and detached after
metaphase (Yarm, 2002). Moreover, phosphorylation of TCTP by the mitotic polo-like
kinase (Plk) may cause the detachment of TCTP and the microtubules and mutation of
phosphorylation sites for mitotic Plk protein kinase cause the incomplete mitosis (Yarm,
2002).

As the calcium-binding region was mapped, TCTP has calcium-binding activity
which prevent cytosolic Ca’’ to cause mitochondrial swelling and activate Ca’'-
dependent apoptosis pathway (Kim et al., 2000). TCTP was also reported to function as
histamine releasing factor (MacDonald et al., 1995). Following studies suggested that
TCTP displays cytokine-like activities in which TCTP is able to induce interleukins-8 (IL-8)
production from eosinophils and IL-4, IL-13 and histamine production from basophils
(Bheekha-Escura, MacGlashan, Langdon, & MacDonald, 2000; MacDonald et al., 2001).
TCTP can be induced by certain type of cytokines and acts as a growth factor for B-cell
(Kang et al., 2001). Although the signal sequence of TCTP is absence, TCTP is believed
to be secreted via exosome (non-classical pathway) with an assistance of H,K-ATPase

and TSAP6 (Amzallag et al., 2004). This hypothesis was supported by the inhibition of
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TCTP secretion using proton pump inhibitors (PPls) in vivo (Choi, Min, Kim, Hwang, & Lee,
2009).

The expression levels of TCTP are also regulated by cellular conditions including
cellular stress which are consistent with association between increasing TCTP expression
and increasing chemo-resistance (Sinha et al., 2000). Moreover, in cancer cell lines, TCTP
was reported to be critical survival factor that preventing oxidative stress-induced cell
death. Up-regulation of TCTP was observed in survived cell after the treatment of
hydrogen peroxide (Nagano-Ito, Banba, & Ichikawa, 2009).

Later on, numerous studies demonstrated protein interaction of TCTP which
correlated with anti-apoptotic mechanisms as follows: (1) destabilization of p53 by TCTP
which associated with equilibrium between p53 and TCTP and apoptotic homeostasis (H.
Liu et al., 2005; Rho et al., 2011), (2) interaction with anti-apoptotic protein, myeloid cell
leukemia 1 protein (MCL1), as a chaperone for stabilization of TCTP, another anti-
apoptotic protein (D. Zhang, Li, Weidner, Mnjoyan, & Fujise, 2002), (3) binding between
N-terminal of TCTP and Bcl-xL which required for anti-apoptotic activity of TCTP (Y. Yang

et al., 2005), and (4) inhibition of TCTP secretion by caspase-3 (Sirois et al., 2011).
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Figure 8 Biological functions and regulation of TCTP

Source: Bommer, U. A., & Thiele, B. J. (2004). The translationally controlled tumour

protein (TCTP). Int J Biochem Cell Biol, 36(3), 379-385.
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TCTP in shrimp

Since TCTP involves in many biological processes including anti-apoptotic
mechanisms (H. Liu et al., 2005; Thomas et al., 1981), several studies identified TCTP
from various shrimp species and examined TCTP roles in shrimp’s anti-viral immunity
(Bangrak et al., 2004; S. Wang et al., 2009; W. Wu et al., 2013). In 2004, Bangrak and
others identified PmTCTP from Penaeus monodon and performed semi-quantitative RT-
PCR to investigated PmTCTP response against WSSV infection. The results showed that
PmTCTP mRNA expression in hemocytes was significantly up-regulated after the infection
of white spot syndrome virus (WSSV) and significantly decreased in WSSV-infected
moribund shrimp (Bangrak et al., 2004). Later in 2008, Wang and others cloned FcTCTP
from Fenneropenaeus chinensis and investigated FCTCTP expression in hepatopancreas
after the infection of WSSV using time-course semi-quantitative RT-PCR analysis. The
results revealed that FCTCTP expression was increased after the exposure of WSSV (S.
Wang et al., 2009). Wu and others in 2013 identified LvTCTP from Litopenaeus vannamei
reported that LvTCTP expression in gills was up-regulated at 8 to 48 hours after the
infection of WSSV using real-time RT-PCR analysis. Wu and others also reported that
silencing of LvTCTP using RNAI technology led to the increasing of WSSV copies in gills
at 48 hours post infection (W. Wu et al., 2013).

Furthermore, there are reports that studied TCTP’s roles in innate immune system
in terms of protection against viral infection and immune modulation (Rajesh,
Kamalakannan, & Narayanan, 2014; Sinthujaroen, Tonganunt, Eurwilaichitr, & Phongdara,
2015; Tonganunt et al., 2008). In 2008, Tonganunt and others administered PmTCTP into
P. monodon shrimp via oral and intramuscular route and found that survival rate was
increased after WSSV infection. Additionally, using PCR detection, the WSSV copies in
moribund shrimps were notably higher than that of survived shrimps (Tonganunt et al.,
2008). Laterin 2014, Rajesh and others cloned FiTCTP from Fenneropenaeus indicus and
examine protective effect of ATCTP using immunological parameters determination

including reactive oxygen species (ROS), phenoloxidase activity and mitochondrial
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membrane potential (MMP). F. indicus shrimps were injected and oral administered by
recombinant FITCTP followed by the exposure of WSSV. The results showed that FITCTP
pretreatment reduced ROS, mitochondrial damage and respiratory burst during the
infection of WSSV (Rajesh et al., 2014). Recently in 2015, Sinthujaroen and others
investigated protection of recombinant PmTCTP using injection and oral administration.
P. monodon were injected and oral administered by PmTCTP and sonicated yeast
harboring PmTCTP followed by the injection of WSSV. The cumulative mortality results
revealed that recombinant PmTCTP has clearing effect on WSSV infection. In addition,
shrimp injected with PmTCTP dsRNA demonstrated lower surviral rates compared with

those injected with LacZ dsRNA (Sinthujaroen et al., 2015).

Rapid Amplification of cDNA Ends (RACE)

Rapid Amplification of cDNA Ends (RACE) is a molecular biology technique used
to identify full-length cDNA of a gene in which partial sequence of the gene is identified.
RACE procedures consist of reverse transcription (RACE-ready cDNA preparation) and
polymerase chain reaction (RACE-PCR) followed by sequencing of the PCR product. The
partial sequence of the gene of interest is required to generate the Gene Specific Primers
(GSPs) and nested GSPs (NGSPs) for the RACE-PCR and nested PCR (Frohman, 1994).
The use of nested PCR is important for reducing the amplification of non-specific products
since the specificity of RACE-PCR is generally low compared to the conventional PCR
because of the use of one gene specific primer and one universal primer in the reaction

(Oladapo & Michael, 2011).
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5'- RACE begins with reverse transcription of the mRNA using anti-sense (reverse)

GSP followed by addition of homopolymeric tail from terminal deoxynucleotidyl

transferase (TdT) at the 3’-end of the cDNA. The PCR reaction is then being performed

using second anti-sense GSP and sense (forward) universal primer that specific to the

homopolymeric tail (Figure 9) (F. Li et al., 2001).
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GSPOI
First strand cOMA, synthesis and addition of homopolymeric tail

using reverse transcriptase and terminal transferase
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RACE-PCR using GSP02 and universal primer
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Figure 9 5’-Rapid amplification of cDNA ends

Reverse transcription
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In case of 3’-RACE, reverse transcription of the mRNA uses Oligo-dT-adaptor
primer which complementary to the polyA tail. The PCR reaction then uses sense GSP
and anti-sense universal primer that specific to the adaptor sequence (Figure 10) (F. Li et

al., 2001).
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I
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Figure 10 3'-Rapid amplification of cDNA ends
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RNA interference (RNAI)

RNA interference (RNAI) is gene regulatory mechanism in which gene expression
is inhibited by the mRNA degradation or translational inhibition. This process was formerly
known as co-suppression, post-transcriptional gene silencing (PTGS), and quelling
(Saurabh et al., 2014). RNAI is conserved in many eukaryotes. RNAi pathway involves two
types of small RNA molecule including, microRNA (miRNA) and small interfering RNA
(siRNA) that capable of inhibiting gene expression by neutralizing mRNA (Saurabh et al.,
2014).

RNAI mechanism

RNAi mechanism involves cleavage of foreign double-stranded RNA (dsRNA)
molecules (e.g. from viral infection) into short double-stranded fragments of 21-30
nucleotides siRNA. The 21 nucleotides siRNAs are two strand of 21 nucleotides in which
19 nucleotides are paired into dsRNA and the other two are unpaired nucleotides at both
of 3'-and. The siRNAs are then bounded to the RNA-induced silencing complex (RISC)
which can cleave RNA that complemented to the siRNA (Kupferschmidt, 2013). In case
of mMiIRNA, miRNAs are generated from endogeneous hairpin RNA precursor called short
hairpin RNA (shRNA). The miRNAs are germ-line encoded RNAs that regulate gene
expression, especially during growth and development by bound to the RISC and inhibit

the translation of the mRNA(T. Huang & Zhang, 2013a).

Initiator step
RNAI mechanism is initiated by the cleavage of dsRNA into 21-30 nucleotides
siRNA with 2 to 3 nucleotides overhang at 3’-hydroxy terminal ends and 5-phosphate
terminal ends (S.M. Elbashir, W. Lendeckel, & T. Tuschl, 2001). The enzyme that is
responsible for the cleavage is RNase lll-like enzyme called “Dicer” (Gregory, 2002).
Dicer contains four domains including amino-terminal helicase domain, dual RNase |l
motifs, dsRNA binding domain (dsBRD) and PAZ domain (Piwi, Argo, Zwille/Pinhead like

protein) (Bernstein, Caudy, Hammond, & Hannon, 2001). Dicer unwinds and cleaves
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dsRNA into 21-30 nucleotides siRNA with 2 to 3 nucleotides overhang at 3’-ends. Bacterial
RNase Il normally cleaves dsRNA into 9 to 11 nucleotides. Based on this knowledge,
Dicer is believed to work as a dimer. Cleavage by Dicer is catalyzed by two active RNase
[l motifs from each monomer resulting in about 22 nucleotides products (Blaszczyk et al.,
2001). The siRNAs are then proceeded to the effector step by bound to the RNA-induced

silencing complex (RISC).

RISC

Activation
by ATP

m7G RISC?, —
AAAAAAAA

Target mRNA
substrate

Figure 11 Dicer and RISC (RNA-induced silencing complex)

(A) RNAi mechanism is initiated by the cleavage of dsRNA into 21-30 nucleotides
by RNase lll-like enzyme called “Dicer”. The siRNAs are then proceeded to the effector
step by bound to the RNA-induced silencing complex (RISC) (B) Dicer is believed to work
as a dimer. Cleavage by Dicer is catalyzed by two active RNase Ill motifs from each
monomer resulting in about 22 nucleotides products. The defective Dicer domains are

shown with asterisk.

Source: Gregory, J. H. (2002). RNA interference. Nature, 418, 244-251.
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Effector step

After the siRNA was generated, siRNAs are unwound and sense strand of siRNAs
are incorporated into RNA-induced silencing complex (RISC) which begins the effector
step of RNAI (Nykanen, Haley, & Zamore, 2001). RISC recognizes and degrades target
MRNA which represses the expression of the target genes. The endonucleolytic cleavage
by RISC complex is occurred at one specific site between siRNA and target mRNA. The
degradation by exonucleases is then occurred to cleave mRNA into small fragments.
RISC consists of AGO2 which is member of the Argonaute family. AGO2 is 130 kDa protein
containing PAZ domain and PIWI domain which is the characteristic of this protein family.
The presence of PAZ domain in both AGO2 and Dicer is believed to be associated with
RISC assembly (Bernstein et al., 2001). Argonaute proteins are also homologue to RDE1
which required for RNAIi mechanisms in C. elegans (Fagard, Boutet, Morel, Bellini, &

Vaucheret, 2000).

Amplification of the silencing

RNAI mechanism is very effective gene regulation pathway. Small amount of
dsRNA is capable for degradation of continuously transcribed mRNA. The amplification
of the silencing RNA is caused by two independent processes; cleavage of long dsRNA
into many small siRNA, and polymerizarion by RARP (RNA-dependent RNA polymerase).
Since the former process is not sufficient for spreading proper amount siRNA for mRNA
degradation, the latter process is mainly responsible for continuous mRNA degradation
(Agrawal et al., 2003).

Lipardi and others demonstrated that single-stranded target mRNA and dsRNA
acted as template for generating new molecule of dsRNA by RdRP. The newly formed
dsRNA were rapidly generated, cleaved, and proceeded into RNAI pathway. Additionally,
they also found that RARP specifically recognizes siRNA that only contain 3’-hydroxy
terminal ends and 5’-phosphate terminal ends(Lipardi, Wei, & Paterson, 2001). In 2002,
Sijen and others proposed a term “transitive RNAI” which is movement of silencing signal

along target gene from 3’-end to 5’-end. The movement of silencing signal is caused by
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activity of RdRP that generate secondary siRNA while slightly move the signal toward 5’-
end. For example, in C. elegans experiment, targeting GFP in 5-UNC22-GFP-3’ fusion
transcript resulted in white and uncoordinated phenotype (white color and abnormal
locomotive phenenotype). Whereas targeting GFP in 5’-GFP-UNC22-3’ fusion transcript
resulted in white phenotype only. This result showed movement of silencing signal toward

5’-end of target mMRNA which caused by RdRP-mediated activity (Sijen et al., 2001).

Sequencing-by-synthesis: lllumina sequencing technology

Sequencing-by-synthesis technology was originally developed by Shankar
Balasubramanian and David Klenerman, founders of Solexa company, at the University
of Cambridge (Bentley et al., 2008). lllumina Inc. subsequently purchased Solexa
Company, built and improved their sequencing technology and then became one of the
most successful next-generation sequencing (NGS) provider in the market. The
Solexa/lllumina sequencing technology utilizes reversible dye terminators, modified dNTP
with fluorescent dye and terminators, therefore only single base can be used in the
polymerization and then detected by the camera (Mardis, 2013). Millions sequencing
reaction occurred simultaneously on the microfluidic glass slide called flow cell. Flow cell
contains one, two, four, or eight separate lanes (Figure 12) coated with lawn of adaptor-

complimentary oligos (lllumina, 2017).
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\

m NextSeq® /

Figure 12 lllumina NextSeg® 500/550 High Output Kit v2 flow cell
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Figure 13 Four major steps of lllumina sequencing platform

Source: lllumina, Inc. (Online)

The lllumina sequencing include four steps: library preparation, cluster
generation, sequencing-by-synthesis, and data analysis (Figure 13). Library preparation
step involves random fragmentation of DNA or cDNA sample followed by 5’ and 3’ adaptor
ligation (lllumina, 2017). Fragmentation and ligation steps can occurred simultaneously
as in Nextera® DNA Library Preparation Kits. This technique is called “tagmentation” in
which Tn5 transposase and read 1 and 2 primer sequence are employed in the reaction.
Transposomes with read 1 or 2 sequence cleave DNA or cDNA sample resulting in
fragmented-tagged sample in a single step. A PCR reaction is then carried out generating

sequencing-ready-fragment (Figure 14) (lllumina, 2016).
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Figure 14 Tagmentation technique in Nextera” DNA Library Preparation Kits

Source: lllumina, Inc. (Online)

In case of cDNA library generation, fragmentation and ligation steps can also be
performed simultaneously as in Lexogen’s SENSE mRNA-Seq Library Prep Kit V2 for
lllumina sequencing. After poly (A) selection of mMRNA, library generation starts with
random hybridization of starter/stopper heterodimers to the poly (A) RNA. The
starter/stopper heterodimers contain lllumina-compatible linker sequences. First strand
cDNA synthesis extents the starter to the stopper of the next heterodimer and ligation of
the stopper occurred. Second strand synthesis is then carried out resulting in fragmented-
double-stranded cDNA library. Finally, library amplification is performed using oligo

primers with adaptors for lllumina sequencing (Figure 15) (GmbH, 2018).
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Cluster amplification involves hybridization of the library onto a flow cell, followed
by clonal cluster amplification through bridge amplification (lllumina, 2017). Briefly, P7c
region of the library hybridizes to P7 on the flow cell and then the first cycle of amplification
is occurred (Figure 16A). The library is then washed resulting in grafted library on a flow
cell (Figure 16A). Next, bridge amplification occurs through annealing of P5c of the
grafted library and P5 on the flow cell (Figure 16B). This process is then carried out in total
of 35 cycles resulting in sequencing-ready template (Figure 16C). Before the sequencing,
P5 linearization occurs to wash out the reverse strand of the template and blocking occurs
in 3'-OH position preventing base corporation during the sequencing (Figure 16D). In
case of paired-end (PE) sequencing, after read 1 is sequenced, 3'-OH blocking is
removed and P5 strand is resynthesized. The blocking and sequencing processes for
read 2 is then carried out (Figure 16E). The sequencing is performed in this order; read 1
sequencing, i7 index sequencing (optional), read 2 sequencing (PE sequencing), and i5
index sequencing (optional).

Sequencing-by-synthesis occurs repeatedly (up to 300 cycles) in this following
order: 1) modified dNTP with reversible dye terminators is added by the polymerase, 2)
unincorporated dNTPs are washed out, 3) fluorescence signals are recorded after laser
excitation, 4) fluorescent and 3’-OH-terminator are removed (Figure 17B) (Mardis, 2008).
This cycle of reactions occurs simultaneously on the flow cell as demonstrated in Figure

17A.
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NGS in shrimp

Numerous studies have been performed on whole transcriptome sequencing of
penaeid shrimps including P. monodon (Huerlimann et al., 2018; Nguyen et al., 2016;
Soonthornchai et al., 2016), L. vannamei (K. Chen et al., 2015; C. Liet al., 2012; Yu et al.,
2014), F. chinensis (S. Li et al., 2013; X. Shi et al., 2018), F. merguiensis (Powell et al.,
2015; W. Wang et al., 2017), and M. japonicus (Sellars et al., 2015). In case of P.
monodon, Nguyen and others have performed whole transcriptome in four different
tissues of P. monodon and identified growth-related genes specifically expressed in heart,
muscle, hepatopancreas, and eyestalk (Nguyen et al., 2016). Later on, Soonthornchai and
others performed whole transcriptome sequencing in stomach of P. monodon and
identified 141 immune-related genes that differentially expressed in response to the
infection of V. parahaemolyticus acute hepatopancreatic necrosis disease (AHPND)
strain (Soonthornchai et al., 2016). Recently in 2018, Huerlimann and others reported
assembled transcriptome and expression patterns of P. monodon on nine adult tissues
and eight early-life stages as well as identified genes specific to each life stage and tissue
(Huerlimann et al., 2018). In 2012, Li and others were the first to perform whole
transcriptome sequencing in L. vannamai using whole L. vannamei larvae (C. Li et al.,
2012). Later in 2014, Yu and others reported assembled transcriptome and discovered a
total of 96,040 single nucleotide polymorphisms (SNPs) from L. vannamei larvae at mysis
stage using publicly-available read data (larvae at 20 days post spawning) (Yu et al.,
2014). Moreover, Chen and others identified 855 genes that were aberrantly expressed
under salinity stress in L. vannamei and validated the expression results of 20 randomly
selected genes by gRT-PCR (K. Chen et al., 2015). Transcriptome analyses on F.
chinensis during the infection of WSSV have been performed by two research groups (S.
Li et al., 2013; X. Shi et al., 2018). Li and others identified 805 differentially expressed
genes which were categorized into 11 functional groups (S. Li et al., 2013), whereas Shi
and others identified 896 differentially expressed genes and validated the results using 8
selected genes by gRT-PCR (X. Shi et al., 2018). Powell and others performed whole

transcriptome sequencing on F. merguiensis tissues and reported list of genes
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associated with reproduction, sex determination and development as well as expression
of each gene in examined tissues (Powell et al., 2015). Later in 2017, Wang and others
reported transcriptome from F. merguiensis gill and 9190 differentially expressed genes
under ammonia stress which were mostly involved in cytoskeleton remodeling and
immune response (W. Wang et al., 2017). In case of M. japonicus, Sellars and others
performed transcriptome sequencing on animal pole and vegetal pole of M. japonicus
and identified genes involved in sex determination, germ line, mesoderm, and other
developmental processes (Sellars et al., 2015).

In addition, many studies performed whole transcriptome sequencing on M.
rosenbergii tissues and investigated gene expression responses to several pathogens
including V. parahaemolyticus (Rao et al., 2015), WSSV (Cao et al., 2017; Rao et al.,
2016), as well as the viral PAMP mimic (poly I:C) challenges (Z. Ding et al., 2018). In 2015,
Rao and others performed transcriptome sequencing on M. rosenbergii hepatopancreas
of control and V. parahaemolyticus infected prawn using lllumina sequencing and Trinity
de novo transcriptome assembler resulting in 59,050 and 73,946 unigenes (Rao et al.,
2015). Both transcriptome were clustered into 64,411 standard unigenes and functional
annotated against several databases such as NCBI non-redundant, Swiss-Prot, Kyoto
Encyclopaedia of Genes and Genome pathway (KEGG) and Orthologous Groups of
Proteins (COG) databases. Using fragments per kb per million fragments (FPKM) method,
they identified 14,569 aberrantly expressed unigenes with 11,466 up-regulated and 3,103
down-regulated genes. Among those, many immune-related genes were categorized into
11 functional groups and validated 7 of those genes using qRT-PCR (Rao et al., 2015).
Laterin 2016, the same research group performed transcriptomic study on M. rosenbergii
hepatopancreas in response to WSSV infection using the same methodologies (Rao et al.,
2016). Total of 63,584 unigenes were obtained from 59,050 unigenes and 65,625
unigenes of control and WSSV infected prawn, respectively. They identified 14,416
differentially expressed unigenes with 8,443 and 5,973 up and down-regulated gene,
respectively, in which 74 genes were listed as immune-related genes. The expression of

ten of those immune-related genes were validated using gRT-PCR (Rao et al., 2016). In
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2017, Cao and others performed transcriptome sequencing on M. rosenbergii lymphoid
organ in response to WSSV infection using similar approaches as in Rao and other’s
reports (Cao et al., 2017). Total of 73,658 and 72,374 unigenes from control and WSSV
infected group were clustered into 57,921 universal unigenes which were then functional
annotated against several database. FPKM method showed that 4,055 unigenes were up-
regulated whereas 896 were down-regulated during WSSV challenge. They also reported
12,308 simple sequence repeats (SSRs) using the MISA software, which can be used as
potential functional markers (Cao et al., 2017). In 2018, Ding, Jin, and Ren performed
whole transcriptome sequencing on M. rosenbergii intestines under WSSV and poly (I:C)
challenges (Z. Ding et al., 2018). Total of 65,340, 71,241, and 70,614 unigenes were
generated from control, WSSV, and poly (I:C) group, respectively, and then clustered into
88,412 universal unigenes. Differential expression analysis using FPKM method revealed
2,604 up-regulated and 2,192 down-regulated genes in WSSV group, whereas the poly
(I:.C) group showed 2,480 up-regulated and 1,928 down-regulated genes. They also
identified SSRs using the MISA software and single nucleotide polymorphisms (SNP)
markers using Genome Analysis Toolkit (GATK) (Z. Ding et al., 2018) Most recently, in
2019, Jariyapong and others performed transcriptomic analysis on adult M. rosenbergii
hematopoietic tissue at two time points after the infection of MMV (Jariyapong et al.,
2019). Total of 63,894 unigenes were obtained from 17.3M reads from control, 6 hours
post infection and 24 hours post infection. Using EdgeR, they discovered up-regulation
of 281 genes and down-regulation of 181 genes at 6 hours post infection. Among those,
18 differentially expressed genes were associated with immune system and cell growth
regulation. They also reported top 20 up- and down-regulated genes at 6 hours post

infection (Jariyapong et al., 2019).
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Figure 18 Overview of the studies
(A) Molecular cloning and characterization of TCTP from M. rosenbergii.

(B) Transcriptomic analysis of M. rosenbergii post-larvae in response to MMV infection.
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1. Molecular cloning and identification of MrTCTP cDNA using Rapid amplification of
cDNA ends (RACE)

In this study, the full-length of MrTCTP cDNA was identified. The partial sequence
of MrTCTP cDNA was isolated using degenerate primers designed from conserved
regions of related species. The remaining 3’ and 5" ends were further identified using
SMARTer™ RACE cDNA Amplification Kit (Clontech, USA). The fresh water prawn
(approximately 40-50 g) was purchased from local farm at Suphan Buri province, Thailand
and hepatopancreas was collected. The total RNA was extracted from collected
hepatopancreases using NucleoS|oir1® RNA XS total RNA isolation kit (Macherey-Nagel,
Germany). The extracted RNA was subjected to cDNA synthesis for the identification of
partial MrTCTP cDNA using degenerate primers. The 3-RACE and 5-RACE for

identification of the remaining 3’ and 5’ ends were performed.

1.1 RNA extraction
The total RNA was extracted using NucleoSpin® RNA XS total RNA isolation kit
(Macherey-Nagel, Germany) according to manufacturer’s protocol. Briefly, the collected
hepatopancreas (5 mg) was homogenized in 200 uL of RA1 buffer and 4 pyL of TCEP
(tris(2-carboxyethyl)phosphine) and was mixed with 5 pyL of Carrier RNA working solution

as listed in Table 1.

Table 1 Components of carrier RNA working solution (100 uL)

Components Volume (uL)
Carrier RNA stock solution (100 ng/ uL) 1
RA1 buffer 99
Total volume 100

After the tissues were mixed and briefly centrifuged, the mixtures were filtrated

through NucleoSpin® Filter using centrifugation at 11,000 x g for 30 seconds. The filtrated
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was gently mixed with 200 pL of 70% ethanol and then transferred to NucleoSpin® RNA
XS column. Next, the column was centrifuged at 11,000 x g for 30 seconds, added with
100 uL of MDB and then centrifuged (11,000 x g for 30 seconds). After the column was
dried, the column was added with 25 pL of rDNase reaction mixture as listed in Table 2

and incubated at room temperature for 15 minutes.

Table 2 Components of rDNase reaction mixture

Components Volume (uL)
rDNase 3
Reaction Buffer for rDNase 27

Total volume 30

After incubation, the column was added with 100 uL of RA2 buffer, incubated at
room temperature for 2 minutes, and then centrifuged. The column was washed twice with
400 pL and 200 pL of RA3 buffer using centrifugation (11,000 x g for 30 seconds and 2
minutes for the second wash). Finally, the total RNA was eluted with 10 uL of RNase-free
H,O using centrifugation (11,000 x g for 30 seconds). The extracted RNA was quantified
using NanoDrop Lite Spectrophotometer (Thermo Fisher Scientific, USA) and stored at -

70°C until use.

1.2 First-Strand cDNA synthesis
The first-strand cDNA was synthesized using SuperScript® Il First-Strand
Synthesis System for RT-PCR (Invitrogen, USA) according to manufacturer’s protocol.
Firstly, the RNA mixture was prepared as listed in Table 3 using extracted RNA as

described in section 1.1.
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Table 3 Components of RNA mixture for first-strand cDNA synthesis

Components Volume (uL)
Total RNA from hepatopancreases 8
50 pM Oligo(dT),, 44 1
10 mM dNTP 1

Total volume 10

Next, the mixture was incubated at 65°C for 5 minutes, then placed on-ice at least

1 minute. After that, the 2X reaction mix was prepared as listed in Table 4.

Table 4 Components of 2X reaction mix for first-strand cDNA synthesis

Components Volume (uL)
RNA mixture (Table 3) 10
10X RT Buffer 2
25 mM MgCl, 4
0.1 MDTT 2
RNaseOUT™ (40 U/uL) 1
SuperScript® 11l RT (200 U/uL) 1

Total volume 20

After preparation of the reaction mixture, the reaction mixture was incubated at
42°C for 50 minutes followed by 85°C for 5 min using the Thermal Cycler (Bio-Rad, USA).

After the termination, the reaction mixture was placed on-ice at least 1 minute. Finally, the
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reaction mixture was added with 1 pL of E. coli RNase H (2 U/uL) and incubated at 37°C

for 20 minutes. The cDNA was stored at -20°C until use.

1.3 Polymerase chain reaction using degenerate primers
To identify partial sequence of MrTCTP cDNA, multiple sequence alignment was
constructed using TCTP proteins from related organisms as follow; M. japonicus
(ABZ90155.1), F. chinensis (ABB05535.1), F. indicus (ACR58988.1), P. monodon
(AY186580.1), and L. vannamei (ABY55541.1). Two degenerate primers were designed

based on conserved regions of the sequence alignment (Figure 12) as listed in Table 5.

Table 5 Degenerate primers used in the PCR reaction

Primer name Sequence
TCTPdegF 5-GTG GAT GAT GCC TTC TAC ATG-3’
TCTPdegR 5'-TAG ACC RTATTT TGG GAA RTA-3'

The PCR was carried out using Platinum™ Tag DNA Polymerase (Invitrogen, USA)
and cDNA from section 1.2 as DNA template. Firstly, the PCR reaction was prepared as

listed in Table 6.



M._japonicus_ABZ90155.1 MKVFKDILTGDEMFTDTYKYEEVDDAFYMVIGKDVIVTEGN IELEGANPSAEEAEEGTDS
F._chinensis_ABB05535.1 MKVFKDMLTGDEMFTDTYKYEEVDDAFYMVIGKNITITEDNIELEGANPSAEEADEGTDT
F. indicus ACR58988.1 MKVFKDMLTGDEMEFTDTYKYEEVDDAFYMVIGKNITITEDNIELEGANPSAEEADEGTDT
P. monodon AY186580.1 MKVFKDMLTGDEMFTDTYKYEEVDDAFYMVIGKNITVTEDNIELEGANPSAEEADEGTDT
L. vannamei ABY55541.1 MKVFKDMLTGDEMFTDTYKYEEVDDAFYMVIGKNITVTEDNIELEGANPSAEEADEGTDT
KKRKAK g KAA KR KA KRR RAR KRR AR R R AR Rk Rk kg sk g hk Kkhk Rk khhhhkhhkk g hhkk
M. japonicus ABZ90155.1 NTQSGVDVVLYMRLOETGFQVKKDY LAYMKEY LKNVKAKLEGTPEASKLTSIQKPLTDLL
F. chinensis ABB05535.1 NSQSGVDVVIYMRLOETGFQVKKDY LAYMKEY LKNVKAKLEGTPEASKLTSIQKPLTDLL
F. indicus ACR58988.1 TSQSGVDVVIYMRLOETGFOVKKDYLAYMKEY LKNVKAKLEGTPEASKLTSIQKPLTDLL
P._monodon_AY186580.1 TSQSGVDVVIYMRLOETGFQVKKDY LAYMKEY LKNVKAKLEGTPEASKLTSIQKPLTDIL
L._vannamei_ABY55541.1 TSQSGVDVVIYMRLOETGFQVKKDYLAYMKEY LKNVKAKLEGTPEASKLTSIQKPLTDLL
KRR KR K AR kR AR KR AR R AR AR KR AR AR AR AN AR KR KRR AR IR AR KRR KRR KKK 3 &
M._japonicus_ABZ90155.1 KKFKDLOFFTGE SMDPDGMVALMDYKDIDGEERPVIYFPKYGLOEEKL
F. chinensis ABB05535.1 KKFKDLQFFTGESMDPDGMVVIMDYKDIDGEERPVLYFPKYGLTEEKL
F._indicus_ACR58988.1 KKFKDLQFFTGESMVPDGMVVLMDYKDIHGEERPVLYFPKYGLTEEKL
P. monodon AY186580.1 KKFKDLOFFTGE SMDPDGMVVLMDYKDIDGEERPVLYFPKYGLTEEKL
L. vannamei ABY55541.1 KKFKDLOQFFTGESMDPDGMVVLMDYKDIDGEERPVLYFPKYGLTEEKL

kkkkkkhhkhhhkd khkhk FhEhkhdkd dhkhkkd o kkkrhkhkk Kkkk

Figure 19 Multiple sequence alignment of TCTP protein
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Multiple sequence alignment was constructed using TCTP proteins from related

organisms as follow; M. japonicus (ABZ90155.1), F. chinensis (ABB05535.1), F. indicus

(ACR58988.1), P. monodon (AY186580.1), and L. vannamei (ABY55541.1). Red letter

indicates conserved region used for forward degenerate primer design whereas blue

letter is for reverse degenerate primer design.

Table 6 Components of the PCR reaction for partial cloning

Components Volume (uL)
10X PCR Buffer, - Mg 5
2.5 mM dNTP 4
50 mM MgCl, 1.5
50 uM TCTPdegF 1
50 uM TCTPdegR 1
cDNA from section 1.2 2
Platinum™ Tag DNA Polymerase (2.5 U/uL) 0.5
Deionized H,0 35

Total volume

50
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After the preparation, the reaction was placed in the Thermal Cycler (Bio-Rad,
USA) and the PCR was performed. The PCR program followed the protocol from

Platinum™ Tag DNA Polymerase (Invitrogen, USA) with some modification as described

below.
Step 1 Denaturation 94 °C for 30 seconds
Step 2 Annealing 50 °C for 30 seconds
Step 3 Extension 72°C for 30 seconds
Step 4 Repeat Step (1), (2) and (3) for 34 cycles

The results were analyzed by agarose gel electrophoresis using 2% agarose gel
followed by SYBR™ safe staining (Invitrogen, USA) and visualized by Gel Doc™ XR+ Gel
Documentation System (Bio-Rad, USA). The product with expected size was excised and
extracted using NuoleoSpin® Gel and PCR clean-up (Macherey-Nagel, Germany)
according to manufacturer’s protocol. Briefly, the product was mixed with 200 uL of Buffer
NTI per 100 mg gel and incubated at 50 °C for 5 minutes or until the gel was completely
dissolved. After that, the mixture was loaded into NucleoSpin® Gel and PCR clean-up
column and centrifuged at 11,000 x g for 30 seconds. Next, the column was washed using
700 pL of Buffer NT3 with centrifugation at 11,000 x g for 30 seconds. After drying the
column, the product was eluted using 15 uL of Buffer NE with centrifugation at 11,000 x g

for 1 minute. The extracted product was stored at -20 °C until use.

1.4 Molecular cloning and identification of partial MrTCTP cDNA
To identify partial sequence of MIrTCTP cDNA, the PCR products from section 1.3
were cloned into pCR™2.1-TOPO® (Figure 13) using TOPO® TA Cloning” Kit (Invitrogen,
USA), transformed into E. coli TOP10 strain, and then sequenced. Briefly, the ligation

mixture was prepared according to manufacturer’s protocol as listed in Table 7.
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Table 7 Components of pCRT“"Z.T—TOPO® ligation mixture

Components Volume (uL)
PCR products (Section 1.3) 1
Salt solution 1
pCR™2.1-TOPO” 1
Deionized H,0 3
Total volume 6

After the preparation of the ligation mixture, the mixture was incubated at 22 °C for
30 minutes and subjected to the transformation into E. coli (TOP10). The incubated ligation
mixture was transformed into £. coli (TOP10) using heat-shock transformation. Firstly, the
ligation mixture was transferred into chemically competent E. coli TOP10 strain (200 L)
and then incubated on ice for 30 minutes. After the incubation, the E. coli was heat-
shocked at 42 °C for 2 minutes and then immediately placed on ice for 20 minutes. Next,
the E. coli was added with 600 pL of LB broth and incubated at 37 °C for 2 hours with
agitation (225 rpm). Finally, total volume of 100 uL of transformed E. coli was spread on
LB agar plate supplemented with ampicillin at final concentration of 100 yg/mL, 40 pg/mL
X-gal, and 50 ug/mL IPTG. The LB agar plate was incubated at 37 °C overnight and then

stored at 4 °C until use.
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M1snwmn-|mr |MG m'vldlll ml Saflﬂl'mHl Spe |

GCT AIG .H.CE ATG ATT ACG CCA AGC TTG GTA CCG AGC TCG GAT CCA CTA
GTC C'.T."I.' 'I'GT CGA TAC T TAC TAA TGC GGT TCG AAC CAT GGC TCG AGC CTA GGT GAT

BOO(I EcoR | 1

GTA ACG GCC GCC AGT GTG CTG GEU\ TTC GCC CTT [T Y PP ®AG GGC GAA TTC TGC

CAT TGC CGG CGG TCA CAC GAC CTIT AAG CGG TIC CCG CTT ARG ACG

.EG?RV BsP(I NT” X?llol Null.'ll(bel Aﬁal
AGA TAT CCA TCA CAC TGG CGG CCG CTC GAG CAT GCA TCT AGA GGG CCC AAT TCG [CCC TAT
TCT ATA GGT AGT GTG ACC GCC GGC GAG CTC GTA CGT AGA TCT CCC GGG TTA AGC |GGG ATA

ry
T7 Promoter M13 Forwand {-20) Primer

AGT GAG TCG TAT TAC AAT TCA |CTG GCC GTC GTT TTA CGT CGT GAC TGG GAA AAC
Tcnmc;ecn‘mn%mnmcmc&smmm GCA GCA CTG ACC CTT TTG

Comments for pCR®2.1-TOPO® %,
3931 nucleotides Cillin
LacZo fragment: bases 1-547

M13 reverse priming site: bases 205-221
Multiple cloning site: bases 234-357

T7 promoter/priming site: bases 364-383

M13 Forward (-20) priming site: bases 391-406
f1 origin: bases 548-985

Kanamycin resistance ORF: bases 1319-2113
Ampicillin resistance ORF: bases 2131-2991
pUC origin: bases 3136-3809

Figure 20 Features of the pCRT“"2.1—TOPO® vector
Source: TOPO® TA Cloning” Kit. (Invitrogen, USA)

The bacteria that harbored vector with PCR products grew into white colony on
the LB-ampicillin supplemented with X-gal and IPTG agar, whereas the bacteria harbored
vector without the insert grew into blue colony. The white colony was sub-cultured into 4
mL of LB broth supplemented with ampicillin at final concentration of 100 ug/mL at 37 °C

for 16 hours with agitation (225 rpm).
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The plasmid was extracted from the culture using NucleoSpin® Plasmid Kit
(Macherey-Nagel, Germany) according to manufacturer’s protocol. Briefly, the culture
was transferred into sterile microcentrifuge tube and centrifuged at 11,000 x g for 30
seconds to collect the pellet. Then, the pellet was resuspended with 250 L of Buffer A1
by vortexing. After the pellet was completely resuspended, the tube was added with 250
pL of Buffer A2. The tube was gently mixed by inverting the tube and incubated at room
temperature for 5 minutes to lyse the bacteria. After the bacteria were completely lysed,
the lysate was added with 300 pL of Buffer A3 and mixed by inverting the tube. The tube
was then centrifuged at 11,000 x g for 10 minutes. Next, the supernatant was loaded into
a NucleoSpin® Plasmid Column and centrifuged 11,000 x g for 1 minute. The column was
then washed with 600 ulL of Buffer A4 using centrifugation (11,000 x g for 1 minute). After
the column was dried, the plasmid was eluted using 50 uL of Buffer AE with centrifugation
at 11,000 x g for 1 minute.

The extracted plasmid was further sequenced to identify the PCR products using
M13 Reverse primer (5-CAG GAA ACA GCT ATG AC-3’). The obtained sequencing data
was eliminated the plasmid regions on both 3’ end and 5" end and then identified using
BLASTX program (https://blast.ncbi.nim.nih.gov/ blast/Blast.cgi). The identified partial
sequence of MrTCTP was used for the identification of the remaining 3’ and 5" end of

MrTCTP.


https://blast.ncbi.nlm.nih.gov/
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1.5 Preparation of 3’ and 5'-RACE-Ready cDNA
The 3' and 5-RACE-Ready cDNA were synthesized using SMARTer" RACE
cDNA Amplification Kit (Clontech, USA) according to manufacturer’s protocol. Firstly, the
RNA mixture was prepared as listed in Table 8 using extracted RNA as described in

section 1.1.

Table 8 Components of RNA mixture for RACE-Ready cDNA synthesis

Components Volume (uL)
Total RNA from hepatopancreases 2
12 uM 3’-RACE CDS Primer A or 5’-RACE CDS Primer A 1
Deionized H,0 0.75
Total volume 3.75

* 3'-RACE CDS Primer A : 5'-AAGCAGTGGTATCAACGCAGAGTAC(T)30 V N-3'
5'-RACE CDS Primer A: 5-(T),,V N-83' (N=A,C,G,orT; V= A, G, or C)

Next, the mixture was incubated at 72°C for 3 minutes, then cooled at 42°C for 2
minutes using the Thermal Cycler (Bio-Rad, USA). After cooling, the RACE-Ready cDNA
synthesis reaction mix was prepared as listed in Table 9. SMARTer Il A Oligonucleotide

was used in case of 5’-RACE-Ready cDNA synthesis.

Table 9 Components of RACE-Ready cDNA synthesis reaction mix

Components Volume (uL)
RNA mixture (Table 8) 3.75
5X First-Strand Buffer 2

20 mM DTT 1




54

Table 9 (Continued)

10 mM dNTP Mix 1

12 yM SMARTer Il A Oligonucleotide (in case of 5’-RACE ready cDNA) 1
5'-AAGCAGTGGTATCAACGCAGAGTACXXXXX-3'

RNase inhibitor (40 U/uL) 0.25
SMARTScribe Reverse Transcriptase (100 U) 1
Total volume 10

After the reaction mix was prepared, the reaction mix was incubated at 42°C for
90 minutes followed by 70°C for 10 minutes using the Thermal Cycler (Bio-Rad, USA).
Finally, the cDNA mixture was diluted with 20 uL of Tricine-EDTA Buffer (10 mM Tricine-
KOH (pH 8.5) 1.0 mM EDTA) if less than 200 ng of total RNA are used. The RACE Ready

cDNA was stored at -20°C until use.

1.6 Rapid amplification of 3’ and 5" cDNA ends (RACEs)

To identify the remaining 3’ and 5’ end of MrTCTP cDNA, four oligonucleotide
primers were designed based on the partial sequence. The primers used in the RACE-
PCR reaction consisted of 4 gene specific primers and 2 universal primers (provided by
SMARTer" RACE cDNA Amplification Kit) for RACE-PCR and nested RACE-PCR reaction
as listed in Table 10. The GSP002 and NGSP002 were designed for 3'-RACE-PCR and
nested 3-RACE-PCR, whereas the GSP001 and NGSP001 were designed for 5’-RACE-
PCR and nested 5-RACE-PCR, respectively.
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Table 10 Primers used in the RACE-PCR reaction

Primer name Sequence

GSP001 5'-GCA GGA AGC TTG TCA GCA GCT GGG GTT CCC TC-3
NGSP001 5'-TGT TTC CAA AGC CAG TCT CCT GGA GGC GC-3&
GSP002 5'-GCA AGC TAG AGG GAA CCC CAG CTG CTG-3'
NGSP002 5-GAA CCC TGA TGG TAT GGT TGC AAT TGG CG-3
UPM

Long (0.4 uM) 5-CTA ATA CGA CTC ACT ATA GGG CAA GCA GTG GTA

TCA ACG CAG AGT-3

Short (2 uM) 5'-CTA ATA CGA CTC ACT ATA GGG C-3'

NUP 5'-AAG CAG TGG TAT CAA CGC AGA GT-3'

The RACE-PCR was carried out using Advantage® 2 Polymerase Mix (Clontech,

USA) and RACE-Ready cDNA from section 1.5 as DNA template. Firstly, the RACE-PCR

was prepared as listed in Table 11.

Table 11 Components of RACE-PCR reaction

Components Volume (uL)
10X Advantage 2 PCR Buffer 5
10 mM dNTP mix 1
10 yuM GSP001 or GSP002 1
10X UPM 5
RACE-Ready cDNA from section 1.5 2.5

50X Advantage 2 Polymerase Mix 1
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Table 11 (Continued)

Deionized H,0 34.5

Total volume 50

After the preparation, the reaction was placed in the Thermal Cycler (Bio-Rad,
USA) and the touchdown PCR was performed. The touchdown PCR program followed
the protocol from SMARTer" RACE cDNA Amplification Kit (Clontech, USA) as

described below.

Step 1 Denaturation 94 °C for 30 seconds
Step 2 Annealing and Extension 72 °C for 3 minutes
Step 3 Repeat Step (1) and (2) for 4 cycles

Step 4 Denaturation 94 °C for 30 seconds
Step 5 Annealing 70 °C for 30 seconds
Step 6 Extension 72°C for 3 minutes
Step 7 Repeat Step (4), (5) and (6) for 4 cycles

Step 8 Denaturation 94 °C for 30 seconds
Step 9 Annealing 68 °C for 30 seconds
Step 10 Extension 72°C for 3 minutes
Step 11 Repeat Step (9), (10) and (11) for 24 cycles

The results were analyzed by agarose gel electrophoresis using 2% agarose gel
followed by SYBR™ safe staining (Invitrogen, USA) and visualized by Gel Doc™ XR+ Gel
Documentation System (Bio-Rad, USA). After confirmation of the product, the PCR
product was diluted 50 times with Tricine-EDTA buffer (10 mM Tricine-KOH (pH 8.5), 1.0
mM EDTA). The diluted PCR product was used as a template in the nested RACE-PCR

reaction as listed in Table 12.



Table 12 Components of nested RACE-PCR reaction
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Components Volume (uL)
10X Advantage 2 PCR Buffer 5
10 mM dNTP mix 1
10 yuM NGSP001 or NGSP002 1
10 uM NUP 1
Diluted RACE-PCR product 5
50X Advantage 2 Polymerase Mix 1
Deionized H,0 36
Total volume 50

After the preparation of the nested RACE-PCR reaction, the reaction was placed

in the Thermal Cycler (Bio-Rad, USA) and the PCR was performed using the program as

described below.

Step 1 Denaturation

Step 2 Annealing

Step 3 Extension

Step 4 Repeat Step (1), (2) and (3) for 29 cycles

94 °C for 30 seconds
65 °C for 30 seconds

72°C for 3 minutes

The results were analyzed by agarose gel electrophoresis using 2% agarose gel

followed by SYBR™ safe staining (Invitrogen, USA) and visualized by Gel Doc™ XR+ Gel

Documentation System (Bio-Rad, USA). The product with expected size was excised and

extracted using NucleoSpin® Gel and PCR Clean-up (Macherey-Nagel, Germany) as

described in section 1.3.
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1.7 Molecular cloning and identification of MrTCTP cDNA

To identify the 3" and 5’ end of MrTCTP cDNA, the nested RACE-PCR products
from section 1.6 were cloned into pCR™2.1-TOPO” using TOPO® TA Cloning” Kit
(Invitrogen, USA), transformed into E. coli XL1-Blue strain, and then sequenced as
described in section 1.4.

The incubated ligation mixture was transformed into E. coli (TOP10) using heat-
shock transformation. The bacteria that harbored vector with nested RACE-PCR products
grew into white colony on the LB-ampicillin supplemented with X-gal and IPTG agar,
whereas the bacteria harbored vector without the insert grew into blue colony. The white
colony was sub-cultured into 4 mL of LB broth supplemented with ampicillin at final
concentration of 100 ug/mL at 37 °C for 16 hours with agitation (225 rpm).

The plasmid was extracted from the culture using NucleoSpin® Plasmid Kit
(Macherey-Nagel, Germany) as described in section 1.4. The extracted plasmid
wasfurther sequenced to identify the nested 5-RACE-PCR products using M13 Reverse
primer (5-CAG GAA ACA GCT ATG AC-3’). The obtained sequencing data was
eliminated the plasmid regions on both 3" end and 5 end and then identified using
BLASTX program (https://blast.ncbi.nlm.nih.gov/ blast/Blast.cgi). The identified 3" and 5’
end of MrTCTP was aligned and combined with the partial sequence of MrTCTP cDNA as

mentioned earlier using overlapping region to obtain the full-length MrTCTP cDNA.

2. Bioinformatics analysis and sequence confirmation of MrTCTP cDNA

To confirm the sequence of MrTCTP cDNA, MrTCTP cDNA was re-identified using
designed primers that cover the coding sequence of MrTCTP cDNA. After obtaining the
confirmed full-length MrTCTP cDNA, the deduced amino acid sequence of MrTCTP was
generated from the MrTCTP cDNA using Translate tool (http://web.expasy.org/translate/).
The MrTCTP protein was further studied the evolutionary relationships of MrTCTP among

other organisms and the protein composition using prediction programs.


https://blast.ncbi.nlm.nih.gov/
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2.1 Polymerase chain reaction (PCR) for the re-identification of MrTCTP
For the re-identification of MrTCTP, total number of 2 oligonucleotide primers were
designed (Table 13). The primers used in the PCR reaction covered all of the coding
sequence from start codon to stop codon. The forward and reverse primer were designed
to recognize slightly upstream of the start codon and downstream of the stop codon,

respectively.

Table 13 Primers used for the re-identification of MrTCTP

Primer name Sequence
TCTPcdsF 5'-CCA ACC TAG GCC AAT TTT TCT ACC-3
TCTPcdsR 5'-CCG ATG TTA ATG GAT GAC TGG AAT AC-3'

The PCR was carried out using Platinum™ Pfx DNA Polymerase (Invitrogen, USA)
and cDNA from section 1.2 as DNA template. Firstly, the PCR reaction was prepared as

listed in Table 14.

Table 14 Components of the PCR reaction for MrTCTP

Components Volume (uL)
10X Pfx Amplification Buffer 5
2.5 mM dNTP 6
50 mM MgSO, 1
50 uM TCTPcdsF 1
50 uM TCTPcdsR 1

cDNA from section 1.2 5
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Table 14 (Continued)

Platinum™ Pfx DNA Polymerase (2.5 U/uL) 0.4
Deionized H,0 30.6
Total volume 50

After the preparation, the reaction was placed in the Thermal Cycler (Bio-Rad,
USA) and the PCR was performed. The PCR program followed the protocol from

Platinum™ Pfx DNA Polymerase (Invitrogen, USA) with some modification as described

below.
Step 1 Denaturation 94 °C  for 30 seconds
Step 2 Annealing 55°C for 30 seconds
Step 3 Extension 72°C for 1 minute
Step 4 Repeat Step (1), (2) and (3) for 29 cycles

The results were analyzed by agarose gel electrophoresis using 2% agarose gel
followed by SYBR™ safe staining (Invitrogen, USA) and visualized by Gel Doc™ XR+ Gel
Documentation System (Bio-Rad, USA). The product with expected size was excised and
was extracted using NucleoSpin® Gel and PCR Clean-up (Macherey-Nagel, Germany) as

described in section 1.3.

2.2 Molecular cloning and re-identification of MrTCTP
The MrTCTP CDS from section 1.2 was cloned into pCR®—BIunt II-TOPO® using
Zero Blunt” TOPO® PCR Cloning Kit (Invitrogen, USA). Firstly, the ligation mixture was

prepared according to manufacturer’s protocol as listed in Table 15.
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Table 15 Components of pCR®—B|unt |I—TOPO®|igation mixture

Components Volume (uL)
PCR product (Section 2.1) 1
Salt solution 1
pCR®-Blunt II-TOPO® 1
Deionized H,0 3
Total volume 6

After the preparation of the ligation mixture, the mixture was incubated at 22 °C for
30 minutes and subjected to the transformation into £. coli (TOP10). The incubated ligation
mixture was transformed into E. coli (TOP10) using heat-shock transformation as
described in section 1.4. Transformed E. coli was spread on LB agar plate supplemented
with kanamycin at final concentration of 100 ug/mL, 40 pg/mL X-gal, and 50 pg/mL IPTG.

The LB agar plate was incubated at 37 °C overnight and then stored at 4 °C until use.
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Figure 21 Features of the pCR®—BIunt II-TOPO vector

Source: TOPO® TA Cloning® Kit. (Invitrogen, USA)

The bacteria that harbored vector with MrTCTP grew into white colony on the LB-
kanamycin supplemented with X-gal and IPTG agar, whereas the bacteria harbored
vector without the insert grew into blue colony. The white colony was sub-cultured into 4
mL of LB broth supplemented with kanamycin at final concentration of 100 pg/mL at 37
°C for 16 hours with agitation (225 rpm). The plasmid was extracted from the culture using
Nuc:leoSpin® Plasmid Kit (Macherey-Nagel, Germany) as described in section 1.4.

The extracted plasmid was further sequenced (Sanger sequencing) to confirm the
MrTCTP insert using M13 Reverse primer (5-CAG GAA ACA GCT ATG AC-3’). The
obtained sequencing data was eliminated the plasmid regions on both 3’ end and 5’ end

and then aligned with MrTCTP cDNA'’s sequence from section 1.4 to confirm the CDS.
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2.3 Protein composition analysis of MrTCTP
The obtained full-length MrTCTP cDNA was translated into MrTCTP protein. The
MrTCTP protein was analyzed the molecular weight and isoelectric point using Compute
pl/Mw tool (web.expasy.org/compute_pi/), domain and protein family using Simple
Modular Architecture Research Tool (SMART) (smart.embl-heidelberg.de/), and potential
N-Glycosylation sites using NetNGlyc 1.0 Server (cbs.dtu.dk/services/ NetNGlyc/). The
three-dimension structure of MrTCTP protein was generated using SWISS-MODEL

(swissmodel.expasy.org/interactive/sGdhRB/models/).

2.4 Phylogenetic analysis of MrTCTP
The MrTCTP was studied evolutionary relationships among other crustaceans and
organisms using the Molecular Evolutionary Genetics Analysis (MEGA) version X beta
(http://www.megasoftware.net/). The phylogenetic tree was constructed using the
MrTCTP and TCTP proteins from other organisms as listed in Table 16. The maximum
likelihood algorithm with 200 replicates of bootstrap analysis was used to construct the

phylogenetic tree.

Table 16 TCTP proteins from other organisms

Common name Species Accession number
Fission yeast Schizosaccharomyces pombe Q10344
Zebrafish Danio rerio NP9O37783.1
Human Homo Sapiens NP003286.1
Domestic dog Canis lupus familiaris XP005633960.1
Common rat Rattus norvegicus P63029
Rainbow smelt Osmerus mordax ACO09085.1

Rohu Labeo rohita AAK27316.1
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Table 16 (Continued)

Honey bee Apis mellifera XP395299.2
Fruit fly Drosophila melanogaster AAF54603.1
Whiteleg shrimp Litopenaeus vannamei ABY55541.1
Indian shrimp Fenneropenaeus indicus FJ890311.1

Giant tiger prawn Penaeus monodon AA061938.1
Banana shrimp Fenneropenaeus merquiensis AY700595.1
Chinese white shrimp Fenneropenaeus chinensis DQ205420.1
Chinese mitten crab Eosimias sinensis AEF32710.1

3. Tissue expression and distribution analysis of MrTCTP gene
3.1 Tissue collection and RNA extraction

The analysis of MrTCTP transcript was performed in order to determine the tissue
distribution among various tissues. The water prawn (approximately 40-50 g) was
purchased from local farm in Suphan Buri provinces, Thailand. The tissue from various
organs were collected including gill, hepatopancreas, heart, hemocyte, muscle, stomach,
and intestine. The hemocyte was collected from hemolymph according to Song and Hsieh
(Song & Hsieh, 1994) with some modification. Briefly, the hemolymph was collected from
prawn and mixed with 1 volume of Alsever's solution (0.055% citric acid, 0.8% sodium
citrate, 2.05% D-glucose, and 0.42% sodium chloride (w/v)). The mixture was centrifuged
at 4000 x g for 5 minutes and washed twice with 1 volume of Alsever's solution using
centrifugation at 4000 x g for 5 minutes. Total RNA from the collected tissues was
extracted using NucleoSpin® RNA XS total RNA isolation kit (Macherey-Nagel, Germany)
as described in section 1.1. The extracted RNA was quantified using NanoDrop Lite

Spectrophotometer (Thermo Fisher Scientific, USA) and stored at -70°C until use.
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3.2 Semi-quantitative reverse transcription PCR
The reverse transcription PCR (RT-PCR) was performed using SuperScript® [
One-Step RT-PCR System with Platinum” Taqg DNA Polymerase (Invitrogen, USA). Two
sets of primer were used in the RT-PCR reaction including MrTCTP specific primers and
beta-actin specific primers from Lu and others (Lu, Huang, Lee, & Sung, 2006) as listed

in Table 17.

Table 17 Primers used in the RT-PCR reaction

Primer name Sequence
TCTPexpF 5-ATG AGG GCA CAG AAT CCA AC-3'
TCTPexpR 5-TAG CAG GAA GCT TGT CAG CA-3
beta-actin-F 5-CCC AGA GCA AGA GAG GTA-3'
beta-actin-R 5-GCG TAT CCT TCG TAG ATG GG-3'

The RT-PCR was carried out using SuperScript® [l One-Step RT-PCR System with
Platinum” Tag DNA Polymerase (Invitrogen, USA) and total RNA extracted from each
organ as described in section 3.1 as RNA template. The total RNA from various organs
were used in two RT-PCR reactions (using TCTPexp and beta-actin primer sets) to
determine relative expression between MrTCTP and the housekeeping gene (beta-actin).

Firstly, the RT-PCR reaction was prepared as listed in Table 18.

Table 18 Components of RT-PCR reaction

Components Volume (uL)

2X Reaction Mix 12.5

10 uM TCTPexpF or beta-actin-F 0.5
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Table 18 (Continued)

10 yM TCTPexpR or beta-actin-R 0.5
1 ng/uL of total RNA from each organ (section 3.1) 5
SuperScript™ Il RT/Platinum™ Taqg Mix 0.5
DEPC-treated H,0 6

Total volume 25

After the preparation, the reaction was placed in the Thermal Cycler (Bio-Rad,
USA) and the RT-PCR was performed. The RT-PCR program followed the protocol from
SuperScript® [l One-Step RT-PCR System with Platinum” Tag DNA Polymerase

(Invitrogen, USA) as described below.

Step 1 cDNA synthesis 50 °C  for 30 minutes

Step 2 Pre-denaturation 94 °C for 5 minutes

Step 3 Denaturation 94 °C for 30 seconds Step 4
Annealing 55°C for 30 seconds

Step 5 Extension 72 °C for 30 seconds

Step 6 Repeat Step (4), (5) and (6) for 34 cycles

Step 7 Final extension 72°C for 10 minutes

The PCR products were analyzed by agarose gel electrophoresis using 2%
agarose gel followed by SYBR™ safe staining (Invitrogen, USA) and visualized by Gel
Doc™ XR+ Gel Documentation System (Bio-Rad, USA). The experiment was performed
in triplicate and the relative expression between MrTCTP and beta-actin was calculated

using Image Lab™ Software (Bio-Rad, USA).
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4. Immune challenge experiment using Macrobrachium rosenbergii nodavirus (MMNV)
The immune challenge experiment was conducted by injection of MMV into a

prawn and monitoring the MrTCTP expression compared with that of the control group

using semi-quantitative RT-PCR. The experiment was performed in order to study the role

of MrTCTP against the viral infection.

4.1 Preparation of the MMV

The post-larvae prawn (PL 25-30) was purchased from local farm at Suphan Buri
provinces, Thailand. The PL was kept in the glass tank with dechlorinated freshwater and
continuous aeration at room temperature (28-20°C). After one day of acclimation, the
MmMV-infected PL was homogenized in a TN buffer (20 mM Tris-HCI and 0.4 M NaCl, pH
7.4) using sterile homogenizer (10% w/v). The homogenate was centrifuged at 11,000 x
g, 4°C for 20 minutes and filtered through a 0.45 ym pore membrane to obtain the viral
suspension. The PL was challenged with viral suspension at 0.1% of the total rearing
medium (1mL/L) (Sahoo et al., 2012). After the immersion, the PL with prominent signs of
infection (whitish muscles in the abdominal region) was collected and the infection of
MMV was confirmed using viral nucleic acid extraction and RT-PCR. The MrNV-infected

PL was stored at -70°C until use.

4.2 Viral nucleic acid extraction and RT-PCR for the detection of MiNV
The viral nucleic acid was extracted from the PL using High Pure Viral Nucleic
Acid Kit (Roche, Switzerland) according to the manufacturer’'s protocol. Briefly, the PL
was homogenized in lysis buffer (10mM Tris-HCI, 5mM EDTA, and 0.5% SDS, pH 8.0)
using sterile homogenizer. The homogenate was then centrifuged at 4,000 x g for 5
minutes. After the centrifugation, the supernatant was mixed with working solution as listed

in Table 19 and incubated at 72°C for 10 minutes.
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Table 19 Components of working solution

Components Volume (uL)
Binding buffer (Green cap) 196
Poly (A) solution 4
Proteinase K 50

Total volume 250

After incubation, the mixture was added with 100 uL of isopropanol and gently
inverted 6-8 times. Next, the mixture was transferred into a High Pure filter column and
centrifuged 8,000 x g for 1 minute. The column was washed with 500 pL of Inhibition
Removal Buffer and then washed twice with 450 pL of wash buffer using centrifugation
(8,000 x g for 1 minute). After the column was dried, the viral nucleic acid was eluted
using 50 pL of elution buffer with centrifugation at 8,000 x g for 1 minute. The viral nucleic

acid was kept at -20°C until use.

Table 20 Primers for the detection of MrNV

Primer name Sequence
Mr-RdRP-F 5-GCA TTT GTG AAG AAT GAA CCG-3’
Mr-RdRP-R 5'-CAT GTT CAA CTT TCT CCA CGT-3'

For the RT-PCR, MNV-specific primers from Senapin and others (Senapin et al.,
2012) were used for the detection of MINV (Table 20). The RT-PCR was carried out using
SuperScript® [l One-Step RT-PCR System with Platinum® Tag DNA Polymerase
(Invitrogen, USA) and viral nucleic acid extracted from the PL as described earlier as RNA

template. Firstly, the RT-PCR was prepared as listed in Table 21.
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Table 21 RT-PCR reaction for the detection of MiNV

Components Volume (uL)
2X Reaction Mix 12.5
50 uM Mr-RdRP-F 1
50 uM Mr-RdRP-R 1
Viral nucleic acid (template) 2
SuperScript™ [l RT/Platinum™ Taqg Mix 0.5
DEPC-treated H,0 8
Total volume 25

After the preparation, the reaction was placed in the Thermal Cycler (Bio-Rad,

USA) and the RT-PCR was performed. The RT-PCR program followed the protocol from

SuperScript® [l One-Step RT-PCR System with Platinum® Tag DNA Polymerase

(Invitrogen, USA) as described below.

Step 1
Step 2
Step 3
Step 4
Step 5
Step 6
Step 7

cDNA synthesis 50°C for 30 minutes
Pre-denaturation 94 °C for 5 minutes
Denaturation 94 °C for 1 minute
Annealing 55°C for 45 seconds
Extension 72°C for 1 minute

Repeat Step (4), (5) and (6) for 34 cycles

Final extension 72°C for 10 minutes

The PCR products were analyzed by agarose gel electrophoresis using 2%

agarose gel followed by SYBR™ safe staining (Invitrogen, USA) and visualized by Gel

Doc™ XR+ Gel Documentation System (Bio-Rad, USA).
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4.3 Preparation of the MMV inoculum and immune challenge

The MMV inoculum was prepared according to Ravi and others (Ravi, Nazeer
Basha, Taju, Ram Kumar, & Sahul Hameed, 2010) with some modifications. Firstly, the
MmMV-infected PL was homogenized in a TN buffer (20 mM Tris-HCI and 0.4 M NaCl, pH
7.4) using sterile homogenizer (10% w/v). The homogenate was centrifuged at 11,000 x
g, 4°C for 20 minutes and filtered through a 0.45 ym pore membrane. The MrNV inoculum
was freshly prepared for the immune challenge experiment.

The adult prawn (3-4 g body weight) was purchased from local farm in Suphan
Buri provinces, Thailand. The prawn was subjected to random sampling for the detection
of MMV using pleopod sample. The prawn was kept in cement tank with dechlorinated
freshwater and continuous aeration at room temperature (28-30°C). The prawn was fed
once a day with commercial pellet feed. After three days of acclimation, the prawn was
injected intramuscularly into the third abdominal segment with the MMV inoculum (50 pL
per each) using 1-ml insulin syringe. Control prawn was injected with 50 uL of TN buffer
(20 mM Tris-HCIl and 0.4 M NaCl, pH 7.4). Muscle samples were collected from both of
MmMV-injected and control group (3 prawns per time point) at 0, 1, 2, 3, 4, 5, 6, 7 day-
post-injection. Muscle samples were subjected to the RT-PCR using the same
methodology as described in section 3.

The experiment was performed in triplicate and the results were presented as
relative expression between MrTCTP and beta-actin. The relative expression from MriNV-
injected and control group was compared. Difference among the MrNV-injected and
control group was analyzed by Student’s t-test using Microsoft Excel 2013. Differences

were defined as statistical significance at p<0.05.
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6. MrTCTP knockdown experiment using RNA interference
To further examine MrTCTP role in innate immune system, dsRNA was used for
the knockdown experiment. The MrTCTP expression was suppressed using the injection

of dsRNA followed by MMV injection and mortality rate was observed.

6.1 Construction of DNA template for in vitro transcription
To construct DNA template for in vitro transcription, four oligonucleotide primers
were designed based on the coding sequence. The first two primers were designed using
E-RNAi Webservice (http://www.dkfz.de/signaling/e-rnai3/). The other two primers
contained T7 promoter at the 5-end for the in vitro transcription (Table 22). For control
experiment, an exogenous gene, RNA-directed RNA polymerase (RdRP) gene of
infectious myonecrosis virus (IMNV) was used (EF061744) (Senapin, Phewsaiya, Briggs,

& Flegel, 2007).

Table 22 Primers used in the PCR reaction for in vitro transcription

Primer name Sequence
F-TCTP-RNAI 5-GTG GGG ATG AGA TGT TCA CC-3
R-TCTP-RNAI 5-TAG CAG GAA GCT TGT CAG CA -3
F-TCTP-RNAIT7 5-GGA TCC TAATAC GAC TCA CTATAG G

GTG GGG ATG AGA TGT TCA CC-3’

R-TCTP-RNAIT7 5-GGA TCC TAATAC GAC TCACTATAG G
TAG CAG GAA GCT TGT CAG CA-3

The PCR was carried out using Platinum™ Pfx DNA Polymerase (Invitrogen, USA).
In order to generate two templates for in vitro transcription (sense and antisense), two
PCR reactions were performed separately using one T7-added primer and one normal

primer (e.g. F-TCTP-RNAIT7 combined with R-TCTP-RNAI) The PCR was carried out as
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described in section 2.1 using plasmid with confirmed sequence of MrTCTP from section
2.2 as DNA template. Both of the products with expected size were excised and extracted
using NucleoSpin® Gel and PCR Clean-up (Macherey-Nagel, Germany) as described in
section 1.3. The extracted products were quantified using NanoDrop Lite

Spectrophotometer (Thermo Fisher Scientific, USA) and stored at -20°C until use.

6.2 in vitro transcription and dsRNA purification
To synthesize dsRNA, in vitro transcription was performed using T7 RiboMAX™
Express Large Scale RNA Production System (Promega, USA) according to
manufacturer’s protocol. Firstly, two in vitro transcription mixtures (sense and antisense)

were prepared separately as listed in Table 23.

Table 23 Components of in vitro transcription mixture

Components Volume (uL)
RiboMAX™ Express T7 2X Buffer 10
DNA template (sense or antisense) (1 ug) 1-8
Nuclease-free water 0-7
Enzyme Mix, T7 Express 2

Total volume 20

The mixtures were mixed gently and incubated at 37°C for 30 minutes. After the
incubation, the two mixtures were mixed together, denatured at 70°C for 10 minutes and
gradually cool-down into 25°C within about 20 minutes to allow the annealing. Next, the
mixture was added with 2 uL of RQ1 DNase (RNase free) and incubated at 37°C for 30
minutes. After that, dsRNA was extracted using 42 pL of phenol:chloroform:isoamyl
alcohol (125:24:1) (Sigma-Aldrich, USA), 1 minute of vortexing, and centrifugation at

14,000 x g, 4°C for 15 minutes. After the centrifugation, aqueous phase containing dsRNA
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was transferred into new tube and added with 4.2 pL of 3M Sodium acetate (NaOAc) and
42 ulL of isopropanol. The mixture was mixed gently, incubated at -20°C for 20 minutes
followed by centrifugation centrifugation at 14,000 x g, 4°C for 15 minutes. Finally, the
pellet was washed with 1 mL of 70% ethanol and centrifuged at 14,000 x g, 4°C for 15

minutes. The pellet was dried at room temperature and stored at -70°C until use.

6.3 Validation of dsRNA
After the dsRNA was obtained, integrity of the dsRNA was validated. The dsRNA
was subjected to three difference nuclease digestions including DNA digestion, ssRNA
digestion, and dsRNA digestion using DNase |, RNase A, and RNase lll, respectively. The
digested product was analyzed by agarose gel electrophoresis using 2% agarose gel
followed by DNA Stain G staining (SERVA Electrophoresis, Germany) and visualize by Gel
Doc™ XR+ Gel Documentation System (Bio-Rad, USA). The valid dsRNA will be intact

after the DNA and ssRNA digestion but not after the dsRNA digestion.

6.3.1 DNA digestion using DNase |
The DNA digestion was conducted to ensure that the DNA is completely digested
after the addition of RQ1 DNase (section 6.2). The DNase | digestion mixture was
prepared as listed in Table 24 using DNase |, RNase-free (Thermo Fisher Scientific, USA).
The mixture was mixed gently and incubated at 37°C for 30 minutes. After the incubation,
the reaction was terminated by the addition of 2 pL of 0.5 M EDTA and followed by

incubation at 65°C for 10 minutes.

Table 24 Components of DNase | digestion mixture

Components Volume (uL)

dsRNA (1 ug) 5

10X reaction buffer with MgCl, 1
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Table 24 (Continued)

Nuclease-free water 3.5
DNase |, RNase-free (1 U/uL) 0.5
Total volume 10

6.3.2 ssRNA digestion using RNase A

The ssRNA digestion was conducted to ensure that the synthesized sense and
antisense RNA are annealed completely. Under low salt condition (less than 100 mM
NaCl), RNase A cleaves all of dsRNA, ssRNA, and RNA strand in DNA:RNA hybrid. On
the other hand, under high salt condition (more than 300 mM NaCl), RNase A cleaves
ssRNA only. The RNase A digestion mixture was prepared as listed in Table 25 using
RNase A, DNase and protease-free (Thermo Fisher Scientific, USA). The mixtures was

mixed gently and incubated at room temperature for 15 minutes.

Table 25 Components of RNase A digestion mixture

Components Volume (uL)
dsRNA (1 ug) 5
20X SSC 1
Nuclease-free water 3.5
RNase A, DNase and protease-free (10 mg/mL) 0.5
Total volume 10

6.3.3 dsRNA digestion using RNase II1
The dsRNA digestion was conducted to verify the validity of dsRNA. The RNase

[l digestion mixture was prepared as listed in Table 26 using ShortCut” RNase Il (New
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England Biolabs, USA). The mixture was mixed gently and incubated at 37°C for 30
minutes. After the incubation, the reaction was terminated by the addition of 1 pL of 10X

EDTA solution.

Table 26 Components of RNase Il digestion mixture

Components Volume (uL)
dsRNA (1 ug) 5
10X ShortCut” Reaction Buffer 1
10X MnCl, 1
Nuclease-free water 2.5
ShortCut® RNase 11l (2 U/uL) 0.5
Total volume 10

6.4 MrTCTP knockdown experiment using dsRNA injection

The juvenile prawn (1-2 g body weight) was purchased from local farm at Suphan
Buri province, Thailand. The prawn was subjected to random sampling for the detection
of MMV using pleopod sample. The prawn was kept in cement tank with dechlorinated
freshwater and continuous aeration at room temperature (28-20°C). The prawn was fed
once a day with commercial pellet feed. For MrTCTP knockdown experiment, the prawn
was divided into three groups including dsRNA-MrTCTP, dsRNA-IMNV, and 2X PBS
group (n=30) which was then injected intramuscularly into the third abdominal segment
with 5 pg of dsRNA-MrTCTP, 5 ug of dsRNA-IMNV, and 2X PBS (50 uL per each),
respectively using 1-ml insulin syringe.

Muscle samples were collected from all of the three groups (3 prawns per time
point) at0, 1, 2, 3, 4, 5, 6, 7 day post-injection. Muscle samples were subjected to the RT-
PCR for monitoring MrTCTP knockdown using primers that cover the whole dsRNA region

for preventing the amplification of dsRNA (Table 27). The experiment was performed in
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triplicate. The day in which MrTCTP is completely knockdown was further used in the

knockdown experiment combined with MMV challenge.

Table 27 Primers used in the RT-PCR reaction for knockdown experiment

Primer name Sequence
TCTPKnock-F 5'-GGA TCT GAT CAG TGG GGA TG-3’
TCTPKnock-R 5-CCATCA GGG TTC ATG GAT TC-3

6.5 MrTCTP knockdown experiment combined with MrNV challenge

To further examine MrTCTP role in innate immune system, the juvenile prawn was
divided into three groups including dsRNA-MrTCTP, dsRNA-IMNV, and 2X PBS group
and further divided into two subgroups (n=15 for each subgroup) . In each group, the
prawn was injected with 5 ug dsRNA or PBS using the same methodology as described
in section 6.4 and then injected with MMV inoculum (section 4.3) or TN buffer after the
day that MrTCTP is completely knockdown.

For example, in case of dsSRNA-MrTCTP group, 40 prawns were injected with 5
pg of dsRNA-MrTCTP. At the day in which MrTCTP is completely knockdown, 20 prawns
were injected with MMV inoculum and other 20 prawns were injected with TN buffer (50
UL per each). The moribund prawns were collected and subjected to RT-PCR for the
detection of MMV (section 4.2) using pleopod samples. The cumulative mortalities were
observed every 24 hours after the second injection. The experiment was conducted in
triplicates and the results were presented as cumulative mortalities and were compared
using line chart. Differences among each experimental group were analyzed by one-way
ANOVA (analysis of variance) with post-hoc Tukey HSD (honestly significant difference).

Differences were defined as statistical significance at p<0.05.
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7. Transcriptomic analysis (RNAseq) of M. rosenbergii post-larvae in response to M.

rosenbergii nodavirus (MMV) infection

7.1 Preparation of MV infected post-larvae prawn

The post-larvae prawn (PL 25-30) were purchased from local farm at Suphan Buri
provinces, Thailand. The PL was subjected to random sampling for the detection of MiNV
using muscle and pleopod sample. The PL were kept in the glass tank with dechlorinated
freshwater and continuous aeration at room temperature (25-27°C). The PL were confirm
the absence of MNV infection using viral nucleic acid extraction and RT-PCR. After one
day of acclimation, the PL were divided into two groups including control and MriNV group.
In the MV group, the PL were challenged with MrNV-infected PL homogenate using the
same methodology as described earlier, whereas the control group were challenged with
TN buffer. After four days of immersion, for the MNV group, the PL with prominent signs
of infection were collected and the infection of MNV will be confirmed using viral nucleic
acid extraction and RT-PCR. The MrNV-infected PL and the PL from control group were
10 subgroups (10 PL per each subgroup). Six subgroups were used in lllumina
sequencing, whereas four subgroups were used in quantitative RT-PCR experiment. The
PL samples were immersed in DNA/RNA Shield (Zymo Research, USA) and stored at -
80°C until RNA extraction.

7.2 RNA extraction

The total RNA were extracted using Quick-RNA™ MiniPrep (Zymo Research,
USA) according to manufacturer’s protocol. Briefly, the PL samples (10 PL per subgroup)
were homogenized in 600 uL of RNA lysis buffer. After the PL samples were homogenized
and centrifuged, the homogenates were filtrated through Spin-Away™ Filter using
centrifugation at 11,000 x g for 1 minute. The filtrates were mixed with 600 pL of EtOH.
The columns were then transferred to Zymo-Spin™ Il CG Column and centrifuged at
11,000 x g for 1 minute. After one wash with 400 uL of RNA Wash Buffer, total of 80 uL of
DNase | reaction mix (as listed in Table 28) were added to the column and incubated at

RT for 15 minutes.
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Table 28 Components of DNase | reaction mix

Components Volume (uL)
DNase | 5
DNA Digestion Buffer 75

Total volume 80

After that, the columns were washed with 400 uL of RNA Prep Buffer once, and
with 600 pL of RNA Wash Buffer twice using centrifugation. Finally, the total RNA were
eluted with 50 pL of Nuclease-Free water using centrifugation. The extracted RNA were
quantified using DropSense 16 Micro-volume spectrophotometer (Unchained Labs, USA)

and stored at -80°C until use.

7.3 Library preparation

The cDNA library was prepared using SENSE mRNA-Seq Library Prep Kit V2
(Lexogen, USA). The preparation was performed according to manufacturer’'s protocol
which includes poly-A selection, library generation, and library amplification. Library
generation steps include reverse transcription and ligation, second strand synthesis, and
purification. Library amplification steps include polymerase chain reaction and
purification. The purification steps were conducted using the purification module with
magnetic beads (Lexogen, USA). Each library was indexed by 6-nucleotide-long i7
indices during PCR amplification step.

Firstly, the oligo-dT magnetic beads (MB) were washed twice using 200 uL of
wash buffer (BW) and resuspended in 10 pL of RNA Hybridization Buffer (HYB). For the
poly-A selection, 10 pL of extracted RNA (500 ng) was denatured at 60 °C for 1 min and
held at 25 °C, and then mixed with 10 pL of washed beads. The beads was incubated at
RT, 1,250 rpm for 20 min. The beads were washed twice with 100 uL of BW by incubating

at RT for 5 min and removing supernatant using magnetic rack.
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For the library generation steps, the beads were added with 15 uL of Reverse
Transcription and Ligation Mix (RTL) and 2 yL of Starter/Stopper Mix (ST) and incubate at
RT, 1,250 rpm for 5 min. Then, the beads were added with 3 pyL of Enzyme Mix (E1),
incubate at RT, 1,250 rpm for 2 min and 37 °C, 1,250 rpm for 1 hr. After the incubation,
the beads were the beads were washed twice with 100 uL of BW. Next, the beads were
resuspended with 17 uL of Second Strand Synthesis Mix (SSM) and 1 pL of Enzyme Mix
2 (E2). The second strand were generated using one cycle of thermo cycling (98 °C for
90 sec, 65 °C for 60 sec, and 72 °C for 5 min). The double-stranded cDNA library was
then purified using magnetic beads. Briefly, the beads were added with 14 pL of
Purification Beads (PB) and 2 L of Purification Solution (PS), and incubating at RT for 5
min. The beads were the resuspended with 50 uL of Elution Buffer (EB), and incubating
at RT for 2 min. After the incubation, the beads were added with 70 uL of PS, and
incubating at RT for 5 min. Next, the beads were washed twice with 120 uL of freshly
prepared 80 % EtOH. Finally, the cDNA library was eluted using 20 pL of EB.

For the library amplification, real-time PCR was preliminary performed to
determine optimal cycle for library amplification using 1.7 uL of purified library (one tenth).

The gPCR reaction will be prepared as listed in Table 29.

Table 29 Components of the PCR reaction for determine optimal cycle for library

amplification

Components Volume (uL)
PCR 7
E2 1
P7 primer without index (7000) 5
SYBR Green | 1.2
Elution Buffer (EB) 141
Eluted library 1.7

Total volume 30
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The PCR conditions were initial denaturation at 98 °C for 30 sec followed by 40
cycles of 98 °C for 10's, 65 °C for 20 s, and 72 °C for 30 s, and final extension at 72 °C for
1 min. The cycle for library amplification was the cycle that has 50 % maximum
amplification curved subtracted by three (~2° compensation from one tenth amount). After
the cycle for the ampilification was determined, total of 17 uL of purified library was added
with 7 uL of PCR Mix (PCR), 1 yL of Enzyme Mix 2 (E2), and 5 pL of i7 index (7001 to
7012). The mixtures were then subjected to PCR reaction using the optimal cycle. Finally,
the amplified library was subjected to purification steps using 30 pL of PB and the same
methodology as described earlier. The prepared cDNA library was subjected to quality
assessment using Qubit 4 Fluorometer (Invitrogen, USA) and LabChip GX Touch 24

microfluidic nucleic acid analyzer (PerkinElmer, USA).

7.4 Library denaturation and sequencing

Before denaturation, total of 20 fmol from each cDNA library (calculated from
Qubit 4 and LabChip results) were pooled together and re-purified using magnetic beads
as described earlier. The re-purified library was qualified using Qubit 4 Fluorometer
(Invitrogen, USA) and LabChip GX Touch 24 (PerkinEImer, USA) and then diluted into 2
nM. The diluted library was subjected to denaturation steps according to NextSeq System
Denature and Dilute Libraries Guide (lllumina, USA) using Standard Normalization Method
(Protocol A). Briefly, Total of 10 yL of diluted library was mixed with 10 uL of freshly
prepared 0.2 M NaOH and incubated at RT for 5 min. Finally, the mixture was added with
10 uL of Resuspension Buffer (RSB), and 970 L of prechilled HT1 solution resulting in 20
pM of denatured library.

A 1.8 pM of denatured library (total of 1,300 uL) was loaded into NextSeq 500/550
High Output Reagent Cartridge v2 150 cycles (lllumina, USA). Cluster generation and
paired-end sequencing with 75 bp were performed on a NextSeq 550 sequencer

(llumina, USA).
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7.5 Data analysis pipeline

Snakemake tool was used to create reproducible and scalable automated data
analysis pipeline (Koster & Rahmann, 2012). The pipeline was written in python based
language using Atom v 1.33.1. The transcriptome assembly pipeline contained three
major sections including raw data pre-processing, transcriptome assembly, and post-
processing of the transcriptome. The overviews of analysis pipeline are summarized in
Figure 22. Raw read pairs were subjected to preliminary quality assessment using FastQC
v 0.11.5 (Andrew, 2010). FastQC provides useful quality metrics regarding GC content,
adaptor contamination, size distribution, and N base ratio. The FastQC results from each
sample were then compiled using MultiQC v 1.8 (Ewels, Magnusson, Lundin, & Kaller,
2016).

The pre-processing steps included trimming low quality bases, adapters, and
removing small reads using Trimmomatic v 0.36 (Bolger, Lohse, & Usadel, 2014).
Trimmomatic software orderly performed these following actions; trim the first 9 bases of
the both reads (according to Lexogen’s recommendation), remove N base and leading
and trailing bases if the quality is below 3, scan and cutting 4-base wide if the average
quality per base drops below 15, and remove small reads below the 36 bases long. The
trimmed reads were subjected to quality assessment using FastQC and MultiQC and then
merged together for transcriptome assembly using merge command.

The de novo transcriptome assembly was performed using Trinity software v 2.8.0
with default parameters (Grabherr et al., 2011). Trinity software combines three software
module including Inchworm, Chrysalis, and Butterfly to process RNAseq reads into
transcripts. Before Trinity assembly, in-silico normalization was performed within Trinity
using default parameters. In-silico normalization was recommended for large RNAseq
data sets (exceeding 300M pairs) in order to reduce hardware requirements and time
consumption for the assembly (Grabherr et al., 2011). Trinity assembly is based on
constructed De Brujin graphs from sequence data using k-mer-based method. Firstly,
Inchworm reconstructs the best representative transcript using greedy k-mer-based

method. Then, Chrysalis builds complete De Brujin graphs from Inchworm’s output.
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Finally, Butterfly constructs full-length linear transcripts from Chrysalis’s component into
assembled transcripts. This process resulted in transcripts with relatively high
redundancy. To remove the redundancy, transcripts that have more than 95 % of identity
were clustered together using CD-HIT software (W. Li & Godzik, 2006) resulting in unigene
transcripts which will be used for downstream analysis.

The post-processing steps consisted of three major parts including transcriptome
quality assessment, differential expression analysis, and annotation. For the transcriptome
quality assessment, the assembled transcripts were used to calculate the fragment
mapping rates by mapping reads back to the transcripts using Bowtie 2 v 2.3.0
(Langmead & Salzberg, 2012). The assembled transcripts were also examined orthologs
completeness using BUSCO v 3 (Simao, Waterhouse, loannidis, Kriventseva, & Zdobnov,
2015) by pairing the transcripts against 1,066 complete universal single copy orthologous
gene from arthropoda_odb9 database (https://busco.ezlab.org/
datasets/arthropoda_odb9.tar.gz). Finally, the assembled transcripts were used to
generate Nx (x% of the transcripts that have at least Nx base pair in length) and ExN50
statistics (top x% most expressed transcripts that have at least N50 length) using
‘contig_ExN50_statistic.pl’ script within Trinity assembler.

To identify differentially expressed transcripts, edgeR was used in this pipeline
(Robinson, McCarthy, & Smyth, 2010). EdgeR uses the trimmed mean of M-values
normalization method (TMM) to calculate the transcript expression levels (Robinson &
Oshlack, 2010) with the Benjamini-Hochberg method for multiple p-value correction
(Benjamini & Hochberg, 1995). The transcripts that had at least two-fold change with a
false discovery rate (FDR or adjusted p-value) less than 0.05 was considered as
differentially expressed transcripts. The raw counts for each transcript from each sample
were calculated by RSEM software (B. Li & Dewey, 2011) using
‘align_and_estimate_abundance.pl’ script within Trinity assembler. The raw counts were
used to generate expression matrix using ‘abundance_estimates_to_matrix.pl’ script
which were then used to identify differentially expressed transcripts by EdgeR using

‘run_DE_analysis.pl’ script within Trinity assembler.
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For the transcripts annotation, the assembled transcripts were used to search sequence
homology by aligning against UNIPROT (https://data.broadinstitute.org/Trinity/
Trinotate_v3_RESOURCES/uniprot_sprot.pep.gz) and NCBI's non-redundant arthropod
database (https:/ftp.ncbi.nim.nih.gov/blast/db/v5/nr_v5.* tar.gz) using Blastx. Only top-
hit matches with E-value less than 1e-5 were kept. The results from Blastx against
UNIPROT database were then used to obtain functional annotation from EggNOG
(Evolutionary Genealogy of Genes: Non-supervised Orthologous Groups), KEGG (Kyoto
Encyclopedia of Genes and Genomes), and GO (Gene Ontology) database using
Trinotate v 3.0.2 (Bryant et al., 2017). Gene ontology is bioinformatic database for unifying
the representative of gene and gene product along with functional annotation across
variety of organisms. GO database divided into three domains including cellular
component, molecular function, and biological process (Gene Ontology, 2008). EGQgNOG
is a public database containing orthologous groups (OG) of across different taxonomic
levels with functional annotations. EQgNOG is based on cluster of orthologous (COG)
principles which were comparing the protein sequences of complete genomes and
applies this principle to non-supervised OG from numerous organisms (Huerta-Cepas et
al., 2016). KEGG database is a resource for utilizing genomic, chemical and functional
information to understand higher-level systemic functions of the cell, the organism and the
ecosystem. KEGG orthology (KO) is a pathway-based functional ortholog database which
is a part of genomic information concept of KEGG database (Kanehisa & Goto, 2000).
The data analysis pipeline was tested using RNAseq sample data from M.
rosenbergii in response to V. parahaemolyticus infection (Rao et al., 2015) which were
deposited into NCBI's Short Read Archive (SRA) under the accession number
SRR1424572 and SRR1424574 for control and Vibrio-infected group, respectively. This
pipeline including Snakefile, config.yaml, samples.txt (sample configuration file) are

available on GitHub at https://github.com/prawnseg/Mrosenbergii_MrNV_RNAseq.
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Figure 22 The overviews of analysis pipeline.

The pipeline is divided into three major parts including rawdata pre-processing,
transcriptome assembly, and post-precessing of the transcriptome which indicated by
area of different colors. Boxes represent datasets. Rounded boxes represent analyses.
The software for each analysis is indicated at the top of the box whereas the database for

homology search are listed under the box.

7.6 Quantitative RT-PCR analysis
To validate differential expression results, total of nine differentially expressed
unigenes were selected for quantitaltive RT-PCR (gRT-PCR) including anti-
lipopolysaccharide factor 1 (ALF1), Spatzle (Spz), copper/zinc superoxide dismutase 3
(CuznSOD3), caspase (CASP), antiviral protein (Anv), dicer (DICER), hemicentin-1-like
(HMCN1), ADP ribosylation factors (ARF), and prophenoloxidase (ProPQO). The two-step

gRT-PCR was carried out using extracted RNA from separate biological replicates and
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elongation factor1-alpha (EF1-alpha) as an internal reference gene (Dhar, Bowers, Licon,
Veazey, & Read, 2009). Oligonucleotide primers were designed using Primer3Plus
webserver (http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus. cgi) with gPCR
default settings as listed in Table 30.

Before gRT-PCR validation, designed primers were subjected to the primer
efficiency testing using two-fold dilution of cDNA ranging from 200 ng to 12.5 ng. The
standard curves were plotted using Log quantities and average Ct values. The effieciency
of primers was calculated using the following formular “Efficiency (100%) = (10" (-1/
Slope)-1)*100”. Primers with efficiency score between 90-110 % will be used in the gRT-
PCR validation.

Table 30 Primers used in the gRT-PCR experiment

Primer name Sequence Efficiency (%) R’
ALF1-F 5-CTG GTG ACG GAA GAA GAA GC-3’ 98.13 0.9975
ALF1-R 5'-CTT AAC CAG GCC ATT CCT CA-3'

Spz-F 5-CGA CGGA ATA CCC GAC CTA CA-3 92.27 0.9926
Spz-R 5-TGT CGG TTT TGC AGA CGT AG-3'

CuzZnSOD3-F 5-GGG AGA CCT AGG GAA CAT CC-3 95.33 0.9920

CuzZnSOD3-R  5-GTG GAT GAC CAC GGC TCT AT-3’

CASP-F 5-CTG CCC TGA ATT CCT CTC TG-3 105.24 0.9885
CASP-R 5'-CGA AGG TGG TAT GGA GCA AT-3'
Anv-F 5-AAT GGT GGT ATC AGC CTT GC-3’ 94.53 0.9885
Anv-R 5-TTA GAG GGT CGA CCA TGA GG-3’
DICER-F 5-CAC TCG AGC ATC CTG TTT CA-3 107.80 0.9969

DICER-R 5’-ACC AAT CCC CAT CCA ATG TA-3’
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HMCN1-F 5-TAA GGC AAC CGA CCA CTA CC-3
HMCN1-R 5-GAC GTA GAG ACT GGC GGA AG-3'
ARF-F 5-CCC ATT ACA GTG GTC CTG CT-3
ARF-R 5-CAG AAC CCT TCC CTT CAC AA-3’
ProPO-F 5-AAC AAC CTG AGA ACC GGA TG-3
ProPO-R 5-CGG CAG GGT TGG CAT AAT CT-3'
EFt1a-F 5-TGC GCT GTG TTG ATT GTA GC-3
EF1a-R 5-ACA ATG AGC TGC TTG ACA CC-3'

107.85

956.22

93.46

103.19

0.9940

0.9928

0.9899

0.9834

The total RNA were extracted using Quick-RNA™ MiniPrep (Zymo Research,

USA) as described earlier. The first-strand cDNA was synthesized using SensiFAST™

cDNA Synthesis Kit (Bioline, UK) according to manufacturer's protocol. Briefly, cDNA

mastermix was prepared as listed in Table 31.

Table 31 Components of cDNA mastermix for first-strand cDNA synthesis

Components Volume (uL)
Total RNA (250 ng/uL) 4
5X TransAmp Buffer 4
Reverse Transcriptase 1
Nuclease-free water 11
Total volume 20
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Finally, the mastermix was incubated at 25°C for 5 minutes, 45°C for 15 minutes,

and 85°C for 5 minutes. After the termination, the mastermix was chilled on-ice at least 1

minute. The synthesized cDNA were quantified using DropSense 16 Micro-volume

spectrophotometer (Unchained Labs, USA) and stored at -20°C until use.

The gPCR was carried out using SensiFAST " SYBR” Lo-ROX Kit (Bioline, UK) and

synthesized cDNA as described earlier as DNA template. The cDNA from each sample

were used in ten gPCR reactions (nine gene of interests and one internal control). Firstly,

the gPCR reactions were prepared as listed in Table 32.

Table 32 Components of RT-PCR reaction

Components Volume (uL)
2X SensiFAST™ SYBR” Lo-ROX Mix 10
10 uM Forward primers 0.8
10 uM Reverse primers 0.8
200 ng/uL of synthesized cDNA 1
Nuclease-free-H,0 6.4
Total volume 20

After the preparation, the reactions were placed in the QuantStudio™ 3 Real-Time

PCR Systems (Thermofisher, USA) and the gPCR was performed. The gPCR program was

performed according to manufacturer's recommended protocols as described below.

Step 1
Step 2
Step 3
Step 4
Step 5

Pre-denaturation 95°C for 2 minutes
Denaturation 95°C for 5 seconds
Annealing 60 °C for 10 seconds
Extension 72°C for 15 seconds

Repeat Step (3), (4) and (5) for 39 cycles
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Step 6 Melt curve stage

The relative expressions between gene of interests and internal control were
calculated from difference between C, of interested gene and reference gene (Delta C)).
The delta-delta C,method was used to calculate relative fold-change of gene expression
between control and infected samples (Livak & Schmittgen, 2001). Statistical differences
between two groups were conducted using a simple student t-test. The results from gPCR
were then compared with the results from RNAseq pipeline using heatmap and coefficient

of determination (R%).



CHAPTER 4
RESULTS

1. Molecular cloning and characterization of MrTCTP cDNA
1.1 Molecular cloning and identification of partial MrTCTP cDNA using degenerate
primers
To identify partial sequence of MITCTP cDNA, two degenerate primers were
designed based on conserved regions of the sequence alignment using TCTP proteins
from related organisms. The PCR reaction was performed using a pair of degenerate
primers and synthesized cDNA. The PCR reaction yielded a product of 423 bp which was
an expected size. The product was then cloned into pCF{TM2.1—TOPO® vector for
sequencing. The results showed high similarity to those of TCTP proteins from related

organisms, according to BLASTx analysis (Figure 23).

M 1 2

500 bp

400 bp 423 bp

Figure 23 PCR product of partial MrTCTP using degenerate primers

Land 1 and 2 are PCR products of partial MrTCTP which are 423 bp.
M is DNA marker (2-log DNA ladder).
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1.2 Molecular cloning and identification of 5’ and 3’ ends of MrTCTP cDNA using
Rapid amplification of cDNA ends (RACE)

To identify the remaining 3’ and 5’ end of MrTCTP cDNA, GSP001 and GSP002
oligonucleotide primers were designed based on the partial sequence. The RACE-PCR
reactions were performed using GSP001 or GSP002 and synthesized RACE-ready cDNA.
The 5’-RACE-PCR vyield a product of 480 bp, whereas the 3'-RACE-PCR vyield a product
of 500 bp (Figure 24). Both of the RACE-PCR products were in expected product size.
The products were then cloned into pCR™2.1-TOPO® vector for sequencing. The
obtained sequences were aligned and combined with partial sequence to obtain full-
length cDNA of MrTCTP. According to BLASTx analysis, the full-length cDNA of MrTCTP

shared high similarity to other crustaceans.

— N
500 bp I ] 480 bp

500 bp 500 bp

Figure 24 RACE-PCR products of MrTCTP

(A) Lane 1 is 5’-RACE-PCR product MrTCTP with 480 bp in size.
(B) Lane 1 is 3-RACE-PCR product MrTCTP with 500 bp in size.
M is DNA marker (2-log DNA ladder).
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1.3 Sequence confirmation of full-length MrTCTP cDNA

To verify the coding sequence of MrTCTP cDNA, PCR reaction was performed
using prove reading polymerase and oligonucleotide primers that cover the coding
sequence. The PCR reaction yielded an expected 598 bp PCR product (Figure 25A). The
product was then cloned into pCR®—B|unt II-TOPO” vector for sequencing. The
recombinant plasmid was verified the insertion using restriction enzyme digestion (Figure
25B). According to the sequence alignment, the obtained sequence was identical to the
full-length cDNA. The full-length MrTCTP cDNA was then submitted into GenBank

database under the accession number of KX809568.

A B
3500 bp
1000 bp
598 b 598 bp
500 bp P 500 bp

Figure 25 Cloning of MrTCTP-CDS PCR products

(A) Lane 1 is PCR product MrTCTP-CDS with 598 bp in size.

(B) Lane 1 is recombinant plasmid after the EcoRI digestion which
consists of MITCTP-CDS (598 bp) and pCR®-Blunt Il vector (3.5 kb).

M is DNA marker (2-log DNA ladder).



1.4 Characterization of MrTCTP cDNA

92

The full-length MrTCTP cDNA was used to generate the deduced amino acid

sequence. The deduced amino acid sequence of MrTCTP was characterized regarding

molecular weight, domain and protein family, potential glycosylation sites, and ribbon

diagram using web-based software.

121
41
181

241
81

301
101
361
121
421
141
481
161

541
601

Figure 26 Full-length cDNA, deduced amino acid and sequence analysis of MIrTCTP

ATGGGGCCTTCCCTGGTCGCCCT
CATCCCGGAGAGCAAGAACCAACCTAGGCCAATTTTTCTACCGTCAATCATCCGTCAATC

ATGAAGGTCTTCAAGGATCTGATCAGTGGGGATGAGATGTTCACCGACTCCTACAAGTAT

M KV F K DI|L I §$ G Dl M F,T D S Y K, Y

GAGGTTGTCGACGATGCCTTCIACATGGTIGATCGGAAAGAACACCACAGTAACTCAGGGT
E V V DDA ATF VY MVIGE RETTWT Q G
GATATCCAGCTTGAAGGTGCCAATCCTTCAGCGGAAGAAGAAGATGAGGGCACAGAATCC
DI 0QLETGA AI[NP S A BEETETDTETGTE S
AACAGTGTCTCTGGTATTGACGTTGICATATTTATGCGCCTCCAGGAGACTGGCTTTGGA
N S Vv s G I DV VI FMUZBRTILTIGQTETGT F G
AACAAGAAAGACTACCTTACCTACATGAAGGAATACATTAAGAATTTGAAGAGCAAGCTA
N K K D Y L T ¥ M K E Y I K N L K § K L
GAGGGAACCCCAGCTGCTGACAAGCTTCCTGCTATCCAGAAACCCCTAGCTGAATTGCTT
E G T P A A DKL P A I Q K P L A E L L
AAGAAATTCAAGGACCTTCAGTTCTTCACTGGTGAATCCATGAACCCTGATGGTATGGTT
K K F K DL QTFF T GE S MNP DG M V
GCAATTGGCGATTACAAGGAGATTGATGGTGAAGAAAGACCTGTAATTTACTTCCCTAAG
A I 6 DY KETIDGTETETRT PV I Y F P K
TTAGGTCTAGAAGAGGAAAAACTTTAGGTTACAATGTAATTTAAGATCCAGTATTCCAGT

L G L EEE K L *

CATCCATTAACATCGGAACATCAATCTCATGTTGAATTAGCCTACGTTATTGGTGTCTTG
TTTTAATTTAATAAAATTCCATCTAAAAAAAAAAAAAAAAAANARANAAAARA

The initiation codon (ATG) and the stop codon are shown in bold letters.

Polyadenylation site (Poly-A) is underlined. Two CK2-phospho-sites (casein kinase |l

phosphorylation site) are in the box (LISGD and NPSAE) while protein kinase c site (PKC)

is in the dashed box (TDSYK). Potential Asn-glycosylation sites are shown in rounded box

(NTTV).

According to the nucleotide sequence analysis, the full-length MrTCTP cDNA

consisted of 736 nucleotides, with an 83 nt of 5’-UTR (5-untranslated region) and a 146

nt of 3'-UTR (3’-untranslated region). The putative polyadenylation signal (AATAAA) was

located at 9 nucleotides upstream to the poly-A tail within the 3’-UTR. The open reading

frame (ORF) comprised of 507 nucleotides, which encoding 168 amino acid polypeptides

(Figure 26). The translation start site of MITCTP (AATCATG) matched 6 out of 7 to D.
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melanogaster (Arthropoda) consensus sequence (MAAMATG; M = A or C) (Cavener,

1987).
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Figure 27 Sequence alignment of MITCTP protein

112
112
112
112
116
114
118
118
117
117

168
168
168
168
172
168
172
172
171
171

Multiple sequence alignment of TCTP proteins from several organisms including

M.

rosenbergii was constructed by Clustal Omega. Conserved residues are in bold letters,

the nine absolute conserved residues are in the box while the six conserved are in the

round box with one mismatched indicated by a star. The TCTP signature 1 and 2 are

indicated in blue and light-blue highlight, respectively (Bommer & Thiele, 2004).

According to domain and protein family analysis, the deduced MrTCTP protein of

168 amino acid polypeptides, is highly homologous to the TCTP protein family in PFAM

domains database (Figure 28B). In addition, using PROSITE database, the deduced

MrTCTP protein also carries two TCTP signatures including TCTP signature 1 and TCTP

signature 2 at positions 45-55 and 123-145, respectively (Figure 27). The result from

SignalP 4.1 Server revealed that the MrTCTP protein showed the absence of signal



94

peptide. MrTCTP protein contained one putative Asn-glycosylation site (N-glycosylation
site) at positions 34-37 (NTTV), two putative casein kinase Il phosphorylation sites (CK2-
phospho sites) at positions 7-11 (LISGD) and 48-52 (NPSAE), and one protein kinase ¢
site (PKC) at positions 15-19 (TDSYK) all of which located at R-stranded core (Figure 27).
Sequence alignment of MrTCTP protein revealed the characteristics of TCTP proteins
which are 9 absolute conserved amino acid residues and 6 conserved amino acid
residues with a mismatch in one sequence (Figure 27) (Bommer & Thiele, 2004).
Moreover, predicted ribbon diagram of MrTCTP demonstrated three major domains
including R-stranded core domain, helical domain, and flexible loop which also are typical

structure of TCTP protein (Figure 28A).

Flexible loop
\ Helical domain
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B-stranded
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B SMARTELIE

Pfam
CTP

0 100
Confidently predicted domains, repeats, motifs and features:

Name Start & End E-value

Pfam:TCTP 1 164 4.1e-48

Figure 28 Ribbon diagram and protein family of MrTCTP protein
(A) Ribbon diagram of MrTCTP. Rainbow color demonstrates the first and the last
amino acid residues (blue to red). (B) The results of domain and protein family analysis

using SMART program.
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To reveal conservation among TCTP proteins, amino acid sequences of TCTP from
various organisms including fission yeast (Schizosaccharomyces pombe, Q10344), zebra
fish (Danio rerio, NP937783.1), rohu (Labeo rohita, AAK27316.1), honey bee (Apis
mellifera, XP395299.2), fruit fly (Drosophila melanogaster, AAF54603.1), Indian shrimp (F.
indicus, FJ890311.1), whiteleg shrimp (L. vannamei, ABY55541.1), giant tiger prawn (P.
monodon, AA061938.1), Chinese white shrimp (F. chinensis, DQ205420.1), banana
shrimp (F. merguiensis, AY700595.1), Chinese mitten crab (Eosimias sinensis,
AEF32710.1), and giant river prawn (M. rosenbergii, KX809568) were aligned. The identity
and similarity matrix was generated from the sequence alignment. The results showed
that MrTCTP shared highest identity to E. sinensis (Chinese mitten crab) with identity of
83.93 % and shared relatively high identity to those of penaeid shrimps including F.
merguiensis, F. chinensis, P. monodon, L. vannamei, and F. indicus (78.57, 78.57, 77.38,
77.98, and 76.79 %, respectively) In addition, the results also indicated that TCTP proteins
are highly conserved among eukaryotes considering identity and similarity percentages

in the matrix (38 % minimum identity, and 58 % minimum similarity) as shown in Figure 29.

Identity
1 2 3 4 5 6 7 8 9 10 " 12
Similarity

1. S. pombe 50 48 46 43 40 4 38 39 40 40 40

2. D. rerio 73 - 94 54 57 47 47 48 45 47 48 44
3. L. rohita 73 98 - 53 55 45 45 44 44 45 47 44
4. A. mellifera 63 67 67 - 76 53 54 52 53 53 53 51

5. D. melanogaster 62 69 89 85 58 58 57 56 58 53 52
6. L. vannamei 59 62 63 67 n 99 o8 98 29 81 78
7. P. monodon 59 62 63 67 ral 100 o8 98 29 80 7
8. F. indicus 58 61 61 66 70 99 99 98 98 80 i

9. F. chinensis 59 61 62 66 70 99 99 o8 - 28 80 79
10. F. merguiensis 59 62 63 67 ral 100 100 99 99 - 82 79

11. E. sinensis 60 64 65 67 69 90 920 89 90 20 83

12. M. rosenbergit 58 61 63 67 69 89 89 88 89 89 89

Figure 29 Identity and similarity of TCTP proteins
Pairwise matrix among TCTP proteins from various organisms including M.
rosenbergii was generated using lden and Sim Webserver. Upper right corner

demonstrates pairwise identity, whereas the lower left demonstrates pairwise similarity
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1.5 Phylogenetic relationship analysis of MrTCTP

Phylogenetic tree of TCTP proteins was constructed using maximum likelihood
algorithm followed by bootstrap statistical analysis. Phylogenetic relationship analysis
revealed that the deduced amino acid of MITCTP was in the same clade with the
arthropods including insects and crustaceans (Figure 30). The results also indicated that
MITCTP constitutes a distinct group within TCTP proteins from other crustaceans
including E. sinensis (AEF32710.1), F. merguiensis (AY700595.1), F. chinensis
(DQ205420.1), P. monodon (AA061938.1), L. vannamei (ABY55541.1), and F. indicus
(FJB90311.1) with relatively high bootstrap values (Figure 30). In addition, MITCTP was

classified in subgroup with Chinese mitten crab (E. sinensis).

S.pombe Q10344
{ H. sapiens NP003286.1

100 C. lupus familiaris XPO0O5633960.1

100 R. norvegicus P63029

O. mordax AC0O09085.1

%l D.rerio NP937783.1
o8 b———— | rohita AAK27316.1

98— D. melanogaster AAF54603.1
A. mellifera XP395299.2

.. | L. vannamei ABY55541.1
62 L P monodon AAD61938.1

% o6 B F. indicus FJ890311.1
46 F. chinensis DQ205420.1
F. merguiensis AY700595.1

— E. sinensis AEF32710.1
94 L———— M. rosenbergii KX809568

100

Figure 30 Phylogenetic relationship analysis of MrTCTP
The tree was constructed by the MEGA X program using maximum likelihood
algorithm with 200 replicates of bootstrap analysis. The taxon name demonstrates
organisms and GenBank accession number. Number on each branch represents

bootstrap statistic.
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1.6 Tissue distribution analysis of MrTCTP
The expression profile analysis of MrTCTP was performed using semi quantitative
RT-PCR and beta-actin as an internal control gene. The results indicated that the MrTCTP
expressed in every tissue examined including gill, hepatopancreas, heart, hemocyte,
muscle, stomach, and intestine (Figure 31B). The predominant expression of MITCTP
transcript was found in hepatopancreas and muscle, while the expression was in the

similar level in the other tissues (Figure 31A).
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Figure 31 Tissue distribution analysis of MITCTP
A) Relative expression of MrTCTP in various tissue determined by semi-
quantitative RT-PCR. B) Expression profile of MrTCTP in various tissues using beta-actin
as a reference gene. Total RNA was extracted from gill (G), hepatopancreas (Hp), heart

(Ht), hemocyte (Hm), muscle (M), stomach (S), and intestine (l).



98

2. Response of MrTCTP after MINV challenge
2.1 Preparation and RT-PCR for the detection of MrINV

For the preparation of MrNV-infected PL, the PL were used for the propagation of
MMV by the immersion method. The viral nucleic acid were extracted from the infected
PL and then used in the RT-PCR for the detection of MrNV. The PCR reaction yielded a
product of 729 bp which was an expected size (Figure 32A). The product was then cloned
into pPCR™2.1-TOPO” vector for sequencing (Figure 32B). The sequencing result showed
that the PCR product has 99 % identity to the partial of MrNV segment RNA-1 under the

accession number JQ418295.1 (Figure 32C).

A M 1 B
3500 bp

1000 bp

729 bp 729 bp

500 bp 500 bp

C

Macrobrachium rosenbergii nodavirus segment RNA-1 RNA-dependent RNA polymerase gene,
partial cds; and B2 protein gene, complete cds

Sequence ID: JQ418295.1 Length: 3126 Number of Matches: 1

Range 1: 1596 to 2324 GenBank Graphics

Score Expect Identities Gaps Strand
1291 bits(699) 0.0 719/729(99%) 0/729(0%) Plus/Minus

Figure 32 Cloning of MINV729PCR products

(A) Lane 1 is PCR product MMNV729 with 729 bp in size.

(B) Lane 1 is recombinant plasmid after the EcoRI digestion which
consists of MINV729 (729 bp) and pCR™2.1-TOPO” (3.5 kb).

M is DNA marker (2-log DNA ladder).

(C) The results of pairwise alignment of MINV729 using BLASTN.
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2.2 Expression analysis of MrTCTP after MrNV challenge

To study the role of MrTCTP against the viral infection, time-course expression of
MrTCTP in muscle samples after the injection of MINV was determined. The prawn were
injected with MMV inoculum followed by time-course sampling in every 24 hours for the
expression of MrTCTP and detection of MMV (Figure 34A). The expression of MrTCTP
was normalized using beta-actin as an internal control. The relative expressions of
MrTCTP were then subtracted using means of relative expression of day 0 to obtain the
basal expression (Figure 34B). The results demonstrated that MrTCTP expressions were
significantly up-regulated at days 1 to 4 ranging from 1.3 to 2.2 fold after MrNV challenge
and returned to basal level after 5 days of injection. In addition, MrTCTP expressions of
the control group remained at basal level throughout the experiment. The infections of
MMV were also confirmed by RT-PCR using extracted viral nucleic acid from pleopod

samples as shown in Figure 33 as the representative gel.

Day post injection (DPI)

1 2 3 4 5 6 7T P N

1 2 P N

Figure 33 The RT-PCR detection of MrNV in immune challenge experiment

A) Confirmation of MNV infection using RT-PCR and pleopod samples. Numbers
indicate day after the injection of MINV. The P and N letters indicate positive and negative
control, respectively. B) The detection of MMNV in normal prawn using RT-PCR and

pleopod samples. Numbers indicate random sampling
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Figure 34 Expression of MrTCTP after MrNV challenge
A) Time-course expression of MrTCTP in muscle samples after the injection of
MMV using semi-quantitative RT-PCR. The beta-actin in this figure is the representative
of an internal control. B) Relative expression of MrTCTP between MMNV group and TN
buffer control group in each time point. Asterisks indicate statistical difference between

MMV and TN group (p<0.05).
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3. RNA interference experiment

3.1 Construction of DNA template for in vitro transcription
To construct DNA template for in vitro transcription, four oligonucleotide primers
including the two with T7 promoter at the 5’-end were used. The PCR reactions of both
sense and antisense template yielded products of 334 bp which were expected size as
well as in the IMNV control (Figure 35). All of the products were excised from the gel and

extracted for further in vitro transcription and dsRNA purification.

M1 2 3 4

500 bp

Figure 35 PCR product of DNA template for in vitro transcription

Lane 1 is sense strand of dsTCTP DNA template.
Lane 2 is antisense strand of dsTCTP DNA template.
Lane 3 is sense strand of dsIMNV DNA template.
Lane 4 is antisense strand of dsIMNV DNA template.
M is DNA marker (2-log DNA ladder).
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3.2 Validation of dsRNA
The purified dsRNA were validated using three nuclease digestions using DNase
|, RNase A, and RNase Il which digest DNA, ssRNA, and dsRNA, respectively. The results
demonstrated that the purified dsRNA in both dsTCTP and dsIMNV were completely
digested by RNase Il and were intact after DNase |, and RNase A digestion (Figure 36).
The results suggested that the purified dsRNA had neither DNA nor single-stranded RNA

contamination. The validated dsRNA were then used for the further knockdown

experiment.
A B
500 bp 500 bp

Figure 36 Validation of dsRNA using three difference nucleases
A) Validation of dsTCTP. B) Validation of dsIMNV. Lane 1 are 1 ug of dsRNA. Lane
2 to 4 are difference nuclease digestions including DNase |, RNase A, RNase Il digestion,

respectively. M is DNA marker (2-log DNA ladder).
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3.3 In vivo knockdown of MrTCTP using dsRNA-mediated RNA interference

To knockdown the expression of MrTCTP, the prawn were injected intramuscularly
with 5 pg of MrFTCTP dsRNA (dsTCTP) dissolved in 50 uL of 2X PBS. The control
experiments were 5 ug of dsIMNV and 2X PBS injection as exogenous gene control and
negative control, respectively. The expression of MrTCTP was determined by RT-PCR
using extracted RNA from muscle samples. The results demonstrated that MrTCTP
expression was drastically decreased after 4 days of the injection of dsTCTP. There was
no effect on MrTCTP expression after the injection of dsIMNV and 2X PBS (Figure 37).
Therefore, day 4 post-injection of dsRNA was considered as the day in which MrTCTP is

completely knockdown

Day post injection
1 2 3 4 5 6 7

399 bp
TCTP group

Figure 37 Expression of MrTCTP after in vivo knockdown
The expression of MrTCTP was determined by RT-PCR and 50 ng of extracted
total RNA from muscle samples. Numbers indicate day after the injection of dsRNA. The
dsIMNV and 2X PBS were used as exogenous gene control and negative control

experiment, respectively. The beta-actin is the representative of an internal control.
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3.4 Cumulative mortalities of MrTCTP-knockdown prawn after the viral injection

To further investigate the role MrTCTP in innate immune system against MMNV
infection, the prawn were knock-downed the expression of MrTCTP. At day 4 post-
injection of dsRNA, the prawn were then injected with MMV inoculum. Time-course
mortality rates were observed every 24 hours after the injection of MNV.

The cumulative mortality results revealed that MrTCTP-knockdown prawns with
MMV infection showed 57% mortality rate within 10 days-post infection. Both of the control
groups exhibited lower mortality rates of 30% (Figure 39A). According to post-hoc Tukey
HSD analysis, there were significant differences between dsTCTP-MMNV group and both
of the control groups since day 5 post infection (Tukey HSD, p<0.05). However, there was
significant differences between dsTCTP-MMNV group and 2X PBS-MrNV group at 4 days
post infection (Tukey HSD, p<0.05). The moribund prawns were tested for the infection of
MMV by RT-PCR using pleopod samples. The results indicated that moribund prawns
from MMV injection experiment were infected with MV (Figure 38).

In case of the TN buffer control experiment, all of experimental groups including
dsTCTP-TN, dsIMNV-TN and 2X PBS-TN demonstrated low cumulative mortalities at 10%,
6.67%, and 10%, respectively. In addition, there was no statistically difference between

each group (ANOVA, p>0.05) (Figure 39B).

A M 1 2 3 P N

M 1 2 3 4 P N

Figure 38 The RT-PCR detection of MrNV in RNAI experiment

B

A) The detection of MINV by RT-PCR using pleopod samples of normal prawns (Day 0)
B) Confirmation of MMV infection by RT-PCR using pleopod samples from moribund
prawns. Numbers indicate each sample. The P and N letters indicate positive and

negative control, respectively.
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Figure 39 Cumulative mortalities of MrTCTP-silenced prawns after MrMNV injection

A) Four days after the injection of dsTCTP, dsIMNV, and 2X PBS, prawns were
intramuscularly injected with MINV (n = 15). Mortality rates were observed for 10 days. B)
Control groups were injected with TN buffer. The experiment was conducted in triplicates.
The results were presented as mean of cumulative mortalities of three experiments + SD.
Asterisks indicate difference among each experimental group using one-way ANOVA with
post-hoc Tukey HSD (p<0.05). The a and b letters indicate groups of means defined by
post-hoc Tukey HSD.
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4. Validation of the data analysis pipeline

To test validity of the pipeline, RNAseq sample data from M. rosenbergii in
response to V. parahaemolyticus infection (Rao et al., 2015) were used. Total number of
54,708,014 and 54,295,342 from control and Vibrio-infected group were merged together
and subjected to de novo assembly using Trinity software. In this study, the Trinity
assembler produced 140,317 contigs which were then clustered into 104,514 unigenes
(with N, of 942 bp) by CD-HIT software. The assembled transcripts had 95.50% overall
fragment mapping rate. Based on BUSCO, the assembled transcripts was highly
complete with 744 % ortholog gene from Arthropoda  database
(C:74.4%[S:50.2%,D:24.2%],F:14.2%,M:11.4%,n:1066). The EXN50 plot showed that the
peak of ExN50 value was on E80%. According to Rao and others, the Trinity assembler
produced 95,645 and 123,141 contigs from control and Vibrio-infected groups,
respectively (Rao et al., 2015). Both of the transcripts were then clustered together using
TGICL software resulting in 64,411 unigenes (with N, of 1,137 bp).

In this study, the unigenes were annotated using homology search by Blastx
software against NCBI non-redundant Arthropods and UNIPROT database which
produced 36,093 (45%), and 28,430 (27.2%) top hits. The top hit results from Blastx aginst
UNIPROT database were then used to obtain KEGG, EggNOG, and GO annotation which
produced 17,423 (16.6%), 17,464 (16.7%), and 20,631 (19.7%) hits, respectively. The
annotation ratio were similar to those from Rao and others (Rao et al., 2015). According
to differential expression analysis, total number of differentially expressed genes (DEG)
were extremely different (1,803 with FDR < 0.05 compared to 14,569 with FDR < 0.001
from Rao and others). However, the DEGs from both analysis were compared using list of
candidate genes that involved in V. parahaemolyticus infection provided by Rao and
others (Rao et al., 2015). The results demonstrated that 58% were concurred with each
other (46% with FDR < 0.05 and 12% with FDR > 0.05) whereas 9% were disagreed with
each other (8% with FDR < 0.05 and 1% with FDR > 0.05). Total of 28% were reported

non-DEG and 5% were unable to annotate using the pipeline (Figure 40). The summary
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of the transcriptome assembly and post-processing comparisons are shown in Table 33

and the comparisons of DEG are demonstrated in Figure 40.

Table 33 Summary of the transcriptome assembly and post-processing comparisons

between the results from the pipeline and from (Rao et al., 2015)

Results from Rao and others The pipeline
Control Vibrio-infected
Total number of contigs 95,645 123,141 140,317
Total number of unigenes 59,050 73,946
64,411 104,514

NCBI Nr annotated

UNIPROT annotated

KEGG annotated

EggNOG annotated

GO annotated

Differentially expressed gene (total)
Up-regulated gene

Down-regulated gene

19,799 (30.73%)
16,832 (26.13%)
14,706 (22.83%)
7,856 (12.19%)
6,007 (9.32%)
14,569 (FDR < 0.001)
11,446
3,103

36,093 (34.5%)
28,430 (27.2%)
17,423 (16.6%)
17,464 (16.7%)
20,631 (19.7%)
1,803 (FDR < 0.05)
1,124
679

>

= Agreed results with FDR < 0.05

m Agreed results with FDR > 0.05
Disagreed results with FDR < 0.05

m Disagreed results with FDR > 0.05

= Non-DEG results

= Unannotated gene

Figure 40 Summary of DEG comparisons between the results from the pipeline and

(Rao et al., 2015)
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5. Samples preparation, library preparation, and Illumina sequencing
5.1 Preparation of MNV infected post-larvae prawn
All of PL samples including control and MMV group were subjected to MMV
detection using RT-PCR. The viral nucleic acid were extracted from the PL and then used
in the RT-PCR reaction. According to the RT-PCR results, the MMV were negative in the
control group (Figure 41A). Whereas, the PL in the MINV group were infected with MiNV
(Figure 41B).

A M 1 2 P N
I W 0

B M 1 2 P N
] I s o

Figure 41 The RT-PCR detection of MrNV in NGS experiment
A) The detection of MMNV by RT-PCR using PL samples of the control group B)
The detection of MMV by RT-PCR using PL samples of the MiNV group. Numbers indicate

each sampling. The P and N letters indicate positive and negative control, respectively.

5.2 Library preparation
After the library preparation, the prepared cDNA library was subjected to quality
assessment before proceeding into denaturation and sequencing steps. The Qubit
Fluorometer results showed that the concentrations of the library were ranging from 1.53
— 4.57 ng/pL. According to microfluidic nucleic acid analyzer, the average size were
ranging from 339 — 379 bp as shown in Figure 42. The concentrations in nanomolar were

calculated as demonstrated in Table 34.
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Table 34 The library concentration and average size distribution

Library Concentration (ng/uL) Average size (bp) Concentration (nM)*
Control 1 2.48 366 10.27
Control 2 2.22 357 9.42
Control 3 1.53 345 6.72
Control 4 2.06 339 9.21
Control 5 213 370 8.72
Control 6 1.92 337 8.63
Infected 1 2.79 358 11.81
Infected 2 3.87 365 16.06
Infected 3 3.61 360 15.19
Infected 4 3.05 344 13.43
Infected 5 3.57 379 14.27
Infected 6 4.57 352 19.67

*The concentrations (nM) were calculated by the following formula:

Concentration (ng/uL) x 1,000,000 / Average size (bp) x 660
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Figure 42 Electropherogram of the cDNA library
Each line represents each library. The first peak of the graph is lower maker,

whereas the last peak of the graph is upper marker.
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5.3 Library denaturation and sequencing
Prior to denaturation steps, the cDNA libraries (20 pmol each) were pooled
together and then re-purified using magnetic beads. According to the quality assessment,
the pooled library had the concentration of 2.01 ng/uL and the average size of 365 bp
(Figure 43) which were calculated into 8.34 nM. After the denaturation steps, the

denatured library was sequenced using NextSeq 550 sequencer.
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Figure 43 Electropherogram of the pooled cDNA library
The first peak of the graph is lower maker, whereas the last peak of the graph is

upper marker. The average size of the pooled library was 365 bp.

lllumina RNA sequencing for two groups with six biological replicates (n=12)
produced a total of 522,296,142 raw reads. The raw reads for each sample were ranging
from 33,036,002 to 50,947,705 with an average of 43,524,769 + 5,068,124 (mean + SD)
(Table 35). According to reads quality assessment, the 75 bp raw reads had average
Phred score of above 30 except the first nine bases of some of the reads which were then
trimmed (Lexogen’s recommendation). The last base of all reads are reported to be all
guanine (data not shown). Therefore, the last base (75" base) of the both reads were also
trimmed. After the quality trimming, the 65 bp trimmed reads had high average Phred
score of above 30. The average Phred score of both raw and trimmed read are shown in

Figure 44.



Table 35 Number of read pairs prior and after trimming
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Sample

Raw paired-end reads

Trimmed paired-end reads

Control 1
Control 2
Control 3
Control 4
Control 5
Control 6
Infected 1
Infected 2
Infected 3
Infected 4
Infected 5

Infected 6

46,497,004
43,309,253
40,571,354
42,111,175
47,098,377
38,519,779
44,325,031
46,902,950
49,289,659
39,687,853
33,036,002
50,947,705

44,697,960 (96.13 %)
41,651,586 (96.17 %)
38,896,140 (95.87 %)
40,566,032 (96.33 %)
45,404,272 (95.63 %)
36,568,513 (94.93 %)
42,803,756 (96.57 %)
45,238,551 (96.45 %)
47,443,959 (96.26 %)
38,299,205 (96.50 %)
31,758,938 (96.13 %)
48,935,511 (96.05 %)

Figure 44 Average Phred score of both raw and trimmed read

Each line represents each read data. A) The average Phred score of the 75 bp

raw reads. B) The average Phred score of the 65 bp trimmed reads.
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6. De novo transcriptome assembly and annotation

Total of 501,900,423 (96.09 %) of the reads survived quality trimming. The trimmed
reads were subjected to de novo transcriptome assembly using Trinity. The trimmed reads
were further reduced into 51,971,920 reads (10.36 %) during in silico normalization prior
to de novo assembly. The Trinity assembler produced 109,616 contigs with N, of 1,522
bp, and mean length of 848.71 bp. Using 95 % similarity threshold, CD-HIT software
clustered the contigs into 96,362 unigenes with N., of 1,308 bp, and mean length of
776.73 bp. Bowtie2 aligner showed that the assembled transcripts had 96.85 % overall
fragment mapping rate with 90.08 % that aligned concordantly > 1 times (Figure 45A).
Based on BUSCO, the assembled transcripts was highly complete with 889 (83.4 %)
ortholog gene from Arthropoda database (n = 1066). Of those, total of 716 (67.2 %) were
single-copy whereas 173 (16.2 %) were duplicated BUSCOs. In addition, only 142 (13.3
%) were fragmented and 35 (8.3 %) were  missing BUSCOs
(C:83.4%[S:67.2%,D:16.2%],F:13.3%, M:3.3%,n:1066). The ExN50 plot showed that the
peak of ExN50 value was on E94% (Figure 45B). The summary of the transcriptome

assembly and quality assessment are shown in Table 36.

Table 36 Summary of the transcriptome assembly and quality assessment

Prior to de novo assembly

Length of raw reads (bp) 75

Total number of raw reads 522,296,142

Length of trimmed reads (bp) 65

Total number of timmed reads 501,900,423 (96.09 %)
Total number of normalized reads 51,971,920 (10.36%)

After de novo assembly
Total number of contigs 109,616
Total number of unigenes 96,362

Mean length of unigenes (bp) 776.73




Table 36 (Continued)
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N50 length of unigenes (bp) 1,308

Highest ExN50 value (% Ex) 94

Fragment mapping rate (%) 96.85 %

BUSCO completeness (%) 83.4 %
A

501900423 reads; of these:

NS0 Contig Length (ExN50)

501900423 (100.00%) were paired; of these:

49819431 (9.93%) aligned concordantly @ times
261683491 (52.14%) aligned concordantly exactly 1 time
190397501 (37.94%) aligned concordantly >1 times

49819431 pairs aligned concordantly @ times; of these:
7342288 (14.74%) aligned discordantly 1 time

42477143 pairs aligned @ times concordantly or discordantly; of these:
84954286 mates make up the pairs; of these:
31651457 (37.26%) aligned @ times
19110360 (22.49%) aligned exactly 1 time
34192469 (40.25%) aligned >1 times
.85% overall alignment rate

2500

E94NS50 = 2031
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Figure 45 Transcriptome quality assessment results

A) Bowtie2 alignment results using trimmed reads and transcriptome as reference.

B) ExN5O0 statistics of the transcriptome with N, of 1,308 bp and EXN50 peak at 94 % with

2,031 bp N,, length.
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The assembled transcripts were subjected to the homology search by Blastx
software using UniProt and non-redundant arthropod database. Blastx search against
UniProt database yielded 25,761 (26.73 %) significant hits (E-value < 1-e5). Top-hit
species distribution results demonstrated that majority of top-hit species were Homo
sapiens with 5,587 (21.7 %) hits followed by Mus musculus and Drosophila melanogaster
with 4,234 (16.4 %) and 4,043 (15.7 %) hits, respectively (Figure 46A). In case of non-
redundant arthropod database, Blastx search yielded 32,523 (33.75 %) significant hits (E-
value < 1-e5). Top-hit species distribution was mainly dominated by Hyalella azteca with
11,197 (34.4 %) hits followed by Cryptotermes secundus with 1,841 (5.6 %) hits (Figure
46B). Shrimp species including L. vannamei, M. nipponense, M. rosenbergii, P.
monodon, and M. japonicus were the eighth, eleventh, thirteenth, seventeenth, and
eighteenth top-hits, respectively, as demonstrated in top-hit crustaceans species

distribution (Figure 46C).
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Top-Hit Species Distribution of UniProt annotation
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Figure 46 Top 10 species distribution of Blastx results from different databases
A) UniProt database B) Non-redundant arthropod database C) Non-redundant
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Functional annotations including EggNOG, KEGG, and GO were obtained from
Blastx UniProt results using Trinotate suite. Total of 18,291 unigenes (18.98 % from total
unigenes and 71 % from UniProt annotated) were GO mapped. Total of 187,582 GO
assignments (level 2) were generated from GO annotations and divided into three GO
domains including cellular component (75,535 or 40.27 %), molecular function (25,373 or
13.51 %), and biological process (86,674 or 46.20 %) (Figure 47). Among cellular
component domain, annotated unigenes were mostly involved in “cell” (14,523) and “cell
part” (14,499) followed by “organelle” (11,625). Molecular function domain was primarily
dominated by “binding” (12,177) and “catalytic activity” (7,378). In biological process
domain, annotated unigenes were mostly involved in “cellular process” (13,234) followed

by “metabolic process” (10,855) (Figure 47).
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Figure 47 GO distribution (level 2) of annotated unigenes based on UniProt database
GO assignments were divided into three categories including cellular process

(CC, yellow), molecular function (MF, blue), and biological process (BP, green).
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EggNOG classification showed that 20,130 unigenes (20.88 % from total unigenes
and 78.14 % from UniProt annotated) were identified in the EQgNOG database. Total of
20,704 EggNOG functional annotations were obtained and classified into 23 categories
(Figure 48). The most abundance category was “Function unknown” (9,054 or 43.73 %)
The second most abundance was “Post-translational modification, protein turnover,
chaperones” (2,000 or 9.66 %) followed by “Intracellular trafficking, secretion, and
vesicular transport” (1,614 or 7.79 %), and “Signal transduction mechanisms” (1,302 or
6.29 %), respectively. The least abundance category was “Nuclear structure” (2 or 0.01

%) followed by “Cell motility” (4 or 0.02 %) (Figure 48).
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Figure 48 EggNOG classifications of annotated unigenes based on UniProt database
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Total of 19,715 unigenes (20.46% from total unigenes and 76.53 % from UniProt
annotated) were matched to the KEGG database. Of those, 7,917 unigenes had orthologs
in the KEGG orthology database. Total of 14,289 KEGG orthology (KO) were obtained
from those unigenes and then categorized into five major categories including
“Metabolism” (3,171 or 22.19 %), “Genetic information processing” (2,351 or 16.45 %),
“Environmental information processing” (3,203 or 22.42 %), “Cellular processes” (1,522
or 10.65 %), and “Organismal systems” (4,042 or 28.29 %) (Figure 49). KO distribution
results showed that the most abundance orthology was signal transduction from
“Environmental information processing” category with 1,779 unigenes. The second most
abundance was translation from “Genetic information processing” category (1,078
unigenes) followed by transport and catabolism from “Environmental information

processing” category (1,055 unigenes), respectively (Figure 49).
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Figure 499 KEGG orthology of annotated unigenes based on UniProt database
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7. Differential expression analysis

To identify differentially expressed transcripts between two groups, transcripts
that had count per millions (CPM) less than 1 in at least two samples were filtered out
before the analysis. Total of 31,377 transcripts survived the cut-off and were subjected to
TMM normalization. The differential expression analysis using EdgeR was performed
followed by Benjamini-Hochberg method for multiple p-value correction. Total of 5,538
transcripts were reported to be differentially expressed (FDR < 0.05, LogFC < #1). Of
those, 2,413 transcripts were significantly up-regulated and 3,125 transcripts were
significantly down-regulated after the infection of MNV. Summary of the transcriptome

assembly, annotation and differential expression analysis were listed in Table 37.

Table 37 Summary of the transcriptome assembly, annotation and differential expression

analysis
Total number of contigs 109,616
Total number of unigenes 96,362
NCBI Nr annotated 32,523 (33.75 %)
UniProt annotated 25,761 (26.73%)
GO annotated 18,291 (18.98%)
EggNOG annotated 20,130 (20.88%)
KEGG annotated 19,715 (20.46%)
Differentially expressed gene (total) 5,538 (FDR < 0.05, LogFC < 1)
Up-regulated gene 2,413
Down-regulated gene 3,125

Among those differentially expressed transcripts, various transcripts were
reported to be involved in immune system regarding viral infection. These transcripts were
categorized into 13 functional groups including antiviral protein (1 unigene), antimicrobial
protein (9 unigenes), pattern recognition proteins (19 unigenes), toll-signaling pathway (3
unigenes), RNAI pathway (2 unigenes), prophenol oxidase system (4 unigenes), serine

proteinase cascade (5 unigenes), ubiquitin proteasome pathway (4 unigenes), antioxidant
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system (5 unigenes), blood coagulation (2 unigenes), apoptosis (3 unigenes),
phagocytosis (7 unigenes), and other immune genes (10 unigenes) as listed in Table 38.
From the list, total of 56 unigenes were reported to be significantly up-regulated, whereas

18 unigenes were significantly down-regulated.

Table 38 List of DEG transcripts involved in immune system

Unigene Functional annotation Organisms FC
Antiviral protein
DN14192_c1_g1_i2  antiviral protein Litopenaeus vannamei 2.48
Antimicrobial protein
DN46855_c0_g1_i1  anti-lipopolysaccharide factor Macrobrachium rosenbergii 2.25
DN3291_c0_g1_i1 anti-lipopolysaccharide factor 1 Macrobrachium rosenbergii 2.73
DN34234_c0_g1_i1  anti-lipopolysaccharide factor 3 Macrobrachium rosenbergii 4.20
DN9599 c0_g1_i3 crustin 7, partial Macrobrachium rosenbergii 6.59
DN584_c0_g1_i2 crustin 6, partial Macrobrachium rosenbergii 3.48
DN2919_c0_g1_i1 crustin 5 Macrobrachium rosenbergii 3.05
DN13113_c0_g1_i1  i-type lysozyme-like protein 2 Penaeus monodon -2.45
DN5315_c0_g1_i1 crustin A Litopenaeus vannamei -8.94
DN25544_c0_g1_i1  crustin 4 Panulirus japonicus -2.25
Pattern recognition proteins (PRPs)
DN27838_c0_g1_i1  C-type lectin Procambarus clarkii 3.29
DN3149_c0_g1_i3 C-type lectin 1 Palaemon modestus 3.46
DN25495_c0_g1_i4  C-type lectin 2 Marsupenaeus japonicus 4.32
DN39427_c0_g1_i1  C-type lectin 4 Fenneropenaeus merguiensis  -2.91
DN8487_c0_g1_i1 C-type lectin H Eriocheir sinensis -3.05
DN79_c0_g1_i9 C-type lectin-like domain-containing protein Portunus trituberculatus 2.58
PtLP
DN9664_c0_g1_i1 C-type lectin-like protein Fenneropenaeus chinensis -4.08
DN1597_c0_g1_i2 down syndrome cell adhesion molecule Cherax quadricarinatus -2.03
DN1969_c0_g1_i12  ficolin Macrobrachium nipponense 2.55
DN458_c0_g1_i6 ficolin-like protein 2 Pacifastacus leniusculus 3.32
DN2732_c0_g1_i1 lectin Macrobrachium rosenbergii 2.41
DN22168_c0_g1_i1  lectin 1 Macrobrachium rosenbergii 2.36
DN1016_c0_g1_i2 lectin 2 Macrobrachium rosenbergii 3.56
DN2249_c0_g1_i2 lectin 3 Macrobrachium rosenbergii 2.28
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DN248_c1_g1_i2
DN59056_c0_g1_i
DN11184_c0_g1_i1
DN15806_c0_g1_i1
DN51_c0_g1_i3

DN1501_c0_g4_i1
DN6896_c0_g2_i1
DN48150_c0_g1_i1

DN14942_c0_g1_i2
DN13890_c0_g1_i2

DN24054_c0_g1_i2
DN9200_c0_g1_i1
DN27498_c0_g1_i2
DN6266_c0_g1_i1

DN449_c1_g1_i1
DN11492_c0_g1_i8
DN833_c0_g1_i2
DN2466_c0_g1_i2
DN17466_c0_g1_i2

DN49814_c0_g5_i1
DN8249_c1_g1_i1

DN10760_c0_g1_i3
DN1685_c0_g1_i9

DN6006_c0_g2_i1
DN19734_c0_g1_i1
DN8125_c0_g1_i2

DN27870_c0_g2_i3
DN29677_c0_g1_i1

lectin B isoform 2, partial

lectin D, partial

lectin E

mannose-binding protein

tachylectin

Toll-signaling pathway

spatzle protein, partial

toll-receptor 9

Nuclear factor NF-kappa-B p110 subunit
RNAi pathway

dicer-2

argonaute-3

Prophenol oxidase system (ProPO)
prophenoloxidase, partial
prophenoloxidase-activating enzyme 2a
prophenoloxidase activating factor 1
prophenoloxide activating enzyme |ll
Serine proteinase cascade

serine proteinase

serine proteinase stubble

serine proteinase inhibitor 6
alpha-2-macroglobulin

pacifastin heavy chain

Ubiquitin proteasome pathway

E3 ubiquitin-protein ligase Ubr3

E3 ubiquitin-protein ligase RNF216-like,
partial

ubiquitin

RING finger protein nhl-1-like
Antioxidant system

Microsomal glutathione S-transferase 1
glutathione peroxidase 3

selenium independent glutathione

peroxidase

copper/zinc superoxide dismutase isoform 3

thioredoxin

Marsupenaeus japonicus
Marsupenaeus japonicus
Marsupenaeus japonicus
Procambarus clarkii

Macrobrachium rosenbergii

Fenneropenaeus chinensis
Penaeus monodon

Nicrophorus vespilloides

Macrobrachium rosenbergii

Macrobrachium rosenbergii

Macrobrachium rosenbergii
Penaeus monodon
Scylla paramamosain

Macrobrachium rosenbergii

Scylla paramamosain
Lucilia cuprina

Penaeus monodon
Macrobrachium rosenbergii

Macrobrachium rosenbergii

Copidosoma floridanum

Hyalella azteca

Papilio xuthus

Limulus polyphemus

Penaeus monodon
Penaeus monodon

Penaeus monodon

Marsupenaeus japonicus

Macrobrachium nipponense

2.13
245
2.68
-6.02

217

-17.88
3.81
4.69

3.66
2.16

2.01
2.99
2.31
2.23

2.51
-6.73
-2.48
-2.68
2.14

2.22

3.89

-4.89
3.63

2.01
4.08
-2.20

-13.45

-2.16
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DN49188_c0_g1_i1
DN2823_c0_g1_i2

DN370_c0_g1_i2
DN12951_c0_g1_i2
DN21090_c0_g1_i2

DN57596_c0_g2_i1
DN13418_c0_g1_i1
DN19755_c0_g3_i1
DN13060_c0_g1_i1
DN147_c0_g2_i3

DN18093_c0_g1_i3
DN27087_c0_g1_i2

DN8990_c0_g1_i3
DN39999_c0_g1_i6

DN47919_c0_g1_i9
DN17544_c0_g2_i1
DN11203_c0_g4_i1
DN2727_c0_g1_i3
DN928_c0_g1_i2
DN12284_c0_g1_i1
DN1236_c0_g1_i6
DN18816_c0_g2_i1

Blood coagulation
transglutaminase
hemicentin-1-like isoform X2
Apoptosis

caspase

caspase 4

inhibitor of apoptosis protein
Phagocytosis

Ras-related protein Rab-37
Rab32

rac GTPase-activating protein 1-like

VLIG2

VLIG1

ADP-ribosylation factor
interferon regulatory factor
Other immune genes

Ferritin

calcium/calmodulin-dependent protein

kinase type Il alpha chain isoform X6

integrin, partial

integrin alpha 8

integrin alpha 4, partial
Cathepsin B

cathepsin C

cathepsin L
crustacyanin-like lipocalin

crustacyanin A, partial

Macrobrachium rosenbergii

Pieris rapae

Eriocheir sinensis
Portunus trituberculatus

Scylla paramamosain

Zootermopsis nevadensis
Macrobrachium rosenbergii
Centruroides sculpturatus
Macrobrachium rosenbergii
Macrobrachium rosenbergii
Marsupenaeus japonicus

Litopenaeus vannamei

Macrobrachium rosenbergii

Zootermopsis nevadensis

Procambarus clarkii
Fenneropenaeus chinensis
Fenneropenaeus chinensis
Macrobrachium rosenbergii
Fenneropenaeus chinensis
Marsupenaeus japonicus
Macrobrachium rosenbergii

Penaeus monodon

2.08
5.31

2.64
3.76
2.79

2.66
2.46
2.95
3.92
2.89
2.19
3.32

2.98
2.19

2.58
2.55
2.04
2.69
2.50
2.66
-2.10
-2.48
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To examine the homogeneity across biological replicates, principle component
analysis (PCA) was performed. Transcripts with extremely low expression (sum of read
count < 10) were filtered out. Total of 84,092 transcripts survived the cut-off and were
subjected to the PCA. The PCA results showed strong clustering within each group. The
both groups formed distinct clusters within principle component 1 (PC1) which
responsible for 42.62 % of the variance in the expression (Figure 50). In addition, the top
100 most differentially expressed transcripts were clustered using Pearson’s correlation
and displayed in heatmap (Figure 51). The biological replicates were clustered within the

same group and demonstrate clear distinction between control and infected group.
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Figure 50 Principle component analysis of twelve samples (84,092 transcripts)
PC 1 and 2 are principle component 1 and 2, respectively. Blue triangles are

MrNV-infected group (n = 6), whereas red circles are control group (n = 6).
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Figure 51 Heatmap of top 100 differentially expressed transcripts
The heatmap was generated using trimmed mean of M-values (TMM). Sample

clustering was done using Pearson’s correlation. The Z-score scale is shown in the top-

right corner ranging from -2 (blue) to 2 (yellow).
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8. Quantitative RT-PCR validation of selected genes

To validate differential expression results from RNAseq pipeline, gRT-PCR was
performed using nine selected genes from list of DEG involved in immune system and
elongation factor1-alpha (EF1-alpha) as an internal reference gene. Four separate
biological replicates from each group were used in two-step gRT-PCR. The expression
levels were calculated using the delta-delta C, method. Table 39 summarizes the gqRT-
PCR results compared with RNAseq results. All of the selected genes had the same
expression pattern between the two methods. The gRT-PCR results showed that all up-
regulated genes had greater differences in expression levels than those of RNAseq,
whereas all down-regulated genes had smaller differences. According to the gRT-PCR
results, all of the selected genes were differentially expressed after the infection of MINV
(p > 0.05) except Spz which had p-value of 0.053 (Figure 52C).

To examine the gene expression after the infection of MINV between the two
methods, heatmaps were generated using relative expression (QRT-PCR) and transcript
per millions (TPM) for RNAseq results (Figure 52A). Expression patterns of all selected
genes were comparable between gRT-PCR and RNAseq. Furthermore, the Pearson’s
correlation coefficients were calculated using the average log-fold change ratio between
the two methods and demonstrated highly significant correlation as shown in Figure 52B

(R* = 0.9531).

Table 39 Comparison of fold change in gene expression between gRT-PCR and

RNAseq
Gene symbol qRT-PCR RNAseq
Fold change + SD P Fold change Corrected P
ALF1 5.86+0.72 0.001 2.25 0.011
CuzZnSOD3 -5.72 £ 1.09 0.003 -13.45 0.001
Anv 8.97 £1.19 0.001 2.48 0.007
Spz -3.26 £ 1.08 0.053 -17.88 2.90E-09

CASP 12.05 £ 0.91 7.04E-05 2.64 1.03E-06
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DICER 6.81 £ 1.32 0.006 3.66 4.31E-11
HMCN1 16.07 + 3.91 0.005 5.31 0.003
ARF 5.45+ 0.90 0.004 2.19 0.008
ProPO 9.38£1.43 0.002 2.01 8.65E-06
A B
P
N = 09531
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Figure 52 Comparison of fold change in gene expression between

gRT-PCR and RNAseq

A) Heatmap representing transcript per million (TPM) expression from RNAseq

and relative expression from gRT-PCR. The Z-score scales are shown in the top-right

corner ranging from blue to yellow. B) Regression plot demonstrating the direct correlation

between the average log2 FC expression values from both RNAseq and gRT-PCR. C) The

gRT-PCR validation results of nine selected genes including anti-lipopolysaccharide

factor 1 (ALF1), Spatzle (Spz), copper/zinc superoxide dismutase 3 (CuZnSOD3),
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caspase (CASP), antiviral protein (Anv), dicer (DICER), hemicentin-1-like (HMCN1), ADP
ribosylation factors (ARF), and prophenoloxidase (ProPQO) with elongation factor1-alpha

(EF1-alpha) as an internal reference.



CHAPTER 5
DISCUSSION

White tail disease (WTD) caused by Macrobrachium rosenbergii nodavirus (MrNV)
is the most serious threat to M. rosenbergii post-larvae culture (Sahul Hameed et al.,
2004). WTD has caused up to 100% mortalities and severe economic losses to M.
rosenbergii post-larvae culture in Taiwan (Tung et al., 1999), China (Qian et al., 2003),
India (Sahul Hameed et al., 2004), Thailand (Yoganandhan et al., 2005), and Australia
(Owens et al., 2009). Providing more information about effects of MriNV infection would be
valuable in order to contain and restrict the disease outbreak. Apoptosis is considered as
an important cellular response that limit viral replication and eliminate viral-infected cells
in multicellular organisms (Everett & McFadden, 1999; Koyama et al., 2000). However,
there is limited information regarding apoptosis mechanism regulator in M. rosenbergii
such as TCTP, one of the apoptosis regulators. Therefore, in this study, TCTP from M.
rosenbergii (MrTCTP) was characterized and examined its role in innate immunity against
viral infection.

Recently, NGS technology has been widely used in both genomic and
transcriptome research as rapid and efficient tool to generate high-throughput
sequencing data (Morozova & Marra, 2008). NGS technology combined with de novo
transcriptome assembler such as Trinity allows researcher to discover novel genes and
study the gene expression in non-model organisms which lack of genome or
transcriptome database (Grabherr et al., 2011). In this study, highly complete
transcriptome for M. rosenbergii post-larvae was reported. Additionally, immune-related
genes in response to MMV infection were identified using NGS platform and the gene

expression of selected genes were verified using gRT-PCR.
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Molecular cloning and characterization of MrTCTP

TCTP was originally discovered as P21, Q23, and P23 by three research groups
in 1980s (Gachet et al., 1999). This protein was identified in human tumor and regulated
at translational level, therefore, the name “translationally controlled tumor protein” has
been used since the late 1980s (Gross et al., 1989). Later on, many functional analyses
of this protein were conducted. TCTP has been reported to be involved in various
biological processes including cell growth and cell cycle control (Cans et al., 2003;
Gachet et al., 1999), microtubule stabilization (Yarm, 2002), inflammation (MacDonald et
al., 1995), chemo-resistance (Sinha et al., 2000), and anti-apoptotic mechanisms (H. Liu
et al., 2005). Five TCTP have been identified in shrimp including PmTCTP (Bangrak et al.,
2004), PmerTCTP (Wiriya, Amornrat, & Wilaiwan, 2007), FcTCTP (S. Wang et al., 2009),
PITCTP (Rajesh, Kiruthiga, Rashika, Priya, & Narayanan, 2010), and LVTCTP (W. Wu et
al., 2013). These reported also suggested that TCTP might play crucial roles in shrimp
antiviral immunity (Bangrak et al., 2004; Rajesh et al., 2010; S. Wang et al., 2009; W. Wu
et al., 2013).

In this study, MrTCTP was cloned through RACEs and re-identified using specific
primers. The re-identification of the gene by performing independent PCR reaction was to
mitigate sequencing error from DNA polymerase which lacks of proof reading capability.
Deduced amino acid sequence of MrTCTP was analyzed by various biocinformatics
software. MrTCTP, 168 amino acid polypeptide, had all major characteristics of TCTP as
follow; exhibited high homology to TCTP protein family (Thomas et al., 1981), carried two
TCTP signature regions, and contained highly conserved amino acid sequences (Bommer
& Thiele, 2004). The two TCTP signature includes TCTP signature 1 and 2, whereas highly
conserved amino acid sequences include nine absolute conserved and six conserved
with one mismatch (Bommer & Thiele, 2004). MrTCTP also contained four putative sites,
according to prediction software, including one putative N-glycosylation site, two putative
CK2 phosphorylation sites, and one predicted PKC site. The positions of these putative
sites were similar to those of LVTCTP (W. Wu et al., 2013). Amino acid sequence analysis

showed that MrTCTP is lack of the signal peptide sequence. However, TCTP is believed
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to be secreted through exosome with an assistance of H,K-ATPase which is one of non-
classical pathway (Amzallag et al., 2004). This hypothesis was supported by in vivo
proton pump inhibitors (PPIs) treatment inhibited the secretion of TCTP (Choi et al., 2009).

Predicted ribbon diagram of MrTCTP had a typical features of TCTP protein. The
ribbon diagram of MrTCTP consisted of three major domains which include beta-stranded
core domain, helical domain, and flexible loop. It was known that beta-stranded core of
TCTP is highly conserved and plays a major role interacting with other molecules (Bommer
& Thiele, 2004). Predicted ribbon diagram demonstrated that beta-stranded core domain
of MrTCTP contained most of the highly conserved amino acid sequence, putative N-
glycosylation site and most of the putative phosphorylation sites. The flexible loop of
MIrTCTP ribbon diagram contained one putative phosphorylation site, TCTP signature 1
and 2 which are unique and highly conserved regions listed in PROSITE database. In
addition, it has been reported that the tubulin binding region and ca”’ binding area are
located at the helical loop of TCTP (Gachet et al., 1999; Kim et al., 2000).

|dentity/similarity matrix showed that MrTCTP had the highest identity to E.
sinensis and high identity to those of other crustacean species, despite that MrTCTP
showed relatively low identity to those of other invertebrates, vertebrates, and fission
yeast. In addition, similarity percentages among TCTP proteins were considerably high
indicating that TCTP proteins have highly conserved biological functions and structure.
According to phylogenetic analysis, MrTCTP was in the same clade with crustaceans,
additionally in the subgroup with E. sinensis. Despite that MrTCTP was in the subgroup
with E. sinensis, identity percentages between MrTCTP and E. sinensis and TCTP proteins
of penaeid shrimp species including F. merguiensis, F chinensis, F. inducus, P. monodon,
and L. vannamei were very comparable. In addition, Lavy and others reported closer
phylogenetic relationship of M. rosenbergii insulin-like androgenic gland hormone (IAG)
to crabs including chesapeake blue crab (Callinectes sapidus), and mud crab (Scylla
paramamosain) (Levy, Rosen, Simons, Savaya Alkalay, & Sagi, 2017).

To understand the function of MrTCTP, the expressions of MrTCTP in various

tissue were examined using semi-quantitative RT-PCR. In this study, Beta-actin was used
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as an internal reference to normalize the gene expression among samples. As the results,
MrTCTP was constitutively expressed in every tissue examined. The highest expression
of MrTCTP was found in hepatopancreas followed by muscle as the second highest. The
expressions were in the same level in other tissues. This expression pattern in which TCTP
expression was the highest in hepatopancreas followed by muscle was similarly found in
LVTCTP (W. Wu et al., 2013) and ESTCTP (Q. Wang, Fang, Li, Wang, & Jiang, 2011). In
crustacean, hepatopancreas is a crucial organ responsible for food absorption and
storage, producing digestive enzymes and essential hormones in many pathways during
growth and reproductive stages (W. Wang, Wu, Liu, Zheng, & Cheng, 2014). Therefore,
the highest expression of MrTCTP in hepatopancreas may be because the expression of
TCTP is mainly regulated by cytokines and growth signals (Bommer et al., 2002; Teshima
et al., 1998). TCTP has been reported to play important roles in cell growth and cell cycle
control (Cans et al., 2003; Thiele et al., 2000). Moreover, in mouse cell line, TCTP was
involved in muscle fiber hypertrophy induction and inhibition of protein degradation in
muscle (Goodman et al., 2017). Since muscle had high expression of MrTCTP and is the
primary target to MMV infection, therefore, muscle tissue was selected for RT-PCR in
MMV challenge experiment.

To investigate the role of MrTCTP against MV infection, MMV challenge
experiment was conducted using MrNV inoculum. The control group was used to
eliminate the response caused by stress or injury. Before conducting the challenge
experiment, recombinant plasmid containing MMV PCR product was constructed. This
recombinant plasmid was validated by sequencing and was then used as positive control
in further RT-PCR reaction for the detection of MINV. As the results, MrTCTP expression
was up-regulated after 1, 2, 3, and 4 days of the injection of MNV. The expression was
returned to normal level at 5 days post injection. The infection of MINV was confirmed
using pleopod samples by RT-PCR. Up-regulations of TCTP in response to viral infection
were also found in other shrimps. PmTCTP was up-regulated in haemocyte after 24 h of
the injection with white spot syndrome virus (WSSV) (Bangrak et al., 2004). FCTCTP was

up-regulated in hepatopancreas 6, 12, and 24 h after the WSSV exposure at both
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transcriptional and translational levels (S. Wang et al., 2009), and LvTCTP transcripts and
protein levels in gills were up-regulated at 8 to 48 h after the injection of WSSV (W. Wu et
al., 2013). These suggested that MrITCTP might play an important role in shrimp immune
response.

To further examine MrTCTP role against MrINV infection, dsRNA-mediated RNAi
was used to knockdown the expression of MrTCTP before the MMV exposure. The
dsRNAs were synthesized using in vitro transcription with T7 promoter and validated using
three different types of nucleases.The dsRNAs were not digested by DNasel and RNase
A at high salt concentration, whereas being digested by RNase Ill. The results confirmed
that the purified dsRNA had no DNA and single-stranded RNA contamination. Before the
knockdown combined with MMV challenge experiment, time-course knockdown
experiment was performed. Two control groups including dsIMNV and 2X PBS were used.
The results showed that neither non-target dsRNA nor 2X PBS control affected the
expression of MrTCTP. MrTCTP expression was drastically reduced at day 4 post dsTCTP
injection, therefore, this day was used as the time point for MMV challenge.

The experiment was divided into 2 group, MMV and TN group, in which each was
sub-divided into 3 subgroup, dsTCTP, dsIMNV, and 2X PBS group. The results revealed
that all 3 subgroups without MMV challenge (TN group) exhibited no statistically
difference between each group. The results indicated that knocking down the expression
of MrTCTP has no effect on prawn survival in typical environment. On the other hand,
MrTCTP-knock-down prawns followed by MMV challenge demonstrated significantly
increased cumulative mortality compared to the two control groups. The infection of MINV
was also confirmed using pleopod samples from moribund shrimp by RT-PCR. These
results indicated that MrTCTP was involved in shrimp immune response against MiNV
infection. In addition, these results were comparable to those experimented in PmTCTP-
knock-down-shrimp in which the increased mortality rate after WSSV challenge was
observed (100% within 7 days compared to the LacZ-dsRNA control group with 37.5%
within 12 days) (Sinthujaroen et al., 2015). It was worth noticing that MMNV caused
mortalities in the two control group (dsIMNV and 2X PBS). Although it is known that MiNV
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does not cause cause mortality in adult prawns (Sahul Hameed et al., 2004), however,
higher mortality rates of per os and intramuscular injection of MrNV compared to the
control group were reported (83% and 77%, respectively, compared to 90% after 30 days
of experiment) (Owens et al., 2009).

TCTP has been shown to be involved in anti-apoptotic mechanisms by interaction
of apoptotic-related proteins including MCL1 (D. Zhang et al., 2002), Bel-xL (Y. Yang et
al., 2005), and caspase-3 (Sirois et al., 2011). In cell line, TCTP was a critical survival
factor that preventing oxidative stress-induced cell death caused by reactive oxygen
species (ROS) (Nagano-lto et al., 2009). Moreover, shrimp TCTP has been reported to
bind to Ca”" which involved in Ca”—dependent apoptosis pathway. They also reported
TCTP might keep viral-infected hemocyte from dying and make the infected shrimp less
il (Bangrak et al., 2004). Taken together, the up-regulation of MrTCTP might help
minimizing the oxidative stress caused by MV infection and reduce intracellular-
induced apoptosis, therefore, increasing prawn survivability.

It is believed that viruses can utilize host small GTPase-mediated signaling
pathway to trigger viral-induced membrane remodeling in which this mechanism
contributes to viral replication (Belov et al., 2007). In shrimp, the small GTPases are
reported to have precipitated in anti-viral immunity by regulating phagocytosis (W. Liu,
Han, & Zhang, 2009; W. Wu, Zong, Xu, & Zhang, 2008). In previous studies, TCTP is
reported to be a modulator of GTPase activity including Rab GTPase. Rab GTPase
functioned as intracellular virus recognition particle and triggered downstream
phagocytosis against viral infection in shrimp (Thaw et al., 2001; W. Wu et al., 2008). It is
possible that MrTCTP might involve in phagocytosis by interacting with Rab GTPase.
ProPQO is considered a crucial first line of innate immune response of shrimp which trigger
melanization and involved in many immune responses (Cerenius & Soderhall, 2004;
Soderhall & Cerenius, 1998; Soderhall et al., 1994). In addition, it has been reported that
the expression of prophenoloxidase (proPQO) was decreased after the PmTCTP-dsRNA

injection (Sinthujaroen et al., 2015). They also reported that decreasing opsonization, and
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phagocytosis were found in TCTP silenced shrimp causing increased mortality in viral

infected shrimp (Sinthujaroen et al., 2015).

Conclusion
This study was the first to identify and characterize TCTP from M. rosenbergii.
MrTCTP demonstrated major characteristics of TCTP and showed high similarity to those
of crustacean species. Up-regulation of MrTCTP in response to MNV infection and
increased mortality rates in MrTCTP-knock-down prawns demonstrated potential role of
MrTCTP in antiviral immunity. This information provided better understanding of TCTP
roles in M. rosenbergii and could be useful for containing the disease outbreak in M.

rosenbergii culture.

Transcriptomic analysis of M. rosenbergii post-larvae in response to MrNV infection
Data analysis pipeline

The data analysis pipeline was written using Snakemake which can be easily
reproduced and rescaled by changing the input data in the config file (Koster & Rahmann,
2012). In addition, user can also change the parameters for each software in this pipeline
within the config file without altering the workflow. Using RNAseq sample data from M.
rosenbergii in response to V. parahaemolyticus infection (in total of 109M reads), Trinity
assembler produced 140,317 contigs which were then clustered into 104,514 unigenes
by CD-HIT software which more than the results from Rao and others (Rao et al., 2015).
The pipeline merged all read data together before the assembly whereas Rao and others’
method assembled first and then clustered the contigs into unigenes. The advantage of
merging read data together before the assembly is increasing the abundance of lowly
expressed transcripts which allows the assembler to generate full transcript from them
instead of fragmented data, therefore, increasing depth/coverage of the assembled
transcripts (Haas et al.,, 2013). According to transcriptome quality assessment, the
assembled transcripts had high fragment mapping rate (95.5%). In addition, the
assembled transcripts showed considerably high sequencing depth judging by ExN50
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peak which near 90% (80%) and good BUSCO statistic (74.7% complete orthologs).
These results indicated that RNAseq data in this study (expected 400M reads) would
provide very high sequencing depth.

Differential expression analysis demonstrated that, using EdgeR, total of 1,803
genes were differentially expressed (FDR < 0.05). The results were drastically different
from Rao and others (14,569 DEGs with FDR < 0.001) in which FPKM method was used
(Rao et al., 2015). However, majority of the list provided by Rao and others had the same
expression pattern. EdgeR requires biological replicates to calculate dispersion value.
Therefore, synthetic dispersion value (0.1) was used in order to perform DEG analysis
using this sample data. It was worth noticing that FPKM is calculated by dividing counts
by total reads (library size) and gene length, and multiplying by 1,000,000 (Mortazavi,
Williams, McCue, Schaeffer, & Wold, 2008). Differences in library size between each
sample affect the results, since comparing FPKM does not taken the differences in library
size into account. FPKM method also doesn’t have normalization regarding library
composition. For example, comparing five genes (A,B,C,D, and E) between sample 1 and
2, if gene A is only and highly expressed in sample 1 whereas the other genes have the
same expression, the FPKM of the other genes (B,C,D, and E) from sample 1 are lower
than those of sample 2 despite the expressions are the same. TMM normalization method
(within EdgeR) aims to make non-DEG’s counts similar between samples based on
assumption that most genes are non-DEG (Robinson & Oshlack, 2010). Therefore, EdgeR

was selected as DEG analysis software in this pipeline.

De novo assembly and annotation
In this study, total of 12 cDNA libraries were synthesized from 6 replicates of each
normal and MrNV-infected post-larvae which were indexed by 6 nt index-specific
sequence allowing all libraries to be sequenced on one lllumina’s flow cell. According to
the Qubit fluorometer and microfluidic nucleic acid analyzer, average size of all 12
libraries were within suitable range for PE75 sequencing (339-379 bp with insert size of

217-257 bp) and showed no contamination of undesired DNA nor RNA. The Libraries were
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then pooled, diluted, and proceeded into sequencing. lllumina sequencing produced
generous amount of 522 M raw reads (with average of 44 M per sample) which exceeded
expectation (400 M). The 75 bp PE raw reads were trimmed the first 9 bases, according
to Lexogen’s recommendation and judging by low Phred score, and the last base, which
reported to be all guanine, to obtain 65 bp quality trimmed reads. The trimmed reads were
then subjected to de novo assembly using Trinity.

Transcriptome of the giant river prawn (M. rosenbergii) was assembled and
annotated from six libraries of each control and infected samples. The aim of this study
was to expand the transcriptomic recourses for further differential expression analysis.
The ultimate goal was to generate the highest quality and coverage transcriptome as
possible while minimizing the redundancy. The assembled transcripts showed
considerably high sequencing depth and low redundancy, and were good representative
of raw reads. The assembled transcriptome showed high complete BUSCO score at
C:83.4% with low fragmentation, missing, and duplication (F:13%, M:3.3%, D:16.2%).
These results were comparable to the assembled transcriptome reported for P. monodon
(C:98.2%, F:0.8%, M:1.0%, D:51.3%) (Huerlimann et al., 2018) and from L. vannamei
(C:98.0%, F:0.7%, M:1.3%, D:25.5%) (Ghaffari et al., 2014). Highest ExN50 value at 94%
indicated that the assembled transcripts had high coverage and was assembled from
sufficient read data (Bryant et al., 2017). In addition, the assembled transcripts were good
representative of the raw reads with fragment mapping rate of 96.85 %. Both BUSCO and
ExXN50 statistics exceeded those of M. rosenbergii assembly using 109 M read data by
the same pipeline as described earlier (highest ExN50 value of 80 % and 74 % complete
BUSCO).

Using the UniProt database, 26.73 % of transcripts were successfully annotated.
These annotated transcripts were then generated GO assignment, EggNOG, and KEGG
annotation. On the other hand, using the Nr-Arthropod database, 33.75 % of the
transcripts were successfully annotated. Relatively low annotation ratios might be
because M. rosenbergii is a non-model organism which not yet well studied in terms of

genomics/transcriptomics and has no complete gemone published. Despite that, these
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annotation ratios were comparable to those previous M. rosenbergii transcriptomes
reported (Cao et al., 2017; Z. F. Ding et al., 2015; Rao et al., 2016; Rao et al., 2015).
UniProt database is a comprehensive protein sequence and annotation database which
manually reviewed and annotated by the experts. Most of UniProt entries were derived
from well published and annotated genome projects (UniProt, 2019). This explains why
top-3 species distribution of Blastx results against UniProt database were H. sapiens, M
musculus, and D. melanogaster. Most of Blastx annotations against Nr-Arthropod
database was matched to Hyalella azteca (34.4%). It was because this species of
amphipod crustacean, H. Azteca, is widely used in aquatic toxicology assays and
molecular ecotoxicology. The genome of H. Azteca has been sequenced and annotated,
additionally, H. Azteca genome project is now running under the 5K Initiative (i, 2013;
Poynton et al., 2018).

Raw read data generated in this study has been uploaded into the National Centre
for Biotechnology Information Sequence Read Archive (SRA) under the BioProject
number: PRINA550272. The data analysis pipeline including additional information about
the analysis is publicly available on GitHub at *“https://github.com/prawnseq/
Mrosenbergii_MrNV_RNAseq”.

Differential expression analysis

Six replicates of each normal post-larvae and MMV infected post-larvae were
used to identify differentially expressed transcripts during the MMV infection. RNA
sequencing was performed on a total of twelve samples. Differential expression analysis
was performed using TMM normalization method by EdgeR software followed by
Benjamini-Hochberg method for multiple p correction. Total of 5,538 differentially
expressed transcripts were reported with 2,413 up-regulated transcripts and 3,125 down-
regulated transcripts. Among those, some were involved in the innate immune system of
shrimp regarding the antiviral mechanisms. Those involved in innate immune system were

categorized by function and listed as candidate genes involved in the infection of MMV.
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In this study, gPCR was used to validate differential expression results and
transcriptome assembly. Total of 9 gene were selected as targets for gPCR validation.
These genes were selected according to functional groups including pattern recognition
proteins (PRPs) and antiviral protein, prophenol oxidase (ProPQO) system, the Toll-IMD
signaling pathways, antimicrobial peptides (AMPs) and blood clotting system,
phagocytosis and apoptosis, antioxidant system, and RNA interference (RNAI). Validation
of RNAseq results using gPCR has demonstrated high correlation between RNAseq and
gPCR (Asmann et al., 2009; Griffith et al., 2010; A. R. Wu et al., 2014). In addition, high
correlations between RNAseqg and gPCR results were previously reported in M.
rosenbergii regarding bacterial and viral infection (Cao et al., 2017; Rao et al., 2016; Rao
et al., 2015). Therefore, in this study, separate biological samples were used in the gPCR
validation to enhance the confidence.

Pattern recognition proteins (PRPs) are crucial components for triggering the
immune responses in innate immune system of shrimp (Medzhitov & Janeway, 2000).
PRPs, germ-line encoded proteins, activate cellular and humoral immune response
through immune signaling pathway (X. W. Wang & Wang, 2013). Several shrimp PRPs
have been identified and examined the role in innate immune system against viral
infection. Up-regulation of C-type lectin of M. rosenbergii (MrCTL) expression in
hepatopancreas was found after Vibrio parahaemolyticus or white spot syndrome virus
(WSSV) challenge (X. Huang, Huang, Shi, Ren, & Wang, 2015). M. rosenbergii ficolin
expression in hepatopancreas was up-regulated after the infection of V. anguillarum and
WSSV (X. W. Zhang et al., 2014). In addition, expression of M. rosenbergii mannose-
binding lectin (MBL) also found to be up-regulated during MMV or WSSV infection
(Arockiaraj et al., 2015). In this study, C-type lectin family, members of PRPs, including C-
type lectin, ficolin, and antiviral protein were differentially expressed during MMV
infection. This suggested that these members of PRPs are involved in innate immune
system against MMNV infection. In addition, validation of one of these genes, antiviral
protein, using gPCR showed up-regulation by 8.97-fold compared to 2.48-fold in the

RNAseq. However, in this report, down-regulation of MBL was contradicted to the
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previous report (Arockiaraj et al., 2015). It is possible that MBL does not play role in
antiviral response of M. rosenbergii post-larvae or MBL expression is being suppressed
in M. rosenbergii post-larvae during MrNV infection. Further investigation is required to
understand the role of MBL in M. rosenbergii post-larvae during the infection of MMV.

First line of crustacean immunity involve prophenol oxidase (ProPO) activating
system which triggers melanization and other responses such as encapsulation, nodule
formation, and hemocyte induction (Cerenius & Soderhall, 2004; Soderhall & Cerenius,
1998; Soderhall et al., 1994). Recognition of PAMPs by PRPs activates serine proteinases
cascade which leads to the production of active PO enzyme. As a result, melanization
occurred from production of polymeric melanin around invading pathogens by the active
PO enzyme (Cerenius & Soderhall, 2004). According to RNAseq results, Up-regulation of
ProPO expression by 2.01-fold was found during the infection of MNV in which the up-
regulation was validated by gPCR (9.38-fold up-regulation). Moreover, up-regulations of
three types of prophenoloxidase activating enzyme were found by RNAseq. These
indicate involvement of ProPO-activating system in MV infection.

The Toll and IMD pathways are known to be the most important immune signaling
pathways in invertebrates (De Gregorio et al., 2002). Activation of the Toll receptor caused
by cytokine-like ligand Spatzle, whereas in vertebrate, Toll-like receptors (TLRs) are
triggered directly by pathogens (Lemaitre & Hoffmann, 2007; P. H. Wang et al., 2012).
Activation of NF-kappa-B family protein Dif/Dorsal by the activated Toll receptor positively
regulates the expression of immune-related genes such as antimicrobial peptide (AMPs)
(Lemaitre & Hoffmann, 2007). Previous studies have identified Toll receptor from M.
rosenbergii (Feng et al., 2016; Srisuk, Longyant, Senapin, Sithigorngul, &
Chaivisuthangkura, 2014) and demonstrated that the expression was gradually up-
regulated in gills during the WSSV challenge (Feng et al., 2016). The expression of spatzle
protein of M. rosenbergii in hemocytes was up-regulated after the bacteria infection
(Vaniksampanna, Longyant, Charoensapsri, Sithigorngul, & Chaivisuthangkura, 2019).
Moreover, F. chinensis challenged with V. anguillarum and WSSV showed up-regulation

of spatzle protein (X. Z. Shi et al., 2009). Relish, known as nuclear factor NF-kappa-B
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p110, is an important transcription factor in the IMD pathway which has parallel function
to the Toll signaling pathway (Hedengren et al., 1999; Lemaitre & Hoffmann, 2007).
Previous study showed that M. rosenbergii relish involved in the infection of bacteria and
up-regulations of various AMPs were caused by overexpression of relish (Y. R. Shi et al.,
2015). In this study, RNAseq results showed up-regulations of the Toll receptor and NF-
kappa-B p110 in response to MMV, whereas spatzle was found to be down-regulated.
The expression of spatzle was validated using gPCR which showed 3.26-fold down-
regulation compared to 17.88-fold down-regulation in RNAseq. The results suggested that
these Toll/IMD signaling pathway genes are involved in antiviral mechanisms against
MmMV. Down-regulation of spatzle may be caused by negative feedback as a result of the
activation of the Toll pathway (Misra, Hecht, Maeda, & Anderson, 1998; Towb, Bergmann,
& Wasserman, 2001).

Antimicrobial peptides (AMPs) plays an important role in crustacean first line of
innate immunity. Generally, AMPs are small amphipathic, cationic, germ-line encoded
polypeptides with efficient broad spectrum of antimicrobial capabilities against various
types of pathogens including virus, bacteria, and fungi. Different types of AMPs vary in
protein structure, amphipaticity, and ionic charge (Bulet et al., 1991; Yount et al., 2006).
AMPs destroy pathogen by acting as specific membrane-integrity disruptor resulting in
membrane destabilization or pore formation of the microbe (Brogden, 2005; Yount et al.,
2006). There have been reported that the expression of lysozymes and anti-
lipopolysaccharide factors (ALFs) were up-regulated in response to WSSV in M.
rosenbergqii, L. vannamei, and F. chinensis (Ren et al., 2012; B. Wang et al., 2006; P. H.
Wang, Wan, Gu, et al., 2013). In M. rosenbergii hemocytes, crustin expression was up-
regulated after the infections of WSSV, Aeromonas hydrophila, infectious hypodermal and
hematopoietic necrosis virus (IHHNV) (Arockiaraj et al., 2013).However, in P. monodon,
the expression of crustin 3 was up-regulated in response to WSSV infection, whereas
down-regulation of crustin 1 and 2 expressions were reported (Swapna, Rosamma,
Valsamma, & BrightSingh, 2011). In this study, various AMPs including crustin members,

ALFs, and i-type lysozyme-like protein 2 (LYZL2) were aberrantly expressed after the
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MMV infection. The expression ALFs and LYZL2 were up-regulated, whereas the
expression of crustin members were both up- and down-regulated. The gPCR validation
of ALF1 showed 5.86-fold up-regulation compared to 2.25-fold up-regulation from
RNAseq results. These results indicated that ALFs and LYZL2 play roles in antiviral
response against MrNV, whereas only specific isoforms of crustin are involved.

Blood clotting minimizes microbial spread and hemolymph loss during injury, as
part of a humoral response (Maningas et al., 2013). Blood clotting mechanisms in
crustacean requires calcium-dependent transglutaminase (TGase) which produced from
the hemocyte to catalyze cross-linking aggregation of clotting proteins (CPs) (Hall et al.,
1999). Previous study reported a link between blood clotting and AMPs in M. japonicus
by demonstrating that TGase depleted prawn had down-regulation of both lysozyme and
crustin (Fagutao et al., 2012). In this study, the expression of hemicentin-1-like isoform X2
(HMCN1) and transglutaminase were up-regulated. The qPCR validation of HMCN1
showed 16.07-fold up-regulation compared to 5.31-fold up-regulation in the RNAseq.
These indicated involvement of these two blood coagulation components during the
infection of MANV. In addition, up-regulation of members of AMPs including lysozyme, and
crustin isoforms along with up-regulation of two blood coagulation components could
indicate a link between blood clotting and AMPs in M. rosenbergii.

Apoptosis, known as programmed cell death, is one of the important cellular
immune responses in which this process limits replication of virus and eliminates virus
infected cells in multicellular organisms (Everett & McFadden, 1999; Koyama et al., 2000).
Caspases, highly conserved cysteine proteases, are the hallmark of apoptosis
mechanisms in which activated caspases are involved in execution of apoptosis (Menze
etal., 2010). Previous study identified M. rosenbergii caspase (MrCasp) and showed that
MMV capsid protein could inhibit apoptotic activities of MrCasp in Sf9 cells
(Youngcharoen et al., 2015). Moreover, the expression of caspase 3c in M. rosenbergii
hemocyte was up-regulated during the IHHNV infection (Arockiaraj et al., 2012a). IAP or
inhibitor of apoptosis protein is an apoptosis regulator which binds and inhibit caspase

activity (Roy, Deveraux, Takahashi, Salvesen, & Reed, 1997). IAP of M. rosenbergii has
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been identified and MrlAP expression in hepatopancreas was up-regulated after the
infection of IHHNV (Arockiaraj et al., 2011). In addition, up-regulation of WSSV genes and
significantly lower expression of AMP genes were found in L. vannamei |APs-silenced
using RNA interference (P. H. Wang, Wan, Gu, et al., 2013). In this study, the expression
of caspase, caspase 4 and IAP were up-regulated in response to MrNV infection. The
gPCR validation of caspase showed 12.05-fold up-regulation compared to 2.64-fold up-
regulation in RNAseq suggesting that these genes are involved in apoptotic responses to
MMV infection.

Cellular responses include phagocytosis in which this process ingests
microparticles including cellular debris from apoptosis and necrosis and microbial
pathogens (Stuart & Ezekowitz, 2008). It has been reported that the small GTPases control
cellular trafficking and regulate phagocytosis as a part of cellular immune responses. (W.
Liu et al., 2009; Myers & Casanova, 2008; W. Wu et al., 2008). ADP ribosylation factors
(Arfs), a small-ubiquitously-expressed GTPases, have been identified in M. rosenbergii
and M. japonicus. The expression of Arfs was reported to be up-regulated in both M.
rosenbergii and M. japonicas during WSSV infection (Z. F. Ding et al., 2015; Ma, Zhang,
Ruan, Shi, & Xu, 2010; M. Zhang, Ma, Lei, & Xu, 2010). Additionally, Rab GTPases, known
as Ras-like GTPase superfamily members, expression in M. rosenbergii was up-regulated
after WSSV infection (Y. Huang & Ren, 2015) and MrNV infection (from RNAseq results).
Validation of ADP ribosylation factor (Arf) using gPCR showed up-regulation of 5.45 fold
compared to 2.19-fold up-regulation by RNAseq. These results indicated that these small
GTPases may involve in innate immunity regarding MV infection.

During immune responses, reactive oxygen species (ROS) are eliminated by
antioxidant enzymes (De la Fuente & Victor, 2000). Previous studies have identified
several of M. rosenbergii antioxidant enzymes including thiol-dependent peroxiredoxin
(Prdx) (Arockiaraj et al., 2012b), glutathione S-transferase (GST) (Arockiaraj et al., 2014),
copper/zinc superoxide dismutase (CuZnSOD) (Cheng, Tung, Liu, & Chen, 2006), and
selenium dependent glutathione peroxidase (Yeh et al., 2009). It also reported that these

genes were aberrantly expression in response to different types of pathogens (Arockiara;



143

et al., 2012b; Arockiaraj et al., 2014; Cheng et al., 2006; Yeh et al., 2009). In this study,
RNAseq resulted showed five differentially-expressed antioxidant enzyme genes after the
infection of MINV. The gPCR validation of CuZnSOD3, one of those five genes, showed
5.72-fold down regulation compared to 13.46-fold down regulation by RNAseq.

RNA interference (RNAI) is considered to have an essential role in shrimp antiviral
responses. Dicer is an RNase llI-like enzyme which initiates RNA interference by cleavage
of long dsRNA into siRNA (21-30 bp dsRNA) (S. M. Elbashir, W. Lendeckel, & T. Tuschl,
2001; Hannon, 2002). Genome derived silencing RNAs, are unwound and bound with
argonaute protein within the RNA-induced silencing complex (RISC) (Dykxhoorn, Novina,
& Sharp, 2003). Specific MRNA degradation occurs when RISC recognizes and binds to
the target, therefore the target gene is knockdowned (Bernstein et al., 2001). Essential
components of RNAI mechanism including dicer and argonaute has been identified in
various shrimp species including M. rosenbergii (Shpak et al., 2017), P. monodon (Su et
al., 2008; Unajak, Boonsaeng, & Jitrapakdee, 2006), and L. vannamei (Y. H. Chen et al.,
2011; Labreuche et al., 2010; Yao et al., 2010). In shrimp antiviral immunity, both miRNAs
and siRNAs have been reported to participate in the response. It has been reported that
31 miRNAs were differentially expressed in response to WSSV infection indicating
involvement in antiviral immunity (T. Huang & Zhang, 2012). In M. japonicas, 24 miRNAs
have been identified and found that these miRNAs involved in regulating immune
processes such as apoptosis, proPO system, and phagocytosis (G. Yang et al., 2012).
Previous studies reported specific inhibition in viral replication after the administration of
synthetic dsRNA/siRNA specific to yellow head virus (YHV) genes (Tirasophon et al.,
2005; Yodmuang et al., 2006), or WSSV genes (J. Xu et al., 2007). Additionally, during the
replication of both DNA (WSSV) and RNA viruses (including YHV and taura syndrome
virus (TSV)), formation of dsRNA occurred which can leads to antiviral responses via RNAI
mechanisms (T. Huang & Zhang, 2013b). In this study, RNAseq results showed significant
up-regulation of dicer-2 and argonaute-3 during the MV infection. The gPCR validation

of dicer-2 showed 6.81-fold up-regulation compared to 3.66-fold up-regulation by
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RNAseq suggesting that RNAI mechanism of M.rosenbergii may involve in antiviral
responses against MANV infection.

Conclusion

This study reported a highly complete de novo assembled transcriptome of giant
river prawn, M. rosenbergii, post-larvae stage. This transcriptome can be used as
reference transcriptome for transcriptomic profiling in response to pathogen infection,
stress, or certain conditions and for gene functional analysis. This study is also the first to
report transcriptomic profile of M. rosenbergii post-larvae in response to MMV infection.
Differential expression analysis revealed significant differences in the expression of
numerous immune-related genes. These include numerous genes in many immune
responses such as immune signaling pathway, antimicrobial peptides, prophenol oxidase
system, phagocytosis and apoptosis, blood clotting system, and RNA interference. This
study provides preliminary information on how M. rosenbergii post-larvae response to the
infection of MMV on the molecular levels and may provide biorational targets to restrain

the disease.
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