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Antiviral Mechanism of Serine
Protease in Various Insects

Jyoti Verma

Abstract

During the last two decades, insects have had the self-ability to develop a vigor-
ous and potent immune system that contests a huge diversity of pathogens and
lead them to grow into the most distinct and efficient organisms in the world.
Immune reactions against pathogens are basically characterized by invasion of
their cellular and humoral response. In the present era of challenging environ-
mental conditions, there is an urgent need for the prevention and control of viral
diseases. Serine proteases (SPs) are a vast group of proteolytic enzymes that play
an enormous role in anatomical systems (cell signaling, defenses, and move-
ment, etc.); thus, they are crucial to the antiviral mechanism (hemolymph coagu-
lation, activation of antimicrobial peptide, and melanin synthesis). They
participate in various biochemical and physiochemical pathways and act as cata-
lysts that break down the peptide bond in the protein. SPs are vital to numerous
microorganisms and contribute to several structural and biochemical concerns,
including a conserved catalytic triad (Ser, Asp, and His) that enacts the funda-
mental principle for the classification of a protein. SPs have diverse functions
and play a vital role in cellular differentiation, digestion, complement activation,
the immune response, and hemostasis. Recently, immunological responses in
many insects such as Bombyx mori, Drosophila, Anopheles, etc., are maintained
by circulatory hemocytes and performed a significant role in innate immune sys-
tem, namely, the synthesis of antimicrobial proteins, encapsulation, and pheno-
loxidase. Most of the antimicrobial proteins such as cecropins, attacins, lebocin,
moricin, gloverins, lysozyme, defensins, hemolin, etc., are effectively engaged in
defense reactions against invading pathogens. For antiviral mechanisms, molec-
ular and cell target-based analysis are valuable studies for identifying the genome
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and expression analysis of SPs, and their homologs in the silkworm, Drosophila
melanogaster, Apis mellifera, and Anopheles gambiae, are generally considered
to be model organisms for providing the relevant information regarding such
biological functions. In this chapter, we devote our endeavors to the antiviral
mechanism of SPs in various insects and critique the recent data on visualizing
the role of antiviral pathways. Furthermore, the antiviral pathways may encoun-
ter the infectious virus towards the systemic and specific level.

8.1 Introduction

Insect resistance plays a relevant role in the synergism within the host—pathogen
relationship, as a part of a survival strategy, along with physical impediments such as
epithelial barriers, cuticle and peritrophic matrix, protease cascades leading to coag-
ulation and melanization, and fundamental cellular responses (Choo et al. 2010;
Feng et al. 2013; Wang et al. 2016; Lavin and Strand 2002; Lehane et al. 2004;
Kotani et al. 1999). For many decades, the defense systems of insects, in contrast to
various pathogens such as bacteria, fungus, and protozoa, have been well recognized,
but articles on antiviral mechanism are scarce and surprising owing to a lack of
understanding of the mechanism of virus invasion and host—virus response (Popham
et al. 2004). In an earlier report, insect baculoviruses were accomplished in recombi-
nant protein expression systems, but there are virtually no studies including the anti-
viral mechanisms against viruses. Thus, there is specific consideration of Bombyx
mori, which is attracted to the area to regulate the gene and protein and to balance
expression in genetically modified cell lines (Popham et al. 2004). Serine proteases
(SPs) act as hydrolytic enzymes that are incorporated into the conserved catalogue of
triad residue (His, Ser, and Asp) and are routinely integrated as idle zymogen with
propeptide, which must be evacuated for their activation (Ross et al. 2003). Most
studies have delineated that insect SPs perform a fundamental aspect of dietary pro-
tein digestion (Herrero et al. 2005; Soares et al. 2011), molting (Wei et al. 2007; Liu
et al. 2009; He et al. 2009), metamorphosis (Danielli et al. 2000; Kaji et al. 2009),
and the immune response (An et al. 2009), whereas SP homologs(SPHs) are identi-
cal to SPs in amino acid sequences; nevertheless, there is a scarcity in amidase activ-
ity because of mutation (Romualdi et al. 2003). In various reports, Anopheles
gambiae, Drosophila melanogaster and Bombyx mori, and Bombus ignitus contain
305,206, and 143 SP or SPH genes, 1,720 bp respectively (Choi et al. 2006; Romualdi
et al. 2003; Zdobnov et al. 2002; Zhao et al. 2010) and are categorized into different
families (Table 8.1). Insects have the ability to develop mechanisms that resist vari-
ous pathogens, including viruses (Qin et al. 2012). Choo et al. (2010) investigated the
bee venom SPs (Bi-VSPs), which promote the arthropods prophenoloxidase (proPO)-
activating factors (PPAFs) via a melanization process and illustrated fibrin(ogen)
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Table 8.1 List of gene number of serine proteases and serine protease homolog gene in different
insects (adopted from Zhao et al. 2010)

Family D. melanogaster A. gambiae A. mellifera B. mori
SP_faml 65 49 28 24
SP_fam?2 12 37 4 9
SP_fam3 18 22 2 6
SP_fam4 17 19 4 5
SP_fam5 2 29 - 4
SP_fam6 9 9 1 2
SP_fam7 3 4 2 1
SP_fam8 - 1 0 5
SP_fam9 1 1 1 2
SP_fam10 1 1 1 1
SP_fam11 1 1 1 1
SP_fam12 - 49 28 15
SP_fam13 - 37 4 7
SP_fam14 - 22 2 6
SP_fam15 - 19 4 5
SP_fam16 - 29 - 3
SP_fam17 - 9 1 3

activity by eradication of insects. Furthermore, they reported that SP constitutes of
multifunctional enzymes that stimulate prothrombin without any deviation, degener-
ating the fibrinogen into fibrin-like products. In this chapter, we emphasize the
immune response against viral infection and how to consider the aspects of SP via
different mechanisms.

For 300 billion years, Bombyx mori has represented great economic value from an
industrial and a pharmaceutical and medicinal point of view. In the current scenario,
there are major economic resources found in various countries, e.g., India, China,
Vietnam, and Thailand. (Qin et al. 2012) and are used as bioreactors to produce clini-
cally significant biomolecules such as human granulocyte macrophage colony-stim-
ulating factor (Xia et al. 2004; Chen et al. 2006). Certain immune mechanisms also
exist in Bombyx mori and they are susceptible to B. mori nuclear polyhedrosis virus
virus (BmNPV) infection (Qin et al. 2012). Various researchers have also reported
that BmNPV acts as a primary pathogen of the domestic silkworm and induces large
commercial losses (Cheng et al. 2014; Miao et al. 2005). Most silkworm strains are
highly sensitive to BmNPYV, but rarely show high resistance to BmNPV (Bao et al.
2009). Recently, some studies on insect resistance to BmNPV, i.e., Bombyx mori
SP-2, lipase-1, and alkaline trypsin protein purified from the digestive juice of B.
mori larvae, have demonstrated strong antiviral activity to BmNPV in vitro
(Nakazawa et al. 2004; Ponnuvel et al. 2003; Ponnuvel et al. 2012). Here, we attempt
to consolidate the antiviral mechanism of SP in different insects (Figs. 8.1 and 8.2).
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8.2 What Is Serine Protease?

Proteases are the largest group of enzymes, ubiquitous in nature, that hydrolyze
proteins by adjoining water across peptide bonds (Saleem et al. 2012) and catalyze
peptide construction in an organic solvent with a low water content (Soares et al.
2011). According to Verma et al. (2011) proteases are subdivided into diverse groups
based on their catalytic activity with reference to reaction medium and can be iden-
tified as acidic, alkaline, neutral, and in active site groups. Proteases are also classi-
fied according to three major criteria: (1) the type of reaction catalyzed, (2) the
chemical nature of the catalytic site, and (3) the evolutionary relationship with
regard to structure (Barett 1994). Proteases are also categorized into exo- and endo-
peptidases depending on their action at or away from termini respectively and sub-
divided based on the nature of their functional active site groups, i.e., SPs, aspartic
proteases, cysteine proteases, and metalloproteases (Hartley 1960). Of these func-
tions, SPs act as mediators among the immune systems of different insects and
determine the defense mechanisms of various pathogens via antimicrobial peptide
synthesis, hemolymph coagulation, and melanization of pathogen surfaces (Gorman
and Paskewitz 2001). Previously, a protein was demonstrated to have a significant
antiviral activity against BmNPV from the digestive juice of Bombyx mori and was
termed B. mori SP (BMSP-2) (Nakazawa et al. 2004). According to Kotani et al.
(1999), BmSp-2 exhibited 94% amino acid sequence identity with SP. Recently, Lin
etal. (2017) reported that SP inhibitors (SPIs) were present in all living animals and
performed a vital role in development, digestion, and innate immunity. They studied
the genome-wide characterization and expression profiling of the SPI gene in
Plutella xylostella and noted that the SPI gene was categorized into serpins, canoni-
cal inhibitors, and alpha-2-macroglobulins. Of these, serpins demonstrated an asso-
ciation with the regulation of innate immunity of insects, whereas according Zhao
et al. (2010), the upregulation and downregulation of different SP inhibitor genes
may be participating in the combat with pathogenic microorganisms such as
Escherichia coli, Bacillus bombysepticus, Beauveria bassiana, or BmNPV.

8.3 Role of Serine Protease in National and International
Industries

In earlier studies, a diverse group of proteins and SPs played a very significant role
in insect immunity for the mechanism of antiviral infection and were referred to as
“serpocidins” (Kim et al. 2009). Of the various proteases, SPs have a zymogen-like
structure that comprises the catalytic domain of the C-terminal and the regulatory
domain of the N-terminal, are generally activated by His/Asp/Ser from the catalytic
site, and participate in the regulatory mechanism of melanization, coagulation, and
antimicrobial peptide production, through protease cascades (Kim et al. 2009;
Gabay 1994; Gorman and Paskewitz 2001). In addition, SP homologs possess the
catalytic triad and play a vital role in the antibacterial mechanism of human azuro-
cidin (Gabay and Almeid 1993) and horseshoe crab factor D (Iwanaga 2002); cell
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adhesion, Drosophila masquerade (Murugasu-Oei et al. 1995); Pacifastacus
masquerade-like protein (Huang et al. 2000); prophenoloxidase activation,
Holotrichia masquerade-like protein (Kwon et al. 2000); and immune function,
Anopheles SP15 (Dimopoulos et al. 1997) and human hepatocyte growth factor
(Nakamura et al. 1989).

In several regions of the world, arbovirus (arthropod-borne viruses) has been
shown to be a risk to animal and human health and there is scanty knowledge about
arbovirus infection (Fragkoudis et al. 2009). Previously, vertebrate immunity to
viral infection could be regulated by the JAK/STAT signaling pathway, virus inter-
ference, and the virus nucleic acid sensor pathway (Randall and Goodbourn 2008).
However, during the last few years, there has been a vast increase in knowledge on
mosquito genetics and immunity-related genes, mainly through the Anopheles gam-
biae and Aedes aegypti sequencing projects (Christophides et al. 2002; Holt et al.
2002). Recently, Fragkoudis et al. (2009) reported that most arboviruses are RNA
virus families such as Bunyaviridae, Togaviridae, and Flaviviridae, although the
bluetongue virus is from the double-stranded RNA (dsRNA) family Reoviridae, an
arbovirus family of great veterinary importance. The immune pathway involved in
arbovirus—mosquito interactions has largely relied on genomic studies to identify
differentially regulated genes (Ross et al. 2003; Wang et al. 2008). In the midguts of
Anopheles gambiae and Aedes aegypti infected with SINV, upregulation of the Toll
pathways is followed by activation of JNK signaling and is probably preceded by
IMD activation (both pathways are linked in D. melanogaster) (Ross et al. 2003). In
addition, other immune molecules such as SPs are upregulated and play an impor-
tant role in innate immunity (Lemaitre and Hoffmann 2007); however, their role in
the response to viral infections remains unclear. In the case of another alphavirus,
SFV, if activated before infection, not Toll- but Gram-negative-mediated signaling
(JAK/STAT or IMD/INK) can inhibit virus replication in mosquito cell cultures
(Fragkoudis et al. 2008; Jiang et al. 2009).

Jiang et al. (2009) and Gorman et al. (2000b) reported that SP plays a crucial role
in an insect immune pathway for the synthesis of melanin, but in the process of
melanization it acts as activator in mosquitoes and Drosophila-like insects. In this
regard, the Sp22D protein sequence is determined by quantitative northern blot
analysis and in-situ hybridization. Gorman et al. (2000a) also reported that Sp22D
codes for a 1322 amino acid polypeptide with a complex domain organization in
Anopheles gambiae. In addition to the SP catalytic domain, Sp22D contains two
putative chitin-binding domains, a mucin-like domain, two low-density lipoprotein
receptor class A domains, and two scavenger receptor cysteine-rich domains, and
participates in translational upregulation. A few years earlier, Choo et al. (2007)
described an SP characterized based on cDNA cloning, expression, and enzyme
activity in the midgut of the Bombus ignitus and consisting of four introns and five
exons coding for 250 amino acid residues. Wang et al. (2008) also suggested that
infection of mosquitoes with recombinant arboviruses expressing activators or
inhibitors of apoptosis might be used in the regulation of antiviral mechanisms.

Recently, the SP homolog SPH-3 (an insect non-clip domain-containing SPH)
played a central role in insect immunity in Manduca sexta infection, with a virulent,
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insect-specific, Gram-negative bacterium Photorhabdus luminescens (Felfoldi et al.
2011). Felfoldi et al. (2011) reported that RNA interference suppression of bacteria
induced SPH-3 synthesis severely compromises the insect’s ability to defend itself
against infection by preventing the transcription of multiple antimicrobial effector
genes, but, surprisingly, not the transcription of immune recognition genes. After that,
gene encoding prophenoloxidase was performed by upregulation and the activity of
the phenoloxidase enzyme are among the antimicrobial responses that are severely
attenuated on SPH-3 knockdown, which concluded that SPH-3 regulates the genes
encoding pattern in signaling pathways and controls the infection. As a nonfunctional
serine proteinase homolog, SPH-3 cannot be an enzymatically active proteolytic com-
ponent in a signaling cascade. However, the signaling pathway akin to the Toll family
receptor in Drosophila, which may play a key adaptor in signal-mediating upstream
toward the receptor. This finding indicates that study of viral and microbial infections
is important for conferring the immune response in different insects, such as Bombyx
mori, Drosophila, Anopheles, Manduca sexta, along with its prevention technology.

8.4 Serine Protease Mechanism and Specificity

The process of catalysis and specificity are not quietly inhibited by a scant residue,
nevertheless effects on the whole protein frameworks disciplined via the rationing of
the hydrogen bond charges, as it may be linking of domain drift to the chemical con-
version (Hedstrom 2002). The specificity of SP is basically deliberated the physiog-
raphy of the substrate binding sites which can adjoin the catalytic site of cleft (Polgar
2005). However, in an earlier report, SP specificity has produced a lot of information
regarding biological function and the establishment of efforts (Perona and Craik
1995). Of the industrial enzymes, about 75% of microbial proteas belong to SPs and
serve the nucleophilic Ser residue at their functioning site (Rao et al. 1998). SPs are
classified as the catalytic triad with the presence of Asp, His, and Ser, and these are
designated as catalytic machinery, which is subdivided into four separate groups. In
an earlier report, these four groups of SPs are described as chymotrypsin, subtilisin,
carboxypeptidase Y, and Clp protease (Rawlings and Barrett 2000).

8.5 Silkworm: Mode of Infection and Mechanism of Serine
Protease as an Antiviral Factor

Feng et al. (2013) reported that insects get participated in different ways to defend
themselves against different pathogen such as fungi, bacteria, nematodes but scanty
knowledge about the insect immune response against viruses. Among them, one of the
most important viruses is Autographa californica multiple nuclear polyhedrosis virus
(AcMNPV), which spreads almost 30 lepidopteron species, whereas baculoviruses
have a very narrow host range that contains a circular double-stranded genome ranging
from 80 to 180 kbp and moderated in the form of larvae of Bombyx mori (An et al.
2009; Rahman and Gopinathan 2004). The life cycle of Bombyx mori contains two
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specific forms of virus, occlusion-derived virus (ODV) and the budded virus (BV).
Both forms play a different role in the interim pathogenesis in Fig. 8.1 (Katsuma et al.
2006). Antiviral immunity in other insects is well known, but there is not much more
information on the silkworm, B. mori. In addition, other factors such as hemolin, recep-
tors in midgut epithelial cells, phenoloxidase, and apoptosis also played a significant
role in the antiviral mechanism (Ponnuvel et al. 2012). Recently, a protein RNAse III
(dicer) was identified that showed the antiviral mechanism against infectious flu virus
(IFV) (Ponnuvel et al. 2008; Ponnuvel et al. 2012). Nakazawa et al. (2004) reported
that Bombyx mori possesses the two forms of virus particles, BmNPV and AcMNPV,
which showed that they are phenotypically different, but genetically identical, and
complied with their life cycle at the time of pathogenesis. The two forms play different
roles. During this process, infection begins and the ODV fuses with the microvillar
membrane (Monsma et al. 1996). This virus particle is enclosed with proteinaceous
occlusions, which are discharged into the midgut of the larvae with the combination of
alkaline gut pH and protease (Engelhard and Volkman 1995). The cell is infected and
produces many primary single nucleocapsids through the basal membrane. This BV
gained an envelope studded with glycoprotein GP-64, which infected the neighboring
host and tissues (Monsma et al. 1996). The detailed structure of budded virus (BV) and
occlusion-derived virus (ODV) is summarized in Fig. 8.2.

Various researchers reported that SP played a significant role in antiviral activity
against BmNPYV, which is designated as BmSP-2 and analyses their gene expression
in the midgut of Bombyx mori (Nakazawa et al. 2004; Ponnuvel et al. 2008), whereas
Zhao etal. (2010) presumed that potential SPI genes based on the genome sequences
of the silkworm are susceptible to the antiviral mechanism. He reported that these
SPI genes may be responsible for defenses to pathogenic microorganisms through
microarray and qRT-PCR assay. This report highlights the upregulation and down-
regulation of several SPI genes subsequently infected by Escherichia coli, Bacillus
bombysepticus, Beauveria bassiana, or BmNPV. Recently, Liu et al. (2016) investi-
gated the roles of SP for antiviral mechanisms and identified SP gene BmSP36,
which has a 292-residue protein and is cloned. Liu et al. (2016) also defined that the
BmSP36 consists of an intact catalytic triad (H57, D102, and S195) and a conserved
substrate binding site (G189, H216, and G226), which is responsible for
chymotrypsin-like specificity. According to their reports, BmSP36 plays a signifi-
cant role in the midgut of B. mori and they analyzed the transcriptional and transla-
tional expression using western blotting, immunofluorescence, and liquid
chromatography-tandem mass spectrometry assay.

8.6  Anopheles: Mode of Infection and Mechanism of Serine
Protease as an Antiviral Factor

Anopheles serves as an obligate intermediate parasite, which is harmful to
humans. In a susceptible mode during blood feeding in the midgut, it encounters
the multiple rhythms of reproduction and development before ascending to the
salivary glands (Gorman et al. 2000b). Various numbers of parasites complete
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their life cycle in susceptible mosquitoes, which is interrupted by various mecha-
nisms and only a very small proportion succeeds (Beier 1998; Gorman et al.
2000b). Richman et al. (1996) also reported that the antimicrobial peptides func-
tion as defensins and cecropins against parasitic infection in the mosquito. Ashida
and Brey (1997) reported that melanotic encapsulation and the production of anti-
microbial peptides are types of innate, humoral immune responses regulated by
SPs, mediated the cleavage of prophenoloxidase (proPO), and instigated the con-
struction of reactive quinones, which cross-link to form melanin, whereas mela-
notic encapsulation generated the refractory lines of mosquitoes in the process of
melanization and killed the parasites completely (Gorman et al. 2000b). For many
decades, mosquito-borne arboviral disease (such as dengue), was responsible for
an estimated 300 million infections annually (Bhatt et al. 2013). The replication
cycle of the dengue virus is carried in the Ades mosquito for 7-14 days and can
fluctuate with regard to virus performance and temperature (Alto and Bettinardi
2013). In an earlier study, Souza-Neto et al. (2009) reported that the Janus kinase/
signal transducer and activator of the transcription (JAK/STAT) pathway regu-
lated a conserved immune signaling pathway for the development of antiviral
mechanisms in both mammals and insects, and previously hypothesized that the
JAK/STAT pathway regimented dengue infection in A. aegypti. Recently,
Jupatanakul et al. (2017) investigated the JAK/STAT pathway, which conserved
the immune signaling pathway and regulated developmental processes and antivi-
ral immunity in both mammals and insects with viral infection. In this method,
activation of the JAK/STAT pathway through RNAi-mediated gene silencing of a
protease inhibitor such as SP-activated STAT (PIAS) renders mosquitoes more
resistant to DENV infection of the midgut, whereas silencing of the receptor
Dome or the Janus kinase Hop renders the mosquitoes more susceptible to DENV
infection (Souza-Neto et al. 2009). SPs activate the signaling pathways that accel-
erate the transcription of the genes and five new SP (Sp14A, Sp14D1, Sp14D2,
Sp18D, and Sp22D) cDNAs from the hemolymph of the malaria vector (Anopheles
gambiae) were identified, which significantly enhanced the melanotic encapsula-
tion of plasmodium and antiviral immunity (Gorman et al. 2000b). Thus, there are
urgent needs from the last few decades regarding dengue virus (DENV: Flavivirus),
which poses a significant risk to human health , and the scarcity of the drugs
required for the prevention and control of dengue disease.

8.7  Drosophila: Mode of Infection and Mechanism of Serine
Protease as an Antiviral Factor

Recently, the mode of infection and mechanism of antiviral immunity were well
documented through the Toll and IMD pathways (De Gregorio et al. 2002).
According to An et al. (2013) melanization regulated the innate immunity via bind-
ing, eradicated the interfering organisms, and intervened using a SP cascade that is
regulated by serpins in a similar manner. Zhao et al. (2012) demonstrated that ser-
pins may be associated with the management of the innate immunity of different
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insects on the basis of genome wide identification. The process of melanization
combined with other immune activity, such as blood coagulation, phagocytosis,
wound healing, and antimicrobial peptide expression (Kanost and Gorman 2008).

Drosophila melanogaster has been extensively used to study molecular mecha-
nisms that are involved in the activation and regulation of innate immunity.
However, scanty knowledge was found compared with the silkworm, Bombyx
mori, the tobacco hornworm, Manduca sexta, the and Tenebrio molitor for the
performance of the Toll signaling pathway (An et al. 2009; Lindsay and Wasserman
2014). In the melanization process, phenoloxidase (PO) catalyzes the hydroxyl-
ation of monophenols to o-diphenols and the oxidation of o-diphenols to qui-
nones, which polymerize to form melanin (Nappi et al. 2009) and inactive
zymogens called prophenoloxidase (PPO) (Cerenius et al. 2008). Other research-
ers reported that PPO activation is mediated by a SP cascade (serpin superfamily),
which contains 400 amino acid residues with an exposed reactive center loop near
their carboxyl terminus and functions as suicide substrate inhibitors by forming
irreversible complexes with target proteases after the cleavage of a scissile bond
(designated P1-P1") in the reactive center loop (Gettins 2002; Jiang et al. 2009;
An et al. 2013). Recently, An et al. (2013) reported the functional role of SP
inhibitors (SPn27A, MP2) in Drosophila and stated that both are used in the pre-
vention of prophenoloxidase-1. Thus, they concluded that molecular and bio-
chemical analyses play a vital role in understanding the PPO-activating cascade in
insects and expect to shed some light on the action of protease, which could be
beneficial in targeting biochemical pathways that are potentially applicable to
control of the viral infection.

8.8  Molecular and Cell Target-Based Analysis of Antiviral
Protein (Silkworm, Drosophila, Anopheles)

8.8.1 Genome-Wide Identification and Expression

For the study of genome-wide identification and expression analysis, there is a cur-
rent need to understand the genetics and regulatory mechanisms of immune
responses of insects that have developed the effective biological control system
(You et al. 2013). Recently, Xia et al. (2015) investigated the genome-wide identi-
fication, characterization, and expression analysis in Plutella xylostella by using
Toll, IMD, and JAK-STAT signaling pathways. Previously, genome-wide identifi-
cation and expression were reported by Zhao et al. (2010) in Bombyx mori who
compared the expression analysis of SPs and their homologs (Table 8.1). SP homo-
logs (SPHs) are similar to SPs in amino acid sequences, but they have no protease
activity because of the loss of one or more of the catalytic residues (Zou et al.
2006). In insects, SPHs participate in the innate immune response to regulate the
mechanism insect immunity (Dimopoulos et al. 1997; Kim et al. 2008). Genome-
wide characterization was also performed in SP and SP homologs of Drosophila
melanogaster (Ross et al. 2003). Besides these insects, Anopheles gambiae and
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Table 8.2 List of serine proteases and serine protease inhibitors which upregulated and down-
regulated the transcripts region and their gene expression analysis (adopted from Riddell et al.
2014)

Upregulated ‘ Downregulated
Serine proteases
cSp3 BTT35293_1 BTT10579_1,

BTT10912_1, BTT25711_1

Spl18 BTT20808_1 BTT20808_1
Sp27 BTT40251_1 BTT40251_1
Sp28 BTT20637_1
Sp35 BTT05300_1 BTT10155_1
Sp40 BTT15256_1
Sp23 BTTO01709_1, BTT05886_1, BTT09081_1,

BTT20661_1, BTT20725_1, BTT24359_1,

BTT25071_1
Serine protease homologs
cSPH39 BTT21868_1
Sph54 BTT27769_1
Sph56 BTT17814_1
Serine protease inhibitors
Kunitz ser- BTT14993_1
protease
inhibitor
Necrotic (nec) BTT35742_1
Spn 4 BTT04130_1 BTT04130_1
SRPNI10 BTT02607_1, BTT4508_1,

BTT20259_1

Apismelliferaalsohad immunity-related SPs and SPH characteristics (Christophides
et al. 2002; Zou et al. 2006). There is little information about these proteins in
Bombyx mori against SPs and SPHs, but it emphasizes the biological functions
such as digestion, immune response, development (Nakazawa et al. 2004).
Furthermore, Tanaka et al. (2008) identified the potential immunity of SPs and
SPH-related geneswhile modifications to the mRNA level that were considered to
be involved in the antiviral mechanism. According to (Zhao et al. 2010; Xia et al.
2007; and Riddell et al. 2014) the SPs and SPH genes were quietly used in upregu-
lation and downregulation after pathogen induction by using microarray and real-
time quantitative experiments (Table 8.2).

8.8.2 cDNA Microarray-Based Assay and Two-Dimensional Gel
Electrophoresis

In recent years, Chang et al. (2011) studied the comparative analysis of gene expres-
sion techniques and determined that cDNA microarray and two-dimensional gel
electrophoresis have become part of routine in checking the changes in gene
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expression. Among them, such methodologies are implemented to identify differ-
ently expressed transcripts by virtue of many genes being examined simultaneously.
Recently, several studies have been conducted on insect resistance such as SP-2,
lipase-1, and alkaline trypsin protein purified from the digestive juice of B. mori
larvae showed strong antiviral activity to BmNPV in vitro (Nakazawa et al. 2004;
Ponnuvel et al. 2003, 2012).

In an earlier report, the SP gene in Bombus ignites was cloned to provide some
valuable knowledge on determining the possible function/role(s) of SPs (Choo
et al. 2010). In this report, Choo et al. first isolated the genomic DNA and PCR of
the BiSP gene and southern blot analysis, then expression of recombinant BiSP
protein, preparation of polyclonal antibody, and western blot analysis; further,
cDNA encoding BiSP was expressed as a 28-kDa polypeptide in baculovirus-
infected insect cells, and the recombinant BiSP showed activity in a protease
enzyme assay. BiSP was specifically expressed in the midgut of B. ignitus queens,
males, and workers, suggesting that the BiSP is a gut enzyme involved in the diges-
tion of dietary proteins, i.e., SP of B. ignitus, but the involvement of BiSP in the
defense from microbial infection. Choi et al. (2006) constructed the cDNA library
by screening, sequencing, and generating the expressed sequence tags (ESTs).
Altschul et al. (1997) also compared the sequence by using DNASIS and BLAST
software and used this to align the amino acid sequences of SP. In accordance with
this hypothesis, we also interpreted our data by using a sequence comparison pro-
gram and identified the pathogen that was responsible for the infection. Using the
fluorescent differential display (FDD) technique, Bmsop2 and Bms3a were identi-
fied (Xu et al. 2012).

8.8.3 Polyclonal Antibody-Based Preparation and Western Blot
Analysis

Polyclonal antibody-based analysis is used to identify immune mechanisms in
insects, as SPs act as a pro-PO cascade, which is involved in superoxide genera-
tion, melanin synthesis, and subsequent sequestration of foreign matter entering
the hemocoel of the insect (Ashida and Brey 1998). Another SP cascade in insects
is involved in the establishment of the dorso-ventral pattern in the Drosophila
embryo (Morisato 1995). Choo et al. (2007) reported that the B. ignitus SP (BiSP)
gene functioned as a gut enzyme involved in the digestion of dietary proteins by
polyclonal antibody-based preparation and western blotting. The recombinant
proteins fused with an N-term GST tag were overexpressed in E. coli and further
purified to near homogeneity to prepare mouse antibodies. The western blot anal-
ysis showed that these proteins were expressed in various tissues and organs, and
in different developmental stages. Amazingly, the expression of BmTHY2 was
hugely increased during the pupae stage, indicating a specialized role during this
period. The expression of these proteins was gradually decreased in BmN cells
infected by BmNPYV, suggesting that they might play different roles in virus infec-
tion (Ma et al. 2015).
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8.9 (In) Multigene Expression

In the present scenario, multiple gene expression techniques used on the basis of
three potential criteria:

1. The functions of targeted genes exclusively related to multiple genes.

2. Break down of the co-expression of multiple genes or multi-functional protein
complex in silk gland bioreactor research.

3. Construction of multiresistant transgenic B. mori strains such as BmNPV and
cytoplasmic polyhedrosis virus (BmCPV).

4. For the production of silk material genetically modified techniques are used,
which improve the middle and posterior silk gland in B. mori. (Wang et al. 2017).
Previously, an applied aspect of silkworm on genome sequencing projects
resulted in a higher requirement of functional genomic research, which is pro-
viding a suitable platform for the study of multiple genes (Xia et al. 2009).
Recently, Wang et al. (2017) reported 2A self-cleaving peptide-based multiple
gene expression system in the B. mori and concluded that the multiple gene
expression would be an efficient tool of the functional genomic era. In the
process, he investigated that the gene regulated the simultaneous expression and
cleavage of multiple gene targets in the silk gland of transgenic silkworms. First,
a glycine-serine-glycine spacer (GSG) was found to significantly improve the
cleavage efficiency of 2A. This study enhances the functional knowledge of
genes and proteins, and potentially advances innovative research into various
functional silk materials in medicine, cosmetics, and other biomedical areas.

8.10 Differentially Expressed Genes Analysis

In recent years, there has been a need to analyze gene efficiency by comparing the
transcriptome of two strains, which is used to improve the efficiency and gene dis-
covery of host—pathogen responses. A new technique was developed by scientists
and used for comparative analysis of two strains with a transcriptome (Wang et al.
2016). According to their hypothesis, they reported that molecular changes in B.
mori occurred during BmNPV infection and were examined by transcriptome
sequencing in the isogenic line BC9 and the recurrent parent P50. These genes were
related to transport, virus replication, intracellular innate immune, and apoptosis
(Wang et al. 2016). After normalizing gene expression levels, DEGs were obtained
by pair-wise comparison of the four transcriptome libraries using IDEG6 software
(Romualdi et al. 2003). Genes participating in innate immunity pathways were
identified and analyzed with regard to their potential role in BmNPV infection in
silkworm, which could be classified into the Toll pathway, the IMD pathway, the
PPO pathway, the pattern recognition receptor, and the antimicrobial peptide. Wang
et al. (2016) further reported that the SP inhibitor performed a significant role in the
PPO pathway and it appears that there was downregulation in the gene of 47% and
57% respectively, whereas 30% and 20% were upregulated after infection with
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BmNPYV, and 57% were downregulated and 20% were upregulated in P50 after
BmNPYV infection. By this comparative analysis, a total of 869 DEGs were obtained,
which included many genes potentially related to BmNPYV resistance. After that,
Wang et al. (2016) predicted that reliable evidence may be produced to clarify the
molecular mechanism of the silkworm. Hu et al. (2014) also reported analysis of
several differentially expressed genes (DEGS), which is involved in metabolism,
immunity, and inflammatory responses in Microtus fortis following infection with
Schistosoma japonicum based on comparative transcriptome analysis.

Conclusion

In the current scenario, wonderful progress has been made in the antiviral mecha-
nism of SP against viral infection. The synergism of host and pathogen played a
pivotal role in viral infections, and various mechanisms such as genome-wide iden-
tification and expression, microarray-based expression, recombinant-based expres-
sion, polyclonal antibody-based expression, multiple gene-based expression, etc.,
were performed using the SP pathway. The discovery of Molecular and cellular
analysis - Genome-Wide Identification and Expression, cDNA Microarray-based
Assay, Polyclonal Antibody-Based Preparation and Western Blot, Multigene
Expression, Differentially expressed genes analysis of anti-protein detection plays
a vital role in fighting viral infection, but recently, antimicrobial target-based path-
ways, immensely used, such as siRNA, Toll, JAK-STAT, IMD, etc., is used to
determine the host—pathogen-specific immune response to the fascinating antiviral
mechanism. In this study, a new technology was developed for understanding the
fundamental and applied aspects of insect immunity against viral infection in the
functional genomic era, and potentially improving the antiviral mechanism.
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