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The silkworm Bombyx mori is both an important economic insect and also exploited as a powerful
biological model system. Silkworm larvae often suffer from viral infections, especially the nuclear
polyhedrosis virus, causing great losses to the sericulture. Insects have evolved many different ways to
defend themselves against pathogens like fungi, bacteria, nematodes, but little is known about the
insect immune response against viral infections. To date, several efforts have been made by very few
workers to identify the proteins related to the resistance of baculovirus in the silkworm, but no
satisfactory researches are reported about the resistant gene of baculovirus. In the present article, the
ways of viral infection and certain antiviral proteins involved in silkworm immunity are discussed.
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INTRODUCTION

The silkworm Bombyx mori has been exploited as a silk
producer for over 5000 years. It is an economically
important insect and a model insect for studies in
entomology, molecular biology and biotechnology
(Tamura et al., 2000; Xiang, 1995). The Bombyx mori
nucleopolyhedrovirus (BmNPV) is a principal pathogen of
the domestic silkworm. BmNPV often cause severe
losses in sericulture, but there are currently no
therapeutic agents that can effectively control BmNPV
infection. The mechanism by which the silkworm resist
viral infections and recruits immune cells to the infective
foci or clears infected cells is poorly understood (Popham
et al., 2004). Through the investigation of literature rela-
ted with the silkworm viral resistance, only a few strains
of insects show highly resistance to BmNPYV infection
(Chen et al., 1996; Sunagar et al., 2011), and this is very
important basis for further research of silkworm viral
resistance.

Insects seemingly lack any adaptive immune respon-
ses that operate analogously to the well documented

antibody or histocompatibility adaptive immune respon-
ses as in vertebrates (Hoffmann, 2003). But it has evol-
ved many different ways to defend themselves against
pathogens like fungi, bacteria, nematodes and viruses.
Many insects show developmental resistance to baculo-
virus infection with decreasing susceptibilities at older
larval stages (Kirkpatrick et al., 1998; Teakle et al., 1986).
The immunity plays an important role in the interaction
between the host and pathogen as a part of survival stra-
tegy including physical blockades such as peritrophic
matrix, epithelial barriers, protease cascades leading to
coagulation and melanization, cellular responses such as
phagocytosis and encapsulation and also the production
of certain antimicrobial peptides (Lavine and Strand,
2002; Lehane, 1997; Levashina et al., 2001; Ligoxygakis
et al., 2002; Meister and Lagueux, 2003; Moreno-Habel
et al., 2012; Tzou et al., 2000; Vernick et al., 1995), but
reports on antiviral mechanisms are little. It is truly sur-
prising to note that the baculovirus protein expression
systems are world widely used in research and produc-
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tion, there are virtually little research dealing with the
mechanisms of antiviral responses except the resistant
gene nsd-2 cloned in silkworm by Ito et al. (2008). This
means that special attention must be focused on this
area to understand which genes or proteins of insects
involved in resistance control of virus. Apart from this,
insects have their potential use as therapeutic agents in
clinical applications (Choudhari et al., 2012; Kim et al.,
2011). Several antiviral compounds purified from insects
have been identified as a small molecular polypeptide
(Bulet et al.,, 1999; Chernysh et al., 2002; Hara and
Yamakawa, 1995a, b), and this is an important discovery
of immense medical importance (Ourth, 2004).

Baculovirus were considered to be robust against the
development of insect resistance (Moscardi, 1999), and
several insects were reported to emerge the ability of
baculovirus resistance (Fuxa and Richter, 1998; Kenneth
et al., 2001; Trudeau et al., 2001), so proper understan-
ding of host-pathogen interaction and anti-defensive mo-
lecules released by pathogen to suppress host immunity
is necessary before stepping into other aspects like
disease control. In this paper, recent progress in antiviral
and antimicrobial proteins in insects is discussed. On this
direction, we initiated studies on the antiviral mechanisms
against BmNPV in silkworm, and this research gives us a
great deal of information about the mechanism of resis-
tance in addition to the inheritance of resistance from our
lab (Liu et al.,, 2010). We hope that knowledge of the
silkworm’s immune response to virus not only helps in the
control of viral diseases in the economically important
insect like silkworm, but also helps to use silkworm as a
bioreactor for the development of antiviral agents impor-
tant in human health and welfare.

MODE OF INFECTION

The baculoviruses are a family of large rod-shaped viru-
ses that contain circular double-stranded genome ranging
from 80-180 kbp. They have very narrow host range,
although AcMNPV infects nearly 30 lepidopteron species.
The host range of BmNPV is restricted to B. mori larvae
(Rahman and Gopinathan, 2004). The virus life cycle in-
volves two distinct forms of virus: occlusion derived virus
(ODV) and the budded virus (BV), both forms have
different role during pathogenesis (Katsuma et al., 2007;
Keddie et al., 1989). The virus particles are embedded in
protein matrix which is dissolved in the alkaline environ-
ment of the host mid-gut. The primary infection begins
when the envelops of occlusion derived virus (ODV) fuse
to the columnar epithelial cell membrane of the host
intestine, then the ODV are taken into the cell in endo-
somes. Viral transcription and replication occur in the cell
nucleus and new BV particles are budded out from the
baso lateral side to spread the infection systemically
through glycoprotein GP64, which is important for the
infection of neighboring host cells and tissues (Monsma
et al., 1996). Cells of the insect tracheal system are the

important targets of BV, and their infection is critical for
the rapid spread of the virus because they provide ac-
cess to larval tissues surrounded by basal laminar bar-
riers (Washburn et al., 1995). By the end of the infection
cycle, most of the insect’s tissues are infected and new
Obs (BV and ODV) are produced, which spread into the
surrounding environment for its next infection.

PROTEINS RELATED WITH BACULOVIRUS
RESISTANCE IN THE NON-CELLULAR STRUCTURE
OF SILKWORM AND OTHER INSECTS

As the primary route of infection is through the diet, there
must be some antiviral substances existing in the gut
juice of the viral resistant insects. Such antiviral substan-
ces are gradually identified and isolated from the haemo-
lymph and gut juice in the silkworm, especially the anti-
viral substances observed by some earlier workers
(Aikawa, 1962).

Hayashiya and Nishida (1976) and Hayama (1978)
reported the red fluorescent proteins could inactivate the
BmNPV, and they firstly demonstrated the RFPs’ biosyn-
thesis required the reaction between chlorophyllide-a and
an unknown silkworm protein in vitro. In the synthesis
process of this protein, chlorophyll-a of mulberry leaves is
first converted into chlorollide-a under the action of light
and its further synthesized in the midgut cells, and then
released into midgut to form RFPs, which have two
absorbance peaks at 280 and 605 nm wave length. Several
works have focused on the study of RFPs physiological
activities, which revealed it had antiviral effect against
BmNPV, but the exact mechanism is still unknown. The
first report about the midgut protein to form an RFP is the
epithelial cell membrane 252-kDa (P252), which bind with
chlorophyllide to form red fluorescent protein complex
with absorbance and fluorescence emission peaks at 600
and 620nm, respectively. It has significant antimicrobial
activity which strongly bind with CrylAa, CrylAb, and
CrylAc toxins of Bacillus thuringiensis (Pandian et al.,
2008). But Sunagar et al. (2008, 2011) reported there
were multiple forms of red fluorescent proteins (RFPS)
observed in the gut juice of the silkworm. Comparing the
gut juice of multivoltine with bivoltine silkworm races
through the method of electrophoretograms and chro-
matographic eluate, several fluorescent protein bands
were observed and in which only three bands existed in
the resistant strain. It can be used as a biomarker to
measure the degree of susceptibility of silkworm races to
NPV and indicated the complex of different RFP parti-
cipate in the viral resistant control. However, these RFPs
have not been identified, so further efforts are needed to
obtain the knowledge about the exact mechanism of this
protein inhibiting the multiplication of BmNPV, identifying
the genes responsible for production of RFP.

Thereafter, except for the molecular identification and
characterization of this protein, several proteins related
with the baculovirus resistance have been found in the



gut juice of silkworm such as lipases, NADPH oxido-
reductase and serine proteases (Nakazawa et al., 2004;
Ponnuvel et al., 2003; Selot et al., 2007). Lipases perform
essential roles in the digestion, transport and processing
of dietary lipids in most organisms. They are likely to con-
tribute immune defenses, conceivably acting directly
against invading microorganisms. Bmlipase-1, a lipase
purified from the digestive juice of B. mori larvae proved
to have a strong antiviral activity against BmNPV as a
physiological barrier at the initial site of viral infection. It
showed 56% homology with Drosophila melanogaster
lipase and 21% homology with human lipase. Northern
blot analysis showed that the Bmlipase-1 gene only
expressed in the midgut and it has been confirmed to be
hormonally regulated. In Drosophila melanagaster, there
are four lipase genes found to be induced upon immune
challenge (De Gregorio et al., 2002). Apart form this,
many lipases have been purified and identified from other
organisms, which showed different enzymatic specificities
and catalytic rates as a digestive enzyme. Interestingly,
lipase-like proteins have been identified from viruses
such as Marek’s Disease virus and Heliothis virescens
(Kamil et al., 2005; Smede et al., 2009), which were
essential for virus replication and cell cleavage after in-
fection. They were critical for the formation of extracellu-
lar enveloped virion (EEV) from intracellular mature virion
(IMV), which were reported to play a role in viral mem-
brane biogenesis and membrane fusion (Blasco and
Moss, 1991). These results may indicate the lipase gene
has a dual role of virus intrusion and virus resistance in
the evolution process between pathogen and host. The
NADPH oxidoreductase related with energy metabolism
utilizes NADP as cofactor to catalyze the transfer of elec-
trons from one molecule to another oxidant. In silkworm,
Ruchita Selot reported a purified protein of 26.5 kDa over
expressed in the gut juice of disease-resistant multivoltine
races has anti-BmNPV activity, and characterized this
protein as a soluble NADH-oxidoreductase-like protein
(BmMNOX). When the BmN cell infected with pre-treated
BmNPV (BmNPV particles incubated with BmNOX), the
NADPH oxidoreductase inhibited the capability of the viral
particles to infect BmN cells in vitro.

Serine proteases are among the group of proteins that
participate in regulating various physiological functions
including antimicrobial peptide synthesis, haemolymph
coagulation and melanization of pathogen surfaces. In
the digestive juice of silkworm larvae, Nakazawa et al.
(2004) proved the presence of serine protease has strong
antiviral activity against BmNPV. They designated it as
BmSP-2 showed 94% homology with B.mori serine pro-
tease, and reported there may be about five serine pro-
tease isoforms. In most insect species, a variety of serine
protease inhibitors (SPIs) have been found to inactivate
the serine proteases when they are no longer in need.
Zhao et al. (2012) predicted and characterized potential
SPI genes based on the genome sequences of silkworm.
Microarray and gRT-PCR experiments revealed obvious
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up-regulation and down-regulation of several SPI genes
after infection with Escherichia coli, Bacillus bomby-
septicus, Beauveria bassiana or B.mori nuclear polyhe-
drosis virus (BmNPV), which suggested that these SPI
genes may be involved in resistance to pathogenic micro-
organisms.

The first step of pathogen invasion is passing through
the peritrophic matrix (PM). The PM is a semi-permeable,
non-celluar structure which surrounds the food bolus in
insect’s midgut, which has pore sizes ranging from 21 to
36 nm in diameter. It serves several functions, including
improvement of digestion, protection against mechanical
and chemical damage and serving as a barrier to infec-
tion by pathogens (Lehane, 1997). Several researches
have focused their attention on the protein composition in
the PM and the chitinase A has been proved to disrupt
the PM and promote the final liquefaction of infected host
larvae. In silkworm, through the shotgun liquid chromato-
graphy tandem mass spectrometry approach, Hu et al.
(2012) identified 47 proteins in which 51.1% had the
isoelectric point within the range of 5-7, and most of them
were found to be closely related to larval nutrients meta-
bolism and innate immunity. To better understand the role
of larval PM in larval physiological activities, there must
be further study about the protein interaction between
pathogens and their host.

PROTEINS INVOLVED IN BACULOVIRUS
RESISTANCE IN THE TISSUES OF SILKWORM AND
OTHER INSECTS

The midgut is an important barrier that has to be passed
by a baculovirus to initiate infection. Researches about
how does the baculovirus infect the tissue have proved
that the columnar cells could be infected with ODVs, by
the fusion of its lipid bilayer envelopes with midgut cell
membranes (Haas-Stapleton et al., 2003). Resistance of
Bombyx mori to B.mori densovirus type 2 (BmDNV-2) is
caused by a 6-kb deletion in a gene that encodes a
transmembrane protein, which is a functional receptor for
the virus in the midgut (lto et al., 2008). But to the
resistance of baculovirus in silkworm, it is still unknown
whether the resistance mechanism is caused by the
receptor deletion of cell membrane. It was reported that
eight genes, gloverin 3 and 4, lebocin, serpin-5, arylphorin,
promoting protein, cathepsin B and actin A3 were signi-
ficantly up-regulated in the midgut of BmNPV-resistant
silkworm strain after infection (Bao et al., 2009), but it is
not clear whether the proteins encoded by these genes
can function in silkworm resistance against BmNPV infec-
tion. Recently, in our laboratory we identified the proteins,
caspase-1 and serine protease, are related with BmNPV
resistance through the proteomic method (Qin et al.,
2012). These proteins only expressed exclusively in
BmNPV-resistant silkworms, but not in BmNPV-suscepti-
ble silkworms. There may be different mechanisms of mid
gut based virus resistance. Resistance of Agrotis segetum
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larvae to oral infection by Spodoptera exigua multiple
nucleopolyhedrovirus (SeMNPV) is midgut based. In
bypassing the midgut by intrahemocoelic injection of the
budded virus, the second viral phenotype, SeEMNPV is
able to infect A. segetum (Jakubowska et al., 2009). This
could provide a good perspective for further study how
does the midgut defend the virus attack.

Hemolymph is the key to the virus systemic infection.
Insects possess an innate immune system, which is cha-
racterized by more or less nonspecific cellular and humo-
ral immune reactions (Nakazawa et al., 2004). Phenoloxi-
dase in the insect’s plasma can affect baculovirus infec-
tion (Popham et al.,, 2004), and it has been proved to
exhibit virucidal activity against BVs of Helicoverpa zea
single nucleopolyhedrosis virus. The positive role of hae-
mocytes in clearing microorganisms from the haemo-
lymph of insects by forming melanotic capsules is very
clear (Ashida and Brey, 1997), but the haemocyte role
seems to be different among different lepidopteron spe-
cies. Some studies on baculovirus ecology and physio-
logy explain the possibility of antiviral defense mecha-
nism by hemolin in Lepidoptera. Hemolin composed of
four immunoglobulin domains is the only insect member
of the immunoglobulin super family reported to be up-
regulated during an immune response. It binds to bac-
terial lipopolysaccharides (LPS), lipid A, and hemocytes
(Bettencourt et al., 1999). Then hemolin is thought to
function as an opsonin or as a pattern recognition mole-
cule and thus to be involved in antiviral immune response
(Hirai et al., 2004). To our knowledge there is no single
report showing the antiviral activity of hemolin in silk-
worm, but there must be some other substance partici-
pated in the baculovirus resistance. In the codling moth
the spread of CpGV infection in susceptible and resistant
codling moth was observed by Asser-Kaiser et al. (2011)
using a recombinant virus, CpGV-bacmid (bacCpGV"™"
eGPy expressing enhanced green fluorescence protein.
This result provided strong evidence that the baculovirus
could enter into the tissue cell of resistant strain Cydia
pomonella L. and the baculovirus resistance was caused
by early block of virus replication. Previous researches in
our laboratory have traced the spread of virus replication
in midgut, hemolymph, and fat body of resistant silkworm
strain using quantitative PCR. And several proteins identi-
fied in hemolymph are related with the baculovirus resis-
tance in silkworm (unpublished).

Lepidopteron larve resist baculovirus infection by
selective apoptosis of infected cells from the midgut
epithelial cells and by sloughing off infected cells from the
midgut cells. To overcome this defense strategy,
baculoviruses have evolved inhibitors of apoptosis, which
block cell death. Infection of S. frugiperda cells with a
mutant of AcCMNPV lacking a functional antiapoptotic
gene p35 leads to apoptosis and inhibition of OB forma-
tion (Clem et al., 1991). But even the virions can suc-
cessfully enter the host body, how does the host defense
mechanism operate to control the multiplication of virions

and what are the substances involved in the antiviral
mechanism? PKR, an enzyme activated by double-stran-
ded RNA (dsRNA), has been proved to play various im-
portant roles in the regulation of translation, transcription,
signal transduction and protection against viral infections.
It could induce cellular apoptosis to prevent further viral
spread in many vertebrates. The cDNA isolated and clone
from silkworm showed high similarity in its kinase domain
to the vertebrate anti-viral kinase (PKR), but the role of
this protein in the silkworm still remains to be established
(Prudhomme and Couble, 2002). The baculovirus has
developed counter measures to combat the anti-viral
defense mechanism of the host by synthesizing antiapop-
totic proteins like p35 and inhibitors of apoptosis (IAP), so
as to prevent cell death induced by the insect cell apop-
totic mechanism (Clem et al., 1991). From an evolu-
tionary point of view, the game between virus invasion
and host’s counter-invasion should be studied in this
area. To date, several studies were made on domestic-
cated insect B. mori, but the mechanism of baculovirus
resistance is little known. There are about two points of
view that could explain the emergence of baculovirus
resistance. One is the midgut receptor deletion and the
other is some substance in the silkworm cell that could
inhibit the virus replication. Efforts in these two directions
should be made to clarify the detail mechanism of
baculovirus resistance, which will not only improve the
silk industry economy but also human health and welfare.

CONCLUSION

The silkworm, an important economic insect and lepidop-
teron model insect, is particularly susceptible to virus
diseases, especially due to B. mori nucleopolyhedrovirus
(BmNPV), which results in great loss in sericulture. Infor-
mation on the immune system in the silkworm in general
and the mechanism of baculovirus resistance is little
known. There are several recent reports on the presence
of antiviral proteins related with baculovirus resistance,
but no direct evidence can prove the resistant mecha-
nism. A number of mechanisms operate at different levels,
from the origin infection site of midgut to the perpheral
tissues of hemolymph where virus proliferates, propaga-
tion and multiplication of the virus. There are a few reports
about whether the virus can enter into the cell in bacu-
lovirus-resistant insects and how does the host inhibit the
virus replication, and this required detailed investigations
before stepping into disease control and utilization of
silkworm as a bioreactor to produce the antiviral proteins
of interest. From the above we discussed the point about
the inhibition of virus replication in host was increasingly
accepted. In codling moth and Hyphantria cunea, the
virus replication has been proved, but the mechanism is
still unknown. Several researches including our lab’s
study have focused their attention on the polymerase of
baculovirus to clarify its inhibitor in host such as BmNPV-



resistant silkworm, and we believed that in the near future
the complex mechanism could be clearly proved.
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