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Introduction

Sericulture-related processing and manufactur-
ing has thousands of years of history, and today 
remains a vital industry for many developing 
countries, including China, India, Thailand, Viet-
nam, Cambodia.

Sericulture industry is negatively affected by 
many factors, such as bad weather, pests, poi-
soning, and diseases. Domestic silkworm, Bom-
byx mori L. (Lepidoptera: Bombycidae), is the 
primary factory to generate raw silk, and it can 
be infected by a number of pathogens. BmNPV 
(Bombyx mori L. nucleopolyhedrovirus) is one of 
the key pathogens that can cause severe diseases 
of viral infection. For many decades, numerous at-
tempts have been made to prevent and control 
viral diseases, but not very successfully, mainly 
due to the lack of an understanding of the mecha-
nism of virus invasion and host-antivirus response 
(Popham et al., 2004).

Recently, remarkable achievements have been 
accomplished in the characterization of BmNPV 
(Jehle et al., 2006; Rahman and Gopinathan, 2004; 
Blissard, 1996; Vialard et al., 1995). A rough pic-
ture of the infection cycle of BmNPV can be 
drawn like this: the enveloped viruses, occluded in 
a proteinaceous polyhedrin crystal, can be eaten 
by silkworm as food contaminates. The polyhedrin 
crystal is dissolved in the midgut, leading to the 

release of viruses and the infection of midgut cells. 
Enveloped virions without the polyhedrin crystal 
coat will be replicated, assembled, and released 
in large quantities during the early period of in-
fection, and they can easily invade other types of 
cells, causing systematic and fatal infection. Later 
on the polyhedrin crystal will be formed, and the 
enveloped viruses will be coated and released 
once the silkworm has decomposed (Washburn 
et al., 2001; Engelhard and Volkman, 1995; Kirk-
patrick et al., 1998). Despite of this rapid progress, 
the mechanism of entry, intracellular traffi cking, 
replication, assembly, and release of BmNPV still 
remain elusive, as well as its interaction with the 
host cell.

Because viruses like BmNPV can cause a se-
vere threat to the life of the silkworm, it would be 
reasonable to expect that the silkworm has some 
kind of antivirus mechanism allowing survival. 
It may lack adaptive immune responses widely 
utilized by vertebrates (Hoffmann, 2003), yet its 
strategy of defense is still comparably complex 
and effective, such as physical blockades (cuticle, 
peritrophic matrix, epithelial barriers), protease 
cascades leading to coagulation and melaniza-
tion, phagocytosis and encapsulation (Lavine and 
Strand, 2002; Ligoxygakis et al., 2002; Lehane, 
1997; Yamakawa and Tanaka, 1999), cell-medi-
ated antiviral immune response (Washburn et 
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al., 2000), apoptosis or programmed cell death 
(Narayan, 2004), hemolin (Terenius, 2008), anti-
microbial peptides like alloferons (Chernysh et al., 
2002; Lavine and Strand, 2002; Hoffmann, 1995), 
lipase and serine proteases (Ponnuvel et al., 2003; 
Nakazawa et al., 2004), NADPH oxidoreductase 
(Selot et al., 2007), phenol oxidase (Popham et al., 
2004). Recently we have also discovered some 
genes that are related to BmNPV resistance in 
silkworm (Xu et al., 2005; Yao et al., 2003).

We have already discovered a silkworm strain, 
named NB, which is highly resistant to BmNPV 
(Chen et al., 2003). To facilitate identifi cation of 
the genes and factors in NB that are involved in 
this prominent antivirus response, we constructed 
a near-isogenic silkworm line (NIL) by introgres-
sion, which is resistant to BmNPV but is other-
wise almost genetically identical to the parental 
strain 306 that is BmNPV-susceptible. On the oth-
er hand, fat body represents a major site for virus 
replication, and plays a key role in triggering the 
insect immune response against pathogens (Hult-
mark, 1993). In the present study we used pro-
teomic tools to investigate the different protein 
expression profi les in fat body of NB, 306, and 
their NIL BC9. Some proteins have been identi-
fi ed that were only expressed in BC9 and NB but 
not in 306, indicating their possible roles in the 
resistance response to BmNPV.

Material and Methods

Silkworm strains

Highly BmNPV-resistant silkworm strain NB 
(LD50 = 2.5 · 108 viruses/larva) and highly BmN-
PV-susceptible silkworm strain 306 (LD50 = 3.4 · 
105 viruses/larva) were used in this study. These 
strains were preserved and denominated by our 
laboratory.

Construction of near-isogenic line

The near-isogenic line was constructed accord-
ing to Chen et al. (2003). The line BC9 (LD50 = 
2 · 108 viruses/larva) was obtained by crossing 
progeny of strain 306 and NB back to 306. The 
backcrosses were conducted for nine genera-
tions followed by two generations of self-cross-
ing.  BmNPV was administered via mouth (5 · 
106/ larva) to larvae to select the individuals that 
showed the BmNPV-resistant phenotype.

Collection of the fat body sample

All larvae from NB, 306, and BC9 were fed on 
mulberry leaves, raised to the fi fth instar at the 
same time, and kept in a photoperiod of 12 h 
light/12 h dark. The fat bodies of ten silkworms 
of each line were collected, respectively.

Protein sample preparation

500 mg fat body were frozen in liquid nitro-
gen and ground. The proteins were precipitated 
in cold acetone containing 10% TCA (trichloro-
acetic acid) and 5 mM DTT (dithiothreitol). Af-
ter incubation at – 20 °C for 2 h, the mixture was 
centrifuged at 4,100 × g for 30 min at 4 °C. The 
resultant pellet was washed twice with acetone 
containing 5 mM DTT, 1 mM PMSF (phenylmeth-
anesulfonyl fl uoride), and 2 mM EDTA (ethylene-
diaminetetraacetic acid), and lyophilized in a 
SpeedVac instrument. The resultant powder was 
suspended in 0.5 mL lysis buffer containing 7 M 
urea, 2 M thiourea, 4% CHAPS, 0.2% Bio-Lyte, 
pH 3 – 10 (Bio-Rad, Hercules, CA, USA), 1 mM 
PMSF, 2 mM EDTA, and 65 mM DTT, pH 8.5. The 
solution was sonicated for 3 min followed by cen-
trifugation at 35,000 × g for 30 min. Protein con-
centration was measured with the RC DC Protein 
Assay kit (Bio-Rad).

2-D Gel electrophoresis (2-DE)

Isoelectric focusing electrophoresis was carried 
out with 17-cm (pH 3 – 10) IPG strips, at 20 °C, 
according to the manufacturer’s instructions 
(Bio-Rad). Approx. 0.8 mg protein was loaded 
onto each gel, and six repeat experiments were 
done. Briefl y, the strips were rehydrated at 50 V 
for 13 h. The isoelectric focusing was performed 
for 1 h at different voltages, i.e. 250, 500, 1,000, 
and 10,000 V, respectively, then at 10,000 V until it 
reached a total of 60 kVh. The focused strips were 
equilibrated for 15 min in the solution containing 
6 M urea, 20% (v/v) glycerol, 2% (w/v) SDS (so-
dium dodecyl sulfate), 0.05 M Tris/HCl, pH 8.8, 
and 2% (w/v) DTT with traces of bromphenol 
blue. Then free thiol groups were alkylated for 
15 min in the same solution containing 2.5% (w/v) 
iodo acetamide instead of DTT. The treated strips 
were placed on the immediate top of the 12% 
uniform SDS-polyacrylamide gels, and PAGE was 
performed at 2.5 W/gel for 30 min and 15 W/gel 
until bromophenol blue reached the bottom. The 
gels were visualized by Coomassie blue staining.
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Image analysis

Gels were scanned by a Typhoon 8600 scanner 
(GE Healthcare, Milpitas, CA, USA) with a reso-
lution of 600 dpi. The images were further pro-
cessed by PDQuest 7.2 2-D gel analysis software 
(Bio-Rad). The images were cropped to frame the 
same clusters of spots. Six representative gels per 
silkworm strain were used to create a match-set. 
Spots were detected and matched automatically 
to a master gel selected by the software, then 
were edited manually. The spot boundary tool 
was applied to detect large spots. The patterns in 
sections of the gels in appropriate magnifi cation 
were checked, and spots were added manually to 
the master gel to allow matching unique spots 
present in the individual gels. The means of the 
logarithmic ratios method was used for normali-
zation. For gel comparison, a statistical approach 
was applied when determining differentially ex-
pressed proteins using the PDQuest software. 
Student’s t-test was performed with 95% signifi -
cance level to determine which proteins were dif-
ferentially expressed.

In-gel digestion

Gel pieces indicated in Fig. 1 were extracted 
manually using a pipette with a trimmed poly-
propylene tip. Destaining and reduction/alkyla-
tion/digestion of the extracted proteins were 
done according to adapted procedures (Mirza et 
al., 2000). Destaining and clean up were done by 
subsequently incubating the gels in water, 50 mM 
ammonium bicarbonate, 50% acetonitrile, and 
100% acetonitrile, After reduction with DTT 
and derivatization with iodoacetamide, the gel 
pieces were treated with freshly prepared trypsin 
(Promega, Madison, WI, USA) solution (20 μg/
mL in 40 mM ammonium bicarbonate/10% ace-
tonitrile) and incubated at 37 °C overnight. The 
gels were extracted with 5% formic acid in 1:1 
(v/v) water/acetonitrile. All solvents and reagents 
were obtained from Sigma-Aldrich (St. Louis, 
MO, USA).

MALDI-TOF-MS identifi cation

One μL of peptide extract was mixed with 
1 μL of 10 mg/mL -cyano-4-hydroxycinnamic 
acid (Sigma-Aldrich) saturated with 50% acetoni-
trile in 0.1% trifl uoroacetic acid, and subjected 
to matrix-assisted laser desorption/ionization-

time-of-fl ight (MALDI-TOF) mass spectrometry 
(MS). Standard peptide and trypsin were used 
for calibration according to the manufacturer’s 
instruction (Ultrafl ex Tof/Tof; Bruker Daltonics, 
Billerica, MA, USA).

Protein identifi cation

Mascot software (Matrix Science Ltd, London, 
UK) was used to search the NCBI and a silk-
worm EST database. The mass tolerance was set 
as 0.3 Da, and peptide modifi cation was limited 
to alkylation of cysteine and oxidation of methio-
nine. Peptide was identifi ed with a Mowse score 
>79 (P < 0.05).

Results

Differential protein analysis

Fig. 1 shows that at least 480 protein spots 
could be easily identifi ed in the 2-D gels. The 
genes responsible for BmNPV resistance should 
only exist or be expressed, respectively, in the BC9 
and NB strains, not in the 306 strain. Therefore, 
only those genes showing a 10-fold difference in 
their corresponding protein levels (intensity in 
gel) were considered to be involved in the anti-
BmNPV function of silkworm, and were selected 
for further analysis.

As indicated in Fig. 1, four protein candidates 
were identifi ed that showed marked expression in 
strains NB and BC9, but were below the detect-
able level in 306. Fig. 2 shows a 3-D view, zoomed 
in to the corresponding gel region, to unambigu-
ously pinpoint the candidates.

Mass spectrometry analysis

Protein spots 1 – 4 in Fig. 1 were extracted from 
the 2-D gels and analysed by MS. The MS data 
are shown in Table I.

Protein 1 was identifi ed in a silkworm EST da-
tabase which we constructed. One translated EST 
has a very high score with the MS data of pro-
tein 1, score = 123 and P < 0.01. With this EST, 
we searched to a Bombyx mori unigene through 
the NCBI database, the accession number of the 
unigene is Bmo.2272. Its function is not known 
but may be similar to a putative phosphoglycer-
ate kinase from Tribolium castaneum.

Protein 2 was identifi ed as a silkworm arginine 
kinase (AK) with a high score of 97. Protein 3 
was unidentifi ed. Protein 4 was identifi ed with 
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a silkworm complete cDNA database which we 
collected from GenBank and BGI-Silkworm Ge-
nome Database (http://silkworm.genomics.org.
cn/), and it is a kind of Pol polyprotein, the score 
is 78.

Discussion

To achieve stable and sustained growth in 
sericulture industry, it is necessary to take full 
advantage of knowledge about the intimate in-
teraction between pathogens and domesticated 
silkworm Bombyx mori. Recently, the amazing 
advancement in biotechnology, like widely ap-
plied proteomic techniques, has begun to enable 
us to systematically explore the numerous factors 
and genes utilized by silkworm to fi ght against a 
variety of pathogens. For example, 23 of 34 anti-
bacterial genes have been identifi ed (Xia et al., 
2004), that are mainly expressed in fat bodies and 
hemocytes. In this study, we also chose the silk-
worm fat body to investigate the mechanism of 
resistance to BmNPV of silkworm.

To facilitate the identifi cation of anti-BmNPV-
related genes, we have successfully bred a NIL 
of Bombyx mori, by 9 times of backcrossing the 
 BmNPV-resistant progeny to its parental strain 
306. This NIL is almost genetically identical to 
strain 306, but retains the anti-BmNPV pheno-
type.

Fig. 2. Zoomed view of proteins with different expres-
sion profi les. NB, highly BmNPV-resistant silkworm 
strain; 306, highly BmNPV-susceptible silkworm strain; 
BC9, near-isogenic line. The corresponding sections of 
A and B in Fig. 1 were zoomed in to project the four 
candidates. (A) Zoomed view; (B) 3-D view. The arrow-
heads indicate the four proteins.

Fig. 1. 2-D Gel analysis of protein expression. NB, highly BmNPV-resistant silkworm strain; 306, highly BmNPV-
susceptible silkworm strain; BC9, near-isogenic line. Proteins (1 and 2 in A, 3 and 4 in B) were identifi ed and 
are indicated in open rectangles that show marked difference in expression profi le. The gels were visualized by 
Coomassie blue staining.
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As a fi rst step to systematically characterize 
strain NB, we employed 2D-PAGE and MALDI-
TOF-MS to screen for differentially expressed 
genes. In this study, four proteins were prelimi-
narily identifi ed that displayed prominent differ-
ences in their levels in these strains. Although, 
the true nature of these candidate genes needs 
to be further characterized, some clues about 
their function can be deduced by bioinformatics. 
Protein 1 has high sequence similarity to phos-
phoglycerate kinase (PGK), and protein 2 to 
arginine kinase (AK). These kinases are mainly 
involved in energy metabolism (Krishnan et al., 
2003), for example, PGK transfers the high-ener-
gy phosphate group of 1,3-bisphosphoglycerate 
to ADP to generate ATP. This may suggest that 
regulation of the energy metabolism may be re-
quired for resisting infection of BmNPV, which 
is further supported by other reports that AK in 
silkworm is up-regulated when infected by viruses 
(Bing et al., 2006; Astrofsky et al., 2002). There-
fore, it will be very interesting to further explore 
the structure and function of these two proteins, 
especially their possible roles in energy metabo-
lism, which may lead to new discoveries to better 
control virus infection. Protein 4 shows similarity 

to a Pol polyprotein, which is the core domain of 
integrase, but its function in virus infection is un-
known. Protein 3 is completely new because it has 
no corresponding candidate in public databases. 
Experiments are underway in our laboratory to 
characterize these exciting genes.

In conclusion, we successfully identifi ed four 
candidate genes that may be involved in the anti-
BmNPV function of Bombyx mori. In our study, 
combined usage of NIL and proteomic tools has 
proved to be an effective way to search for new 
proteins involved in host-antivirus response, and 
may be applied in other research.
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