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Abstract Bombyx mori bidensovirus (BmBDV) VD1-

ORF4 consists of 3,318 nucleotides, which codes for a

predicted protein with molecular weight of about 127 kDa.

However, the authentic proteins encoded by VD1-ORF4 in

silkworm midguts infected with BmBDV and their inter-

acting proteins are still unclear. In this study, Western blot

analysis revealed that a 127-kDa protein was confirmed to

be translated from the VD1-ORF4 transcript using poly-

clonal antibodies and monoclonal antibodies against VD1-

ORF4 deduced amino acid. Moreover, four smaller pro-

teins with molecular weight of about 70, 60, 53, and

42 kDa were also examined in the infected midguts.

Transient expression assay indicated that the expression

amount of VD1-ORF4 fused with egfp was at least 30-fold

lower than that of egfp gene, and immunofluorescence

staining result indicated that these proteins encoded by

VD1-ORF4 were located in both the cytoplasm and

nucleus. Co-immunoprecipitation result showed that Ami-

nopeptidase and Heat shock protein 90 can be captured by

these proteins encoded by VD1-ORF4. In conclusion,

multiple proteins were produced from the transcripts of

VD1-ORF4 gene by an uncertain expression strategy,

which may play important roles in viral replication and

assembly.

Introduction

A history of Chinese raising silkworms has been there for

at least 5,000 years. Now, about thirty million farmer

households in ten Chinese provinces go in for sericultural

production, which plays an important role in increasing

income of farmers [6]. Additionally, silkworm has become

a model organism in the study of lepidopteran and

arthropod biology due to its miniature size and ease of

culture, and it is also a good model for studying the kinetic

interaction between pathogen and host [2, 11, 14].

However, silkworms are easily suffered from the attack

of bacteria, fungi, and protozoa, especially infection of

some viruses, which severely impairs the production of

silkworm cocoon [8, 12]. To date, Bombyx mori bidenso-

virus (BmBDV) remains a major pathogen resulting in

flacherie disease in the silkworm, which causes great

economic loss and badly contuses the enthusiasm of silk-

worm raisers in China [4].

BmBDV is a non-enveloped spherical DNA virus with

20–24 nm in diameter. It has narrow host range and tissue

specificity (i.e., solely invades the columnar cells of silk-

worm midgut epithelium). Silkworm infected with

BmBDV showed thorax transparency in body, anorexia,

and diarrhea. Evidence showed that a gene encoding a

12-pass transmembrane protein only expressed in midgut

was responsible for the binding of BmBDV to silkworm

midgut [7]. However, how BmBDV interacts with this

membrane protein and how host factors regulate the

response to BmBDV infection remain reclusive.

The genome of BmBDV comprises two single DNA

molecules VD1 (about 6.6 nts) and VD2 (about 6.0 nts),

and their sequences have been published in GenBank,

referred to NCBI (Accession No: DQ017268, DQ017269)

since 2007 [15, 19]. Due to its genome split into two
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molecules and containing its own DNA polymerase motif,

BmBDV was excluded from the family Parvoviridae and it

was the unique representative species of the new family

Bidnaviridae according to the latest version of virus tax-

onomy [1]. Analysis of the sequence indicated that a

common 53 nts located in terminal sequence of the VD1

and VD2, and four predicted ORFs (open reading frame)

were contained in the VD1 genome and two predicted

ORFs were contained in the VD2 genome. RACE result

indicated that VD1-ORF4 (open reading frame 4, ORF4)

consists of 3,318 nucleotides encoding a predicted 1,105

amino acids protein [10]. Alignment result showed that a

conserved DNA polymerase motif was contained in VD1-

ORF4, which was thus regarded as a putative DNA poly-

merase involved in viral replication. The determination of

proteins encoded by VD1-ORF4 and interactions between

VD1-ORF4 proteins and host proteins are helpful to dis-

close the role of VD1-ORF4 gene in viral life cycle.

Materials and Methods

Plasmids, Antibodies, Viruses, and Cell Lines

Plasmids HTB-Pie1-3315(VD1-ORF4)-egfp, encoding VD1-

ORF4 lacking TAA codon fused with an enhanced green

fluorescent protein (EGFP) was under the control of the

AcMNPV ie1 promoter, which was constructed as described

in the following procedure. Briefly, ie1-F and ie1-R were

used to amplify the sequence from AcMNPV ie1 promoter.

The purified DNA fragment of ie1 promoter replaced the

polyhedrin promoter of plasmid HTB to generate HTB-Pie1

using SnaBI and EcoRI. Primers 3315-F and 3315-R were

used to amplify the sequence of VD1-ORF4 lacking TAA

termination codon, and the purified fragment was ligated into

HTB-Pie1 to generate HTB-Pie1-3315(VD1-ORF4) using

EcoRI and PstI. The egfp was amplified with egfp-F and

egfp-R, which was ligated into the plasmid HTB-Pie1-

3315(VD1-ORF4) to generate the final plasmid HTB-Pie1-

3315(VD1-ORF4)-egfp. Additionally, the amplified fragment

of egfp was ligated into HTB-Pie1 to generate HTB-Pie1-egfp.

These primers are listed in Table 1 and all plasmids were

verified by sequencing.

Three mouse polyclonal antiserums against the corre-

sponding residues from 1 to 326, 706 to 1004, 906 to 1105

of VD1-ORF4 were prepared by immunizing mice with the

purified antigens. Additionally, three mouse monoclonal

antibodies (directed against epitopes contained between

residues 30 and 41, 977 and 988, 1,080 and 1,091 of VD1-

ORF4) were prepared in Abmart (Shanghai, China).

Alkaline Phosphatase horse anti-mouse immunoglobulin G

(IgG) was purchased from ZSBIO corporation (Beijing,

China). BmBDV was propagated in the 4th instar larvae of

306 silkworm (susceptible strain to BmBDV), which were

purified by sucrose gradient centrifugation. Spodoptera

frugiperda (Sf-9) cells were grown at 27 �C in Grace’s

medium supplemented with 10 % fetal calf serum, peni-

cillin (50 U/ml), and streptomycin (50 lg/ml).

Silkworm Cultivation, Virus Infection, and Preparation

of BmBDV-Infected Midgut Protein Sample

Strain 306 of silkworm is highly susceptible to BmBDV,

which was used in this study. After hatching, larvae of the

silkworms were reared on mulberry leaves at 27 �C and

60 % relative humidity under a 12 h light/12 h dark pho-

toperiod. When larvae were grown to the 4th instar, these

larvae were fed with fresh mulberry leaves contaminated

with BmBDV, and silkworms orally ingested with the virus

showed some typical infection symptoms. Hundreds of

BmBDV-infected silkworm were dissected and the midguts

were washed three times with PBS. Then, the midguts were

ground to the powder under liquid nitrogen, and RIPA lysis

buffer (Beyotime, China) was added to extract the total

proteins according to the manufacturer’s instructions.

Western Blotting

The protein concentrations of silkworm midgut lysates

were determined by the BCA method (Pierce, USA). Thirty

micrograms of each protein sample was separated by 12 %

SDS-PAGE under reducing condition (1 % b-mercap-

toethanol) and transferred onto a PVDF membrane (Mil-

lipore Cat. No. IPVH00010) at 250 mA for 60 min at 4 �C.

Three polyclonal antibodies and three specific monoclonal

antibodies against different epitopes of VD1-ORF4

Table 1 Primers used in the

study

Underlined letters indicate

restriction enzyme digestion

sites

Primer name Primer sequence (50–30) Enzyme digestion site

ie1-F GCTACGTAGTAGGTTATTGATAAAATGA SnaBI

ie1-R ATGAATTCAGTCACTTGGTTGTTCA EcoRI

3315-F TAGAATTCATGCCTTTAGTGAAGATTACTGA EcoRI

3315-R ATCTGCAGTTCAATTACAACATCATCCA PstI

egfp-F TACTGCAGATGGTGAGCAAGGGCGAGGA PstI

egfp-R TACTCGAGTTACTTGTACAGCTCGTCCATGCCG XhoI
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deduced amino acid were respectively used as primary

antibodies. After incubating with these antibodies for 1 h,

these PVDF membranes were washed three times with

PBST at 10 min interval, followed by incubation with

1:5,000 horseradish peroxidase (HRP) conjugated to goat

anti-rat IgG (Abmart) for 1 h. Blots were then washed three

times with PBST, the specific proteins were visualized by

DAB kit (CWBIO, China) according to the manufacturer’s

instructions.

Transient Transfection of Sf-9 Cells and Fluorescence

Microscopy

Sf-9 cells (1.5 9 105) were plated into a 35-mm tissue culture

dish (Corning) and allowed to attach for 24 h at 27 �C.

Approximately 2 lg DNA was mixed with 6 ll Cellfectin

Reagent (Invitrogen) for 45 min, then 800 ll non-serum

Grace’s medium was added to the mixed DNA–cellfectin

solution and overlaid onto the seeded Sf-9 cells for 6 h at 27 �C.

The supernatant solution was discarded and the cells were

washed twice with non-serum Grace’s medium. Finally, the

cells were cultured at 27 �C in 2 ml Grace’s medium supple-

mented with 10 % fetal bovine serum and 100 U/ml penicillin/

streptomycin. The GFP expression was examined through

fluorescence microscopy after transfection of plasmid HTB-

Pie1-3315(VD1-ORF4)-egfp or HTB-Pie1-egfp into Sf-9 cells.

Co-immunoprecipitation (Co-IP) Assay

The Co-IP experiment was performed to explore the inter-

acting proteins with VD1-ORF4 in silkworm midgut. Briefly,

fifty midguts were dissected out from BmBDV-infected

silkworms. These midguts were washed with cold PBS (pH

7.2) and ground to a fine powder under the liquid nitrogen.

RIPA lysis buffer (Beyotime, China) containing protease

inhibitors was added to the powder and the resulting mixture

was homogenized by ultrasonication at 2 W for 30 s on ice.

The suspension was centrifuged at 10,0009g for 15 min, and

the supernatant was then transferred to a fresh eppendorf tube.

For immunoprecipitation, the cleared supernatant was incu-

bated with anti-(VD1-ORF4) polyclonal antibodies (against

amino acid 706–1,004 or 906–1,105 of VD1-ORF4) for 1 h,

followed by incubation with 100 ll of protein A beads (Santa

Cruz Biotechnology, CA, USA) for 4 h at 4 C. Additionally,

the supernatant incubated with negative mice serum coupled

with protein A beads was used as blank control. After cen-

trifugation, the immunoprecipitate was washed four times

with RIPA buffer, and resuspended in 50 ll of SDS-PAGE

loading buffer and heated for 5 min at 100 �C. Finally, the

treated suspension was subjected to 12 % SDS-PAGE ana-

lysis and visualized by Coomassie blue staining.

In Gel Digestion and Peptide Analysis by MALDI-TOF

To identify the proteins interacting with VD1-ORF4, the

protein strips were extracted from the gel and digested with

sequencing grade trypsin. The resulting peptides were then

extracted twice in 100 ll of 60 % (v/v) ACN and 0.1 %

(v/v) Trifluoroacetic acid (TFA), which was subsequently

analyzed by liquid chromatography-tandem mass spec-

trometry (LC–MS/MS) (AB SCIEX). Masses of tryptic

peptides were searched against the database NCBInr, via

the program MASCOT.

Results

Identification of Proteins Translated from VD1-ORF4

According to the RACE result reported by Li [10], VD1-

ORF4 was regarded to be consisted of 3,318 nucleotides.

Sequence analysis indicated that there were 18 potential

translation initiation condons of ATG in the nucleotide

sequence of VD1-ORF4. So, the VD1-ORF4 transcript was

postulated to translate multiple proteins by leaky ribosomal

scanning. To determine the exact expression of VD1-ORF4

transcript in BmBDV-infected midgut, the lysates from

BmBDV-infected midgut were subjected to Western blot-

ting analysis using three different polyclonal antibodies

(respectively directed against an epitope contained residues

between 1 and 326, or 706 and 1,004, or 906 and 1,105).

The results showed that a specific protein with molecular

weight of about 127 kDa was detected in the lysate of

BmBDV-infected midgut using each of these three anti-

bodies. Moreover, another specific protein about 42 kDa

was also examined in the lysate of BmBDV-infected mid-

gut using the antiserum against the epitope contained

between amino acids 1 and 326, and three other proteins

with molecular weight of about 70, 60, and 53 kDa were

detected in the lysate of BmBDV-infected midgut using the

antiserum against the antigen between amino acids 706 and

1,004.

To further confirm the expression of VD1-ORF4 in

BmBDV-infected midgut, three mouse monoclonal anti-

VD1-ORF4 (directed against an epitope contained between

residues 30 and 41, 977 and 988, 1,080 and 1,091) were

used as primary antibodies to incubate with bolt membrane.

The results were similar to those obtained with the three

polyclonal antiserums. Besides the specific 127-kDa pro-

tein, another specific protein about 53 kDa was examined

in the lysate of BmBDV-infected midgut using the mono-

clonal antibodies against the epitope contained between

residues 1,080 and 1,091 (Fig. 1).
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Analysis of Transient Expression of VD1-ORF4 Fused

with egfp

To further reveal the expression strategy of VD1-ORF4, we

attempted to examine the expression product of the VD1-

ORF4 expressed in Sf-9 cells. The recombinant virus har-

boring VD1-ORF4 under the control of polyhedrin pro-

moter was prepared and used to infect Sf-9 cells. However,

target proteins were not examined in the total protein of

virus-infected Sf-9 cells using antibodies against the epi-

tope of VD1-ORF4 deduced amino acid. Therefore, it was

urgent to determine whether VD1-ORF4 was expressed in

cultured insect cells or not. For this purpose, we con-

structed the transient expression plasmid of HTB-Pie1-

3315(VD1-ORF4)-egfp, in which egfp fused with the

30-terminus of VD1-ORF4 deleting TAA was under the

control of AcMNPV ie1 promoter.

The recombinant plasmid HTB-Pie1-3315(VD1-ORF4)-

egfp was extracted and transfected into Sf-9 cells. The

results indicated that little green fluorescence were

visualized in very few cells from 24 to 96 h p.t. At the

same time, the transfection of HTB-Pie1-egfp into Sf-9 cells

was used as control. The result showed that green fluo-

rescent signal appeared in some Sf-9 cells at 24 h p.t., and

the green fluorescence signal was sharply intensified from

48 to 96 h p.t. (Fig. 2).

Subcellular Localization of Proteins Encoded by VD1-

ORF4 in Sf-9 Cells

The expression and the subcellular localization of proteins

encoded by VD1-ORF4 were examined by immunofluo-

rescence staining. The staining results showed that fluo-

rescence was observed in the Sf-9 cell cytoplasm at 24, 48,

or 72 h p.t., and a relatively little fluorescence was also

present in the nucleus from 48 to 72 h p.t. In control

experiment, no obvious fluorescene was observed but blue

nucleus stained with DAPI. The above results revealed that

these proteins encoded by VD1-ORF4 localized both in the

cytoplasm and nucleus (Fig. 3).

Fig. 1 Western blot analysis of the BmBDV-infected silkworm

midgut. a Three polyclonal antibodies were used as primary

antibodies. Lane 1, The midgut protein from healthy silkworm was

used as blank control, lane 2–4, Specific proteins were examined

using antibodies against the epitope corresponding to amino acids

1–326, 706–1,004, 906–1,105 of VD1-ORF4 deduced amino acid,

respectively. b Three mouse monoclonal antibodies were used as

primary antibodies. Lane 1–3: Specific proteins were examined using

antibodies against the epitope corresponding to amino acids 30–41,

977–988, 1,080–1,091 of VD1-ORF4, respectively. The migration of

molecular mass markers (in kilodaltons), as well as specified

polypeptides, is indicated

Fig. 2 Fluorescence

micrographs of Sf-9 cells

transfected with plasmid

pFastHTB-Pie1-3315(VD1-

ORF4)-egfp or pFastHTB-

Pie1-egfp. Plasmids used for

transfection were indicated on

the left and the times after

transfection were indicated

above. Ration scale was

indicated below
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Identification of the Interacting Proteins with VD1-ORF4

To identify the interacting proteins with the proteins

encoded by VD1-ORF4, Co-IP experiment was performed

to pull down the target protein using antibodies against

VD1-ORF4. The protein–protein complexes were sub-

jected to 12 % SDS-PAGE analysis for separation of target

proteins. The result indicated that three specific protein

bands were visualized by staining the gel with Coomassie

brilliant blue. LC–MS/MS results revealed that No. 1

protein was the 127-kDa protein encoded by VD1-ORF4,

No. 2 protein was Aminopeptidase, and No. 3 protein was

Heat shock protein 90 (Fig. 4). At the same time, no pro-

tein was pulled down in the negative serum, which was

used as negative control.

Discussion

Study of the interactions between BmBDV and silkworm is

helpful for discovering unique antiviral defense and pro-

viding valuable insight into the evolution of immune sys-

tem in insects. It becomes important to determine the exact

expression of viral genes in viral life cycle. For this pur-

pose, this article focuses on the identification of authentic

Fig. 4 Midgut lysate from BmBDV-infected silkworms was sub-

jected to Co-IP using anti-VD1-ORF4 antibodies. Precipitated

proteins were separated by 12 % SDS-PAGE and visualized by

Coomassie blue staining. Lane 1, Negative serum was used as blank

control; Lane 2–3, Positive antibodies against 706–1,004, 906–1,105

of VD1-ORF4 deduced amino acid was used in the study,

respectively. The potential proteins interacting with proteins encoded

by VD1-ORF4 were indicated with arrow

Fig. 3 Subcellular localization

of proteins encoded by VD1-

ORF4 in Sf-9 cells transfected

with pFastHTB-Pie1-3318(VD1-

ORF4). Sf-9 cells were treated

with monoclonal antibodies

against amino acid 977–988 of

VD1-ORF4 deduced amino

acid, followed by treatment with

secondary antibody conjugated-

FITC and the nucleus was

treated with DAPI, and

examined by confocal

microscope. From the left to the

right: DAPI-treated nucleus,

green fluorescence for FITC-

treated proteins encoded by

VD1-ORF4 and the merged

images. The times after

transfection were indicated on

the left
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expression of BmBDV VD1-ORF4 gene and the interac-

tions between proteins encoded by VD1-ORF4 and the

host.

Previous researches revealed that a conserved motif of

DNA polymerase was contained in the VD1-ORF4

deduced amino acid [10, 20], which was regarded to be a

novel DNA polymerase involved in viral replication.

However, we failed to express the full-length sequence of

VD1-ORF4 using baculovirus expression vector system

(BEVS), which severely blocked the further studies of its

biochemical function in vitro. To facilitate the functional

research of VD1-ORF4, some specific antibodies were

raised to determine the authentic expression of VD1-ORF4

and examine the subcellular distribution of proteins enco-

ded by VD1-ORF4 in viral life cycle. Interestingly, a

127-kDa protein was detected in BmBDV-infected midguts

using each of six antibodies against different epitope of

VD1-ORF4 deduced amino acid, and four smaller proteins

with molecular weight of about 70, 60, 53, and 42 kDa

were also examined in BmBDV-infected midguts using the

monoclonal antibodies against the epitope contained

between amino acids 977 and 988. Additionally, a small

protein with molecular weight of about 42 kDa was

detected in BmBDV-infected midguts using the antibodies

against the N-terminal epitope, and another small protein

with molecular weight of about 53 kDa was detected in

BmBDV-infected midguts using the antibodies against the

C-terminal epitope. However, the synthesis mechanisms of

these proteins and their roles in viral life cycle remain

unknown.

Due to the small size and compactness of viral genomes,

a lot of viruses have been reported to rely on other strat-

egies to expand their genetic information and optimize

usage of the available sequences. For example, there are a

number of cases of leaky scanning, including PB1-F2 and

N40 translated from influenza A virus segment 2 mRNA

[16], 4 capsid proteins of the Junonia coenia densovirus

(JcDNV), and VP1–VP4 of GmDNV translated from

2.3 kb vp transcript [13, 17]. Moreover, the viral genome

of Hepatitis C virus (HCV) codes for a polyprotein, which

is cleaved by viral and cellular proteases to produce at least

ten mature viral protein products [18]. Gal-Pol polyprotein

of HIV-1 was synthesized by programed ribosomal

frameshift, which was posttranslationally cleaved into two

functional proteins [9]. Besides that, some viruses were

reported to utilize other mechanisms such as internal

ribosome entry, non-AUG initiation, ribosome shunting,

and reinitiation, etc. [5].

To escape the intense selective pressure, BmBDV had

evolved appropriate strategies to deal with some intricate

events in viral life cycle. Owing to the unique character and

relative compactness of BmBDV genome, we regarded that

it utilized multiple unknown mechanisms to maximize

genomic coding capacity, especially the large ORF of

VD1-ORF4. Therefore, we hypothesized that a large pro-

tein translated from the VD1-ORF4 mRNA was digested

by viral and cellular proteases to generate these mature

proteins in the study. For this purpose, the software of

ExPASy http://web.expasy.org/findpept/ was used to ana-

lyze whether these protein products were generated from

the VD1-ORF4 precursor by digestion. However, the bio-

informatic result indicated that it was not possible to gen-

erate these proteins in such a way. Therefore, we raised the

possibility that these proteins were translated from VD1-

ORF4 mRNA by ribosomal leaky scanning or non-AUG

initiation.

To confirm the hypothesis, a series of VD1-ORF4

mutants were used for the expression in Sf-9 cells using

baculovirus expression vector systemn (BEVS). Unfortu-

nately, we did not examine the expression of VD1-ORF4

using specific antibodies (data not shown). Fluorescence

microscopy showed that weak fluorescent signal was in Sf-

9 cells transfected with HTB-Pie1-3315(VD1-ORF4)-egfp,

but strong fluorescent signal was in Sf-9 cells transfected

with HTB-Pie1-egfp. It indicated that the genuine expres-

sion of VD1-ORF4 may need the assistance of certain

specific factors from BmBDV-infected midguts, which is in

agreement with the fact that BmBDV solely infect the

epithelium cells of silkworm midgut. Therefore, our next

work is to establish the cell line of silkworm midgut, which

is necessary to disclose the expression strategy of VD1-

ORF4 and their potential roles of these proteins in viral life

cycle.

To date, it remains largely unknown about the infection

mechanism of BmBDV in its host silkworm. The identifi-

cation of the specific interactions between host proteins and

BmBDV proteins might help elucidate the mechanisms of

viral proliferation in host midgut, and it could also shed

new lights on how immune mechanisms respond to viral

infections in silkworm. Previously it was reported that

Trypsin-like protease, 30 kP protease A, Carboxypepti-

dase, and Translation elongation factor 2 were identified to

interact with VD1-ORF4 via a yeast two-hybrid (Y2H)

system. However, these interactions were not examined

in vivo by bimolecular fluorescence complementation

(BiFC) assay [3], which was regarded as false findings. So,

we attempted to explore the interactions between these

proteins encoded by VD1-ORF4 and silkworm by Co-

immunoprecipitation. MS result indicated that the 127-kDa

protein encoded by BmBDV ORF4, Aminopeptidase, and

Heat shock protein 90 were identified to potentially interact

with the proteins encoded by BmBDV ORF4. These

interactions need further confirmation by bimolecular

fluorescence complementation (BiFC) assay in vivo, and

further research was required to examine the functions of

these host proteins in antiviral defense.
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