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Abstract The Indian isolate of Bombyx mori bidensovirus

(BmBDV) is a bipartite virus that comprises of a seg-

mented, non-homologous, two linear single-strands of

DNA molecules (VD1 and VD2). It is one of the causative

agents of the fatal silkworm disease ‘Flacherie’ that causes

severe crop loss for the sericulture farmers. Genome

analyses of the Indian isolate of BmBDV revealed that it

consists of 6 putative ORFs similar to the Japanese and

Chinese isolates. VD1 consists of 4 ORFs while VD2 has 2

ORFs that code for 4 non- structural (NS) and 2 structural

(VP) proteins, in total. In this study, we investigated, in

detail, the impact of BmBDV pathogenesis on growth and

development of the silkworm Bombyx mori, at different

developmental stages. Mortality rate and weight uptake

analyses were also performed on newly ecdysed 4th instar

larvae. BmBDV infection was not found to be develop-

mental stage specific and it occurred at all stages. Onset of

mortality took place 8 days post infection (dpi) and 100%

mortality occurred at 11 dpi. The infected larvae showed a

significant difference in weight uptake wherein from 7 dpi

the larvae stopped gaining weight and from 8th dpi started

demonstrating the typical symptoms of flacherie. Further,

the expression pattern of the 6 viral ORFs were also

investigated in the newly ecdysed 4th instar BmBDV

infected silkworms. Among all the six ORFs, VD2 ORF 1

and 2 revealed the highest transcript numbers, which was

followed by VD1 ORF 4 that encodes for the viral DNA

polymerase enzyme. This was the first ever attempt to

understand the pathogenesis and the expression pattern of

all the six ORF transcripts of the Indian isolate of BmBDV.
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Introduction

Bombyx mori bidensovirus, (BmBDV), now classified as

the type species of the Bidnaviridae family of viruses, is

one of the causative agents of the fatal B. mori silkworm

disease ‘Flacherie’ [12]. The BmBDV infection is chronic

and therefore, the symptoms appear at late stages of

infection, thereby making it difficult for the farmers to

detect the infection at an early larval stage. This leads to

severe crop loss for the sericulture farmers. BmBDVs are

identified by their unique bipartite genome with non-ho-

mologous, single stranded, linear DNA molecules (VD1

and VD2) along with a DNA polymerase motif, which

differentiates them from the Parvoviridae family of viruses

[8]. Three isolates of BmBDVs have been reported so far

viz. the Japanese [19], the Chinese [25] and the Indian

isolates [3]. The Indian isolate of BmBDV, which was

recently completely sequenced, has also been reported to

be highly prevalent in the Indian sericulture farms and is

responsible for severe crop loss [4]. This is the first group

of bipartite insect viruses discovered and is being investi-

gated in detail for understanding its genome segregation.

All the three isolates of BmBDVs have been reported to
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share a close homology. Studies done thus far, have

reported that all the three isolates of BmBDVs share a high

degree of conserved sequences. This could suggest that the

minor differences in sequences might have arisen due to

temperature variations, which led to the evolution of dif-

ferent isolates of BmBDV, adapted to different climatic

conditions.

Early studies showed contradicting results regarding the

number of structural protein polypeptides and also about

ORF designations of BmBDV. However, the detailed

investigation and complete sequencing of the Japanese and

Chinese isolates confirmed that both the isolates possessed

six ORFs, coding for both structural (VP) and non-structural

(NS) proteins. VP as well NS proteins play key roles in a

viral life cycle. The VPs are known to be associated with host

cell surface receptor recognition, viral genomic encapsida-

tion, host immune response detection, pathogenicity deter-

mination and evasion [1]. Non- structural proteins have been

reported to be associated with viral replication [6]. Hence,

analysing the expression pattern of viral ORF transcripts is

essential for understanding the detailed pathogenesis of a

virus. So far, there have been no detailed reports on the

sequential investigation on the pattern of ORF transcript

expression for the Indian BmBDV isolate. One of the targets

of this study was to investigate the transcript expression of

each of the ORFs during the course of BmBDV infection for

the Indian isolate. Hence, in this study, we studied the

expression pattern of all the 6 characterized ORFs during

infection at the 4th instar of B. mori development.

In our earlier study, we characterized the Indian isolate

of BmBDV, wherein it was found to have 6 putative ORFs

similar to the Japanese and Chinese isolates [3]. Four ORFs

were found to be located on the VD1 and two were found

on the VD2 DNA segment. These 6 ORFs were found to

code for 4 NS and 2 VP proteins, in total. However, there

was a need to understand the infection pattern of this fatal

pathogen. So far, there has been no such investigation

regarding the expression pattern of all the 6 ORFs during

the time course of silkworm development in the Indian

BmBDV isolate. Hence, in this study, we studied the

expression pattern of all the 6 characterized ORFs during

the 4th instar of silkworm development. In addition, we

also analyzed the effects of BmBDV infection on the

growth and development patterns of the silkworm at vari-

ous developmental stages.

Materials and methods

Silkworm and viral inoculum

The BmBDV susceptible B. mori race CSR2 was used for

the infection study. The silkworms were reared at 25 �C at

75–80% humidity under controlled environment condi-

tions. This breed is known to be the most susceptible to

diseases among all the other Indian silkworm breeds and

hence was used for the infection study of BmBDV. Silk-

worm larvae were fed with BmBDV inoculum, which was a

100 times dilution of the midgut homogenate as described

by Ito et al. 2016 [10]. This virus concentration resulted in

100% infection in the CSR 2 breed.

Silkworm infection and sample collection

Newly ecdysed 1st, 2nd, 3rd and 4th instar day 0 CSR2

(n = 30, maintained in duplicates) larvae were fed with

mulberry leaves smeared with BmBDV inoculum for 24 h.

Each larva was fed with BmBDV only once in its life time.

Post 24 h the silkworms were fed with fresh un-inoculated

mulberry leaves. Simultaneously, another batch of unin-

fected control CSR2 (n = 30, maintained in duplicates)

silkworms were maintained separately. These batches of

larvae were maintained for observing the impact of

BmBDV infection on silkworm growth. Fourth instar lar-

vae from these batches were used for analyzing the weight

uptake and mortality rate. In addition to this two other

batches of freshly ecdysed 4th instar day 0 CSR2 larvae

(n = 30, maintained in duplicates) were infected with

BmBDV in a similar way as mentioned above. Samples

from these two batches were collected at an interval of 24 h

post infection, every day, till all the larvae died.

Isolation of total RNA and cDNA synthesis

Total RNA was isolated from the midgut of the infected

larvae (n = 30, each day 2 RNA samples), every 24 h post

infection till all the larvae died and Trizol (RNAiso plus,

Takara) based extraction was carried out for processing the

RNA. The RNA extracted was reverse transcribed as per

manufacturer’s protocol (PrimeScript1st strand cDNA

synthesis kit, Takara). The obtained cDNA was then dilu-

ted tenfold and used for conventional as well as quantita-

tive Real time PCR (qPCR).

Quantification of ORF transcripts using qPCR

The Indian BmBDV isolate has been characterized with 6

ORFs in total, 4 being on the VD1 and 2 on the VD2 DNA

segments [3]. Accordingly, specific primers for the 6 ORFs

were designed with an average product size of 170 base

pair (bp) for quantifying the ORF transcripts at different

time intervals post infection. The 6 ORF specific primer

sets used have been shown in Table 1. One ll of the diluted

cDNA was used as template for a 10 ll qPCR reaction.

Sample collected from each day of infection were tested in

triplicates using the Agilent StratageneMx 3005P Real time
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PCR system. The transcript level of each of the ORFs was

analyzed by calculating the mean SD value. The b-actin

primer was used as an internal control and also a non-

template control (NTC) reaction was run to detect con-

tamination, if any. The qPCR conditions were as follows:

initial denaturation step at 95� C for 8 min followed by 40

cycles of denaturation at 95� C for 30 s, annealing at 55� C

for 1 min and final extension at 72� C for 30 s.

Results

Impact of BmBDV infection on growth

and development of B. mori at different

developmental stages

The effect of BmBDV infection was studied at different

stages of silkworm development, which included the 1st,

2nd, 3rd and the 4th instars. The severity of infection was

prominent at all stages of development. However, 1st, 2nd,

3rd and 4thinstar larvae did not complete their life cycle

and mortality occurred between 11–20 dpi. Most of the 5th

instar infected larvae (inoculated with BmBDV at the 4th

instar), however, entered the spinning stage since the

BmBDV infection is chronic and takes time to propagate.

The most visible effects of BmBDV infection was the

retardation of growth and development Fig. 1. At these

four developmental stages the growth and development

were completely stunted, upon BmBDV infection. The

difference in sizes between the control and infected batches

were clearly visible from 8 days post infection (dpi). The

initial seven days of infection was, devoid of any typical

‘Flacherie’ symptoms, wherein the larval feeding was

normal and size of the infected batch of larvae was at par

with the control batch. Thus, it could be concluded that

BmBDV infection is not developmental stage specific and

occurs at all stages.

Mortality rate and weight increase upon BmBDV

infection

The mortality rate and the weight uptake upon BmBDV

infection was studied during the 4th instar of BmBDV

infection. The infected larvae showed a significant differ-

ence in weight uptake wherein from 7 dpi the larvae

stopped gaining weight and from the 8th day started

demonstrating the typical symptoms of flacherie Fig. 2.

The symptoms included low intake of feed, flaccidity and

diarrhea, the typical symptoms as reported for the Japanese

and the Chinese BmBDVs. The results confirmed the

chronic nature of Indian isolate of BmBDV infection.

Simultaneously, the cumulative percent mortality during

the course of infection was also calculated Fig. 3. Mortality

started 8 days post infection and 100% mortality occurred

at 11 dpi.

Expression pattern of ORFs during the course

of development

The newly ecdysed 4th instar larvae were exposed to

BmBDV infection. Samples were collected every 24 h post

infection till there was complete mortality. Complete

mortality during this study occurred at 11th dpi. The

expression of ORF transcripts were confirmed initially

through the conventional PCR with cDNA as template,

using the ORF specific primers and b-actin as the internal

control Fig. 4. The quantification of each of ORF tran-

scripts was targeted next, during the time course of

BmBDV infection. The qPCR analysis revealed that the

ORF transcripts lowered during the molting phase of the

infected silkworm larvae [9, 18].

The expression levels of each of the 4 ORFs were

measured. All but, VD1 ORF 1 followed a similar pattern

of expression, wherein the expression levels of each ORF

increased gradually till day 5 post infection, followed by a

Table 1 Primers for

quantifying the BmBDV ORF

transcripts using quantitative

real-time PCR

Sl No Primer name Sequence (5’-[ 3’) Product size (bp)

1 VD1 ORF 1-F CCCGACGATCTTCGTGTACT 184

VD1 ORF 1-R GGACGTTGAGGGAGATGAGA

2 VD1 ORF 2-F CCGCCTGAAGAATACAGAGAA 154

VD1 ORF 2-R CTTCTTCACCCCAAGAACCA

3 VD1 ORF 3-F GGTGGAAGTGGAAGTGGAAA 171

VD1 ORF 3-R TTTCCACTCGATTGGCTTGT

4 VD1 ORF 4-F TCGGCATACCTTTCAAATCC 177

VD1 ORF 4-R GAACCCCTGCACCTATTGAA

5 VD2 ORF 1-F TGATGCTGCAGATACATTGGA 195

VD2 ORF 1-R CGTGGCGCTAACTCTACTTG

6 VD2 ORF 2-F TCATATCCTGATTGGGGTGA 141

VD2 ORF 2-R CCACATAGTTTTAGGCCATCC
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drop in the level of expression on the 6th day, which

coincided with the molting phase. Post molting phase, the

expression levels increased once again and showed a peak

on the 9th day, after, which the levels dropped down once

again from the 10th day and further decreased on the last

day i.e. on the 11th day, which represented complete

mortality.

The order of expression level was VD2 ORF 1 and 2,

followed by VD1 ORF 4, 2, 1 and 3, respectively. The

expression levels of all the ORFs were detected in signif-

icant amounts post 48 h of infection Fig. 5a–f.

Discussion

The BmBDV pathogenesis is tissue specific and occurs at

all developmental stages. Further, the BmBDV infection

pattern is strongly affected by the molting process. This is

Fig. 1 Impact of Indian BmBDV infection on silkworm larvae on 8th dpi. a CSR2 1st instar infection b CSR2 2nd instar infection c CSR2 3rd

instar infection and d CSR2 4th instar infection. I Infected with BmBDV, C- Uninfected control

Fig. 2 Effects of Indian BmBDV isolate infection on the weight

uptake of newly ecdised 4th instar B. mori larvae (n = 30). Larvae

were orally infected and the weight of living larvae was recorded

daily till all the larvae died. The black and the grey lines indicate the

weight in infected and control samples, respectively

Fig. 3 Cumulative percent mortality calculation of newly ecdised 4th

instar B. mori larvae upon infection by Indian BmBDV isolate. Larvae

(n = 30) were orally infected and the cumulative percent mortality

was recorded daily till all the larvae died. The black and the grey bars

indicate the mortality in infected and control samples, respectively
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in contrast to BmDV, which is not at all affected by the

molting period of silkworms [9]. In our study, the 4th instar

larvae were specifically selected for mortality, weight

uptake and ORF expression studies because, the larvae at

this stage were perfect in size for dissection of midgut and

hence sample collection could be done with ease. We saw a

significant difference in weight uptake for 4th instar larvae

after 7th day of infection when infected by BmBDV.

Typical ‘Flacherie’ symptoms were observed from the 8th

day of infection, which included body flaccidity, brown

coloration of larval body, diarrhea etc. Significant differ-

ence in growth and development was also observed eight

days post infection, which included onset of mortality. This

also adds to the difference between BmBDV and BmDV

infection wherein in case of the latter there was no dif-

ference in weight uptake till the day the larvae died [9].

The ORF expression studies also revealed a similar pattern

of expression as reported for other BmBDV isolates. The

ORF expression levels clearly decreased during the molt-

ing period, which indicates that the amplified virus parti-

cles were discarded along with the old midgut cells during

the molting phase. This pattern of infection was also

reported by (Nakagaki et al., 1999) for the Japanese

BmBDV isolate [18].

Each of the 6 BmBDV ORFs encode genes that play a

vital role in viral replication. The VD1 ORF 1 has been

associated with NS2. However, there have been no clear

reports on the exact functions associated with NS2 in

BmBDV. It has been found to have no homology with other

NS2 from parvoviruses [6]. However, there have been

reports on the expression of NS2 at 28 h pi in infected

larvae, in very low amounts, but in high amounts at late

stages of infection [24]. Also, immunofluorescence analy-

sis has showed that NS2 ultimately gets concentrated at the

nuclear membrane in Bombyx mori Nuclear (BmN) cells at

late stages [24].

The result of the study also reveals NS2 transcript

expression at very low amount at 24 h pi. NS2 gets

concentrated at the nuclear membrane in BmN cells at later

stages of infection similar to the adeno-virus death protein

(ADP) [6]. ADP is an Asn-glycosylated integral membrane

protein, which is expressed early but gets greatly amplified

at late stages of infection [2]. Thus, it was hypothesized

that NS2 also might be involved in cell lysis just like ADP

[22] and be thereby associated with release of virus parti-

cles. VD1 ORF 2 encodes NS1, which has a helicase/

ATPase motif homologous to the NS1 of parvoviruses [16].

NS1 in Parvoviruses is associated with functions like

sequence specific DNA binding, ATP-dependent site-

specific endonuclease, helicase as well as ATPase activities

[11, 23]. Similar functions of NS1 associated with helicase/

ATPase activities have been confirmed in BmBDVs

through in-vitro experiments and also NS1 was found to

interact with the viral DNA polymerase encoded by VD1

ORF 4 [16]. All these mechanisms are associated with viral

DNA replication [26] and its activities indicate that NS1 is

multifunctional protein, which might have a key role

associated with virus replication. VD1 ORF 3 on the other

hand has been reported to encode for a structural protein

[17].

Lv et al. (2011) studied the structural polypeptides

produced in BmBDV Z and reported 7 viral structural

polypeptides named P1 to P7 [17]. Among them P5 and P6

structural polypeptides were reported to be the larger VPs

and were encoded by VD1 ORF 3. MALDI-TOF/mass

spectrometry analysis also confirmed that P5 and P6 were

encoded by the VD1 ORF 3 [17]. However, there have

been other reports wherein peptide mapping and amino

acid sequencing indicated that VP1 to 4 were encoded by

VD1-ORF 3 [5, 13, 20]. Lastly, the VD1 ORF 4 encodes

for a protein- primed type B DNA polymerase (Pol B),

which led to the establishment of Bidnaviridae family of

the viruses. The evolution of Pol B in this group of viruses

triggered the exclusion of bidensoviruses from the group of

Parvoviruses [15].

Fig. 4 Conventional PCR

amplification for the detection

of BmBDV infection using six

ORF specific primers, with

cDNA as template,b-actin used

as internal control
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The VD2 ORFs followed a pattern of expression similar

to the VD1 ORFs. However, VD2 ORF transcript expres-

sion was the highest among all the 6 ORFs. VD2 ORF 1

has been reported to be encoding the structural protein VP6

[5]. However, another study has reported that VD2 ORF 1

is responsible for encoding a protein named p133, which

has a weight of 133 kD [14]. ORF 2 of VD2 DNA segment

on the other hand encodes for NS3 whose homology has

been identified with NS3 of Junonia coenia densovirus

(JcDNV), Galleria mellonella densovirus (GmDNV) and

Mythimna loreyi densovirus (MlDNV) [27]. Further, the

study also reported NS3 to be an integral part for viral

DNA replication [27]. Hence, considering the close

homology of BmBDV NS3 with that of JcDNV, it can be

concluded that BmBDV NS3 might also have a similar role

in BmBDV replication.

Our previous study had revealed that the VD1 and VD2

DNA segments of the Indian BmBDV isolate were com-

posed of 6542 and 6023 nts, respectively, indicating that

the VD2 was the shorter segment [3]. The results of the

Fig. 5 The expression profile of Indian BmBDV isolate VD1 ORF

and VD2 ORF derived transcripts measured using cDNA from

BmBDV infected midgut samples of 4th instar larvae. Transcript

levels of VD1 ORF 1 (a), VD1 ORF 2 (b), VD1 ORF 3 (c), VD1 ORF

4 (d), VD2 ORF 1 (e), VD2 ORF 2 (f)
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present study also revealed a higher copy number of VD2

ORF transcripts, which once again indicate towards the fact

that shorter segments could have a shorter replication time

and higher stability [7]. Interestingly, most of the seg-

mented/multipartite viruses have been reported to be plant

viruses like those belonging to family of Nanoviridae,

Comoviridae etc. BmBDV is the only known segmented

insect virus reported, so far [7]. Studies indicated that

BmBDVs evolved from Parvovirus ancestors through hor-

izontal gene transfers [21]. Hence, this unique group of

viruses have evolved and radiated by gaining new genes for

better survival and follow a chronic pattern of infection.

This was the first ever attempt to understand the expression

pattern of all six ORF transcripts and the pathogenesis of

Indian BmBDV isolate.
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