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ABSTRACT. A multiple nucleopolyhedrovirus previously isolated
from infected Bombyx mori L. larvae (BmMNPYV) in Parana State,
Brazil, was inoculated into B. mori larvae to examine susceptibil-
ity and cytopathology in silk gland cells. The anterior, middle and
posterior silk glands were removed from the infected silkworm at
different times post-inoculation and processed for cytopathology
studies by light and transmission electron microscopy. BmMNPV
infection was only detected at 72 h post-inoculation in cells of the
middle and posterior silk glands. No sign of infection was found in
the anterior silk gland. Cytopathological characteristics were simi-
lar to those found in other target tissues; initially, they consisted
of nuclear hypertrophy and the formation of virogenic stroma (vi-
roplasm), in which the progeny virions are produced. The virions
are then enveloped and occluded in protein crystal structures, the
polyhedra. After viral replication, cells undergo lysis and release a
great number of BmMNPYV polyhedra into the hemocoele. Histopa-
thology showed early infection foci in regions surrounding trachea
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insertions, demonstrating that trachea is an infection-spreading or-
gan in the insect body. Trachea penetrates the middle and posterior
silk gland basal lamina, considered a barrier to virus, facilitating the
penetration of budded virus. The anterior silk gland does not have
tracheal insertions into the basal lamina, which reduces budded vi-
rus infection. Tracheal branches provide a conduit for non-occluded
virions (budded virus) to pass through the basal lamina barrier and
disseminate BmMNPYV in the silkworm silk gland.

Key words: Bombyx mori; Silkworm; Baculoviridae; Trachea;
Silk gland; Infection process

INTRODUCTION

Sericulture is an important agroindustrial activity in Brazil and other developing
countries, that includes both Bombyx mori Linnaeus (Lepidoptera: Bombycidae) rearing and
mulberry plant cultivation for silkworm nourish. Silkworm cocoons are used by the industry
to manufacture various types of silk threads and cloth (Fernandez et al., 2005).

Silkworms are often infected by one of the devastating viral pathogens, Bombyx mori
nucleopolyhedrovirus (BmNPV), responsible for grasserie or milky disease. NPV is a genus
of the Baculoviridae family that has a single double-stranded circular DNA, which is associ-
ated with the capsid proteins, forming the nucleocapsid. The nucleocapsid is enclosed within
an envelope. The viral subgroup called single NPV has only one nucleocapsid per envelope; in
the case of more than one nucleocapsid, the subgroup is called multiple NPV (MNPV) (Adams
and McClintock, 1991; Brancalhdo, 2002).

The B. mori nucleopolyhedrovirus type species is single and in many studies it is not
identified (Acharya et al., 2002; Rahman and Gopinathan, 2004; Khurad et al., 2005). Bran-
calhdo et al. (2002a) identified a geographic viral isolate belonging to the multiple subgroup,
the BmMNPYV, in Parana State. Palhan and Gopinathan (1996) had characterized a geographic
viral isolate in Bangalore, India, with indications of being the multiple type. According to the
literature, this viral subgroup is more virulent, and there is evidence for geographic viral vari-
ability to NPVs of the same species, where this variability could affect virulence (Adams and
McClintock, 1991; Hong et al., 2000; Fan et al., 2007).

BmMNPYV infects the tegument, tracheae, midgut, fatty tissue, central nervous
system, and testis cells (Brancalhao et al., 2002b; Brancalhao and Ribeiro, 2003; Torquato
et al., 2006a; Pereira et al., 2008), but there is nothing known about silk gland susceptibil-
ity. Some studies showed the susceptibility of B. mori silk gland cells to BmNPV (Rah-
man and Gopinathan, 2004; Khurad et al., 2005); however, Acharya et al. (2002) reported
that the silk gland is not infected by BmNPV. Thus, it is necessary to elucidate the silk
gland susceptibility. This organ is responsible for the formation of the cocoon, whose
infection will be able to affect silk production, resulting in substantial economic losses to
the farmers and industries.

The silk gland pair is a long tubular structure that starts from the labial segment
until the caudal region and is morphologically and functionally divided into three distinct
regions, the anterior (ASG), middle (MSGQG) and posterior (PSG). The PSG synthesizes the
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silk fiber protein (fibroin) and MSG synthesizes a group of adhesive proteins that coat the
fibroin, the sericins (Goldsmith et al., 2005).

The aim of this study was to determine the susceptibility of B. mori larval silk gland cells
to the BmMNPYV and the ensuing cytopathology, a geographic isolate from Parana State, Brazil.

MATERIAL AND METHODS
Insects

Hybrid larvae of the silkworm B. mori in the 4th instar were obtained from the silk
industries of Parana State, Brazil. These were raised in cardboard boxes until the begin-
ning of pupation, being maintained at 25 + 1°C, with a photoperiod of 14:10 (light:dark)
and relative humidity of up to approximately 70 + 10%, and fed three times a day with
fresh leaves of the mulberry tree (Morus sp).

Viruses and inoculation

Bombyx mori multiple nucleopolyhedrovirus was obtained from hybrid B. mori lar-
vae in Parana State, Brazil (Brancalhfo et al., 2002a). The inoculum viral suspension was
prepared by counting the number of viral polyhedra in a Neubauer chamber, at a concentra-
tion of 8 x 107 polyhedral occlusion bodies/mL. In the oral BmMNPYV inoculation experi-
ment, the 4th-instar silkworms were fed with virus-free mulberry tree leaves up to ecdysis of
the Sth instar. After ecdysis the silkworms were starved for 24 h and then fed with mulberry
leaf disks (2 cm® in diameter) previously pulverized with 20 pL of viral suspension.

The inoculation experiment was performed twice, using 50 silkworms per repeti-
tion: 25 silkworms were fed on leaf disks with viral suspension, and 25 on control leaf
disks. During feeding, silkworms were individually confined in plastic cups until total
consumption of the leaf disks.

Silkworms were placed in labeled cardboard boxes when feeding was complete and
then transferred to a controlled room where they remained until the end of the experiment
receiving BmMNPV-free mulberry tree leaves.

Microscopic preparations of B. mori silk glands

BmMNPV-infected silkworms were dissected at different hours post-inoculation (hpi)
with BmMNPYV, starting at 48 and up to 216 hpi, with 24-h intervals. Four silkworms of each
group were anesthetized with ethyl ether on dorsal position; a longitudinal opening of the
tegument was made from the anal region up to the head. The intestine was removed, making it
possible to better expose the silk glands. The regions of the silk glands, ASG, MSG and PSG,
were individualized and fixed with DuBosq Brazil (Junqueira and Junqueira, 1983) for 24 h at
4°C, for light microscopy. Silk gland regions were washed in 70% alcohol following routine
histological technique for paraffin embedding. Sequential cuts were made with a thickness
of 5 um, and the cytopathology and histopathology of BmMNPV infections were analyzed
with hematoxylin-eosin staining (Junqueira and Junqueira, 1983) and modified Azan staining
(Hamm, 1966; Brancalhao et al., 2000) for occlusion bodies.
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For transmission electron microscopy, the silk gland regions were fixed in modified Kar-
novsky solution (Karnovsky, 1965), for 2 h at 4°C. Afterward, they were washed with 0.05 M so-
dium cacodylate buffer (three times for 10 min each) and post-fixed in 1% osmium tetroxide for
2 h. The samples were washed in distilled water (two times for 15 s each) and immersed in 0.5%
uranyl acetate overnight at 4°C. Subsequently, the material was dehydrated in acetone and infil-
trated in Spurr resin (Spurr, 1969): 1:1 mixture Spurr/acetone for 3 h; 1:3 mixture Spurr/acetone
for 3 h; pure Spurr resin overnight. Extra thin sections (60-80 nm thickness) were stained with
2% uranyl acetate (10 min) and lead citrate (10 min). Examination and photographic documen-
tation of the material were carried out by transmission electron microscopy (EM 900 ZEISS).
Control silkworms were processed as for the BmMNPV-inoculated material.

RESULTS AND DISCUSSION

The results revealed differences in susceptibility of the silk gland regions of hybrid
B. mori larvae to the geographic isolate of BmMNPYV. The MSG and PSG regions showed the
first signs of infection at 96 hpi, while the ASG did not reveal any sign of infection. Figure
1A and B shows the MSG infection at 96 hpi, and Figure 2A and B at 144 hpi, with the cell
nucleus full of polyhedra, which causes a pronounced nuclear hypertrophy.

Figure 1. Middle silk gland of Sth-instar Bombyx mori larvae at 96 hours post-inoculation with B. mori multiple
nucleopolyhedrovirus (BmMNPV). A. BmMNPV penetration through tracheal system (black arrow) in the silk
gland epithelium. B. Details of penetration of tracheal branches. Polyhedra in red; N, nucleus; C, cytoplasm; L,
lumen of silk gland and extracellular medium (4 ). Bar: 25 pm. Modified Azan stained. Cross cut. Bar: 10 pm.
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Figure 2. Middle silk gland of Sth-instar Bombyx mori larvae at 144 hours post-inoculation with B. mori multiple
nucleopolyhedrovirus. A. Infected silk gland epithelium showing viroplasm (white arrow) in the hypertrophic
nucleus (N). B. Details of silk gland infection and polyhedron localization inside the cell. Polyhedra in red; C,
cytoplasm; L, lumen, and extracellular medium (4). Bar: 25 um. Modified Azan stained. Cross cut. Bar: 10 pm.

Khurad et al. (2005) obtained the same hpi for the MSG of the BmNPV-inoculated silk-
worm, while finding signs of infection in the PSG only at 168 hpi. Rahman and Gopinathan (2004),
using a recombinant virus, demonstrated the infection of the MSG at 72 hpi and no infections in
the ASG, as observed in our study for ASG (data not shown). This difference in the infection times
is characteristic of NPV infections. They actually occur owing to such factors as the isolate’s viru-
lence, amount of ingested virus, larval instar, incidence of other pathogens, and ambient rearing
conditions, mainly temperature, population density, and food availability (Adams and McClintock,
1991; Torquato et al., 2006a). We also need to consider the strains of B. mori larvae, which can
show a remarkable difference regarding resistance to BmNPV (Ponnuvel et al., 2003; Yao et al.,
2003; Nakazawa et al., 2004). This resistance is controlled by a polygenesis effect, which argues
the existence of several defenses against viral infection such as proteases and lipases found in
silkworm gut juice (Ponnuvel et al., 2003; Nakazawa et al., 2004). It could explain the results of
Acharya et al. (2002), referring to no infection of the silk gland.

The cytopathology of BmMMNPYV infections are similar to those in other target tissues
(Brancalhdo et al., 2002b, Brancalhdo and Ribeiro, 2003; Torquato et al., 2006a; Pereira et al.,
2008). In the infected cells, the nucleus initially appears as an electron dense virogenic stroma
(viroplasm), where the nucleocapsids are produced (Figure 3A). They then acquire an enve-
lope originated by de novo morphogenesis from the membrane of microvesicles in the infected
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cell nucleus (Figure 3B), forming enveloped nucleocapsids or virions. The virions are envel-
oped singly or in groups, and the number of nucleocapsids per envelope is variable, 11 being
the maximum number for this virus. The occurrence of a variable number of nucleocapsids per
envelope is a diagnostic characteristic for MNPVs.

Figure 3. Electron micrographs of the middle silk gland cells of Sth-instar Bombyx mori at 144 hours post-
inoculation with B. mori multiple nucleopolyhedrovirus. A. Segment of nucleus with viroplasm (V), several non-
enveloped nucleocapsids (NE) mainly inside the viroplasm and enveloped nucleocapsids (E) outside; nuclear
envelope (arrowhead) and cytoplasm (C). B. Section of non-enveloped nucleocapsids, which is attached to viral
envelope (white arrow), enveloped nucleocapsids and membrane microvesicles (black arrow) Bar: 0.1 pm.

Virions production is followed by the development of polyhedra. Virions are
grouped concentrically around a polyhedron-constituted protein matrix (polyhedrin) that
crystallizes around virions (Figure 4A). For a better understanding of the polyhedron
development process that occurs between viroplasm and the nuclear envelope, they were
classified as immature (Figure 4A-D) and mature (Figure 5) (Adams and McClintock,
1991). The immature polyhedron is small without its thin electron-dense coated envelope,
and therefore of indefinite geometric shape (Figure 4A-D). The mature bigger polyhedron
is present in the nucleus or extracellular medium and has an envelope, which confers its
defined geometric shape (Figure 5). The polyhedron envelope or “calyx” seems to have
two roles: to prevent the loss of virions, and to avoid polyhedron aggregation (Gross et
al., 1994). In the electron micrographs, the polyhedron envelope has a membrane-like
structure, as shown in Figure 6. The BmMNPYV polyhedron ranges from 2.5 to 4.5 pm in
diameter and has a truncated octahedron geometric shape (Torquato et al., 2006b). Hong
et al. (2000) suggest the existence of genetic variation in the polyhedron geometric shape
of BmNPV and that this is specific for each viral lineage. Katsuma et al. (1999) found
variations in the shape of polyhedron of the BmNPV caused by polyedrin mutations.
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Figure 4. Electron micrographs of the posterior silk gland cells of Sth-instar Bombyx mori at 168 hours post-
inoculation with B. mori multiple nucleopolyhedrovirus (BmMNPV). A. Segment of nucleus showing BmMNPV
polyhedron formation without their envelope. Viroplasm (V), nuclear envelope (arrowhead) and cytoplasm (C).
Bar: 1 um. B. C. and D. Details of BmMNPV polyhedron formation, where some enveloped nucleocapsids are
within the polyhedrin matrix (electron dense mass) while others are just becoming occluded. Bar: 0.5 um.
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Figure 5. Electron micrography of two mature polyhedra in extracellular medium of Sth-instar Bombyx mori at 168
hours post-inoculation with B. mori multiple nucleopolyhedrovirus. The polyhedra are enveloped nucleocapsids
within the protein matrix. Bar: 1 pm.
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Figure 6. Electron micrography of polyhedron envelope (black arrows) and two immature polyhedra in the nucleus
of silk gland cell of Sth-instar Bombyx mori at 168 hours post-inoculation with B. mori multiple nucleopolyhedro-
virus. Enveloped nucleocapsids are within the polyhedrin matrix and white arrow shows nine nucleocapsids within
an envelope. Bar: 1 pm.

Variations in the polyhedron’s amount and size have been reported in the infected
nucleus cells, polyhedron size being inversely proportional to its amount. These variations
are frequent in NPV infections, and may be related to the number of occluded nucleocapsids,
stage of polyhedron development, metabolism of the infected cell, and virus’ genetic varia-
tion (Adams and McClintok, 1991). Moreover, the positions occupied by polyhedra in the
infected nucleus must be considered, which cause different angulations in histological cuttings
(Torquato et al., 2006a,b).

Mature polyhedra are released into the extracellular medium from infected gland cells,
which are often lysed. The viral p10 protein, present in the polyhedral matrix, is involved in
the nuclear and cell lysis (Hong et al., 2000).

Polyhedra are resistant structures that protect virions from inactivation by adverse en-
vironmental conditions. Thus, in the horizontal transmission of the disease, it is important that
the polyhedron escapes efficiently from its host. Ohkawa et al. (1994) showed that in the Bm-
NPV genome there is a cathepsin expressed in the late phase of infection, which is responsible
for the liquefaction of the insect body. Daimon et al. (2006) reported that in the genome of the
BmNPYV, there is a chitinase which, together with the cathepsin enzyme, would be responsible
for insect cuticle rupture, releasing polyhedra from the insect body to the environment.
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Diseased larvae are a potential virus focus and may produce 1 x 10° polyhedra (Adams
and McClintock, 1991). As the virus exhibits high virulence, may retain its pathogenicity in the
dead larvae, and persist in the silkworm rearing rooms, prevention and control are very important
in preventing viral transmission. Thus, when the silkworm farms detect diseased larvae, they
should be removed carefully without breaking the skin and discontinue the use of rearing resi-
dues (mulberry leaves and stems) as fertilizer in mulberry tree plantation. Otherwise, the virus
may persist in soil from one period to another (Brancalhao et al., 2002a), to reach and to adhere
to mulberry leaves, which cycle the virus back to the silkworm in the next generation.

Silk gland MSG and PSG are very active regions, and for this reason, there is a rich aer-
ation provided for tracheal branches. These branches are observed in the periphery and inside
the silk gland epithelium. The trachea arrives at the basal surface of the cells and their branches
penetrate deeply into the cellular cytoplasm (Figure 1A and B) and intercellular spaces. In
the ASG region, tracheal branches are observed only at the periphery. Akai et al. (1993) also
reported the smaller frequency of the tracheal system in the ASG and even its absence. In our
study, the tracheal tissue associated with the silk gland is BmMNP V-infected at 72 hpi.

The trachea accounts for general dispersion of the viral infection in the insect body
(Rahman and Gopinathan, 2004). However, other reports confer this role to the hemolymph
(Barrett et al., 1998). On the contrary, Soares and Ribeiro (2005) hypothesize that both hemo-
cytes and tracheal cells spread NPV infection in Anticarsia gemmatalis larvae.

During the NPV infectious process, there are two viral phenotypes. One form is oc-
cluded within polyhedra and responsible for primary infection in midgut cells. The second
form of the virus, called budded virus (BV), never becomes occluded, is released into the
hemolymph and spreads infection from cell to cell within insect body (Haas-Stapleton et al.,
2005). The start of the replication of the BV is believed to occur in the cells by endocytosis
(Herniou et al., 2003). However, the silk gland as well as the majority of insect tissues has a
fibrous extracellular matrix, the basal lamina (BL). Therefore, BV needs to penetrate the BL
to achieve systemic infection. Studies have shown that BL organization and thickness seem to
influence the passage of macromolecules into certain tissues, where it is able to act as a selec-
tive filter (Rahman and Gopinathan, 2004). Reddy and Locke (1990) investigated the behavior
of gold particles on the BL of Calpodes ethlius (Lepidoptera: Hesperiidae) larvae, and showed
that particles smaller than 15 nm crossed the BL of certain tissues, such as fatty, epidermal
and pericardial ones, whereas particles larger than 6 nm were retained in the silk gland, in
the Malpighian tubule and in the muscle BL. BmMNPV virions have an approximate mean
diameter of 95 nm and length of 315 nm (Torquato et al., 2006b), making the passage of BV
through the silk gland BL difficult.

Histopathology of silk gland due to BmMNPV showed that infection is always initiated
in the regions surrounding tracheal insertions (Figure 1A and B). The trachea penetrates the MSG
and PSG regions by crossing the BL, and as commented above, infection originates from this
organ. BVs from tracheal cells reach the silk gland cytoplasm and in the nucleus of these cells
establish a new reproductive cycle until the formation of the polyhedra. The role of the tracheal
system as an infection-spreading organ was described previously for larval nucleopolyhedrovi-
rus infection (Rahman and Gopinathan, 2004; Torquato et al., 2006a; Pereira et al., 2008).

In conclusion, this study shows that the MSG and PSG regions of the B. mori silk
gland are infected with BmMNPV and that the tracheal system is an important conduit for
virus spread in the larva.
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