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Two viruses, Perina nuda nucleopolyhedrovirus and
new picorna-like virus, were previously isolated

rom P. nuda larvae with flacherie. In this study the
ew picorna-like virus was characterized using physi-
al and biochemical methods. This small virus appears
o belong to the family Picornaviridae and we propose
he name PnPV. PnPV can be propagated in its homog-
nous cell line, NTU-PN-HH. PnPV purified from the
ell line resembles PnPV isolated from insects: under
lectron microscopy, it exhibits icosahedral symmetry,
easures 30 nm in diameter, and has no envelope and
o distinct surface structure in negatively stained
reparations. In addition, we show here that PnPV has
buoyant density of 1.381 g/ml in cesium chloride, the
iral genome was composed of one single-stranded
NA molecule with a length of 10 kb, and poly(A) tract
nd polyacrylamide gel electrophoresis of purified
iral particles revealed three major (31.5, 29.7, and 28.4
Da) and three minor (27.0, 24.5, and 4.0 kDa) struc-
ural proteins. r 1999 Academic Press

Key Words: Perina nuda; NTU-PN-HH cell line; PnPV;
icorna-like virus.

INTRODUCTION

Flacherie is a general term used to describe a larva
hat is suffering from dysentery and thus ‘‘flaccid,’’
‘flabby,’’ ‘‘feeble,’’ or ‘‘withered’’ (Tanada and Kaya,
993). Although these symptoms can result from sev-
ral causes, flacherie is usually microbial in origin and
as been attributed to fungal, protozoan, baculoviral,
nd other viral infections. In the silkworm (Bombyx
ori), it is caused by mixed infection by two viruses, a

icornavirus and a densovirus (Tanada and Kaya,
993). In Perina nuda larvae, flacherie is also consid-
red to be caused by mixed infection by two viruses, in
his case a picorna-like virus and PenuNPV (P. nuda
ucleopolyhedrovirus) (Wang et al., 1998).
Using differential centrifugation and sucrose gradi-

nt centrifugation, Wang et al. (1998) first purified a

mall isometric picorna-like virus (30 nm in diameter) T

62022-2011/99 $30.00
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rom the naturally infected larvae of the ficus transpar-
nt wing moth, P. nuda. It has been suggested that the
icorna-like virus has an antagonistic effect on sys-
emic PenuNPV infection in P. nuda larvae (Wang et al.,
998) because histological and cytological studies of P.
uda larvae suffering from flacherie show heavy
enuNPV infection in epidermal cells, tracheal cells,
nd cells in most parts of the midgut and the fat body,
hereas other tissues or organs show only a light or no

nfection with PenuNPV.
In the present paper, we attempt to confirm the

axonomic position of the picorna-like virus by establish-
ng in vitro propagation in the homogenous cell line,
TU-PN-HH. We also investigate the characteristics of

his virus.

MATERIALS AND METHODS

nsects

Larvae of P. nuda (Fabricius) were collected from the
ampus of National Taiwan University and fed on
anyan leaves, Ficus spp., in the laboratory at 25°C.
lthough some of the larvae collected from the field
lready showed the symptoms of flacherie, most of the
arvae appeared to be healthy. However, symptoms also
ppeared in many of these apparently healthy speci-
ens after they had been reared in the laboratory. As

oon as flacherie was diagnosed in an insect, it was
ransferred to a refrigerator and stored at 220°C.

ell Line and in Vitro Propagation

NTU-PN-HH (Wang et al., 1996) cell line was estab-
ished from P. nuda pupal ovary in our laboratory and

aintained at 28°C in TNM-FH medium (Hink and
trauss, 1976) containing 50 IU/ml penicillin, 50 µg/ml
treptomycin, and 1.25 µg/ml fungizone, supplemented
ith 10% fetal calf serum (FCS), which had been

nactivated at 56°C for 30 min.
The larvae with flacherie were surface-sterilized
ith 0.5% Clorax solution and dipped into serum-free

NM-FH medium containing antibiotics and fungizone
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63PICORNA-LIKE VIRUS FROM NTU-PN-HH CELL LINE
n homogenizer. The homogenant was centrifuged at
000g for 30 min and then at 15,000g for 1 h. The
uspension was filtrated with 0.45-µm and then 0.2-µm
illipore filters and, finally, the filtrates were checked

y negative staining preparation for electron micro-
cope and also by 1025 and 1028 limiting dilution. The
PV-free filtrates were used as inocula. Monolayers of
TU-PN-HH log-phase cells (1 3 106 cells) in 25-cm2

issue culture flasks were inoculated with 1 ml of
noculum. After 1 h of absorption, the inoculum was
emoved and fresh medium was added. The infected
ells were then incubated at 28°C and examined daily
or 1 month under a phase-contrast inverted micro-
cope. The successive passages of the virus were per-
ormed by adding 0.5 ml of the viral suspension to
onolayer NTU-PN-HH cells in 25-cm2 tissue culture

asks with 4 ml complete TNM-FH medium. Cell
ytopathic effects were observed and photographed.
he viral suspension was collected for subsequent use
s an inoculum and stored at 4°C.

irion Purification

Isolation and purification of the virus were carried
ut with several modifications as described in previous
apers (Chou et al., 1996; Wang et al., 1998). Briefly,
hen a cytopathic effect was observed, the cells and
iral suspension were harvested from the plastic flasks
sing rubberpolicemen, collected into 50-ml corning
ubes, and then centrifuged for 5 min at 400g. The
uspension was used directly for viral purification. The
ellet was resuspended in STE buffer (0.15 M NaCl;
.02 M Tris; 1 mM EDTA; 0.5% NP-40) for 5 min at 4°C
nder agitation and then homogenized by repeated
33) liquid nitrogen freeze–thaw cycle. The suspension
nd the treated pellet were then centrifuged together
or 30 min at 15,000g, and the supernatant was ultra-
entrifuged for 1.5 h at 100,000g. The pellet was
esuspended in 0.05 M Tris buffer (pH 7.5), deposited
nto a 20 to 60% (w/v) sucrose gradient, and ultracentri-
uged for 2.5 h at 120,000g. The viral band was
ollected and diluted with 33 volume of the same
uffer; then the virus was concentrated by ultracentri-
ugation (2 h, 100,000g). The resulting pellet was
esuspended in 1 ml of Tris buffer, layered on a discon-
inuous gradient of equal volumes (1.5 ml) of 30% and
0% CsCl (w/v), and ultracentrifuged for 20 h at
00,000g. The light-scattering, opalescent band of virus
articles was removed from the gradient. The density
f the viral particles in CsCl was determined by using a
efractometer to measure the refractive index of an
liquot of the fraction (0.1 ml). The remainder of the
liquot was diluted 100-fold in Tris buffer and then
oncentrated at 100,000g for 1.5 h. The pellet was
uspended in 100 µl of Tris buffer and frozen at 220°C

ntil further use. b
ight and Electron Microscopy

The infected cells were prepared as described in a
revious paper (Wang et al., 1996). Briefly, for the light
icroscopy, 3 3 106 NTU-PN-HH cells were seeded

nto coverglasses in a 25-cm2 tissue culture flask. After
ells were attached, the medium was removed and
.5–1.0 ml viral suspension was added. The viral
uspension was removed after 1 h of inoculation at
8°C and fresh medium was added. The coverglasses
ere removed from the flask at 1 and 2 weeks postinocu-

ation and fixed in Carnoy’s fixative for 20 min. After
ydration, the fixed cell were stained in 0.1% aqueous
cridine orange for 5 min (Humason, 1979) and then
insed in distilled water and observed under a fluores-
ence microscope (Olympus BX-50FLA).
For electron microscopy, the infected cells were har-

ested from the flask using rubberpolicement and
entrifuged for 10 min at 400g. The cell pellets were
xed in 2.5% glutaraldehyde in 0.1 M phosphate buffer

pH 7.2), for 3 h at 4°C and postfixed in 1% OsO4 in the
ame buffer for 2 h at 4°C. After washing in double-
istilled water at 4°C, the fixed materials were then
ehydrated in an alcohol gradient series and embedded
n Spurr epon. Thin sections were cut with a Reichart
MU 3 ultramicrotome and stained with uranyl ac-
tate and lead citrate. The electron micrographs were
aken with a Hitachi H7100 electron microscope oper-
ted at an accelerating voltage of 100 kV.
For negative staining, a drop of purified virus was

laced on a carbon-coated grid for 3 min and excess
irus suspension was removed with filter paper. A drop
f 2% aqueous solution of phosphotungstic acid was
hen placed on the grid, excess stain being removed
rom the grid with filter paper. The preparation was
llowed to dry before examination.

iral Genome and Protein

Nucleic acid extraction. The purified virions were
ncubated for 30 min at 4°C in an extraction buffer (100

M Tris–HCl, 10 mM EDTA, pH 8.0) containing 2%
w/v) SDS and 200 µg/ml proteinase K (Boehringer

annheim) and then treated twice with phenol–
hloroform–isoamyl alcohol (25: 24: 1) followed by a
hloroform–isoamyl alcohol (24: 1) extraction. The
ucleic acid was then ethanol-precipitated in the pres-
nce of 0.2 M NaCl and rinsed with 70% ethanol. The
ype and standardization of the nucleic acid were
stablished by treatment with DNase (DNase I, RNase-
ree; Gibco BRL) and RNase A (Boehringer Mannheim)
ollowed by electrophoresis. The RNA size was esti-
ated by electrophoresis in formaldehyde-denaturat-

ng 1% agarose gels, and retention of the RNA by an
ligo(dT) cellulose column was used to detect the pres-
nce of poly(A), according to the methods recommended

y the manufacturer (Gibco BRL).



t
(
g
M
b
b

C

i
P
m
o
d
m
P
d
N
s
i

o
l
n
t
N
f
I
d

f
N
(
I
t
a
o
c
m
c
m
l
t

s
fl
c
c
p
c
s

o
N
3
n

i
r
(
(
i
t
c

o
i
(
c
d

p
r

64 WANG, WU, AND LO
SDS–polyacrylamide gel electrophoresis. Polypep-
ide profiles were analyzed by SDS–PAGE on 16% gels
Laemmli, 1970). After electrophoretic separation, the
el was stained with Coomassie brilliant blue R-250.
olecular weights of the polypeptides were determined

y comparison with standard proteins of a known
road-range molecular weight marker (Bio–Rad).

RESULTS

ytopathic Effects of Infected NTU-PN-HH Cells

The inocula from PnPV and PenuNPV mixed-
nfection larvae were free of the rod-shape baculovirus,
enuNPV, in negative staining preparation for electron
icroscopic observation, and they did not produce any

f the cytopathic effects associated with nucleopolyhe-
rosis in limiting dilution tests. In addition, low-
agnification electron microscopic observations of
nPV-infected cells provided further combinative evi-
ence. So far, we have propagated PnPV in our cell line,
TU-PN-HH, for more than a half year without any

ymptoms caused by PenuNPV being found in the
nfected cells.

Cytopathic effects of NTU-PN-HH cells were first
bserved at 7 days postinoculation. Cells were en-
arged, nuclei were moderately swollen, and many
ucleolus-like particles were observed. Irregular par-
icles surrounded the nuclei, especially in squamous
TU-PN-HH cells. Round inclusion bodies (IBs) were

ound initially at 8 days postinoculation. Most of the
Bs were of approximately the same size, about 1 µm in
iameter, but a few irregular larger IBs were also

FIG. 1. NTU-PN-HH cells infected with PnPV at 15 days postin-
culation. The cytoplasm of the infected cells was filled with round
nclusion bodies (IBs), and a few irregular larger IBs were also found
arrowheads). The IBs formed a ring surrounding the nuclei in the
ytoplasm of squamous cells (arrow), whereas a linear or random
bistribution of IBs was found in other types of cells. Bar, 50 µm.
ound. About 15 days postinoculation, the infected
TU-PN-HH cells showed an obvious cytopathic effect

Fig. 1). The cytoplasm of infected cells was filled with
Bs. The IBs formed a ring surrounding the nucleus in
he cytoplasm of squamous NTU-PN-HH cells, whereas

linear or random arrangement of IBs was found in
ther types of cells. Apart from moderate swelling and
hanges in the nucleolus-like particle content, other
orphological changes in the nuclei of infected cells

ould not be seen by light microscopy. Subsequently,
ost of the infected cells became full of vacuoles and

ysed. Eventually, after prolonged infection, they de-
ached from the flask.

Acridine orange staining of the infected cells showed
mall orange-red fluorescent irregular particles and
uorescent bodies about 1 µm in diameter in the
ytoplasm (Fig. 2). The morphology of these bodies
oincided with that of the IBs as seen under the
hase-contrast microscope. The orange-red fluores-
ence confirmed that the nucleic acid inside the IBs was
ingle stranded.
An electron micrograph of the negative preparation

f the purified virus from in vitro propagation in
TU-PN-HH cells is shown in Fig. 3. The virus is a
0-nm-diameter isometric virus with no envelope and
o distinct surface structure.
Electron micrographs of virus-infected cells are shown

n Fig. 4A–D. Most of the infected cells contained many
ound membrane-bound IBs, 0.3 to 1.1 µm in diameter
Fig. 4A), which were filled with randomly dispersed
Fig. 4B) or a crystalline array (Fig. 4C) of uniform
sometric, nonenveloped particles. Some IBs released
heir PnPV virus contents, forming vacuoles in the
ytoplasm (Fig. 4A). The mitochondria of infected cells

FIG. 2. Acridine orange staining of the infected cells at 1 week
ostinoculation. The cytoplasm of infected cells showed small orange-
ed fluorescent bodies (arrows). Bar, 50 µm.
ecame condensed, intermembrane space could not be



d
w
f
c
f
c
t
w
a
b

C

g
o
b
p
b
C
f
p
k
(
D
u
r
i
l
5
c
t

r
c
o
v
p
v

d
t
l
i
(
1
i
H
M
f
v
(
1
w
t
P
1
t
d
s

65PICORNA-LIKE VIRUS FROM NTU-PN-HH CELL LINE
istinguished, and fewer cristae and less matrix space
ere observed (Fig. 4B). No virogenic stroma could be

ound. However, a few infected cells contained large
rystalline bodies of protein, which contained only a
ew viral particles; immature viruses surrounded the
rystalline bodies (Fig. 4D). In seriously infected cells,
he cytoplasm was almost filled with viral particles,
hich were membrane bound or randomly distributed,
nd except for the nucleus, the cell organelles could not
e distinguished (data not shown).

haracterization of PnPV

Viral preparations formed two sharp bands on CsCl
radients (data not shown). The upper band consisted
f accumulated debris from the host, and the lower
and contained homogeneous isometric particles ap-
roximately 30 nm in diameter as seen in Fig. 3. The
uoyand density of the viral particle was 1.381 g/ml in
sCl. Electrophoresis of the viral structure proteins

rom purified viral particles in 16% gel revealed the
resence of three major bands (31.5, 29.7, and 28.4
Da) and three minor bands (27.0, 24.5, and 4.0 kDa)
Fig. 5A). The extracted nucleic acid was resistant to
Nase, whereas it was completely digested by RNase A
nder highly saline conditions (0.3 M NaCl). Electropho-
esis of nucleic acid extracts in formaldehyde-denatur-
ng 1% agarose gels yielded one band from which the
ength of the nucleic acid was estimated at 10 kb (Fig.
B). Most of the viral genome was bound to an oligo(dT)
olumn, and elution with the appropriate buffer showed

FIG. 3. Electron micrograph of the negative preparation of the pu
hat the RNA contained a poly(A) tract. Thus both this e
esult and the evidence from acridine orange staining
onfirm that the viral particle contains a single strand
f RNA. We therefore conclude that this newly isolated
irus belongs to the family Picornaviridae and we
ropose the name PnPV (Perina nuda picorna-like
irus).

DISCUSSION

Pasteur (1870) recognized four kinds of silkworm
isease: flacherie (dysenteries), muscardine (fugal infec-
ion), pebrine (protozoan infection), and jaundice (bacu-
ovirus infection). The causal agent of flacherie disease
n silkworm was identified as infectious flacherie virus
IFV) (Aizawa et al., 1964) or (FVS) (Himeno et al.,
974). The characteristics of IFV were determined and
t was assigned to the Picornaviridae (Ayuzawa, 1972;
ashimoto and Kawase, 1983; Kawase et al., 1974;
oore et al., 1985). Flacherie in silkworm was also

ound to be caused by mixed infection of two (a picorna-
irus and a densovirus) or four closely related viruses
FVS I–IV) (Himeno et al., 1979; Tanada and Kaya,
993). Symptoms similar to those seen in silkworm
ith flacherie are also seen in P. nuda larvae, and these

oo can be caused by mixed infection, in this case by
enuNPV and PnPV, a picorna-like virus (Wang et al.,
998). The baculovirus, PenuNPV, was originally iden-
ified as the key pathogen in an epizootic nucleopolyhe-
rosis of P. nuda that occurs from spring to early
ummer every year in Taiwan and mainland China (Su

ed PnPV from in vitro propagation in NTU-PN-HH cells. Bar, 0.2 µm.
rifi
t al., 1983; Wang and Tsai, 1995). PenuNPV shows a
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FIG. 4. Electron micrographs of the infected cells. (A) Low magn
nfected cell. Some of these vacuoles (V) were formerly inclusion bodi

embrane-bound IB containing a crystalline arrangement of PnPV ca
Bs, which were filled with randomly distributed, uniform isometric
ontaining a large proteinous crystalline body. Only a few native vir
iruses are nearby (arrow). Bar, 0.2 µm. (B, C, and D are at the same
eticulum.
ification of an infected cell. Note the vacuolation of the cytoplasm of the
es (IB) from which most of the PnPV virus (arrow) has been released. A
b also be seen in the cytoplasm. Bar, 1 µm. (B) High magnification of the
, nonenveloped particles or (C) crystalline arrays. (D) An infected cell
us particles can be seen in the body (arrowheads) and a few immature
magnification). M, mitochondria; L, lysosome; rER, rough endoplasmic
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67PICORNA-LIKE VIRUS FROM NTU-PN-HH CELL LINE
igh virulence to P. nuda larvae, in which it causes
aundice-like symptoms, and it is also highly virulent
oward the established NTU-PN-HH cell line (Wang et
l., 1996). A mixed infection of PenuNPV and PnPV in
. nuda larvae, on the other hand, produces dysenteric
ymptoms similar to those seen in silkworm with
acherie. Although such a mixed infection is also fatal,
nPV alone shows a low pathogenesis to the NTU-
N-HH cell line after experimental infection. Further-
ore, experimental PnPV infection of 2nd or 3rd instar

arvae of P. nuda by oral treatment and hemocoelic
njection suggested that PnPV alone has only a low
irulence to P. nuda larvae. In fact, several larvae
ecovered from infection (Wang et al., 1998), and the
nly discernible net effect on these recovered larvae
as that their growth had been delayed. Paradoxically,

his would likely be beneficial to the larvae because
hey would no longer be in direct competition for
imited food resources with healthy P. nuda larvae, and
hey would thus have a better chance of completing
heir life cycle. We therefore suggest that the persistent
nfection of PnPV may play an important enhancing
ole in maintaining the natural population density of P.

FIG. 5. (A) Structural proteins of PnPV in a 16% SDS–polyacr
tructural proteins of PnPV. (B) Genomic RNA of PnPV stained
ormaldehyde. Lane 1, RNA size markers (RNA Ladder; Gibco BRL); l
uda. i
The in vitro propagation of two insect picornaviruses,
ricket paralysis virus (CrPV) and Drosophila C virus
DCV), in D. melanogaster cells was first successfully
chieved in the early 1980s (Moore and Pullin, 1982;
oore et al., 1981). Recently, a persistent infection of
mcIV (Galleria mellonella cell line virus, Picornaviri-
ae) in a G. mellonella cell line was also reported, and
n the presence of MSBV, a maize stem borer picorna-
ike virus isolated from Seasamia cretica, observable
ytopathic effects have also been induced (Lery et al.,
997). In the present paper, we report for the first time
he successful propagation of PnPV in its homogenous
ell line, NTU-PN-HH. Although the in vitro pathogen-
sis of PnPV to the NTU-PN-HH cell line is relatively
ow compared with that of PenuNPV (Wang et al.,
996), when we compared our unpublished data on the
aracrystalline structure of PenuNPV polyhedra with
he crystalline body of protein shown in Fig. 4D, the
atterns of the two paracrystalline structures were
uite different. The successful in vitro propagation of
nPV in NTU-PN-HH cells should greatly facilitate the

urther study of this virus.
More than 25 small, RNA-containing viruses, includ-

mide gel. Lane 1, broad-range protein markers (Bio-Rad); lane 2,
h ethidium bromide in a denaturing 1% agarose gel containing
2, genomic RNA of PnPV.
yla
wit
ane
ng the three insect picornaviruses, CrPV, DCV, and
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68 WANG, WU, AND LO
onometa virus, remain unassigned as of the 1995
CTV (The International Committee on Taxonomy of
iruses) (Murphy et al., 1995). PnPV is a small virion

30 nm in diameter) containing three major proteins
ith molecular weight around 30 kDa, and the genome

onsists of a single polyadenylated ssRNA molecule
ith a length of 10 kb. Despite the unassigned status of

he 3 insect picornaviruses listed above, these character-
stics make PnPV very similar to the other known

embers of the Picornaviridae, and we are therefore
easonably confident in assigning PnPV to this family.
ollowing our successful in vitro propagation of PnPV,

urther studies of the biology of PnPV, including its
hylogenetic position and genomic structure, are now
n progress.
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