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During Lymantria dispar multinucleocapsid nucle-
opolyhedrovirus (LdMNPV) replication in cell culture,
few-polyhedra (FP) mutants arise at a high frequency
and become predominant after only a few serial pas-
sages. The formation of LdMNPV FP mutants was an
impediment to successful production of polyhedra in
cell culture bioreactors. We have isolated and charac-
terized a strain of LdMNPV, termed 122b, that did not
accumulate FP mutants after extended serial passage
in cell culture. Wild-type virus strains exhibited de-
creased polyhedra production and increased budded
virus (BV) release, and FP mutants were the predom-
inant virus type present after only a few serial pas-
sages in L. dispar 652Y cells. In contrast, isolate 122b
exhibited stable polyhedra and BV production
through 14 serial passages. Isolate 122b produced
more BV than wild-type virus and essentially the same
amount of BV as FP mutants. FP mutants derived from
isolate 122b were isolated and partially characterized.
These mutants produced approximately 10-fold fewer
polyhedra than 122b and essentially the same amount
of BV as 122b. These results suggest that FP mutants
will not become predominant during serial propaga-
tion of 122b because 122b FP mutants do not release
more BV than 122b. Isolate 122b was also found to be
capable of generating productive infections at higher
cell:virus infection ratios than wild-type virus.

Key Words: baculovirus; Lymantria dispar nucle-
opolyhedrovirus; few-polyhedra mutant; cell culture;
stable polyhedra production; Lymantria dispar; bio-
logical control.

INTRODUCTION

Insect baculoviruses are a group of biological control
agents that have received considerable attention in the
past 20 years. These viruses have been isolated from
over 300 insect species, exhibit relatively narrow or
specific host ranges, can be aerially applied to agricul-
tural crops and forests, and can be manipulated
159
through genetic engineering to enhance viral efficacy
(Bonning and Hammock, 1992; Winstanley and
Rovesti, 1993; Miller, 1995). The Lymantria dispar
multinucleocapsid nucleopolyhedrovirus (LdMNPV)
product, Gypchek, is used as a biocontrol agent for the
gypsy moth, L. dispar (L.) (Reardon and Podgwaite,
994). The gypsy moth is a serious defoliating insect
est in the northeastern United States and is spread-
ng into the south and midwest. Gypsy moth larvae
eed on over 400 species of trees (Liebhold et al., 1995).

The LdMNPV is a baculovirus within the family
aculoviridae, which is composed of invertebrate-spe-
ific viruses containing large double-stranded DNA ge-
omes (Burgess, 1977; Schafer et al., 1979). Nucle-
polyhedroviruses (NPVs) have two distinct morpho-
ogical forms (see Blissard and Rohrmann, 1990). The
iral infection cycle begins with ingestion of a polyhe-
ron, a crystalline protein matrix that contains virus
articles. The polyhedron dissolves within the insect
idgut, thereby releasing the occluded virus particles

hat infect the insect. Early after infection, a budded
orm of virus (BV) is produced that exits the infected
ell and gives rise to a systemic infection within the
nsect host. Late in the infection cycle, virions are
roduced that become occluded into a polyhedron,
hich is the form of virus used for insect control. The
dMNPV has been completely sequenced and has a
enome of 161,046 bp (Kuzio et al., 1999), and the
eplication cycle of the LdMNPV has been character-
zed (Riegel and Slavicek, 1997).

The LdMNPV has the advantage of specificity for the
ypsy moth in contrast to chemical insecticides and
ost other biological control agents (Lewis and Podg-
aite, 1981). Consequently, LdMNPV is the agent of

hoice for gypsy moth control in environmentally sen-
itive areas and areas that contain threatened and
ndangered insect species. However, LdMNPV is not
xtensively used because of lack of commercial scale
roduction. Currently, LdMNPV is produced on a lim-
ted basis by the U.S. Forest Service and the Animal
1049-9644/01
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160 SLAVICEK, HAYES-PLAZOLLES, AND KELLY
and Plant Health Inspection Service in gypsy moth
larvae. The Forest Service has registered the virus
with the Environmental Protection Agency under the
name Gypchek for use as a gypsy moth control agent.
Production of Gypchek is expensive; it currently costs
approximately $30.00 to generate sufficient virus to
treat a hectare of forest. Production of virus in cell
culture is an alternative to larval production and has
the advantages of a controllable production system, a
pure product, and a lower cost.

An impediment to successful production of LdMNPV
in cell culture has been the formation of few-polyhedra
(FP) mutants. During serial passage of NPVs in cell
culture, FP mutants arise at a high frequency and
become the predominant virus type due to production
of more BV than wild-type virus. These mutants have
the characteristics of altered plaque morphology, pro-
duction of few polyhedra, synthesis of polyhedra that
lack viral nucleocapsids, increased release and/or pro-
duction of BV, defective envelopment of viral nucleo-
capsids within the nucleus, and, in the LdMNPV, a
decrease in the percentage of infected cells that pro-
duce polyhedra in comparison to wild-type (many-poly-
hedra; MP) virus (Potter et al., 1976; Fraser and Hink,
982; Slavicek et al., 1992, 1995; Harrison and Sum-
ers, 1995).
Specific mutations in FP mutants of Autographa

alifornica NPV (AcMNPV) and Galleria mellonella
PV (GmMNPV) have been identified and character-

zed. The appearance of the FP phenotype during serial
assage in cell culture often correlates with the pres-
nce of DNA insertions/deletions (Fraser et al., 1983;
umar and Miller, 1987; Cary et al., 1989) and the
bsence of a specific 25-kDa protein (Fraser et al.,
983). These insertions/deletions range from approxi-
ately 0.4 to 2.8 kb and occur predominately within a

pecific region (36–37 map units) on the AcMNPV and
mMNPV genomes. Analysis of this genomic region

dentified a gene coding for a 25-kDa protein that is
ecessary for the MP phenotype (Beames and Sum-
ers, 1989). Several different mutations in the 25K FP

ene generate all phenotypic characteristics of FP mu-
ants in the AcMNPV (Harrison and Summers, 1995).
n contrast to other baculovirus FP mutants studied,
ost LdMNPV FP mutants do not contain large inser-

ions or deletions in the 25K FP gene (Slavicek et al.,
995). Of five LdMNPV FP mutants characterized,
nly one contained a large DNA deletion. The others
ontained single nucleotide insertions or small dele-
ions (Bischoff and Slavicek, 1997). LdMNPV FP mu-
ants arise very quickly during viral replication in cell
ulture and become predominant after only three to
ve serial passages (Slavicek et al., 1995, 1996).
Production of baculovirus polyhedra in cell culture

ioreactors involves the progressive scaleup into suc-
essively larger-volume bioreactors until the final
tage is reached. The initial and intermediate bioreac-
or infections are used as the inoculum for the next-
arger-volume bioreactor. These scaleup steps require
erial passage of virus until the final infection. The
ery rapid formation of LdMNPV FP mutants would
revent successful production of this virus in cell cul-
ure bioreactors unless a strain of virus that does not
xhibit the FP mutant formation problem is developed.
n this report, we describe the isolation and character-
zation of a strain of LdMNPV that does not accumu-
ate FP mutants during extended serial passage in cell
ulture.

MATERIALS AND METHODS

Cell Lines and Viral Isolates

The L. dispar 652Y (Ld652Y) ovarian cell line was
used for serial passage studies (Goodwin et al., 1978).

he cells were propagated in complete medium [Good-
in’s IPL-52B medium (JRH Biosciences, Lexena, KS),
ith 10% heat-inactivated fetal bovine serum (Hy-

lone, Logan, UT) and 6.25 mM glutamine (Gibco BRL,
ockville, MD)]. Plaque-purified LdMNPV isolates
21, B21, 122, and 163 were used in this study as
ild-type controls and were generated as previously
escribed (Slavicek et al., 1995). Isolate A21-MPV was
laque-purified from isolate A21 and exhibited greater
olyhedra production stability than wild-type virus
Slavicek et al., 1996). LdMNPV isolates A21-2, B21-1,
22-2, 163-2, and 5-6 are FP mutants (Slavicek et al.,
996). LdMNPV isolates 122b, 122bFP1, and 122bFP2
ere isolated as described below or under Results.

dentification of LdMNPV Isolate 122b

Ld652Y cells were plated at a density of 2 3 105/ml
and infected with 0.1 tissue culture infectious dose
(TCID50) unit per cell of viral isolate A21, B21, 122, or
163. Seven days after infection, the cells were har-
vested and pelleted by centrifugation at 550g for 5 min.

he supernatant containing the BV was removed and
sed to determine BV TCID50 and for inoculum for a

second passage (infections were performed at 0.1
TCID50 unit per cell). This process was repeated twice
more for a total of three passages. Budded virus from
the third passage was plaque-purified, and plaques
were used to infect Ld652Y cells (1 3 104 cells/well) in
P96 well plates. Twenty viral isolates that exhibited a
MP phenotype were then passaged 8 times in Ld652Y
cells as described above. BV from the 8th passage was
plaque-purified, and plaques were used to infect
Ld652Y cells in P96 well plates. Forty-two viral iso-
lates exhibiting a MP phenotype were serially pas-
saged from 10 to 13 times as described above. Only one
isolate, termed 122b, that retained a MP phenotype
after all the serial passages was found.
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161IDENTIFICATION OF A Lymantria dispar NPV ISOLATE
TCID50 Determination, Plaque Assay, Quantification
of the Percentage of FP Mutants Present,
and REN Analysis

Viral titers from cell culture medium were deter-
mined by the end-point dilution assay first described
by Reed and Muench (1938) and adapted by Summers
and Smith (1987). Ld652Y cells (1 3 104/well) were
seeded in P96 well plates and allowed to attach for 1 h.
The cells were infected with eight separate dilutions of
virus at 1021 to 10211 and the plates were incubated at
27°C for 2 weeks. The wells of each separate dilution
series were scored positive or negative for vial infec-
tion, and the results were used to calculate viral titer
in number of infective doses per unit of inoculum ac-
cording to the equation developed by Reed and Muench
(1938). The viral titer was expressed as TCID50 per
milliliter of cell culture medium.

Viral isolates were plaque-purified after each se-
lected passage as previously described (Slavicek et al.,
1995). After a 2-week incubation period at 27°C, the
plaques that were clearly separated were transferred
to P96 well plates seeded with Ld652Y cells. After 1
week at 27°C the infections were scored as exhibiting
either a FP phenotype if the cells contained from ap-
proximately 1 to 10 polyhedra or a MP phenotype if the
majority of cells appeared opaque due to the presence
of many polyhedra per cell.

Viral isolate 122 and 122b genomic DNAs were an-
alyzed for restriction fragment length polymorphisms.
BV was pelleted from medium harvested from infected
cells by centrifugation at 112,700g for 45 min at 4°C,
and the pellet was resuspended in 0.13 TE (0.01 M
Tris, pH 8.0, 1 mM EDTA, pH 8.0) overnight at 4°C.
Viral DNA was isolated by the addition of 1 vol of
extraction buffer (20 mM Tris, pH 7.5, 120 mM NaCl,
20 mM EDTA, pH 8.0, 1% SDS, and 0.04 mg/ml pro-
teinase K) and incubation at 50°C for 1 h. The sample
was then adjusted to 1% Sarkosyl (Sigma, St. Louis,
MO) and incubated for an additional hour at 50°C. The
solution was extracted with 1 vol of phenol saturated
with 0.01 M Tris–0.001 M EDTA, pH 7.5, and 2 vol of
chloroform:isoamyl alcohol (24:1), and the nucleic acid
was precipitated with ethanol. Viral DNA was digested
with the restriction enzymes BglII, EcoRI, EcoRV,
HindIII, BamHI, and PstI, and the fragments were
separated by agarose gel electrophoresis and visual-
ized after staining with ethidium bromide.

Serial Passage of LdMNPV Isolates

The passage study was initiated by infection of
Ld652Y cells, plated at a density of 2 3 105/ml, with
viral isolates A21, B21, 122, 163, or 122b at 0.1 TCID50

unit per cell. Passage 1 material was harvested on day
7 postinfection (p.i.). Polyhedra were pelleted by cen-
trifugation at 550g for 5 min. The supernatant contain-
ng the BV was removed and used to determine BV
TCID50, for plaque assays to determine the percentage
of virus that exhibited a MP or FP phenotype, and for
inoculum for passage 2 (infections were performed at
0.1 TCID50 unit per cell). The polyhedra pellet was
resuspended in 5.0 ml water and sonicated for 30 s, and
the number of polyhedra present was determined by
the counting of three separate samples with a hema-
cytometer and expressed as polyhedra/ml. The number
of polyhedra/ml was multiplied by 5 to calculate the
number of polyhedra per flask. Serial passages 2
through 14 were performed as described above with BV
from the previous passage as inoculum. Once the iso-
lates had become predominately FP, as indicated by a
10-fold reduction in the number of polyhedra produced
per flask and visual confirmation of the presence of few
polyhedra/infected cell, serial passage was ended. Each
viral strain was serially passaged three times and the
results are expressed as the averages of three determi-
nations. ANOVA and regression analysis of data were
performed with the StatView program from Abacus
Concepts (Berkeley, CA).

Transmission Electron Microscopy (TEM)

Polyhedra produced by the isolates 122b and A21-
MPV were examined for the presence of viral nucleo-
capsids by transmission electron microscopy. The poly-
hedra were prepared and sectioned for electron micro-
scopic analysis as previously described (Slavicek et al.,
1992). The relative size of polyhedra was determined
by measurement of the diameter of polyhedral cross
sections in TEM photographs.

Analysis of BV and Polyhedra Production and
Bioassys

T25 flasks were seeded with 1 3 106 Ld652Y cells
and the cells infected with LdMNPV isolates 122b,
A21-MPV, A21-2, B21-1, 122-2, 163-2, 5-6, 122bFP1, or
122bFP2 at 0.1 TCID50 unit per cell. All infections were
performed in triplicate. BV was harvested 7 days p.i.
and the amount present was determined by TCID50

analysis. The number of polyhedra produced in infec-
tions by isolates 122b, 122bFP1, and 122bFP2 was
determined as described above.

Viral isolates were bioassayed by the placement of
100 2nd instar L. dispar larvae on a disk of diet 10 cm
n diameter which contained 1 3 105 surface-applied

polyhedra of viral isolates 122bFP1, 122bFP2, or A21-
MPV. After 24 h the larvae were placed on fresh diet
and larval mortality was monitored daily and quanti-
fied.

Polyhedra Production as a Function of Increasing
Virus:Cell Ratios

Production of baculovirus polyhedra in cell culture
bioreactors requires several infections in progressively
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greater volume bioreactors. A virus strain that pro-
duces more BV than wild-type virus should be more
economical to produce since a smaller volume of inoc-
ulum would be required to achieve a successful infec-
tion, and potentially fewer intermediate stage bioreac-
tors would be necessary. To determine the minimal
amount of inoculum required to achieve successful
polyhedra production, Ld652Y cells were infected with
122b or wild-type virus at increasing virus:cell ratios
and polyhedra production was quantified.

T25 flasks were seeded with 1 3 106 Ld652Y cells
and infected with either 122b or A21-15 (a wild-type
plaque-purified isolate of genotypic variant A21). Ap-
propriate amounts of virus inoculum were used to pro-
duce infections at virus:cell ratios of 1:1 (1 3 106

TCID50 units:1 3 106 cells), 1:5 (2 3 105 TCID50 units:
1 3 106 cells), 1:10 (1 3 105 TCID50 units:1 3 106 cells),
1:50 (2 3 104 TCID50 units:1 3 106 cells), 1:100 (1 3 104

TCID50 units:1 3 106 cells), 1:500 (2 3 103 TCID50

units:1 3 106 cells), and 1:1000 (1 3 103 TCID50 units:
1 3 106 cells). The infections were harvested at 11 days
p.i., and the number of polyhedra present was quanti-
fied. All infections were performed in quadruplicate.
The amount of cells used in these infections was held
constant since the number of cells that can be seeded
into a T25 flask is limited due to contact inhibition of
cell growth. The addition of 1 3 107 cells or greater
would have stopped cell division due to contact inhibi-
tion, and the cells would have been refractory to viral
infection.

RESULTS

Identification and Isolation of LdMNPV Isolate 122b

To identify LdMNPV isolates that did not or were
less prone to accumulate FP mutants during serial
passage in cell culture, a screen using serial passage
coupled with plaque-purification was used. We hypoth-
esized that a mutation that would impart a stable
polyhedra production phenotype could occur in the vi-
rus during DNA replication. During serial passage un-
der the conditions employed, the virus underwent sev-
eral rounds of DNA replication within each passage,
thereby providing many opportunities for mutations to
occur. Plaque-purification of virus after serial passage
and identification of virus exhibiting a MP phenotype
provided a means of isolating the desired mutant.

LdMNPV isolates A21, B21, 122, and 163 were used
in this study and are genotypic variants isolated from
Gypchek (Forest Service formulation of a mixture of
LdMNPV genotypes). These isolates were serially pas-
saged in cell culture, and after the third passage virus
was plaque-purified to isolate virus strains that exhib-
ited a MP phenotype. A total of 20 viral plaques (6, 5,
5, and 4 of A21, B21, 122, and 163, respectively) that
exhibited a MP phenotype after the first series of 3
serial passages were identified. These viral isolates
were then serially passaged 8 times, virus from the 8th
passage was plaque-purified, and a total of 42 isolates
(1, 1, 17, and 23 of A21, B21, 122, and 163, respectively)
that exhibited a MP phenotype were found. These viral
isolates were then serially passaged 12 times. Most of
the infections contained cells exhibiting a FP pheno-
type after only 3 to 6 serial passages, and with one
exception, the rest did so by the 9th passage. Only one
isolate, designated 122b, still exhibited a MP pheno-
type after the 12th passage and was selected for fur-
ther studies.

Serial Passage of 122b and LdMNPV Wild-Type
Viral Lines

The stability of the MP phenotype of 122b during
serial passage was compared to the stability of plaque-
purified viral lines of wild-type LdMNPV isolates A21,
B21, 122, and 163. Viral isolates 122b, A21, B21, 122,
and 163 were serially passaged until the infected cells
exhibited the FP phenotype or up to 14 times in
Ld652Y cells. These infections and passages were car-
ried out simultaneously under identical conditions
with a pooled source of Ld652Y cells.

The amount of polyhedra produced per flask by wild-
type isolates A21, B21, 122, and 163 decreased signif-
icantly (polynomial regression, A21, R 5 0.85, R 2 5
0.72, P 5 0.003, df 5 2, 11; B21, R 5 0.88, R 2 5
0.77, P 5 0.001, df 5 2, 11; 122, R 5 0.90, R 2 5
0.82, P 5 0.001, df 5 2, 11; 163, R 5 0.82, R 2 5
0.67, P 5 0.002, df 5 2, 11) through the first 5 serial
passages (Fig. 1). After the 2nd passage the isolates

FIG. 1. Polyhedra production during serial passage in Ld652Y
cells. The number of polyhedra produced after each serial passage
was determined and expressed as the number of polyhedra/flask. All
serial passages were initiated with plaque-purified viral isolates.
The values shown are the averages of three determinations.
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163IDENTIFICATION OF A Lymantria dispar NPV ISOLATE
produced approximately 1 3 108 polyhedra/flask (T25),
and after the 5th passage, only 1–2 3 107 polyhedra/
flask were generated. After the 5th passage, cells in-
fected by these isolates contained very few polyhedra.
Isolates A21, B21, 122, and 163 exhibited decreases in
polyhedra production of approximately 10-fold during
serial passage. In contrast, isolate 122b exhibited sta-
ble polyhedra production with no significant change
(polynomial regression, R 5 0.17, R 2 5 0.03, P 5
0.864, df 5 2,38) through 14 serial passages (Fig. 1).

The amount of BV produced, expressed as TCID50

values, by isolates A21, B21, 122, and 163 increased
significantly (polynomial regression, A21, R 5 0.78,
R 2 5 0.61, P 5 0.004, df 5 2,14; B21, R 5 0.84,
R 2 5 0.71, P 5 0.001, df 5 2,14; 122, R 5 0.82,

2 5 0.67, P 5 0.001, df 5 2,11; 163, R 5 0.75,
2 5 0.57, P 5 0.004, df 5 2,15) through the first 3

erial passages and then remained at approximately
he same levels through passages 4 and 5 (Fig. 2).
hese isolates exhibited increases in TCID50 values of

approximately 10-fold from the 1st to the 3rd passage.
In contrast, isolate 122b exhibited a TCID50 value ap-
proximately 10-fold greater than that of the wild-type
isolates at the 1st passage and then produced essen-
tially the same amount of BV with no significant
change (polynomial regression, R 5 0.294, R 2 5 0.09,
P 5 0.609, df 5 2, 41) through the 14th passage.

After the 14th serial passage of isolate 122b, FP
utants were not evident by visual inspection of in-

ected cells. In contrast, after from 3 to 8 serial pas-
ages, infections by isolates A21, B21, 122, and 163
ppeared to be mostly FP mutants. The percentage of
P mutants present in infections by these isolates after

FIG. 2. Budded virus production during serial passage in
Ld652Y cells. The TCID50 values were determined after each serial
passage and are expressed as the TCID50/ml of cell culture medium.

ll serial passages were initiated with plaque-purified viral isolates.
he values shown are the averages of three determinations.
he 3rd (isolates A21, B21, and 122) or 8th (isolate 163)
assage ranged from 71 to 92%.

enotypic Analysis of Isolate 122b

The genomes of isolates 122b and 122 were analyzed
or restriction fragment length polymorphisms to de-
ermine whether isolate 122b was derived from isolate
22 and whether genotypic differences between these
solates could be identified. Isolate 122b and 122
enomic DNA was restricted with BglII, EcoRI, EcoRV,
indIII, BamHI, and PstI restriction endonucleases.
he DNA fragments were separated by agarose gel
lectrophoresis and visualized following staining with
thidium bromide. There were no differences in the
igestion profiles of isolates 122b and 122 generated
ith EcoRI, EcoRV, HindIII, BamHI, and PstI restric-

ion endonucleases. Isolate 122b contained a BglII re-
triction endonuclease site at the genomic site of ap-
roximately 149.7 kb that was lacking in isolate 122.
he presence of this site results in the formation of

ragments of approximately 11.7 and 4.4 kb in isolate
22b, whereas isolate 122 contained a 16.1-kb frag-
ent (data not shown).

nalysis of Isolate 122b Polyhedra

The size and morphology of isolate 122b polyhedra
nd virion occlusion were investigated through analy-
is of electron micrographs of polyhedra. Isolate 122b
olyhedra exhibited the same morphology and approx-
mately the same levels of virion occlusion as those of
ild-type isolate A21 polyhedra (Figs. 3A and 3B, re-

pectively). To determine whether the levels of virion
cclusion were the same, the number of virions present
n electron micrographs of polyhedra cross sections
ere counted and expressed as the number of virions/

mm2 of polyhedra cross-section area. The polyhedra
were sectioned randomly with respect to the cutting
plane, thereby generating representative cross sections
from all areas of the polyhedra. Isolate 122b and A21
polyhedra contained 14.0 and 15.7 virions/mm2 of poly-

edra cross-section area, respectively, which were not
tatistically different (F 5 0.74, df 5 1,49, P 5
.40).
Visual comparison of 122b and A21 polyhedra micro-

raphs suggested that 122b polyhedra were smaller
han wild-type polyhedra. The relative diameters of
22b and wild-type polyhedra were determined by
easurement of the diameter of polyhedra cross sec-

ions in electron micrographs. Since the polyhedra
ere sectioned randomly with respect to the cutting
lane, measurement of cross section diameter provides
n accurate relative determination of polyhedron di-
meter. The diameter of 122b polyhedra was found to
e significantly (F 5 25.1, df 5 1, 49, P 5 0.0001)
ess than that of wild-type polyhedra (Fig. 3C). The
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diameter of 122b polyhedra is approximately 38% less
than that of wild-type polyhedra.

Comparison of 122b and FP Mutant BV Production

In agreement with previous studies (Slavicek et al.,
1995, 1996) BV production increased as FP mutants
arose and became predominant during serial passage
in Ld652Y cells (Fig. 2). In contrast, BV production by
isolate 122b was stable during serial passage and was
approximately 10-fold greater than that by wild-type
virus. The finding that isolate 122b produced approxi-
mately the same amount of BV as isolates A21, B21,
122, and 163 after FP mutants became predominant

FIG. 3. Electron micrographs of polyhedra cross sections and
ections of polyhedra produced by isolate 122b (A) and A21-MPV (B
etermined and expressed in microns (C). The values are the averages
suggested that 122b produces more BV than wild-type
virus and an amount similar to that produced by FP
mutants. The amount of BV produced by isolate 122b
was compared to that by FP mutants to determine
whether comparable levels of BV were produced (Fig.
4). FP mutants A21-2, B21-1, 122-2, 163-2, and 5-6
were used for this investigation. These mutants have
deletions or single-nucleotide insertions in the 25K FP
gene (Bischoff and Slavicek, 1997). No significant dif-
ference was found in the amount of BV produced by
isolate 122b compared to the amount produced by FP
isolates A21-2, B21-1, 122-2, 163-2, and 5-6 (Fig. 4)
(A21-2, F 5 0.03, df 5 1, 5, P 5 0.86; B21-1, F 5

ermination of relative polyhedral diameter. Representative cross
he relative diameters of isolate 122b and wild-type polyhedra were
50 determinations for each isolate. One standard deviation is shown.
det
). T
of
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165IDENTIFICATION OF A Lymantria dispar NPV ISOLATE
0.01, df 5 1, 5, P 5 0.93; 122-2, F 5 0.06, df 5 1,
5, P 5 0.82; 163-2, F 5 0.08, df 5 1, 5, P 5 0.79;
5-6, F 5 0.07, df 5 1, 5, P 5 0.80). Isolate 122b did
produce significantly more BV than isolate A21-MPV
(F 5 33.1, df 5 1, 5, P 5 0.005), as did the FP
mutants (A21-2, F 5 17.9, df 5 1, 5, P 5 0.01; B21-1,
F 5 9.7, df 5 1, 5, P 5 0.04; 122-2, F 5 24.2, df 5
1, 5, P 5 0.008; 163-2, F 5 25.9, df 5 1, 5, P 5
0.007; 5-6, F 5 23.1, df 5 1, 5, P 5 0.009).

nalysis of FP Mutants Derived from Isolate 122b

The finding that isolate 122b and FP mutants pro-
uced equivalent amounts of BV suggests a possible
asis for the lack of FP mutant accumulation during
erial passage of isolate 122b. To address this possibil-
ty, 122b-derived viral isolates that exhibited charac-
eristics of FP mutants were sought to determine
hether these mutants produced amounts of BV equiv-
lent those of 122b. Ninety-four plaques of isolate 122b
ere generated and then serially passaged 23 times in
P96 well plate. At the 20th and 22nd passages, two
ells in which some infected cells produced fewer poly-
edra than cells infected with 122b were found. Virus
rom these wells was plaqued, and two isolates that
xhibited the FP mutant trait of reduced polyhedra
ynthesis were identified. The infectivity of these iso-
ates was assessed through application of 1 3 105 poly-

hedra to a disk of diet, addition of 100 2nd instar L.
dispar larvae, and quantification of larval mortality.
Larvae feeding on diet containing A21-MPV polyhedra
exhibited 100% mortality. In contrast, larvae feeding
on diet containing the putative 122b FP mutant poly-
hedra exhibited 0% mortality. The amounts of BV and
polyhedra produced by the putative 122b FP mutants,
122bFP1 and 122bFP2, and by isolate 122b were quan-
tified and compared. The 122b FP mutants produced
essentially the same amount of BV as isolate 122b (Fig.

FIG. 4. Budded virus production by LdMNPV isolates. The
mount of BV produced by isolates 122b and A21-MPV and the few
olyhedra mutants A21-2, B21-1, 122-2, 163-2, and 5-6 was deter-
ined and expressed as the number of TCID50 units/ml of medium.

The values shown are the averages of three determinations 1 one
tandard deviation.
5A). There was no significant difference in the amount
of BV produced by these isolates compared to that by
122b (122bFP1, F 5 0.03, df 5 1, 7, P 5 0.86;
122FP2, F 5 0.02, df 5 1, 7, P 5 0.89). Isolates
22bFP1 and 122bFP2 produced significantly
122bFP1, F 5 288.3, df 5 1, 7, P 5 0.0001; 122FP2,

F 5 300.8, df 5 1, 7, P 5 0.0001) fewer polyhedra,
approximately 10-fold fewer, than isolate 122b (Fig.
5B). Fifty polyhedra cross sections of isolates 122bFP1
and 122bFP2 were visualized through electron micros-
copy to assess levels of virion occlusion. The majority
(.90%) of isolate 122bFP1 and 122bFP2 cross sections
contained no virions (Fig. 5C). The remaining polyhe-
dra contained very few virions, an average of approxi-
mately three to five virions per cross section. The ele-
vated BV titers, decreased polyhedra synthesis, and
lack of virion occlusion exhibited by isolates 122bFP1
and 122bFP2 are traits consistent with traits exhibited
by FP mutants (Slavicek et al., 1995).

Analysis of Isolate 122b Polyhedra Production as a
Function of Virus:Cell Infection Ratios

To determine the minimal amount of inoculum re-
quired to achieve successful polyhedra production,
Ld652Y cells were infected with 122b or wild-type vi-
rus at increasing virus:cell ratios and polyhedra pro-
duction was quantified. Isolate 122b produced greater
than 1 3 108 polyhedra/flask at virus:cell ratios of 1:1
through 1:500 and almost 108 polyhedra at a ratio
1:1000 (Fig. 6). In contrast, wild-type virus exhibited a
decrease in polyhedra production at virus:cell infection
ratios of 1:5 through 1:1000. At a virus:cell ratio of
1:500, isolate 122b produced approximately 10-fold
more polyhedra than wild-type virus. Polyhedra pro-
duction by isolate 122b decreased at virus:cell infection
ratios of 1:50 through 1:1000. However, at virus:cell
ratios of 1:100 and 1:500 isolate 122b still produced
more than 1 3 108 polyhedra per flask. In addition,
isolate 122b produced significantly more polyhedra
than wild-type virus at all virus:cell infections ratios
assayed (1:1, F 5 89.2, df 5 1, 7, P 5 0.0001; 1:5,
F 5 41.4, df 5 1, 7, P 5 0.0007, 1:10, F 5 83.2,

f 5 1, 7, P 5 0.0001; 1:50, F 5 190.9, df 5 1, 7,
5 0.0001; 1:100, F 5 109.7, df 5 1, 7, P 5

.0001; 1:500, F 5 37.5, df 5 1, 7, P 5 0.0009;
:1000, F 5 32.3, df 5 1, 5, P 5 0.005).

DISCUSSION

We have isolated and characterized a LdMNPV iso-
late, 122b, that does not accumulate FP mutants after
extensive serial passage in Ld652Y cells. In contrast,
during serial passage of wild-type virus in Ld652Y
cells, FP mutants arise and rapidly become the pre-
dominant virus type (Slavicek et al., 1995, 1996; this
investigation). Serial passage of baculoviruses in cell
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culture results in the formation of FP mutants at a
high frequency (Hink and Strauss, 1976; MacKinnon et
al., 1974; Potter et al., 1976; Fraser and Hink, 1982).
LdMNPV FP mutants exhibit the traits of formation of
few polyhedra per cell, a decrease in the percentage of
infected cells that form polyhedra, increased release
and/or production of BV, and synthesis of polyhedra
with few viral occlusions compared to wild-type virus

FIG. 5. Analysis of budded virus and polyhedra production and
isolate 122b. The amount of BV produced by isolates 122b, 122bFP1
units/ml of medium (A). The number of polyhedra produced by isolat
number of polyhedra/flask (B). The values shown in parts A and B ar
sections of representative polyhedra produced by isolate 122bFP1 (C
(Slavicek et al., 1992, 1995). Under identical conditions
in parallel serial passages, the release of BV increased
and polyhedra production decreased during serial pas-
sage of wild-type LdMNPV strains, suggesting that FP
mutants formed and became predominant. The pres-
ence of FP mutants was confirmed through analysis of
viral plaques. These results are in agreement with our
previous findings, in which wild-type viral strains ac-

polyhedra produced by few-polyhedra mutant isolates derived from
d 122bFP2 was determined and expressed as the number of TCID50

122b, 122bFP1, and 122bFP2 was determined and expressed as the
e averages of three determinations 1 one standard deviation. Cross
of
, an
es
e th
).
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167IDENTIFICATION OF A Lymantria dispar NPV ISOLATE
quired mutations in the 25K FP gene during serial
assage in Ld652Y cells (Slavicek et al., 1995, 1996).
he enhanced stability of isolate 122b was confirmed
y the finding that after 14 serial passages no FP
utants were evident. In contrast, after just a few

erial passages, the wild-type virus strains were pre-
ominantly composed of FP mutants.
Analysis of 122b BV production revealed that this

solate produced approximately 10-fold more BV than
ild-type virus and essentially the same amount as
5K FP mutants. This finding provides a basis for the
table MP phenotype of 122b during serial passage. If
solate 122b produces the same amounts of BV as a FP

utant, the FP mutant could not become predominant
uring serial passage since it lacks the competitive
dvantage of increased BV production. For this to oc-
ur, however, a 122b FP mutant could not produce
ore BV than 122b. To investigate this theory we

dentified and isolated two 122b-derived viral strains
hat exhibited the traits of reduced polyhedra synthe-
is and lack of virion occlusion, both of which are traits
f FP mutants. Marker rescue was performed with one
f the putative 122b FP mutants with a clone contain-
ng the wild-type 25K FP gene. The MP phenotype was
estored, indicating that the mutant contained a mu-
ation in the 25K FP gene (data not shown). Analysis of
V production by the 122b FP mutants revealed that

hese mutants produced essentially the same amount
f BV as isolate 122b. This finding supports the theory
hat the basis for the stable MP phenotype of isolate

FIG. 6. Polyhedra production by isolate 122b and A21-15 (wild-
type virus) at increasing virus:cell infection ratios. The number of
polyhedra produced by isolate 122b and wild-type virus was deter-
mined and expressed as the number of polyhedra/flask. The values
shown are the averages of four determinations 6 one standard
deviation.
22b during serial passage is due to elevated BV pro-
uction.
Isolate 122b produced significantly more polyhedra

han wild-type virus; however, the polyhedra were
maller than wild-type polyhedra. Isolate 122b pro-
uced approximately 3.5-fold more polyhedra than
ild-type virus, which were about 35% smaller in di-
meter than wild-type polyhedra. Therefore, the vol-
me of polyhedra produced by 122b was essentially the
ame as that produced by wild-type virus.
Genomic restriction endonuclease digestion profiles

f isolates 122b and 122 were compared to determine
hether isolate 122b was derived from 122 and to

dentify genotypic differences between the isolates.
nalysis of digestion profiles with five different restric-

ion endonucleases revealed no differences between the
solates, indicating that 122b is derived from isolate
22. Digestion with a sixth restriction endonuclease
evealed that isolate 122b contained a BglII site lack-
ng in isolate 122. This site has also been found in MP
nd FP strains of isolate 122 in a previous study (Slav-
cek et al., 1995). The relevance, if any, of the addi-
ional BglII restriction endonuclease site to phenotypic
raits of isolate 122b is under investigation.

Production of baculovirus polyhedra in cell culture
ioreactors involves the progressive scaleup into suc-
essively larger-volume bioreactors until the final
tage is reached. The initial and intermediate bioreac-
or infections are used as the inoculum for the next-
arger-volume bioreactor. The fewer the number of in-
ermediate bioreactors that are used to reach the final
ioreactor, the more economical the production process
ill be. The number of intermediate bioreactor infec-

ions necessary will be dependent upon the amount of
V produced by the isolate used. With higher levels of
V production, a smaller volume of inoculum would be
equired to achieve a successful infection, and poten-
ially fewer intermediate-stage bioreactors would be
ecessary. The minimal amount of inoculum required
o achieve successful polyhedra production with isolate
22b was found to be significantly less than that with
ild-type virus. Consequently, less inoculum of isolate
22b is necessary to generate a successful infection,
hich would decrease production costs compared to
roduction of wild-type virus. In addition, fewer inter-
ediate-stage bioreactors may be required when 122b

s produced, which would also decrease production
osts.
The stability of polyhedra production exhibited by

solate 122b in conjunction with the small amount of
noculum needed for productive infections suggest that
solate 122b would be more economical to produce than
ild-type virus in cell culture bioreactors. In addition,
P mutant formation during production in cell culture
ioreactors should not be a problem with isolate 122b
ue to its BV production levels. The molecular basis for
ncreased BV release and/or production by isolate 122b
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is currently under investigation. Isolate 122b has been
patented and is available for licensing and research
purposes (Slavicek and Hayes-Plazolles, 1999).
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