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Homologous recombination between the Autographa californicanuclear polyhedrosis virus (AcNPV) genome
and a 0.6-kbp-long DNA fragment derived from the putative DNA helicase gene of Bombyx morinuclear
polyhedrosis virus generates eh2-AcNPV, an expanded-host-range AcNPV mutant (S. Maeda, S. G. Kamita,
and A. Kondo, J. Virol. 67:6234–6238, 1993). After inoculation at a high multiplicity of infection (MOI),
eh2-AcNPV replicates efficiently in both the Sf-9 (AcNPV-permissive) and BmN (non-AcNPV-permissive) cell
lines. In this study, we found that after the inoculation of Sf-9 cells at a low MOI (i.e., 1 and 0.1 PFU per cell),
the release of eh2-AcNPV virions was dramatically reduced (approximately 900- and 10,000-fold, respectively,
at 72 h postinoculation) compared with that of wild-type AcNPV. In addition, the titer of eh2-AcNPV deter-
mined by plaque assay on Sf-9 cells was approximately 200-fold lower than that determined by plaque assay
on BmN cells. Analyses of gene expression and viral DNA replication after low-MOI eh2-AcNPV inoculation
of Sf-9 cells indicated that viral early genes were expressed normally. However, DNA replication and late-gene
expression were significantly reduced. These findings suggested that abortive infection occurred at the stage of
viral DNA replication in nearly all low-MOI eh2-AcNPV-infected Sf-9 cells. In the larvae of Spodoptera
frugiperda, the organism from which Sf-9 cells are derived, the infectivity of eh2-AcNPV was lower than that of
AcNPV; however, abortive infection was not found.

Baculoviruses are arthropod specific and characterized by
large, double-stranded DNA genomes and rod-shaped, envel-
oped virions. Baculoviruses are commonly used as vectors for
the expression of foreign genes in cultured insect cells (38) and
larvae (6). They have also been successfully used as safe bio-
pesticides for the protection of field and orchard crops and
forests (14). Recently, baculoviruses have been genetically
modified by recombinant DNA techniques to increase the
speed of insect killing and expand the host range (for reviews,
see references 29 and 34).
Baculoviruses are generally classified into the following

three subgroups: nuclear polyhedrosis virus (NPV), granulosis
virus, and nonoccluded baculovirus. The entire 133,894-bp-long
genome of the prototype NPV, Autographa californica NPV
(AcNPV), has recently been sequenced (1). Our group has also
recently sequenced the entire 128,413-bp-long genome of
Bombyx mori NPV (BmNPV) (GenBank accession no.
L33180), an NPV isolated from the silkworm B. mori. Se-
quence analyses of the BmNPV and AcNPV genomes indicate
that they have over 90% nucleotide sequence identity. Even
though BmNPV and AcNPV are highly homologous at the
DNA level, their host ranges are nonoverlapping (33). BmNPV
replicates strongly (i.e., 108 PFU/ml by 36 h postinoculation
[p.i.]) in the B. mori-derived BmN cell line, but it does not
replicate in the Spodoptera frugiperda-derived Sf-9 and Sf-21
cell lines. Conversely, AcNPV replicates strongly in Sf-9 and
Sf-21 cells, but it does not replicate in BmN cells.
The host range of AcNPV is expanded by homologous re-

combination after the coinfection of AcNPV and BmNPV (19)
or the cotransfection of AcNPV genomic DNA and (i) restric-
tion endonuclease-cleaved BmNPV genomic DNA (35) or (ii)

BmNPV-derived DNA fragments cloned into plasmid vectors
(9, 30). We have identified a 572-bp long region of BmNPV,
BmScH, which when cotransfected with AcNPV genomic
DNA generates eh2-AcNPV, an expanded-host-range AcNPV
mutant (30). BmScH is localized within the coding region of a
3,666-bp-long BmNPV homolog, BmNPV dnahel (18), of the
putative DNA helicase gene, p143, of AcNPV (24). The ge-
nomes of eh2-AcNPV and AcNPV are identical, except for 29
nucleotide substitutions (encoding 14 amino acid substitutions)
within BmScH (30). The expanded-host-range phenotype of
eh2-AcNPV has been shown to be specifically due to these
nucleotide and amino acid substitutions by marker rescue ex-
periments (18), In addition to the putative DNA helicase gene,
AcNPV p35 (7, 8, 13) and AcNPV hcf-1 (26) have been shown
to be involved in baculovirus host range determination.
Baculovirus gene expression occurs in an ordered cascade of

events, beginning with the expression of early genes. Subse-
quently, the expression of late and very late genes occurs either
concurrently with or after the initiation of viral DNA replica-
tion (for reviews, see references 2 and 21). Six AcNPV genes
(p143, ie-1, lef-1, lef-2, lef-3, and dnapol [20] or p35 [27]) have
been identified as those minimally required for plasmid DNA
replication in Sf cells by transient-replication assays. p143 has
also been shown to play an essential role in viral DNA repli-
cation with the temperature-sensitive AcNPV mutant ts8 (3,
11). In addition, we have shown that p143 is involved in the
induction of a unique cytotoxicity which occurs prior to the
onset of viral DNA replication in AcNPV-infected BmN cells
(17).
In this study, we analyzed various factors which influence the

replication of eh2-AcNPV in both Sf-9 and BmN cells and in
S. frugiperda larvae. We found that after the inoculation of Sf-9
cells at a low multiplicity of infection (MOI) (i.e., 0.1 and 1
PFU per cell), the release of eh2-AcNPV virions was dramat-
ically reduced compared with that of wild-type AcNPV. This
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dramatic reduction, however, was not found in low-MOI eh2-
AcNPV-infected BmN cells nor in high-MOI (i.e., 20 PFU per
cell) eh2-AcNPV-infected Sf-9 cells. In addition, we found that
the titer of eh2-AcNPV determined by plaque assay on Sf-9
cells was approximately 200-fold lower than that determined by
plaque assay on BmN cells. In order to identify the cause of
these phenomena, we analyzed several key steps in the virus
replication cycle, including the expression of early and late
genes and DNA replication. Our findings indicate that these
phenomena were the result of abortive infection that occurred
at the stage of viral DNA replication in nearly all low-MOI
eh2-AcNPV-infected Sf-9 cells. Oral infectivity assays using
S. frugiperda neonates showed that the median lethal concen-
tration (LC50) of eh2-AcNPV was 1.8-fold higher than that of
wild-type AcNPV. Also, the 50% median survival time (ST50)
of eh2-AcNPV was longer than that of AcNPV by 4.4 to 18.0%,
depending on the virus concentration used for inoculation.
However, abortive infection was not found in vivo.

MATERIALS AND METHODS

Cell lines, viruses, plaque assay, and virus growth curves. The Sf-9, Sf-21, and
BmN cell lines were maintained as described previously (17). AcNPV OT2 (33)
and BmNPV T3 (31) isolates were propagated in Sf-9 and BmN cells, respec-
tively. The expanded-host-range AcNPV mutant, eh2-AcNPV (30), was propa-
gated in either Sf-9 or BmN cells as appropriate. The virus stocks were prepared
from cells that were inoculated at an MOI of 10 PFU per cell. In all experiments,
the titers of eh2-AcNPV, AcNPV, and BmNPV were determined by plaque
assays on BmN or Sf-9 (or Sf-21) cells, as appropriate, as described previously
(28, 38). In order to visualize plaques, a second agarose overlay (2 ml) containing
0.01% neutral red (Sigma Chemical Co., St. Louis, Mo.) was added 4 or 5 days
after the initial overlay. Virus growth curves were determined after the inocu-
lation of Sf-9 and BmN cells with eh2-AcNPV, AcNPV, or BmNPV at an MOI
of 0.1, 1, or 20 PFU per cell as described previously (17). Virus replication was
quantitated at 1, 5, 12, 24, 36, 48, and 72 h p.i. by plaque assay.
Isolation of poly(A)1 RNA and Northern (RNA) blot hybridization. Poly(A)1

RNAs were isolated at 3 and 17 h p.i. by oligo(dT)-cellulose chromatography
from Sf-9 or BmN cells inoculated with eh2-AcNPV at an MOI of 1 or 20 PFU
per cell or with AcNPV at an MOI of 1 PFU per cell. Two micrograms of each
sample (determined by the measurement of A260) was separated on a 1% form-
aldehyde agarose gel and subjected to Northern blot hybridization under the
conditions described previously (17) with probes BmHC/PS, BmScH, and
BE284BE, which detect baculovirus immediate-early and/or late genes as de-
scribed below. The molecular weights of poly(A)1 RNAs were determined by
comparison with those of coelectrophoresed standards (3 mg of 0.24- to 9.5-kb
RNA ladder [GIBCO BRL, Inc., Gaithersburg, Md.]). The nylon membrane was
repeatedly used after removal of the hybridized probe by washing in 0.13 SSC
(13 SSC is 0.15 M NaCl plus 0.015 M sodium citrate)–0.5% sodium dodecyl
sulfate at 958C (two 20-min washes).
Dot blot hybridization of total cell DNA. Virus-specific DNA replication was

analyzed by dot blot hybridization of total cell DNAs as described previously
(36). Briefly, total cell DNAs were extracted from 104 Sf-9 or BmN cells at 24, 36,
or 48 h after inoculation with eh2-AcNPV or AcNPV at MOI of 1 or 20 PFU per
cell. After fixation and prehybridization, the DNAs were hybridized with labeled
AcNPV DNA (see below) as a probe. AcNPV genomic DNA (5, 20, 100, or 500
ng [determined by the measurement of A260]) was used as a standard.
Probes. Probe BmHC/PS (see Fig. 2A) was derived from a 0.8-kbp-long PstI-

ScaI fragment located within the HindIII C fragment (86.3 to 99.6 map units) of
BmNPV (32). BmHC/PS contains one-third (0.5 kbp) of the 59 end and 0.3 kbp
of the upstream noncoding sequence of BmNPV ie-2, a BmNPV homolog of the
immediate-early genes ie-n of AcNPV (4, 5) and ie-2 of Orgyia pseudotsugata
NPV (41). Probe BmScH (see Fig 2B) was derived from a 572-bp-long
SacI-HindIII fragment located within BmNPV dnahel (30). Probe BE284BE (see
Fig. 2C) has been described previously (17) and contains the 39 nontranslated
region of the very late polyhderin gene and 1,340 bp of the 39 end of the late
ORF1629 gene of BmNPV. AcNPV and BmNPV have greater than 95% nucle-
otide sequence identity in the regions recognized by these probes (GenBank
accession no. L33180) (1, 15). AcNPV genomic DNA for use as a probe and
standard for dot blot hybridization was prepared as described previously (28). All
probes were labeled with [a-32P]dATP by using a random primed DNA labeling
kit (United States Biochemical, Cleveland, Ohio).
In vivo bioassays. Fall armyworm (S. frugiperda) eggs were generously pro-

vided by W. Deryck Perkins (Agricultural Research Service U.S. Department of
Agriculture, Tifton, Ga.). The larvae of S. frugiperda (an AcNPV-permissive
insect) were reared on artificial diet (catalog no. F9782B; Bio-Serv, Frenchtown,
N.J.) at 268C. eh2-AcNPV and AcNPV polyhedral inclusion bodies (PIBs) were
purified from fifth-instar larvae by centrifugation and resuspension in double-

distilled H2O as described previously (38). The PIBs were diluted in double-
distilled H2O and quantified by using a hemacytometer with 1/400-mm2 grids.
The oral infectivity of eh2-AcNPV and AcNPV was determined by dosage-

and time-mortality assays. Newly emerged larvae were inoculated by a surface
contamination method described by Ignoffo (16). Briefly, groups of 9 to 34
S. frugiperda neonates were allowed to feed upon 962-mm2 areas of diet con-
taminated with PIBs for 15 h and then transferred to fresh diet. In the initial
experiments, the diet was contaminated with serial 10-fold dilutions (0.01 to
10,000 PIBs per mm2) of virus in order to bracket the LC50. As the LC50 was
approached, intermediate dilutions (see Table 2) were also used to pinpoint the
LC50. The number of replications performed and number of larvae tested are
also given. Larval mortality was recorded daily for the time-mortality assays.
Mortality data obtained on the sixth day p.i. were used for the dosage-mortality
analysis. Probit analysis (10) was performed with the aid of the POLO computer
program (40).

RESULTS

Titration of eh2-AcNPV. In preliminary experiments, the
titer of eh2-AcNPV determined by plaque assay on Sf-9 cells
appeared to be significantly lower than that determined by
plaque assay on BmN cells. In order to quantify this difference,
eh2-AcNPV stocks propagated in either Sf-9 or BmN cells (at
least three independently propagated stocks from each cell
line) were serially 10-fold diluted and titrated on both Sf-9 and
BmN cell monolayers. The average titer of eh2-AcNPV stocks
propagated in BmN cells was approximately 200-fold lower
when it was determined by plaque assay on Sf-9 cells [(8.6 6
1.7) 3 105 PFU/ml] than when it was determined by plaque
assay on BmN cells [(1.7 6 0.25) 3 108 PFU/ml] (Table 1).
Similarly, the average titer of eh2-AcNPV stocks propagated in
Sf-9 cells was approximately 250-fold lower when it was deter-
mined by plaque assay on Sf-9 cells [(3.96 1.7)3 105 PFU/ml]
than when it was determined by plaque assay on BmN cells
[(1.0 6 0.66) 3 108 PFU/ml] (Table 1). The plaques formed by
eh2-AcNPV on Sf-9 and BmN cell monolayers showed little
heterogeneity. In addition, unusually small plaques which may
have been indicative of reduced or delayed replication were
not observed.
Growth curves of eh2-AcNPV after inoculation at various

MOIs. The growth curves of eh2-AcNPV were determined
after the inoculation of Sf-9 and BmN cells at MOIs of 0.1, 1,
and 20 PFU per cell (Fig. 1). After the inoculation of Sf-9 cells
at an MOI of 20 PFU per cell, eh2-AcNPV showed a typical
growth curve (i.e., strong replication with log and plateau
phases) which reached a plateau of 1.9 3 108 6 5.8 3 106

PFU/ml by 72 h p.i. (Fig. 1A). However, after inoculation at
MOIs of 1 and 0.1 PFU per cell, eh2-AcNPV showed titers of
only 1.6 3 105 6 4.0 3 104 and 1.5 3 104 6 4.6 3 103 PFU/ml,
respectively, by 72 h p.i. These titers were lower by approxi-
mately 900- and 10,000-fold, respectively, compared with those
of Sf-9 cells inoculated with AcNPV at MOIs of 1 and 0.1 PFU
per cell. Even by 5 days p.i., the titer of eh2-AcNPV increased
only slightly in low-MOI eh2-AcNPV-inoculated Sf-9 cells and
most of the cells did not show any symptoms of virus infection
(data not shown). Beyond about 5 days p.i., cell cultures be-
came overgrown and began to deteriorate unless cells were
refed with fresh medium (data not shown).
In BmN cells inoculated at MOIs of 0.1, 1, and 20 PFU per

TABLE 1. Titration of eh2-AcNPV on Sf-9 and BmN cells

eh2-AcNPV
source

Titer (PFU/ml)a on: Difference
(fold)Sf-9 cells BmN cells

BmN cells (8.6 6 1.7) 3 105 (1.7 6 0.25) 3 108 201 6 57
Sf-9 cells (3.9 6 1.7) 3 105 (1.0 6 0.66) 3 108 253 6 62

a Average titer of at least three independent eh2-AcNPV stocks.
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cell (Fig. 1B), eh2-AcNPV efficiently replicated and reached
plateaus of 1.6 3 108 6 2.9 3 107, 1.9 3 108 6 2.1 3 107, and
1.9 3 108 6 3.0 3 107 PFU/ml, respectively, by 72 h p.i. After
the inoculation of BmN cells at MOIs of 1 and 0.1 PFU per
cell, the growth curves of eh2-AcNPV were shifted rightward
(by approximately 6 and 24 h, respectively) compared with that
after inoculation at an MOI of 20 PFU per cell. Comparisons
of eh2-AcNPV replication in Sf-9 and BmN cells inoculated at
MOIs of 1 and 0.1 PFU per cell showed that the BmN cell line
supported approximately 1,100- and 13,000-fold-higher repli-
cation rates, respectively, than did the Sf-9 cell line.
Expression of eh2-AcNPV early and late genes in Sf-9 and

BmN cells. Probes BmHC/PS and BmScH were used to ana-
lyze transcription from the early genes ie-2 and p143, respec-
tively. BmHC/PS hybridized 1.4-kb transcripts from all virus
(MOI of 1 or 20 PFU per cell for eh2-AcNPV or 1 PFU per
cell for AcNPV)- inoculated Sf-9 and BmN cells at 3 and 17 h
p.i. (Fig. 2A). The 1.4-kb transcript from BmN cells inoculated
with AcNPV at an MOI of 1 PFU per cell at 3 h p.i. was
expressed very poorly and was detected only after the film was

overexposed. The hybridization intensities of the 1.4-kb tran-
scripts from Sf-9 and BmN cells inoculated with eh2-AcNPV at
an MOI of 20 PFU per cell at 3 h p.i. was significantly stronger
than those of cells inoculated with eh2-AcNPV at an MOI of 1
PFU per cell. BmHC/PS also hybridized a 1.6-kb transcript
from eh2-AcNPV (MOI of 1 or 20 PFU per cell) and AcNPV-
inoculated Sf-9 cells and a 3.6-kb transcript from eh2-AcNPV
(MOI of 20 PFU per cell)-inoculated Sf-9 cells at 17 h p.i.
BmHC/PS did not show any detectable hybridization with tran-
scripts from mock-infected Sf-9 and BmN cells (data not
shown). The 1.4-kb transcripts putatively originated from ie-2
(also known as ie-n) on the basis of size and abundance during
an early stage of infection (5, 22, 41). The 1.6- and 3.6-kb
transcripts may have resulted from a read-through of the ie-2
poly(A) signal.
Probe BmScH hybridized 4.0-kb transcripts from all virus

(MOI of 1 or 20 PFU per cell for eh2-AcNPV or 1 PFU per
cell for AcNPV)-inoculated Sf-9 and BmN cells at 3 and 17 h
p.i. (Fig. 2B). The 4.0-kb transcripts from eh2-AcNPV (MOI of
1 PFU per cell)- and AcNPV (MOI of 1 PFU per cell)-inoc-
ulated Sf-9 and BmN cells at 3 h p.i. were expressed very
weakly and were detected only after the film was overexposed,
whereas at 17 h p.i., the expression of 4.0-kb transcripts was
significantly stronger. These 4.0-kb transcripts were presum-
ably expressed from an early eh2-AcNPV p143 promoter (the
promoter region of eh2-AcNPV p143 is identical to that of
AcNPV p143) which is active as late as 24 h p.i. (25). In
addition, 5.4-kb transcripts were weakly expressed from eh2-
AcNPV (MOI of 1 or 20 PFU per cell)-inoculated BmN cells.
These transcripts were similar in terms of size and expression
pattern to a 5.2-kb p143 transcript previously identified in Sf
cells infected with AcNPV (25). BmScH did not shown any
detectable hybridization with transcripts from mock-infected
Sf-9 and BmN cells (data not shown). Northern blot analysis
using probes BmHC/PS and BmScH suggested that the expres-
sion of eh2-AcNPV early genes, including p143 and ie-2, oc-
curred normally in low-MOI eh2-AcNPV-infected Sf-9 cells.
The expression of late genes was analyzed by using probe

BE284BE, which recognizes expression from the late and very
late baculovirus genes ORF1629 and polyhedrin, respectively
(Fig. 2C). At 3 h p.i., transcripts from virus (MOI of 1 or 20
PFU per cell for eh2-AcNPV or 1 PFU per cell for AcNPV)-
inoculated Sf-9 and BmN cells did not show any detectable
hybridization with BE284BE. At 17 h p.i., 2.0- and 3.6-kb
transcripts were expressed very weakly in eh2-AcNPV (MOI of
1 PFU per cell)-inoculated Sf-9 cells and were detected only
when the film was overexposed. In contrast, at 17 h p.i., 2.0-
and 3.6-kb transcripts were very strongly expressed in eh2-
AcNPV (MOI of 1 or 20 PFU per cell)-inoculated BmN cells
and strongly expressed in eh2-AcNPV (MOI of 20 PFU per
cell)- and AcNPV (MOI of 1 PFU per cell)-inoculated Sf-9
cells. In AcNPV (MOI of 1 PFU per cell)- inoculated BmN
cells, BE284BE weakly detected the expression of a 2.0-kb
transcript. The 2.0- and 3.6-kb transcripts were similar to those
described previously (37, 39) and presumably originated from
ORF1629 on the basis of size and time of expression. In addi-
tion, when the film was overexposed, a 1.3-kb transcript, whose
size is consistent with transcription from the polyhedrin gene,
was weakly detected in AcNPV (MOI of 1 PFU per cell)- and
eh2-AcNPV (MOI of 20 PFU per cell)-inoculated Sf-9 cells
at 17 h p.i., but not in other virus-inoculated cells. These hy-
bridization experiments using probes BmHC/PS, BmScH, and
BE284BE showed that in low-MOI eh2-AcNPV-infected Sf-9
cells, the expression of early genes appeared to occur normally,
whereas the expression of late and very late genes was dramat-
ically reduced.

FIG. 1. Representative growth curves of eh2-AcNPV (solid lines) and wild-
type AcNPV (dotted lines) in Sf-9 cells (A) or eh2-AcNPV (solid lines) and
BmNPV (dotted line) in BmN cells (B). Virus titers were determined at 1, 5, 12,
24, 36, 48, and 72 h p.i. by plaque assays on Sf-21 (for AcNPV) and BmN (for
eh2-AcNPV and BmNPV) cells after inoculation at an MOI of 0.1 (å), 1 (■), or
20 (F) PFU per cell.
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Viral DNA replication. In order to determine whether the
dramatic reduction in late-gene expression in low-MOI eh2-
AcNPV-inoculated Sf-9 cells was due to a deficiency in DNA
replication, virus-specific DNA replication was quantified by
dot blot-hybridization of mock- and virus-infected cells (Fig.
3). At 24 h p.i., less than 5 ng of virus-specific DNA (per 104

cells) was detected in eh2-AcNPV (MOI of 1 PFU per cell)-
inoculated Sf-9 cells. In contrast, in eh2-AcNPV (MOI of 20
PFU per cell)-inoculated Sf-9 cells approximately 150 ng of
virus-specific DNA (per 104 cells) was detected, whereas 100 to

500 ng of virus-specific DNA (per 104 cells) was detected in
AcNPV (MOI of 1 or 20 PFU per cell)-inoculated Sf-9 cells
and in eh2-AcNPV (MOI of 1 or 20 PFU per cell)-inoculated
BmN cells (Fig. 3). In AcNPV (MOI of 1 or 20 PFU per
cell)-inoculated BmN cells, approximately 20 ng of virus-spe-
cific DNA (per 104 cells) was detected. Virus-specific DNA was
not detected in mock-infected cells 24, 36, or 48 h p.i. (data not
shown).
At 36 h p.i., less than 5 ng of virus-specific DNA (per 104

cells) was detected in eh2-AcNPV (MOI of 1 PFU per cell)-

FIG. 2. Northern blot analysis of the expression of early, late, and very late genes. Poly(A)1 RNAs isolated from BmN (B) and Sf-9 (S) cells at 3 and 17 h p.i. with
eh2-AcNPV (at an MOI of 1 or 20 PFU per cell) or AcNPV (at an MOI of 1 PFU per cell) were hybridized with probes BmHC/PS (A), BmScH (B), and BE284BE
(C), which recognize baculovirus early, late, and/or very late genes as described in Materials and Methods. The localization of each probe in the BmNPV map is
indicated to the left of each hybridization panel. The sizes (in kilobases) and migrations of the major transcript(s) and coelectrophoresed standards are indicated on
the left and right, respectively, of each hybridization panel. m.u., map units.
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inoculated Sf-9 cells. In sharp contrast, approximately 500 ng
of virus-specific DNA (per 104 cells) was detected in eh2-
AcNPV (MOI of 20 PFU per cell)-inoculated Sf-9 cells. Ap-
proximately 700 ng of virus-specific DNA (per 104 cells) was
detected in AcNPV (MOI of 1 or 20 PFU per cell)-inoculated
Sf-9 cells and in eh2-AcNPV (MOI of 1 or 20 PFU per cell)-
inoculated BmN cells. Even by 48 h p.i., only approximately 20
ng of virus-specific DNA (per 104 cells) was detected in eh2-
AcNPV (MOI of 1 PFU per cell)-inoculated Sf-9 cells, whereas
approximately 900 ng of virus-specific DNA (per 104 cells) was
detected in eh2-AcNPV (MOI of 20 PFU per cell)-inoculated
Sf-9 cells. In addition, 600 to 900 ng of virus-specific DNA (per
104 cells) was detected in AcNPV (MOI of 1 or 20 PFU per
cell)-inoculated Sf-9 cells and in eh2-AcNPV (MOI of 1 or 20
PFU per cell)-inoculated BmN cells (Fig. 3).
Infectivity of eh2-AcNPV in insect larvae. In order to analyze

the fate of eh2-AcNPV in the whole organism, S. frugiperda
neonates were orally inoculated with various concentrations of
eh2-AcNPV and AcNPV (Table 2). Dosage-mortality analysis
at 6 days p.i. indicated that the LC50 of eh2-AcNPV (21.0
PIBs/mm2) was 1.8-fold higher than that of AcNPV (11.8 PIBs/
mm2) (Table 3). Time-mortality analyses indicated that the
ST50 of eh2-AcNPV was roughly 4.6 (4.4%), 8.3 (7.7%), 6.6
(5.1%), 26.0 (18.0%) 19.3 (11.5%), and 12.6 (6.5%) h longer
than that of AcNPV after oral inoculation at 500, 200, 50, 10,
5, and PIBs/mm2 (Table 4).

DISCUSSION

We have previously shown that homologous recombination
between the AcNPV genome and a 572-bp-long DNA frag-
ment derived from the putative DNA helicase gene of BmNPV
generates eh2-AcNPV, an AcNPV mutant whose host range is
expanded compared with that of either AcNPV or BmNPV
(30). In order to better understand the role that the putative
DNA helicase gene, p143, plays in baculovirus host range
determination, the growth characteristics of eh2-AcNPV and

AcNPV were analyzed in Sf-9 and BmN cells and in S. frugi-
perda larvae. Surprisingly, in low-MOI (i.e., 1 and 0.1 PFU per
cell)-inoculated Sf-9 cells, eh2-AcNPV replication was found
to be significantly reduced (900- and 10,000-fold, respectively)
compared with that of AcNPV (Fig. 1A). In addition, eh2-
AcNPV did not show a logarithmic growth phase (even by 5
days p.i.), indicating that there was a dramatic reduction rather
than a delay in the release of progeny eh2-AcNPV virions in
low-MOI-inoculated Sf-9 cells. This dramatic reduction in rep-
lication was hypothesized to be due to (i) the release of fewer
progeny virions on a per cell basis or (ii) the release of a
normal number of viruses in some cells and abortive infection
in the remainder of cells. Assuming the first hypothesis to be
correct, titrations of equal volumes (i.e., identical dilutions) of
eh2-AcNPV on Sf-9 and BmN cell monolayers should have
generated similar numbers of plaques. Experimentally, how-
ever, titration experiments showed that eh2-AcNPV produced
approximately 200-fold-fewer plaques on Sf-9 cells than it did
on BmN cells. These findings indicate that the reduction in the
titer of eh2-AcNPV virions in low-MOI eh2-AcNPV-inocu-
lated Sf-9 cells was due to abortive infection in approximately
199 of every 200 cells.
Although productive infection occurred in approximately

0.5% (i.e., 1 of every 200 cells) of low-MOI eh2-AcNPV-in-
fected Sf-9 cells, this probably was not caused by heterogeneity

FIG. 3. Dot blot hybridization of total cell DNAs isolated from 104 Sf-9 or
BmN cells at 24, 36, or 48 h p.i. with eh2-AcNPV or AcNPV (at an MOI of 1 or
20 PFU per cell). The DNAs were fixed to a nylon membrane and hybridized
with labeled AcNPV DNA. Standards consisting of 5, 20, 100, and 500 ng of
AcNPV DNA are also shown.

TABLE 2. Number and percent mortality of S. frugiperda neonates
after inoculation with eh2-AcNPV or AcNPV

Virus Concn
(PIBs/mm2)

No. of
larvae tested

No. of
replicates

%
Mortality

eh2-AcNPV 10,000 31 1 100.0
1,000 31 1 100.0
500 54 5 94.4
200 54 5 90.7
100 30 1 80.0
50 114 7 63.2
10 144 8 35.4
5 93 3 18.3
1 89 3 11.2
0.1 56 2 0.0
0.01 29 1 0.0
0 110 8 0.0

AcNPV 10,000 30 1 100.0
1,000 30 1 100.0
500 54 5 100.0
200 54 5 100.0
100 28 1 92.9
50 116 7 66.4
10 142 8 47.9
5 92 3 32.6
1 90 3 11.1
0.1 59 2 1.7
0.01 31 1 0.0
0 133 8 0.0

TABLE 3. LC50s of eh2-AcNPV and AcNPV
in S. frugiperda neonates

Virus LC50
(PIBs/mm2)

95% fiducial limits
(PIBs/mm2)

Lower Upper

eh2-AcNPV 21.0 16.8 26.7
AcNPV 11.8 8.2 16.8
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in the Sf-9 cell line since similar results were found when the
Sf-21 cell line was used in replication and titration experiments
(data not shown). This may have been on artifact resulting
from budded virions which contained multiple nucleocapsids.
Additionally, a particular stage of the Sf cell replication cycle
may have been more permissive or sensitive to low-MOI eh2-
AcNPV infection. The state of the cell cycle at the time of
infection was hypothesized by Li and Miller (23) to be respon-
sible for the heterogeneity of occluded virus production of
vPTPdel, an AcNPV mutant in which 116 bp were deleted
from its protein tyrosine/serine phosphatase gene.
In order to elucidate the role that the p143 gene or gene

product plays in abortive infection, several key steps in the vi-
rus replication cycle were analyzed. In low-MOI eh2-AcNPV-
or AcNPV-inoculated Sf-9 cells, the early genes ie-2 and p143
were expressed at similar levels (Fig. 2A and B), indicating that
early events in the replication cycle (i.e., adsorption, penetra-
tion, and uncoating of the virion, translocation of viral DNA to
the nucleus, and early-gene expression) occurred normally. In
contrast, although essentially all (99.5%) of the low-MOI eh2-
AcNPV-infected Sf-9 cells appeared to express early genes
normally, DNA replication and late-gene expression were dra-
matically (120-fold at 36 h p.i.) reduced. Since DNA replica-
tion is an event that occurs prior to or concurrently with the
expression of late and very late genes (for reviews see refer-
ences 2 and 21), these findings suggest that DNA replication is
the critical step in terms of permissive or abortive infection
after low-MOI eh2-AcNPV inoculation of Sf-9 cells.
The larval host has several lines of defense against viral

infection that the virus does not encounter in cultured cells (for
a review, see reference 12). Therefore, in order to fully define
the host range of a baculovirus, it is important and essential to
analyze the infectivity of the virus in vivo. In S. frugiperda
neonates, the LC50 and ST50 of eh2-AcNPV-derived PIBs were
1.8-fold higher and 26 h (18%) longer (after inoculation at 10
PIBs/mm2), respectively, than those of AcNPV. Interestingly,
although these data showed that the infectivity of eh2-AcNPV
was lower than that of AcNPV, they did not show that abortive
infection occurred in S. frugiperda larvae. This may be partially
explained by the numerous cell types found in larvae, some of
which may be more permissive for low-MOI eh2-AcNPV in-
fection. Conversely, the abortive infection observed in vitro
may have been a cell line-specific effect. In addition, AcNPV
and eh2-AcNPV are multiply embedded NPVs, meaning that
each polyhedron-derived virion contains multiple nucleocap-

sids (for a review, see reference 2). This morphology may have
contributed to preventing abortive infections in vivo at least
during the initial round of infection. After this initial round of
infection, specific cells or tissue types found within larvae (i.e.,
beyond the basal lamina) may have been more susceptible to
viral infection, resulting in the release of sufficient numbers of
progeny virions to elicit systemic infection.
In this study, we found that after low-MOI eh2-AcNPV

inoculation, virus-specific DNA replication was dramatically
reduced in Sf-9 cells, but not in BmN cells. Interestingly, in
high-MOI eh2-AcNPV-inoculated Sf-9 cells, the level of virus-
specific DNA replication recovered (i.e., was similar to that of
AcNPV). Since multiple copies of eh2-AcNPV p143 (i.e., in-
fection by multiple eh2-AcNPV virions) overcame this dra-
matic reduction in DNA replication, these findings suggest that
the activity of the eh2-AcNPV p143 product is reduced com-
pared with that of AcNPV that a single copy of eh2-AcNPV
p143 cannot support productive replication. These findings are
consistent with those of our previous study (17), in which we
showed that eh2-AcNPV is able to replicate normally in BmN
cells because of a reduction in AcNPV p143-induced cytotox-
icity, and suggest that the level of activity of DNA helicase is an
important factor in baculovirus host specificity.
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