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Upon transient expression in cell culture, the ie-2 gene of Autographa californica nuclear polyhedrosis virus
(AcMNPV) displays three functions: trans activation of viral promoters, direct or indirect stimulation of virus
origin-specific DNA replication, and arrest of the cell cycle. The ability of IE2 to trans stimulate DNA repli-
cation and coupled late gene expression is observed in a cell line derived from Spodoptera frugiperda but not in
a cell line derived from Trichoplusia ni. This finding suggested that IE-2 may exert cell line-specific or host-
specific effects. To examine the role of ie-2 in the context of infection and its possible influence on the host
range, we constructed recombinants of AcMNPV containing deletions of different functional regions within ie-2
and characterized them in cell lines and larvae of S. frugiperda and T. ni. The ie-2 mutant viruses exhibited
delays in viral DNA synthesis, late gene expression, budded virus production, and occlusion body formation in
SF-21 cells but not in TN-5B1-4 cells. In TN-5B1-4 cells, the ie-2 mutants produced more budded virus and few-
er occlusion bodies but the infection proceeded without delay. Examination of the effects of ie-2 and the respec-
tive mutants on immediate-early viral promoters in transient expression assays revealed striking differences in
the relative levels of expression and differences in responses to ie-2 and its mutant forms in different cell lines.
In T. ni and S. frugiperda larvae, the infectivities of the occluded form of ie-2 mutant viruses by the normal oral
route of infection was 100- and 1,000-fold lower, respectively, than that of wild-type AcMNPV. The reduction
in oral infectivity was traced to the absence of virions within the occlusion bodies. The infectivity of the budded
form of ie-2 mutants by hemocoelic injection was similar to that of wild-type virus in both species. Thus, ie-2
mutants are viable but exhibit cell line-specific effects on temporal regulation of the infection process. Due to
its effect on virion occlusion, mutants of IE-2 were essentially noninfectious by the normal route of infection
in both species tested. However, since budded viruses exhibited normal infectivity upon hemocoelic injection,
we conclude that ie-2 does not affect host range per se. The possibility that IE-2 exerts tissue-specific effects has
not been ruled out.

Four genes of the baculovirus Autographa californica nuclear
polyhedrosis virus (AcMNPV) are known to trans activate early
baculovirus promoters in transient expression assays: ie-0 (5,
17), ie-1 (11, 12), ie-2 (3, 4), and pe-38 (18, 20). IE-1, the
product of ie-1, is the most thoroughly characterized trans
regulator of AcMNPV and is thought to play a central role in
the regulation of early gene expression and possibly DNA
replication (8). IE-1 is required for AcMNPV replication (32),
and in transient expression assays, it strongly stimulates tran-
scription from several early viral promoters, including the pro-
moters of the 39K and p35 genes (11, 12, 25). The effect of IE-1
is strongest when a homologous repeat (hr) sequence, com-
prised of repeated imperfect palindromic sequences to which
IE-1 binds, is cis linked to the early promoter (11–13, 25, 33).
IE-0 is identical to IE-1 except that it has an additional 54
amino acids at its N terminus, since it is derived from a spliced
transcript which initiates from a separate promoter approxi-
mately 4 kb upstream of the ie-1 promoter (5). IE-2 was orig-
inally identified as augmenting IE-1 activation of the 39K gene
promoter (3) and was subsequently found to activate transcrip-
tion from the ie-1 promoter approximately 2.5-fold in transient
expression assays, although it does not appear to be able to
bind DNA directly (38, 39). PE-38 stimulates expression from
the early p143 gene promoter (20).

In addition to its ability to trans activate expression from the

ie-1 promoter in SF-21 cells, IE-2 exhibits two additional ac-
tivities in transient assays. (i) IE-2 blocks the progression of the
cell cycle in a variety of cell lines, including those derived from
Spodoptera frugiperda and Trichoplusia ni (30). The cycle ap-
pears to arrest in late S phase since transfected cells accumu-
late a greater than 4N complement of DNA with no evidence
of mitotic spindle formation. This activity of IE-2 requires a
functional RING finger motif, whereas its ability to trans acti-
vate the ie-1 promoter is not affected by alterations within the
RING finger motif. (ii) IE-2, in the presence of IE-1 and six
other AcMNPV genes, augments the replication and stability
of reporter plasmids containing hr sequences (16, 21) and also
augments expression from cis-linked late promoters in tran-
sient expression assays (27). It is possible that the role of IE-2
in these assays is simply to stimulate ie-1 expression or expres-
sion from other early genes required for plasmid replication or
stability. The stimulatory effect of IE-2 on hr-containing plas-
mid DNA replication or stability and coupled late gene expres-
sion is observed in SF-21 cells, a cell line derived from the fall
armyworm S. frugiperda, but not in TN-368 cells or in TN-5B1-
4 cells (22), derived from the cabbage looper T. ni.

Mutants of AcMNPV defective in ie-2 have not been previ-
ously described, but the cell line-specific effects of ie-2 on DNA
replication and late gene expression prompted us to attempt to
construct viruses with ie-2 mutations in order to define the
function of IE-2 and its possible role in host range. We have
previously described the effects of two site-specific deletion
mutations on the properties of ie-2 in transient expression
assays (30). These mutations selectively affect either ie-1 trans
activation or cell cycle arrest. In this study, we show that Ac-

* Corresponding author. Mailing address: Department of Entomol-
ogy, The University of Georgia, 413 Biological Sciences Building, Ath-
ens, GA 30602-2603. Phone: (706) 542-2294. Fax: (706) 542-2279. E-
mail: miller@arches.uga.edu.

2460



MNPV ie-2 mutants are viable and describe the properties of
viruses containing mutations which lack the RING finger re-
quired for cell cycle arrest and/or a region required for tran-
scriptional activation.

MATERIALS AND METHODS

Cell lines and insects. S. frugiperda IPBL-SF-21 (SF-21) (35) and T. ni BTI-
TN-5B1-4 (TN-5B1-4) (36) and TN-368 (14) cells were cultured at 27°C in TC
100 medium (GIBCO, Gaithersburg, Md.) supplemented with 10% fetal bovine
serum and 0.26% tryptose broth, as described previously (26). S. frugiperda and
T. ni eggs were provided by W. Deryck Perkins (Agricultural Research Service,
U.S. Department of Agriculture, Tifton, Ga.) and Mark Harmon (Abbott Lab-
oratories, Chicago, Ill.), respectively. Larvae were reared in individual cups of
artificial diet (25) at 27°C under a 14 h–10 h light-dark cycle.

Reporter plasmids and plasmid constructs. Reporter plasmids phcIE1,
phcIE2, phcIE0, and pCAPCAT, containing the chloramphenicol acetyltrans-
ferase (CAT) gene under the transcriptional control of the AcMNPV ie-1, ie-2,
ie-0, and late vp39 promoters, respectively, have been described previously (24).
Plasmid pBs-PstN contains the AcMNPV PstI N fragment from 97.0 to 98.9 map
units (27). Plasmid pBs-PstNfs contains a frameshift mutation of ie-2 within
pBs-PstN (30).

To generate ie-2 mutant viruses containing deletions of different regions of
ie-2, we constructed a plasmid, pBs-PstNlacZ, that has an insertion of the Esch-
erichia coli lacZ gene under control of the Drosophila melanogaster hsp70 pro-
moter within ie-2. To construct pBs-PstNlacZ, the BamHI fragment containing
the E. coli lacZ gene under hsp70 promoter control from pHSP70lacZ (24) was
ligated into the BglII site located in 148 to 150 codons within the ie-2 coding
sequences in pBs-PstN (27). The resulting plasmid, pBs-PstNlacZ, contains lacZ
inserted into the BglII site of ie-2. Plasmids pBs-PstNd(94-173) and pBs-
PstNd(215-274) with in-frame deletions in ie-2 were described previously (30).
To construct pBs-PstNd(94-274), plasmid pBs-PstN was digested with a high
concentration of HpaI to digest HpaI sites and an HpaI-like site (HpaI* [30]) and
then religated. The expected in-frame deletion of the 543 bp HpaI-HpaI* frag-
ment in pBs-PstNd(94-274) was confirmed by sequence analysis.

Transfection, CAT assays, and DNA replication assays. Plasmid DNA was
introduced into SF-21, TN-368, or TN-5B1-4 cells (106 cells per 60-mm-diameter
dish) by lipofectin-mediated transfection (26). At 24 h posttransfection, 2.0 3 106

cells of different cell cultures were pelleted by centrifugation at 6,000 3 g for 2
min, and cell extracts were prepared as described previously (10, 31). The same
amount of each cell extract was used to determine CAT activity.

Construction of ie-2 mutant viruses. The L1 strain of wild-type (wt) AcMNPV
(19) and ie-2 mutant viruses vie2Z, vie2d(94-274), vie2d(94-173), and vie2d(215-
274) were propagated and titers were determined in TN-5B1-4 cells.

vie2Z, containing the lacZ gene within ie-2 coding sequences, was constructed
by lipofectin-mediated transfection of pBs-PstNlacZ with wt AcMNPV DNA in
TN-5B1-4 cells. Supernatant fluids were harvested at 96 h posttransfection and
screened for viruses having a blue plaque phenotype in the presence of 5-bromo-
4-chloro-3-indolyl-b-D-galactopyranoside (X-Gal). Three independent isolates of
vie2Z were obtained, and all exhibited a defect in occlusion body (OB) produc-
tion. A single isolate was chosen for further work. A marker-rescued revertant of
this vie2Z mutant was isolated and was found to have a phenotype similar, if not
identical, to that of wt AcMNPV. The ie-2 mutant viruses vie2d(94-274), vie2d
(94-173), and vie2d(215-274) were generated by cotransfection of pBs-PstNd
(94-274), pBs-PstNd(94-173), or pBs-PstNd(215-274) DNA with vie2Z DNA and
screened as viruses which formed white plaques in the presence of X-Gal. All
recombinant viruses were plaque purified four times on TN-5B1-4 cells. The
structures of vie2d(94-274), vie2d(94-173), and vie2d(215-274) were confirmed by
restriction enzyme analysis of the viral DNA as well as by PCR analysis.

Metabolic labeling and protein analysis. Monolayers of SF-21 or TN-5B1-4
cells (106 cells) were infected with wt AcMNPV, vie2d(94-274), vie2d(94-173), or
vie2d(215-274) at a multiplicity of infection (MOI) of 20 PFU/cell. After 1.5 h,
inocula were replaced with complete TC 100 medium. Two hours before desig-
nated time points, TC 100 medium was exchanged for TC 100 medium deficient
in methionine and cysteine (incomplete TC 100 medium). After 1 h of incuba-
tion, 25 mCi of Trans 35S label (New England Nuclear, Boston, Mass.) per plate
was added. Cells were labeled for 1 h, washed twice with TC 100 medium and
resuspended in 100 ml of sodium dodecyl sulfate (SDS) loading buffer as previ-
ously described (26). Labeled proteins were analyzed by SDS-polyacrylamide gel
electrophoresis (PAGE) and the radioisotope distribution was detected by flu-
orography.

Immunoblot analysis. SF-21 or TN-5B1-4 cells (106 cells) were infected with
either wt AcMNPV or ie-2 mutant viruses at an MOI of 20 PFU/cell. At different
times postinfection (p.i.), cells were harvested and lysed in SDS loading buffer as
previously described (26). Proteins from lysates of the infected cells were sepa-
rated on SDS–12% polyacrylamide gels and transferred to nylon membranes
(Amersham). To detect major capsid protein VP39, rabbit polyclonal anti-VP39
antiserum was diluted 1:8,000 in Tris-buffered saline (pH 7.6). Polyhedrin anti-
serum was diluted 1:20,000. In both cases, mouse anti-rabbit antibody conjugated
with horseradish peroxidase (Promega) was used as a secondary antibody at a

1:25,000 dilution. Immunoblots were visualized by the Amersham enhanced
chemiluminescence system.

OBs used in Western immunoblot analysis were purified from wt- and ie-2
mutant-infected T. ni larvae by isopycnic centrifugation on 40 to 65% sucrose
step gradient as described previously (26). A total of 3 3 108 OBs were resus-
pended in 100 ml of 2 3 SDS loading buffer and analyzed as described above.

Dot blot analysis of viral DNA replication. SF-21 or TN-5B1-4 cells were
infected with wt AcMNPV or ie-2 mutant virus at an MOI of 20 PFU/cell. At
different times p.i., cells were pelleted by centrifugation at 10,000 3 g for 10 min.
The cell pellet was resuspended in 500 ml of 0.4 M NaOH–10 mM EDTA
solution, incubated at 100°C for 10 min, and blotted onto a nylon membrane
using a dot blot apparatus with a vacuum as described previously (23). Samples
were hybridized to radiolabeled AcMNPV DNA. The blot was visualized by
autoradiography, and the bound probe was quantified with a PhosphorImager
4000 (Molecular Dynamics, Sunnyvale, Calif.).

Characterization of BV production. SF-21 or TN-5B1-4 cells (2.0 3 106/60-
mm-diameter dish) were infected with either wt AcMNPV or ie-2 mutant virus at
an MOI of 20 PFU/cell. After 1.5 h of incubation, viral inoculum was removed.
Infected cells were washed twice with TC 100 medium and 4 ml of TC 100
medium was added (0 h p.i.). Culture medium (500 ml) was harvested at the
designated times. Budded virus (BV) production was determined by plaque assay
(26) on TN-5B1-4 cells.

Larval bioassays. OBs were prepared by infection of fifth-instar T. ni larvae by
hemocoelic injection with 2 3 105 PFU of BV, as determined by plaque assay in
TN-5B1-4 cells, from wt AcMNPV or ie-2 mutant virus. The LC50s (concentra-
tions of OBs required to reach 50% larval mortality) of wt AcMNPV and ie-2
mutant viruses were determined in neonates of S. frugiperda or T. ni larvae as
previously described (34). T. ni or S. frugiperda neonates were infected with wt
AcMNPV by feeding on diet containing 0, 104, 2.5 3 104, 5.0 3 104, and 105

OBs/ml and 0, 5.0 3 104, 2.0 3 105, 5.0 3 105, and 106 OBs/ml, respectively. To
obtain the LC50 for ie-2 mutant viruses, T. ni or S. frugiperda neonates were fed
diet containing vie2d(94-274), vie2d(94-173), or vie2d(215-274) in concentrations
ranging from 3 3 105 to 5.0 3 107 OBs/ml for T. ni and from 2.0 3 107 to 1.9 3
109 OBs/ml for S. frugiperda neonates. The LC50 was quantified with the aid of
probit analysis.

The 50% lethal dose (LD50) of BV was determined with larvae in their
penultimate larval instar (fourth instar for T. ni and fifth instar for S. frugiperda)
by hemocoelic injection with different doses of BV (produced and titered in
TN-5B1-4 cells) from either wt AcMNPV or ie-2 mutants diluted in incomplete
TC 100 medium. Thirty insects per dose were tested. Thirty insects injected with
TC 100 medium alone were used as a control. Total mortality was recorded when
all larvae were dead or had pupated.

RESULTS

Construction of ie-2 mutant viruses. To examine the role of
the AcMNPV ie-2 gene during viral infection, we constructed
ie-2 mutant viruses with deletions of different functional re-
gions of IE-2. Since ie-2 is not essential for transient trans
activation of the late vp39 promoter in TN-368 cells (22), all
ie-2 mutant viruses were constructed by using a cell line de-
rived from T. ni cells. The first of these recombinant viruses,
vie2Z, contained an insertion of the E. coli lacZ gene within the
ie-2 coding sequences (Fig. 1). The mutant, vie2Z, formed blue
occlusion-positive plaques on both TN-368 and TN-5B1-4 cells
and was used to construct the mutant viruses vie2d(94-173),
vie2d(215-274), and vie2d(94-274). Mutant vie2d(215-274) has
an in-frame deletion within ie-2 resulting in the deletion of
amino acids 215 to 274 including the majority of the RING
finger motif of IE-2. In vie2d(94-173), amino acids 94 to 173
encompassing the region required for trans-regulatory activity
of IE-2 were deleted in frame. Mutant vie2d(94-274) contains
an in-frame deletion of amino acids 94 to 274 including both
the RING finger motif and transcriptional activation region
(Fig. 1).

OB production in ie-2 mutant-infected cells. In TN-5B1-4
cells, all of the ie-2 mutants produced fewer OBs than wt
AcMNPV throughout the very late phase of infection; even at
72 h p.i., fewer OBs were present in nuclei of cells infected with
vie2Z (data not shown), vie2d(94-274), vie2d(94-173), and vie2d
(215-274) than in wt AcMNPV-infected cells (Fig. 2A). vie2d
(215-274) was the most severely impaired of the four ie-2
mutants tested, with very few OBs produced per cell even at
72 h p.i. However, the temporal regulation of infection ap-
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peared to be unaltered, as the initial appearance of cytopathic
effects and OB production was similar to that for wt virus in
ie-2 mutant-infected TN-5B1-4 cells.

Mutants of ie-2 exhibited a more severe phenotype in SF-21
cells which included a striking delay in the infection process
(Fig. 2B). At 24 h p.i., most wt-infected cells contained OBs
(Fig. 2B) but the majority of cells infected with ie-2 mutants
contained no OBs. Cells infected with vie2d(94-274) or vie2d

(94-173) showed cytopathic effects including the rounding and
enlargement of cells at this time (Fig. 2B). SF-21 cells infected
with vie2d(215-274), a mutant lacking only the RING finger
motif of IE-2, appeared to be uninfected and were similar in
appearance to mock-infected cells at 24 h p.i. (Fig. 2B). This
mutant also caused the premature disintegration of the cells.
At 72 h p.i., only 50% of vie2d(215-274)-infected cells had
intact cellular membranes compared to wt-infected cells or
cells infected with other ie-2 mutant viruses (Fig. 2B). Thus,
the vie2d(94-274) mutant in which both the RING finger motif
and transcription activation region were deleted seemed to
have a less severe defect than vie2d(215-274) lacking only the
RING finger. Since we have not isolated and characterized a
revertant of vie2d(215-274), we cannot eliminate the possibility
that this more severe defect is due to a second mutation else-
where in the genome.

By 48 and 72 h p.i., a large proportion of SF-21 cells infected
with vie2Z (data not shown), vie2d(94-274), vie2d(94-173), or
vie2d(215-274) contained OBs (Fig. 2B). However, cells in-
fected with ie-2 mutants had significantly fewer OBs than did
wt-infected cells. Thus, mutations of the ie-2 gene resulted in
decreased numbers of OBs in both SF-21 and TN-5B1-4 cell
lines and caused a delay in the onset of OB formation in SF-21
cells but not in TN-5B1-4 cells.

Temporal expression of viral polypeptides in SF-21 and
TN-5B1-4 cells infected with wt AcMNPV and ie-2 mutant
viruses. We next studied the kinetics of protein synthesis in
both SF-21 and TN-5B1-4 cells infected with wt AcMNPV,
vie2d(94-274), vie2d(94-173), or vie2d(215-274) (Fig. 3). In SF-
21 cells at 12 h p.i., the rate of synthesis of several virus-

FIG. 1. Locations and nature of ie-2 mutants of AcMNPV. A linear repre-
sentation of the PstI restriction map of the AcMNPV genome is at the top, with
map units indicated below the line. Positions and orientations of the open
reading frames in the PstI N fragment from 97.0 to 98.9 map units (1) are
indicated by open arrows. The location of the lacZ gene under hsp70 promoter
control in vIE2Z and deletions of the HpaI-HpaI*, DraI-HpaI*, and HpaI-SnaBI
fragments in vie2d(94-274), vie2d(215-274), and vie2d(94-173), respectively, are
shown. Abbreviations for restriction sites: P, PstI; H, HpaI; H*, HpaI*; D, DraI;
S, SnaBI; B, BglII.

FIG. 2. Effects of ie-2 deletion mutants on OB production in SF-21 and TN-5B1-4 cells evidenced in light micrographs of TN-5B1-4 (A) and SF-21 (B) cells infected
with wt, vie2d(94-274), vie2d(94-173), or vie2d(215-274). Panels on the left, middle, and right correspond to 24, 48, and 72 h p.i., respectively. Mock-infected SF-21 and
TN-5B1-4 cells are shown in the upper left panels. Bar, 50 mm.
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induced proteins was lower in mutant- than in wt-infected cells
(Fig. 3A). This probably reflects differences in the rate of onset
of the late phase of infection but may also reflect differences in
the overall regulation of early and late gene expression. The
shutoff of host protein synthesis occurred between 12 and 24 h
p.i. for all ie-2 mutants as well as wt AcMNPV (Fig. 3A). Poly-
hedrin synthesis was observed in SF-21 cells infected with wt
virus at 24 h p.i. but not in cells infected with vie2d(94-274),
vie2d(94-173), or vie2d(215-274), suggesting a delay in the on-
set of the very late phase of infection as well (Fig. 3A). Poly-
hedrin synthesis was observed in ie-2 mutant-infected cells at
48 h p.i., but at a rate lower than that in wt-infected cells.

In TN-5B1-4 cells, infection proceeded more rapidly than in
SF-21 cells, and polyhedrin synthesis was detected in both wt-
and mutant-infected cells at 24 h p.i. (Fig. 3B). However, the
overall rate of polyhedrin synthesized at 24 and 48 h p.i. in ie-2
mutant-infected cells was lower than in wt-infected TN-5B1-4
cells (Fig. 3B). Thus, there was no evidence of a delay in the
onset of the very late phase of infection in mutant-infected
TN-5B1-4 cells, but there was a defect in the level at which
polyhedrin synthesis was sustained.

Analysis of the protein profiles in TN-5B1-4 cells infected
with ie-2 mutant viruses or with wt AcMNPV showed differ-
ences in the rate of synthesis of three other proteins. A 75-kDa
protein was synthesized at 12 and 24 h p.i. in cells infected with
ie-2 mutants, vie2d(94-274), vie2d(94-173), and vie2d(215-274)
but not in wt-infected cells (Fig. 3B). The synthesis of this
protein may be normally down-regulated by IE2 in this cell
line. A 33-kDa protein was rapidly synthesized in vie2d(94-
274)-infected cells, but not in cells infected with wt AcMNPV
and other ie-2 mutant viruses, at 6 h p.i., whereas a 37-kDa
polypeptide was synthesized in cells infected with vie2d(94-
173) and vie2d(215-274) but not in wt-infected cells or in cells
infected with vie2d(94-274). These proteins may be products of
the ie-2 gene itself, although they migrate faster than expected
for the sizes of the products predicted for the mutant ie-2
genes.

For both SF-21 and TN-5B1-4 cells, reduced steady-state
levels of polyhedrin were demonstrated by Western immuno-
blot analysis (Fig. 4A). In TN-5B1-4 cells infected with wt
AcMNPV, polyhedrin could be detected at 12 h p.i.; by 48 h
p.i., abundant levels of this protein were observed (Fig. 4A,

upper panel). In ie-2 mutant-infected cells, polyhedrin was
observed at 24 h p.i. and continued to accumulate through 48 h
p.i. but at lower than wt levels. In SF-21 cells, a 24-h delay in
polyhedrin production was observed in mutant-infected cells
(Fig. 4A, bottom panel). This correlates with the observed
delay in OB appearance in mutant-infected SF-21 cells.

To further assess the effect of ie-2 on late viral protein
synthesis, the same blots used to detect polyhedrin were
stripped and then reprobed with an antibody raised to the
major viral capsid protein, VP39 (Fig. 4B). No differences in
amount or temporal expression pattern of VP39 were observed
in TN-5B1-4 cells infected with wt AcMNPV or with ie-2
mutants, confirming that mutations of ie-2 do not affect the
regulation of early and late phases of expression in these
cells (Fig. 4B, upper panel). In SF-21 cells infected with wt

FIG. 3. Kinetics of protein synthesis in SF-21 and TN-5B1-4 cells infected with wt AcMNPV or ie-2 mutant virus. TN-5B1-4 and SF-21 cells were infected with wt
AcMNPV, vie2d(94-274), vie2d(94-173), or vie2d(215-274). Cells were pulse-labeled with a mixture of [35S]methionine and [35S]cysteine at the time indicated above each
lane, harvested, and lysed. Total cellular proteins were resolved by SDS-PAGE using 12% acrylamide and visualized by autoradiography. Mock-infected cells (lanes
m) were treated in parallel as a control. The sizes (in kilodaltons) and positions of the protein standards are indicated on the left. The position of polyhedrin (PH) in
the gels is indicated on the right. Arrows point to the proteins of 75, 37, and 33 kDa which are differentially expressed in wt- or ie-2 mutant-infected cells.

FIG. 4. Western blot analysis of the levels of polyhedrin and VP39 major
capsid protein in SF-21 and TN-5B1-4 cells infected with wt AcMNPV or ie-2
mutant virus. (A) Cell lysates from SF-21 and TN-5B1-4 cells infected with wt
AcMNPV, vie2d(94-274), vie2d(94-173), or vie2d(215-274) were prepared at in-
dicated times p.i., subjected to Western blot analysis, and probed with polyhedrin
(PH) immune serum. (B) The blots in panel A were stripped and reprobed with
VP39 immune serum.
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AcMNPV, VP39 was detected at 12 h p.i., and stable levels
of this protein were maintained through 48 h p.i. (Fig. 4B,
bottom panel). The production of VP39 was delayed in SF-21
cells infected with ie-2 mutants. No detectable levels of VP39

were observed in vie2d(94-274)-, vie2d(94-173)-, or vie2d(215-
274)-infected cells at 12 h p.i., but by 24 h p.i., VP39 was ex-
pressed in all mutant-infected cells. At 24 h p.i., less VP39 was
observed in vie2d(215-274)-infected cells than in cells infected
with vie2d(94-274) and vie2d(94-173), consistent with the more
severe phenotype of this mutant. Similar levels of VP39 pro-
duction were observed in SF-21 cells infected with wt AcMNPV
or with ie-2 mutants by 48 h p.i. Collectively, the results show
that mutations of ie-2 cause a delay in late protein synthesis in
SF-21 cells.

Effects of ie-2 mutations on viral DNA replication. To de-
termine if the delay in late protein synthesis in ie-2 mutant-
infected SF-21 cells is correlated with a delay in viral DNA
synthesis, we examined viral DNA replication in both SF-21
and TN-5B1-4 cell lines infected with wt or ie-2 mutant viruses.
The level of viral DNA was determined during infection by dot
blot analysis using AcMNPV genomic DNA as a probe (Fig. 5).
In TN-5B1-4 cells, the levels of viral DNA were similar (not
more than twofold different) for wt AcMNPV and all three ie-2
mutants throughout infection (Fig. 5A, left panels; Fig. 5B). In
contrast, viral DNA synthesis was delayed approximately 6 to
12 h in SF-21 cells infected with vie2d(94-274) and vie2d(94-
173) compared to wt-infected cells (Fig. 5A, right panels; Fig.
5B). By 24 h p.i., similar levels of DNA synthesis were observed
for wt, vie2d(94-274), and vie2d(94-173). A longer delay was
observed for vie2d(215-274)-infected SF-21 cells, with a five-
fold reduction in viral DNA accumulation at 24 h p.i. By 48 h
p.i., levels of DNA synthesis in SF-21 cells infected with vie2d
(215-274) were comparable to those in wt-, vie2d(94-274)-, and
vie2d(94-173)-infected cells. This result is consistent with the
more severe phenotype of this mutant.

Effect of ie-2 mutations on BV production. We next exam-
ined the effect of ie-2 mutations on BV production. SF-21 and
TN-5B1-4 cells were infected with ie-2 mutant viruses or with
wt, and yields of BV were determined on TN-5B1-4 cells. In
TN-5B1-4 cells, the rate of BV release from ie-2 mutant-infect-
ed cells seemed to be similar to, if not higher than, than that
observed for wt-infected cells (Fig. 6, top panels). Further-
more, all of the ie-2 mutant viruses produced similar amounts
of BV at each time point; by 24 h p.i., BV levels reached pla-

FIG. 5. Dot blot analysis of wt and mutant viral DNA replication in two
different cell lines. (A) Total cellular DNA was isolated from SF-21 and TN-
5B1-4 cells infected with wt AcMNPV, vie2d(94-274), vie2d(94-173), or vie2d
(215-274) at the indicated times p.i. (shown on the right), dot blotted, and
hybridized to radiolabeled AcMNPV DNA. Dots on lane m represent purified
AcMNPV DNA (amounts are shown on the left) used as a standard. (B) Graphic
representation of the data quantified by PhosphorImager reading of each dot.
Levels of viral DNA replication relative to that from wt-infected cells at 72 h p.i.
(100%) are presented. The data represent the results of two or more experi-
ments, and standard errors are indicated.

FIG. 6. BV production of wt and ie-2 mutant viruses in two different cell lines. SF-21 and TN-5B1-4 cells were infected with wt AcMNPV (open circles), vie2d
(94-274), vie2d(94-173), or vie2d(215-274) (closed symbols) and cultured at 27°C. At 0, 6, 12, 24, 48, and 72 h p.i., 500 ml of culture medium was collected and subjected
to plaque assay on TN-5B1-4 cells to determine virus titer. The results represent the average of two independent titers.
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teaus of 2.0 3 109, 1.2 3 109, and 1.8 3 109 PFU/ml, respec-
tively. By 24 h p.i., wt AcMNPV produced a maximum titer
which was 10-fold lower than those obtained for ie-2 mutants.

In SF-21 cells, ie-2 mutants exhibited a retarded rate of BV
production throughout infection (Fig. 6, bottom panels). Sim-
ilar BV titers were observed for vie2d(94-274), vie2d(94-173),
and vie2d(215-274), but the levels reached plateaus 24 h later
(e.g., 48 h p.i.) than for wt AcMNPV, indicating that mutations
of ie-2 caused a delay of BV production in SF-21 cells. The fi-
nal titers of wt and ie-2 mutant BVs were similar by 48 h p.i. in
this cell line.

Effects of ie-2 mutants on AcMNPV immediate-early pro-
moters in transient expression assays. It was of interest to
know whether the phenotypes of the ie-2 mutants correlated
with their effects on expression from early promoters observed
in transient expression assays in the different cell lines exam-
ined. However, IE-2 trans regulation of early promoters of
AcMNPV has been studied only in cell lines derived from
S. frugiperda. We therefore examined the ability of wt and
mutant forms of ie-2 to trans activate the ie-1, ie-0, and ie-2
promoters in transient expression assays in SF-21, TN-368, and
TN-5B1-4 cells (Fig. 7). Plasmids phcIE1, phcIE0, and phcIE2

were used as reporter plasmids and contained the CAT gene
under ie-1, ie-0, and ie-2 promoter control, respectively. Plas-
mid pBs-PstNfs, which contained a frameshift mutation in ie-2
at codon 148, was considered as a null mutant in these exper-
iments. As previously shown (30), IE2d(215-274), which lacks
the RING finger motif, does not affect the ability of IE2 to
trans activate expression from the ie-1 promoter in SF-21 cells
(Fig. 7A). In contrast, IE2d(94-274) and IE2d(94-173) lacking
the trans-regulatory region were unable to trans activate the
ie-1 promoter and exerted a negative effect on expression from
this promoter, exhibiting approximately two- to threefold de-
creases in CAT gene expression compared to that observed in
cells transfected with the reporter plasmid phcIE1 alone. Sim-
ilar results were observed for the reporter plasmids phcIE0 and
phcIE2: deletion of residues 94 to 173 or 94 to 274 completely
eliminated the ability of ie-2 to trans activate these promoters
in SF-21 cells. Moreover, the same negative effect of these ie-2
mutants, resulting in two- to threefold decreases of CAT ac-
tivity from ie-2 and ie-0 promoters, was observed. IE2d(215-
274), which retained the ability to trans activate the ie-1 pro-
moter, did not activate the ie-2 and ie-0 promoters and showed
levels of CAT gene expression similar to those for IE2fs in SF-
21 cells. Thus, deletion of the RING finger of IE-2 affected its
ability to trans regulate two of three promoters tested. The
IE2d(215-274) mutant has a similar but more severe pheno-
type than IE2d(94-173) and IE2d(94-274), and so there is no
obvious correlation between trans activation of the ie-0, ie-1, or
ie-2 promoter with mutant phenotype.

In TN-5B1-4 and TN-368 cells, ie-2 did not show any signif-
icant trans activation of the ie-0 or ie-1 promoter in transient
expression assay, indicating this trans-regulatory ability of ie-2
is cell line dependent. A weak trans activation of expression
from the ie-2 promoter was observed for wt but not mutant
IE2s in TN-368 cells but not in TN-5B1-4 cells, indicating cell
line-specific effects. Mutants IE2d(94-173) and IE2d(94-274)
lacking the transcriptional activation region exerted a negative
influence on expression from some of the promoters in one or
both T. ni-derived cell lines.

Striking differences in the relative levels of activity of the
ie-1, ie-0, and ie-2 promoters were observed in SF-21, TN-368,
and TN-5B1-4 cells transfected with the reporter plasmids alone
(Fig. 7). The most notable feature was that the ie-1 promoter
appeared to have little or no activity in the TN-368 cell line,
whereas the ie-0 promoter was highly active (Fig. 7B). The
level of expression from the ie-1 promoter in phcIE1 was sig-
nificantly increased in TN-368 cells when phcIE1 was cotrans-
fected with pBs-IE1/HC expressing the AcMNPV ie-1 gene,
but coexpression with ie-2, even in combination with ie-1, did
not increase the levels of CAT gene expression from the ie-1
promoter in this cell line (data not shown).

Effect of ie-2 deletions on the virulence and infectivity of
AcMNPV in insect larvae. To determine whether ie-2 mutants
affect the infectivity of AcMNPV at the organism level, we de-
termined the LC50 of orally administered OBs. In T. ni, the
LC50s of the ie-2 mutant viruses vie2d(94-274), vie2d(94-173),
and vie2d(215-274) were similar within the experimental error
limits and were approximately 100-fold higher than the LC50
obtained for wt AcMNPV (Table 1). An even larger difference
between the LC50s of wt and ie-2 mutants was observed in
S. frugiperda larvae, a species which is generally less susceptible
to AcMNPV infection than T. ni. Mutants vie2d(94-274) and
vie2d(94-173) had LC50s approximately 1,000-fold higher than
the wt value, and the LC50 of vie2d(215-274) was 5,000-fold
higher than that of wt AcMNPV in S. frugiperda. Thus, muta-
tions in ie-2 reduced the infectivity of AcMNPV OBs in both

FIG. 7. Analysis of the trans-regulatory activity of ie-2 deletion mutants in
different cell lines. SF-21 (A), TN-368 (B), and TN-5B1-4 (C) cells (106/60-mm-
diameter dish) were transfected with the reporter plasmids phcIE-1, phcIE-0,
and phcIE-2 alone or in combination with pBs-PstN, pBs-PstNd(94-274), pBs-
PstNd(94-173), or pBs-PstNd(215-274), expressing the intact ie-2 gene, ie-2 de-
letion mutants, or a frameshift mutant of ie-2. Transfected cells were harvested
at 24 h posttransfection, and CAT activity was determined by enzyme assays (see
Materials and Methods). CAT activity relative to that obtained from the reporter
plasmid phcIE0 (100%) in each cell line was determined. The results represent
the average of two independent experiments, and standard errors are indicated.
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S. frugiperda and T. ni larvae, although the effect was more
pronounced in S. frugiperda.

The infectivity of the budded form of wt AcMNPV and ie-2
mutants was assessed by determining their LD50s in S. frugi-
perda and T. ni larvae (Table 2). Insects in the penultimate
larval instar were injected hemocoelically with selected doses
of BV and monitored for mortality. No differences were ob-
served among LD50s of the viruses in T. ni or S. frugiperda
larvae. Thus, the infectivity of the budded form of ie-2 mutants
was normal in both insect species.

Deficiency of virions in the OBs of ie-2 mutants. The greatly
reduced infectivity of OBs in both T. ni and S. frugiperda larvae
suggested that the OBs of ie-2 mutants might be defective. To
determine if a normal number of virions were embedded in the
OBs, we determined the relative amounts of the major capsid
protein, VP39, in wt and mutant OBs purified from infected
T. ni larvae (Fig. 8). The same number of OBs (3 3 108) of
each virus tested was purified and subjected to SDS-PAGE
followed by Western immunoblot analysis using an antibody
against VP39. No significant differences were observed in the
size of occlusion bodies of the ie-2 mutant viruses compared to
wt OBs (data not shown). Levels of VP39 were much lower for
all ie-2 mutants than for wt OBs (Fig. 8A). Although the levels
were not quantified, it appeared that wt OBs had over 100
times more VP39 than ie-2 mutant OBs, which would account

for their lack of infectivity. To confirm that equivalent numbers
of OBs for ie-2 mutants and wt were used, the blot used to
detect VP39 protein was stripped and then reprobed with
polyclonal immune serum to polyhedrin. The amounts of poly-
hedrin in the OBs obtained from the ie-2 mutant- or wt-in-
fected larvae were similar (Fig. 8B).

DISCUSSION

We have isolated mutants of AcMNPV defective in ie-2;
these mutants replicate in both SF-21 and TN-5B1-4 cell lines
even though ie-2 is known from transient expression assays to
trans activate viral gene expression and DNA replication in SF-
21 cells and block cell cycle progression in both cell lines. The
mutant viruses do, however, display mutant phenotypes in both
cell lines, with the SF-21 cell line displaying the more severe
phenotype. In TN-5B1-4 cells, the ie-2 mutants produce less
polyhedrin, fewer OBs per cell, and more BV. In SF-21 cells,
there is a substantial delay in viral DNA replication, late gene
expression, BV production, and polyhedrin production in ad-
dition to a reduction in the number of OBs per cell. The delay
in viral DNA replication in SF-21 but not TN5-B1-4 cells is
consistent with a role of IE-2 in trans activation of gene ex-
pression from the ie-0, ie-1, and ie-2 promoters in SF-21 cells
but not TN5-B1-4 cells. However, all three ie-2 mutants which

TABLE 1. Dose-mortality responses of neonate S. frugiperda and T. ni larvae infected orally with OBs of wt AcMNPV or ie-2 mutant virusesa

Host and virus LC50
b

(OBs/ml)

95% Fiducial limit Slope
(mean 6 SE)

Heterogeneity
factorc

Upper Lower

S. frugiperda
wt AcMNPV 2.6 3 105 4.2 3 105 1.5 3 105 1.148 6 0.177 0.31
vie2d(94-274) 3.9 3 108 9.9 3 108 2.5 3 108 1.131 6 0.224 0.34
vie2d(94-173) 3.1 3 108 5.2 3 108 2.0 3 108 1.142 6 0.193 0.30
vie2d(215-274) 1.2 3 109 1.9 3 109 0.5 3 109 0.756 6 0.210 0.12

T. ni
wt AcMNPV 1.4 3 104 1.8 3 104 1.0 3 104 2.941 6 0.514 0.40
vie2d(94-274) 1.3 3 106 1.9 3 106 0.9 3 106 1.554 6 0.225 0.42
vie2d(94-173) 1.8 3 106 2.8 3 106 0.8 3 106 1.715 6 0.386 0.79
vie2d(215-274) 3.1 3 106 4.2 3 106 2.3 3 106 1.926 6 0.249 0.16

a Six groups of neonates (less than 12 h old) were allowed to feed on diet contaminated with various concentrations of OBs per ml for 24 h and then transferred to
uncontaminated diet. The number of dead larvae at 10 days p.i. was used to determine the LC50.

b Values were calculated by probit analysis.
c x2 divided by the degrees of freedom (POLO-PC; LeOra Software).

TABLE 2. Dose-mortality responses of S. frugiperda and T. ni penultimate larval instars to the budded form of
wt AcMNPV or ie-2 mutant viruses following hemocoelic injectiona

Host and virus LD50
(PFU/insect)

95% Fiducial limit Slope
(mean 6 SE)

Heterogeneity
factorUpper Lower

S. frugiperda
wt AcMNPV 0.6 3 104 1.4 3 104 0.3 3 104 0.988 6 0.152 0.69
vie2d(94-274) 0.4 3 105 1.0 3 105 0.1 3 105 0.781 6 0.127 0.70
vie2d(94-173) 0.9 3 104 2.7 3 104 0.4 3 104 0.697 6 0.102 0.59
vie2d(215-274) 0.6 3 104 1.4 3 104 0.3 3 104 0.921 6 0.140 0.31

T. ni
wt AcMNPV 0.9 3 102 2.1 3 102 0.3 3 102 0.968 6 0.196 0.62
vie2d(94-274) 1.0 3 102 2.6 3 102 0.3 3 102 0.862 6 0.177 0.89
vie2d(94-173) 0.9 3 102 2.7 3 102 0.2 3 102 0.558 6 0.106 0.73
vie2d(215-274) 3.1 3 102 9.6 3 102 0.9 3 102 0.484 6 0.086 0.66

a Six groups of S. frugiperda and T. ni penultimate larval instars were injected hemocoelically with various doses of BV and then observed for mortality. For other
details, see Table 1, footnotes b and c.

2466 PRIKHOD’KO ET AL. J. VIROL.



we constructed displayed a delayed-replication phenotype in
SF-21 cells, and one of these mutants, vie2d(215-274), lacking
only the RING finger motif, retained ie-1 promoter trans-acti-
vating ability but exhibited the strongest phenotype with regard
to delay in DNA replication and later events. This finding
suggests that IE-2 activation of the ie-1 promoter is not directly
correlated with the delayed phenotype of the ie-2 mutants in
the SF-21 cell line. It is possible that IE-2 trans regulates
expression of another early viral gene yet to be identified or is
involved in regulation of some cellular factors which respond
differently to the IE-2 mutants. We have not examined the
effect of the mutant viruses on cell cycle progression owing to
the interfering effects of virus DNA replication on DNA con-
tent and cellular integrity.

There are at least two other differences between SF-21 and
TN-5B1-4 cells which might affect the phenotypes of the ie-2
mutants. In TN-5B1-4 cells, all three mutants exhibited ele-
vated rates of synthesis of a 75-kDa protein; altered levels of
expression of this protein were not observed in SF-21 cells.
Furthermore, all three mutants displayed elevated levels of
expression of either a 34- or a 37-kDa protein. The 34- and
37-kDa proteins might be products of the mutant ie-2 genes,
but why they are overexpressed in TN-5B1-4 cells and not in
SF-21 cells is not clear. We have previously shown by Western
blot analysis that the ie-2 mutants are well expressed in SF-21
cells upon transient expression (30) as well as in transfected
cells additionally infected with vie2Z (data not shown). The
identity of the 75-kDa protein is not known, but given its
relatively large size, only a few viral proteins would qualify as
candidates. The overexpression of this protein in all ie-2 mu-
tant-infected TN 5B1-4 cells suggests that IE-2 is involved in
down-regulating the expression of this gene in this cell line. We
apparently have much to learn concerning the normal molec-
ular role of IE-2 in the infection process, and neither the
known trans-activation function nor the cell cycle regulation
function of IE-2 can fully account for the phenotypes of the
mutants.

Two other AcMNPV genes, p35 and lef-7, were previously
shown to activate transient expression of a late reporter gene
in SF-21 cells but have little or no effect in equivalent transient
expression assays in TN-368 cells (22). Mutant viruses defec-
tive in p35 or lef-7 have also been successfully isolated and
propagated in T. ni cells (6, 7). The severity of the phenotypes
of these mutants in SF-21 cells correlates well with the relative
contribution of the genes (p35 . lef-7 . ie-2) to plasmid rep-
lication and/or stability in this cell line (22).

One of the unexpected results from our study of IE-2 trans
activation of the ie-1, ie-0, and ie-2 promoters was the enor-
mous differences in the relative levels of expression from the
three different promoters in the three cell lines tested. The
most dramatic difference observed was in the relative levels of
expression from the ie-1 and ie-0 promoters in SF-21 and TN-
368 cells. Whereas expression levels from these two promoters
are similar in SF-21 cells, the ie-1 promoter is 20-fold less
active than the ie-0 promoter in TN-368 cells. Expression from
the ie-1 promoter was trans activated by ie-1 (data not shown),
but ie-2 was unable to trans activate it either in the presence or
in the absence of ie-1 (Fig. 8 and data not shown). Thus, the
ie-1 promoter appears to be dependent on IE-1 or IE-0 for its
expression in this cell line. The effect is cell line related rather
than a species effect, since basal levels of expression from the
ie-1 promoter are higher than ie-0 in TN-5B1-4 cells. This
finding suggests that the relative contributions of IE-0 and IE-1
in the infection process may be tissue dependent in the insect.

The infectivity of OBs of the ie-2 mutants was drastically
reduced in both S. frugiperda and T. ni larvae. The reduced
infectivity of the mutant OBs correlated with a reduction in the
level of the major capsid protein VP39 within the OBs, indi-
cating a deficiency of occluded virions. Noninfectious OBs
lacking virions are also formed by a class of mutants known as
FP (few polyhedra) mutants (28, 29, 37). Like FP mutants, the
OBs of ie-2 mutants have very low infectivity upon oral infec-
tion of larvae (28). It may also be noteworthy that, like FP
mutants, the ie-2 mutants produce approximately 10-fold more
BV and fewer OBs in T. ni-derived cells. The genetic defect of
a number of FP mutants has been traced to another gene
known as the 25K or FP25 gene (2). The 25K and ie-2 genes
may independently affect the embedding of virions within OBs,
or ie-2 may regulate 25K gene expression.

The BVs of ie-2 mutants exhibited the same infectivity
(LD50) as wt virus, demonstrating that ie-2 is not required for
the virus to disseminate in larvae and cause mortality. The
pathology of the larval infections initiated by BVs was not
examined at the tissue level, and so it remains to be deter-
mined whether ie-2 affects the tissue tropism of the virus. IE-2,
however, does not appear to be a host range determinant per
se, although it clearly influences the infectivity of OBs in both
species by its effect on virion occlusion.

During the course of this work, an ie-2 mutant of the closely
related Bombyx mori nuclear polyhedrosis virus (BmNPV) was
described (9). The mutant was viable in BmN-4 cells but
showed a delay in DNA replication. However, IE-2 of BmNPV
has not been characterized with respect to either trans activa-
tion or cell cycle arrest functions, nor have its cell line- or
species-specific effects been examined. Since ie-2 of AcMNPV
was known to exert cell line-specific trans activation, it was
important to determine if AcMNPV ie-2 mutants were viable
and if they had altered host range properties. Furthermore,
with mutations specifically affecting trans activation or cell cy-
cle arrest, we were interested in determining if we could dis-
tinguish different phenotypes for the different alleles.

Like the BmNPV ie-2 mutant, a lacZ insertion mutant, all
AcMNPV ie-2 mutants exhibited delayed DNA replication, but
this delay was cell line dependent since it was pronounced in
SF-21 cells but was not detectable in TN-5B-1 cells. Whereas
the growth rate of the BmNPV ie-2 mutant appears to be un-
affected in BmN-4 cells (9), growth of the AcMNPV ie-2 mu-
tants was severely retarded in SF-21 cells. Although the growth
rates of the AcMNPV ie-2 mutants appear to be almost normal
in TN-5B-1 cells, the mutants produced approximately 10-fold
more BV than wt, and there was a defect in occlusion since
occlusion bodies were deficient in virions. Thus, ie-2 mutants of

FIG. 8. Western blot analysis of the levels of VP39 major capsid protein and
polyhedrin in OBs obtained from T. ni larvae infected with wt AcMNPV or ie-2
mutant viruses. (A) A total of 3 3 108 OBs purified from insect infected with wt
AcMNPV, vie2d(94-274), vie2d(94-173), or vie2d(215-274) were boiled in SDS
loading buffer and subjected to Western blot analysis using a VP39 polyclonal
antibody. (B) The blots in panel A, stripped and reprobed with a polyhedrin
(PH) polyclonal antibody.
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AcMNPV are viable, although impaired, in cell culture but are
effectively incapable of infection through the normal route of
infection in the insect. Since ie-2 alleles which differentially
affect cell cycle arrest and transactivation had generally similar
phenotypes with regard to virus growth rate, BV production,
and infectivity in cell cultures and in two insect species, it is not
clear which, if any, of these transient expression properties of
ie-2 are directly relevant to the role that ie-2 plays in virus
infection. A comparison of the effects of ie-2 on transient gene
expression in different cell lines revealed a complex pattern of
gene activity and gene activation in these cell lines. Our results
clearly establish that ie-2 of AcMNPV confers a growth advan-
tage in a cell line-specific manner and is essential for proper
OB formation and oral infectivity.
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