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Autographa californica M nucleopolyhedrovirus (AcMNPV) can infect and kill a wide range of larval lepi-
dopteran hosts, but the dosage required to achieve mortal infection varies greatly. Using a reporter gene
construct, we identified key differences between AcMNPV pathogenesis in Heliothis virescens and Helicoverpa
zea, a fully permissive and a semipermissive host, respectively. Even though there was more than a 1,000-fold
difference in the susceptibilities of these two species to mortal infection, there was no significant difference in
their susceptibilities to primary infections in the midgut or secondary infections in the tracheal epidermis. Foci
of infection within the tracheal epidermis of H. zea, however, were melanized and encapsulated by 48 h after
oral inoculation, a host response not observed in H. virescens. Further, H. zea hemocytes, unlike those of H.
virescens, were highly resistant to AcMNPYV infection; reporter gene expression was observed only rarely even
though virus was taken up readily, and nucleocapsids were transported to the nucleus. Collectively, these
results demonstrated that hemocytes—by removing virus from the hemolymph instead of amplifying it and by
participating in the encapsulation of infection foci—together with the host’s melanization response, formed the

basis of H. zea’s resistance to fatal infection by AcMNPV.

Autographa californica M nucleopolyhedrovirus (AcMNPV) is
the type species of the Nucleopolyhedrovirus genus in the family
Baculoviridae. AcMNPV only infects larval lepidopterans and
causes fatal infections in at least 32 species, but susceptibility to
mortal infection varies greatly among the hosts (1, 17, 28, 29,
30, 31). Like that of most baculoviruses, the infection cycle of
AcMNPV is mediated by two phenotypically different viral
particles: the occlusion-derived virus (ODV) and the budded
virus (BV). ODV particles are packaged with varying numbers
(one through many) of nucleocapsids within an envelope (the
M trait), and many ODV particles are embedded within a
crystalline matrix of polyhedrin protein forming an occlusion.
ODV is released from occlusions upon exposure to the alkaline
juices in the midgut lumen of a feeding lepidopteran larva.
Subsequently, in susceptible hosts, ODV initiates infection in
the midgut columnar epithelial cells (18). In contrast to ODV,
the BV particle consists of a single nucleocapsid surrounded by
an envelope acquired as it buds from the plasma membrane of
an infected cell (34). The BV envelope contains spikes of gp64,
a virus-encoded glycoprotein required for the spread of viral
infection beyond the midgut (20).

Recombinants of AcMNPYV containing reporter genes have
been used in our laboratory to characterize the early events of
pathogenesis in permissive and semipermissive hosts. These
studies have led to the identification of a common pathway by
which fatal, systemic infections are established (13, 36, 39).
AcMNPV BV produced in infected columnar cells moves di-
rectly into the tracheal (respiratory) system of the host by
infecting tracheolar cells servicing the midgut. Tracheolar cells
have cytoplasmic extensions (tracheoles) that function in the
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transport of oxygen to tissues. Tracheoles exist in close appo-
sition to the tissues they service and often penetrate the basal
lamina surrounding these tissues (40, 41; reviewed in reference
33). Infected tracheolar cells, therefore, provide a conduit
whereby the virus can enter into and exit from the hemocoel,
and by doing this, they help disseminate infection within the
host (13, 36). Other studies, based on electron microscopy,
have concluded that the viral inoculum can bud through the
basal plasma membrane of midgut cells and pass directly into
the hemocoel through the basal lamina, where it has ready
access to hemocytes (5, 14, 16). This latter scenario predicts
that BV should appear in the hemolymph prior to secondary
infection, and that secondary infection should occur in hemo-
cytes (the only host tissue devoid of basal laminae) prior to, or
at least no later than, infection of any other tissue within the
larval hemocoel (e.g., tracheolar cells).

Hemocytes are thought to play a central role in baculovirus
pathogenesis by amplifying virus and disseminating infection
(5, 14, 16, 36). In two semipermissive hosts, Manduca sexta and
Helicoverpa zea, however, hemocytes have been implicated in
countering disease progression by encapsulating virus-infected
tracheal elements (37, 39). In the present study, we carefully
examined AcMNPV pathogenesis in H. zea, focusing on the
timing of seminal events during the first three days of infection
and on the roles of hemocytes and melanization in host resis-
tance. We conducted similar studies with Heliothis virescens, a
closely related but fully permissive host, as a control. Our
results clearly demonstrated that the temporal sequence of key
events were (i) the infection of midgut cells, (ii) infection of
tracheal cells, and (iii) appearance of BV in the hemolymph. A
lag of 6 to 10 h in both H. zea and H. virescens between the
onset of infection of tracheal cells and appearance of BV in the
hemolymph indicated that infected tracheal cells were the
source of the first BV to enter the hemocoel. In addition, we
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found that the vast majority of H. zea hemocytes, unlike those
of H. virescens, did not support viral replication even though
they took up the virus. Nucleocapsids of AcMNPYV reached the
nuclei of H. zea hemocytes, but reporter gene expression was
observed only rarely. Hence, all but a tiny minority of H. zea
hemocytes not only failed to amplify virus but instead removed
it from the hemolymph. Moreover, they participated in the
encapsulation of melanized AcMNPV-infected tracheal ele-
ments. Both the melanization and encapsulation responses ap-
peared to be triggered by an AcMNPV-induced pathology in
the host’s tracheal epithelia and not a directed antiviral re-
sponse. The failure of H. zea hemocytes to amplify virus after
removing it from the hemolymph and the activation of the host
melanization and encapsulation responses together eliminated
viral foci, reduced hemolymph viral titers, and attenuated dis-
ease progression. In the permissive host, hemocytes amplified
BV and increased viral titers to levels required for initiation of
new viral foci and, by doing this, facilitated the dissemination
of viral infection.

MATERIALS AND METHODS

Virus preparation. The recombinant AcMNPV-hsp70/lacZ, used for all exper-
iments described herein, contains all the E-2 wild-type viral genes and the
Escherichia coli B-galactosidase gene driven by the functionally early Drosophila
hsp70 heat shock gene promoter (13). Both occlusions and BV of AcMNPV-
hsp70/lacZ were used. Occlusions were generated and purified as described
previously (36), stored in a neutrally buoyant solution of glycerin and water (3:2,
vol/vol), quantified using a hemocytometer, and held at 4°C until use. BV was
harvested from the medium of infected Sf-9 cells 3 days postinfection, and its
titer was determined by immunoplaque assay using Sf-9 cells (35).

Maintenance and inoculation of larvae. All test insects were supplied as eggs
by the American Cyanamid Corporation (Princeton, N.J.) and reared as de-
scribed by Keddie and Volkman (18). Nonfeeding, quiescent third-instar larvae
preparing to molt were culled and stored at 4°C for up to 12 h to synchronize
developmental rates (36). When virus was administered orally, only newly molted
fourth-instar insects were used. Older larvae (24 * 6 h old, fourth instar) were
used for experiments involving intrahemocoelic injection of virus. All larvae were
inoculated and maintained as previously described (36).

Larval dissection, LacZ elucidation, and hemolymph BV titer determination.
At selected times postinoculation, test insects were anaesthesized and surface
sterilized in 70% ethanol and bled to the fullest extent possible from a cut proleg
directly onto a piece of Parafilm placed on ice. Test insects sacrificed 2 to 18 h
postinoculation (hpi) had their entire alimentary tract and associated tracheal
branches removed and placed in 4% paraformaldehyde in cytoskeleton extrac-
tion buffer, 10 mM PIPES [piperazine-N,N’-bis(2-ethanesulfonic acid)]-60 mM
sucrose-100 mM KCI/5 mM Mg-acetate—-1 mM EGTA pH 6.8-double-distilled
water [1:1]). Hemolymph samples were centrifuged at 1,000 X g for 5 min at 4°C
to pellet cells. Hemocyte pellets were resuspended in TC100 medium (Gibco-
BRL) containing 10% fetal bovine serum (FBS) and transferred to individual
wells of a 96-well tissue culture plate. Whole mounts were prepared for insects
sacrificed 20 to 120 hpi as described by Washburn et al. (39). For each insect, a
1.5-pl hemolymph aliquot was transferred to a well of a 96-well culture plate
containing 70 wl of TC100 medium, 10% FBS, and 10 mM glutathione. Hemo-
cytes were fixed for 10 min in an equal volume of 4% formalin in phosphate-
buffered saline and then rinsed three times in phosphate-buffered saline and
stored at 4°C.

B-Galactosidase enzyme activity was detected in cells and tissues as described
by Washburn et al. (39). Larval tissues and hemocytes were observed under
dissection (10 to 50X), inverted (100 to 160X), and compound (100 to 480X)
microscopy to assess the distribution of LacZ signal and the presence of viral
occlusions (see references 13 and 36). Percentages of LacZ-positive hemocytes
were determined by first examining each well (10,000 to 15,000 cells) for LacZ-
positive cells. When the percentage of LacZ-positive cells in a well exceeded 1%,
then 200 randomly chosen cells were counted, and the numbers of positive and
negative cells were recorded. Hemolymph BV titers were determined according
to standard protocol (35). 1-Phenyl-2-thiourea (PTU) was added (0.1% final
concentration) to cell-free hemolymph samples to prevent melanization. Results
on AcMNPYV pathogenesis in H. zea and H. virescens that are reported here are
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based on our observations of a minimum of 450 insects per species that were bled
and dissected in time course experiments.

In vitro infection of hemocytes and immunocytochemistry. Hemocytes were
isolated according to Pech et al. (23) with some modifications to optimize
viability. All centrifugation steps were performed at 4°C. Hemocytes were first
pelleted by centrifugation in an Eppendorf 5415 C centrifuge at 800 X g for 5
min. After incubation in anticoagulant buffer (0.098 M NaOH, 0.186 M NaCl,
0.017 M EDTA, and 0.041 M citric acid, pH 4.5), hemocytes were pelleted
(260 X g for 2 min) and washed twice in Excell 401 medium (JRH Sciences,
Lenexa, Kans.) by centrifugation. The final pellet was resuspended in 50 pl of
Excell 401 medium, and cell concentration was estimated with a hemocytometer.
To determine BV production by hemocytes, 5 X 103 cells were placed in tripli-
cate wells of four replica plates already containing 70 wl of TC100 medium plus
FBS (10% for H. zea hemocytes; 20% for H. virescens hemocytes) or medium
plus virus at a multiplicity of infection (MOI) of 0.1, 1.0, or 10 PFU/cell. Cells
were mock infected or infected for 2 h at room temperature, and viral inoculum
was removed and replaced with ice-cold medium. Cells were rinsed twice more
by centrifugation (750 X g for 5 min at 4°C) in a Beckman GPR tabletop
centrifuge. After the final centrifugation step, 80 pl of medium was added to
each well. Ten microliters of medium was immediately removed from each well
to determine the level of residual inoculum. At each time point (12, 24, 48, and
72 hpi), 40 pl of medium was removed from a replica plate and transferred to a
new plate. Samples were held at 4°C until plaque assays were performed. He-
mocytes were fixed and processed for lacZ expression as described above, and
the percentage of signaling cells was estimated as described previously. Experi-
ments were repeated three times. Immunocytochemistry studies of AcMNPV
infection of H. zea hemocytes were prepared as described by Charlton and
Volkman (8) with the modification that hemocytes were plated at a density of
6 % 10* cells per coverslip and infected at an MOI of 150 PFU/cell. A Zeiss LSM
510 confocal microscope with multitract setting was used to obtain images (flu-
orescein isothiocyanate [FITC]: excitation wavelength, 488 nm; emission band
pass filter, 505 to 550 nm; propidium iodide: excitation wavelength, 538 nm;
emission long pass filter, 560 nm). For data acquisition and imaging, LSM510
software version 2.3 and Adobe Photoshop 5.0 were used.

Phenoloxidase levels. Phenoloxidase activity was determined spectrophoto-
metrically using L-3,4-dihydroxyphenylalanine (L-DOPA) as the substrate as de-
scribed by Reeson et al. (24) with modifications. Hemolymph samples were kept
on ice, and hemocytes were pelleted by centrifugation at 1,000 X g for 5 min at
4°C. The cell-free hemolymph was then transferred to a tube containing 800 .l
of 10 mM L-DOPA and incubated for 20 min at 25°C. The reaction was stopped
by the addition of PTU (0.1% final concentration), and the mixture transferred
to a plastic cuvette. The absorbance was measured at 490 nm with a control
group that had PTU added at the beginning of the 20-min incubation period. For
each sample, protein concentration (in micrograms per microliter) was estimated
using the Bio-Rad (Hercules, Calif.) protein assay calibrated with bovine serum
albumin.

RESULTS

Comparative dose-response studies clearly showed that H.
zea larvae were more than 1,000-fold more resistant to fatal
infection by AcMNPV-hsp70/lacZ than H. virescens, regardless
of whether the virus was administered orally or intrahemo-
coelically (Fig. 1). These results suggested that H. zea’s resis-
tance was mediated by factors other than those associated with
virus-midgut interactions. To confirm this conclusion, we chal-
lenged newly molted fourth-instar larvae of both species with
44 occlusions, per os. At 24 and 36 or 40 hpi, we determined
the proportion of lacZ-expressing larvae and the number of
LacZ-positive foci per insect. Even though there was consid-
erable intra- and interspecific variation in the proportions of
infected larvae at both samples times, we did not observe any
significant interspecific differences in viral infection of the lar-
val midgut (Fig. 2). We also found no significant differences
between the numbers of viral foci per host from infected H. zea
and H. virescens at any time point in either experiment (anal-
ysis of variance, P > 0.05 [all comparisons]). Moreover, viral
plaques were similar in size and cellular composition at com-
parable time points for the susceptible and resistant hosts (data
not shown).
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FIG. 1. AcMNPV-hsp70/lacZ-induced mortality of H. virescens and
H. zea larvae following oral inoculation of newly molted fourth-instar
larvae with varying numbers of occlusions (a) and intrahemocoelic
injection of fourth-instar (24 = 6 h postmolt) larvae with varying doses
of BV (b), indicated in PFU. Each bar represents the mortality from a
cohort of between 24 and 32 insects.

Because these results confirmed the conclusion that resis-
tance in H. zea occurred downstream of midgut infection, we
conducted a series of time course experiments wherein we
orally inoculated large numbers of newly molted fourth-instar
larvae with 10* occlusions and monitored the infection of host
tissues over time by lacZ expression. We also determined the
titer of BV in the hemolymph of insects using the standard
plaque assay technique (35). Bioassays conducted with 10*
occlusions generated 100% mortality in H. virescens larvae
within 3 to 4 days and 58% mortality in H. zea (including 15%
in pupae and prepupae) within 4 to 21 days (data not shown).
Consistent with our earlier findings, we observed the onset of
lacZ expression in the midgut tissues of H. virescens and H. zea
at the same time (4 hpi) and in the same proportion of insects
(Table 1). By 6 hpi, just 2 h after the onset of primary infection,
viral infection in both species had progressed to tracheal epi-
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FIG. 2. Proportions of H. virescens and H. zea larvae expressing
lacZ 24 and 36 or 40 hpi (A and B) and the number of primary foci per
infected larvae (C and D) from two experiments (A and C) Experiment
1; (B and D) experiment 2. Each histogram represents the mean of
values for 23 to 32 insects (error bars, 1 standard error). Newly molted
fourth-instar larvae were orally inoculated with a 1-pl suspension con-
taining 44 occlusions and dissected at a standard time (24 hpi) and
when larval cohorts were entering the premolt stage (36 or 40 hpi).
Numbers of foci per infected insect at 36 or 40 hpi within experiments
were compared by analysis of variance (experiment 1: F = 0.50; df =
1, 19; P = 0.49; experiment 2: F = 0.68; df = 1, 25; P = 0.42).

dermal cells associated with the midgut. This indicated that
resistance in H. zea could not be attributed to the failure of
AcMNPYV to establish infections within the tracheal system. By
12 hpi, 6 h after the onset of tracheal cell infection, BV was
first detected in the hemolymph of H. virescens, and 2 h after
that, at 14 hpi, LacZ-positive hemocytes were detected. In
contrast, BV in the hemolymph and LacZ-positive hemocytes
were detected concurrently in H. zea, but not until 16 hpi.
These results suggested either that less BV entered the hemo-
lymph of infected H. zea compared to infected H. virescens 12
to 14 hpi or that H. zea larvae were more proficient at removing
BV from the hemolymph, or both. The fact that BV was not
detected in the hemolymph of either species until 6 to 10 h
after tracheal cells had been infected suggested that infected
tracheal cells were the source of the first BV to enter the
hemocoel. BV hemolymph titers did not differ between species
at 16 hpi and ranged from 2 X 10? to 10° PFU/ml (Table 1).
The proportion of insects in which BV was detected, however,
was much greater in H. virescens (93%) than in H. zea (27%),
even though essentially all larvae of both species were infected
(i.e., LacZ-positive) by this time.

Characterization of AcMNPYV infection within the hemocoel
of infected larvae between 24 and 72 hpi revealed important
differences between the permissive and nonpermissive hosts
(Fig. 3a and b). While BV was detected in the hemolymph of
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TABLE 1. Early pathogenesis of AcMNPV-hsp70/lacZ in H. virescens and H. zea“

lacZ expression”

Hemolymph BV LacZ™ hemocytes

Species Time .
P (hpi) % Larvae Midgut Tracheae % Larvae Mean (gl\:/[;;eﬂr)i SE % Larvae % Cells

H. virescens 2 0 - - 0 0 0 0
4 87 + - 0 0 0 0
6 83 + + 0 0 0 0
8 95 + + 0 0 0 0
10 95 + + 0 0 0 0
12 100 + + 22 1.2 X 10° * 4.1 X 10? 0 0

14 100 + + 40 1.8 X 10* = 1.4 x 10* 20 0.01

16 100 + + 93 3.8 X 10* = 7.4 x 10° 36 0.01
H. zea 2 0 - - 0 0 0 0
4 90 + - 0 0 0 0
6 98 + + 0 0 0 0
8 100 + + 0 0 0 0
10 98 + + 0 0 0 0
12 100 + + 0 0 0 0
14 95 + + 0 0 0 0

16 98 + + 27 3.5 X 10* = 1.5 x 10* 12 0.01

“ Newly molted fourth-instar larvae were orally inoculated with 10* occlusions. Cohorts of 15 insects were bled and dissected at 2-h intervals from 0 to 16 hpi.
b Insects were processed for lacZ expression, and midgut and tracheal tissues were scored as present (+) or absent (—).

all larvae by 24 hpi, 95% of the H. zea larvae had titers of less
than 10° PFU/ml compared to only 62% of H. virescens. Sig-
nificantly, by 48 hpi, BV titers in approximately half of the
larvae within each of the three H. zea cohorts had decreased
below the detection limit for our assay (10> PFU/ml), suggest-
ing that the BV present at 24 hpi had been cleared. Moreover,
of the remaining larvae, 71% had titers of less than 10* PFU/
ml. Similarly, at 72 hpi, 51% of the H. zea larvae had no
detectable BV, and 36% had titers of less than 10° PFU/ml. By
comparison, the H. virescens larvae sampled at 48 and 72 hpi
were all positive for BV in the hemolymph, and their titers
ranged from 2.5 X 10% to 4.4 X 10'° PFU/ml and 10° to 8.4 X
10" PFU/ml, respectively. At 48 and 72 hpi, H. zea larvae
containing lacZ-expressing hemocytes were comparatively
rare, but in those individuals where they were observed, the
titer of BV in the hemolymph was 10° PFU/ml or greater (Fig.
3c). By contrast, the proportion of LacZ-positive hemocytes in
H. virescens increased rapidly and reached nearly 100% by 48
hpi (Fig. 3c). Occlusion formation, one hallmark of successful
viral replication, was consistently observed in the hemocytes of
H. virescens by 48 hpi but was never detected in the hemocytes
of H. zea.

To investigate whether hemolymph BV titers correlated with
viral replication within the hemocytes, we isolated hemocytes
from H. virescens and H. zea larvae and incubated them in vitro
with AcMNPV-hsp70/lacZ BV using an MOI of 0.1, 1.0, or 10
PFU/cell. We then measured BV production by these cells at
selected intervals postinfection by plaque assay. As shown in
Fig. 4a, AcMNPV-hsp70/lacZ BV titers increased over time
and were proportional to the dose used to infect H. virescens
hemocytes, indicating that BV had successfully infected and
replicated in those cells. In contrast, we could detect neither
BV nor lacZ-expressing hemocytes in H. zea cultures at any
time point using an MOI of 10 or less, so we repeated the
experiment using MOIs of 100 and 1,000 PFU/cell. Even then,
no LacZ-positive H. zea hemocytes were detected when we
used the lower dose, and at an MOI of 1,000, <30% of cells
synthesized LacZ by 72 hpi. To identify where the block in the

infection process occurred, we exposed H. zea hemocytes to
ACMNPV-hsp70/lacZ BV at an MOI of 150 and conducted
immunofluorescence assays using an antibody to the major
capsid protein of AcMNPV. Confocal microscopy revealed
that AcMNPV-hsp70/lacZ BV nucleocapsids had reached the
nuclei of H. zea hemocytes, suggesting that nucleocapsid entry
and transport to the nucleus were not impaired (Fig. 4b to d).
The block appeared to be at uncoating or early gene expres-
sion.

Other significant interspecific differences in AcMNPV-
hsp70/lacZ pathogenesis were revealed by examination of tis-
sues from sacrificed insects. Size expansion of tracheal plaques
in most H. zea larvae was nil or minimal, whereas in H. vire-
scens, plaque size increased rapidly (Fig. 5a and b). Hemocytes
isolated from H. virescens larvae expressed lacZ and later con-
tained many occlusions (Fig. 5c). By contrast, the vast majority
of hemocytes isolated from H. zea larvae were negative for
LacZ, and all of them were devoid of occlusions (Fig. 5d). As
early as 24 hpi, small patches of melanization were observed in
H. zea larvae in association with LacZ-positive tracheae ser-
vicing the midgut (Fig. Se). Melanization along midgut-associ-
ated tracheae was observed more frequently at 48 and 72 hpi in
approximately 50% of the insects, but it was not always asso-
ciated with the LacZ signal, suggesting that underlying foci had
been cleared. When melanized foci were excised and examined
under compound microscopy (100 to 480X), we frequently
observed that they were encapsulated by the host’s hemocytes
(Fig. 5f). A closer look at encapsulation in AcMNPV-Asp70/
lacZ-infected H. zea larvae revealed that this reaction was
associated with infected, melanized tracheae rather than in-
fected, nonmelanized tracheae. In order to confirm that mel-
anization and encapsulation in H. zea were not responses to the
reporter gene product, we examined larvae following challenge
with wild-type AcMNPV and found similar host responses
(data not shown). By contrast, neither melanization nor encap-
sulation responses were ever observed during dissections of
thousands of H. virescens challenged with the same viral con-
struct. When we examined infected tracheae under compound
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FIG. 3. Comparative intrahemocoelic pathogenesis in H. virescens
and H. zea larvae 24, 48, and 72 h post-oral inoculation with 10*
occlusions. (a) Percentage of larvae with BV in the hemolymph; (b)
larval hemolymph BV titers; (c) percentage of LacZ-positive hemo-
cytes in the hemocoel of inoculated larvae (a and b). Each bar repre-
sents the mean value for 42 to 45 insects. (b) Each symbol represents
the hemolymph BV titer of an individual larva (n = 42 to 45 insects per
time point per species).

microscopy, we found extensive swelling of the epithelium in
regions that were LacZ-positive (Fig. 5g). Swelling of tracheal
epithelium was observed in H. virescens as well, and it, too,
always colocalized with LacZ, indicative of infection. In H. zea,
however, the swelling frequently was associated with ruptured
basal laminae and collapsed, melanized tracheal tubes, patho-
genic effects not observed in H. virescens.

To determine whether AcMNPV-Asp70/lacZ infection trig-
gered the systemic activation of the host phenoloxidase cas-
cade in addition to localized tracheal cuticular melanization,
we measured and compared hemolymph phenoloxidase activ-
ity of mock- and AcMNPV-hsp70/lacZ-infected H. virescens
and H. zea larvae at 8, 16, 24, and 72 hpi. We chose these time
points because they corresponded to specific stages of infection
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FIG. 4. In vitro infection of H. virescens and H. zea hemocytes by
AcMNPV-hsp70/lacZ. (a) BV production by H. virescens (closed sym-
bols) and H. zea (open symbols) hemocytes infected in vitro at an MOI
of 0.1, 1.0, and 10 PFU per cell. BV titers were determined for the
supernatant of hemocyte cultures at 12, 24, 48, and 72 hpi. Each data
point represents the mean of three experiments, and error bars are 1
standard error. (b to d) Confocal microscopy study of AcMNPV in-
fection of H. zea hemocytes. Hemocytes isolated from H. zea were
infected at an MOI of 150. The cell shown in each panel was treated
with RNase A and propidium iodide to identify the nucleus by staining
chromosomal DNA (b), and antibody to p39 (the major capsid pro-
tein) followed by FITC-conjugated anti-immunoglobulin G to detect
viral nucleocapsids (c) and viewed by fluorescence confocal micros-
copy. Confocal images (b and c) are merged in panel d and demon-
strate that many of the viral nucleocapsids reached the nucleus.

in both species. For example, at 8 hpi, AcMNPV-hsp70/lacZ
infection was restricted to midgut and tracheal tissues, whereas
at 16 hpi, BV was present in the hemolymph but the majority
of hemocytes were still uninfected (Table 1). By 24 hpi, AcM-
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FIG. 5. AcMNPV-hsp70/lacZ pathogenesis in H. virescens and H.
zea larvae at 48 and 72 hpi. All larvae were orally inoculated with 10*
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NPV-hsp70/lacZ had established systemic infection in both
species, and by 72 hpi, 50% of H. zea larvae exhibited mela-
nized tracheal elements and all the H. virescens larvae were
moribund. Results from these experiments (Fig. 6) revealed no
differences in levels of phenoloxidase activity among mock-,
ACMNPV-hsp70/lacZ-infected larvae or host species from 8 to
24 hpi. At 72 hpi, however, 20% of infected H. zea larvae
exhibited unusually high levels of hemolymph phenoloxidase
activity compared to AcMNPV-hsp70/lacZ-infected H. vire-
scens larvae or mock-infected larvae of either species (Fig. 6).
We could not, however, correlate high levels of phenoloxidase
activity with the presence of melanization, BV titers, lacZ
expression, or changes in hemolymph protein concentration
(data not shown).

DISCUSSION

In this study, we demonstrated that although newly molted
fourth-instar H. virescens was more than 1,000-fold more sus-
ceptible to mortal infection by AcMNPV-hsp70/lacZ than de-
velopmentally matched H. zea, both species actually were very
similar in their susceptibilities to initial infection. In both H.
zea and H. virescens, ACMNPV-hsp70/lacZ established primary
infections in the larval midgut and subsequently progressed to
tracheolar cells servicing the midgut. In both species, there was
only a 2-h lag between primary and secondary infection. This
rapid progression of infection has been attributed to the re-
packaging of parental ODV nucleocapsids as BV, and is, in
part, a function of the M trait (38). By 24 hpi, BV was detected
in the hemolymph of all H. virescens and H. zea larvae (Fig. 3a).
The fact that BV was detected in the hemolymph only subse-
quent to, and not before or concurrent with tracheal infection,
suggested that infected tracheal cells were the source of the
first BV to enter the hemolymph.

Analyses of tissue samples taken from larvae at 24 hpi
clearly showed that AcMNPV-hsp70/lacZ could successfully
establish systemic infections in H. zea, yet less than 60% of the
insects ultimately died from the virus. Several lines of experi-
mental evidence indicated that the source of H. zea’s resistance

occlusions as newly molted fourth instar. Maximum LacZ distribution
in cohorts of H. virescens (a) and H. zea (b) larvae at 48 hpi are shown.
Compare the widespread distribution of the LacZ signal in H. virescens
with the patchy distribution of the signal observed in H. zea. (c) H.
virescens hemocytes isolated at 48 hpi are positive for LacZ and con-
tain many occlusions. (d) H. zea hemocytes, by contrast, are LacZ and
occlusion negative (d). (¢) Melanized tracheal element in H. zea at 72
hpi. The tracheal tube (arrow) is extensively melanized and sur-
rounded by LacZ-positive tracheal epithelium. (f) An encapsulated
trachea isolated from H. zea at 48 hpi. Melanization (white arrowhead)
is localized to a region of the tracheal tube that is surrounded by
LacZ-positive tracheal epithelial cells (white asterisk). LacZ-negative
hemocytes formed a capsule (black asterisk) around the region of
infection. Note that the capsule itself is not melanized. (g) AcMNPV
infection causes severe swelling in the tracheal epithelium of H. zea by
72 hpi. Compare the width of uninfected, LacZ-negative (top-right
arrowhead) and infected, LacZ-positive (bottom-center arrowhead)
tracheal epithelia. Occlusions are present in infected tracheal epithe-
lial cells (white asterisk). The portion of the tracheal tube that resides
within the region of infection is constricted and melanized (white
arrow). Hemocytes are aggregating (black asterisk) around the region
of infection.
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FIG. 6. Phenoloxidase activity in the hemolymph of mock-infected
and AcMNPV-infected H. virescens and H. zea larvae 8 to 72 hpi.
Newly molted fourth-instar larvae were orally inoculated either with
glycerin-water (mock) or 10* occlusions of AcMNPV-hsp70/lacZ. Phe-
noloxidase activity was determined spectrophotometrically by measur-
ing formation of dopachrome from L-DOPA at 490 nm. Each bar
represents the mean of 32 measurements. Error bars represent 1 stan-
dard error.

resided within the hemocoel. First, H. zea larvae did not suc-
cumb to intrahemocoelic injections of virus as did H. virescens.
Second, and more importantly, H. zea hemocytes did not sup-
port viral replication at MOIs of 100 or less; instead, they took
up the virus, removing it from the surrounding medium. Even
though all H. zea larvae tested positive for BV within the
hemolymph at 24 hpi, only about half tested positive at 48 and
72 hpi, a fraction that closely reflected the final mortality
(58%). In the remaining larvae, hemolymph titers of BV were
lower than those in corresponding cohorts of H. virescens by
several orders of magnitude. The implications of these results
are that the removal of BV from the hemolymph was an ef-
fective defense against mortal infection (42% survived even
though they were infected), and that hemocytes were an im-
portant source of BV in the hemolymph of H. virescens 24 to 48
hpi. In addition, the observation that the time to death for the
majority of H. zea larvae was 4 to 14 days longer than for H.
virescens indicated that the failure of hemocytes to amplify
virus resulted in the establishment of chronic systemic infec-
tions. Finally, H. zea hemocytes, having resisted AcMNPV-
hsp70/lacZ infection, participated in the encapsulation of in-
fected melanized tracheae.

Melanization is a common defense response of insects to
injury and to infection by pathogens and parasites (9, 10, 21,
26, 32). This reaction is mediated by phenoloxidase, an enzyme
normally present in its inactive form in hemolymph, cuticle,
and hemocytes (4, 15). Phenoloxidases generally are activated
by a series of serine proteases that cleave prophenoloxidase
into its active form; however, some phenoloxidases are also
activated by fatty acids and phospholipids generated by cellular
damage (3, 27). Activated phenoloxidases generate highly cy-
totoxic quinones that can inactivate viral pathogens (22). In a
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typical melanization reaction, biological targets are killed and
sequestered within a layer of melanin. In AcMNPV-hsp70/
lacZ-infected H. zea larvae, melanization was associated with
the lack of tracheal plaque expansion and, ultimately, the loss
of viral foci.

Known insect antiviral defenses include apoptosis, midgut
cell sloughing, molting, and more recently, melanization and
encapsulation (7, 11, 12, 19, 22, 37, 38, 39). The discovery that
melanization and encapsulation were involved in the resistance
of H. zea to fatal infection by AcMNPV was especially exciting
since it suggested that insects had the ability to recognize and
respond to infection by pathogenic viruses via immune-related
mechanisms (37). Although we found that both responses are
effective at blocking disease progression, we did not obtain
experimental evidence suggesting that infected larvae mounted
a directed immune response against AcMNPV-hsp70/lacZ.
First, melanization and encapsulation responses occurred well
after the insect immune system was exposed to viral proteins.
Second, hemocyte capsules always were formed against in-
fected, melanized tracheae rather than infected, nonmelanized
tracheae, suggesting that melanization, rather than infection,
was the elicitor. In their timing, localization, and frequency,
the melanization and encapsulation responses of H. zea larvae
more closely resembled responses associated with wounding.
Even though we do not know the exact cause(s) for these
responses, we propose that AcMNPV-hsp70/lacZ infection in-
duced swelling sufficient to cause tracheal damage in H. zea
larvae that, in turn, triggered melanization and encapsulation.
In some encapsulated tracheae, we observed that severe swell-
ing apparently had led to the loss of tracheal integrity. These
observations, together with the finding of Ashida and Brey (4)
that prophenoloxidase localizes to the taenidial cushion of the
tracheal cuticle, suggested that the prophenoloxidase cascade
and its activating elements existed within infected tracheae.
Although swollen tracheae were observed in AcMNPV-hsp70/
lacZ-infected H. virescens larvae, we did not observe any mel-
anization or encapsulation responses in this host. Possible ex-
planations for this include less severe swelling, lower
endogenous prophenoloxidase levels, and the ability of AcM-
NPV-hsp70/lacZ to interfere with the phenoloxidase cascade in
this host. Many insect viruses, including baculoviruses, are
known to disrupt the phenoloxidase pathway of susceptible
hosts (2, 6, 25). In addition, infected hemocytes of H. virescens
eventually lost their ability to mount an encapsulation response
(D. Trudeau, unpublished data). Whatever the underlying
mechanism, melanization and encapsulation in the absence of
virus amplification were correlated with the loss of viral foci. In
42% of the H. zea larvae, AcMNPV-hsp70/lacZ could not suc-
cessfully overcome these barriers and thus persisted as low-
grade, chronic infections until the insects eclosed successfully
(data not shown). Consistent with this type of infection, we
observed low BV titers in the hemolymph of infected H. zea
larvae, significant death (10 to 20%) during pupation, and
occlusions in the hemolymph of pupae as reported by Vail and
Vail (31).

In summary, our results showed that hemocyte responses, in
conjunction with melanization, were directly responsible for
polyhedrosis disease attenuation in H. zea and explained the
dramatic difference in the dose-mortality relationships of H.
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zea and H. virescens in response to infection by AcMNPV-
hsp70/lacZ.
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