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A recombinant Autographa californica multicapsid nucleopolyhedrovirus (AcMNPV) expressing the green
fluorescence protein (GFP) under the control of the AcMNPV polyhedrin promoter was constructed to study
the spatial and temporal regulation of baculovirus infection in a permissive host. Larvae that ingested
AcMNPV-GFP showed localized expression of GFP in the midgut epithelial cells, as well as hemocytes, at 24 h
postinfection. The presence of fluorescence in these tissues indicated not only that the virus was replicating but
also that the very late viral proteins were being synthesized. Secondary infection occurred within the tracheal
cells throughout the body cavity, confirming earlier reports, and these foci of infection allowed entry of the
virus into other tissues, such as the epidermis and the fat body.

Nucleopolyhedroviruses (NPVs) are double-stranded, circu-
lar DNA viruses that are being studied for their potential as
biological control agents for use against several lepidopteran
pests that cause severe losses in agriculture and forestry. The
type species of NPV is Autographa californica multicapsid NPV
(AcMNPV). This virus is an atypical NPV because it not only
has a wide host range but also kills the host rapidly, unlike
most of the other NPVs currently being studied. AcMNPV has
been well studied, and much is known about its genome, in-
cluding the complete nucleotide sequence (1), gene organiza-
tion, and temporal regulation of the genes involved in infec-
tion, replication (for a review of DNA replication, see
reference 12), and pathogenesis (4, 5, 7–10). One aspect of
AcMNPV infection that needs to be understood is the mech-
anism of virus entry and dissemination within the larval tissues.

One of the earliest models proposed to explain virus trans-
mission suggested that while the ingested virus infected and
replicated within the midgut epithelial cells, the primary route
of transmission of the virus from the midgut was via the pas-
sage of the inoculating virus through the basal plasma mem-
brane and the basal lamina of the midgut and into the
hemocoel within 0.5 h postinfection (hpi) (8). Subsequent im-
munohistochemical studies established that midgut infection
occurred simultaneously in both the columnar and regenera-
tive cells of the midgut epithelium (9). As the infection pro-
gressed, the midgut recovered by sloughing off the infected
cells (5, 9). It has also been suggested that infected hemocytes
play a significant role in the systemic infection, but the exact
mechanism is not readily apparent (9). More recently, it has
been proposed that infection can also proceed via the tracheal
system. Specifically, two epidermal structures including a tra-
chea-specific lymph system and intercellular spaces (epidermal
feet) of the tracheal epithelium could facilitate rapid spread of
baculovirus infections (4). However, it is not clear if late viral
proteins are synthesized within the midgut following replica-
tion or what the mechanism is by which the virus is transmitted
from tissue to tissue within the insect.

The green fluorescence protein (GFP) was isolated from the
bioluminescent jellyfish Aequorea victoria and has been used

successfully as an effective reporter gene in many heterologous
systems. When expressed in either prokaryotic or eukaryotic
systems and exposed to either blue or UV light, GFP emits an
intense green fluorescence. GFP expression is species indepen-
dent, does not require any cofactors or substrates, and can be
visualized in living tissues (2, 21). GFP has recently been ex-
pressed in baculoviruses (3, 20). In this paper, we report the
construction of a modified AcMNPV containing GFP as a
reporter gene, inserted into the polyhedrin (polh) locus, and its
application to elucidate the process of infection in Trichoplusia
ni larvae.

Recombinant AcMNPV-GFP was constructed by inserting
gfp into the AcMNPV polyhedrin locus, thereby inactivating
polyhedrin and resulting in production of a polyhedrin-nega-
tive mutant. We removed the 757-bp NheI/HindIII gfp coding
region fragment from pS65T-C1 (Clontech Technologies, Palo
Alto, Calif.) and cloned this region into the XbaI/HindIII site
in the transfer vector pFastBac1 (Life Technologies Inc. [LTI],
Burlington, Ontario, Canada). This clone, with gfp under the
control of the AcMNPV polyhedrin promoter, was used to
produce a recombinant virus via transposon-mediated recom-
bination into the polyhedrin coding region of AcMNPV in
DH10bac cells by using the Bac-to-Bac kit (LTI). The white
colonies containing the recombinant were picked and cultured
overnight, and the DNA was extracted by using Qiagen quick
8 kits (Qiagen Inc., Chatsworth, Calif.). Transfer of the gfp
fragment was confirmed by PCR analysis using the universal
forward and reverse sequencing primers. The recombinant was
purified by transfection into SF-21 cells (17), seeded at a den-
sity of 6 3 105 cells/ml in Grace’s medium containing 10% fetal
bovine serum. Two hours after the cells were seeded, the com-
plete medium was removed and the monolayers were washed
twice with serum-free Grace’s medium. Viral DNA (5 ml; ap-
proximately 0.5 mg) was added to 6 ml of CellFectin (LTI) and
allowed to incubate at room temperature for 15 min in a
polystyrene tube. The DNA-lipid complex was added to the
cell monolayer and incubated at 28°C in a rocking incubator
for 3 h. The transfection mixture was removed, 2 ml of com-
plete medium was added, and the cells were incubated at 28°C.
Three days posttransfection, the SF-21 cells became detached
and the nuclei appeared swollen. An aliquot of the detached
cells was collected and centrifuged, and the pellet was viewed
under visible light for the characteristic yellow-green appear-
ance. This pellet was then resuspended in a small volume of
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medium and placed under a binocular microscope equipped
with an epifluorescence system, with a mercury lamp light
source to provide the excitation wavelength and a filter to
screen all light except 450 to 500 nm, the emission range of
GFP.

AcMNPV-GFP-infected SF-21 cells were used as the inoc-
ulum. The virus-infected cells were collected, and the total
numbers were determined on a hemocytometer. The number
of cells that fluoresced under a fluorescence microscope was
used to estimate the percentage of infected cells within the
population. Aliquots equivalent to 0.5, 5.0, 150, and 400,000
infected cells were applied to either diet plugs or the surface of
the diet, and larvae were then allowed to feed on the treated
diet.

Larvae were examined at 12-h intervals. Larvae were then
placed in Manduca saline solution (15), and various tissues
were dissected and examined under a fluorescence microscope.
Besides the overall fluorescence of the larvae, tissues such as
the hemocytes, epidermis, tracheae, fat body, Malpighian tu-
bules, brain, ganglia, reproductive organs, and both the lumen
and hemolymph sides of the midgut were examined for GFP
expression.

For the midgut study, groups of eight 10-day-old larvae were
allowed to feed on diet that had been treated on the surface
with 4 3 105 infected SF-21 cells. The time at which the larvae
were placed on the diet was counted as 0 hpi. We examined
midguts every 4 hpi until fluorescence was observed. Starting at
12 hpi, larvae were collected at 6-h intervals and both the
hemocytes and midguts were examined for the presence of
fluorescence.

T. ni larvae that were infected by feeding on AcMNPV-GFP
did not exhibit external signs of whole-body fluorescence until
24 hpi. However, the first signs of fluorescence occurred inter-
nally in the midgut epithelial cells and the hemocytes as early
as 12 hpi (data not shown). The appearance of fluorescence in
the hemocytes and midgut epithelial cells indicated that the
virus had infected both of these tissues, had undergone repli-
cation, and was expressing GFP under the control of the very
late polyhedrin promoter. By 24 hpi, more hemocytes (Fig. 1A)
and midgut epithelial cells (Fig. 1B) showed fluorescence. The
proportion of fluorescent hemocytes and the intensity of fluo-
rescence increased with time (Fig. 1E and I). At 36 hpi, the
fluorescence was decreasing in the midgut epithelial cells
whereas the tracheae associated with the midgut appeared to
fluoresce (Fig. 1F), and by 60 hpi the fluorescence in the
midgut epithelial cells disappeared while the fluorescence in
the epithelium of the tracheae attached to the midgut in-
creased (Fig. 1J).

Beginning at 24 hpi, we observed isolated pockets of fluo-
rescence within the fat body. This fluorescence was limited to
cells associated with the tracheae invading the fat body (Fig.
1C). The proportion of these localized areas of fluorescent
tracheae within the fat body increased through 36 hpi (Fig.
1G), and by 60 hpi, the fluorescence had spread to the entire
fat body tissue (Fig. 1K), indicating massive infection by the
virus.

The earliest appearance of fluorescence observed within the
epidermis was again associated with the tracheae supplying the
epidermal tissue at 24 hpi (Fig. 1D). However, by 36 hpi, the
epidermal cells became strongly fluorescent (Fig. 1H), indicat-
ing virus infection, viral DNA replication, and very late gene
expression within epidermal tissues, and reached peak levels by
60 hpi (Fig. 1L).

In numerous situations, we observed that fluorescence was
confined to the tracheal trunks, with no visible fluorescence in
the tracheoles. To determine whether these fluorescent regions

were tracheal epithelial cells or, perhaps, hemocytes adhering
to tracheal trunks, we stained the tracheal tissue with a nu-
cleus-specific stain, DAPI (4,6-diamidine-29-phenylindole di-
hydrochloride [Boehringer Mannheim]). We found that DAPI
stained the epithelial cells of the tracheae (Fig. 2B), and when
the fluorescing cells were observed under the GFP-specific
fluorescence filter, it was clear that they were tracheal epithe-
lial cells (Fig. 2A). As well, we observed that fluorescence in
the tracheal tissue was initially localized and not continuous.
This observation suggested that infection occurs at specific
points and spreads from these locations. These foci of infection
are likely tracheoblast cells already identified as possible sites
of secondary infection (4).

The appearance of GFP fluorescence within the midgut was
the result of infection of both the midgut epithelium and the
tracheae supplying the midgut. To study this phenomenon, we
examined the midguts of T. ni larvae every 4 hpi until fluores-
cence was first observed and then every 6 h thereafter. Pictures
taken at selected time points are shown in Fig. 3. No fluores-
cence was observed at 4 or 8 hpi; however, beginning at ap-
proximately 12 hpi (Fig. 3A), GFP fluorescence was observed
within the cells of the midgut but at that time there was no
evidence of infection, as expressed by fluorescence, in the
tracheae attached to the midgut. The level and intensity of
fluorescence in the midgut epithelium increased until approx-
imately 36 hpi (Fig. 3B and C), after which the intensity of
fluorescence decreased. By 48 hpi, very low levels of fluores-
cence were seen in midgut epithelial cells but the first signs of
fluorescence in the tracheae attached to the midgut could be
seen (Fig. 3D). The number of fluorescent tracheae progres-
sively increased over time until it reached a maximum by 60 to
72 hpi (Fig. 3E and F).

We found that at around 40 hpi, the fluorescence within the
midgut cells was no longer observed. We attribute this loss to
the sloughing of infected midgut cells which has previously
been reported (5, 9). By 48 hpi, the midgut looked healthy and
normal again. A healthy gut would allow the infected larvae to
continue feeding while the virus continued to replicate and
increase in numbers in other tissues. By 48 hpi, the tracheae
surrounding the midgut began to fluoresce intensely. The flu-
orescence, however, was restricted to the tracheal elements
and not to the midgut cells. Electron microscopic examination
indicated that the midgut cells no longer contained any virus
particles, but the nuclei of the tracheal epithelium were heavily
infected (data not shown).

To confirm that our observations were not the result of
extreme viral doses, we fed T. ni larvae diet plugs containing
the equivalent of 0.5, 5.0, 15, or 150 fluorescent cells and
repeated our observations at 12-h intervals. At these doses,
most of the larvae pupated by 84 hpi, indicating that these were
sublethal doses. The time when the larva was added to the tube
containing the diet plug was considered 0 hpi. Larvae given 150
fluorescent cells did not exhibit any fluorescence until 36 hpi,
at which time both the hemocytes and the tracheae associated
with the midgut epithelial cells were fluorescent, indicating
expression of GFP. We found fluorescent hemocytes in larvae
fed the lower dose of 15 fluorescent cells at 36 hpi. Five of the
six larvae examined at this point contained isolated patches of
fluorescent tracheae on the midgut. The remaining one larva
exhibited fluorescent hemocytes and fluorescent midgut epi-
thelial cells. No fluorescence was observed in larvae fed on diet
plugs containing 0.5 or 5.0 infected cells. Therefore, we con-
clude that at sublethal doses, the infection process proceeds in
a manner similar to that illustrated with higher doses. How-
ever, the time of appearance of fluorescence was delayed in
both the midgut and the hemocytes and it was dose dependent.
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Based on our study of AcMNPV-GFP infection of T. ni
larvae, we propose that the infection occurs in a stepwise
fashion. Upon ingestion and release of nucleocapsids, a pro-
portion of the virus enters the nuclei of the columnar cells,

where the virus replicates, synthesizing late and very late pro-
teins, resulting in GFP expression. Simultaneously, some of the
parental nucleocapsids pass directly through the midgut via the
plasma membrane reticular system (PMRS) and directly infect

FIG. 1. Observation of GFP fluorescence in selected tissues of T. ni infected with AcMNPV-GFP at several time points. Tissues were dissected out of larvae at 24
(A, B, C, and D), 36 (E, F, G, and H), or 60 (I, J, K, and L) hpi and photographed with an Olympus BX50 fluorescence microscope sporting a fluoresein cube. The
1-cm bar in panel L represents 24 mm for panels B, C, D, F, G, I, and J and 48 mm for panels A, E, H, K, and L. The following representative cell types are indicated:
tracheae (t), a midgut epithelial cell (m), a fat body cell (f), and an epidermal cell (e).
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hemocytes, which then undergo replication and expression of
the late and very late viral genes, resulting in production of
GFP. The PMRS is an infolding of the basal membrane of the
cells of several tissues, including the midgut, and contains
many open channels (13, 14). Electron microscopy observa-
tions showed the presence of virus within the midgut PMRS
(data not shown). These events occur within the first 12 h after

the larvae are placed on a surface-treated diet. As an extension
of this process, infected midgut cells are sloughed off and
eliminated from the system. This clearing of the midgut infec-
tion results in a loss of fluorescence, indicating the return of
the midgut to a healthy stage. Passage of AcMNPV through
the midgut within 0.5 hpi and simultaneous infection of T. ni
midgut cells and hemocytes, as well as detection of occlusion

FIG. 2. (A) Tracheae collected 60 hpi from a T. ni larva infected with AcMNPV-GFP and observed under an Olympus BX50 fluorescence microscope with a
fluoresein cube. (B) Same sample as that shown above but stained with DAPI and observed with an Olympus BX50 fluorescence microscope utilizing a DAPI cube.
The 1-cm bar in panel B represents 48 mm for both panels.
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bodies within hemocytes as early as 16 hpi, have been reported
(8). More recently, it has been suggested that AcMNPV infec-
tion is restricted to infection and replication in the midgut as
the primary site of infection (5, 9, 18).

The appearance of fluorescent tracheae indicates the second
step of the infection process. It is reasonable to infer that the
infected hemocytes, circulating in the hemolymph, are releas-
ing budded virus, as shown by Granados and Lawler (8). These
virus particles infect the tracheal system at numerous locations
within the body, and the infection proceeds from these foci of
infection. Our results illustrate the usefulness of GFP as a
marker in studies of viral pathogenesis in lepidopteran larvae
and confirm the utilization by the virus of the tracheal system
to gain access to the tissues involved in secondary infection.
We found that, with the exception of the midgut cells and
hemocytes, the fluorescence always appears first in the tra-
cheae that infuse a particular tissue and that fluorescence ap-
pears later in cells surrounding tracheal attachment within that
tissue. We suggest that the virus can penetrate and infect

specific areas of the tracheal cells that have a different, thinner,
or weaker layer of protection. These susceptible cells are prob-
ably the tracheoblasts. According to Engelhard et al. (4),
AcMNPV can circumvent the basal lamina because tracheo-
blasts penetrate the basal lamina and have direct contact with
the midgut epithelial cells. Infection would then spread from
these tracheoblasts, from one cell to another, possibly in a
manner described earlier (16). As the infection spreads along
the tracheae from the various foci of infection, the virus gains
access to other regions, such as the epidermis and the fat body.
This stepwise infection would result in the infection appearing
at different but distinct times postingestion of the inoculum in
the various tissues. Based on the sequential appearance of
GFP in different tissues, this is precisely what we observed.
Initially, GFP appears in the midgut and hemocytes (12 hpi),
followed by fluorescence in the tracheae (24 hpi), after which
the fluorescence reaches the epidermis (36 hpi) and, finally,
the fat body (50 hpi).

The baculovirus infection process in insects is relatively

FIG. 3. Time course of fluorescence within the midguts of AcMNPV-GFP-infected T. ni larvae. Midguts were dissected at 12 (A), 24 (B), 36 (C), 48 (D), 60 (E), and 72
(F) hpi and photographed with a Leica MZ12 dissecting microscope with a fluorescence module and a Leica MPS60 camera with Kodak Ektachrome 160T slide film. The 1-cm
bar in panel F represents 100 mm for panels A, B, and C and 88 mm for panels D, E, and F. A representative midgut epithelial cell (m) and tracheae (t) are indicated.
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poorly understood. Recent works from Volkman’s (4, 9, 10, 18,
19) and Vlak’s (5–7, 11) laboratories have advanced the subject
considerably. The current study, employing a very sensitive
reporter gene, has provided new information to advance our
understanding of the baculovirus infection process further. Si-
multaneous replication of virus in the midgut and hemocytes
and additional evidence for the clearance of the virus from the
midgut by 48 h after infection and multiple foci of infection of
the tracheal system to gain entrance into the fat body and
epidermis tissue are some of the contributions of this study.
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