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Our group and others have recently demonstrated the ability of recombinant baculoviruses to transduce
mammalian cells at high frequency. To further characterize the use of baculovirus as a mammalian gene
delivery system, we examined the status of transduced DNA stably maintained in Chinese hamster ovary
(CHO) cells. Four independent clones carrying two introduced markers, the genes for neomycin resistance
(Neo) and green fluorescent protein (GFP), were selected. PCR analysis, Southern blotting, and DNA sequenc-
ing showed that discrete portions of the 148-kb baculovirus DNA were present as single-copy fragments ranging
in size from 5 to 18 kb. Integration into the CHO cell genome was confirmed by fluorescent in situ hybridization
(FISH) analysis. For one clone, the left and right viral/chromosomal junctions were determined by DNA
sequencing of inverse PCR products. Similarly, for a different clone, the left viral/chromosomal junction was
determined; however, the right junction sequence revealed the joining to another viral fragment by a short
homology (microhomology), a hallmark of illegitimate recombination. The random viral breakpoints and the
lack of homology between the virus and flanking chromosomal sequences are also suggestive of an illegitimate
integration mechanism. To examine the long-term stability of reporter gene expression, all four clones were
grown continuously for 36 passages in either the presence or absence of selection for Neo. Periodic assays over
a 5-month period showed no loss of GFP expression for at least two of the clones. This report represents the
first detailed analysis of baculovirus integrants within mammalian cells. The potential advantages of the
baculovirus system for the stable integration of genetic material into mammalian genomes are discussed.

A number of procedures are available for stably introducing
foreign DNA into mammalian cell genomes. The predominant
method is transfection by one of several means, including elec-
troporation, calcium phosphate precipitation, lipofection, and
microinjection (1). Although transfection procedures vary in
their effects on cell viability, frequency of integration, and
concatenation of the vector, all transfection protocols result in
stable integration generally via illegitimate recombination. Il-
legitimate integration is frequently associated with rearrange-
ments in both the introduced DNA and the chromosomal
target (4, 28).

Several mammalian viruses, such as retrovirus and adeno-
associated virus, are commonly used as gene delivery vehicles.
In choosing a virus, one must carefully consider its particular
features, including the ease of producing recombinant virus,
possible size limitations for cloned inserts, and the ability to
generate sufficiently high titers. One must also consider its
mode of integration. Retrovirus, for example, encodes a viral
integrase which directs nearly full-length, single-copy integra-
tion events (9); adeno-associated virus, on the other hand, has
the propensity to form concatemers (23) and to integrate pref-
erentially into human chromosome 19 (16).

A recent advance is the use of recombinant baculovirus
derived from the insect virus Autographa californica nucleo-
polyhedrovirus (AcMNPV) as a vector for gene transfer into
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mammalian cells. Baculovirus has traditionally been used to
overexpress proteins for purification from insect-derived host
cells (14, 15, 19, 27). Indeed, much has been learned about the
life cycle of baculovirus in insect cells. There is no evidence
that baculovirus DNA integration occurs within a permissive
host during productive infection; rather, the virus buds from
the cell to allow for reinfection (25). Recently, our laboratory
and other groups have demonstrated the ability of recombi-
nant baculoviruses carrying reporter genes to transiently and
stably transduce a wide variety of mammalian cell types at high
frequencies (3, 5, 30, 31). The mechanism by which baculovirus
DNA is introduced into a mammalian cell remains unclear,
although several studies have provided insights (2, 7, 10, 13).
Likewise, little is known concerning the state of the viral ge-
nome once inside the cell’s nucleus. One formal possibility is
that all or part of the AcMNPV genome is maintained episo-
mally following transduction. Tjia et al. (33) used Southern
blotting to examine populations of mammalian cells treated
with baculovirus, demonstrating that viral DNA persisted in
the nuclei for 24 to 48 h but apparently not beyond that time.
However, having no selection for individual clones, they did
not exclude the possibility that portions of the baculovirus
genome integrated into mammalian chromosomes in a per-
centage of the cells.

In this study, we wished to determine if transduced baculo-
virus integrates into a mammalian genome and to examine
the state of the viral DNA in terms of its integrity and copy
number. In addition, we wished to study the stability of the
virally introduced reporter gene over extended periods. We
addressed these issues by mapping baculovirus breakpoints,
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confirming integration by fluorescent in situ hybridization
(FISH) analysis, cloning chromosomal junctions, and by long-
term analysis of reporter gene expression.

MATERIALS AND METHODS

Generation of recombinant baculovirus. Green fluorescent protein (GFP)-
expressing recombinant baculovirus BacMam1 GFP (hereafter referred to as
vBMGFP) was generated using the Bac-to-Bac system (Life Technologies) with
the shuttle plasmid pFastBacMaml GFP as described previously (5). Briefly,
recombinant virus is generated by site-specific transposition of shuttle plasmid
sequences flanked by the left and right ends of Tn7 into its target site on the
baculovirus vector, which is derived from AcMNPV (20). Virus was propagated
in Spodoptera frugiperda (Sf9) cells grown in Grace’s supplemented insect media
containing 10% fetal bovine serum, 0.1% pluronic F-68, and 25 pg of gentamicin/
ml. Virus titer was determined by plaque assay on Sf9 cells according to the
standard protocol (25).

Cell culture. Chinese hamster ovary (CHO) cells were grown in a 1-to-1
mixture of Dulbecco’s modified Eagle’s medium and F-12 medium, supple-
mented with 5% fetal bovine serum and 25 g of gentamicin/ml. Stably trans-
duced clones were grown in the same medium supplemented with 500 pg of
active Geneticin (G418)/ml. Cells were grown at 37°C in a humidified incubator
with 5% CO,. Fetal bovine serum was purchased from HyClone; all other tissue
culture reagents were from Life Technologies.

Stable transduction of CHO cells. Clones V2, V4, V6, and V8 were generated
from separate transduction experiments. CHO cells were seeded at 2 X 10° cells
per well of a six-well culture dish. The following day, culture medium was
replaced with virus at a multiplicity of 200 PFU per cell, and incubation was
continued at 37°C for 1 h. Following removal of virus inoculum, fresh medium
was added. To select for stable transductants, cells were grown in the presence of
G418 (500 wg/ml). Cells expressing GFP were single-cell cloned by sorting bulk
selected pools via flow cytometry.

Flow cytometry. To isolate clones V2, V4, V6, and V8, G418-resistant popu-
lations of cells from separate transductions were washed and resuspended in
phosphate-buffered saline with 1% fetal bovine serum. Cells expressing GFP
were sorted by flow cytometry into wells of a 96-well plate with a Becton
Dickinson FACStar Plus flow cytometer. Clones V2, V4, V6, and V8 were
subcultured for 5 months by diluting cells 1:50 every 5 to 7 days both in the
presence and in the absence of G418. Every 30 days, cultures were assayed by
flow cytometry for GFP expression. To allow comparison between different
assays and calculation of fluorescence intensity, Quantum GFP particles (Flow
Cytometry Standards, San Juan, Puerto Rico) were analyzed to generate a
standard curve of molecules of equivalent soluble fluorochrome of GFP.

PCR. A series of primers (20 to 22 nucleotides) were designed to amplify 1-kb
segments of the 148-kb recombinant baculovirus DNA. The product names and
corresponding baculovirus map positions amplified in PCR reactions were as
follows: BM1 (3579 to 5000), BM9 (7311 to 8381), F2B2 (11597 to 12707), BM11
(15025 to 16226), BM8 (21032 to 22065), BM7 (29967 to 31079), BM6 (38096
to 39356), BM5 (68001 to 69252), BM4 (98981 to 100200), BM3 (119201 to
120170), BM2 (139931 to 141054), and BM10 (146120 to 147233). Sequences are
available upon request. Each PCR mixture contained 500 ng of genomic DNA or
1 ng of virus DNA. Reactions were performed under standard conditions with
Perkin-Elmer Tag DNA polymerase in an MJ Research PT-200 thermal cycler
with the following conditions: an initial denaturation of 94°C for 5 min, then 40
cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 2 min, followed by a final cycle
of 72°C for 7 min.

Southern blot analysis. Purified recombinant baculovirus DNA and cellular
genomic DNA were digested with restriction endonucleases and subjected to
electrophoresis on 0.8% agarose gels. Purification of DNA, digestion of DNA,
and Southern blotting were performed according to standard procedures (29).
Gels were blotted onto Biodyne B membranes (Pall). Shuttle plasmid pFastBac
Mam1 GFP, linearized with EcoRI, was radioactively labeled with the Life
Technologies Random Primers DNA labeling system for use as a probe.

FISH analysis. Analysis of clone V6 by FISH was performed by SeeDNA
Biotech Inc. Cells were harvested, and slides were prepared using standard
procedures including hypotonic treatment and methanol/acetic acid fixation.
Shuttle plasmid pFastBacMaml GFP was biotinylated with dATP using a
BioNick labeling kit (Life Technologies) for use as a probe. The detection
procedure was performed as described previously (11, 12). Briefly, slides were
treated with RNase A, denatured in 70% formamide in 2X SSC (1x SSCis 0.15
M NacCl plus 0.015 M sodium citrate) at 70°C for 2 min, and dehydrated with
ethanol. The probe was denatured at 75°C for 5 min in a hybridization mix
consisting of 50% formamide and 10% dextran sulfate. Following overnight
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FIG. 1. vBMGFP and relative positions of 12 regions amplified in
PCRs. To generate vBMGFP, insert sequences carried on shuttle plas-
mid pFastBacMam1 GFP (5) were transposed to the Tn7 target site on
a baculovirus vector (20) via the Life Technologies Bac-to-Bac system.
The expanded view of the insert (map positions 9753 to 15222) shown.
This sequence includes left and right Tn7 sequences and the genes for
GFP and neomycin resistance (Neo). The only PCR product located
entirely in this region is F2B2.

hybridization, FISH signals and DAPI (4',6-diamidino-2-phenylindole) banding
patterns were recorded separately by photography.

Inverse PCR. To clone baculovirus integration junctions, we used inverse PCR
essentially as described previously (18, 24). PCR primers were designed to
baculovirus sequences based on mapping data for clones V2 and V6 (see Re-
sults). Sequences of primers are available upon request. To prepare template
DNA for inverse PCR, genomic DNA was digested with the appropriate restric-
tion enzyme, diluted, and then circularized with T4 DNA ligase (New England
Biolabs). Ethanol-precipitated template DNA was subjected to 40 rounds of
PCR using Platinum PCR Supermix (Life Technologies). A 3-pl aliquot was
reamplified with nested primers.

DNA sequencing. Inverse PCR products were subcloned into either the pCR
vector (Invitrogen) or pPGEM-T (Promega) and subjected to DNA sequencing of
both strands. Sequencing was performed in the Glaxo Wellcome DNA Sequenc-
ing Facility using PE Biosystems ABI Prism 377 and 3700 sequencers with Tag
FS dye termination chemistry.

RESULTS

PCR analysis of clones stably transduced with baculovirus.
The recombinant baculovirus vVBMGEFP, which possesses the
two mammalian expression cassettes Neo (neomycin resis-
tance) and GFP, was used to transduce CHO cells. Four inde-
pendent clones (V2, V4, V6, and V8) from separate transduc-
tion experiments were isolated by first selecting for neomycin
resistance and then sorting of single cells expressing GFP.
Genomic DNA was extracted from each clone and character-
ized by PCR with a series of baculovirus primer pairs designed
to generate ~1-kb products (Fig. 1). Results of this analysis are
presented in Table 1. As expected, all four clones were positive
for F2B2, a PCR product representing a portion of the GFP
gene. However, analysis with other primer pairs suggested that
only a fragment of the 148-kb baculovirus DNA was present in
each clone. Clones V2 and V6 were negative for all other PCR
products, V4 was positive for one additional PCR product, and
V8 was positive for two additional PCR products.

Mapping of viral breakpoints by Southern blotting. With
the PCR data serving as a reference, genomic DNA from
clones V2, V4, V6, and V8 was subjected to Southern blotting
to more accurately map the baculovirus breakpoints. Initially,
Xbal-digested DNA was probed with the shuttle plasmid
(pFastBacMam1 GFP), which carries GFP and Neo flanked by
Tn7 sites (5). Results are presented in Fig. 2A. Since Xbal
cleaves once in the probe region between the Neo and GFP
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TABLE 1. PCR analysis of vBMGFP-transduced CHO cells

PCR Expected DNA template

product size (kb)  \gpMGEP  CHO V2 V4 V6 V8
BM5 12 + - - - - -
BM4 1.2 + - - - - -
BM3 1.0 + - - - - -
BM2 11 + - - - - -
BM10 1.1 + - - - - -
BM1 1.4 + - - - -+
BM9 1.1 + - - - - 4
F2B2 11 + - o+ o+ o+
BMI11 12 + - -+ - -
BMS 1.0 + - - - - -
BM7 1.1 + - - - - -
BM6 1.2 + - - - - -

genes, the two-band pattern observed for each clone was con-
sistent with the previous PCR analysis. Two of the clones (V4
and V8) showed a common 2.6-kb band, suggesting the pres-
ence of viral sequence containing an Xbal site immediately
outside the probe region (Fig. 2B). The remaining two clones
(V2 and V6) lacked this 2.6-kb band, suggesting breakpoints
within the probe region near the Neo gene.

A similar analysis was performed with five additional restric-
tion endonucleases (Fig. 2B, top) to generate a composite map
for each of the four clones (Fig. 2B, bottom). Thus, based
solely on restriction mapping, clone V2 showed a baculovirus
fragment of minimally 3.8 kb, but with a maximum possible
size of 7.5 kb given the defined left and right breakpoint re-
gions. Clone V4 demonstrated a fragment of 4.9 to 8.7 kb, and
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V6 showed a fragment of 3.2 to 5.3 kb. Clone V8 carries the
largest baculovirus fragment, with a size of at least 15.6 kb.
Combining the Southern blotting data with the PCR results
indicates that the V8 fragment has a maximum size of 17.9 kb.
To confirm these results, we used several PCR products (gen-
erated using purified virus as template) as probes with stripped
filters, giving the predicted positive and negative signals for all
four clones (data not shown).

FISH analysis of V6 clone. To confirm integration of bacu-
lovirus DNA into the CHO genome, clone V6 was subjected to
FISH. Probe pFastBacMam1 GFP was detected on one spe-
cific chromosome (Fig. 3). Other loci were detected on differ-
ent chromosomes at a very low frequency (<5% of chromo-
some spreads examined) and were regarded as background.
Thus, the FISH results for clone V6 were consistent with our
previous mapping data, demonstrating a single integration
event within the CHO genome.

Isolation and sequencing of viral/chromosomal junctions.
To clone the left and right junctions of baculovirus and chro-
mosomal DNA, we used inverse PCR, a technique that allows
amplification of sequences that fall outside known sequences.
Using this procedure, left and right junctions were obtained for
clones V2 and V6 (Fig. 4). Isolation of each junction required
a separate inverse PCR strategy. In some cases, our previous
mapping by Southern blotting proved helpful in deciding which
restriction endonucleases to use in the procedure. For in-
stance, given the sizes of the two bands seen in our Southern
blotting with Xbal-digested V2 genomic DNA (Fig. 2A, lane
1), we knew the two possible locations of Xbal sites in both the
left and right unknown sequences. Genomic DNA extracted
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FIG. 2. Representative Southern blot and schematic map of viral integrants. (A) Southern blot analysis of Xbal-digested genomic DNA from
clones V2, V4, V6, and V8 (lanes 1 to 4, respectively), probed with shuttle plasmid pFastBacMam1 GFP (containing a 5.5-kb insert). (B) Band
sizes for intact VBMGFP digested with given restriction endonucleases (top) and composite map of viral breakpoints in four clones (bottom). A
portion of the recombinant baculovirus genome, including the 5.5-kb probe region, is illustrated. Positions of the restriction sites in relation to the
baculovirus genome are marked by short vertical lines, with intervening distances given in kilobases. A composite map of each clone was derived
from Southern blot data. Horizontal solid lines represent sequences known to be integrated; horizontal dashed lines represent breakpoint regions.
For example, for clone V2, the left breakpoint fell somewhere within the 2.4-kb region between Bcll and BstXI sites (drawing not exactly to scale).
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FIG. 3. Example of FISH analysis of the V6 clone. Left, FISH
signal on a specific chromosome (marked by an arrow) using shuttle
plasmid pFastBacMam1 GFP as the probe; right, the same mitotic
figure stained with DAPI.

from V2 was digested with Xbal, diluted, and circularized with
ligase. Nested primer pairs to left and right known sequences
were used in attempts to amplify junctional sequences. This
procedure resulted in a 1.4-kb PCR product representing the
right junction. DNA sequencing using primers to known se-
quence revealed a baculovirus breakpoint at position 14907
(between the Neo cassette and the right Tn7 site) and 895
nucleotides of unknown chromosomal junction sequence (Fig.
4A). The linkage of this sequence to the integrated baculovirus
DNA fragment of clone V2 was confirmed by Southern blot-
ting, using the 895-nucleotide chromosomal sequence as a
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probe. This 895-nucleotide sequence did not demonstrate ho-
mology to the flanking baculovirus sequence, nor did it show
significant homology to sequences in the GenBank database.

In a similar manner, the left junction for clone V2 was
isolated. Starting with EcoRI-digested genomic DNA, we gen-
erated an inverse PCR product containing the baculovirus
breakpoint at position 9947 (within the left Tn7 site) and 51
nucleotides of chromosomal junction sequence (Fig. 4A).
Taken together, these results revealed a 5-kb baculovirus frag-
ment in the V2 clone. To confirm linkage, PCR primers were
designed to the left and right chromosomal junction sequences.
Using V2 genomic DNA as template, long-distance PCR gen-
erated the expected 5-kb product, diagnostic for left and right
chromosomal sequences linked to the integrated baculovirus
fragment (data not shown).

To obtain the left junction for clone V6, genomic DNA was
digested with EcoRI. Inverse PCR and DNA sequencing re-
vealed a baculovirus breakpoint at position 9979 and provided
1198 nucleotides of chromosome sequence at the junction (Fig.
4B). Using the 1,198-nucleotide chromosomal sequence as a
probe, the linkage of this sequence to the integrated baculo-
virus DNA fragment was confirmed by Southern blotting of V6
genomic DNA. This 1,198-nucleotide sequence did not dem-
onstrate significant homology to flanking baculovirus se-
quences or to sequences in the GenBank database.

The right junction for clone V6 was isolated by an inverse
PCR strategy using genomic DNA digested with restriction
enzymes (Sacll and SstI) not used in our previous mapping
experiments. Starting with SacIl-digested genomic DNA, we

A
V2 Left Junction V2 Right Junction
9947 vBMGFP
CCGTCGTATTAAAGAGGGGCGTGGCCAAGG. . . . .
agggtccgaccaaaatatttGTGGCCAAGG. . .. . CTGTAACTTGecagggtcctgtecttgtggag
..... CTGTAACTTGTTTATTGCAGCTTATAATGG
14507 vBMGFP
B
V6 Left Junction V6 Right Junction
9979 VvBMGFP
GGCCAAGGGCATGGTAAAGACTATATTCGC. .. .. 15082 vBMGFP
atccttagctectatggaggCTATATTCGC. .. .. GATAAGTGAAATCTAGTTCCAAA
..... GATAAGTGAAATCAATCTCCCAA
CGTTATCGGCATCAATCTCCCAA
49859 VBMGFP

V6 Right Junction

15082 vBMGFP
..... GATAAGTGAAATCTAGTTCCAAA

(minor product)

49818 VvBMGFP

..... GATAAGTGAAATCAATCTCCCAAGCAAACAGGCCGCCCAATTTATTTCGGTC

..... CGTTATCGGCATCAATCTCCCAAGCAAACAGGCCGCCCAATTTATTTCGGTCGACATATTTA

49859 vBMGFP

ATGGCATCAAGGTCAACTTCAAGA
12387 vBMGFP

FIG. 4. Sequences at viral integration junctions. The three viral/chromosomal junctions (A and B) and two viral/viral junctions (B and C) were
obtained by inverse PCR and DNA sequencing as described in the text. The observed junction sequences are underlined. Sequences not underlined
are deleted viral sequences beyond the breakpoint, shown for the sake of comparison. Twenty nucleotides of each cloned chromosomal junction
sequence (bold lowercase) are given (A and B). Microhomologies (bold uppercase) are illustrated for viral/viral junctions (B and C). Above or
below the breakpoint nucleotide is the first numeral of the vVBMGFP map position.
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generated an inverse PCR product that, when sequenced, re-
vealed a baculovirus breakpoint at position 15082 (Fig. 4B),
indicating a baculovirus fragment of 5.1 kb. In this case, the
right end is joined not to unknown sequence but rather to a
second baculovirus fragment normally located over 37 kb away
in inverse orientation on intact baculovirus DNA. This junc-
tional fragment is of undetermined length but is at least 285
nucleotides based on DNA sequence analysis. Since we had
not designed PCR primers to this particular region of the bac-
ulovirus genome, this second fragment went undetected in our
previous mapping experiments. At the junction between these
two baculovirus fragments is a three-nucleotide homology.

Starting with SstI-digested V6 genomic DNA, another in-
verse PCR product was obtained for the right junction. Again,
sequence analysis revealed the joining of the 5.1-kb fragment
to a second baculovirus fragment normally found over 37 kb
away. However, unlike the previously described case where
only two joined fragments were detected, here a third baculo-
virus fragment (>290 nucleotides) was observed (Fig. 4C). In
this case, this third fragment has disrupted the second frag-
ment, leaving it with only 42 of its original >285 nucleotides.
At the junction between the second and third fragments is a
four-nucleotide homology. We believe this particular junction
to represent a very minor rearrangement product in V6 cells
since it was not detected in our previous mapping by Southern
blotting, even though it introduces a diagnostic Xbal site and is
homologous to the probe. Most likely, this third fragment was
derived from the 5.1-kb fragment (positions 9979 to 15082)
through an illegitimate recombination event in late-passage cells.

Long-term stability of reporter gene expression. Knowing
that baculovirus DNA is stably integrated into the CHO ge-
nome, we wished to further characterize baculovirus as a gene
delivery system by determining the abilities of clones V2, V4,
V6, and V8 to maintain GFP expression over extended growth
periods. The four clones were passaged continuously in me-
dium with or without G418, which selects for maintenance of
the Neo gene. Cells were monitored periodically for GFP ex-
pression in two ways: (i) by assaying for total GFP expression,
as measured by fluorescence intensity (Fig. 5A), and (ii) by
assaying for the percentage of GFP-positive cells in the popu-
lation (Fig. 5B). Cells were grown for a total of 36 passages.
During that period, flow cytometry assays for GFP were per-
formed once a month for 5 months. Two clones, V2 and V6,
maintained starting levels of fluorescence, with or without se-
lection for Neo. Similarly, both clones demonstrated nearly
100% GFP-positive cells during the course of these experi-
ments. Clone V8 cells grown under G418 selection maintained
starting levels of both total GFP expression and the percentage
of GFP-positive cells. In contrast, V8 cells without selective
pressure showed a large decrease in GFP by both assays. Clone
V4 showed an intermediate response, demonstrating some de-
crease in total fluorescence and percent GFP-positive cells
over time, with and without selection for Neo.

DISCUSSION

Previous studies in our laboratory described the use of a
recombinant baculovirus to direct the transient and stable ex-
pression of the GFP reporter gene in a wide variety of mam-
malian cells (5). In these previous studies, we observed one
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stable cell clone for approximately every 50 to 100 transiently
transduced CHO cells. In this report, we explored the state of
the transduced viral sequences that are stably maintained in
CHO cells. The baculovirus system is largely unlike any other
method currently used for DNA delivery into mammalian cells.
Indeed, insect cells, not mammalian cells, are the natural host
of baculovirus derived from AcMNPV. Given this, we were
uncertain what findings to expect a priori. By mapping break-
points, examining transduced cells by FISH analysis, and clon-
ing viral/chromosomal junctions, we demonstrated that recom-
binant baculovirus DNA integrated into the CHO genome as
small, discrete fragments.

The breakpoint positions and sequences at integration junc-
tions suggest that the baculovirus DNA integrates into the
CHO genome via illegitimate recombination. We found that
only a fraction of the 148-kb baculovirus genome was present
in the four examined clones. These fragments, which ranged in
size from 5 kb to about 18 kb, had randomly distributed break-
points outside of the selected region, suggestive of an illegiti-
mate mode of integration. We cannot rule out the possibility
that regions of the baculovirus genome other than those im-
mediately surrounding the selected markers might be found in
cells early in the process of selecting for the clones. However,
in our limited PCR analysis of the CHO clones presented here
(Table 1), we detected only regions closely linked to the se-
lected markers.

To further explore the mechanism of integration, we isolated
and characterized three viral/chromosomal junctions by in-
verse PCR and DNA sequencing. A hallmark of illegitimate
recombination is the presence of little to no homology between
recombining DNA molecules (22). Comparisons of the chro-
mosomal sequences found at the junctions, in fact, revealed no
significant homology to the flanking baculoviral sequences. In
addition to the three viral/chromosomal junctions, a fourth
junction was isolated and found to involve the joining of a
5.1-kb baculovirus fragment to another fragment derived from
a distant site in the baculovirus genome. In this fourth case,
flanking sequences in both directions, including deleted se-
quences, are known. Thus, it was possible to examine the flank-
ing sequences for the presence of microhomologies, short
homologies (one to seven nucleotides) commonly found at il-
legitimate recombination junctions, including integration junc-
tions for viruses (32, 35) and transfected DNA (21). Indeed, a
three-nucleotide homology was present at the junction be-
tween these two fragments, which may have joined via illegit-
imate recombination prior to integration. Alternatively, inser-
tion of a larger piece of the baculovirus genome may have been
followed by rearrangement accompanied by deletion of inter-
vening sequences.

The four clones examined were found to have single-copy
integrants of the selected baculovirus region; in contrast, trans-
fection methods frequently result in concatenated integrants.
Tandemly arrayed concatemers of transfected DNA form pre-
dominantly by homologous recombination, followed by illegit-
imate integration into the mammalian genome (6, 8). Such a
process may be precluded by the size of the baculovirus ge-
nome; concatemers of the baculovirus genome may be too
large to undergo stable integration events. Alternatively, the
lack of concatemers could be related to the mechanism of
DNA delivery by baculovirus. Whatever the reason, these re-
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FIG. 5. Stability of GFP expression in vVBMGFP-transduced clones. V2, V4, V6, and V8 were grown in the presence (closed symbols) and
absence (open symbols) of G418, which selects for the Neo gene adjacent to the GFP gene. Flow cytometry assays were performed once a month
for 5 months to determine the total fluorescence intensity (A) and percent GFP-positive cells (B) for each clone. MESF, molecules of equivalent

soluble fluorochrome.

sults suggest that the baculovirus system may be useful for
producing mammalian cell clones containing single copies of
an introduced gene, without a loss in the overall frequency of
stable clones generated.

To further examine the use of baculovirus as a gene delivery
system, we characterized the four clones for the ability to
maintain reporter gene expression over an extended period of
time. Two of the clones maintained starting levels of GFP
expression over a 5-month period, whether or not the clones
were maintained under selection for the Neo gene (which is
adjacent to the GFP gene). That the remaining two clones
exhibited at least some loss of GFP expression is not surprising.
The gradual extinction of reporter gene expression is com-

monly observed in mammalian cells and is largely attributed to
epigenetic modifications (17, 26), as well as point mutations
and other genetic rearrangements, including deletions (34).
Southern blot analysis of our four late-passage clones demon-
strated the persistence of the selected region as well as viral
sequences flanking the selected region (data not shown), con-
sistent with the quenching of GFP reporter gene expression by
epigenetic modifications and/or minor genetic alterations. Thus,
the baculovirus system is comparable to other modes of gene
delivery in terms of generating stable expression of a reporter
gene in mammalian cells. Our studies further underscore the
importance of considering long-term transgene stability, espe-
cially for studies designed to correct genetic defects in vivo.
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The baculovirus system has several advantages over other
methods for gene delivery. Our previous studies demonstrated
that baculovirus is able to transduce several cell lines that are
traditionally difficult to transfect (5). Mammalian viruses used
as gene delivery vehicles likewise often have specific limita-
tions, such as low titers, strict size restraints for inserts, or high
toxicity in mammalian cells. In contrast, the generation of
recombinant baculoviruses with large inserts is straightfor-
ward, high titers are readily produced, and toxicity in mamma-
lian cells is low. In addition, baculovirus is unable to replicate
in mammalian cells and is therefore nonpathogenic. These
studies demonstrate the potential use of baculovirus to deliver
single copies of stably integrated genes into mammalian ge-
nomes. Since the illegitimate mode of integration and long-
term stability of reporter gene expression are similar to that
seen for transfected DNA and other viruses, recombinant
baculoviruses should provide a viable alternative for DNA
transfer into mammalian cells. Indeed, in recent studies with
several different cell lines, we have obtained stable clones from
any cell line that is successfully transduced transiently, regard-
less of the transduction efficiency.
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