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ABSTRACT The piggyBac (IFP2) short inverted terminal
repeat transposable element from the cabbage looper Trichop-
lusia ni was tested for gene transfer vector function as part of
a bipartite vector–helper system in the Mediterranean fruit
f ly Ceratitis capitata. A piggyBac vector marked with the medfly
white gene was tested with a normally regulated piggyBac
transposase helper at two different concentrations in a white
eye host strain. Both experiments yielded transformants at an
approximate frequency of 3–5%, with a total of six lines
isolated having pigmented eyes with various levels of colora-
tion. G1 transformant siblings from each line shared at least
one common integration, with several sublines having an
additional second integration. For the first transformant line
isolated, two integrations were determined to be stable for 15
generations. For five of the lines, a piggyBac-mediated trans-
position was verified by sequencing the insertion site junctions
isolated by inverse PCR that identified a characteristic pig-
gyBac TTAA target site duplication. The efficient and stable
transformation of the medfly with a lepidopteran vector
represents transposon function over a relatively large evolu-
tionary distance and suggests that the piggyBac system will be
functional in a broad range of insects.

After more than a decade of concerted efforts to achieve
transposon-mediated germ-line transformation in insect spe-
cies other than Drosophila melanogaster, the first successes
have only recently been reported. The medfly Ceratitis capitata
has been transformed with the Drosophila hydei Minos element
(1), Drosophila virilis has been transformed with the hobo (2,
3) and mariner elements (4), and very recently, transformation
of Aedes aegypti with mariner (5) and Hermes (6) vectors has
been reported. It is particularly interesting that after many
attempts with several mosquito and tephritid fruit f ly species,
neither the P nor hobo vectors from D. melanogaster have
yielded unambiguous germ-line transformants (7). The phy-
logenetic restriction for these vectors, however, was predicted
by transient embryonic excision and transposition assays that
indicated their lack of or limited mobility in several nondros-
ophilid species (8–12). Similar mobility assays with the
Trichoplusia ni piggyBac element (originally referred to as
IFP2) in cell lines (13, 14) and embryos (M.J.F., unpublished
data) suggested that piggyBac may be less restricted as a
gene-transfer vector, which encouraged the testing of this
potential.

The piggyBac element is a short inverted terminal repeat
(ITR) transposable element, 2.5 kb long, with 13-bp ITR
sequences and a 2.1-kb ORF (15, 16). It is part of a subclass
of ITR elements that are thus far found only in lepidopterans
and that insert exclusively into TTAA target sites (17–19). On

insertion, the target site is duplicated with excision occurring
only in a precise fashion, restoring the insertion site. Beyond
this functional similarity, the TTAA elements share no ap-
parent structural identities.

piggyBac was originally discovered as the causative agent of
FP (few polyhedra) mutations in baculoviruses passed through
the T. ni TN-368 cell line (20). The element is dispersed and
repeated in the genome of this cell line, but it has not been
found in any others (16, 20). Its presence in vivo is discontin-
uous among T. ni strains, and thus far, it has not been detected
in any other lepidopteran or other species. A piggyBac element
isolated from the FP mutation 3E1 (15) was found to have
autonomous function based on transposition assays in cell lines
(18). Preliminary evidence from transient excision assays in
embryos also support piggyBac function in several insect
species, with similar rates of movement in lepidopteran and
dipteran species (M.J.F., unpublished data). These results
suggested that piggyBac vectors might also mediate germ-line
transformation in these and, perhaps, other species.

The testing of vector function in most nondrosophilid insects
has been limited by the lack of suitable transformant marking
systems. Several chemical selection systems have been devel-
oped, but none have proven generally reliable, and most insect
transformations have depended on less ambiguous visible
markers (7). A previous medfly transformation with the Minos
vector (1) used the medfly white (w) gene marking system (21),
suggesting that piggyBac vector function could be similarly
tested. Thus, a piggyBac transposon having a medfly w gene
insertion was used with a nonautonomous piggyBac trans-
posase-encoding helper plasmid to test its ability to mediate
germ-line transformation as part of a bipartite vector–helper
system. Herein we report the relatively efficient creation of
piggyBac-mediated transformant lines in medfly, one of which
has remained stable for more than 15 generations. The ability
of this lepidopteran vector system to efficiently transform a
dipteran species is encouraging for its use in other dipteran
species and, perhaps, in a broad spectrum of other economi-
cally and medically important insects.

MATERIALS AND METHODS

Insect Strains and Rearing. The C. capitata white-eye (we;
ref. 22), wild-type, and transformant strains were maintained
in a quarantine facility at the Department of Entomology,
University of Hawaii. Standard larval and adult rearing meth-
ods were used (23).

Plasmids. The pB[Ccw] vector was created by insertion of
the medfly w cDNA gene into the 3E1 piggyBac element within
the 6.0-kb p3E1.2 plasmid (15). The w gene, under D. mela-
nogaster hsp70 promoter regulation within pDM30yhspCc-
White (21), was isolated as a 3.6-kb NotI fragment and ligated
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into the p3E1.2 NotI-linked HpaI site. The inserted w gene
interrupts the piggyBac ORF, but otherwise leaves the piggy-
Bac element intact, with the respective promoters in opposite
orientation. The medfly w cDNA clone has been shown (1) to
complement the we host strain mutation after transformation.
The piggyBac transposase helper plasmid (pBDSac) was cre-
ated by digestion of p3E1.2 with SacI and religation, which
deletes the 59 piggyBac terminal sequences but maintains the
putative piggyBac promoter region.

Injections. Oviposited eggs were collected and dechorion-
ated in 1.6% hypochlorite solution followed by several washes
in 0.02% Triton X-100. Eggs were placed on double-stick tape,
desiccated in room-air for times determined empirically (usu-
ally 10–15 min) and submerged in Halocarbon 700 oil. Injec-
tions followed standard Drosophila microinjection procedures
(24) using vector and helper concentrations of 500 mgyml and
150 mgyml or 500 mgyml and 300 mgyml, respectively, in
injection buffer (5 mM KCly0.1 mM sodium phosphate, pH
6.8). Injected eggs were placed in an oxygenated tissue culture
chamber at 22–23°C, and hatched larvae were collected 3–4
days later and placed on larval diet. Starting from early third
instar, larvae and pupae were heat-shocked every day at 37°C
for 1 h (for some transformants, heat shock was found to be
unnecessary in subsequent generations for full eye pigmenta-
tion). Eclosed G0 male adults were mated individually to three
we host-strain virgin females, and G0 virgin female adults were
mated either individually to three we host-strain males or in
groups of three females to six males. G1 eggs were collected for
2 weeks and reared under standard conditions.

Southern Blot Hybridization. Approximately 10 mg of
genomic DNA was digested with indicated restriction enzymes
and separated on 0.8% agarose gels. DNA was stained with
ethidium bromide, blotted to nylon filters, and immobilized by
UV irradiation. Hybridization probes were labeled with
[32P]dCTP by random priming (GIBCOyBRL) according to
the manufacturer’s specifications. Hybridizations were per-
formed in 0.25 M sodium phosphate buffer, pH 7.5y1%
BSAy7% SDS at 65°C with an initial wash in 23 SSCy0.2%
SDS at room temperature and two washes in 13 SSCy0.1%
SDS at 55°C for 30 min. Autoradiography was performed by
exposure on Kodak X-Omat film at 290°C.

PCR and Sequence Analysis. Inverse PCR (25) was per-
formed by initial digestion of 1–3 mg of transformant genomic
DNA with HaeIII for 59 and 39 junctions, TaqI for 59 junctions,
or MspI for 39 junctions. After 4-h digestions, restriction
fragments were circularized by ligation at 16°C for 16 h. PCR
was performed on the circularized fragments by using primer
sequences in opposite orientation within the piggyBac restric-
tion site and terminus for each junction. For the 59 junction,
the forward primer (574F) 59-TCTTGACCTTGCCACA-
GAGG-39 and reverse primer (157R) 59-TGACACTTACCG-
CATTGACA-39 were used. For the 39 junction the forward
primer (2388F) 59-GTCAGTCCAGAAACAACTTTGGC-39
and reverse primer (2123R) 59-CCTCGATATACAGAC-
CGATAAAAACACATG-39 were used. PCR products were
separated in low-melting-temperature agarose, and fragments
were selected that were longer than the respective restriction
site–terminus distances and different from those expected
from the p3E1.2 based vector and helper plasmids. These
products were directly subcloned into ddT vectors (Invitro-
gen), which were sequenced by using primers to vector se-

quence proximal to the respective termini. Sequence analysis
was performed by using GENEWORKS 2.5 software (Oxford
Molecular Group, Oxford, UK) to align the junction sequences
to piggyBac. Chromosomal insertion site sequences were sub-
jected to BLASTN analysis (26).

RESULTS

Transformation Experiments. Germ-line transformation of
a medfly we host strain mediated by the piggyBac vector was
tested in two experiments using a vector marked with the
medfly w gene and a nonautonomous helper that had a
normally regulated transposase. In experiment I, 816 eggs
from the C. capitata we host strain were injected with a
vector–helper mixture of 500 mgyml and 150 mgyml, respec-
tively, in injection buffer (Table 1). Approximately 190 G0
larvae hatched, with 73 emerging as adults. All of the adults
were individually backcrossed to we host-strain adults, which
were allowed to oviposit for 2 weeks. G1 progeny resulted from
19 of the G0 lines, yielding a fertility rate of 26%. All G0 and
G1 adults were inspected for any eye coloration, with no
pigmentation observed in the G0 individuals. From the G1
adults in line 41, two females (Cc[pBw]41F1 and 41F2) and
one male (Cc[pBw]41M1), were observed to have the same
dark-orange eye color (Table 2 and Fig. 1). These G1 adults
were individually backcrossed to we adults, as were pigmented
flies from each succeeding generation to maintain heterozy-
gous lines. Homozygous G1 sublines were established by
inbreeding 10 individual pairs of pigmented flies from G2 and
G3 and continuing those lines yielding only pigmented flies.

In experiment II, 1,211 we host-strain eggs were injected
with a vector–helper mixture of 500 mgyml and 300 mgyml,
respectively. Approximately 700 larvae hatched, with 287 G0
adults emerging, none of which exhibited eye pigmentation
(Table 1). All of the adults were initially backcrossed individ-
ually to we adults, including 139 G0 males and 148 G0 females.
Of the male lines, 87 gave offspring yielding a fertility rate of
62%. A significant number of the G0 females failed to oviposit,
and 114 surviving females were subsequently put into 38
groups of three, all of which yielded progeny. Because at least
one female per group had to be fertile, females had a minimum
fertility rate of 33%, but we presume it to be actually closer to
the male fertility rate, which was used to conservatively
estimate the frequency of transformation. In experiment I,
many individually mated females also failed to oviposit, but
they were not group mated, which may explain their lower
overall fertility.

Four of the G0 female groups and one G0 male line gave rise
to G1 offspring with pigmented eyes, with the number of
putative transformant siblings from each line ranging from 2
to 15 (Table 2). Each of the sibling G1 flies was individually
backcrossed to we and maintained as a separate G1 subline. For
line 5, of the three sibling G1 flies, only 5M2 survived. Eye
coloration, which ranged from a light-peach to dark-orange
among the lines (Table 2 and Fig. 1), was consistent among the
sublines within each line except for line 134, where 134F1 was
peach and 134M1 exhibited a coloration gradient from yellow
dorsally to red-orange ventrally. Pigmentation was enhanced
visibly by heat shock only in the 5M2 and 134F1 lines.

DNA Hybridization. Verification of transformation was
initially determined by Southern DNA blot hybridizations to

Table 1. Transformation experiments

Exp.
Vector–helper,

mg/ml

No.
eggs

injected

No. G0

adults
mated

%
fertility

No. G1

progeny

No.
transformant

G0 lines
Transformant

frequency

No.
pB[Ccw]

integrations
Integration
frequency

I 500/150 816 73 26 3,752 1 0.053 2 0.11
II 500/300 1,211 253 62* 30,715 5 0.03 9 0.06

*Calculated from individual G0 male matings.
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BglII-digested genomic DNA with probe to the 59 and 39 vector
arms surrounding the w marker gene (Fig. 2). Hybridization to
a radiolabeled 0.95-kb piggyBac HpaI–AseI probe detects a
single fragment for each integration that includes 3.75 kb of the
39 vector arm with additional adjacent genomic DNA. Hybrid-
ization to a 1.4-kb piggyBac SphI–HpaI probe detects an
internal 1.6-kb fragment on the 59 vector arm, with an addi-
tional fragment for each integration that includes 0.67 kb of the
vector arm terminus and adjacent genomic DNA. Because of
the large number of sublines, most of the putative G1 or G2
transformants were initially screened to make an initial as-
sessment of transformation and to determine common sub-
lines. Presence of the piggyBac vector was verified in all of the
sublines, with no hybridization detected in the wild-type or we
control lines (also after extended autoradiographic exposure;
data not shown). The data presented herein represent sublines
exhibiting different molecular phenotypes from each G0 line.

Hybridizations with either probe detected one or two pig-
gyBac integrations in each subline (Fig. 2 A and B). For line 53,
each of the sublines tested has two integrations, one of which
is shared, with two independent secondary integrations. In the
Sph–Hpa hybridization, sublines 53M1 and F5 share the same
second integration (11-kb fragment), and 53F1 has a different
second integration (1.1-kb fragment). The Hpa–Ase hybrid-
ization of 53M1 and F1 yields a similar result. For line 69, the
first emerging G1 flies, 69M1 and 69F1, share a single common
integration, with an additional integration appearing in the 13
subsequently emerging G1 flies (not all data shown). Similarly,
in line 220, all the G1 males and the first emerging G1 female
(220F1) have the same single integration. Subsequently emerg-
ing G1 females exhibited a second integration. Of the six G0
lines, only lines 5 and 134 exhibited unique single integrations;
but both gave rise to the smallest number of G1 sublines, of
which two of the three in line 5 died before reproducing. From
this analysis, it appears that piggyBac transposition is strongly

penetrant, with a high frequency of secondary integrations
when the initial integration occurs early in gametogenesis. The
apparent existence of a common integration in all the sublines
suggests that the four transformants that arose from the
group-mated females each came from only one of the females.

The data from the two hybridizations are generally consis-
tent, and the minimum sizes of bands including the vector
termini and chromosomal insertion site DNA are consistent
with intact vector integrations. This was further verified by an
NsiI digestion with hybridization to the Sph–Hpa probe. NsiI
releases a 5.6-kb internal fragment, including more than 90%
of the 6.0-kb vector, and Fig. 2C shows that in all sublines only
a 5.6-kb fragment is detected regardless of the number of
integrations, which is consistent with an intact vector for each
integration.

The original transformant line 41 from the first experiment
has been maintained for more than 15 generations. The visible
phenotype has remained consistent in all three sublines and is
the same even though 41F2 exhibits two integrations, with a
single integration in 41F1 and 41M1. Stability of the vector
integrations in line 41 homozygotes was assessed by Southern
blot analysis at different generations. BglII digestion and
Sph–Hpa probe hybridization resulted in a consistent number
and pattern of integrations in all three sublines at generations
5 (G5) and 15 (G15), indicating piggyBac vector stability in this
line (Fig. 2B).

Insertion-Site Sequencing. Confirmation of a chromosomal
vector integration or an intact vector does not ensure that a
transposon-mediated event occurred. Indeed, P vector inte-
grations were observed in several mosquito species (27–29),
but all appeared to occur by random insertion independent of
the transposon integration process. To verify that piggyBac-
mediated transpositions had occurred, insertion sites were
isolated by inverse PCR and sequenced from sublines 41F1,
5M2, 69M1, and 220M1 that had single integrations and

FIG. 1. Eye color phenotypes of the medfly strains we (a), wild-type (b), and the Cc[pBw] transformant sublines 220M1 (c), 69M1 (d), 53F4
(e), 5M2 ( f), 134M1 (g), and 41F1 (h). Actual visual descriptions are given in Table 2.

Table 2. Cc[pBw] G1 transformant lines

Line

No. transformants No.
G1 we % transformed Eye phenotype

No. total
integrationsMale Female

41 1 2 30 9.1 Dark-orange 2
5 2 1 156 1.9 Pale-orange 1

53 1 6 223 3.0 Orange 3
69 6 3 287 3.0 Red-orange 2

134 1 — 236 0.8 Yellow-orange* 1
— 1 Peach

220 8 7 79 16.0 Yellow-orange 2

*Phenotype is a yellow to red-orange gradient.
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subline 53M1 that had two integrations. PCRs usually resulted
in only one amplified product consistent with single integra-
tions. Subcloned PCR products were sequenced and compared
with piggyBac terminal sequences by DNA alignment and
BLASTN analysis (26) to identify genomic insertion site se-
quences and distinguish them from those in the injected
plasmids. As shown in Fig. 3, for all integrations both the 59 and
39 junctions yielded the piggyBac inverted terminal repeat
sequences immediately adjacent to a TTAA sequence and
proximal insertion site DNA. The TTAA duplicated target site
is characteristic of all piggyBac integrations and typically
indicates a vector-mediated transposition.

For line 220M1, a HaeIII site, used for inverse PCR, was
adjacent to the 59 TTAA insertion site thereby revealing only
very proximal sequence. Although 53M1 yielded both 59 and
39 sequences, hybridizations indicated two integrations in this
line (Fig. 2), and therefore these junctions may be from
independent insertions. Fig. 3 shows the most proximal se-

quences, though for most insertion sites inverse PCR yielded
several hundred base pairs. Comparisons to p3E1.2 sequence
by direct alignment indicated that none of these insertion sites
contained plasmid or vector DNA, which argues against the
integrations resulting from fortuitous recombination events or
being in tandem arrays; furthermore, they are not from
contaminating or perduring plasmid. BLASTN comparisons
reaffirmed this observation and, additionally, did not show
strong identity to DNA sequences from any known genes
within the database, and the insertion sites, thus, are concluded
to be medfly chromosomal DNA. Beyond the TTAA insertion
site, no obvious consensus was detected by inspection (or
BLAST analyses) in the proximal sequences. Taken with the
transformant white marker expression and Southern blot anal-
yses, the vector insertion site sequences provide convincing
evidence for an intact piggyBac vector mediating germ-line
transformation in the medfly.

DISCUSSION

Results of two experiments show the ability of the piggyBac
transposable element from T. ni to mediate germ-line trans-
formation in the Mediterranean fruit f ly C. capitata. Although
the first experiment yielded a single transformant line, with the
second experiment yielding five transformant lines, a similar
transformation frequency of 3–5% per fertile G0 was obtained.
A total of 11 integrations occurred, with at least two integra-
tions detected in four of the six lines, yielding approximately
a 2-fold higher total frequency of transformation events. This
frequency is similar to that achieved with the Minos transposon
vector (1) and is within the typical frequency range for
Drosophila transformation. Notably, these systems normally
take advantage of a heat-shock-regulated helper, whereas the
piggyBac experiments used a self-regulated helper, reserving
the possibility that the efficiency of the piggyBac system can be
improved. Use of its own promoter, however, shows that the
piggyBac transposon retains autonomous function in a very
distantly related insect species, which is supportive of its
function in other insects.

For many years there have been sporadic reports of insect
transformation (30), but most of these were never character-
ized or were found to be somatic transient expression or
random integrations. The Minos medfly transformation was
the first unambiguous nondrosophilid transformation that
clearly resulted from chromosomal integrations that were most
likely transposon-mediated. For piggyBac, integrations into the
medfly genome have also been demonstrated, and sequencing
of five independent insertion sites, revealing characteristic
piggyBac TTAA target site duplications, conclusively demon-
strates that the transformations were due to chromosomal
transpositions mediated by the piggyBac vector, as opposed to
random recombination events. Stability for piggyBac vector
integrations was shown for the first transformant line
(Cc[pBw]41), in which two integrations have been stably
maintained for at least 15 generations. Thus, these data show
that the piggyBac transposable element from T. ni can function
as an effective and stable vector for gene transfer in a dipteran
species.

All of the sublines for each transformant line shared at least
one integration, with many of the sublines containing an
additional integration. Multiple integrations in D. melano-
gaster w transformants often result in darker eye color phe-
notypes (31, 32), although in this study, except for line 134, we
could not visibly discern differing phenotypes among the
sublines. Although this requires more quantitative analysis by
pigmentation assays, some of the phenotypes are very pale or
required heat shock to be detected at all. This study, as well as
the Minos transformants, indicate that w gene position effect
suppression in medfly is quite prevalent, as it is in Drosophila
(31, 32). Indeed, none of the transformants from the two

FIG. 2. Southern DNA blot hybridization analysis of Cc[pBw]
transformant sublines, and we host strain and wild-type (wt) control
samples. At the top is a schematic diagram (not to scale) of the
pB[Ccw] vector showing the BglII and NsiI restriction sites used to
digest the genomic DNA and the 1.4-kb SphI–HpaI and 0.95-kb
HpaI–AseI piggyBac vector fragments used as hybridization probes
(bars). Above the schematic are distances used to calculate internal
restriction fragment sizes and minimum sizes for junction fragments.
Vector sequences are shaded, and the hsp70-white marker sequences
are open. DNA size markers are shown to the left of the autoradio-
grams.
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studies showed full w gene expression, even with heat-shock
stimulation. Thus, it is not unlikely that some secondary
integrations may be silent. Single integrations that are silent
would not be detected, and if they are common, the actual
transformation frequency might be somewhat higher than that
reflected by visible reversion of the mutant phenotype. One of
the piggyBac transformant sublines expressed an unusual phe-
notype also observed in Drosophila that appears as a dorsal–
ventral pigmentation gradient. Pirrotta et al. (32) provide an
interesting interpretation of this phenomena that suggests a
positional–temporal gene expression gradient. Comparison of
w position effects between medfly and Drosophila species is
only the first of numerous biological phenomena that can now
be compared by the study of transgenic insects. The limited
number of previous insect transformations mediated by trans-
poson-based vectors all have been accomplished in dipteran
insects using vectors discovered in the same or other dipteran
species. Although previous evidence suggested that piggyBac
could function transiently in dipteran embryos, this report
conclusively demonstrates that a vector system from one insect
order can mediate stable gene transfer in a different order.
This has important implications for the more widespread use
of the piggyBac system and provides a functional assay for the
activity of this somewhat unique transposon.

Studies to date have only detected piggyBac in T. ni, and
other TTAA elements have been found solely in a limited
number of lepidopteran species (17–19). Thus, the apparently
restricted existence of piggyBac, in comparison to other short
inverted terminal repeat elements such as P, hobo, and mar-
iner, is intriguing given the present demonstration of its normal
mobility in a distantly related species. In comparison, the P
element exists in several Drosophila and nondrosophilid
dipteran species (33, 34), but its mobility appears completely
restricted to drosophilids (8, 9). For hobo, limited excision and
transposition activity has been observed in several dipteran
and one lepidopteran species (10–12), and although an effec-
tive transformation vector in D. melanogaster, it functions at a
relatively low frequency in D. virilis (2, 3), with no reported
transformations in nondrosophilids. In an experiment per-
formed in parallel with our first piggyBac transformation, a
hobo vector marked with the w gene failed to yield visible
medfly transformants after screening nearly 100 fertile G0
lines (A.M.H. and S.D.M., unpublished data), compared with
one piggyBac transformant from 19 fertile lines. Despite the
limited mobility of hobo in nondrosophilids, closely related
elements have been discovered in several dipteran insects (12,
35, 36), some being very distantly related, which suggests that

horizontal transmission may have occurred (12). The Minos
element was also originally discovered in a drosophilid (37),
but similar to piggyBac, it retains function in a distantly related
tephritid. However, Minos belongs to the marineryTc1 family,
which is one of the most widely distributed transposable
element families known and for which horizontal transmission
has been clearly implicated (38). Thus its broad functional
range is not surprising. It is therefore somewhat enigmatic that
the piggyBac element is not, similarly, more widespread among
the Insecta, if not other organisms, and this demands further
investigation.

The relatively efficient and stable transposition of piggyBac
in a dipteran genome suggests that it will be equally active in
other dipterans and, perhaps, insects in general. For the
medfly in particular, which is one of the greatest agricultural
pests worldwide, effective gene transfer systems should allow
the creation of strains useful for the sterile insect technique
(39), such as those allowing genetic sexing and male steriliza-
tion (40). Although the Minos vector should facilitate the
creation of such strains as well, the most novel transgenic
strains, which result in direct biological control, may require
multiple germ-line integrations, which will require different
noninteracting vectors. It is also critical that vectors and
endogenous transposons do not cross-mobilize one another,
for the stability of the vector integration and integrity of the
host genome. Additional vector systems also widen the possi-
bilities for genetic manipulation including transposon mu-
tagenesis and targeted transposition.

Germ-line transformation of nondrosophilid insects has
been a priority of molecular entomologists since Drosophila
transformation was first reported. The recent transformations
of the medfly make it apparent that progress toward this goal
has been limited by the vector and marker systems available.
Efforts with P and hobo have not been successful, yet for both
Minos and piggyBac, determination of transposon function in
nonhost species was quickly followed by successful germ-line
transformation. It is equally apparent that these successes and
hobo transformation of D. virilis depended on the use of
unambiguous visible eye-color marking systems. Visible mark-
ers not only are important to the initial identification of
transgenic insects but also are critical to the establishment of
transgenic lines and determination of stability. Selections that
rely on chemical resistance may effectively select G1 transfor-
mants, but non-vector-related resistant organisms (possibly
caused by resistance in symbionts) may be selected in later
generations and only identified by molecular methods. Mixed
strains of this sort would be of limited basic or applied use.

FIG. 3. Inverse PCR strategy to isolate and sequence the pB[Ccw] vector insertion site in transformant sublines. At the top is a schematic diagram
(not to scale) of the vector insertion in the host plasmid showing the approximate location of the restriction sites and primers used for PCR. Forward
(F) and reverse (R) primers are numbered according to their nucleotide position in piggyBac. The piggyBac sequence is shown shaded, the medfly
white marker gene is open, and chromosomal sequence is hatched. Below are shown the piggyBac insertion site sequence in p3E1.2 and the proximal
insertion site sequences from several of the transformant sublines.
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Further advances in insect gene transfer will require additional
visible marker systems for the many species not amenable to
eye color mutant rescue and for secondary integrations in
species such as the medfly. Additional vectors, especially those
less dependent on host-specific factors, will be required for the
most efficient and widespread use of this technology.
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