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Gene Transfer into the Medfly, Ceratitis capitata,
with a Drosophila hydei Transposable Element

Thanasis G. Loukeris, loannis Livadaras, Bruno Arca,
Sophia Zabalou, Charalambos Savakis*

Exogenous functional DNA was introduced into the germline chromosomes of the Med-
iterranean fruit fly (medfly) Ceratitis capitata with a germline transformation system based
on the transposable element Minos from Drosophila hydei. Transformants were identified
as phenotypic revertants of a white-eyed mutation carried by the recipient strain. Clusters
of transformants were detected among the progeny of 390 individuals screened for
germline transformation. Five independent and phenotypically active integration events
were identified, in each of which a single copy of the transposon was inserted into a
different site of the medfly genome. Molecular analysis indicates that they represent
transposase-mediated insertions of the transposon into medfly chromosomes.

The absence of methodology for introduc-
tion of exogenous DNA into the genome of
insects other than Drosophila has been a
serious obstacle to progress in the study of
the molecular genetics of multiple insect
species. In Drosophila melanogaster and relat-
ed species, the P element has been used as
the basis of a transformation system (I).
This system does not, however, function in
non-Drosophila species. Attempts to intro-
duce P in Anopheles and Aedes mosquitoes
have yielded only rare germline transforma-
tion events that represent random integra-
tions of DNA segments including plasmid
sequences, instead of transposase-mediated
insertions of the transposable element alone
(2).

Three transposable elements, unrelated
to P, have been used for germline transfor-
mation of D. melanogaster: hobo from D.
melanogaster, Mariner from D. mauritiana,
and Minos from D. hydei (3, 4). Moreover,
mobilization of hobo transposons from plas-
mids injected into preblastoderm embryos
has been documented in non-Drosophila
species (5). These results, in combination
with evidence that horizontal transmission
of mobile elements across insect orders may
be widespread (6), suggest that transposons
other than P may be useful for germline
transformation of non-Drosophila species.
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Minos, a member of the Tcl family of
transposable elements, was isolated from D.
hydei and is absent from D. melanogaster (7)
and, Ceratitis capitata (8). Like P, hobo, and
Mariner, it belongs to a phylogenetically
heterogeneous class of mobile elements that
have terminal inverted repeats and trans-
pose by means of a DNA intermediate (9).
The transposase encoded by Minos has been
expressed in D. melanogaster (10) and can
catalyze precise insertion of a Minos trans-
poson into D. melanogaster chromosomes in
a manner that can be used for germline
transformation (11).

The Mediterranean fruit fly C. capitata
(Diptera: Tephritidae) is a widespread agri-
cultural pest of many fruit species. The
medfly has been introduced recently into
the New World and is spreading rapidly,
threatening fruit production in North
America (12). The sterile insect technique

(SIT) has been used successfully for medfly
“eradication or control. This method relies

on the decrease in or collapse of fly popu-
lations caused by the release of large num-
bers of sterile insects (13). The ability to
produce transgenic medflies is needed to
improve the SIT (14) and also to advance
knowledge about the molecular genetics of
this insect pest.

In addition to a vector, a second require-
ment for transforming the medfly is an ef-
fective genetic marker for transformation.
Transformation of the medfly with Minos
and other transposable element vectors by
means of a neomycin resistance marker was
unsuccessful (15). In D. melanogaster, dom-
inant eye color genetic markers have been
effective in monitoring transformation. The
medfly homolog of the white gene of Dro-



sophila has been cloned and functions as a
transformation marker in transgenic Dro-
sophila (16). Moreover, this w gene hybrid-
izes to 5L on the polytene chromosomes, a
site that corresponds to the cytogenetic lo-
cus of a white-eyed recessive medfly muta-
tion, which was designated w (17). The
wild-type medfly w complementary DNA
(cDNA) was incorporated into a Minos
transformation vector in the hope that it
would function as a dominant eye color
marker when introduced in the mutant
medfly strain, as it does in Drosophila (16).

Two Minos-based plasmids were injected
into medfly embryos. The transposase-pro-
ducing plasmid pPHSS6hsMi2 contains a

hand inverted repeat has been replaced by
a 456-base pair (bp) fragment contain-
ing the promoter of the D. melanogaster
Hsp70(87C) gene and has been used for
transformation of D. melanogaster (11). The
marked transposon pMihsCcw is derived
from a Minos element [vector pMiNot
(18)], in which the central part of the trans-
posase gene has been replaced by the wild-
type white cDNA of C. capitata, flanked by
promoter and terminator sequences of the
D. melanogaster Hsp70 gene (16).

DNA was introduced into preblastoderm
medfly w embryos by a microinjection pro-
cedure essentially identical to that used for
Drosophila (19). Modifications were unnec-

modified Minos element in which the left-

essary, because the eggs of the two species are
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Fig. 1. Frequencies of transformants among G1 progeny. Small groups of flies (5 males or 10 females)
that resulted from injected embryos (GO flies) were backcrossed to w flies in small cages. The G1 progeny
from individual cages were grown and screened for the nonwhite eye phenotype separately. Bars indicate
the numbers of G1 flies from the individual cages. The sex of the GO flies in each cage is indicated. The
numbers above cages 1, 3, 25, and 33 indicate the number of w flies that were recovered from these
cages. :

Table 1. Phenotypes of progeny from individual G1s backcrossed to w flies. ND, not determined.

o Eye color of With heat shock Without heat shock Eye color of
heterozygotes Nonwhite eyes  White eyes  Nonwhite eyes  White eyes homozygotes

1.1 Pale yellow 46 53 0 59 Apricot

1.8 Pale yellow 220 274 0 77 Apricot

1.12  Pale yellow 94 69 0 8 Apricot

3.1 Yellow 267 237 110 97 Yellow

3.3 Yellow 225 214 53 49 Yellow

3.2 Pale yellow 132 118 0 76 Apricot

3.6 Pale yellow 70 81 0 81 Apricot
25.7 Pale apricot 119 156 116 91 Apricot
25.8 Pink 24 18 0 27 Peach
259 Pink 30 34 0 9 Peach
33.2 Pale orange 42 50 ND ND Orange
33.3 Pale orange 29 31 ND ND Orange
33.4 Pale orange 16 15 ND ND Orange
*Eye color much weaker than with heat shock.
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similar in morphology and in resistance to
desiccation. A total of 3998 embryos were
injected; after injection, they were left to
hatch under halocarbon oil, and first-instar
larvae were transferred to petri dishes con-
taining standard larval food (20). The 390
adults (GO generation) resulting from inject-
ed embryos were collected within 12 hours
after eclosion and back-crossed to w flies in
small groups consisting of either 5 GO males
and 10 virgin w females, or 10 GO females
and 5 w males. Fifty-nine such GO groups
were reared in small plastic cages, and the
G1 progeny were collected and handled sep-
arately for each group. To induce expression
of the w minigene from the Hsp70 promoter,
G1 pupae were exposed daily to a 39°C heat
shock for 1 hour. The 62,510 G1 flies that
were produced were screened for the pres-
ence of nonwhite eye phenotypes. A total of -
72 flies with colored eyes were recovered
from four different cages (Fig. 1).

Figure 2 shows the phenotypes of some
of the putative transformants. The w mini-
gene gave partial reversion of the pheno-

Fig. 2. Eye color phenotypes of transformants.
All transformants are homozygous for insertions,
except 3.1 and 33.2, which are heterozygous G3
flies. From left to right, (top) wild-type (Benak-
eion) strain and w strain; (middle) transformants
3.1 and 25.9; (bottom) transformants 3.2 and
33.2. Flies were reared at 24°C and received a
1-hour 39°C heat shock every day during pupal
development.
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type. The eye color varied among different
transformants, and the phenotype was dos-
age-dependent; homozygotes had stronger
colors than did heterozygotes. These char-
acteristics of w markers have been observed
previously in Drosophila (11, 16) and are
the result of low levels of expression com-
bined with chromosomal position effects.
To establish transformed lines, individ-
ual G1s were backcrossed to w flies. Single
pairs of transformed G2 progeny were then
mated, and their homozygous G3 progeny,
recognized by their stronger w* phenotypes,
were used to construct homozygous lines.

Table 1 shows results from the G1 back-

dominant trait. To determine the effect of
temperature on the expression of the w
minigene, a number of G2 pupae were not
subjected to the heat shock treatment.
When compared with the heat-shocked co-
hort, G2 flies that were not heat shocked as
pupae showed either paler eye color or no
eye color at all; the only exception was lines
3.1 and 3.3, which exhibited an invariant
strong yellow eye phenotype. The heat
shock dependence clearly showed that the
flies (perhaps with the exception of 3.1 and
3.3) were true transformants, rather than
revertants of the w mutation. In cages 3 and
25, differences in the eye color phenotypes

crosses. In these crosses, the nonwhite eye
(w*) phenotype was inherited as a single

of individual G1s from the same cage were
detected and bred true, which suggests that
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Fig. 3. (A) Insert of the transposon plasmid pMihsCcw. The pMihsCcw vector was constructed by
insertion of an approximately 3.7-kb Not | fragment containing the Hsp70-white cDNA fusion (76) into the
Not | site of the Minos vector pMiNot (78). Medfly w sequences are shown in white, the Hsp70 promoter
(P) and terminator (T) are in black, and the D. hydei sequences flanking the Minos element are indicated
by stippled bars. ML and MR signify the left- and right-end parts of Minos, respectively. Only the
restriction sites mentioned in the text or used in the analysis of transformants are indicated. The original
Escherichia coli vector used (27) was pTZ18R (Pharmacia). Black bars below the map indicate the Minos
(M) and medfly white (W) sequences that were used as probes for the analysis of transformants. (B)
Southern (DNA) blot analysis of transformants. Adult genomic DNA (approximately 10 w.g per lane) was
digested with a restriction endonuclease, subjected to agarose gel electrophoresis, blotted onto nitro-
cellulose membrane filters, and hybridized with 32P-labeled probes (25). Sal | panel: DNA from lines 3.1,
3.2, 8.3, and 3.6 was cut with Sal | and hybridized with a 1-kb Hha | fragment containing Minos
sequences present in pMiNot (M probe). Hinc Il panel: DNA from the recipient w strain and from lines 3.1,
3.2, 3.3, and 3.6 was cut with Hinc Il and probed with a Sal I-Xho | fragment containing 1.5 kb of medfly
w cDNA sequences (W probe) and then probed with the M probe. Between the two hybridizations, the
filter was dehybridized by being washed with boiling 0.5% SDS solution for 2 min. Eco Rl panel: DNA from
strains 25.7, 25.8, and 25.9 was cut with Eco Rl and hybridized with the W and M probe sequentially. In
addition to the transformants showing nonwhite eye phenotypes, white-eyed siblings (25.9-w, 25.8-w,
and 25.7-w) were included in this analysis. Lengths of size markers are in base pairs.
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independent transformation events had oc-
curred in the same cage (Table 1).

To determine the nature of the integration
events, DNA from transformants was ana-
lyzed by blot hybridizations with several re-
striction enzymes and two probes (Fig. 3A),
one (M) containing the Minos sequences at
the ends of the transposon (which are not
present in the nontransformed medfly), and
another (W) containing an internal fragment
of the w cDNA sequences (which is present in
the endogenous w gene). In Drosophila, inser-
tions of elements such as Minos can occur at
many different chromosomal sites and are
characterized by precise integration extending
through the terminal inverted repeats of the
element without transposition of any flanking
plasmid DNA (11). The results of M-hybrid-
ized Sal I digests indicate that the events in
the medfly are of the same nature (Fig. 3B).
The transposon inserted in variable host
DNA sites, without (>0.2 kb) flanking plas-
mid DNA to the right of the transposon,
because this would have generated a 2.9-kb
band (Fig. 3A). The results confirm that two
independent events occurred in cage 3, one
represented by lines 3.1 and 3.3 and the other
by lines 3.2 and 3.6 (Table 1). These conclu-
sions were also confirmed with Hinc II digests.
Similarly, blots of Hinc 11 digests hybridized
with the W probe showed the two endoge-
nous w gene bands, plus a third novel band
that is characteristic of the insertion event
(3.1-3.3 or 3.2-3.6). The shortest band is
longer than the 1.9-kb band that would have
been expected if the Hinc Il site 0.2 kb to the
right of the Minos end had been present. The
same Hinc II blot hybridized with the M
probe showed that the shortest band is longer
than the 1.1-kb band that would have been
expected if plasmid sequences to the left of
the transposon were present. These results
were confirmed with W-hybridized Sal 1 di-
gests (21).

To assess the integrity of the internal
part of the transposon, restriction analysis
with Eco RI was performed in three lines
derived from cage 25. The results of the
hybridization with the W probe indicate
that the entire 3.7-kb fragment containing
the Hsp70-w marker fusion is present in the
w™ transformants (Fig. 3). Hybridization of
the same filter with the M probe, which
detects chimeric end fragments, showed
that lines 25.8 and 25.9 contain the same
single insertion of the transposon. The pat-
tern in 25.7 is consistent with the presence
of two insertions, neither of which is iden-
tical to the 25.8-25.9 event. One insertion,
defined by the ~3-kb and ~5.5-kb bands, is
also present in the white-eyed siblings of
the 25.7 flies. This, presumably, represents a
“silent” insertion that does not express the
phenotype either because of an undetected
lesion in the transposon or because the
transposon has integrated into a silent (per-
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haps heterochromatic) genomic region.

In situ hybridization to salivary gland
polytene chromosomes (22) confirmed that
the insertions are localized to different
chromosomal positions; insertion 3.1-3.3 is
at 51A (4L), 3.2-3.6 is at 94A (6R), and
25.8-25.9 is at 51C (4L). The two insertions
in line 25.7 are localized to different chro-
mosomes: at 65C (5L) and at the X chro-
mosome [heterochromatic network (23)].

In summary, two independent transfor-
mants were represented among the G1 prog-
eny of cage 3, two in cage 25, and one in
cage 33 (24). Only one of these five trans-
formants (25.7) had a second (phenotypical-
ly silent) event in the same germ line. We
cannot determine whether the different
transformants from the same cages are de-
rived from single or multiple GO parents.
The overall frequency of phenotypically de-
tectable transformation events (5/390 GO
adults) is sufficient for producing several
transformants from a single experiment, be-
cause thousands of embryos can be injected
and hundreds of GO adults can be obtained
within a week with the use of a relatively
simple experimental setup. Because of the
simplicity and safety in handling and deliv-
ery inherent with DNA vectors, transposable
elements with wide “host range,” such as
Minos, coupled with appropriate phenotypic
markers, could be the vectors of choice for
germline transformation of insects of agricul-
tural and medical importance.

REFERENCES AND NOTES

1. G. M. Rubin and A. C. Spradling, Science 218, 348
(1982).

2. L. H. Miller et al., ibid. 237, 779 (1987); A. C. Morris,
P. Eggleston, J. M. Crampton, Med. Vet. Entomol. 3,
1(1989).

3. R.K.Blackman, M. M. D. Koehler, R. Grimalia, W. M.
Gelbart, EMBO J. 8, 211 (1989); D. A. Lidholm, A. R.
Lohe, D. L. Hartl, Genetics 134, 859 (1993).

4. T.G. Loukeris, B. Arca, |. Livadaras, G. Dialektaki, C.
Savakis, Proc. Natl. Acad. Sci. U.S.A. 92, 9485
(1995).

5. D. A. O’'Brochta, W. D. Warren, K. J. Savile, P. W.
Atkinson, Mol. Gen. Genet. 244, 9 (1994).

6. H. M. Robertson and E. G. MaclLecd, /nsect Mol.
Biol. 2,125 (1993).

7. G. Franz and C. Savakis, Nucleic Acids Res. 19,

6646 (1991).

. B. Arca and C. Savakis, unpublished data.

. D. J. Finnegan, Trends Genet. 5, 103 (1989). For a
review of the evolution of mobile elements in arthro-
pods, see H. G. Robertson and D. J. Lampe, Annu.
Rev. Entomol. 40, 333 (1995).

10. A 60-nuclectide intron present in the Minos trans-
posase gene is spliced precisely in D. melanogaster
nuclei [G. Franz, T. G. Loukeris, G. Dialektaki, R. L. C.
Thomson, C. Savakis, Proc. Natl. Acad. Sci. U.S.A.
91, 4746 (1994)).

11. A transposon carrying a wild-type version of the D.
melanogaster white gene has been shown to trans-
pose into D. melanogaster germline chromosomes
after co-injection with an Hsp70:transposase fusion
plasmid into preblastoderm embryos (4).

12. J. R. Carey, Science 253, 1369 (1991).

13. E. F. Knipling, ibid. 130, 902 (1959).

14. C. Louis, C. Savakis, F. C. Kafatos, in Fruitflies: Pro-
ceedings of the Second International Symposium, A.
P. Economopoulos, Ed. (Elsevier, Amsterdam,
1987), pp. 47-57.

© ™

15. B. Arca, |
experiments.

16. L. J. Zwiebel et al., Science 270, 2005 (1995).

17. The w mutation was recovered as a spontaneous
event in a laboratory strain and has a “bleached
white”” eye phenotype in the homozygous form. In
addition, w/w larvae have white malpighian tubules.
Extensive breeding of the w strain has shown that it is
stable; no phenotypic revertants were recovered
from over 105 flies. (I. Livadaras, M. Vasilaki, K. Pan-
ethymitakis, C. Savakis, unpublished data).

18. Vector pMiNot was constructed by replacement of a
644-bp Msc | fragment that contains the 60-bp in-
tron and part of exons 1 and 2 of the Minos trans-
posase gene by a Not | linker.

19. For egg collecting, flies were mass-reared in popu-
lation cages at 24°C. Eggs were collected at 24°C
for 60 min and then were dechorionated, dessi-
cated, and microinjected at 18°C with a mixture of
helper plasmid (100 wg/ml) and transposon plasmid
DNA (400 wg/ml) as described for Drosophila embry-
os (7).

20. A. C. Mintzas, G. Chrysanthis, C. Christodoulou, V.
J. Marmaras, Dev. Biol. 95, 492 (1983).

21. T. G. Loukeris, . Livadaras, B. Arca, S. Zabalou, C.
Savakis, data not shown.

22. A. Zacharopoulou et al., Chromosoma 101, 448
(1992).

23. A. Zacharopoulou, Genome 33, 184 (1990).

24. Data for transformants from cage 33 are not shown.

Livadaras, C. Savakis, unpublished

The restriction patterns of three G1s from cage 1
were identical to those of the 3.2-3.6 event. Evident-
ly, @ GO male present in cage 3 had mated with a GO
female of cage 1 before the GO flies were sorted into
cages.

25. Membranes were prehybridized for 6 hours at 65°C
in 7% SDS, 0.5 M phosphate buffer (pH 7.4), and 1
mM EDTA. Hybridization was for 12 to 14 hours at
65°C in 7% SDS, 0.5 M phosphate buffer (pH 7.4),
and 1 mM EDTA. Excess probe was removed by two
10-min washes with 5% SDS, 40 mM phosphate
buffer (pH 7.4), and 1 mM EDTA at 65°C, followed by
a 20-min wash at room temperature with the same
buffer prewarmed at 65°C.

26. We thank our colleagues L. J. Zwiebel, G. Sac-
cone, A. Zacharopoulou, N. Besansky, G. Favia, F.
Collins, C. Louis, and F. C. Kafatos for sharing the
C. capitata cDNA-Hsp 70 fusion before publication;
A. Klinakis for help with plasmid construction; A.
Zacharopoulou for help in reading medfly polytene
chromosomes; and F. C. Kafatos for critical read-
ing of the manuscript. B.A. was supported by a
European Union (ERBIOT/CT92-5004) training
grant. The work was supported by a John D. and
Catherine T. MacArthur Foundation grant, by a Eu-
ropean Union (AIR3/CT92-0300) grant, and by
funds from the Hellenic General Secretariat for Re-
search and Technology.

15 August 1995; accepted 8 November 1995

The white Gene of Ceratitis capitata: A
Phenotypic Marker for Germline Transformation
Laurence J. Zwiebel, Giuseppe Saccone,

Antigone Zacharopoulou, Nora J. Besansky, Guido Favia,*
Frank H. Collins, Christos Louis, Fotis C. Kafatost

Reliable germline transformation is required for molecular studies and ultimately for
genetic control of economically important insects, such as the Mediterranean fruit fly
(medfly) Ceratitis capitata. A prerequisite for the establishment and maintenance of trans-
formant lines is selectable or phenotypically dominant markers. To this end, a comple-
mentary DNA clone derived from the medfly white gene was isolated, which showed
substantial similarity to white genes in Drosophila melanogaster and other Diptera. It is
correlated with a spontaneous mutation causing white eyes in the medfly and can be used
to restore partial eye color in transgenic Drosophila carrying a null mutation in the en-

dogenous white gene.

In spite of promising leads (1), a reliable
method for germline transformation in in-
sects other than Drosophila has not been
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available until now (2). A substantial ob-
stacle has been the lack of genetic markers
that are suitable for establishing and main-
taining putative transformants. Therefore,
to develop transformation markers for a ma-
jor agricultural pest, the medfly C. capitata
(Diptera: Tephritidae) (3), we have focused
on genes controlling adult eye color, which
have proven their utility for Drosophila
transformation (4):

The medfly displays a complex eye phe-
notype with reflective and metallic hues,
but has only three basic eye pigments: xan-
thommatin (brown), sepiapterin (yellow),
and tetrahydropterin' (colorless) (5). Nu-
merous mutant eye color phenotypes have
been described (6), which by inference from
D. melanogaster should include defects in
the formation of eye pigments. The exis-
tence of a spontaneous white-eye medfly
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