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ABSTRACT

Targeted transposition is the replacement of one P element with another. We are exploiting this unique
property of P elements to study the complex regulatory domain of the Dopa decarboxylase (Ddc) gene
in Drosophila melanogaster. P element constructs targeted to the same site in the genome will be subjected
to the same position effect. This allows the subtle effects typical of most mutations in the Ddc¢ regulatory
region to be measured in the absence of the variable influences of position effects which are associated
with the current method of germline transformation. We have investigated some of the parameters af-
fecting targeted transposition of a Ddc transposon, P[Ddc], into a P element allele at the vestigial locus.
These events were detected by an increased mutant vg phenotype. The location of the donor transposon
in ¢is or in trans to the target had little effect on the frequency of targeting. Likewise, the mobility of
different donor elements, as measured by their rate of transposition to a different chromosome, varied
nearly 20-fold, while the rate of targeted transposition was very similar between them. All targeted alleles
were precise replacements of the target P element by P[Ddc], but in several cases the donor was inserted
in the opposite orientation. The targeted alleles could be described as the result of a replicative,

conversion-like event.

P-M hybrid dysgenesis is a syndrome in Drosophila
melanogaster associated with temperature-sensitive
gonadal sterility, pupal lethality, increased mutation
rate and male recombination (KIDWELL ¢t al. 1977). It is
caused by P elements (BINGHAM et al. 1982; RUBIN et al.
1982), a family of transposable elements which includes
the autonomous 2.9-kb element and internally deleted
non-autonomous elements (O’HARe and RusiN 1983).

Experimentation on the regulation of gene expres-
sion in D. melanogaster was revolutionized by the advent
of Pelement transformation (RUBIN and SPRADLING 1982;
SpraDLING and RUBIN 1982). However, transformation
studies are complicated by “position effects,” the depen-
dency of expression of a transgene on its site of insertion
in the genome (SCHOLNICK et al. 1983; SPRADLING and
RuBIN 1983; CHEN and HODGETTS 1987) . Transcription of
the gene Dopa decarboxylase (Ddc) in the epidermis is
dependent on a set of partially redundant, cis-acting
regulators (HirsH et al. 1986; SCHOLNICK et al. 1986).
Each regulator has relatively small additive effects which
are similar in magnitude to position effects making
germline transformation difficult to use in the analysis
of Ddc, whose regulation we are studying.

We have been developing a technique, that we refer
to as targeted transposition (HEsLIP et al. 1992), to cir-
cumvent the problem of position effects on transgene
expression caused by the random nature of P element
insertions. Targeted transposition is the replacement of
a P element (the target) by another P element (the do-
nor). The replacement is precise, leaving the local
genomic DNA unchanged. This event can result in an
increase in mutant phenotype as reported at the P el-
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ementinduced hypomorphic alleles of the vestigial and
yellow loci, vg?! and y">!! (WiLLIAMS et al. 1988; GEYER
et al. 1988).

Using the enhanced mutant phenotype of vg as the
basis of a targeting scheme, a P element transposon car-
rying the Ddc¢ gene, P[Ddc¢], and one carrying an en-
hancer trap have been recovered at vg (HEsLIP et al.
1992; STAVELEY et al. 1994). We undertook the present
study to assess various parameters that might influence
the rate of targeted transposition. The effect of the lo-
cation of the donor transposon in a cis or trans con-
figuration relative to the target, vg*’ was examined. We
also measured the transposition rate of different donor
transposons to determine if there is a relationship be-
tween the mobility of a donor transposon and the rate
of targeting. Our analyses indicate that all targeted al-
leles result in precise replacement of the resident vg”’ P
element and that most contain an internally deleted
P[Ddc]. In general, donor location has little influence
on the rate of transposition. However, when the donor
resides on the target’s homologous chromosome, the
rate of targeting is very low.

MATERIALS AND METHODS

D. melanogaster stocks: All crosses were performed at
22-24° unless otherwise noted on yeast medium (NasH and
BELL 1968). Ddc¢*? and Dd¢"’ are temperature-sensitive and re-
cessive null alleles, respectively, of the Ddc gene (WRIGHT et al.
1981). The vg? allele isa Pelement insertion into the vglocus
and vg”® is caused by a small deletion within the locus
(WiLLiaMs and BeLL 1988). The third chromosomes, TM2, Ubx
ry P[ry* A2-3]1(99B) and Sb ry’% P[ry* A2-3](99B), contain a
stable genomic source of transposase (ROBERTSON ef al. 1988)
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and will be referred to as TM2[A2-3] and S6[A2-3], respec-
tively. The donor, P[Ddc], is a P element vector, pHDlac, con-
taining a 7.6-kb PsiA fragment that includes the Ddc gene
{CHEN and HobceTTs 1987). The P element donor carried on
the X chromosome, P[invDdc], contains the same 7.6-kb Ps:I
Ddc fragment as P[Ddc] but in the opposite orientation rela-
tive to the P element vector sequences (MarsH et al. 1985).
Other mutant alleles and chromosomes are described in
(LiNDsLEY and Zimm 1992). The targeting crosses (see Figures
1, 3 and 4) were conducted batchwise in bottles. The occur-
rence of targeted transpositions was not clustered; therefore,
premeiotic events resulting in more than one targeted trans-
position can be ruled out.

DNA manipulations: Culturing and storage of bacteria,
preparation of plasmid DNA, and restrictions were performed
according to standard methodology (MANIATIS et al. 1982). D.
melanogaster genomic DNA for Southern hybridization was
isolated as in HESLIP et al. (1992).

Genomic DNA to be used for DNA amplification was iso-
lated as follows. Flies were homogenized in 50 pl of 10 mm
Tris-Cl, pH 7.5, 60 mm EDTA, 0.15 mm spermidine, 0.15 mm
spermine, and 100 pg/ml proteinase K. After incubating the
homogenate for 30—60 min at 37°, 50 pl of 0.2 M Tris-Cl, pH
9.0, 30 mM EDTA, 2% sodium dodecyl sulfate (SDS) were
added and incubated at 65° for 30 min with occasional agita-
tion. A single organic extraction was performed; 150 pl of 1:1
phenol/chloroform was added, mixed and warmed to 65°.
After brief centrifugation, 80 pl of the aqueous phase were
subjected to DNA purification using Geneclean II (Bio 101
Inc.) according to the manufacturer’s instructions. The puri-
fied DNA was resuspended in 30 pl of TE (10 mum Tris-Cl, 1 mm
EDTA, pH 8.0). Genomic DNA was extracted from single flies
that were used to establish lines (see RESULTS). Flies with a
borderline increase in mutant vg phenotype were pooled
using 2—4 individuals in a single DNA extraction,

Southern hybridizations: Restricted DNA was fractionated
by agarose gel electrophoresis and transferred onto Gene-
screen Plus membranes (DuPont). Hybridizations were per-
formed at 42° in 50% formamide according to the manufac-
turer’s instructions using oligolabeled DNA restriction
fragments (FEINBERG and VOGELSTEIN 1983) purified from aga-
rose gels with Geneclean.

DNA sequencing: DNA amplification products were puri-
fied from agarose gels with Geneclean and sequenced using
the ABI Taq DyeDeoxy Terminator Cycle Sequencing Kit ac-
cording to the manufacturer’s instructions. The sequencing

progeny of the second cross are raised at 29°.
Those progeny inheriting the putative targeted

(872 allele, vg“*, are detected by their more extreme

mutant vg phenotype and used to establish
stocks. The CyO second chromosome is marked
with ¢n and pr. The TM2 third chromosome is
marked with Ubx and e.

reactions were fractionated and analyzed on an ABI 370A DNA
sequencing apparatus.

DNA amplification: Each amplification reaction used 3 pl
(approximately 50 ng) of DNA in a total volume of 30 pl which
contained 2-3 units of Taq polymerase (Bio-Can or BRL) and
afinal concentration of 50 mm Tris-Cl (pH 9.2), 1.5 mm MgCl,,
0.005% B-mercaptoethanol, 0.1 pg/pl bovine serum albumin
(Bochringer Mannheim), 200 uM of dATP, dCTP, dGTP,
dTTP, and 0.3 ng/pl of primer. Reactions were run in a Strat-
agene Robocycler 40. The amplification program started with
5 min at 95°, 1.5 min at 60°, and 3 min at 73°, followed by 29
cycles of 1 min at 93°, 1 min at 60°, and 2-3 min at 73°. All
amplification products were run on agarose minigels at 70 V.
Primers used are listed by numbers as they appear in the
results: #1; 5-ATCCCGCGCGGCGGTGAGAG3', #2; 5'-
TTCGGAGCGTGATGTTGACA-3', #3;5-ATCGGCGTTGTA-
AAGACTGC-3', #4; 5'-GTACTCCCACTGGTATAGCC-3', #5;
5'-CGTCGAAAGCCGAAGCTT-3', #6; 5'-AATCAAGTGGG-
CGGTGCTTG-3'.

RESULTS

Targeting in a cis configuration: In our previous
study the donor and the target were on homologous
chromosomes in a trans configuration (HESLIP et al.
1992). We obtained one targeted vg allele, vg”®”, out of
18,500 flies scored. This low frequency led us to examine
whether targeted transposition would occur faster if the
donor and the target were in a cis configuration. To test
this, the crosses shown in Figure 1 were set up to target
the P[Ddc] at 21B into vg® at 49D on the same chro-
mosome. The germline of the males in the second cross
contains the target (vg?'), the donor transposon
(P[Ddc]), and the transposase source ([A2-3]). Some of
the progeny from these males could contain a targeted
vg allele, denoted as vg®” in Figure 1. The increase in
mutant vg phenotype, indicative of a targeted event, is
easily scored in the vg’* heterozygote, since vg®'/vg”""
exhibits a weak phenotype. Any fly with a stronger mu-
tant phenotype than vg?’/vg’**’ was mated to Ddc** pr
cn vg”*?/ CyO flies to establish a line over the CyO bal-
ancer chromosome. Once a viable culture of larvae was
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FiGURE 2.—Restriction maps of the vestigial alleles in this report. Restriction sites are as follows: E, EcoRI; H, HindIll; P, Pstl;
T, Sstl. All EcoRlI sites are shown but only informative sites are shown for the rest, including the characteristic HindlIII at the 5’
end of P elements. (a) The vg* allele. The vg* probe referred to in the text is the 0.7 kb EcoRI fragment from this gene. The
wavy arrow indicates the 5’ end of the first exon of vg (WILLIAMS et al. 1990). (b) The vg?’ allele. The 5’ and 3’ ends of the P element
are indicated below the solid arrows («>) on the map. The 3’ end of the P element is about 20 bp upstream of the first exon of
vg (WiLLIAMS et al. 1992). (c) The vg*?"’ allele. The 5’ and 3’ ends of the P element vector of P[Ddc] are shown above the map.
The wavy arrow indicates the transcription start site of Ddc and therefore the polarity of the Ddc gene is opposite to that of the
P element. The putative vg transcription start site is not shown but remains unchanged from (b). Restriction map symbols: vg
genomic DNA, ——; P element DNA with a terminus, —; Dd¢ exons and introns, —-. The internal deletion of the Ddc gene in
vg*?%7 is arbitrarily indicated by the round brackets. Below the restriction map are the locations and polarity (5’ to 3') of the
amplification primers whose sequences are listed in the MATERIALS AND METHODS. Below the primers are the locations of probes for
Southern hybridizations. (d) The P[invDdc] donor. The orientation of the P element vector is the same as in (c); the 5’ and 3’
ends are shown above the map. The Ddc gene is cloned into this construct in the opposite direction compared to the P[Ddc] shown
in (c). The restriction map symbols are the same as in (c). The location of amplification primers is shown below the map.

established, the founding adult was frozen and used for
single fly DNA amplification. These crosses and subse-
quent analyses constitute experiment a.

Molecular maps of vg" and vg?' are shown in Figure
2, a and b. The cryptic vg?’ allele is caused by the in-
sertion of a 687-bp P element just upstream of the pu-
tative transcription start site (WILLIAMS et al. 1992). Fig-
ure 2c illustrates the molecular map of a typical targeted
allele, vg*?’’. The three primers used for single fly DNA
amplification are also shown. These oligonucleotides
are complementary to downstream vg (#1), 5 Ddc
(#2), and 3’ Ddc (#3) sequences, respectively. Follow-
ing the amplification reaction, a product will be ob-
served only in flies bearing a targeted transposition.
Using both Ddc primers and the vg primer ensures that
a product will be seen regardless of the orientation of the
P[Ddc] in a targeted allele. A total of 8940 flies was
scored from experiment a. Genomic DNA from 221 flies
with an increased mutant vg phenotype plus approxi-

mately 150 flies with borderline phenotypes was sub-
jected to amplification. Table 1 shows that three tar-
geted alleles, vg*¥, vg®?”? and vg**"’, were recovered.
This rate of targeted transposition was roughly sixfold
higher than that found in our previous experiment
using the same P[Ddc¢] (21B) donor.

Targeting in cis using a more proximal donor: In the
targeted gene replacement experiments of GLOOR e al.
(1991), the highest rate of conversion at the white locus
was obtained using the most proximal donor template.
To test the effect of a more proximal donor on targeted
transposition, we carried out the crosses shown in Figure
3 in which the donor P[Ddc] was located at 35C. The
progeny from the second cross were scored for an in-
crease in mutant vg phenotype and targeted alleles were
confirmed using the same procedure as in experiment
a. The data are grouped as experiment f in Table 1.
Three targeted alleles, vg”?, vg’** and vg*! were detected
amongst the 320 flies that we analyzed with a borderline
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TABLE 1

DNA amplification of targeted alleles

Amplification reaction primers®

No. of
#1, #2 #1 and #4 and flies
Experiment  Line and #3 #4 #6 scored
a a43 + - + 8940
a202 + - +
a207 + - +
f 38 + - + 6773
49 + -
fs1 + - +
X x335 + - + 5565
x336 + + -
x347° + + -

“ The reactions including primers #1, #2 and #3 were used in the
initial screen for targeted alleles while the next two reactions using
primers #1 and #4, and primers #4 and #6 were used to determine
the orientation of donor in targeted alleles.

The founding parent of line X347 was used for these amplifica-
tion reactions. When sublines X347.2 and X347.11, which were de-
rived from X347 (see Southern analysis), were analyzed, the same
results were obtained (data not shown).

to clearly mutant phenotype after scoring 6773 flies.
This rate is comparable to experiment a and suggests
donor proximity has little influence on the rate of tar-
geted transposition.

Targeting in trans from the X chromosome: As men-
tioned above, in our first experiment the donor P{Ddc]
was located on chromosome 17, in trans relative to vg?’,
and the rate of targeted transposition was very low
(HesLip et al. 1992). To test the generality of this result,
we set up a different frans experiment using a donor on
the X chromosome. The Ddc¢ gene contained in the
X-linked donor (Figure 2d) was cloned into the P ele-
ment vector in the opposite orientation compared to
P[Ddc] (MARsH et al. 1985). For this reason, the X-linked
donor will be referred to as PlinvDdc]. In experiments
a and {, the targeting was performed over the multiply
inverted CyO chromosome. In order to be consistent,
the targeting from the X chromosome was also carried
out in a vg?'/ CyO heterozygote. The crosses shown in
Figure 4a were used to target PlinvDdc] from 10C on the
X chromosome into vg?!. The data are grouped as ex-
periment x in Table 1. We tested 150 flies with an in-
crease in mutant vg phenotype plus an additional 100
flies with a borderline phenotype. Table 1 shows that
three targeted alleles were generated in experiment x
from 5565 flies scored. Thus, this ¢trans configuration of
this donor yielded a rate of targeting similar to those
observed from cis donor locations.

Targeting in trans from the homologous second
chromosome: We did not utilize DNA amplification in
the screening process of our first targeting experiment
(HEesLip et al. 1992). Using DNA amplification, faster
screening and consequently the testing of more flies
with a slight increase in mutant phenotype is possible.
Therefore, the original {rans experiment was repeated

to determine whether or not we might have overlooked
targeted events by selecting only strong vg adults. The
same crosses were used as in Figure 2a of HEsLIP et al.
(1992) the last of which is shown in Figure 4b. We tested
DNA from approximately 100 flies with an obvious in-
crease in mutant vg phenotype plus another 100 flies
with borderline phenotypes. Out of 6627 flies scored no
targeted transposition was detected.

The orientation and sequencing of targeted donors:
The primary DNA amplification reaction used to detect
targeted transposition, which included primers #1, #2
and #3 (Figure 2c), could discriminate between the pos-
sible orientations of a targeted donor based on the size
of the amplification product. For example, when using
P[Ddc] as the donor, if the P element portion of this
transposon is inserted at vg in the same orientation as
the original P element in vg? then primers #1 and #2
will yield a 0.8-kb product. If P[Dd¢] inserts in the op-
posite orientation then primers #1 and #3 will yield a
0.7-kb product. Similarly, when using P[invDdc], the
relative orientation of a targeted donor can be deter-
mined based on the size of the product in the primary
amplification reaction.

Products from the primary DNA amplification reac-
tions suggested that the vgalleles a43, a202, a207, 38,
fs1 and x335 contained donor P elements in the same
orientation as the original vg?’ P element and that vg
alleles f49, x336 and x347 contained donor P elements
in the opposite orientation as the original vg?’ P ele-
ment. To confirm the orientation of all targeted donor
elements, primer #4 and either primer #1 (the down-
stream vg primer in Figure 2c) or primer #6 (the up-
stream vg primer shown in Figure 2c) were used in sepa-
rate DNA amplifications of each targeted line. Primer
#4 is complementary to P element sequences presentin
the donors but absent in the vg* P element and directs
synthesis toward the 5’ P element terminus. In these
reactions we expect a product in only one of the two
reactions carried out on each line. A product from prim-
ers #4 and #6 indicates that the targeted P element is
in the same orientation as the original vg?’ P element
whereas a product from primers #4 and #1 indicates
the targeted P element is in the opposite orientation.
The results are shown in Table 1. The orientation of
targeted donors in vg alleles a43, a202, a207, {38, fs1
and x335 is the same as the original vg?’ Pelement. The
orientation of the targeted donorsin vgalleles /49, x336
and x347 is opposite to the original vg®’ P element.

The DNA amplification products from the reactions
using primers #4 and #6 on vg®”, vg*?”, vg*®”, vg/?,
vg/! and vg™?’, were purified from agarose gels and
sequenced. We have previously used a sequence poly-
morphism that exists in P element vectors at nucleotide
position 33 (O’Hare and RusiN 1983; RuBIN and
SPRADLING 1983) to demonstrate the replacement of the
5’ end of the vg?! P element with the 5" end of P[{Ddc}
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in vg?% (HESLIP et al. 1992). Again, this polymorphism
was present in all these DNA amplification products in-
dicating that the 5’ P element in these lines was derived
from the donor elements and not the original P element
of vg?!. The amplification products of vg/”, vg*”* and
vg™*” using primers #1 and #4 were also sequenced.
The polymorphism is maintained in the 5’ P element
sequences of these lines as would be expected if the 5’
P element sequence of the donor has replaced the 3" P
element sequence of vg?’.

In addition to sequencing the DNA amplification
products mentioned above, the opposite junction of
each targeted insertion was also sequenced from appro-
priate DNA amplification products. In all cases, both
junctions of the targeted insertions revealed precise re-
placement of the original vg?’ P element with the new
insertion leaving the 8-bp duplication flanking the in-
sertion of vg?' and the rest of the vg sequence intact.

Southern analysis: All established lines containing
targeted vg alleles were subjected to Southern analyses.
In using DNA amplification to detect a targeted event,
we test only for the insertion of those Ddc sequences
complementary to the Ddc primers at the vg locus. If a
targeted event results in the deletion of either the vg
primer sequence or the appropriate Ddcsequence, then
an amplification product would not be observed. For
this reason, any lines that had a strong homozygous phe-
notype but did not yield an amplification product were
also analyzed by Southern blots (data not shown).

During the maintenance of line x347 and from an
initial Southern blot (data not shown), it was apparent
that more than one targeted vg allele was segregating
from the stock. This is probably because the founding
parent of line x347 inherited a S$b[A2-3]-containing
third chromosome which could have caused the original
targeted transposition to be followed by a rearrange-
ment. To eliminate the heterogeneity in this stock, sev-
eral males from line x347 that were heterozygous for
CyOwere used to make sublines. Based on a subsequent

tative targeted allele are denoted as vg’".

Southern and DNA amplifications (data not shown), two
sublines, x347.2 and x347.11, representing the two tar-
geted vg alleles in line x347, were established and used
for further analysis.

Lines a207, 38, x347.2 and x347.11 were included on
the Southern blot shown in Figure 5. Strains used as
controls include those containing the donor and target
from the first cross of each targeting experiment (Fig-
ures 2, 3 and 4a) and the wild-type strain Canton-S. The
genomic DNA samples were digested with EcoRI. The
blot was hybridized with the 0.7-kb EcoRI fragment from
vg"* shown in Figure 2a (hereafter referred to as the vg*
probe). The resulting autoradiograph is shown in Figure
Ha, and we account for each band as follows. The 0.7-kb
band seen in the first lane is due to the vg* allele present
in the Canton-§ control strain. The same band is present
in the all other lanes, except lane 4 (a strain that does
not contain Cy0), due to the vg* allele present on the
CyO chromosome. The control lanes 2, 4 and 6 show a
1.3-kb band due to the insertion of the 687-bp P element
at vg as illustrated in Figure 2b. If a complete P[Ddc] is
targeted to vgin either experiments a or f, regardless of
the orientation of the insert, we would expect to see a
1.1-kb band and a 3.5-kb band. This is because the site
of insertion at vgis centered between EcoRlI sites (Figure
2, b and ¢). Lane 3 (a207) shows a 1.1-kb band and
another band, 3.8kb, that is slightly larger than ex-
pected. Lane 5 (£38) shows the 1.1-kb band and again a
much larger band than expected, 5.3-kb. The unex-
pected bands in these two strains suggest an internal
rearrangement of targeted P[Ddc] sequences such that
larger EcoRl fragments were generated than predicted.
If a complete PlinvDdc] is present at vg from experi-
ment x, we expect to see a 3.5-kb band and a 5.0-kb band
inlane 7 or 8 due to the EcoRIsites in PlinvDdc] (Figure
2d). Lane 7 shows a 1.8kb band and lane 8 shows the
expected 3.5- and 5.0-kb bands. The vg* probe, there-
fore, reveals that all four lines, 2207, 38, x347.2 and
x347.11 contain insertions at vg.
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To demonstrate that the insertions at vg contained
Ddc sequences in these lines, the blot was stripped and
probed sequentially with restriction fragments from Ddc¢
(Figure 2c). Any genomic EcoRI restriction fragment
that contains both Ddc and vg sequences will hybridize
to both the vg* probe and the respective Dd¢ probe. This
will result in a comigration of bands on autoradiographs
taken from the blot after hybridization of these probes.
The first Ddc probe used was the 5’ 2.5-kb Pstl/EcoRI
fragment (hereafter referred to as the 5’ Ddc probe)
shown in Figure 2c. The resulting autoradiograph is
shown in Figure 5b. A 7-kb band is seen in all lanes from
the endogenous Ddc¢ locus. Lanes 2 and 3 also show a
band slightly larger than 7-kb due to the donor P{Ddc]
at 21B. Lanes 4 and 5 show a 5.4kb band due to the
donor P[Ddc] at 35C. In lane 3 (line a207) a 3.8-kb
band is present which is the same size as that observed
when the vg” probe was hybridized to the blot. Lane
5 (line f38) shows a band of 5.3-kb that comigrates
with the band seen when using the vg* probe. Lane 6
(PlinvDdc] (10C); Ddc*? cn vg?’/ CyO) contains a 4.5kb
band due to the P[invDdc] on the X chromosome of this
control strain. The original Southern performed with
line 347 also showed the 4.5-kb band in the heteroge-

used to establish stocks.

neous stock demonstrating that the donor was still
present in this line also (data not shown). Lane 7 (line
x347.2) showed only the 7-kb band from the Ddc locus.
Lane 8 (line x347.11) shows a 3.5-kb band that was also
seen when using the vg” probe. The results employing
the 5’ Ddc probe indicate the presence of 5' Ddc se-
quences at vg in lines a207, 38 and x347.11.

The blot was stripped again and re-probed (data not
shown) with the 4.2-kb EcoR1/Pstl Ddc fragment (here-
after known as the 3’ Ddc probe) shown in Figure 2c.
The only co-migration observed was a 5.0-kb EcoRI band
in lane 8 (line x347.11) which also hybridized to the vg*
probe. This indicates the presence of 3’ Ddc sequences
at vg in line x347.11. The combination of vg and Ddc
probes suggests that line x347.2 does not contain Ddc
sequences at vg but that a small insertion remains prob-
ably consisting of the P element portion of P[invDdc].

The restriction maps of P[Ddc], PlinvDdc], and vg,
and the Southern analysis above, led us to predict that
only line x347.11 had a complete Ddc gene inserted at
vg. In support of this, measurements of DDC activity
confirmed that the Ddc transgene in vg***”!! is func-
tioning at a nearly normal level (data not shown). Fur-
ther Southern analysis of lines a207, £38 and x347.11 was
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FIGURE 5.—Southern blot analysis. Genomic DNA was di-
gested with EcoRI. The sizes of informative bands discussed in
the text are indicated beside each autoradiograph. The lanes
in (a) and (b) contain the following strains: lane 1, Canton-S;
lane 2, P[Ddc] (21B) pr Ddc*? vg?'/ CyO; lane 3, P[Ddc] (21B)
pr Ddc*? vg*®’”/ CyO; lane 4, P[Ddc] (35C) pr Ddc"*? vg®'; lane
5, P[Ddc] (35C) pr Ddc"*? vg®/ CyO; lane 6, P[invDdc] (10C);
Ddc*? cn vg?'/ CyO;lane 7, Ddc"? cn vg***7-2/ CyO; lane 8, Ddc"?
en vg”' 1"/ Cy0. (a) Autoradiograph using the vg" probe
(Figure 2a). (b) The blot from (a) was stripped and re-
hybridized with the 5" Ddc probe (Figure 2c). The double
bands presentin lanes 2,3, and 5 (discussed in Southern analy-
sis) were confirmed using another Southern blot containing
these strains in which the electrophoresis was run for a longer
period of time (data not shown).

carried out to examine the size of the targeted Ddc-
containing P elements (data not shown). Genomic DNA
samples from these lines were digested with PstI which
liberates a 7.6-kb fragment from both the Ddc¢locus and
any complete P[Ddc] or P[invDdc]. The Southern blot
was hybridized sequentially with the Ddc¢ probes men-
tioned above and the central 0.9-kb EcoRI Ddc¢ fragment
shown in Figure 2c. All three probes hybridized to a
single 7.6-kb band in line x347.11 confirming the in-
tegrity of P[Ddc] in this line. Line a207 revealed the
same 7.6-kb band and a 4.1-kb band when using the 5’
Ddc probe, the 3" Ddc probe, and the central 0.9-kb
EcoRI Ddc probe indicating a large internal deletion of

TABLE 2

Donor transpositions

Donor Transpositions* Flies tested
P[Ddc] (21B) 1t 153
P[Ddc] (35C) 118 72
PlinvDdc] (10C) 12° 95

“ Calculation of the weighted and unweighted variances, V,, and
V,, respectively (ENGELs 1979), showed that V was less than V.

w w

According to ENcELs (1979), therefore, the weighted mean is appro-
priate for calculating the expected values for transpositions to new
chromosomes and thus was used in a chi-square test. The chi-square
test gave a ¥~ = 18.78 (P < 0.001) indicating that the differences in
transpositions between these three experiments are significant.

" Using primers #3 and #5.

“ Using primers #2 and #5.
the P[Ddc] in vg**”’. Line 38 showed the 7.6-kb band
with all three Ddc probes but showed a smaller 3.9-kb
band with only the 5" and 3’ Ddc probes, not the central
0.9-kb EcoRI Ddc probe. This indicates an internal de-
letion of the P[Ddc] at vg”* that includes the central
0.9-kb EcoRI fragment of Ddc. These observations con-
firm that x347.11 is the only targeted line with a com-
plete Ddc gene at vgand that lines a207 and 38 contain
targeted P[Ddc] elements with internal deletions.

Mobility of donor P elements: We wished to address
the question of whether a transposition intermediate or
a genomic copy of the donor P element is used in the
targeted transposition. If transposition intermediates
are used, then mobility of the donors should parallel the
rate of targeted transposition. Mobility of the donors was
estimated using a transposition assay similar to that of
ENGELS et al. (1990). Single fly DNA amplification was
performed on segregants of experiments a, f and x that
did not inherit the original donor P element containing
chromosome. These were Ddc"? pr cn vg”*”/ CyO prog-
eny of the second cross from experiments a and f and
male progeny from the second cross of experiment x
(Figures 1, 3 and 4a). Appropriate individuals were
tested for the presence of P[Ddc] (experiments a and f)
using primers #3 and #5 (Figure 2c¢) or for the presence
of P[invDdc] (experiment x) using primers #2 and #5
(Figure 2c). If a product is observed then a transposition
of the donor element to another chromosome must
have occurred. The results of all mobility experiments
are shown in Table 2. The ability of P[Ddc](21B) to
move to another chromosome was significantly less than
that for P[invDdc] (10C) or P[Ddc] (35C) (see footnote
a of Table 2). These results suggest that a transposition
intermediate of the donor P element is not used for
targeted transposition because there was a large differ-
ence between the mobility of P[Ddc](21B) and the
other two donors while the rates of targeted transposi-
tion were similar among all three.

DISCUSSION

The usefulness of P element transformation in study-
ing the regulation of gene expression is limited by po-
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sition effects (SCHOLNICK ¢t al. 1983; SPRADLING and RUBIN
1983; CHEN and HobcGerts 1987). If a modified gene
varies only slightly in its expression compared to the
wild-type version, then it is difficult to ascribe the ob-
served expression of this transgene to modifications
made in regulatory sequences. There are a number of
ways to circumvent the problem of position effects in
studies of gene regulation. First, the use of insulator se-
quences to surround a gene within P element trans-
formation vectors may shield it from position effects
(KELLUM and ScHEDL 1991, 1992; RosEMAN ¢t al. 1993).
However, in the absence of any quantitative analysis to
date, it is not clear whether these potential chromatin
domain boundary sequences are able to completely
shield genes from position effects. Another method that
potentially circumvents position effect difficulties is tar-
geted gene replacement which can be used to alter se-
quences of interest at the endogenous locus (GLOOR
et al. 1991; NassIF et al. 1994). This method is useful for
genes with a visible or easily detected mutant phenotype
and for which a P element insertion near the sequence
to be changed is available. Finally, there is targeted trans-
position, by which P elements constructs can be recov-
ered at a constant position in the genome. This subjects
the constructs to the same position effect and is ideal for
studying the regulation of genes for which neither a P
element induced allele nor easily observed phenotype is
available. The unique features of targeted transposition
make this method complementary to existing tech-
niques for studying the regulation of gene expression.
Of the three targeted alleles for which lines were estab-
lished, Southern analysis demonstrated that two con-
tained internal deletions of the Ddc gene. We note that
the only targeted allele recovered from previous experi-
ments contained a complete P[Dd¢] (HEsSLIP et al. 1992).
We suggest these deletions do not reflect a constraint on
the amount of DNA that can be targeted to vg, because
a 11.9-kb enhancer trap has also been targeted to the
locus (STAVELEY et al. 1994). Whether or not the dele-
tions arise because of the internal sequence organiza-
tion of the Ddc gene remains to be determined.

We have examined a number variables for their effect
on the frequency of targeted transposition. Experiments
a, f and x demonstrate that the rate of targeted trans-
position was similar using donor elements in a c¢is con-
figuration or in a t#rams configuration on a non-
homologous chromosome and when using proximal vs.
distal donor elements in ¢is. The differences in targeted
transposition rates were tested by chi-square analysis.
The result (P = 0.85) was not very informative because
of the low number of targeted alleles obtained, but sug-
gests that differences in the frequencies of targeted
transposition were not significant. The average rate was
approximately 3 events per 7 X 10° flies scored. The
screening of all flies with increased vg phenotypes as well
as a significant number of borderline mutants using
DNA amoplification ensured that no targeting events

were overlooked. However, our results showed that this
rigorous screening was unnecessary since all nine of the
targeted events reported in Table 1 produced a strong
mutant phenotype.

In experiment x, the targeting was carried out in a
vg?'/ CyO heterozygote. In contrast, the t experiment
was performed in a vg?' heterozygote that contained a
non-inverted homologous second chromosome. An-
other difference between experiments x and t is the use
of a donor in ¢rans on a non-homologous chromosome
relative to the target vs. a donor in trans on the ho-
mologous chromosome. One reason for the failure of
the t experiment to yield a single targeted event could
be due to the lack of a CyO chromosome. The status of
the homologous chromosome is known to affect P ele-
ment reversion at w** (ENGELs et al. 1990) and may also
be important for targeted genme replacement. Since
the CyO chromosome is rearranged by five inversions
and the vg locus is included in one of these inversions
(LinpsLey and ZiMMm 1992), it is possible that pairing of
homologous vg sequences is disrupted in vg?’/ CyO het-
erozygotes and that this may enhance the rate of tar-
geted transposition. Another explanation for the failure
of the t experiment is the location of the donor element.
The presence of the donor in ¢trans on the homologous
chromosome may reduce or eliminate targeted trans-
position compared to donors in (rans from non-
homologous chromosomes. A combination of both vari-
ables may also have caused the lack of targeting in the
t experiment. We are currently investigating the rela-
tionship between the structure of the homologous sec-
ond chromosome used and the rate of both P element
reversion and targeted transposition at vg.

The mechanism of targeted transposition is unknown.
Replacement of the vg?’ P element may depend on a
transposition intermediate or a genomic copy of the do-
nor element. If a transposition intermediate is used, the
level of that intermediate, as measured by the rate of
transposition to a different chromosome, should paral-
lel the frequency of targeting. The mobility experiment,
which was designed to measure the rate of transposition,
demonstrated that P[Ddc](21B) is approximately
one order of magnitude less mobile than either
PlinvDdc] (10C) or P[Ddc](35C). Yet, the frequency of
targeted transposition was similar between all three
of these donors (Table 1). We interpret these results as
an indication that targeted transposition does not use a
transposition intermediate and may use a genomic copy
of a donor element.

The targeted transpositions at the yellow locus were
described as conversion events (GEYER et al. 1988). Sev-
eral pieces of our data support the concept of a repli-
cative, conversion-like mechanism for targeted transpo-
sition. First, the sequence polymorphism located at
nucleotide #33 in the 5’ end of the donor P elements
(HEesLIP et al. 1992) was present in all targeted vg alleles
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which contained the donor element in the same orien-
tation as the original P element in vg?’. This indicates
that targeted transposition resulted in a replacement of
the 5' P element sequences of vg? with 5’ P element
sequences from the donor. Second, complete donor el-
ements were still present at their original locations in
lines a207, £38 and x347. It is possible that homology
between the vg?’ P element and the P element se-
quences of P[Ddc] or PlinvDdc] is used to guide the
replacement of the target with a donor transposon. The

fact that the P elements in vg™*, vg***® and vg***"!! are

in the opposite orientation relative to the original vg?’
P element indicates that no more than the 31-bp of in-
verted terminal repeat sequence is required for targeted
transposition.

We thank Nancy HEsLIP, VICKI URLACHER, SANDRA O’KEEFE and MARK
Hicks for their technical assistance, BiLL BROOK for comments on the
manuscript, and GREG GLOOR and CURT STROBECK for advice on sta-
tistical calculations. T.R.H. is a recipient of a Full-Time Graduate
Studentship from the Alberta Heritage Foundation for Medical Re-
search. This work was funded by a grant to RB.H. from the Natural Sci-
ences and Engineering Research Council and by a research allowance to
T.RH. from the Alberta Heritage Foundation for Medical Research.

LITERATURE CITED

BINGHAM, P. M., M. G. KipweLL and G. M. RuBIN, 1982 The molecular
basis of P-M hybrid dysgenesis: the role of the P element, a
P-strain-specific transposon family. Cell 29: 995-1004.

CHEN, ZHI-Q., and R. B. HODGETTS, 1987 Functional analysis of a natu-
rally occurring variant dopa decarboxylase gene in Drosophila
melanogaster using P element mediated germ line transforma-
tion. Mol. Gen. Genet. 207: 441-445.

EncGELs, W. R., 1979 The estimation of mutation rates when premei-
otic events are involved. Environ. Mutagen. 1: 37-43.

EncELs, W. R., D. M. JoHNsoN-ScHLITZ, W. B. EGGLESTON and ]. SVED,
1990 High-frequency P element loss in Drosophila is homolog
dependent. Cell 62: 515-525.

FEINBERG, A. P., and B. VOGELSTEIN, 1983 A technique for radiolabel-
ing DNA restriction endonuclease fragments to high specific ac-
tivity. Anal. Biochem. 132: 6-13.

GEYER, P. K., K. L. RicHARDSON, V. G. CoRCEs and M. M. GRgEkN,
1988 Genetic instability in Drosophila melanogaster: P-element
mutagenesis by gene conversion. Proc. Natl. Acad. Sci. USA 85:
6455—6459.

GLOOR, G. B., N. A. NassiF, D. M. JoHNsoN-ScHLITZ, C. R. PRESTON and
W. R. ENGELS, 1991  Targeted gene replacement in Drosophila
via P element-induced gap repair. Science 253: 1110-1117.

Hesur, T. R, J. A. WiLLiams, J. B. BELL and R. B. HODGETTs, 1992 A
P element chimera containing captured genomic sequences was
recovered at the vestigial locus in Drosophila following targeted
transposition. Genetics 131: 917-927.

HirsH, J., B. A. MORGAN and S. B. SCHOLNICK, 1986 Delimiting regu-
latory sequences of the Drosophila melanogaster Ddc gene. Mol.
Cell. Biol. 6: 4548-4557.

KeLLuM, R., and P. ScuepL, 1991 A position-effect assay for bound-
aries of higher order chromosomal domains. Cell 64: 941-950.

KELLUM, R., and P. ScHEDL, 1992 A group of scs elements function as
domain boundaries in an enhancer-blocking assay. Mol. Cell.
Biol. 12: 2424-2431.

KipweLL, M. G., J. F. KIDwELL and J. A. Svep, 1977 Hybrid dysgenesis
in Drosophila melanogaster: a syndrome of aberrant traits includ-
ing mutation, sterility and male recombination. Genetics 86:
813-833.

Linpstey, D. L., and G. G. ZimMm, 1992 The Genome of Drosophila
melanogaster. Academic Press, San Diego, Calif.

ManiaTs, T., E. F. FriTscH and J. SamMBrOOK (Editors), 1982 Molecular
Cloning: A Laboratory Manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

MagsH, J. L., P. D. Giess and P. M. TiMmoNs, 1985 Developmental
control of transduced dopa decarboxylase genes in D. melano-
gaster. Mol. Gen. Genet. 198: 393-403.

Nasg, D., and J. B. BELL, 1968 Larval age and the pattern of DNA
synthesis in polytene chromosomes. Can. ]J. Genet. Cytol. 10:
82-92.

NassiF, N., J. PENNEY, S. PaL, W. R. ENGELs and G. B. GLOOR, 1994  Ef-
ficient copying of nonhomologous sequences from ectopic sites
via P-element-induced gap repair. Mol. Cell. Biol. 14: 1613-1625.

O’Harg, K., and G. M. Ruiy, 1983 Structures of P transposable el-
ements and their sites of insertion and excision in the Drosophila
melanogaster genome. Cell 34: 25-35.

RoBerTSON, H. M., C. R. PrESTON, R. W. PHILLIS, D. M. JOHNSON-SCHLITZ,
W. K. BENZ et al., 1988 A stable genomic source of P element
transposase in Drosophila melanogaster. Genetics 118: 461—-470.

RosemaN, R. R., V. PIRROTTA and P. K. GE¥ER, 1993 The su(Hw) pro-
tein insulates expression of the Drosophila melanogaster white
gene from chromosomal position-effects. EMBO J. 12: 435-442.

RuBIN, G. M., and A. C. SPRADLING, 1982 Genetic transformation of
Drosophila with transposable element vectors. Science 218:
348-353.

RuBIN, G. M., and A. C. SPrRaDLING, 1983 Vectors for P element-
mediated gene transfer in Drosophila. Nucleic Acids Res. 11:
6341-6351.

RuBIN, G. M., M. G. KipweLL and P. M. BINGHAM, 1982 The molecular
basis of P-M hybrid dysgenesis: the nature of induced mutations.
Cell 29: 987-994.

SCHOLNICK, S. B., B. A. MORGaN and ]. HirsH, 1983 The cloned dopa
decarboxylase gene is developmentally regulated when reinte-
grated into the Drosophila genome. Cell 34: 37-45.

SCHOLNICK, S. B., 8. J. Bray, B. A. MOrGaN, C. A, McCorMick and J. HIRsH,
1986 CNS and hypoderm regulatory elements of the Drosophila
melanogaster dopa decarboxylase gene. Science 234: 998-1002.

SPRADLING, A. C., and G. M. RusIN, 1982 Transposition of cloned P
elements into Drosophila germ line chromosomes. Science 218:
341-347.

SPRADLING, A. C.,, and G. M. RuBiN, 1983 The effect of chromosomal
position on the expression of the Drosophila xanthine dehydro-
genase gene. Cell 34: 47-57.

STAVELEY, B. E., R. B. HOoDGETTS, S. L. O’KeeFE and J. B. BELL, 1994  Tar-
geting of an enhancer trap to vestigial. Dev. Biol. 165: 290-293.

WiLLiamS, J. A,,and J. B. BELL, 1988 Molecular organization of the ves-
tigial region in Drosophila melanogaster. EMBO J. 7: 1355-1363.

WiLLiams, J. A., S. S. Pappy and J. B. BELL, 1988 Molecular analysis of
hybrid dysgenesis-induced derivatives of a P-element allele at the
vg locus. Mol. Cell. Biol. 8: 1489-1497.

WiLLiams, J. A., A. L. ATKIN and J. B. BeLL, 1990 The functional or-
ganization of the vestigial locus in Drosophila melanogaster. Mol.
Gen. Genet. 221: 8-16.

WiLLiams, J. A, J. B. BELL and S. B. CarroLL, 1992 Control of Dro-
sophila wing and haltere development by the nuclear vestigial
gene product. Genes Dev. 9: 2481-2495.

WRIGHT, T. R., W. BEERMANN, J. L. MarsH, C. P. BisHop, R. STEWARD et al.,
1981 The genetics of dopa decarboxylase in Drosophila mela-
nogaster. IV. The genetics and cytology of the 37B10-37D1 re-
gion. Chromosoma 83: 45-58.

Communicating editor: V. G. FINNERTY



