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Ends-in and ends-out refer to the two arrangements of donor DNA
that can be used for gene targeting. Both have been used for
targeted mutagenesis, but require donors of differing design.
Ends-out targeting is more frequently used in mice and yeast
because it gives a straightforward route to replace or delete a
target locus. Although ends-in targeting has been successful in
Drosophila, an attempt at ends-out targeting failed. To test
whether ends-out targeting could be used in Drosophila, we
applied two strategies for ends-out gene replacement at the
endogenous yellow (y) locus in Drosophila. First, a mutant allele
was rescued by replacement with an 8-kb y� DNA fragment at a
rate of �1/800 gametes. Second, a wild-type gene was disrupted
by the insertion of a marker gene in exon 1 at a rate of �1/380
gametes. The I-SceI endonuclease component alone is not suffi-
cient for targeting: the FLP recombinase is also needed to generate
the extrachromosomal donor. When both components are used we
find that ends-out targeting can be approximately as efficient as
ends-in targeting, and is likely to be generally useful for Drosophila
gene targeting.

Gene targeting is the modification of an endogenous gene
sequence by recombination between an introduced DNA

fragment and the homologous target gene. Over the past 25
years, gene targeting has been widely used in model eukaryotes,
first in yeast and then in mice (1, 2), but the difficulty of
introducing a linear DNA molecule into germ-line cells hindered
its development for Drosophila. Recently, a method to generate
such a linear fragment in vivo was reported, accompanied by a
demonstration of ends-in or insertional gene targeting (3). This
occurs when a DNA double-strand break (DSB) is made in a
donor DNA fragment within a stretch of DNA that is homolo-
gous to the target locus, and results in the insertion of the donor
to generate a duplication of the targeted region. An alternative
arrangement, where DSBs are provided at each end of a
homologous segment, is termed ends-out targeting, and causes
a segment of chromosome to be replaced with an introduced
segment (Fig. 1). In mouse and in yeast some studies show that
ends-out targeting is less efficient than ends-in (4–6), whereas
others indicate that the two types can be equally efficient (7, 8).
Doubts about the efficacy of ends-out targeting in Drosophila
have been raised because of a previous failure (9). We undertook
this work to determine whether ends-out targeting could be
usefully implemented in Drosophila.

Materials and Methods
Ends-Out Donor Constructs. The yellow rescue construct. Two pairs of
oligos, 5�-GTACATTACCCTGTTATCCCTA-3�, 5�-GTAC-
TAGGGATAACAGGGTAAT-3� and 5�-TAGGGATAA-
CAGGGTAATTGCA-3�, 5�-ATTACCCTGTTATCCCTAT-
GCA-3�, were annealed and cloned into the Acc65I and PstI sites
of pw8 (10), to insert two I-SceI recognition sites. The primers
5�-GAGAAAGGATCCAAGCATGCTGCGACGTGAACA-
GTGAGCTGTA-3� and 5�-GTTAGAGGATCCCCGCATG-
CAGCTCGTTACAGTCCGGTGCGTTTTTGGT-3� were
used to add SphI termini to the FLP recombination target (FRT)
by PCR. Primers 5�-GTCATAGAATTCACGCACTATGCCG-
TTCTTCTCATG-3� and 5�-GAGCATGAATTCGTTTGTG-

GAAGCGGTATTCGCAA-3� were used to add EcoRI termini
to the FRT by PCR. As template, a plasmid carrying a single
copy of the FRT from the yeast 2� plasmid, with �300 bp of
2�-f lanking DNA on each side, was used. The amplified FRTs
were cut with SphI and EcoRI respectively and ligated into the
SphI and EcoRI sites of the polylinker in the modified pw8.
Clones were chosen in which the two FRTs were in the same
direction, generating the vector pw30, a P element vector
carrying a polylinker flanked by I-SceI sites, and then by FRTs,
adjacent to a white� (w�) gene. pw30 was cut with XhoI, and an
8 kb SalI y� genomic fragment from pSIG (11) was cloned into
that site.
The yellow disruption construct. Two oligos, 5�-CTCGAGGGTAC-
CGCGGCCGCGCATGCCTGCA-3�, 5�-GGCATGCGCGGC-
CGCGGTACCCTCGAGTGCA-3�, were annealed and cloned
into the PstI site of Carnegie 4 (12). By DNA sequencing, a
plasmid was chosen with the new sites inserted as (HindIII)XhoI-
Acc65I-NotI-SphI(PstI-SalI), where sites in parentheses were
already present in Carnegie 4. Subsequently, two pairs of oligos,
5�-TAGGGATAACAGGGTAAT-3�, 5�-ATTACCCTGT-
TATCCCTA-3� and 5�-GTACATTACCCTGTTATCCCTA-3�,
5�-GTACTAGGGATAACAGGGTAAT-3�, were annealed
and cloned into the SmaI and Acc65I sites of the polylinker,
respectively, generating two I-SceI recognition sites. The PCR
was used to add EcoRI termini to the FRT, as above. After
digestion with EcoRI, it was ligated into the EcoRI site of the
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Fig. 1. Two general forms of gene targeting. Donor DNA molecules are
diagramed above their targets, along with the expected products of recom-
bination. The light gray region is the target-homologous DNA; the black
region is the positive marker gene.

2556–2561 � PNAS � March 4, 2003 � vol. 100 � no. 5 www.pnas.org�cgi�doi�10.1073�pnas.0535280100



polylinker. Then, the w� gene of pw6 (10) was removed as a
PstI–SphI fragment and cloned into these sites of the polylinker.
An XhoI-f lanked FRT was produced by using the primers
5�-AGCACTCGAGTGCGACGTGAACAGTGAGCTGTA-3�
and 5�-TACCCTCGAGAGCTCGTTACAGTCCGGTGCGT-
TTTTGGT-3� to amplify the FRT. After digestion with XhoI, it
was ligated into the XhoI site of the polylinker. A clone whose
two FRTs lay in the same direction was chosen, generating the
vector pw35, a P element vector that carries a w� gene flanked
by I-SceI recognition sites, and FRTs outside of those. Unique
sites of NotI and SphI upstream and BamHI downstream of w�

are available for cloning in pw35. Primers 5�-AGCAGCGGC-
CGCCGAAAGGGGGATGTGCTGCAAG-3� and 5�-TACC-
GCATGCGCACTTAGCTCTAAGCTGACAATC-3� were
used in the PCR with pS/G as template, to add NotI and SphI
termini to a 3.05-kb y DNA fragment (from �3,043 to �2 bp
upstream of the start codon), which was then cloned into those
sites of pw35. Next, the oligos 5�-GATCCACGTACGAG-
GCGCGCC-3� and 5�-GATCGGCGCGCCTCGTACGTG-3�
were annealed and cloned into the BamHI site of the polylinker,
and selected the plasmid whose BamHI site was next to the XbaI
site of the polylinker, generating BamHI-BsiWI-AscI sites in the
polylinker. Primers 5�-TACCCGTACGCGTCTTGGGCT-
GCTTACAAACTTC-3� and 5�-AGCAGGCGCGCCTATGT-
TGTGTGGAATTGTGAGCGG-3� were used to add BsiWI
and AscI termini to a 4.77-kb y DNA fragment (including part
of the first exon and the intron and second exon) by PCR. This
y fragment was cloned into the corresponding sites downstream
of w�.
The yellow rescue construct without FRTs. Two pairs of oligos, 5�-
AATTTAGGGATAACAGGGTAAT-3�, 5�-AATTATTAC-
CCTGTTATCCCTA-3�, and 5�-TAGGGATAACAGGGTA-
ATTGCA-3�, 5�-ATTACCCTGTTATCCCTATGCA-3�, were
annealed and cloned into the EcoRI and PstI sites of pw8,
respectively, destroying the two restriction sites and creating two
I-SceI recognition sites. Then, the 8-kb SalI y� fragment was
cloned into the XhoI site of this vector.

Genetics and Heat Shocks. Crosses for targeting were carried out
in standard 25-mm-diameter vials, with three to six females per
vial and a corresponding number of the appropriate males. Heat
shocks were performed in a circulating water bath as described
(13). All constructs were transformed into the germ line of
Drosophila melanogaster by using standard methods (14).

Southern Blotting. For verification of targeting, DNA was pre-
pared from males carrying the targeted allele. For analysis of
I-SceI cutting in vivo, genomic DNA was prepared from larvae
either 0, 2, 4, 8, or 16 h after heat shock, and from larvae that
had not been heat- shocked. The genomic DNAs were digested
as indicated, separated by agarose gel electrophoresis, and
transferred to nylon membranes. The membranes were probed
with a Dig-labeled 8 kb SalI y DNA fragment from pS/G, and
hybridization was detected by chemiluminescence using the DIG
system (Roche).

Results
Mutation Rescue. The two enzyme constructs used in this work are
the same as those used for ends-in targeting: heat-inducible FLP
recombinase (13) and I-SceI endonuclease (3) transgenes
(70FLP and 70I-SceI). We also constructed donor transgenes
that carry sequence from the locus to be targeted.

We first made and transformed a y� P element donor con-
struct to rescue y1, which has a mutation in its first codon. This
construct carries a y� gene flanked by I-SceI recognition se-
quences and FRTs, adjacent to a w� gene that lies outside the
FRTs (Fig. 2A). For targeting, FLP and I-SceI expression was
induced to excise y� from the chromosome and to generate the

DSBs that stimulate HR. We carried out test crosses as dia-
gramed in Fig. 3 and screened for y� w progeny to recover events
that converted the endogenous y1 allele to y�. In other words, we
screened for y� to move from its original location, next to the w�

gene on an autosome, to the X chromosome, and then segregate
from w� in meiosis. In this experiment y� was efficiently excised
from the donor chromosome, with almost all white� progeny
showing loss of y� (33,668 of 33,790 � 99.6% in 772 vials
counted). A total of 43 independent targeting events that
converted y1 into y� were recovered at an average rate of
approximately one independent event per 16 vials screened
(unweighted; Table 1). Each vial produced �52 white-eyed
progeny, translating to 1 targeting event in 832 gametes. Four
independent nontargeted y� w events were also recovered. In

Fig. 2. Constructs for ends-out targeting. Locations of y� and w� genes are
indicated, along with the FRTs and the I-SceI recognition sequences (I-site). yu

and yd indicate the upstream and downstream portions of y. The small
arrowheads at the left and right ends of each construct indicate the P element
inverted repeat termini.

Fig. 3. Crossing schemes. Typical crosses used for the rescue and disruption
experiments are shown. For the y rescue experiments, females with eye
pigment were selected for the second cross, ensuring that they all carried the
donor. For the disruption crosses, in some cases the donor element was
hemizygous in the males, and so only half of the females used in the second
cross carried the donor. The targeting frequency was adjusted accordingly in
Table 1. In other cases we selected females exhibiting some degree of pig-
mentation in the eye, ensuring that they carried the donor; or the males used
in the first cross carried the donor heterozygous with a dominantly marked
balancer chromosome, thus allowing the selection of females that carried the
donor for the second cross.
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these, y� did not map to the X, and they were not examined
further. They may have included insertion of y� at other loca-
tions, or loss of w� from the donor construct after an I-SceI cut,
without excision of y�. Targeted recombination events outnum-
bered nontargeted events by better than 10:1 and were con-
firmed by Southern blotting (Fig. 4A).

The majority of targeting events resulted from a straightfor-
ward replacement of y1 with y�, but �20% (9 of 43) had two
copies of the y gene at the target locus. Integration of donor
dimers has been seen previously with ends-in targeting in yeast
and flies (3, 15, 16), and ends-out targeting in mouse ES cells (4,
17, 18). Concatemer formation between multiple copies of the
donor appears to be the cause. The flies used in this experiment
carried a single copy of the donor P element (verified by
Southern blotting). However, in G2 of the cell cycle, two copies
will be present on the replicated chromatids, providing the
opportunity for two donors to dimerize by FLP-mediated or
homologous recombination, or by nonhomologous end-joining,
and undergo targeting.

Gene Disruption. To extend this method to generate mutant alleles
of target genes we constructed and transformed a donor element
carrying the y gene disrupted by the insertion of a w� gene (Fig.
2B). Approximately 50 bp of y coding sequence, including the
start codon, were also eliminated in the construction. Targeting
with this construct is expected to generate a mutant y allele and
carry w� into the locus.

We screened for disruption of the endogenous y� gene in a y�

w background by using donors on chromosome 3, and looking for
y w� progeny by test-crossing (Fig. 3). As in the previous
experiments, excision of the donor was very efficient (�99%), as
judged by loss of w�. We recovered 106 independent targeting
events at a rate of �1 in 5 vials (unweighted average; Table 1).
Each vial produced �76 male offspring, or 1 targeting event in
380 gametes. In every case the w� gene mapped to the X
chromosome as expected for targeting at y. Four lines were
examined by chromosomal in situ hybridization, and in all four
the w gene sequence was detected at its normal location of 3C
on the X chromosome, and also at 1B, the normal location of y,

confirming that recombination had integrated w� at the target
locus (Fig. 4B). Southern blotting of 89 cases confirmed that all
resulted from targeted homologous recombination at y (Fig. 4C).
As in the previous experiments, some duplicated alleles were
recovered (2 of 89).

In these crosses we screened for disruption of y� and inte-
gration of w� simultaneously, and recovered only targeted
events. But it should be nearly as easy to recover targeting events
by screening only for mobilization of a w� marker. In three
previous sets of studies using a variety of target genes (3, 16, 19),
and additionally with the y rescue experiments reported above,
we have seen that donor integration in females occurs mostly at
the target locus. In general, we expect that the majority of events
detected by w� mobilization will be inserted at the target locus.

Does Targeting Require FLP? Because I-SceI cuts with high effi-
ciency (3), we reasoned that a y� gene could be readily
liberated from the chromosome by two I-SceI cuts, and then
act as the donor to convert the endogenous y1 to y�. We built
a construct similar to the first rescue construct, but without
FRTs (Fig. 2C). A donor insertion on chromosome 3 was used
to detect yellow rescue by testcrossing as in the previous
experiment (Fig. 3). We observed no targeting events in 247
vials (Table 1). Surprisingly, y w� f lies were very rare among
the w� offspring (10 of 1,154 from 22 vials counted � 0.9% of
all w� progeny), although we expected them to be quite
frequent as a result of excision and loss of y�. One possible
explanation supposes that repair of the cut chromosomal ends
is very inefficient, and although targeting may have occurred,
those cells died because of a failure to fix the chromosomal
DSB at the donor site. Alternatively, repair of a DSB gener-
ated by I-SceI may be extremely efficient so that it is rare for
both I-SceI sites to be cut at the same time, which is necessary
to generate the extrachromosomal donor.

To distinguish these possibilities we carried out a physical
analysis of cutting at the I-SceI sites. Second and third instar
larvae were heat shocked at 38°C for 1 h, and genomic DNA was
prepared from samples of these larvae at various times after the
heat shock. We digested the genomic DNA with EcoRI (which
cuts once within y), and after electrophoretic separation and
Southern blotting, probed with the y gene clone to assess the
frequency of DSBs within the donor element by scanning of the
exposed film (Fig. 5A). A small fraction of the donor (�5%) was
observed as an extrachromosomal 8-kb band; it must have been
circular to generate this full-length band after EcoRI digestion
and it is unlikely that it would participate in targeting. It was
probably produced by double-cutting followed by repair that
joined the two ends. We also estimated the approximate pro-
portion of donor with a DSB at each site. A cut at the left site
will generate a 6.3-kb fragment; a cut at the right site will
generate a 1.7-kb fragment. At the peak of cutting, about 4 h
after heat shock, �30% of the donor exhibited a DSB at the left
site and �5% at the right site. This predicts that only 1–2% of
donor elements have two DSBs at the same time. To confirm this
we carried out blotting and hybridization with undigested
genomic DNA from the same experiment (Fig. 5B). Only �7%
of the donor is found in the extrachromosomal linear form 8 h
after heat shock. It is not the case that the extrachromosomal
donor was produced and degraded because we saw no significant
reduction in the quantity of donor hybridizing material during
the course of the experiment. Thus, the extrachromosomal linear
donor element was infrequently produced by I-SceI cutting
alone, and at its peak only 2–7% of the donor element existed
in this form.

If the failure to obtain targeting with the cut-only construct
resulted only because this particular donor is inefficiently cut
relative to constructs with successful targeting, it seems rea-
sonable to expect that targeting could succeed by using I-SceI,

Table 1. Recovery of targeting events

FLP I-SceI Donor* n T NT
Approximate

frequency�vial

Rescue construct (Fig. 2A)
on 2 1A (3) 652 22 1 1�30
on 2 2A (2) 147 10 2 1�15
on 3 2A (2) 135 11 1 1�12

Disruption construct (Fig. 2B)
on 3 6C† (3) 147 48 0 1�3
on 3 5C† (3) 79 29 0 1�3
on 2 5C (3) 99 14 0 1�7
on 2 4A (3) 90 8 0 1�11
on 3 4A (3) 84 7 0 1�12

Rescue (Fig. 2C)
on 2 43 (3) 131 0 0 –
on 3 43 (3) 116 0 0 –

Disruption construct (Fig. 2B, but using I-SceI expression only)
on 3 6C (3) 112 0 0 –
on 3 5C (3) 120 0 0 –

n, number of vials scored for targeting; T, number of vials with targeting
events, which is taken to be the minimum estimate of independent targeting
events; NT, number of vials with nontargeted events.
*The chromosome bearing the donor is indicated in parentheses.
†Only half of the tested females carried the donor. The number of vials tested
has been multiplied by 0.5 to correct. Each vial contained four to seven pairs
of heat-shocked females and males.
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and not FLP, with the y� disruption construct (Fig. 2B).
Accordingly, we tested donors 5C and 6C of the disruption
construct for targeting by using I-SceI expression alone. No
targeting events were obtained in 232 vials (Table 1), though
we would have expected �60 if targeting occurred as effi-
ciently as it did when FLP was also used with these same
donors. It is most probable that targeting fails when using
I-SceI alone because the extrachromosomal donor is not
produced efficiently without FLP.

To test this more directly, we examined the generation of
extrachromosomal donor after expression of FLP and I-SceI in
larvae carrying the first yellow rescue construct (Fig. 2 A). By
Southern blotting of genomic DNA prepared without further
digestion, it is seen that the extrachromosomal form of the donor
appears rapidly: within 2 h the majority of donor is found out of

the chromosome (Fig. 5C and other results not shown) in four
bands. These probably represent relaxed circles, single and
double cut linear forms, and supercoiled circles. At all time
points, from 2 h after heat shock and beyond, more than 50% of
the extrachromosomal donor is found in the linear form. The
extrachromosomal donor molecules, including the linear forms,
are generated much more efficiently by FLP and I-SceI than by
I-SceI alone. The most likely explanation for failed targeting
with I-SceI expression alone is that I-SceI-generated breaks in
the chromosome are rapidly and efficiently repaired, and that
there is only a small chance of having both sites cut simulta-
neously to free the donor.

Our results do not rule out the possibility that targeting can
occur by I-SceI cutting only, as there was a small fraction of freed
donor detected. But if it can occur, it is clearly a much less

Fig. 4. Verification of targeting. (A) Genomic Southern blotting to verify targeted y rescue. Letters above each lane indicate the genotype examined and refer
to the expected structures of the donor construct, the y target gene (which is unchanged after the expected single-copy rescue event), and a tandem rescue event
indicated to the right. The region used as a probe is indicated as a solid line below each structure, along with the expected sizes of the fragments produced by
SphI (Sp) digestion. The left and right lanes (M) carry molecular weight markers with sizes indicated at the left. The first four experimental lanes are targeted
alleles; the next two are y w flies carrying the donor, and y w alone. (B) Cytological verification of targeted disruption. The w gene was used to probe polytene
chromosomes of a larva carrying a targeted y allele. The two sites of hybridization, and their cytological designations, are indicated. (C) Genomic Southern
blotting to verify targeted y disruption. The expected structures of the target locus, the donor construct, a targeted allele, and a tandem-insertion targeted allele
are indicated to the right, along with the expected sizes of bands produced by SalI (S) digestion. The first two experimental lanes represent genomic DNA from
y� w1118 flies and from y� w1118 flies carrying the donor construct. The remainder are examples of targeting.
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efficient process than when FLP is used to excise the donor from
its chromosomal site.

Discussion
These results demonstrate that ends-out gene targeting can be
used efficiently for gene knockouts in D. melanogaster. In this
work we used the same stretch of y-homologous DNA that we
had previously used for ends-in targeting of y, and the efficiency
was not vastly different from that previously obtained. In
females, ends-in targeting of yellow occurred at a rate of �1
independent event in four to five vials, or �1 in 500 gametes (3).

In this work we also observed targeting at a rate of �1 in 5 vials,
or �1 in 380 gametes with the ends-out disruption construct, and
at a rate of �1 in 16 vials, or �1 in 800 gametes, for the ends-out
rescue construct. These sets of experiments were not controlled
in such a way so as to allow a rigorous comparison of frequencies
with the previous work, but they do clearly demonstrate that
ends-out gene targeting occurs at a usable frequency in Dro-
sophila. Because we and others (16, 20) have shown that ends-in
targeting can be used to modify loci throughout the genome, we
expect that ends-out targeting will be equally useful.

In a previous attempt at ends-out targeting, Bellaiche et al. (9)
failed to recover gene targeting events when screening for
ends-out disruption of w�. A consideration of that failure may
provide useful insight into constraints on the use of gene
targeting in Drosophila. In our estimation, the most significant
difference is that Bellaiche and colleagues chose to drive FLP
and I-SceI expression with the �2-tubulin promoter, a male germ
line-specific promoter that drives transcription in primary sper-
matocytes (21). Our previous experiments have all produced
more efficient targeting in females than in males (3, 16, 19), and
this may be partly responsible. When we did recover targeting
events from males, those events must have occurred in mitotic,
not meiotic cells, because the heat shock promoter that we used
is limited in its activity to the earliest stages of spermatogenesis
(22, 23). In contrast, �2-tubulin-promoted expression of FLP
appears to be predominantly postmeiotic (24), and postmeiotic
spermatids may be a very unfavorable environment for targeting.

Bellaiche and coworkers also had a large nonhomologous
stretch of DNA at one end of the donor DNA, whereas we did
not. But this does not pose a significant impediment to targeting
efficiency in yeast or in mouse ES cells (refs. 1 and 8, and K.
Thomas, personal communication). Thus we favor the idea that
expression of the recombinase and endonuclease in late sper-
matogenesis was mainly responsible for their failure to obtain
targeting.

In this work the phenotype of the target gene was known, but
in most cases it will not be. Targeting can then be detected in
testcrosses by the mobilization of a marker gene that is inserted
within the target-homologous sequences (as with the construct
of Fig. 2B). This also has the virtue that the mutant allele that
is produced is distinguished by insertion of a marker gene (Fig.
1A). This can be highly desirable for tracking the mutant allele
in crosses, but may cause undesired side-effects on the regulation
of the target locus or its neighbors. One solution to this problem
has been to apply site-specific recombination to remove the
marker gene from the chromosome (25–28). The Cre-lox re-
combinase system may be used at this step (29), and we have
constructed a Drosophila targeting vector carrying loxP sites for
this purpose (unpublished data).

The use of ends-out targeting, also referred to as replacement
or substitution type targeting, provides significant new capabil-
ities for Drosophila genome modification. It gives a very direct
route to the generation of a mutant allele, in a single step the
target gene can be disrupted by insertion of a marker gene within
its coding region. The cloning steps are relatively simple because
it is not necessary to engineer point mutations within the coding
sequence of the gene, as is typically the case with ends-in
targeting (although not always: see refs. 1 and 19). Constructing
donors to make deletions should also be straightforward: seg-
ments of DNA that flank, but do not include, the target gene are
placed to the left and right of the marker gene in the donor
construct (1, 2, 30, 31). Homologous recombination then re-
places the target gene with the marker gene.

One of the reasons that ends-out targeting is preferred in
mouse ES cells is that it allows the application of positive–
negative selection to enrich for targeted recombinants (32). In
addition to the positively selectable marker gene within the
target-homologous region (w� in our scheme) a negatively

Fig. 5. Efficiency of donor generation. Larvae carrying donor constructs and
70I-SceI (A and B) or 70FLP and 70I-SceI (C) were heat shocked at 38°C for 1 h.
Genomic DNA was prepared at various times after heat shock (indicated in
hours above the lanes). This experiment was carried out with a mixture of male
and female larvae that were heterozygous for the donor element: 60% of the
total yellow signal derives from the endogenous yellow gene; the remaining
40% comes from the donor. (A) Assay of DSBs at the I-SceI sites in the cut-only
rescue construct (Fig. 2C). Genomic DNA was digested with EcoRI. The 13.7-kb
band (the largest band on the gel) and the 6.1-kb band are produced by the
endogenous y gene. The band at �12 kb is one of the chromosomal donor
bands generated by EcoRI digestion (the other is not visible on this gel). The
6.3-/6.1-kb doublet is shown again at a reduced exposure at the bottom. (B)
Genomic DNA from larvae carrying 70I-SceI and the cut-only construct, blotted
without restriction digestion. The film was overexposed to visualize the 8.0-kb
linear donor freed by I-SceI digestion. (C) Genomic DNA from larvae carrying
70FLP and 70I-SceI and the y rescue construct with FRTs (Fig. 2A), blotted
without restriction digestion. RC, relaxed circle; 1CL, single-cut linear; 2CL,
double-cut linear; SC, supercoiled circle. (D) The structures of the endogenous
y gene and the two donor constructs. All blots were probed with the 8-kb y
probe indicated by the solid bar beneath the y gene. In the rescue construct,
a single FRT adds �250 bp. R, EcoRI; -HS, not heat-shocked; MW, molecular
weight markers.
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selectable marker gene is located outside the target-homologous
DNA. Random integration tends to incorporate both genes, but
homologous recombination excludes the negative marker. Ap-
plying both selections simultaneously greatly enriches for the
targeted events. Because, in our experience, most donor inser-
tion events in Drosophila are targeted, this is not needed.
However a positive-negative screening method could be used to
facilitate recovery of targeting events in Drosophila. One marker
gene, inserted in the targeting DNA, could be used to track
mobilization of that segment, whereas a second marker gene,
located outside the FRTs, would be left behind after FLP-
mediated excision and would mark the donor chromosome.
Segregation of these two markers would provide an easy screen
to recover events in which donor DNA has transposed. Most of
these would be legitimate targeting events. This is similar to the
method we used in the yellow rescue experiment, where we screened
for mobilization of y�, detected by its segregation from w�.

There are yet cases where ends-in targeting may be preferred.
Ends-in procedures can be carried out so that all exogenous
DNA is eliminated from the altered locus. After a tandem
duplication is generated by the initial targeting event (Fig. 1 A),
typically accompanied by the introduction of an engineered
mutation, a site-specific DSB is generated between the dupli-
cated regions. Repair of the DSB often occurs by a mechanism
that reduces the duplication to a single copy of the target gene

and eliminates the intervening marker gene. Some of these
reduction events carry the introduced mutation. Introducing
specific missense changes without alteration of the surrounding
DNA sequence is easily achieved with this allelic substitution
procedure (16). Such precise changes may be useful for exam-
ining the function of proteins with specific amino acid substitu-
tions, or for knocking out a specific member of a family of
alternatively spliced transcripts without disturbing normal tran-
scriptional regulation. There are also examples in Drosophila
where one gene lies within the intron of another gene. In such
cases it may be difficult to employ ends-out targeting to generate
a null allele of one gene without impinging on the regulation of
the second gene.

In sum, the choice between an ends-in or ends-out targeting
protocol must be made on a case-by-case basis, with the inves-
tigator taking into account variables such as the local genetic
structure, the desired type of mutant allele, the crosses used to
analyze those mutants, and the time required for different types
of targeting. This demonstration of ends-out gene targeting in
flies provides Drosophila investigators with that choice.
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