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ABSTRACT
The footprints remaining following somatic P-element excision from the Drosophila white locus were

recovered and characterized. Two different types of footprints were observed. Over 75% of the footprints
were short, composed of 4 or 7 nucleotides of the P-element inverted terminal repeat, and were similar
to those found in a previously described plasmid excision assay. The remaining footprints were composed
of 14–18 nucleotides of both inverted terminal repeats. These large footprints were indistinguishable from
those recovered following germline P-element excision. Enhanced expression of the Drosophila homologue
of the Ku70 protein did not affect the structure of the somatic footprints. Therefore, this protein is not
a limiting factor for double-strand break repair by nonhomologous end-joining in Drosophila somatic
cells.

P elements in Drosophila melanogaster are among the tein and host proteins (Kaufman et al. 1989; Beall and
best-studied eukaryotic transposons. In part, this Rio 1997). However, P transposase appears to be the

scrutiny is due to their utility; many genetic tools in only protein required for integration (Beall and Rio
Drosophila are based on P elements (Engels 1997). 1998). One host protein that is implicated in P-element
However, P elements are interesting in their own right. transposition is the Drosophila homologue of the Ku70
For example, P elements only recently invaded the ge- protein (Rio and Rubin 1988; Beall and Rio 1996).
nome of D. melanogaster (Clark and Kidwell 1997; This protein is the product of the mus309 locus and is
Engels 1997). As a consequence, Drosophila strains also called (inverted repeat binding protein IRBP;
collected prior to 1950 lack P elements but most strains Beall and Rio 1996). We refer to it as Ku70 and to the
collected after 1970 contain P elements. In addition, gene as mus309. The Ku70 protein is a common nuclear
the P transposase protein appears to be unrelated to protein found in eukaryotes that is involved in DNA
other transposases. This suggests an origin for P ele- repair and recombination. The Ku70 protein forms a
ments that is independent of many other transposable heterodimer with the Ku80 protein and binds very
elements (Capy et al. 1996). tightly to the ends of DNA. Binding of the Ku hetero-

P elements are bounded by 31-bp inverted terminal dimer to the ends of DNA is involved in signaling DNA
repeats and make an 8-bp target site duplication upon damage and in telomere maintenance (Featherstone
their insertion (O’Hare and Rubin 1983). P elements and Jackson 1999). The Drosophila homologue of the
are DNA-intermediate transposons that move via cut- Ku70 protein was found originally because of its ability
and-paste transposition (Kaufman and Rio 1992). Their to bind tightly to the 17-nt single-strand ends formed
excision generates a double-strand break in the chromo- following P-element excision (Rio and Rubin 1988).
some (Engels et al. 1990; Gloor et al. 1991; Kaufman The double-strand breaks made by P-element excision
and Rio 1992). The P-element transposase cuts the DNA are repaired by the host cell to give a variety of excision
to generate a 17-nucleotide (nt) 39 single-stranded end products. They can be repaired either by homologous
(Beall and Rio 1997). Such a cut is apparently unique recombination or by nonhomologous end-joining. Ho-
among transposons. mologous recombination primarily produces gene con-

The protein complex that is required for P-element versions when the double-strand break is made in pre-
transposition probably includes the P transposase pro- meiotic germline cells (Geyer et al. 1988; Engels et al.

1990; Gloor et al. 1991; Nassif et al. 1994). The most
common gene conversion product in this instance is
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homologue that is copied lacks a P element (Engels et characterizes the products of P-element excision in so-
matic cells. Our results show that somatic P-elemental. 1990; Nassif and Engels 1993).

Nonhomologous end-joining occurs by fusion of the excisions are repaired to produce both the short and
the long type of footprint, with the short footprint pre-broken DNA ends with little processing (Critchlow

and Jackson 1998). Repair by this pathway usually leaves dominating. Enhanced expression of the Ku70 protein
in somatic tissues had no effect on the structure of thea few base pairs of the P element at the excision site.

Thus, these types of repair products are classified as excision products.
imprecise P-element excisions. Nonhomologous end-
joining accounts for less than one-third of the double-

MATERIALS AND METHODSstrand break repair products following P-element exci-
sion in premeiotic germ cells (Johnson-Schlitz and Genetic techniques: Flies were reared on standard corn-

meal-sugar-agar medium at room temperature (208–238) un-Engels 1993). However, these types of repair products
less noted. Mating schemes are described in the text. Geneticcan be selected if they result in a phenotypic change
symbols not described here are in Lindsley and Zimm (1992).(Staveley et al. 1995). When double-strand breaks are

Drosophila strains: The y whd f ; 1 ; 1 stock carries a single
made by P-element excision in plasmids injected into P-element insertion in exon 6 of the white locus (Engels et
developing embryos only nonhomologous end-joining al. 1990). It is the parent stock for all the flies that carry the

whd allele. The w ; CyO / SP ; ry Sb D2-3(99B) / TM6 (Ubx)products are recovered (O’Brochta et al. 1991).
and C(1)DX, y w f ; ry Sb D2-3(99B) / TM3 (Ser) stocks were usedAlthough nonhomologous end-joining products are
to introduce the transposase source D2-3(99B) (Robertson etrecovered following P-element excision in both premei-
al. 1988) into the crosses to mobilize the P element in the whd

otic germline cells and from plasmids injected into em- allele. The wild-type mus309 gene was carried as a transgene
bryos, their structures are radically different. The non- in two stocks that were a generous gift of Dr. D. Rio (University

of California, Berkeley): w118 ; P {w1mC gIRBP}23.1 / CyO (Beallhomologous end-joining products recovered from
and Rio 1996) and w118 ; P {w1mC hsP70 IRBP}b-11. The con-premeiotic germ cells typically retain 15–18 bp of both
structs in these stocks are referred to in the text as P {w1 gKu70}P-element inverted terminal repeats (Takasu-Ishikawa
and P {w1 H·Ku70}, respectively. Both of the mus309 transgenes

et al. 1992; Staveley et al. 1995). The repeats may be express the Ku70 protein and rescue the mus309 DNA repair
separated by a few base pairs of sequence derived from defect (Beall and Rio 1996; D. Rio, personal communica-

tion).an unknown origin or by a partially copied P element.
DNA preparation for PCR: To separate fly heads from theirThe sequences derived from the P-element ends are

bodies about 50 flies were placed in a 1.5-ml centrifuge tubetermed footprints and, by convention, an excision prod-
and frozen in dry ice for at least 1 hr. The frozen flies were

uct that retains sequence from each terminal inverted then shaken vigorously and dumped onto a clean surface.
repeat is said to have two distinct footprints. In contrast, Individual heads were collected for DNA preparation. DNA

was isolated from single flies or single fly heads as describedthe nonhomologous end-joining products recovered
(Gloor et al. 1993), except that the grinding solution con-from the plasmid excision assay conducted in embryos
tained 0.1% Triton X-100 and the first incubation was at 508typically retain only 4 or 7 bp of one P-element inverted
for 20 min. Incubating at 508 instead of 378 in the presence

repeat and lack any extraneous DNA (O’Brochta et al. of detergent gave more reproducible DNA preparations.
1991). By convention, these excision products are said PCR: PCR amplification was done as described previously

(Gloor et al. 1991; Nassif et al. 1994). The oligonucleotideto contain only one footprint.
primers used in these amplifications were: ef1, GGTTGP elements in nature are normally active only in the
TCGTACCTCTCATGG [white locus nt 1845–1864 using thegermline because the third intron of the P transposase
standard white gene coordinates established by O’Hare et al.

mRNA is spliced out in that tissue, but not in the soma (1984)]; Hi2, ACAGCGAAAGAGCAACTACG (white locus nt
(Laski et al. 1986; Siebel and Rio 1990). Our goal was 2446–2427); and wRR, CAACACAACTTATGCCGCGT (white

locus nt 3149–3130; T. Dray and G. Gloor, unpublishedto study the excision of P elements in somatic tissues
data). The standard thermal profile for PCR amplificationsto see if they were repaired primarily by gene conversion
with these primers was to denature at 958 for 1 min, to anneal(as in the developing germline) or by nonhomologous
at 558 for 1 min, and to extend at 728 for 1.5 min. Nonspecific

end-joining. Additionally, we were interested to charac- amplification products were minimized in two ways: first, by
terize somatic imprecise excision products. To excise a adding the primers after the reaction mix was prewarmed to

858 (D’Aquila et al. 1991) and, second, by carrying out theP element inserted in exon 6 of the white locus we used
first annealing segment of the PCR at 658 with the temperaturethe stable transposase source D2-3(99B), which ex-
of each subsequent annealing segment being reduced by 18presses the P transposase protein in both somatic and
every cycle until a final annealing temperature of 558 was

germline tissues (Robertson et al. 1988). These exci- achieved (Don et al. 1991). Reactions were always amplified
sion products were cloned and sequenced to determine for a further 20 cycles after reaching the target annealing

temperature.their structure. It should be noted that a co-injected
DNA quantitation: Agarose gels were stained in ethidiumD2-3 plasmid was the transposase source for the plasmid

bromide for 45 min, and a TIFF image was captured with anexcision assay conducted in embryos. Thus some of
AlphaImager gel documentation system (Alpha Innotech, San

these footprints were derived from somatic P-element Leandro, CA). The image was imported into the National
excision and others were derived from germline exci- Institutes of Health Image Program (Rasband 1998), and the

aggregate fluorescence of each band was determined using thesions. The experiment reported here unambiguously



1823Somatic and Germline P Excisions

gel plotting macros distributed with the program. Background
fluorescence was subtracted, and the contribution of each
band to the total amount of DNA in each lane was calculated.

Cloning and sequencing: Standard cloning protocols were
followed (Sambrook et al. 1989). PCR products were cloned
into the pGEM-T vector system 1 (Promega, Madison, WI) as
recommended by the manufacturer, except that half of the
recommended amount of vector was used. In some cases the
appropriate DNA fragment was purified from a low-melting
agarose gel by binding the DNA to finely ground glass beads
(Gene Clean, Bio 101, Carlsbad, CA). In other cases, unpuri-
fied PCR products were used. The ligation products were Figure 1.—Somatic excision products of the whd P element.
transformed into the XLI-Blue Escherichia coli strain (Stra- The whd P element and closely flanking sequence in the white
tagene, La Jolla, CA) and plated on MacConkey’s lactose plates locus were amplified by PCR using the primers ef1 and Hi2
containing 40 mg/ml of ampicillin. Colonies were allowed to using DNA prepared from individual fly heads with the geno-
grow at 378 for 36 hr prior to scoring the lac phenotype. Lac2 types described in the text. The PCR amplification was carried
colonies were recognized by their white or light pink color out for 20 cycles, which permits the major products of P ele-
and were patched onto Luria broth (LB) plates containing ment excision to be observed. The resulting products were
40 mg/ml ampicillin. The size of each insertion in the pGEM fractionated on an agarose gel. The image shown is a negative
vector was determined by a modified rapid cell cracking proce- of the ethidium bromide-stained gel. Excision of the whd P
dure (Chaconas et al. 1981). In brief, individual patches of element is occurring in the samples containing Sb D2-3(99B)
single colonies of about 0.3 3 0.3 cm were picked off LB 1 and is not occurring in the samples lacking it. The PCR ampli-
ampicillin plates and suspended in 100 ml of 10 mm Tris, pH fications are from female flies heterozygous for the w allele
8.0, 1 mm EDTA, 10 mg/ml RNAse A. An equal volume of 23 and the whd allele. The 604-bp band that represents the ampli-
cracking buffer (28% sucrose, 100 mm Tris, pH 7.8, 4 mm fication product from the w chromosome and the 1241-bp
EDTA, 2% SDS, 0.1 mg/ml bromophenol blue) was added. band that represents the amplification product from the whd

The tubes were inverted once and immediately centrifuged mutant chromosome are labeled as wt and P-whd, respectively.
at 14,000 3 g for 15 min. The nonviscous supernatant, usually
about 20 ml, was fractionated on a 0.7% agarose gel.

Cloned products were sequenced using the ef1 oligonucle-
transposase protein. DNA was prepared from heads ofotide on an ABI Prizm sequencing apparatus at the Robarts

Research Institute sequencing facility. both classes of flies, and PCR amplification was used to
estimate the proportion of X chromosomes that carried
the whd P element. The primers ef1 and Hi2 are comple-

RESULTS mentary to white genomic DNA on the left and right
sides of the whd P-element insertion site. Therefore, thisLack of gene conversion from the sister chromatid
primer pair amplifies a product of 607 bp in the absencein somatic cells: Excision of the P element from the whd

of the whd P element or one of 1241 bp in its presence.allele in premeiotic germline cells results in most of
Figure 1 shows the results of a representative PCR ampli-the chromosomes retaining the P element because the
fication. P-element excision is occurring in the samplesnonexcised P element on the sister chromatid is copied
that contain the Sb D2-3(99B) chromosome but not ininto the excision site by gene conversion (Johnson-
those that lack it. The amplification products in theSchlitz and Engels 1993). We were interested to see
control samples contain two bands. The larger 1241-bpif P-element excisions in head tissues were also repaired
band represents amplification from the chromosomeby gene conversion using the sister chromatid as a tem-
carrying the whd P element and the smaller 604-bp bandplate. Gene conversion with a sister chromatid template
represents amplification from the homologous chromo-would result in most of the chromosomes retaining the
some. The amplification products in the Sb D2-3(99B)-whd P element at its original insertion site. We reasoned
containing samples contain only a z604-bp band indi-that PCR amplification of the region of the white gene
cating the absence of the whd P element. This resultthat contained the whd P-element insertion site could
indicates that the frequency of gene conversion usingprovide a crude estimate of the proportion of chromo-
a sister chromatid template is very low in the soma andsomes in a DNA sample that carried the transposon.
that the frequency of precise or imprecise excision isThis would indicate the relative frequency of precise or
elevated compared to the frequency in the germline.imprecise P-element excision.

The results in Figure 1 show that the 1241-bp band isWe induced P-element excision in female flies by
less intense than the 607-bp band even when P-elementcrossing male flies of the genotype w / Y; Sb D2-3(99B) /
excision was not occurring (the amplification productsTM3, Ser with female flies carrying the whd mutation.
from the samples lacking transposase). Therefore, it wasThis cross segregated two classes of female progeny.
possible that the 1241-bp band is present in the Sb D2-The first class did not contain P transposase and had
3(99B)-containing samples but is undetectable with thisthe genotype whd / w ; TM3, Ser / 1. The whd P element
PCR-based assay. This possibility was tested by mixingin this class was stable. The second class contained P trans-
DNA prepared from male wild-type and whd flies in differ-posase and had the genotype whd / w ; Sb D2-3(99B) / 1.

The whd P element in this class was excised by the P ent proportions, followed by PCR amplification as be-
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TABLE 1

Summary of whd P-element excision results

Male Female

Size of PCR product (bp) Sb D2-3(99B) TM3, Ser Sb D2-3(99B) TM3, Ser

604 197 0 160 0
1241 2 58 5 51
Both bands 1 0 24 0

fore. Seven independent replicate experiments were double-strand break made following P-element excision
performed. The results indicated that samples com- in somatic cells is usually repaired by a different mecha-
posed of 80% wild-type DNA and 20% whd DNA gave nism than that in premeiotic germ cells.
amplification products in which the 1241-bp band corre- Imprecise excision products: We noted that the band
sponding to the whd P element made up 20% of the amplified from the white gene when P-element excision
amplified product (data not shown). Therefore, this was occurring in the soma was slightly larger and more
assay was sufficiently sensitive to detect the 1241-bp band diffuse than the band amplified from the wild-type white
even if it made up 20% or less of the input DNA. Thus, gene (Figure 1). This suggested that the majority of the
at least 80% of the chromosomes that originally carried P-element excision events were not precise and that a
the whd P element had lost the transposon by precise or small footprint consisting of part of the P-element in-
imprecise excision. verted terminal repeat might be found at the excision

We next analyzed excision of the whd P element from site. P-element footprints had been extensively charac-
the somatic tissue of flies that lacked a homologous terized following P-element excision in the germline
white gene. In this instance the homologous white gene (excision from the vestigial gene and 3C on the X chro-
was not present and thus could not be used as a template mosome; Takasu-Ishikawa et al. 1992; Staveley et al.
for gene conversion. We reasoned that this should in- 1995) and in embryonic tissues (excision from a plas-
crease the proportion of sister chromatid gene conver- mid; O’Brochta et al. 1991), but not at the white locus.
sions because there is no competition from the allelic In addition, P-element footprints derived by excision of
white gene. We used either male flies with the genotypes the same P element from germline and somatic tissues
whd / Y ; Sb D2-3(99B)/1 and whd / Y ; TM3, Ser/1 or had not been characterized. Thus, we characterized the
female flies with the genotypes whd / w11E4 ; Sb D2- footprints following P-element excision from the white
3(99B) /1 and whd / w11E4 ; TM3, Ser / 1. [The w11E4

locus in both the germline and the soma.
allele is a complete deletion of the white locus (Zachar We first needed to establish if imprecise excision of
and Bingham 1982).] DNA was prepared from the the whd P element in the germline produced footprints
heads of 58 male and 51 female flies containing TM3,

similar to those observed at other loci. Therefore, we
Ser and from 200 male and 189 female flies containing

isolated the footprints remaining at the white locus fol-
D2-3(99B). PCR amplification was performed as before

lowing excision of the whd P element in the germlinewith the ef1 and Hi2 primers with the results shown
and compared them to those reported at two other lociin Table 1. The 1241 band, which results from amplifi-
(Takasu-Ishikawa et al. 1992; Staveley et al. 1995).cation of the white gene in which the whd P element is

P-element excisions in the male germline were gener-intact, was the only band observed in the control sam-
ated by crossing 15 y whd / Y; Sb D2-3(99B) / 1 maleples. In contrast, the 1241-bp band was undetectable in
flies individually with 3 C(1)DX, y w f female flies and98.5% of the male flies and in 84% of the female flies
collecting the male progeny. DNA was extracted fromin which excision was occurring because of the presence
single flies, with between 4 and 10 progeny sampled perof the P transposase protein. We conclude that most of
mating. The whd P-element insertion site was amplifiedthe double-strand breaks made by P-element excision
using primers ef1 and wRR, and the size of the ampli-in somatic cells results in precise or imprecise excision.
fied products was determined by agarose gel electropho-This result implies that gene conversion in which the
resis. In total, 99 flies were examined, and 21 flies (21%,sister chromatid is used as a template is not a common
distributed among 13 families) showed single PCR prod-pathway for double-strand break repair in the somatic
ucts that were smaller than the 1.9-kbp band amplifiedtissues. In contrast, gene conversion is the predominant
from the whd P-element control. All but one of thedouble-strand break repair product in the germline
smaller PCR products migrated near the 1.3-kbp band(Engels et al. 1990; Gloor et al. 1991; Johnson-Schlitz
amplified from a wild-type white gene. The amplifiedand Engels 1993). In this tissue precise or imprecise
PCR product from this single event migrated at aboutexcision of the whd P element occurs infrequently

(,30%; Johnson-Schlitz and Engels 1993). Thus, the 1.4 kbp. The amplified PCR products from 13 indepen-
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Figure 2.—Germline P-element foot-
prints. P-element excisions in the male
and female germlines were generated
and sequenced as described in the text.
A shows the sequence of the terminal 17
nucleotides of the P-element insertion
in the whd allele (P-element left and
P-element right), the 8-bp target site du-
plication (TSD), and 2 nucleotides of
flanking sequence (F). The experimen-
tally derived footprints that contain at
least part of the 8-bp target site are
shown in B and C. The number of bases
of P-element end sequence is shown in-
side or adjacent to the open boxes. Num-
bers in parentheses indicate the se-
quence length of any extra sequence
inserted between the P-element ends.
The sequence of the non-P-element end
insertions is given in Table 2; superscript
letters indicate the source of the se-
quence. Symbols to the right of the foot-
prints from the male germline indicate
which footprints were derived from the
same family. For example, the two differ-
ent footprints adjacent to the small trian-
gles were isolated from sibling males.

dent flies, and from four siblings, showing the 1.3-kbp The structures of these somatic excision events can
be grouped into short and long footprint categories.band were sequenced.

The structure of the 17 germline-derived P-element The majority of the excision products (20/28) were
short and contained seven nucleotides or fewer of theexcision products is shown in Figure 2B. Every excision

product has two footprints consisting of between 6 and P-element inverted repeat sequence. Most of these short
excision products (14/20) contained four or seven nu-18 nt of inverted repeat sequence derived from each

P-element end. Several of the excision products have cleotides derived from either P-element terminus. These
excision products are defined as containing only onean extra sequence inserted between the P-element foot-

prints. The most frequent footprint was 16 bp in length, footprint. The majority of the remaining excision prod-
ucts (5/8) were long and were similar in size and struc-and the average length was 15.1 bp (n 5 34). These

footprints were indistinguishable from those isolated ture to the germline footprints described above. Two
of the remaining excision products had a small deletion,from the vestigial locus (Staveley et al. 1995) and from

cytological location 3C (Takasu-Ishikawa et al. 1992). and one was a precise excision of the whd P element.
Three of the long footprint clones contained extra se-We conclude that germline P-element footprints at all

loci are equivalent. quences between the P-element footprints. The average
length of the P-element footprint that remained follow-We next examined the sequences remaining follow-

ing somatic P-element excision events. These events ing somatic P-element excision was 7.6 bp.
The effect of the Ku70 protein: We were interestedwere collected from DNA prepared from the heads of

male flies with the genotype y whd /Y ; Sb D2-3(99B). to determine why the somatic and germline P-element
excision products differed. Several reports in the litera-PCR amplification of the whd P-element excision site was

carried out with the primers ef1 and wRR. The DNA ture determined the direction of the next experiments.
First, Staveley et al. (1995) observed that germlinefrom each PCR amplification was cloned, and the insert

size was determined (materials and methods). The P-element footprints corresponded to the number of
nucleotides of P-element termini that are protected byclones that were approximately the size expected for an

excision of the whd P element were sequenced using the binding of the IRBP. The IRBP is the Drosophila homo-
logue of the mammalian Ku70 protein and is encodedef1 primer. Every sequenced clone was independent,

being derived from a different fly head. Twenty-eight by the mus309 gene (Beall et al. 1994; Beall and Rio
1996). Second, P transposase cuts in the P-element in-of the clones retained one or both of the target site

duplications. These clones contained imprecise or pre- verted terminal repeat to generate a 17-nucleotide 39
overhanging end during P-element excision (Beall andcise excisions of the whd P element and had the structures

shown in Figure 3B. We also recovered several large Rio 1997). Two groups proposed that the Ku70/80 het-
erodimer could bind to the single-strand end and facili-deletions that were not characterized further.
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Figure 3.—Somatic P-ele-
ment footprints. P-element ex-
cisions were isolated by PCR
amplification of DNA ex-
tracted from fly heads and se-
quenced as described in the
text. A shows the sequence of
the terminal 17 nucleotides of
the P-element insertion in the
whd allele (P element left andP
element right), the 8-bp target
site duplication (TSD), and 2
nucleotides of flanking se-
quence (F). The experimen-
tally derived footprints that con-
tain at least part of the 8-bp
target site are shown in B–D.
The number of bases of P-ele-
ment end sequence is shown
inside or adjacent to the open
boxes. Numbers in parenthe-
ses indicate the sequence
length of each insertion that
differs from the canonical white
gene or P-element sequence.
Negative numbers indicate
that bases are deleted starting
at the last recognizable junc-
tion. The sequence of the non-
P-element end insertions is
given in Table 2; superscript
letters indicate the source of
the sequence and are continu-
ous with those in Figure 2.

tate DNA repair (Staveley et al. 1995; Beall and Rio Sb D2-3(99B) / 1. These females were mated to males
with the genotype w /Y ; P {CaSpeR}(35E). Progeny1997). Third, the Ku70 mRNA is abundant in the female

germline and is found at lower levels in other tissues males containing the yellow and split mutant pheno-
types (to ensure that the proper white locus was selected)and developmental stages (Beall et al. 1994; Jacoby and

Wensink 1994). Fourth, Johnson-Schlitz and Engels and the P {CaSpeR}(35E) element were collected. Be-
cause the P {CaSpeR}(35E) insertion shows extreme mo-(1993) showed that the majority of germline P-element

excision events were repaired without degradation of saicism in the presence of D2-3(99B), males lacking the
D2-3(99B) transposase source could be identified. Thisthe ends at the breakage site, suggesting that a protein

factor protects the broken ends. Taken together, these procedure was necessary because meiotic recombina-
tion could separate the Stubble bristle phenotypicresults suggested that one possible explanation for the

discrepancy in structure between the excision products marker from the otherwise undetectable D2-3(99B) lo-
cus. DNA was prepared from nonmosaic males and am-observed in the germline and somatic tissues was that

higher levels of the Ku70 protein in the germline could plified with the primers ef1 and wRR. This primer pair
will not amplify the white gene in the P {CaSpeR} elementprotect the ends from degradation.

We tested the hypothesis that the P-element footprints because a sequence complementary to the wRR primer
is not found in the P {CaSpeR} element. The sizes of theobserved in somatic tissues differed from the footprints

observed in the germline because of different levels of amplified fragments were determined by agarose gel
electrophoresis. Eight amplifications yielded fragmentsthe Ku70 protein. This question was addressed in two

ways. First, we examined P-element excisions isolated of approximately 1.3 kbp, indicating imprecise excision
of the whd P element. These PCR products were se-from the female germline, where Ku70 is expressed at

much higher levels than in the male germline (Jacoby quenced with the results shown in Figure 2C. All eight
of these excisions were similar to those recovered fromand Wensink 1994). Second, we enhanced the expres-

sion of the Ku70 protein at the same time that excision the male germline. We conclude that the relative level
of expression of the Ku70 protein in the germline doesof the whd P element was induced.

Imprecise excisions were obtained from the germline not affect the structure of the P-element excision prod-
ucts that are recovered.of female flies with the genotype y whd spl / 1 w1118 1 ;
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terminal four or seven nucleotides of the P-element
inverted terminal repeat. We conclude that increasing
the level of expression of the Ku70 protein has no effect
on the length or structure of P-element footprints in
either the germline or soma.

Figure 4 summarizes the size distribution of P-element
footprints recovered in the germline and somatic tissues
recovered from males and females. The predominant
footprints from somatic tissues are 2, 4, and 7 bp long,
whereas the predominant footprints from the germline
are 16 6 1 bp long.

It is striking that almost half (13/27) of the long
footprint-containing excisions include an extra se-
quence. These extra sequences are shown in Table 2.
Inspection of the extra sequences shows that they are

Figure 4.—Distribution of P-element footprints from so- rich in A and T residues and are similar in sequence to
matic and germline excisions. The proportion of P-element

short segments of the P-element ends.footprints of each length is charted for the somatic and germ-
line excision events. Germline footprints cluster around 16
nucleotides in length. Somatic footprints are either 4 or 7

DISCUSSIONnucleotides long, with a small minority being 16 6 1 nucleo-
tides in length. Lack of gene conversion from the sister chromatid

template in somatic cell double-strand break repair: We
examined the products that remained following P-ele-

Next, the effect of enhancing the expression of the ment excision in somatic cells in the absence of a homol-
Ku70 protein in somatic tissues was examined. Two ogous template. On the basis of previous studies in the
transgenic Ku70-expressing fly lines were obtained from germline we expected that most P-element excision
Dr. D. Rio; one expressed the Ku70 protein from its products would be repaired by gene conversion using
normal genomic promoter (P {w1 gKu70}), and one ex- the sister chromatid as a template and would be indistin-
pressed the Ku70 protein from an hsP70 promoter (P {w1

guishable from the original chromosome (Johnson-
H·Ku70}). While the amount of expression of the Ku70 Schlitz and Engels 1993). However, most of the so-
protein in either line is unknown, this expression is matic excision products had lost the whd P element. Thus
sufficient to rescue the mus309 mutant phenotype. the majority of the somatic excision events were repaired
Therefore, biologically significant levels of the Ku70 by nonhomologous end-joining.
protein must be made by these transgenic constructs. There are three likely explanations for this observa-
Both transgenes are located on the second chromo- tion. The first possibility is that the somatic tissues are
some. Male flies with the genotypes whd / Y ; P {w1 incapable of gene conversion and use nonhomologous
gKu70}/1; Sb D2-3(99B)/1 and whd / Y ; P {w1 H·Ku70}/ end-joining as the predominant double-strand break
1; Sb D2-3(99B)/1 were generated. The flies con- repair pathway. We do not favor this explanation be-
taining the P {w1 H·Ku70} transgene were heat-shocked cause somatic gene conversion is readily observed as
at 358 for 1 hr each day for their entire life cycle. DNA red patches of tissue in an otherwise white eye in female
was prepared from single fly heads as before, and the flies of the genotype whd/w1 ; D2-3(99B)/1 (Engels et
DNA sequence flanking the whd P-element excision site al. 1990). Similar eye-color mosaicism is observed in
was amplified. The band expected for the whd P element female flies containing w1118 or wa in place of w1 (G. B.
was absent when samples of the PCR amplifications were Gloor, unpublished data), but not in females con-
fractionated on an agarose gel (data not shown). The taining whd or w11E4. Eye-color mosaicism is also not ob-
PCR products from different heads were cloned and served in males of the genotype whd/Y ; D2-3(99B)/1.
sequenced as before. A total of 31 clones that retained These observations demonstrate that the somatic tissues
one or both of the 8-bp target site duplications were can repair a double-strand break by gene conversion
recovered. Thirteen independent clones were recov- using a homologous template. However, our data show-
ered from the flies with the Ku70 protein expressed ing the loss of the whd P element following excision
from its normal promoter, and 18 independent clones indicates that the sister chromatid is not the preferred
were recovered from the flies with the Ku70 protein template for gene conversion in the soma. The second
expressed from the hsP70 promoter. The structure of possibility is that different factors are needed to repair
the clones is shown in Figures 3C and 4D. As was seen the double-strand break made by P-element excision
for the somatic excision products that were obtained in using the sister chromatid template or the homologous
the absence of enhanced expression of the Ku70 pro- chromosome template. This model proposes that the

factor required for sister chromatid gene conversion istein, the most common excision product retained the
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TABLE 2

Extra sequences inserted in P-element footprints

Sequence P-element 59 end Insertion and flanking sequence P-element 39 end

Reference CATGATGAAATAACATA P element sequence TATGTTATTTCATCATG
sequence

Aa CATGATGAAATAACATAA TCATACATATTATAACA TATGTTATTTCATCATG
B CATGATGAAATAACATA TTATTAATATATTATTAATATTATTAA ATGTTATTTCATCATG

TAAC
C CATGATGAAATAACA AATGTTTTTGTTATTATTAAC ATGTTATTTCATCATG
D CATGATGAAATAACATA TGTTATATATGTTATAACATA TATGTTATTTCATCATG
E CATGATGAAATAACAT TGTTATG TTATGTTATTTCATCATG
F CATGATGAAATAACAT GTTAAC ATGTTATTTCATCATG
G CATGATGAAATAACATA ATATGTTATAATAATAATATAATAATATG TGTTATTTCATCATG

TTATATAATAA
H CATGATGAAATAACAT GTTAT TTATTTCATCATG
I CATGATGAAATAACATAA CATGAA ATGTTATTTCATCATG
J CATGATGAAATAACATA TGTTATTATGATATTATATGATTATTA ATGTTATTTCATCATG

TATG
K CATGATGAAATAACAT GA TATGTTATTTCATCATG
L CATGATGAAATAACA TATTTCATG ATGTTATTTCATCATG

TAAGGT
M CATGATGAAATAACA AC ATGTTATTTCATCATG
N CATGATGAAATAACATA TGTTATATATGTTA TATGTTATTTCATCATG
O CATGATGAAATAA TATATTCCC GTTATTTCATCATG
P CATGATGAAATA TTTCATAATATTTCATAATATA TTATTTCATCATG

a The sequences are lettered to correspond with those identified in Figures 2 and 3 as containing a sequence in addition to
the P-element end.

absent in somatic cells. It is interesting to note that in nucleotide footprints could arise by base-pairing of the
terminal 2 nucleotides of the 39 extended ends followedSaccharomyces cerevisiae the RAD54 protein mediates gene

conversion using a sister chromatid template while the by DNA synthesis (Beall and Rio 1997). The germline-
type pathway is at least partially active because 9 of 59TID1 protein (RDH54 protein) mediates gene conver-

sion using a homologous chromosome template (Arbel somatic excision products are germline-type P-element
footprints.et al. 1999). This possibility can be tested once the

RAD54 gene homologues are identified in Drosophila. The source of small P-element footprints: The short
footprints observed in this experiment are similar toThe third possibility is that P-element excision in so-

matic cells occurs prior to replication of the P element. those observed with an injected plasmid-based P-ele-
ment excision assay. The largest assay of this type wasIn this case the sister chromatid would not be available

to serve as a template, and gene conversion using the carried out by O’Brochta et al. (1991) who examined
P-element footprints in embryos injected with plasmidshomologous template or nonhomologous end-joining

are the only pathways available. Cell-cycle control of carrying a P element and a D2-3-type P transposase
source. Since the majority of the tissues in the embryotransposition has been demonstrated for the Ac/Ds sys-

tem in maize (Chen et al. 1987). are somatic, the injected plasmid assay for P-element
excision should give results similar to those observed inThe source of large P-element footprints: Two re-

search groups have previously characterized a large our somatic excision assay. O’Brochta et al. (1991)
observed that 60 of 65 footprints were either four ornumber of germline P-element excision products

(Takasu-Ishikawa et al. 1992; Staveley et al. 1995). seven nucleotides long, with the seven-nucleotide-long
footprint being twice as common as the four-nucleotideThese groups showed that the predominant footprints

recovered from germline excisions contained 16 6 1 footprint. We found that the four- and seven-nucleotide
footprints were formed at equal frequencies in the so-nucleotides of each P-element inverted terminal repeat.

This footprint is independent of the excision site, be- matic excision assay. O’Brochta et al. did not observe
any of the long footprints. This may be because of thecause excisions at the vg locus on chromosome 2 and

the 3C locus on the X chromosome and now the w locus presence of multiple copies of the plasmid per cell in
the embryonic excision assay but only one double-strandall give the same types of footprints. P transposase makes

a staggered cut that leaves a 17-nucleotide 39 overhang- break per cell in our experiment. An excess of double-
strand breaks could titrate one or more factors crucialing end at the site of P-element excision (Beall and

Rio 1997). The terminal nucleotides at the excision site to double-strand break repair in the injected embryos.
The final seven nucleotides of the P-element invertedare complementary, leading to the hypothesis that 16-
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terminal repeat form an imperfect direct repeat. The active form of the protein. Further studies will be re-
sequence of the left and right junctions between the quired to determine the role of the Ku70 protein in
whd P-element insertion site and the P-element inverted P-element excision.
terminal repeats is GTCTGGCCCATGATG and CAT Control of P transposition: One of the major func-
CATGGTCTGGCC (the underlined nucleotides are the tions of double-strand break repair is to reconstitute
terminal seven nucleotides of the P-element inverted the chromosome if the DNA replication fork proceeds
terminal repeat). Thus, the seven-nucleotide footprint through a single-strand nick in the DNA (Kuzminov
could be formed by base-pairing of the entire imperfect 1995). An intimate association between double-strand
repeat followed by mismatch repair or DNA synthesis break repair and DNA replication has been demon-
to fix one or the other internal nucleotide in the repair strated in both E. coli and in S. cerevisiae (Kuzminov
product. The four-nucleotide repeat could be formed 1995; Haber 1999; Holmes and Haber 1999; Kuzmi-
by base-pairing of the four terminal nucleotides of the nov and Stahl 1999). This suggests that double-strand
repeat. Repeats of this type are commonly found when break repair using a sister chromatid template may be
double-strand breaks are repaired by nonhomologous most efficient if it occurs immediately following DNA
end-joining. They are formed in vitro in reactions that replication.
contain either the MRE11 exonuclease and DNA ligase P elements could take advantage of the association
(Paull and Gellert 1998) or DNA ligase, Ku70, Ku86, between double-strand break repair and DNA replica-
and DNA-PK (Baumann and West 1998). tion by excising after the passage of a DNA replication

We observed precise excisions of the whd P element fork. Alternatively, P-element excision in the germline
in 2/59 somatic excisions. Precise excisions in the male could be under cell-cycle control. Either regulatory
germline occur with a frequency of about 1/1000 ga- method would ensure that a P-element-containing sister
metes sampled (Engels et al. 1990). The elevated so- chromatid template was available for double-strand
matic frequency may be a consequence of more exten- break repair. Therefore, the double-strand breaks gen-
sive exonuclease degradation that would expose the erated by germline excisions would result in gene con-
target site duplications prior to end-joining. version from the sister chromatid template. In contrast,

The role of the Ku70 protein: The Drosophila homo- if a P element can excise in a somatic cell at any time
logue of the Ku70 protein (previously called IRBP) in the cell cycle, a sister chromatid template might not
binds specifically to the terminal 17 nucleotides of the be available to repair the resulting double-strand break
P-element inverted terminal repeat (Rio and Rubin by gene conversion. Instead, the double-strand breaks
1988). Ku70 protein binding to the inverted terminal would be repaired by the nonhomologous end-joining
repeat sequences prior to transposition may help form pathway, resulting in short footprints. The unequivocal
an active transposase complex (Beall and Rio 1997); demonstration of such control of P-element excision
however, it seems to be dispensable for strand exchange would be a major advance in our understanding of both
(Beall and Rio 1998). Once P-element excision has P-element biology and of double-strand break repair in
occurred, the Ku70 protein is thought to remain bound Drosophila.
to the single-strand ends at the excision site to facilitate

We thank Faye Males for technical assistance and Dave HanifordDNA repair (Staveley et al. 1995; Beall and Rio 1996).
for stimulating discussions on the mechanism of transposition. Angela

This would be in accordance with the role of the Ku70 Coveny, Michael Simmons, and two anonymous reviewers made invalu-
protein in other systems where it promotes nonhomolo- able comments on the manuscript. Kathy Keeler was funded by a
gous end-joining (Baumann and West 1998; Feath- National Sciences and Engineering Research Council predoctoral

fellowship. These experiments were funded by operating grant MT-erstone and Jackson 1999).
11374 from the Medical Research Council of Canada.We investigated the role of the Ku70 protein in

P-element excision by enhancing its production and
analyzing P-element excision products from these flies.
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