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ABSTRACT

Studies of gene function and regulation in transgenic Drosophila are often compromised by the
possibility of genomic position effects on gene expression. We have developed a method, called transgene
coplacement, in which any two sequences can be positioned at exactly the same site and orientation in
the genome. Transgene coplacement makes use of the bacteriophage P1 system of Cre/ loxP site-specific
recombination, which we have introduced into Drosophila. In the presence of a cre transgene driven by
a dual Asp70-Mosl promoter, a white reporter gene flanked by loxP sites is excised with virtually 100%
efficiency both in somatic cells and in germ cells. A strong maternal effect, resulting from Cre recombi-
nase present in the oocyte, is observed as white or mosaic eye color in F; progeny. Excision in germ
cells of the F, yields a strong grand-maternal effect, observed as a highly skewed ratio of eye-color
phenotypes in the F; generation. The excision reactions of Cre/loxP and the related FLP/FRT system
are used to create Drosophila lines in which transgenes are at exactly allelic sites in homologous chromo-

somes.

HE practical benefits of an efficient targeted-inte-
gration system in Drosophila would be extensive.
Because of position effects on transgenes, expression
can differ quantitatively and qualitatively among trans-
formants of the same construct (LAURIE-AHLBERG and
StAM 1987; BRENNAN and DICKINSON 1988). If it were
possible to compare transgenes at the same position
in the genome, fewer transformants would need to be
analyzed in experiments in which subtle differences in
expression between transgenes are to be detected. In-
deed, some experiments demand that the analyzed
transgenes be present in the same position in the ge-
nome. For example, when it is the magnitude of posi-
tion effect itself that is of interest (HENIKOFF 1994; REU-
TER and SPIERER 1992), it would be of great use to be
able to target genes modified in vitro to various genomic
positions. Likewise, transvection effects and other pair-
ing-dependent phenomena (Wu 1993; HENIKOFF 1994)
could also be studied more effectively with the ability
to generate allelic transgenes. Finally, in evolutionary
genetic studies in which relative fitness of genotypes is
assayed by competition in experimental populations, it
is an absolute requirement that genes segregate from
one another. Therefore, these competition experi-
ments have been limited to studies of preexisting intra-
specific variation (ARNASON 1991) or of mitochondrial
haplotypes introduced by introgression (HUTTER and
RanD 1995). The ability to generate allelic transgenes
would open up such experiments to comparisons be-
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tween interspecific homologues and between genes
modified in vitro. It would also make easier the imple-
mentation and interpretation of studies of intraspecific
variation, by eliminating the confounding effect of ini-
tial linkage disequilibrium. We report here a novel
method to create allelic transgenes in Drosophila that
relies only on Pelement-mediated germline transforma-
tion and two site-specific intramolecular recombination
reactions. This method is termed transgene coplace-
ment.

One component of transgene coplacement is the
Cre/ loxP site-specific recombination system from bacte-
riophage P1. The 38-kD Cre (‘‘causes recombination’’)
recombinase and its 34-bp loxP [*‘locus of crossing ov-
er(x), P1’’] target sequence provide the circular bacte-
riophage P1 with an efficient means of maintaining
unit-copy replicons in Escherichia coli (AUSTIN et al.
1981). After replication of the phage DNA, dimeriza-
tion by homologous recombination of daughter copies
would preclude faithful partitioning of the virus were
it not for the efficient Cre-catalyzed intramolecular re-
combination that breaks down phage plasmid dimers
into monomers each containing a single loxP site. The
loxP site consists of 13-bp inverted repeats separated by
an asymmetric 8-bp spacer region, which gives the site
its directionality. Cre-mediated recombination excises
intervening DNA between loxP sites in direct orienta-
tion and inverts DNA between inverted loxP sites. All
recombination events reconstitute intact loxP sites and
are therefore reversible. Despite its prokaryotic source,
the Cre/loxP system has been shown to be active in
eukaryotic systems (SAUER 1987; SAUER and HENDERSON
1988; ODELL ef al. 1990). In yeast, plant, and mamma-
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lian cells, intermolecular integration as well as intramo-
lecular excision events have been observed (SAUER and
HENDERSON 1990; ALBERT et al. 1995).

To improve the likelihood of efficiently producing
translatable cre mRNA in Drosophila, we constructed a
chimeric ¢regene in which the translation initiation and
polyadenylation signal sequences were donated by the
active mariner transposable element, MosI (MEDHORA et
al. 1988), and the promoter was a fusion of the hsp70
promoter (MCGARRY and LiNDQuUIST 1985) and the
Mosl promoter. The hsp70-Mosl fusion promoter has
been shown to be active in both somatic and germline
tissues without heat shock (LOHE et al. 1995). In addi-
tion, Mosl contains an exact match to the Drosophila
translation initiation consensus sequence (CAVENER
1987).

To assay the function in Drosophila of the chimeric
¢re gene, we constructed a mini-white gene flanked by
direct loxP repeats. This target gene serves as a sensitive
and easily scored reporter both because of its cell-auton-
omous action and because the intensity of pigmentation
differs with the number of gene doses present in a given
cell. The cre gene and the loxPflanked reporter gene
were transformed separately into the germline of Dro-
sophila melanogaster by Pelement-mediated transforma-
tion. Lines derived from each of these transformations
were crossed together to bring the recombinase and its
target together. If, in the presence of active Cre, the
loxPflanked mini-white gene is excised, the resulting
pigment cells will lack the reporter gene and therefore
be white. If Cre is active in the germline, excision of
the reporter gene will result in white-eyed progeny. Us-
ing this mini-white reporter system, and confirming site-
specific recombination by molecular analysis, we dem-
onstrate that Cre is active with extremely high efficiency
in the Drosophila soma and germline.

The second component of transgene coplacement is
the FLP/FRT site-specific recombination system from the
2u plasmid of Saccharomyces cerevisiae, which has been in-
troduced into Drosophila and shown to mediate site-spe-
cific excisions, duplications, inversions, and sisterchro-
matid exchanges (GoLic and LiNpQuIST 1989; GoLic
1991, 1994). The vector for transgene coplacement in-
cludes two alternating pairs of loxP and FRT sites, a mini-
white marker for transformation, and two strategically
placed cloning sites for introducing the transgenes of
interest. Once introduced into the genome by Pelement-
mediated transformation, passage through a Cre-produc-
ing strain eliminates one transgene and passage through
a FLP-producing strain eliminates the other. In both
cases, the mini-white marker is eliminated as well, thereby
providing an easily scored reversion phenotype that ac-
companies transgene excision. The vector is therefore
called a “‘waffle” vector because it allows one to choose
either of two possibilities (and also for its component
parts: white, FRT, and loxP). The end result is the creation
of a pair of homologous chromosomes with the alterna-
tive transgenes present in exactly allelic sites and in the

same orientation. A practical application of the method
is demonstrated in transgene coplacement of the alcohol
dehydrogenase (Adh) genes of D. melanogaster and D.
affinidisjuncta.

MATERIALS AND METHODS

Plasmid construction: The construction of the chimeric cre
gene was as follows. An Af/III site was created at the initiation
codon of ¢re coding sequence by PCR amplification of the cre
encoding plasmid pRH200 (MACK et al. 1992; thanks to RON
HoEss) with a mutagenic upper primer that created an A-to-
C substitution at the nucleotide position immediately up-
stream of the initiation codon (AAATGT — ACATGT). The
148-bp product was rendered blunt-ended with T4 polymerase
and ligated into HincIl-cut pK19 (PRIDMORE 1987; thanks to
ANDY COCKBURN), creating plasmid pMLS201. Sequencing
confirmed that no changes were made in the sequence except
the desired one. A 149-bp fragment generated by complete
Sphl and partial Af/III digestion of pMLS201 was ligated with
a 2.5-kb fragment generated by complete Sphl and partial
AfIIIL digestion of plasmid pMLS100, creating pMLSIOL.
pMLS100 had been created by subcloning the 1-kb EcoRI-
Sphl fragment from pAd31-ksp70:Mosl (LOHE et al. 1995) into
pSP72 (Promega Corporation, Madison, WI), thus reducing
the number of nuisance Af/I1I sites to deal with in subsequent
steps. This 1-kb fragment contains the 5" end of the Mos!
element, including the Mos! promoter and most of the Mosl
coding sequence but neither inverted repeat. The 260-bp
EcoRI-Sphl fragment from pMLS101 was inserted into EcoR1/
Sphl-cut pAd31-hsp70:Mosl, thus reconstituting the fusion
hsp70/Mos] promoter upstream of the 5’ portion of the cre
coding sequence, creating plasmid pMLS102. The remainder
of the cre coding sequence was inserted into pMLS102 as
an Agel-Sphl fragment from pMLS200 (a plasmid created by
inserting a stuffer fragment containing a Spal site into the
EcoRl/ Mlul sites of pRH200), creating plasmid pMLS103. To
bring the putative polyadenylation signal sequence of Mosl
adjacent to the stop codon of cre, pMLS103 was digested com-
pletely with M{ul and partially with Nk, then rendered blunt-
ended with the Klenow fragment of DNA polymerase I, and
religated to itself. The desired plasmid, designated pMLS104,
was verified by a series of test digests including Nhel, which
cut both at the intact Nhel site 3" to the polyadenylation signal
and at the Nhd site 5’ to the polyadenylation signal, a site
generated by ligation of blunt-ended Nk and Ml sites. In
pMLS104, the polyadenylation signal is 33 bp downstream of
the cre stop codon. Finally, two P-element constructs, shown
in Figure 1, were made, joining the chimeric cre gene with
either the intronless yellow or mini-white selectable markers.
pPly*, cre] was constructed by cloning the Nofl-Xhol fragment
from pMLS104 into Nofl/ Xhol-cut pCar-y, a derivative of Car-
negie 4 with the intronless yellow gene as a marker (PATTON
et al. 1992; kindly provided by PaM GEYER). pPlw”, cre] was
constructed by cloning the Nofl-Kpnl fragment from pMLS104
into Notl/ Kpnl-cut pCaSpeR4, a derivative of pCaSpeR (PIR-
ROTTA 1988).

pP[ w" ] was constructed by inserting two loxP sites in di-
rect orientation into pCaSpeR4, flanking the mini-white gene,
as shown in Figure 1. The first site was introduced as a loxP>
containing Xbal-EcoRI fragment from pRH560 (courtesy of
RoN HoESS) into pCaSpeR4, creating plasmid pP[ w']. The
second site was placed between the end of the mini-white gene
and the 5’ P element sequences in pP[ "] at the unique
Nsil site, as a loxP-containing Psi fragment. Proper orientation
was confirmed by HindIll/ Xbal and HindIl/EcoRI double
digests. Presence of the directly-repeated loxP sites was also
confirmed by transforming pP[" "] into E. coli strain NS2114



Cre Recombinase

H

in Drosophila 717

XhNo

Xh H

H
g || I
: yellow*

B ———————
HXhNoXh H Xh K H
white* B Plw*, cre]
N —_—
E; Q\T E PN X EP/N H
LM white* 1|5 Pl w*7]

—_— >

A
1 kb

FIGURE 1.—Cre, loxP constructs to assay expression in Drosophila. (A) The chimeric cre gene, consisting of Cre coding
sequence (black, arrow shows direction of transcription), MosI promoter and downstream sequences (dark shading), and hsp70
promoter (horizontal bars). In pP[y", cre], this chimeric gene is inserted into the Nofl and Xhol sites of pCary. In pPlw", cre],
the chimeric gene is inserted into the Nofl and Kpnl sites of pCaSpeR4. P-element sequences are shown in light shading. (B)

Pl w*
Nsil; H, HindIIl; Xh, Xhol; and K, Kpnl.

(STERNBERG et al. 1986; thanks to RON HOESS), which constitu-
tively expresses Cre, extracting plasmid DNA, and observing
the deletion product on an agarose gel. This method was also
used to generate positive control DNA for PCR.

The vector pP[wFl], shown in Figure 7, was constructed by
adding two loxP sites and two FRT sites to pCaSpeR4, such
that two unique cloning sites remain for the addition of two
alleles. Details of construction of the vector are available from
the authors and on our World Wide Web site at http://
www.oeb.harvard.edu/hartl/lab/. pP[ a>w" m>], the deriv-
ative of pP[wFl] used for the polytene chromosome in situ
hybridizations, carries a Slow allele of the Adh gene from D.
melanogaster (LAURIE-AHLBERG and STAM 1987; kindly pro-
vided by the authors) cloned into the Xhol site and the Adh
gene from D. affinidisjuncta (BRENNAN and DICKINSON 1988;
kindly provided by MARK BRENNAN) cloned into the Notl/ Spel
sites. All restriction enzymes were supplied by New England
Biolabs, Inc. (Beverly, MA).

Drosophila transformation and fly stocks: P-element-medi-
ated transformation of Drosophila was carried out by standard
means (RUBIN and SPRADLING 1982; SPRADLING and RUBIN
1982) using helper plasmid P7r20 7wc (KARESS and RUBIN
1984). The host strain was w''’® for P[w", ¢re] and P["w*"],
and was Df(1)w, y w*® for Py, cre] and P["a>w""m>].
Surviving G, adults were backcrossed individually to host-
strain partners, and G, flies were scored for w" or y* pheno-
type. Single-insertion transformants were assigned to chromo-
somes based upon segregation against dominantly marked
balancers and were maintained either as homozygous or bal-
anced stocks. The second-chromosome insertion of P["w""]
used in this study (“w""2) was made homozygous on a y w
background by crossing with y w;Cyo/Sco females, mating Cy
Fi, and selecting y Cy* F; to found the line. The TM6B, crew3
insertion of P{w", cre] was generated by mobilizing the crew2

1, showmg loxP sites (solid, not to scale with rest of diagram), and P-element sequences (Ilght shading). Directionality
of loxP sites is indicated by representation as arrowheads. Restriction sites indicated are No, Notl;

, Xbal; E, EcoRl; P, Pstl; I\

insertion with the stable genomic source of P transposase,
A2-3(99B) (ROBERTSON et al. 1988). The MKRS, hsFLP geno-
type was obtained from the Bloomington Stock Center. Flies
were maintained on standard cornmeal-molasses medium and
at 25°. Sixty-minute heat shocks for FLP expression were per-
formed on first-instar larvae in glass vials in a 38° water bath.
Descriptions of mutants and special chromosomes are found
in LINDSLEY and ZimM (1992).

PCR amplification and sequencing: Single flies were pre-
pared for PCR amplification by the method of GLOOR and
ENGELS (1991). PCR for the excision assay was carried out
under standard conditions in 20-ul volumes with Taq polymer-
ase (Boehringer Mannheim Corporation, Indianapolis, IN)
and 1X buffer with Mg®* provided by the supplier. Thirty cycles
of 15 sec at 94°, 15 sec at 57°, and 2 min at 72°, followed by 5
min at 72° and storage at 4° were performed in a Perkin Elmer
(Foster City, CA) DNA Thermal Cycler 480. A pair of oligonu-
cleotide primers complimentary to the 3’ and 5" Pelement
ends was used in all reactions. The sequences of the primers
are: 5'-AGCATGTCCGTGGGGTTTGA-3' (**3'P”’) and 5'-CTT-
GGGTGCAGCCTTGGTGA-3" (*5'P”). GIBCO BRL (Gaith-
ersburg, MD) supplied the 1-kb ladder. Amplified products
were cloned into the vector pCRII (Invitrogen Corporation,
San Diego, CA) according to manufacturer’s instructions. DNA
sequencing of plasmid inserts was performed using DyeDeoxy
terminators and an ABI 373A automated sequencing machine
(Applied Biosystems, Inc., Foster City, CA).

Polytene chromosome fluorescent in situ hybridization: Po-
lytene chromosome in situ hybridizations were carried out by
standard means. Chromosomes were stained with DAPI and
probes were labeled by extension of random hexamer primers
with either fluorescein-12-dUTP (D. affinidisjuncta Adh) o
tetramethylrhodamine-6-dUTP (D. melanogaster Adh) supplied
by Boehringer Mannheim. Chromosome preparations were



718 M. L. Siegal and D. L. Hartl

[ M white*

Ll | PwHA]

excision

)

=

(

> <
3P 5P
— 0.75 kb —

CGTTCGAGGTCGACTCTAGAGGATCTATAACTTCGTATAGCATACATTATACGAAGTTATAGATCCCCGGGTACCGAGCTCGAATTCTAGTATGTATG b

AGATGCAGGTCGACTCTAGAGGATCTATAACTTCGTATAGCATACATTATACGAAGTTATAGATCCCCGGGTACCGAGCTCGAATTCCTGCATCTCAA P

CGTTCGAGGTCGACTCTAGAGGATCTATAACTTCGTATAGCATACATTATACGAAGTTATAGATCCCCGGGTACCGAGCTCGAATTCCTGCATCTCAA }

FIGURE 2.—Excision product of Cre recombination. Excision of mini-white from P["w""] yields the deletion product encircled
and shown enlarged at right. Positions of primers 3'P and 5'P, which amplify a 0.75-kb product on the recombined template,
are shown. Nucleotide sequences flanking loxP sites in the original and recombined constructs are given below the diagram with
individual sites identified by different shading of the arrowhead symbols. Bold text indicates the 34-bp loxPsite. Underlined text
identifies those sequences that comprise (or are destined to comprise) the recombined template. P-element sequences are shown

shaded.

visualized under a fluorescent microscope (Olympus Corpora-
tion, Lake Success, NY) equipped with DAPI, FITC, and
TRITC filters.

RESULTS

Cre-induced somatic and germline excision: To assay
Cre function in transgenic Drosophila, we performed
a series of genetic crosses in which a source of Cre
was brought together with the reporter target. The two
sources of Cre, P[y", ¢re] and Plw", cre], are shown in
Figure 1, along with the loxP-flanked mini-white target,
P["w""]. The caret (") notation for loxP sites in the
latter construct is patterned after that of GoLric and
LiNDQUIST (1989), who use a **>"" to represent the FRT
target site of FLP recombinase. The notation allows
direct loxP repeats to be denoted “" """ and inverted
repeats to be denoted " ¥’ For ease of reference, we
use the following notation:

® creyla and creylb denote two independent insertions
of P[y", cre] into the X chromosome

o crew?2 denotes an insertion of Plw", cre] into chromo-

some 2

"w""1 denotes an insertion of the P["w""] reporter

into the X chromosome

"w""2 denotes an insertion of the P["w""] reporter

into chromosome 2

Other insertions, into each major chromosome, of

the recombinase and its target, were also examined and
found to behave in a manner completely consistent with
those listed above. In total, 10 insertions of P[y", cre],
six insertions of Plw", cre], and five insertions of
P["w"™"] have been tested.

Cre activity was assayed in the soma, by scoring eye
color as w™ (no apparent excision), w~ (complete exci-
sion), or mosaic (excision in part of the eye), and in
the germline, by scoring progeny eye color as w" (not
excised), w~ (excised), or w'*w" (apparently dupli-
cated). This last category corresponds to an eye pheno-
type darker than w" and is reminiscent of the FLP-
induced duplications observed by GOLIC and LINDQUIST
(1989). As explained by those authors, such duplica-
tions are presumably produced either by unequal sister-
chromatid exchanges at mispaired recombinase target
sites or by integration of a recombinase-excised circular
DNA molecule into one of the recombinase target sites
of the sister chromatid. In addition to a genotypic effect
of cre, a maternal effect of cre was observed in the cre
progeny of cre” /cre” females. Therefore, scored flies
were classified according to which parent was heterozy-
gous for cre and to whether ¢re was inherited from this
parent. Including the formal possibility of a paternal
effect due to Cre activity supplied by a ¢cre” sperm, there
are four potential modes of Cre transmission: ‘‘geno-
typic + paternal’’ (creinherited from male parent), “‘ge-
notypic + maternal” (¢re inherited from female par-
ent), ‘‘paternal” inherited male

(cre not from
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FIGURE 3.—Crosses to assay somatic and germline activity of P[y*, ¢re]. Crosses described in the text are diagrammed. Flies

scored for either somatic or germline activity of Cre are characterized by mode of Cre transmission. As described in the text, A
and B depict reciprocal experiments used to assay these various modes of transmission. Data from these crosses are tabulated
in Table 1, and representative flies from the somatic assay are shown in Figure 5.

heterozygote), and ‘‘maternal” (¢re not inherited from
female heterozygote).

As shown in Figure 2, excision of the “w'”" cassette
yields a characteristic footprint. PCR amplification of
single-fly genomic DNA with primers directed inward
across each loxP site in the P["w*"] construct was used
to confirm site-specific recombination in flies selected
by phenotypic assay (refer to Figure 6 for PCR data from
the following crosses). In addition, several independent
excision events were characterized by nucleotide se-

quencing of cloned amplification products. In each case,
the sequence flanking and including the single re-
maining floxP site exactly matched that expected upon
site-specific Cre-mediated recombination (see Figure 2).

The crosses, diagrammed in Figures 3 and 4, were as
follows. The data for these and all subsequent crosses
are tabulated in Table 1, and representative flies are
shown in Figure 5. Females of genotype y w, creyl/y
w;Cy0/+ were crossed with males of genotype y w/
Y w""2/"w*"2 (Figure 3A, P generation). All y° F,
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FIGURE 4.—Crosses to assay somatic and germline activity of P{w", cre]. Crosses described in the text are diagrammed. (A)
Reciprocal crosses shown that were used to assay the somatic effect of various modes of Cre transmission. Representative flies
are shown in Figure 5. (B) Experiment to assay the maternal effect of P{w", cre] in the germline (the grand-maternal effect)
shown as well as a reciprocal experiment to assay the grand-paternal effect. Data from the crosses in A and B are tabulated in

Table 1.

progeny were scored for genotypic + maternal effect
of Cre in the soma; all y~ F; progeny were scored for
maternal effect of Cre in the soma. Individual curly-
winged male F; progeny were crossed with y w females
to assay germline activity of Cre. Genotypic + maternal
effect of Cre in the germline was determined from the
Cy" male F, progeny of y w, creyl/Y;CyO/"w* "2 males;
maternal effect of Cre in the germline was determined
from the Cy" male F, progeny of y w/;Cy0/"w* "2 males
(Cy* female progeny were not scored in the latter cross
because w" females could not reliably be distinguished
from w" - w* females).

Asset of crosses reciprocal to those just described were
performed to assay the somatic and germline effects
of the other modes of Cre transmission. Females of
genotype y w/yw," w* "2/ "w" "2 were crossed with males
of genotype y w, creyl/Y;CyO/+ (Figure 3B, P genera-
tion). Female F, progeny were scored for genotypic ef-
fect of Cre in the soma; male F, progeny were scored
for paternal effect of Cre in the soma. Individual curly-
winged female F, progeny, of genotype y w/y w,
creyl ;" w* "2/ CyO, were crossed with y w males, and all

y~ Cy" Fs progeny were scored for genotypic + paternal
Cre effect in the germline. Individual curly-winged F,
males, of genotype y w/ Y;"w*"/ CyO, were crossed with
y w females, and all Gy" F, progeny were scored for
paternal Cre effect in the germline. The maternal so-
matic effect did not interfere with scoring the genotypic
+ paternal germline effect because the maternal effect
of P[y", cre] is weak and has not been observed to abol-
ish reporter expression completely (Table 1).

As can be seen in Table 1, the P[y", cre] source of
Cre has a potent genotypic effect in both the soma and
germline. Reporter expression is completely lacking in
virtually all flies possessing cre, with rare mosaic excep-
tions having small patches of reporter expression on
an otherwise completely white eye. The maternal effect
is less pronounced, with only a small fraction of flies
displaying sectors of white in the eye, and a slightly
larger fraction of flies having germline excision events.
This is in marked contrast to the strong maternal effect
of Plw", cre], crosses for which are described below.
Another interesting contrast is that the only observed
duplications of the mini-white cassette were for the inter-
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Mode of Cre transmission cre source w w" mosaic w
Somatic excision
Genotypic + paternal creyla 301 (98.0) 6 (2.0) 0 (0.0)
creylb 335 (100.0) 0 (0.0) 0 (0.0)
crew2 321 (99.1) 3 (0.9) 0 (0.0)
Genotypic + maternal creyla 176 (100.0) 0 (0.0) 0 (0.0)
creylb 198 (100.0) 0 (0.0) 0 (0.0)
crew?2 315 (99.4) 2 (0.6) 0 (0.0)
Maternal creyla 0 (0.0) 12 (6.3) 177 (93.7)
creylb 0 (0.0) 0 (0.0) 192 (100.0)
crew2 1 (0.3) 302 (99.7) 0 (0.0)
Paternal creyla 0 (0.0) 0 (0.0) 314 (100.0)
creylb 0 (0.0) 0 (0.0) 328 (100.0)
crew2 0 (0.0) 0 (0.0) 306 (100.0)
Mode of Cre
transmission cre source N w” w’ w e wt
Germline excision
Genotypic + creyla 5 181 (97.3) 3 (1.6) 2 (1.1)
paternal creylb 5 180 (100.0) 0 (0.0) 0 (0.0)
Genotypic + creyla 5 175 (100.0) 0 (0.0) 0 (0.0)
maternal creylb 5 189 (100.0) 0 (0.0) 0 (0.0)
Maternal crevla 5 34 (19.3) 135 (76.7) 7 (4.0)
creylb 5 7 (3.1) 220 (96.9) 0 (0.0)
crew?2 10 726 (90.4) 77 (9.6) 0 (0.0)
Paternal creyla 5 0 (0.0) 306 (100.0) 0 (0.0)
creylb 5 0 (0.0) 309 (100.0) 0 (0.0)
crew?2 5 0 (0.0) 285 (100.0) 0 (0.0)

Values are absolute numbers with percentages in parentheses for each data class. For germline excision, the number of
individual parents tested is given in the column labeled N. Mode of Cre transmission and cre source are explained in the text.

mediate maternal effect of creyla, suggesting that a high
dose of Cre (provided either genotypically or mater-
nally) favors excision over reintegration.
Context-dependent maternal effect of the cre
transgene: A second cre transgene, using mini-white as
the selectable marker instead of yellow, gives a pro-
nounced maternal effect in addition to a potent geno-
typic effect. The insertion of Plw", cre] used, crew2,
yields a pale-yellow eye color, upon which orange or red
P["w"™"] expression is superimposed. To assay somatic
activity of Cre from crew2, reciprocal crosses were per-
formed with genotypes w; crew2/CyO and w, "w*"1;4+/
+ (Figure 4A, P generation). Cy" F, progeny of crew2/
CyO male parents were scored for genotypic + paternal
effect; Cy F, progeny of crew2/CyO male parents were
scored for paternal effect. Female Cy* F, progeny of
crew2/ CyO female parents were scored for genotypic
+ maternal effect; female Cy F, progeny of crew2/CyO
female parents were scored for maternal effect. The
results, shown in Table 1, indicate a strong maternal
effect in addition to the potent genotypic effect. Virtu-
ally all flies scored for maternal effect had mosaic eye
color, examples of which are shown in Figure 5. Note
that the existence of white patches in these mosaic eyes
confirms that the cretransgene is not present, and there-

fore that the effect is truly maternal. In addition, the
absence of an observed paternal effect in the reciprocal
cross argues against the presence of a cryptic cre
transgene segregating in the crew2 stock and, for that
matter, every other Plw™, cre]l stock tested. Consistent
with the observation of apparent “w*™" duplications in
the germline and with the observations of GoLic and
LINDQUIST (1989), some mosaic eyes exhibited patches
of darker color, indicative of duplication of the mini-
white cassette in the corresponding cell lineage. Such
mosaics account for ~1% of the maternal-effect flies.

To assay the maternal effect of P{w", cre] in the germ-
line (i.e., a grand-maternal effect), females of genotype
w/w; crew2/CyO were crossed with males of genotype
w/ Y w2/ w2 (P generation) and curly-winged
male F; progeny were crossed with w females (Figure
4B). In the absence of Cre activity, Cy* F, progeny are
expected to be w" (Figure 6). However, only 9.6% of
such progeny retained the mini-whitereporter gene (Ta-
ble 1), indicating a strong grand-maternal effect of
Plw", cre]. As expected, in the reciprocal assay for a
*‘grand-paternal” effect shown in Figure 4B, 100% of
Cy* Fs progeny were w'.

Transgene coplacement with two site-specific recom-
binases: To create Drosophila strains in which either
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genotypic paternal maternal

P[yt, cre]

P[w+*, cre]

g

FIGURE 5.—Genotypic and maternal effects of Cre activity in the soma. Shown are representative flies derived from crosses
of one parent heterozygous (or hemizygous) for cre and the other parent homozygous (or hemizygous) for P["w* ]. Mode of
Cre transmission and source of Cre (see text) are indicated along the top and left edges of the figure, respectively. ‘‘Paternal’
cre transmission effectively represents absence of Cre activity, so that the flies in the second column demonstrate the eye color
associated with “w*"2 (b) and "w""1 (f). The genotypic effect of P[y*, cre] yields an overwhelming majority of white-eyed flies
(a), whereas the similarly potent Plw", cre] produces yellow-eyed progeny (e), which lack the strong mini-white expression of
“w""1 but have weak expression from the mini-white marker linked to cre. The maternal effect of P[y", cre] is not strong—most
flies show no sign of “w"" excision in the eye (c) but some have sectors of white (d). In contrast, the maternal effect of Plw",
cre] is considerable—most flies retain only small sectors of red (g), and some eyes manifest apparent duplications of the mini-

white target (h).

the D. melanogaster or the D. affinidisjuncta Adh gene
is present at a given locus of P-element insertion, we
constructed a P-element vector into which both Adh
genes could be cloned, such that Cre-mediated recom-
bination would excise one gene, whereas FLP-mediated
recombination would excise the other. In addition, as
shown in Figure 7, the vector, pP[wFl], contains the
mini-white selectable marker, which is excised upon re-
combination by either recombinase. Thus, mini-white
serves as a marker both for transformation and for exci-
sion. The loxP and FRT sites are configured so that
the same sequences flank whichever transgene remains
after recombinase-mediated excision. The system thus
permits the efficient generation of strains carrying one
or the other of two transgenes in the same genomic
position, flanked by the same sequences. The ability
easily to construct such strains will benefit research into
such phenomena as position-effect variegation and
transvection and will advance our own studies of the
evolution of regulatory variation by allowing estimation
of the fitness effects associated with replacing a D. mela-
nogaster gene with its homologue from another Dro-
sophila species.

Our waffle vector with Adh insertions, pP[" a>w"" m>1,
was introduced into flies by standard P-element-mediated
germline transformation. The D. affinidisjuncta gene is
represented by “a’” and the D. melanogaster gene is repre-
sented by “m.”” Out of 133 fertile G, adults, 17 (12.8%)

produced G, progeny transformed with the 20-kb con-
struct. Homozygous third-chromosome transformant
lines were subjected separately to Cre and to FLP by cross-
ing with males of genotype w;MKRS, hsFLP/ TM6B, crew3.
Progeny inheriting the MKRS, hsFLP chromosome were
used to derive excisions of >w""m>, leaving P[Aa>];
progeny inheriting the TM6B, c¢rew3 chromosome were
used to derive excisions of “a>w"", leaving P[“m>]. Both
excision events were scored by reversion of the w” pheno-
type. The P["a>] and P["m>] lines were then made
homozygous, and heterozygous flies were constructed by
crossing the two homozygous lines together. Seven out of
seven of the original third-chromosome P["a>w""m>]
lines were successfully “‘waffled” to yield derivative
P["a>] and P["m>] lines. Hybridization of fluorescent
probes derived from the D. melanogaster and D. affinidis-
Juncta Adh genes to polytene chromosomes, as shown in
Figure 8, demonstrates the successful removal of the de-
sired gene in each homozygote, and the allelism of the
remaining genes in the heterozygote.

DISCUSSION

Site-specific recombination systems have many appli-
cations in genetics (for a review, see KILBY et al. 1993).
These include selective activation or inactivation of
genes (SAUER 1987; SAUER and HENDERSON 1988; GOLIC
and LINDQUIST 1989; ODELL et al. 1990; LASKO et al.
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FIGURE 6.—PCR assay for somatic and germline excision.
The solid arrowhead points toward the characteristic 0.75-kb
amplification product associated with Cre-mediated excision
of the mini-white from P["w""]. Top: PCR evidence of site-
specific somatic excision; Bottom: PCR evidence of site-spe-
cific germline excision as well as several negative controls.
Identity of single-fly templates are indicated above each lane
and are characterized according to mode of Cre transmission
and source of Cre (see text). In both panels, the leftmost lane
contains 1-kb ladder and the rightmost lane contains positive-
control DNA. In the somatic assay, presence of the characteris-
tic amplification product corresponds well with eye-color phe-
notype. The potent genotypic effect is reflected in the ability
of the corresponding flies to support amplification of the
0.75-kb product. The strong maternal effect of Plw", cre] also

vields amplifiable templates. Interestingly, the resolution of

the PCR assay matches that of the phenotypic assay in that
the weak band in the second maternal crey lane derives from
a fly with a single sector of white in one eye, whereas the lack
of a band in the first maternal crey lane derives from a fly
with no apparent excision in the eye. Consistent with the
phenotypic assay is the absence of an amplification product
from flies subject to “‘paternal’ transmission of Cre. As ex-
pected of Cre-mediated excision of mini-whitein the germline,
the characteristic amplification product segregates with w
phenotype for both genotypically and maternally induced ex-
cisions. Negative controls, labeled diagonally, are PCR reac-
tions performed on flies taken from recombinase or target
lines that had never been exposed to the other.

1992; ORBAN et al. 1992; KUHN et al. 1995), clonal analy-
sis via inducible mitotic recombination (GoLic 1991;
CHOU and PERRIMON 1992; XU and RUBIN 1993), dele-
tion or inversion of chromosome segments with known
endpoints (MATSUZAKI e/ al. 1990; Goric 1994; Os-
BOURNE el al. 1995), site-specific translocation between
nonhomologous chromosomes (MATSUZAKI et al. 1990;

VAN DEURSEN ef al. 1995), and targeted integration of

exogenous DNA (SAUER and HENDERSON 1990; Fuku-
SHIGE and SAUER 1992; BAUBONIS and SAUER 1993; Al-
BERT ef al. 1995). Except in the case of gene replace-
ment by Pelement-induced gap repair (GLOOR et al.
1991), which has restricted applicability due to the lim-
ited size of conversion tracts and the requirement of a

well-placed P-element insertion, targeted integration of
exogenous DNA into the Drosophila germline has yet
to be reported. We have introduced the Cre recombi-
nase of bacteriophage P1 and its loxP recombinase tar-
get sites into D. melanogaster and demonstrate that site-
specific recombination takes place at high efficiency.
We also demonstrate a novel system of transgene co-
placement in which two different systems, namely, Cre/
loxP and FLP/FRT, are used to generate Drosophila
lines in which transgenes are inserted at exactly allelic
positions in a pair of homologous chromosomes.

Our data show that the chimeric cre transgene is a
potent source of recombinase that effects intramolecu-
lar excision at an exceptionally high frequency in Dro-
sophila. The system is similar in many respects to the
FLP/FRT system. GoriC and LINDQUIST (1989) intro-
duced into Drosophila the FLP/FRT site-specific recom-
bination system from the 2y plasmid of yeast. They
showed that a heat-shock-inducible source of FLP cata-
lyzes site-specific recombination. GoLIC (1994) used lo-
cal transposition of FR1-carrying P elements to induce
site-specific deletions and duplications of FR7-flanked
genomic DNA. Site-specific recombination between dis-
tant FRT sites was inferred to occur at a very low fre-
quency.

The Cre recombinase system appears to act more
efficiently than that with FLP recombinase but, because
different regulatory sequences were used with Cre than
with FLP, it is difficult to say whether it is regulation or
catalytic activity that predominantly determines the
level of expression. It is clear, however, that Cre recom-
binase enters the Drosophila nucleus and catalyzes ex-
changes between loxP sites in genomic DNA packaged
into chromatin. Under the control of an inducible, non-
leaky promoter and tissue- and developmental-stage-
specific enhancers, such as the GAL4 system (FISCHER
et al. 1988; BRAND and PERRIMON 1993; HALDER et al.
1995), a cre gene may allow very specific, yet virtually
complete, elimination of function of a loxPflanked
gene of interest. In addition, the strong maternal effect
of the cre transgene may be useful in crossing schemes
because the recombinase gene need not be present in
the loxP genotype of interest.

The transgene coplacement system takes novel advan-
tage of the synergistic benefits of two site-specific re-
combinases used in combination. The “‘waffle’ tech-
nique allows comparison of two transgenic alleles while
controlling for position effects. Thus, subtle differences
in gene expression that would otherwise be over-
whelmed by position-effect “‘noise’’ may be made mani-
fest. In addition, the study of those very position effects
may be made more exact by comparing different genes
in an identical genomic context. Other studies that re-
quire transgenes to be true alleles, such as those involv-
ing transvection or those involving estimation of relative
fitness by population-cage competition experiments,
will be feasible.

In its current form, the waffle vector does not insulate
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FIGURE 7.—The “‘waffle” technique for generating allelic transgenes. Using P-element-mediated transformation and the
excision reactions of two site-specific recombinases, one can generate pairs of Drosophila strains that contain, at a given locus
of Pelement insertion, one or the other of two transgenic alleles. The recombination target sites of each recombinase are
configured within P-element ends (intermediate shading) such that loxP sites (solid arrowheads) flank both allele 1 and a mini-
white marker, and FRT sites (()})U] arrowheads) flank both allele 2 and the same marker. Germline transformants of a w~ strain
are recognized by gain of w" phenotype. After homozygous single-insertion lines are constructed, the waffle construct is exposed
either to Cre or to FLP by crossing with an appropriate recombinase strain. In the presence of FLP, allele 2 and mini-white are
excised, yielding eye-color revertants and leaving allele 1 flanked on one side by a loxP site and on the other side by a FRT site.
Similarly, in the presence of Cre, allele 1 and mini-white are excised, yielding eye-color revertants and leaving allele 2 flanked
by the same sequences with which allele 1 is left. The result is two strains of flies with inserts of allele 1 or allele 2 in the same
genomic position, flanked by the same sequences. Shown within the box at bottom is the “‘waffle” vector, pP[wFl], which has
unique cloning sites (boldface) for inserting two alleles. Restriction sites indicated are H, HindIIl; No, Noi; S, Spel; B, BamHI;
E, EcoRI; and Xh, Xhol.

FIGURE 8.—Fluorescent in situ hybridization to polytene chromosomes of excision derivatives of a “‘waffle’” insertion. The
three panels contain polytene chromosome preparations of larvae derived from flies carrying excision derivatives of an Adh-
carrying waffle insertion, P["a>w""m>], into region 99B on chromosome 3. The left and right panels show the FLP and Cre
derivatives, P["a>] and P["m>], respectively, in homozygous condition. The center panel shows P["a>] and P["m>] in
heterozygous condition. Each preparation was probed with bmh fluorescein-labeled D. affinidisjuncta Adh sequence (green signal)
and rhodamine-labeled D. nze[anogmim Adh sequence (red signal). An image taken with a composite (DAPI, FITC, TRITC) filter
is shown in each panel. The region boxed in white highlights the location of the waffle insertion derivative. This region is
duplicated in the upper left and right corners of the panel, showing only FITC (left) and TRITC (right) filter images. The
arrow in each panel points to the red signal from the endogenous D. melanogaster Adh gene.
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from position effects, but instead controls for such ef-
fects by placing genes in the same genomic context.
Some applications may benefit both from allelism and
from insulation from position effects, as provided by
the suppressor of Hairy-wing [su(Hw)] protein (PATTON
et al. 1992). Thus, the potential exists for a hybrid system
comprising a waffle within Su(Hw) binding sites. (One
might call this a *“‘soufflé” system because the inside is
insulated.)

A formally similar system of transgene coplacement
might be imagined in which three directly repeated FRT
or loxPsites flank two transgenes introduced together in
a Pelement construct (e.g, “A"B"). Then, the single
corresponding recombinase could be used to excise A
but not Bor vice versa. Such a system would have several
potentially prohibitive drawbacks. Unless A and B both
correspond to easily scored phenotypes, the presence
or absence of each would have to be determined by
molecular means, such as PCR screening. Because exci-
sion to leave a single transgene is rare compared with
excision of both or excision of neither (GoLic and LiN-
DQUIST 1989), extensive screening might be required.
The need for such screening could be obviated by in-
cluding markers in the original construct, but then, in
addition to adding much extra DNA to the P element,
there is a catch-22: using the same marker linked to
both A and B makes the excision of A and the excision
of B indistinguishable, but using different markers
would leave each transgene in a different genomic con-
text. The waffle system provides a convenient alterna-
tive that reduces construct size by sharing a marker
between the two genes, while at the same time providing
selective elimination of each gene by using the appro-
priate recombinase. In addition, the excision reactions
approach 100% efficiency for both Cre (Table 1) and
FLP (Govric and LINDQUIST 1989; GoLic 1994), making
screening for the desired events trivially easy.

In addition to its highly efficient excisive activity, Cre
may be useful in generating stably inherited specific
chromosome rearrangements in Drosophila, including
deletions and inversions with defined endpoints, as well
as translocations between loxP sites on nonhomologous
chromosomes. Preliminary data (not shown) suggest
that this is the case.

Site-specific transformation of loxP-containing plas-
mids into chromosomally integrated loxP docking sites
has been demonstrated in yeast, plant, and mammalian
cells (SAUER and HENDERSON 1990; FUKUSHIGE and
SAUER 1992; BAUBONIS and SAUER 1993; ALBERT et al.
1995). However, integration of an introduced plasmid
into a genomic docking site has not been reported for
Drosophila. It is not clear whether this failure is because
intermolecular recombination in vive is exceedingly
rare or because intermolecular recombinations are
quickly reversed by intramolecular excision events, pre-
venting the recovery of stable integrants. In either case,
data from Cre- and FLP-mediated integration in yeast
and mammalian cells suggest that a great advance in

the technology of introducing DNA into Drosophila
and the subsequent screening methods will be required
before direct site-specific germline integration is possi-
ble. With Cre, integration efficiency in yeast is on the
order of 107° transformed cells per electroporated cell,
and in mammalian cells it is on the order of 107 to 10™°
(SAUER and HENDERSON 1990; FUKUSHIGE and SAUER
1992). With FLP, integration efficiency in mammalian
cells is on the order of 107® to 107® (O’GORMAN et
al. 1991). Mutant loxP sites favoring integration over
excision have been used for targeted integration in to-
bacco, but site-specific integration generally occurred
at a lower frequency than random integration, and the
highest reported transformation frequency was <107°
(ALBERT et al. 1995).

Cre-mediated docking of introduced DNA would be
exceptionally useful in applications of the phage Pl
cloning system. Phage P1 is capable of acting as a clon-
ing vector for inserts =100 kb (STERNBERG 1990), and
each P1 clone contains a single loxPsite. Thus, without
any special manipulation of the existing well-character-
ized P1 genomic libraries (HARTL et al. 1994), Cre-
mediated transformation of more than double the
amount of contiguous DNA than what is currently fea-
sible might be possible. However, due to the limita-
tions in DNA delivery and transformant screening dis-
cussed above, and possibly other unanticipated
impediments, the practical implementation of Cre or
FLP to mediate targeted integration of exogenous
DNA seems a rather remote possibility. In the mean-
time, the combined Cre/FLP ‘waffle’’ system of
transgene coplacement provides an efficient, reliable
method of situating pairs of transgenes in exactly al-
lelic sites in the genome.
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