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Drosophila melanogaster is an attractive experimental
organism because of its rapid generation time and the
ease with which it can be handled in the laboratory. As
a result, analysis of mutant phenotypes can be carried
out in a relatively short time. Flies also benefit from a
comprehensive range of methods for carrying out mole-
cular genetic research; these include P-ELEMENT-mediated
TRANSGENESIS1, a versatile gene-overexpression system that
is based on the yeast Gal4–UAS (upstream activating
sequence) system2, and a tool — the Flp–FRT system —
for carrying out site-specific recombination3,4. Moreover,
the analysis of specific genes has been assisted by the
recent publication of the complete sequence of the fly
genome5. Despite notable progress, these molecular-
genetic techniques have some limitations. Over the past
5 years, these shortfalls have been overcome, to some
degree, by several ingenious technological develop-
ments that promise to make the fly an even more useful
model system. The innovative technologies include
methods for introducing transgenic DNA into flies,
generating targeted mutations and creating designer
molecular lesions. In this review, we describe several of
these advances, their immediate and future applications
and their potential for further development.

TRANSPOSON insertions have been exceptionally use-
ful in Drosophila research, as they can be used to gener-
ate single-gene, as well as multigene deletions. Several

genome-wide projects have made transposon insertions
available in approximately two-thirds of all fruitfly genes.
These genome-wide efforts have used (among other
means) transposons, such as P-elements and piggyBacs,
that have different properties and mobilization character-
istics6–8. More recently, these rather traditional applica-
tions of transposons have been extended. For example,
some of these insertions have been used to generate
defined molecular deletions, therefore substantially
increasing the proportion of the D. melanogaster genome
that is covered by DEFICIENCIES9,10. Recently, molecularly
defined transposon insertions have been shown to greatly
aid the mapping of D. melanogaster genes that are isolated
in forward-genetic screens11. So, one theme that we
cover in this article is how transposons and the tech-
nologies that are associated with them have facilitated
gene tagging, mutagenesis and mapping.

The second group of new technologies that we
describe is geared towards expanding the ability to effi-
ciently generate or identify mutations in a gene of inter-
est. Carrying out reverse genetics in D. melanogaster
typically means relying on one of three approaches:
IMPRECISE EXCISION of an existing P-element, gene targeting
or RNA INTERFERENCE (RNAi). Unfortunately, P-element
insertions are not available for every gene in the genome.
Furthermore, existing methods for gene targeting are
time consuming, and RNAi can cause non-specific
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P-ELEMENT

Transposable elements that are
widely used to mutate and
manipulate the genome of
Drosophila melanogaster.

TRANSGENESIS

The process of introducing
foreign DNA into a genome.

TRANSPOSON

A DNA element that can be
mobilized within the genome;
Drosophila melanogaster
transposons are used for various
applications, including insertional
mutagenesis, gene tagging and as
a carrier for transgenic DNA.

DEFICIENCY

A chromosomal aberration that
is characterized by the deletion
of a part of the genome.
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IMPRECISE EXCISION

A P-element that is mobilized
imprecisely can lead to removal
of flanking genomic sequences,
resulting in a local deletion.

RNA INTERFERENCE

(RNAi). A form of gene silencing
in which dsRNA induces the
degradation of the homologous
endogenous mRNA transcripts,
thereby mimicking the effect of
the reduction, or loss, of gene
activity.

ALLELIC SERIES

A series of alleles at the same
genomic locus that can produce
graded phenotypes and
therefore can help to unravel
different functions of the same
gene.

TEMPERATURE-SENSITIVE

MUTATIONS

Mutations that show a mutant
phenotype at the restrictive
temperature, but not at the
permissive temperature. Most
temperature-sensitive mutations
in Drosophila melanogaster are
heat-sensitive, but cold-sensitive
mutations also occur.

BACTERIOPHAGE

A virus that infects and
replicates in bacteria. Lytic
bacteriophages kill the host cell,
whereas so-called temperate
phages can establish a stable
relationship in which the
bacteriophage genome is stably
maintained within that of the
host.

GENE TRAP

A DNA construct that contains 
a reporter-gene sequence
downstream of a splice-acceptor
site and that can integrate into
random chromosomal locations.
A gene trap sometimes also
contains a splice donor site that
is downstream of the marker.
Integration of the gene trap into
an intron allows the expression
of a new mRNA that contains
one or more upstream exons
followed by the reporter gene.

INTEIN

‘Protein introns’ that
autonomously splice 
themselves out of proteins 
(post-translationally), thereby
generating a functional protein.

JUMP-STARTER ELEMENT

A transposable element that is
inserted into the genome and
that is used to create more
insertions at other sites.
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generation of protein-expression reporters and temper-
ature-sensitive alleles, respectively, on a genome-wide
scale15,20 (N. Perrimon, personal communication). We
also briefly touch on the use of P-elements to map
essential genes by meiotic recombination11.

Transposon-mediated mutagenesis. The goal of the
publicly financed Gene Disruption Project, initiated by
the Berkeley Drosophila Genome Project8,21 (BDGP), is
to obtain a P-element insertion in every gene. There are
many advantages to using P-elements. More than two-
thirds of all P-element insertions occur within 400 bp of
transcription start-sites8,21. In addition, P-elements hop
efficiently out of the genome and generate precise and
imprecise excisions at high frequency. It is predicted that
more than 80% of all D. melanogaster genes can be
tagged and mutated with P-elements8. If we combine
the P-elements that have been generated by public
efforts8,10,22 and private efforts, such as by Thibault et al.
at Exelixis Inc.6 and by the pharmaceutical company
Develogen AG, 65% of D. melanogaster genes are esti-
mated to have a P-element insertion (P. Hiesinger, per-
sonal communication; see also the Drosophila GeneTag
Database in the Online links box). More than 95% of
these insertion strains are already available from the
Bloomington Drosophila Stock Center, the Szeged
Drosophila Stock Center (see Online links box), Baylor
College of Medicine, and Harvard Medical School.

One drawback of P-elements is their insertional pref-
erence. Approximately one-third of all P-element inser-
tions are not found in hot or medium–hot-spots (genes
that ‘attract’numerous P-element insertions). Therefore,
to obtain insertions in every gene, some projects are using
other transposable elements, such as piggyBacs23–25, which

defects or might not result in the complete knock-down
of the protein-encoding mRNA. We highlight two new
reverse-genetic strategies. One such method relies on
‘ends-out replacement gene targeting’ and allows the
removal of specific sequences and the introduction of
changes in a genomic locus of interest12.Another method,
known as targeting-induced local lesions in genomes
(TILLING), allows the identification of an ALLELIC SERIES

of point mutations in a gene13,14. A third strategy is
aimed at creating TEMPERATURE-SENSITIVE MUTATIONS, thereby
facilitating phenotypic analyses15.

The availability of an efficient transgenesis system,
based on P-transposable elements1, has allowed spec-
tacular progress to be made in fruitfly biology (and
biology in general). These transposons integrate into
the genome when P-transposase is provided. Unfor-
tunately, P-elements that contain large DNA fragments
cannot integrate into the genome. We discuss two
technologies that might alleviate this problem. The
first is a new genome-integration method that is based
on the BACTERIOPHAGE !C31; this bacteriophage integrates
genomic constructs at defined positions in the genome16,
and might also allow the integration of large constructs.
The modification of large constructs will be aided sig-
nificantly by a second new method, called recombi-
neering (recombination-mediated genetic engineering)
— this cloning technology, which was first applied in the
mouse, eliminates the need for restriction enzymes and
DNA ligases17,18.

The goal of this review is to summarize the techno-
logical advances made since 2002 (REF. 19) that we feel
will influence fly research most significantly; we there-
fore do not cover all the progress that has been made
over the past 3 years. The approaches and methodolo-
gies that have recently been introduced or that are cur-
rently being developed can broadly be subdivided into
those that are fully dependent on the availability of
the sequenced genome5, and those that to some extent
are independent of the availability of this informa-
tion. It should be noted that the methods in the latter
category are often based on observations and technolo-
gies that have already been developed in other systems,
but that have not yet been introduced into the fly.

Transposon-associated methods
The use of transposable elements, especially P-elements,
in D. melanogaster has led to many valuable applications7.
Since the completion of the fly genome sequence in 2000
(REF. 5), the precise genomic location of transposon
insertions can be determined. This has allowed gene-
specific deletions to be created by imprecise excision of
P-elements, the most commonly used method to gener-
ate single-gene deletions or mutations19. More recently,
transposable elements have been used in various ways to
generate targeted deletions that can be molecularly
mapped. In this section, we describe the public and pri-
vate efforts that have created new transposon inser-
tions and molecularly mapped deletions. In addition,
GENE-TRAP transposable elements that contain sequences
encoding enhanced GFP (EGFP) or conditionally
splicing protein introns (or INTEINS) might allow the
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Figure 1 | Transposon-mediated gene-disruption screens.
The gene-disruption projects used two types of transposable
element as JUMP-STARTER ELEMENTS, the P-element (a) and 
the piggyBac transposon (b). Both transposable elements
contain 5" and 3" ends that are necessary for efficient
transposition: P-elements encode a 3" P-transposase (3" P)
and a 5" P-transposase (5" P) site, whereas piggyBac elements
contain a 3" piggyBac transposase (3" Pbac) and a 5" piggyBac
transposase (5" Pbac) site. A hybrid element (c) that contains
the features of both the P-element and piggyBac transposon
should combine the advantages of both: precise excision and
random hopping using piggyBac transposase, and imprecise
excision using P-transposase. If two dominant markers are
used, yellow+ and white+, it should be possible to screen for
imprecise excisions resulting in unidirectional deletions.



NATURE REVIEWS | GENETICS VOLUME 6 | MARCH 2005 | 169

R E V I EW S

gene-trap construct within an intron of a gene leads to a
protein fusion in one sixth of cases, thereby reporting the
expression, and sometimes the subcellular distribution,
of the protein. The use of gene-trap transposons was
pioneered in mice28 and then adapted to D. melanogaster
by using P-elements20,29. As P-elements rarely insert
into introns, gene-trapping efficiency was signifi-
cantly increased by using piggyBacs26 (L. Cooley and 
A. Spradling, personal communication).Another appli-
cation of gene trapping is to incorporate an intein30,31 into
the gene-trap vector.A temperature-sensitive splicing ver-
sion of an intein was recently shown to be functional in
D. melanogaster15.At 18°C, the intein is spliced out, pro-
ducing a functional protein. However, at 29°C, splicing
does not occur and the host protein might be inactive or

show much less insertional specificity than P-elements6,8

(FIG. 1). Unfortunately, piggyBacs only excise precisely,
precluding their use in generating more alleles of a
tagged gene. Furthermore, as for P-elements, many
piggyBac insertions are not associated with any pheno-
type6. To remedy the drawbacks of both types of
transposable element, we propose the use of hybrid
transposons: these elements would carry a piggyBac
backbone, to allow random insertion, and an internal
P-element, to allow imprecise excision (FIG. 1). This
approach has not yet been tested, but it might allow inser-
tions in, and subsequent mutagenesis of genes that are
refractory to P-element insertion.

The lack of insertional specificity of piggyBacs has
been exploited in gene-trap screens26,27. The insertion of a

c  Using transposons to create defined deletions 
     by Flp–FRT recombination
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Figure 2 | Using transposons to create chromosomal aberrations. a | Using hybrid-element insertion to create deletions in
Drosophila melanogaster. Two P-elements are located at different positions on the same chromatid (in cis), or on different chromatids
(in trans) of the same chromosome. The diagram shows the chromosomes during the G2 phase of the cell cycle. The P-transposase
cuts the 5" end of one P-element and the 3" end of the other P-element. The respective uncut ends are still continuous with the rest
of the chromatid. Both cut ends integrate together in a nearby target location on one of the starting chromatids (curved arrows). 
One of the products will carry a deletion, in this case of region B (shown). The other product will carry a duplication of the same
chromosome (not shown). Because P-transposase can result in imprecise excision of each end, a perfect deletion might not be
obtained. Modified, with permission, from REF. 9 # (2004) Macmillan Publishers Ltd. b | The deletion-generator strategy. The hybrid
transposable element consists of a hobo ‘deleter’ element that lies inside a ‘carrier’ P-element. hobo is flanked by two dominant
markers, white+ (w+) and yellow+(y+). The hobo transposase catalyses a replicative local hop of hobo. Intrachromosomal
recombination between two hobo elements that are orientated in the same direction results in removal of one marker (y+ in this case)
and all genes in the intervening sequence. Intrachromosomal recombination between two inversely orientated hobo elements would
result in an inversion (not shown). c | Using transposons to create defined deletions by Flp–FRT recombination. Two transposons, 
P-elements or piggyBacs, that contain FRT sites in the same direction on the same chromosome, are used to generate molecularly
defined deletions. Both transposons are brought in trans in the presence of a stable Flp-expressing source. Flp catalyses the removal
of the intervening sequence between both FRT sites. Depending on the orientation of the w+ marker, excision results in removal of
both w+ markers or of just one. A similar strategy can be used to generate molecularly defined inversions, as well as reciprocal
translocations. Modified, with permission, from REF. 9 # (2004) Macmillan Publishers Ltd.
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Because one copy of hobo and a partial P-element
remains, the deletion can be molecularly defined. This
technology has been useful for generating nested dele-
tions within 60 kb of the original insertion site, with
endpoints that are staggered every 1–3 kb (REF. 34).
Deletions that are as large as 400 kb have been
reported34,35. The deletions that are obtained allow
molecular mapping of lethal mutations in the vicinity
of the original insertion site35. Moreover, overlapping
deletions that are obtained from two neighbouring
insertion sites provide an alternative method for
investigating the mutant phenotype of uncharacter-
ized genes that reside in the region between both
insertions35.

Finally, a third, powerful methodology is being used
to create precise, molecularly defined deletions
throughout the genome (FIG. 2c; see also BOX 1a). This
effort was initiated independently in a private effort by
Exelixis Inc.9 and by DrosDel (see Online links box), a
publicly financed European consortium10. Both have
adopted the same approach that was initially developed
in the Golic laboratory4. Two nearby transposable ele-
ments that are located in trans and that carry FRT sites
in the same orientation create defined deletions after
introducing Flp recombinase. Exelixis Inc. first created a
library of almost 20,000 insertions, each containing an
FRT site, and mapped the insertion sites by INVERSE PCR. A
set of insertions was then selected to create 519 molecu-
larly defined deficiencies, which average 140 kb in size
and cover 56% of the genome9. The DrosDel project
established about 3,300 molecularly defined insertions10

and has currently generated 426 deletions with an aver-
age size of ~400 kb (S. Russell and J. Roote, personal
communication). Combining both sets of molecularly
defined deletions, we estimate that a genome coverage
of ~80% has been achieved. These deletions will facili-
tate the mapping of mutations and the isolation of new
genes that are identified in enhancer or suppressor
screens. A current effort that was headed by Kevin Cook
at the Bloomington Drosophila Stock Center aims to
create ~1,500 more molecularly defined deletions that
are on average 200 kb in size (K. Cook, personal com-
munication). In summary, we can expect that 2,000 to
2,500 molecularly mapped deletions that will cover
more than 95% of the genome will soon be one of the
principal resources for fly biology.

Mapping improvements. Forward-genetic screens allow
the unbiased isolation of mutants with an interesting
phenotype. Genetic mapping of the corresponding loci
and identification of the molecular lesions that are asso-
ciated with these mutations are often difficult and
labour intensive.Various methods are available for these
purposes, including MEIOTIC RECOMBINATION MAPPING with
marked chromosomes, MALE RECOMBINATION MAPPING and
DEFICIENCY MAPPING36,37. Recently, two other methods
have been introduced to accelerate the mapping of iso-
lated mutations. These include SNP mapping38–40 and
mapping using defined P-element insertions11.

The publication of the genome sequence of
D. melanogaster allowed the identification of many 

less active. This system provides an elegant way to gener-
ate a temperature-sensitive allele. However, because tem-
perature sensitivity is conferred at the level of splicing,
inactivation at a higher temperature is entirely depen-
dent on protein stability. Nonetheless, gene-trap con-
structs containing temperature-sensitive inteins inside
piggyBac elements could open the way to genome-wide
efforts to generate temperature-sensitive alleles of many
genes (N. Perrimon, personal communication).

Transposon-induced deficiencies. Chromosomal dele-
tions represent true null alleles of each gene within the
removed DNA fragment. Deficiencies are therefore
extremely valuable as reagents, especially to map genes
and to identify dosage-sensitive suppressors or enhancers
of a certain phenotype. Deficiency stocks from the
Bloomington Stock Center are the most commonly
used (K. Cook and K. Matthews, personal communica-
tion). Unfortunately, many deficiency stocks were
induced by X- or $-rays, and their breakpoints have only
been mapped cytologically. However, COMPARATIVE

GENOMIC HYBRIDIZATION MICROARRAYS now allow us to mole-
cularly map previously generated deficiencies, as a
deletion can be detected by a localized decrease of the
fluorescent signal on a DNA microarray32. A mapping
service for available deletions that are not molecularly
mapped will soon be provided by the Model System
Genomics Unit of Duke University (E. Spana, personal
communication; see Online links box). In addition,
three new approaches have emerged in the past couple
of years that allow specific deletions to be engineered,
and even mapped in some cases.

The first strategy consists of creating deficiencies by
deleting the genomic DNA between two P-element inser-
tions by using P-transposase, as shown in FIG. 2a. Both 
P-elements can be located on the same chromosome in
cis33, or on different chromosomes in trans9. The resulting
deletions often remain flanked by one of the P-elements,
providing a starting point for molecular characterization.
This strategy has been used to generate deletions that
closely flank HAPLOINSUFFICIENT genes9. This deletion set
increases the overall genomic coverage by 5–7% (REF. 9).
Unfortunately, this method does not always create precise
breakpoints at both P-element insertion sites, and exci-
sion of both P-elements, when it occurs, complicates the
precise mapping of breakpoints.

A second, more elegant technique, known as dele-
tion-generator technology, was developed in the
Gelbart laboratory34. This method is based on a hybrid
transposable element, P{wHy}, that carries a hobo
‘deleter’ element that is flanked by two genetic mark-
ers, YELLOW + (y+) and WHITE + (w+), inside a P-element
(FIG. 2b). hobo elements can undergo homologous
recombination with other hobo elements in the pres-
ence of hobo transposase. So, replicative local hobo
hopping, followed by recombination between hobo ele-
ments that are inserted in the same orientation, results
in removal of all genes that are located between both
hobo insertions. In addition, removal of one of the
genetic markers, yellow+ or white+, allows the orienta-
tion of the deletion event to be determined genetically.

COMPARATIVE GENOMIC

HYBRIDIZATION MICROARRAY

A high-density microarray that
contains overlapping DNA
clones of genomic sequences or
overlapping oligonucleotides
that encompass a particular
genomic region. This allows
chromosomal imbalances to be
identified at a high resolution,
and can even be used to
determine exact chromosomal
breakpoints.

HAPLOINSUFFICIENCY

The requirement for a diploid
organism to have both
functional copies of a gene or
locus to produce a wild-type
phenotype.

YELLOW + (y+)

The wild-type allele of a fly gene
that confers dark body colour;
by contrast, yellow – flies have a
yellowish body colour. One copy
of yellow+ is often used as a
dominant genetic marker in fly
trangenesis.

WHITE+ (w+)

The wild-type allele of a fly gene
that confers red eyes; white – flies
have white eyes. One copy of
white + is often used as a
dominant genetic marker in fly
trangenesis.

INVERSE PCR

A method for cloning DNA that
flanks a known sequence.
Genomic DNA is digested and
ligated into circles, and is then
subjected to PCR. The PCR
primers are designed to be
complementary to the known
sequence, but point outwards
from this sequence, allowing the
unknown flanking DNA to be
amplified.

MEIOTIC RECOMBINATION

MAPPING

Uses the recombination rate
between a wild-type
chromosome and a
chromosome that is marked
with recessive markers to obtain
a recombination distance, or
map unit, between two genes,
mutations or markers.

MALE RECOMBINATION

MAPPING

Meiotic recombination does not
occur in Drosophila melanogaster
males, so P-element-mediated
recombination between
homologous chromosomes can
be used to determine the
position of the mutation relative
to the position of P-element
insertions.
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Visible markers such as bristle, eye and wing mor-
phology are typically used as markers in classical genetic
mapping. Because many defined P-element insertions
contain the white+ dominant marker, they allow the
mapping of lethal mutations, as well as viable mutations
with visible phenotypes11 (FIG. 3). To map a mutation
that is located on a known chromosome, two rounds of
genetic mapping are required; a first round allows rough
mapping to within 1 cM, which typically corresponds to
a 400-kb physical interval. A second round of fine map-
ping usually narrows the interval to within 10–60 kb.
Subsequently, overlapping primer sets are generated to
amplify the DNA region and detect the associated mole-
cular lesion. This method has proved to be cheap, effi-
cient and very reliable in our laboratory11,41 (H.J.B.,
unpublished observations).

precisely mapped SNPs between chromosomes. They
include base-pair changes, as well as single-nucleotide
insertions or deletions. SNP mapping then allows a
mutation to be mapped with respect to these alter-
ations in the genome in a two-step process38–40. First,
SNP maps are established or confirmed between two
different genetic backgrounds. Second, SNPs are
detected in mutant strains that have undergone meiotic
recombination using high-throughput GENOTYPING.
Therefore, flies that contain a mutation are crossed to a
strain that has a different genetic background.
Recombination products are identified by the presence
or absence of specific SNPs, which allows the defini-
tion of the interval in which the mutation physically
maps38 (in this respect, the technique is similar to male
recombination mapping36).

DEFICIENCY MAPPING

Uses chromosomes that have
different sections deleted to
locate the position of a gene of
interest. Without the deficiency,
the normal functional gene
usually masks the effect of (that
is, complements) the defective or
foreign copy that we wish to
identify.

GENOTYPING 

Comparative methodologies are
used to obtain information
about the sequence of a certain
genomic region between
different strains of the same
species or between wild-type
and mutagenized strains.

Box 1 | Site-specific recombinases

Site-specific recombinases (SSRs) catalyse recombination between two site-specific recombination sites82,100. SSRs are
used to generate deletions and inversions, and can also be used to mediate the site-specific integration of a DNA
sequence into the fly genome or the recombination-mediated exchange of a DNA cassette with a genomic sequence82.
SSRs that are commonly used in different organisms are Flp, Cre (cyclic AMP-responsive element) and !C31 (REF. 82),
which recognize FRT, loxP and attachment (or att) recognition sites, in corresponding order (panel a).

The importance of directionality
SSR recognition sites have a directionality, meaning that they can be left or right-orientated (long arrows in panel a).
Directionality is important because it determines whether the outcome of the recombination reaction is a deletion
or an inversion82.

As shown in panel a, FRT and loxP sites each contain an inverted repeat of 13 bp (black arrows); the inverted repeat 
is separated by an 8-bp spacer (short green arrows), which defines the directionality of the recognition sites (long 
green arrows). Recombination between two FRT or loxP sites leaves behind two FRT or loxP sites. By contrast, the
directionality of the att site (long arrows) is defined by the complete sequence of the two 84-bp att sites, attB and attP.
The TTG consensus sequence that is found in the middle of the recognition sites of attB and attP is important for
recombination; the two att sites otherwise do not share high levels of similarity. !C31 is therefore considered to be a 
true unidirectional integrase, because recombination between two essentially unrelated attachment sites results in two
hybrid sites, attL and attR (panel b), which themselves are not a substrate for the integrase81,100.

!C31-mediated integration
!C31-mediated integration is ideal for obtaining stable transgenic insertions16 (panel c). A plasmid that contains an 
attB site, an exogenous sequence (grey) and a dominant marker, white+ (w+) integrates at defined docking sites in the
genome, in this case one containing an attP site and another dominant marker, yellow+(y+). Defined docking sites are
obtained after mobilization of a docking-site-containing transposon (dark grey triangles) at different locations in the
genome. white+ transgenic flies are only obtained after complete insertion of the exogenous sequence at the docking site;
the white+ selectable marker therefore allows the insertion to be traced.
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and TILLING13,14. RNAi can also be used, in vitro and
in vivo, to remove gene function, and this has recently
been adapted for systematic genome-wide approaches
to study gene function in D. melanogaster 43–45. In this
section, we focus on two new strategies to create
mutations in a gene: ends-out replacement gene tar-
geting12 and TILLING, which has only recently been
applied in D. melanogaster 46 (S. Henikoff, B. Till and
M. González-Gaitán, personal communication). The
other methods have been covered extensively in other
reviews7,19,47.

Ends-out replacement gene targeting. Gene targeting is
the modification of a genomic sequence by homologous
recombination with an exogenous DNA fragment. This
technique has been widely used in various multicellular
model organisms42. Two forms of gene targeting have
been used by the fly community: ‘ends-in’ or insertional
gene targeting48–50, and ‘ends-out’ or replacement gene
targeting12. Ends-in and ends-out refer to the two
arrangements of donor DNA that are used during gene
targeting (FIG. 4). Both strategies are equally efficient,
occurring in ~1 in 500 to 1 in 30,000 gametes12. In both
methods, a transgenic donor line has to be established
that contains the desired targeting construct flanked by
FRT sites. In the first step, the Flp recombinase gener-
ates the extrachromosomal donor construct. In the
second step, I-SceI, a RARE-CUTTING RESTRICTION ENZYME

that cleaves an 18-bp recognition site that is not present
in the D. melanogaster genome, linearizes the targeting
construct, which provides a recombinogenic template.
The difference between ends-out and ends-in gene tar-
geting is the position of the I-SceI site(s) (FIG. 4). Ends-in
gene targeting requires an I-SceI site inside the targeting
construct and results in a duplication of the targeted
region, in which a white+ dominant marker separates
both parts of the duplication. Therefore, a true targeting
event requires resolution of the duplication. This is
mediated by I-CreI, another rare-cutting restriction
enzyme, which cuts a recognition site that is not pre-
sent in the D. melanogaster genome between the dupli-
cated fragments. Recombination between both parts
removes the intervening sequence, including the white+

dominant marker. In ends-out gene targeting, two I-SceI
sites are present outside each homology arm (a stretch of
homologous sequence). Recombination between both
homology arms results in the integration of the exoge-
nous white+ dominant marker and removal of the
endogenous sequence.

The two strategies have different applications,
advantages and disadvantages. Ends-in gene targeting
allows specific mutations — deletions, insertions or
point mutations — to be introduced on one or both of
the homology arms (FIG. 4a). However, integration of the
mutation without a duplication will only be obtained
after two rounds of homologous recombination, and
true removal of the gene is not obtained. By contrast, in
ends-out gene targeting the gene is completely removed
(FIG. 4b). Improved donor plasmids are available with a
white+ marker that is flanked by loxP sites (K. Golic,
personal communication; see also the Drosophila

New reverse-genetics approaches
In principle, two strategies can be used to obtain muta-
tions — a forward- or a reverse-genetic approach.
Forward-genetic approaches are driven by unbiased
mutagenesis of the genome and phenotypic analysis,
followed by mapping of the mutation and gene identifi-
cation. Reverse genetics is driven by interest in a particu-
lar gene, and requires technology that allows selective
disruption of a gene. The latter approach has gained a
lot of popularity in the past 10 years, and the availability
of the D. melanogaster genome sequence has given it an
extra boost5,19. Three basic methods are now available
for creating mutations in a gene of interest: imprecise
excision of P-elements19, homologous recombination42

BALANCER CHROMOSOMES

Chromosomes that carry lethal
mutations, dominant markers
and multiple inversions and that
are used in trans for a
chromosome that carries a lethal
or sterile mutation. They are
used as genetic tools because
they allow lethal mutations to be
propagated indefinitely.
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Figure 3 | Transposon-mediated mapping. A crossing diagram for mapping mutations in
Drosophila melanogaster by using molecularly defined P-element insertions. Mutagenized
chromosomes are shown in brown, chromosomes that contain P-element insertions in pink, and
BALANCER CHROMOSOMES in orange. Balancer chromosomes contain a temperature-inducible
head-involution defective (hid) gene, called hs-hid, which causes flies to die after heat-shock
treatment. Two mutations, both of which are alleles of the same complementation group, are
shown as brown crosses (indicated by 1 and 2) in the F1 generation. All chromosomes occur in a
white– genetic background. In the F2 generation, transheterozygote flies and all flies that contain 
a hs-hid balancer, die or show the mutant phenotype. Only recombination between a molecularly
defined P-element insertion and the mutation results in white– (white-eyed) flies (white circle). All
other recombination and non-recombination events result in white+ (red-eyed) flies (red circles).
Calculating the ratio of white– flies with respect to the total number of flies allows the estimation of
recombination distance (calculation shown in box). P{w+}, P-elements that contain white+.
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Gene targeting has recently attracted more interest
in the D. melanogaster community, and ends-in gene
targeting has been applied successfully for at least 
17 loci50–57. The only unsuccessful attempt was for the

Genome Resource Center web page in the Online links
box). The Cre (cyclic AMP-responsive element) recom-
binase can remove the white+ gene, leaving the rest of
the gene intact, with the exception of only one loxP site.

RARE-CUTTING RESTRICTION

ENZYME

Restriction enzymes that cleave a
16–18 bp recognition site. Most
of these sites are not present in
the host genome and can
therefore be used for genome
manipulations.
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Figure 4 | Homologous recombination. a | Ends-in insertional gene targeting. In this strategy a genomic sequence of interest
(orange) is altered to contain a desired mutation (blue band, indicated by an arrow) and an I-SceI site (step 1). This fragment is then
used to create a donor construct in vitro that contains the desired genomic region inserted in the multiple-cloning site (MCS) of a
plasmid. The donor construct is also flanked on both sides by an FRT site, and contains an I-CreI site on one side (shown in step 1).
All necessary elements lie inside a P-element that contains the white+ (w+) marker. The donor construct that contains the genomic
fragment is then introduced into the germline by P-element-mediated transformation (step 2). The targeting DNA is generated in vivo
by Flp, which excises the donor as an extra-chromosomal circle (step 3), and I-SceI, which makes a double-stranded break in the
excised donor (step 4). Recombination with the endogenous target sequence generates a tandem duplication of the targeted 
region (step 5). One copy of the duplication carries the introduced mutation. The duplication is reduced to a single copy after a
double-stranded break, which is induced by I-CreI, and repair by homologous recombination (step 6). If successful, the single copy
carries the introduced mutation (step 7). b | Ends-out replacement gene targeting. Two homology arms (left arm (LA) and right arm
(RA)) of the desired genomic region (orange; step 1) are cloned in vitro into two multiple-cloning sites (LA-MCS and RA-MCS) of a
plasmid (shown in step 1) to generate the donor construct. This construct is flanked on both sides by an I-SceI site and an FRT site.
A white+ marker, flanked by loxP sites, is located between both homology arms. The donor construct is introduced into the germline
by P-element-mediated transformation (step 2). The targeting DNA is generated in vivo by Flp, which excises the donor as an 
extra-chromosomal circle (step 3), and I-SceI, which generates a linearized targeting construct (step 4). Recombination with the
endogenous target sequence generates a localized insertion of white+ in the desired genomic locus (step 5). The white+ marker can
be removed by Cre (cyclic AMP-response element) recombinase, resulting in only one loxP site at the replacement site (step 6).
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gene, DMRTF (REF. 59), and the broadly expressed
odorant-receptor gene, Or83b (REF. 60). Although both
these technologies are clearly usable, the amount of
work that is involved is still an important hurdle for
many D. melanogaster biologists, especially when com-
pared with the relative ease with which P-elements can
be excised to create mutations in genes7. However,
because as many as 20% of fly genes might be refrac-
tory to insertion by P- or piggyBac elements6,8, gene
targeting remains a valuable tool.

It has recently been shown that the efficiency of gene
targeting in human cells and D. melanogaster is enhanced
by zinc-finger nucleases61,62. These are hybrids between
DNA-binding Cys2His2 ZINC FINGERS and DNA-cleavage
domains. The zinc-finger component can be manipu-
lated to recognize a broad range of sequences, and has
therefore been used for targeted-chromosomal cleavage
and mutagenesis in D. melanogaster 63. The zinc fingers
can recognize a unique site and induce small deletions
and/or insertions precisely at the designed target by
double-stranded cleavage and non-homologous end
joining63. Homologous recombination at the double-
stranded break is facilitated when a linear targeting con-
struct, which is homologous to the flanking sequence, is
provided61,62.

Targeting-induced local lesions in genomes (TILLING).
The TILLING method is based on the ability to quickly
and efficiently identify single-nucleotide changes in spe-
cific genes13,14. TILLING was first used to identify muta-
tions in Arabidopsis thaliana64–66,but is now being adopted
in other organisms such as zebrafish67–69, rat70, maize71,
the legume Lotus japonicus 72 and D. melanogaster 46

(S. Henikoff, B. Till and M. González-Gaitán, personal
communication).

The protocol begins with the mutagenesis of an
ISOGENIZED FLY STOCK with a chemical mutagen such as
ethylmethane sulphonate (EMS). EMS mutations
often result in G•C–A•T TRANSITIONS73. To obtain dif-
ferent mutations in D. melanogaster, including lethal
ones, we propose the following strategy (FIG. 5).
Approximately 2,000 balanced lethal stocks carrying
heavily mutagenized chromosomes are created for
the chromosome of interest. Each stock is outcrossed
to the original isogenized chromosome. PCR is then
carried out on the extracted DNA using a specific
primer set in which each primer is labelled with spe-
cific fluorophores. The PCR products are pooled in
groups of 8, heated and slowly cooled to allow het-
eroduplex formation between a mutagenized and a
wild-type DNA sequence. The re-annealed DNA is
treated with CEL1, a single-strand-specific endonu-
clease that cleaves any single base-pair mismatch74,75.
To obtain high throughput for genomic applications,
the cleaved DNA is run on modified sequencing gels
to visualize mutations as differentially migrating DNA
fragments76. Because each PCR primer is differentially
labelled with a fluorophore, mutants produce two
shorter bands after gel electrophoreses, each of which is
labelled with its respective fluorophore. After identify-
ing a positive pool, the cycle of PCR, CEL1 treatment

gene synapse-associated protein of 47 kDa (Sap47), indi-
cating that some genes are unfortunately refractory to
ends-in gene targeting58. The recently introduced, ends-
out gene targeting was successfully used to target
yellow12, the myocardin-related transcription-factor
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Figure 5 | The application of TILLING in Drosophila melanogaster. Isogenized male flies
are mutagenized with 25–50 mM ethylmethane sulphonate (EMS) and crossed with balanced
females. The F1 male progeny is then crossed with balanced females. F2 male and female
progeny are sib-crossed to obtain a balanced stock. Each stock is screened for lethality 
to ensure the presence of at least one lethal mutation per chromosome. Approximately 
2,000 homozygous lethal stocks should be obtained for each chromosome, corresponding to
&3,000 lethal mutations per chromosome. DNA is isolated and PCR is carried out on individual
DNA samples using gene-specific primers. PCR products are pooled, heated and re-annealed to
form DNA heteroduplexes. If a mutation is present in the amplified region, homoduplexes as well
as heteroduplexes will form. CEL1, a single-strand-specific endonuclease, cuts heteroduplex 
DNA at mismatches. After denaturing gel electrophoresis, mutations will result in DNA fragments
migrating faster compared with wild-type DNA. As PCR is carried out with two primers, each
containing a differential end label (red and green), mutations are detected on complementary
strands. If a mutation is present, both shorter fragments should add up to the length of the 
wild-type non-mutated fragment. PCR, CEL1 treatment and electrophoresis is repeated on 
DNA of individual stocks of a positive pool (in this case, pool 2) to identify individual mutants.
Subsequent sequencing identifies the molecular lesion. 
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integrates circular DNA at defined sites in the genome,
and recombineering, which allows the cloning of large
DNA fragments while minimizing the use of restriction
enzymes and DNA ligase.

!C31-mediated transgenesis. !C31-mediated transgene-
sis is a recent addition to the D. melanogaster genetic
arsenal16. As shown in BOX 1, the !C31 site-specific inte-
grase mediates recombination between an attachment-B
site (attB) that is normally present in the circular
genome of Streptomyces lividans, and an attachment-P
site (attP) that is normally present in the circular genome
of the !C31 bacteriophage81. Recombination between
the att sites integrates the phage genome and forms
two hybrid attachment sites, attL and attR. As attL
and attR are not targets for !C31, the integration
event is irreversible unless a specific excision
enzyme is expressed. This differs from Cre- or Flp-
mediated recombination, which are both reversible
processes82 (BOX 1). Conveniently, the !C31 integrase
requires no host- or cofactors and mediates both intra-
and intermolecular recombination at a high fre-
quency81. Recombination has been shown to take place
efficiently in human and mouse tissue-culture cells83–88

and in vivo in mice89,90.
P-elements that contain wild-type attP sites have

been integrated into the D. melanogaster genome and
function as defined insertions sites for plasmids that
contain attB sites16 (BOX 1). The efficiency of !C31-
mediated integration was high in this experiment, as
47% of the crosses resulted in transgenic progeny16.
The efficiency of this transgenesis is approximately 
5-fold higher than that mediated by P-transposase. In
addition, because only one short attachment site in the
plasmid is necessary for recombination, size limita-
tions of the transgenic construct might be much less
stringent than with P-element mediated transgenesis,
in which the transposase has to recognize sites at either
side of the P-element. However, this property has not
been explored. Another main advantage of the !C31-
mediated system is that plasmids will integrate into a
predetermined location within the genome — that is,
at an attP site — thereby reducing the problems that
are associated with position effects. Although the !C31
integrase could potentially recognize pseudo attP sites
in the D. melanogaster genome, integration at these
sites has not been observed16. So, !C31 allows the effi-
cient integration of genes at defined sites in the fly.
This will allow a detailed comparison of various
mutant constructs and might pave the way for elegant
structure–function analyses. It should also allow us to
carry out a better assessment of the role of regulatory ele-
ments in transcription in vivo, because constructs that
contain different regulatory elements are integrated at an
identical position in the genome.

Recombineering. One of the principal drawbacks of
cloning defined DNA fragments into P-elements or plas-
mids is the limited availability of suitable restriction-
enzyme recognition sites. Unfortunately, these become
proportionally less abundant with increasing DNA

and electrophoresis is repeated on DNA of individual
stocks to identify individual mutants. Subsequent
sequencing identifies the molecular lesion. The num-
ber of point mutations that are typically detected for
each gene is fairly high. A typical gene that encodes a
30–50-kD protein will yield an average of more than
10 point mutations if 2,000 stocks are screened 
(M. González-Gaitán, personal communication).
However, about a third of these point mutations will
be silent, and most amino-acid changes cause very
subtle or no phenotypic changes.

TILLING is currently being applied on a genome-
wide scale for D. melanogaster at the Fred Hutchinson
Cancer Research Institute in Seattle (S. Henikoff and 
B. Till, personal communication). The flies that are being
screened have recently been described77. In addition, a
collection of 3,000 lethal mutations has been created at the
Max Planck Institute in Dresden for TILLING purposes
(M. González-Gaitán, personal communication).

An advantage of TILLING is that an allelic series of
mutations is obtained65. Different mutations can affect
different functions of a gene and therefore TILLING can
reveal functions that are not always identifiable through
forward genetics. One disadvantage of TILLING is that,
as is the case for most other mutagenesis approaches,
each fly stock is ‘loaded’ with mutations. Care should
therefore be taken to carry out phenotypic analysis on
‘clean’ mutants. It is also recommended that two inde-
pendent mutations are studied in heterozygote animals,
and that the mutant phenotype is compared with that
produced by molecularly defined deletions9,10, which are
true null alleles.

A variant of TILLING, known as Ecotilling, allows
the identification of natural variations between different
strains of the same species14,78,79. Ecotilling is useful
for the high-throughput identification of SNPs, small
insertions and deletions, and variation in small-repeat
numbers between different strains. It therefore facilitates
the construction of high-resolution SNP maps and
aids the rapid mapping of mutations that are isolated
through forward-genetic approaches (see previous section
on mapping improvements).

Transgenesis
P-element-mediated transgenesis allows foreign DNA
to be introduced efficiently into the D. melanogaster
genome1. This has led to many important technological
advances, including ENHANCER DETECTION using a LacZ
reporter gene80 and the PHENOTYPIC RESCUE of mutant
phenotypes by genomic-rescue constructs1. However,
there are three limitations that are associated with
transposon-mediated transgenesis. First, it is difficult
to transform flies with P-elements that are larger than
30 kb, and it is almost impossible with DNA fragments
that are larger than 50 kb. Second, it is difficult to
manipulate large DNA fragments, owing to the absence
of unique restriction sites. Finally, integration at differ-
ent sites in the genome can lead to POSITION EFFECTS, which
might confound phenotypic analysis. Two methods
should address these limitations: transgenesis that is
mediated by the !C31 site-specific integrase, which
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cation of BACs through mutagenesis by using PCR
products92–96 or oligonucleotides96–98 that contain the
desired mutation as recombination templates.

Recombineering-mediated gap repair and mutagen-
esis have not yet been reported for D. melanogaster
genes. However, many vectors that are currently used for
fly transgenesis might be useful for recombineering.
Our preliminary data show that this technology is a
highly efficient mechanism for cloning DNA into modi-
fied P-element plasmids. Here, we briefly outline one
possible application of recombineering in flies (K.J.T.V.
and H.J.B., unpublished observation). The P-element
sequences that are required for transgenesis, 5" P and 
3" P, together with a multiple-cloning site and white+

marker, can be integrated in a conditionally amplifiable
BAC (FIG. 6a). This BAC has two origins of replication,
thereby allowing the BAC to be present at single- or
high-copy number, depending on the conditions and
strain of bacteria used99. Low-copy number plasmids are
useful for recombineering-mediated gap repair and
mutagenesis, whereas high-copy number is necessary
for cloning. As shown for gap repair (FIG. 6a), two
homology arms, left arm (LA) and right arm (RA), that
recognize the 5" and 3" ends of a desired insert, respec-
tively, are integrated into the multiple-cloning site.
Linearization between both homology arms allows the
retrieval of DNA fragments from BACs or PACs by
recombineering-mediated gap repair. Gap repair is car-
ried out in a single-copy vector, allowing large inserts to
be cloned and stably maintained. Because the retrieved
DNA is flanked by 5" P and 3" P sites, these vectors can
then be amplified99 and used for P-element-mediated
transformation.

Another important advantage of recombineering is
that it allows targeted, single-nucleotide changes, as well
as deletions and insertions, to be integrated easily into the
cloned construct by incorporating a PCR fragment92–96

or oligonucleotide96–98 into recombinogenic bacteria
(K.J.T.V. and H.J.B., unpublished observations) (FIG. 6b).
This should allow a detailed structure–function analysis
of the cloned insert in vivo. Finally, instead of using 
P-element-mediated transformation, adding an attB site
in the conditionally amplifiable BAC that contains the 
P-element should allow !C31-integrase-mediated
transgenesis. In conclusion, gap repair and subsequent
mutagenesis of large DNA constructs in a conditionally
amplifiable BAC, together with !C31-mediated transge-
nesis, might provide a new, powerful, general transgenesis
platform for D. melanogaster in the near future.

Conclusions and future research
The continuing genome-wide efforts to generate a trans-
poson insertion in every gene will create a valuable
resource for the D. melanogaster community. This work
will probably be complemented by genome-wide efforts
to identify EMS-induced point mutations in the remain-
ing genes by TILLING (FIG. 5). Both approaches should
bring us a step closer to reaching SATURATION of the fly
genome. Finally, homologous recombination provides a
strategy to mutate those genes that are refractory to EMS
and transposon-mediated mutagenesis (FIG. 4).

fragment size. Techniques have recently emerged that
facilitate subcloning, as well as modification of large
cloned inserts in vivo, without the need for restriction
enzymes or DNA ligase17,18. This technology, commonly
known as recombinogenic engineering or recombineer-
ing, makes use of the highly efficient, phage-based
homologous recombination systems that are available in
Escherichia coli. Many recombineering systems are avail-
able17, and they have been used successfully to modify
BACTERIAL ARTIFICIAL CHROMOSOMES (BACs) and P1 ARTIFICIAL

CHROMOSOMES (PACs), as well as to subclone large DNA
fragments from these vectors17,18. One highly efficient
recombination system, which is mediated by bacterio-
phage ', makes use of E. coli strains that contain tem-
perature-inducible '(recombination functions in
their chromosome91,92. To subclone DNA, a BAC and
a linearized-retrieval vector are introduced into the
recombineering-competent bacteria. Gap repair of
the linearized vector subclones DNA from BACs or
PACs by homologous recombination between its DNA
ends and the target DNA (REF. 92) (FIG. 6a). In addition, as
shown in FIG. 6b, the technique allows the rapid modifi-
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(BAC). A single-copy cloning
vector that is derived from the 
F-factor of Escherichia coli.
BACs can contain large 
genomic fragments. Drosophila
melanogaster BACs carry 
an average insert size of
163 kb. Mapping positions of
D. melanogaster BACs can be
seen on the Flybase Genome
Browser (see Online links box).
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(PAC). A single-copy cloning
vector that is derived from the 
F-factor of Escherichia coli. PACs
can contain large genomic
fragments. Drosophila
melanogaster PACs carry an
average insert size of 80 kb. The
library represents a ~6-fold
coverage of the genome.
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Figure 6 | Recombineering. a | Recombineering (recombination-mediated genetic engineering)-
mediated gap repair for cloning in Drosophila melanogaster. To clone a desired fragment (orange
boxes) from a BAC, PAC or any other target plasmid, two short homology arms, left arm (LA) and
right arm (RA), at both ends of the target DNA are obtained by PCR (not shown). These are then
ligated into the multiple cloning site (MCS), which resides inside a P-element backbone that also
contains the white+ marker (w+) and both terminal repeats of the P-element (3" P and 5" P). This 
P-element is integrated into a conditionally amplifiable BAC. The plasmid is linearized between the
LA and RA with a unique restriction enzyme, and used to transform recombination-competent
bacteria. During recombination, the retrieval plasmid will obtain the desired fragment through gap
repair from the target plasmid. Recombinant plasmids are selected, identified by PCR and verified 
by sequencing. b | Recombineering-mediated mutagenesis for structure–function analysis of genes.
After obtaining a desired genomic fragment through gap repair inside a P-element backbone
(according to the procedure shown in part a), mutations can be incorporated into the fragment 
by recombineering. The plasmid that contains a desired genomic DNA fragment is transformed into
recombination-competent bacteria. After induction of the recombination functions, these bacteria
are transformed with a PCR fragment or oligonucleotide that contain a desired mutation.
Recombination will result in a mutagenized plasmid. As recombination efficiency is high, correct
recombination events might be identified by PCR screening and verified by DNA sequencing.
Mutations that are incorporated can be deletions, insertions or point mutations. Insertions allow the
incorporation of protein tags, as well as fluorescent and colorimetric markers.
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targeted to the same chromosomal locus, circumventing
the complications that are associated with position
effects (BOX 1). In summary, these new technological
developments will further strengthen D. melanogaster as
a model organism and create even more opportunities
to manipulate the fly genome.

Note added in proof
A recent report describes the generation of gene deletion
by ends-in gene targeting101.

Our inability to study certain genes, to provide
constructs for the phenotypic rescue of large genes,
and to carry out systematic structure–function analyses
should soon be alleviated. Recombineering allows large
genomic-rescue constructs to be generated without the
need for conventional cloning (FIG. 6a). In addition, it
provides an alternative to mutagenesis and facilitates the
structure–function analysis of large and nested genes
(FIG. 6b). !C31-mediated transgenesis complements
recombineering because mutagenized constructs can be

SATURATION

The stage in mutagenesis at
which mutations in new genes
cannot be obtained by further
mutagenesis. This occurs when
at least one mutation in every
gene has been obtained.
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EMERGING TECHNOLOGIES FOR GENE MANIPULATION IN
DROSOPHILA MELANOGASTER
Koen J. T. Venken and Hugo J. Bellen
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In this article the Cre recombinase was incorrectly defined as a cyclic AMP-response element.
This correction has been made to the online enhanced text and PDF version of this review.


