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Abstract Functional biological research has benefited
tremendously by analyses of the phenotypes of mutant
organisms which can be generated through targeted
mutation of genes. In Drosophila, compared with random
mutagenesis methods gene targeting has gained its
popularity because it can introduce any desired mutation
into a gene of interest. However, applications of gene
targeting have been limited because the targeting efficiency
varies with different genes, and the time and labor of
targeting procedure are intensive. Nevertheless, improve-
ment of gene targeting and development of its variant
technologies have received much attention of scientists.
Here we review recent progress that has been made in
expanding the applications of gene targeting, which
include the ®C31 integration system and zinc-finger
nucleases induced gene targeting, and new strategies that
generate more efficient and reliable gene targeting.

Keywords gene targeting, ends-in, ends-out, ®C31
integration system, zinc-finger nucleases (ZFNs), homo-
logous recombination (HR), Drosophila melanogaster

1 Introduction

Drosophila melanogaster is a highly attractive model
organism mostly because there are readily obtainable
genetic tools that have been developed throughout the past
century. Analyses of mutant phenotypes can be carried out
in a relatively short time. A comprehensive range of
technologies can be employed for making sophisticated
genetic manipulations to study gene functions. These
technologies include P-element mediated transgenesis
(Rubin and Spradling, 1982), Gal4-UAS based gene
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overexpression system (Brand and Perrimon, 1993), Flp-
FRT site-specific recombination system (Xu and Rubin,
1993; Golic and Golic, 1996), and the ®C31 mediated site-
specific integration system (Groth et al., 2004). Moreover,
the completion of fly genome sequence (Adams et al.,
2000) and the availability of numerous resources, includ-
ing online databases such as Flybase and stock centers
(Greenspan, 2004), have greatly facilitated functional
studies of specific genes in various aspects of develop-
mental biology, genetics, cell biology, neuroscience and
behavior. The identification of novel genes and their
functional characterization in vivo greatly depends on these
available tools, and many of these researches rely on the
breakthrough of reverse genetics technology: gene target-
ing.

Gene targeting is the modification of an endogenous
gene sequence by recombination between an introduced
DNA fragment and the homologous target gene. In
multicellular organisms, this targeting technique was first
successfully established in mouse embryonic stem cells
(Capecchi, 1989) and has been extended to Physcomitrella
(Schaefer and Zryd, 1997), sheep (McCreath et al., 2000)
and human somatic cells (Hanson and Sedivy, 1995), and
has enabled analyses of phenotypic consequences of
specific gene mutations. In Drosophila, homologous
recombination (HR) based gene targeting was developed
by Golic and coworkers (Rong and Golic, 2000; Rong and
Golic, 2001; Rong et al., 2002; Gong and Golic, 2003), and
was originally carried out using two strategies: ‘ends-in’ or
insertional gene targeting (Rong and Golic, 2000) and
‘ends-out’ or replacement gene targeting (Gong and Golic,
2003) (Fig. 1A and B). Ends-in and ends-out refer to the
two arrangements of donor DNA constructs that are used
during gene targeting. Insertional gene targeting results in
an insertion of the entire targeting sequence into the region
of homology (Fig. 1A). This insertion forms a duplication
that can be resolved during a second round of HR.
Replacement gene targeting removes the endogenous gene
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Fig. 1 Ends-in and ends-out gene targeting in Drosophila. A: Ends-in scheme. The relevant features of donor construct flanked by the P
elements (black boxes): FLP recombinase target (FRT) sites (green arrows), white (w") selective marker (red boxes), I-Scel recognition
sites, and I-Crel recognition sites are marked or indicated, and the asterisk represents the introduced mutation. The donor construct that
contains the mutated genomic fragment is integrated into the germline by P-element-mediated transformation. A linearized targeting DNA
fragment is generated in vivo by FLP and I-Scel. Recombination with the endogenous target sequence generates a tandem duplication of
the targeted region. The duplication is reduced to a single copy of mutant gene after a double-stranded break (DSB) induced by I-Crel and
repaired by homologous recombination, selected by the loss of white™. B: Ends-out scheme. The donor construct flanked by the P
elements, contains two stretches of homology arm (5’ arm and 3’ arm) interrupted by a white™ marker that has two loxPs on both sides
(brown box). After P element mediated transgenesis, linearized targeting DNA is generated in vivo by FLP and I-Scel. Correct targeting
events are marked by white” which can be removed by Cre recombinase with only a loxP site left at the target gene locus.
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through a recombination event between two stretches of
homologous arms (Fig. 2B). The two strategies have
different applications. Ends-in targeting allows specific
mutations including deletions, insertions or point muta-
tions. In ends-out strategy, the targeted gene is replaced or
removed. With the potential of selectively disrupting a
gene and being modified to be even more useful genetic
tools, gene targeting has gained its popularity in
Drosophila over the past 10 years. The improved
technologies have been aiming to overcome the disadvan-
tages of the originally developed gene targeting technique,
which include (1) unable to dissect gene function
repeatedly and in a versatile manner, (2) time and labor
intensive, and (3) variation of targeting frequency and
background mutations. Here, we summarize the major
current improvements based on gene targeting that are
used to efficiently generate a modified gene locus within
the genome.

2 ®C31-mediated gene targeting

Ends-in and ends-out gene targeting described above are
efficient ways to make direct modifications of a target
gene. However, it is time consuming and laborious;
therefore, it is not practical to generate serial/multiple
alleles of a given gene using these original targeting
techniques. To overcome this drawback, the ®C31-
mediated site-specific integration system into the classic
gene targeting strategies was reported recently (Gao et al.,
2008; Huang et al., 2009). Phage integrase ®C31 catalyzes
the recombination between the phage attachment (attP) site
from the phage genome and a bacterial attachment (attB)
site from the bacterial host genome (Thorpe and Smith,
1998). Interestingly, attB-containing plasmids integrate
more readily into attP-containing genomic docking sites
than attP sites do in the reciprocal reaction, indicating that
the integration is asymmetric in nature (Thyagarajan et al.,
2001; Belteki et al., 2003). This integration system was
soon introduced into Drosophila (Groth et al., 2004) and
proven to be efficient to integrate transgenic constructs at
defined docking sites in the fly genome. Moreover, ®C31
integrase-mediated transgenesis allows large fragments to
be integrated into the genome, greatly beyond the fragment
sizes that can be introduced by P element-mediated
transgenesis (Venken et al., 2006). Although the first
reports used mRNA encoded ®C31 integrase to integrate
the DNA, efforts have been made to modify this technique,
with very much improved efficiency of integration by
direct microinjection of targeting constructs into embryos
(Bischof et al., 2007).

Based on the®C31 mediated integration system and the
ends-in gene targeting, Rong and coworkers developed a
method termed SIRT (site-specific integrase mediated
repeated targeting) to repeatedly target a single locus in
Drosophila (Gao et al., 2008). The first step of SIRT is the
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proper placement of an attP site close to the locus of
interest by ends-in gene targeting scheme (Fig. 2A). The
second step is the introduction of an attB containing donor
plasmid into the docking sites by ®C31-mediated integra-
tion. This attB containing donor plasmid is very similar to
the one used to create an attP containing construct with
designed modification(s) at the desired sites on the target
gene. The ®C31 integrase inserts the donor plasmid into
the attP docking sites, creating the tandem duplication of
the target gene. Finally, the expression of I-Crel endonu-
clease-induced reduction leads to a targeted gene with
desired modification(s). The advantage of SIRT over
traditional gene targeting is that it can generate a series
of alleles of a target gene through two highly efficient
steps: ®C31-mediated site specific integration and I-Crel
induced reduction.

Recently, Hong and coworkers combined the ®C31
integration system and ends-out gene targeting to establish
an efficient 2-step gene manipulation system termed
“genomic engineering” (Huang et al., 2009). The first
step is the modified ends-out gene targeting process which
replaces the target gene with white marker flanked by two
loxPs juxtaposed by an attP site (Fig. 2B). The white
marker is removed by Cre recombinase, leaving only an
attP and a loxP at the deleted locus. The second step is to
introduce a modified target gene(s) into the native locus of
the target gene by the ®C31 integrase. In this step the
donor plasmid contains an attB site, a modified target gene
juxtaposed by a loxP site and the white marker. The clever
attB/attP recombination will result in a whife marker gene
flanked by the newly introduced loxP and the loxP that is
remained from the first step. Based on this “genomic
engineering,” fly researchers can generate directed and
versatile modifications of genomic loci with relative less
time and efforts.

3 Zinc-finger nuclease based gene
targeting

In Drosophila, ends-in and ends-out are two ingenious
gene targeting methods and has been widely used to
introduce targeted mutation since its invention. However,
relative low efficiency of both strategies and variations of
recombination frequency between different donors and
corresponding target DNA sequence have hindered the
application of these targeting techniques. Recently, a new
technology that is based on the use of targeted zinc-finger
nucleases (ZFNs) was developed in Drosophila (Bibikova
et al., 2002; Bibikova et al., 2003), which has been used for
targeted mutagenesis in combination with HR (Beumer
et al., 2006). ZFNs are hybrid proteins composed of a
designed DNA binding domain of three zinc fingers that is
specific for DNA target and a nonspecific Fokl DNA
cleavage domain (Fig. 3A). FoklI requires dimerization to
cut DNA. The binding of the designed heterodimeric zinc
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Fig. 2 Gene targeting schemes in combination with ®C31-mediated integration. A: SIRT (site-specific integrase mediated repeated
targeting) strategy. The donor construct contains some of the elements that are also present in the classic gene targeting donor construct
(Fig. 1). The first step of SIRT is the ends-in targeting followed by reduction to eventually place attP (blue box) in a proper site. In the
second step, the integrated donor carries FRTs and P-element, as well as the desired mutation(s) (black asterisk) and attB sites (blue box).
Recombination between attP and attB creates attR and attL (blue-lined empty boxes) irreversibly and a duplication of the target gene. I-
Crel induced recombination that occurs at the targeting region leads to loss of the white™ gene, and remaining of the modified target gene
and attR. B: “Genomic engineering” strategy. The first step of “genomic engineering” is the ends-out targeting which replaces the target
gene with a transgene that is loxP-flanked, w + marked and juxtaposed by an attP site. The w + marker is removed by Cre recombinase,
leaving only the attP and the loxP at the deletion locus. In the second step, the donor construct that contains the attB site and the modified
target gene and a modified target gene is integrated into the deletion locus through ®C31-mediated integration. Then the extra vector
sequences will be removed by Cre recombinase to generate a final engineered target gene flanked by attR and loxP sites.
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target sites. Each nuclease is composed of three zinc fingers (black balls) linked to the DNA-cleavage domain of FokI. Each finger contacts
three consecutive 5'-GNN-3' triplets. When both sets of fingers are bound, the cleavage domain will dimerize to form an active nuclease
and cleave the spacer DNA (red bars) between the target sites. B: ZFNs induced gene targeting. The target gene is on chromosome 2, and
the same chromosome carries ZFN transgenes: ZFN-A and ZFN-B (black boxes). FLP and I-Scel transgenes (black boxes) are on
chromosome 3, and modified target gene is on the other chromosome 3. Upon heat shock, the ZFNs make a double-stranded break (DSB)
in the target gene. Expression of FLP and I-Scel will result in a linear modified target DNA fragment. The break in the target gene will be
restored to either wild type (homologous recombination (HR) with endogenous template) or result in a mutant target gene (non-

homologous end joining (NHEJ) or HR with the linearized donor).

fingers to two contiguous target sites in each DNA strand
separated by the cleavage site results in Fokl dimerization
and subsequent DNA cleavage. The specificity of ZFNs
gene targeting is determined by the properties of the zinc-
finger domains. Each finger recognizes 5'-GNN-3’
triplets, and the optimal arrangement of paired sites is in
an inverted orientation with a 6 bp cleavage spacer. Based
on this rule, the common sequence form is 5'-
(NCC)3;Ng(GNN);-3". In a particular case, the target
gene has to be examined for a sequence of this form, and
corresponding zinc finger properties will be designed
accordingly by the zinc-finger platform (Liu et al., 2002;
Segal, 2002).

In Drosophila, efficient ZFNs induced gene targeting is

accomplished in combination with HR (Beumer et al.,
2006). The general scheme of ZFNs gene targeting is
shown in Fig. 3B. ZFN A and B are both located on the
same chromosome (chr. 2) as the target gene aiming to
enhance the cleavage efficiency. The marked (e.g. w™")
donor that includes the mutated target gene is on another
chromosome (chr. 3). The ZFNs, FLP, and I-Scel
transgenes are under the control of heat shock-inducible
promoter. Expression of FLP and I-Scel excises the donor,
resulting in a linear DNA fragment of the mutant target
gene. When the target gene is cleaved by ZFN A + B, the
following events may occur: The cleaved site can be
restored by non-homologous end joining (NHEJ) without
any template or by HR wusing the mutated donor
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(linearized) as a template, both of which are mutagenic.
Alternatively, the cleaved site can also be restored by
simple relegation of the broken ends or by HR with the
intact wild type gene on the sister chromatids, both of
which will leave the target gene unmutated. Thus, cutting
by the ZFN can directly create a double-strand break
(DSB) at the specific target locus, leading to increased
targeting efficiency when a linearized donor element is
introduced. In the case of y locus (Beumer et al. 2006),
ZFN expression in the presence of a linear donor elevated
the yield of target HR product by 15-fold in the female
germline and by 60-fold in the male germline. Although it
appears likely that the ZFN gene targeting is an ideal
alternative for the ends-in and ends-out gene targeting,
especially for the low frequency recombination cases, it is
not easy to construct both ZFNs in the same vector,
meaning that two rounds of microinjection are needed.
Also, as a relative new method, the range of effective
targets may still have to be tested.

4 More efficient and more reliable gene
targeting

Techniques for the targeted mutagenesis by HR have
gained its popularity mostly because of its specificity.
However, because the HR based gene targeting strategies
need intensive labor and have relatively low recombination
frequency, the original gene targeting has also met many
limitations. The technical barrier seems to be unsolvable
unless increasing the length of homologous arms in the
donor construct. However, the modified procedure has
made the original gene targeting more efficient (Huang
et al., 2008). In the cases of low targeting efficiency, much
of the work is spent on collecting a large number of virgins
and making crosses. To break this major bottleneck in
scaling up the targeting crosses, the ubiquitous expression
of a cell-death gene hid (Grether et al., 1995) is used to
eliminate all the male progeny and those female progeny
carrying hs-hid balancer that would not generate targeting
events. To eliminate the false positives which severely
limit the real positive candidates before screening and
mapping crosses, a negative selection marker reaper is
introduced into the current ends-out targeting procedure.
Reaper (rpr) (White et al., 1996) is another cell-death gene
which causes cell death, and thus animal lethality. A UAS-
Rpr is placed at the 3" end of the transgenic donor DNA
fragment. Once the donor DNA fragment is recombined
with the endogenous target gene locus, UAS-Rpr will then
be lost due to HR. In the non-targeting events, the donor
DNA fragment will likely retain an intact UAS-Rpr, and
the flies that carry this donor fragment will be eliminated
by crossing to a Gal4 driver lines. By combining these two
methods, the efficiency of ends-out gene targeting could be
greatly enhanced.

Background mutations arising during HR based gene

targeting have been reported (Rong et al., 2002; Greenberg
et al., 2003; Lankenau et al., 2003; Radford et al., 2005);
however, it is not routinely taken into account when using
this technique. In a recent targeting case (O'Keefe et al.,
2007), the Drosophila gene Wwox was knocked out by
ends-in gene targeting strategy, and the resulted homo-
zygous mutants (Wwox') were viable and fertile but
showed an increased IR (ionizing radiation) sensitivity.
Sensitivity to IR was also observed for another piggyBac
transposon insertion allele of Wwox (Wwox™**) (Thibault
et al.,, 2004). Surprisingly, sensitivity to IR was not
observed in flies that were trans-heterozygous of Wwox'
and Wwox"**%, indicating that the IR sensitivity of the two
homozygous mutant strains is independent of mutations in
Wwox. This idea is confirmed by the fact that both alleles
showed a significant decrease in sensitivity to IR after
being backcrossed to their wild type parental strains. It has
been reported that piggyBac insertion strains contain
unrelated background mutation (Thibault et al., 2004),
which account for the IR sensitivity in Wwox™** strains.
In the case of targeting procedure for Wwox, the authors
recovered non-targeted background mutations, in addition
to the desired mutations, which have significant effects on
phenotypic outcomes. One might expect that in a gene
targeting approach, the frequency of background mutations
should be at a minimum level. Unfortunately, this is not the
case in reality. The non-targeted mutations arise during
HR-mediated mutagenesis procedure. First, the transgenic
enzymes that are used (FLP, I-Scel, and I-Crel) in the
targeting process could cleave nontargeted sites, especially
because they are ectopically expressed. Second, non-
targeted mutations could have been introduced directly or
indirectly from the various crossing lines. Background
mutation can be a considerable problem especially for
some stringent tests, such as genome stability and behavior
studies. However, there are simple solutions to eliminate
the non-targeted background mutations. First, multiple
rounds of backcrossing to the parental strain may ensure
that alleles on all chromosomes will be replaced by
assortment and recombination with those from the parental
strains used for the targeted mutagenesis. Second,
independently HR- generated alleles (i.e. after first round
HR of ends-in mutagenesis; Fig. 1A) should be verified by
more subsequent methods: (1) #rans-heterozygous combi-
nation, and (2) rescue experiment following introduction
of construct bearing corresponding genomic region or
ectopic expression of the corresponding cDNA.

5 Perspectives

In Drosophila, gene targeting has been successfully
applied to introduce a desired mutation(s) into a gene of
interest. Gene targeting when combined with the ®C31
site-specific integration technique becomes more powerful
to carry out multiple structure-function studies at a higher
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resolution with fewer transgenes. The application of ZFNs
in flies makes gene targeting more efficient. Although
many efforts have been made in the past 10 years to
improve the targeting strategy, there are many important
open questions remained. How to tackle a gene complex in
vivo? Is there a possibility to manipulate two or three genes
at one round of targeting? How to specifically delete a gene
over 50kb? How to expand the applications of ZFN
induced gene targeting? How to manipulate the hetero-
chomatic genes? How to make the HR-based machinery
more efficient? It is likely that the combination of different
methods and the development of new technologies will
make gene targeting more powerful as one of the best
Drosophila genetic tools to address biological questions.

References

Adams M D, Celniker S E, Holt R A, Evans C A, Gocayne J D,
Amanatides P G, Scherer S E, Li P W, Hoskins R A, Galle R F,
George R A, Lewis S E, Richards S, Ashburner M, Henderson S N,
Sutton G G, Wortman J R, Yandell M D, Zhang Q, Chen L X,
Brandon R C, Rogers Y H, Blazej R G, Champe M, Pfeiffer B D,
Wan K H, Doyle C, Baxter E G, Helt G, Nelson C R, Gabor G L,
Abril J F, Agbayani A, An H J, Andrews-Pfannkoch C, Baldwin D,
Ballew R M, Basu A, Baxendale J, Bayraktaroglu L, Beasley E M,
Beeson K Y, Benos P V, Berman B P, Bhandari D, Bolshakov S,
Borkova D, Botchan M R, Bouck J, Brokstein P, Brottier P, Burtis K
C, Busam D A, Butler H, Cadieu E, Center A, Chandra I, Cherry ] M,
Cawley S, Dahlke C, Davenport L B, Davies P, de Pablos B, Delcher
A, Deng Z, Mays A D, Dew I, Dietz S M, Dodson K, Doup L E,
Downes M, Dugan-Rocha S, Dunkov B C, Dunn P, Durbin K J,
Evangelista C C, Ferraz C, Ferriera S, Fleischmann W, Fosler C,
Gabrielian A E, Garg N S, Gelbart W M, Glasser K, Glodek A, Gong
F, Gorrell J H, Gu Z, Guan P, Harris M, Harris N L, Harvey D,
Heiman T J, Hernandez J R, Houck J, Hostin D, Houston K A,
Howland T J, Wei M H, Ibegwam C, Jalali M, Kalush F, Karpen G H,
Ke Z, Kennison J A, Ketchum K A, Kimmel B E, Kodira C D, Kraft
C, Kravitz S, Kulp D, Lai Z, Lasko P, Lei Y, Levitsky A A, LiJ, Li Z,
Liang Y, Lin X, Liu X, Mattei B, McIntosh T C, McLeod M P,
McPherson D, Merkulov G, Milshina N V, Mobarry C, Morris J,
Moshrefi A, Mount S M, Moy M, Murphy B, Murphy L, Muzny D
M, Nelson D L, Nelson D R, Nelson K A, Nixon K, Nusskern D R,
Pacleb J M, Palazzolo M, Pittman G S, Pan S, Pollard J, Puri V,
Reese M G, Reinert K, Remington K, Saunders R D, Scheeler F,
Shen H, Shue B C, Sidén-Kiamos I, Simpson M, Skupski M P, Smith
T, Spier E, Spradling A C, Stapleton M, Strong R, Sun E, Svirskas R,
Tector C, Turner R, Venter E, Wang A H, Wang X, Wang Z Y,
Wassarman D A, Weinstock G M, Weissenbach J, Williams S M,
Woodage T, Worley K C, Wu D, Yang S, Yao Q A, Ye J, Yeh R F,
ZaveriJ S, Zhan M, Zhang G, Zhao Q, Zheng L, Zheng X H, Zhong F
N, Zhong W, Zhou X, Zhu S, Zhu X, Smith H O, Gibbs R A, Myers E
W, Rubin G M, Venter ] C (2000). The genome sequence of
Drosophila melanogaster. Science, 287(5461): 2185-2195

Belteki G, Gertsenstein M, Ow D W, Nagy A (2003). Site-specific
cassette exchange and germline transmission with mouse ES cells

expressing phiC31 integrase. Nat Biotechnol, 21(3): 321-324

Beumer K, Bhattacharyya G, Bibikova M, Trautman J K, Carroll D
(2006). Efficient gene targeting in Drosophila with zinc-finger
nucleases. Genetics, 172(4): 2391-2403

Bibikova M, Beumer K, Trautman J K, Carroll D (2003). Enhancing
gene targeting with designed zinc finger nucleases. Science, 300
(5620): 764

Bibikova M, Golic M, Golic K G, Carroll D (2002). Targeted
chromosomal cleavage and mutagenesis in Drosophila using zinc-
finger nucleases. Genetics, 161(3): 1169-1175

Bischof J, Maeda R K, Hediger M, Karch F, Basler K (2007). An
optimized transgenesis system for Drosophila using germ-line-
specific phiC31 integrases. Proc Natl Acad Sci U S A, 104(9):
3312-3317

Brand A H, Perrimon N (1993). Targeted gene expression as a means of
altering cell fates and generating dominant phenotypes. Develop-
ment, 118(2): 401415

Capecchi M R (1989). Altering the genome by homologous recombina-
tion. Science, 244(4910): 1288-1292

Gao G, McMahon C, Chen J, Rong Y S (2008). A powerful method
combining homologous recombination and site-specific recombina-
tion for targeted mutagenesis in Drosophila. Proc Natl Acad Sci U S
A, 105(37): 13999-14004

Golic K G, Golic M M (1996). Engineering the Drosophila genome:
chromosome rearrangements by design. Genetics, 144(4): 1693—
1711

Gong W J, Golic K G (2003). Ends-out, or replacement, gene targeting in
Drosophila. Proc Natl Acad Sci U S A, 100(5): 2556-2561

Greenberg A J, Moran J R, Coyne J A, Wu C I (2003). Ecological
adaptation during incipient speciation revealed by precise gene
replacement. Science, 302(5651): 1754-1757

Greenspan R J. Fly pushing: the theory and practice of Drosophila
genetics. Cold Spring Harbor, NY: Cold Spring Harbor Laboratory
Press, 2004

Grether M E, Abrams J M, Agapite J, White K, Steller H (1995). The
head involution defective gene of Drosophila melanogaster functions
in programmed cell death. Genes Dev, 9(14): 1694-1708

Groth A C, Fish M, Nusse R, Calos M P (2004). Construction of
transgenic Drosophila by using the site-specific integrase from phage
phiC31. Genetics, 166(4): 1775-1782

Hanson K D, Sedivy J M (1995). Analysis of biological selections for
high-efficiency gene targeting. Mol Cell Biol, 15(1): 45-51

Huang J, Zhou W, Dong W, Watson A M, Hong Y (2009). From the
Cover: Directed, efficient, and versatile modifications of the
Drosophila genome by genomic engineering. Proc Natl Acad Sci U
S A, 106(20): 8284-8289

Huang J, Zhou W, Watson A M, Jan Y N, Hong Y (2008). Efficient ends-
out gene targeting in Drosophila. Genetics, 180(1): 703—707

Lankenau S, Barnickel T, Marhold J, Lyko F, Mechler B M, Lankenau D
H (2003). Knockout targeting of the Drosophila napl gene and
examination of DNA repair tracts in the recombination products.
Genetics, 163(2): 611-623

Liu Q, Xia Z, Zhong X, Case C C (2002). Validated zinc finger protein
designs for all 16 GNN DNA triplet targets. J Biol Chem, 277(6):
3850-3856

McCreath K J, Howcroft J, Campbell K H, Colman A, Schnieke A E,



Zhongsheng YU et al. Genetic technologies in Drosophila melanogaster 245

Kind A J (2000). Production of gene-targeted sheep by nuclear
transfer from cultured somatic cells. Nature, 405(6790): 1066—
1069

O’Keefe L V, Smibert P, Colella A, Chataway T K, Saint R, Richards R 1
(2007). Know thy fly. Trends Genet, 23(5): 238-242

Radford S J, Goley E, Baxter K, McMahan S, Sekelsky J (2005).
Drosophila ERCC1 is required for a subset of MEI-9-dependent
meiotic crossovers. Genetics, 170(4): 1737-1745

Rong Y S, Golic K G (2000). Gene targeting by homologous
recombination in Drosophila. Science, 288(5473): 20132018

Rong Y S, Golic K G (2001). A targeted gene knockout in Drosophila.
Genetics, 157(3): 1307-1312

Rong Y S, Titen S W, Xie H B, Golic M M, Bastiani M, Bandyopadhyay
P, Olivera B M, Brodsky M, Rubin G M, Golic K G (2002). Targeted
mutagenesis by homologous recombination in D. melanogaster.
Genes Dev, 16(12): 1568-1581

Rubin G M, Spradling A C (1982). Genetic transformation of Drosophila
with transposable element vectors. Science, 218(4570): 348-353

Schaefer D G, Zryd J P (1997). Efficient gene targeting in the moss
Physcomitrella patens. Plant J, 11(6): 1195-1206

Segal D J (2002). The use of zinc finger peptides to study the role of
specific factor binding sites in the chromatin environment. Methods,
26(1): 76-83

Thibault S T, Singer M A, Miyazaki W Y, Milash B, Dompe N A, Singh
C M, Buchholz R, Demsky M, Fawcett R, Francis-Lang H L, Ryner
L, Cheung L M, Chong A, Erickson C, Fisher W W, Greer K,
Hartouni S R, Howie E, Jakkula L, Joo D, Killpack K, Laufer A,
Mazzotta J, Smith R D, Stevens L M, Stuber C, Tan L R, Ventura R,
Woo A, Zakrajsek 1, Zhao L, Chen F, Swimmer C, Kopczynski C,
Duyk G, Winberg M L, Margolis J (2004). A complementary
transposon tool kit for Drosophila melanogaster using P and
piggyBac. Nat Genet, 36(3): 283287

Thorpe H M, Smith M C (1998). In vitro site-specific integration of
bacteriophage DNA catalyzed by a recombinase of the resolvase/
invertase family. Proc Natl Acad Sci U S A, 95(10): 5505-5510

Thyagarajan B, Olivares E C, Hollis R P, Ginsburg D S, Calos M P
(2001). Site-specific genomic integration in mammalian cells
mediated by phage phiC31 integrase. Mol Cell Biol, 21(12): 3926—
3934

Venken K J, He Y, Hoskins R A, Bellen H J (2006). P[acman]: a BAC
transgenic platform for targeted insertion of large DNA fragments in
D. melanogaster. Science, 314(5806): 1747-1751

White K, Tahaoglu E, Steller H (1996). Cell killing by the Drosophila
gene reaper. Science, 271(5250): 805-807

Xu T, Rubin G M (1993). Analysis of genetic mosaics in developing and
adult Drosophila tissues. Development, 117(4): 1223-1237



	Outline placeholder
	bmkcit1
	bmkcit2
	bmkcit3
	bmkcit4
	bmkcit5
	bmkcit6
	bmkcit7
	bmkcit8
	bmkcit9
	bmkcit10
	bmkcit11
	bmkcit12
	bmkcit13
	bmkcit14
	bmkcit15
	bmkcit16
	bmkcit17
	bmkcit18
	bmkcit19
	bmkcit20
	bmkcit21
	bmkcit22
	bmkcit23
	bmkcit24
	bmkcit25
	bmkcit26
	bmkcit27
	bmkcit28
	bmkcit29
	bmkcit30
	bmkcit31
	bmkcit32
	bmkcit33
	bmkcit34
	bmkcit35



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


