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Abstract

Transgenic Drosophila have contributed extensively to our understanding of nervous system development, physiology and
behavior in addition to being valuable models of human neurological disease. Here, we have generated a novel series of
modular transgenic vectors designed to optimize and accelerate the production and analysis of transgenes in Drosophila.
We constructed a novel vector backbone, pBID, that allows both phiC31 targeted transgene integration and incorporates
insulator sequences to ensure specific and uniform transgene expression. Upon this framework, we have built a series of
constructs that are either backwards compatible with existing restriction enzyme based vectors or utilize Gateway
recombination technology for high-throughput cloning. These vectors allow for endogenous promoter or Gal4 targeted
expression of transgenic proteins with or without fluorescent protein or epitope tags. In addition, we have generated
constructs that facilitate transgenic splice isoform specific RNA inhibition of gene expression. We demonstrate the utility of
these constructs to analyze proteins involved in nervous system development, physiology and neurodegenerative disease.
We expect that these reagents will facilitate the proficiency and sophistication of Drosophila genetic analysis in both the

nervous system and other tissues.
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Introduction

The ability to express an exogenous gene in a transgenic animal
with control over the timing, level and pattern of expression is
essential for many types of experimental analysis. The sophistica-
tion of Drosophila genetics combined with the advent of transfor-
mation with transposable elements vectors [1] followed by
subsequent innovations such as the Gal4/UAS system [2] have
made Drosophila a powerful model system in which to address a
multitude of biological problems including the development and
function of the nervous system [3]. More recently Drosophila
transgenic technology has been further improved by the ability to
reproducibly target transgenes to specific genomic loci using @C31
phage integrase based DNA recombination [4]. ®C31 integrase
catalyzes the recombination between a phage attachment site (aitP)
and a bacterial attachment site (a#tB) [5]. For Drosophila transgen-
esis, an aitP site is introduced into the genome using conventional
transposon techniques [4]. Injected plasmids containing an aitB
site can then integrate at this ‘landing’ or ‘docking’ site when
@®C31 integrase is provided from either a co-injected mRNA [4] or
a transgenic source [6]. The integration event is both highly
efficient and unidirectional with integrated transgenes remaining
stable in the presence of integrase [7].

One drawback of the $C31 transgenesis technique is that the
level of expression of integrated transgenes can differ depending
upon the genomic location of the landing site. This can be
somewhat mitigated by screening for landing sites that allow high
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levels of expression [6,8,9] but considerable variation still exists in
tissue specific expression levels from integration sites situated at
different genomic locations [10] presumably due to local
chromatin influences. To counteract these position effects,
insulator elements [11], which when surrounding a transgene
can protect its expression from positive and negative chromatin
effects, have been employed in both P-element [12,13] and ¢C31
based transgenic vectors [9]. However the interaction of these
insulator elements with the Hsp70 based promoter sequences used
in these vectors can produce unwanted gene expression ‘leak’ in
some tissues such as salivary glands from Upstream Activation
Sequence (UAS) containing transgenes in animals that are not
producing Gal4 [9,14]. This limitation not only limits the
usefulness of these vectors but also makes it difficult to generate
‘toxic’ transgenes where unwanted expression could affect animal
viability.

Here we have constructed a new series of Drosophila ¢C31
transgenesis compatible vectors designed to allow specific and
uniform transgene expression from different a#tP integration sites.
Modifying a minimal a#tB containing vector that carries a mini-
white gene [6], we have added gypsy insulator sequences [15] to
surround either a multiple cloning site that is backwards
compatible with the popular P-element vector pUAST [2] or a
high-throughput Gateway recombination cloning site [16]. From
these starting backbones, which we call pBID (attB, Insulated,
Drosophila), we have built new GAL4 inducible vectors where we
have replaced Hsp70 promoter sequences with a Drosophila
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Synthetic Core Promoter (DSCP) [17] to avoid unwanted leaky
expression and added additional UAS binding sites to overcome
the lower activity of this promoter. We show these vectors allow
equivalent expression from commonly used attP landing sites and
facilitate transgenic toxin generation. Building upon these
constructs, we also generated novel UAS vectors that allow simple
N or C-terminal fusion of transgenes to bright fast folding variants
of Yellow or Red Fluorescent Proteins for in viwo imaging or
protein epitopes for immunohistochemical or biochemical exper-
iments. We find no evidence of unwanted expression from
transgenes generated with these vectors in the absence of Gal4.
Finally, we have used the pBID backbone to generate a vector that
allows the rapid construction of UAS driven inverted hairpin
sequences and show that these can be used for transgenic RNA
mhibition (RNAI) of alternative splice isoforms of endogenous
genes as a complement to existing whole genome libraries [18,19].
We predict that these new reagents will expand the facility and
usefulness of @C31 transgenesis for both neurogenetic and other
applications in Drosophila.

Results

Drosophula transgenes, including constructs introduced by @C31
transgenesis [4], can have different levels of expression depending
upon the genomic location of the landing site [9] and these
differences persist even at sites of relatively high expression such as
commonly used attP18 on the site on the X chromosome, attP40
site on chromosome 2 and the a#tP2 site on chromosome 3 [9,10].
To construct a vector that allows uniform transgene expression
between landing sites, we wished to surround inserted genes with
insulator elements to protect against local chromatin influences
[11]. The gypsy insulator has been demonstrated to effectively
inhibit both chromosome position effects [20] and modification by
cis-regulatory elements [21]. We amplified the gypsy insulator
sequence and subcloned a copy flanking either side of a multiple
cloning site (MCS) into a backbone derived from pattB [6] to
generate pBID (attB, Insulated, Drosophila) (Figure 1A). The final
pBID vector included an attB fragment that allows integration into
the genome at aitP landing sites, a mini-white gene to allow
selection of transformed animals and an ampicillin resistance gene
for plasmid selection. It also includes a loxP site which facilitates
elimination of transgene markers via Cre recombinase-mediated
excision when used in combination with {H-aitP landing sites [6].
The multiple cloning site of pBID was designed to contain similar
restriction sites to the popular P-element vector pUAST [2]
facilitating easy transfer of inserts from this vector to pBID in
order to exploit the advantages of @C31 targeted transgenesis with
some additional sites, such as the rare cutter Pacl, introduced to
further facilitate restriction enzyme based cloning (Figure 1B).

We first assayed if the pBID vector was capable of @C31
transgenesis and determined if transgenes were functional by using
it to clone a genomic fragment encompassing the caz gene [22], the
Drosophila ortholog of the ALS-associated gene FUS/'TLS [23]. We
injected this construct into strains carrying the a#tP2 landing site
and successfully identified integrants using white selection. We then
determined if the caz genomic insert in pBID was functional by
using these transgenes to rescue caz mutants, the majority of which
die before adult eclosion [22]. We found the pBID caz genomic
transgene could fully rescue caz mutant adult eclosion to control
levels (Table 1), confirming that inserts in pBID were functional.
Recombination based subcloning techniques, such as Gateway
cloning, allow high throughput simultaneous transfer of inserts
into multiple vectors and can facilitate the cloning of large inserts
or sequences that are otherwise refractory to conventional cloning
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techniques [16]. To adapt pBID as a ‘destination’ vector
compatible with Gateway cloning, we introduced a Gateway
cassette into pBID to generate pBID-G. We confirmed, as
expected, that pBID-G, like pBID, was also capable of producing
functional transgenic inserts (data not shown). Therefore con-
structs introduced by both Gateway or conventional cloning
techniques are functional in pBID.

pBID-UASC Constructs have Equivalent Expression Levels
at Different Attp Sites

We next designed UAS versions of the pBID vector. As
insulator elements have been associated with GAL4 independent
expression from UAS vectors that employ /4sp70 based promoters
[9,14] we decided to construct our vectors using a Drosophila
Synthetic Core Promoter as the basal promoter [17]. One
disadvantage of this promoter is that it produces lower transgene
expression than the hsp70 basal promoter [10]. Therefore in order
to increase transgene expression levels, we added 5 additional
UAS binding sites more than are employed in the pUAST vector
[2] for a total of 10 GAL4 binding sites. We called this vector
pBID-UASC (UAS Core promoter). We also introduced a
Gateway cloning cassette into this vector to generate pBID-
UASC-G.

We first examined the expression level of transgenes inserted at
different a#tP landing sites using these vectors. To do this we used
pBID-UASC-G to generate transgenes with a destabilized form of
EGFP (dsEGFP) which has a protein half-life of approximately two
hours providing a sensitive measure of transgene expression [24].
We then generated transgenic insertions of UASC dsEGFP at
attP18 (X) and aitP40 (2) landing sites. When we examined by
western blot analysis the level of dSEGIP protein expressed from
either line when driven in eye tissues with GMR-Gal4, we found
similar levels of dsEGFP protein expression were produced by
either insert (Figure 2A). We also cloned tetanus toxin light chain
(TeTxLC) [25], a toxin widely used for Drosophila behavioral
studies [26], into pBID-UASC-G and generated inserts in attP40
(2) or attP2 (3) landing sites. Expression of TeTxLC from these
lines completely inhibited neurotransmitter release when expressed
in motor neurons similar to existing p-element based lines (data
not shown). Similar to dsEGFP, when driven with GMR-Gal4, we
also did not observe any difference in the level TeTxLC protein
expressed from inserts at either attP#0 or aitP2 (Figure 2B). These
results established that the insulator elements in pBID-UASC
vectors allow for similar expression from different commonly used
attP landing sites.

pBID Vectors to Facilitate Transgene Fusion to

Fluorescent and Epitope Protein Tags

We next generated pBID-UASC-G vectors designed to enable
convenient fusion of transgenes to fluorescent proteins or epitope
tags. We introduced the fast folding Yellow Fluorescent Protein
(YFP) variant mVenus [27] in frame with the Gateway cassette to
allow fusion of mVenus at the N-terminus (pBID-UASC-VG) or
C-terminus (pBID-UASC-GV) of Gateway cloned transgenes. We
confirmed these vectors produced functional transgenic fusions by
generating a transgenic C-terminal fusion of mVenus to TeTxLC.
Expression of this transgene with OK6-Gal4 showed strong
mVenus fluorescence as expected in motor neurons (Figure 3A).
Similarly, when mVenus was fused to the N-terminus of TBPH,
the Drosophila homolog of the Amyotrophic Lateral Sclerosis
associated protein TDP-43, we observed strong fluorescence as
predicted in the nuclei of muscles when expressed with the muscle
driver G14-Gal4 [28] (Figure 3B). We also generated vectors
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Figure 1. Overview of pBID vectors. Above: Map of the pBID vector (to scale). pBID includes a mini-white gene, a ¢C31 integrase compatible
attB sequence (pC31 attB), a loxP site and an ampicillin resistance (ampR) gene. The multiple cloning site (MCS) is surrounded by gypsy insulator
sequences to protect against genomic position effects. Below: Schematic of pBID vectors (not to scale). pBID has a restriction enzyme cloning site
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while pBID-G has a Gateway (G) cloning cassette. These vectors are suitable for cloning genomic fragments among other purposes. pBID-UASC has 10
copies of the Upstream Activation Sequence (10xUAS) Gal4 binding sequence, a Drosophila Synthetic Core Promoter (DSCP) basal promoter, a
restriction enzyme MCS and an polyadenylation signal signal (SV40 pA). pBID-UASC-G has a Gateway cloning cassette. These vectors are suitable for
Gal4 regulated transgene production. pBID-UASC-VG allows readthrough from mVenus (V) for fusion in frame to the N-terminus of genes introduced
by Gateway cloning, while pBID-UASC-VG allows mVenus to be fused to the C-terminus of genes cloned by Gateway. pBID-UASC-MRG allows a Myc
epitope and TagRFP-T (tRFP) to be fused to the N-terminus of genes introduced by Gateway cloning while pBID-UASC-GRM allows fusion to the C-
terminus of Gateway cloned genes. pBID-UASC-FG allows a Flag epitope to be fused to the N-terminus of genes introduced by Gateway cloning.
These vectors are suitable for Gal4 regulated fusion transgene expression. pBID-UAS-GGi has a Hsp70 basal promoter and two inverted Gateway
cassettes separated by an intron from the ftz gene. This vector is suitable for the production of RNA hairpins for targeted RNAi inhibition of gene

expression.
doi:10.1371/journal.pone.0042102.g001

designed to allow N (pBID-UASC-MRG) or C terminal (pBID-
UASC-GRM) fusion with TagRFP-T (tRFP), a bright monomeric
red fluorescent protein [29,30] to which we added a myc epitope
tag to allow easy for immunohistochemical detection [31]. To
confirm this fusion vector was effective, we generated transgenic
Drosophila where MyctRFP was fused to the N-terminus of Caz.
Expression of this fusion protein in muscles revealed bright red
fluorescence in muscle nuclei as expected (Figure 3B). Using an
anti-Myc antibody, we also could detect the MyctRFP-Caz fusion
protein in the nucleus (Figure 3B). Finally, we generated a vector
that allows easy transgene fusion to a Flag epitope (pBID-UASC-
FG) [32] to facilitate biochemical purification in addition to
immunohistochemical detection. When we generated transgenes
where Caz was fused to Flag, we could also detect the protein in
the muscle nucleus with anti-Flag antibody (Figure 3B) and purify
the protein by immunoprecipitation (data not shown, [22]).
Therefore, our vectors were effective at generating transgenic
Drosophila fusion proteins that allow either fluorescent or epitope
detection of protein localization.

pBID UASC Vectors Lack Detectible Non-specific

Transgene Expression

A problematic issue identified with some previous UAS
insulated vectors has been expression of transgenes in the absence
of GAL4 [9,14] impeding the usefulness of these vectors. To
determine if our vectors based on the DSCP basal promoter also
had this issue, we examined the expression of UASC MyctRFP-
Caz with and without Gal4. In the presence of Gl14-Gal4,
MyctRFP-Caz was detected in both muscles and the salivary
glands, a tissue where many GAL4 lines are expressed [33] and
where GAL4 independent leak of insulated UAS transgenes occurs
(Figure 4A) [14]. In contrast, in the absence of GAL4, we could
detect no fluorescence even in animals with 2 copies of UASC-
MyctRFP-Caz in attP2. We observed similar results with
fluorescent fusion transgenes inserted at attP40 or aitPl8 (data
not shown). To examine if leaky expression could be occurring
below our detection threshold by light microscopy, we homoge-
nized and generated protein extracts from whole larvae with

Table 1. caz mutants are rescued by transgenic genomic caz
generated with pBID.

Genotype Eclosion (% of pupae)
Control 94+/—2.9

caz'IY 4+/-09

caz'/Y;genomic caz 89+/—2.1

A genomic fragment including the caz coding region and promoter [22] cloned
into pBID and integrated into the attP2 landing site on chromosome Il can
restore normal adult eclosion frequency when introduced into caz mutants.
doi:10.1371/journal.pone.0042102.t001
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UASC-MyctRFP-Caz transgenes in attP2 with or without G14
Gal4 (Figure 4B). We could detect abundant MyctRFP-Caz at the
expected molecular weight by western blot using anti-Myc
antibody in protein extracts from larva with Gl14 Gal4. In
contrast, we could not detect any protein from extracts of larva
with in control G14 GAL4 alone or 2 copies of UASC-MyctRIFP-
Caz alone. Therefore we conclude that, within the limits of our
detection sensitivity, pBID-UASC generated transgenes do not
aberrantly express transgenes in the absence of Gal4.

pBID-UAS-GGi Allows Isoform Specific RNAi Inhibition of
Gene Expression

Transgenic RNAi inhibition is a powerful technique for
functional analysis of Drosophila genes which has been greatly
facilitated by the generation of genome-wide libraries [18,34].
However, many Drosophila genes have alternative splice isoforms
with unique expression or functions which are not currently
addressable using these libraries [35]. We therefore constructed a
pBID vector designed to allow easy construction of RNA hairpins
to target individual splice isoforms of Drosophila genes. To do this
we constructed pBID-UAS-GGi which has two Gateway cassettes
oriented in opposite directions separated by a fiz intron [36]. By
this design, two inverted sequences are introduced simultaneously

A GMR

anti GFP

attP18 attP40

e —
anti 8-tubulin D G D

attP40 attP2

B GMR

anti TeTxLC

anti B-tubulin T T S

Figure 2. Expression of pBID transgenes is similar at different
attP sites. A. Expression of destabilized GFP protein in adult heads
from pBID-UASC inserts on the X chromosome (attP18) and chromo-
some |l (attP40) driven by GMR-Gal4. The expression level is similar. The
loading control is anti B-tubulin. B. Expression of Tetanus Toxin Light
Chain (TeTxLC) in adult heads from pBID-UASC inserts on chromosome
Il (attP40) and chromosome Il (attP2) driven by GMR-Gal4. Expression
level is appears equivalent. Loading control is anti B-tubulin.
doi:10.1371/journal.pone.0042102.g002
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Figure 3. pBID vectors allow fusion of transgenes to fluorescent or epitope tags. A. mVenus (green) fused to the C-terminus of TeTxLC
labels motor neurons in the larval ventral nerve cord when crossed with OK6-Gal4. The synaptic neuropile is labeled with anti-Brp (red). No signal is
detectible in control animals. Scale Bar =20 um. B. mVenus (green) fused to the N-terminus of TBPH or MyctRFP (red) fused to the N-terminus of Caz
are found in muscle nuclei when expressed with G14-Gal4. MyctRFP-Caz is also detectible with anti-Myc (green). Similarly Flag fused to the N-

terminus of Caz is also detectible with anti-Flag (green). Muscle nuclei are labeled with DAPI (blue). Scale Bar =20 pum.

doi:10.1371/journal.pone.0042102.9003

by the Gateway cloning reaction allowing the expression of an
RNA hairpin that will target the cloned sequence.

To test the functionality of this vector, we inhibited alternative
splice isoforms of Fasciclin II (Fasll), the Drosophila ortholog of
Neural Cell Adhesion Molecule (NCAM) [37]. The fasll gene
generates at least four protein isoforms by alternative splicing of
several 3’ exons [38,39]. Identical exons are employed by all four
FasIl transcripts to generate the extracellular domain of the
protein and this region is targeted by an existing transgenic UAS
RNAI construct that targets FaslI (UAS FaslI-total RNAi) [18]
(Figure 5A). Alternative splicing of 3’ faslI exons produce one of
either of two FaslI-A transmembrane isoforms (designated PEST+
or PEST-), a putative GPI linked isoform (FasII-C) and a fourth
isoform (IFFasII-B) that remains poorly characterized. All isoforms of
FasII protein are detectible with the monoclonal antibody 34B3
while only FaslI-A isoforms are detected by the monoclonal
antibody 1D4 [40-42] (Figure 5A). Using either of these
antibodies, FasIl protein is detectible in motor neuron axons
(Figure 5B), indicating that FaslI-A isoforms are found in axons,
however it was unknown if other isoforms were also localized
there.

To determine which FasII protein isoforms are present in motor
axons, we targeted expression of FaslI-A isoforms alone by cloning
a sequence corresponding to fas// exon 12, common to both FaslI-
A isoforms but not FasII-B or FaslI-C, into pBID-UAS-GGi to
generate UAS FasII-A RNAi (Figure 5A) [43]. We then compared
the effect on Fasll expression by RNAi inhibition with this

A

construct compared to inhibition by UAS FaslI-total RNAi when
driven ubiquitously by Da-Gal4. When we inhibited Fasll
expression with UAS FaslI-total RNAi, we could not detect FaslI
protein in motor axons with either the 34B3 or 1D4 antibodies,
indicating potent inhibition of all Fasll protein expression
(Figure 5B). When we targeted only the FaslI-A isoforms with
UAS FaslI-A RNAi1, we also could detect no protein with the
FasII-A specific 1D4 antibody in motor axons consistent with
effective targeting of these isoforms. However, when we stained
these axons with 34B3 antibody could still detect some Fasll
protein expression indicating that either or both of the FasII-B or
FaslI-C isoforms are also found in motor neuron axons (Figure 5B).
Therefore, our results show that the pBID-UAS-GGi vector
facilitates the generation of custom UAS RNAIi constructs, for
example to target distinct mRINA splice isoforms, that can serve as
a useful complement and extension to existing whole genome
RNAI libraries for the analysis of Drosophila genes.

Discussion

Analysis of transgenic genes and proteins in Drosophila has
benefited from increasingly sophisticated tools and methods [7]. A
recent advance is the ability to reproducibly target transgenes to
genomic loci using @C31 phage integrase based DNA recombi-
nation [4]. Following this initial description, @C31 transgenic
technology has been refined and improved by the construction of
stable transgenic integrase sources and high expression landing
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UASC MyctRFP-Caz ==
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anti Myc
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UASC MyctRFP-Caz

kp 'SSEDEEDEEP -t B-Tubulin

Figure 4. UAS pBID transgenes are not expressed in the absence of Gal4. A. Fluorescence from MyctRFP-Caz in attP40 is easily observed in
the salivary gland nuclei of larva when crossed to G14-Gal4. In contrast, no fluorescence is observable in homozygous inserts of MyctRFP-Caz in the
absence of a Gal4 driver. Scale Bar =100 um. B. MyctRFP-Caz protein expression is easily detectible with anti-Myc antibody in extracts from larva that
carry G14-Gal4. In contrast, no expression is detectible in homozygous MyctRFP-Caz larva or G14 Gal4 control larva. Additional bands are due to
overexposure of the blot. Loading control is anti B-tubulin.

doi:10.1371/journal.pone.0042102.9g004
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Figure 5. Inhibition of specific Fasll isoforms using pBID-UAS-GGi. A. The Fasciclin Il (Fasll) gene has four splice isoforms, A PEST+, A PEST-, B,
and C, that all include the first seven exons but differ in the inclusion (black) or exclusion (grey) of exons at the 3’ end of the gene. The monoclonal
anti-Fasll antibody 34B3 recognizes an epitope in the extracellular domain of all four isoforms (anti-Fasll total). The monoclonal antibody 1D4
recognizes an epitope in the intracellular domain of both Fasll-A-PEST+ and Fasll-A-PEST- (anti-Fasll A). An existing UAS RNAI line (Fasll-total RNAI)
targets an exon common to all four isoforms. Fasll-A RNAI, generated using pBID-UAS-GGi, targets an exon found in only the A isoforms. B. Wild type
motor neuron axons are labeled by anti-Fasll A and anti-Fasll total. Neuronal membranes are labeled by anti-Hrp. When Fasll expression is inhibited
by expression of Fasll-total RNAi with Da-Gal4, Fasll cannot be detected in axons by either antibody. In contrast, inhibition of Fasll-A isoforms alone
by expression of Fasll-A RNAi with Da-Gal4, eliminates labeling by anti-Fasll A but Fasll protein is still detectible in axons with anti-Fasll total. This
indicates that protein isoforms other than Fasll A isoforms are present in motor axons. Scale Bar =10 um.

doi:10.1371/journal.pone.0042102.g005

sites [6,9,44]. Innovative applications of ¢C31 recombination have
been developed such as the iterative modification of genomic loci
(reviewed in [45]) or transposon based alteration of endogenous
genes [46] and large scale libraries of RNAI transgenes have been

@ PLoS ONE | www.plosone.org

generated using the system [34]. Here we describe a modular
vector toolset designed to facilitate gene analysis by allowing
equivalent expression of transgenes inserted using @C31 recom-
bination at different a#tP landing sites, to expedite labeling of

July 2012 | Volume 7 | Issue 7 | e42102



transgenes with fluorescent proteins or epitope tags and to allow
mnhibition of protein isoform expression by RNAi. Modular
cloning tools have previously been developed for Drosophila P-
elements (unpublished, http://emb.carnegiescience.edu/labs/
murphy/ Gateway%20vectors.html) and for Caenorhabditis elegans,
where a modular restriction enzyme based vector series [47] has
been developed upon to encompass a large variety of applications.

Our vectors offer a number of advantages but also some
limitations over existing reagents. First, by design, our vectors
incorporate insulator sequences to allow equivalent transgene
expression independent of the a#tP landing site. For example,
reporter constructs lacking insulators exhibit large differences in
expression levels from attP18, attP40 and aitP2 landing sites [9,10]
in contrast to our insulated constructs where expression was
similar. Homogenous expression from different landing sites is
advantageous for many experimental scenarios, for example the
comparison of e.g. wild-type and mutant transgenes [22].
However, in other contexts this may be a disadvantage, if for
example a series of transgenes with different expression levels is
desired. It may be possible to achieve incremental expression levels
of transgenes from these vectors by modifying the number of UAS
binding sites which has been shown to change expression level in
other constructs [10,18,19]. Furthermore, while we found
equivalent expression from three commonly used a#P landing
sites, we cannot exclude the possibility that expression at other
landing sites may not be similar due to incomplete protection by
the insulating elements. Also for transgenic animal identification,
our constructs use the mini-white gene, a common and easy to use
selectable marker [48-50]. However for some purposes, such as
courtship assays, ectopic white containing transgenic constructs can
cause aberrant behavior [51,52] and other markers may be
preferred. Alternatively, integration of our vectors into JH-aitP
landing sites [6] will cause the mini-white gene to be flanked by
both a loxP site derived from the pBID vector and loxP site present
in these landing sites. Transgenic Cre can then be used delete the
region between the loxP sites removing the mini-white selectable
marker and other plasmid sequences while leaving the remainder
of transgenic construct intact [6].

Second, for all UAS vectors apart from pBID-UAS-GGi, we
used a Drosophila Synthetic Core Promoter as the basal promoter
[17]. As we have shown, this has the major advantage of avoiding
non-specific ‘leaky’ transgene expression, a problem which has
limited the usefulness of other insulated vectors [9,14]. The
transgenic UASC TeTxLC lines we generated with these
constructs, for example, do not perturb circadian behavior in
the absence of Gal4 unlike existing P-element based constructs
(Michael Nitabach and Justin Blau, pers.comm) consistent with little
or no Gal4 independent expression. However, as described in
other studies [10], we also find that this promoter produces less
Gal4 induced transgene expression than vectors with /£sp70 based
basal promoters. This is a particular disadvantage for transgenic
RNAIi constructs where high levels of hairpin production are
desirable [18,53]. Indeed, we initially constructed a pBID-UASC-
GGi vector that employed the DSCP promoter, however
transgenes generated with this construct produced only low to
moderate inhibition of gene expression (data not shown) and we
therefore built the hsp70 based pBID-UAS-GGi vector which
proved more effective. Again it is possible that the addition of
more UAS binding sites [10] or perhaps translational enhancers
[54] might alleviate this disadvantage.

Third, the majority of our vectors use Gateway cloning to
introduce transgenes. This i vitro recombination based system
allows robust high throughput parallel cloning of inserts into
multiple vectors, easier cloning of large or complex inserts that
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may be refractory to restriction enzyme based cloning and
simplifies the generation of fusion proteins [16,55,56]. In addition,
Gateway compatible vectors are readily available for a number of
biological applications such as Drosophila S2 or mammalian cell
expression that can aid in protein analysis and compatible cDNA
libraries exist for many mammalian genes. It is also noteworthy
that as part of our construction process, we generated several
intermediate vectors (pMartini-Gateway series) that can facilitate
the subcloning of Gateway cassettes and the generation of new
‘destination’ vectors (see materials and methods). However, for
‘one off’ construct generation Gateway technology may be more
cumbersome and expensive due to the necessity to generate an
‘entry’ clone prior to recombination into the final ‘destination’
vector such as the pBID ‘G’ vectors. However, it is possible to
avoid the entry vector step and recombine PCR products directly
into destination vectors [57] which may mitigate this disadvantage.

Finally, we have generated constructs that allow fusion to the
yellow fluorescent protein mVenus [27], the orange/red fluores-
cent protein TagRFP-T [29,30] and the Flag epitope [32]. Both
mVenus and TagRFP-T are monomeric, produced bright
fluorescence in our hands and fusion of these proteins to several
transgenes did not disrupt protein function assayed by transgenic
mutant rescue (e.g. alternative splicing factors [43]). Interestingly
however, fusion of mVenus to the C-terminus of TeTxLC partially
inhibited the ability of the toxin to block neurotransmitter release
in Drosophila (data not shown), even though it was expressed at
similar levels to untagged constructs and similar fusions of
TeTxLC to fluorescent proteins have been employed in hippo-
campal neurons and transgenic zebrafish [58,59]. Therefore the
usefulness of this fusion protein is limited. In addition to
fluorescence, mVenus can be also be readily detected by
immunohistochemistry or western blotting with specific antibodies
(most anti-GFP antibodies also detect mVenus), similar to Flag
tagged transgenes. While antibodies against TagRFP-T are also
available and work in Drosophila tissues [60], we added a Myc
epitope to the TagRFP-T constructs [31] to allow more flexibility
in antibody species choice. Development of novel and improved
fluorescent proteins is rapid [61] and we envision the generation of
fusion constructs with additional colors or other useful properties
in future studies. We also hope that the Drosophila community will
take advantage of the modularity of our constructs to expand upon
and improve these vectors with further innovations.

Materials and Methods

Molecular Biology - Vector Assembly

All vector constructs have been deposited at Addgene http://
www.addgene.org/a non-profit plasmid repository.

Construction of pBID. A three-fragment ligation was used
to generate the pBID vector. A 473-bp DNA fragment containing
the Gypsy insulator sequence [21] was PCR amplified from wild
type Canton S genomic DNA with BamHI-Gypsy and Gypsy-
MCS primers and cloned into pCR8GW-TOPO vector (Invitro-
gen), resulting in pCR8GW-BamHI-Gypsy-MCS. A 481-bp DNA
fragment gypsy insulator sequence was PCR amplified from
Drosophila wild type Canton S genomic DNA with MCS-Gypsy
and Gypsy-BamHI primers and cloned in pCR8GW-TOPO
vector, resulting in pCR8GW-MCS-Gypsy-BamHI. The pUAS-
TattB [6] (gift from Konrad Basler, University of Zurich) was
digested with BamHI to generate a fragment containing the mini-
white, loxP, attB, AmpR and bacterial replication regions while
removing other sequences. A 460-bp gypsy fragment released from
pCRBGW-BamHI-Gypsy-MCS with BamHI/Notl and a 468-bp
gypsy insulator released from pCR8GW-MCS-Gypsy-BamHI
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with BamHI/Notl were ligated into BamHI fragment to generate
the pBID vector.

Construction of pMartini Gate A R1-R2, pMartini Gate A
R2-R1, pMartini Gate B R1-R2, pMartini Gate B R2-R1,
pMartini Gate C R1-R2 and pMartini Gate C R2-R1. The
1711-bp Gateway Cassette Reading Frame A (Invitrogen) was
blunt end cloned into the EcoRV site of pMartini (gift from Nick
Brown, Cambridge University), resulting in pMartini Gate A R1-
R2 and in the opposite orientation pMartini Gate A R2-R1. The
1713-bp Gateway Cassette Reading Frame B (Invitrogen) was
blunt end cloned into the EcoRV site of pMartini, resulting in
pMartini Gate B R1-R2 and in the opposite orientation pMartini
Gate B R2-R1. The 1714 bp Gateway Cassette Reading Frame
C.1 (Invitrogen) was blunt end cloned into the EcoRV site of
pMartini, resulting in pMartini Gate C R1-R2 and in the opposite
orientation pMartini Gate C R2-R1.

Construction of pBID-G. A 1763-bp Gateway cassette was
excised from pMartini Gate A R2-R1 with Xhol/Xbal and cloned
into Xhol/Xbal sites of pBID vector to generate pBID-G.

Construction of pBID-UAS. The 10X UAS region of
pGD264 (gift from Barry Dickson, IMP Vienna) was excised with
Notl and modified with Klenow, subsequently digested with BglII
and the 526-bp fragment was gel purified. pUASTattB was treated
sequentially with HindIII, Klenow and Bglll to remove UAS
sequences. The 526-bp containing the 10X UAS region was then
ligated into this vector. The resulting pl0xUASTattB was digested
with BamHI, and a 1264-bp BamHI fragment was inserted into
BgllI site of pBID to generate pBID-UAS.

Construction of pBID-UASC. pBID-UASC was constructed
by three-fragment ligation. To this end, 255-bp 5xUAS sequence
was PCR amplified from pUAST [2] with Pryl and Sacl-UAS
reverse primers and cloned into pPCR8GW-TOPO (Invitrogen) to
create pCR8GW-5xUAS. Meanwhile, a 344-bp DSCP (Drosophila
Synthetic Core Promoter) sequence was PCR amplified from
pBPGUw (gift from Gerald Rubin, Janelia Farm) with Gateway
attR2 and EcoRI-DSCP reverse primers, and a 151-bp fragment
released from the 344-bp DSCP fragment with Sacl/EcoRI was
cloned into Sacl/EcoRI sites of pBluescript SK(+), resulting in
pBS-DSCP. A 132-bp HindIll/Sacl 5xUAS fragment of
pCRBGW-5xUAS and a 159-bp Sacl/EcoRI DSCP fragment of
pBS-DSCP were inserted in HindIII/EcoRI sites of pBID-UAS,
giving rise to pBID-UASC.

Construction of pBID-UASC-G. A 1763-bp Gateway cas-
sette was released from pMartini Gate A R2-R1 with Xhol/Xbal
and cloned into Xhol/Xbal sites of pBID-UASC, giving rise to
pBID-UASC-G.

Construction of pBID-UASC-VG. To construct a mVenus-
Gateway cassette fusion, a 739-bp mVenus fragment with a
Drosophila Kozak sequence added prior to start codon was PCR
amplified from pSK2691 (gift from Gary Struhl, Columbia
University) with HindIII-BglII-mVenus and mVenus-no stop-Sphl
primers, digested with HindIII/Sphl and cloned into HindIIl/
Sphl sites of pMartini Gate A R1-R2. The resulting pMartini-
mVenus-G was digested with BgllI/Xhol and the released 2480-
bp fragment was inserted into BgllI/Xhol sites of pBID-UASC,
giving rise to pBID-UASC-VG.

Construction of pBID-UASC-GV. To construct a Gateway-
mVenus fusion, a 719-bp mVenus fragment was PCR amplified
from pSK2691 (gift from Gary Struhl, Columbia University) with
Sphl-mVenus and mVenus-stop-Xbal primers, digested with
Sphl/Xbal and cloned into Sphl/Xbal sites of pMartini Gate B
R2-R1. The resulting pMartini-G-mVenus was digested with
Xhol/Xbal and the released 2476-bp fragment was inserted into
Xhol/Xbal sites of pBID-UASC, giving rise to pBID-UASC-GV.
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Construction of pBID-UASC-MRG. 119-bp 3xMyc tag
with a Drosophila Kozak sequence added prior to the start codon
was PCR amplified from pCMV-3Tag-4C (Stratagene) with fly
HindIII-3xMyc FWD and 3xMyc-Xbal REV primers. TagRFP-T
was PCR amplified as 749-bp Xbal-TagRFP2-Sphl fragment
from pSK3007 (gift from Gary Struhl, Columbia University) with
Xbal-TagRFP2 and TagRFP2-no stop-Sphl primers. The 3x Myc
fragment was cut with HindIII/Xbal, the TagRFP-T fragment
with Xbal/Sphl, and both were simultaneously ligated into
pMartini Gate A RI1-R2 prepared with HindIII/Sphl. The
resulting pMartini-d3myc-TagRFP2-G was cut with Xhol and
released a 2626-bp d3myc-TagRFP2-G fragment, inserted into the
Xhol site of pBID-UASC, giving rise to pBID-UASC-MRG.

Construction of pBID-UASC-GRM. A 113-bp 3x Myc tag
was PCR amplified from pCMV-3Tag-4C (Stratagene) with
Xbal-3xMyc FWD and 3xMyc-stop-HindIII REV  primers.
TagRFP-T was PCR amplified as 749-bp Sphl-TagRFP2-Xbal
fragment from pSK3007 (gift from Gary Struhl, Columbia
University) with Sphl-TagRFP2, TagRFP2-no stop-Xbal prim-
ers. The 99-bp 3x Myc fragment was cut with Xbal/HindIII, the
731-bp TagRFP-T fragment with Sphl/Xbal, and both were
simultaneously ligated into pMartini Gate B R2-R1 prepared
with  Sphl/HindIIl, creating pMartini-G-TagRFP2-3Myc. A
2606-bp G-TagRFP2-3Myc EcoRI/Xhol fragment derived from
pMartini-G-TagRFP2-3Myc was cloned into EcoRI/Xhol site
of pBID-UASC, giving rise to pBID-UASC-GRM.

Construction of pBID-UASC-FG. A 3xFLAG tag followed
by Gateway cassette was excised from pAFW (Terence Murphy,
Carnegie Institute, Drosophila Genomics Resource Center (DGRC))
with Xhol/Nhel and cloned into Xhol/Xbal sites of pBID-
UASC, resulting in pBID-UASC-FG.

Construction of pBID-UAS-GGi. The pRISEftz plasmid
[36](gift from Takefumi Kondo, Nara Institute) was digested
partially with Xbal and completely with BglII. The released 3613-
bp fragment containing two Gateway cassettes in opposite
orientations separated by a ftz intron was inserted into BglIl/
Xbal sites of pBID-UAS, resulting in pBID-UAS-GGi.

Molecular Biology - Validation Transgene Assembly

General methods and insert confirmation. PCR was
performed using AccuPrime Pfx SuperMix (Invitrogen). White
and attB primers were used for sequencing the insertion in pBID
vectors. The DSCP primer was used for sequencing inserts after a
DSCP. The SV40 pA primer was used for sequencing inserts in
front of SV40 polyA. All Primers are described in Table S1.

Construction of pBID-UASC-dsEGFP. To generate pBID-
UASC-dsEGFP, dsEGFP was PCR-amplified from pd2EGFP-N1
(Clontech) using dsEGFP F and R primers. By PCR, an NLS
sequence was added the N-terminus and Notl site inserted
between amino acids 154 and 155 to facilitate future reporters.
The construct was inserted into pBID-UASC using Bglll and
Xhol.

Construction of pBID-UASC-TeTxLC. Tetanus toxin light
chain (TeTxLC) construct pBID-UASC-TeTxLC was derived by
an LR reaction between pBID-UASC-G and entry plasmid
pCRBGW-TeTxLC (gift from Ben Jiwon Choi and Joseph Gogos,
Columbia University).

Construction of pBID-UASC-TeTxLC-mVenus. The
TeTxLC with a C-terminal mVenus fusion gene construct
pBID-UASC-TeTxLC-mVenus was derived by an LR reaction
between pBID-UASC-GV and the entry plasmid pCR8GW-
TeTxLC-no-stop (gift of Ben Jiwon Choi, Columbia University).

Construction of pBID-UASC-mVenus-TBPH. Diosophila
TBPH [62] with an N-terminal fusion to mVenus was generated
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by an LR reaction between pBID-UASC-VG and the TBPH entry
plasmid pCR8GW-TBPH [22].

Construction of pBID-UASC-3myc-tRFP-Caz. Diosophila
Caz with an N-terminal MyctRFP fusion was generated by an
LR reaction between pBID-UASC-MRG and the Caz entry
plasmid pCR8GW-Caz [22].

Construction of pBID-UASC-Flag-Caz. Drosophila Caz with
an N-terminal Flag fusion was derived by an LR reaction between
pBID-UASC-FG and the Caz entry plasmid pCR8GW-Caz [22].

Construction of pBID-UAS-FasII-A RNAi. UAS-FaslIR-
NAi-A [43] was generated by PCR amplification of the sequence
corresponding to Fasll exon 12 from total cDNA derived from
larval brains using primers FasII-RNAi-A I and R. The PCR
product was TOPO cloned into the pCR8GW-TOPO vector
(Invitrogen) to generate pCR8GW-Fasll-A. An LR reaction
between pCR8GW-Fasll-A and pBID-UAS-GGi was used to
generate pBID-UAS-FasII-A RNAi.

Drosophila Genetics

Gal4 lines. The GAL#4 lines used were the eye driver GMR-
GAL4 [63], the motor neuron driver OK6-GAL4 and the muscle
driver G14-GAL4 [28] and the ubiquitous driver Da-Gal4 [64].

Transgene generation. Transgenes were inserted into the
attP18 (X chromosome), aitP40 (chromosome II), or aitP2
(chromosome III) landing sites [9] using established methods
(Genetic Services, Cambridge.).

Immunohistochemistry

Dissection and immunohistochemistry was performed as
previously described [65,66]. DAPI (Sigma) was used at 1:2,000
dilution for 10 min at room temperature. Antibodies used were:
Chicken anti-GFP (1:2,000, Abcam), mouse anti-bruchpilot (nc82,
1:500, DSHB), mouse anti-Myc tag (9E10, 1:100, DSHB), mouse
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Western Blotting

Adult fly heads were directly homogenized in sample loading
buffer. The heads extract was centrifuged at 16,000 rpm for
5 minutes, subjected to 10% or 12% SDS-PAGE, transferred to
Protran® nitrocellulose membrane (Whatman), and detected with
Pierce® ECL Western Blotting Substrate (Thermo Scientific). The
primary antibodies used were: mouse anti-tetanus toxin light chain
(1:200, gift from Heiner Niemann), rabbit anti-GFP (1:2,000,
Invitrogen), mouse anti-B-tubulin (E7, 1:1,000, DSHB).

Supporting Information

Table S1 Sequence of PCR primers employed.
(PDF)

Acknowledgments

We are grateful to Konrad Basler, Johannes Bischof, Gerald Rubin, Barrett
Pfeiffer, Barry Dickson, Takefumi Kondo, Gary Struhl, Nick Brown,
Corey Goodman, Andrea Brand, Joseph Gogos, the late Heiner Neimann,
Jonathan Brent and Ben Choi for reagents. We are especially grateful to
Cynthia Hsu for assistance in generating the pMartini-G series of vectors.
All vector constructs have been deposited at Addgene.

Author Contributions

Conceived and designed the experiments: JW ES BDM. Performed the
experiments: JW ES BDM. Analyzed the data: JW ES BDM. Contributed
reagents/materials/analysis tools: JW ES BDM. Wrote the paper: BDM.

. Zhu Q, Halfon MS (2007) Vector-dependent gene expression driven by
insulated P-element reporter vectors. Fly 1: 55-56.

. Geyer PK, Corces VG (1992) DNA position-specific repression of transcription
by a Drosophila zinc finger protein. Genes & development 6: 1865-1873.

. Hartley JL, Temple GF, Brasch MA (2000) DNA cloning using in vitro site-
specific recombination. Genome research 10: 1788-1795.

. Pfeiffer BD, Jenett A, Hammonds AS, Ngo TT, Misra S, et al. (2008) Tools for
neuroanatomy and neurogenetics in Drosophila. Proceedings of the National
Academy of Sciences of the United States of America 105: 9715-9720.

. Dietzl G, Chen D, Schnorrer F, Su KC, Barinova Y, et al. (2007) A genome-
wide transgenic RNAI library for conditional gene inactivation in Drosophila.
Nature 448: 151-156.

. NiJQ, Liu LP, Binari R, Hardy R, Shim HS, et al. (2009) A Drosophila resource

of transgenic RNAI lines for neurogenetics. Genetics 182: 1089-1100.

Roseman RR, Pirrotta V, Geyer PK (1993) The su(Hw) protein insulates

expression of the Drosophila melanogaster white gene from chromosomal

position-effects. The EMBO journal 12: 435-442.

Kuhn EJ, Viering MM, Rhodes KM, Geyer PK (2003) A test of insulator

interactions in Drosophila. The EMBO journal 22: 2463-2471.

Wang JW, Brent JR, Tomlinson A, Shneider NA, McCabe BD (2011) The ALS-

associated proteins FUS and TDP-43 function together to affect Drosophila

locomotion and life span. The Journal of clinical investigation 121: 4118-4126.

Kwiatkowski TJ, Jr., Bosco DA, Leclerc AL, Tamrazian E, Vanderburg CR, et

al. (2009) Mutations in the FUS/TLS gene on chromosome 16 cause familial

amyotrophic lateral sclerosis. Science 323: 1205-1208.

Li X, Zhao X, Fang Y, Jiang X, Duong T, et al. (1998) Generation of

destabilized green fluorescent protein as a transcription reporter. The Journal of

biological chemistry 273: 34970-34975.

. Mochida S, Poulain B, Eisel U, Binz T, Kurazono H, et al. (1990) Exogenous
mRNA encoding tetanus or botulinum neurotoxins expressed in Aplysia
neurons. Proceedings of the National Academy of Sciences of the United States
of America 87: 7844-7848.

5. Sweeney ST, Broadie K, Keane J, Niemann H, O’Kane CJ (1995) Targeted

expression of tetanus toxin light chain in Drosophila specifically eliminates

synaptic transmission and causes behavioral defects. Neuron 14: 341-351.

20.

21.

22.

23.

24.

July 2012 | Volume 7 | Issue 7 | e42102



27.

29.

30.

31.

32.

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

Nagai T, Ibata K, Park ES, Kubota M, Mikoshiba K, et al. (2002) A variant of
yellow fluorescent protein with fast and efficient maturation for cell-biological
applications. Nature biotechnology 20: 87-90.

. Aberle H, Haghighi AP, Fetter RD, McCabe BD, Magalhaes TR, et al. (2002)

wishful thinking encodes a BMP type II receptor that regulates synaptic growth
in Drosophila. Neuron 33: 545-558.

Shaner NC, Lin MZ, McKeown MR, Steinbach PA, Hazelwood KL, et al.
(2008) Improving the photostability of bright monomeric orange and red
fluorescent proteins. Nature methods 5: 545-551.

Merzlyak EM, Goedhart J, Shcherbo D, Bulina ME, Shcheglov AS, et al. (2007)
Bright monomeric red fluorescent protein with an extended fluorescence
lifetime. Nature methods 4: 555-557.

Gloor S, Pongs O, Schmalzing G (1995) A vector for the synthesis of cRNAs
encoding Myc epitope-tagged proteins in Xenopus laevis oocytes. Gene 160:
213-217.

Brizzard BL, Chubet RG, Vizard DL (1994) Immunoaffinity purification of
FLAG epitope-tagged bacterial alkaline phosphatase using a novel monoclonal
antibody and peptide elution. BioTechniques 16: 730-735.

. Phelps CB, Brand AH (1998) Ectopic gene expression in Drosophila using GAL4

system. Methods 14: 367-379.

. NiJQ, Zhou R, Czech B, Liu LP, Holderbaum L, et al. (2011) A genome-scale

shRNA resource for transgenic RNAi in Drosophila. Nature methods 8: 405
407.

. Graveley BR, Brooks AN, Carlson JW, Duff MO, Landolin JM, et al. (2011) The

developmental transcriptome of Drosophila melanogaster. Nature 471: 473-479.
Kondo T, Inagaki S, Yasuda K, Kageyama Y (2006) Rapid construction of
Drosophila RNAi transgenes using pRISE, a P-element-mediated transforma-
tion vector exploiting an in vitro recombination system. Genes & genetic systems
81: 129-134.

Kristiansen LV, Hortsch M (2010) Fasciclin II: the NCAM ortholog in
Drosophila melanogaster. Advances in experimental medicine and biology 663:
387-401.

Grenningloh G, Rehm EJ, Goodman CS (1991) Genetic analysis of growth cone
guidance in Drosophila: fasciclin II functions as a neuronal recognition
molecule. Cell 67: 45-57.

Lin DM, Goodman CS (1994) Ectopic and increased expression of Fasciclin 1T
alters motoneuron growth cone guidance. Neuron 13: 507-523.

Van Vactor D, Sink H, Fambrough D, Tsoo R, Goodman CS (1993) Genes that
control neuromuscular specificity in Drosophila. Cell 73: 1137-1153.

Lin DM, Fetter RD, Kopczynski C, Grenningloh G, Goodman CS (1994)
Genetic analysis of Fasciclin II in Drosophila: defasciculation, refasciculation,
and altered fasciculation. Neuron 13: 1055-1069.

Schuster CM, Davis GW, Fetter RD, Goodman CS (1996) Genetic dissection of
structural and functional components of synaptic plasticity. I. Fasciclin II
controls synaptic stabilization and growth. Neuron 17: 641-654.

Beck ES, Gasque G, Imlach WL, Jiao W, Jiwon Choi B, et al. (2012) Regulation
of Fasciclin IT and Synaptic Terminal Development by the Splicing Factor Beag.
The Journal of neuroscience : the official journal of the Society for Neuroscience
32: 7058-7073.

Venken KJ, Carlson JW, Schulze KL, Pan H, He Y, et al. (2009) Versatile
Placman] BAC libraries for transgenesis studies in Drosophila melanogaster.
Nature methods 6: 431-434.

. Huang J, Zhou W, Dong W, Hong Y (2009) Targeted engineering of the

Drosophila genome. Fly 3: 274-277.

Venken KJ, Schulze KL, Haelterman NA, Pan H, He Y, et al. (2011) MiMIC: a
highly versatile transposon insertion resource for engineering Drosophila
melanogaster genes. Nature methods 8: 737-743.

@ PLoS ONE | www.plosone.org

1

47.

48.

49.

50.

51.

52.

57.

58.

59.

60.

61.

62.

63.

64.

66.

A Modular Toolset for Drosophila phiC31 Transgenes

Fire A, Harrison SW, Dixon D (1990) A modular set of lacZ fusion vectors for
studying gene expression in Caenorhabditis elegans. Gene 93: 189-198.

Rubin GM, Spradling AC (1983) Vectors for P element-mediated gene transfer
in Drosophila. Nucleic acids research 11: 6341-6351.

Pirrotta V, Steller H, Bozzetti MP (1985) Multiple upstream regulatory elements
control the expression of the Drosophila white gene. The EMBO journal 4:
3501-3508.

Klemenz R, Weber U, Gehring WJ (1987) The white gene as a marker in a new
P-clement vector for gene transfer in Drosophila. Nucleic acids research 15:
3947-3959.

Zhang SD, Odenwald WF (1995) Misexpression of the white (w) gene triggers
male-male courtship in Drosophila. Proceedings of the National Academy of
Sciences of the United States of America 92: 5525-5529.

An X, Armstrong JD, Kaiser K, O’Dell KM (2000) The effects of ectopic white
and transformer expression on Drosophila courtship behavior. Journal of
neurogenetics 14: 227-243,271.

. Perrimon N, Ni JQ, Perkins L (2010) In vivo RNAI: today and tomorrow. Cold

Spring Harbor perspectives in biology 2: a003640.

. Pfeiffer BD, Truman JW, Rubin GM (2012) Using translational enhancers to

increase transgene expression in Drosophila. Proceedings of the National
Academy of Sciences of the United States of America 109: 6626-6631.

. Ohtsuka M, Kimura M, Tanaka M, Inoko H (2009) Recombinant DNA

technologies for construction of precisely designed transgene constructs. Current
pharmaceutical biotechnology 10: 244-251.

. Esposito D, Garvey LA, Chakiath CS (2009) Gateway cloning for protein

expression. Methods in molecular biology 498: 31-54.

Fu C, Wehr DR, Edwards J, Hauge B (2008) Rapid one-step recombinational
cloning. Nucleic acids research 36: e54.

Harms KJ, Tovar KR, Craig AM (2005) Synapse-specific regulation of AMPA
receptor subunit composition by activity. The Journal of neuroscience : the
official journal of the Society for Neuroscience 25: 6379-6388.

Asakawa K, Suster ML, Mizusawa K, Nagayoshi S, Kotani T, et al. (2008)
Genetic dissection of neural circuits by Tol2 transposon-mediated Gal4 gene and
enhancer trapping in zebrafish. Proceedings of the National Academy of
Sciences of the United States of America 105: 1255-1260.

Gontijo AM, Miguela V, Whiting MF, Woodruff RC, Dominguez M (2011)
Intron retention in the Drosophila melanogaster Rieske Iron Sulphur Protein
gene generated a new protein. Nature communications 2: 323.

Mehta S, Zhang ] (2011) Reporting from the field: genetically encoded
fluorescent reporters uncover signaling dynamics in living biological systems.
Annual review of biochemistry 80: 375-401.

Feiguin F, Godena VK, Romano G, D’Ambrogio A, Klima R, et al. (2009)
Depletion of TDP-43 affects Drosophila motoneurons terminal synapsis and
locomotive behavior. FEBS Lett 583: 1586-1592.

Lai ZC, Rubin GM (1992) Negative control of photoreceptor development in
Drosophila by the product of the yan gene, an ETS domain protein. Cell 70:
609-620.

Wodarz A, Hinz U, Engelbert M, Knust E (1995) Expression of crumbs confers
apical character on plasma membrane domains of ectodermal epithelia of
Drosophila. Cell 82: 67-76.

. Brent JR, Werner KM, McCabe BD (2009) Drosophila larval NMJ dissection. J

Vis Exp. 25, 1108.
Brent J, Werner K, McCabe BD (2009) Drosophila larval NM]J immunohisto-
chemistry. J Vis Exp. 24, 1107.

July 2012 | Volume 7 | Issue 7 | e42102



