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ABSTRACT

The Drosophila tracheal system consists of a widespread tubular network that provides respiratory
functions for the animal. Its development, from ten pairs of placodes in the embryo to the final
stereotypical branched structure in the adult, has been extensively studied by many labs as
a model system for understanding tubular epithelial morphogenesis. Throughout these studies,
a breathless (btl)-GAL4 driver has provided an invaluable tool to either mark tracheal cells during
development or to manipulate gene expression in this tissue. A distinct shortcoming of this
approach, however, is that btl-GAL4 cannot be used to specifically visualize tracheal cells in the
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presence of other GAL4 drivers or other UAS constructs, restricting its utility. Here we describe
a direct-drive btl-nGFP reporter that can be used as a specific marker of tracheal cells throughout
development in combination with any GAL4 driver and/or UAS construct. This reporter line should
facilitate the use of Drosophila as a model system for studies of tracheal development and tubular

morphogenesis.

Introduction

The insect tracheal system consists of a complex
branching network of tubes that extends through-
out the body, providing the oxygen required for
cellular function. Many studies have focused on
tracheal development in Drosophila as a model
for organogenesis and tubular morphogenesis,
with implications for the development of more
complex organs such as the mammalian lung and
kidneys [1-4]. The tracheal system originates as
ten pairs of placodes that invaginate into the
embryonic body and connect to form
a stereotypical branched structure. This structure
refines during embryogenesis into two long dorsal
tracheal trunks that run from the anterior to pos-
terior ends of the developing larva. Regularly-
spaced tubular branches extend laterally off these
dorsal trunks and elaborate into a fine network of
tracheal terminal cells that extend throughout the
body. This tracheal system acts as the respiratory
organ for the growing larva and is remodelled
during metamorphosis to provide a similar func-
tion for the adult fly [1].

The predominant genetic tool used to charac-
terize tracheal development and function is
a GAL4 driver from the Hayashi lab that carries
regulatory sequences from the breathless (btl) locus
in Drosophila [5]. Btl encodes a Fibroblast Growth
Factor (FGF) receptor that is expressed in the
trachea and required for early tracheal develop-
ment as well as the outgrowth of tracheal terminal
cells in response to anoxia [6-8]. The btl-GAL4
driver thus provides an ideal means of specifically
targeting genetic rescue constructs or RNAi to
tracheal cells. In addition, combining this driver
with UAS-regulated reporter constructs provides
the most commonly used method to specifically
mark the tracheal system of the animal [5]. This
approach has been widely used in many studies of
tracheal development and morphology over the
past 25 years, usually using btl-GAL4 to drive
a GFP reporter (btl>GFP) [e.g. 9-13].
A disadvantage of using this system, however, is
that it is not possible to combine bt/>GFP with
UAS-RNAi transgenes that disrupt gene expression
in other tissues since the RNAi construct will also
be active in the tracheal system. A similar problem
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is encountered when the GAL4/UAS system is
used to overexpress genes in different tissues.
Accordingly, several labs have developed direct-
drive fluorescent markers to follow tracheal devel-
opment independently of the GAL4 system. These
include btl-GFP-moe and btl-RFP-moe that carry
fusions of fluorescent marker proteins to the actin
binding domain of moesin [14,15]. This allows
specific labelling of the actin cytoskeleton in devel-
oping tracheal cells and thus provides a useful
marker of cellular morphology. In addition,
a direct-drive SRF-GFP reporter has been con-
structed to specifically follow the morphology of
tracheal terminal cells [16]. Here we describe
a fusion of the btl promoter to a nuclear GFP
reporter gene (nGFP). The restricted localization
of nuclear GFP often results in a stronger fluores-
cent signal than cytoplasmic expression, thus facil-
itating cellular detection. Here we describe this btl-
nGFP reporter and demonstrate that it provides
a strong nuclear signal in developing tracheal cells.
This construct should provide a useful tool for
researchers interested in studying Drosophila tra-
cheal development and function.

Materials and methods
Construction of the btl-nGFP reporter transgene

An attB attachment site for the PhiC31 integrase
system was inserted into the pH-Stinger vector
described by Barolo et al. [17]. This was accomplished
by using the following primers to PCR amplify the
attB  sequence from a pUAST-attB template:
ACGTCCTAGGGTCGACGATGTAGGTCACGG
and GACTCCTAGGTCGACATGCCCGCCGTGA
CCG. This resulted in a ~ 300 bp fragment containing
an attB site with Avrll restriction sites at the ends. This
fragment was inserted into the single AvrlII site in pH-
Stinger to generate the pH-Stinger-attB vector [17].
Two primers were used to PCR amplify
the second intron of the bt locus from the pCas4-
btl-GAL4 plasmid (a generous gift from S. Hayashi)
[5]: GAATTCTGCGACCTTGGCTTAAAGAC and
CTCGAGTCAAATCGAGCGTTCTCCAG.  This
resulted in a 3.33 kb fragment with EcoRI and
Xhol sites at the ends. This was inserted between
the EcoRI and Xhol sites in the multiple cloning
site of the pH-Stinger-attB vector to generate the

btl-nGFP reporter construct. This was introduced
into the Drosophila genome using the PhiC31 inte-
grase system, targeting the construct into the attP-
3B insertion site on the X chromosome
(Bloomington stock number 9753; VK00038) [18].
Proper integration was confirmed by PCR amplifi-
cation and DNA sequencing. The stock carrying
this btl-nGFP reporter can be obtained from the
Bloomington stock centre (stock # 93131): y [1] w
[1118] PBac[y[+mDint2] w[+mC] = btl-H-Stinger]
VKO00038.

Microscopy and imaging

Flies carrying the btl-nGFP reporter construct were
transferred to bottles with standard grape juice agar
caps supplemented with yeast paste. Embryos col-
lected from these plates were harvested, washed
with water, dechorionated for 1 minute using 50%
bleach in PBS, washed again with water, and
mounted in glycerol on slides for imaging with
a Leica SP8 laser confocal microscope.

Individual living second and third instar larvae
carrying the btl-nGFP construct were serially
transferred to glycerol to remove food and then
transferred to a slide containing a 3% agar base.
The larvae were pressed with a cover slip and tape
to minimize their movement during imaging,
essentially as described [19]. Larvae were imaged
using a Leica SP8 laser confocal microscope
(Figures 2 and 3(a,c)) or a Zeiss Axioskop2 Plus
microscope (Figure 3(b), Movie S1).

Results & discussion

Construction of a transgenic Drosophila line
that carries the btl-nGFP reporter

Our original goal was to fuse the same bt regula-
tory sequences contained in the btl-GAL4 driver
described by Shiga et al. [5] with a GFP reporter
gene. In their description of this construct, the btl
sequences were reported as an ‘approximately 3 kb
EcoRI-Ndel fragment carrying the btl promoter’
[5]. The Drosophila reference genome sequence for
10 kb surrounding the bt/ locus, however, does not
have a restriction fragment of this size. This is
likely due to polymorphisms in the genomic
DNA sequence of the stock used by Shiga et al.
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Figure 1. A direct-drive btl-nGFP reporter construct. A 3.3 kb region corresponding to the second intron of the bt/A mRNA isoform
was inserted into the pH-Stinger-attB vector for fly transformation. This region corresponds to the only large non-coding sequences
within the bt/ locus. The pH-Stinger-attB construct is shown below in a linearized format with the attB sequences at the ends,
representing its structure upon insertion into the Drosophila genome. The two gypsy transposon insulator elements (yellow),
multiple cloning site (red), minimal promoter (black arrow), GFP reporter gene (green, GFP), nuclear localization signal (blue), mini-
white marker gene (white), P element ends (black), and bacterial pUC8 plasmid are shown.

relative to the FlyBase reference genome. In addi-
tion, the btl gene is closely flanked on both sides
by other protein-coding genes - the PexI gene,
which overlaps with the 5 end of the btl gene,
and CG8100, which lies ~350 bp downstream
from the 3’ end of btl (Figure 1). We thus focused
on the only large non-coding sequence within the
btl locus, which corresponds to the second intron
of the btl-A mRNA isoform (Figure 1). We used
PCR to amplify sequences from the middle of
the second exon of btl-A to the beginning of the
third exon, encompassing the entire 3.3 kb region
encoding the second intron of this transcript
(Figure 1). Importantly, this fragment includes
the ~400 bp region identified by Ohshiro and
Saigo that contains important cis-regulatory ele-
ments that control btl expression in the tracheal
system of Drosophila [20].

The pH-Stinger construct was described by Barolo
et al. [17] as a tool to facilitate studies of gene
regulation in Drosophila. It consists of a bacterial
plasmid with Drosophila P-element ends for fly
transformation and a mini-white reporter to identify
transformants (Figure 1). In addition, the plasmid
carries a multiple cloning site upstream from
a minimal Drosophila promoter fused to a nuclear
GFP reporter gene. Thus, an enhancer sequence
inserted into the multiple cloning site will direct
nGFP expression in a specific pattern that reflects
its activity. The vector was further modified by
inserting insulator elements from the gypsy transpo-
son at either side of the GFP expression cassette. This
provides a means of effectively suppressing the

stage 11

stage 13

stage 13

Figure 2. The btl-nGFP construct is expressed in the develop-
ing embryonic tracheal system. (a) A lateral view of a stage 11
embryo is depicted with the anterior end on the left. The btl-
nGFP construct is expressed in the ten clusters of tracheal
precursor cells that are distributed in a segmented pattern
along the length of the germband extended embryo. The
central amnioserosa is illuminated by background fluores-
cence. Scale bar = 50 pm. (b) A lateral view of a stage 13
embryo is depicted with the anterior end on the left. The btl-
nGFP construct is expressed in the developing tracheal
branches. Scale bar = 50 pm. (c) A higher magnification
image is depicted of a stage 13 embryo viewed from the
lateral perspective with the anterior end on the left. The
nuclear localization of the btl-nGFP reporter can be clearly
seen in the developing tracheal system and newly-fused dor-
sal trunk branches. Scale bar = 30 pym.
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second instar

lateral view third instar

dorsal view third instar

Figure 3. The btl-nGFP reporter is expressed throughout the tracheal system of second and third instar larvae. (a) A dorsal view of
a second instar larva is depicted with the anterior end at the top and the posterior spiracles marked with GFP in the lower left. The
btl-nGFP reporter can be seen throughout the branched tracheal system. Some background fluorescence is seen in the larval fat
body. Scale bar = 100 pm. (b) A dorsal view of a third instar larva is depicted with the anterior end at the top. This panel was
constructing by aligning four images captured on the microscope from a single animal. The dashed white lines represent the
boundaries of each image. btl-nGFP expression can be seen throughout the branched tracheal system. The spiracular branch
tracheoblasts, which are known to express btl, are marked by arrows. Scale bar = 100 pm. (c) A lateral view of a third instar larva is
depicted with the anterior end at the top. btl-nGFP expression can be seen throughout the branched tracheal system. The spiracular

branch tracheoblasts are marked by arrows. Scale bar = 300 pm.

influence of neighbouring sequences on the expres-
sion of the GFP reporter. We modified the pH-
Stinger vector by inserting a single copy of the attB
targeting sequence for the PhiC31 integrase system
[21]. This facilitates the use of the library of attP-
carrying Drosophila strains for targeting plasmid
constructs to specific regions of the fly genome
[18]. Finally, we inserted the 3.3 kb fragment corre-
sponding to the second intron of btl into the multiple
cloning site of the pH-Stinger-attB plasmid to gen-
erate the btl-nGFP reporter. The pattern of nuclear
GFP expressed by this construct should reflect the
expression pattern dictated by the btl regulatory
sequences. This final construct was integrated into
the Drosophila genome on the X chromosome and

used to characterize the pattern of nuclear GFP
expression.

Characterization of the bt/-nGFP expression
pattern in Drosophila

The tracheal system develops from pairs of ecto-
dermal placodes arranged in a segmented pattern
along the lateral sides of the stage 10 embryo.
These cells invaginate to form ten tracheal pits
that expand internally to form the precursors of
the branched tracheal system. During stage 13, the
adjacent dorsal trunk branches in each segment
fuse to form a continuous network of tracheal
precursor cells that display a characteristic



branching pattern along the sides of the embryo.
This epithelial network continues to undergo tub-
ular morphogenesis during the subsequent stages
of embryogenesis, eventually forming the elaborate
tracheal system of the first instar larva. As
expected, the btl-nGFP reporter is expressed
throughout embryonic tracheal development,
revealing the ten clusters of tracheal precursor
cells in the stage 11 germband extended embryo
(Figure 2(a)). Dorsal trunk fusion and tracheal
branch outgrowth is also evident in stage 13
embryos (Figure 2(b)). A higher magnification
image reveals that the majority of the GFP from
the btl-nGFP reporter resides in the nucleus, as
expected (Figure 2(c)).

The elaborate structure of the tracheal system is
revealed in the second instar larva by btl-nGFP
expression (Figure 3(a)). The pair of tracheal trunks
can be seen along the dorsal surface of the animal
with regularly-spaced tracheal branches that extend
laterally down the sides. It is more difficult to
visualize the tracheal system in third instar larvae
because of their large size, but the btl-nGFP reporter
is expressed in nuclei throughout the tracheal
branches of these animals (Figure 3(b,c), Movie
S1). The spiracular branch tracheoblasts can also
be seen in these images (Figure 3(b,c), arrows).
These small clusters of imaginal cells are located
adjacent to the dorsal trunk in third instar larvae
and will develop into the adult tracheal tubes and
spiracles during metamorphosis [22,23]. Finally, the
btl-nGFP reporter can be used to visualize the tra-
cheal system in living animals, providing a dynamic
approach for studies of tracheal development and
function (Movie S1).

In conclusion, we have generated a direct-drive
btl-nGFP reporter that directs high levels of nuclear
GFP expression throughout the tracheal system of
Drosophila. This construct provides a valuable tool
for researchers studying tubular morphogenesis as
well as tracheal development and function. The btl-
nGFP reporter is available from the Bloomington
stock centre (stock # 93131)
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