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ABSTRACT

Drosophila tracheal fusion cells play multiple important roles in guiding and facilitating tra-
cheal branch fusion. Mechanistic understanding of how fusion cells function during devel-
opment requires deciphering their transcriptional circuitry. In this paper, three genes with
distinct patterns of fusion cell expression were dissected by transgenic analysis to identify
the cis-regulatory modules that mediate their transcription. Bioinformatic analysis involv-
ing phylogenetic comparisons coupled with mutational experiments were employed. The
dysfusion bHLH-PAS gene was shown to have two fusion cell cis-regulatory modules; one
driving initial expression and another autoregulatory module to enhance later transcrip-
tion. Mutational dissection of the early module identified at least four distinct inputs,
and included putative binding sites for ETS and POU-homeodomain proteins. The ETS tran-
scription factor Pointed mediates the transcriptional output of the branchless/breathless sig-
naling pathway, suggesting that this pathway directly controls dysfusion expression. Fusion
cell cis-regulatory modules of CG13196 and CG15252 require two Dysfusion:Tango binding
sites, but additional sequences modulate the breadth of activation in different fusion cell
classes. These results begin to decode the regulatory circuitry that guides transcriptional
activation of genes required for fusion cell morphogenesis.

© 2010 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

nize each other. During branch migration, the fusion cells ex-
tend filopodia that likely sense guidance cues and steer the

The Drosophila tracheal system is derived from an array of
segmentally-repeated clusters of precursor cells. After the
tracheal precursor cells divide and invaginate, they extend
branches (Manning and Krasnow, 1993). Most branches in
each metamere grow towards branches from neighboring seg-
ments, and then fuse to form the mature tracheal tree (Sama-
kovlis et al.,, 1996). Each branch fusion event is mediated by
two specialized fusion cells, one on each branch, that recog-

branch to its target. The opposing fusion cells recognize and
adhere to each other, leading to branch fusion. After fusion,
the fusion cells undergo a sequence of morphological
changes leading to a connected tracheal tubule system (Lee
and Kolodziej, 2002). Fusion cell development is characterized
by transcriptional changes. These changes include both the
upregulation and downregulation of fusion cell-expressed
genes. Two transcription factors present in fusion cells are
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the Dysfusion (Dys) bHLH-PAS protein (Jiang and Crews, 2003,
2006) and the Escargot (Esg) zinc finger protein (Samakovlis
et al.,, 1996; Tanaka-Matakatsu et al., 1996). Phenotypically,
both esg and dys promote tracheal fusion and inhibit branch-
ing, although dys is downstream of esg and requires esg func-
tion for fusion cell expression in all branches, except the
dorsal trunk (DT). In this paper, we describe a detailed analy-
sis of multiple tracheal fusion cell cis-regulatory modules
(CRMs) that are regulated in diverse ways. The molecular dis-
section of fusion cell CRMs provides insight into the regula-
tion of fusion cell development, and also provides fusion
cell-specific Gal4 lines useful for the purification and genetic
analysis of fusion cells.

The Dys protein is one of four Drosophila bHLH-PAS pro-
teins that function in various aspects of tracheal develop-
ment. The Trachealess (Trh) protein acts as a master
regulator of tracheal development and is expressed in all tra-
cheal cells (Isaac and Andrew, 1996; Wilk et al., 1996). Trh re-
quires the Ventral veins lacking (Vvl, or Drifter) coactivator
protein to activate tracheal gene expression (Zelzer and Shilo,
2000), although Vvl may regulate expression of some tracheal
genes in the absence of Trh (Boube et al., 2000). During tra-
cheal fusion, the Trh protein is downregulated in fusion cells
by a dys-dependent, post-transcriptional mechanism (Jiang
and Crews, 2006), in which the Archipelago protease degrades
Trh (Mortimer and Moberg, 2007). The Similar (Sima) protein
controls tracheal branching in response to hypoxia (Lavista-
Llanos et al.,, 2002; Nambu et al., 1996). All three proteins:
Dys, Sima, and Trh, utilize the Tango (Tgo) bHLH-PAS protein
as a heterodimerization partner (Jiang and Crews, 2003, 2007;
Sonnenfeld et al., 1997). Dys is an important regulator of fu-
sion cell transcription that is required for fusion cell recogni-
tion, adhesion, and potentially other functions involved in
fusion cell morphogenesis. Previously, we identified four
genes, CG13196, CG15252, members only (mbo), and shotgun
(shg), whose transcription is dependent on Dys function (Jiang
and Crews, 2006), and showed that CG13196 is a direct target
of Dys:Tgo (Jiang and Crews, 2007).

Employing S2 cell transient transfection approaches, we
demonstrated that Dys:Tgo efficiently binds multiple asym-
metric E-Box sequences, including ACGTG, GCGTG, and
TCGTG (Jiang and Crews, 2007), a result confirmed by
in vitro biochemical approaches (Ooe et al., 2007). This pro-
miscuous DNA binding specificity is evolutionarily-con-
served, as the human Dys ortholog, NXF/Npas4, binds the
same DNA sequences (Jiang and Crews, 2007; Ooe et al.,
2004, 2007). We identified a 1kb upstream fragment of
CG13196 that contained multiple TCGTG sequences, as well
as ACGTG and GCGTG motifs. Mutational studies in vivo re-
vealed that only the TCGTG sequences are required in vivo
(liang and Crews, 2007). The importance of the TCGTG motifs
was reinforced when a transgenic reporter containing a pro-
moter fused to multimerized TCGTG sequences was shown
to be expressed in fusion cells. Nevertheless, the generality
of TCGTG sequences and fusion cell expression remains un-
known, as do the identities of additional co-regulatory pro-
teins and cis-control sequences that mediate fusion cell
gene expression.

In this paper, we analyzed three genes with diverse pat-
terns of fusion cell expression (1) the dys gene, which is ex-

pressed early in fusion cell development, (2) CG13196, which
is a Dys target gene expressed in all fusion cells, and (3)
CG15252, which is a Dys target gene expressed only in DT fu-
sion cells. These studies contribute to an understanding of
how dys fusion cell expression is regulated, as well as con-
served features of Dys-dependent regulation. CRMs that drive
fusion cell expression were identified for each gene using
transgenic approaches. These fragments of DNA were then
scanned for phylogenetically-conserved sequence motifs.
Such motifs usually consist of DNA sequences between 4
and 20 bp, and are binding sites for transcription factors. Con-
served and repeated sequences, including putative Dys:Tgo
binding sites, were identified and their significance tested
by in vitro mutagenesis and in vivo transgenic analysis. In
this manner, we identified a number of essential cis-regula-
tory elements that are required for fusion cell expression.
Other than Dys:Tgo binding sites, we did not identify required
sequences that were repeated in other fusion cell CRMs, sug-
gesting that multiple distinct regulatory mechanisms are uti-
lized to activate each gene.

2. Results

2.1. Embryonic dys expression is regulated by diverse cis-
regulatory sequences

The dys gene is expressed in multiple embryonic cell types
beginning at stage 12, including tracheal fusion cells, a subset
of brain cells, epidermal leading edge cells, the foregut at-
rium, hindgut, and anal pad (Jiang and Crews, 2003). We
decided to explore the dys regulatory sequences for multiple
reasons (1) dys is expressed relatively early in fusion cells
and expression is maintained throughout embryogenesis; is
this due to a single CRM or multiple temporally-distinct
CRMs? (2) Similarly, does each branch type with fusion cells:
dorsal branch (DB), DT, lateral trunk (LT), and ganglionic
branch (GB), have distinct CRMs for fusion cell expression?
(3) As dys expression is genetically-dependent on esg in all fu-
sion cells, except DT and possibly, LT (further suggesting
branch-specific inputs to dys expression) (Jiang and Crews,
2003), is dys a direct target of Esg? (4) Does dys fusion cell
expression share similar transcriptional inputs or CRMs that
control dys expression in other tissues? (5) dys fusion cell-spe-
cific fragments would be useful as a Gal4 line for analyzing fu-
sion cell development and function, and for purification of
fusion cells to be used in biochemical or in vitro studies.

To identify CRMs that control dys fusion cell expression,
we examined 1-4 kb size fragments of DNA from the 5’-flank-
ing region and introns 1 and 2 using germline transformation
(Fig. 1A). Fragments were PCR-amplified and cloned into
either the pH-Stinger P-element vector (B2.7, C1.7) or into
the pMintGate ®C31 vector (A3.8, D1.4, E3.8, F3.8; Supplemen-
tary Fig. 1). Both vectors contain a nuclear-GFP reporter gene.
The pMintGate transgenes were all introduced into the attP2
site at 68A1-B2. Six transgenic reporter fly strains testing frag-
ments A3.8, B2.7, C1.7, D1.4, E3.8, and F3.8 were generated
and the embryonic expression of GFP analyzed. Immuno-
staining with anti-Dys was used to identify Dys* cells. The
A3.8 fragment drove GFP expression only in a subset of Dys™
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Fig. 1 - Transgenic analysis of the dys regulatory region. (A) Schematic illustrating 32 kb of the genomic region encompassing
the dys gene. The 10 dys exons are indicated as blocks: coding sequences are filled and untranslated regions unfilled. The
direction of transcription is indicated by the arrow. Fragments analyzed as reporter transgenes are labeled A-F with the size
of the fragment in kb included. Fragments colored green indicate they drove expression in fusion cells. Stage 15 or 16
embryos from transgenic reporter-GFP strains were stained with anti-GFP (green) and anti-Dys (magenta) antibodies. All
images depict sagittal views and anterior is to the left. (B) A3.8 drove GFP expression in subsets of ectodermal cells (arrow:
here and throughout) that did not overlap with Dys™ cells. These cells were commonly observed with pMintGate transgenes
that were introduced at the attP2 site at 68A1-B2, independent of the fragments being tested. (C) B2.7 drove GFP expression in
leading edge (LE) cells and all tracheal fusion cells, including DB, DT, LT, and GB. (D-F) Enlarged image of the rectangle shown
in G, indicating anti-GFP reactivity overlapping with anti-Dys reactivity in fusion cells and leading edge; (D) GFP only, (E) Dys
only, (F) merge. (G) C1.7 drove GFP expression in all fusion cells. (H) D1.4 drove GFP expression in CNS brain cells. (I and J) Both
E3.8 and F3.8 drove expression in hindgut (HG) and anal pad (AP). There was an absence of expression in the rectum (rec).
This pattern of expression is identical to endogenous dys.
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ectodermal cells (Fig. 1B). This expression is likely due to se-
quences in the pMintGate vector or the integration site of
the transgene, since they were commonly observed in pMint-
Gate transformants. The B2.7 fragment drove GFP expression
in all tracheal fusion cells, including those from DB, DT, LT,
and GB (Fig. 1C), as well as leading edge cells. The presence
of GFP in fusion cells was demonstrated by overlap with
anti-Dys stained cells (D-F). The dynamics of B2.7 GFP expres-
sion (Supplementary Fig. 2A-I; P155, a B2.7 derivative is
shown) is consistent with expression of endogenous dys from
stages 12 through 17.

Expression in all tracheal fusion cells was also observed
with the C1.7 fragment (Fig. 1G). However, C1.7 fusion cell
expression was only observed from stages 14 to 17 (Supple-
mentary Fig. 2J-0; T523, a C1.7 derivative is shown). These re-
sults indicated that the dys gene has at least two independent
CRMs, both in the 5’-flanking region, that control fusion cell
expression in temporally distinct ways. The C1.7 fragment
overlaps with B2.7 by 20bp, but subsequent experiments
(Fig. 2) indicated that the tracheal fusion cell CRM within
B2.7 does not overlap with C1.7. The D1.4, E3.8, and F3.8 trans-
genes were not expressed in tracheal fusion cells, but each
was expressed in a Dys* embryonic cell type, including brain
(D1.4), hindgut and anal pad (E3.8, F3.8) (Fig. 1H-]). Of the
17.2 kb of the dys gene examined, all embryonic Dys* embry-
onic cell types were observed, except the foregut atrium. In
addition, the tracheal fusion cells, hindgut, and anal pad
had at least two distinct CRMs controlling expression.

2.2.  Identification of fusion cell-specific dys CRMs

To isolate the dys minimal CRMs from other functional se-
quences, the B2.7 and C1.7 fragments were further subdi-
vided, and the fragments tested for fusion cell expression
(Figs. 2 and 3). B2.7 was divided into the G1.7 and H1.0 frag-
ments (Fig. 2A). G1.7 was not expressed in fusion cells or lead-
ing edge (Fig. 2B), whereas H1.0 expression was observed in
both cell types (Fig. 2C). Bisection of H1.0 yielded a non-
expressing subfragment, 1517 (Fig. 2D), and J544, which drove
expression in fusion cells and leading edge (Fig. 2E). When
J544 was subdivided into three fragments: K152, L156, and
M269, none showed expression in fusion cells (Fig. 2F-H),
although M269 had weak leading edge expression (Fig. 2H).
These results suggested that fusion cell and leading edge
expression were separable, and that we had disrupted the fu-
sion cell CRM. Another fragment, N283, which encompassed
K152 and L156, was analyzed and had strong fusion cell and
leading edge expression (Fig. 2I). When three deletion frag-
ments of N283 were tested, two of them, 0191 and P155, drove
expression in all fusion cells, but were unable to drive leading

edge expression (Fig. 2] and K). In contrast, no expression was
observed from Q112 (Fig. 2L). Thus, we were able to identify a
small fragment of dys, P155, which was sufficient for fusion
cell expression, and independent of leading edge expression.
The 0191 and P155 fusion cell-specific fragments were also
each inserted into a ®C31-based Gal4 vector, and both trans-
genic lines were able to drive reporter gene expression specif-
ically in fusion cells (data not shown), thus providing a fusion
cell-specific driver strain for genetic and cell purification
experiments.

All dys fragments with fusion cell expression showed
expression in all fusion cells, suggesting that the regulatory
inputs responsible for activating expression in the B2.7 CRM
act in all fusion cells. Analysis of the deletion derivatives of
the fusion cell-expressing 0191 fragment (K152, P155, Q112)
indicated that there were at least two separable elements re-
quired for fusion cell expression. These reside in 0191 at 36—
79 and 152-191. Leading edge expression was observed from
two adjacent fragments: M269 (weak) and N283 (strong), but
the N283 deletions did not further localize activity. This sug-
gests that multiple elements also contribute to leading edge
expression.

To identify the minimal fusion cell specific enhancer with-
in C1.7, it was dissected into two fragments: R900 and S832
(Fig. 3A). R900 drove GFP expression in all fusion cells
(Fig. 3B), whereas S832 did not have fusion cell expression.
R900 was subdivided into the T523, U400, and V345 frag-
ments. T523 and V345 drove fusion cell expression (Fig. 3D
and F), whereas U400 did not (Fig. 3E). Thus, we identified a
second dys fusion cell CRM in a 345 bp stretch of DNA, and
like the B2.7 CRM, the C1.7 CRM is expressed in all fusion
cells.

2.3.  Bioinformatic identification and in vivo functional
analysis of dys CRM sequence motifs

The P155 dys fragment was compared to orthologous se-
quences in other drosophilids, and seven conserved regions
were selected, deleted individually in P155, and tested for fu-
sion cell expression by germline transformation. These se-
quences were: 1 (GATCGG), 2 (TTAAATCAAA), 3 (GCGCQG), 4
(TGCCTGAC), 5 (ACTTCCGC), 6 (GACCCAAAAC), and 7 (TTAA-
TATTCA) (Fig. 4A, Supplementary Fig. 3). The Al, A2 and A6
deletion transgenes showed fusion cell expression (Fig. 4B,
C, and G) similar to the unmutated P155 fragment. In contrast,
A3 and A5 resulted in reduced GFP expression, present in only
a few DT and DB fusion cells (Fig. 4D and F). The sequence cor-
responding to A5 (ACTTCCG) resembles a consensus ETS
binding site: (A/G)(C/T)(A/T)TCC(G/T) (Sharrocks et al., 1997).
Previous work showed that the Pointed (Pnt) ETS protein plays

>

Fig. 2 - Reduction of the dys B2.7 fusion cell CRM to a 155 bp fragment. (A) Schematic of the dys gene and derivative fragments
tested in vivo. Fragments labeled G-Q with associated number indicating kb or bp. Fragments colored green drove fusion cell
expression. (B-L) Fragments H1.0, J544, and N283 had fusion cell and leading edge expression. Fragments 0191 and P155

were expressed in only fusion cells. Fragment M269 had weak leading edge expression, and the other fragments (G1.7, 1517,
K152, L156, and Q112) had no expression in fusion cells or leading edge. Arrows indicate fragment-independent ectodermal

expression.
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Fig. 3 - Identification of the dys C1.7 fusion cell CRM. (A) Schematic of the dys gene and fragments tested. C1.7 is expressed in
fusion cells (see Fig. 1). V345 contains three TCGTG Dys:Tgo binding sites, labeled A-C. Two of the TCGTG sites are preceded
by AAG. The X over TCGTG-A and TCGTG-C indicates that those sites were deleted in V345. (B-F) Fragments R900, T523, and
V345 were expressed in all fusion cells, while fragments S832 and U400 were not. (G) The TCGTG-A and TCGTG-C sites were
deleted in V345. GFP expression at wild-type levels was occasionally observed in DT (white arrowhead), but was generally
highly reduced (yellow arrowheads) or absent. No expression was observed in DB, LT, or GB.

a prominent role in tracheal development as a downstream
effector of breathless signaling (Myat et al.,, 2005; Ohshiro
et al., 2002). We note that, similar to A5, dys expression was
reduced in pnt mutant embryos (Fig. 41 and ]), consistent with
Pnt directly regulating dys expression. The A4 and A7 dele-
tions were required for dys expression, since deletion com-
pletely abolished GFP expression in fusion cells (Fig. 4E and

H). The sequence corresponding to A7 (TTAATATTCA) resem-
bles binding sites for POU-homeodomain proteins (consen-
sus: TTAAAATTCA) (Okamoto et al., 1990) as determined by
an unbiased search of P155 using TESS (Schug, 2008). The
vul gene encodes a POU-homeodomain protein gene (Ander-
son et al.,, 1995) that can regulate tracheal gene expression
either in conjunction with the Trh bHLH-PAS protein (Zelzer
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Fig. 4 —- Mutational analysis of dys P155 fragment identified several sites required for fusion cell expression. (A) Schematic of
P155 showing the conserved sequences (1-7) that were deleted and assayed for fusion cell expression. (B-H) The A1, A2, and
A6 deletions had no effect on fusion cell expression, whereas the A4 and A7 deletions abolished expression, and the A3 and
A5 deletions resulted in GFP expression in only a few DB and DT cells (arrowheads). Arrows indicate GFP-expressing non-
fusion cells. (I and J) Expression of dys (anti-Dys; magenta) in fusion cells (I; wild-type control) was reduced in (J) pnt*® mutant
embryos. The gain was increased in (J) to show that GFP was weakly present (and not absent) in pnt*®® DT. (K and L) GFP
expression of dys C1.7 was abolished in a dys® mutant, whereas expression of dys P155 was unaffected.



272 MECHANISMS OF DEVELOPMENT 127 (2010) 265-280

and Shilo, 2000) or independently of Trh (Boube et al., 2000). If
Vvl binds to the A7 sequence or some other sequence in P155,
it does so without the partnership of Trh:Tgo, since there is no
ACGTG Trh:Tgo binding site present in P155.

The analysis of dys deletions (Fig. 2) indicated that there
were at least two regions of P155 required for fusion cell
expression, 1-42 and 117-155. The A3 deletion resulted in re-
duced fusion cell expression; it overlaps nucleotides 1-42 in
P155, and its disruption in Q112 could contribute to, but not
fully explain, the complete loss of expression observed with
Q112 (Fig. 2L). The A7 deletion, which abolished expression,
is present in P155 nucleotides 117-155, and its role is consis-
tent with the absence of expression observed with K152
(Fig. 2F), which lacks 117-155.

The Esg zing-finger transcription factor is expressed in all
fusion cells, and mutants in esg results in an absence of dys
expression in DB and GB, but not DT (LT dies in esg mutants).
One reported binding site for Esg is (G/A)CAGGTG (Fuse et al,,
1994). We did not find closely-related sequences in dys P155.
Consistent with the results on endogenous dys, the expres-
sion of dys P155 and T523 were absent in DB, LT, and GB in
esg mutant embryos (Supplementary Fig. 4A-D). Thus, either
Esg does not directly regulate dys, or else we are unable to
identify Esg binding sites bioinformatically.

Sequence analysis of the dys T523 fragment, which drives
late fusion cell expression, showed that it has five Dys:Tgo
binding sites (TCGTG) (Supplementary Fig. 5), suggesting the
possibility that T523 is autoregulated by dys. Consistent with
this observation, C1.7 expression was abolished in dys mutant
embryos (Fig. 4K) (T523 is derived from C1.7). The 5'-most
345 bp of T523 is well-conserved in the 12 Drosophila species
compared, and the 3’-most 178 bp poorly-conserved (Supple-
mentary Fig. 5). The V345 fragment includes the 5’-most con-
served residues and was able to drive GFP expression in all
fusion cells (Fig. 3F). Three of the TCGTG sites (A-C) are pres-
ent in V345; TCGTG-C is conserved in all 12 species and
TCGTG-A and TCGTG-B are conserved in 11/12 species. When
TCGTG-A and TCGTG-C were deleted together in V345, only
weak GFP expression was observed in fusion cells (Fig. 3G).
These data indicated that the V345 CRM is autoregulated by
dys. In contrast, the P155 dys CRM does not have any TCGTG
sequences, and its expression was not altered in dys mutant
embryos (Fig. 4L). Thus, the V345 CRM appears to amplify late
dys expression by autoregulation.

2.4. CG13196 fusion cell transcription requires multiple
Dys:Tgo binding sites and additional cis-control elements

The CG13196 gene is expressed specifically in tracheal fu-
sion cells in the embryo (Jiang and Crews, 2006), and is a di-
rect target of Dys:Tgo (Jiang and Crews, 2007). CG13196
encodes a member of the zona pellucida (ZP) family of mem-
brane proteins (Jazwinska and Affolter, 2004). Its function is
unknown, but overexpression of CG13196 in trachea promotes
ectopic branch fusion, indicating that CG13196 may play a
role in membrane adhesion (Jiang and Crews, 2006). Previ-
ously, we identified a 985 bp fragment (A985; Fig. 5A) in the
CG13196 5'-flanking region that drove fusion cell expression
(Jiang and Crews, 2007). This fragment contains three TCGTG
(Dys:Tgo) sequences. Mutation of all three sites resulted in

loss of fusion cell expression, indicating that Dys:Tgo directly
regulates CG13196. However, this experiment did not address
whether all three TCGTG sequences were required for fusion
cell expression, and if not, which ones are important. The
A985 fragment was first subdivided into two fragments:
B490 that contains TCGTG-A, and C350 that contain TCGTG-
B and TCGTG-C (Fig. 5A). These fragments were tested for fu-
sion cell expression in vivo. B490 was unable to drive GFP
expression in fusion cells (Fig. 5B), whereas the C350 trans-
gene drove GFP expression in all fusion cells (Fig. 5C). This
indicated that TCGTG-A is not required for CG13196 fusion
cell expression, nor is it able to drive fusion cell expression
by itself. D92 is a 92 bp derivative of C350 that contains both
TCGTG-B and TCGTG-C. It was able to promote fusion cell
expression (Fig. 5D), and its expression relatively late in devel-
opment (Supplementary Fig. 2P-T) mimicked endogenous
CG13196. Both TCGTG motifs were deleted individually in
the context of D92 and tested for fusion cell activity. Deletion
of either TCGTG-B or TCGTG-C resulted in an absence of fu-
sion cell expression (Fig. 5SE-M). To rule out the possibility that
the deletions affected the arrangement along the DNA of
nearby cis-control elements other than the TCGTG muotif,
the D92 TCGTG motifs were individually mutated to CAATG.
Mutation of either TCGTG-B or TCGTG-C also resulted in the
absence of fusion cell expression (Fig. S5N-S). These results
indicated that both Dys:Tgo binding sites are required for fu-
sion cell expression.

Bioinformatic analysis of the CG13196 D92 fragment re-
vealed strong conservation among the 12 Drosophila species.
There were four major blocks of conservation: two corre-
sponding to the two Dys:Tgo TCGTG sequences, and two to
a repeated 11 bp motif (CCATGGAAAGT and CCATTAAAAGT)
referred to as Motif 1 (Supplementary Fig. 6). When both in-
stances of Motif 1 were deleted in D92, no fusion cell expres-
sion was observed (Fig. 5T-V). Thus, these sequences may be
sites for a fusion cell coactivator that functions in conjunction
with Dys:Tgo. However, Motif 1 sequences by themselves are
unable to drive fusion cell expression. When the TCGTG se-
quences were mutated in D92, all fusion cell expression was
lost, despite the presence of the Motif 1 sequences. One of
the Dys:Tgo binding sites (TCGTG-B) was immediately pre-
ceded by AAG. It was also noticed that AAG precedes two of
the five TCGTG sequences in dys T523 (Supplementary
Fig. 5) and both TCGTGs important for CG15252 expression
(see below; Supplementary Fig. 7), suggesting this motif may
be important for fusion cell expression. However, deletion of
the CG13196 TCGTG-C AAG motif did not affect GFP expres-
sion in fusion cells (Fig. SW-Y).

2.5.  The DT-specific fusion cell-expressed gene CG15252 is
directly regulated by Dys:Tgo

The CG15252 gene is expressed only in DT fusion cells, and
its expression requires dys function (Jiang and Crews, 2006).
The function of CG15252 is unknown, but it does share se-
quence homology with the bacterial FtsI protein that is a
transpeptidase involved in cell wall peptidoglycan synthesis
and cell division (Errington et al., 2003). The CG15252 gene
has 9.9 kb of 5’-flanking sequence and four relatively small in-
trons. We hypothesized that Dys:Tgo directly regulates
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Fig. 5 - Two Dys:Tgo sites and Motif 1 sites are required for fusion cell transcription of CG13196. (A) Schematic of the 3.3 kb genomic
region encompassing the CG13196 gene, and fragments analyzed in vivo. Shown are the three TCGTG sequences, two Motif 1

sequences, and an AAG sequence adjacent to TCGTG-C. (B-D) The C350 and D92 fragments drove GFP expression in all fusion cells,
whereas fusion cell expression was absent in the B490 transgenic strain. (E-Y) Shown are DT fusion cells for (E-G) unaltered and
(H-Y) altered versions of D92. Both (H-M) deletion and (N-S) mutation of each TCGTG site abolished fusion cell expression. Deletion
of Motif 1 sites also abolished expression (T-V), whereas deletion of the AAG sequence adjacent to TCGTG-C had no effect (W-Y).
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CG15252 expression in DT, and selected an 818 bp fragment
that contains four TCGTG sequences to analyze in vivo for fu-
sion cell expression (Fig. 6A). This fragment is 6.8 kb upstream
of the 5'-end of the longest cDNA clone. The A818 fragment
drove GFP expression only in DT fusion cells (Fig. 6B), similar
to endogenous CG15252. To test which TCGTG sites are re-
quired for CG15252 fusion cell expression, fragment B270,
containing the TCGTG-A and TCGTG-B sites, and fragment
C100, containing the TCGTG-C and TCGTG-D sites, were ana-
lyzed. B270 was unable to drive GFP expression in DT fusion
cells (Fig. 6C), whereas the C100 transgenic line had expres-
sion in DT fusion cells (Fig. 6D), and was expressed late in
development similar to CG15252 (Supplementary Fig. 2U and
V). Individually deleting or mutating both TCGTG-C and
TCGTG-D resulted in a loss of fusion cell GFP expression
(Fig. 6E-S). Thus, similar to CG13196, tracheal fusion cell
expression requires two clustered Dys:Tgo binding sites, both
of which are essential for expression.

Bioinformatic analysis of the C100 sequence revealed
strong conservation among four species closely related to Dro-
sophila melanogaster (Supplementary Fig. 7). However, signifi-
cant sequence similarity was not found in seven other
sequenced Drosophila species. Among the five related species,
the C100 sequence had two instances of a conserved 6 bp mo-
tif, named Motif 2. Deletion of both Motif 2 sequences in C100
had no effect on fusion cell expression (Fig. 6T-V). Both of the
conserved TCGTG sequences in C100 are preceded by a con-
served AAG motif. Deletion of both AAG sequences together
had no effect on C100 fusion cell GFP expression (Fig. 6W-Y).

2.6. CG13196 has coactivator sequences that promote
expression in DB, LT, and GB

Despite the similarity in the requirement of two adjacent
Dys:Tgo binding sites for fusion cell expression, CG13196 is
expressed in all fusion cells, whereas CG15252 is only ex-
pressed in DT. Both Dys and Tgo are present in all fusion cells.
There are four general models that could explain the expres-
sion differences (1) Dys:Tgo is able to activate transcription
through the presence of one or more binding sites in all fu-
sion cells, and CG15152 has sequences that repress expres-
sion in DB, LT, and GB; (2) Dys:Tgo is only able to activate
expression in DT by itself, but CG13196 has sequences for a
coactivator that allows expression in DB, LT, and GB; (3)
Dys:Tgo can activate transcription in fusion cells only in
cooperation with additional coactivators, including one func-
tioning in all fusion cells (CG13196; dys autoregulation), and
another in only DT (CG15252); (4) Differential activation
depending on the spacing/orientation of Dys:Tgo sequences.

Aninitial test of these hypotheses was carried-out by fusing
fragments containing fusion cell CRMs of CG13196 and CG15252
to each other, and testing their effects in vivo. To test the
hypothesis that coactivators are required to turn on CG13196
in fusion cells other than DT, a chimeric enhancer containing
CG13196 C350 with deleted TCGTG sites was fused with
CG15252 C100 with both TCGTG sites intact (Fig. 7A). If the
hypothesis that CG13196 has coactivator sequences for DB,
LT, and GB (and possibly, DT) expression is correct, they may
work in conjunction with the CG15252 TCGTG sequences to
activate expression in all fusion cells. This is what was ob-

served (Fig. 7C). The complementary experiment involved fus-
ing CG15252 C100 with both TCGTG binding sites deleted to
CG13196 C350 that had both TCGTG sequences intact (Fig. 7B).
If CG15252 has corepressor sequences that restrict its expres-
sion to DT, then these repressive sequences could act in combi-
nation with the CG13196 TCGTG sequences to limit expression
to DT. This was not observed; the chimeric transgene was ex-
pressed in all fusion cells (Fig. 7D). Thus, these experiments
provide evidence for sequences in CG13196 that work in con-
junction with Dys:Tgo binding sites to allow expression in all
fusion cells. In contrast, we did not find evidence for sequences
in CG15252 that restrict expression to DT. However, this may
still be the case, since it is possible that they cannot function
in the context of CG13196 C350.

3. Discussion

Tracheal fusion cells are a complex cell type that direct tra-
cheal cell migration, recognition, adhesion, and cellular
remodeling upon fusion. It is expected that these morphoge-
netic events will be accompanied by sophisticated regulatory
pathways. The major goal of this work is to mechanistically
explore the transcriptional circuitry that governs tracheal fu-
sion cell function. We selected three genes to investigate,
since each has a unique mode of fusion cell expression, while
also sharing common features. Both dys and CG13196 are ex-
pressed in all fusion cells, but dys precedes CG13196 in devel-
opmental expression. CG13196 and CG15252 are target genes
of dys, but CG15252 is only expressed in DT fusion cells.
Employing transgenic reporter analysis of fragments of 5'-
flanking and intronic sequences, we were able to identify fu-
sion cell CRMs for each gene. After reducing the size of each
fragment by deletional analysis, phylogenetic-assisted bioin-
formatics was employed to identify DNA sequences that are
potential binding sites for transcription factors. Mutational
analysis was carried-out and demonstrated the functionality
of several motifs. An additional goal, which was successful,
was to generate fusion cell-specific Gal4 lines that could be
used for fusion cell purification or molecular analyses.

3.1.  The dys gene contains multiple fusion cell CRMs

The dys gene is expressed in fusion cells from stages 12-17,
and we identified two distinct CRMs that drive dys fusion cell
expression. Additional embryonic pattern elements associ-
ated with dys expression were identified, including leading
edge cells, hindgut, anal pad, and brain. The P155 fragment
drove reporter gene expression from stages 12 to 17, and
likely represents the CRM governing initial dys expression.
The T523 CRM contains a dys autoregulatory CRM expressed
from stages 14 to 17, since its expression was absent in dys
mutant embryos and strongly reduced when two Dys:Tgo
binding sites were deleted. Given the potential stability of
GFP, it is unclear whether expression of P155 is maintained
during later stages, and overlaps with the T523 CRM. How-
ever, previous work indicated that null dys mutant embryos
possessed substantial dys RNA in late stage embryos (Jiang
and Crews, 2003). This suggests that dys-independent tran-
scription, likely derived from the P155 CRM, is still able to con-
tribute detectable levels of dys RNA in a dys mutant. Thus, the
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Fig. 6 - Two Dys:Tgo sites are required for fusion cell transcription of CG15252. (A) Schematic of 11.5 kb of DNA surrounding
the CG15252 gene. Shown are the four TCGTG motifs, two Motif 2 sequences, and the AAG motifs adjacent to TCGTG-C and
TCGTG-D. (B-D) Fragments A818 and G100 drove GFP expression in DT cells, whereas B270 did not. (E-Y) DT expression of
unaltered (E-G) and (H-Y) altered versions of G100 are shown. Both (H-M) deletion and (K-P) mutation of each TCGTG
abolished DT fusion cell expression. Deletion of both Motif 2 sites (T-V) or both AAG sites adjacent to the TCGTG sites (W-Y)
had no effect on DT expression.
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Fig. 7 - CG13196 C350 fragment has sequences that promote transcription in all fusion cells. Schematics of (A) CG13196-
A3504BC:CG15252-C100 and (B) CG15252-C1004CD:CG13196-A350 constructs. (X) Indicates that the TCGTG motifs were
deleted. (C and D) Both constructs were expressed in all fusion cells (DT and LT are shown).

dys autoregulatory CRM likely amplifies dys transcription
(Crews and Pearson, 2009), but is not solely responsible for
late embryonic expression.

Little is known regarding how dys expression is initiated in
fusion cells. One potential regulator is the Esg zinc finger pro-
tein. Esg is present in all fusion cells, and precedes initial dys
expression. Analysis of esg mutant embryos indicated that esg
was required for dys expression in DB and GB, but not DT
(iang and Crews, 2003). Since LT undergoes apoptosis in esg
mutants (Samakovlis et al., 1996), it is unclear whether LT
dys expression requires esg function. These results are consis-
tent with Esg directly regulating dys in some fusion cells, but
not others. By narrowing the limits of the dys stage 12-17 fu-
sion cell CRM to 155bp (P155), bioinformatic analyses were
carried-out to potentially identify transcription factor binding
sites, followed by mutagenesis and assaying function in vivo.

Seven conserved sequences from 5 to 10 bp in length were
deleted in P155. The results of the deletion experiments indi-
cated that deletions 1, 2, and 6 had no effect on expression;
deletions 3 and 5 showed a reduction in fusion cell expres-
sion; and deletions 4 and 7 were required for all fusion cell
expression. These results were consistent with the deletional
analysis of the dys B2.7 fragment (Fig. 2) that indicated at least
two separate regions were required for dys expression. One
contained sequences 1-3 and the other sequence 7, and indi-
vidual deletions A3 and A7 had expression defects. The con-
sensus Esg binding site is: (G/A)CAGGTG, and no sequence
strongly resembled this motif in P155. In addition, no deletion
tested resulted in altered P155 GFP expression resembling the
esg mutant phenotype (loss of expression in DB and GB, but
no effect on DT). Instead, all mutants affected all four fusion
cell types. Thus Esg either does not directly regulate dys tran-
scription, or regulates transcription via binding to sites in
P155 not clearly related to the known binding site sequence
and not overlapping with Asl-7. Future work employing

in vitro binding studies with Esg protein or use of chromatin
immunoprecipitation (ChIP) techniques from embryonic cells
would help resolve this issue.

Two of the deleted sites required for high levels of expres-
sion are related to known transcription factor binding sites:
the AS site corresponds to an ETS protein binding site, and
A7 to a POU-homeodomain binding site. One ETS family pro-
tein, Pointed, is the transcriptional effector of the branchless/
breathless signaling pathway required for tracheal branching
(Myat et al.,, 2005; Ohshiro et al.,, 2002; Sutherland et al,,
1996). Embryos mutant for pnt show a strong reduction of
dys tracheal expression. While this does not prove that breath-
less signaling and Pointed directly regulate the sequence af-
fected by the A5 deletion, the effects of both deleting the
ETS site and pnt mutants support that possibility. It is possible
that high levels of dys expression in fusion cells require con-
tinual signaling from branchless. One prominent tracheal-ex-
pressed POU-homeodomain protein is Vvl. Mutants in vvl
result in an early failure of tracheal branching and general ab-
sence of differentiation (Anderson et al., 1995; Llimargas and
Casanova, 1997). One study proposed that Vvl is a coactivator
of tracheal transcription along with the Trh:Tgo heterodimer-
ic tracheal master regulator (Zelzer and Shilo, 2000). While the
A7 sequence resembles a POU-homeodomain sequence, this
site does not strongly resemble known Vvl binding sites. Sim-
ilarly, there are no Trh:Tgo binding sites (ACGTG) within P155,
so positive evidence of dys direct regulation by Trh and Vvl is
lacking. Thus, if D7 binds Vvl, then it may function indepen-
dently of Trh, as was observed for regulation of thick veins, a
tracheal-expressed genetic target of vul (Boube et al., 2000; Lli-
margas and Casanova, 1997). In summary, these data suggest
multiple distinct binding sites (at least four) contribute to dys
expression, and one of the regulators may be Pnt.

One model for dys expression is that separate CRMs drive
expression in fusion cells corresponding to each branch. In
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the most extreme case, there would be four CRMs, each con-
trolling DB, DT, LT, and GB fusion cell expression. Alterna-
tively, there may be a single CRM that responds to the same
transcription factors present in each fusion cell type. None
of the deletions of dys B2.7 or the P155 deletions revealed evi-
dence of branch-specific CRMs - all fusion cells were affected.
In addition, none of the deletions resulted in temporal differ-
ences of expression: in each case expression was affected
similarly from stages 12 to 17. Thus, while there may exist
subtle differences regarding how different fusion cell types
are regulated by dys B2.7, at a gross level the current data sug-
gest that the same CRM responds to the same or similar tran-
scription factors in each fusion cell type.

3.2.  Analysis of CG13196 fusion cell expression reveals
the existence of a Dys:Tgo coactivator

The CG13196 gene is expressed in all tracheal fusion cells,
and is directly regulated by Dys:Tgo. The A985 bp fragment of
CG13196 is sufficient for expression in fusion cells, and con-
tains three TCGTG Dys:Tgo binding sites. Previously, it was
demonstrated that mutation of all three sites together re-
sulted in loss of fusion cell expression (Jiang and Crews,
2007). In this paper, we individually deleted each site, and
showed that TCGTG-A is not required for fusion cell expres-
sion, but both TCGTG-B and TCGTG-C are. Furthermore, bio-
informatic analysis revealed the presence of two related
sequence motifs. When these sequences (referred to as Motif
1) were deleted together, there was a complete absence of
expression in all fusion cells. This suggests that an additional
transcription factor, possibly binding to the Motif 1 se-
quences, acts as a transcriptional coactivator with Dys:Tgo.
Further evidence for an additional coactivator in the
CG13196 CRM came from analysis of a hybrid CRM in which
the CG15252 CRM that is expressed in only DT fusion cells
was fused to CG13196 C350 with both TCGTG sequences de-
leted. This chimeric CRM was expressed in all fusion cells,
indicating that sequences in CG13196 C350 (unknown, but
possibly Motif 1) in addition to the Dys:Tgo binding sites are
important for driving expression in all fusion cells. Most
likely, the CG13196 ATCGTG fusion cell CRM requires the
CG15252 TCGTG sequences for proper fusion cell expression.

3.3.  CG15252 is a direct target of Dys:Tgo

The CG15252 gene is expressed in only the DT fusion cells,
and genetically requires dys. The A818 fragment has four
TCGTG sequences. Deletion of TCGTG-A and TCGTG-B had
no effect on expression. However, deletion of TCGTG-C and
TCGTG-D resulted in an absence of fusion cell expression,
indicating that CG15252 is a direct target of Dys:Tgo. In both
in vitro DNA binding and S2 cell transient transfection exper-
iments, Dys:Tgo was able to bind to and activate transcription
from ACGTG, GCGTG, and TCGTG sequences (Jiang and
Crews, 2007). However, analysis of CG13196 indicated that
only the TCGTG motif was required for expression in vivo
(Jiang and Crews, 2007). The CG15252 C100 fragment has
two TCGTG sequences shown to be important for fusion cell
transcription, and no ACGTG or GCGTG sequences are pres-
ent. Similarly, the T523 putative dys autoregulatory element

has five TCGTG motifs but no ACGTG or GCGTG motifs. Thus,
in vivo evidence to date indicates that Dys:Tgo activates tran-
scription via TCGTG, and not other NCGTG sequences.

It was noted that both CG15252 TCGTG sequences were pre-
ceded by AAG, as was one of the two CG13196 TCGTG se-
quences, and two of five dys T523 TCGTGs. One hypothesis
tested was that this variant AAGTCGTG motif may have special
significance regarding fusion cell expression. However, dele-
tion of the AAG sequences in both CG13196 and CG15252 had
no effect on expression. Thus, the core TCGTG sequence is crit-
ical, but the precise sequence of flanking residues less so. This
is similar to results observed with other bHLH-PAS proteins
(Single-minded, Trh, Hypoxia Inducible Factor-1o/Sima, Aryl
hydrocarbon receptor/Spineless) that form heterodimers with
Tgo/Arnt, in which a core NCGTG sequence is invariant but
flanking residues much less conserved (Semenza et al., 1996;
Swanson et al., 1995; Wharton et al., 1994). We identified a re-
peated motif (Motif 2 in C100) in CG15252, but deletion of both
sites together had no effect on expression.

One of the major issues is why CG15252 is expressed in
only DT. One model is that Dys:Tgo binding sites are sufficient
for only DT expression, and additional expression in all fusion
cells requires binding sites for another activator: thus
CG13196 would possess these additional coactivator binding
sites and CG15252 would not. This seems unlikely since mul-
timerization of only TCGTGs results in expression in all fu-
sion cells (Jiang and Crews, 2007). While different
arrangements of TCGTG sequences between CG13196 and
CG15252 are a possibility, both genes have a relatively similar
arrangement: two required TCGTG sequences within 40 bp of
each other. Another possibility is that the CG15252 CRM con-
tains a repressor of DB, LT, and GB, so that in combination
with multiple Dys:Tgo binding sites, restriction to DT occurs.
There are no data that contradict this model, but no data to
support it. The Motif 2 sequences are unlikely to be corepres-
sor binding sites, since their deletion had no effect on expres-
sion, but other, untested sequences in CG15252 may carry-out
this role. When the CG15252 C100 fragment with deleted
TCGTG sequences was fused to CG13196 C350, the hybrid
fragment was able to drive expression in all fusion cells. This
indicated that if a repressor sequence exists on C100 it is un-
able to repress transcription of the CG13196 fragment. An-
other model is that Dys:Tgo is able to activate transcription
in fusion cells only in the presence of specific coactivators.
In this case, CG13196 would include an activator present in
all fusion cells, which is consistent with the Motif 1 se-
quences. CG15252 would require a coactivator present or
functional in only DT cells. If so, we have not yet identified
sites corresponding to this coactivator. We note that the
knirps, knirps-like (also knirps-related), and spalt genes play
important roles in defining tracheal branch-specific gene reg-
ulation (Chen et al., 1998; Franch-Marro and Casanova, 2002;
Kuhnlein and Schuh, 1996; Ohshiro et al., 2002), and it is pos-
sible that these genes either indirectly or directly play a role in
CG15252 DT-specific expression.

3.4.  Search for a fusion cell regulatory code

One of the major goals of the research described in this paperis
to begin to identify the CRMs and corresponding transcription
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factors that govern fusion cell gene regulation. Since
fusion cells undergo a variety of developmental changes, an
important aspect of mechanistically understanding how these
changes occur concerns understanding transcriptional con-
trol. The dys gene plays an important role in controlling fusion
cell development. One of the key results emerging from the
analysis of the dys gene is that its expression requires multiple
inputs. In particular, the finding of an essential ETS binding site
provides unexpected evidence that direct input from the
branchless/breathless/pointed signaling pathway may be re-
quired for dys expression. We have identified three direct tar-
gets of dys action, including dys itself as an autoregulatory
target, CG13196, and CG15252. Each of these genes possesses
multiple binding sites for Dys:Tgo. However, searching the gen-
ome for two TCGTG sites within 40 bp (the arrangement for
CG13196 and CG15252) yields 6673 hits (Markstein et al., 2002),
which is unlikely to be helpful in identifying fusion-expressed
genes. We have also provided evidence for an additional coac-
tivator required for expression of CG13196 in all fusion cells,
possibly corresponding to Motif 1. However, we currently do
not know the transcription factor corresponding to this coacti-
vator, or whether similar sequences are present in other target
genes of dys expressed in all fusion cells, including the dys aut-
oregulatory element. Another important issue, unresolved in
this paper, concerns how branch-specific fusion cell transcrip-
tion is regulated. The answers to this issue and others will re-
quire molecular, genetic, and biochemical analyses of
additional fusion cell-expressed genes.

4, Materials and methods

4.1. Mutant Drosophila strains

The null mutant strains of Drosophila utilized were: dys®
(Jiang and Crews, 2006), esg®®® (Samakovlis et al., 1996), and
pnt“® (Scholz et al., 1993).

4.2. Construction of the pMintGate ®#C31 transformation
vector

The Drosophila Gateway-compatible ®C31 transformation
vector, pBPGw (Pfeiffer et al., 2008), was digested with BgllI
and Spel to excise the Gal4 reporter gene. pH-Stinger-GFP
(Barolo et al., 2000) was digested with Bglll and Spel, and a
fragment containing an Hsp70 minimal promoter, GFP coding
sequence with nuclear localization sequence, 3’-UTR, and
poly(A) addition site was ligated into pBPGw. This vector,
named pMintGate, is ®C31-compatible with a nuclear-GFP re-
porter and Gateway sites for cloning fragments adjacent to
the Hsp70 promoter (Supplementary Fig. 1).

4.3.  Generation of transgenic strains

4.3.1. dys transgenic enhancer tester strains

DNA fragments containing sequences from the dys gene
5’-flanking region and introns 1 and 2 of the dys gene were
PCR-amplified, and initially cloned into pCR8/GW/TOPO
(Invitrogen) or pGEM-T Easy (Promega). The primer pairs em-
ployed for PCR are shown in Supplementary Table 1. The in-

serts in pCR8 were then cloned into pMintGate using
Gateway LR Clonase II plus (Invitrogen). The inserts in
PGEM-T Easy were removed by restriction digestion with Kpnl
and BamHI, and then ligated into the Kpnl and BamHI sites of
pH-Stinger. Each pMintGate construct was microinjected into
Drosophila embryos that express germline-localized ¢C31
integrase and contain the $C31 genomic destination site attP2
(68A1-B2) (Groth et al., 2004). The pH-Stinger constructs were
introduced into germline DNA by microinjection using stan-
dard techniques. Three independent lines of each transgene
were analyzed for embryonic GFP expression.

4.3.2. dys deletion strains

The dys P155 fragment, which can drive tracheal fusion cell
expression, was used to delete conserved sequences for
testing functional significance in vivo. The following individ-
ual deletions were generated using QuickChange II XL site-
mutagenesis kit (Stratagene): Al (GATCGG); A2 (TTAAAT
CAAA); A3 (GCGCG); A4 (TGCCTGAC); A5 (ACTTCCGC); A6
(GACCCAAAAC); A7 (TTAATATTCA). The dys V345 TCGTG-A
and TCGTG-C sequences were deleted together. The altered
fragments were cloned into pMintGate for introduction at
attP2 (68A1-B2).

4.3.3.  CG13196 transgenic strains

DNA fragments containing 5’-flanking sequences of
CG13196 were PCR-amplified using the primers shown in Sup-
plementary Table 1. CG13196 D92, which drives expression in
all fusion cells, contains two TCGTG sites, TCGTG-B and
TCGTG-C, two instances of Motif 1 (CCATGGAAAGT and
CCATTAAAAGT), and one AAG site adjacent to TCGTG-C. Four
mutant constructs were generated in which each TCGTG site
was individually deleted or individually mutated to CAATG.
The AAG site was individually deleted, and the two Motif 1
sites were deleted together. Mutated fragments were cloned
into pMintGate and integrated at attP2 (68A1-B2).

4.3.4. CG15252 transgenic strains

The DNA fragments containing 5’-flanking sequences of
CG15252 were PCR-amplified using the primers indicated in
Supplementary Table 1. The CG15252 C100 fragment, which
drives DT expression, was used to test the function of motifs.
CG15252 C100 has two TCGTG sequences, TCGTG-C and
TCGTG-D, and each was individually deleted and individually
mutated to CAATG. The two Motif 2 sites present in C100 were
deleted together, and the two AAG sites adjacent to both
TCGTGs were deleted together.

4.3.5.  Chimeric CG13196-CG15252 transgenic strains
CG13196-C3504BC:CG15252-C100. CG15252 C100 was cloned
into pCR8/GW/TOPO using TA cloning. CG13196 C350 with de-
leted TCGTG sites was PCR-amplified using: AAGCTTTGG
CAAGTGATTTGTGGGACA and AAGCTTGATTGGGCCGCAAGT
GATATG (HindIII sites are underlined), and this fragment was
cloned into the HindIlII site of pCR8/GW/TOPO-CG15252-C100
to yield CG13196-C3504BC:CG15252-C100. CG15252-C1004CD:
CG13196-C350. This construct was generated similar to
CG13196-C3504BC:CG15252-C100, except that C350 was first
cloned into pCR8/GW/TOPO and C100 with deleted TCGTGs
added.
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4.4.  Immunostaining of embryos

Whole-mount embryos were immunostained using stan-
dard techniques (Patel et al., 1987). The following antibodies
were used for immunostaining: rat anti-Dys (1:200), rabbit
anti-GFP (1:1000; Abcam), Alexa Fluor 488-labeled anti-rabbit
IgG (1:200; Invitrogen), and Cy3-labeled anti-rat IgG (1:200;
PerkinElmer).

4.5.  Bioinformatic analysis of regulatory regions

For each minimal fusion cell-expressed fragment (dys
P155, dys T523, CG13196 D92, CG15252 C100), orthologous se-
quences from the 12 sequenced drosophilids were retrieved
using the UCSC genome browser, and aligned by T-Coffee
(Notredame et al., 2000). Local sub-alignments were hand-cor-
rected using Lalign (Huang and Miller, 1991) to identify short
regions of homology. Statistically over-represented motifs
were identified within and between co-expressed fusion cell
CRMs using PhyloGibbs (Siddharthan et al., 2005; Siddhar-
than, 2008). WinDotter (Sonnhammer and Durbin, 1995) was
used to search for repeated motifs and palindromes within
each enhancer sequence. Identified motifs were compared
to consensus binding sites for known fusion cell-specific tran-
scription factors and to matrices in the JASPAR and TRANS-
FAC databases using the TESS motif search program (Schug,
2008). GenePalette (Rebeiz and Posakony, 2004) was used to
annotate genomic DNA sequences and to visualize putative
transcription factor binding site locations within each frag-
ment. FlyEnhancer (Markstein et al., 2002) was used to search
for clusters of Dys:Tgo consensus sites in the D. melanogaster
genome.
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