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ABSTRACT 

WESTER, J. V. W. C. Molecular characterization of the Drosophila melanogaster TT 

(Trachea-Torax) cis-regulatory module. 2016. Masters dissertation – Ribeirão Preto 

Medical School, University of São Paulo.  

Previous functional studies identified in the DNA puff BhC4-1 promoter region a 67 bp (-

253/-187) cis-regulatory module (CRM) that drives reporter gene expression in the ring gland 

of D. melanogaster. A bioinformatics analysis identified 67 Drosophila melanogaster 

sequences that are similar to sequences contained in the ring gland CRM. One of the 

identified sequences resides in a 657 bp genomic fragment located about 2500 bp upstream 

CG13711, about 400 bp upstream CG12493, in a genomic region that constitutes one of the 

introns of CG32239 (Gef64C). The preliminary characterization of three transgenic lines 

transformed with a 657 bp-lacZ construct revealed reporter gene expression in the 

larval/prepupal tracheal system and in adult thorax. Based on the pattern of expression driven 

by this CRM we named it Trachea-Thorax (TT). The main goal of this work was to extend the 

molecular characterization of the lines of the TT-lacZ series. Initially β-galactosidase 

histochemical assays were performed in embryos, first, second and third instar larvae, 0h, 1h 

and 2h prepupae, 24 h pupae and 1, 3 and 5 days old adults. Reporter gene expression is 

initially detected during the third larval instar in the tracheal system and continues to be 

detected in this tissue at 0 h, 1h and 2 h prepupa and, 24 h pupa. During the adult stage, 

reporter gene expression is verified in the dorsal longitudinal muscles of 3 and 5 days old 

adults. Since the TT CRM lies in an intergenic region and the available information about the 

nearby CGs is still scarce it was not possible to infer which of the CGs is regulated by the TT 

CRM. In this context, the mRNA pattern of expression of the lacZ reporter gene and of 

CG13711, CG12493 and CG32239 was investigated in the tracheal system of both larvae and 

prepupae and in adult thoraxes of one of the transgenic lines of the TT-lacZ series using RT-

qPCR. The lacZ mRNA expression levels increase about 3 times in 0 h prepupae when 

compared to the lacZ mRNA expression levels present in the tracheal system of third instar 

larvae. A similar pattern of expression was observed for both CG32239 and CG13711. In 

three and five days old adult thoraxes lacZ mRNA expression levels increase about 37 times 

and 11 times, respectively, when compared to lacZ mRNA expression levels present in one 

day old thoraxes. In the adult thorax, the only CG that presents a similar pattern of expression 

constitutes CG12493. Overall, we conclude that the TT CRM drives a dynamic pattern of 
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expression throughout development. Additionally, based on RT-qPCR results, we suggest that 

the TT CRM regulates the expression of CG32239 mRNA in the tracheal system during the 

larvae to prepupae transition, as well as the expression of CG12493 mRNA in the thorax of 3 

and 5 days old adults. Besides extending the functional characterization of a novel CRM our 

results also contribute new information about the developmental patterns of expression of 

three Drosophila melanogaster CGs. 

Key words: cis-regulatory module, DNA puff, D. melanogaster, tracheal system, dorsal 

longitudinal muscles. 
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RESUMO 

WESTER, J. V. W. C. Caracterização molecular do módulo cis-regulador TT (Traqueia-

Tórax) de Drosophila melanogaster. 2016. Dissertação de Mestrado – Faculdade de 

Medicina de Ribeirão Preto, Universidade de São Paulo. 

Estudos funcionais anteriores identificaram um módulo cis-regulador (MCR) de 67 pb (-253/-

187) na região promotora do gene de pufe de DNA BhC4-1 que dirige a expressão do gene 

repórter na glândula anelar de Drosophila melanogaster. Uma análise bioinformática 

identificou 67 sequências de D. melanogaster que são similares a sequências contidas no 

MCR de glândula anelar. Uma das sequências identificadas reside em um fragmento 

genômico de 657 pb localizado aproximadamente 2500 pb à montante do CG13711, 400 pb à 

montante do CG12493, em uma região genômica que constitui um dos íntrons do CG32239 

(Gef64C). A caracterização preliminar de três linhagens transformadas com a construção 657 

pb-lacZ mostrou expressão do gene repórter no sistema traqueal de larvas e prépupas e no 

tórax de adultos. Baseado padrão de expressão promovido por este MCR, o mesmo foi 

denominado Traqueia-Tórax (TT). O principal objetivo do presente trabalho constituiu 

estender a caracterização molecular das linhagens da série TT-lacZ. Inicialmente embriões, 

larvas de primeiro, segundo e terceiro estádio, prépupas 0 h, 1 h e 2 h, pupas 24 h e adultos 

com 1, 3 e 5 dias foram investigados quanto ao padrão de expressão do repórter utilizando 

ensaio histoquímico que detecta atividade de β-galactosidase. A expressão do gene repórter é 

inicialmente detectada no sistema traqueal durante o terceiro estádio larval e continua a ser 

detectada neste tecido em prépupas 0 h, 1 h e 2 h e pupas 24 h. Em adultos, a expressão do 

gene repórter é verificada nos músculos longitudinais dorsais em adultos de 3 e 5 dias. Uma 

vez que o MCR TT reside em uma região intergênica e a informação disponível sobre os CGs 

próximos ainda é escassa, não foi possível inferir qual dos CGs é regulado pelo MCR TT. 

Neste contexto, o padrão de expressão do RNAm do gene repórter lacZ e do CG13711, 

CG12493 e CG32239 foi investigado no sistema traqueal de larvas e prépupas e no tórax de 

adultos de uma das linhagens da série TT-lacZ utilizando RT-qPCR. Os níveis de expressão 

do RNAm lacZ aumentam cerca de 3 vezes em prépupas 0 horas, quando comparados com os 

níveis de expressão do RNAm lacZ presentes no sistema traqueal de larvas de terceiro estádio. 

Um padrão de expressão similar foi observado no caso do CG32239 e do CG13711. Nos 

tóraxes de adultos de 3 e 5 dias de idade os níveis de expressão do RNAm lacZ aumentam 

cerca de 37 vezes e 11 vezes, respectivamente, quando comparados aos níveis de expressão 
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do RNAm lacZ presentes nos tóraxes de adultos de 1 dia. No tórax de adultos, o único CG 

que apresenta um padrão de expressão similar ao padrão de expressão de lacZ constitui o 

CG12493. Em conjunto, nós concluímos que o MCR TT promove um padrão dinâmico de 

expressão durante o desenvolvimento. Além disso, com base nos resultados de RT-qPCR, nós 

sugerimos que o MCR TT regula a expressão do RNAm do CG32239 no sistema traqueal 

durante a transição larva-prépupa e também a expressão do RNAm do CG12493 no tórax de 

adultos de 3 e 5 dias de idade. Além de estender a caracterização funcional de um novo MCR, 

nossos resultados também contribuem com novas informações acerca dos padrões de 

expressão no desenvolvimento de três CGs de D. melanogaster. 

Palavras chave: módulo cis-regulador, Pufe de DNA, D. melanogaster, sistema traqueal, 

músculos longitudinais dorsais. 
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1.1. Eukaryotic cis-regulatory modules in eukaryotic genomes.  

Gene regulatory sequences control the spatial and temporal patterns of gene 

expression. Regulatory sequences are arranged in units that are named cis-regulatory modules 

(CRMs) (de Leon S. and Davidson E., 2007; Hardison and Taylor, 2012). Every regulatory 

module receives multiple inputs and processes them in a way that can be mathematically 

represented as combinations of logic functions like “switch” functions (Davidson E., 2005). A 

cis-regulatory module contains transcription factor binding sites, which enable specific 

transcription factors to bind the CRMs in order to generate an input. The received input is the 

regulatory state of the cell and the output is either activation or repression of the gene that is 

controlled by a given cis-regulatory module (de Leon S. and Davidson E., 2007). 

The analysis of cis-regulatory modules revealed that in bilaterians a gene may present 

between 5 to 20 cis-regulatory modules which can act combinatorially to activate a given 

gene in a particular time and domain in the organism (Davidson E., 2006). The position of 

CRMs in relation to the target genes may vary and they can be located from a few kilobases to 

a hundred kilobases upstream the core promoter. Additionally, CRMs may also reside in the 

coding sequence, within introns or downstream 3´ UTR sequences (Jeziorska et al., 2009). 

CRMs are components of gene regulatory networks (Figure 01), which contain the 

instructions to carry out specific developmental decisions. Many CRMs can act together to 

contribute to the final transcription rate of a single gene and the interactions between these 

CRMs modulate the expression of a gene through time and space and also provide a unique 

code for when, where and at which level a given gene is transcribed (Jeziorska et al., 2009). 

Three models have been proposed for the functioning of CRMs based on the way the 

CRMs interact with the respective target genes. In the first model, named DNA scanning 

model, transcription factors (TFs) bind to CRMs and move continuously along the DNA 

sequence until they encounter the promoter region of their target gene (Blackwood et al., 

1998). The second model proposes a looping model where CRMs communicate with their 

target genes through direct protein-protein interactions between the transcription factors 

bound to the CRM and components of the general transcription machinery assembled at the 

core promoter, with the intervening DNA looping out (Ptashne et al., 1986; Wang et al., 

1988). Finally, the third model integrates elements of the two models above. In this model, 

activators (ex: transcription factors) and coactivators bind to the CRM sequence and then 

small loops are formed in the chromatin through which activator-coactivator complexes move 



    Introduction  |  3 

until they encounter their cognate promoter. This model proposes an important role for the 

coactivator due to its ability to recognize and modify the chromatin structure, which facilitates 

the movement of the activator-coactivator complex along the chromatin template (Blackwood 

et al., 1998). 

 

Figure 01. Cis-regulatory modules in the gene regulatory hierarchy. (a) Schematic 

drawing of a cis-regulatory module. The red and blue bars represent transcription factor 

binding sites. (b) Schematic drawing of a hypothetical regulatory gene. Exons are represented 

in green and cis-regulatory modules in purple. (c) Schematic drawing of a gene regulatory 

network. The letters A, B, C and D represent regulatory genes. Colored arrows represent the 

inputs that are processed by the CRMs and the black arrow represents the final stable output 

that results from the combinatorial activity of the CRMs (modified from Ben-Tabou-de-Leon 

& Davidson, 2007). 

1.2. DNA puffs. 

Puffs are the result of unwinding of chromatin and are formed at specific sites in the 

polytene chromosomes of Diptera. There are two classes of puffs, DNA puffs and RNA puffs. 

RNA puffs are of general occurrence in Diptera and their formation is related to the 

transcriptional activity at these loci (Ashburner et al., 1974; Daneholt, 1982; Rydlander and 

Edstrom, 1980; Thummel, 1996). At DNA puff forming sites, which are characteristic of the 

Sciaridae family, two processes, gene amplification and the abundant transcription of the 

amplified genes occur in a developmentally regulated manner (Lara, 1991; Stocker, 1996; 

Monesi, 2009 Simon et al., 2016). Even though the precise mechanism of action of ecdysone 
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in the regulation of gene amplification and transcription has not been completely elucidated, 

several studies place this hormone as a regulator of both processes at DNA puff forming sites 

(Stocker, 1997, Candido-Silva, 2008, Liew et al., 2013, Monesi., 2009, Simon., 2016). 

DNA amplification coupled to high levels of transcription of DNA puff genes result in 

the production of large amounts of DNA puff proteins during a short period of time. The 

function of DNA puff proteins is partially known and based on their temporal and tissue 

expression patterns, which are temporally correlated to DNA puff formation, it has been 

suggested that these proteins are employed to build the cocoon in which the larvae pupate 

(Winter et al., 1977a,b; Laicine et al., 1984;de-Almeida., 1997, Monesi et al., 2004, Fontes et 

al., 1999). 

1.3. Molecular characterization of the DNA puff C4 BhC4-1 gene. 

In B. hygida, the BhC4-1 gene is amplified 21 times and abundantly expressed in the 

salivary glands at the end of the fourth larval instar when DNA puff C4 is formed (Paçó-

Larson et al., 1992; Monesi et al., 1995). BhC4-1 expression, BhC4-1 amplification and DNA 

puff C4 expansion, are all induced as a late response to the increase in ecdysone titers that 

trigger metamorphosis (Basso et al., 2002).  

The analysis of the deduced amino acid sequence of the BhC4-1 gene revealed that it 

encodes a 47,168 Da protein (Monesi et al., 1995). In immunoblots the BhC4-1 protein was 

detected both in salivary gland extracts and in the saliva of larvae at the age DNA puff C4 is 

formed. In addition, through immunoelectronmicroscopy it was shown that the BhC4-1 

protein is localized in filamentous structures that are part of the saliva (Monesi et al., 2004), 

which corroborates the idea that DNA puff proteins are employed to build the cocoon in 

which the larvae pupate.  

Recent studies have revealed that at the time DNA puff C4 is formed in the salivary 

gland, the BhC4-1 mRNA and the BhC4-1 protein are both expressed in the B. hygida 

prothoracic glands, which is the main source of ecdysone in the larva. In addition, at the time 

the gene is amplified 21 times in the salivary glands, the BhC4-1 gene is also amplified at 

lower levels, 4.8 times, in the prothoracic glands (Candido-Silva et al., 2015). These results 

confirmed previous studies that have shown that the expression of DNA puff genes is not 

restricted to the salivary glands (Monesi et al., 2001) and corroborates the suggestion that 

DNA puff genes might perform additional functions in sciarids, besides being employed to 



    Introduction  |  5 

build the cocoon. Furthermore, the demonstration that developmentally regulated gene 

amplification also occurs in a second tissue of B. hygida suggest that gene amplification is a 

mechanism that might be more widely employed in insects than previously described 

(Candido Silva et al., 2015). 

1.4. Characterization of the BhC4-1 gene in transgenic Drosophila. 

The functional characterization of the BhC4-1 gene was performed in transgenic 

Drosophila. Initial studies revealed that the BhC4-1 gene is expressed in a developmentally 

regulated manner in the prepupal salivary glands of transgenic Drosophila, suggesting that 

cis-regulatory elements of B. hygida are recognized by Drosophila trans-activating factors 

(Monesi et al 1998). Additionally, in vitro studies have shown that in transgenic Drosophila 

salivary glands the BhC4-1 expression is also induced as a late response to ecdysone, similar 

to what occurs in B. hygida. (Basso et al., 2002). Together these results revealed that the 

mechanisms that regulate BhC4-1 expression in the salivary gland are conserved in the 

heterologous system. 

The characterization of the mechanisms that regulate BhC4-1 expression were 

extended through functional studies in transgenic Drosophila, and led to the identification of 

cis-regulatory modules in the BhC4-1 promoter region (Figure 02) (Monesi et al., 2003). One 

of the identified cis-regulatory modules is a 97 bp (-57/+40) fragment that constitutes the 

BhC4-1 core promoter. In the absence of upstream regulatory sequences the (-57/+40) 

fragment drives low levels of BhC4-1-lacZ mRNA expression, which is consistent with the 

activity of a core promoter. On the other hand, when the (-57/+40) fragment was placed 

downstream distinct cis-regulatory modules, regulated expression driven by the upstream 

sequences was verified, confirming that the BhC4-1 core promoter does not contain other cis-

regulatory modules beside those characteristic of core promoters (Garcia et al., 2011). 

The second identified cis-regulatory module is located in a 129 bp (-186/-58) fragment 

that drives BhC4-1-lacZ expression in prepupal salivary glands (Monesi et al., 2003; Lecci et 

al., 2008). Results from bioinformatics analyses revealed that the Drosophila melanogaster 

genome contains 162 sequences similar to sequences contained in the BhC4-1 proximal 

promoter (-253/-58). Ninety-five out of the 162 identified sequences align to the 129 bp (-

186/-58) salivary gland cis-regulatory module (Lecci et al., 2008). Interestingly, four of the 95 

identified genomic regions contain sequences similar to those located in the (-79/-58) region 
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of the 129 bp cis-regulatory module and are located in regulatory regions of genes that are 

expressed in the salivary gland in response to the increase in ecdysone titers that trigger 

metamorphosis (Lecci et al., 2008). 

Functional assays revealed that the product of the early genes BR-C (Z3 isoform), E74 

(A and B isoforms) and E75 (A isoform) participate in the induction of BhC4-1-lacZ in the 

salivary gland during the larvae to prepupae transition. While the BR-C Z3 isoform plays an 

essential role in the BhC4-1-lacZ expression in the prepupal salivary glands, the isoforms 

E74A, E74B and E75A are all necessary to promote high levels of BhC4-1-lacZ expression in 

this tissue (Basso et al., 2006). Genetic interaction experiments revealed that the 

overexpression of the A isoform of E74 is sufficient to induce BhC4-1-lacZ expression in 

lines transformed with the 129 bp (-186/-58) cis-regulatory module during the third larval 

instar, at a developmental time when BhC4-1-lacZ is not expressed in the salivary gland 

(Sanchez and Monesi, unpublished data). More recently we showed that the 129 bp (-186/-58) 

cis-regulatory module directly binds the ETS domain of E74A in the context of the one-

hybrid system (Frank H., 2014). Together, these results further confirm that the expression of 

the BhC4-1 DNA puff gene in the salivary gland is regulated by the products of the early 

genes and that at least in the case of E74A the heterologous transcription factor directly binds 

to the DNA puff promoter regulatory sequences. 

The third region identified in the BhC4-1 proximal promoter is the 67 bp (-253/-187) 

cis-regulatory module, which drives BhC4-1-lacZ expression in the ring gland. In this case, 

transgene expression is initially detected in the ring gland of late embryos and continues 

throughout the larval and prepupal stages (Monesi et al., 2003; Lecci et al., 2008). In order to 

extend the characterization of the 67 bp (-253/-187) cis-regulatory module, five constructs 

(MUT1-MUT5) containing linker scanning mutations were cloned upstream of the reporter 

gene lacZ and the resulting constructs were employed to transform Drosophila (Malta et al., 

2006; Furtado I., 2013). The analysis of these transgene lines further refined the 

characterization of the 67 bp fragment and resulted in the identification of different regions in 

this cis-regulatory module. Specifically, mutations introduced in both MUT1 and MUT2 

constructs (-246/-225) did not alter the pattern of expression driven by the 67 bp cis-

regulatory module. On the other hand, mutations introduced in the MUT3, MUT4 and MUT5 

constructs strongly affected the activity of the ring gland cis-regulatory module indicating that 

the (-222/-189) region contains transcription factor binding sites that are essential for BhC4-1 

expression in the ring gland (Furtado I., 2013). 
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Two additional cis-regulatory modules, which repress BhC4-1-lacZ expression in the 

ring gland, were also identified in the BhC4-1 promoter region (Monesi et al., 2003). The first 

one is located in the (-1293/-254) region and restricts the onset of BhC4-1-lacZ expression in 

the ring gland to the second larval instar. The second one (-3314/-1294), restricts the onset of 

BhC4-1-lacZ expression in the ring gland to 0 h prepupae (Monesi et al., 2003). The 

characterization of the proximal repressor module was extended through the analysis of lines 

transformed with two different constructs, (-824/-187) and (-488/-187). In these lines, BhC4-

1-lacZ ring gland expression is initially detected in second instar larvae, indicating that the 

elements that repress BhC4-1-lacZ expression at developmental times prior do the second 

larval instar are contained in the (-488/-254) fragment. In addition, the results obtained with 

the (-488/-187) lines also reveal that the presence of both the repressor module (-488/-254) 

and the activator module (-253/-187) is sufficient to drive gene expression in the ring gland of 

second instar larvae (Campos Neves, 2009). 

The Drosophila ring gland is the result of the fusion of the prothoracic glands (the 

source of ecdysone), the corpus allatum (the source of juvenile hormone), and the corpus 

cardiacum (the source of peptide hormones that participate in the control of energy 

metabolism) (King et al., 1966). In Bradysia hygida, the neuroendocrine system comprises a 

pair of prothoracic glands and a single corpus allatum fused to a single corpus cardiacum that 

are located under the retrocerebral aorta (Candido-Silva et al., 2015). Both BhC4-1 mRNA 

and BhC4-1 protein are expressed in the prothoracic glands of B. hygida at the time DNA puff 

C4 is formed (Candido-Silva et al., 2015). These results suggest that BhC4-1-lacZ expression 

in the ring gland of lines that contain the ring gland cis-regulatory module (-253/-187) is also 

due to the conservation of cis-regulatory sequences that are being recognized by Drosophila 

ring gland trans-activating factors and reveal that the degree of conservation of the 

mechanisms that regulate the BhC4-1 DNA puff gene is higher than previously envisaged 

(Candido-Silva et al., 2015).  

As previously mentioned, a bioinformatics analysis resulted in the identification of 

162 D. melanogaster sequences that present similarity to the BhC4-1 proximal promoter (-

253/-58). Out of these, 67 sequences align to the 67 bp (-253/-187) cis-regulatory module and 

91% of these sequences are identical to sequences contained in this cis-regulatory module. 

The length of the identified sequences varies between 15 and 24 nucleotides. Apparently, the 

identified D. melanogaster sequences are not associated to regulatory regions of genes that 

are expressed in the ring gland (Lecci et al., 2008). 
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Figure 02. Cis-regulatory modules identified in the BhC4-1 promoter region (-3314/+40). 

In orange the (-57/+40) BhC4-1 core promoter. In blue, the 129 bp (-186/-58) salivary gland 

cis-regulatory module. In green, the 67 (-253/-187) ring gland cis-regulatory module. Two 

fragments (-488/-254) and (-3314/-1294) in grey and purple respectively, represent regions 

that act as repressors of BhC4-1 expression in the ring gland at different developmental times.  

In order to identify putative ring gland cis-regulatory modules in the D. melanogaster 

genome, the 67 D. melanogaster identified sequences were further analyzed employing the 

following criteria: a) the degree of conservation of the identified sequences amongst the 12 

Drosophila species that had been sequenced, sequences that were conserved in at least 7 

Drosophila species were selected; b) their position in relation to coding sequences, sequences 

located upstream coding regions were selected; c) investigation of the data available, 

sequences associated to genes which could be expressed in the ring gland of embryos were 

selected. This screening resulted in the selection of 10 sequences (Zampar et al., 2009). Five 

of these sequences were selected for functional assays and genomic fragments of about 600 

bp containing the selected sequences were cloned upstream the lacZ reporter gene in the pBP 

vector (Antoniewski et al., 1996). 

Out of the five tested sequences, only one drove detectable levels of reporter gene 

expression in transgenic animals. This sequence is a 657 bp fragment, located in an intergenic 

region. This 657 bp fragment is located about 2500 bp upstream CG13711, about 400 bp 

upstream CG12493, in a genomic region that constitutes one of the introns of CG32239 

(Gef64C) (Figure 3). The analysis of transgenic lines revealed that the 657 bp fragment 
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contains cis-regulatory elements that drive a dynamic pattern of gene expression throughout 

development. In both third instar larvae and prepupae of lines transformed with this transgene, 

both lacZ mRNA expression and β-galactosidase activity were detected in branches of the 

tracheal system. Additionally, reporter gene expression was detected in the thoracic muscles 

of adults. Together these results indicated that the 657 bp fragment contains cis-regulatory 

elements that drive gene expression both in the larval/prepupal tracheal system and in the 

thoracic muscles of adults (Zampar et al 2009). Due to the observed pattern of expression we 

named the 657 bp cis-regulatory module Trachea-Thorax (TT). 

 

Figure 03. Location of the TT cis-regulatory module in the D. melanogaster genome. On 

top of the figure are shown the chromosome 3L coordinates (version of August 2014; BDGP 

R6/dm6). The black rectangle (your seq) shows the genomic location of the TT cis-regulatory 

module in the D. melanogaster genome. The TT cis-regulatory module is located in one of the 

introns of CG32239 and upstream of CG13711 and CG12493, which are divergently 

transcribed with respect to the TT cis-regulatory module. Figure obtained from the website 

http://genome.ucsc.edu.  

1.5. Molecular characterization of the CGs located near the TT cis-regulatory 

module. 

1.5.1. CG32239   

The CG32239, RhoGEF64C, is located in chromosome 3L of Drosophila in the 

4,692,783-4,796,253 region. This gene encodes a guanine nucleotide exchange factor (GEF), 

which act as GTPase activator by releasing GDP and allowing its replacement by GTP in 

small GTPases of the Rho subfamily (Simoes et al., 2006). CG32239 encodes two isoforms, 

Gef64C_A isoform and Gef64C_B isoform, which are 1985 aminoacids long (Bashaw et al., 

2001). 

Analysis of RNA-seq data revealed that RhoGEF64C presents moderately high levels 

of expression in the carcass of L3 larvae. RhoGEF64C moderate expression levels also occur 

in 12 to 20 hours embryos, third instar larvae, 12-24 hours prepupae, 3 days pupae, and 

moderately high expression in 2 days pupae (Figure 04) (Graveley et al., 2010; 2011). In situ 

hybridization experiments revealed that in embryos stage 11-12 RhoGEF64C is expressed in 
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the digestive system, spiracles, Malpighian tubules and tip cell, whereas in embryos stage 13-

16 RhoGEF64C is expressed in the digestive system, epidermis, Malpighian tubules, tip cell, 

anal pad and atrium (available online at BDGP, http://www.fruitfly.org/). 

 

Figure 04. Temporal expression pattern of CG32239 (Gef64C). The figure shows a 

heatmap of the pattern of CG32239 expression obtained by RNA-seq analysis at different 

developmental stages and tissues of Drosophila melanogaster (Graveley et al., 2010; 2011; 

available online at http://www.flybase.org). 

CG32239 (Gef64C) was identified in a genetic screen designed to identify molecules 

involved in controlling axon guidance decisions. Loss of function experiments revealed that 

the absence of CG32239 (Gef64C) did not cause strong axon guidance defects. On the other 

hand, overexpression of CG32239 (Gef64C) results in a phenotype in which many axons 

abnormally project across the midline indicating that CG32239 (Gef64C) promotes axon 

attraction to the CNS midline (Bashaw et al., 2001). 

Rho1 activity has been shown to be essential for epithelial invagination and 

tubulogensis and to control the assembly of apical actin during spiracle formation (Simoes et 

al., 2006, Lovegrove, 2006). Further investigations revealed that Rho1 activity is apically 

restricted because its regulators, RhoGEF2 and CG32239 (Gef64C) are enriched in the apical 

region of the invaginating spiracle cells whereas its inhibitor RhoGAP Cv-c occupies the 

basolateral domain (Simoes et al., 2006). RhoGEF2, CG32239 (Gef64C), and Rho1 also 

participate in the mechanism that restricts the actin nucleation induced by Dia (Diaphanous) 

http://www.fruitfly.org/
http://www.flybase.org/
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to the apical cells of apical region in several tubular structures, including the tracheal network, 

salivary glands, hindgut and Malpighian tubules (Massarwa et al., 2009). The apical actin 

cables formed by Dia also seem to have a role in the trafficking of secretory vesicles to the 

apical surface of tubular organs, a process that employs the motor protein MyoV (Massarwa 

et al., 2009). 

More recently, CG32239 (Gef64C) expression was shown to be restricted to all 

presumptive leg joints during leg development, indicating that CG32239 (Gef64C) also 

participates in the regulation of joint morphogenesis during leg development (Greenberg and 

Hatini 2010). Overall, these studies reveal that CG32239 (Gef64C) participate in the 

regulation of different cellular mechanisms, in distinct tissues and at different developmental 

stages. 

1.5.2. CG13711  

CG13711 is located in the 4757883-4758708 region of the 3L chromosome and is 

entirely located in one of the introns of CG32239. This gene presents a single isoform 

CG13711, which encodes a 127 amino acids deduced protein with a molecular mass of 15,049 

Da (Bonneaud et al., 2003). CG13711 is expressed only in the anterior domain in cellularized 

blastoderm embryos, and accordingly, RNAseq analysis revealed moderately high expression 

levels of CG1377 in 2-4 hours old embryos (Figure 05) (Graveley et al., 2010; 2011).  

CG13711 is one of the seven members of a protein family that comprises 7 basic 

proteins that are zigotically expressed in distinct domains during the blastoderm stages and 

includes CG13716, CG13713, CG15876, CG13712, CG14112 (SoxNeuro Co-Factor, SNCF) 

and CG7428 (halo) (Bonneaud et al., 2003; Gross et al 2003). Two of these CGs, CG14112 

(SoxNeuro Co-Factor, SNCF) and CG7428 (halo) have been further characterized.  

SNFC is a 146 amino acids protein encoded by CG14112 and SNCF mRNA is 

detected in stage 4 embryos (syncytial blastoderms) and stage 5 embryos (cellularized 

blastoderm). SNCF has been shown to interact with the Drosophila SoxN transcription factor 

(Consortium 2003; Bonneaud et al., 2003). This transcription factor is a member of the Sox 

protein family that plays multiple important roles in the development of the central nervous 

system (Bonneaud et al., 2003). SoxN and SNCF are co-expressed only during a short period 

of time in the neuroectoderm before and shortly after gastrulation (Bonneaud et al., 2003). 

Since bioinformatics analyses indicated that CG13711 present similarity to SNCF and both 
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are expressed at the beginning of embryogenesis, it has been speculated that CG13711 might 

also act in the modulation of early expressed transcription factors such as SoxN (Bonneaud et 

al., 2003). 

 

Figure 05. Temporal expression pattern of CG13711. The figure shows a heatmap of the 

pattern of CG13711 expression obtained by RNA-seq analysis at different developmental 

stages and tissues of Drosophila melanogaster (Graveley et al., 2010; 2011; available online 

at http://www.flybase.org). 

Halo is a small 150 amino acids protein encoded by CG7428 (halo) that present a 

dynamic pattern of expression during the syncytial blastoderm and blastoderm cellularization 

(Gross et al., 2003). Halo is a transporter of lipid droplets. Embryos carrying mutations in 

Halo (∆halo) failed to clear during the blastoderm cellularization stage. Nevertheless, ∆halo 

yields viable and fertile adults (Gross et al., 2003). Even though the exact molecular function 

of CG13711 is still unknown, two independent research groups have identified the CG13711 

protein as a member of a protein family that is apparently unique of Drosophila and that 

comprises proteins that present diverse functions such as SNCF and Halo (Bonneaud et al., 

2003; Gross et al., 2003). 

 

 

http://www.flybase.org/
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1.5.3. CG12493 

CG12493 is located in chromosome 3L in the 4752393-4753738 region. This gene 

encodes two isoforms: CG12493_A is a 296 amino acids protein of 32,536 Da and 

CG12493_B is a 293 amino acids protein of 32,261 Da. The available molecular data suggests 

that CG12493 encodes a double-stranded RNA binding nuclear protein (Lakso 2000; 

Saunders and Barber 2003; Lundgren et al., 2005; Gerbasi et al., 2010). 

RNA-seq analyses revealed moderate to moderately high levels of CG12493 

expression from the end of the third larval instar until 30 days old adults. The highest levels of 

expression during the adult stage are found in 5 days males. Moderate levels of expression are 

found in the fat body of white prepupae and in the digestive system of 1-4 day old adults. 

High levels of expression were observed in the testis of mated four days old males and in the 

Malpighian tubules, whereas very high levels of expression were detected in third instar 

larvae imaginal discs (Figure 06 and data not shown) (Graveley et al., 2010; 2011; available 

online at http://www.flybase.org). In situ hybridization experiments revealed CG12493 

expression in the clypeal primordium-labral in 11-12 stage embryos and in the embryonic 

gonads of embryos stage 13-16 (available online at BDGP, http://www.fruitfly.org/). 

The CG12493 deduced amino acid sequence contains a double-stranded RNA binding 

domain (DRBD). The recognition of dsRNAs by DRBDs involves the recognition of 

structural motifs which allows them to bind nonspecifically to dsRNAs and ssRNAs with 

extensive secondary structures (Saunders and Barber 2003). CG12493 has been described as a 

paralogue of blanks (CG10630) (Gerbasi et al., 2010). blanks encodes a nuclear protein of 324 

amino acids with a molecular mass of 36,500 Da. CG12493 and Blanks share 55% amino acid 

identity and 67% similarity (Gerbasi et al., 2010). blanks was identified in a screen for siRNA 

duplex binding proteins and was shown to be part of a nuclear dsRNA binding complex that is 

distinct from previously described RNA induced silencing complexes (RISCs). In Drosophila, 

Blanks participate in sperm differentiation and loss of Blanks causes male sterility, but not 

female sterility, coupled to up-regulation of genes related to innate immunity pathways 

(Gerbasi et al., 2010).  

The localization and pattern of expression of CG12493 in male testes is similar to the 

one observed for Blanks. Interestingly, in Blanks mutants CG12493 mRNA levels of 

expression do not change, but the levels of CG12493 protein expression are decreased 

(Gerbasi et al., 2010). In contrast to Blanks mutant, CG12493 homozygous mutants are viable 

http://www.flybase.org/
http://www.fruitfly.org/
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and fertile in spite of presenting a smaller than normal seminal vesicle and reduced mature 

sperm numbers. In CG12493 mutants both Blanks mRNA and protein expression are 

unaltered. Together, these data suggest that CG12493 and Blanks proteins might directly 

interact in the adult male testes, that this association is necessary for CG12493 protein 

stability and that the CG12493 protein could perform a supplementary role in sperm 

differentiation (Gerbasi et al., 2010). 

 

Figure 06. Temporal expression pattern of CG12493. The figure shows a heatmap of the 

pattern of CG12493 expression obtained by RNA-seq analysis at different developmental 

stages and tissued of Drosophila melanogaster (Graveley et al., 2010; 2011; available online 

at http://www.flybase.org. 

1.6. The Tracheal system of Drosophila melanogaster. 

The tracheal system is a complex network of hollow epithelial tubes, which delivers 

oxygen directly to the tissues. Oxygen enters into the tracheal system through the spiracles 

and diffuses along the major branches until it reaches the fine terminal branches, named 

tracheoles, that end blindly on the surfaces of all tissues (Samakovlis et al., 1996). The 

tracheal epithelium is a monolayer which does not present a supporting tissue but is prevented 

from collapsing due to the presence of a stiff extracellular cuticle that lines its apical (luminal) 

surface (Samakovlis et al., 1996). 

The tracheal system arises from 10 clusters of ectodermal cells located on each side of 

the embryo, one in each hemisegment, from T2 through A8 (Samakovlis et al., 1996). These 

http://www.flybase.org/
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clusters of cells invaginate and form elongated sacs of cells that remain connected to the 

surface by the spiracular branch, a thin stalk. The primary branches appear at stage 12 and 

consist of six major buds that form along the sac and grow to characteristic lengths and in 

different directions. Cells that are not part of the primary branches remain and will give rise to 

the transverse connective. Secondary branches are originated from primary branches at stage 

15 and the first terminal branches form at stage 16 as continuations of secondary branches. 

The terminal branches ramify into extensive arrays of terminal branches (tracheoles) that 

cover the target tissues (Smakovlis, 1996). 

Not all primary and secondary branches complete the branching sequence. The 

branches that stop branching grow towards tracheal branches from neighboring hemisegments 

and interconnect the tracheal network. The dorsal trunk is formed at stage 14 and secondary 

branches fuse with their partners to connect the lateral trunk and to form a dorsal anastomosis 

that connects the right and left sides of the tracheal network. Overall the branching process 

takes about 10 hours and terminal branching continues during the larval period. The tracheal 

system becomes functional, filled with air, about two hours before hatching. 

Groups of genes that act at different time points during the branching process were 

identified from an enhancer trap screening. The breathless (Tracheal-2) gene is required for 

primary branch formation and to stimulate expression of pantip markers. pointed (Pantip-1) is 

required for secondary branch formation and activates expression of terminal markers. 

Terminal-1 is required for terminal branch formation. The results derived from the global 

analyses of the patterns of expression of the genes identified in this screening led the authors 

to propose that many tracheal genes are organized into a regulatory hierarchy. In this 

hierarchy the genes expressed at each level of branching serve two functions: a) they control 

their level of branching and b) they regulate the expression of genes involved in the next level 

of branching. Through this regulation the different branching events are coordinated and the 

different steps of branching occur in a proper sequence (Samakovlis et al., 1996). 

During the larval stage the tracheal system topology is essentially the same in all three 

instars. The modifications that occur during the larval stage are related to an increase in the 

number of trachea and tracheoles in the consecutive stages. The first instar system is 

metapneustic, whereas the second and third instar systems are amphipneustic and the 

spiracular tracheae of the non-functional spiracles two to nine are collapsed to form solid 

spiracular cords. The larvae present a pair of dorsal trunks connected by ten dorsal 
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anastomoses distributed from the anterior to the posterior region. Additionally, the larval 

tracheal system presents a pair of lateral longitudinal trunks, which are connected by eight 

transverse connectives to the dorsal trunks. A dorsal cervical trachea arises from each dorsal 

trunk and at the ventral side, each ventral cervical trachea gives rise to a medially directed 

trachea that branch to the central nervous system  (Whitten 1957) (Figure 07). 

 

Figure 07. Postembryonic tracheal system in Drosophila melanogaster. (a) Represents the 

anterior side of the larval tracheal system that consists of two spiracles which are continuous 

to the dorsal trunks. Anastomosis arise dorsally from the dorsal trunks and the transverse 

connectives and internal branches arise ventrally to the dorsal trunks. (b) Represents the pupal 

tracheal system. Two pairs of trachea arise from the prothoracic spiracle and are located in the 

head region. Dorsal trunks, anastomosis, transverse connectives and internal branches are 

located both in the thoracic and abdominal regions. (c) Represents the de adult tracheal 

system. The tracheal system comprises a complex tubular network and air sacs distributed in 

the head and the thorax, while the abdominal region presents tracheal ramifications that arise 

from the anterior abdominal region. (Atlas of Drosophila melanogaster development). 

The pupal tracheal system is distinct from the larval in spite of the fact that it also 

presents a metameric pattern in the thoracic and anterior abdominal regions. Only the two 

anterior spiracles are functional. From these prothoracic spiracles originates two pairs of 

trachea that tracheate the head ventrally and dorsally. The dorsal pair is connected by a 

transverse anastomosis and sends branches to the developing eyes and to the brain, whereas 

the ventral branches tracheate the head ventral region. The ventral region is tracheated by 

numerous ramifications of two pairs of trachea that arise from the anterior abdominal region. 

The spiracular trachea continues posteriorly as a longitudinal dorsal tracheal trunk from which 

branches another tracheal longitudinal trunk. Both trunks reach the anterior abdominal region. 

The two pairs of longitudinal main trunks are connected dorsally by five dorsal anastomoses. 

The second pair of anastomosis gives rise to trachea and tracheoles that supply the 

developing thoracic flight muscles. Laterally, each pair of longitudinal trunks is connected by 

four trachea. From the lateral trunks arises the ventral tracheas that tracheates the first pair of 

legs, the nervous system and finally unites with its pairs in the mid-ventral line. The wing and 

haltere are tracheated by tracheas that originate from the lateral longitudinal trunks. The 
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posterior abdominal region presents two pairs of branched tracheas that arise from the third 

and fourth transverse connectives (Whitten, 1957) (Figure 07). 

The adult fly presents nine pairs of functional spiracles distributed to each side of the 

thorax and the anterior abdominal region. In the head there is a pair of dorsal and a pair of 

ventral air sacs. The dorsal pair of air sacs supplies the brain and the eyes. The paired ventral 

air sacs pass into a trachea that extends the length of the proboscis and supplies branches to 

various structures. In the abdomen there is a definite pattern of trachea that includes two pairs 

of longitudinal trunks which are laterally connected by transverse connectives. The dorsal 

trunks are connected by nine dorsal anastomoses. The dorsal trunk initiates in the first 

thoracic spiracular trachea and its diameter is very broad until it reaches the region of the fifth 

pair of spiracles from where it becomes narrower. Trachea and tracheoles that arise from this 

trunk pass to the dorsal longitudinal muscles. The second pair of longitudinal trunks joins the 

dorsal trunk immediately behind the first thoracic spiracle and in the thoracic region it 

expands into a series of air sacs. In the region of the third spiracle it becomes tracheated and 

runs in this form to the region of the ninth pair of spiracles (Whitten, 1957) (Figure 07). 

1.7. Development of indirect flight muscles of Drosophila. 

The adult thorax of D. melanogaster contains several muscles that are attached to the 

thoracic exoskeleton and play an important role in the adult life. The adult thoracic 

musculature can be divided into two types: tubular muscles and fibrillar muscles. The tubular 

musculature includes the leg, jump and direct flight muscles (DFMs), whereas the indirect 

flight muscles (IFMs) are fibrillar muscles (Berstein et al., 1993; Allen and Hodenshwege, 

2006). The tubular musculature presents a characteristic organization, which consists of 

rectangular myofibrils that are radially oriented surrounding a centrally located nucleus. 

Ultrastructural observations revealed that the tubular muscles of the thoracic region present 

few mitochondria and abundant sarcoplasmic reticulum. (Allen and Godenshwege, 2006). 

The fibrillar IFMs include a set of twelve fibers that are oriented dorsal longitudinally, 

named dorsal longitudinal muscles (DLMs), and a second set of twelve large and two small 

fibers that are oriented dorsal ventrally, named dorsal ventral muscles (DVMs) (Figure 07). 

The fibrillar muscles are circular and contain high numbers of mitochondria. Wing myoblast 

specification as a dorsal lineage occurs as early as the first larval instar (Lawrence, 1982) and 

these myoblasts give rise to the IFMs (DLMs, DVMs) and the DFMs (direct flight muscles) 
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during metamorphosis. The adult DLMs are originated from the larval oblique muscles 

(LOMs) (Fernandes et al., 1991; Fernandes and VijayRaghavan, 1993; Fernandes et al., 1996; 

Roy et al., 1997; Roy and VijayRaghavan, 1997). Prior to the onset of adult myogenesis, a 

wave of histolysis destroys most of the larval musculature. On each hemisegment, three 

mesothoracic muscles escape histolysis and serve as templates for the formation of one group 

of IFMs, the DLM fibers, through a process that involves myoblast fusion and splitting of the 

larval muscles (Fernandes et al., 1991). The DVMs are derived from progenitors on the wing 

imaginal disc and their formation does not employ a larval template, taking place instead by 

de novo fusion of myoblasts at appropriate epidermal sites. The DFMs are also derived from 

wing imaginal disc progenitors. Notwithstanding the fact that IFMs and DFMs are clonally 

related and share progenitors at least until the late third larval instar (Lawrence, 1982), it is 

important to note that they differentiate in different muscle types in terms of molecular 

markers, anatomy and physiology (Bate, 1993). 

 

Figure 08. Localization of the indirect flight muscles in the thorax of Drosophila 

melanogaster adults. (a) The drawing depicts a sagittal view of the head and thorax of an 

adult fly. Six fibers of the dorsal longitudinal muscles (DLMs) are shown in white.  (b) Dorsal 

plane of the head and thorax of the adult fly. The dorsal longitudinal muscles fibers flank the 

mid-sagittal plane of the thorax. Dorsal ventral muscles (DVMs) are also shown to the left 

side of the dorsal longitudinal muscles (DLMs). (Drawing modified from Biology of 

Drosophila; Miller, 1950). 
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General objective  

This research has as main objective to contribute to the understanding of the 

mechanisms that regulate transcription in higher eukaryotes.  

 

Specific objectives 

To extend the characterization of the pattern of the reporter gene expression driven by 

the TT CRM in D. melanogaster transgenic lines of the TT-lacZ series. 

 To establish correlations between the pattern of expression of the TT-lacZ mRNA and 

the pattern of expression of CG13711, CG12493 and CG32239 (Gef64C) mRNAs in the 

trachea of larva and prepupa and in the adult thorax of D. melanogaster. 
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3.1 Materials 

3.1.1 Transgenic lines of the 657 bp series  

7.1 IIa / Cy, O 

18.3 IIIa / TM3, Sb  

45.3 IIIb / TM3, Sb 

3.2 Methods 

3.2.1 Drosophila melanogaster maintainance and life cycle 

Drosophila lineages were maintained at 25 °C in 500 mL culture bottles, containing 

standard medium (10.5% corn meal; 1.84% extract yeast, 1.16% agar, 3.03% sucrose, 6.15% 

dextrose, 0.24% propionic acid, 0.02% phosphoric acid, 0.06% nipagin;). Flies were 

transferred to fresh medium twice per week. At 25 °C, the D. melanogaster life cycle lasts 15 

days and at 18°C, 30 days, respectively. 

  The Drosophila melanogaster life cycle comprises an embryonic stage, three larval 

instars followed by the prepupal, pupal and adult stages. Embryonic development lasts 24 

hours. The first, second and third instars last about 24 h, 24 h and 48 h, respectively. Larvae 

can be staged either based on the morphology of the mouth hooks or by the presence or 

absence and the appearance of the spiracular opening at the fore and hind end of the larvae. 

The prepupal stage is initiated by the formation of the puparium (pupariation), which occurs 

about 120 hours after egg laying (AEL) and is characterized by the shortening of the body and 

the eversion of the anterior spiracles. Staging of prepupae is performed by selecting 0 hour 

prepupae, which present a white cuticle during the first 30 minutes after pupariation, and 

maintaining the prepupae at 25 °C in a humid chamber. The apolysis, a process that involves 

the retraction of the epidermis from the cuticle of the previous instar occurs between 4 to 6 

hours after pupariation. The pupal stage begins 12 hours after pupariation and is characterized 

by the eversion of the head. The pupal stage lasts 4.5 days and the term pupa is used to 

describe the animal until the emergence of the adult. 
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3.2.2 Embryo, L1 and L2 collection 

Initially, all the adults obtained from at least two culture bottles were transferred into a 

fresh bottle containing standard medium sprinkled with yeast extract. Every day, during three 

days, the flies were transferred to a fresh bottle in order to enable the full development of the 

ovaries. After this period, the adults were transferred to a plastic beaker, on top of which was 

placed a petri dish containing oviposition medium (45.5% grape juice; 8.7% sugar; 2.2% agar; 

0.0125N NaOH; 0.46% propionic acid and 0.045% phosphoric acid) slightly covered with 

yeast extract paste. Under these conditions, the females lay the majority of the eggs on top of 

the oviposition medium. Embryo collections of different time intervals were immediately 

used or alternatively the collection dishes were incubated at 25 °C for 24 hours or 48 hours, 

for L1 and L2 collections, respectively. 

3.2.3 β-galactosidase histochemical assays in embryos and L1 

Initially embryos and first instar larvae were collected from the grape juice agar plates 

and transferred to a sieve, which was placed on top of a 50 mL tube. After abundant washing 

with washing solution (0.3M NaCl; 0.01M Tris, pH 8.0; 0.5% Triton X-100) the sieve 

containing embryos and larvae was placed in a solution of commercial bleach (50%) until 

chorion removal (about 2 minutes). The sieve was placed again in a 50 mL tube and 

abundantly washed with washing solution, followed by a final wash with sterile water. The 

embryos and larvae were transferred to an eppendorf tube. The supernatant was removed and 

350 µL of fixation solution (0.1M PIPES, pH 6.9; 0.002M EGTA, pH 7.2; 0.001M MgSO4 

7H2O; 9.25% formaldehyde) and 700 µl of n-heptane were added. After 20 minutes 

incubation, at room temperature, under gentle shaking, the fixation solution and n-heptane 

were totally removed and the samples were washed twice with sterile water and finally with 

PBST [1X PBS (137mM NaCl; 2.7mM KCl; 10mM Na2HPO4 12 H2O; 2mM KH2PO4, pH 

7.4) and 0.3% Triton-X]. After supernatant removal, 500 µl of staining solution (0.01M 

Phosphate buffer, pH 7.2; 0.0031M K4Fe(CN)6; 0.0031M K3Fe(CN)6; 0.15M NaCl; 0.001M 

MgCl2; 0.3% Triton X-100; 0.2% X gal) were added, followed by incubation at 37 °C, under 

gently shaking, until β-galactosidase activity was detected or up to a maximum of two hours. 

The staining solution was removed and the embryos were washed twice with staining solution 

without X-gal. The samples were kept at 4 °C until image acquisition and analysis. 
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3.2.4 β-galactosidase histochemical assays in L2, L3, prepupae, pupae and adults 

Larvae, prepupae, and adults were dissected prior to assaying for β-galactosidase 

activity. Larvae were dissected using forceps under a stereoscope, on a glass slide in a drop of 

fixation solution (0.01M Phosphate buffer, pH 7.0; 0.1M NaCl; 0.001M MgCl2; 1% 

glutaraldehyde). Dissection consisted in exposing the internal tissues, especially the trachea, 

salivary glands and ring gland. In the case of prepupae, 0 h prepupae were collected and 

incubated in a humid chamber at 25 °C during defined times followed by dissection using the 

same technique employed for larvae dissection. 

 To obtain staged adult thoraxes, initially the culture bottles were completely emptied 

of adult flies. On the next day, newly emerged adults were collected (1-day adults) and either 

dissected or transferred to a fresh vial and incubated at 25 °C during 48 hours (3 day adults) 

or 96 hours (5 day adults). The flies were anesthetized and the head, abdomen, wings and legs 

were removed from the adult body. The thoraxes were transferred to an eppendorf  tube 

completely filled with fixation solution in order not to leave any air bubbles in the fixative. 

The samples were vigorously agitated by hand during 5 minutes until all thoraxes sank to the 

bottom of the tube. After fixation, the thoraxes were transferred to a glass slide and either 

sagittally or transversally cut in order to expose the thoraxic muscles. The cut thoraxes were 

transferred to 1X PBS and were submitted to the staining protocol. 

The fixed samples were transferred to a twenty-four well cell culture plate, containing 

1 ml of 1X PBS. After two washes with 250 µL of FeNaP buffer (0.01M phosphate buffer, pH 

7.2; 0.0031M K4Fe(CN)6 3H2O; 0.0031M K3Fe(CN)6; 0.15M NaCl; 0.001M MgCl2), 250 µL 

of FeNaP solution containing X-gal (final concentration of 0,2%) were added and the samples 

were incubated during 30 minutes, at 37 °C. After staining, the samples were washed once 

with FeNaP solution without X-gal. Dehydration was performed by incubating the samples 

sequentially in 70% ethanol and absolute ethanol, 5 minutes each incubation. After removal of 

the absolute ethanol, samples were kept at 4 °C in 90% glycerol (1X PBS; 90% glycerol) until 

image acquisition and analysis. 

3.2.5 Image acquisition and analysis 

The results from β-galactosidase histochemical assays were analyzed in a MZ125 

stereomicroscope (Leica) coupled to a digital camera (DCF295, Leica), followed by 
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acquisition and processing using the MultiFocus and Montage MultiFocus modules of the 

LAS 4.0.0 software (Leica). 

3.2.6 Drosophila melanogaster genomic DNA extraction 

Genomic DNA was extracted from D. melanogaster adults. Approximately 150 adults 

were placed in a 1.5 mL eppendorf and flash frozen in liquid nitrogen. The flies were 

homogenized in 500 µL of homogenization buffer (0.06M NaCl; 0.01M EDTA, pH 8.0; 5% 

sucrose; 0.15mM spermine; 0.15mM spermidine; 0.01M Tris, pH 7.5), followed by the 

addition of 500 µL of T.E. buffer (0.2M Tris, pH 9.0; 0.03M EDTA pH 8.0; 2% SDS; 5% 

Sucrose) and proteinase K (final concentration 0.2 µg/ml). The homogenates were incubated 

at 37 °C during 1.5 hours under gentle agitation. After the addition of fresh proteinase K (final 

concentration 0.4 µg/ml), the homogenates were further incubated for 1.5 hours, at 37 °C, 

under gentle agitation. 

The homogenates were extracted twice with one volume of 

phenol:chloroform:isoamyl alcohol (25:24:1) and once with one volume of 

chloroform:isoamyl alcohol (24:1). The DNA was precipitated by the addition of 1/10 of 

volume of sodium acetate (3M NaCOOH+, pH 5.2) and 2 volumes of ethanol. The DNA fiber 

was collected and washed twice in 500 µL of 70% ethanol. Finally, DNA samples were dried 

at room temperature during 10 minutes and resuspended in 80 µL of TE (100mM Tris, pH 

8.0; 10mM EDTA, pH 8.0). 

3.2.7 Plasmid DNA isolation 

The bacterial stock containing the plasmid of interest was streaked in an LB plate 

containing ampicillin (final concentration 100 µg/ml) and grown at 37 °C during 18 hours. On 

the next day, one colony was cultured in 3 mL of LB liquid medium containing ampicillin 

(final concentration 100 µg/ml) and grown at 37 °C, during 18 hours. The bacterial culture 

was centrifuged at 15000 × ɡ, during 1 minute, at room temperature, the supernatant was 

discarded and the pellet was resuspended in 300 µL of STET buffer (8% sucrose; 50 mM 

EDTA, pH 8.0; 0.1% TritonTM X-100; 50mM Tris, pH 8.0) containing lysozyme (final 

concentration 1 µg/mL), followed by incubation during 5 minutes, at room temperature. The 

bacterial lysates were boiled during 1.5 minutes, followed by centrifugation at 15000 × ɡ, 

during 10 minutes. The pellet was discarded and 12 µL of 5% CTAB were added to the 

supernatant followed by centrifugation at 15000 × ɡ, during 5 minutes. The supernatant was 
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discarded and the pellet was resuspended in 300 µL of 1.2M NaCl. Plasmid DNA was 

precipitated with 750 µL of ethanol followed by centrifugation at 15000 × ɡ, during 10 

minutes, at room temperature. The supernatant was removed and the pellet was rinsed with 

300 µL of 70% ethanol followed by centrifugation at 15000 × ɡ, during 10 minutes at room 

temperature. The supernatant was removed, the DNA was air dried and resuspended in 25 µL 

of TE. 

3.2.8 Probe preparation 

Plasmid DNA was digested according to the manufacturer’s instructions. After 

separation in an agarose gel, the fragment of interest was excised from the gel and purified 

using the QUIAquick® Gel Extraction Kit (Quiagen) following the manufacturer’s 

instructions. About 100 ng of the fragment of interest (probe) was labeled using the 

Amersham Gene Images AlkPhos Direct Labelling and Detection System, following the 

manufacturer’s instructions. In this system the DNA probe is initially denatured and directly 

labeled with a thermostable alkaline phosphatase enzyme. After probe hybridization to the 

target DNA immobilized on a membrane and washing steps, the hybrids are detected with the 

CDP-StarTM detection reagent. This reagent contains a stabilized dioxetane substrate that is 

decomposed by the alkaline phosphatase that is bound to the probe. The emitted light is 

detected by exposing the membrane to a film optimized for chemiluminescence detection. 

3.2.9 Southern Blot 

After electrophoresis of the digested DNA and gel documentation, the gel was 

trimmed and incubated in 0,125M HCl, during 10 minutes, under gentle shaking at room 

temperature. The gel was rinsed with sterile water followed by incubation in denaturation 

solution (1.5M NaCl; 0.5N NaOH), during 30 minutes, with gentle shaking, at room 

temperature. The gel was rinsed again with sterile water, followed by incubation in 

neutralization solution (1.5M NaCl; 0.5M Tris, pH 7.5), during 30 minutes, under gentle 

shaking, at room temperature. DNA transfer to the membrane was performed by capillarity. A 

glass plate was placed on a stable base and two trays containing 10 x SSC, pH 7.0 (0.75M 

NaCl; 75mM Na3C6H5O7 2H2O) solution were placed on both sides of the base. A paper strip 

of 3 MM paper 1 cm larger than the gel, previously soaked in 10 x SSC solution, was placed 

on top of the glass plate. Another 3MM paper strip the same length of the gel, the salt bridge, 

was placed on the top of the first one in a way that both ends were immersed in the 10 x SSC 
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solution. Another two 3MM strips 1 cm larger that the gel and previously soaked in 10X SSC 

solution were placed on top of the salt bridge. The agarose gel was placed upside down on top 

of the last 3 MM paper and the nylon membrane (Hybond-N+, GE healthcare) was placed on 

top of the gel. Plastic film was placed around the gel pile in order to ensure that the 10 x SSC 

flow passed through the gel. Two 3MM paper strips, the same size of the gel, were placed on 

top of the nylon membrane and a pile of paper towel was placed on top of the pile, followed 

by a glass plate. A weight was placed on top of the glass plate and DNA was transferred to the 

membrane by capillarity overnight. At the end of the transference, the pile was disassembled, 

the membrane was oriented, air dried and incubated at 80 °C, during 2 hours, for DNA 

fixation.  

4.2.9.1 Hybridization, signal generation and detection 

The membrane was placed in a heat-sealable bag and for each square centimeter of 

membrane, 0.125 mL of AlkaPhos Direct hybridization buffer (GE Healthcare), containing 

NaCl (final concentration 0.5M) and blocking reagent (GE healthcare, final concentration 4% 

w/v) were added. The membrane was pre-hybridized at 55°C during 1 hour with shaking in a 

hybridization oven. After pre-hybridization, the denatured probe (final concentration 10 ng 

/mL) was added to the hybridization bag and the membrane was hybridized at 55°C overnight 

in a hybridization oven. 

 After hybridization, the membrane was transferred to a roller bottle containing an 

adequate volume (5 mL/cm2 of membrane) of primary wash buffer (2M Urea; 0.1% SDS; 

50mM NaH2PO4.H2O, pH 7.0; 150mM NaCl; 1mM MgCl2; 0.2% blocking reagent). The 

membrane was washed twice in primary wash buffer, during 10 minutes each wash, at 55°C 

with agitation. The membrane was transferred to a clean tray containing an adequate volume 

(5 mL/cm2 of membrane) of secondary wash buffer (0.05M Tris; 0.1M NaCl; 2mM MgCl2), 

and was washed twice in secondary wash buffer, during 5 minutes each wash, at room 

temperature with agitation. After the final wash, the blot was placed on a piece of PVC film 

and an adequate volume (40 µL/cm2 of membrane) of CDP-Star detection reagent was 

applied on top of the blot. After 5 minutes the excess of detection reagent was drained, the 

blot was wrapped in PVC film and exposed to HyperfilmTM ECL (GE Healthcare). 
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3.2.10 Total RNA isolation from Drosophila melanogaster samples using Trizol® 

(Invitrogen Corporation).  

Total RNA was extracted from embryo collections, whole larvae, dissected trachea of 

late third instar larvae and dissected adult thoraxes. The biological samples were directly 

placed in 300 µL of Trizol® reagent, manually homogenized, followed by vortexing during 30 

seconds at room temperature. The samples were incubated during 5 minutes at room 

temperature, followed by the addition of 60 µL of chloroform. The preparations were inverted 

10 to 15 times, followed by incubation during 3 minutes, at room temperature. After 

centrifuging at 15000 × ɡ, during 18 minutes, at 4 °C, the aqueous phase was transferred to a 

clean tube, followed by the addition of 180 µL of isopropanol and glycogen (Thermo 

Scientific, final concentration 1µg/µL). The tubes were mixed and total RNA was precipitated 

overnight at – 20 °C. The next day, the samples were centrifuged at 15000 × ɡ, during 15 

minutes, at 4 °C, and the supernatant was discarded. The pellets were washed twice with 500 

µL of 75% ethanol, followed by centrifugation at 9000 × ɡ, during 6 minutes, at 4 °C. The 

supernatant was discarded and after air drying the RNA was resuspended in 15 µL of nuclease 

free water. RNA concentrations were determined by absorbance measurement at 260 nm, 

assuming that 40 µg/mL of RNA has an absorbance of 1.0. Samples with a 260/280 ratio 

greater than 1.8 were used for DNase treatment and cDNA synthesis. 

3.2.11 DNase treatment 

Total RNA samples were treated with DNase to ensure that genomic DNA was totally 

removed before the cDNA synthesis. An amount of 1.5 µg of RNA was mixed with RQ1 

RNase-Free DNase Reaction Buffer (Promega) (final concentration 1x), 1.5 U of RQ1 RNase-

Free DNase (Promega) and water to a final volume of 10 µL, followed by incubation at 37 °C, 

during 30 minutes. DNase treatment was interrupted with the addition of 1 µL of DNase Stop 

solution (Promega), followed by incubation at 65 °C, during 10 minutes. 

3.2.12 cDNA synthesis 

cDNA synthesis was immediately performed after DNase treatment. Initially, Random 

Primers (Promega) (final concentration 0.01µg/µl) and Oligo dT (Promega) (final 

concentration 0.01µg/µl) were added to the DNase treated RNA, followed by incubation at 70 

°C, during 5 minutes. After denaturing, the samples were kept on ice until the reverse 

transcription reaction. The reverse transcription reactions contained ImProm-IITM reaction 
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buffer (Promega), MgCl2 (final concentration 3 mM), dNTPs mix (Invitrogen, final 

concentration 5 mM), 20 U of RNasin Inhibitor (Promega) and ImProm-IITM Reverse 

Transcriptase (Promega). The negative control reaction was performed in parallel under 

identical conditions without the addition of reverse transcriptase. Reverse transcriptase 

reactions were performed in a thermocycler with the following temperature conditions: an 

initial annealing step, at 25 °C, during 5 minutes, followed by a synthesis step, at 42 °C, 

during 60 minutes, and a reverse transcriptase inactivation step, at 70 °C, during 15 minutes. 

The obtained cDNA was stored at -20 °C until use. 

3.2.13 Primer design and validation 

The coding sequences of Gef64C (CG32239), CG12493, CG13711 and lacZ were 

obtained from public databases (FlyBase and NCBI). Primer sequences were designed using 

Oligo Explorer v 1.1.2. Whenever the gene of interest presented intronic sequences, primers 

were designed to anneal to the neighboring exons. In the case of Gef64C the primers amplify 

both Gef64C isoforms and anneal at the 3´ end of exon 6 and at the 5´ end of exon 7. In the 

case of CG12493 the primers anneal at the 3´end of exon 1 and at the 5´ end from the exon 2. 

Both CG13711 and the bacterial lacZ gene do not present intronic regions (Table 01). 

Table 01. List of primers employed in the qPCR reactions, respective sequences, length and size 

of the amplified fragments. 

Primer 

(Foward/Reverse) 

 

Sequence 5´    3´ 

Length 

(bp) 

Amplicon 

length 

(bp) 

Genomic 

amplicon 

length (bp) 

CG32239-F ACAAAGGACAGAGTGCATCG 20  
159 412 

CG32239-R AGAGAAGCGTTCTTGTCCAC 20 

CG12493-F GTGCAACCGACAACCAATTG 20 
153 326 

CG12493-R GAAGATTCACCATCGGGCATA 21 

CG13711-F GTACATGAGGTTGTCCAAGG 20 
148 ----- 

CG13711-R CTGAATCTGGCGACGAAGTT 20 

lacZ-F GCAGGATATCCTGCTGATGA 20 
159 ----- 

lacZ-R GATCATCGGTCAGACGATTC 20 

qPCR reactions were performed in a final volume of 12 µL and contained 1X FastEva 

green qPCR mix (Biotium), 1 pmol of each primer and 1 µL of cDNA. Reactions were carried 
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out in a 96-well qPCR plate (Applied Biosystems) and performed in the Gene Amp® 7500 

Sequence Detection System (Applied Biosystems) equipment. The following cycles were 

routinely employed: a first step of enzyme activation at 95 °C for 2 minutes; a second step 

comprising 40 cycles of denaturation at 95 °C for 5 seconds, annealing at 60 °C for 30 

seconds and extension at 72 °C for 25 seconds. Reactions without template (cDNA) and 

reactions containing the product of a cDNA synthesis run in the absence of reverse 

transcriptase were run in parallel. 

The amplification efficiency (E) of each primer was assessed using serial dilutions. In 

the case of Gef64C and CG12493 genes, a mixture of cDNAs (0-4 hours embryos and late L3 

instar larva) were employed to perform linear regression curves (standard curves) for each 

pair of primers. In the case of CG13711, cDNA from 0-4 hours embryos was employed and in 

the case of the lacZ gene cDNA from 3 days adult thoraxes was employed. The amplification 

efficiency was calculated by using the Slope of the standard curve employing the following 

formula: E = [10(-1/slope) – 1] x 100. The calculated efficiency for Gef64C, CG12493, CG13711 

and lacZ were 94.5%, 102.1%, 91.6% and 109.5% respectively (Figure 09).  

 

Figure 09. Standard curves obtained for the Gef64C, CG12493, CG13711 and lacZ 

primers. Standard curves were obtained for each primer set with 10-fold serial dilutions of 

the cDNA samples (10-, 100-, and 1000-fold). Slope values of the standard curves, were 

determined for each primer set and were used to calculate the efficiency (E). 

Gef64C CG12493

CG13711 lacZ
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A melting curve analysis was performed for each sample at the end of each run. 

Melting curves were converted to distinct melting peaks by plotting the first negative 

derivative of the fluorescence as a function of temperature (-dF/dT). This analysis was 

employed to determine if a single amplicon was generated in each sample, if any amplicon 

was generated in the negative controls and enabled us to investigate the occurrence of primer 

dimers (Figure 10). As a further quality control, the reaction products were routinely analyzed 

in 2% agarose gels (Figure 11).  

 

Figure 10. Melting curves obtained for the Gef64C, CG12493, CG13711 and lacZ 

primers. Melting curves were obtained after each qPCR calibration experiment for each set 

of primers. On the top of each curve is indicated the set of primers. In the X-axis is indicated 

the temperature and in the Y-axis is indicated the negative derivative (-Rn).   

The relative transcript levels of target genes and reference genes in trachea and 

dissected thoraxes were estimated using the ∆∆Cq method (Livak and Schmittgen, 2001). 

Four previously described reference genes were employed in RT-qPCR experiments (Ponton 

et al, 2011). RpL32 and RpS20 reference genes were used for dissected trachea and tubulin 

and Mnf were used for dissected thoraxes. The relative mRNA levels of expression were 

calculated from at least two independent biological samples and the analysis of the data was 

performed using the Excel software (Microsoft Corporation). 
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Figure 11. Amplification products of Gef64C (CG32239), CG12493, CG13711 and lacZ. 
Image of a 2% agarose gel stained with ethidium bromide. On the top of the figure are 

indicated the sets of primers that were employed. Negative control reactions were run in 

parallel in the absent of template. On the left is indicated the molecular weight of each 

fragment of the 50-2000 bp ladder.  
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4.1 Molecular characterization of the TT-lacZ transgenic lines 

Previous work from our group resulted in the isolation of three transgenic lines 

transformed with the TT construct, lines TT7.1, TT18.3 and TT45.3. The TT construct contains 

a 657 bp Drosophila genomic fragment, located about 2500 bp upstream CG13711, about 400 

bp upstream CG12493, in a genomic region that constitutes one of the introns of CG32239 

(Gef64C), cloned upstream de lacZ reporter gene. After integration into the Drosophila 

genome, the transposon presents the following structure: P element, / mini white gene (marker 

gene) / 657 bp genomic fragment / Fbp1 core promoter / lacZ (reporter gene) / P element 

(Figure 12). 

 

Figure 12. Structure of the transposon containing the TT cis-regulatory module. The 

orange boxes represent the P elements; the white box represents the mini white marker gene; 

the 657 pb black box represents the TT cis-regulatory module, the grey box represents the 

Fbp-1 core promoter and the blue box represents the lacZ reporter gene. An Eco RI restriction 

site was inserted at the 5’ end of the 657 bp fragment during the cloning process and 

constitutes the only Eco RI site in the transposon. The black arrow indicates the transcription 

start site, located in the Fbp-1 core promoter and the direction of transcription. The green bar 

under the diagram indicates the region of the transposon to which the 657 bp probe hybridizes 

(Zampar et al., 2009). 

In order to confirm that the three lines from the TT series were the result of 

independent integration events, a Southern blot containing Eco RI digested genomic DNA 

extracted from each transgenic line was hybridized to the 657 pb fragment. As shown in 

figure 14, two different genomic Eco RI fragments were detected in each transgenic line. One 

of the fragments is about 29 kb and is detected in all three transgenic lines. The second 

fragment presents a variable molecular weight in the analyzed transgenic lines (Figure 13). 

The TT cis-regulatory module is located in D. melanogaster chr 3L: 4754052-

4754708. A search for Eco RI restriction sites in the proximity of the endogenous TT CRM in 

the D. melanogaster genome (Aug. 2014 BDGP Release 6 + ISO1MT/dm6) was performed 

using the Restriction Enzymes Track tool of UCSC (Genome Browse University of Santa 

Cruz). This search resulted in the identification of six Eco RI sites in the chromosome 3L 

4730000-4785000 region (Figure 14). The endogenous TT cis-regulatory module, which does 

not present Eco RI sites, is contained in a 29 kb Eco RI genomic fragment which is the higher 

molecular weight Eco RI fragment detected in the three analyzed transgenic lines (Figure 14). 
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Figure 13. Southern blot analysis of the three independent lines of the TT series. On the 

left hand side, an image of a 0.8 % agarose gel stained with ethidium bromide, containing 10 

µg of Eco RI digested genomic DNA extracted from adults of the three transgenic lines of the 

TT series, as indicated on top of the figure. The autoradiogram on the right hand side of the 

figure is a Southern blot of the gel shown on the left, after hybridization with the 657 bp 

probe. The numbers on the left indicate the position of migration of the fragments of the 

λ/Hind III molecular weight marker (in base pairs). 

 
The lower molecular weight Eco RI fragments of different sizes that were detected in 

the transgenic lines contain the 657 pb fragment that is part of the transposon that was 

integrated into the genome. The transposon is about 10 kb long and contains at the 5´ end of 

the 657 bp fragment a single Eco RI restriction site which is located about 4 kb upstream of 

the 3´ end of the transposon (Figure 13). Since the three genomic fragments that were 

detected by the probe are longer than 4 kb and are of variable size, we suggest that the 

transposon is intact in the lines of the TT series, that each line contains a singlte copy of the 

transposon and concluded that the three lines of the TT series are the result of independent 

integration events. 

 

Figure 14. Localization of Eco RI restriction sites near the TT cis-regulatory module in 

the D. melanogaster genome. On top of the figure the 3L chromosome coordinates are shown 

(version Aug. 2014 BDGP Release 6 + ISO1MT/dm6). Eco RI restriction sites identified 

using the Restriction Enzymes Track tool of UCSC are indicated below the coordinates. The 

black rectangle (your seq) shows the genomic location of the TT cis-regulatory module in the 

D. melanogaster genome. (Modified from http://genome.ucsc.edu). 

http://genome.ucsc.edu/
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4.2 Characterization of the β-galactosidase patterns of expression driven by the TT 

CRM 

Previous results have shown that the TT CRM drives gene expression in the tracheal 

system of both third instar larvae and early prepupae and in the adult thoracic muscles 

(Zampar et al., 2009). In order to refine the characterization of the pattern of expression 

driven by the TT CRM, the three lines from the TT series were investigated using a β-

galactosidase histochemical assay (Lis et al., 1983). In this analysis, we assayed whole 

embryos and whole first instar larvae, dissected second and third instar larvae, 0h, 1 h and 2 h 

prepupae, 24 h pupae and adults 1, 3 and 5 days after emergence. 

 

Figure 15: β-galactosidase pattern of expression in late embryos and in first and second 

instar larvae. (E) late embryos, (L1) first instar larvae, (L2) second instar larvae were 

submitted to the β-galactosidase histochemical assay (Lis et al., 1983). The analyzed 

transgenic lines are indicated on top of the figure. 

In the lines of the TT series, β-galactosidase activity is not detected in any tissue 

during the initial developmental stages (late embryos, first and second instar larvae) (Figure 

15). During the third larval instar, reporter gene expression is initially detected in the tracheal 

system and continues to be detected in this tissue during the prepupal stage (0h, 1h and 2h 

prepupae) and in 24 hours pupae (Figures 16 and 17). β-galactosidase activity in the tracheal 

system is observed both in the two dorsal longitudinal trunks and in internal branches in third 

instar larvae, prepupae and pupae. This pattern of expression was consistently observed in the 
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three independent transgenic lines. Together, our results extend the characterization of the 

pattern of expression driven by the TT CRM in the larval and prepupal tracheal system and 

reveal that the transgene is expressed in the tracheal system of pupae. These results confirm 

that during these developmental stages reporter gene expression is restricted to the tracheal 

system.  

 

Figure 16: β-galactosidase pattern of expression in third instar larvae and 0h, 1h and 2h 

prepupae. (L3A) anterior and (L3B) posterior region, respectively, of dissected third instar 

larvae, (0hpp) 0h prepupae, (1hpp) 1h prepupae and (2hpp) prepupae were submitted to the β-

galactosidase histochemical assay (Lis et al., 1983). β-galactosidase activity is observed by 



Results  |  38 

the formation of a blue precipitate. The analyzed transgenic lines are indicated on top of the 

figure. 

 

Figure 17: β-galactosidase pattern of expression in 24h pupae. 24h pupae were submitted 

to the β-galactosidase histochemical assay (Lis et al., 1983). β-galactosidase activity is 

observed by the formation of a blue precipitate. (A) line TT 7.1; (B) line TT 18.3 and (C) line 

TT 45.3. 

In order to further characterize the pattern of expression driven by the TT CRM in the 

adult thorax, the thoraxes of 1, 3 and 5 days old adults were dissected, fixed, cut either at the 

sagittal plane or transversally, and assayed for gene reporter expression using the β-

galactosidase histochemical assay (Lis et al., 1983). As can be observed in figures 19 and 20, 

reporter gene expression is detected in the thoracic muscles of both male and female adults, 3 

and 5 days after emergence, whereas gene reporter expression was not detected in any of the 

thoracic muscles of 1 day old adults in all lines of the TT series. By analyzing both sagittal 

and transverse sections, we concluded that in these lines reporter gene expression occurs in a 

group of twelve muscle fibers, which are named the dorsal longitudinal muscles. Together this 

analysis confirm that the TT CRM drives gene expression in the thoracic muscles and extend 

the previous characterization of the lines of the TT series showing that thoracic gene 

expression is initially detected in the third day after emergence, is not sex specific and seems 

to be restricted to a specific group of muscles, the dorsal median muscles. 
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Figure 18: β-galactosidase pattern of expression in the adult thoracic muscles, sagittal 

plane. Dissected thoraxes of one day (1d), three days (3d) and five days (5d) old adults were 

submitted to the β-galactosidase histochemical assay (Lis et al., 1983). β-galactosidase 

activity is observed by the formation of a blue precipitate. The analyzed transgenic lines are 

indicated on top of the figure. 
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Figure 19: β-galactosidase pattern of expression in the adult thoracic muscles, 

transversal plane. Dissected thoraxes of one day (1d), three days (3d) and five days (5d) old 

adults were submitted to the β-galactosidase histochemical assay (Lis et al., 1983). β-

galactosidase activity is observed by the formation of a blue precipitate. The analyzed 

transgenic lines are indicated on top of the figure. 
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4.3 Relative levels of lacZ, Gef64C, CG12493, CG13711 expression in the tracheal 

system of larvae and prepupae and in the adult thorax. 

The TT CRM drives a dynamic pattern of expression at different developmental 

stages, prior to metamorphosis and during the adult stage, in two different tissues, the tracheal 

system and the thoracic muscles. Since the TT CRM lies in an intergenic region that is located 

upstream of CG13711 and CG12493 and is also located in one of the introns of Gef64C 

(CG32239) and the available information about this set of CGs is still scarce, it is not possible 

to infer which of the CGs is regulated by the TT cis-regulatory module. Therefore, we 

investigated the pattern of expression of the lacZ reporter gene and of these three CGs in the 

tracheal system of both larvae and prepupae and in the adult thorax using real time 

quantitative PCR (RT-qPCR) experiments to determine which of the three CGs present(s) an 

expression pattern reminiscent of the lacZ expression pattern. 

Since the endogenous TT CRM resides in chromosome three and we did not determine 

the cytological location of the transgenes, we employed the transgenic line TT 7.1in the RT-

qPCR experiments because it was the only line in which the integration of the transposon 

occurred in chromosome 2. In these experiments, we sought to investigate the change-fold in 

the relative mRNA expression levels of the lacZ reporter gene and of CG13711, CG12493 

and Gef64C. Specific primers for each gene were used to quantify the relative mRNA 

expression levels, which were normalized against RpS20/CG15693 in the case of the tracheal 

system of larvae and prepupae and against the tubulin gene in the case of the adult thoraxes. 

Initially, the relative expression levels of the lacZ mRNA and of CG13711, CG12493 

and Gef64C mRNAs were determined in dissected trachea of late third instar larvae and 0h 

prepupa. In this analysis, we employed as a calibrator the normalized expression levels of 

each of the analyzed genes present in the trachea of third instar larvae, which enabled us to 

assess if the levels of expression of a given gene were either increasing or decreasing in 0h 

prepupae. RT-qPCR results reveal that the relative expression levels of the lacZ mRNA are 

about 3 times higher in the trachea of prepupae, when compared to the levels of expression of 

this gene in third instar larvae (Figure 21). 

When the mRNA levels of expression of CG13711 and Gef64C in 0h prepupae were 

compared to the mRNA expression levels present in the trachea of third instar larvae, an 

increase was verified for both CG13711 (1.5 fold) and CG32239 (2.3 fold). A different 
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situation was observed in the case of CG12493. The relative mRNA expression levels of 

CG12493 in 0h prepupae trachea are lower (about 20% reduction) when compared to the 

mRNA expression levels of CG12493 in third instar larvae (Figure 21). Together, these 

results reveal that the expression of the transgene is reminiscent of two of the genes that lie in 

the vicinity of the TT CRM, CG13711 and Gef64C. 

 

Figure 20: Relative levels of mRNA expression of lacZ, CG13711, CG12493 and Gef64C 

in dissected tracheas of third instar larvae and 0h prepupae of line TT 7.1. Total RNA 

was extracted from dissected tracheas at the indicated developmental stages and employed in 

RT-qPCR experiments. White and grey bars represent the relative mRNA expression levels in 

third instar larvae and 0h prepupae dissected tracheas, respectively. For each gene, the mRNA 

expression levels in 0h prepupae were determined in relation to the expression levels in L3, 

which were arbitrarily set as 1. 

Next, a similar approach was undertaken to investigate the mRNA relative expression 

levels of these four genes in dissected thoraxes of adults 1, 3 and 5 days after emergence. In 

this case, we have investigated if the levels of expression of a given gene were either 

increasing or decreasing in 3 or 5 days old adult thoraxes in relation to the mRNA expression 

levels found in 1 day old adult thoraxes. The RT-qPCR results show that the relative levels of 

lacZ mRNA increase in 3 days old adults (about 38 times in relation to 1 day old adults) and 

decrease in 5 days old adults (about 12 times in relation to 1 day old adults). 

The only gene that presents an increase in the levels of mRNA expression in 3 days 

old adults constitutes CG12493, which increases about 2 times in 3 days old adults. In five 
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days old adult thoraxes the levels of expression decrease and are about 40 % of those found in 

1 day old adults. The two other investigated CGs, CG13711 and Gef64C show a reduction in 

the relative expression levels in the thoraxes of 3 days old and 5 days old adults, where the 

levels found in five days old adults are lower than those found in three days old thoraxes 

(Figure 22). Together, these results reveal that the pattern of expression of the transgene is 

reminiscent of the pattern of expression of CG12493. 

 

Figure 21: Relative levels of mRNA expression of lacZ, CG13711, CG12493 and Gef64C 

in thoraxes of 1, 3 and 5 days old adults of line TT 7.1. Total RNA was extracted from 

thoraxes of 1, 3 and 5 days old adults and employed in RT-qPCR experiments. Grey and 

black bars represent relative mRNA expression levels in 3 days old and 5 days old adult 

thoraxes, respectively. For each gene, the mRNA expression levels in 3 days old and 5 days 

old adult thoraxes were determined in relation to the expression levels in 1 day old thoraxes, 

which were arbitrarily set as 1.  
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5.1. The TT cis-regulatory module drives a dynamic pattern of gene expression 

through development. 

CRMs contain transcription factor binding sites that are recognized by transcription 

factors in distinct cell types at defined developmental times. The interactions between CRMs 

in a given gene regulatory region modulate gene expression in time and space and provide a 

unique code for when, where and at which level a particular gene is transcribed (Jeziorska et 

al., 2009). In this work, we have characterized a novel D. melanogaster CRM that we named 

TT. This CRM resides upstream the divergently transcribed CG13711 and CG12493, in a 

genomic region that corresponds to one of the introns of CG32239.  

The TT CRM drives reporter gene expression in the tracheal system of third instar 

larvae, prepupae and pupae and in the thoracic DLMs of 3 and 5 days old adults. The present 

work not only confirm preliminary results obtained from the initial characterization of these 

lines (Zampar, 2009), but also, reveal that the tracheal TT-lacZ expression also occurs during 

the pupal stage and that the adult thoracic expression is restricted to a specific set of 12 

muscle fibers, the DLMs. The observation that the pattern of reporter gene expression is 

consistent in the three independent transgenic lines of the TT-lacZ series indicates that it 

constitutes the pattern of expression driven by the TT CRM. 

The 657 bp TT CRM contains a 20 bp sequence that is identical to a sequence 

contained in the BhC4-1 67 bp (-253/-187) ring gland CRM (Lecci et al., 2008). Besides 

containing this 20 bp sequence that is also highly conserved in the genome of 22 Drosophila 

species, the 657 bp TT CRM contains additional sequences that are conserved in the genome 

of the other Drosophila species that have been sequenced (Figure 22). The 657 bp fragment 

was originally selected as a candidate CRM that potentially could drive developmentally 

regulated gene expression in the ring gland (Zampar et al., 2009). In spite of the fact the TT 

CRM does not drive ring gland expression, it is worthy of note that recent studies 

demonstrated that the trachea and two glands that are part of the ring gland, the corpora allata 

and prothoracic glands, have a homologous origin and that the early endocrine and trachea 

gene regulatory networks are similar (Sánchez-Higueras et al., 2014). The corpora allata and 

the prothoracic glands develop from ectodermal placodes in the maxilla and labium, 

respectively, whereas the tracheal system develops from ten trunk placodes. Both the 

endocrine and trachea primordia invaginate in a similar way but in the endocrine primordia 

the activation of Snail leads to an epithelial-mesenchymal transition, after which the two 
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primordia unite and migrate dorsally and join the corpora cardiaca to form the ring gland 

(Sánchez-Higueras et al, 2014). In this sense, it is possible that either the 20 bp sciarid 

sequence, or other sequences that are highly conserved in the 657 bp CRM, are also present in 

the CRMs of other tracheal and/or endocrine genes, which are part of gene regulatory 

networks that act during early tracheal and endocrine development in insects. 

 

Figure 22. Location of the sequence similar to the ring gland CRM in the Drosophila 

melanogaster genome. (A) On the top is shown the location of the TT CRM (your seq) in 

chromosome 3L: 4754052-4754708. The red rectangle indicates the approximate position of 

the sequence similar to a sequence contained in the BhC4-1 ring gland CRM. phastCons 

indicates the degree of conservation of TT CRM sequences in the genome of the 22 

Drosophila species that have been sequenced. (B) Zoom in of the region of the D. 

melanogaster genome that contains the sequence that is identical to a sequence contained in 

the BhC4-1 ring gland CRM (red underlined). This sequence is also highly conserved in the 

other Drosophila genomes that have been sequenced. 

5.2. The TT-lacZ expression in the thoracic DLMs.  

Three CGs reside in the vicinity of the TT CRM: CG13711, CG12493 and CG32239 

(Gef64C). In order to determine if any of these three CGs presented a pattern of expression 

reminiscent to the pattern of expression driven by the TT CRM, we searched the available 

literature. In essence, CG13711 is expressed in the cellularized blastoderm and its function is 

still unkown (Bonneaud et al., 2003; Gross et al., 2003). CG12493 has been characterized as a 

non-essential gene expressed in male testes and encodes a protein that contains a double-

stranded RNA binding domain (DRBD) (Saunders and Barber, 2003; Gerbasi et al., 2010). 

a 

b 
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The more extensively characterized of these three CGs is CG32239 (Gef64C), a guanidine 

exchange factor that regulates the small GTPase Rho1. Rho1 restricts actin nucleation to the 

cell apical region during the process of formation of tubular structures such as the tracheal 

system, salivary glands, hindgut and Malpighian tubules (Lovegrove et al., 2006; Simões et 

al., 2006). Therefore based on the available information, we could not determine which of 

these CGs, if any, presented an expression pattern reminiscent of the pattern of expression 

driven by the TT CRM. 

In this context, we performed RT-qPCR experiments to determine the relative levels 

of CG13711, CG12493, CG32239 (Gef64C) and lacZ mRNA expression at different 

developmental stages in the tissues that presented -galactosidase activity, namely the 

tracheal system of larvae and prepupae and in the adult thorax. Interestingly, RT-qPCR 

experiments revealed that the relative levels of expression of all analyzed genes varied both in 

the larval to prepupal transition and at different days after adult emergence. To establish a 

correspondence between the pattern of expression of the three CGs and the pattern of 

expression of the reporter gene we compared the profiles of expression of each CG with the 

profiles of expression of the reporter gene. 

In adults, both the lacZ reporter gene and CG12493 show an increase in the relative 

levels of mRNA expression in the thorax of 3 days old adults when compared to 1 day old 

adults. In 5 days old adults the relative levels of expression of both genes decrease. On the 

other hand, the relative levels of expression of both CG13711 and CG32239 (Gef64C) 

progressively decrease after emergence. In this context, it is possible that in the adult thorax 

the TT CRM regulates the expression of CG12493. 

CG12493 has been characterized as a male specific gene expressed at high levels in 

the adult testes (Gerbasi et al., 2010). This agrees with the available RNAseq data showing 

that the highest levels of CG12493 expression are found in the adult testes (REF). In adults of 

the lines of the TT-lacZ series, -galactosidase expression occurs in the DLM of the thorax of 

both females and males and is not verified in the male testes. Since in the histochemical 

assays we did not detect a sex specific pattern of expression. In our RT-qPCR experiments we 

employed a mixture of dissected thoraxes of both males and females. The available RNAseq 

data show that the levels of expression of CG12493 in 1 and 5 old day males are higher than 

those found in 1 and 5 old day females. In this case, whole adults were employed and 

therefore the higher levels of CG12493 expression in males could be due to the sum of the 
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expression levels of CG12493 in the testes and in the adult thoracic muscles. On the other 

hand, lower levels of expression of CG12493 detected through RNAseq in adult females 

could be due to the expression of this CG in the adult thoracic muscles. Therefore, our results 

showing that the reporter gene is expressed in the DLM of both males and females might be 

revealing a new pattern of expression of CG12493 that is not sex specific. Additionally, since 

we did not detect reporter gene expression in the male testes, we infer that the elements that 

regulate the expression of CG12493 in this tissue are not contained in the TT CRM. In situ 

hybridization experiments should be performed in the near future in order to determine if 

CG12493 is actually expressed in the thoracic DLMs, which would confirm that our 

functional analysis did reveal a new pattern of expression of CG12493. 

Intriguingly, our results revealed that the expression of the reporter gene occurs in a 

specific set of thoracic muscles, the DLMs. The adult thoracic musculature comprises two 

types of muscles, the tubular and fibrilar muscles (Berstein et al., 1993; Allen and 

Hodenshwege, 2006). The indirect flight muscles (IFMs) are fibrillar muscles and include two 

main groups of muscle fibers, the dorsal longitudinal, DLMs, and the dorsal ventral, DVMs 

(Fernandes et al., 1991; Fernandes and VijayRaghavan, 1993; Fernandes et al., 1996; Roy et 

al., 1997; Roy and VijayRaghavan, 1997). During metamorphosis, the DLMs and the DVMs 

are both originated from myoblasts that segregate from the wing imaginal disk. In the case of 

the DLMs, the myoblast fuse to larval muscle scaffolds, whereas the DVMs are formed de 

novo (Costello and Wyman, 1986; Fernandes et al., 1991). It has been suggested that these 

two distinct ways of muscle formation result in the development of two distinct types of 

fibrillar muscles. In this context, it is possible that sequences contained in the TT CRM are 

being recognized by DLM specific transcription factors that are not expressed in the DVMs. 

5.3. The TT-lacZ expression in the tracheal system of larvae, prepupae and pupae.. 

In the transgenic lines of the TT-lacZ series, -galactosidase is also verified in the 

tracheal system of third instar larvae, prepupae and pupae. Even though the employed 

histochemical assay is not suitable for quantification analyses, the observation of both larvae 

and early prepupae suggested that -galactosidase expression levels were higher in the 

tracheal system of early prepupae when compared to third instar larvae (data not sown). 

Accordingly, RT-qPCR experiments revealed that the relative levels of lacZ mRNA 

expression in the trachea of early prepupae are higher than those present in the trachea of third 

instar larvae. The relative expression levels of lacZ mRNA in the tracheal system at later 
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developmental times was not investigated. In this sense, the detection of -galactosidase 

activity in the trachea of 1h and 2 h prepupae and 24 hours pupae could be either due to the 

continuous transcription of the reporter gene, or alternatively, consequence of the high 

stability of the reporter protein. The investigation of the lacZ mRNA relative levels of 

expression in the trachea of older prepupae and pupae should reveal if the TT-lacZ transgene 

drives tracheal gene expression at later developmental stages. 

The relative levels of CG13711, CG12493 and CG32239 (Gef64C) mRNA expression 

were investigated in third instar larvae and prepupae. In the tracheal system the relative levels 

of expression of CG12493 decrease in prepupae when compared to the levels detected in third 

instar larvae. On the other hand, the relative levels of expression of both CG13711 and 

CG32239 (Gef64C) increase in early prepupae, similar to what is observed for the lacZ 

reporter gene. In this context, in the larval and prepupal tracheal system the TT CRM might be 

regulating the expression of either CG13711 or CG32239 (Gef64C) or both. 

Even though it is possible that the TT CRM drives CG13711 expression in the tracheal 

system, all the data available about this CG indicates that this gene is only expressed in the 

blastoderm during the early stages of development, (Bonneaud et al., 2003; Gross et al., 

2003). Moreover, the expression of CG13711 in the larval tracheal system has been 

investigated through RNAseq and the expression of this CG has not been detected in the 

larval tracheal system (Bonneaud et al., 2003; Gross et al., 2003; Graveley et al., 2011). Since 

the increase in the relative expression levels of CG13711 is very modest, only about 1.5 fold, 

and RTqPCR experiments are very sensitive, we might be detecting very low levels of 

transcription of this CG due to the fact that CG13711 is located in one of the introns of 

CG32239 (Gef64C) that is also expressed in the prepupal tracheal system. This suggestion is 

further supported by the observation that both CG13711 and CG32239 (Gef64C) are 

transcribed in the same direction and therefore when CG32239 (Gef64C) is transcribed there 

will also be CG13711 transcripts, which will be included in the RNA molecules that are 

spliced out during the post-transcriptional processing of CG32239 (Gef64C) mRNA. 

We suggest that in the larval, prepupal and pupal tracheal system the TT CRM 

regulates CG32239 (Gef64C) mRNA expression. The increase in the relative expression 

levels of lacZ mRNA (about 3 fold) are accompanied by an increase in the relative expression 

levels of CG32239 (Gef64C) mRNA (about 2.3 fold). Moreover, differently from CG13711, 
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low levels of expression of CG32239 (Gef64C) mRNA expression have also been detected in 

the tracheal system through RNAseq experiments (Graveley et al., 2011). 

We have previously proposed that the TT CRM contains elements that drive CG12493 

expression in the DLMs in adult thoraxes. The TT CRM is located about 400 bp upstream 

CG12493, in the proximal promoter region of this CG. We suggest that the TT CRM also 

contains cis-regulatory elements that regulate the expression of CG32239 (Gef64C) in the 

larval and prepupal tracheal system. The TT CRM is localized in one of the introns of 

CG32239 (Gef64C). CRMs are not always located upstream gene sequences and intronic 

CRMs have been previously described (Zimmerman et al., 1994; Jeziorska et al., 2009). 

Furthermore, even though the function of CG32239 (Gef64C) has been extensively 

investigated in various developmental processes (Bashaw et al., 2001; Simões et al., 2006; 

Lovegrove, 2006; Massarwa et al., 2009; Greenberg and Hatini 2010), CRMs that regulate the 

expression of this gene had not been previously characterized. 

The role of CG32239 (Gef64C) in the formation of the tracheal system and other 

tubular structures in the embryo has been comprehensively investigated (Bashaw et al., 2001; 

Simões et al., 2006; Lovegrove, 2006; Massarwa et al., 2009). On the other hand, the role of 

CG32239 (Gef64C) during the larval, prepupal and pupal stages has not been intensively 

characterized. During the three larval instars the general topology of the tracheal system is not 

extensively altered. The modifications that take place constitute an increase in the number of 

trachea and tracheoles in the consecutive stages. During metamorphosis the tracheal system is 

extensively remodeled leading to the formation of the adult tracheal system that is markedly 

distinct from the larval tracheal system (Whitten 1957). In this context it is reasonable to 

propose that the pattern of expression of the TT-lacZ transgene in the larvae to prepupae 

transition might be revealing that CG32239 (Gef64C) also participates in the remodeling of 

the tracheal system during metamorphosis. In situ hybridization experiments employing an 

antisense probe complementary to CG32239 (Gef64C) in whole larvae and prepupae should 

reveal if this CG is also expressed in the prepupal tracheal system. 
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