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ABSTRACT 

Animals use steroid hormones to regulate the timing of development and growth.  

In insects, the developmental processes of hatching, molting, metamorphosis 

and eclosion are all regulated by a steroid hormone, 20-hydroxyecdysone (20E).  

Biosynthesis of ecdysone (E), the immediate precursor to 20E, is thought to be 

regulated, in part, by a small neuropeptide called prothoracicotropic hormone 

(PTTH ).   

 

PTTH is produced by neurons that innervate the prothoracic gland (PG) and 

signals to this tissue to up-regulate biosynthesis of E in insects, including 

Drosophila melanogaster (fruit fly) and Bombyx mori (silk worm).  When PTTH 

signaling is disrupted, developmental timing is altered.  This thesis focuses on 

further elucidating the role of PTTH signaling in development through three 

separate but related aims.   

 

First, to better understand the global effects of PTTH signaling on transcriptional 

regulation in the PG, we used Illumina Next Generation sequencing to compare 

the transcriptome of PTTH-stimulated and –unstimulated PGs.  This was used as 

an unbiased approach to determine what genes are up and down regulated in 

response to PTTH stimulation.  At the time of this thesis writing, the sequencing 

reactions have been completed, however, the bioinformatics analysis is still 

underway. 
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Second, to better understand how PTTH acts to up-regulate gene expression, we 

analyzed regulatory elements in target genes using a promoter-bashing 

approach.  Using this approach, we uncovered three minimal enhancer regions 

from phantom, spookier and disembodied, members of the Halloween family of E 

biosynthetic genes that are expressed in the PG. Additionally, we have 

discovered several small, highly conserved, sequence motifs that are necessary 

for reporter gene expression in the PG.    

 

Third, we examined a single PTTH-responsive gene, called Membrane Steroid 

Binding Protein (MSBP), with the goal of elucidating its role in ecdysone 

biosynthesis.  We have confirmed that MSBP is expressed in ecdysone 

producing tissues and that MSBP expression changes in response to PTTH.  

However, MSBP-/- animals show no obvious phenotype, suggesting either 

redundancy or no requirement of MSBP in regulating developmental timing. 
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CHAPTER 1: INTRODUCTION 

I. Introduction 

a. Developmental timing 

Precise timing of multiple gene programs is essential for the proper development 

of higher organisms.   Animals use multiple and diverse timing mechanisms to 

coordinate proper development with growth. In order for an animal to develop 

correctly, there must be extensive integration of timing mechanisms with various 

downstream regulatory mechanisms [1].  Endocrine hormones are critical 

coordinators of developmental timing because they act systemically, thereby 

eliciting coordinated morphological, physiological, biochemical, and molecular 

events throughout the entire body [2].   

b. Steroid hormones 

Steroid hormones are one class of endocrine molecules that signal 

developmental change.  Steroid hormones act as timing cues and steroid 

hormone pulses of a defined duration are important for gene regulation both in 

higher organisms and in insects [3,4]. Disruption of steroid hormone levels can 

have catastrophic consequences in the development of an organism, including 

birth defects or fatality [1].  In humans, steroid hormones regulate the timing of 

several developmental and biological processes, including: stress responses, 

metabolic regulation, salt and water balance, fetal development, pregnancy, 

puberty, and the menstrual cycle [2].   In insects, the timing of hatching, molting, 
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and metamorphosis are regulated by a steroid hormone called 20-

hydroxyecdysone (20E) [5,6].  The downstream effects of steroid hormones on 

developmental timing have been studied for decades [7,8], however, much is still 

to be learned about how steroid hormone biosynthesis is regulated and how 

steroid hormone signals are coordinated with growth. 

c. Significance 

Basic research of steroid hormone production in insects can benefit society in 

two major ways.  First, understanding insect steroid hormone biosynthesis can 

advance the design of new insect control agents for use in agriculture [9] and to 

control insects that act as vectors for the spread of human disease [10].  Second, 

genetic and molecular studies in the common fruit fly, Drosophila melanogaster, 

have been instrumental for the advancement of understanding several human 

pathologies and diseases [6,11-15].  By better understanding the basic 

mechanisms underlying regulation of steroid hormone biosynthesis during 

development in insects, we hope to advance underlying knowledge of how 

steroid hormone biosynthesis is controlled in higher organisms. 

II. Model organisms: Drosophila melanogaster and Bombyx mori 

a. Drosophila melanogaster  

The two insect model organisms we chose to study steroid hormone biosynthesis 

are D. melanogaster from the order Diptera, and a close relative, the silkworm, 

Bombyx mori from the order Lepidoptera.  D. melanogaster has been a model 
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organism for genetics for over a century and the genome has been fully 

sequenced and annotated for over the last decade [16-18].  There are many 

genetic tools available to manipulate and study Drosophila, including: marked 

balancer chromosomes, P-element (transposon) insertion/imprecise excision 

tools, chemical mutagenesis protocols, and the GAL4/UAS induction system that 

is useful for tissue-specific RNAi knockdown and over-expression studies [14,18]. 

Several human diseases have been modeled in Drosophila and many genes and 

signaling pathways are highly conserved between flies and humans [14,18,19].  

Studies of steroid hormones in Drosophila are particularly advantageous 

because Drosophila has a relatively short and predictable lifecycle; development 

from egg to adult takes only nine days at 25 ºC, whereas the developmental 

lifecycle of higher organisms like mice or humans is on the timescale of months 

or years.  Just as in humans, many developmental transitions in Drosophila are 

immediately preceded by a pulse of steroid hormones called ecdysteroids.  

However, unlike humans which have many signaling steroid hormones 

molecules, Drosophila has only two known steroid hormone molecules that elicit 

a response: 20-hydroxyecdysone (20E), which is thought to be the major 

signaling molecule, and its immediate precursor, ecdysone (E) [6].  It is thought 

that 20E is synthesized in a linear pathway, making analysis of each step simpler 

than in mammals where several parallel biosynthetic pathways occur.  Another 

advantage of Drosophila as a model organism to study steroidogenesis is that 

Drosophila, unlike mammals, cannot synthesize cholesterol de novo from 
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acetate.  Instead, cholesterol or plant sterols must be digested; making radio 

labeled feeding experiments possible.  Since steroid hormones are instrumental 

in regulating and coordinating Drosophila development, understanding the basics 

of steroid hormone biology is essential for a more broad understanding of 

Drosophila as a model organism. 

b. Bombyx mori   

One disadvantage of Drosophila is its relatively small size (Figure 1).  The ring 

gland (RG) is the major endocrine tissue responsible for production of E during 

Drosophila larval development. The RG is less than 1/10th of a millimeter and 

contains approximately 50 E-producing prothoracic gland (PG) cells (Figure 1).  

Dissection and collection of the Drosophila larval RG can pose technical 

difficulties when large amounts of tissue are needed for biochemical studies.  To 

overcome this issue, we have harnessed the power of another insect model 

organism, Bombyx mori, commonly known as the silkworm. Bombyx is a large 

lepidopteran insect which has been used as a model organism for neuropeptide 

research [20,21]. Bombyx is the model insect for the order Lepidoptera and has 

been domesticated for over 5000 years [22,62].  The larval PGs of Bombyx are 

approximately 3 millimeters in length, about the size of a Drosophila larva.  

Although genetic tools in Bombyx are not as widely available as in Drosophila, 

the Bombyx genome has been sequenced since 2004 [22-24].  Bombyx has 

historically been used to study insect endocrinology; both ecdysone (E) and 

prothoracicotropic hormone (PTTH) were first isolated and characterized in 
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Bombyx [25,26].  Furthermore, Bombyx uses both neuronal and hormonal 

pathways to regulate ecdysteroidogenesis which makes it a good insect for 

studying how environmental and internal cues for development are related to PG 

activity [20].  
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Figure 1: Relative sizes of Drosophila melanogaster and Bombyx mori. 
The large size of the Bombyx PG make it a better model organism to collect large amounts of 
RNA. (a) a D. melanogaster third instar larva is approximately 3.5 mm in length; (b) a B. mori fifth 
instar larva is approximately 5 cm in length; image from 
http://www.suekayton.com/Silkworms/lifecycle.htm (c) a D. melanogaster PG (arrowhead) from a 
late third instar larva is <0.1 mm; (d) a B. mori PG from a mid-fifth instar larva is approximately 3 
mm in length; image from Yamanaka et al. 2011 [20]; (e) the wingspan of an adult D. 
melanogaster fly is approximately 3 mm; © Max Westby (f) the wingspan of an adult B. mori is 
approximately 5 cm; image from http://www.blogspan.org/blogs/permalinks/10-2006/mate-
attracting-chemicals-in-silk-worms.html 
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III. Control of ecdysteroid titers 

a. E producing tissues 

Biosynthesis of ecdysteroids (i.e. ecdysteroidogenesis) occurs predominantly in 

endocrine tissue located near the brain of larval insects and the ovaries of adult 

females [6]. In larvae of diptera, such as Drosophila, the PG cells are part of the 

RG endocrine complex and the PG are the cells that produce E (Figure 2).  The 

RG also contains two other glandular tissues, the corpora allata (CA) and the 

corpora cardiaca (CC)  [29][27].  In lepidopterians, like Bombyx, the CC, CA and 

PG are separate glands [28].  CA endocrine tissues produce a sesquiterpenoid 

insect hormone, called juvenile hormone (JH) which plays an essential role in 

development [29].  JH determines the nature of each larval molt, in the presence 

of JH a larval - larval molt occurs while in the absence of JH a metamorphic molt 

occurs [27].  The CC has been compared to the hypothalamus-pituitary axis in 

vertebrates and the main hormone produced by the CC is adipokinetic hormone 

(AKH), a peptide that acts on the fat body and mobilizes lipids and carbohydrates 

[30]. 

 

Ecdysteroids are also produced by epidermal and gonadal cells in some insects 

and the ovaries are important in producing the ecysteroids necessary for future 

embryonic development of the egg [6][27].  During larval stages, the PGs are the 

primary source of E which is hydroxylated to its active form, 20E, in peripheral 
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tissues [6,31]. The studies in this thesis pertain mainly to larval production of E in 

the larval PG. 

 

Figure 2: The ring gland in Drosophila melanogaster 
(a) Illustration of the anterior portion of a third instar Drosophila larva, figure adopted from Atlas of 
Drosophila Development by Volker Hartenstein [32]. mh mouth hooks; pg prothoracic gland; b 
brain lobe; vg ventral ganglion. (b) Diagram of the central nervous system, ring gland, and 
portions of the circulatory and digestive systems of a third instar larva of Drosophila 
melanogaster,. a aorta; ca corpus allatum tissue of ring gland; e esophagus; h right brain 
hemisphere; p prothoracic gland tissue of ring gland; trachea; vg ventral ganglion. Image from 
King et al. 1966 [33]. (c) Image of the brain-ring gland complex from Drosophila melanogaster. pg 
prothoracic gland, stained by in situ hybridization with anti-MSBP probe; b brain lobe; vg ventral 
ganglion. (d) Image of a third instar Drosophila ring gland, stained by immunohistochemistry with 
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an anti-MSBP antibody. (e) Diagram of a transverse section through the ring gland of a third 
instar larva.  ca corpus allatum cell; cc corpus cardiacum cell; lt left lateral trachea; p cell of 
prothoracic gland; t acellular tunica; tt transverse trachea. Image from King et al. 1966 [33]. 
 

c. Neuropeptide regulation of E biosynthesis 

Many of the events that occur during insect development (including the 

morphological, physiological, biochemical, and molecular changes of molting and 

metamorphosis) are modulated by 20E [6].  In insects, the production and 

release of E from the PG is primarily regulated by a small neuropeptide called 

prothoracicotropic hormone (PTTH).  Neuropeptide control of steroidogenesis is 

not unique to insects.  In fact, the mechanisms that regulate steroidogenesis in 

vertebrates and insects are strikingly similar1 [6,34-36].  Understanding PTTH 

regulation of E biosynthesis is key to understanding the mechanisms that 

regulate developmental timing in insects.   

i. PTTH neurons 

In insects, PTTH is a small neuropeptide produced by neurons that innervate the 

PG and stimulates up-regulation of E biosynthesis [37].  In Drosophila third instar 

larvae, PTTH is produced in the PG neurons by a pair of bilaterally symmetric 

central brain neurons whose axons terminate on the PG cells of the RG; these 

neurons are called the PG neurons or the PTTH neurons [28,37].  In Bombyx fifth 

instar larvae, PTTH is produced primarily in a pair of dorsolateral neurosecretory 

cells that terminate in the corpus allatum [38,39].  After being released from the 

                                                 
1
 In mammalian reproductive development, the neuropeptide, kisspeptin coordinates the timing of 

puberty with nutritional and metabolic inputs. 
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corpus allatum, PTTH then travels in the hemolymph where it targets the PG to 

trigger ecdysone release via activation of second messenger pathways [40-42].  

The PTTH-neurons and mechanisms of PTTH release are divergent between 

lepidopteran and diptera, and it has been hypothesized that this reflects a 

difference in PTTH expression rather than a rewiring of PTTH neurons [37].  New 

evidence indicates that PTTH is also circulating in Drosophila as it is in Bombyx 

(N. Yamanaka and P. Léopold, unpublished communications). 

 

Figure 3: Diagram of PTTH neurons in a Drosophila third instar larva 
In Drosophila, the PTTH neurons (sometimes called PG neurons) directly innervate the PG and 
induce production and secretion of ecdysone by releasing PTTH. (A)  A pair of PTTH neurons, 
marked with GFP innervate the PG cells of the RG, shown in red.  Figure courtesy of McBrayer et 
al. [37]. (B) Axon projections from PTTH neurons follow a well-defined path with the left lobe of 
the brain innervating the right PG and vice versa. Figure courtesy of Gosh et al. [43]. 
 

ii. PTTH molecule 

Prothoracicotropic hormone (PTTH) is a diffusible neuropeptide hormone that 

has been purified, cloned, and characterized from a variety of Lepidoptera and 

Diptera, including B. mori, M. sexta, and D. melanogaster [6,38,44,45]. 

Comparison of the PTTH peptide sequences among Lepidopterans shows that 

PTTH sequences have diverged considerably resulting in the PTTH family of 
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proteins having species-specific action [6].  In Lepidopterans, PTTH is 

synthesized as a larger prohormone but is released as a shorter, glycosylated 

homodimeric molecule of approximately 25 to 30 kDa [6,53].  Each monomer has 

three intramolecular disulfide bridges and the seventh cystine forms a disulfide 

bond to facilitate dimerization of the monomers [6,56]. The intermonomer cystine-

cystine bonds are essential for the activity of PTTH, whereas dimerization and 

glycosylation play a smaller role [56]. 

 

In Drosophila, the PTTH neuropeptide hormone is much larger than in 

Lepidopterans and Drosophila PTTH requires glycosylation for bioactivity [44].  

Drosophila PTTH is 192 amino acids in length and is predicted to be 21.4 kDa 

[37]. When compared phylogenetcally, the Drosophila and Lepidopteran PTTH 

amino acid sequences are distantly related [37].  While purified PTTH from 

Manduca and Bombyx has been used to directly stimulate ecdysteroidgenesis of 

the PG, attempts to use recombinant Drosophila PTTH to directly stimulate 

ecdysteroidgenesis have been unsuccessful [37,46,47].  The inability of 

recombinant Drosophila PTTH (rPTTH) to stimulate PG activity may be due to 

the inability of Drosophila S2 cells to properly synthesize and process rPTTH into 

an active signaling molecule [37].  Alternatively, it could be that PTTH acts more 

like a neurotransmitter and needs to directly signal through the PG neurons [37]. 
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iii. PTTH phenotype 

In Drosophila, when the PTTH-producing PG neurons are ablated using the 

ptth>GAL4::UAS-grim system to specifically cause cell death in the PTTH-

producing PG neurons, the result is a low level of 20E which results in 

developmental delay and a large body phenotype [37,43,46].  The large 

phenotype can be seen in both third instar larvae and pupae and the large body 

is a result of an extended period in larval feeding stages [37,43]. The larvae feed 

for a longer period of time because they are not exposed to a 20E peak that 

initiates prepupal development [37,43].   

iv. PTTH receptor 

Once PTTH is processed, it binds to a receptor called Torso on the surface of the 

PG [46].  Torso was originally identified for its role in anterior-posterior patterning 

in the early Drosophila embryo [48-50]. During early embryogenesis, the putative 

ligand for Torso is called Trunk [46].  Trunk and PTTH have many similarities: 

Trunk has a cysteine knot-motif near the C-terminus that is similar to PTTH; both 

PTTH and Trunk are proteolytically processed to generate an active signaling 

molecule. Once processed both proteins are of similar length; and the mature 

version of both proteins share similar structures [37,49,51,52].  Unlike PTTH, 

trunk expression is not detected in the third-instar wandering stage suggesting 

that the Torso receptor can recognize both the PTTH and Trunk ligands but that 

these proteins are expressed at different developmental times [46].   
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Torso is a receptor tyrosine kinase that functions in the mitogen-activated protein 

kinase (MAPK) pathway in the PG of Drosophila and Bombyx [40,41,46,53,54].  

The canonical MAPK pathway includes: Ras (Ras85D), Raf (Draf), MAPK kinase 

(MEK), and extracellular signal-regulated kinase (ERK) [46,49]. Activation of 

Torso by PTTH in the larval PG stimulates ERK phosphorylation [46].  RNAi 

knockdown of Ras, Raf, or ERK in the PG gives a delayed pupariation 

phenotype, reminiscent of the delayed phenotype seen in ablated PTTH neuron 

and Torso-knockdown animals [37,46].  ERK knockdown in the PG also 

phenocopies the increase in pupal size seen in animals with ablated PTTH 

neurons and RNAi knockdown of Torso; this increase in pupal size can be 

rescued by 20E feeding [46].   

 

During embryonic development, the Torso pathway specifies terminal cell fates 

by regulating target gene expression [49].  For example, the posterior expression 

of tailless, a nuclear hormone receptor, is mediated by the Torso pathway[49].   

Similarly, the Torso pathway induces the expression of huckebein, a zinc-finger 

transcription factor [49]. Torso response elements have been identified in the 

tailless promoter, and mutation of the Torso response elements causes a change 

in reporter gene expression [49].  We hypothesize that in the PG, the PTTH-

mediated Torso signaling pathway may be acting in a similar manner to regulate 

genes involved in E production.  Identification of PTTH-responsive elements will 
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be important to understanding how PTTH signaling specifically elicits E 

production in the PG.  

 

PTTH signaling induces a multifaceted response: it induces both gene 

transcription and translation, and also post-translational control of steroidogenic 

enzymes in the PGs of Drosophila and Bombyx [27]. For example, PTTH-

stimulation specifically induces phosphorylation and translation of Spook in 

Bombyx [50].  Expression of several ecdysteriodogenic biosynthesis enzymes 

correlate with the fluctuation of the PTTH titer in B. mori [55].  PTTH stimulation 

also induces rapid translation of several proteins [56].  Phosphorylation events of 

steroidogensis enzymes have been detected in response to PTTH signaling [54].   

PTTH influence of transcription, translation, and post-translational control of 

genes allows PTTH to influence both short- and long-term ecdysteroidogenic 

effects [27].   

 

IV. Steroid hormone biosynthesis 

In both humans and insects, steroid hormones are synthesized by a conserved 

mechanism.  The basic four-ring structure of dietary cholesterol undergoes a 

step-by-step biosynthetic conversion of side chain groups to generate a specific 

signaling molecule[2].  Steroid hormone synthesis requires specific enzymes, 

usually cytochrome P450s, to catalyze the high-energy side chain reactions [2]. 

While humans have a large number of steroid hormone molecules, insects have 

one major signaling steroid hormone, 20-hydroxyecdysone (20E). Arthropods, 
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such as D. melanogaster, are sterol auxotrophs, meaning they require dietary 

sterols such as cholesterol (C) in their diet; unlike mammals, insects cannot 

synthesize sterols from precursor molecules, such as acetate or acetyl-CoA 

[6,57].  During post-embryonic development of Lepidoperan and Dipterian 

insects, E is synthesized from dietary cholesterol or phytosterols through a series 

of hydroxylation and oxidation steps [6]. 

a. Ecdysteroids 

In insects, ecdysteroids function biologically to trigger developmental transitions, 

including: hatching, molting, and metamorphosis2.  Chemically, the term 

ecdysteroids refers to a family of sterol derivatives that have common structural 

features: a cis (5β-H) junction of rings A and B, a 7-ene-6-one chromophore, and 

a trans (14α-OH or –H) junctions of rings C and D [58].  20E is the major molting 

hormone in all arthropods, including insects [58].  E, the immediate precursor to 

20E, is thought to play a minor role in most insect species [58].  20E biosynthesis 

in Bombyx and Drosophila is the focus of this thesis. 

 

Insects are unable to synthesize sterols de novo and therefore rely on dietary 

cholesterol and phytosterols as precursors to synthesize ecdysteroids [58].  

Insects that are able to feed on an animal-derived food source can get 

cholesterol directly, while insects that feed exclusively on plants generally must 

dealkylate the phytosterols [58].  Phytosterol processing varies amongst different 

                                                 
2
 In early studies, “molting hormone” was the term used to describe the factor, now known as E, 

that was produced from the endocrine gland near the brain in Bombyx mori. 



 

 16 

insect species; the different processing of sterols amongst insects is 

demonstrative of the ability of different insects to feed on different food sources 

[58].  Once cholesterol is made or ingested, it must travel from the gut to the 

steroidogenic cells (e.g. the PG in Drosophila and Bombyx) which occurs through 

the classical receptor-mediated low-density lipoporotein endocytic pathway that 

has been described in mammals [58]. Once cholesterol is delivered to the 

endosomes, intracellular trafficking must deliver cholesterol to the first enzyme 

involved in steroidogeneis; in the case of Drosophila and Bombyx, cholesterol 

must be delivered intracellularly to the endoplasmic reticulum (ER)  for 

processing by Neverland (Nvd) [58]. During biosynthesis of E in the PG, sterol 

intermediates must be moved intracellularly because the various enzymes 

involved in steroidogenesis are localized in different compartments (i.e. the ER 

and mitochondria) [58]. Finally, E must be released to the hemolymph so that it 

can reach target cells and to be converted to the final signaling molecule 20E 

[58]. 
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Figure 4: 20E Biosynthetic pathway. 
In insects, 20 hydroxyecdysone (20E) is synthesized from dietary cholesterol through a cascade 
of sequential hydroxylations catalyzed by several enzymes, including: Neverland (Nvd), Spook 
(Spo), Spookier (Spok), Shroud (Sro), Phantom (Phm), Disembodied (Dib), Shadow (Sad), and 
Shade (Shd).  Image courtesy of Warren et al. (2002) [5]. 
 

b. Ecdysteroidogenic genes 

The ecdysteroidogenic biosynthetic pathway involves a cascade of sequential 

hydroxylations that are catalyzed by several enzymes, mainly cytochrome P450 

monooxygenases (Figure 4) [58]. A number of these P450s belong to a group of 

genes termed the Halloween Genes.  The so-called Halloween gene mutants 

were first identified in a large ethyl methane sulfonate (EMS) mutagenesis screen 

to identify mutations that affect the pattern of the larval cuticle [59-61].  The 

Halloween genes identified in the screen all shared a mid-embryonic lethality and 

a failure to form a differentiated first instar cuticle.  They were given names such 

as phantom, disembodied, and spook to highlight the lack of differentiated cuticle 

phenotype [59-61].  Subsequent studies have shown that many of the Halloween 

mutants identified in the 1984 screen are deficient in 20E production in 
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Drosophila; their Bombyx homologues share a similar deficiency [5,31,62-65]. 

Some of the Halloween genes identified in the 1984 screen have a disrupted 

cuticle but are not thought to be involved in E biosynthesis (e.g. haunted, 

mummy, ghost) [63]. Additional genes involved in 20E biosynthesis have been 

identified since the 1984 screen; the known genes involved in 20E biosynthesis 

that are discussed in detail below include: neverland (nvd), spook (spo; 

Cyp307a1), spookier (spok; Cyp307a2)3, spookiest (Cyp307B1)4, shroud (sro), 

phantom (phm; Cyp306a1), disembodied (dib; Cyp302A1), shadow (sad; 

Cyp315a1), and shade (shd; Cyp314a1) [5,31,62-68]. The characterization of 

genes involved in ecdysteroidogenesis has been done largely using both  the 

Drosophila and Bombyx systems; Drosophila has available powerful genetic tools 

and the advantage of Bombyx is its large PGs which makes it easier to dissect 

large amounts of tissue for biochemical analysis.  The following section 

discusses what is known in Drosophila and Bombyx about each intermediate 

step in ecdysteriodogenesis, from cholesterol to 20E. 

c. 20E Biosynthetic pathway 

i. C ���� 7dC by Neverland 

The first step of steroid hormone biosynthesis in arthropods is the conversion of 

dietary cholesterol (C) to 7-dehydrocholesterol (7dC) [6].  Nvd does not appear to 

be the rate-limiting enzyme in E biosynthesis [58].  Nvd was first identified in 

2006 by Yoshiyama et al. and is essential for the first step of E biosynthesis: 

                                                 
3
 Spok has been identified only in Drosophila. 

4
 Spot has been identified in mosquitoes, honey bees and red flour beetles but not Drosophila.  
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conversion of C to 7dC by 7,8-dehydrogenation [68].  Nvd is a Rieske-domain 

non-heme iron oxygenase protein that localizes in endoplasmic reticulum (ER) 

[68].  The nvd expression pattern in both Bombyx and Drosophila is consistent 

with its role in ecdysteroidogenesis.   Temporally, nvd is expressed preceding 

molting and pupation in fourth and fifth instar Bombyx larvae, a result consistent 

with other ecdysteroidgenic genes [62,64,65,67]. In Bombyx fifth instar larvae, 

RT-PCR analysis shows nvd mRNA is expressed predominantly in the PG with 

weak expression in the brain and Malpighian tubules [68].  In Drosophila, in situ 

RNA hybridization shows specific nvd expression in the PG cells (but not the CA 

or CC) of the third instar larval RG, the primordial RG of the stage 14 embryo, 

and in the nurse cells of the adult female ovary [68].  

 

The phenotype of a Drosophila nvd genetic mutant is yet to be determined 

because no nvd mutants have been isolated or created due to difficulties 

resulting from its location in heterochromatin [68].  The phenotypes of loss- and 

gain-of-function of nvd have been analyzed through the powerful Drosophila 

genetic tool, UAS/GAL4.   Nvd overexpression in a variety of tissues shows no 

visible phenotypes [68].  GAL4/UAS-RNAi knock-down of nvd in the PG causes 

animals to arrest growth in their first instar larval stage and remain as first instar 

larvae5[68].  This result is consistent with the phenotype of other 

ecdysteroidogenic genes knocked down by RNAi in the larval PG [62,67]. The 

                                                 
5
 The name “neverland” is a reference to the island in the play, Peter Pan by J. M. Barrie where 

children do not grow up. 
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larval arrest of nvd-RNAi knock down is due to a reduction in ecdysteroid titer 

and the larval arrest can be overcome by feeding with either E or 7dC, placing it 

in the first step of the 20E biosynthetic pathway [68,69]. The function of the 

Rieske oxygenase domain in Nvd as a 7,8-dehydrogenase is thought to be 

evolutionarily conserved in cholesterol metabolism throughout animal phyla [69].   

ii. 7dC ���� ���� ���� ∆4-diketol: The Black Box (spook, spookier, spookiest, and 
shroud) 

Although the 20E biosynthetic pathway has been studied for over a decade, the 

critical steps that convert 7dC to ∆4-diketol (the so-called “Black Box”) have 

remained elusive [70].  The “Black Box” terminology was adopted because during 

insect steroidogenesis, the intermediates immediately downstream from 7dC do 

not accumulate and have not been easily isolated [58].  It has been hypothesized 

that the lack of intermediates from the Black Box is because the first step after 

7dC is a rate-limiting step and the intermediate steroidogenic compounds are 

unstable [58,71].  

 

Drosophila spook (spo; Cyp307A1) is one of the Halloween mutants identified in 

the 1984 EMS screen; mutant spo alleles lack cuticle differentiation [60]. Like 

other Drosophila Halloween mutants, spo mutants develop normally until stage 

14 of embryogenesis at which point head involution fails [62].  Spo encodes for a 

cytochrome P450 monooxygenase involved in the Black Box of embryonic E 

biosynthesis in Bombyx and Drosophila [62,72].   Spo contains an N-terminal 

sequence characteristic of microsomal P450s and has been shown to co-localize 
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with an ER marker but not a mitochondrial marker [62]. Drosophila spo is unique 

from the other Halloween genes involved in E biosynthesis, in that it is not 

expressed in the PG during embryonic or larval stages [62].  spo is expressed in 

the follicle cells of the adult ovaries and in the early embryonic yolk nuclei and 

amnioserosa [62].   

 

Spookier (spok; Cyp307A2) is a cytochrome P450 that was identified and 

characterized by Ono et al. [62].  Spok shares 57% identity with spo and is 

believed to be a functionally redundant, stage-specific paralog, acting in the 

stage 17 embryonic ring gland and the larval PG but not in the early embryonic 

tissues or ovary [62].  Therefore, although spo and spok have different spatial 

and temporal expression, they likely share an equivalent biochemical role 

[51,62,72,73].  Indeed, spo expressed specifically in the PG (using a 

phm>GAL4/UAS-spo system) rescues spok-/- animals (unpublished observations 

from M.J. O’Connor).  It is unknown if spo / spok gene have evolutionarily 

developed different subfunctionalities since the gene duplication event [73].  

 

No spok mutants have been isolated or created but RNAi knockdown of spok in 

the PG using a phm-GAL4 driver results in first instar larval arrest [62].  The 

larval arrest of spok-RNAi knockdown animals can be rescued by feeding the 

larvae E or 20E but not 7dC, indicating that spok plays a role in the Black Box 
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[62].  Within the Black Box, recent feeding experiments indicate that Spok 

catalyzes a reaction upstream of ∆4-diketol and diketol [71]. 

 

spo and spok have been placed in the Black Box reaction of 20E biosynthesis 

through genetic analysis and feeding-rescue experiments [62].  Curiously, when 

spo is transfected into the Drosophila S2 cell culture system and radiolabeled 

7dC is added to the media, no further ecdysteroid intermediates have been 

detected, indicating that perhaps another co-factor is involved in this high energy 

reaction (unpublished observation, H. Ono).  PTTH-stimulation specifically 

induces phosphorylation of Bombyx Spo and if phosphorylation is required to 

activate the enzymatic activity, this may also explain why radiolabeled 

intermediates have not been detected [50]. 

 

In insects, it appears that different numbers of spo-like sequences are found in 

different species.  In Bombyx and Manduca, there is only one identified spo-like 

Cyp307A and it is expressed in the larval PG in addition to the embryonic PG 

and adult ovaries, indicating that the spo/spok gene duplication event may have 

been specific to Drosophilidae [62,72].  In mosquitoes, there are also two spo-like 

sequences; however, they are more divergent than spok and spo [62].  While 

spok and spo are part of the Cyp307A branch of P450s, the second spo-like in 

mosquitoes belongs to a more divergent Cyp307B branch and has been named 
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spookiest (spot) [62]. It is not known if spot plays a similar stage-specific role in E 

biosynthesis as spo and spok do in Drosophiladae.  

 

The Drosophila shroud (sro) mutant was identified as a Halloween gene in the 

1984 EMS screen; sro mutants displayed embryonic lethality due to a lack of 

cuticle differentiation [60].  Drosophila sro is an orthologue of the Bombyx non-

molting glossy (nm-g).  nm-g/sro is predominantly expressed in the E producing 

tissues, the PG and ovaries [67]. The cellular localization of sro has never been 

tested.  nm-g mutants exhibit a reduced E titer and larval arrest in the first instar 

stage [67,74,75].  sro mutants do not exhibit a reduction in E titer but curiously 

the embryonic lethality of sro mutants can be rescued by treating animals with 

20E midway through embryogenesis [67].   sro/nm-g encodes for a short-chain 

dehydrogenase/reductase that likely functions in the Black Box of 20E 

biosynthesis since nm-g mutants and sro-RNAi knockdown animals can be 

rescued by 20E feeding but not by feeding with 7dC [67].   

 

The reactions of the Black Box have not been fully characterized and indeed it is 

not known if Sro works upstream or downstream from Spo and Spok.  It has 

been hypothesized that Sro might play a role in the putative last step of the Black 

Box, either as a 5β-reductase that converts ∆4-diketol to diketol or as a 3β-

reductase [58]. Radiolabel-tracer experiments have identified ∆4-diketol and 

diketol as downstream intermediates [71,76-79]. It should be noted that the ∆4-
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diketol product has never been isolated from insects [62].  It is unknown what 

gene encodes for an enzyme with a 5ß(H)-reductase activity. Alternatively, it has 

been hypothesized that Sro works to catalyze the putative initial step in the Black 

Box by catalyzing the 3β-dehdrogenation of 7dC to 3-oxo-7dc (cholesta-5, 7-

diene-3-one) [58].   

iii. Ketodiol ���� Ketotriol by Phantom 

The phantom (phm) mutant was first identified as a Halloween gene in the 1984 

EMS screen; phm mutants have embryonic cuticles that are not well 

differentiated [61]. Phm (Cyp306a1) is a cytochrome P450 enzyme that functions 

as a C-25 hydroxylase to convert ketodiol to ketotriol in both Bombyx and 

Drosophila [64,80]. In situ experiments in Drosophila show that phm is expressed 

in the embryonic and larval PG and in the follicle cells of the adult ovary in 

Drosophila [64,80].  RT-PCR analysis shows that phm is expressed specifically in 

the Bombyx larval PG of and has a temporal expression pattern throughout 

development consistent with other ecdysteroidogenic genes [62-64,68,80]. Phm 

co-localizes with an ER marker in the PG of fifth instar larvae [64,80].  The 

enzymatic activity of Phm was confirmed in S2 cells where radiolabeled ketodiol 

was converted to ketotriol when S2 cells were transfected with phm but not in gfp 

controls [80]. 
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iv. Ketotriol ���� 2dE by Disembodied 

The disembodied (dib) mutant is another Halloween gene identified by the 1984 

EMS screen that lacks an embryonic cuticle [60].  In addition, Drosophila Dib 

mutants also exhibit dorsal closure, head involution and gut morphogenesis 

defects due to a disruption in E biosynthesis [5,63].  Like most of the other 

Halloween genes, dib (Cyp302a1) codes for a cytochrome P450 that works as a 

22-hydroxylase to catalyze the reaction of ketotriol to 2-deoxyecdysone (2dE) [5].  

In Drosophila S2 cells, Dib co-localizes with mitochondrial markers [5].  

 

The Bombyx homologue of dib is expressed primarily in the larval PG and the 

enzyme is thought to be a functional ortholog that works by the same 22-

hydroxylase mechanism [65]. In fact, Dib was one of the first cytochrome P450 

enzymes shown to be directly involved in E biosynthesis [5].  When dib is 

transiently transfected into S2 cell culture, Dib can catalyze the conversion of 

radiolabled ketotriol to 2dE [5]. 

 

Bombyx dib expression correlates with E levels in the hemolymph and dib 

expression has been shown to be induced by PTTH in Bombyx [5,65].  The dib 

expression pattern in Drosophila closely follows E production; higher levels of dib 

are detected just preceding larval molts and dib expression drops dramatically 

just after ecdysis [5].   
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v. 2dE ���� E by Shadow 

Shadow (sad) was first identified in the 1984 EMS screen; sad mutants have no 

cuticle differentiation or head skeleton [60]. Sad (Cyp315a1) is a cytochrome 

P450 monooxygenase that catalyzes the reaction from 2dE to E [6].  Epitope-

tagged Sad co-localizes with the mitochondria in S2 cells [5].  

 

In situ hybridization shows that sad is expressed in the early embryo, the 

embryonic ring gland, the larval PG and in both the follicle cells and nurse cells of 

the ovary [5]. Just as with dib, the sad expression pattern in Drosophila closely 

follows E production; higher levels of sad are detected just preceding larval molts 

and sad expression drops dramatically just after ecdysis [5].  In S2 cells, when 

sad is co-transfected with dib, cells are able to catalyze the conversion of 

radiolabled ketotriol to E [5]. 

 

vi. E ���� 20E by Shade 

The final step of 20E biosynthesis is catalyzed by Shade (Shd).  shd mutants 

were first identified in the 1984 EMS screen because of the lack of cuticle 

differentiation and no head skeleton differentiation [60]. Like several of the other 

Halloween mutants, Shd is also a P450 cytochrome monooxygenase.  In this 

case, it hydroxylates carbon 20 of E into the final molting hormone, 20E [31].  

Unlike the other enzymes involved in insect steroidogenesis, shd is not 

expressed in the PG [31].  Instead, in situ hybridization experiments show that 
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larval expression of shd is in the peripheral target tissues (e.g. epidermis, midgut, 

Malphighian tubules and fat body) [31]. In the embryo, shd is not expressed in 

early stages; around stage 10 shd is expressed in the epidermis and shd 

expression decreases during embryogenesis [31].  In the ovaries, shd is 

expressed in both the follicle and nurse cells [31].  In transfected S2 cells, Shd 

co-localizes with mitochondrial markers and can convert radiolabeled E to 20E, 

indicating that shd catalyzes the final conversion of E to 20E [31].   

 

V. A putative co-factor in E biosynthesis: Membrane Steroid Binding 

Protein (MSBP) 

The Halloween cytochrome P450 enzymes are heme-dependent 

monoxygenases that synthesizes 20E from dietary cholesterol [6,58].  The so-

called Black Box reactions of 20E biosynthesis have not been fully characterized.  

Spo and its functional paralog, Spok, are P450s known to be involved in the 

Black Box reaction [62]. However, when Drosophila S2 cells are transfected with 

spo and treated with radiolabeled precursors, no downstream radiolabled 

intermediates can be detected (H. Ono, unpublished data). One possibility is that 

a co-factor is needed to help catalyze the putative high-energy reaction of the 

Black Box [62].   

 

In yeast, an enzyme called Dap1 has been shown to stimulate a P450-catalyzed 

step in sterol synthesis [81].  Dap1 is a homologue to the mammalian PGRMC1 
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(progesterone receptor membrane component 1) and Drosophila MSBP 

(membrane steroid binding protein) [82]. Both Dap1 and PGRMC1 bind to heme 

which is critical for its function [81].  Additionally, Dap1 mutants that have 

defective heme-binding abilities have inactive sterol synthesis abilities [81,83].  It 

has been hypothesized that Dap1 may be involved in intracellular heme 

trafficking and can stimulate a P450-catalyzed step in sterol synthesis [81].   

 

The Drosophila MSBP was first identified and cloned by Fujii-Taira et al. who 

showed it to be a PGRMC homolog [84].  Western blot of whole body extracts 

shows that MSBP is expressed strongly during prepupa and early pupa stages 

and is expressed less strongly during third instar larval stage and late pupal 

stages [84]. There are some hints that in Drosophila, MSBP may play a role in E 

regulation.  When the membrane fractions of S2 cells transfected with MSBP 

were exposed to radiolabeled E, it bound more 20E than a membrane fraction 

from an empty-vector transfected control [84].  Additionally, in a micro-array 

analysis of PTTH-responsive genes, MSBP expression increased in response to 

PTTH stimulation [85].  From these two initial studies, however, it is still unclear 

what role MSBP plays in E regulation.  Neither study characterized the 

phenotype of MSBP gain- or loss-of-function in the ring gland.   
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VI. Project Aims 

We have taken a three-pronged approach to better characterize the role of PTTH 

in regulation of E signaling. First, to gain an unbiased look at what genes are up 

and down regulated in response to PTTH stimulation, we have harnessed the 

power of Illumina Next Generation sequencing to determine what genes are 

differentially expressed after one and three hours of PTTH-stimulated Bombyx 

PGs.  The transcriptome-wide analysis is an unbiased approach to find key 

players in E biosynthesis. Our experimental procedures and results are 

discussed in Chapter two. 

 

Chapter three contains the second aim of my thesis, which is to find PTTH 

responsive elements in the enhancer regions of dib, spok, and phm.  The 

expression of these three Halloween genes increases upon PTTH stimulation 

and we are interested in finding regulatory regions that transcription factors may 

bind to. The final chapter of my thesis discusses my third aim, which is to 

characterize the gene MSBP, a factor that we believe may be working as a co-

factor in E biosynthesis.  Finally, in the appendices are discussions of work that I 

contributed to two papers that are unrelated to PTTH signaling.  
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CHAPTER 2: TRANSCRIPTOME ANALYSIS OF PTTH-STIMULATED 

PGS IN BOMBYX MORI 

a. Chapter Introduction and Aim 

 

To better understand the global effects of PTTH signaling on gene transcriptional 

regulation in the PG, we used Illumina Next Generation sequencing to compare 

the transcriptome of PTTH-stimulated and –unstimulated PGs.  This was used as 

an unbiased approach to determine what genes are up and down regulated in 

response to PTTH stimulation.   

 

b. Materials and Methods 

Bombyx mori and growth conditions 

The Bombyx mori larvae used in this experiment were derived from a mixed-

strain egg batch of domesticated silkworms (Mulberry Farms, LLC; 

www.mulberryfarms.com); the heterogenous population of Bombyx were grown 

at 25ºC under a 0L/24D photoperiod under semi-sterile conditions; the incubator 

and everything that came in contact with the Bombyx larvae were cleaned in a 

bath of 3.7% formaldehyde in distilled water (dH2O) and rinsed with a 70% 

ethanol spray.  Bombyx larvae were fed on an artificial diet of mulberry food 

made in small batches by combining a single half-pound package of powdered 

Silkworm Chow (Mulberry Farms, LLC) to 600-700 ml of dH2O and autoclaved for 

twenty minutes in a liquid cycle.  Autoclaved mulberry food was cut into ~0.5 cm 



 

 31 

thick blocks and spread across semi-sterile glass containers and covered with 

plastic wrap.  Bombyx larvae were placed on top of the food layer and were 

transferred to new food every 24 to 48 hours to prevent mold contamination.  The 

excess mulberry food was stored at 4ºC for no more than one week before use.  

To stage fifth instar larvae, Bombyx in the fourth instar were screened daily for 

final ecdysis; pre-molt larvae were separated and kept in a starvation chamber 

overnight.  The Bombyx larvae that underwent ecdysis (i.e. molted) in the 

overnight starvation chamber were characterized as fifth instar, day one (V0) and 

placed on fresh mulberry food daily.  Most Bombyx were dissected on V4, 

however, several animals were monitored for the timing of their wandering 

behavior and pupation.   

 

Dissection of Bombyx mori PGs and PTTH stimulation 

Prothoracic glands (PGs) were dissected rapidly from 12-18 fifth instar Bombyx 

larvae (V4) essentially as described in Yamanaka et al.[55]. The PGs were placed 

in a room temperature bath of 100 ul of Grace’s Insect Medium (#11595; 

Gibco/Invitrogen; www.invitrogen.com) and allowed to pre-incubate in the media 

for 30 minutes.  After pre-incubation, 10 nM PTTH (gift from Hiroshi Kataoka, 

University of Tokyo, Japan) was added to the appropriate samples.  Samples 

were allowed to incubate at room temperature for either one or three hours. 

Several different types of Grace’s Insect Medium were tested—both 

supplemented and unsupplemented and with or without bovine serum albumin 



 

 32 

(BSA).  Ultimately, PGs that were incubated in unsupplemented Grace’s Insect 

Medium with BSA were used for future Illumina processing.  As an internal 

control, the two PGs from each animal were separated in a manner so that one 

was added to the +PTTH bath and one was added to the corresponding –PTTH 

bath.  Four sample types were generated: PGs incubated with no PTTH for one 

hour (1h–PTTH), PGs incubated with PTTH for one hour (1h+PTTH), PGs incubated 

with no PTTH for three hours (3h–PTTH), and PGs incubated with PTTH for three 

hours (3h+PTTH).  Each of the four sample types was collected in biological 

duplicates.   After incubation in the +/-PTTH bath, PGs were immediately placed 

at -80 ºC for no more than one week before RNA extraction.  The Grace’s 

Medium bath was preserved for ELISA analysis at -20ºC. 

 

Sample quality control by ELISA 

The enzyme-linked immunosorbant assay (ELISA) was performed essentially as 

described in Ou et al.[4] To perform the ELISA, 20-Hydroxyecdysone EIA 

Antiserum (#482202); 20E AchE tracer (#482200); Precoated Mouse anti-rabbit 

IgG EIA 96-well plates (#400007); and Ellman’s reagent (#400050) were 

purchased from Cayman Chemical (www.caymanchem.com) and used according 

to manufacture’s instructions.   
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Total RNA extraction from PGs 

 Total RNA extraction was optimized by using a combination of the TRIzol® 

Reagent and Qiagen RNeasy Kit protocols.  500 µL of TRIzol® Reagent 

(Invitrogen, www.invitrogen.com), was added to each sample, and the frozen PG 

tissue was homogenized at room temperature using a sterile 0.6 mm x 25.4 mm 

needle and sterile 1 ml (i.e. 1 cc) syringe.  After homogenization in TRIzol, 

samples were stored at -80 ºC for no more than one week.  After thawing, the 

homogenized samples were incubated at room temperature for five minutes 

before adding 350 µl of buffer RLT (QIAGEN RNeasy Mini Kit, www.qiagen.com) 

containing 1% ß-mercaptoethanol.  Samples were vortexed and 100 µl of 

chlorophorm was added before spinning at 12,000 rpm for 15 minutes at 4ºC.  

The aqueous phase was removed and RNA was isolated according to 

manufacturer guidelines beginning with step five (QIAGEN, RNeasy Mini 

Handbook, November 2010, page 43).  Total RNA was eluted from the column 

using 36 µl of RNase-free dH2O and stored at -80 ºC.  The concentration of RNA 

was measured using spectrometry. 

 

Sample quality control by quantitative real time polymerase chain reaction 

(qrt-PCR) 

To determine the developmental expression profiles of several genes, each total 

RNA sample was converted to cDNA.  Single-stranded cDNA synthesis was 

performed using the SuperScript III First-Strand Synthesis Supermix with 
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oligo(dT) primers (Invitrogen, www.invitrogen.com).   Each reaction was prepared 

in triplicate using the LightCycler 480 SYBR Green I Master Kit (Roche; 

www.roche.com) and transcripts were quantified using the LightCycler 480 Real-

Time PCR Instrument (Roche, www.roche.com).  After 1 minute at 95ºC, 45 

cycles (95 ºC for 10 s; 68 ºC for 10 s and 72 ºC for 10 s) were carried out for the 

amplification of each gene.  The primers used to amplify Bm-RpL3, Bm-dib, Bm-

MSBP, Bm-Cyp4G25, Bm-Bras1, Bm-IF-4Ebp and Bm-HpC19 are shown in 

Appendix C. Bm-RpL3 was chosen as a reference and each gene was 

normalized to Bm-RpL3 levels in the same sample.   Analysis of relative gene 

expression was done using the 2-∆∆CT method [86].   

 

Illumina Library Preparation   

To reach a total of 50 µL sample, with the highest concentration of RNA possible, 

the RNA biological duplicates were combined in a manner such that all remaining 

32 µL of the higher concentrated sample was combined with 18 µL of the lower 

concentrated sample.  The remaining 18 µl of the lower concentrated RNA 

biological duplicate was stored at -80ºC.  Four RNA samples for library 

preparation were generated and submitted: 1h–PTTH, 1h+PTTH, 3h–PTTH, 3h+PTTH. 

 

RNA sequencing libraries were prepared according to manufacturer 

specifications by the University of Minnesota’s Biomedical Genomics Center 

(BMGC) using the Paired-end mRNA-Seq 8-Sample Prep Kit (Illumina; 
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www.illumina.com).  The submitted samples contained approximately 12 

micrograms of total RNA in 50 µL.  As a quality control, the BMGC tested the 

total RNA concentration by RiboGreen RNA Quantitation Reagent and Kit 

(Molecular Probes; www.invitrogen.com).  An Agilent 2100 Bioanalyzer using an 

RNA 6000 Nano Chip Kit was used to determine the RNA Integrity Number 

(Agilent; www.agilent.com).   

 

Illumina Sequencing 

 This project was sequenced on a 100 bp paired end run on the Hiseq 2000 

(Illumina; www.illumina.com). Four samples were analyzed: 1h–PTTH, 1h+PTTH, 3h–

PTTH, 3h+PTTH.  The one hour (1h–PTTH and 1h+PTTH) libraries were pooled and the 

three hour (3h–PTTH and 3h+PTTH) libraries were pooled.  The one hour and three 

hour pools were each sequenced across two lanes, and two reads were 

performed for a total of eight lane reads.  The data for both reads was trimmed to 

50 bp because of low read quality after approximately cycle 65 in read 1.  The 

average Qscore for the 50 bp trimmed data set met BMGC quality control 

requirements, with an average Qscore of over 30 for each lane.  Approximately 

50 million pass filter reads were achieved for all samples. The data was 

transferred to Minnesota Supercomputing Institute (MSI) and deposited in the 

Michal O’Connor laboratory account for analysis on Galaxy software; the data 

was additionally backed up on an external terabyte hard drive.  The 
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bioinformatics data analysis is being performed on Galaxy software by C. 

Brakken-Thal at the time this thesis is being written. 

 

c. Results 

Bombyx animals were a heterogenous population and needed semi-sterile 

conditions to develop on time. Bombyx larvae were grown from eggs received 

from Mulberry Farms, LLC.  The larvae appeared to be a heterogenous mix of 

strains with different body markings (data not shown).  Despite the heterogenous 

mix, healthy Bombyx animals proceeded through development essentially as 

expected; fifth instar wandered on day 8 (V7) and pupated on day 12 (V11).  The 

wandering and pupation occurred approximately one day later than previously 

reported [20,55].  Because of their intensive domestication, Bombyx can be 

vulnerable to disease, even in the laboratory [87,88].  We found that mold 

contamination and exposure to areas contaminated with baculovirus made the 

Bombyx sick and eventually caused lethality before or during the fifth instar 

stage.  To avoid these complications, the following procedures were followed: 

Bombyx were grown in a room separated from areas contaminated with 

baculovirus and care was taken to avoid contamination; all food was sterilized by 

autoclaving; food was changed every 24 to 48 hours; Bombyx were kept in a 

25ºC incubator where moisture levels were closely monitored; and all containers 

and tools were washed in a bath of 3.7% formaldehyde and wiped with a 70% 

ethanol spray before coming in contact with Bombyx or the food source.  Once 
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these procedures were implemented, the Bombyx developed in a manner that 

was generally consistent with previous reports [55].   

 

PTTH stimulation of PGs was most robust in unsupplemented medium with 

BSA. To determine what type of insect medium caused the most robust reaction 

to PTTH signaling, we tested dib expression in Bombyx PGs that were incubated 

in supplemented and unsupplemented Grace’s Insect Medium, with or without 

BSA added.   We found that dib expression increased most robustly when 

incubated the PGs for three hours in unsupplemented Grace’s Insect Medium 

with BSA (Figure 5).  To further verify our results, we measured the expression of 

three other genes, Bm-msbp, Bm-If4ebp, and Bm-Hpc19, in unsupplemented 

Grace’s insect medium with BSA (Figure 6).  As expected, Bm-dib and Bm-mspb 

expression increased in response to PTTH, while Bm-If43bp and Bm-Hpc19 

expression decreased. 
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Figure 5: dib expression in several types of Grace’s Insect Media   
dib expression in four Grace’s media types: old unsupplemented with BSA, new unsupplemented 
with BSA, new supplemented with no BSA and new unsupplemented with no BSA.  There are no 
error bars because biological replicates were not performed. 
 

 

 

Figure 6: Gene expression changes in unsupplemented Grace’s Insect Media 
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Gene expression in PGs incubated in new unsupplemented Grace’s Insect Media with BSA. Bm-
dib and Bm-msbp expression increases in response to PTTH stimulation while Bm-IF43bp and 
Bm-HpC19 expression decreases in response to PTTH stimulation. There are no error bars 
because biological replicates were not performed. 
 

 

20E was released into the media after PTTH stimulation. To verify that PTTH 

stimulation of Bombyx PGs resulted in ecdysteroid release, as has been 

previously reported [55,89], we performed a 20E ELISA using the post-incubation 

medium.  As expected, after one hour PTTH stimulated PGs released more 

ecdysteroid (0.66 ± 0.09 ng /gland) than the unstimulated control (0.15 ± 0.01 

ng/gland).  In the samples that were incubated for three hours, the effect was 

even more dramatic: PTTH-stimulated PGs released over 3.5 times more 

ecdysteroid than the unstimulated control (3.53 ± 0.06 ng/gland versus 0.26± 

0.06 ng/gand) (Figure 7).  The ecdysteroid released into the media was a bit 

lower than has been previously reported, however, this is likely due to the fact 

that the Bombyx animals were one day delayed in their wandering and pupation 

[55,89]. 
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Figure 7: PTTH-stimulated PGs release more ecdysteroid than control PGs.  
After one hour PTTH stimulated PGs released 0.66 ± 0.09 ng /gland while unstimulated controls 
released 0.15 ± 0.01 ng/gland.  After three hours, PTTH-stimulated PGs released 3.53 ± 0.06 
ng/gland whereas control glands released 0.26± 0.06 ng/gland. Data was collected by a standard 
20E ELISA assay. Error bars indicate standard error of the mean. 
 

 

PTTH stimulation causes an increase in Bm-dib and Bm-msbp expression 

and a decrease in Bm-IF43bp expression. Before submitting our samples for 

downstream Illumina processing, we wanted to verify that PTTH-responsive 

genes were, in fact, responding as expected to PTTH stimulation. To do this, we 

used qrt-PCR to look at expression of several genes.  The expression of Bm-dib, 

Bm- msbp, Bm-Cyp4G25 and Bm-Bras1 increases in response to PTTH 

stimulation while Bm-IF43bp and Bm-HpC19 expression decreases, as detected 

by qrt-PCR (personal communication with N. Yamanaka) [55].  Unfortunately, we 
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were unable to reliably amplify fragments of Bm-cyp4G25, Bm-bras1, or Bm-

HpC19 using the primers in Appendix C.  However, we did find that both Bm-dib 

and Bm-msbp expression increased in response to PTTH stimulation while Bm-

IF43bp expression decreased in response to PTTH stimulation (Figure 8). 
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Figure 8. Gene expression changes in PTTH stimulated PG. 
Bm-dib and Bm-msbp expression increases in response to PTTH stimulation while Bm-IF43bp 
expression decreases in response to PTTH stimulation, as detected by qrt-PCR.  (a) Fold change 
of dib, msbp and If4ebp after one hour incubation with and without PTTH.  (b) Fold change of dib, 
msbp, and IF4Ebp expression after three hours of incubation with and without PTTH. Error bars 
indicate standard error of the mean. 
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Electropherograms of Bombyx RNA show a signaling pattern characteristic 

of most insects.  

To test the integrity of the RNA samples submitted for Illumina library preparation 

and sequencing, samples were analyzed on an Agilent 2100 Bioanalyzer using a 

Eukaryote Total RNA Nano assay to calculate a RNA Integrity Number (RIN).  

Typically, RNA electropherograms from heat-denatured eukaryotic rRNA 

samples display a signal profile that contains two clear peaks: one at 18S (~1900 

nt) and one at 28S (~3800 nt) [90-93].  However, the electropherograms from all 

four of our submitted samples contained a unique profile: a doublet peak at the 

18S rRNA area and an absence of a peak at the 28S rRNA area (Figure 9 and 

Table 1).  The lack of a 28S peak resulted in low, and in one case, absent, RIN 

number. Low or absent RIN numbers generally indicate poor quality or degraded 

RNA [92,93].  Curiously, the electropherograms from our samples did not show a 

dramatic increase in baseline signal which is characteristic of samples that have 

undergone RNA degradation [90]. Interestingly, reports of a so-called “hidden 

break” in the 28S rRNA has been reported in numerous insect types, including 

Diptera, Lepidotera, and Hymenoptera [93-95].  The hidden break has been 

suggested to be introduced into the RNA chain during maturation and that the 

two 28S fragments are held together by non-covalent interactions, mainly 

through hydrogen bonds [93].  The heat denaturing conditions of the Agilent 

Eukaryote Total RNA Nano assay likely results in the separation of the two 28S 

fragments that co-migrate with the 18S band [93,96].  Therefore, the observed 
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rRNA profiles from the Bombyx samples and corresponding low RIN scores 

reflect the endogenous components of the insect rRNA after heat denaturation 

rather than being indicative of RNA degradation.  
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Figure 9: Analysis of RNA integrity from Illumina samples. 
The RNA integrity of the four samples submitted for Illumina sequencing. (a) to (e)  
Electropherograms from the Agilent 2100 bioanalyzer showing the distribution of rRNA fragments 
from each sample. (f) An electropherogram of the ladder. The x-axis is nucleotides (nt) and the y-
axis is fluorescent units (fu). The peaks for the eukaryotic 18S (red) and 28S (green) ribosomal 
subunits are indicated on each electropherogram.   In lepidoptera, such as Bombyx, the 28S 
rRNA complex is comprised of two hydrogen-bonded fragments that, upon heat denaturation, 
separate and co-migrate with the 18S rRNA fragment.  A doublet peak can be observed in each 
insect electropherogram at approximately 1900 nt.   
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Table 1: Table indicating the RNA Integrity Number (RIN). 
The concentration of RNA in each sample is indicated in ng/µL of total RNA of each sample and 
the corresponding RNA Integrity Number (RIN). The RIN values are low due to the absence of 
the 28S peak that is characteristic of most insects but is present in most other eukaryotes.  RIN 
values sometimes cannot be computated if the computer software finds an unexpected peak or 
signal in certain regions; this happened in one sample and is indicated by n/a. 
 

d. Discussion 

Several reports have established that in lepidopteran and dipterian insects, PTTH 

signaling to the PG triggers ecdysone biosynthesis and release, which directly 

elicit molting and metamorphosis [6-8,37,46].  It has been previously shown that 

PTTH signals directly through the Torso/ERK pathway, however target genes of 

ERK signaling remain largely unidentified [4].  To fully understand the role of 

PTTH on ecdysteroid production in the PG, it is essential to identify what gene 

programs are up and down regulated in response to PTTH.  In the present study, 

we used Illumina Next Generation sequencing to compare the whole 

transcriptome of PTTH-stimulated and unstimulated Bombyx PGs to find genes 

that are up and down regulated in response to PTTH.   
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A more in-depth discussion of the results will be possible after the bioinformatics 

portion of this project has been completed, currently that analysis is in progress 

by C. Brakken-Thal.  However, below is a discussion outlining the framework in 

which we hope to discuss our results once the bioinformatics is complete. 

 

First, we hope to quantify the sensitivity of our assay.  This can be accomplished 

by identifying the number of total genes expressed in Bombyx larval PGs.  This 

total gene number would include all genes expressed in the PG (i.e. both PTTH-

responsive genes and housekeeping genes).  Then, of this total number of genes 

we can identify the number of genes that show differential expression in 

response to PTTH.  These differentially expressed genes could be further broken 

down into two categories: (1) genes down-regulated in response to PTTH and (2) 

genes upregulated in response to PTTH.  Since the PTTH stimulation was 

carried out in two different time frames (i.e. one hour PTTH stimulation and 3 

hours PTTH stimulation), we can further characterize genes as quick-response 

PTTH genes and slow-response PTTH genes.   

 
Second, we can verify our results by comparing the genes we identify to genes 

we know are affected by PTTH-stimulation.  For example, we know from previous 

reports and from our own qrt-PCR results that some genes have increased 

expression in response to PTTH-stimulation, these include genes such as: dib, 

phm, msbp, Cyp4G25, bras1 and Drosophila Hormone Receptor 4 (DHR4) 

[4,55].  Additionally, we know some genes have decreased expression in 
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response to PTTH, including: IF43bp, HpC19 and Cyp6t3 [4,55]. Therefore, we 

would expect that these genes would be identified in the bioinformatics analysis 

as PTTH-responsive genes. 

 
Third, and most important, we hope to uncover genes that have yet-to-be 

discovered as PTTH-responsive genes.  These genes could be players in the 

PTTH-Torso MAP kinase pathway in the PG, genes involved in the Black Box 

reaction of ecdysone synthesis, transcription factors necessary for expression of 

PTTH-responsive elements, or other genes involved in PTTH signal transduction.   

 

To further verify newly uncovered genes in Bombyx PTTH-signaling, we can 

compare our results with an unpublished microarray analysis performed by the 

King-Jones lab. In this microarray, they used Drosophila melanogaster with 

ablated PTTH neurons (PTTH knock-out animals) and compared to the gene 

expression to animals with intact PTTH neurons.  We would expect that there 

would be overlap in the results.  For example, we would predict that Halloween 

genes, such as dib and phm whose expression increases in response to PTTH 

stimulation will likely have no expression change in Drosophila with ablated 

PTTH neurons.    

 

Finally, the limitations of our experimental design should be noted.  First, we 

used a heterogenous silkworm population for experiments because the only 

sources for Bombyx in the United States have mixed populations.  The 
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heterogeneity amongst the silkworms is likely to cause some variability in gene 

sequence and potentially in gene expression [97].  The variability was normalized 

as much as possible by preparing biological duplicates of each sample that 

contained ring glands from several animals, split between control and PTTH-

stimulated samples.   

 

The second limitation of our experimental design is the current annotation of the 

silkworm genome is not as advanced as other model organisms.  The sequence 

of Bombyx genome is not currently available in a format that amends itself to 

bioinformatics analysis of Illumina data.  This has resulted in a process that has 

taken longer than expected.  C. Brakken-Thal is continuing to work on the 

bioinformatics of this project and once the bioinformatics is complete, more 

discussion of results will be possible.   
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CHAPTER 3: IDENTIFICATION AND CHARACTERIZATION OF 

ENHANCER ELEMENTS REGULATING INDUCTION OF ECDYSONE 

(EERIE) REGIONS OF PHM, SPOK, AND DIB 

a. Chapter Introduction and Aim 

 

Ecdysone (E) is synthesized in the prothoracic gland cells of the Drosophila ring 

gland[6].   A group of enzymes, mainly cytochrome P450 monoxygenases, 

catalyze the step-wise conversion of dietary cholesterol to E [6,62].  Several of 

the cytochrome P450s are members of the so-called Halloween gene group.  

The Halloween genes were identified in a 1984 mutagenesis screen and share a 

common “scary” phenotype: a mid-embryonic failure to form a differentiated 

cuticle [59-61]. Subsequently, several of the Halloween gene P450s were shown 

to be enzymes involved in the biosynthesis of dietary cholesterol to 20E. 

 

Previously, it had been shown through RT-PCR analysis that some Halloween 

genes, including spookier (spok) and phantom (phm), fluctuate expression 

throughout larval development [62,80].  Furthermore, PTTH has been shown to 

directly regulate disembodied (dib), spok, and phm expression in B. mori [55].  

This lead our lab to ask the question, is there a PTTH responsive element that is 

common among PTTH-stimulated genes?  
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To address this question, we performed a promoter-bashing experiment, 

whereby we chose putative Enhancer Element Regulating Induction of Ecdysone 

(EERIE) regions near spok, phm, and dib to see if they were sufficient to cause 

reporter gene expression in vivo.  Using the reporter construct, pH-Stinger, we 

screened putative Halloween EERIE regions for GFP expression in third instar 

larvae.   

 

Here, we report the identification of broad EERIE regions near spok, phm, and 

dib.  Additionally, we have identified minimal EERIE regions for spok, phm and 

dib. Finally, we were able to identify specific, highly-conserved regions within the 

minimal EERIE region of phm that are necessary for reporter gene expression, 

indicating that these highly conserved regions may be important for a PTTH 

response in vivo. 

 
b. Materials and Methods 
 
Drosophila Genetics and growth conditions 

All Drosophila crosses were carried out at 25ºC or at room temperature on 

standard media in vials.  Transgenetic flies were obtained by standard 

transgenetic injection techniques performed either by Duke University Model 

System Genomics (www.biology.duke.edu/model-system/) or BestGene Inc. 

(www.thebestgene.com/). 
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For timing experiments, approximately 100 total male and female adult 

Drosophila were placed in small cages with apple juice-agar plates and yeast 

paste. The cages were kept at 25ºC and allowed to acclimate for at least 24 

hours.  Eggs were collected over a two hour time period (t = 0 AEL).  Twenty four 

hours after egg lay (24 AEL), the animals hatched and approximately 50-100 first 

instar larvae were transferred to a bottle with standard food supplemented with 

dH2O and yeast.  Animals were collected at 76-78 AEL (two to four hours 

following the second to third instar molt) and at 120 AEL (immediately before 

pupariation).  Animals were allowed to cool in an ice cold phosphate buffered 

saline (PBS) bath before dissection.  

 

pH-Stinger reporter transgene construction 

pH-Stinger, containing a nuclear eGFP reporter gene was used to screen for 

enhancer sequences [98].  DNA fragments spanning putative EERIE regions 

were PCR-amplified using the GoTaq Kit (Promega, www.promega.com). The 

template DNA was generated from single y-w-males using standard techniques.  

Fresh PCR product of the amplified EERIE regions were directly subcloned into 

pCR®II-TOPO plasmid using the TOPO-TA Cloning kit (Invitrogen, 

www.invitrogen.com).   Positive clones were screened for insert orientation by 

restriction digest and verified by Sanger sequencing at the University of 

Minnesota’s Biomedical Genomics Center (BMGC).   
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Site-directed mutagenesis was performed on EERIE in pCR®II-TOPO using the 

QuikChange Site-Directed Mutagenesis Kit (Stratagene; www.stratagene.com). 

 

To subclone from pCR®II-TOPO into pH-Stinger, the EERIE-pCR®II-TOPO was 

cut using: BamHI/XbaI (to preserve 5’�3’ orientation); XhoI�KpnI (to reverse 

3’�5’ orientation); or, in rare cases, EcoRI (in the instance where the EERIE 

region contained one of the other restriction enzyme sites).  EERIE fragments 

were gel-purified using the QIAquick Gel Extraction Kit (Qiagen, 

www.qiagen.com) and the fragments were ligated into similarly cut pH-Stinger 

vectors using standard techniques.  Positive clones were digested and Sanger 

sequenced (BMGC) to confirm orientation and sequence.   

 

GFP expression screening 

Transgenetic Drosophila lines were screened for the presence of nuclear GFP in 

wandering third instar larvae using a fluorescent dissecting microscope.  The 

number of independent transgenetic lines screened can be seen in Appendix D.  

Representative pictures of GFP expression were generated from unfixed 

samples mounted in 80% glycerol. 

 

Quantitative analysis of eGFP expression   

Brain-ring gland complexes were dissected from 76h AEL and 120h AEL animals 

on ice.  Each sample contains the brain-ring gland complexes from 10 animals; 
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each time point was collected in biological triplicates.  During dissection, brain-

ring gland complexes were kept in ice cold PBS before being homogenized in 

500 µl of TRIzol® Reagent using a sterile 0.6 mm x 25.4 mm needle and 1 cc 

syringe.  After homogenization, collected samples were stored at -80ºC.  After 

thawing, the homogenized samples were incubated at room temperature for five 

minutes before adding 350 µl of buffer RLT (Qiagen RNeasy Mini Kit, 

www.qiagen.com) containing 1% ß-mercaptoethanol.  Samples were vortexed 

and 100 µl of chlorophorm was added before spinning at 12,000 rpm for 15 

minutes at 4ºC.  The aqueous phase was removed and RNA was isolated 

according to manufacturer guidelines beginning with step five (QIAGEN, RNeasy 

Mini Handbook, November 2010, page 43).  Total RNA was eluted from the 

column using 50 µl of RNase-free dH2O.   

 

Single-stranded cDNA synthesis was performed using the SuperScript III First-

Strand Synthesis Supermix with oligo(dT) primers (Invitrogen, 

www.invitrogen.com).  Each reaction was prepared in triplicate using the 

LightCycler 480 SYBR Green I Master Kit (Roche; www.roche.com) and 

transcripts were quantified using the LightCycler 480 Real-Time PCR Instrument 

(Roche, www.roche.com).  After 1 minute at 95ºC, 45 to 55 cycles (95º for 10 s; 

65ºC for 10 s and 72ºC for 10 s) were carried out for amplification. The primers 

used were Dm-Rpl3 and eGFP (Appendix C).  Dm-RpL3 was chosen as a 

reference gene and eGFP expression was normalized to Dm-RpL3 in the same 
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sample. Analysis of relative gene expression was accomplished using the 2-∆∆CT 

method [86]. 

 

c. Results 

Characterization of three Halloween gene minimal EERIE region using pH-

Stinger 

To find the enhancer region for three of the Halloween genes, phm, spok, and 

dib, we made a number of putative enhancer region constructs of various sizes 

and cloned them into the reporter construct, pH-Stinger, to generate transgenic 

animals.  Our strategy was to find a minimal enhancer region that was necessary 

and sufficient for PG-specific eGFP expression with the ultimate goal of 

uncovering a PTTH-responsive element contained within the sequence.  The 

genomic regions we assayed included: the genomic region 5’ upstream from the 

gene, the genomic region 3’ downstream from the gene, and also intronic regions 

of the gene.   We were able to find minimal enhancer regions for three of the 

Halloween genes: phm, spok, and dib. 

 

Phantom (phm) EERIE region 

To determine a putative phm enhancer region, several genomic sequences 

upstream from the phm transcriptional start sight were cloned into pH-Stinger, 

these genomic sequences ranged in size from 69 basepairs to 1.2 kb (Figure 
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10)6.  After transgenic animals were generated, they were screened for reporter 

GFP expression in the PG.  Eight of the eleven phm EERIE regions were found 

to be sufficient for reporter GFP expression, while three regions were not 

sufficient for GFP expression in the PG (Figure 10).  The smallest region 

necessary and sufficient for reporter gene expression in the PG was a 69 bp 

region (F3.2-R4), called the minimal phm EERIE region (Figure 10). 

 

Figure 10: Analysis of phm EERIE constructs. 
Eleven phm EERIE constructs were tested for their ability to drive GFP expression in the PG.  Of 
the eleven constructs, eight were capable of driving GFP expression in the PG.  Two of these 
constructs, F2-R1 (800 bp phm EERIE) and F3.2-R4 (minimal 69 bp phm EERIE) were used in 
subsequent experiments.  These experiments were designed and conducted by M.J. O’Connor 
and K. Rewitz. 
 

                                                 
6
 Mary Jane O’Connor and Kim Rewitz performed the initial work identifying the phm EERIE 

regions and minimal phm EERIE region. 
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To further analyze what sequences within the minimal phm EERIE region are 

essential for PG expression, the Drosophila melanogaster minimal phm EERIE 

region sequence was compared to the analogous sequence from a closely 

related relative, Drosophila pseudoobscura. Five highly conserved motifs (“mot”) 

were identified (mot1 to mot5) (Figure 11)7.   

 

To test if each of the five conserved phm EERIE motifs were necessary for GFP 

expression in the PG, mot1 through mot5 were each mutated.  The resulting 

transgenic animals were screened for GFP expression in the PG.  As a control, 

one region that was not conserved (NC) was also mutated and screened (Figure 

11).  As expected when the NC motif was mutated, GFP expression in the PG 

was maintained (Figure 11).  This was also true for mot4, indicating that these 

mutated regions are not essential for PG-specific gene expression.  However, 

when mot1, mot2, and mot3 were mutated, GFP expression in the PG was 

absent, indicating that these highly conserved motifs are essential for specific PG 

expression.  Interestingly, when mot5 was mutated, GFP expression in the PG 

appeared to be much stronger than in the minimal phm EERIE region (Figure 

11). 

                                                 
7
 Kim Rewitz compared and identified the conserved motifs and I performed the site directed 

mutagenesis and screen of the resulting transgenic animals. 
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Figure 11: Analysis of minimal phm EERIE region. 
Comparison of minimal phm EERIE region between Drosophila melanogaster (Dm) and 
Drosophila pseudoobscura (Dp).  The highly conserved motifs are as follows (from left to right): 
mot1 (purple), mot2 (blue), mot3 (green), mot4 (orange), mot5 (dark purple).  The not conserved 
(NC) motif is shown in red in the Dm phm EERIE region.  Each of these motifs were mutated to 
see if it disrupted reporter GFP expression in the PG.  The table displays the results.  The 
minimal Dm-phm EERIE transgenic animals express GFP in both the prothoracic gland (PG) and 
the salivary gland (SG).  All the phm EERIE constructs express GFP in the SG, due to 
background caused by using pH-Stinger as a vector.  GFP expression in the PG was maintained 
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when the NC, mot4, and mot5 motifs were mutated.  GFP expression was not detected in mot1, 
mot2, or mot3 transgenic animals, indicating that these motifs are necessary for specific 
expression in the PG.  The far right column indicates the number of transgenic lines derived from 
independent insertion events.  Brain-ring gland complexes from mot3, mot4, and mot5 are shown.  
Mutation of mot3 (green) resulted in no GFP expression in the PG.  Mutation of mot4 (orange) 
resulted in maintenance of GFP in the ring gland.  Mutation of mot5 (purple) resulted in stronger 
GFP expression in the ring gland.  All photographs were taken at the same exposure time. 
 

Spookier (spok) EERIE region 

To determine a putative spok enhancer region, 1.45 kb upstream from the spok 

transcriptional start sight was cloned into pH-Stinger; transgenic animals were 

generated and screened for GFP expression in the PG. The 1.45 kb region was 

found to be sufficient for GFP expression (Figure 12)8. To identify smaller regions 

sufficient for PG expression, the 1.45 kb region was broken into eight genomic 

sequences (spok1 through spok8), these genomic sequences ranged in size 

from approximately 250 basepairs to 300 bp and each was cloned into pH-

Stinger and transgenic animals were generated and screened for GFP 

expression (Figure 12).  Of the eight regions, only the spok1 region was 

necessary and sufficient for GFP expression in the PG (Figure 12). 

                                                 
8
 Mary Jane O’Connor identified the 1.45 spok EERIE region.  
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Figure 12: Analysis of spok EERIE regions. 
Eight spok EERIE constructs were tested for their ability to drive GFP expression in the PG.  Of 
the eight constructs, only two were capable of driving GFP expression in the PG.  Two of these 
constructs, spok 1.45 kb EERIE and spok1 minimal EERIE were used in subsequent 
experiments.  The spok1.45 kb EERIE construct was designed and transgenic animals were 
made by MJ O’Connor; all other spok EERIE constructs and subsequent transgenic animals were 
made by RJH. 

 

To further analyze if spok1 contains any motifs that are necessary for reporter 

gene expression in the PG, we attempted to compare the Drosophila 

melanogaster minimal spok EERIE region sequence to the analogous sequence 

from a closely related relative, Drosophila pseudoobscura.  However, we were 

unsuccessful in identifying the analogous upstream region in pseudoobscura 

(data not shown).  Instead, we used the four motifs identified in the phm EERIE 

region that, when mutated, resulted in altered GFP expression in the PG (mot1, 

mot2, mot3, and mot5) and found six similar sequences in the spok1 region 
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(spok1-M1 through spok1-M6) (Figure 13).  These similar motifs were mutated 

using site-directed mutagenesis, cloned into pH-Stinger, and transgenic animals 

were generated and screened for GFP expression in the PG.  Mutated motifs 

spok1-M3 through spok1-M6 did not display any change in GFP expression, 

indicating that these regions are not essential for specific gene expression in the 

PG. 

 

Site-directed mutagenesis of two of the regions, spok1-M1 and spok1-M2, have 

yet to be completed.  The motifs of spok1-M1 and spok1-M2 are located in an 

AT-rich region, making site-directed mutagenesis difficult.  To overcome this 

technical obstacle, we used gene synthesis to obtain plasmids with the mutated 

regions.   
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Figure 13: Analysis of spok1 minimal EERIE region. 
Comparison of minimal phm EERIE region with the spok EERIE region. Using the four highly 
conserved motifs found in phm EERIE that were necessary for GFP expression (shown in BOLD 
UNDERLINE) we identified five similar regions in the spok1 EERIE region.  spok1-M1 (red), 
spok1-M2 (blue, unitalicized), spok1-M3 (green), spok1-M4 (blue italics), spok1-M5 (purple), and 
spok1-M6 (yellow).  The similar nucleotides are highlighted in the same color in the phm EERIE 
sequence.  spok1-M1 contains a sequence that was not conserved.  Each of these motifs were 
mutated to see if it disrupted reporter GFP expression in the PG.  The table displays the results; 
spok1-M3 through spok1-M6 expressed GFP in the PG, indicating that these regions are not 
essential for specific PG expression.  There is no data yet available for spok1-M1 and spok1-M2.  

 

Disembodied (Dib) EERIE region 

Determination of the dib EERIE region was more difficult than for phm and spok.  

Previous attempts by our lab to isolate a dib EERIE region in the 5’ region 

upstream of dib proved unsuccessful (MBO, personal communication).  We then 

set out to determine if a necessary EERIE region was contained either 
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downstream of dib or within the dib gene9 (Figure 14).    We were able to identify 

a 420 bp region within dib that spanned the third and fourth introns that is 

sufficient for GFP expression in the PG (Figure 14).  To further identify what area 

within the 420 bp dib EERIE region is necessary for GFP expression in the PG, 

we cloned a 190 bp fragment that spans the third but not the second intron.  This 

190 bp dib EERIE fragment is sufficient for weak GFP expression in the PG.  

 

 

Figure 14: Analysis of putative dib EERIE regions. 
Identification of the dib EERIE region.  Several genomic regions around and within the dib gene 
were tested as putative EERIE elements. Of the seven constructs, only two were capable of 
driving GFP expression in the PG.  dib intron 3+4 (420 bp) EERIE showed strong GFP 
expression in the PG while dib intron 4 (190 bp) had very faint GFP expression in the PG.  The 
upstream-dib EERIE construct was tested by a previous O’Connor lab member.  The upstream-
dib + intron 2, intron 2, and dib 3’ downstream EERIE elements were designed, cloned and tested 
by RJH and Abdi Ibraham.  All other constructs were made and tested by RJH. 

 

                                                 
9
 Some of the dib EERIE cloning and screening was carried out by an  undergraduate research 

assistant, Abdi Ibraham. 
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Quantification of EERIE GFP expression to find PTTH-responsive elements 

To identify if a PTTH-responsive element is present in the minimal EERIE region 

of phm and spok, we wanted to determine if the level of the GFP reporter gene 

transcript changes during third instar.  If PTTH is working to induce gene 

expression of Halloween genes, such as dib and spok in vivo, we hypothesized 

that expression of these genes would be low at the beginning of the third instar, 

after molting and high at the end of third instar state, in preparation for 

pupariation.  In other words, we hypothesized that if the EERIE region did not 

contain a PTTH-responsive element, we would see no change in the level of 

GFP transcript in early and late third instar.  However, if the EERIE region did 

contain a PTTH-responsive element, we would expect an increase in the level of 

GFP transcript at the end of third instar. 

 

The data thus far are not conclusive because of the large amount of error present 

in our qrt-PCR samples (Figure 15).  The 300 bp minimal spok EERIE region, 

spok1, trended towards a slight increase in gene expression between the 74 hour 

(early third instar) and the 120 hour (late third instar samples), however the data 

is not statistically significant (Figure 15).  Interestingly, when the same 

experiment was performed using the full length 1.45 kb spok EERIE region, we 

observed a greater amount of GFP expression in our 74 hour (early third instar) 

samples compared to the 120 hour (late third instar) samples (Figure 15).  
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However, once again due to the large amount of error, this data is not statistically 

significant. 

 

When a similar experiment was performed using an 800 bp phm EERIE element, 

comparing a 96 hour (mid-third instar larvae) with a 120 hour (late third instar 

larvae) we observed a trend towards an increase in GFP expression, however, 

once again, this data is not statistically significant.   

 

Figure 15: eGFP expression as detected by qRT-PCR from phm and spok EERIE samples. 
(A) qRT-PCR of eGFP from spok1 EERIE (light blue) and 1.45 kb ups spok (dark blue) EERIE 
samples.  There is no statistically significant difference between the 74 hour and 120 hour larvae 
in either spok1 or 1.45 kb ups spok EERIE sample.  (B) qRT-PCR of eGFP from the 800 bp phm 
EERIE sample.  Although the trend is that eGFP is expressed at a higher level after 120 hours, 
the difference is not significant.  Error bars represent standard error of the mean. 
 

d. Discussion 

We have successfully identified large and minimal EERIE regions for phm, spok, 

and dib. These regions are necessary and sufficient for specific GFP reporter 

gene expression in the PG and salivary glands of transgenic animals in late, 

wandering stages of the third instar stage.  Although GFP is expressed in the 

salivary gland of these transgenic animals, we still conclude that the elements 
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identified are PG-specific because GFP expression in the salivary gland common 

background when using the pH-Stinger vector [99].  In fact, salivary gland 

expression of GFP has served as a positive control, in addition to eye color 

change, when determining if the pH-Stinger element was successfully cloned into 

each transgenic line. 

 

In addition to finding a minimal phm EERIE element, we were able to identify four 

conserved motifs, that when mutated, altered GFP expression.  Mutation of three 

of these motifs, mot1, mot2, and mot3, resulted in loss of GFP expression, 

indicating that these motifs are important for PG-specific GFP expression.  

Mutation of mot5 resulted in an increase of GFP expression in the PG, possibly 

indicating that this motif may be important for PG-expression.  However, for 

these experiments, the level of GFP expression was not quantitative.  The 

pictures of PGs from transgenic animals were taken at the same exposure time 

but this is not a quantitative measurement.  Furthermore, variability exists 

between transgenic animal lines, due to the random insertion site of the P-

element transposon from the pH-Stinger vector.  Multiple transgenic lines of each 

sample type were generated and compared to ensure consistency.  However, the 

strength of GFP expression varied amongst each sample type.  Therefore, the 

increase in GFP expression in mot5 transgenic lines could simply be due to P-

element insertion location, rather than the mutation of the mot5 motif.   
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Despite the variability of the GFP strength amongst transgenic lines of the same 

sample type, we believe the results of our EERIE screen are sound since we 

measured several transgenic lines of each sample type and the variability never 

resulted in total loss of GFP expression.   

 

It is unclear if the EERIE elements we have isolated contained only PG-specific 

enhancer motif or if they also contain PTTH-responsive elements.  We 

hypothesize that the PG-specific enhancer motifs would need to be present for 

specific expression in the PG and that loss or mutation of these elements would 

result in loss of GFP expression.  In comparison, mutation or loss of a PTTH-

responsive element may result in decreased or absent expression of GFP in late 

third instar larvae.  Based on observation of GFP expression in the ring glands of 

early and late third instar we were unable to detect differences in GFP 

expression by eye.  Therefore, we set out to quantify any differences of GFP 

transcript levels between early and late third instar larvae.  We were unable to 

detect any statistically significant differences between early and late third instar 

larvae in either spok or phm EERIE samples.  There are several reasons why we 

observed no significant difference.   

 

First, there may be no difference in GFP reporter expression in either spok or 

phm.  While plausible, based on our current data, it may not be a convincing 

answer without further study.  Our data are not statistically significant and this is 
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due to a large amount of variability amongst biological replicates.  One reason for 

the variability is that RNA needs to be extracted from an extremely small sample 

size.  The PGs from ten larvae are needed to extract enough RNA for a qrt-PCR 

reaction.  Even with ten animals, the amount of RNA is low.  The number of 

animals used could be increased but the resulting increase in dissection time 

would likely result in increased RNA degradation, leading to another source of 

variability.  A second reason for varying results may come from the technical 

difficulty in separating early third instar PG-brain complex from other tissues.  It 

has been possible to ensure that no contaminating, GFP-expressing, salivary 

gland tissue is included, this would have resulted in an increase of GFP in the 

sample.  However, even a small amount of contaminating tissue, such as the gut, 

would result in a larger tissue sample, leading to an increase in the amount of 

reference gene, Rpl23, leading to inaccurate results.  These first two causes of 

variability may be overcome by skilled practice at dissection and isolation of 

samples.  However, I was unable to achieve reliable results.   

 

The third and final reason for variability may be that the amount of GFP 

expressed is so low that it is not reliably detected by qrt-PCR.  This is a likely 

scenario based on the melting curves of samples.  The melting curve generated 

from amplification of GFP from early third instar larvae occurs very late in the qrt-

PCR cycle, sometimes only two to three cycles before amplification from 

negative control wells.  This indicates that the small amount of GFP RNA in 
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samples isolated from early third instar may not be enough to reliably quantify the 

amount of gene expression.   

 

One way to attempt to troubleshoot this problem may be to use the 420 bp dib 

EERIE region in a similar type of experiment.  Dib exhibits a robust change in 

expression from early to late third instar in Bombyx, more-so than phm or spok 

[55].  Because of this more robust difference, changes in GFP gene expression 

may be more readily detectable in dib EERIE samples. 
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CHAPTER 4: CHARACTERIZATION OF THE PTTH-RESPONSIVE 

GENE, MEMBRANE STEROID BINDING PROTEIN (MSBP) 

a. Chapter Introduction and Aim 

The so-called Black Box reactions of 20E biosynthesis have not been fully 

characterized.  Spo and its functional paralog, Spok, are P450s known to be 

involved in the Black Box reaction [62]. However, when Drosophila S2 cells are 

transfected with spo and treated with radiolabeled precursors, no downstream 

radiolabled intermediates can be detected (H. Ono, unpublished data). One 

possibility is that a co-factor is needed to help catalyze the putative high-energy 

reaction of the Black Box [62].   

 

One possible co-factor is Membrane Steroid Binding Protein (MSBP, also called 

Pichb for PTTH inducible cytochrome P450-like heme binding protein).  MSBP 

was first identified as a PTTH responsive gene in Bombyx mori [85].  The MSBP 

homologue in yeast, Dap1, has been shown to be involved as a P450 co-factor in 

sterol synthesis [100].  This project began with the goal of determining if MSBP 

played a role in ecdysone biosynthesis as a putative co-factor of Spo and Spok in 

the Black Box reaction. 
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b. Materials and Methods 

Drosophila Genetics, stocks, and growth conditions 

All Drosophila crosses were carried out at 25ºC or at room temperature on 

standard media in vials.  The phm22>GAL4 driver was used to drive expression of 

several UAS constructs in the larval PG.  Five MSBP-RNAI stocks were obtained 

from the Vienna Drosophila RNAi Center: v5575, v45182, v45185, v45183, 

v45184 (VDRC, http://stockcenter.vdrc.at/control/main).  The P-element line used 

for imprecise P-element excision was line #103825 (y- w- P[GawB]tayNP0941 / 

FM7c) obtained from the Drosophila Genetic Resource Center (DGRC, 

http://www.dgrc.kit.ac.jp/en/).  P-element-mediated imprecise excision were 

made and mapped using standard techniques.  

 

In situ hybridization 

The RNA hybridization and detection were done according to standard protocols 

as described in [31,62,63].  To obtain the MSBP RNA sense and antisense 

probes, we used a cDNA vector containing MSBP in pBlueScriptSK- (cDNA 

AY061163; Berkeley Drosophila Genome Project; Drosophila Gene Collection 

Release 1; http://www.fruitfly.org/DGC/index.html).  For the MSBP antisense 

probe, pBlueScriptSK-MSBP was linearized with NotI and transcribed with the 

SP6 promoter; for the MSBP sense probe, the same construct was linearized 

with SpeI and transcribed with the T& promoter. 
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Immunohistochemistry 

Tissues from wandering third-instar larvae were fixed in 3.7% formaldehyde in 

PBS for 25 minutes, washed in PBS-Triton (0.1%), treated with primary antibody 

overnight at 4ºC overnight, exposed to secondary antibodies (Alexa Flour 488 or 

555; 1:200) at room temperature for two to four hours.  Samples were mounted in 

80% glycerol before viewing on the CARV microscope.   

 

Antibody generation 

The anti-MSBP antibody was generated by OpenBiosystems 

(https://www.openbiosystems.com/) using the standard two guinea pig 80 day 

protocol using a 20 amino acid peptide sequence 

(ERKNLPKSKTETDDTKQEKE) located in the C-terminus of MSBP.   
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Figure 16: MSBP expression in vivo 
(a-c) MSBP mRNA expression with sense and antisense digoxigenin-labeled MSBP ribo-probes. 
MSBP antisense riboprobe was detected in: (a) the ring gland (arrow)  of a 20 h embryo; (b) PG 
cells of the 3rd instar larval ring gland (arrow); and (c) the adult female ovary. (a’), ( b’), and (c’) 
are MSBP sense riboprobe controls.(d-e) Immunodetection of MSBP protein using α-MSBP.  
MSBP was detected in: (d) the ring gland (arrow) and enocytes (arrow heads) of a 20 h embryo; 
(e) the prothoracic (pt) cells but not the corpora cardiaca (cc) or corporus allatum (ca) cells of the 
third instar larval ring gland (in phm-GAL4; UAS-GFP animals); and (f) the follicle cells (fc) of the 
adult female ovary.  (e’) and (f’) are immuno controls using the prebleed serum from the guinea 
pigs used to generate α-MSBP. 
 

c. Results 

MSBP expression in ring gland, ovary and S2 cells 

Using in situ hybridization and immunohistochemistry (IHC) techniques, we have 

found that MSBP mRNA and protein is expressed specifically in the prothoracic 

cells of the PG and in the adult ovary (Figure 16).  In S2 cells transfected with 

tagged and untagged MSBP, MSBP can be detected by Western Blot and IHC.  

Mock transfected S2 cells express MSBP RNA. However, in these same cells 
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little or no MSBP protein can detected by Western Blot and IHC, indicating MSBP 

may be post-transcriptionally regulated (Figure 16). 

 

Generation of an MSBP antibody 

To detect MSBP in vivo, we generated an anti-MSBP antibody.  The pre-injection 

sera from the guinea pig does not detect MSBP, whereas post-injection sera 

specifically detects MSBP by both Western blot and IHC (Figure 17). 

 

Figure 17: Test of the guinea pig α-MSBP antibody by Western blot 
An α-MSBP antibody was generated by injecting an guinea pig with a 20 amino acid peptide 
sequence from the C-terminal end of MSBP.  When S2 cells were transfected with RGS(6)His-
tagged MSBP the guinea pig testbleed detected a band at 31 kD that overlapped with the 
RGS(6)His tag, indicating that the testbleed specifically detects MSBP.  However, when the blot 
was probed with the guinea pig prebleed sera, no band was detected. 
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MSBP orientation 

MSBP is a transmembrane protein with an N-terminal cytoplasmic domain. To 

test the membrane orientation of MSBP, S2 cells were transfected with MSBP or 

V5-MSBP-HA.  Cells were fixed and either permeabilized or left unpermeabilized 

(Figure 18).  Antibodies directed towards the C-terminal end of MSBP or V5-

MSBP-HA could be detected under both cell permeable and unpermeable 

conditions, however, an antibody directed towards the N-terminal of HA-MSBP-

V5 could not be detected in cell unpermeable conditions, indicating that the N-

terminal of MSBP is cytosolic, while the C-terminal is extracellular (Figure 18). 

 



 

 77 

 

Figure 18: MSBP Orientation 
The C-terminal region of MSBP is extracellular.  (a)-(b) To test the orientation of MSBP, S2 cells 
were fixed and then permeablized or unpermeabilized.  (c)-(d) S2 cells transfected with MSBP 
and stained with α-MSBP (which was generated using a peptide corresponding to 20 residues of 
the C-terminal end of MSBP); MSBP was detected in both (c) permeable and (d) unpermeable 
conditions.  (e)-(f) S2 cells transfected with HA-MSBP-V5 and stained with α-HA and α-V5; (e) the 
C-terminal V5 tag could be detected under both conditions, (f) however the N-terminal tag could 
only be detected under permeable conditions.   

 

MSBP RNAi knockdown animals arrest at 2nd instar 

To study the phenotype of MSBP knockdown animals the Gal4/UAS system was 

used to specifically drive expression of MSBP-RNAi in the ring gland using the 

phantom (phm) promoter to drive GAL4 expression. 33% of phm>GAL4;UAS-
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MSBP-RNAi (phm>MSBP-RNAi) animals were phenotypically normal, however 

66% did not pupate.  Some phm>MSBP-RNAi larvae arrested in the 2nd instar 

larval stage indefinitely (Figure 19).   

 

 

 

Figure 19. MSBP-RNAi knockdown phenotype 
 
To study the phenotype of MSBP mutants we took advantage of the GAL-4/UAS system in 
Drosophila to specifically drive expression of MSBP-RNAi in the ring gland.  phm>GAL4 animals 
were crossed with UAS-MSBP-RNAi flies.  66% of phm>MSBP-RNAi animals died before 
reaching pupation. Some phm>pichb-RNAi larvae remained in the 2nd instar larval stage, even 
after 19 days. (a) 11 day old phm>MSBP-RNAi knockdown animal in 2nd instar larval stage.  (b) 
yw control 3rd instar larva; (c) yw control 2nd instar larva. (d) 1st instar yw control larva. yw 
control animals all pupate by day 7, while some phm>msbp-RNAi animals remain as 2nd instar 
and cannot transition. 
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MSBP deletion mutants have no detectable phenotype 

The MSBPB22.1 mutant was generated by imprecise P-element excision.  

MSBPB22.1 mutants exhibited a pupal lethal phenotype.  Based on DNA sequence 

analysis, the imprecise excision deleted the entire MSBP coding region and also 

the neighboring upstream gene, CG15916.  Therefore to confirm if the lethal 

phenotype was due to deletion of MSBP or CG15916, we generated transgenic 

animals with a BAC insertion that carried the genomic region surrounding MSBP 

but that had an premature stop codon in MSBP.  Therefore the wildtype genomic 

region of CG15916 was present in the MSBPstop-BAC line however, no MSBP 

protein would be present due to the premature stop codon.  MSBPB22.1, animals 

containing the MSBPstop-BAC element rescue the MSBPB22.1 phenotype, 

indicating that the pupal lethal phenotype we observed in the MSBPB22.1 mutants 

was actually due to deletion of CG15916 and not MSBP.  MSBPstop-BAC in a 

MSBPB22.1 background exhibits no observable phenotype, indicating that MSBP 

is not an essential gene. 

 

d. Discussion 

The expression pattern of MSBP in the PG and in the adult female ovary is 

consistent with its potential role in E production.   The larval PG and the ovary 

are the two major locations for E production and where several other genes 

involved in E biosynthesis are expressed [6].   
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MSBP is a heme binding protein and it has been hypothesized that the heme 

binding domain may play a role as a co-factor with P450s to help mediate high-

energy reactions [84].  The orientation of MSBP has been previously reported as 

having the C-terminal localized cytosolically in S2 cells [84].  However, when we 

repeated the experiment with several different tagged MSBP proteins and using 

a MSBP antibody, we found that the N-terminus was localized cytosolically in S2 

cells.  The discrepancy between our findings and this previous report are 

unknown, however, we performed a thorough analysis, including the use of a 

double-tagged HA-MSBP-V5 protein.   

 

Deletion of MSBP causes no detectable phenotype which was surprising since 

when knocked down with RNAi specifically in the PG, some MSBP-RNAi 

knockdown animals displayed an arrested and delayed phenotype.  However this 

larval arrest phenotype was not fully penetrant (Figure 14).  Additionally, while 

one MSBP-RNAi line, Vienna stock line 45183, displayed a phenotype when 

knocked down specifically in the PG, other RNAi lines targeting MSBP did not 

display a phenotype.  This could be due to off-target RNAi affects in the PG and 

not due to specific MSBP knockdown.   

 

 

The pupal lethal phenotype observed in so-called MSBPB22.1 mutants is actually a 

result of deletion of a neighboring gene, CG15916, not due to the deletion of 



 

 81 

MSBP.  CG15916 has not been studied extensively; however, InterPro sequence 

analysis suggests that CG15916 plays a role in rRNA processing 

(http://www.ebi.ac.uk/interpro/). 

 

It may be that the MSBP phenotype is not immediately observable.  To test this, 

we are currently studying whether MSBPB22.1 CG15916-rescue animals have a 

disrupted developmental timing. It may be that MSBP mutants are viable but 

delayed, slightly.  This type of phenotype would be consistent with a role in E 

biosynthesis. 

 

We can also test the hypothesis that MSBP, while not essential for E 

biosynthesis, may enhance E synthesis under low cholesterol conditions.  To test 

this, we are raising MSBPB22.1 CG15916-rescue animals on a low-cholesterol diet 

to see if we can detect a more pronounced phenotype.    

 

Finally, Drosophila contains two genes that share similar a similar sequence to 

MSBP; these are CG16957 and CG12056.   Initially, we performed in situ 

hybridization to see where all three genes were expressed (in situ of CG16957 

and CG12506 data not shown).  However, of the three genes, only MSBP was 

expressed specifically in the PG.  Although CG16957 and CG12506 do not seem 

to be PG-specific they may have enough expression in the PG to provide a 

redundant activity.  To address this possibility, we would need to make 
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transgenic lines that either knock-out (by deletion) or knock-down (by RNAi) 

these genes to see if MSBP has a phenotype in the absence of CG16957 and 

CG12506. 
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APPENDIX A: CHARACTERIZATION OF THE NULL DSMAD2
F4

 

EXCISION MUTANT   

 

In animals, Transforming Growth Factor β (TGF-β) superfamily signaling controls 

a large number of cellular activities throughout development [101].  The 

canonical TGF-β signaling pathway works in the following manner: extracellular 

ligands bind to and activate receptor complexes that in turn phosphorylate R-

Smad transcription factors to regulate gene transcription [101]. The TGF-β 

superfamily contains two functional subfamilies, present in all metazoans: the 

TGF-β/Activin branch and the Bone Morphogenic Protein (BMP) branch 

(Huminiecki 2009). In Drosophila, dSmad2 works downstream of the TGF-

β/Activin ligands to induce different transcriptional responses.  The main 

difference between TGF-β/Activin and BMP pathways is that the receptor 

complexes activate different classes of R-Smads, leading to differential gene 

transcription.  Genetic and molecular biology studies have shown that the two 

subfamilies activate different R-Smads, however, studies in mammalian cell 

culture have shown cross-talk activity between the two pathways (Goumans 

2003).   

 

To better understand if TGF-β/Activin and BMP cross-talk is present in 

Drosophila, we asked if the TGF-β/Activin Type I receptor, Baboon, could 
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activate the canonical BMP R-Smad, Mad, in vivo.  We hypothesized that 

dSmad2, the canonical TGF-β/Activin R-Smad, and Mad were in direct 

competition to bind to Baboon10. 

 

To test this hypothesis in vivo, the level of Mad activation (P-Mad) needed to be 

tested in a dSmad2 protein null background.  However, no protein null dSmad2 

allele existed11.  Therefore, a new dSmad2  null allele was generated by 

imprecise P-element excision and confirmed by Southern blot12.   The Southern 

Blot analysis was consistent with the dSmad2F4 animals being protein null, 

however, the exact breakpoints of the P-element excision were unknown. 

 

To determine the exact cytolocation of the 5’ and 3’ breakpoints of the dSmad2F4 

allele, I analyzed lethal chromosomes by PCR and sequencing to map the extent 

of the deletion13.  The dSmad2F4 deletion removed a portion of the 5’ UTR (break 

point at nucleotide 457 of sequence AF101386) and the entire coding region 

(Figure 5A in [102], reprinted in full below).  The 3’ breakpoint was detected at 

275 bp downstream of the dSmad2 transcript.  No disruption of neighboring 

genes was detected; however several segments of the original P-element were 

                                                 
10

 AJP, PAJ, and MBO conceived and designed all experiments. 
11
 One allele, dSmad2

MB388
, generated through EMS mutagenesis was shown to be functionally 

inactive due to a point mutation resulting in a single amino acid change.  However, a 
dSmad2

MB388
 protein is still produced.     

12
 RW, RS, and LAR performed the P-element excision and Northern Blot. 

13
 MS assisted with primer design.   
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left behind.  Deletion of the entire coding region makes dSmad2F4 unambiguously 

protein null. 

 

In dSmad2F4 animals, p-Mad was elevated in a Baboon-dependent manner, 

indicating that cross-talk signaling was present in vivo.  This observation, among 

others (described in detail in the paper below), led us to conclude that there is a 

cross-talk mechanism, in which Baboon signals through Mad.  Mad and dSmad2 

may compete in a manner that allows for a signal-switching mechanism but only 

when dSmad2 levels are low [102].  This indicates that BMP and TGF-β/Activin 

cross-talk does occur in Drosophila in vivo, but only when dSmad2 levels are 

limited.  Additionally, Baboon activity can lower the level of dSmad2 protein, 

giving a regulatory possibility where the TGF-β/Activin signal can influence its 

own response.   It is not clear how dSmad2 is being downregulated, however 

preliminary experiments indicate dSmad2 is rapidly degraded, possibly in a 

ubiquityation-proteosome manner in the presence.  Additional studies are 

needed to further explore the different mechanisms by which dSmad2, Mad, and 

Baboon signaling works in vivo. 

 

 

Copyright: © 2012 Peterson et al. This article has been reprinted in Appendix A in accordance 

with the Creative Commons Attribution License which permits unrestricted use, distribution, and 

reproduction in any medium, provided the original author and source are credited. 
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APPENDIX B: ULTRASTRUCTURAL CHANGE OF HIPPOCAMPAL 

SYNAPSES IN CHORDIN
-/-

 MICE 

Mu Sun, Mark Thomas, Rachel Herder, M. Lisa Bofenkamp, Scott B. Selleck, and Michael B. 

O’Connor.  (2007). Presynaptic Contributions of Chordin to Hippocampal Plasticity and Spatial 

Learning. The Journal of Neuroscience, 27(29):7740-7750.
14 

 

The hippocampus is the center for spatial learning and memory in the adult 

mammalian brain. Components of the bone morphogenic protein (BMP) signaling 

pathway are expressed in the mammalian adult hippocampus [103].  BMP 

signaling pathway components have been shown to be important for synaptic 

homeostasis and regulation of synaptic transmission in Drosophila [104-109].  In 

addition, BMP signals regulate a number of developmental, physiological, and 

homeostatic processes in mice, including neural induction and neuronal lineage 

determination [101,110-112]. This led us to hypothesize that the BMP pathway 

plays a role in regulating synaptic function in the mouse hippocampus. 

 

When key components of the BMP signaling pathway are eliminated, including 

ligands, receptors, and Smads, mice die in early embryonic stages [113].  

Therefore, we chose to examine if loss of chordin (Chrd), a BMP ligand 

antagonist, alters hippocampal physiology, learning, memory, or behavior [114].  

Chrd-/- animals do not die in early embryonic stages but Chrd is expressed in the 

                                                 
14

 RJH contributed to data shown in Table 1 and Figure 4 from the Sun et al.; MS and MBO 
conceived and designed all experiments and hypotheses. 
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mouse hippocampus, making it ideal to study the effect of enhancing BMP 

signaling in the mouse hippocampus [114].   

 

Chrd is a secreted factor that is an extracellular antagonist of BMP signaling 

[115].  It is thought to function by binding to BMP ligands and prevent them from 

receptor interaction [115].  Chrd is expressed in the hippocampus and loss of 

Chrd results in a presynaptic transmitter release defect that increases both short 

and long term synaptic plasticity [114]15.  Mice also have altered cognitive 

abilities, as measured by Y-maze, open-field/ novel object recognition, and 

Morris water maze tests [114]. 

 

Because Chrd-/- mutants showed altered transmitter release in electrophysiology 

experiments, we wanted to determine if the animals exhibited a change in 

synapse morphology at the ultrastructural level16.  To address this question, we 

used transmission electron microscopy (TEM) to examine the CA1 region of 

hippocampal synapses from Chrd-/- mice.  The CA1 region is the portion of the 

hippocampus thought to be involved in long-term potentiation (i.e. memory and 

learning). We used a double-blind study to compare hippocampal synapses from 

Chrd-/- mice with their littermate controls (Chrd+/+) (Sun et. al Figure 4A and B).  

The ultrastructural parameters we measured included: the total number of 

                                                 
15

 MS designed and performed all electrophysiology and Y-maze, open field, and Morris water 
maze tests. 
16

 MS designed the experiment. I performed the electron microscopy of samples and the double-
blind analysis of samples, including fixation protocols, ultramicrotome sectioning, and analysis of 
TEM micrographs.   
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vesicles per bouton; the number of docked vesicles per synapse; the length of 

the active zone; the number of docked vesicles per activezone length; and the 

width of the synaptic cleft.   

 

While Chrd-/- animals had normal gross anatomy of the hippocampus, we found 

that Chrd-/- axon terminals showed a significantly higher number of docked 

vesicles per active zone length (Sun et al. Table 1).  We also found that the width 

of the synaptic cleft in Chrd-/- mice was decreased compared to their littermate 

controls.  These statistically significant ultrastructural changes in morphology 

may play a role in the altered transmitter release that was observed in electrical 

physiology experiments.   

 

Chrd is a BMP antagonist, therefore knockout of Chrd putatively results in 

increased BMP signaling in the hippocampus.  Chrd-/- mice show improved 

learning in the watermaze test and a decreased amount of curiosity in the Y-

maze and open field/novel object recognition tests [114].  The decreased 

curiosity could result from: a decreased baseline of curiosity or from the Chrd-/- 

mice learning faster [114].  Additional studies will be required to determine which 

of the two possibilities is more likely and if the altered hippocampal morphology 

and electrophysiology profile of Chrd-/- mice a result or a cause of the different 

behavior.  

 



 

 110 

Copyright: © 2007 SfN Article: Mu Sun, Mark Thomas, Rachel Herder, M. Lisa Bofenkamp, Scott 

B. Selleck, and Michael B. O’Connor.  (2007). Presynaptic Contributions of Chordin to 

Hippocampal Plasticity and Spatial Learning. The Journal of Neuroscience, 27(29):7740-7750. 

This article has been reprinted in Appendix B with copyright permission from SfN.   
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Figure 20: Copyright permission from Journal of Neroscience 
Email correspondence with Chanelle Grannum from the SfN Central Office granting copyright 
permission to reprint the full text version of the Sun et al. (2007) article in this doctoral thesis. 
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APPENDIX C: TABLE OF PRIMERS 

Here is a table of primers used in this thesis.  Electronic copy left with MBO. 
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APPENDIX D: TABLE OF FLY STOCKS 

Here is a table of Fly Stocks used in this thesis.  Electronic version left with MBO. 
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