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Abstract:
Juvenile hormones (JHs) are key regulators of both metamorphosis and adult
reproductive processes. The role of two key enzymes in the biosynthetic pathway of JH
were examined: Farnesoic Acid O-Methyltransferase (FAMeT) and Juvenile Hormone
Acid Methyltransferase (JHAMT). In crustaceans, FAMeT has been found to methylate
farnesoic acid (FA), producing methyl farnesoate (MF) prior to epoxidation at the
penultimate stage of JH biosynthesis. JHAMT was discovered more recently in the
silkworm Bombyx mori and converts epoxidated FA (JHacids) to active JH through
methylation using S-adenosyl-L-methionine (SAM). The aim of the proposed research is
to examine the influence of a) decreasing the amount of FAMeT produced using an
enhancer trapping P-element and b) increasing the levels of JHAMT and FAMeT in
specific tissues using GAL4 overexpression techniques. Immunohistochemical analysis
was used to confirm the presence of FAMeT in the CA of D. melanogaster ring glands.
Analysis of MF, JHIII and JHB3 release in wild type and mutant stocks in the presence
and absence of Drome AST (PISCF-type) suggest that Drosophila FAMeT has little if
any effect on the sesquiterpenoid biosynthesis. Drome-AST appears to have a select
effect on JHB3 biosynthesis and not MF or JHIII. Additional analysis of MF, JHIII and
JHB3 release in strains with a deficiency or decrease of FAMeT compared to wild type
shows no significant decrease in MF, JHIII or JHB3 synthesis. Analysis of JHB3 release
from larval and adult flies ubiquitously overexpressing JHAMT showed a significant
increase when compared to wildtype (p<0.01 and p<0.0001 respectively). No significant
difference was seen in JHB3 release in flies ubiquitously overexpressing FAMeT. A
significant increase in hatching success was seen in flies overexpressing
ii

FAMeT in the larval ring gland and oocytes (p<0.05) whereas no significant decrease
was seen in JHAMT-overexpressing flies during development. A significant extension of
lifespan was also seen when FAMeT was overexpressed in the border and follicle cells of
the oocyte (p<0.0001).
The direct role of JHAMT in JHB3 synthesis has been demonstrated. The
involvement of FAMeT and JHAMT in development and longevity may require other
interacting proteins to elicit an effect, which is a limiting factor in overexpression
experiments of the two enzymes. Additionally, this is the first example of AST action
within D. melanogaster.
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Chapter 1: Introduction

1.1 Juvenile hormone biosynthesis
Juvenile hormones (JHs), are sesquiterpenoid compounds that are synthesized by
the corpus allatum (CA) and are important in many pre- and post-metamorphic systems
in insects. In the pre-metamorphic insect, JH is important for formation of the larval
cuticle, differentiation of the midgut and repression of metamorphosis (Gilbert et al.
2000; Nijhout 1994; Riddiford 1994). Post-metamorphic roles of JH differ between male
and female insects. In females, JH is involved in embryogenesis, female fertility
regulation, ovarian development, vitellogenesis and oogenesis while in males, its key role
is in the development of the accessory reproductive organs (Altaratz et al. 1991; Byrne et
al. 1989; Riddiford 1994). JH has a number of less well understood functions as it has
also been shown to target many other tissues including the fat body, flight muscles and
brain (reviewed in Wyatt and Davey 1996).
The biosynthesis of JH can be divided into early and late phases: early phase
being the production of farnesyl pyrophosphate (FPP) by the mevalonate pathway and
late phase involving the conversion of FPP into JH precursors and eventually JH as the
end product (Figure 1) (Bellès et al. 2005). The late phase is unique to arthropods and
insects for JH production whereas FPP is converted to cholesterol in vertebrates (Bellès
et al. 2005). Due to the unique quality of the late phase of JH synthesis, the enzymes
involved during this stage are highly specific and the sequence of events in the late phase
of JH biosynthesis is still a point of contention.
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Figure 1: The mevalonate pathway and juvenile hormone biosynthesis in insects (Bellès
et al. 2005).
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There are a number of JH biosynthetic pathways that begin with FA and converge
on JHB3 as the final product (Figure 2) (Moshitzky and Applebaum 1995). The
complexity of this sytems accounts for the specificity of the enzymes involved. In the
moth Manduca sexta, FA is first epoxidated to form 10, 11-epoxy FA, also referred to as
JH-acid, and subsequently methylated to the active form of JH, JHIII (Reibstein et al.
1976; Moshitzky and Applebaum 1995). In crustaceans, there is no final epoxidation
required since MF is used directly as the active hormone (Silva Gunawardene et al.
2001). In the Dipteran Drosophila melanogaster, there are three forms of JH which
differ by side chain length and epoxidation: methyl farnesoate (MF), JHIII, and JHbisepoxide (JHB3) (Figure 3) (Gäde et al. 1997). In D. melanogaster, JHB3 accounts for
80% of the total JH titer while JHIII and methyl farnesoate are found in lesser
concentrations (Riddiford 1994). Synthesis of JH takes place in the corpus allatum (CA),
one of the components of the ring gland along with the corpus cardiacum (CC) and the
prothoracic gland (PG) (Figure 4) (Siegmund and Korge 2001). It is still unknown
whether the final stages in D. melanogaster JH biosynthesis occur via methylation prior
to epoxidation or if an alternative pathway is taken to produce the active hormone JHB3.
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Figure 2: Putative JH biosynthetic pathways in Drosophila melanogaster. M- methylation
step, E-epoxidation step (adapted from Moshitzky and Applebaum, 2003).
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Figure 3: The structures of three types of JH found in D. melanogaster, differing in
epoxidation state. MF- methyl farnesoate, JHIII- juvenile hormone III, JHB3- juvenile
hormone bisepoxide (adapted from Gäde et al. 1997).
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Figure 4: The ring gland of D. melanogaster, composed of prothoracic gland (PG),
corpus cardiacum (CC) and corpus allatum (CA) (Sigmund and Korge 2001).
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1.2 Metamorphosis and larval moulting
Prior to metamorphosis, JH is responsible for formation of the larval cuticle,
differentiation of the midgut and dorsal closure. It is also thought to play a role in the
increase of metabolic activity required by the juvenile insects in the proliferation of the
imaginal discs (Nijhout and Kremen 1998). In order for the insect to retain its juvenoid
characteristics, JH must be present in some capacity. Cells can only be committed to
metamorphosis in the absence of JH and presence of the ecdysteroid 20-hydroxyecdysone
(20-E), an insect moulting hormone produced in the PG of the ring gland (Riddiford
1994). 20-E is responsible for initiating moulting and production of new larval cuticle
(Riddiford 1994). Even if trace amounts of JH is present along with 20-E during the
critical period of commitment to metamorphosis, a larval moult will occur and larval
characteristics will be retained. Once cells have been committed to metamorphosis by
increased levels of 20-E, the addition of JH will not have any effect on these cells
(Riddiford 1994).
In D. melanogaster, JH titre is highest during 1st and 2nd larval instars with a drop
early in the 3rd instar. A brief upsurge occurs during the larval wandering stage prior to
pupariation but drops in order for the pupae to be formed (Riddiford 1994). JH titre
decrease before eclosion, but increases and plateaus at basal levels post-eclosion for its
involvement in roles such as adult reproduction.
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1.3 Male development
In males, JH functions in the synthesis of proteins within the male accessory
reproductive gland. These glands are the site of the production of sperm secretion
proteins and can be stimulated during copulation to secrete over 100 proteins that elicit
numerous effects on the mating process (Chen 1984). Responses such as assisting sperm
motility and egg penetration, increasing the success of oviposition, and repression of
sexual receptivity have all been shown to result from male accessory reproductive gland
secretions (Chen 1984). During copulation, JH is released from the male and transferred
to the female where it stimulates the CA to produce and secrete JH (Gilbert et al. 1998;
Pszczolkowski et al. 2006).
Normal rotation of adult male genitalia during metamorphosis has also been
shown to be affected by JH although the mechanism for its involvement is not clear
(Moshitzky and Applebaum 1995; Richard et al. 1989).
Although the role of JH in males is still somewhat unknown, it has also been
shown to have a role in courtship behaviour and the generation of polymorphisms in the
social insects (Corona et al. 2007) and the release of sex phermones involved in sexual
behaviour (Kelly et al 1987; Koeppe et al 1985).

1.4 Vitellogenesis and oogenesis
JH plays an important role in the process vitellogenesis, or egg yolk formation
(Williams and Bownes 1986). Vitellogenin (Vg), the major egg yolk protein, is
synthesized in the fat body (FB), secreted into the hemolymph and subsequently taken up
by the developing oocytes (Byrne et al. 1989). JH is important in the synthesis of these
8

proteins within the fat body and their subsequent sequestration in the oocytes (Handler
and Postlethwait 1977). In addition to JH, 20-HE is also involved in Vg production
within the fat body, but only JH is responsible for the production of Vg within the
ovarian follicle cells (Handler and Postlethwait 1977). While JH and 20-E work
antagonistically during metamorphosis, they cooperate during the process of
vitellogenesis. The effect of JH on Vg synthesis may be somewhat indirect since
vitellogenesis can occur in the absence of JH but not in the absence of 20-E (Flatt et al.
2005).

1.5 The influence of JH on development and longevity: pleiotropic
effects and evolutionary tradeoffs
The mechanism for evolutionary tradeoff between reproduction and lifespan is
well understood across a range of organisms. In D. melanogaster, it has been shown that
when reproductive success is increased, lifespan decreases (Partridge et al. 1987). The
mechanism for a tradeoff in resource allocation between reproduction and longevity is
not well understood (Flatt and Kawecki 2007). Extrapolation of this mechanism to
include resources used by the developing egg draws attention to a major regulator of
development both in juveniles and adults: JH. JH affects a wide range of events crucial
to normal development throughout the lifespan of the organism (Flatt et al. 2005).
Multiple phenotypic effects may be contributed to JH. This pleiotropic effect makes the
JH biosynthetic pathway difficult to study as there appears to be many indicators of
deficient or over-abundant JH levels.
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A number of known mutations have resulted in a decrease in JH biosynthesis and
their effects on development and lifespan have been examined: Insulin-line receptor
(InR), chico (Insulin receptor substrate), apterous (Ap) and methoprene-tolerant (Met)
mutants (Altaratz et al. 1991; Clancy et al. 2001; Tatar et al. 2001; Wilson et al. 2003). A
mutation in the insulin-receptor (InR) has been shown to decrease the rate of JH
biosynthesis and result in an increased lifespan (Tatar et al. 2001). To date, no studies
have been done on mutations resulting in an increase in JH biosynthesis in D.
melanogaster, although an increase in JH titer is suspected but not confirmed in the
abnormal abdomen (aa) mutant in D. mercatorum which results in a decrease of lifespan
(DeSalle et al. 1986).

1.6 Methyl Farnesoate and Farnesoic Acid O-methyltransferase
(FAMeT)
Methyl farnesoate (MF) is a crustacean juvenoid that is structurally similar to
JHIII, which is found in insects. JHIII differs from MF by the presence of an
expoxidation event between carbons 10 and 11 (Gäde et al. 1997). Despite this
difference, it appears that MF regulates juvenile characteristics in crustaceans in a similar
way to JHIII in insects (Laufer et al. 1987; Smith et al. 2000). A number of different
evolutionary solutions to farnesoic acid (FA) methylation have been identified in both
plants and insects, all of which involve the ability of an enzyme to transfer the reactive
methyl group from S-adenosyl L-methoinine (SAM) to the carboxyl group of FA to form
MF (Yang et al. 2006).
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Recently, FAMeT has been identified as having significantly decreased
expression levels (p<0.001) in flies having a mutation in the Fragile-X mental retardation
gene (fmr1) (Zhang et al. 2005). Fragile-X is a common form of inherited mental
retardation resulting in a wide array of behavioural, cognitive, physical abnormalities.
This disease state results from silencing of the fmr1 gene, encoding an mRNA-binding,
translational regulating protein. One of the physical abnormalities associated with
Fragile-X is torsion of the adult testes, resulting in sterility in the affected organism,
including humans (Zhang et al. 2004; Zarnescu et al. 2005) Since normal rotation of the
adult male genitalia has been shown to be affected by JHIII and JHB3 (Ashburner 1970;
Richard et al. 1989), it is not unreasonable to suggest that FAMeT might play a role in
the synthesis of JH, thus its downregulation may contribute to the genitalia abnormalities
associated with Fragile-X.
Although orthologous sequences to FAMeT have been found to be present in the
D. melanogaster genome, looking to other characterized FAMeT sequences is important
to expanding the knowledge of D. melanogaster JH biosynthesis and development.

1.7 FAMeT in crustacean models
The first study of FAMeT was in the crustacean Metapenaeus ensis, the sand
shrimp (Silva Gunawardene et al. 2001). As MF is thought to regulate growth and
reproduction in crustaceans in a similar way to JHIII in insects, FAMeT would catalyze
the final step in the MF biosynthetic pathway. Since FAMeT was found to catalyze the
rate-limiting step in Diploptera punctata (Yagi et al. 1991) it was thought to also be
important in crustacean catalysis of FA to MF. Silva Gunawardene et al. (2001)
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examined the mRNA expression profile of FAMeT, which revealed high expression in
the central nervous system (CNS) of both males and females. There also appeared to be a
difference in male and female expression profiles in a number of areas. High mRNA
levels were observed in the eyestalk of the juvenile males but only observed in mature
female eyestalks during ovarian maturation. FAMeT is suggested to have a connection
with the neuropeptides in the eyestalk, either through their regulation or their negative
influence on FAMeT and MF production (Tobe et al. 1989). This observation provided
an explanation for the high mRNA levels in the male eyestalk. Females also appeared to
have constant levels of mRNA expression in the ventral nerve cord during reproduction
(Silva Gunawardene et al. 2001). As MF is thought to regulate oogenesis and egg
maturation, the high FAMeT mRNA levels observed parallel the expected MF levels
during reproduction. There also appeared to be high levels of FAMeT in the
neurosecretory cells, which also produce crustacean hyper-glycemic hormone (CHH) and
molt-inhibiting hormone (MIH) neuropeptides. The co-localization of FAMeT with two
important neuropeptides may suggest important interactions relating to insulin signalling
and molting (Tu et al. 2005). Overall, the mRNA expression profile appears to show
strong correlations to both spatial and temporal MF patterns throughout the lifespan of
the shrimp, M. ensis.
Expression profiling at different M.ensis moult stages further examined the
temporal aspect of FAMeT mRNA. As previous data suggested, FAMeT mRNA was
expressed throughout premoult, intermoult and postmoult stages. There was also a
constant level of mRNA expression in the ventral nerve cord of both juvenile and adult
M. ensis (Gunawardene et al. 2002). It appears from mRNA expression profiling in M.
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ensis that there is a wide distribution of FAMeT in different tissues, suggesting that
FAMeT may be methylating other substrates in alternative pathways. It is possible, but
unlikely, that the mRNA expression profiling parallelling the expected levels of MF in
vitro might be due to FAMeT working to catalyse a related pathway.
A radiochemical assay suggested that M. ensis FAMeT was the first known
example of FAMeT activity in vivo (Gunawardene et al. 2002).

To eliminate the

possibility that FAMeT catalyzed a related pathway, recombinant FAMeT (rFAMeT)
enzyme activity was measured by the amount of MF production. A positive correlation
between addition of increasing amounts of rFAMeT and MF production was observed.
Although this result does not eliminate the role of FAMeT in other biochemical
pathways, it does provide preliminary confirmation of its role in MF biosynthesis in
crustaceans (Gunawardene et al. 2002).
Radiochemical assays comparing M. ensis and crayfish (Procambarus clarkii)
tissues yielded some interesting differences in FAMeT activity distribution between two
closely related organisms. In the shrimp, the heart had the highest FAMeT activity level
followed by the ventral nerve cord (VNC) while in the crayfish, the highest levels were
found in the mandibular organ (MO). Through these studies, there was found to be a
clear link between the nervous system and FAMeT in crustaceans but its exact role still
remains unknown. Also, there does not seem to be a correlation between FAMeT mRNA
expression levels and enzyme activity. In the shrimp, the highest activity was measured
in the MO while the expression in that location was fairly low while activity was lower in
the testis where expression levels were high. Similar trends were seen in the crayfish
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tissues but the opposite was true in the female edible crab (Cancer pagurus) (Ruddell et
al. 2003).
FAMeT in C. pagurus was not found to have any activity but high MF titers were
found to be closely linked to high levels of FAMeT mRNA, specifically in the MO. The
level of FAMeT transcripts in the MO of the female crabs fluctuated during key
developmental stages such as vitellogenesis and embryogenesis (Ruddell et al. 2003). As
observed in M. ensis (Silva Gunawardene et al. 2001; Gunawardene et al. 2002), C.
pagurus expressed FAMeT in a wide range of tissues, such as the epidermis, heart,
hepatopancreas and gut.
The most recent crustacean work on the FAMeT enzyme was in the American
lobster (Homarus americanus) (Holford et al. 2004). In a similar FAMeT radiochemical
activity assay using rFAMeT, the rFAMeT of H. americanus only had activity when
incubated with MO homogenates; strongly suggesting a cofactor is needed for enzymatic
activity.

1.8 Juvenile Hormone Acid Methyltransferase (JHAMT)
In 2003, a novel methyltransferase thought to be involved in JH
biosynthesis was observed in the silkworm, Bombyx mori. This methyltransferase
contained a SAM-binding motif, which would be expected in a SAM-dependent
methyltransferase. The novel methyltransferase, Juvenile hormone acid methytransferase
(JHAMT), is thought to convert inactive juvenile hormone acids to active JH in the
penultimate step of JH biosynthesis (Shinoda and Itoyama 2003). This methyltransferase,
is unlike that of FAMeT because it contains the typical SAM binding motif while
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FAMeT does not. Cloning and characterization of JHAMT has been done in B. mori, and
orthologs of this have been found in the fruit fly, D. melanogaster, and a malaria vector,
Anopheles gambiae. It is still unknown what role the gene plays in JH biosynthesis in D.
melanogaster.

1.9 Allatostatic regulation of the JH pathway
Allatostatins (ASTs) are neuropeptides that inhibit the synthesis of JH in the CA
in insects. There are three types of peptide sequences that are referred to as ASTs:
FGLamide (A-type), W(X)6Wamide (B-type) and PISCF (C-type). A-type was first
discovered in the cockroach Diploptera punctata and has a conserved pentapeptide Cterminal sequence (Pratt et al. 1991). B-type was discovered in crickets and is Cterminally amidated with tryptophan in the 2nd and 9th position (Lorenz et al. 1995).
Lastly, C-type was identified in M. sexta and is a 15 amino acid protein with a C-terminal
pentapeptide (Kramer et al. 1991). All three types of peptides have been identified in the
D. melanogaster genome (Lenz et al. 2000; Williamson et al. 2001a; Williamson et al.
2001b) but none have been shown to inhibit JH biosynthesis. Recently, the PISCF (Ctype) of AST was shown to inhibit JH biosynthesis the mosquito Aedes aegypti (Li et al.
2006). This observation suggests that the PISCF C-type AST may serve as an AST in D.
melanogaster.
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1.10 Ectopic gene expression using the GAL4 system
Expressing a gene at levels that would not normally be present in a subset of cells
provides information on the function and identity of any gene with a known sequence.
Many methods exist for ectopic expression of a given gene in D. melanogaster. The first
method employs the fusion of the gene of interest to a characterized promoter (Phelps and
Brand 1998). This will direct the expression of the target gene in a specific
spatiotemporal pattern. This method has its limitations as it can only drive the expression
in one pattern and if another pattern is desired, the gene must be fused to a different
characterized promoter. Also, if the gene of interest is toxic, it will be impossible to
establish stable transgenic lines as ectopic gene expression is always turned ‘on’. The
second method of expression is driving the target gene’s expression using a heat shock
promoter (Pelham, 1982). This allows the gene’s expression to be controlled exactly in its
timing and its level of expression. Unfortunately, expression is always ubiquitous using
the heat shock method and the process of heat shocking can vary the desired result and
produce phenocopies.
The GAL4 system overcomes many of the difficulties posed by the above two
misexpression methods. This expression system employs the yeast transcriptional
activator GAL4 in order to direct gene expression of a novel gene using an array of
genomic enhancers (Brand and Perrimon 1993; Brand et al. 1994). In flies, the GAL4
system is bipartite and keeps the two parent strains, the driver and the responder line,
separate and viable as individual stocks. The GAL4 system is used to observe the effects
of directed misexpression on the development of the fly. This misexpression can be both
gain-of-function and loss-of-function depending on the design of the UAS-target line.
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The novel gene is only transcribed in the presence of its activator, which would occur in
the progeny of a cross of the two parent strains (Figure 5) (Brand et al. 1994). Thus, if
lethality is the result of the directed misexpression of the novel gene, the parent stocks are
still viable as individual stocks and other experiments can be attempted. Different driver
strains can be used to look at expression in a variety of tissues using this method of
overexpression.
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Figure 5: UAS-GAL4 bipartite system of gene overexpression in D. melanogaster.
FAOMeT represents a gene of interest and can be replaced by any gene. (adapted from
Brand and Perrimon 1994).
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Thesis Objectives:
It is known that JH and related compounds contribute to the regulation of
development in a number of invertebrate organisms. The JH biosynthetic pathway is not
completely defined. In D. melanogaster, for example, it is not known whether MF is a
direct precursor of JHIII and whether JHIII leads to JHB3. Several alternate enzymatic
steps may exist involving a number of methyltransferases or epoxidases.
The objective of my thesis was to examine enzymes of the corpora allata (CA) in
D. melanogaster that may serve as methyltransferases involved in the JH biosynthetic
pathway. Two candidate enzymes exist in alternate organisms that have orthologous D.
melanogaster gene sequences. The first, FAMeT, appears to have methyltransferase
activity in shrimp. The second, JHAMT, has methyltransferase activity in the moth B.
mori. The shrimp enzyme has been more controversial as it does not contain the known
SAM-binding motif and has not been found to have activity in any other crustaceans
besides the shrimp.
To examine the function of the FAMeT and JHAMT D. melanogaster genes, I
examined Drosophila strains that were deficient in FAMeT expression and created UASGAL4 constructs that overexpressed either FAMet or JHAMT. With these UAS
responder constructs, I created specific Drosophila lines that expressed each gene either
ubitquitously, in ring glands and male accessory glands or in ovarian tissue. I examined
juvenile development and adult longevity in transgenic flies to determine if
misexpression of either of the two genes changed D. melanogaster lifespan. Additionally,
I hypothesized that if the genes can be localized to the tissues responsible for JH
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production, then measuring the activity of these enzymes would further the understanding
of their JH biosynthetic role. Finally, I hypothesized that using constructs that
overexpress either FAMeT or JHAMT may aid in elucidating the enzymatic steps with
the pathway leading from FA to JHIII and/or JHB3 in D. melanogaster.
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Chapter 2: Methods

2.1. Animals
D. melanogaster stocks of the Canton-S strain were reared at 25oC on standard
molasses agar media. Transgenic lines were created using standard germline
transformation protocol (Spradling and Rubin 1982). P-element insertion line (herein
referred to as mutant 13905) was obtained from Bloomington Stock Centre (Bloomington
Indiana). This line contains the P-element p{SUP-orP} (Roseman et al. 1995) which was
mapped to the enhancer region of CG10527, the FAMeT gene in Drosophila
melanogaster. This was obtained as part of a large scale gene interruption project called
the Berkeley Drosophila Genome Project (BDGP) Gene Disruption Project, which has
the goal of disrupting every gene in the D. melanogaster genome (Bellen et al. 2004).
Homozygous lethal deficiency strains Df2605 (Df(2R)Pu-D17,nwDPinYt/SM1), with
breakpoints at and Df1916 (Df(2R)PI13/CyO), with breakpoints at were obtained from
the Bloomington Stock Centre and maintained in the heterozygous state. The deleted
region in both of these stocks includes the FAMeT gene (CG10527).
To obtain mutant over deficiency strains mutant 13905 virgin females were
crossed with males from each of the deficiency strains to create 13905/1916 and
13905/2605 crosses. Flies were collected from the mutant 13905 cross to deficiency 1916
to obtain genotype 13905/CyO with a mutant 13905 chromosome combined with a CyO
balancer. Mutant 13905 virgin females were crossed to w1118 males to get 13905/w1118
crosses. Crossing males and females from the same stock yielded genotypes
13905/13905, 1916/CyO, 2605/SM1 and w1118/w1118 as controls.
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Balancer-bearing w1118 flies (T(2:3)SSaD/CyO; In(3LR)TM3, Sb) were used to
determine insertion location of p-elements in the UAS-FAMeT and UAS-JHAMT lines.
Four GAL4 drivers were obtained from Bloomington Stock Centre: daughterlessGAL4
(daGAL4), 6986, 3743 and 3745. DaGAL4 expresses ubiquitously while the other three
drivers target more specific tissues (Appendix 19). Strain 6986 expresses in the larval
ring gland, histoblasts, gut, Malphigian tubules, adult male accessory gland, testis sheath
and cyst cells (Manseau et al. 1997). Strain 3743 and 3745 express in the oocyte, follicle
and stalk cells and follicle and border cells respectively (Manseau et al. 1997).

2.2 Alignment of FAMeT and JHAMT using ClustalW
The amino acid sequence of FAMet was compared to orthologous sequences
retrieved from Genbank in other organisms and also to JHAMT in D.melanogaster. B.
mori JHAMT sequence was also obtained from Genbank and compared to D.
melanogaster JHAMT.

2.3 Reverse transcriptase Polymerase Chain Reaction (PCR) of
FAMeT and JHAMT
RNA was extracted from the whole fly using the RNeasy Kit (Qiagen) according
to the RNeasy extraction protocol. RNA was eluted with buffer to a final volume of 40µl
rather than the suggested 50µl to concentrate the extract further due to a low abundance
of FAMeT and JHAMT in whole fly RNA. Whole fly RNA was reverse transcribed
using RT-PCR Kit from Qiagen. An 888bp FAMeT gene (CG10527) was transcribed
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using forward and reverse primers containing Pst1 and SacII restriction sites. The
forward primer for FAMeT (F-10527) was 5’-CCGCTGCAGATGCCAATCGAAGTCAAC- 3’. The reverse primer (R-10527) was 5’- CGGAGATCTGTTGGTCACATAGATTTC- 3’.

The 890bp coding region of the JHAMT gene (CG17330) was

transcribed using forward and reverse primers containing SacII and BglII restriction sites.
The

forward

primer

for

JHAMT

(F-17330)

was

5’-

CCGCGGA-

TGAATCAGGCCTCTCTA- 3’. The reverse primer (R-17330) was 5’- CGCCGAGATCTTTAATTTATTCCCTTAAC- 3’. A 150bp fragment of Actin 88F, a structural
component of the exoskeleton, was transcribed as a control. The forward primer for Actin
88F (F-5178) was 5’- GTCAACAGGAATCGAACGTGCG- 3’. The reverse primer (R5178) was 5’- TGCACATGCCGATCCGTTG-3’. The reverse transcription reaction
contained 400µM of each dNTP, 0.6µM of each primer, 1 unit OneStep RT-PCR ezyme
mix (Qiagen), and 2 µg RNA template. The RT-PCR conditions were 30 minutes at 50
o

C, 15 minutes at 95 oC followed by 3-step cycling: denaturation at 94 oC for 30 seconds,

annealing for 30 seconds at 50 oC and extension for 1 minute at 72 oC. The 3-step cycling
was done for 30 cycles followed by a final extension for 10 minutes at 72 oC.

2.4 Polymerase Chain Reaction of FAMeT and JHAMT
RT-PCR products of FAMeT, JHAMT and Actin 88F were subsequently
amplified by Polymerase Chain Reaction (PCR) using the same primers as listed
previously. Genes were synthesized in a reaction containing 0.2 mM dNTP mixture, 1.5
mM MgCl2, 0.2 µM of each primer 1.5 µM of RT-PCR product template and 2.5 units of
Taq DNA polymerase. The conditions for the PCR reaction were 94 oC for 3 minutes,
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denaturation at 94oC for 45 seconds, annealing at 55 oC for 30 seconds for FAMeT and
JHAMT and 50 oC for 30 seconds for Actin88F and extension at 72 oC for 1 minute for 25
cycles. A final extension was performed at 72 oC for 10 minutes. After ampilification,
cDNA fragments were run on a 1% (w/v) agarose gel using electrophoresis. The
fragments were cut from the gel and separated using Sephaglas Bandprep Kit (Amersham
Pharmacia Biotech).

Resultant DNA was subcloned separately into pGEM T-easy

vectors (Promega). Vectors carrying each of the inserts was transformed into E. coli
chemically competent cells (Invitrogen) and resulting construct was verified by
restriction digest with EcoRI (Invitrogen) and by automated DNA sequencing (Cortec,
Kingston, Ontario).

2.5 Construction of pINDY5-FAMeT and pINDY5-JHAMT GAL4
Expression plasmids.
The DNA encoding full-length FAMeT and JHAMT genes were excised from
pGEM T-easy vector using PstI and SacII, SacII and BglII respectively (Appendix 1).
DNA fragments were ligated into pINDY5 vector (Kazemi-Esfarjani and Benzer, 2000)
using T4 DNA ligase. Vectors carrying each of the inserts were transformed into E.coli
chemically competent cells (Invitrogen). The resulting constructs were verified by
digestion with their respective restriction enzymes and by automated DNA sequencing
(Cortec).
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2.6 Preparation of transgenic UAS-FAMeT and UAS-JHAMT lines
The pINDY5-FAMeT and pINDY5-JHAMT constructs were extracted from
E.coli cells and approximately 50µg were sent for co-injection with a helper plasmid by
Genetic Services Inc. (Sudbury, MA). The constructs were injected into the posterior
pole region of w1118 egg and surviving adults were crossed back to w1118 flies. Resulting
transgenic flies were crossed to balancer-bearing w1118 flies (T(2:3)SSaD/CyO;
In(3LR)TM3, Sb) to determine insertion location of p-element. Four UAS-FAMeT lines
(A, B, E and H) and four UAS-JHAMT lines (V, W, X, and Y) had unique p-element
insertions into the 2nd chromosome while one UAS-JHAMT line (Z) had a p-element
insertion into the 3rd chromosome. Responder lines were crossed to daGAL4 drivers and
adult RNA was extracted using RNeasy (Qiagen). Primers specific to FAMeT and
JHAMT (F-10527 and R-10527, F-17330 and R-17330 respectively) were used to do
RTPCR using whole fly RNA from ubiquitously expressed flies to test the effectiveness
of the UAS constructs using Actin 88F as a control (Appendix 2).

2.7 Preparation of tissues for immunohistochemistry
Larval and adult D. melanogaster brains, including the ring gland, were dissected
using a saline solution. Tissues were fixed for 2 hours in 2% paraformaldehyde and
washed at 4 oC overnight in 1x PBS (137 mM NaCl; 2.7 mM KCl; 4.3 mM Na2HPO4;
1.47 mM KH2PO4) while shaking. Tissues were incubated for one hour in 4%
Triton/PBS/NGS (9.4 ml PBS, 200 µl NGS, 400 µl Triton, 0.2g BSA) at room
temperature and incubated with the FAMeT primary antibody (courtesy of L. Dayton) at
4 oC for three days while shaking. The FAMeT antibody was found to have the best
staining at a concentration of 1:500.

Tissues were then washed in 0.2% TritonX25

100/PBS while shaking and subsequently incubated with Alexafluor 568 goat anti-rabbit
secondary antibody (Molecular Probes) for two hours at room temperature. The best
primary antibody detection was found at a concentration of 1:200. A two-day wash of the
tissues using 0.2% TritonX-100 in PBS solution, shaking at 4 oC was done followed by
incubation in a clearing agent of 5% n-propyl gallate in glycerol (pH 7.3) for one hour at
room temperature. Tissues were mounted onto a microscope slide, still suspended in
clearing agent for use with a Zeiss Axioplan 2 microscope (Zeiss, Germany) and
Axiovision 4.5 software.

2.8 Radiochemical Assay
The radiochemical assay (RCA), modified from Tobe & Pratt (1974) and Pratt &
Tobe (1974) and optimized for D. melanogaster, is based on the incorporation of the
methyl moiety of [3H-methyl]-methionine into JHs. Rings glands were dissected from D.
melanogaster larvae and adults and 2 ring glands (RG) were placed in 30µl of TC199
incubation medium in the centre of the individual wells of a 96-well polystyrene dish
3

(Corning). L-[ H-methyl]-methionine (2.92-3.70 TBq/mmol) was added to the medium to
achieve a 10 times dilution with a final L-Met concentration of 1.22µM. Wells containing
media but no RG were subjected to the same treatment. Incubations were performed at
27ºC for 3 h.
Thin layer chromatography (TLC) was used to separate biosynthesized JHB3, JH
III and MF biosynthesis. Following incubation, assays were terminated by the addition of
100µl distilled water, 100µl NaEDTA and 200µl methanol. In addition, 20µl each of
synthetic, unlabeled JHB3, JH III and MF were added to facilitate identification of
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radiolabeled bands. Following TLC, JHB was prepared from unlabeled MF in methylene
3

chloride, whereas JH III (5 µl) and MF (1 µg/µl) were taken up in isooctane (1 µg/µl).
Lastly, 1ml of chloroform was added to the samples, followed by vortexing for
approximately 30 s and centrifuged at 1600 x g for 10 min. The chloroform (bottom)
layer was then removed using pulled glass pipette and loaded into a column of anhydrous
Na2SO4. The samples were re-extracted with an additional 500 µl of chloroform
following the above procedure. The chloroform from the pooled samples was then
evaporated under a gentle stream of N2. When the sample tubes were almost dry, they
were removed and 100µl diethyl ether was added to re-solubilize the biosynthetic
products. Samples were vortexed for 30 seconds and spotted on individual lanes of a
specially prepared TLC plate (20x20cm plastic plate coated with silica gel F
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)(Merck

KgaA, Germany), previously washed twice in 100% methanol and scored to make 18
individual lanes). This process was repeated again with 50µl of diethyl ether and spotted
in the corresponding lane. TLC plates were then focused with methanol (solvent
migration 4cm). Plates were air dried before repeating the process. The TLC plates then
were developed in a solvent system (85% toluene, 15% ethyl acetate and 4 drops of
glacial acetic acid). JHB3, JH III and MF bands were visualized under ultraviolet light,
with Rf values of : JHB3= 0.3; JH III = 0.45 and MF = 0.65). Each band was cut out of the
individual lanes of the plate, and placed in scintillation vials containing 3ml of scintillant
(ICN). Radiolabel incorporated into JHB3, JH III and MF was quantified in a liquid
scintillation system (Beckman, model LS-6500) and reported as disintegrations per
minute (DPMs). Visually identified R values resulted in detected peaks of radioactivity
f

compared to control (blank) samples.
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2.9 Developmental Assay
Virgin adult females and adult males were collected from responder and driver
strains, anaesthetized using diethyl ether and allowed to mate for 48 hours at 25oC on
standard fly food. The mated flies were subsequently transferred to egg collector plates
which consisted of an inverted plastic container placed over sucrose-agar plates with
yeast paste to facilitate oviposition. Eggs were collected within 10 hours and transferred
to standard fly food plates, 25-30 eggs per plate. Approximately 100 eggs were collected
for each cross and maintained at 25oC. The number of eggs successfully hatched was
counted a day later and successful pupation was recorded at 7 days. Successful eclosion
was recorded twelve days from initial placement of the eggs on the food plate.

2.10 Longevity Assay
Virgin adult females and males of the desired strains were collected and allowed
to mate for 48 hours and lay eggs at 25oC. Parents were removed 3 days after mating.
Approximately 10 days after the initial mating, the F1 generation was collected and
separated based on sex and desired phenotype while under ether anaesthetization. A
maximum of 25 flies were placed into each vial and where possible, four vials of each
sex were collected. Flies were transferred to fresh food vials every 36 hours and dead
flies recorded with the exception of flies that had become either injured or killed during
the transfer process. Flies that had become caught in the food were also not recorded.
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2.11 Statistical Analysis
T-tests assuming unequal variance were performed in Microsoft Excel to
determine significance of developmental analysis. Logrank tests were performed using
Graphpad Prism to determine statistical significance for the longevity experiments based
on the null hypothesis that the test and control curves are identical. Deviations from this
assumption results in a significant P-value (Graphpad Prism). One-way ANOVA was
performed using JMP 5.0.1 to determine statistical significance of JH release assays.
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Chapter 3: Results
3.1 Characterization of the FAMeT protein sequence.
The D. melanogaster protein specified by gene CG10527 shares the greatest
degree of sequence identity to FAMeT proteins isolated from crustaceans and the yellow
fever mosquito, Aedes aegypti

(Figure 6). Sequence identity of D.melanogaster to

A.aegypti is 61% at the amino acid level. Regions of high similarity exist between D.
melanogaster and each of the crustaceans, but overall amino acid similarity is 19%, 21%
and 22% to C. pagurus, H. americanus, and M. ensis, respectively.
The protein domain structure does not have the signature, S-adenosyl- lmethionine (SAM) binding site that would be indicative of a protein involved in this sort
of methylation, although the possibility of a novel methyltransferase is not discounted.
Figure 7 compares the protein sequences of Drosophila FAMeT with that of a
predicted Drosophila JHAMT (Flybase gene CG17330) a protein orthologous to the
previously characterized B. mori protein (Shinoda and Itoyama 2003). There is only 4%
similarity between the two predicted methyltransferases while the predicted Drosophila
JHAMT shares 41% similarity with B. mori JHAMT (Figure 8). These two sequences
also have the signature SAM binding site which would suggest their involvement as a
methyltransferase utilizing the methyl group from SAM.
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H.americanus
C.pagurus
M.ensis
A.aegypti
D.melanogaster

MGDDNWASYGTDENKEYRFRDISGKTLHFQVKTAHDAHVALTSGAEETDPMVEIFIGGWE
MAD-EIPALGTDENKEYRFRELDGKTLRFQVKTAHDCHVAFTSAGEETDPIVEVFIGGWE
MAD-NWPAYGTDENKEYRFRIIKGKTLRFQVKAAHDAHIALTSGEEETDPMLEIFIGGWE
MAN--NIVLDTEDKLEYKFYPVSNGVINFKVRAANDAHLALTSGPAESEPMLEVFIGGWK
MP----IEVNTPDKLEYQFFPASGGVFTFKVRSPKDAHLALTPAPEENGPIFEIFLGGWE
*
.* :: **:*
.. .: *:*::.:*.*:*:*.. *. *:.*:*:***:

60
59
59
58
56

H.americanus
C.pagurus
M.ensis
A.aegypti
D.melanogaster

GAASAVRFKKGE-DLVKVDTPDILSEEEYREFWIAFDHDEIRVGKGGEGEPFMQCPIPEP
GAASAIRFKKAD-DLVKVDTPDILSEGEYREFWIAVDHDEIRVGKGGEWEPLMQAPIPEP
GAASAIRFKKAD-DLTKVDTPDILNAEEYREFWIAFDHDNVRVGKGGEWEPFMSATVPEP
NTKSVIRKNRTKPDVCEVETPDILNPGEFRGFWIKWMDNVITVGMEGAAAAFLSYENPDA
NTKSVIRKDRQKPEVAEVPTPGILDAGEFRGFWVRWYDNVITVGREGDAAAFLSYDAGSL
.: *.:* .: . :: :* **.**. *:* **:
.: : ** *
.::.
.

119
118
118
118
116

H.americanus
C.pagurus
M.ensis
A.aegypti
D.melanogaster

FGITHYGYSTGWGAVGWWQFHAEKSYNTEDCLTYNFIPVYGDTLEFSVSCSNDAHVALTS
FPITHYGYSTGWGAVGWWKFMNDRVLNTEDCLTYNFEPAYGDTFSFSVACSNDAHLALTS
FEITHYGYSTGWGATGWWQFHSEMHFQTEDCLTYNFVPVYGDTFSFSVACSNDAHLALTS
YDINYVGVCTGWGASGSWIIEQNEPEPSAPIA--AALVSSNAACWIPAANGEIPPNAVVG
FPVNFVGICTGWGASGTWLID--EPAPSAPVMGFAAPTGSGPGCWVPAANGEVPPNALEG
: :.. * .***** * * :
:
.
...: .: . *: .

179
178
178
176
174

H.americanus
C.pagurus
M.ensis
A.aegypti
D.melanogaster

AAEETTPMYELLLGGWENQHSAIRLNK--------GDDMIKVDTPDILCCEEERKFWVSGAEETTPMYEIFIGGWENQHSAIRLNK--------GDDMAKVETPDALCCEEERKFFVSGPEETTPMYEVFIGGWENQHSAIRLSKE---GRSSGEDMIKVDTPDIVCCEEERKFTSSGSDG-EDMYIARAQHEGAIIPGKLLASHGAAYVAWGGAENPKTEYEVLCDGNGTFVPTSG
GFDSSEQLYIARARHEGDLIPGKLHPSHGVTYVAWGGGEHGHAEYEVLCAGGGQWLPVDA
. :
:*
..
.
*
: :*
. .

230
229
234
235
234

H.americanus
C.pagurus
M.ensis
A.aegypti
D.melanogaster

--FKNGHIRVG-YKDTDPFMEWTDPEP-----------WKITHIGYCTGWGATGKWKFEY
--FRNGHIKVG-YKDTDPFLQWTDPEP-----------WKVTHVGYCTGWGATGKWKLDI
--FKDGHIKVG-YQDSDPFMEWTDPEP-----------WKITHVGYCTGWGASGKWKFEF
GEIPPNAIPAGESEDGEPLFIGRVAHEGTMTVGKVQQSHGVCYIPYGGQEMAFADYEIYV
GNIPPNALPAGETAEGEPLFIGRATHDGTITVGKVQPSHGCCYIPYGGEELAYKEFEIYV
: . : .*
: :*::
..
:: *
* .:::

276
275
280
295
294

H.americanus
C.pagurus
M.ensis
A.aegypti
D.melanogaster

---SQ 297
TN 296

Figure 6: Amino acid alignment of putative FAMeT sequences using ClustalW. All
sequences were obtained from GenBank. Identical amino acids are represented by a “*”,
conserved substitutions by a “:” and semi-conserved sequences by a “.”.
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FAMeT
JHAMT

--MPIEVNTPDKLEYQFFPASGGVFTFKVRSPKDAHLALTPAPEENGPIFEIFLGGWENT 58
MNQASLYQHANQVQRHDAKLILDEFASTMQWRSDGEDALLDVGSGSGNVLMDFVKPLLPI 60
.
: .:::: :
. *: .:: .*.. ** . . .* :: *:

FAMeT
JHAMT

KSVIRKDRQKPEVAEVPTPGILDAGEFRGFWVRWYDNVITVGREGDAAAFLSYDAGSLFP 118
RGQLVGTDISSQMVHYASKHYQREERTR-----FQVLDIGCERLPEELSGRFDHVTSFYC 115
:. :
..::.. .:
. *
:
*
* : :
.. *::

FAMeT
JHAMT

VNFVGICTGWGASGTWLIDEPAPSAPVMGFAAPTGSGPGCWVPAANGEVPPNALEGG-FD 177
LHWVQNLKGALGN-IYNLLKPEGGDCLLAFLASNPVYEVYKILKTNDKWSTFMQDVENFI 174
:::*
.* .. : : :* . ::.* *..
: :*.: ..
:
*

FAMeT
JHAMT

SSEQLYIARARHEGDLIPGKLHPSHGVTY----VAWGGGEHGHAEYEVLCAGGGQWLPVD 233
SPLHYSLSPGEEFSQLLNDVGFVQHNVEIRNEVFVYEGVRTLKDNVKAICP-FLERMPAD 233
*. : :: ... .:*: . . .*.*
..: * . : : :.:*.
: :*.*

FAMeT
JHAMT

AGNIPPNALPAGETAEGEPLFIGRATHDG-TITVGKVQPSHGCCYIPYGGEELAYKEFEI 292
LHEQFLDDFIDIVISMN--LQQGENNEDQKFLSPYKLVVAYARKTPEFVNNVFLEPTHQN 291
:
: :
: . * *. ..*
:: *: ::.
: .: :
.:

FAMeT
JHAMT

YVTN-- 296
LVKGIN 297
*..

Figure 7: Amino acid alignment of putative D. melanogaster FAMeT and JHAMT
sequences using ClustalW. All sequences were obtained from GenBank. Identical amino
acids are represented by a “*”, conserved substitutions by a “:” and semi-conserved
sequences by a “.”. Underlined in the FAMeT sequence is a putative SANT-doman
profile. Underlined in the JHAMT sequence is the SAM-binding motif.
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B.mori
D.melanogaster

MNNADLYRKSNSLQKRDALRCLEEHANKIKWKKIG-DRVIDLGCADG-SVTDILKVYMPK 58
MNQASLYQHANQVQRHDAKLILDEFASTMQWRSDGEDALLDVGSGSGNVLMDFVKPLLPI 60
**:*.**:::*.:*::**
*:*.*..::*:. * * ::*:*...* : *::* :*

B.mori
D.melanogaster

NYGRLVGCDISEEMVKYANKHHGFG-RTSFRVLDIEGD-LTADLKQGFDHVFSFYTLHWI 116
R-GQLVGTDISSQMVHYASKHYQREERTRFQVLDIGCERLPEELSGRFDHVTSFYCLHWV 119
. *:*** ***.:**:**.**:
** *:**** : *. :*. **** *** ***:

B.mori
D.melanogaster

RDQERAFRNIFNLLGDEG-DCLLLFLGHTPIFDVYRTLSHTEKWHSWLEHVDRFISPYHD 175
QNLKGALGNIYNLLKPEGGDCLLAFLASNPVYEVYKILKTNDKWSTFMQDVENFISPLHY 179
:: : *: **:*** ** **** **. .*:::**: *. .:** ::::.*:.**** *

B.mori
D.melanogaster

NEDPEKEVKKIMERVGFSNIEVQCKTLFYVYDDLDVLKKSVAAINPFN--IPKDILEDFL 233
SLSPGEEFSQLLNDVGFVQHNVEIRNEVFVYEGVRTLKDNVKAICPFLERMPADLHEQFL 239
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Figure 8: Amino acid alignment of putative D. melanogaster and B. mori JHAMT
sequences using ClustalW. All sequences were obtained from GenBank. Identical amino
acids are represented by a “*”, conserved substitutions by a “:” and semi-conserved
sequences by a “.”.
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3.2 Immunohistochemical detection of FAMeT in wildtype and mutant
Drosophila melanogaster brains
Brains with ring gland attached were dissected from both wildtype (w1118 ) and
mutant (13905) third instar larvae. Cloning of the D. melanogaster FAMeT has permitted
recombinant protein expression and production of a specific antibody. The FAMeT
antibody was used to immunologically identify protein expression in situ. A fluorescent
secondary antibody identified that the FAMeT antibody localized to cells that comprise
the corpora allata (CA) portion of the ring gland (Appendix 10 A and B, top). Purely by
association with the CA, it seems likely that FAMeT is involved in some capacity with
the JH biosynthetic pathway. Staining the CA of mutant 13905 showed a decrease in
fluorescence within the ring gland.

Specificity was demonstrated by absorbing the

primary antibody to FAMeT protein prior to immunohistochemical analysis (Appendix
10 A and B, bottom)

3.3 MF, JHIII and JHB3 biosynthesis in mutant, deficiency and wild
type strains
The effect of Drosophila AST (PISCF family) on the biosynthesis of MF, JHIII
and JHB3 in ring glands of third instar larvae was measured (Figure 9). Biosynthesis in
the wildtype (w1118) stock was compared to the P-element insertion FAMeT mutant
13905. Ring glands from wildtype or mutant stocks were incubated in saline or in saline
containing 10-6 M AST. In general, it appears that there is not a credible significant
difference between mutant and wild type. Raw data suggests that JHIII and JHB3
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A

B

C

Figure 9: The effects of Drome AST on A) MF B) JHIII and C) JHB3 synthesis in ring
glands of 3rd wandering instar of wildtype and mutant D. melanogaster. The two lefthand bars represent wildtype (w1118) and the two right-hand bars represent the
homozygous P-element insertion mutant 13905. Asterisks show significant results at
p<0.05 using ANOVA. Vertical bars represent standard deviation.
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biosynthesis demonstrate a significant difference between the control, no AST added, and
synthesis once allatostatin was added. In the mutant 13905 strain, JHIII release was
significantly lower in the presence of AST, while in the wildtype the JHB3 release was
significantly lower. In the assay of MF synthesis, there appeared to be no effect on either
wild type or mutant stocks when AST was added (Figure 9).
JHIII release was also measured in the absence of AST on mutant 13905, Df1916,
Df2605 and each deficiency crossed to mutant 13905 (Figure 10). A significant
difference was observed between MF release in 1916 when compared to the wild type
using a one-way ANOVA (P<0.05) (Figure 10A). No significant difference was observed
between wildtype and JHIII or JHB3 synthesis and any of the mutation crosses (Figure
10B and C).

3.4 MF, JHIII and JHB3 release
overexpressing FAMeT and JHAMT

in

flies

ubiquitously

The release of the three forms of JH found in D. melanogaster were measured in
both 3rd instar larvae and adult flies overexpressing either FAMeT or JHAMT (Figures 11
and 12).

A significant difference was observed in the release of JHB3 from flies

overexpressing JHAMT in both the larval ring gland and adult CA when compared to
wildtype (p<0.01 and p<0.001 respectively) (Figure 12). No significant difference in MF
or JH release was found in either larval or adult flies overexpressing JHAMT.
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A

B
13905/CyO
(n=3)
1916/CyO
(n=12)
2605/SM1
(n=8)
13905/13905
(n=16)
W1118/W1118
(n=15)

C

Figure 10: MF, JHIII and JHB3 release from D. melanogaster CA of mutant 13905,
deficiency 1916 and 2605 strains and wildtype (w1118). Asterisk indicates a significant
result at p<0.05 using a one-way ANOVA. Vertical bars represent standard deviation.
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A

B

Figure 11: Comparison of MF, JH (JHIII) and JHB3 biosynthesis in the CA of adult D.
melanogaster ubiquitously overexpressing FAMeT (panel A) and JHAMT (panel B).
Asterisks indicate a statistical significance using ANOVA. Vertical bars represent
standard deviation.
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Figure 12: MF, JH (JHIII) and JHB3 release from Drosophila ring glands from 3rd instar
larvae (panel A) and CA from adults (panel B) of flies overexpressing JHAMT. Asterisks
indicate a significant difference using ANOVA. Vertical bars represent standard
deviation.
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Sesquiterpenoid release in both FAMet and JHAMT-overexpressing flies was
compared in figure 11. A significant increase of JHB3 was observed in JHAMToverexpressing flies whereas no significant difference was observed in flies
overexpressing FAMeT when compared to wildtype (Figure 11). As observed in figure
11, no significant difference was observed in either of the ubiquitously overexpressing
lines in terms of MF and JH release.

3.5 Developmental analysis
A significant increase in hatching success (the number of larvae counted) was
observed in UAS-FAMeT/6986 and a decrease observed in UAS-FAMeT/3745 flies
when compared to controls (p<0.05) (Figure 13 and 14 and Appendix 3). No significant
difference was seen in UAS-FAMeT/3743 flies, which differs in expression pattern from
3745 by lack of expression in oocyte border cells. No significant differences were seen in
any of the UAS-JHAMT lines when crossed to drivers (Figure 15 and 16).
A significant decrease in hatching success was observed when one or more copies
of FAMeT was deleted (p<0.05) (Figure 17 and Appendix 4). A significant decrease was
also observed in pupation success in Df2605 and Df1916 when compared to w1118
(p<0.05) (Appendix 4). The decrease in hatching and pupation success is likely attributed
to balancer chromosomes CyO and SM1 rather than the deletion of the FAMeT gene.
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A

*

B
Figure 13: Developmental analysis of UAS-FAMeT flies crossed to drivers daGAL4
(Panel A) and 6986 (Panel B). Percent success of hatching (red), pupation (green) and
eclosion (blue) is shown. Asterisk indicates a significant difference (p<0.05) using a Ttest. Vertical bars represent standard deviation.
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A

*

B
Figure 14: Developmental analysis of UAS-FAMeT flies crossed to drivers 3743 (Panel
A) and 3745 (Panel B). Percent success of hatching (red), pupation (green) and eclosion
(blue) is shown. Asterisk indicates a significant difference (p<0.05) using a T-test.
Vertical bars represent standard deviation.
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B

A

B

Figure 15: Developmental analysis of UAS-JHAMT flies crossed to drivers daGAL4
(Panel A) and 6986 (Panel B). Percent success of hatching (red), pupation (green) and
eclosion (blue) is shown. Vertical bars represent standard deviation.
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A

B

Figure 16: Developmental analysis of UAS-JHAMT flies crossed to drivers 3743 (Panel
A) and 3745 (Panel B). Percent success of hatching (red), pupation (green) and eclosion
(blue) is shown. Vertical bars represent standard deviation.
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*

B

Figure 17: Developmental analysis of mutant 13905 crossed to Df1916 and Df2605
(Panels A and B) compared to wildtype (w1118). Asterisk indicates a significant difference
(p<0.05) using a T-test.Vertical bars represent standard deviation.
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3.6 Longevity in mutant 13905 and deficiency 1916 and 2605 strains
The lifespan of the flies was looked at from eclosion to death and a significant
decrease was found in the deficiency strains. Lifespan was significantly decreased in
Df1916 when compared to wildtype (p<0.001) and an even greater significant decrease
was observed when wildtype and Df1916 were compared to mutant 13905 (p<0.0001)
(Appendix 9). The average lifespan of both males and females of mutant 13905, Df1916
and Df2605 were compared to wildtype (Figure 18). A significant decrease in female
longevity was found between heterozygous and homozygous mutant 13905
(13905/13905 and 13905/w1118 respectively) and the wildtype (p<0.05) (Figure 18A).
When crossed to Df1916, no significant decrease in lifespan in females was observed in
mutant 13905 (13905/1916) (Figure 18B), but when crossed to Df2605 (13905/2605), a
significant decrease was observed (Figure 18C). A significant decrease in average
lifespan was also seen in males when compared to wildtype (p<0.05) (Figure 18C). This
decrease may not be related to deletion of FAMeT but as Df2605 deletes unknown genes
in addition to FAMeT, it is likely that one of the other genes affects longevity. Further
characterization of these unknown genes would need to be done in order to confirm this
result.

3.7 Longevity in FAMeT and JHAMT overexpressing flies
Lifespan was examined in males and females overexpressing FAMeT and
JHAMT in a variety of tissues. No significant difference was observed in average
longevity from controls in UAS-FAMeT or UAS-JHAMT overexpresed using daGAL4
or 6986 (Figure 19 and 20 and Appendix 11-14). A significant increase in longevity in
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A

B

C
Figure 18: Average lifespan comparison of D. melanogaster male and female crosses.
Mutant 13905 lifespan is compared to to wildtype (w1118/w1118) (panel A), deficiency
1916 (panel B) and deficiency 2605 (panel C). Each bar represents between 80-100 flies.
Vertical bars represent standard deviation. Stars indicate a significant decrease in average
lifespan (p<0.05) compared to wildtype using using Excel T-test assuming unequal
variance.
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A

B

Figure 19: Average lifespan comparison of D. melanogaster male and female UASFAMeT/daGAL4 (panel A) and UAS-JHAMT/daGAL4 (panel B). Asterisks indicate a
significant decrease in average lifespan (p<0.0001) of UAS/daGAL4 crosses compared to
each of the controls (responder and driver strains crossed to w1118). Sample size is
between 80-100 flies for each condition. Vertical bars represent standard deviation.
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A

B

Figure 20: Average lifespan comparison of D. melanogaster male and female UASFAMeT/6986 (panel A) and UAS-JHAMT/6986 (panel B). Asterisks indicate a
significant decrease in average lifespan (p<0.0001) of UAS/6986 crosses compared to
each of the controls (responder and driver strains crossed to w1118). Sample size is
between 80-100 flies for each condition. Vertical bars represent standard deviation.

49

females overexpressing FAMeT in the oocyte using driver 3743 (p<0.05) (Figure 21,
Appendix 5 and 15). A significant increase in average longevity was also observed in
the males using the oocyte driver (Figure 21, Appendix 6 and 16). No significant
difference in average longevity from controls UAS-FAMeT or UAS-JHAMT
overxpressed using driver 3745 (Figure 22, Appendix 17 and 18).
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B

Figure 21: Average lifespan comparison of D. melanogaster male and female UASFAMeT/3743 (panel A) and UAS-JHAMT/3743 (panel B). Asterisks indicate a
significant decrease in average lifespan (p<0.0001) of UAS/3743 crosses compared to
each of the controls (responder and driver strains crossed to w1118). Sample size is
between 80-100 flies for each condition. Vertical bars represent standard deviation.
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A

B

Figure 22: Average lifespan comparison of D. melanogaster male and female UASFAMeT/3745 (panel A) and UAS-JHAMT/3745 (panel B). Asterisks indicate a
significant decrease in average lifespan (p<0.0001) of UAS/3745 crosses compared to
each of the controls (responder and driver strains crossed to w1118. Sample size is between
80-100 flies for each condition. Vertical bars represent standard deviation.
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Chapter 4: Discussion
4.1 Characterization of FAMeT and JHAMT sequence
FAMeT protein sequences of A. aegypti, C. pagurus, H. americanus and M. ensis
were compared to the putative FAMeT in D. melanogaster (Figure 6). The highest
similarity was between D. melanogaster and A. aegypti, whereas the crustaceans showed
low similarity to the two Dipteran protein sequences. Although FAMeT is thought to
catalyze the reaction using a SAM cofactor, the sequence in all organisms examined lack
the typical SAM binding motif but may function as an indirect SAM-dependent
methyltransferase (Gunawardene et al. 2002; Silva Gunawardene et al. 2001). SANT, one
of many domains required for protein-protein interactions, is present in the N-terminal
region of FAMeT, suggesting that protein-protein interactions might be required for
functional structure and activity (Figure 7). Since a number of proteins of unknown
function have been shown through two-hybrid analysis to interact with FAMeT (Giot et
al. 2003), it is possible that an additional protein partner is required for activity.
I have identified and cloned D. melanogaster JHAMT, an orthologue of the
recently discovered B. mori JHAMT, and it was compared to FAMeT using ClustalW
(Figure 7). Bombyx JHAMT contains an SAM-binding motif with 41% similarity to
JHAMT in D. melanogaster (Figure 8). Although both FAMeT and JHAMT have been
shown to methylate JH precursors in other organisms, their role has not been established
in Diptera.
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4.2 Immunohistochemical detection of FAMeT in the ring gland
Although the role of FAMeT in D. melanogaster is unclear, CA localization
correlates with the area responsible for JH biosynthesis: the ring gland (Appendix 10). As
was found in lobster mandibular organ, FAMeT localized not only to the mandibular
organ but also in those cells specifically involved in MF biosynthesis (Holford et al.
2004). In Drosophila, this localization appears to be mimicked. Immunolocalization with
Drosophila FAMeT antisera localized to the larval ring gland specifically in the region
that is associated with the CA. Although this localization is what would be expected for
an enzyme involved in JH regulation, localization alone does not prove that it does so.
The P-element insertion in mutant 13905 was found to reduce the fluorescent intensity of
the Ab staining which would be expected if the P-element reduced the level of FAMeT.
Such a reduction provided a means to assay the protein for FAMeT activity under two
conditions; normal expression and reduced protein expression.

4.3 JH release from wildtype, deficiency and overexpression
strains
MF, JHIII and JHB3 release were measured in wild type third instar larvae in the
presence and absence of an allatotstatin, Drome-AST, which inhibits the synthesis of JH
(Figure 9). Drome-AST exerted a significant inhibition on JHB3 biosynthesis but not MF
or JHIII biosynthesis in wild type larvae. A role for Drome-AST in JH regulation has
been implicated by the immunolocalization of Drome-AST to cells in the brain and CA of
Drosophila larvae (Yoon and Stay 1995). However, the action of Drome-AST is
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confusing as in situ hybridization detection of Drome-AST receptor mRNAs, Drostar 1
and 2, suggest that receptors are expressed in cells of the brain and not in the CA
(Kreienkamp et al. 2002). In mutant 13905, MF levels appear higher than wild type with
Drome-AST having no effect (Figure 9). This is contrary to what one would expect for a
reduction in the methyltransferase enzyme. Drome-AST appeared to significantly reduce
JHIII in the mutant background but not JHB3. These results might suggest that the
pathways to JHIII and JHB3 are different. JHB3 is inhibited in wild type but not in
FAMeT mutant background suggestive of FAMeT being involved in a critical step in
Drome-AST action on JHB3 action. It also suggests that JHIII may not act as the
precursor to JHB3. Since the exact biochemical pathway for the production of JHIII and
JHB3 in D. melanogaster is yet to be characterized, it is possible that there are two
branches of this pathway, one producing the more abundant juvenile hormone JHB3 and
one producing JHIII (Moshitzky et al. 2003). This is the first data showing a reductive
effect of JH in D. melanogaster as previous experiments have shown the presence of
Drome AST but have not found any effect on JH (Birgul et al. 1999; Williamson et al.
2001a; Williamson et al. 2001b).
In all D. melanogaster genetic backgrounds tested where either the chromosomal
dose of FAMeT or a homozygous P-element insertion was created in the FAMeT gene
only one heterozygous deficiency showed a reduction in MF (Figure 10). All others
showed no significant reduction in MF, JHIII or JHB3. As all deficiencies lack a
chromosomal copy of FAMeT it can be concluded that the reduction in MF in one case
may be due to other adjacent genes missing in this deficiency strain. The data again
supports the notion that this protein/enzyme may not function directly as a
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methyltransferase involved in the active product of the JH pathway. An additional JH
release assay was done using the CA of adult D. melanogaster from two deficiency
stocks. These stocks have two different portions of the 2nd chromosome deleted, both of
which include the FAMeT coding region. The smaller of the deletions, Df1916, and the
larger deletion, Df2605, were compared to wildtype and homozygous mutant 13905 in
figure 10. A significant difference was observed between MF release in Df1916 when
compared to the wildtype using a one-way ANOVA (P<0.05). The decrease in MF
synthesis correlates with the proposed molecular mechanism of FAMeT in other
organisms, converting FA to MF.
The fluctuations in MF, JHIII and JHB3 in the genetic backgrounds tested may be
due to deficiency stocks not being as viable as wild type. Various other uncharacterized
genes are also deleted in these deficiency stocks, which may be influencing the decrease
in lifespan in the deficiency stocks.
MF, JHIII and JHB3 release assays from flies overexpressing JHAMT shows a
significant increase in the most abundant form of JH in D. melanogaster: JHB3 (Figure
11 and 12). This implicates the involvement of JHAMT in the biosynthetic pathway
terminating in JHB3. No significant increase was seen in MF or JHIII, which suggests
that JHAMT is not active in the biosynthesis of these forms of JH.
While overexpressing JHAMT significantly increased JHB3 release, no significant
difference was seen when FAMeT was overexpressed when compared to wildtype
(Figure 11). As additional proteins may be needed for FAMeT activity, it is possible that
these are limiting factors in FAMeT activity and overexpression would have no effect.
Additionally, it is possible that an overabundance of FAMeT may affect its activity.
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Quantification of FAMeT and JHAMT in the overexpressing flies would need to be
completed to determine if a lesser concentration of FAMeT may have an effect.

4.4 Developmental and longevity analysis of FAMeT and JHAMT
overexpressing strains
JH regulates many facets of development from normal dorsal closure, regulation
of larval moults and metamorphosis. JH is also responsible for a number of adult
developmental roles, including reproductive maturation in both males and females,
vitellogenesis and male accessory gland secretions, looking at the lifespan of flies
deficient in FAMeT may present a unique phenotype if a decrease in one of the forms of
JH is observed. Previous research in JH-deficient mutants suggests that a decrease in JH
results in an extended lifespan and prolonged development time (Altaratz et al. 1991;
Clancy et al. 2001; Tatar et al. 2001; Wilson et al. 2003). Alternatively, in the abnormal
abdomen (aa) mutant, an increased JH titer is suspected but not confirmed, resulting in a
decreased lifespan and a similarly prolonged development time (reviewed in Flatt et al.
2005).
Flies overexpressing FAMeT and JHAMT under the control of the daGAL4
ubiquitous driver do not appear to have any significant change in lifespan from the
controls. In the males, the driver control (daGAL4 x w1118) has an average male lifespan
that is lower than expected which may influence the results (Appendix 11 E-H). Since a
number of different p-element insertion points were tested to look for position effect,
there appears to be some insertions that affect longevity. An explanation for this may be a
position effect, that the p-element is affecting another gene at the insertion point, which
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results in an increase or decrease of longevity. A significant increase was seen in flies
overexpressing FAMeT in the oocytes, but further testing will have to be done to confirm
the action of this enzyme within the oocytes.
The overexpression of FAMeT and JHAMT do not appear to have significant
effects on development or longevity overall. At present, there are a number of known
proteins that interact with FAMeT which may be required for the activity of these
enzymes and overexpression of one without the other would negate any possible effect.
Although no proteins have been identified to interact with JHAMT at present, future
experiments may prove this to be the case.
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Chapter 5: Conclusions
Since the exact biochemical pathway for the production of JHIII and JHB3 in D.
melanogaster is yet to be characterized, it is possible that there is two branches of this
pathway, one producing the more abundant JH, JHB3, and one producing JHIII via MF. It
has previously been shown that addition of 6,7;10,11 bisepoxy FA (FABE) to in vitro
D.melanogaster adult brains results in a significant increase in JHB3 conversion, while it
has no effect on MF and JHIII (Moshitzky and Applebaum 1995). As preliminary JHrelease measurement in UAS-JHAMT/daGAL4 showed significant increases in JHB3
synthesis but not in MF synthesis, it could be suggested that JHAMT is involved in
methylation of FABE via primary epoxidation.
Despite no observed increase in JHIII in JH release assays of FAMeToverexpressing flies, a significant decrease in JHIII was observed in the mutant 13905,
with a possible interruption to the FAMeT gene. These results suggest a possible
alternative pathway for JHIII biosynthesis. In lepidopteran, instead of the methylation of
FA to produce MF followed by epoxidation, epoxidation occurs first to form JHacid,
which is then converted to JHIII (Yagi et al. 1991). If this is true, FAMeT may be active
in the pathway in the production of JHIII but no effect would be seen in JHB3 release.
In this thesis, I have demonstrated that FAMet does not have a direct role as a
methyltransferase in the biosynthesis of the active hormone, JHB3 although may have a
role in JHIII biosynthesis. I have cloned and overexpressed the first Drosophila ortholog
of JHAMT found in moths and demonstrated that it has a role in the synthesis of active
hormone, JHB3. I have also provided the first preliminary data that PISCF-AST may have
a role on the regulation of JH biosynthesis in D. melanogaster.
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Further characterization of the Dipteran JH biosynthetic pathway would be
needed to elucidate the function of MF and JHIII since they appear to not be precursors to
the proposed active hormone, JHB3. Additionally, this thesis lays the groundwork for
future work involving the role of AST in D. melanogaster.

60

References

Altaratz, M., S.W. Applebaum, D.S. Richard, L.I. Gilbert & D. Segal. (1991). Regulation
of juvenile hormone synthesis in wild-type and apterous mutant Drosophila.
Molecular and Cellular Endocrinology 81, 205-216.
Ashburner, M. (1970). Effects of juvenile hormone on adult differentiation of Drosophila
melanogaster. Nature 227, 187-189.
Bellen, H.J., R.W. Levis, G. Liao, Y. He, J.W. Carlson, G. Tsang, et al. (2004). The
BDGP gene disruption project: single transposon insertions associated with 40% of
Drosophila genes. Genetics 167, 761-781.
Bellès, X., D. Martin & M.D. Piulachs. (2005). The mevalonate pathway and the
synthesis of juvenile hormone in insects. Annual Review of Entomology 50, 181-199.
Birgul, N., C. Weise, H.J. Kreienkamp & D. Richter. (1999). Reverse physiology in
drosophila: identification of a novel allatostatin-like neuropeptide and its cognate
receptor structurally related to the mammalian somatostatin/galanin/opioid receptor
family. The EMBO Journal 18, 5892-5900.
Brand, A.H., A.S. Manoukian & N. Perrimon. (1994). Ectopic expression in Drosophila.
Methods in Cell Biology 44, 635-654.

61

Brand, A.H. & N. Perrimon. (1993). Targeted gene expression as a means of altering cell
fates and generating dominant phenotypes. Development (Cambridge, England) 118,
401-415.
Byrne, B.M., M. Gruber & G. Ab. (1989). The evolution of egg yolk proteins. Progress
in Biophysics and Molecular Biology 53, 33-69.
Chen P.S. (1984). The Functional Morphology and Biochemistry of Insect Male
Accessory Glands and their Secretions. Annual Review of Entomology 29, 233-55.
Clancy, D.J., D. Gems, L.G. Harshman, S. Oldham, H. Stocker, E. Hafen, et al. (2001).
Extension of life-span by loss of CHICO, a Drosophila insulin receptor substrate
protein. Science (New York, N.Y.) 292, 104-106.
Corona, M., R.A. Velarde, S. Remolina, A. Moran-Lauter, Y. Wang, K.A. Hughes, et al.
(2007). Vitellogenin, juvenile hormone, insulin signaling, and queen honey bee
longevity. Proceedings of the National Academy of Sciences of the United States of
America 104, 7128-7133.
DeSalle, R., J. Slightom & E. Zimmer. (1986). The molecular through ecological genetics
of abnormal abdomen. II. Ribosomal DNA polymorphism is associated with the
abnormal abdomen syndrome in Drosophila mercatorum. Genetics 112, 861-875.
Flatt, T. & T.J. Kawecki. (2007). Juvenile hormone as a regulator of the trade-off
between reproduction and life span in Drosophila melanogaster. Evolution;
International Journal of Organic Evolution 61, 1980-1991.

62

Flatt, T., M.P. Tu & M. Tatar. (2005). Hormonal pleiotropy and the juvenile hormone
regulation of Drosophila development and life history. BioEssays : News and
Reviews in Molecular, Cellular and Developmental Biology 27, 999-1010.
Gäde, G., K.H. Hoffmann & J.H. Spring. (1997). Hormonal regulation in insects: facts,
gaps, and future directions. Physiological Reviews 77, 963-1032.
Gilbert, L.I., N.A. Granger & R.M. Roe. (2000). The juvenile hormones: historical facts
and speculations on future research directions. Insect Biochemistry and Molecular
Biology 30, 617-644.
Gilbert, L.I., R.B. Serafin, N.L. Watkins & D.S. Richard. (1998). Ecdysteroids regulate
yolk protein uptake by Drosophila melanogaster oocytes. Journal of Insect
Physiology 44, 637-644.
Giot, L., J.S. Bader, C. Brouwer, A. Chaudhuri, B. Kuang, Y. Li, et al. (2003). A protein
interaction map of Drosophila melanogaster. Science (New York, N.Y.) 302, 17271736.
Gunawardene, Y.I., S.S. Tobe, W.G. Bendena, B.K. Chow, K.J. Yagi & S.M. Chan.
(2002). Function and cellular localization of farnesoic acid O-methyltransferase
(FAMeT) in the shrimp, Metapenaeus ensis. European Journal of Biochemistry /
FEBS 269, 3587-3595.
Handler, A.M. & J.H. Postlethwait. (1977). Endocrine control of vitellogenesis in
Drosophila melanogaster: effects of the brain and corpus allatum. The Journal of
Experimental Zoology 202, 389-402.
63

Holford, K.C., K.A. Edwards, W.G. Bendena, S.S. Tobe, Z. Wang & D.W. Borst. (2004).
Purification and characterization of a mandibular organ protein from the American
lobster, Homarus americanus: a putative farnesoic acid O-methyltransferase. Insect
Biochemistry and Molecular Biology 34, 785-798.
Kazemi-Esfarjani, P., & S. Benzer. (2000). Genetic suppression of polyglutamine toxicity
in Drosophila. Science 287, 1837-1840.
Kelly T.J., Adams T.S., Schartz M.B., Birnbaum M.J., Ruenstein E.C. & R.B Imberski.
(1987). Juvenile hormone and ovarian maturation in the Diptera: A review of recent
results. Insect Biochemistry 17, 1089-1093.
Koeppe J.K., Fuchs M, Chen T.T., Hunt L-M, Kovalick G.E. & T. Briers .The role of
juvenile hormone in reproduction. Kerkut GA and Gilbert LI(eds). In
"Comprehensive Insect Physiology, Biochemistry and Pharmacology".
Oxford:Pergamon Press (1985).
Kramer, S.J., A. Toschi, C.A. Miller, H. Kataoka, G.B. Quistad, J.P. Li, et al. (1991).
Identification of an allatostatin from the tobacco hornworm Manduca sexta.
Proceedings of the National Academy of Sciences of the United States of America 88,
9458-9462.
Kreienkamp, H.J., H.J. Larusson, I. Witte, T. Roeder, N. Birgul, H.H. Honck, et al.
(2002). Functional annotation of two orphan G-protein-coupled receptors, Drostar1
and -2, from Drosophila melanogaster and their ligands by reverse pharmacology.
The Journal of Biological Chemistry 277, 39937-39943.

64

Laufer, H., M. Landau, E. Homola & D.W. Borst. (1987). Methyl farnesoate; its site of
synthesis and regulation of secretion in a juvenile crustacean. Insect Biochemistry 17,
1129-1131.
Lenz, C., M. Williamson & C.J. Grimmelikhuijzen. (2000). Molecular cloning and
genomic organization of a second probable allatostatin receptor from Drosophila
melanogaster. Biochemical and Biophysical Research Communications 273, 571577.
Li, Y., S. Hernandez-Martinez, F. Fernandez, J.G. Mayoral, P. Topalis, H. Priestap, et al.
(2006). Biochemical, molecular, and functional characterization of PISCFallatostatin, a regulator of juvenile hormone biosynthesis in the mosquito Aedes
aegypti. The Journal of Biological Chemistry 281, 34048-34055.
Lorenz, M.W., R. Kellner & K.H. Hoffmann. (1995). A family of neuropeptides that
inhibit juvenile hormone biosynthesis in the cricket, Gryllus bimaculatus. The
Journal of Biological Chemistry 270, 21103-21108.
Manseau, L., Baradaran, A., Brower, D., Budhu, A., Elefant, F., Phan, H., Philp, A.V.,
Yang, M., Glover, D., Kaiser, K., Palter K., Selleck S. (1997). GAL4 enhancer traps
expressed in the embryo, larval brain, imaginal discs, and ovary of Drosophila.
Developmental Dynamics 209(3), 310-322.
Moshitzky, P. & S.W. Applebaum. (1995). Pathway and regulation of JHIII-Bisepoxide
biosynthesis in adult Drosophila melanogaster corpus allatum. Archives of Insect
Biochemistry and Physiology 30, 225-237.

65

Moshitzky, P., L.I. Gilbert & S.W. Applebaum. (2003). Biosynthetic maturation of the
corpus allatum of the female adult medfly, Ceratitis capitata, and its putative control.
Journal of Insect Physiology 49, 603-609.
Nijhout H.F. Insect hormones. Anonymous Princeton, NJ:Princeton University Press
(1994).
Nijhout, H.F. & C. Kremen. (1998). Control of pupal commitment in the imaginal disks
of Precis coenia (Lepidoptera: Nymphalidae). Journal of Insect Physiology 44, 287296.
Partridge L., Green A. & Fowler K. (1987). Effects of egg-production and of exposure to
males on female survival in Drosophila melanogaster. Journal of Insect Physiology
33, 745-749.
Pelham, H. (1982). A regulatory upstream promoter elements in the Drosophila Hsp70
heat-shock gene. Cell 30, 517-528.
Phelps, C.B. & A.H. Brand. (1998). Ectopic gene expression in Drosophila using GAL4
system. Methods (San Diego, Calif.) 14, 367-379.
Pratt, G.E., D.E. Farnsworth, K.F. Fok, N.R. Siegel, A.L. McCormack, J. Shabanowitz, et
al. (1991). Identity of a second type of allatostatin from cockroach brains: an
octadecapeptide amide with a tyrosine-rich address sequence. Proceedings of the
National Academy of Sciences of the United States of America 88, 2412-2416.

66

Pszczolkowski, M.A., A. Tucker, A. Srinivasan & S.B. Ramaswamy. (2006). On the
functional significance of juvenile hormone in the accessory sex glands of male
Heliothis virescens. Journal of Insect Physiology 52, 786-794.
Reibstein D., Law JH., Bowlus SB. & Katzenellenbogen JA. Enzymatic synthesis of
juvenile hormone in Manduca sexta. Gilbert LI(ed). In "The Juvenile Hormones".
New York:Plenum Press (1976).
Richard, D.S., S.W. Applebaum, T.J. Sliter, F.C. Baker, D.A. Schooley, C.C. Reuter, et
al. (1989). Juvenile hormone bisepoxide biosynthesis in vitro by the ring gland of
Drosophila melanogaster: a putative juvenile hormone in the higher Diptera.
Proceedings of the National Academy of Sciences of the United States of America 86,
1421-1425.
Riddiford, L.M. (1994). Cellular and molecular actions of juvenile hormone I. General
considerations and premetamorphic actions. Advances in Insect Physiology 24, 213274.
Roseman, R.R., E.A. Johnson, C.K. Rodesch, M. Bjerke, R.N. Nagoshi & P.K. Geyer.
(1995). A P element containing suppressor of hairy-wing binding regions has novel
properties for mutagenesis in Drosophila melanogaster. Genetics 141, 1061-1074.
Ruddell, C.J., G. Wainwright, A. Geffen, M.R. White, S.G. Webster & H.H. Rees.
(2003). Cloning, characterization, and developmental expression of a putative
farnesoic acid O-methyl transferase in the female edible crab Cancer pagurus. The
Biological Bulletin 205, 308-318.

67

Shinoda, T. & K. Itoyama. (2003). Juvenile hormone acid methyltransferase: a key
regulatory enzyme for insect metamorphosis. Proceedings of the National Academy
of Sciences of the United States of America 100, 11986-11991.
Siegmund, T. & G. Korge. (2001). Innervation of the ring gland of Drosophila
melanogaster. The Journal of Comparative Neurology 431, 481-491.
Silva Gunawardene, Y.I., B.K. Chow, J.G. He & S.M. Chan. (2001). The shrimp FAMeT
cDNA is encoded for a putative enzyme involved in the methylfarnesoate (MF)
biosynthetic pathway and is temporally expressed in the eyestalk of different sexes.
Insect Biochemistry and Molecular Biology 31, 1115-1124.
Smith, P.A., A.S. Clare, H.H. Rees, M.C. Prescott, G. Wainwright & M.C. Thorndyke.
(2000). Identification of methyl farnesoate in the cypris larva of the barnacle,
Balanus amphitrite, and its role as a juvenile hormone. Insect Biochemistry and
Molecular Biology 30, 885-890.
Spradling, A.C. & G.M. Rubin. (1982). Transposition of cloned P elements into
Drosophila germ line chromosomes. Science (New York, N.Y.) 218, 341-347.
Tatar, M., A. Kopelman, D. Epstein, M.P. Tu, C.M. Yin & R.S. Garofalo. (2001). A
mutant Drosophila insulin receptor homolog that extends life-span and impairs
neuroendocrine function. Science (New York, N.Y.) 292, 107-110.
Tobe, S.S., D.A. Young, H.W. Khoo & F.C. Baker. (1989). Farnesoic acid as a major
product of release from crustacean mandibular organ in vitro. Journal of
Experimental Zoology 249, 165-171.
68

Tu, M.P., C.M. Yin & M. Tatar. (2005). Mutations in insulin signaling pathway alter
juvenile hormone synthesis in Drosophila melanogaster. General and Comparative
Endocrinology 142, 347-356.
Williams, J.L. & M. Bownes. (1986). Reduced stability of RNA coding for yolk
polypeptide 3 in Drosophila melanogaster ovary. European Journal of Biochemistry
/ FEBS 161, 95-101.
Williamson, M., C. Lenz, A.M. Winther, D.R. Nassel & C.J. Grimmelikhuijzen. (2001a).
Molecular cloning, genomic organization, and expression of a B-type (cricket-type)
allatostatin preprohormone from Drosophila melanogaster. Biochemical and
Biophysical Research Communications 281, 544-550.
Williamson, M., C. Lenz, A.M. Winther, D.R. Nassel & C.J. Grimmelikhuijzen. (2001b).
Molecular cloning, genomic organization, and expression of a C-type (Manduca
sexta-type) allatostatin preprohormone from Drosophila melanogaster. Biochemical
and Biophysical Research Communications 282, 124-130.
Wilson, T.G., S. DeMoor & J. Lei. (2003). Juvenile hormone involvement in Drosophila
melanogaster male reproduction as suggested by the Methoprene-tolerant(27) mutant
phenotype. Insect Biochemistry and Molecular Biology 33, 1167-1175.
Wyatt, G.R. & K.G. Davey. (1996). Cellular and molecular actions of juvenile hormone.
II. Roles of juvenile hormone in adult insects. Advances in Insect Physiology 26, 1155.

69

Yagi, K.J., K.G. Konz, B. Stay & S.S. Tobe. (1991). Production and utilization of
farnesoic acid in the juvenile hormone biosynthetic pathway by corpora allata of
larval Diploptera punctata. General and Comparative Endocrinology 81, 284-294.
Yang, Y., J.S. Yuan, J. Ross, J.P. Noel, E. Pichersky & F. Chen. (2006). An Arabidopsis
thaliana methyltransferase capable of methylating farnesoic acid. Archives of
Biochemistry and Biophysics 448, 123-132.
Yoon, J.G. & B. Stay. (1995). Immunocytochemical localization of Diploptera punctata
allatostatin-like peptide in Drosophila melanogaster. The Journal of Comparative
Neurology 363, 475-488.
Zarnescu, D.C., G. Shan, S.T. Warren & P. Jin. (2005). Come FLY with us: toward
understanding fragile X syndrome. Genes, Brain, and Behavior 4, 385-392.
Zhang, Y.Q., D.B. Friedman, Z. Wang, E. Woodruff 3rd, L. Pan, J. O'donnell, et al.
(2005). Protein expression profiling of the drosophila fragile X mutant brain reveals
up-regulation of monoamine synthesis. Molecular & Cellular Proteomics : MCP 4,
278-290.
Zhang, Y.Q., H.J. Matthies, J. Mancuso, H.K. Andrews, E. Woodruff 3rd, D. Friedman,
et al. (2004). The Drosophila fragile X-related gene regulates axoneme
differentiation during spermatogenesis. Developmental Biology 270, 290-307.

70

Appendix:

Appendix 1: Diagram of pINDY5-FAMeT and pINDY5-JHAMT constructs. Restriction
enzymes used to excise the fragment are marked on either end of the insert.
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Appendix 2: Picture of RT-PCR reaction using whole fly RNA template from
ubiquitously overexpressing FAMeT and JHAMT flies. Panel A: FAMeT (888bp) is
shown on top with partial Actin88F (100bp) on the bottom. Lane 1 is the driver control
(daGAL4/w1118), lanes 2-4 are responder controls and lanes 5-7 are FAMeToverexpressed lines. Panel B: JHAMT (890bp) amplified off of whole fly RNA. Lane 1 is
PCR control using pINDY5-JHAMT construct, lane 2 is negative control without
template, lane 3 is a JHAMT-overexpressed line (Z), lane 4 is driver control
daGAL4/w1118 and lane 5 is responder control (UAS-JHAMT/w1118).
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Females
Responder
UAS-FAMeT(A)
UAS-FAMeT(B)
UAS-FAMeT(E)
UAS-FAMeT(H)

Driver
daGAL4
daGAL4
daGAL4
daGAL4

Logrank Stat
0.9104
0.6915
<0.0001
<0.0001

Significant?
no
no
no
yes

UAS-JHAMT(W)
UAS-JHAMT(X)
UAS-JHAMT(Z)
Females
Responder
UAS-FAMeT(A)
UAS-FAMeT(B)
UAS-FAMeT(E)
UAS-FAMeT(H)

daGAL4
daGAL4
daGAL4

<0.0001
0.0765
<0.0001

no
no
yes

Driver
6986
6986
6986
6986

Logrank Stat
0.1639
<0.0001
0.9854
0.5378

Significant?
no
yes
no
no

UAS-JHAMT(V)
UAS-JHAMT(X)
UAS-JHAMT(Y)
UAS-JHAMT(Z)
Females
Responder
UAS-FAMeT(B)
UAS-FAMeT(E)
UAS-FAMeT(H)

6986
6986
6986
6986

0.9064
0.088
<0.0001
<0.0001

no
no
yes
no

Driver
3743
3743
3743

Logrank Stat
<0.0001
<0.0001
0.0001

Significant?
yes
yes
yes

UAS-JHAMT(W)
UAS-JHAMT(X)
UAS-JHAMT(Y)
UAS-JHAMT(Z)
Females
Responder
UAS-FAMeT(A)
UAS-FAMeT(B)
UAS-FAMeT(E)
UAS-FAMeT(H)

3743
3743
3743
3743

<0.0001
<0.0001
<0.0001
<0.0001

yes
yes
yes
no

Driver
3745
3745
3745
3745

Logrank Stat
<0.0001
<0.0001
<0.0001
<0.0001

Significant?
no
yes
no
yes

UAS-JHAMT(V)
UAS-JHAMT(X)
UAS-JHAMT(Y)
UAS-JHAMT(Z)

3745
3745
3745
3745

0.484
<0.0001
0.0018
<0.0001

no
yes
no
no

Appendix 3: Statistical analysis of UAS-FAMeT and UAS-JHAMT females using the
Logrank test. Highlighted boxes indicate significant results based on Logrank test and
shape of graph.
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Males
Responder
UAS-FAMeT(A)
UAS-FAMeT(B)
UAS-FAMeT(E)
UAS-FAMeT(H)

Driver
daGAL4
daGAL4
daGAL4
daGAL4

Logrank Stat
0.9104
0.8784
0.1023
<0.0001

Significant?
no
no
no
yes

UAS-JHAMT(W)
UAS-JHAMT(X)
UAS-JHAMT(Z)
Males
Responder
UAS-FAMeT(A)
UAS-FAMeT(B)
UAS-FAMeT(E)
UAS-FAMeT(H)

daGAL4
daGAL4
daGAL4

<0.0001
0.5084
0.2398

yes
no
no

Driver
6986
6986
6986
6986

Logrank Stat
0.0011
<0.0001
<0.0001
0.0055

Significant?
no
no
yes
yes

UAS-JHAMT(V)
UAS-JHAMT(X)
UAS-JHAMT(Y)
UAS-JHAMT(Z)
Males
Responder
UAS-FAMeT(B)
UAS-FAMeT(E)
UAS-FAMeT(H)

6986
6986
6986
6986

<0.0001
0.2067
0.0333
<0.0001

no
no
yes
yes

Driver
3743
3743
3743

Logrank Stat
<0.0001
0.0822
0.0055

Significant?
yes
no
yes

UAS-JHAMT(W)
UAS-JHAMT(X)
UAS-JHAMT(Y)
UAS-JHAMT(Z)
Males
Responder
UAS-FAMeT(A)
UAS-FAMeT(B)
UAS-FAMeT(E)
UAS-FAMeT(H)

3743
3743
3743
3743

<0.0001
<0.0001
0.2965
<0.0001

no
yes
no
yes

Driver
3745
3745
3745
3745

Logrank Stat
<0.0001
0.605
<0.0001
0.132

Significant?
yes
no
yes
no

UAS-JHAMT(V)
UAS-JHAMT(X)
UAS-JHAMT(Y)
UAS-JHAMT(Z)

3745
3745
3745
3745

0.0014
<0.0001
0.7089
<0.0001

no
yes
no
yes

Appendix 4: Statistical analysis of UAS-FAMeT and UAS-JHAMT males using the
Logrank test. Highlighted boxes indicate significant results based on Logrank test and
shape of graph.

74

Females
Cross 1
13905 x 1916
13905 x 1916
13905 x 1916
13905 x 1916

Cross 2
1916 x 1916
13905 x 13905
13905 x w1118
w1118 x w1118

Logrank Stat
<0.0001
<0.0001
0.0023
0.1292

Significant?
yes
yes
yes
no

13905 x 13905
13905 x 13905

13905 x w1118
w1118 x w1118

<0.0001
<0.0001

yes
yes

1916 x 1916
1916 x 1916
Males
Cross 1
13905 x 1916
13905 x 1916
13905 x 1916
13905 x 1916

13905 x 13905
w1118 x w1118

<0.0001
<0.0001

yes
yes

Cross 2
1916 x 1916
13905 x 13905
13905 x w1118
w1118 x w1118

Logrank Stat
<0.0001
0.9283
<0.0001
<0.0001

Significant?
yes
no
yes
yes

13905 x 13905
13905 x 13905

13905 x w1118
w1118 x w1118

<0.0001
<0.0001

yes
yes

1916 x 1916
1916 x 1916

13905 x 13905
w1118 x w1118

<0.0001
0.9397

yes
no

Appendix 5: Statistical analysis of mutant 13905 and deficiency 1916 females and males
using the Logrank test. Highlighted boxes indicate significant results based on Logrank
test and shape of graph.
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Females
Cross 1
13905 x 2605
13905 x 2605
13905 x 2605
13905 x 2605

Cross 2
2605 x 2605
13905 x 13905
13905 x w1118
w1118 x w1118

Logrank Stat
<0.0001
<0.0001
<0.0001
<0.0001

Significant?
yes
yes
yes
yes

13905 x 13905
13905 x 13905

13905 x w1118
w1118 x w1118

<0.0001
<0.0001

yes
yes

2605 x 2605
2605 x 2605
Males
Cross 1
13905 x 2605
13905 x 2605
13905 x 2605
13905 x 2605

13905 x 13905
w1118 x w1118

0.1719
<0.0001

no
yes

Cross 2
2605 x 2605
13905 x 13905
13905 x w1118
w1118 x w1118

Logrank Stat
0.6991
<0.0001
<0.0001
<0.0001

Significant?
no
yes
yes
yes

13905 x 13905
13905 x 13905

13905 x w1118
w1118 x w1118

<0.0001
<0.0001

yes
yes

2605 x 2605
2605 x 2605

13905 x 13905
w1118 x w1118

<0.0001
<0.0001

yes
yes

Appendix 6: Statistical analysis of mutant 13905 and deficiency 2605 females and males
using the Logrank test. Highlighted boxes indicate significant results based on Logrank
test and shape of graph.
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T-test assuming unequal variance
Larvae
13905/1916 to 13905/13905
13905/1916 to 13905/w1118
13905/1916 to w1118/w1118
13905/1916 to 1916/CyO

0.2918
0.0500
0.0528
0.0044
Larvae

13905/2605 to 13905/13905
13905/2605 to 13905/w1118
13905/2605 to w1118/w1118
13905/2605 to 2605/SM1

P-value
(one-tail)
Pupae
0.4554
0.3580
0.0673
0.0008
Pupae

0.0089
0.0057
0.0288
0.0048
Larvae

13905/13905 to 13905/w1118
13905/13905 to w1118/w1118
13905/w1118 to w1118/w1118

Adult

Pupae

Larvae
0.0002
0.0245
8.7068E-05

0.3391
0.0331
0.1416
0.2667

0.0760
0.0781
0.2897
0.0174

0.3121
0.0712
0.0048

1916/CyO to 2605/SM1
1916/CyO to w1118/w1118
2605/SM1 to w1118/w1118

Adult

0.0426
0.1003
0.0573
0.1498
Adult

0.4370
0.0712
0.0728
Pupae

0.1033
0.2980
0.1842
Adult

0.4238
0.0006
0.0071

0.2032
0.2917
0.2851

Appendix 7: Statistical analysis of mutant 13905 and deficiency 1916 and 2605
developmental assays using Excel T-test assuming unequal variance. Boxes highlighted
indicate significant results at p<0.05.
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T-test assuming unequal variance
Larvae
UAS-FAMeT/daGAL4 to daGAL4/w1118
UAS-FAMeT/daGAL4 to UAS-FAMeT/w1118
daGAL4/w1118 to UAS-FAMeT/w1118

0.1372
0.0325
0.2969
Larvae

UAS-JHAMT/daGAL4 to daGAL4/w1118
UAS-JHAMT/daGAL4 to UAS-JHAMT/w1118
daGAL4/w1118 to UAS-JHAMT/w1118

P-value
(one-tail)
Pupae
0.1673
0.0629
0.2094
Pupae

0.1608
0.3927
0.1106
Larvae

UAS-FAMeT/6986 to 6986/w1118
UAS-FAMeT/6986 to UAS-FAMeT/w1118
6986/w1118 to UAS-FAMeT/w1118

Adult

Pupae

Larvae

0.4082
0.4798
0.1939
Adult

0.0509
0.0708
0.3301
Pupae

0.2219
0.5089
0.1837

0.0079
0.0234
0.0083

0.1601
0.3851
0.9207

0.0022
0.0225
0.0985

UAS-JHAMT/3745 to 3745/w1118
UAS-JHAMT/3745 to UAS-JHAMT/w1118
3745/w1118 to UAS-JHAMT/w1118

Adult

Pupae

Larvae

0.3277
0.2234
0.4052

0.0402
0.1478
0.0303

0.3725
0.3381
0.4668

UAS-FAMeT/3745 to 3745/w1118
UAS-FAMeT/3745 to UAS-FAMeT/w1118
3745/w1118 to UAS-FAMeT/w1118

Adult

Pupae

Larvae

0.3603
0.2770
0.2039

0.3609
0.0259
0.0841

0.4726
0.2316
0.1637

UAS-JHAMT/3743 to 3743/w1118
UAS-JHAMT/3743 to UAS-JHAMT/w1118
3743/w1118 to UAS-JHAMT/w1118

Adult

Pupae

Larvae

0.3461
0.3891
0.4620

0.3135
0.4341
0.3159

0.3141
0.2648
0.4140

UAS-FAMeT/3743 to 3743/w1118
UAS-FAMeT/3743 to UAS-FAMeT/w1118
3743/w1118 to UAS-FAMeT/w1118

Adult

Pupae

Larvae

0.4026
0.0093
0.0976

0.1131
0.0190
0.0527

0.0047
0.0048
0.3159

UAS-JHAMT/6986 to 6986/w1118
UAS-JHAMT/6986 to UAS-JHAMT/w1118
6986/w1118 to UAS-JHAMT/w1118

Adult

0.00004
0.0234
1.7861E-08
Adult

0.2712
0.0866
0.2481

0.3460
0.1835
0.2548

Appendix 8: Statistical analysis of UAS-FAMeT and UAS-JHAMT developmental
assays using Excel T-test assuming unequal variance. Boxes highlighted indicate
significant results at p<0.05.
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Appendix 9: Longevity analysis of D. melanogaster wildtype (w1118), Df1916 (Panel A)
and Df2605 (Panel B) compared to mutant 13905 females (top) and males (bottom).
Vertical error bars represent standard deviation.
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Appendix 10: Immunohistochemical detection in D. melanogaster wildtype and mutant
13905 brain with ring gland attached. The wildtype (w1118) stained (top) with FAMeT
antiserum and control (bottom) is shown in panel A, the mutant 13905 stained and
control brain is shown in panel B. CA- corpora allata.
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Appendix 11: Longevity analysis of UAS-FAMeT/daGAL4 lines (Females A-D, males
E-H). Overexpression cross (red), responder control (green) and driver control (blue) and
shown. Vertical bars represent standard deviation.
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Appendix 12: Longevity analysis of UAS-JHAMT/daGAL4 lines (Females A-C, males
D-F). Overexpression cross (red), responder control (green) and driver control (blue) and
shown. Vertical bars represent standard deviation.
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Appendix 13: Longevity analysis of UAS-FAMeT/6986 lines (Females A-D, males E-H).
Overexpression cross (red), responder control (green) and driver control (blue) and
shown. Vertical bars represent standard deviation.
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Appendix 14: Longevity analysis of UAS-JHAMT/6986 lines (Females A-D, males E-H).
Overexpression cross (red), responder control (green) and driver control (blue) and
shown. Vertical bars represent standard deviation.
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Appendix 15: Longevity analysis of UAS-FAMeT/3743 lines (Females A-C, males D-F).
Overexpression cross (red), responder control (green) and driver control (blue) and
shown. Vertical bars represent standard deviation.
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Appendix 16: Longevity analysis of UAS-JHAMT/3743 lines (Females A-D, males E-H).
Overexpression cross (red), responder control (green) and driver control (blue) and
shown. Vertical bars represent standard deviation.
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Appendix 17: Longevity analysis of UAS-FAMeT/3745 lines (Females A-D, males E-H).
Overexpression cross (red), responder control (green) and driver control (blue) and
shown. Vertical bars represent standard deviation.
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Appendix 18: Longevity analysis of UAS-JHAMT/3745 lines (Females A-D, males E-H).
Overexpression cross (red), responder control (green) and driver control (blue) and
shown. Vertical bars represent standard deviation.
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Appendix 19: DaughterlessGAL4 driver expression pattern in the adult fly using X-gal
staining. Ubiquitous expression is shown in flies ranging from eclosion to 50 days
(courtesy of Laurent Seroude).
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