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Mushroom bodies (MBs) are the centers for olfactory associative
learning and elementary cognitive functions in the Drosophila
brain. As a way to systematically elucidate genes preferentially
expressed in MBs, we have analyzed genome-wide alterations in
transcript profiles associated with MB ablation by hydroxyurea.
We selected 100 genes based on microarray data and examined
their expression patterns in the brain by in situ hybridization.
Seventy genes were found to be expressed in the posterodorsal
cortex, which harbors the MB cell bodies. These genes encode
proteins of diverse functions, including transcription, signaling, cell
adhesion, channels, and transporters. Moreover, we have exam-
ined developmental functions of 40 of the microarray-identified
genes by transgenic RNA interference; 8 genes were found to cause
mild-to-strong MB defects when suppressed with a MB-Gal4 driver.
These results provide important information not only on the
repertoire of genes that control MB development but also on the
repertoire of neural factors that may have important physiological
functions in MB plasticity.

hydroxyurea � RNAi � brain development � learning and memory

Mushroom bodies (MBs) are the centers for higher-order
functions in the Drosophila brain, participating in diverse

behaviors such as olfactory associative learning and elementary
cognition (1). In the adult brain, MBs consist of �2,500 neurons
per brain hemisphere. The cell bodies of their intrinsic neurons
[Kenyon cells (KCs)] are located in the posterodorsal cortex
above a prominent dendritic structure called the calyx, which
receives olfactory information from the antennal lobes (ALs) via
the inner antennocerebral tract. KCs extend axons through the
peduncles, which split dorsally into two lobes, � and ��, and
medially into three lobes, �, ��, and � (Fig. 1A). During
development, the Drosophila MB neurons originate from four
neuroblasts per brain hemisphere (2–5), with each neuroblast
giving rise to an indistinguishable set of neurons and glia (6). The
adult Drosophila MB comprises three types of axonal projection
groups, �, �����, and ��� (7, 8), which are sequentially generated
by the division of the MB neuroblasts on the basis of birth order
(9). Notably, this structural subdivision is proposed to reflect
functional distinctions (10–12). Moreover, consistent with their
behavioral functions, many of the genes required for learning
and memory are preferentially expressed in MBs (13–15).

Intriguingly, studies have revealed that the Drosophila Pax-6
homologs, eyeless (ey) and twin of eyeless, which were originally
implicated as master control genes in eye development (16), are
expressed in MBs and have important functions in structural
differentiation of MB neurons (3, 4, 17). In particular, ey is
expressed in MB neuroblasts and their progeny through devel-
opment, and mutations in ey disrupt MB neuropil structures.
Furthermore, molecular studies have shown that, unlike the
feedback mechanism in the eye, ey and toy are independently
controlled in MBs, with ey being controlled by multiple brain-

specific enhancer modules that are distinct from the eye-specific
enhancer (18).

In this article, we present a genome-wide survey of the
Drosophila transcripts preferentially expressed in MBs. By com-
paring the transcriptional profiles of MB-ablated and nonablated
brains, we first identified 100 genes that exhibited down-
regulation as a result of MB ablation. The expression patterns of
the identified genes were examined by in situ hybridization to the
adult brain, to yield 70 genes that exhibited preferential expres-
sion in the posterodorsal cortex, which harbors the MB cell
bodies. Furthermore, we have examined developmental func-
tions of 40 of the identified genes with transgenic RNAi and
found 8 genes whose suppression causes mild-to-strong MB
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Fig. 1. MB structures in control and HU-treated brains. (A and C) Nonablated
control brain. (B and D) HU-treated brain. Reconstruction from anterior (A and
B) and posterior (C and D) optical sections. MBs and ALs are visualized with
UAS-mCD8::GFP driven by OK107-Gal4. The two dorsal lobes (� and ��) and the
three medial lobes (�, ��, and �) are indicated in A. Cx, MB calyx. Asterisks in
B indicate residual MB lobes of embryonic origin. Note that MBs were almost
completely abolished in the HU-treated brain, with only a small number of
residual neurons. (Scale bar, 50 �m.)
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defects in the adult brain. These results provide systematic
information on the transcriptional profile of MBs and deepen
our insights on the genetic mechanisms controlling the devel-
opment and plasticity of this seminal structure in the fly brain.

Results
Chemical Ablation of MBs with Hydroxyurea (HU). To identify genes
preferentially expressed in MBs, we analyzed genome-wide
alteration of the gene-expression profiles between MB-ablated
and nonablated brains using the Drosophila GeneChip (Dros-
Genome 1). To ablate MB neurons, we used a pharmacological
technique with HU, an inhibitor of ribonucleotide reductase
that blocks DNA synthesis and kills dividing cells (19). The
specificity of ablation depends on the unique proliferation
pattern of the MB neuroblasts (20–22). For the first 8–12 h
after larval hatching, only five neuroblasts are active in each
brain hemisphere. Four of them are located in the dorsal
protocerebrum and correspond to the MB neuroblasts. The
other single neuroblast located anterolaterally is a progenitor
of a subset of the AL neurons (23). HU fed to newly hatched
larvae is preferentially incorporated into these five neuroblasts
and, thus, ablates the four MB neuroblasts, effectively deleting
most MB neurons, with the exception of a small number of
neurons born during the course of embryonic development
(Fig. 1). Otherwise, the HU-mediated ablation was reproduc-
ible at the HU concentration used (25 mg�ml), because all of
the brains examined (n � 20) lacked most MB structures.
Although the lateral neuroblast was also ablated with HU as
described (23), we noticed little reduction or abnormality of
the ALs, consistent with the previous observation that HU
ablation is less effective for the ALs (19).

Identification of MB Genes by Comparative Microarray Analysis. To
have an overview on the number of the expressed genes in the
Drosophila brain, we first determined the transcriptional profile
of the wild-type (Canton S) brain using the DrosGenome1
GeneChip, which represents virtually the entire Drosophila
genome, with �13,500 transcripts; 9,637 transcripts were iden-
tified above a threshold (signal intensity �0.5, after normaliza-
tion by the MAS 5.0 software). This corresponds to �70% of the
total Drosophila genes and agrees with the previous genetic
screen by enhancer detection, in which �80% of lines showed
reporter gene expression in the adult brain (24).

We then compared gene-expression profiles between the
control and MB-ablated brains; 1,465 transcripts were identified
above a fold-change criterion (Control�HU �1.5). Statistical
filtering of the data (P � 0.05 by Welch t test for Control�HU)
then identified 103 transcript probes on the microarray, which
correspond to 100 genes (excluding two existence-uncertain
genes and one duplication) (see Table 2, which is published as
supporting information on the PNAS web site). It should be
noted that the set of transcripts that can be identified by the
microarray data varies with different Control�HU criteria, with
the majority belonging to the fold-change range 1.0–2.0 (P �
0.05) (Fig. 5, which is published as supporting information on the
PNAS web site). Importantly, by the filtering criteria used in this
work (Control�HU �1.5, P � 0.05), we recovered ey (Control�
HU � 1.84, P � 0.0006) and ultraspiracle (usp) (Control�HU �
1.55, P � 0.0185), the latter of which had been identified in a
genetic mosaic screen as a regulator of MB remodeling during
metamorphosis (25). We also recovered transformer 2 (tra2)
(Control�HU � 1.57, P � 0.0264), which is expressed in female
MBs to control female-specific behaviors (26), and trio (Control�
HU � 2.66, P � 0.018), which encodes a Rho guanyl-nucleotide
exchange factor required for axodendritic extension of MB
neurons (27). We consequently decided to focus on the 100 genes
identified by these criteria for further analyses.

Expression Patterns of MB Genes in the Brain. To confirm the
microarray results and reveal expression patterns in the brain, we
have performed in situ hybridization of the 100 genes and ranked
them in four groups based on their signal intensities (Table 3,
which is published as supporting information on the PNAS web
site); 70 genes were found in rank A–C (25 in A, 26 in B, and 19
in C), which exhibited strong-to-weak expression in MBs (Fig. 2).
Intriguingly, most of the expression patterns are broader than
that of ey, even though they are restricted to the posterodorsal
brain cortex, indicating that they are expressed in MBs and
nearby neurons. Some of the genes are also expressed in parts of
the anterior brain (Fig. 6, which is published as supporting
information on the PNAS web site) and�or optic lobes (OLs)
(data not shown), although, for most genes, signals in these
regions are weaker than that in the posterodorsal cortex. Nota-
bly, we failed to find genes that are expressed in other brain
structures but not in MBs. Moreover, consistent with the selec-
tion criteria for the microarrays (signal level in the control brain
�0.5), we confirmed brain expression by RT-PCR, even for
genes with background levels (rank D) (data not shown), al-
though we do not know exactly which brain structures express
them.

Annotations in FlyBase (28) revealed that proteins encoded by
the 70 MB genes (rank A–C) belong to diverse functional
categories. Among them, proteins controlling gene expression
represent the largest group (Fig. 3): 10 transcription factors and
eight DNA�RNA binding proteins are found. In addition, eight
signaling, three cell-adhesion, and five proteolysis–peptidolysis
proteins as well as five channels�transporters were also found.
On the other hand, 15 genes encode proteins whose functions are
unknown.

Structural MB Defects Caused by Developmental RNAi. To system-
atically reveal functional aspects of the identified genes, we
attempted to down-regulate gene functions with RNAi using a
large-scale collection of Drosophila upstream activating se-

Fig. 2. In situ hybridization of MB genes in the adult brain. (A–T) Expression
patterns of MB genes (magenta) in the adult brain as revealed by fluorescent
in situ hybridization. Reconstruction of confocal images of the posterior part
of the brain. MBs are visualized with UAS-mCD8::GFP driven by OK107-Gal4
(green). Note that the specific GFP signals were compromised during hybrid-
ization, and other neuropil structures are also visible by nonspecific green
fluorescence. Asterisks in A indicate the MB calyces. (Scale bar, 50 �m.)
CG10205 is included as a negative control (belonging to rank-D in Table 3).
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quence (UAS)-RNAi stocks, which targets �6,000 genes of the
Drosophila genome (K.T., K.S. and R.U., unpublished data).
RNAi lines were available for 40 of the 100 genes identified with
microarrays, involving 7 genes whose expression was undetect-
able by in situ hybridization (rank D). To suppress gene function,
we induced UAS-RNAi expression by the OK107-Gal4 line (29),
which has a P-element insertion at the ey locus and drives robust
Gal4 expression in MBs throughout development (18). We
examined the structural integrity of MBs, ALs, and OLs using
mCD8::GFP, a membrane-bound reporter, and categorized the
observed structural defects according to their severity (Table 4,
which is published as supporting information on the PNAS web
site).

Whereas most of the RNAi lines resulted in weak or no MB
abnormalities (Table 4), 8 of the 40 genes exhibited mild-to-
strong structural defects with penetrances (�24%) markedly
above those of the control crossings (Table 1; also see Table 4
for specific defects). These lines caused diverse morphological
defects, including malformation of MB lobes, fusion of medial
lobes, and aberrant peduncles and calyces (Table 4 and Fig. 4).

In particular, Hr46 (Hormone receptor-like in 46) RNAi caused
MB defects in 30% of brains (Fig. 4G). Hr46 encodes an
ecdysone-inducible orphan nuclear receptor required for pre-
pupal–pupal transition and differentiation of adult cuticle struc-
tures (30). CG6083 RNAi caused MB defects in 35% of brains,
many of which exhibited strong �-lobe fusion (Fig. 4C). Notably,
CG6083 brain expression was detected by RT-PCR but not by in
situ hybridization (data not shown). RNAi of three genes en-
coding cell-signaling molecules also caused a variety of MB
defects: CG4853 (guanyl-nucleotide exchange factor for Ras-like
GTPases) (Fig. 4D), CG9296 (cGMP-specific phosphodiester-
ase) (Fig. 4E), and Itp-r83A (Inositol 1,4,5,-Tris-phosphate recep-
tor) (Fig. 4F). Intriguingly, CG9296 RNAi also caused OL
defects (75% of brains) and compound eye degeneration (66%
of eyes). Except that Itp-r83A is expressed in honey bee MBs (31,
32), little is known about the functional significance of these
signaling molecules in MBs.

Using a quantitative PCR technique, we measured mRNA
levels of the eight genes in the total brain RNA preparations
from the OK107-driven RNAi flies but failed to detect down-

Fig. 3. Functional classification of the MB genes. Molecular functions of the 70 MB genes detected by in situ hybridization. The classification is based on gene
ontology data in FlyBase in conjunction with a homolog search using the BLAST data in FLIGHT and functional protein domains in InterPro.

Table 1. Summary of the structural defects caused by the eight RNAi lines

Gene
Control�HU

(P)*
Expression

rank† RNAi line

Structural defects with OK107‡ Structural defect with CS§

Gene ontology�human homolog
MBs, %

(n)
Als, %

(n)
OLs, %

(n)
No. of
brains

MBs, %
(n)

ALs, %
(n)

OLs, %
(n)

No. of
brains

CG9296 1.771 (0.008) A 9296R-3 25 (5) 0 (0) 75 (15) 20 7 (1) 0 (0) 0 (0) 15 Signaling: cGMP-specifc
phosphodiesterase�PDE6D

CG6083 1.686 (0.045) D 6083R-1 35 (7) 0 (0) 0 (0) 20 10 (2) 0 (0) 0 (0) 20 Metabolic enzyme: aldehyde
reductase�AKR1B1

CG4853 1.664 (0.020) C 4853R-1 24 (4) 6 (1) 0 (0) 17 5 (1) 0 (0) 0 (0) 20 Signaling: Ras gualyl-nucleotide
exchange factor�RASGEF1C

CG6372 2.026 (0.018) C 6372R-2 43 (6) 0 (0) 0 (0) 14 13 (2) 0 (0) 0 (0) 15 Proteolysis and peptidolysis:
leucyl aminopeptidase�LAP3

Itp-r83A 1.699 (0.028) B 1063R-2 24 (5) 5 (1) 0 (0) 21 13 (2) 0 (0) 0 (0) 16 Signaling: inositol-1,4,5-
triphosphate receptor�ITPR1

Hr46 3.489 (0.022) A 11823R-4 30 (19) 0 (0) 0 (0) 64 0 (0) 0 (0) 0 (0) 20 Transcription: ligand-dependent
nuclear receptor�RORB

CG17221 1.786 (0.010) B 17221R-1 30 (6) 0 (0) 0 (0) 20 10 (2) 0 (0) 0 (0) 21 Metabolic enzyme:
zinc-containing alchohol
dehydrogenase�RTN4IP1

CG12301 2.095 (0.020) B 12301R-2 30 (6) 0 (0) 0 (0) 20 11 (2) 0 (0) 0 (0) 18 Other function: Utp14 protein
domain�UTP14A

*Control�HU signal ratio in microarray experiments (see Table 2).
†Expression rank by in situ hybridization (see Table 3).
‡Anatomical brain defects in UAS-RNAi flies crossed with OK107. See Table 4 for specific description of the MB phenotypes. RNAi for CG4853 and Itp-r83A caused
weak AL defects in single brains. Only CG9296 RNAi caused OL degeneration.

§Anatomical brain defects in UAS-RNAi flies crossed with Canton S. MB defects were rare in these control flies, and only weak � -lobe fusion was observed.
Similarly, only weak � -lobe fusion was observed in 8.3% (5 of 60) of the progeny of OK107 crossed with Canton S. No abnormality was detected for ALs and
OLs. Flies were raised at 28°C to stimulate the Gal4 activity. Note that � -lobe fusion is less frequent at 25°C (1 of 60 for OK107�Canton S).
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regulation. This may, in part, be accounted for by the limited
expression domain of this driver, which is only a subset of those
of the eight genes. On the other hand, neither OK107 nor
UAS-RNAi flies exhibited marked MB defects when each was
crossed separately with Canton S (Table 1), indicating that the
induced structural defects are, indeed, caused by Gal4-mediated
RNAi.

Discussion
In this study, we have performed a genome-wide screen of
Drosophila genes that are preferentially expressed in MBs.
Although the lateral AL neuroblasts are coablated, specific
removal of MB neurons was achieved by the chemical ablation
protocol. Moreover, we have confirmed by in situ hybridization
that 70 of the 100 identified genes are, indeed, expressed in the
posterodorsal cortex, which harbors the MB cell bodies. The
validity of our microarray data was also supported by the finding
of several regulatory genes, such as ey, usp, tra2, and trio, that are
known to be expressed in MBs. Because our experimental design
depends on reliable signal comparisons between the nonablated
control and MB-ablated samples, both the Control�HU and the
Welch t test values are critical for gene identification. Notably,
despite the fact that a large number of MB genes are successfully
identified by the microarray screening, some of the known MB
genes, such as dnc (Control�HU � 1.05, P � 0.742), rut
(Control�HU � 1.64, P � 0.162), and toy (Control�HU � 1.37,
P � 0.048) were excluded by the selection criteria used in this
work (Control�HU �1.5 and P � 0.05). Many of these genes are
expressed not only in MBs but also in other brain structures, such
as OLs, which constitute a significant part of the brain.

By transgenic RNAi screening, we have identified eight
genes whose suppression causes mild-to-strong MB defects in
the adult brain. The fact that comparable MB defects were
rarely observed in the control f lies (UAS-RNAi�Canton S and
OK107 f lies�Canton S) indicates that the observed MB defects
are, indeed, caused by Gal4-mediated suppression of the
target-gene functions. Although we failed to detect mRNA
suppression by OK107-driven RNAi, five of the lines

(CG9296R-3, CG1063(Itp-r83A)R-2, CG11823(Hr46)R-4,
CG17221R-1, and CG12301R-2) are lethal when driven by
Actin-Gal4, a strong ubiquitous driver, demonstrating effective
gene suppression by these RNAi lines in developing f lies (K.T.
and R.U., unpublished data). On the other hand, it should be
noted that our RNAi screening might not be sensitive enough
to identify all of the functional genes. Only weak-to-moderate
MB abnormalities were induced by RNAi for usp (20% MB
defects) and trio (14% MB defects) (see Table 4), despite the
fact that both genes are known to control MB development
(25, 27). For these genes, the transgenic RNAi technique might
be insufficient to suppress the developmental gene functions in
MBs. Alternatively, RNAi phenotypes might also be compro-
mised by the genetic background of the f ly stocks, which is
known to affect anatomical phenotypes of MB mutants, both
qualitatively and quantitatively (33). Complementary genetic
approaches, such as screenings with systematic deficiency sets
and genome-wide P-element collections (28), will be required
in conjunction with microarray analysis to further identify the
MB genes of potential developmental importance.

Screenings of genes expressed in MBs have been attempted
(24, 34). By examining 6,000 enhancer detector lines, Han et al.
(24) isolated 106 MB-Gal4 lines, representing 48 genetic loci
with 12 lines inserted at the rut locus. More recently, Dubnau et
al. (34) conducted a systematic screen for memory genes, using
DNA microarrays to identify 42 candidate genes regulated
during long-term memory formation. In parallel, by screening
6,681 P-element insertion lines, they also have isolated 60
memory mutants. Surprisingly, only two genes, mod (mdg4)
(from microarray screening) and klg (from P-element screen-
ing), overlap with the 100 genes identified in this study. On the
other hand, genetic screens for abnormal MB structures have
been conducted with chemical mutagenesis (35), enhancer-
trapping (36, 37), gain-of-function (38), and mosaic techniques
(25, 39). Again, only a few genes overlap with our screen.
Whereas more genes can be identified by our differential
microarray screen with less stringent fold-change criteria (see
Fig. 5), the limited overlap of identified genes with other screens
emphasizes the importance of diverse approaches to uncover the
genetic programs that control the complex development and
functions of MBs.

To date, an increasing number of studies have monitored
transcript catalogs of specific cell types or anatomical subregions
in the brain (reviewed in refs. 40–42). Gene-expression patterns
of neural stem cells have been analyzed with DNA microarrays
(43, 44). Other studies have applied microarrays to identify genes
that are expressed in defined brain structures, such as the
hippocampus (45) and the amygdaloid complex (46), although
the functional significance of the identified genes is mostly
unknown. Given the conservation of the cellular components
and neural networks involved in the olfactory systems of verte-
brates and fruit f lies (3, 13, 47), genome-wide information on the
repertoire of the Drosophila MB genes will help us to understand
complex brain functions in general, although elucidation of
specific neural processes and functions regulated by each of the
identified genes awaits further genetic and behavioral analyses.

Materials and Methods
Ablation of MBs. Canton S was used as the wild-type stock. Flies
were raised at 25°C in a 12-h light�12-h dark cycle. Ablation of
MBs with HU was done as described (19). Briefly, newly hatched
larvae were fed for 4 h with heat-inactivated yeast paste con-
taining HU at 25 mg�ml. This concentration was experimentally
determined and found to give reproducible MB ablation (100%,
n � 20) without affecting other parts of the brain. Larvae were
then rinsed and raised on a standard corn meal food at 25°C in
a 12-h light�12-h dark cycle.

Fig. 4. Structural MB abnormalities caused by developmental RNAi. (A) Wild
type. (B–I) RNAi flies. Expression of UAS-RNAi was induced with OK107, which
drives Gal4 in most MB neurons throughout development. MB lobes are
visualized with UAS-mCD8::GFP. White arrowheads indicate fused medial
lobes (C, D, H, and I). Open arrowheads indicate abnormal �-lobe (B), swollen
�-lobe (E), and small ��-lobe (F). Arrows in F and G indicate aberrant �-lobes.
Shown are reconstructions of confocal sections. (Scale bar, 50 �m.)
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RNA Preparation. Two-day-old female brains were carefully dis-
sected in sterile PBS on ice and immediately frozen with dry
ice�ethanol. Dissection was done between 2 and 5 p.m. to
minimize circadian fluctuation. Total RNA was then isolated
with TRIzol (Invitrogen, Carlsbad, CA) as described (48). The
integrity of the extracted RNA was determined by capillary
electrophoresis on an RNA6000 Bioanalyzer (Agilent Technol-
ogies, Palo Alto, CA).

Target Preparation and Microarray Analysis. For each experiment,
100 ng of total brain RNA was amplified by using a GeneChip
Two-Cycle cDNA Synthesis kit (Invitrogen), which involves two
cycles of cDNA synthesis and intermediate in vitro transcription
by T7 RNA polymerase. After the second round of cDNA
synthesis, the resultant double-stranded cDNA was purified and
used as a template in the second in vitro transcription reaction,
in which biotin-labeled complementary RNA was generated by
using the BioArray High Yield RNA Transcript Labeling kit
(Enzo, Farmingdale, NY). After purification on RNeasy mini
columns (Qiagen, Valencia, CA), 20 �g of the labeled comple-
mentary RNA was fragmented and hybridized to GeneChip
microarrays (DrosGenome1; Affymetrix, Santa Clara, CA) for
16 h at 45°C. After washes on a Fluidics Station 400 (according
to the EukGE-WS2v4 procedure), hybridized signals were
scanned on Agilent Technologies GeneArray Scanner G2500A
using the MAS5 software (Affymetrix). Data were normalized
and analyzed by using GeneSpring 7.2 software (Agilent Tech-
nologies). For both control (nonablated) and HU-treated sam-
ples, the whole experiment was repeated three times with
different batches of total RNA extracted from the dissected
brains of independent fly cultures. The microarray data files are
deposited in the Gene Expression Omnibus Database (accession
no. GSE3379).

In Situ Hybridization. Fluorescent in situ hybridization was done as
described (49), with modifications. Briefly, digoxygenin (DIG)-
labeled RNA probes were prepared with either cDNA clones
obtained from the Drosophila Genomic Resource Center
(Bloomington, IN) or with PCR-amplified genomic templates
tagged by T3 promoter. Probes were examined by agarose-gel
electrophoresis for integrity and by dot-blot hybridization for

detection sensitivity. Dissected brains were fixed with 4% para-
formaldehyde for 20 min and hybridized with a DIG-RNA probe
at 65°C overnight. Proteinase treatment was omitted to minimize
background. Hybridization signals were detected with an anti-
DIG antibody and amplified with the TSA Biotin System
(PerkinElmer, Wellesley, MA).

RNAi. For constructing transgenic RNAi flies, cDNA fragments
were amplified by PCR and inserted as a pair of inverted repeats
into pUAST-R57 (50), which has an intronic fragment of the
Drosophila ret oncogene to enhance RNAi efficacy. Expression
of UAS-RNAi in MBs was driven by OK107-Gal4 (18, 29) with
a membrane-bound reporter, UAS-mCD8::GFP. Flies were
raised at 28°C after larval hatching to stimulate Gal4 activity.
The structural integrity of MBs in F1 females was examined by
confocal microscopy using a Zeiss (Thornwood, NJ) laser scan-
ning microscope. Two independent UAS-RNAi lines were ex-
amined for each gene.

mRNA Quantification. To measure transcript levels in the brain,
total RNA was extracted from dissected female brains, and
target mRNA levels were quantified by RT-PCR-mediated
quantification. PCR cycle times were predetermined for each
gene by separate control experiments to ensure linear amplifi-
cation. Fluorescence intensity of specific PCR products was
directly and digitally quantified in agarose gel with Molecular
Imager (Bio-Rad, Hercules, CA) at three different PCR cycles
in the linear amplification range. Signal intensity was standard-
ized by using GAPDH as a control.
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