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ABSTRACT Peptidergic neurons are a group of neuronal cells that synthesize and secrete peptides to regulate a variety of biological
processes. To identify genes controlling the development and function of peptidergic neurons, we conducted a screen of 545 splice-
trap lines and identified 28 loci that drove expression in peptidergic neurons when crossed to a GFP reporter transgene. Among these
lines, an insertion in the alan shepard (shep) gene drove expression specifically in most peptidergic neurons. shep transcripts and SHEP
proteins were detected primarily and broadly in the central nervous system (CNS) in embryos, and this expression continued into the
adult stage. Loss of shep resulted in late pupal lethality, reduced adult life span, wing expansion defects, uncoordinated adult
locomotor activities, rejection of males by virgin females, and reduced neuropil area and reduced levels of multiple presynaptic markers
throughout the adult CNS. Examination of the bursicon neurons in shep mutant pharate adults revealed smaller somata and fewer
axonal branches and boutons, and all of these cellular phenotypes were fully rescued by expression of the most abundant wild-type
shep isoform. In contrast to shep mutant animals at the pharate adult stage, shep mutant larvae displayed normal bursicon neuron
morphologies. Similarly, shep mutant adults were uncoordinated and weak, while shep mutant larvae displayed largely, although not

entirely, normal locomotor behavior. Thus, shep played an important role in the metamorphic development of many neurons.

EPTIDERGIC neurons produce small peptides, called

neuropeptides, which are secreted within the nervous
system to influence the activity of other neurons or into the
blood to act on other tissues. Through these targets, neuro-
peptides regulate a wide range of processes, which include
development, feeding, growth, aggression, reproduction, and
learning and memory (McShane et al. 1992; Park et al. 2003;
Luquet et al. 2005; Crown et al. 2007; Nephew et al. 2009;
Slaidina et al. 2009; Goncalves et al. 2012).

One of the first genes identified to play a specific role in
the development of peptidergic neurons was dimmed (dimm),
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which encodes a basic helix-loop-helix transcription factor
that is required for the differentiation of diverse peptidergic
neurons (Hewes et al. 2003; Park et al. 2008; Hamanaka et al.
2010). DIMM is a key regulator of expression of the neuro-
peptide biosynthetic enzyme, peptidylglycine-a-hydroxylating
monooxygenase (PHM) (Park et al. 2008), and it promotes the
differentiation of neurosecretory properties in many neurons
(Hamanaka et al. 2010). Both DIMM and PHM are expressed
widely and specifically in peptidergic neurons (Acampora et al.
1999; Michaud et al. 1998; Jiang et al. 2000; Hewes et al.
2003). In fact, DIMM was first identified by virtue of its pattern
of peptidergic neuron expression through an enhancer-trap
screen (Hewes et al. 2003). Similar expression pattern-based
strategies may be useful for identification of other factors crit-
ical for peptidergic neuron development.

In this study, we sought to identify similar factors through
a splice-trap screen for genes with peptidergic cell-specific
expression patterns. We identified 28 insertions with differ-
ent patterns of peptidergic cell reporter gene expression,
driven by P-element splice-trap insertions in specific loci.
These insertions drove reporter expression in insulin-like
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peptide 2 (ILP2), crustacean cardioactive peptide (CCAP)/
bursicon, -RFamide, Furin 1, and leucokinin (LK) cells and
often caused defects typical of disrupted neuropeptide sig-
naling. Thus, all 28 of these genes are strong candidate
regulators of peptidergic cell development or function.

We mapped one of the splice-trap insertions to an exon of
the alan shepard (shep) gene (Bjorum 2006), and we chose this
insertion for further analysis because it displayed an expression
pattern that was highly similar to PHM and DIMM. shep in situ
hybridization and anti-SHEP immunostaining later revealed
that both the shep mRNA and SHEP protein expression is
enriched in most neurons, yet shep mutants displayed
defects in adult eclosion and wing expansion that suggested
specific disruptions in signaling by bursicon and other neu-
ropeptides. Consistent with these behavioral phenotypes,
the shep mutant bursicon neurons had smaller somata,
fewer axon branches, and smaller and fewer neuroendo-
crine boutons, and all of these phenotypes were rescued
by expression of a wild-type shep cDNA. Interestingly, pan-
neuronal RNA interference to shep produced smaller CNS
neuropils and defects in general locomotor behaviors, such
as flipping and climbing. Most of the locomotor phenotypes
were restricted to the adult stage, and the effects of shep
mutations on neuronal growth were restricted to pupal de-
velopment. Thus, shep regulates metamorphic growth of the
bursicon neurons, and it may also serve as a general regu-
lator of neuronal growth during metamorphic remodeling.

Materials and Methods
Stocks

Drosophila melanogaster stocks and crosses were cultured on
standard cornmeal-yeast-agar media at 25°. We obtained
splice-trap strains, deficiency strains, and Gal4 strains from
the Bloomington Drosophila Stock Center. We used three shep
deficiencies: Df(3L)ED210 (FBab0035327), Df(3L)Exel6104
(FBab0038124), and Df(3L)Exel6103 (FBab0038123). The
Gal4 lines used were 386-Gal4 (FBti0020938) (Bantignies
et al. 2000), en—-Gal4 (Fox et al. 2010), D42-Gal4 (Yeh et al.
1995), elav-Gal4 (FBti0002575) (Shakiryanova et al. 2005),
and ccap-Gal4 (FBti0037998) (Park et al. 2003). The UAS-
shep-RNAi stock was obtained from the Vienna Drosophila
RNAI Center (w!18; P{GD5125}v37863: FBst0462204).

EST sequence verification

We randomly selected six shep EST clones that shared the
5’ end represented by isoforms shep-RE (RE), shep-RH (RH),
and shep-RI (RI) and amplified them with forward primer
5’-GCCGAATTCTGAGCAACACGACGAACAC-3’ and reverse
primer 5’'-CGCAGATCTTGGCTTTTCCGCTTCTC-3'. Subsequent
sequencing of each EST clone for the RE isoform-specific se-
quence CAACAG in exon 13 (FBgn0052423:13) was performed
with the forward primer to distinguish RE from RH and RI.

UAS-shep

A shep-RE/RG isoform cDNA was generated from a male
wild-type fly (Oregon R) by RT-PCR with forward primer
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5'-GCCGAATTCTGAGCAACACGACGAACAC-3' and reverse
primer 5’- CGCAGATCTTGGCTTTTCCGCTTCTC-3'. The
c¢DNA was inserted into pUAST between the EcoRI and BgIII
sites in the polylinker and transformed into DH5« Escheri-
chea coli, and a single transformant colony was selected for
sequence verification. The forward primer 5'-GCCGAATTCT
GAGCAACACGACGAACAC-3’ was used to check for the se-
quence GTGGGTATCTGGGTGCTTCATAGGCCGGCCATTCAA
CAG in exon 14 (FBgn0052423:14) and sequence AAAGGT,
which spans exons 14 and 16 (FBgn0052423:16), to rule out
isoforms RA, RB, RD, RF, RH, and RI. Thus, the clone repre-
sents either shep-RE or shep-RG, which are identical through-
out the region amplified for cDNA cloning. These primers and
a third primer 5'-CCTGCTGGTTAAGTTTGCCGATGGCG-3’
were used to sequence verify all of the cDNA coding sequence
except the first 29 bp at the 5’ end. The pUAST construct was
injected into embryos by BestGene (Chino Hills, CA) to obtain
UAS—shep—RE/RG insertions on the second chromosome.

Splice-trap expression patterns

Each splice-trap line was crossed with UAS-mCD8::GFP,
and the third-instar larvae were collected and examined
under a compound epifluorescence microscope without
dissection. Larvae with CNS expression were dissected
in Ca2*-free saline solution [182 mM KCIl, 46 mM Nacl,
2.3 mM MgCl,*6H,0, 10 mM 2-amino-2-(hydroxymethyl)
propane-1, 3-diol (Tris), pH 7.2] and processed for
immunostaining.

Antibody Generation

A 117 amino acid region of SHEP, common to all isoforms
of the protein and showing no significant similarity to
any other protein in the D. melanogaster genome, was chosen
for antibody generation. This region is C-terminal to the two
RNA Recognition Motifs (RRM-MSSPs) of SHEP, and begins at
residue 447 after the ATG start site in SHEP protein isoform PA
(see Flybase http://flybase.org). Primers that add an upstream
EcoRI site (5'-ATCGAATTCCAGGTGGGTGGCTATCCAGTG-3")
and a downstream Xhol site (5'-TGACTCGAGTGATGCAGCT
GTGCTAGCCTGTT-3") were used to generate the required
PCR fragment from shep ¢cDNA clone 1L.D29922 (Berkeley Dro-
sophila Genome Project). After initial cloning into pCR4-TOPO
(Invitrogen), the coding region was transferred to expression
vector pGEX-6P-1 as an EcoRI/Xhol fragment to generate
a GST-shep fused coding sequence. After induction, fusion
protein was collected on a glutathione column. The SHEP
region was released by cleavage with PreScission Protease (GE
Life Sciences) and used to raise antibodies in a rabbit (Cocalico
Biologicals, Inc).

Immunostaining

Immunostaining was performed as previously described
(Hewes et al. 2003). After dissection in Ca2*-free saline,
tissues were fixed for 1 hr in 4% paraformaldehyde (PFA),
4% paraformaldehyde with 7% picric acid (PFA/PA), or
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Bouin’s fixative. We used antibodies against the follow-
ing proteins: Bursicon a-subunit (1:5000, PFA/PA) (Luan
et al. 2006), PHM (1:750, Bouin’s) (Jiang et al. 2000), LK
(1:500, PFA/PA), ILP2 (1:50, PFA/PA), Furin 1 (1:1000,
Bouin’s), RFamide (PT2 antiserum) (1:2000, PFA/PA), SHEP
(1:1000, PFA/PA), choline acetyltransferase (1:100, PFA)
(Developmental Studies Hybridoma Bank, DSHB, Iowa
City, IA), Synapsin (1:20, PFA) (DSHB), Bruchpilot (1:20,
PFA) (DSHB), and green fluorescent protein (GFP) (1:500,
PFA) (Invitrogen, Carlsbad, CA). Secondary antibodies
conjugated with Cy3 or ALEXA 488 from goat, mouse,
and rat were each used at a 1:500 dilution. After incuba-
tion for 30 min in 70% glycerol, tissues were mounted in
Vectashield (Vector Labs, Burlingame, CA), and confocal
z-series projections were obtained with an Olympus (Cen-
ter Valley, PA) Fluoview FV500 confocal microscope. For
the isolated adult CNS images in Figure 4, we mounted
the tissues between two cover slips and imaged from both
sides; one of each pair of images was flipped horizontally
and merged with the image from the other side in Adobe
Photoshop (San Jose, CA) for better resolution of deep
structures.

Immunostaining quantification

Cells and projections were imaged as confocal z-series scans,
and identical settings were used in parallel for all of the
samples in each experiment. Neuropil and soma areas were
measured with Adobe Photoshop by manually tracing the
structures and counting the bordered pixels on 2D maxi-
mum intensity projection images. For the larval stage, we
measured the area of the more intensely immunostained
bursicon neuron on the left side of abdominal segments 1-6
(A1-A6)—these cells survive through metamorphosis into
the adult stage (Zhao et al. 2008). When the cells could
not be clearly distinguished from each other (e.g., due to
close apposition), we substituted the cell from the right side
in the same segment. The soma area for all six cells was then
averaged to obtain a single value for each preparation. For
the pharate adult stage, we measured the average soma area
of the six most anterior bursicon neurons in the abdominal
ganglia; preparations in which these six neurons could not
be clearly delineated in the images (e.g., due to physical
juxtaposition of the cells) were discarded. Axonal branches
of the bursicon cells were counted in Adobe Illustrator by
Sholl analysis (Milosevic and Ristanovic 2007) after over-
laying a grid of nested, concentric circles, each with a radius
50 pm larger than the previous circle, over the image. To
measure the size of boutons within the axon projections of
pharate adult bursicon neurons, we obtained confocal
images (2D projections of z-series stacks) of the first left
branch of the bursicon neuron axons within the abdom-
inal nerve from the second abdominal segment (Ab,Nv)
(Demerec 1994). To ensure imaging of any more faintly
immunostained boutons, the photomultiplier voltage was
set to a level at which the centers of some boutons were
saturated. We used the inversion and threshold functions in

Adobe Photoshop (with the same threshold of 170 for all
images) to convert the background to white and all remain-
ing pixels, which were the boutons, to black. Boutons lo-
cated within 50 pm distal and proximal of the first left
branch in the Ab,Nv were traced manually in Photoshop
to obtain a count of the number of pixels, or cross-sectional
area, for each bouton. For the quantification of wandering
third-instar larval bouton areas, we applied a similar strat-
egy for the bursicon cell neuromuscular junctions (NMJs) on
muscles 12-13 of the second abdominal segment.

In situ hybridization

We used sense probe primer 5'-CGCGAATTCGCTTTGCC
CGCATGGAGAGT-3' and anti-sense primer 5'-GCGTCTA
GAACCTGAGTCATCATGTAACCCGGAAT-3' to demonstrate
the expression pattern of shep. Single-strand DNA probes
were amplified and labeled with digoxigenin by PCR, and
in situ hybridization was conducted with probes at a 1:100
dilution using a previously described protocol (Hewes et al.
2003). For in situ hybridization on embryos, collections of
embryos were made from apple juice-agarose plates every
24 hr.

Longevity assays under fed and starved conditions

For fed condition treatments, six vials each containing 10
3- to 5-day-old mated female flies were maintained at
25° and flipped to fresh food every day. The number of
dead flies in each vial was scored every morning. For the
starved condition, three to six vials of 10 1- to 2-day-old
mated female flies of each genotype were maintained at
25° in vials with 1% agarose, which supplied water but
no nutrients. Flies were scored every 3—-4 hr from 8:00 am
to midnight, and the morning 8:00 am count represented
an 8-hr collection.

Flipping behavior assays

Larvae were placed on their backs on a piece of tissue that
was soaked with 200 wl of phosphate buffered saline (PBS,
137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,, and 1.8 mM
KH,PO,) and set upon an apple juice-agarose plate, and the
time required for each larva to right itself (so that the ven-
tral surface was in contact with the tissue) was measured.
Five measurements were obtained for each larva. For adults,
the wings were removed and flies were allowed 2 hr to re-
cover from the CO, anesthesia. Flies were placed individu-
ally in a 10-cm petri dish, which was tapped to flip each fly
onto its back, and then the time for the fly to right itself was
measured. Three trials were performed to obtain an average
value for that fly; the n for each experiment indicates the
number of animals tested.

Larval crawling behavior assay

We divided 100-mm plastic petri dishes evenly (by radius)
into four concentric zones, numbered 1-4 from the center to
the periphery. Dishes were filled with apple juice agarose,
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and a thin layer of 200-pl PBS buffer solution was applied to
the surface immediate prior to the assay. Each larva was
placed into the center of zone 1 (center of the dish), and
we recorded the total time the larva spent in each zone over
a 10-min period.

Locomotor activity assays

Larval locomotor activity was scored on apple juice-agarose
plates with a thin layer of PBS (200 wl) on the surface.
Larvae were placed in the center of the plate and were
allowed 2 min to acclimate. After that, we immediately be-
gan tracing the trail of the larva on the petri dish lid (viewed
from directly above the plate) for 5 min. The trail of each
larva was then placed on a square grid pattern (the side of
each square was 6.35 mm), and we counted the number of
squares traversed, counting squares more than once if the
larva doubled back over a previous area. For the adult stage,
flies were individually placed in an empty plastic vial that
was vertically marked at 1-cm intervals. Flies were allowed
to climb along the vial wall, and the maximum height
attained in 5 sec was recorded. If flies fell off the side of
the vial during the trial, the highest point attained was
counted (rounding to the closest centimeter mark). If flies
started climbing but failed to reach the first 1-cm mark, their
maximum height attained was scored as 1 cm. Flies that did
not climb during the test (~10% of the experimental group
and none of the controls) were discarded.

Phylogenetic and sequence analysis

BLASTP searches with SHEP isoform PE were performed at
NCBI (Altschul et al. 1997; Altschul et al. 2005) and Flybase
(http://flybase.org/blast/) to obtain the top annotated ver-
tebrate matches (domain similarity =50%, nonredundant,
precalculated data version: cdd.v. 3.10, database: cdsearch/
cdd, E-value threshold 0.01) and single representatives of
each of the top three Drosophila protein family hits, respec-
tively. The RNA recognition motif sequences of SHEP iso-
form PE, the vertebrate BLASTP matches, the Drosophila
BLASTP matches and their vertebrate homologs, and two
Drosophila outgroup RNA-binding proteins were aligned
and used to build a neighbor-joining phylogenetic tree in
MEGAS5 (Tamura et al. 2011). Total percentage identity
was calculated with LALIGN (Huang and Miller 1991),
and the percentage identity for specific motifs was calcu-
lated using the NCBI BLASTP server. The sequence ac-
cession numbers for the proteins in the analysis were as
follows: hMSSP-2, human MSSP-2 (c-myc single-strand
binding protein 2) (NM002898); xMSSP-2, Xenopus laevis
MSSP-2 (NM001086938); heMSSP-2, Heterocephalus glaber
MSSP-2 (EHB06530); rMSSP-2, Rattus norvegicus MSSP-2
(NP001020574); mMSSP-2a, Mus musculus MSSP-2a
(NP062685); zELAV-like 2, Danio rerio ELAV-like protein 2
(NM001002172); hRBP-PH, human RBP-PH (AAA69698);
RBP9-PH, Drosophila melanogaster RBP9-PH (FBpp0288676);
FNE-PB, D. melanogaster FNE-PB (FBpp0112400); hELAV,
human ELAV (NP001410).
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Mating behavior assay

All male and female flies for mating behavior assays were
collected as isolated pharate adult pupae and were tested
3-5 days after eclosion. Oregon R was used as the wild-type
control. Video recordings were obtained with a Sony
DCR-SX45 camcorder, and they were stopped 10 min after
copulation was completed (the recording in Supporting
Information, File S5 was obtained by using an iPhone 4
to capture the monitor screen display obtained with a Sony
ExwaveHAD camera on an Olympus SZX12 microscope).
Flies that failed to initiate copulation within 30 min were
discarded. Copulation latency was measured as the time
required for the pair of flies to begin copulation. Mount
latency was the time it took for the male to climb onto
the back of the female (with both of the male’s prothoracic
legs clasping the base of the female’s wings) after copula-
tion started. The kicking index was calculated as the frac-
tion of time the female spent kicking the male with her
metathoracic legs during copulation. Grooming index was
defined as the fraction of time the female spent grooming
during the 10 min recording window after copulation. Some of
the experimental flies displayed an unusual three-leg grooming
behavior in which they rubbed both of the metathoracic legs
together with one of the mesothoracic legs. The three-leg
grooming index was calculated as the fraction of time each
female fly spent performing this behavior out of the total time
spent grooming during the recording window.

Statistics

All statistical tests were performed in SPSS 20.0 (IBM,
Armonk, NY). Tukey honest significant difference (HSD)
was used for all ANOVA post hoc tests. Statistical significance
was indicated as *P < 0.05, **P < 0.01, ***P < 0.001.

Results
Screen for loci with peptidergic neuron expression

We conducted a screen of 545 splice-trap insertion strains
to identify genes with expression that was enriched in or
specific to peptidergic neurons. Each splice-trap strain
contained a P-element insertion with a Gal4-encoding exon
that may be joined through alternative splicing with exons
from a native gene into which the P-element is inserted.
Gal4 is therefore expressed in a pattern driven by the na-
tive gene (Lukacsovich et al. 2001). We used these lines to
drive expression of membrane-tagged GFP (UAS-mCD8::
GFP) to identify 38 insertions with reporter gene expres-
sion in the CNS of third-instar larvae. Although this set
yielded useful lines (below) and we therefore did not per-
form further screening, the number of insertions with CNS
expression was unexpectedly low, given the large number
of genes expressed in selected CNS cells (cf. Berger et al.
2012; Fontana and Crews 2012). Two factors may have
contributed to this low recovery rate: our live larval screen-
ing method, in which weaker CNS expression may have
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been missed, and the observation that 12-52% of splice-
trap insertion sites with this vector (the rates co-vary with
eye color) result in no detectable Gal4 activity (Lukacsovich
et al. 2001).

Thirty of these insertions drove expression in neurons
(Figure S1), and these were retained for further analysis.
The other eight insertions drove expression in putative glia,
ring gland cells, and/or neurites of undefined origin (data
not shown) and were discarded. To identify insertions with
expression in peptidergic neurons, we performed immunos-
taining for PHM in the 30 lines with expression of mCDS8::
GFP in CNS neurons. The PHM enzyme is required for ami-
dation of most insect neuropeptides (Jiang et al. 2000) and
is thus a global marker for peptidergic neurons (Hewes et al.
2003). We observed prominent PHM staining in 126 CNS
neurons that could be reliably identified based on size,
shape, and location (Figure 1A), and the insertion-driven
expression patterns that included any of these cells were
documented. Of the original 30 insertions with CNS reporter
gene expression, 28 drove expression in different groups of
PHM neurons, which included but were not limited to the
brain insulin-producing cells (IPCs), medial protocerebrum
neuron 2 (MP2), superior protocerebrum neuron 1 (SP1),
medial protocerebrum neuron 1 (MP1), lateral cluster neu-
rons (LC), adipokinetic hormone neurons (AKH) (Lee and
Park 2004), dorsal chain neurons 1-11 (d1-d11), and pos-
terior abdominal neurons (PA) (Hewes et al. 2003; Lee and
Park 2004). Some of the insertions drove largely peptidergic

BG01610>mCD8::GFP

Figure 1 Colocalization of splice-trap reporter gene ex-
pression with the peptide biosynthetic enzyme, PHM. (A)
Schematic of neurons that consistently display strong anti-
PHM immunostaining in the wandering third-instar larval
CNS. For cellular nomenclature, see Hewes et al. (2003).
(B-F) Examples of reporter gene expression (green) and
anti-PHM immunostaining (magenta) for five selected
splice-trap insertions (BG07850, BG0O1610, BG01894,
BG02721, and BG02836). Arrowheads, MP1 neurons;
open arrowheads, LC neurons; asterisks, insulin-producing
neurons (IPCs); arrows, dorsal chain neurons. Scale bars,
50 pm.

cell-specific expression that was restricted to small cell
groups (Figure 1, B and E, and Figure 2A), and some drove
broader expression that included many other types of neu-
rons (Figure 1, C and D).

To further characterize the peptidergic neurons in-
cluded in each pattern, we double labeled the 28 lines
that displayed peptidergic neuron mCD8::GFP expres-
sion with immunostaining for different neuropeptides that
included CCAP, bursicon (BURS), ILP2, peptides with
-RFamide C-terminal sequences, and LK, as well as the
neuropeptide biosynthetic enzyme, Furin 1. We docu-
mented 17 insertions that drove expression in CCAP
neurons, 8 with expression in ILP2 neurons, and 2-6 lines
with expression in LK neurons, Furin 1 neurons, -RFamide
neurons, and/or bursicon neurons (Figure S2, Figure S3,
Figure S4, and Table 1).

Based on the genomic insertion sites, we were able to
putatively identify the trapped gene for each of the 28
insertions (Table 1). When homozygous, 4 of the 28 inser-
tions produced defects in ecdysis, post-ecdysis behaviors,
and cuticular tanning, all of which are processes that are
regulated by neuropeptides (Hewes et al. 2000; Park et al.
2002, 2003). Other mutant phenotypes included reduced
adult tanning, appearance of multiple mouthparts in lar-
vae, an ectopic wing vein, and wing expansion defects
(Figure S5, A-D, and Table 1). Given the expression pat-
terns and mutant phenotypes produced by these insertions,
we deemed it likely that some of the trapped genes
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Anti-SHEP

regulate the development or function of selected pepti-
dergic neurons.

shep is expressed in a broad CNS pattern

One insertion, BGO0836, had a reporter gene expression
pattern that closely matched the cellular distribution of
PHM (Figure 2A). At least three factors with similar ex-
pression patterns are known—DIMM, PHM, and PC2/
amontillado—and all are key regulators of neuropep-
tide expression and/or peptidergic neuron development
(Siekhaus and Fuller 1999; Hewes et al. 2003; Jiang et al.
2000). The peptidergic neurons contained within the
BG00836 expression pattern included neurons expressing
ILP2, LK (Table 1), Furin 1, -RFamide (Figure S3), and
bursicon (Figure S4). In addition, homozygous BGO0836
animals displayed defects in eclosion and wing expansion
(Table 1), two behaviors under regulation by peptidergic
neurons (Park et al. 2003; Peabody et al. 2008). Since
BGO00836 contained a P-element insertion in an exon of
alan shepard (shep) (Figure 3A), these behavioral defects,
together with the high degree of colocalization between
the BGO0836 (shepP@09836) expression pattern and pepti-
dergic markers, suggested a key role of shep in develop-
ment or function of peptidergic neurons.

We obtained two other P-element insertions, shepB¢01322
and shepG09261 in shep introns (Figure 3A). The shepBc01322
insertion is a second splice-trap insertion in shep that we
obtained in the initial screen (Figure S1), and it displayed
widespread, low-level expression in the CNS (Figure 2B)
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Figure 2 shep mRNA and SHEP protein expression in em-
bryonic and larval stages. (A) shepfc09836 displayed an
mCD8::GFP reporter gene expression pattern (green) that
overlapped extensively with anti-PHM immunostaining
(magenta). The areas with the strongest colocalization
appear white, but many other cells were labeled with both
markers. (B) A second splice-trap insertion in the shep
gene, shepBG071322 showed a broader expression pattern,
which included PHM-positive neurons as well as many
PHM-negative neurons. (C) The protein-trap insertion,
shepG99267  also labeled a very broad population of neu-
rons throughout the CNS. (D) In the embryonic syncytial
blastoderm stage, shep in situ hybridization (purple)
showed shep transcripts that were clustered around
DAPI-labeled nuclei (red). The grayscale DAPI fluorescence
image was inverted, with the black pixels (nuclear stain-
ing) converted to red, prior to the merge with the in situ
image. (E) Zygotic transcripts of shep first appeared in the
procephalic neurogenic region (arrowhead) in stage 7. (F)
In late embryonic stages, shep transcripts were broadly
detected throughout the CNS and PNS (arrows) by in situ
hybridization. (G and H) In wandering third-instar larvae,
shep transcripts and SHEP protein were broadly detected
in the CNS and ring gland (asterisks) by in situ hybridiza-
tion (G) and immunostaining (H), respectively. The distri-
butions of shep transcripts and SHEP protein were not
uniform, and we observed heterogeneous levels of ex-
pression in the brain lobes and ventral nerve cord, with
lower level expression in the optic lobes (open arrow-
heads). Scale bars, 50 pum.

together with higher-level expression in diverse peptidergic
neurons (Figure S2, Figure S3, and data not shown).
The shep©00261 insertion is a protein-trap element, which
attaches a GFP tag to the native protein (Morin et al.
2001), and this line displayed an even broader, more uni-
form pattern of CNS expression (Figure 2C). Thus, the
SHEP expression pattern appeared to be broader than in-
dicated by shepP@09836 although two of the three lines dis-
played selected or stronger expression in some peptidergic
neurons.

We employed shep in situ hybridization to confirm the
shep mRNA expression pattern. To verify the specificity
of the in situ probes, we first conducted hybridization
with antisense probes to shep in engrailed-Gal4/UAS-shep
(engrailed>shep) embryos, and we found the expected
engrailed stripes (Figure S6A) in stage 11 embryos (Fox
et al. 2010); engrailed stripes were not observed in wild-type
embryos (Figure 2). This result confirmed both the function
of the UAS—shep construct and hybridization of the antisense
probe to shep transcripts. Sense probes were used as a con-
trol (Figure S6X).

In wild-type animals, we first observed hybridization
to shep transcripts in oocytes, suggesting that shep is ma-
ternally loaded (Figure S6C). In syncytial blastoderm
embryos at stage 3, shep transcripts were detected ubiq-
uitously in a granular pattern surrounding nuclei (Figure
2D and Figure S6E). The level of shep transcripts de-
creased sharply in stage 4 embryos (Figure S6, G and H)
and became undetectable by stage 5 (Figure S6I and
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c RNA Recognition Motif 1

YUvYY v YYUYVYYY
SHEP LYIRGLQQGTTD[K[DLV|NM[c]ag[yG|T[I]I[STKAILDKTTNKCKGYGFVDE|EQ[Pa|F A vz g[L]efElk[e vor oMaK Ve
hMSSP-2 LYIRGLQ[Flc T TD|o|D L vE|L|C|o BlY GlK[I|v[S TKAILDKTTNKCKGYGFVDF|DS[E[SA AV[TA|LKAS[GVOROMAK[--
XMSSP-1 LYIRGL[SPN|TTD|L|DLVE|L|C|QB[Y GIK[I|V[STKAILDKTTNKCKGYGFVDF|DS[PAA AV|SA|LIKAS|GVQRQMAK|- -
heMSSP-2 LYIRGLQ|P[GTTD|DLVE|L|C|o BlY GIK[I|V[STKAILDKTTNKCKGYGFVDF|DS[P[sa AV[TA|LKAS[GVQROMAK|- -
rMSSP-2 LYIRGLQPS|TTD|QIDLVE|L|C|QP|Y GIK[I|V|STKAILDKTTNKCKGYGFVDE|DS[P[S S AV|[TA|LIKAS|GVQRQMAEK|- -
mMSSP-2a LYIRGLOQP[cTTD|o|DLVE|L|c/op|y GIK[I[v|STKAILDKTTNKCKGYGFVDF|DS|B|S S AV[TA|LKAS[GVORQOMAK|- -
zELAV-like2 Lz v N Y|L[e[@n M|T|Q EEJL|k s L F G s I|G|E[z[E|s[c|x[L v R|p K[T|T[c 0 s L] Y e F V[N Y M E|R[K D A[Iw T|LN[GlL R Lo[T K T I|K V]S
hRBP-PH LiT v N Y|L[p|oN M[T|Q EE|L|K S L F G S I|G|E[1|E|sS|c|®|L v RIDK|I|T|c 0 SL|G Y G F V|N ¥ I D|B|K D A|I N T|LN|G|L R L|o|T K T I[K V(S
FNE-PB LI vNY|L[P|QIT M|T|QEEMRSLFSSI|GIELE|S|C/KLVRIDKVSGQSLIGYGFVINYVRAED A VN T|L|N|G|L R L|Q|N K ¥ I[K V|S
RBP9-PH LIVNYLPQTMSQDEIRSLFVSFGEVESCKLHRDKVEGQSLGYGFVNYVKQED Al N a|LN|G|L R L|oN K T I[K V(S
hELAV LI vNYLlP|QNMTQDELRSLFSSI|GIEVE|SAKLIRDEVAGHSLIGYGFVNYVTAKD A|T ¥ T|L|N|G|L R L|Q|S K T I|K V]S

RNA Recognition Motif 2

YUYVYYY YY vy
SHEP PHEK[E|TPLEAML S|k v[GQV[v[STRILRDQOMN[SKGVGFARMESREKCE[QT I QM[FNGN[T I PGAKDPLLVKF A
hMSSP-2 LsMD|E[QE[LEGM LK PFlGQV|I|STRILRD[TSGT|S[RIGVGFARMES[TIEKCER|I I[TH|FNGK Y|I[KTPS[DPLL[C|KFA
xMSSP-1 LSMD|E[QELE[SMLKPF[GQV|I|STRILRD|SSGT|S|RIGVGFARME S|TIEKCE|AV|I|SH|FNG|KF|I|KPPAE|PLL|C[KF A
heMSSP-2 LSMD|E[QELE[GM LK P F[GQV|I|STRILRD[TNGT|S[RIGVGFARMES|T[EKCE[A[I I|TH|FNGK F|I[KTPS[DPLL|CIKF A
rMSSP-2 LSMD[E|QE|LE|GM LK PF|GQV|I[STRILRD|TTGA|S[RIGVGFARME S|T[EKCEAT I[THFNG|K Y|[I[K T P S|DPLL|C|K F A
mMSSP-2a LSMD|E[QELE[GMLIKPF|GQV|I|STRILRD[TSGA|S|RIGVGFARMES|TIEKCE|A[I I|THFNG|KY|I|KTPS[DPLL|C/KFA
zELAV-like2 KTMTQKE[LE[QLF[SjoFcRITITS|RIL|Vpg|vTcls|rlcveE[r|r[FDRIR[VE2|E[E AlT|IK G L|nclok P[PGA|TE[R[T T|vK F A
hRBP-PH KTMTQKELEQLEQYGRIITSRILVDQVTGSRGVGFIRFDKRIEAEEAIKGLNGQKPTEPITVKFA
FNE-PB KNLSQPDLEG@FASFGKIITSRILCDNISGSKGVGFIRFDQRNEAERAIQELNGKEPKGYAEPITVKFA
RBP9-PH KNMTQS|DLE[SLF[S|P[yGKIITSRIL|CDNITG|SKGVGE|I|R|IFDQRIFEADRA[I[KEL|ING[T|T/P KNS TE[R|IT|VKEA
hELAV RTMTQKDVED@F;RFGRIINSRVLVDQTTGSRGVAFIRFDK&SEAEEAITSFNGHKPE@SSEPITVKFA

Figure 3 SHEP is the Drosophila ortholog to MSSP. (A) Genomic organization of alternative shep transcripts, P-element insertion sites, and regions deleted by
deficiencies. Open triangles indicate the locations of P-element insertions, and the shaded bars indicate regions deleted by deficiencies (with shaded arrows
indicating that the deficiency deletes flanking regions that are not shown in the figure). RA, RB, and RD-RI are shep transcripts arising from a combination of
alternative transcriptional start sites (arrows) and alternative mRNA splicing. Vertical lines and bars represent exons, and the lines connecting them indicate
introns. (B) A rooted neighbor-joining phylogeny tree for the SHEP-PE/G protein. Accession numbers for sequences in the tree are listed in the Materials and
Methods. SHEP belongs to the MSSP family, and human MSSP-2 was the closest vertebrate homolog (shortest horizontal distance). The ELAV family was the
next most closely related group, and TAR DNA-binding protein-43 homolog (TBPH) and Transformer 2 (TRA2) were more distantly related. Percentage identities
obtained by BLASTP (NCBI) with SHEP-PE/G are shown in parentheses, and bootstrap scores for 100 cycles are indicated on the tree branches. (C) Alignment of
RRMs of SHEP-E/G to 10 of the most closely related genes from the MSSP and ELAV families. Identical residues were highlighted in boxes and the most highly
conserved residues found more generally in diverse proteins containing ribonucleoprotein domains 1 and 2 (RNP1 and RNP2) (Bandziulis et al. 1989; Maris et al.
2005) were labeled with triangles across the top of the alignment. Among these most highly conserved residues, aromatic amino acids that form the primary
RNA-binding surface in each RNP (Lorkovi¢ 2012) were labeled with open triangles.

Figure S6J). At stage 7, zygotic shep expression first
appeared in the procephalic neurogenic region (Figure
2E and Figure S6, K and L). The expression of shep tran-
scripts was strongly upregulated in stage 8 and stage 9
(Figure S6, M-P) and expanded to a midline region, pu-
tatively mesectoderm, beginning in stage 10 (Figure S6Q
and Figure S6R, arrows). Strong expression in the ventral neu-
rogenic region started during stage 12 (Figure S6, S and T,
open arrowheads) and spread to the entire CNS as well as to
the peripheral nervous system (PNS) in stage 13 (Figure 2F
arrows, and Figure S6, U and V, arrowheads). A developmental

RNA-Seq expression profile from modENCODE (Graveley et al
2011) largely mirrors the above results, with moderate expres-
sion in O- to 2-hr embryos, a sharp drop in expression in 2- to 4-
hr embryos, and a jump in expression in 12- to 14-hr embryos,
when shep expression in our in situ analysis became strong and
widespread throughout the CNS.

To determine the SHEP protein expression pattern, we
performed immunostaining with a polyclonal anti-SHEP anti-
serum generated against a unique region common to all SHEP
isoforms. We confirmed the specificity of the antiserum in en-
grailed > shep embryos, and the expected stripes were observed
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Figure 4 Developmental and behavioral defects following pan-neuronal shep RNAI. (A) Anti-SHEP immunostaining (green) revealed broad expression in
the CNS of elav > Dicer-2 control flies. (B) Immunostaining with anti-nc82 antibodies (magenta) showed the morphology of neuropils in elav > Dicer-2
CNS. (C) In a merge of the images in A and B, strong colocalization of the two signals appears white. (D-E) elav > shep-RNAI, Dicer-2 flies displayed
marked reductions in anti-SHEP (D, green) and anti-nc82 (E, magenta) immunostaining. Neuropil areas were also reduced by 21-31%. Dashed outlines,
left suboesophageal neuropil. Scale bars, 200 wm. (F) Merge of the images in D and E after enhancement (using a linear levels function in Photoshop) of
the anti-nc82 signal for better visualization of neuropil outlines. (G) Quantification of selected neuropil areas from 2D projections of confocal z-series
images. AL, antennal lobe; SOG, suboesophageal ganglion; PTG, prothoracic ganglion. P = 0.000022, repeated measures ANOVA; Tukey HSD post hoc
(*) P < 0.05, (***) P < 0.001. The number of animals for each genotype is indicated in parentheses. (H) The final pupal or adult fate of elav > shep—
RNAI, Dicer-2 (n = 272) pupae and elav > Dicer-2 (n = 243) controls. Lethal, died as pupae; UEW, adults with unexpanded wings; normal, adults with
expanded wings. () Box plots of the time needed for larvae and adults to flip over when placed on their backs. The boxes define the interquartile range
and the whiskers define the minima and the maxima. Open dots indicate outliers. The number of animals in each group is indicated in parentheses. (J)
Distances crawled by elav > shep—RNAI, Dicer-2 and elav > Dicer-2 larvae (horizontal distance in 5 min on apple juice-agarose plates, n = 15-16) and
adults (vertical distance in 5 sec in empty culture vials, n = 18-21). (***) P < 0.001, Student’s t-test.

in stage 12 (Figure S6B). In wild-type animals, SHEP was first ~SHEP expression in embryos until stage 17, when SHEP
detected in the cytoplasm of oocytes (Figure S6D), and in syn-  was detected in the cytoplasm of CNS and PNS neurons
cytial blastoderm embryos it showed a granule-like distribution ~ (Figure S6W, arrows). In stage 17, we also observed SHEP
around the nuclei (Figure S6F), as we observed in the shep  expression in the antennomaxillary complex and labral
in situ hybridization. We did not observe strong zygotic  sensory complex (Figure S6W, arrowhead). In third-

1276 D. Chen et al.


http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.114.166181/-/DC1/genetics.114.166181-6.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.114.166181/-/DC1/genetics.114.166181-6.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.114.166181/-/DC1/genetics.114.166181-6.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.114.166181/-/DC1/genetics.114.166181-6.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.114.166181/-/DC1/genetics.114.166181-6.pdf

instar wandering larvae, strong staining was broadly
detected in the brain, ventral nerve cord, and ring gland
(Figure 2H). Moreover, the pattern mirrored the results
of shep in situ hybridization at this stage (Figure 2G).
This broad expression of SHEP in the CNS was also
detected at the P14 (Bainbridge and Bownes 1981) pha-
rate adult stage (Figure 4A) and was concentrated in
neuronal cytoplasm (data not shown).

Lower level expression of shep mRNA and SHEP protein
was sometimes detectable in many nonneuronal tissues (data
not shown), and this has been indicated by Western blot and
RNA-Seq analysis (Graveley et al. 2011; Matzat et al. 2012).
Nevertheless, these spatiotemporal expression data indicated
that zygotic shep mRNA and SHEP protein was primarily re-
stricted to the nervous system beginning in the late-embryo
and continuing into the late-larval and pharate adult stages.

SHEP is a member of the MSSP RNA-/DNA-binding
protein family

To date, eight shep transcripts (RA, RB, and RD-RI) have
been identified (Figure 3A) based on expressed sequence
tags (ESTs) reported by the Berkeley Drosophila Genome
Project (BDGP). There are 53 shep 5’ ESTs, and RE, RH,
and RI together represent ~70% of the total. To determine
which of the three transcripts is more abundant, we randomly
selected six ESTs that have been mapped to the shared 5’ end
of the three transcripts for amplification and sequencing (see
Materials and Methods). Four of the six clones contained the
RE-specific sequence CAACAG from exon 13, and the other
two did not and were therefore RH or RI. Thus, we used an
RE/RG cDNA sequence to create a UAS—shep line. (RG utilizes
an alternate transcriptional start site; however, the RE se-
quence amplified for the cDNA is identical to RG.)

The predicted shep open reading frame encodes six pro-
teins PA, PB/D, PE/G, PF, PH, and PI (the predicted protein
products of transcripts RB and RD are identical, and the
products of RE and RG are identical). These isoforms have
diverse N termini and largely share the same C-terminal
sequences, except for two short indels. All six predicted
SHEP isoforms contain two RNA recognition motifs (RRM)
(Figure 3C), suggesting possible binding to RNA. According
to a protein-sequence-based neighbor-joining phylogenetic
tree, SHEP-PE displayed the strongest homology with the
MSSP (c-myc single-strand binding proteins) family, which
consists of RNA-/DNA-binding proteins. The most closely
related protein to SHEP in vertebrates was human MSSP-2,
with a sequence identity of 60% for conserved feature regions
(Figure 3B) (Marchler-Bauer et al. 2005) and 38% for the
global alignment. After MSSP, the next most closely related
protein(s) was a family of mRNA-binding/alternative splicing
factors that includes Drosophila ELAV (Figure 3B).

Loss of neuronal shep resulted in developmental and
behavioral defects

Since shep was primarily and broadly expressed in CNS, we
obtained pan-neuronal shep loss-of-function animals by

crossing elav-Gal4 to UAS-shep-RNAi, Dicer-2 (elav >
shep—RNAi, Dicer-2) to assay impacts on the CNS. The effi-
ciency of the shep RNAi was confirmed by anti-SHEP immu-
nostaining on the CNS of elav > shep—RNAI, Dicer-2 flies at
the P14 pharate adult stage. The levels of SHEP protein
were strongly reduced by shep—-RNAi, Dicer-2, and only a
few SHEP-positive neurons throughout the entire CNS were
detected (Figure 4, A and D).

We used the presynaptic marker, Bruchpilot (monoclonal
antibody nc82) (Seki et al. 2010), as a general counterstain
for the above anti-SHEP immunostaining. Interestingly, the
expression level of Bruchpilot was also decreased in pharate
adults (Figure 4E) and third-instar larvae (Figure S7, A and
B). Based on this finding, we examined two other presynaptic
markers, choline acetyltransferase (ChAT) and synapsin, and
both displayed substantially reduced expression throughout
the CNS (Figure S7, C-F). These results suggest that shep
RNAi led to smaller or fewer synapses, or reduced expression
of multiple synaptic proteins. This was accompanied by a de-
crease in neuropil size. In spite of the weak anti-Bruchpilot
signal in elav > shep-RNAi, Dicer-2 flies, we were able to
visualize neuropilar regions, and we found a 21-31% reduc-
tion of multiple neuropilar areas, including the antennal
lobes, suboesophageal ganglion, and prothoracic ganglion
(Figure 4G). Interestingly, we also observed substantial loss
of mCD8::GFP reporter gene expression (suggesting failure to
differentiate or cell loss) in adult wing sensory neurons fol-
lowing shep RNAi with a D42-Gal4 driver (Figure S5, E-H).

About one-third (38%) of elav > shep—RNAIi, Dicer-2 flies
died as pupae, while the lethality observed in elav > Dicer-2
control flies was <1% (Figure 4H). Most (74%) of the
elav > shep—RNAI, Dicer-2 lethality occurred late during pupal
development in animals that displayed wing pigmentation
(stage P12 or later), and the rest of the lethality occurred
during eclosion. These flies emerged halfway from the pupal
case and then remained stuck there permanently. The half-
eclosed phenotype may have been the result of weakened
eclosion movements, since elav > shep—-RNAi, Dicer-2 flies
that did eclose walked unsteadily and often fell to the bot-
tom of the vial, and elav > shep—RNAI, Dicer-2 flies during
eclosion appeared to display weakened leg movements
(data not shown). More than 92% of the escaper elav >
shep—RNAi, Dicer-2 adults also failed to expand their wings
after eclosion (Figure 4H). The eclosion defects and wing
expansion defects following shep RNAi were consistent with
the phenotype observed for homozygous shep?599836 mutant
animals (Table 1), indicating that these effects of the shep
RNAI are due to loss of SHEP function rather than off-target
effects of the RNAI.

In addition to the developmental or motor defects, we
also observed reduced life span. In a life span experiment
with flies maintained on standard food, all elav > shep-
RNAI, Dicer-2 adults died by the 18th day, while none of
the elav > Dicer-2 control flies died during this time period
(Figure S8A). This result is consistent with previous reports
of genetic screens, which showed that shep mutants might
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have significantly higher fat accumulation in larvae (Reis
et al. 2010), possibly reflecting a reduced mobilization of
fat reserves, and reduced starvation tolerance in adults
(Harbison et al. 2004). We observed similar defects in star-
vation tolerance in multiple shep loss-of-function back-
grounds (Figure S8, B-D). Thus, reduced expression of
shep in the nervous system resulted in weakened adult
locomotor behaviors, failure to complete neuropeptide-
controlled eclosion and wing expansion behaviors, and
shortened life span under fed and starved conditions.

To quantify the effects of reduced shep expression on
locomotor behaviors, we measured rates of flipping and
climbing in two separate assays. In the flipping assay, we
removed the wings of adult flies and then placed them on
their backs. Although the elav > shep—RNAi, Dicer-2 flies
waved their legs around rapidly while flipped, they took
>200 times longer to turn over than the control elav >
Dicer-2 flies (Figure 4I). We also performed flipping assays
on sheptxel6103 /shepFxel6104 mytant animals, and they took
10 times longer to flip over than the hemizygous deficiency
control animals (data not shown). The shepf6103 and
shept*el6104 deficiencies share a common breakpoint located
within the first exon shared by shep transcripts RE/RH/RI;
shepxel6103 deletes all of the 3’ exons, which include the
coding sequences for the C-terminal parts of the SHEP pro-
tein that are shared by the various SHEP isoforms, and
shep®l6104 deletes all of the shep exons 5’ of the breakpoint,
which include some coding sequences (Figure 3A). Western
blot analysis showed that shep™*6103/shepfel6104 mytant ani-
mals lack expression of the SHEP-PA and —PB/D isoforms and
have reduced expression of SHEP-PE/G (Matzat et al. 2012).

In the climbing assay, which measured the vertical
distance traveled in 5 sec after each fly started climbing,
elav > shep-RNAI, Dicer-2 flies traveled only 42% of the
vertical distance that was covered by the elav > Dicer-2
control flies (Figure 4J). The reduced distance climbed
appeared to result at least partially from motor defects or
weakness, since we observed that the legs of the elav >
shep—RNAI, Dicer-2 flies shook while climbing and these flies
often dropped off the side of the vial during the 5 sec period.
Taken together, these general locomotor defects, the ob-
served reductions in neuropil area (Figure 4G), the loss of
adult wing sensory neurons (Figure S5), and the broad ex-
pression of SHEP in the CNS (Figure 4A) suggest that SHEP
regulates the development or function of many motorneu-
rons, interneurons, and/or sensory neurons.

Interestingly, the shep RNAi did not result in changes in
flipping or crawling performance in third-instar larvae (Fig-
ure 4, 1 and J). Moreover, the third-instar larval neuropil
area was also unchanged (Figure S7G), which was in con-
trast to the reduction in neuropil area that we observed at
the P14 pharate adult stage (Figure 4, A-G). The stage de-
pendence of these behavioral and morphological pheno-
types suggested that shep might regulate nervous system
development primarily during metamorphosis, when the
nervous system undergoes dramatic structural remodeling.
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Consistent with this model, RNA-Seq analysis shows a strong
peak of shep expression during the first half of metamorpho-
sis, beginning in late third-instar wandering larvae (salivary
gland puff stages 3-6) and continuing through 2 days after
pupariation; levels then decline by ~50% during the third
day after pupariation (Graveley et al. 2011).

It appeared that SHEP regulated cell growth in the above
tests primarily during metamorphosis, but the effects were
not exclusive to this stage, and we did detect a subtler
behavioral defect in larvae, which displayed more turns and
a tendency to remain in the center of the petri dish in the
distance crawled assays (Figure S9). These results show that
loss of SHEP function in the larval nervous system resulted
in some behavioral defects. Nevertheless, the behavioral
defects in larvae were qualitatively weaker overall than
the ones observed in adults (Figure 4, I-J).

Loss of shep resulted in altered mating behaviors

In addition to the general locomotor defects seen in shep
mutants, we observed changes in the organization of mating
behaviors. We first detected this phenotype in shep®el6103/
shep™*el6104 females, which laid only unfertilized eggs when
crossed to shep™el6103 /sheptxl6104 males but did produce via-
ble embryos and larvae when crossed to wild-type (Oregon R)
males. This result led us to examine courtship and mat-
ing behaviors in the shep®*el6103 /shepExel6104 adults. Vir-
gin shep™el6103 /shepFxel6104 famales displayed several sexual
rejection behaviors. These included decamping, failure to
extend the wings to allow copulation, kicking to push males
off during copulation (Tan et al. 2013), and expulsion of
seminal fluid after copulation.

We quantified these changes in shepP¢00836/shepEP210
females, which also displayed these defects in courtship
and mating behaviors. The shep?P2?10 allele deletes the entire
shep gene (Ryder et al. 2007), and shep59983¢ carries a Gal4
splice-trap element that is inserted in a shep exon (Figure
3A), and shepP00836/shepFP210 females display reduced ex-
pression of native SHEP protein (Figure S10C) (Matzat et al.
2012). Wild-type males were paired together with wild-
type females or shepBG00836/shepFP210 females with or with-
out shep (UAS-shep) rescue. All three genotypes showed
similar copulation latencies (Figure 5A). Once copulation
started, wild-type virgin females extended their wings and
allowed mounting of males within seconds (File S1), but
shepBG00836 /shepFP210 virgin females vigorously kicked at
males while keeping their wings closed, thus preventing
the males from mounting and grasping the base of the wings
(Figure 5A and File S2). During copulation, the shepB¢00836/
shepPP210 females also kicked almost continuously (>90% of
the time) at the males with their metathoracic legs, whereas
the wild-type females displayed kicking behaviors only 17%
of the time (Figure 5B). The copulation duration was re-
duced in the shepB@09836/shepFP210 females (Figure 5A),
and we often observed a burst of intensive kicking prior
to the withdrawal of the male (data not shown). Kicking
during both mounting and copulation was reduced in
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Figure 5 Virgin shep mutant females displayed increased rejection of courting males. (A) Virgin females of all genotypes displayed the same latency to
copulation with Oregon R males, but the mount latency was increased and copulation duration was decreased for shepfG00836/shepfP270 mutant
females. Rescue with UAS-shep returned these values to control levels. The numbers following the genotypes are the sample sizes. (B) Postcopulation
behaviors for the females in A. All latency and duration data were measured in seconds (A), and each index is the ratio of the duration of a given
behavior over the 10-min postcopulation video recording period. Separate one-way ANOVAs were performed for each behavioral measure (copulation
latency, P = 0.891; mount latency, P = 0.000015; copulation duration, P = 0.000234; kicking index, P = 0.000027; grooming index, P = 0.035767;

shepBG00836 /shepED210 JAS—shep females, and the copula-
tion duration was restored to the wild-type level (Figure
5, A and B).

After copulation, shep?00836/shepFP210 females displayed
extensive grooming, almost exclusively involving just the
legs (Figure 5B, grooming index, and File S3). In contrast,
control females used the metathoracic legs to alternate
grooming of the legs, wings and abdomen (File S4). Much
of the grooming in recently mated shep?¢00836/shepFP210
females involved one of the mesothoracic legs together with
the metathoracic legs (File S3); this form of three-leg
grooming was rarely observed in wild-type flies (Figure 5B
and File S4). In addition, we observed 8 of 10 females ac-
tively expelling seminal fluids from the reproductive tract
(File S5); we never observed the expulsion of seminal fluids
by wild-type females. Females often used their metathoracic
legs in this process, and as shown in the video, strands of
sticky fluid could be observed. Thus, the presence of these
fluids may have contributed to the observed changes in
grooming behavior. We did not observe rescue of normal
rates of two-leg grooming in shepB@00836/shepFP210  [JAS—
shep females, although this failure to rescue was not com-
pletely unexpected, given the heterogeneous pattern of
transgene expression (which may not include important
grooming circuits) in the shep?%99836 line (Figure 2A).

shep was required for neuronal outgrowth during
metamorphic remodeling

Since we observed wing expansion defects in shep mutants,
we examined the function of shep in the bursicon neurons,
which play a key role in the regulation of wing expansion

three-leg grooming index, P = 0.000906). (*) P < 0.05, (**) P < 0.01, (***) P < 0.001, Tukey HSD post hoc test.

behaviors (Peabody et al. 2008). These neurons undergo
extensive remodeling during metamorphosis and secrete
the neuropeptide bursicon soon after eclosion to promote
wing expansion behaviors (Peabody et al. 2008; Zhao
et al. 2008). To test whether shep regulated the develop-
ment or function of the bursicon neurons, we examined
these cells in hemizygous shep?900836 /shepFP210 mutant ani-
mals. The cells were visualized by immunostaining with an
anti-bursicon (bursicon a-subunit, FBgn0038901) antiserum
(anti-BURS) (Luan et al. 2006) or by expressing the mem-
brane tag, mCD8::GFP. Both markers provided excellent res-
olution of the bursicon neuron somata (Figure S4), and the
peripheral axons and axon terminals in both larvae and P14
stage pharate adults in shep loss-of-function backgrounds
(Figure S11). Thus, we used anti-BURS in most experi-
ments, since this marker did not require the introduction
of UAS-mCD8::GFP into all genotypes.

At the P14 pharate adult stage, the bursicon neuron
somata in shep?G00836 /shepFP210 animals lost the multiangu-
lar morphology that is characteristic of that stage (Figure
6A) and became more rounded (Figure 6B) together with
a 27% reduction in soma area (Figure 6J). In shep™el6103/
sheptxel6104 gnimals, shepBG00836 homozygotes, and ccap >
shep-RNAi animals (the abdominal bursicon neurons are
a subset of the CCAP neurons) (Luan et al. 2006), the soma
area reductions were all 42-47% (Figure S10F). In the pe-
riphery, we also observed reduced branching of the bursicon
neuron axons in P14 pharate adult stage animals (Figure 6,
D and E), and we quantified the changes in branch numbers
by Sholl analysis (Magarinos et al. 2006) (Figure 6K). We
observed no difference between shepB@00836/sheptP210
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Figure 6 Loss of shep in shepBG00836/shepfP210 animals reduced the soma area, branching of peripheral axons, and the bouton size distribution of
bursicon neurons at the P14 pharate adult stage. (A-C) Immunostaining with anti-BURS antibodies showed the morphology of bursicon neurons in the
abdominal ganglia. The most anterior cell on the right side is shown in the insets, with punctate peptide accumulation in the shepBG00836/sheptP210,
UAS-shep cell labeled by arrows. (D-F) Reduced branching of the bursicon neuron axons in the peripheral arbor in a shepBG099836/shepfP210 pharate
adult (E) and rescue of branching in a shepf¢09836/sheptb270, (JAS-shep animal (F). (G-I) A reduction in bouton sizes in shep mutant animals (H) and
rescue after targeted expression of shep (I) was also observed in the peripheral axon arbor. Scale bars, 50 wm (insets in A-C, 10 um). (J) Quantification of
bursicon neuron soma areas for P14 pharate adults and wandering third-instar larvae. We performed a one-way ANOVA (P < 0.000001, Tukey HSD
post hoc, ***, P < 0.001) for the pharate adult values and a Student’s t-test (P = 0.934) for the wandering third-instar larval values. (K) Results of Sholl
analysis of branches in the peripheral axon arbor. The space between each of the concentric rings used to count intersecting axons was 50 pm. (L)
Counts of boutons along all axons 50 wm proximal and distal to the first branch of the Ab,Nv nerve (squares). (*) P < 0.05 (two-way ANOVA, P <

0.00001; Tukey HSD post hoc test. Scale bars, 100 pm.

animals and shepBS99836/w controls in the number of effer-
ent bursicon axons at the point where they enter the abdom-
inal nerves or in the maximum extent of these axons in the
periphery (Figure 6K). However, the axons in shepPG00836/
shepFP210 animals had fewer peripheral branches, resulting
in fewer intersections with the intermediate sampling rings
(Figure 6K). The reduction in intersections was evident
throughout the arbor, and the greatest reduction (10 fewer
branches) was observed 450 pm from the posterior tip of
the ventral nerve cord. The peripheral bursicon axons in
shepPG00836 /shepFP210 pupae also displayed fewer boutons
than the controls (Figure 6, H and L). We observed similar
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defects in axonal branching in shep?*el6103 /shepExel6104,
ccap > shep—RNAIi, and ccap > shep—RNAi, Dicer-2 animals
(Figure S12, A-C). These peripheral axon branches form
during outgrowth of the bursicon neurons during metamor-
phosis, after pruning of the larval, unbranched axons has
occurred (Zhao et al. 2008). Taken together, these results
show that shep promotes formation (or maintenance) of
peripheral axon branches in the bursicon neurons during
metamorphic remodeling.

To determine whether the cellular defects were caused
solely by the loss of shep, we took advantage of the fact that
the shepB@00836 mutation can be used to drive transgene
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expression in shep-mutant bursicon neurons. In P14 stage
shepBG00836 /shepFP210  UAS—shep pharate adults, we found
that bursicon neuron soma area, peripheral axon branch
number, and bouton number were all fully rescued (Figure
6, C and F; I-L). Since we built UAS-shep with shep—RE/RG,
we conclude that one or both of these isoforms are sufficient
to restore normal soma growth, peripheral axon branching,
and bouton growth in the bursicon neurons during meta-
morphic remodeling. In addition, we observed punctate
accumulation of bursicon in the somata (cytoplasm) of
shep-rescued neurons (Figure 6C), suggesting that shep expres-
sion can influence the regulated secretory pathway. How-
ever, we did not observe changes in bursicon distribution
in shep mutant cells without rescue, and we therefore cannot
exclude the possibility that this observation reflects a gain-
of-function effect of transgenic SHEP expression in the
shepBG00836 /shepFP210 JAS-shep animals.

Interestingly, loss of shep had no impact in our assays
of bursicon neuron morphology in wandering third-instar
larvae. In contrast to pharate adults, bursicon neuron
soma area was unchanged in shep?900856/shepFP210 larvae
(Figure 6J). Similarly, although shep™el6103 /sheptxl6104 and
shepBG00836 /shepBG00836 P14 pharate adults each displayed
a 44-47% reduction in bursicon neuron soma area, these
genotypes displayed no change in soma area in the third-
instar larvae. In addition, there was no change in bursicon
neuron soma area in ccap > shep—-RNAI, Dicer-2 larvae (Fig-
ure S10G). To test for impacts of the loss of shep on larval
bouton area, we examined boutons at the bursicon neuron
NMJ on muscles 12-13 of the second abdominal segment
(Hodge et al. 2005). In sheptxel6103 /shepExel6104 | shopBG00836 /
shepFP210 and ccap > shep—RNAI, Dicer-2 larvae, we found
no change in the number and size distribution of NMJ bou-
tons (Figure S12, D-L), which is in contrast to the clear
reductions in bouton area and number in P14 stage pharate
adult shepPG00536/shepEP210 gnimals (Figure 6, G-H and L).
Taken together, these results suggest that SHEP is required
for growth of the bursicon neurons during metamorphosis
but not during larval development.

Discussion
Identification of shep through splice-trap screening

Through an expression pattern-based splice-trap screen, we
identified 28 insertions that drove expression in peptidergic
neurons. These included 17 insertion sites with expression
in CCAP neurons and several sites with expression in ILP2
neurons, LK neurons, Furin 1 neurons, -RFamide neurons,
and/or bursicon neurons (2-8 sites per marker). One of the
insertions, shepP00836 drove transgene expression in PHM-
positive peptidergic neurons, and homozygous shepBG00836
adults displayed defects in wing expansion. These observa-
tions implicated shep in the development or function of di-
verse peptidergic neurons, and we selected it for further
analysis. Anti-SHEP immunostaining and additional shep re-
porter genes confirmed expression in peptidergic neurons,

but these markers and shep in situ hybridization also revealed
widespread expression in the CNS, with much lower expres-
sion in other tissues.

SHEP is orthologous to the c-myc single-strand binding
protein, MSSP-2

Previous studies have described shep as homologous to the
vertebrate genes, Rbms2/Scr3 (Armstrong et al. 2006) or
Rbms1/Scr2/MSSP-2 (Wang et al. 2013). Our phylogenetic
analysis supported the placement of SHEP in the MSSP family,
with the ELAV family of RNA-binding proteins being the next
most closely related (Figure 3B). In general, MSSP proteins
contain RNA recognition motifs and have been found in verte-
brates to bind DNA, RNA, or proteins to regulate a variety of
biological processes, including DNA polymerization, gene ex-
pression, cell transformation, and apoptosis (Balducci-Silano
et al. 1998; Kimura et al. 1998; Niki et al. 2000a,b; Nomura
et al. 2005). In Drosophila, SHEP interacts with the insulator
proteins Mod(mdg4)2.2 and Su(Hw) to negatively regulate
chromosomal insulator activities, specifically in the CNS
(Matzat et al. 2012). These molecular insights suggest a gene
regulatory mechanism by which SHEP may control aspects
of the metamorphic development of the bursicon neurons, as
well as other neurons that contribute to the overall structure
of adult brain neuropils.

Metamorphic remodeling of the bursicon neurons and
stage dependence of SHEP function

The shep mutant defects in wing expansion presented an
opportunity to define cellular functions of SHEP in an ex-
perimentally accessible cell type, the bursicon neurons. In
shep mutants, we observed a reduction in the postpruning
growth of the bursicon neurons during metamorphosis,
resulting in smaller somata and less branching in the periph-
eral axon arbor in pharate adult animals (Figure 6).

Interestingly, the regulation of bursicon neuron growth
by shep was stage dependent. We observed defects in bursi-
con neuron soma growth and axon branching during meta-
morphosis in hypomorphic shep mutant animals of multiple
genotypes, including shepPG00836/shepBG00836  sheptxel6103
shepxel6104 and shepPG00836 /shepEP210 (Figure S10 and Fig-
ure S12). However, in each of these genotypes, the larval
cellular morphologies were normal.

We observed other behavioral defects that suggested
that the metamorphosis-specific actions of SHEP were not
limited to the bursicon neurons. For example, the most
severe shep loss-of-function genotype tested (see below) was
elav > shep—RNAI, Dicer-2, but elav > shep—RNAi, Dicer-2
larvae displayed normal crawling distances and self-righting
behaviors, while this genotype showed lethality in the late
pupal stages and severe locomotor defects in adult animals.
Associated with this increase during metamorphosis in the
dependence of the nervous system on shep activity, the levels
of shep expression increase markedly at the onset of meta-
morphosis (Graveley et al. 2011). These results provide in-
direct evidence to suggest that an increase in shep expression
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during the pupal stage may support neuronal remodeling or
other aspects of neuronal function and development in di-
verse neurons during metamorphosis.

Although most of the larval behaviors assayed were
unaffected in shep mutant animals, we observed one behav-
ioral phenotype in elav > shep—RNAi, Dicer-2 larvae, namely
a tendency to remain in the center of the apple juice-agarose
plate while making many sharp turns along the path of
locomotion. Based on anti-SHEP immunostaining (Figure
S10, A-E), UAS-shep—RNAI, Dicer-2 provided a more com-
plete knockdown of anti-SHEP immunostaining in the CNS
than shep RNAi without UAS-Dicer-2 or in shep?990836 homo-
zygotes or shepBG00836/shepFP210 mutant larvae. Moreover,
shep RNAi without UAS-Dicer-2 led to a greater knockdown
of SHEP in Western blots than shepExel6103/shepExel6104
(Matzat et al. 2012). Taken together with the above observation
that many of the weaker shep loss-of-function genotypes had
defects that were only manifest in adults, these findings suggest
that shep plays a stage-dependent (largely metamorphosis-
specific) role in the maintenance, function, or development
of the nervous system.

Broad impacts of shep in the nervous system

The SHEP expression pattern and shep mutant phenotypes
reported here are consistent with broad actions of this pro-
tein in neuronal development and functions throughout the
nervous system. Pan-neuronal loss of shep resulted in late-
pupal lethality and reduced adult life span under both fed
and starved conditions, as well as diverse developmental
and behavioral defects, including failure to complete wing
expansion, uncoordinated and weakened adult locomotion,
reduced neuropil areas, and altered mating behaviors. Other
groups have also shown defects in gravitaxis and reduced
starvation resistance in shep mutants (Harbison et al. 2004;
Armstrong et al. 2006).

Such widespread actions may also explain the partial
rescue of the mating defects by UAS-shep expression in
shepBG00836 /shepFP210 females. Although we cannot exclude
the possibility that other SHEP isoforms in addition to
SHEP-E/G (used to create UAS-shep) were necessary to
support the normal function of the postcopulatory grooming
circuits, it is also possible that neurons required for female
receptivity to the male may have been included in the
shepB@00836 expression pattern used to drive shep rescue,
whereas the neurons involved in normal postcopulatory
grooming behaviors were not.

The observation of several seemingly independent
behavioral defects (e.g., gravitaxis and female receptivity
to mating) and reduced neuropil areas, taken together
with the cellular defects described in shep-mutant bursicon
neurons, suggests that SHEP may have pleiotropic effects
on neurite development or other processes throughout the
CNS. Such pleiotropic effects of shep mutations in the CNS
may be due to the loss of SHEP suppression of widely
distributed chromatin insulator complexes (Matzat et al.
2012), so as to establish altered chromatin states and gene
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expression, potentially in multiple signaling pathways
controlling a range of developmental and physiological
events. In addition, some of the adult shep loss-of-function
phenotypes, such as reduced life span and altered mating
behaviors, may reflect adult-specific (acute) effects of
SHEP on neuronal activity. Alternatively, the metamorphosis-
specific regulation of neurite branching and cell growth
in the bursicon neurons may be representative of the
actions of SHEP in many neuronal cell types. It will be
important in future studies to distinguish among these
models, as our results demonstrate that SHEP is a general
regulator of the postembryonic development of mature
neurons.
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Figure S1 Reporter gene expression patterns for 30 insertions with expression in neurons. Each line was crossed to
UAS-mCD8::GFP prior to isolation of the CNS at the wandering 3rd instar larval stage, and representative confocal
z-series projections of fixed tissues are shown. Arrowheads indicate expression in the ring gland, and asterisks

denote expression in the mushroom bodies. Scale bar: 50um.
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Figure S2 Patterns of splice-trap reporter gene expression in CCAP neurons in the wandering 3rd instar
larval CNS. We found 17 insertions that drove expression in CCAP neurons, which are indicated with
circles on the schematic CNS diagrams. The relative intensities of GFP reporter expression (mCD8::GFP,
subjective scale) are indicated with different colors, and CCAP neurons with no detectable expression of
the reporter are indicated with open circles. If there was no reporter expression in the brain lobes or
ventral nerve cord, those regions of the CNS are not shown.

33l D. Chen, C. Qu, and R. S. Hewes



BG00836 BG01322

BG00836 [BG01322]

PT2 PT2
BG00836 BG01322

Furin 1 Furin 1
BG00836 BG01322

BGO00836 BG01322

Furin 1 Furin 1

Figure S3 Reporter gene expression for the two shep splice-trap insertions, BG00836 and BG01322, in multiple
types of peptidergic neurons. (A-B) Co-localization of immunostaining with the PT2 antiserum (magenta) and
mCD8::GFP reporter expression driven by BG00836 (panel A) and BG01322 (panel B). (C-F) Co-localization of
anti-Furin 1 immunostaining (magenta) and mCD8::GFP reporter expression driven by BG00836 (panels C and E)
and BG01322 (panels D and F). Panels C and D are ventral views of a portion of the ventral nerve cord, and panels
E and F are dorsal views. Arrows: examples of colocalization of the immunosignal and reporter gene expression.
Scale bars: 50 um.
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Figure S4 Selected splice-trap expression patterns that contained bursicon neurons. (A-B) Co-localization of immu-
nostaining with an anti-BURS antiserum (magenta) and mCD8::GFP reporter expression (green) driven by BG02222
(panel A) and BG00836 (panel B) in wandering 3rd instar larvae. (C-D) At the P14 pharate adult stage, both BG02222
and BG00836 drove reporter expression in all 14 bursicon neurons in the abdominal ganglia. Arrows, examples of
abdominal bursicon neurons with co-localization of the two markers. Scale bars: 50 uym.
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Figure S5 Loss of wing sensory neurons and appearance of ectopic wing veins following loss of shep. (A-D) 40% (23 out of
57) shepB%%% homozygotes had an ectopic vein on the posterior crossvein (arrows) that was not found in shep®*****%/w
control flies. Panels C-D are higher magnification views of the region containing the posterior crossvein. Scale bars: A and B,
200 pm; C and D, 100 um. (E) At the P14 pharate adult stage, sensory neurons on the wings of D42>Dicer-2, mCD8::GFP
flies had proximal neurite projections. (F) In shep RNAi animals (D42>shep-RNAi, Dicer-2, mCD8::GFP), the proximal projec-
tions and most sensory neuron somata were absent. Scale bars: 100 ym. (G-H) Higher magnification views of the develop-
ing wing border in the highlighted box in panel E and F. Arrows, sensory neurons; Arrowheads, neurite projections of the
sensory neurons; Open arrowheads, bristle neurites. Scale bars: 10 pm.
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Figure S6 Embryonic shep mRNA and SHEP protein expression patterns. (A-B) Ectopic expression of shep in stage 11-12
engrailed-Gal4/UAS-shep embryos was detected by in situ hybridization (A) and immunostaining (B) with an anti-SHEP antise-
rum. (C-F) Expression of shep was detected in oocytes (arrows in panels C-D) in the ovaries of P14 stage pharate adult females
and in syncytial blastoderm embryos (panels E-F) by in situ hybridization (blue) and immunostaining with antibodies to SHEP
(gray). (G-N) Expression of shep in early embryonic stages detected by in situ hybridization. Each top-bottom pair of images
shows signals from the same embryo with dark field and kdhler illumination. Zygotic shep was first detected at stage 7 in the
pro-cephalic neurogenic region (arrow, panel K). (O-V) In later embryonic stages, the expression of shep expanded to include
the entire central and peripheral nervous systems. Each top-bottom pair of images are lateral (top) and ventral (bottom) views of
the same embryos. Arrows, putative mesectoderm; open arrowheads, ventral neurogenic region; arrowheads, peripheral
nervous system. (W) Anti-SHEP immunostaining produced labeling in the CNS, PNS (arrows), and the antennomaxillary com-
plex and labral sensory complex (arrowhead). (X) Control in situ hybridization with the sense probe in an Oregon R embryo.
The embryonic stage is indicated in the lower right corner of each panel. Scale bars: (C, D), 25 um; (all other panels), 50 ym.
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Figure S7 Loss of shep led to reduced levels of multiple presynaptic markers in the larval and pharate adult CNS.
(A-B) Anti-nc82 immunostaining for the active zone protein Bruchpilot in wandering 3rd instar elav>shep-RNAI,
Dicer-2 larvae displayed lower signal intensity (panel B) than in elav>Dicer-2 control larvae (panel A). (C-F) Immu-
nostaining in P14 pharate adult CNS for Synapsin and Choline acetyltransferase (ChAT) revealed lower levels of
both presynaptic markers in shep RNAi animals (D, F) than in elav>Dicer-2 controls (C, E). Scale bars: 200 um. (G)
Quantification of neuropil area for the anti-nc82 immunostaining in wandering 3rd instar larvae. The ventral nerve
cord neuropil area (dashed lines, panels A and B) was unchanged in elav>shep-RNAI, Dicer-2 animals at the
wandering 3rd instar stage (P=0.143, Student’s t-test).
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Figure S8 Loss of shep resulted in reduced life span. (A) Pan-neuronal shep RNAI led to shorter life span. The running
percentage of surviving adults was plotted for elav>shep-RNAI, Dicer-2 and elav>Dicer-2 adult flies on regular food. (B-D)
Reduced starvation resistance was detected in multiple shep mutants. Cumulative survival under starvation conditions was
calculated (see methods) for shep®¢°%% >shep-RNAI, shep®®®®*® homozygotes, shep®®**%shep=*°mutants, and
shepBCe0%83YsheptP?° UAS-shep rescue flies. In each panel, the shep loss-of-function genotype is labeled in orange. The
results for shep heterozygotes are shown in blue and magenta, and the results for flies rescued with UAS-shep are shown in
green. Sample sizes are listed in parentheses following each genotype.
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Figure S9 Pan-neuronal loss of shep produced larvae that remained near the center of apple-juice
plates during locomotor behavior assays. (A) Apple juice-agarose plates were placed on a grid of
concentric circles that defined four zones from the center to the periphery. (B) Representative 10-minute
crawling trails for elav>Dicer-2 and elav>shep-RNAI, Dicer-2 wandering 3rd instar larvae. (C) The
percentage of time spent by elav> Dicer-2 and elav>shep-RNAI, Dicer-2 larvae in each of the four
concentric zones. The number of animals for each genotype is indicated in parentheses. *P<0.05;
Separate Student’s t-tests with Bonferroni correction were performed for each zone.
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Figure S10 Loss of SHEP resulted in smaller bursicon neurons in P14 stage pharate adults but not in wandering 3rd instar
larvae. (A-E) Anti-SHEP immunostaining of shep loss-of-function mutants at the P14 pharate adult stage. Lower SHEP levels
were observed in all of the shep mutant backgrounds, but elav>shep-RNAI, Dicer-2 displayed the greatest reduction of SHEP
levels in the CNS. (F) In P14 stage pharate adults, we observed reduced bursicon neuron soma areas in hypomorphic shep
mutant backgrounds, which included shep™®®®/shep™“****, shep®®°°®*® homozygotes, and ccap>shep-RNAi. (G) Bursicon
neuron soma areas were unaffected in wandering 3rd larval instar shep mutants. The mutant backgrounds included
ccap>shep-RNAI, Dicer-2, which was the strongest shep loss-of-function genotype, as judged by the impacts on branching in
the peripheral axon arbor (Figure S11). The number of animals for each genotype is indicated in parentheses. *P<0.05,
**P<0.01, **P<0.001, Student’s t-test. Scale bar: 200 um.
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Anti-BURS

Figure S11 Bursicon neuron peripheral axon projections and synaptic terminals were visualized by anti-BURS immunostain-
ing or genetic labeling with the membrane-localized fusion protein, mCD8::GFP. (A-C) Peripheral axons in the abdominal
nerves of a ccap>shep-RNAI, Dicer-2, mCD8::GFP P14 stage pharate adult. Although the anti-BURS immunostaining
(magenta) is more restricted to boutons than the mCD8::GFP labeling (green), each axon in the nerve can be clearly resolved
at lower magnification (panels A-C), which captures most of the peripheral axon arbor, and at higher magnification (insets;
region of the abdominal nerve trunk indicated by the white boxes in panels A-C). Within the abdominal nerve trunk, there is
much less bursicon accumulation than in the distal boutons, but anti-BURS immunostaining still permits the visualization of
each axon. Arrows, boutons; arrowheads, axons. Scale bars: A-C, 100 um; insets, 5 um. (D-F) Labeling of the bursicon
neuron terminals on muscles 12-13 of the 2nd abdominal segment with mCD8::GFP (green) and anti-BURS immunostaining
(magenta) in ccap>shep-RNAI, Dicer-2, mCD8::GFP wandering 3rd instar larvae. Arrows, boutons. Scale bar: 10 um.
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Figure S12 shep promoted outgrowth of the peripheral projections of the bursicon neurons during metamorphosis. (A-C) Sholl
analysis on the peripheral projections of P14 stage pharate adult bursicon neurons. For this analysis, we counted the number of
axon intersections with nested, concentric rings, each with a 50 um increase in radius from the next smallest ring. Sample sizes
are listed in parentheses following each genotype. (D-I) In wandering 3rd instar larvae, the morphology of the neuromuscular
junctions (NMJ) of the hypomorphic mutants shep®e619%/shep®*¢61%4 (E), shepB©2%836/shepEP?1%(G), and ccap>shep-RNAI, Dicer-2 (1)
was similar to the morphology of the respective hemizygous controls (D, F, and H). (J-L) Binned counts of wandering 3rd instar
larval NMJ boutons within size classes for shep loss-of-function animals. Sample sizes are listed in parentheses. Two-way
ANOVAs, P=0.452479 (panel J), P=0.597591 (panel K), and P=0.271019 (panel L). Scale bars: 100 um.
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Files S1-S5

Available for download as .avi files at http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.114.166181/-/DC1

File S1 Mounting of an Oregon R female by an Oregon R virgin male. The male mounted the female shortly after copulation
started, and the female extended her wings to accept the male.

File S2 Kicking of an Oregon R male by a shep8°99336/shepfP?10 yirgin female after the onset of copulation. The female
continued to kick the male during copulation and did not extend her wings to accept mounting by the male.

File S3 Three-leg grooming by a shep8°9983¢/shepfP?10 female immediately after copulation was completed. The predominant
grooming pattern involved only the legs, with the two metathoracic legs rubbed together with one of the mesothoracic legs
(Figure 5). Correspondingly, the proportion of time spent grooming the wings and abdomen was reduced.

File S4 Two-leg grooming of an Oregon R female immediately after copulation. Grooming of the wings and abdomen was
performed with the two metathoracic legs.

File S5 Expulsion of what appears to be seminal fluid and the mating plug by a shep8°99836/shepfP?10 female immediately after

copulation. The mated shep?©99836/shepfP?10female groomed with three legs and then expelled material after ovipositor
extrusion. There is a one-minute pause in the video, during which the fluid was first visible after repetitive ovipositor extrusion.

14 S| D. Chen, C. Qu, and R. S. Hewes



