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Hobbit regulates intracellular trafficking to drive insulin-dependent
growth during Drosophila development

ABSTRACT
All animals must coordinate growth rate and timing of maturation to
reach the appropriate final size. Here, we describe hobbit, a novel and
conserved gene identified in a forward genetic screen for Drosophila
animals with small body size. hobbit is highly conserved throughout
eukaryotes, but its function remains unknown. We demonstrate that
hobbit mutant animals have systemic growth defects because they
fail to secrete insulin. Other regulated secretion events also fail in
hobbit mutant animals, including mucin-like ‘glue’ protein secretion
from the larval salivary glands. hobbit mutant salivary glands produce
glue-containing secretory granules that are reduced in size.
Importantly, secretory granules in hobbit mutant cells lack essential
membrane fusion machinery required for exocytosis, including
Synaptotagmin 1 and the SNARE SNAP-24. These membrane
fusion proteins instead accumulate inside enlarged late endosomes.
Surprisingly, however, the Hobbit protein localizes to the endoplasmic
reticulum. Our results suggest that Hobbit regulates a novel step in
intracellular trafficking of membrane fusion proteins. Our studies also
suggest that genetic control of body size, as a measure of insulin
secretion, is a sensitive functional readout of the secretory machinery.
KEY WORDS: Body size, Growth, Insulin secretion, Regulated
exocytosis, Intracellular trafficking, Drosophila

INTRODUCTION

Body size is exquisitely regulated during metazoan development. In
Drosophila, an explosive period of growth occurs during larval
development; however, this systemic growth ceases and final body
size is specified at the onset of metamorphosis (Nijhout et al., 2014).
One of the crucial regulators of body size in Drosophila is the
insulin signaling pathway. In this pathway, Drosophila insulin-like
peptides (Dilps) are secreted from the insulin-producing cells
(IPCs), which are neuroendocrine cells located in the larval central
nervous system. The IPCs function in a manner that is analogous to
mammalian pancreatic β-cells (Geminard et al., 2006). Dilps then
circulate systemically and bind to the insulin receptor (InR) on the
membrane of target cells, triggering a downstream signaling
cascade that regulates both metabolism and cellular growth
(Brogiolo et al., 2001; Rulifson et al., 2002). Disruption of the
insulin signaling pathway has a profound effect on Drosophila body
size. Ablation of the IPCs (Rulifson et al., 2002), genetic deletion of
Dilps (Grönke et al., 2010), or mutation of targets downstream of
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InR (Böhni et al., 1999; Brogiolo et al., 2001; Murillo-Maldonado
et al., 2011) all result in a dramatic reduction in body size. However,
despite the importance of the insulin signaling pathway for systemic
growth in flies and for disease in humans, the factors regulating
insulin secretion remain largely unknown.
Insulin secretion in both flies and mammals occurs via regulated
exocytosis. This crucial cellular process begins with the biogenesis
of cargo protein-containing secretory granules. Cargo proteins
targeted to the regulated exocytosis pathway, such as insulin, are
translated by ribosomes bound to the rough endoplasmic reticulum
(RER) and translocated into the ER lumen co-translationally. These
cargo proteins are then transported to ER exit sites (ERES),
specialized ER subdomains characterized by a coating of coat
protein complex II (COPII), and packaged into COPII-coated
vesicles (Brandizzi and Barlowe, 2013). COPII-coated vesicles
mediate trafficking of cargo proteins from the ER to the Golgi
cisternae; in the Golgi, cargo proteins undergo additional processing
and post-translational modification. Cargo proteins are then
selectively packaged into secretory granules, specialized
organelles that bud from the trans-Golgi Network (TGN) as
immature secretory granules (Kögel and Gerdes, 2010). The
immature granules undergo a maturation process to refine their
content and membrane composition, rendering them competent for
exocytosis (Kögel and Gerdes, 2010). Mature secretory granules
traffic to the plasma membrane, where they undergo tethering,
docking and priming steps, attaching them to the membrane so that
cargo proteins can be quickly released to the extracellular
environment in a stimulus-dependent manner (Burgoyne and
Morgan, 2003).
The membrane fusion events leading to extracellular release are
mediated by membrane fusion proteins, such as synaptotagmins and
soluble N-ethylmaleimide-sensitive factor (NSF) activating protein
receptors (SNAREs) (Burgoyne and Morgan, 2003; Hong, 2005).
To drive membrane fusion during regulated exocytosis, these
proteins must be properly trafficked to secretory granule
membranes. Like cargo proteins, secretory granule membrane
proteins must first enter the ER. Synaptotagmins contain a singlepass transmembrane domain at their N terminus (Südhof, 2002) that
acts as a signal, directing the ribosome to the RER and allowing
co-translational translocation of the nascent protein into the ER
(Hegde and Keenan, 2011). In contrast, most SNAREs contain a
single-pass transmembrane domain at their C terminus and are
therefore translated by free ribosomes in the cytosol. SNAREs must
then be post-translationally translocated into the ER, a process that
requires chaperones to prevent the nascent SNARE from
complexing with SNAREs on other organelles and to shelter the
hydrophobic transmembrane domain, preventing aggregation
(Hegde and Keenan, 2011; Kutay et al., 1995). Once in the ER,
secretory granule membrane proteins are thought to follow a similar
path to that of cargo proteins: they leave the ER via ERESs, traffic
through the Golgi cisternae, and are eventually loaded onto
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secretory granules produced in the TGN. However, despite the
importance of regulated exocytosis for both normal development
and disease, many of the trafficking steps during this process remain
largely unknown.
Here, we report the identification and characterization of hobbit,
a novel and conserved protein that plays a crucial role in the
trafficking of secretory granule membrane proteins. We have
identified hobbit in a chemical mutagenesis screen for Drosophila
mutant animals with a small body size. hobbit is highly conserved
throughout eukaryotes, but the protein has not been functionally
characterized. We find that hobbit mutant animals have a small body
size because they fail to secrete insulin and demonstrate that hobbit
is required for maintenance of the major endocrine signaling
axis that regulates insulin release. Furthermore, other regulated
exocytosis events are also disrupted in hobbit mutant animals,
including the secretion of mucin-like ‘glue’ proteins from the larval
salivary glands at the onset of metamorphosis. hobbit mutant cells
produce secretory granules that contain cargo proteins; however,
these granules lack SNAREs and synaptotagmins and therefore are
not competent for release, providing an explanation for why
secretion fails upon loss of hobbit function. We find that the Hobbit
protein itself localizes to the ER, suggesting that Hobbit may play a
new role in trafficking of secretory granule membrane proteins
through the secretory pathway.
RESULTS
A chemical mutagenesis screen for new regulators of body
size

To find new regulators of body size in Drosophila, we have
conducted a large-scale ethyl methanesulfonate (EMS) mutagenesis
screen on the third chromosome and identified metamorphosisspecific lethal mutations. We screened over 26,000 mutagenized
chromosomes and identified 8636 lethal mutations; of these, 566
were pupal lethal mutations (Wang et al., 2008). Among the 566, we
identified 26 mutant strains in 19 complementation groups that
displayed a dramatic small pupa (sP) phenotype. We first focused on
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mapping one of the mutants with a dramatic small body size: sP1.
Recombination mapping with pairs of dominant markers (Sapiro
et al., 2013) followed by complementation tests with chromosomal
deficiencies and known lethal mutations identified sP1 as an allele
of the insulin receptor (InR) (Fig. S1A-C), a gene that has previously
been shown to play a crucial role in body size determination (Chen
et al., 1996; Fernandez et al., 1995). InRsP1 does not contain any
sequence changes within the InR coding sequence; however, InR
mRNA transcript levels were significantly reduced in the mutant
animals (Fig. S1D), suggesting that this allele contains a lesion
disrupting critical regulatory sequences. The identification of a
novel allele of InR confirms that our screening approach has
uncovered bona fide regulators of systemic growth.
Identification of hobbit, a novel and conserved regulator of
body size

We next mapped the most frequently mutated locus (sP2), which
contained five alleles. Recombination mapping with dominant
markers placed this mutation between Roughened (R) and Dichaete
(D); however, the mutant animals complemented all chromosomal
deficiencies in this region, indicating that the disrupted gene was
located in a gap between chromosomal deletions (Fig. S2A).
Subsequent Sanger sequencing of candidate genes not covered by
available deletions revealed lesions in a previously uncharacterized
gene, CG14967 (Fig. S2A). We named this gene hobbit because of
the dramatic small pupa phenotype displayed by the mutant animals
(Fig. 1A and Fig. 2). All five hobbit alleles contained nonsense
mutations (Fig. 1C, Fig. S2A), and all exhibited the same small
body size and lethal phase during metamorphosis (Fig. S2B),
indicating that these are likely loss-of-function alleles. Although the
majority of hobbit mutant animals arrested during metamorphosis,
some animals appeared to die earlier in development, as only 80%
of the expected progeny were observed as pupae on the side of vials
(hob2/hob3, total n=274). Importantly, hobbit is conserved across
eukaryotes, with orthologs in fungi, green plants, protists and
animals (Fig. 1B). Additionally, a protein sequence identity plot
Fig. 1. Identification of hobbit, a novel and conserved
regulator of systemic growth. (A) hobbit mutant animals
exhibit a dramatic small pupa phenotype. (B) ‘Tree of life’
phylogeny showing hobbit orthologs throughout Eukaryota, in
green plants (green), animals (blue), fungi (red) and some
protists ( purple). (C) Protein identity plot showing primary
sequence conservation between D. melanogaster hobbit and
12 metazoan orthologs (Caenorhabditis elegans, Bombyx
mori, Anopheles gambiae, Danio rerio, Xenopus tropicalis,
Gallus gallus, Oryctolagus cuniculus, Rattus norvegicus, Mus
musculus, Macaca mulatta, Pan troglodytes and Homo
sapiens); horizontal blue dashed line shows 100% identity.
Vertical red dashed lines indicate the position of Drosophila
hobbit mutant alleles, which are all nonsense mutations.
hob: hobbit.
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among 13 animal model organisms (from worms to humans)
revealed a high degree of primary sequence conservation across the
length of the protein (Fig. 1C). However, no functionally
characterized domains are predicted beyond a possible
transmembrane domain at the N terminus. Additionally, sequence
homology searches did not reveal any hits outside of hobbit and
its orthologs. These results indicate that hobbit encodes a truly
novel protein.
Without any obvious molecular signatures or protein domains to
guide our studies, we relied on phenotypic clues to characterize the
function of hobbit. We began these phenotypic studies by validating
our hobbit mutations using RNAi knockdown and rescue
experiments. Publicly available RNAi lines did not affect hobbit
expression levels; therefore, we generated two new RNAi constructs
that significantly reduced hobbit levels (Fig. S3C). Importantly,
ubiquitous hobbit RNAi knockdown phenocopied both the small
body size and lethality of our mutant animals (Fig. 2). To conduct a
rescue experiment, we cloned the wild-type fly Hobbit protein and
ubiquitously overexpressed it in the hobbit mutant background. This
treatment rescued both the small body size and metamorphosis
lethality of hobbit mutant animals (Fig. 2). Additionally, we cloned
the human ortholog of hobbit, Hs hob (KIAA0100), and
ubiquitously overexpressed it in the hobbit mutant background;
this treatment also rescued both body size and lethality (Fig. 2),
suggesting that the function of hobbit is evolutionarily conserved.
hobbit regulates body size in a non-cell-autonomous manner

As a first step toward understanding the function of hobbit, we
sought to determine why the mutant animals are small. We first
wanted to determine whether hobbit had a cell-autonomous effect
on growth. To do this, we generated somatic clones in both mitotic
(wing disc) and endocycling (salivary gland) cells and measured the

area of the mutant clones and twin spots. Although hobbit mutant
tissues were small (Fig. 3A), the ratio of clone:twin spot area in both
wing disc and salivary gland cells was 1:1 (Fig. 3B), suggesting that
hobbit has a non-cell-autonomous effect on growth. We next used
qPCR to determine whether hobbit mRNA expression levels were
regulated in a stage- or tissue-specific manner. We found that hobbit
appeared to be ubiquitously expressed across wandering L3 (wL3)
tissues (Fig. S3B). Additionally, during development, we observed
that expression levels were highest in early embryos (Fig. S3A),
suggesting that hobbit mRNA may be maternally loaded. hobbit
then appears to be expressed at relatively steady levels in whole
animals, with only a modest increase in expression from early larval
stages to the onset of metamorphosis (Fig. S3A). However, levels of
hobbit do not appear to dictate body size, as ubiquitous
overexpression of hobbit had no effect on final size (Fig. S3D).
Altogether, these results indicate that hobbit does not have a cellautonomous effect on growth and therefore must regulate body size
in a non-cell-autonomous manner.
We next began to investigate known causes of non-cellautonomous growth defects in Drosophila. Developmental timing
abnormalities leading to a shortened larval growth phase and
precocious entry into metamorphosis can cause reduced body size
through non-cell-autonomous mechanisms (King-Jones et al.,
2005). Larvae with this defect develop normally until the third
larval instar, but then prematurely enter metamorphosis. We used a
marker, called Sgs3-GFP, which is induced in the larval salivary
glands at the mid-third larval instar transition, to synchronize
animals at this developmental time point and then measure the
duration of the final stage of the third larval instar. All control
animals entered metamorphosis within 24 h of Sgs3-GFP
expression (Fig. 3D, solid line). hobbit mutant animals induced
expression of Sgs3-GFP, indicating that the animals reached the
3
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Fig. 2. hobbit mutant animals can be rescued by fly and
human proteins. Size quantification and lethal phase analysis
for control, ubiquitous hobbit-RNAi [UAS-Dcr/+; tub>/UAShob(i) 1 and 2], hobbit mutants (hob2/hob3), hobbit mutant
controls for rescue experiments (act>,hob2/hob3, hob2/UAShob,hob3 and UAS-Hs-hob, hob2/hob3), fly hobbit mutant
rescue (act>,hob2/UAS-hob,hob3), and human ortholog rescue
(UAS-Hs-hob,hob2/act>,hob3). Ubiquitous expression of
hobbit-RNAi reduces body size and results in lethality during
metamorphosis. Controls for rescue experiments do not
significantly alter body size or lethality compared with hob2/
hob3 mutant animals. Expression of fly hobbit or the human
ortholog (Hs-hob) both rescue body size and lethality. Body size
quantified by pupa volume is expressed as a percentage
relative to wild type (100%). Data are shown as mean±s.e.m.
Volume quantification and lethal phase analysis were
performed on the same animals; n=100 animals per genotype.
> in genotypes denotes GAL4; for example, ‘act>’ is shorthand
for act-GAL4. A, adult; PA, pharate adult; P/iP, pupa/incomplete
pupa; PP, prepupa.
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mid-third instar transition. Importantly, hobbit mutant animals did
not pupariate precociously; instead, hobbit mutant animals were
developmentally delayed following the mid-third instar transition,
with some animals taking >40 h to pupariate after induction of Sgs3GFP (Fig. 3D, dashed line). To analyze this developmental delay
phenotype further, we also measured timing throughout the larval
growth phase [from L1 to puparium formation (PF)]. We found that
hobbit mutant animals were developmentally delayed and developed
asynchronously throughout larval development (Fig. 3C; compare
the slopes of the solid and dashed lines). Taken together, these
results indicate that hobbit regulates growth non-cell-autonomously,
but a precocious developmental timing defect is not responsible for
the small body size of hobbit mutant animals.
Insulin secretion fails in hobbit mutant animals

The insulin signaling pathway plays a central role in the regulation
of Drosophila body size. Interestingly, hobbit mutant animals
exhibited a dominant genetic interaction with our mutant allele of
InR; double heterozygous animals were significantly smaller than
either single heterozygote (Fig. S4A), suggesting that hobbit may
play a role in the insulin pathway. Like loss of insulin itself, hobbit
has a non-cell-autonomous effect on growth, leading us to test
whether hobbit mutant animals had defects in insulin secretion.
Consistent with previous reports (Géminard et al., 2009), control

(fed) animals secreted insulin and therefore exhibited little staining
for Dilp2 (Ilp2 – FlyBase) or Dilp5 (Ilp5 – FlyBase) in the IPCs;
however, starved animals retained insulin, resulting in bright Dilp2/
5 signal that returned to steady-state levels within 2 h of re-feeding
(Fig. 4A, Fig. S5A). In contrast, hobbit mutant animals exhibited
bright Dilp2 and Dilp5 signal in fed, starved, and re-fed states
(Fig. 4B, Fig. S5B), indicating that these animals do not properly
secrete insulin and suggesting that the insulin secretion defect may
underlie the small body size of hobbit mutant animals.
To confirm this observed insulin secretion defect, we analyzed
insulin/insulin-like growth factor (IGF) signaling (IIS) responses in
peripheral tissues. When insulin is secreted, it binds to InR,
initiating a downstream kinase signaling cascade that includes the
activation of phosphatidylinositol 3-kinase (PI3K), a lipid kinase
that phosphorylates phosphatidylinositol 4,5-bisphosphate (PIP2)
to generate phosphatidylinositol 3,4,5-trisphosphate (PIP3) (Britton
et al., 2002). We used a ubiquitously expressed GFP-tagged PIP3
reporter (tGPH) (Britton et al., 2002) to determine plasma
membrane levels of PIP3 in the fat body of control and hobbit
mutant animals, and saw a reduction in plasma membrane signal in
hobbit mutant fat body cells (Fig. S4B). This result indicates that
hobbit mutant tissues contain less PIP3, indicative of reduced IIS
signaling. Additionally, activation of IIS inhibits activity of the
transcription factor foxo; therefore, reduced IIS should result in
4
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Fig. 3. hobbit has a non-cell-autonomous effect on growth. (A) Wing imaginal discs dissected from wandering L3 (wL3) larvae of control and hobbit mutant
(hob1/hob2) animals show that tissues are small in hobbit mutant animals. Nuclei stained with DAPI (white). (B) hob2 mutant Flp/FRT clones (marked by
loss of GFP and outlined in white) are the same size as paired twin spots (marked by 2× GFP and outlined in red) in both wing discs and salivary glands.
Quantification of the ratio of clone:twin spot area (in arbitrary units, a.u.) confirms a 1:1 ratio between clone area:twin spot area. Data are shown as mean±s.d.
n=10 clones/twin spots per tissue. (C) Analysis of developmental timing throughout larval development in control and hobbit mutant animals. Animals were
synchronized at 0-4 h after hatching from the embryo (0-4 h after L1), then allowed to age until the onset of metamorphosis ( puparium formation). hobbit mutant
animals (dashed line) are delayed and asynchronous compared with control animals (solid line). y-axis shows percentage of animals pupariated, x-axis
shows developmental time point in h after L1. Three replicates of n>50 animals (control total n=172, hob2/hob3 total n=214) were analyzed; data are shown
as mean±s.d. (D) Analysis of developmental timing during the third larval instar in control and hobbit mutant animals. Animals were synchronized at 0-4 h
after the start of the mid-third larval instar transition (0-4 h after Sgs3-GFP expression), then allowed to age until puparium formation. All control animals
pupariate within 24 h of Sgs3-GFP expression (solid line); in contrast, hobbit mutant animals take considerably longer to pupariate (dashed line). y-axis shows
percentage of animals pupariated, x-axis shows developmental time point in h after Sgs3-GFP expression. Three replicates of n>40 animals (control total n=146,
hob2/hob3 total n=137) were analyzed; data are shown as mean±s.d. Scale bars: 50 µm.
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increased expression of foxo target genes, such as InR and the
translational regulator 4E-BP (Thor – FlyBase) (Jünger et al., 2003;
Puig et al., 2003). Using qPCR, we observed significant
upregulation of both InR and 4E-BP in hobbit mutant whole
animals (Fig. S4C). Taken together, these results indicate that IIS is
reduced in hobbit mutant peripheral tissues, as would be expected
with a defect in insulin secretion.
We next wanted to determine which tissues require hobbit function
for insulin secretion. IPC-specific hobbit RNAi knockdown
significantly reduced body size (Fig. 4C), suggesting that hobbit is
required in the IPCs for insulin secretion. Consistent with this result,
pan-neuronal RNAi knockdown of hobbit using elav-GAL4 also
reduced animal body size (Fig. S4D). However, IPC-specific

expression of hobbit in the mutant background did not rescue body
size (Fig. 4C,D) or insulin secretion (Fig. 4E, Fig. S5C), suggesting
that additional tissues may require hobbit function for insulin release.
Previous studies have shown that the Drosophila fat body functions as
a nutrient sensor, releasing secreted signals that circulate systemically
and promote insulin release in response to dietary inputs (Delanoue
et al., 2016; Géminard et al., 2009; Rajan and Perrimon, 2012),
prompting us to test whether hobbit was also required in the fat body.
Fat body-specific RNAi knockdown of hobbit significantly reduced
body size (Fig. 4C). In contrast, fat body-specific expression of hobbit
in mutant animals did not rescue body size (Fig. 4C,D) or insulin
secretion (Fig. 4E, Fig. S5C). However, expression of hobbit in both
the IPCs and fat body significantly rescued the small body size of
5
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Fig. 4. hobbit is required for insulin secretion.
(A) Immunofluorescence staining for Drosophila insulin-like
peptide Dilp2 (red) in IPCs (marked with GFP in green) of
control animals shows that Dilp2 is secreted under fed
conditions, retained under starved conditions, and secreted
within 2 h of re-feeding. (B) Dilp2 staining in hobbit mutant
IPCs in fed, starved, and re-fed states shows that Dilp2 is not
secreted under any condition. (C) IPC-specific hobbit RNAi
knockdown (with Dilp2-GAL4) or fat body-specific hobbit
RNAi knockdown (with Cg-GAL4) reduces body size.
However, IPC- or fat body-specific (with ppl-GAL4 or
Cg-GAL4) hobbit expression does not rescue hobbit mutant
small pupae, whereas expression in both IPCs and fat body
does rescue size. None of these treatments rescues hobbit
mutant lethality. Size was quantified by pupa volume and
expressed relative to wild type (100%); data are shown as
mean±s.e.m. Volume and lethal phase data shown for hob2/
UAS-hob,hob3 are the same as that shown in Fig. 2 but are
included here for comparison. Volume measurements and
lethal phase analysis were performed on the same animals;
n=100 per genotype. ***P<0.0001 calculated by two-tailed
t-test. (D) Representative image of body size rescue in hobbit
mutant animals when hobbit is expressed in the IPCs only,
fat body only, or IPCs and fat body. (E) Dilp2 (red) is not
secreted in fed hobbit mutant animals upon expression of
hobbit in the IPCs only (with Dilp2-GAL4) or fat body only
(with ppl-GAL4). (F) Dilp2 (red) secretion is rescued in hobbit
mutant animals when hobbit is expressed in both the IPCs
(marked with GFP in green) and fat body (with Cg-GAL4).
IPC images in all panels representative of n≥20 analyzed
per condition/genotype. > in genotypes denotes GAL4; for
example, ‘Dilp2>’ is shorthand for Dilp2-GAL4. A, adult; FB,
fat body; n.s., not significant; PA, pharate adult; P/iP, pupa/
incomplete pupa; PP, prepupa. Scale bars: 50 µm.
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hobbit mutant animals and restored the ability to secrete insulin
(Fig. 4C,D,F, Fig. S5D). Other tissues, including the midgut (Song
et al., 2017), prothoracic gland (Colombani et al., 2005) and muscles
(Demontis et al., 2014; Langerak et al., 2018) also secrete signals
that influence systemic growth and regulation; however, RNAi
knockdown of hobbit in these tissues had no significant effect on
body size (Fig. S4D), suggesting that hobbit is primarily required in
the IPCs and fat body to regulate systemic growth. Taken together,
these results indicate that hobbit regulates body size by maintaining
the major endocrine axis required for insulin secretion.
Secretion of mucin-like glue proteins is disrupted in hobbit
mutant salivary glands

Although hobbit expression in both the IPCs and fat body rescued
body size, it did not rescue lethality (Fig. 4C), suggesting that hobbit
has essential functions in other tissues. Because the fat body and
IPCs both utilize regulated exocytosis, we investigated whether
other regulated secretion events were disrupted in hobbit mutant
animals. First, hobbit mutant pupae have a soft cuticle, suggesting
that hobbit function may be required for deposition of chitin.
Another conspicuous regulated exocytosis event during Drosophila
development is the secretion of mucin-like ‘glue’ proteins from the
larval salivary glands at the onset of metamorphosis (Biyasheva
et al., 2001). Glue proteins are synthesized in the acinar cells of the
salivary glands during the final day of larval development, secreted
into the lumen via regulated exocytosis just prior to puparium
formation, and expelled onto the surface of the animal at puparium
formation, allowing it to adhere to a solid surface during
metamorphosis (Biyasheva et al., 2001; Kang et al., 2017; Rousso
et al., 2016; Tran et al., 2015). Interestingly, glue secretion, assayed
by imaging GFP-tagged glue protein (Sgs3-GFP), failed in hobbit
mutant animals (Fig. S6A), and this effect was cell-autonomous, as
hobbit mutant Flp/FRT somatic clones also failed to secrete glue
(Fig. 5A). Taken together, these results demonstrate that hobbit
plays a crucial, cell-autonomous role in regulated exocytosis.

Our next goal was to identify the mechanism by which hobbit
regulates secretion. We first analyzed the morphology of the gluecontaining secretory granules in hobbit mutant salivary glands to
determine whether there were any defects. We found that these
granules were significantly smaller compared with controls
(Fig. 5B, Fig. S6B), suggesting that the granules do not mature
properly, as glue granules are known in increase in size prior to
release (Niemeyer and Schwarz, 2000). Exocytosis and granulegranule fusion during maturation are mediated by the presence and
activity of membrane fusion proteins, such as SNAREs and
synaptotagmins, which are present on both secretory granules and
target membranes. Strikingly, secretory granules in hobbit mutant
salivary glands do not contain these membrane fusion proteins.
Salivary gland-specific expression of GFP-tagged Synaptotagmin 1
(Syt1-GFP) showed that this protein was present around secretory
granules in control glands but absent from granule membranes in
hobbit mutant glands (Fig. 5C). Immunofluorescence staining
with an anti-Syt1 antibody confirmed these results (Fig. S6C).
Furthermore, immunofluorescence staining for the SNARE protein
SNAP-24 also showed a similar mislocalization in hobbit mutant
glands (Fig. S6D). Because secretory granules in hobbit mutant
cells do not contain membrane fusion proteins, these granules are
not competent to undergo maturation or exocytosis, explaining why
regulated exocytosis fails in hobbit mutant cells.

Fig. 5. Secretory granules in hobbit mutant cells are not competent for
exocytosis. (A) Flp/FRT hob2 clone, marked by loss of RFP-nls (gray)
and outlined in white, shows that Sgs3-GFP glue proteins (red) are not
secreted in hobbit mutant salivary gland cells dissected from prepupal
animals. (B) Sgs3-GFP glue granules in hobbit mutant salivary glands are
significantly smaller than those in controls. Graph shows quantification by
granule area; data are shown as mean±s.d. n≥60 granules per genotype.
***P<0.001 calculated by two-tailed t-test. (C) Synaptotagmin-1-GFP
(Syt1-GFP, in green, expression driven in salivary glands by hs-GAL4), is
loaded onto glue granule membranes in control glands but not in hobbit mutant
glands. Glue protein shown in red. All images were acquired from live, unfixed
tissue. Scale bars: 50 µm (A); 5 µm (B,C).

hobbit is required for normal trafficking of secretory granule
membrane proteins

We next wanted to determine what happens to secretory granule
membrane proteins in hobbit mutant cells. We observed that these
proteins accumulated in large structures that were distinct from
secretory granules (Fig. 6A, Fig. S6C,D). This result suggests that
granule membrane proteins may aberrantly accumulate in one or
more specific subcellular compartments. To determine where Syt1
and SNAP-24 accumulate, we used a collection of endogenously
regulated, EYFP-tagged Rab proteins (Dunst et al., 2015), because
Rab proteins are markers for many subcellular compartments
and organelles. We first compared Rab protein localization and
morphology in control and hobbit mutant salivary glands and
observed striking defects with Rab7; hobbit mutant salivary glands
contained numerous enlarged Rab7-positive late endosomes
6
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Secretory granules in hobbit mutant tissues lack membrane
proteins required for maturation and exocytosis
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Fig. 6. Trafficking of membrane fusion proteins on secretory granules is disrupted in hobbit mutant cells. (A) Syt1-GFP (green) localizes in large
structures that are distinct from glue granules (red) in hobbit mutant cells. UAS-Syt1-GFP was expressed in salivary glands using hs-GAL4. Images were acquired
from live, unfixed tissue. (B) Rab7-positive late endosomes (red) are dramatically enlarged in hobbit mutant salivary glands. Rab7-EYFP contains an
EYFP tag at the endogenous Rab7 locus (Dunst et al., 2015). Images were acquired from live, unfixed tissue. (C) Rab7-positive endosomes (red) contain
accumulations of the SNARE protein SNAP-24 (green) in hobbit mutant glands. (D) Hobbit-GFP (green, expression driven by Sgs3-GAL4) does not colocalize
with Rab7 (red). Scale bars: 5 µm.

DISCUSSION

Regulated exocytosis is a crucial process for both systemic signaling
and homeostatic mechanisms in multicellular organisms. Secretory
granule membrane proteins, such as SNAREs and synaptotagmins,
are indispensable for regulated exocytosis; without these proteins,
secretory granules cannot mature properly, nor can they fuse with
the plasma membrane. Therefore, proper trafficking and loading of
these proteins onto secretory granules is an essential step in the
production of mature granules that are competent for release. In this
study, we have identified that hobbit, a novel and conserved protein,
is required for proper trafficking of secretory granule membrane
proteins during regulated exocytosis.
We first identified hobbit in a screen for Drosophila mutant
animals that arrest during metamorphosis with a small pupa
phenotype. Other mutant animals with reduced body size have
been identified in flies; however, most of these mutant alleles are
viable and specifically disrupt insulin secretion or insulin signaling
(Böhni et al., 1999; Brogiolo et al., 2001; Chen et al., 1996; Rajan
and Perrimon, 2012). Additionally, ablation of the IPCs results in
viable animals that are reduced in size (Rulifson et al., 2002),
demonstrating that insulin secretion is not essential for
development. As a result, screening efforts to identify animals
with reduced body size have primarily focused on mutations that
result in viable animals. In contrast, our characterization of hobbit
suggests that lethal mutations with a small body size represent a
new, uncharacterized class of systemic growth regulators. Mutant
alleles in this class, such as hobbit, are required for insulin secretion
from the IPCs but are also required for secretory events in other
tissues. These crucial functions in other tissues underlie the lethality
observed in the mutant animals. Further analysis and additional
screening for these hobbit-like mutations, including those from our
small pupa mutant collection, may reveal other important regulators
of insulin secretion and intracellular trafficking.
Despite the striking evolutionary conservation of the Hobbit
protein, it does not contain any functionally characterized domains
or obvious signatures that provide clues to its molecular function.
Our identity plot analysis reveals several highly conserved regions
within the Hobbit protein; however, these conserved regions do not
exhibit homology with any other proteins outside of hobbit
orthologs. Databases and prediction programs, such as Pfam, do
annotate potential protein domains within Hobbit; however, the
location of these domains within the protein sequence does not
correspond with the regions of high sequence conservation that we
have identified. Furthermore, these automated prediction algorithms
7
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(Fig. 6B). Furthermore, secretory granule membrane proteins
accumulated inside the enlarged late endosomes (Fig. 6C). Late
endosomes are essential sorting sites, traditionally thought to direct
proteins to either recycling or degradative pathways (Maxfield and
McGraw, 2004). These results indicate that trafficking of secretory
granule membrane proteins is severely disrupted in hobbit mutant
secretory cells.
To begin to understand how hobbit regulates trafficking of
secretory granule membrane proteins, we looked at where the
Hobbit protein localized within the cell. To do this, we generated
a GFP-tagged hobbit overexpression construct. Ubiquitous
overexpression of this Hobbit-GFP construct rescued hobbit
mutant animals (Fig. S7A), indicating that the construct
produced functional Hobbit protein. Given that Syt1 and
SNAP-24 are trapped inside Rab7-positive endosomes in hobbit
mutant cells, we first tested whether Hobbit-GFP colocalized
with Rab7. However, we did not observe any significant overlap
between Hobbit-GFP and Rab7 (Fig. 6D). We next tested the
possibility that Hobbit localizes to secretory granules to facilitate
loading of secretory granule membrane proteins. Instead, we
observed that Hobbit-GFP was present between secretory
granules and did not appear to colocalize with SNAP-24
(Fig. 7B), indicating that Hobbit is not enriched on secretory
granule membranes. Given that secretory granules are generated
in the Golgi body, we also tested whether Hobbit-GFP
colocalized with a pan-Golgi marker, but we did not observe
any colocalization between Hobbit-GFP and Golgi-RFP
(Fig. S7B). In contrast, we found that Hobbit-GFP strongly
colocalized with the ER marker KDEL-RFP (Fig. 7A),
suggesting that Hobbit localizes to the ER. The presence of
many secretory granules dramatically condenses the cytoplasm;
therefore, to confirm that Hobbit-GFP localizes to the ER, we
analyzed Hobbit-GFP localization in salivary glands at puparium
formation, the stage immediately following the completion of
glue secretion. Hobbit-GFP did not appear to colocalize with a
cytoplasmic/soluble mCherry at puparium formation (Fig. 7C),
nor did KDEL-RFP appear to colocalize with a cytoplasmic/
soluble GFP (Fig. 7D). However, Hobbit-GFP and KDEL-RFP
strongly colocalized at puparium formation (Fig. 7E, Fig. S7C),
demonstrating that Hobbit-GFP is strongly enriched within the
ER. Taken together, our results indicate that hobbit is a novel and
conserved regulator of intracellular trafficking; furthermore,
hobbit appears to play a specific role in trafficking secretory
granule membrane proteins through the secretory pathway.

Fig. 7. Hobbit localizes to the endoplasmic reticulum. (A) Hobbit-GFP
(green) strongly colocalizes with the endoplasmic reticulum (ER) marker
KDEL-RFP (red) in wandering L3 salivary glands. Expression of Hobbit-GFP
and KDEL-RFP was driven by Sgs3-GAL4; images were acquired from live,
unfixed tissue. (B) Hobbit-GFP (expressed using Sgs3-GAL4; green) does not
appear to colocalize with the secretory granule membrane protein SNAP-24
(red). (C) Hobbit-GFP (green) does not colocalize with cytoplasmic mCherry
(red) in glands at puparium formation (0 h PF). Expression was driven by Sgs3GAL4; images were acquired from live, unfixed tissue. (D) KDEL-RFP (red)
does not colocalize with cytoplasmic GFP (green) in glands at 0 h PF.
Expression was driven by Sgs3-GAL4; images were acquired from live, unfixed
tissue. (E) Hobbit-GFP, in green, strongly colocalizes with KDEL-RFP (red) in
glands at 0 h PF. Expression was driven by Sgs3-GAL4; images were acquired
from live, unfixed tissue. Scale bars: 50 µm (A); 5 µm (B-E).

annotate domains containing sequence motifs, such as ‘GFWDK’,
that are not present in the Hobbit protein, suggesting that the
domains have been incorrectly assigned. Some bioinformatic
programs predict a transmembrane domain at the N terminus of
the Hobbit protein. If present, a transmembrane domain would
likely play a crucial role in hobbit localization and function.
However, detailed structure-function studies will be required to
validate and assign a function to each of the uncharacterized
conserved regions within the Hobbit protein. These studies will
reveal new insights into the molecular function of hobbit and may
also identify new sequence motifs that are essential for the
regulation of intracellular trafficking.
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Our results demonstrate that hobbit plays a crucial role in
regulated exocytosis by regulating trafficking of secretory granule
membrane proteins. Secretory granules in hobbit mutant cells lack
SNAREs and synaptotagmins, membrane fusion proteins that are
required for exocytosis. These secretory granule membrane proteins
accumulate inside enlarged late endosomes in hobbit mutant cells.
However, how hobbit regulates trafficking of SNAREs and
synaptotagmins remains unclear. Integral membrane proteins,
such as synaptotagmins, are synthesized via co-translational
translocation into the ER. These proteins are still produced in
hobbit mutant cells, suggesting that hobbit may function post-ER
entry, such as in ER-to-Golgi traffic. However, disruption of ER exit
disrupts all secretory traffic (Ward et al., 2001) and would therefore
be expected to inhibit trafficking of secretory granule cargo
proteins, but this process is unaffected in hobbit mutant cells.
Therefore, our data could suggest that there is a selective pathway
required for ER-to-Golgi transport of secretory granule membrane
proteins. We do not, however, observe accumulation of secretory
granule membrane proteins in the ER; instead, these proteins
accumulate inside Rab7-positive late endosomes. A similar
accumulation phenotype has been described in mutant alleles of
PI4KII, a lipid kinase that appears to play an important role in
retrograde trafficking (Burgess et al., 2012). Retrograde trafficking
recycles many proteins from endosomes to the TGN (Bonifacino
and Hurley, 2008), although it is not known whether secretory
granule membrane proteins undergo such recycling. A retrograde
trafficking function would be consistent with the phenotypes we
observe in hobbit mutant cells. However, given that known
regulators of retrograde trafficking, including PI4KII, localize to
endosomes (Burgess et al., 2012), it is unclear how hobbit, an ERlocalized protein, could regulate this process. Our data raises the
possibility that a new trafficking route from the ER, to endosomes,
to secretory granules may be used for loading of secretory granule
membrane proteins. Direct sorting of cargo proteins from
endosomes to secretory granules has been described (Topalidou
et al., 2016), raising the possibility that a similar trafficking route
could be used for secretory granule membrane proteins. Although
further studies will be required to resolve these questions, it appears
that hobbit does not function in any of the characterized trafficking
pathways that are known to play a role in regulated exocytosis.
In conclusion, here we have described hobbit, a novel and highly
conserved regulator of intracellular trafficking and regulated
exocytosis. Our studies of hobbit mutant phenotypes reveal that
this protein regulates a new trafficking step that is required to deliver
membrane proteins to secretory granules, rendering them competent
for release. Additionally, our data suggests that hobbit, and other
metamorphosis-lethal mutants with growth defects, define a new
class of body size regulators that drive growth by playing crucial
roles in intracellular trafficking and secretion of insulin. These
results also highlight the power of unbiased chemical mutagenesis
screens to uncover new genes and new biology.
MATERIALS AND METHODS
Fly stocks, food and developmental staging

The following stocks were obtained from the Bloomington Drosophila
Stock Center: w1118, Df(3R)BSC677, Df(3R)ED6058, Df(3R)BSC678,
Df(3R)Exel6186, InRE19, InR93Dj−4, InR05545, tGPH, UAS-Dcr-2,
tub-GAL4, act-GAL4, elav-GAL4, Myo1A-GAL4, repo-GAL4, Mhc-GAL4,
hs-flp, neoFRT80B, Ubi-GFP 61EF, Sgs3-GFP, Dilp2-GAL4, UAS-GFP,
UAS-mCherry, ppl-GAL4, Cg-GAL4, Ubi-mRFP-nls 3L, UAS-Syt1-GFP,
hs-GAL4, Sgs3-GAL4, Rab7-EYFP, UAS-Golgi-RFP, UAS-KDEL-RFP.
Sgs3-DsRED was kindly provided by A. Andres (University of Nevada, Las
Vegas, NV, USA), and phm-GAL4 was kindly provided by Carl Thummel
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(University of Utah, UT, USA). The five hobbit mutations and InRsP1 were
generated in an EMS mutagenesis screen (Wang et al., 2008); the methods
used to map these mutations are described elsewhere (Sapiro et al., 2013).
Experiments using hs-GAL4 were carried out without heat-shock treatment,
as hs-GAL4 ‘leaks’ constitutively in the salivary glands. All experiments
were performed in temperature-controlled incubators at 25°C in uncrowded
bottles or vials. For insulin secretion and tGPH assays, larvae were picked at
0-4 h after hatching from the embryo (0-4 h after L1) and grown on food
containing 34 g inactivated yeast, 83 g corn flour, 60 g sucrose and 10 g agar
per liter. Forty-eight hours later, at the start of the third larval instar, these
larvae were starved on agar plates containing PBS/1% sucrose for 24 h.
Larvae were then re-fed for the appropriate time on the food described above.
To generate somatic clones in the salivary glands, embryos were heatshocked at 37°C for 30 min at 0-4 h after egg lay (AEL); for wing discs, the
same heat-shock treatment was given to larvae at 48-52 h AEL. For
developmental timing from L1, larvae containing the Sgs3-GFP transgene
were collected at 0-4 after hatching from the embryo (0-4 h after L1) and
allowed to age at 25°C until expression of Sgs3-GFP was detected. Animals
were then scored for puparium formation beginning 12 h after induction of
Sgs3-GFP. For developmental experiments from Sgs3-GFP, larvae
containing the Sgs3-GFP transgene were collected at 88 h AEL and scored
for the absence of Sgs3-GFP expression. These larvae were then checked
every 4 h for induction of Sgs3-GFP; once expressed, larvae were allowed to
age at 25°C on grape agar plates with yeast paste until puparium formation.
Phylogenetic tree and identity plot analysis

hobbit orthologs were identified using the HMMER web server (Finn et al.,
2015) with the CG14967 protein sequence as the query sequence.
Significant hits (P≤0.0001) were submitted to phyloT (http://phylot.
biobyte.de/) to generate a phylogenetic tree based on NCBI taxonomy
information. We used Interactive Tree of Life (Letunic and Bork, 2016) to
visualize, edit and annotate the final tree. To assay amino acid conservation,
we used ClustalOmega (Sievers et al., 2011) to generate a protein alignment
between fly hobbit and its orthologs in C. elegans, B. mori, A. gambiae,
D. rerio, X. tropicalis, G. gallus, O. cuniculus, R. norvegicus, M. musculus,
M. mulatta, P. troglodytes and H. sapiens. The resulting alignment was
visualized in JalView (Waterhouse et al., 2009), and identity/similarity
scores at each amino acid position were extracted to generate the final
identity plot.
Molecular cloning and transgenic animal generation

To generate the UAS-hobbit transgene, the full-length hobbit coding
sequence was amplified from w1118 cDNA using the following primers: 5′AAAAGGTACCATGATGCTACAGCTACTTCTATTCTGCCTGG-3′ and
5′-AAAAAAGCGGCCGCTCAATCATTTCCCGATCTCTTTCCG-3′.
The resulting ∼6.9 kb product was digested with KpnI and NotI, ligated into
the Gateway entry vector pENTR 1A (Invitrogen), and sequence verified.
LR Clonase (Invitrogen) was used to recombine the entry clone into the
pTW (Drosophila Genomics Resource Center) destination vector.
Successful recombination was confirmed by sequencing. The resulting
UAS-hobbit plasmid was then injected into w1118 flies using standard
methods (Genetic Services). A similar strategy was used to generate the
UAS-KIAA0100 transgene. The KIAA0100 coding sequence was amplified
from oligo(dT)-primed qPCR human reference cDNA (Clontech) using the
following primers: 5′-CCCCCCTTTAAAACCATGCCTCTGTTCTTCTCCGC-3′ and 5′-AAAAAAGCGGCCGCTTTCATTTGCGCCTGCCAAA-3′. The resulting ∼6.2 kb product was digested with DraI and NotI, and
entry and destination clones were generated as described above. KIAA0100
has many predicted isoforms; therefore, only the full-length product
matching the NCBI consensus coding sequence (CCDS) was used.
Sequence-verified plasmids were injected into w1118 flies using standard
protocols (Genetic Services). To generate UAS-hobbit-GFP, we first
amplified the GFP coding sequence from pTGW (Drosophila Genomics
Resource Center) using the following primers: 5′-AAAAAAGGTACCAGTGAGCAAGGGCGAGGAGCT-3′ and 5′-AAAAAATCTAGACTTGTACAGCTCGTCCATGC-3′. The resulting PCR product was digested with
KpnI and XbaI and ligated into pBID-UASC-G (Wang et al., 2012). The
plasmid was sequence verified, and the hobbit entry clone was recombined
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into this destination vector as described above. Sequence-verified plasmids
were injected into VK00027 flies for phiC31-mediated site-directed
integration (Rainbow Transgenic Flies). To generate the UAS-hobbitRNAi lines, we followed the strategy outlined by the Transgenic RNAi
Project (TRiP) (Ni et al., 2011). The primers for hobbit-RNAi 1 were: 5′CTAGCAGTATGATGCTACAGCTACTTCTATAGTTATATTCAAGCATATAGAAGTAGCTGTAGCATCATGCG-3′ and 5′-AATTCGCATGATGCTACAGCTACTTCTATATGCTTGAATATAACTATAGAAGTAGCTGTAGCATCATAC-3′. The primers for hobbit-RNAi 2 were: 5′-CTAGCAGTATGCAGCGAATTGTTGTTAAATAGTTATATTCAAGCATATTTAACAACAATTCGCTGCATGCG-3′ and 5′-AATTCGCATGCAGCGAATTGTTGTTAAATATGCTTGAATATAACTATTTAACAACAATTCGCTGCATACTG-3′. The primers were annealed, phosphorylated,
and ligated into pVALIUM20 (TRiP) that had been linearized by digestion
with NheI and EcoRI. The resulting plasmids were sequence verified and
injected for phiC31-mediated site-directed integration into attP2-containing
flies (Rainbow Transgenic Flies). (Note: A newly generated RNAi construct
from TRiP contains the same shRNA hairpin as hobbit-RNAi 2 inserted on
chromosome 2; hobbit-RNAi 2 is inserted on chromosome 3.)
Pupa volume quantification and lethal phase analysis

All light microscope images of pupae were captured on an Olympus SXZ16
stereomicroscope coupled to an Olympus DP72 digital camera with DP2BSW software. All pupae pictured together were originally captured in the
same image but were individually rotated and aligned post-acquisition to
improve image aesthetics. To quantify body size, we used Photoshop CS6 to
measure the length and width of each pupa, and calculated pupa volume
using a published formula (Delanoue et al., 2016). No statistical methods
were used to determine sample size. Animals were grown at controlled
density and on a controlled diet to avoid any nutritional effects on body size.
After image capture, the pupae were transferred to a grape agar plate and
aged at 25°C for one week for lethal phase analysis. Lethal phases were
determined using Bainbridge and Bownes staging criteria (Bainbridge and
Bownes, 1981).
Quantitative real-time PCR (qPCR)

qPCR was performed as previously described (Ihry et al., 2012). Total RNA
was extracted from whole animals or tissues from the appropriate
developmental stage and genotype using the RNeasy Plus Mini Kit
(Qiagen), and cDNA was synthesized from 100-400 ng of total RNA using
SuperScript III First-Strand Synthesis System (Invitrogen). For wL3 paired
tissue samples, the wing discs, salivary glands, central nervous system, and
the rest of the carcass were dissected from the same pool of animals to enable
a direct comparison of expression levels across tissues. qPCR was
performed on a Roche LightCycler 480 using LightCycler 480 SYBR
Green I Master Mix (Roche). In all experiments, samples were run
simultaneously in biological triplicate, and amplification efficiencies were
calculated for each primer pair. The Relative Expression Software Tool
(REST) (Pfaffl et al., 2002) was used to calculate relative expression. REST
calculates standard error by using a confidence interval centered on the
median, which generates error bars that reflect asymmetric tendencies in the
data. Primer sequences for rp49 (RpL32 – FlyBase) (Ihry et al., 2012) and
4E-BP (Demontis and Perrimon, 2010) were published previously. New
primers were designed using ApE for hobbit or FlyPrimerBank (Hu et al.,
2013) for InR. hob F: 5′-TTTGGTGAAGAGGTTTCGGGTC-3′; hob R:
5′-TCTTTGTTGATGCGAATGTCACG-3′. InR F: 5′-GAAGTGGAGACGACGGGTAAA-3′; InR R: 5′-TCGCGCTGTTGTCGATTGTT-3′.
Immunofluorescence staining and confocal microscopy

Tissues were dissected from the appropriate animals, fixed for 30 min in
PBS with 0.1% Triton X-100 (PBST) and 4% formaldehyde, blocked
overnight in PBST/4% bovine serum albumin (BSA) at 4°C, and stained
using the appropriate primary and secondary antibodies diluted in PBST/4%
BSA. Primary antibodies used were rat anti-Dilp2 (1:200; Géminard et al.,
2009), rabbit anti-Dilp5 (1:800; Géminard et al., 2009) (both a gift from
P. Leopold, Institute of Biology Valrose, France), rabbit anti-SNAP-24
(1:200; Niemeyer and Schwarz, 2000) (gift from T. Schwarz, Harvard
Medical School, MA, USA), mouse anti-Syt1 (1:50; Developmental Studies
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Hybridoma Bank, 3H2 2D7), mouse anti-Rab7 (1:50; Developmental
Studies Hybridoma Bank, Rab7). The Rab7 antibody was generated and
validated previously (Riedel et al., 2016). Secondary antibodies were used at
1:200 and included anti-rat Alexa Fluor 568 (Invitrogen, A11077), antirabbit Alexa Fluor 633 (Invitrogen, A21071), anti-rabbit Cy3 (Jackson
ImmunoResearch Laboratories, 711-165-152), anti-mouse Cy3 (Jackson
ImmunoResearch Laboratories, 715-165-150). DAPI was used to label
nuclei (1:1000; Invitrogen). Stained tissues were mounted in Vectashield
(Vector Laboratories). Images were captured on an Olympus FluoView
FV1000 confocal microscope and optimized with FV10-ASW software. For
live tissue imaging, tissues were dissected and mounted in PBS and imaged
for no longer than 5 min after dissection. IPC images were acquired from a
z-series comprising 40 slices at a 0.59 µm step size. Identical laser settings
and optimization parameters were used for all samples; images shown
as sum-intensity projections generated by FV10-ASW software.
Quantification of clone:twin spot area ratios and glue granule areas was
performed using ImageJ. Although true blinding was not possible given the
experimental conditions and genotypes analyzed, whenever possible, results
were independently confirmed by another lab member who was blinded to
the genotype or experimental condition of the samples being analyzed.
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Jü nger, M. A., Rintelen, F., Stocker, H., Wasserman, J. D., Vé gh, M.,
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