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Orchestrated content release from Drosophila
glue-protein vesicles by a contractile
actomyosin network
Tal Rousso1, Eyal D. Schejter1,2 and Ben-Zion Shilo1,2
Releasing content from large vesicles measuring several micrometres in diameter poses exceptional challenges to the secretory
system. An actomyosin network commonly coats these vesicles, and is thought to provide the necessary force mediating efficient
cargo release. Here we describe the spatial and temporal dynamics of the formation of this actomyosin coat around large vesicles
and the resulting vesicle collapse, in live Drosophila melanogaster salivary glands. We identify the Formin family protein
Diaphanous (Dia) as the main actin nucleator involved in generating this structure, and uncover Rho as an integrator of actin
assembly and contractile machinery activation comprising this actomyosin network. High-resolution imaging reveals a unique
cage-like organization of myosin II on the actin coat. This myosin arrangement requires branched-actin polymerization, and is
critical for exerting a non-isotropic force, mediating efficient vesicle contraction.
Regulated secretion by specialized glands is an essential process shared
by most multicellular organisms. Some secreted cargoes, such as the
surfactant protein in the lungs, the digestive enzymes in the exocrine
pancreas, or von Willebrand factor in endothelial cells, are carried
in very large vesicles that can reach up to several micrometres in
diameter, over two orders of magnitude larger than common secretory
vesicles (50–300 nm; refs 1–3). This form of exocytosis presents unique
challenges to the secretory system. Efficient clearance of large amounts
of content, which is also viscous in some cases4, is mechanically
difficult. Second, the expulsion of vesicle cargo into the lumen may
not be energetically favourable, owing to hydrostatic pressure in the
lumen5. Finally, massive fusion of large vesicles with a limited apical
membrane surface disturbs the homeostasis of the apical membrane.
Formation of an actin microfilament ‘coat’ around large vesicles
constitutes a prominent structural feature common to many such
secretory systems, and has been proposed to help overcome various
obstacles and facilitate exocytosis4,6. Actin coats appear specifically
around large secretory vesicles that fused with the apical membrane.
Parallel recruitment of non-muscle myosin II provides a contractile
capacity facilitating exocytosis. Pharmacological inhibition of actin
assembly or myosin function is associated with failure of fused vesicles
to complete their content release1,3,7–10.
Although the general framework of a transient actomyosin network
mediating secretion from large vesicles has been established, major
issues regarding formation and spatial organization of this network,
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and the manner by which it exerts the necessary contractile force
remain open. Here we use the Drosophila salivary gland as a model
system to address these questions. We focus on larval stages of
development, when the gland cells produce large amounts of viscous
‘glue’ proteins, which will eventually be deposited on an exterior
surface, to which the fly pupa will attach during metamorphosis11. The
glue proteins are initially packed within large intracellular vesicles of
up to 7 µm in diameter, which are secreted on hormonal stimulation
to the gland lumen. The system offers exceptional imaging qualities
owing to its unique size and architecture, and the ability to follow
secretion in live isolated glands. It is possible to target genetic
manipulations specifically to the salivary gland, and leave the activity
of critical cellular elements intact in other tissues. Here we dissect
the spatial and temporal dynamics of actin coat formation, and
the resulting vesicle collapse in live salivary glands, identify key
molecular elements involved, and present a mechanistic framework
for actomyosin coat-driven content release.
RESULTS
Dynamics of actin coat formation around vesicles secreting
glue proteins
Before the onset of pupariation, epithelial cells of larval thirdinstar salivary glands respond to hormonal stimulation, and secrete
massive amounts of salivary gland-secreted (Sgs) glycoproteins (‘glue
proteins’), into the gland lumen. We devised a live-imaging system
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Figure 1 Dynamics of actin coat formation around vesicles secreting glue proteins. (a,a0 ) Time series of cultured salivary glands expressing UAS–LifeAct–
Ruby (red), under the fkh-Gal4 driver and Sgs3–GFP under endogenous
regulatory sequences (green). The series begins (0 h) 2 h following addition
of ecdysone to the culture media (see Methods). GFP-filled glue granules
span the entire volume of the cell, and F-actin is enriched at the apical
surface. An increase in GFP fluorescence in the lumen is readily apparent
over time, concomitant with appearance of actin coat structures around
apical vesicles, and expansion of the lumen (t = 1 h,3 h). Coated vesicles
overlapping with the lumen come from the apical aspect of cells positioned
perpendicular to the plane of imaging. (b,b0 ) Time series of an X Z orthogonal
view of a single salivary gland vesicle (gland processed as described in a).
Here, the gland is oriented so that the lumen appears at the bottom. The
apical membrane is outlined by actin, whereas the glue material is observed
both within the vesicle and within the lumen. At t = 0 min the vesicle is

approaching the apical membrane. A faint actin coat structure appears at
1.9 min, concomitant with contact (and ‘neck’ formation) between the vesicle
and the membrane, and peaks at 2.2 min. Compression of the vesicle is
observed at t = 2.4 and t = 2.6 min, until all of the glue is secreted (at
3 min). The actin structure is cleared after an additional minute (at 3.9 min).
(c) A graph describing relative actin intensity over time (see Methods). Three
representative vesicles are shown. Values are normalized to initial actin
intensity. (d,d0 ) Transmission electron micrograph of a glue vesicle surrounded
by a uniform coat. Marked area in d is magnified in d0 . (e) Graphs describing
different vesicle dimensions and secretion dynamics over time (see Methods).
Data for three representative vesicles (also in c) of different sizes are shown.
(f) Three-dimensional contours of a glue vesicle (vesicle 2 in c,e) in the process of secretion (see Methods). The neck structure persists while the vesicle
shrinks over time. Scale bars, 20 µm (a,a0 ), 5 µm (b,b0 ), 500 nm (d), 250 nm
(d0 ), 1 µm (f). See Supplementary Videos 1 and 2 and Supplementary Fig. 1.

that enables close tracking of secretion dynamics. Salivary glands
are cultured ex vivo to increase imaging resolution, and secretion is
induced by addition of the natural stimulator, the steroid hormone
ecdysone11, to the culture medium.
Glue proteins are stored following synthesis in large vesicles, up
to 7 µm in diameter, that fill the epithelial cells of the salivary
gland. Within 2 h following the addition of ecdysone, salivary gland
cells begin to secrete glue. Simultaneous time-lapse imaging of
salivary glands expressing GFP-fused glue proteins (Sgs3–GFP) and
of their microfilament cytoskeleton (using LifeAct–Ruby) allows
us to monitor the complete process of secretion (Fig. 1a–a0 and
Supplementary Video 1). As the lumen expands following apical
secretion of glue vesicles, an increase in the amount of fluorescent
Sgs3–GFP material in the lumen is readily apparent.
Concomitant with secretion, transient actin coats are observed,
dynamically appearing around a small subset of glue vesicles in the
vicinity of the apical membrane (Fig. 1a0 ). Time-lapse imaging of
single exocytosing vesicles shows that the actin coat first appears when
the vesicle is already associated with the apical membrane, and is
gradually enhanced to reach peak F-actin intensity levels of up to
tenfold higher, after 0.5–1 min (Fig. 1b,c). A patch of actin remains

following vesicle collapse and glue release, but is rapidly cleared after
an additional 1 min, on average (Fig. 1b).
Glue vesicle diameters range from 3 to 7 µm, and the time required
for content release is proportional to vesicle size (Fig. 1e). Expulsion
of material takes place at a constant rate of ∼60 µm3 min−1 and
lasts for 1–3 min (Fig. 1e). Electron microscopy analysis reveals the
formation of a uniform ∼150-nm-thick coat around vesicles that are
in close proximity to the apical membrane, and is highly likely to
represent the actin coat (Fig. 1d–d0 ). The GFP labelling of vesicle cargo
allows us to trace the three-dimensional (3D) contours of vesicles
during secretion. Such tracing reveals formation of an elongated neck
structure connecting the vesicle with the lumen, measuring ∼1 µm
in height and ∼1–3 µm in diameter. Neck appearance precedes actin
coating of the vesicle (which is marked as time 0), and the structure of
the neck persists until the completion of content release (Fig. 1f).
In agreement with previous findings in several systems3,8,12–14, we
find that the actin coat is formed only after vesicle fusion to the
apical membrane, marked by internalization of fluorescent Dextran
from the lumen (Supplementary Fig. 1). Additional indications for this
sequence of events are an observed enlargement in vesicle size and
enhancement of glue–GFP fluorescence intensity, presumably due to
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Figure 2 Dia is recruited to fused vesicles to generate actin coats. (a,a0 )
Time series of a single vesicle (arrowhead) from glue-secreting salivary glands
expressing the Dia reporter UAS–GFP–Dia-N0 under the fkh-Gal4 driver (a0 ),
and injected with Dextran–TMR (a). In addition to a strong apical membrane
enrichment, Dia-N0 appears on the exocytosing vesicle (at 0.88 min), but only
after entry of luminal Dextran (at 0.29 min). (b,b0 ) Time series of a single
vesicle from glue-secreting salivary glands expressing UAS–GFP–Dia-N0 (b),
and UAS–LifeAct–Ruby (b0 ) under the fkh-Gal4 driver. The lumen is at a
deeper focal plane, and the direction of secretion is perpendicular to this
optical plane. t = 0 represents the initial appearance of Dia-N0 around the
exocytosing vesicle, which precedes appearance of actin (starts at 0.4 min
and peaks at 1.2 min). (c,d) dia5 /Df (c) and dia5 /+ (d) glands expressing
the microfilament-binding construct UAS–Utrophin–GFP (Ut–GFP) under the
fkh-Gal4 driver (green) and injected with Dextran–TMR (red) at 1.5 h following
secretion onset (3.5 h following addition of ecdysone). The apical membrane
is marked by actin and the lumen is filled with Dextran. Numerous Dextranfilled (fused) vesicles are observed in both genotypes. In contrast to the

gland from the dia5 /+ heterozygote, the mutant dia5 /Df gland does not
exhibit any actin coating around the Dextran-filled vesicles. (e,f) dia5 /Df
(e) and wild-type (f) salivary glands expressing the microfilament-binding
construct UAS–Utrophin–GFP under the fkh-Gal4 driver at 1.5 h following
secretion onset. The wild-type gland cells contain numerous actin-coated
vesicles and exhibit an expanded lumen, in contrast to the dia mutant gland,
which lacks actin-coated vesicles and exhibits only a partially expanded
lumen. Representative image of n = 5 samples. A similar reduction in
actin coat formation was also observed following expression of a dia-RNAi
construct (see Fig. 3c). (g,h) Cultured dia5 /Df (g) and wild-type (h) salivary
glands expressing Sgs3–GFP under endogenous regulatory sequences at 4 h
following secretion onset, imaged with the same intensity settings. dia mutant
salivary glands exhibit two-fold reduction in GFP levels compared with WT
glands and a two-fold reduction in lumen width (taken together, we estimate
a ∼23 reduction in the amount of glue proteins secreted to the lumen). This
image represents a severe phenotype from n = 8 samples. Scale bars, 5 µm
(a–b0 ), 10 µm (c,d) 20 µm (e–h). See also Supplementary Video 3.

equilibration of hydrostatic pressures following fusion, shortly before
detection of an actin coat (Supplementary Video 2).
Bearing in mind the unique composition of the apical membranes
of salivary gland cells15, this order of events suggests that signals from
the apical cell membrane could translocate on fusion into the vesicle
membrane, triggering actin nucleation. To examine the kinetics of

plasma and vesicle membrane mixing following fusion, we monitored
the distribution of PtdIns(4,5)P2 , a key phospholipid component of
the apical membrane in the Drosophila salivary gland15. PtdIns(4,5)P2
first appears on vesicles simultaneously with inflow of Dextran,
approximately 0.5 min before actin coat formation (Supplementary
Fig. 1). These observations imply rapid kinetics of mixing between
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plasma and vesicle membrane constituents following fusion, and are
consistent with a scenario in which apical plasma membrane factors
trigger post-fusion events.
Dia is recruited to glue vesicles to generate the actin coat
In search of actin microfilament nucleators that may be recruited to
the vesicle or provided by the apical membrane to form the actin coat,
we examined the Formin family actin nucleator Diaphanous (Dia),
which exhibits a prominent apical localization in Drosophila tubular
organs, including third-instar salivary glands15. Visualization of GFP–
Dia-N0 , a reporter for Dia localization15, detected Dia in the salivary
gland epithelium around vesicles associated with the apical membrane
(Fig. 2). Luminal Dextran fills vesicles before the appearance of Dia
(Fig. 2a–a0 ), whereas Dia recruitment precedes actin coat appearance
around the vesicle (Fig. 2b–b0 ). These observations are consistent
with a scenario whereby cytoplasmic or membrane-associated Dia
is recruited to secretory vesicles following fusion, where it nucleates
formation of an actin coat.
To determine whether Dia indeed has a role in generating the
actin coat surrounding glue vesicles, we examined cultured salivary
glands from larvae hemizygous for dia5 , a strong hypomorphic dia
mutant allele that allows for development of some embryos through
larval stages16. When the lumina of glands from such dia5 /Df larvae
were injected with fluorescently labelled Dextran and stimulated
with ecdysone, numerous Dextran-filled vesicles adjacent to the
apical membrane were detected, implying that the mutant glands
retained the normal capacity to produce fusion-competent secretory
vesicles (Fig. 2c,d). Strikingly, these vesicles were devoid of actin
coats, demonstrating that bulk coat formation requires Dia function
(Fig. 2c–f and Supplementary Video 3). Visualization of Sgs3–GFP
in dia5 /Df glands demonstrated highly inefficient secretion, as only
small amounts of glue were secreted to the lumen (Fig. 2g,h). These
observations suggest therefore that Dia-mediated actin coating of glue
vesicles is required to facilitate content release.
Myosin II is recruited to exocytosing vesicles to
mediate contractility
The rapid reduction in vesicle size that follows actin coat formation
suggested active contraction of the coat. Contraction of actin networks
is commonly mediated by non-muscle myosin II. To determine
whether myosin plays a role, we first followed its localization pattern
during exocytosis. Reporters for both the heavy chain (Zip–GFP
(ref. 17)) and light chain (Sqh–GFP (ref. 18)) subunits of Drosophila
myosin II exhibit pronounced enrichment on actin-coated vesicles
(Fig. 3a,b0 ). The appearance of myosin coincides with the time of
actin coat formation (Fig. 3d). On reduction of Dia-dependent actin
coat, myosin recruitment is compromised (Fig. 3c–c0 ), strengthening
the notion that myosin is assembled on the scaffold of actin fibres
produced by Dia.
We next examined the effect of disrupting myosin II function on
glue vesicle secretion. Although actin coats were normally formed
around vesicles in glands expressing UAS–zip-RNAi (Fig. 3e), secretion was compromised (Fig. 3f,g). Actin coat formation in the zip
knockdown background allows us to follow the fate of marked secretory vesicles, after they have fused with the plasma membrane. In most
cases glue proteins remained within the vesicles even after long periods
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of time (Supplementary Video 4). The size of the secretion-arrested
vesicles did not change, and they maintained a round morphology
(Fig. 3h,i). The contours of vesicle necks in a zip RNAi background are
similar in both diameter and height to wild type, for periods of several
minutes (Fig. 3h). Vesicle neck formation seems to be independent of
myosin II, as also evident by appearance of the neck about 30 s before
visible accumulation of actin and myosin II (Fig. 1f).
Surprisingly, in this mutant background, we occasionally observed
oscillations in actin assembly around individual glue vesicles, with a
mean oscillation time of 4.3 (±2.2) min (Fig. 3h–j and Supplementary
Video 4). This time frame corresponds to the lifetime of the actin
coat structure during the normal process of content release to the
lumen (∼3 min), suggesting that the oscillations reflect the processes
of vesicle actin coat formation and disassembly, which seem to operate
independently of vesicle shrinking and content release.
Rho1–Rok signalling mediates myosin recruitment and
vesicle compression
Myosin II motors are known to be recruited to actin networks by
phosphorylation that is mediated by Rho-associated kinase (Rok;
refs 19,20). A similar mechanism was also identified for actincoated surfactant-carrying vesicles, and compensatory endocytotic
vesicles in Xenopus eggs1,9. Myosin recruitment onto glue vesicles is
indeed abolished in Rok-RNAi-expressing salivary glands (Fig. 4a–a0 ).
Furthermore, these glands fully recapitulated the zip knockdown
phenotype of an arrest in vesicle compression and content release
(Fig. 4b and Supplementary Video 5). These observations strongly
suggest that Rok activity leads to recruitment/stabilization of myosin
on actin-coated vesicles in this setting.
Both Dia-mediated actin assembly and myosin-mediated
contractility are commonly regulated by the Rho1 GTPase (ref. 21). A
sensor for the active form of Rho1 (Ubi-AniRBD::GFP (ref. 22))
is readily observed surrounding actin-coated vesicles. The
sensor appears simultaneously with the actin coat, and remains
distributed homogeneously over the vesicle periphery throughout its
contraction (Fig. 4c–c0 ).
On Rho1 knockdown, we observed a severe defect in secretion,
as only small amounts of Sgs3–GFP are deposited in the enlarged
lumen, and most of the glue granules remain sequestered within
the gland cells (Fig. 4d). Significantly, actin coats were not observed
around exocytosing glue vesicles (Fig. 4e and Supplementary Video 6),
consistent with Rho1 being the activator of Dia-mediated actin
assembly. We note that the Rho1 knockdown salivary gland cells also
harbour giant vesicles that reach up to 30 µm in diameter, and are
surrounded by a thin actin coat (Fig. 4d,e). These unusual structures
probably arise from fusion of multiple glue vesicles (Supplementary
Video 7), and are also observed in Rok and zip knockdown gland cells
(Supplementary Videos 4 and 5).
Taken together, our observations suggest that incorporation of
activated Rho1, presumably originating from the apical membrane,
into the membrane of fused vesicles, simultaneously triggers Dia and
Rok, to mediate actomyosin network assembly and contraction.
Myosin II forms a ‘cage’-like structure on actin-coated vesicles
We sought to gain further insight into the organization of this contractile apparatus, by imaging the vesicle coat at higher resolution (Fig. 5).
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Figure 3 Myosin II is recruited to actin-coated vesicles to facilitate vesicle
compression. (a–b0 ) Glue-secreting salivary glands expressing the myosin II
reporters Spaghetti-squash (Sqh)–GFP (a) or Zipper (Zip)–GFP (b) under
endogenous regulatory sequences (green), and UAS–LifeAct–Ruby (a0 ,b0 )
under the fkh-Gal4 driver (red). Arrowheads point to actin-coated vesicles that
show peripheral GFP (myosin II) enrichment. (c,c0 ) Salivary glands expressing
UAS–dia-RNAi, Zip–GFP (c) and LifeAct–Ruby (c0 ) under the fkh-Gal4 driver,
at ∼60 min following secretion onset. Expression of dia-RNAi generates a
hypomorphic dia phenotype, in which secretion takes place but actin is barely
observed around exocytosing vesicles. Instead we observe LifeAct–Ruby and
Zip–GFP puncta, corresponding to the coat remnants found at the final phase
of vesicle compression (arrowheads). (d) Graphs describing actin and myosin
coat intensities over time. Three representative wild-type vesicles are shown.
Values are normalized to initial actin intensity. (e,e0 ) Glue-secreting salivary
glands expressing UAS–zip-RNAi, and LifeAct–Ruby (red, shown separately
in e0 ) under the fkh-Gal4 driver, and Sgs3–GFP (green) under endogenous
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regulatory sequences. Actin coats are clearly observed around glue vesicles.
(f,g) Glue-secreting salivary glands expressing Sgs3–GFP under endogenous
regulatory sequences, with (f) or without (g) a UAS–zip-RNAi construct,
at the final stages of glue secretion. A two-fold reduction in luminal GFP
levels is observed following zip knockdown as well as a widened lumen,
due to an early effect on gland cell morphology, unrelated to secretion34.
(h,h0 ) Time series of a single vesicle from glands as described in e. The lumen
is at a deeper focal plane, and the direction of secretion is perpendicular
to this optical plane. The actin coat intensity oscillates at intervals of
∼3–4 min as glue remains within the vesicle, and no morphology change is
observed (arrowheads). (i) Graphs describing different vesicle dimensions and
secretion dynamics over time, from UAS–zip-RNAi-expressing glands. Two
representative vesicles are shown. (j) Graphs describing actin coat intensity
over time for vesicles 1 and 2 from i. Values are normalized to peak actin
intensity. Scale bars, 10 µm (a–c0 including insets, e,e0 ), 20 µm (f,g), 2 µm
(h,h0 ). See also Supplementary Video 4.
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Figure 4 Rho1–Rok signalling mediates vesicle compression. (a,a0 ) Salivary
glands expressing UAS–Rok-RNAi, Sqh–GFP (a) and UAS–LifeAct–Ruby
(a0 ) under the fkh-Gal4 driver at 60 min following secretion onset (3 h
following addition of ecdysone). Arrowheads point to actin-coated vesicles
that do not exhibit any GFP (myosin II) enrichment. (b) Time series of a
single vesicle from salivary glands expressing UAS–Rok-RNAi and LifeAct–
Ruby (red) under the fkh-Gal4 driver, and Sgs3–GFP under endogenous
regulatory sequences (green). The lumen is at a deeper focal plane, and
the direction of secretion is perpendicular to this optical plane. Actin
coat intensity around the vesicle oscillates over ∼3–4 min periods as glue
remains within the vesicle, and no change in morphology is observed.
(c,c0 ) Time series of a single vesicle from glue-secreting salivary glands
expressing the active-Rho1–GFP sensor (c0 ) under a ubiquitous promoter,
and UAS–LifeAct–Ruby (c) under the fkh-Gal4 driver. The lumen is at a
deeper focal plane, and the direction of secretion is perpendicular to this
optical plane. GFP (active Rho1) is uniformly distributed around actin-coated

vesicles. Note, owing to the low sensitivity of this construct, we could not
determine the exact onset of GFP recruitment to the vesicle. In general,
we observe it clearly on vesicles simultaneously with the appearance of
actin coat. (d) Salivary gland expressing UAS–Rho1-RNAi under the fkh-Gal4
driver and Sgs3–GFP under endogenous regulatory sequences at 90 min
following secretion onset. Low levels of GFP are observed in the lumen.
These glands exhibit a widened lumen due to an early effect on gland
cell morphology, unrelated to secretion15,34. Arrowhead points at giant
vesicles that accumulate within the cells. (e) Time series of salivary glands
expressing the microfilament-binding construct UAS–Utrophin–GFP under
the fkh-Gal4 driver at 60 min and 90 min following secretion onset (3–3.5 h
following addition of ecdysone). Actin coats are not observed around glue
vesicles. Weak actin coats are observed around giant vesicles (arrowheads)
and a few normal-sized vesicles, which are not secreted (arrows). Scale
bars, 10 µm (a,a0 including insets), 5 µm (b–c0 ), 20 µm (d,e). See also
Supplementary Videos 5–7.

Unlike the relatively homogeneous distribution of microfilaments
within the coat, myosin exhibits a structured localization pattern that
resolves over time. Myosin initially has a broad, uneven distribution,

which rapidly gives way to pronounced clustering (Fig. 5a–d00 ). Threedimensional rendering of single optical sections shows that the myosin
clusters form bands that span the perpendicular axis of the vesicle,
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Figure 5 Myosin II forms a ‘cage’-like structure on actin-coated vesicles.
(a,e) Schematic diagrams of secretory glue vesicles (red) fused to the apical
membrane (black solid line), showing the focal planes (grey dashed line) at
which images were taken. a represents a mid-vesicle focal plane (and refers
to images b–d00 ), and e represents an apical focal plane of a fused vesicle
(and refers to images f–f00 ). (b–d00 , f–f00 ) Time series of a single vesicle from
glue-secreting salivary glands expressing Zip–GFP (green) under endogenous
regulatory sequences (b0 ,c0 ,d0 ,f0 ) and UAS–LifeAct–Ruby (red; b00 ,c00 ,d00 ,f00 )
under the fkh-Gal4 driver. The lumen is at a deeper focal plane, and the
direction of secretion is perpendicular to this optical plane. Clusters of Zip–
GFP resolve over time (c0 , arrows), and correspond to the folds in the vesicular
structure (c00 , arrows). An apical focal plane reveals that Zip–GFP stripes meet
to form a ‘cage’-like structure (f0 ). (g–g00 ) 3D rendering of single-plane images
of a single vesicle from salivary glands such as described in b–f. A pattern
of parallel Zip–GFP stripes that span the vesicle walls perpendicular to the
membrane is observed (g0 ). This structure was observed clearly in ∼85% of

the vesicles (n = 35 vesicles). Quantifications reveal a ratio of 2.7 (±0.66)
in myosin intensity between stripes and inter-stripes regions (g), in contrast
to a ratio of 1.2 (±0.2) in actin intensity in the same regions (g00 ) (ImageJ).
There is not a strong correlation between vesicle size and the number of
counted stripes (Supplementary Fig. 2). Illustrations at the bottom of the
figure correspond to the images above; red, actin, green, myosin. (h–h00 )
3D rendering of single-plane images of a single vesicle from glue-secreting
salivary glands expressing active-Rho1–GFP under a ubiquitous promoter
(h0 ) and UAS–LifeAct–Ruby under the fkh-Gal4 driver (h00 ). Both the actin
and active Rho1 patterns are uniform. (i) Transmission electron microscopy
image of a vesicle during membrane compression exhibiting membrane
folds. (j) A single vesicle from glue-secreting salivary glands expressing
Sgs3–GFP under endogenous regulatory sequences. Vesicle outlines drawn
at different time points during compression are shown, demonstrating that
the membrane foldings persist over time. Scale bars, 5 µm (b–d00 , f-h00 ),
1 µm (i,j).

typically 6–10 parallel stripes per vesicle (Fig. 5g–g00 ). Imaging the
tip of the vesicle proximal to the membrane reveals that the myosin
bands meet at the tips to form a ‘cage’-like structure (Fig. 5e–f00 ).
Monitoring the distribution of the myosin stripes during vesicle compression further revealed a close correlation between the bands and
pronounced folds in the contracting vesicle membrane (Fig. 5a–d00 ).
These folds, which are also readily apparent in electron micrographs
of contracting vesicles (Fig. 5i), persist throughout the process of glue
vesicle contraction (Fig. 5j).
We note that the myosin pattern differs substantially from the even
distribution of the activated Rho1 sensor and actin throughout vesicle
compression (Fig. 5h–h00 ), implying that patterned activation (through
Rho and Rok) cannot account for the unique myosin organization that
we observe. Other options such as tension-driven self-assembly will be
discussed below.

branched-actin arrays. We used RNAi-based knockdown of Arp2,
which encodes a subunit of the Arp2/3 complex, the main nucleator
of branched-actin arrays in eukaryotic cells23. Actin coats around
exocytosing Arp2 knockdown vesicles appeared intact, implying that
branched arrays do not contribute significantly to this actin structure.
Surprisingly, despite the apparently normal assembly of an actin coat,
glue secretion was disrupted in Arp2 knockdown glands, exhibiting a
threefold reduction in lumen GFP levels (Fig. 6a–c), prompting closer
examination of vesicle secretion dynamics.
This analysis revealed that the duration of size reduction and
content release was significantly prolonged in a large portion of
the Arp2 knockdown vesicles. Glue secretion in these glands was
up to fourfold slower than wild type, with highly variable kinetics
between individual vesicles (Fig. 6d–e0 ), suggesting abnormalities
in the organization or function of the contractile machinery. We
therefore followed the distribution of myosin on exocytosing vesicles
in this background. Myosin II was recruited to the vesicles at levels
similar to wild type. However, it was evenly dispersed, and not
organized in a defined pattern (Fig. 6e,f). Consistent with this, no folds

Branched actin contributes to actomyosin network integrity
As part of the search for actin regulators that participate in actin
coat formation and secretion, we also examined a possible role for
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Figure 6 Arp2 knockdown compromises myosin organization. (a,b) Time
series of salivary glands expressing UAS–Arp2-RNAi and UAS–LifeAct–Ruby
(a0 ) under the fkh-Gal4 driver, and Sgs3–GFP under endogenous regulatory
sequences (b). Time 0 is 2 h following the addition of ecdysone to the
media. Actin coating of vesicles is readily observed (a0 ), but only low levels
of GFP are observed in the gland lumen, even after 2.5 h (b) as compared
with wild type (c). (c) Wild-type salivary gland expressing Sgs3–GFP under
endogenous regulatory sequences, imaged side by side and at the same
intensity settings with the gland in a,b. (d) Reduction in vesicle size (in
percentage from initial size) over time (minutes) of single vesicles from wildtype (blue), and Arp2-RNAi-expressing glands (red). Each line represents a
single vesicle (n = 16). The rate of content release slows down substantially in
Arp2 knockdown glands. (e–h0 ) Time series of a single vesicle from UAS–Arp2RNAi-expressing salivary glands (e,f) or from abnormal WT (g,h), expressing

also UAS–LifeAct–Ruby (e–h, red) under the fkh-Gal4 driver, and Zip–GFP
(e0 –h0 , green) under endogenous regulatory sequences, at ∼60 min following
secretion onset. The lumen is at a deeper focal plane, and the direction of
secretion is perpendicular to this optical plane. (e–e0 ) Vesicle contraction is
uniform, without vesicular folds (compare with Fig. 5), and GFP (myosin II)
is uniformly distributed at the periphery (e0 ). (f,f0 ) 3D rendering of optical
sections taken of the vesicle shown in e. Myosin organization lacks specific
structural features in ∼50% of the vesicles, n = 35 vesicles. (g,g0 ) WT∗
represents abnormal vesicles from WT salivary glands (∼8% from all vesicles,
n = 120 vesicles) that exhibit prolonged contraction with no membrane folds
and uniform myosin II distribution. (h,h0 ) 3D rendering of optical sections
taken of the vesicle shown in g, demonstrating that myosin organization
is broad and lacks specific structural features. Scale bars, 20 µm (a–c),
5 µm (e–h0 ).

in the vesicular structure were observed during compression, and the
slow reduction in vesicle size occurred isotropically (Fig. 6e).
Interestingly, in wild-type glands, we occasionally (∼8% of
all vesicles, n = 120) observed vesicles that fail to contract, or
contract with prolonged kinetics, similar to Arp2 knockdown vesicles.
Myosin II revealed a similar uniform distribution (Fig. 6g–h0 ).
Although we do not know the original cause for the abnormal vesicles,
taken together, these observations suggest that the unique ‘cage’-like
myosin pattern is critical for the mechanics underlying efficient vesicle
compression and secretion, and when uniformly distributed, myosin
does not exert an effective local force.

impinge on membrane dynamics, cell polarity and the regulation
of cytoskeletal networks. In addition, following expulsion of vesicle
contents, excess membrane should be removed, to maintain the unique
composition of the apical membrane. The ability to image the process
of secretion in live salivary glands over a period of hours, coupled with
the genetic tools available in this system, allowed us to identify, label
and follow critical players of the vesicle actomyosin network. We will
discuss our findings according to the timeline of fusion and secretion
executed by an individual vesicle (schematized in Fig. 7).
The first detectable event is the formation of a neck (∼1–3 µm in
height and ∼1 µm in diameter), linking the vesicle with the lumen.
This structure does not seem to depend on the actomyosin network
that coats the vesicle, and is dissolved only after complete extrusion of
vesicle contents. The neck may be stabilized by Bar-domain proteins
that are recruited to the membrane curvature around the fusion site,
and could serve as the organizer for the formation of myosin II stripes
around the vesicle.

DISCUSSION
We have used glue secretion from Drosophila larval salivary gland cells
as a model system for studying the process of large vesicle exocytosis
at a high spatial and temporal resolution. From a cell biological
perspective, this process embodies many challenging features that
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Figure 7 Sequence of orchestrated events in glue-vesicle secretion. The first
detectable event is the formation of a neck, linking the vesicle with the
lumen. Following fusion, plasma and vesicle membrane lipids and proteins
mix, resulting in the Rho1-mediated recruitment of Dia to the vesicle
surface. Dia generates linear actin fibres, which assemble into an actin coat
structure within 0.5 min of fusion. Concomitant with Dia activation, Rho1
activates Rok, which in turn phosphorylates non-muscle myosin II, leading

to its recruitment on the vesicle surface. Within a further minute, myosin
is organized in a ‘cage’-like structure around the vesicle, initiating vesicle
compression and content release. Contraction along the cage ‘stripes’ shrinks
the vesicle, so that by 2 min following fusion, all of the glue content is released
out of the vesicle and into the lumen. A remnant actin structure persists for
an additional minute, until it is removed. Note that the indicated times are
averages taken from quantifications of a large number of vesicles.

Incorporation of Dextran from the lumen into vesicles clearly
shows that, similar to other systems of large vesicle secretion, an actin
coat forms around the vesicles only after their fusion to the plasma
membrane. As the composition of the apical membrane is unique,
this suggests that critical components triggering actomyosin network
assembly are provided by the plasma membrane, through a process
of membrane mixing. Lipids and lipid-anchored proteins are known
to diffuse and equilibrate in membranes within a minute or less24,
which is consistent with the timescale of events that we describe. The
concept of membrane mixing has been suggested for triggering actin
coat assembly in exocytosis of cortical granules in Xenopus eggs, which
are also exceptionally large25. We show that several key components
residing on the apical membrane, such as PtdIns(4,5)P2 , are recruited
to the vesicle surface only after fusion.
Rho1 seems to play a key role in setting up the contractile
machinery on the surface of fused vesicles. Activated Rho1 couples
actin assembly and contractility, by inducing recruitment and
activation of both Dia and myosin, thereby assuring synchrony
between the two events. This coordination is essential, because myosin
cannot be stabilized on the vesicle without the actin scaffold26 (Fig. 3).
Moreover, myosin was shown in other systems to enhance actin
assembly and function as a crosslinker of actin networks to induce
their stabilization27.
Recruitment of myosin II to the vesicle surface, mediated by the
Rok kinase, seems initially uniform. Myosin distribution is rapidly
converted, however, to organization in stripes that are perpendicular
to the apical membrane and span the vesicle surface (Fig. 5). Concerted
contraction of such myosin foci, even without a distinct polarity,
leads to a tensile force resulting in folding and invagination of the
membrane, within a minute following myosin recruitment (Fig. 5).
A small initial bias in contractility distribution may affect
actomyosin flow, and could be amplified by biomechanical feedbacks.
Myosin distribution is a major effector for such processes, as it
enhances tension and contractility gradients, and modifies actin
organization as well as local actin turnover rate28–31.
It is intriguing to explore how the initial asymmetric distribution
of myosin is set up. A pre-patterned arrangement of actomyosin
regulators is unlikely, in view of the uniform distribution we observed
for activated Rho1. We favour a mechanism involving myosin
self-assembly into a cage structure through biomechanical forces. An
initial bias in myosin distribution may result from local crumpling

of the actomyosin network and the membrane. Self-amplification of
these initial events, driven by the mechanics of the system, will lead
eventually to the large-scale invaginations that are observed.
On knockdown of the branched-actin nucleator Arp2/3, overall
levels of filamentous actin were retained. However, the normal
properties of the actin coat were disrupted, as evident by the uniform
distribution of myosin (Fig. 6). The inability to form the myosin
stripes correlated with inefficient and isotropic contraction of the
vesicles. This result strengthens the correlation between local myosin
accumulation and efficient vesicle compression. We do not know
the mechanistic basis for the effect of branched actin on myosin
organization. One possibility is a contribution to the texture or
stiffness of the actomyosin cortex of the vesicle, which may impinge
on its ability to build up force. Alternatively, the branched-actin
network may help to break symmetry. Using artificial liposomes
where the actomyosin network was reconstructed outside the vesicle
membrane, it was shown that myosin-driven contraction requires a
minimum level of network connectivity. Furthermore, polymerization
of branched actin was able to induce stress build-up and symmetry
breaking32,33. It will be interesting to examine whether any contraction
of glue-protein vesicles can take place after complete elimination of the
Arp2/3 machinery.
In summary, the detailed examination of secretion in the
Drosophila salivary gland focused our attention on the actomyosin
network surrounding exocytic vesicles, its coordinated assembly and
organization. We describe a unique myosin organization that is critical
for efficient vesicle compression and content release. This structure
and regulatory network may represent a general mechanism that
is used in other secretory systems expelling viscous content from
large vesicles.

METHODS
Methods and any associated references are available in the online
version of the paper.
Note: Supplementary Information is available in the online version of the paper
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METHODS
Fly strains. The following lines were used: UAS–LifeAct–Ruby/GFP (from
F. Schnorrer, Max Planck Institute, Martinsried), Sgs3–GFP (B-5884), UAS–PH–
PLCδ–GFP (ref. 35), UAS–GFP–Dia-N0 (ref. 15), UAS–Utrophin–GFP (ref. 36),
dia5 (B-9138), Df (2L)ED1317 (B-9175), Zip–GFP (ref. 13), Sqh–GFP (ref. 14),
RNAi lines obtained from the Bloomington stock centre: UAS–zip-RNAi (B-38259),
UAS–Arp2-RNAi (B-27705), RNAi lines obtained from the Vienna Drosophila
RNAi Center (VDRC): UAS–Rok-RNAi (VDRC 104675), UAS–Rho1-RNAi (VDRC
12734), Ubi-AniRBD::GFP (Rho1 sensor)22. fkh-Gal4 was used to drive expression
in salivary glands.

Myosin cage-like structure imaging is best done on late-stage secreting salivary
glands, where there is a lower density of vesicles, to ensure maximal resolution.
Data acquisition of vesicle dimension for quantifications was carried
out using the ×63/1.4 objective with 3× digital zoom and 0.5 µm intervals
between z-slices.
Post-imaging processing was carried out using LSM image browser (Zeiss,
videos) or Adobe Photoshop CS3 (for presentation of still time series). The videos
were exported using the LSM image browser and then were flipped using ImageJ.
Quantifications of vesicle dimensions and actin/myosin/glue intensities were
carried out by generation of 3D contours using the surface application in Imaris
(Bitplane, default parameters).

Culturing third-instar salivary glands. Following dissection in Schneider’s
medium, up to 6 salivary glands were placed in a chamber slide (1µ-Slide 8 well
Microscopy Chamber, Ibidi) containing 200 µl of medium (supplemented with O2
for 10 min). The medium was cleared using a pipette, as the salivary glands adhere
to the bottom. One hundred microlitres of ecdysone (5 µM 20-hydroxyecdysone,
Sigma) containing medium was added immediately to prevent dehydration. It is
possible to align the salivary glands using forceps. To allow imaging, the samples
should remain adhered to the coverslip and not float. The chamber slide was placed
in a 25 ◦ C incubator for 2 h before imaging. In some cases, salivary glands were
dissected during the glue-secretion phase (referred to as ‘glue-secreting salivary
glands’). These glands were placed in a chamber slide with 100 µl Schneider’s
medium (without ecdysone), and taken for imaging.

Transmission electron microscopy. Cells were fixed with 3% paraformaldehyde,
2% glutaraldehyde in 0.1 M cacodylate buffer containing 5 mM CaCl2
(pH 7.4), then post-fixed in 1% osmium tetroxide supplemented with
0.5% potassium hexacyanoferrate trihydrate and potassium dichromate
in 0.1 M cacodylate (1 h), stained with 2% uranyl acetate in water (1 h),
dehydrated in graded ethanol solutions and embedded in Agar 100 epoxy
resin (Agar Scientific). Ultrathin sections (70–90 nm) were viewed and
photographed with a FEI Tecnai SPIRIT (FEI) transmission electron microscope,
operated at 120 kV and equipped with an EAGLE CCD (charge-coupled
device) camera.

Repeatability. Unless specified otherwise, at least 3 salivary glands (from 3
Dextran injection into secreting salivary glands. Dextran–TMR (10,000 MW,
1 mg ml−1 in Schneider’s medium, Molecular Probes) was injected into salivary
glands during the glue-secretion phase using a Femtojet express microinjector and
Femtotip microinjection capillaries (Eppendorf). Immediately following injection,
salivary glands were placed in a chamber slide with 100 µl Schneider’s medium and
taken for imaging.

Time-lapse imaging and post-imaging processing. Data were typically acquired
with LSM710 and LSM780 confocal microscopes (Zeiss), using ×63/1.4 or ×20/0.8
objectives and ×1.5–4 digital zoom. Typically, 6–10 z-slices were taken at intervals
of 4 µm (×20) or 1.5 µm (×63), with no time intervals (see figure captions for
specific settings).

different larvae) were examined for each genetic background, and representative
images/videos are shown. Quantifications of specific vesicle phenotypes were made
on representative videos, and are specified in the video legends. Note, when using
RNAi as a means of gene silencing, a range of phenotypic severities may be observed.
Our analyses were carried out on the more severe samples.
35. Von Stein, W., Ramrath, A., Grimm, A., Muller-Borg, M. & Wodarz, A. Direct
association of Bazooka/PAR-3 with the lipid phosphatase PTEN reveals a link
between the PAR/aPKC complex and phosphoinositide signaling. Development 132,
1675–1686 (2005).
36. Rauzi, M., Lenne, P. F. & Lecuit, T. Planar polarized actomyosin contractile flows
control epithelial junction remodelling. Nature 468, 1110–1114 (2010).
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Supplementary Figure 1 Fusion and membrane mixing in glue-vesicle
secretion. (a-a’) Time series of a single vesicle secretion event from a gluesecreting salivary gland expressing UAS-LifeAct-GFP under the fkh-Gal4 driver
(green, a'), and injected with Dextran-TMR (red, a). At t=0, Dextran is restricted
to the lumen by the apical membrane, outlined by actin. Dextran is observed to
fill the vesicle prior to appearance of an actin coat, demonstrating that fusion
precedes coating. (b-b’) Time series of a single vesicle from a glue-secreting
salivary gland expressing both the PI(4,5)P2 sensor UAS-PH-PLCδ-GFP (green,

b), and UAS-LifeAct-Ruby (red, b') under the fkh-Gal4 driver. In addition to a
strong apical membrane localization, PI(4,5)P2 begins to outline the vesicle at
0.32m, ahead of actin coating, first observed at 0.97m. (c-c’) Time series of
a single vesicle, from glue-secreting salivary glands expressing the PI(4,5)P2
sensor PH-PLCδ-GFP under the fkh-Gal4 driver (c'), and injected with DextranTMR (c). Dextran is restricted to the lumen by the apical membrane, outlined
by PI(4,5)P2. PI(4,5)P2 appears upon the vesicle membrane simultaneously
with the appearance of Dextran (at 0.14m). Scale bars: 5μm.
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Supplementary Figure 2 The number of myosin stripes is weakly correlated with vesicle size. A graph describing the number of myosin stripes counted for
each vesicle, relative to vesicle size (diameter). As demonstrated by the correlation coefficient (0.41, P-value=0.007, Microsoft Excel), the two are only
weakly correlated. n=38 vesicles.
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Supplementary Video Legends
Supplementary Video 1 Glue secretion from ecdysone treated larval salivary glands. Time-lapse movie of cultured salivary glands expressing UAS-LifeActRuby (red) under the fkh-Gal4 driver, and Sgs3-GFP under endogenous regulatory sequences (green). Movie begins 2h after the addition of ecdysone to the
culture media. GFP is observed within glue granules spanning the entire volume of the cell, and actin is observed enriched at the apical surface. An increase
in GFP fluorescence in the lumen is readily apparent over time, concomitant with actin coat structures around apical vesicles, and expansion of the lumen.
Movie imaged using 20× lens Plan-Apochromat NA 0.8 with 1.5 digital zoom. Stacks of 6 z planes at 4µm intervals were taken, with no time interval. Movie
was processed post imaging, and the time elapsed is shown within the movie. Scale bar: 20µm.
Supplementary Video 2 Hydrostatic pressure in glue vesicles following fusion. Time-lapse movie of cultured salivary glands expressing UAS-LifeAct-Ruby
(red) under the fkh-Gal4 driver, and Sgs3-GFP under endogenous regulatory sequences (green), approximately 1.5h following secretion onset (3.5h following
addition of ecdysone). The vesicle in the center increases in size and GFP intensity just before it coats with actin and squeezes, indicative of glue that was
compressed within the vesicle upon fusion. The lumen is at a deeper focal plane, and the direction of secretion is perpendicular to this optical plane. Movie
imaged using 63× lens Plan-Apochromat NA 1.4 with 4 digital zoom, with no time interval. Movie was processed post imaging and the time elapsed is shown
within the movie. Scale bar: 2µm.
Supplementary Video 3 dia mutants exhibit abnormal secretion with no actin coat formation. Time-lapse movies shown side by side of wildtype (left) and
dia5/Df (right) salivary glands expressing the microfilament binding construct Utrophin-GFP under the fkh-Gal4 driver. Movie begins 2h after the addition of
ecdysone to the culture media. Wildtype glands exhibit a dynamic appearance of actin coats as the lumen expands, in contrast to dia mutant salivary glands
which show no actin coats, and only limited expansion of the lumen. Movies were taken simultaneously using 20× lens Plan-Apochromat NA 0.8 with 1
digital zoom. Stacks of 6 z planes at 4µm intervals were taken, with no time interval. Movies were processed post imaging and the time elapsed is shown
within the movie. Scale bar: 20µm.
Supplementary Video 4 zip-RNAi expressing salivary glands exhibit actin coated vesicles that do not contract. Time-lapse movie of salivary glands expressing
zip-RNAi and UAS-LifeAct-Ruby (red) under the fkh-Gal4 driver, and Sgs3-GFP under endogenous regulatory sequences (green). The population of 62
vesicles in this video was analyzed: actin coats are clearly shown forming around glue vesicles, however very few vesicles contract, as monitored by size
reduction. The majority of vesicles (60%) lose their actin coat after a few minutes while glue remains within the vesicle and no size reduction is observed
(red arrow). Some vesicles (15%) exhibit oscillations in actin assembly with no apparent size reduction or glue secretion (white arrows). Only a fraction of the
vesicles exhibit size reduction, however for some of these vesicles fusion and content release to another vesicle take place, rather than to the lumen (purple
arrow). Movie imaged using 20× lens Plan-Apochromat NA 0.8 with 1.1 digital zoom. Stacks of 7 z planes at 4µm intervals were taken, with no time interval.
Movie was processed post imaging and shows a single focal plane. The time is shown within the movie. Scale bar: 10µm.
Supplementary Video 5 Rok-RNAi expressing salivary glands exhibit actin coated vesicles that do not contract. Time-lapse movie of salivary glands expressing
Rok-RNAi and UAS-LifeAct-GFP under the fkh-Gal4 driver. The population of 58 vesicles in this video was analyzed: actin coats are clearly shown forming
around glue vesicles, however very few vesicles contract, as monitored by size reduction. The majority of vesicles (64%) lose their actin coat after a few
minutes while glue remains within the vesicle and no size reduction is observed (red arrow). Some vesicles (31%) exhibit oscillations in actin assembly with
no apparent size reduction or glue secretion (white arrows). Only a small fraction of the vesicles exhibit size reduction, however for some of these vesicles
fusion and content release to another vesicle take place, rather than to the lumen (purple arrow). Movie imaged using 20× lens Plan-Apochromat NA 0.5 with
1.2 digital zoom. Stacks of 10 z planes at 4µm intervals were taken, with no time interval. Movie was processed post imaging and shows a single focal plane.
The time is shown within the movie. Scale bar: 10µm.
Supplementary Video 6 Rho-RNAi expressing salivary glands exhibit no actin coats and formation of giant vesicles. Time-lapse movie of glue-secreting salivary
glands expressing Rho1-RNAi and the microfilament binding construct UAS-Utrophin-GFP under the fkh-Gal4 driver, and Sgs3-GFP under endogenous
regulatory sequences. The movie begins 2h after the addition of ecdysone to the culture media. Actin coats are not observed around glue vesicles. Weak
actin coats are observed around giant vesicles and a few normal-sized vesicles, which are not secreted. The formation and growth of giant vesicles is readily
observed over time. These glands exhibit a widened lumen, due to an early effect on gland cell morphology 15,34, unrelated to secretion. Movie imaged using
20× lens Plan-Apochromat NA 0.8 with 1.5 digital zoom. Stacks of 6 z planes at 4µm intervals were taken, with no time interval. Movie was processed post
imaging and the time is shown within the movie. Scale bar: 20µm.
Supplementary Video 7 Giant vesicles in Rho1-RNAi expressing glands are the result of fusion between multiple glue vesicles. Time-lapse movie of salivary
glands expressing Rho1-RNAi under the fkh-Gal4 driver, and Sgs3-GFP under endogenous regulatory sequences, at 60m following secretion onset (3h
following addition of ecdysone). Actin coated vesicles are clearly seen fusing with the giant glue vesicle. The lumen is in a deeper focal plane, and the
direction of secretion is perpendicular to this optical plane. Movie imaged using 63× lens Plan-Apochromat NA 1.4 with 1.5 digital zoom, with no time
interval. Movie was processed post imaging, and the time elapsed is shown within the movie. Scale bar: 5µm.

WWW.NATURE.COM/NATURECELLBIOLOGY

3
© 2015 Macmillan Publishers Limited. All rights reserved

