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Vacuole dynamics in the salivary glands of Drosophila
melanogaster during prepupal development
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A central function of the Drosophila salivary glands (SGs), historically known for their polytene chromosomes, is
to produce and then release during pupariation the secretory glue used to affix a newly formed puparium to a
substrate. This essential event in the life history of Drosophila is regulated by the steroid hormone ecdysone in
the late-larval period. Ecdysone triggers a cascade of sequential gene activation that leads to glue secretion
and initiates the developmentally-regulated programmed cell death (PCD) of the larval salivary glands, which culminates 16 h after puparium formation (APF). We demonstrate here that, even after the larval salivary glands
have completed what is perceived to be one of their major biological functions – glue secretion during pupariation – they remain dynamic and physiologically active up until the execution phase of PCD. We have used specific metabolic inhibitors and genetic tools, including mutations or transgenes for shi, Rab5, Rab11, vha55,
vha68-2, vha36-1, syx1A, syx4, and Vps35 to characterize the dramatic series of cellular changes occurring in
the SG cells between pupariation and 7–8 h APF. Early in the prepupal period, they are remarkably active in
endocytosis, forming acidic vacuoles. Midway through the prepupal period, there is abundant late endosomal
trafficking and vacuole growth, which is followed later by vacuole neutralization and disappearance via membrane consolidation. This work provides new insights into the function of Drosophila SGs during the early- to
mid-prepupal period.
Key words: endosomal trafficking, metamorphosis, prepupal period, salivary glands, vacuolation.

Introduction
The larval salivary glands (SGs) of Drosophila are a single layer of unbranched, tubular epithelial tissue of
ectodermal origin (Skaer 1993; Campos-Ortega & Hartenstein 1997; Bradley et al. 2001; Vining et al. 2005;
Kerman et al. 2006; Szul et al. 2011). One major and
well documented function of the larval salivary glands
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is to produce a large amount of glue-containing secretory granules during the second half of the last instar
that, when released during pupariation, serves to affix
the freshly formed puparia to a substrate (Fraenkel &
Brookes 1953). Myat & Andrew (2002) identified a key
early function of the salivary glands when they
observed that embryonic salivary glands also have
secretory activity controlled by the crb and hkb genes.
This results in the repeated excretion of luminal proteins that are required for the assembly of the extracellular matrix on the apical surface during tube
expansion in both the salivary glands and the tracheal
system (Tsarouhas et al. 2007; Jayaram et al. 2008;
Wang et al. 2009; Armbruster & Luschnig 2012; Burgess et al. 2012).

Endocytosis and vacuolation in Drosophila prepupal salivary gland cells

Historically, the Drosophila salivary glands are best
known for their polytene chromosomes (Painter 1933)
whose analyses has led to many conceptual
advances, including establishing the first highly
detailed cytogenetical maps (Bridges 1935, 1938,
1942; Bridges & Bridges 1939; Lindsley & Grell 1968;
Ashburner 1970; Lefevre 1976; Sorsa 1989; Lindsley
& Zimm 1992), elaboration of the chromomere theory
(Painter 1934; Pelling 1966; Beermann 1972), and correlating specific reversible changes in chromosomal
structure (puffs) with the transcriptional activity of
genes (Beermann 1952; Pelling 1970).
Studies using the Drosophila salivary glands have
been at the forefront of research on the genetic and
physiological responses to heat shock and stress (Ritossa 1962, 1963; Ashburner & Bonner 1979; Pardue
et al. 1989) and glue gene regulation (Korge 1975; Lehmann 1996). Detailed studies of how puffing patterns in
their large polytenized chromosomes changed over
time (Becker 1959; Ashburner 1972; Ashburner et al.
1974; Ashburner & Berendes 1978) and the molecular
characterization of the puff-forming genes established a
paradigm for understanding the mechanisms underlying
temporal and tissue-specific transcriptional control and
for studying the hormonal regulated programme of cell
death (PDC) (Burtis et al. 1990; Segraves & Hogness
1990; Thummel 1996, 2002). Because the larval salivary glands become obsolete early in the hormonally
triggered metamorphosis of the larvae to the adult, they
are also widely used as a model system to study hormone-regulated programmed cell death (PCD).
The entire Drosophila salivary glands undergo a
close-to-synchronous histolysis about 16 h after puparium formation (APF) in response to the endogenous
ecdysone pulse that triggers metamorphosis (Jiang
 ta
kova
 1998; Farkas &
et al. 1997, 2000; Farkas & Su
Mechler 2000; Baehrecke 2003). The sequential
changes in puffing patterns throughout the late larval
and entire prepupal period have been analyzed in great
detail (Ashburner 1972; Ashburner et al. 1974; Richards
1976a,b,c; Ashburner & Berendes 1978), and some of
the cellular events that occur in the prepupal salivary
glands prior to PCD have been elucidated. With regard
 et al. (1997) and later Martin & Baehto PCD, Jochova
recke (2004) described changes in the clumping and
redistribution of the actin and tubulin cytoskeleton in the
prepupal salivary glands, emphasizing that the larval
and various prepupal stages show differences due to
the exocytosis of glue granules in the late third instar
larva. One notable change was a decrease in nuclear
lamin signal as cells approached the execution phase of
PCD (Martin & Baehrecke 2004). However, these works
did not describe the cellular processes immediately after
pupariation up to about 10–13 h APF, prior to PCD.
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Other ultrastructural analyses of prepupal salivary
glands have revealed that their cells exhibit various
degrees of vacuolation, the formation of a few multivesicular bodies and vesicles with clumped electrondense material, the occurrence of vesicular Golgi
zones with a fibrillar substance, the disappearance of
foamy rosettes, the removal of residual PAS-positive
secretory granules following larval exocytosis, and
changes in the length and appearance of apical
microvilli (von Gaudecker 1972; Lane et al. 1972; Ber ta
kova
 1998).
endes & Ashburner 1978; Farkas & Su
More recently, laser scanning confocal microscopy
clearly revealed that there are multiple, dynamic
changes in the salivary glands during the prepupal
period, including changes in the distribution of vacuoles and the rearrangement of non-actin and nontubulin cytoskeletons (Farkas & Mechler 2000). The
biological function of these changes – in cells that
have already completed what has been previously
judged to be their major biological functions, the
secretion of a glue to affix the pupae to a substrate at
pupariation – is largely not understood. Very recently,
we have described massive apocrine secretion in 8–
10 h prepupal salivary glands of Drosophila (Farkas
et al. 2014). Here, we have used genetic tools and
confocal microscopy to more precisely characterize
the range of cellular processes that occur between 0
and 7/8 h of prepupal development. This has allowed
us to better understand the biological function of these
striking changes in the salivary glands, and address
some aspects of their regulation.

Materials and methods
Fly culture and genotypes
Flies were cultured in 50 mL vials or 200 mL bottles at
23°C on agar-yeast-cornmeal-molasses medium (Ashburner & Thompson 1978; Ransom 1982) with the
addition of methylparaben to inhibit mold growth.
Observations were carried out on third instar larvae
and prepupae of Drosophila melanogaster (Meigen)
using the wild type strain Oregon R, as a standard reference control (Lindsley & Zimm 1992), originally
obtained from the Umea Drosophila Stock Centre,
Umea, Sweden, and the following mutant or transgenic stocks obtained from the indicated sources or
the Drosophila Stock Center, Bloomington, Indiana,
USA: shits1 and UAS-shiK44A, Rab51 (a lethal P-element insertion, P{lacw}Rab5K08232, from the Kiss’ collection), Rab52, Rab53, and Rab54 generated by
imprecise excision of the P-element, UAS-Rab5S43N, a
dominant-negative mutation of Rab5 (Entchev et al.
2000), Rab11DG09501, Rab11EP(3)3017, Rab11l(3)2D1, EP
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(3)3017, E(To)11, pCaSpeR4-Rab11 (Satoh et al.
2005; Alone et al. 2005), UAS-Rab11SN (a dominant
negative transgenic allele from M. Gonzalez-Gaitan),
vha5512, vha5516, vha55j2E9, vha552s4214 and
vha55MB05049 (mutant alleles of the Drosophila gene
encoding subunit B of the cytoplasmic V1 domain of
vATPase), P(EP)Vha68-2EP2364 (Bellen et al. 2004), l(2)
k07207 [(U-H447 and B-10661 stocks from Bloomington, IN, USA) a hybrid dysgenesis-induced P-element
€ro
€k et al. 1993; Spradling et al. 1999)
insertion (To
within the Vha36-1 gene that encodes the 28 kDa regulatory subunit D of the vacuolar ATPase at cytological
band 52A], syx1AA06737, syx1AADG10811, syx4BG01517,
syx4EY0005, Vps35MH20, and UAS-Vps35RNAi (from Elisabeth Knust and Jean-Paul Vincent); SgsD3-GFP and
Sgs3-Gal4 (from Andy Andres, Las Vegas University,
NE). Remaining lines (P{GawB}34B or 34B-Gal4, P
{UAS-GFP.S65T}T2, P{UAS-GFP.S65T}T10, Sgs4Gal4 driver) were obtained from Drosophila Stock Center, Bloomington, IN, USA.
The staging of larval development was generally performed as previously described by collecting eggs for
1 h on a standard medium from cultures maintained at
25°C (Farkas & Mechler 2000). When a more precise
staging of the third instar larvae was required, animals
were raised on medium supplemented with 0.05%
bromophenol blue to aid in the selection of naive larvae – those that have not yet been exposed to the
endogenous premetamorphic pulse of ecdysone (Maroni & Stamey 1983; Andres & Thummel 1994). Newly
formed white puparia were considered to be 0 h
prepupae; salivary glands were dissected from prepupae hourly after puparium formation (APF) up to 16 h
APF, at which point the tissue becomes completely
histolyzed (Jiang et al. 1997; Farkas & Mechler 2000;
Lee et al. 2002).
Inhibitor treatments
If compounds were not provided to larvae in food, dissected salivary glands were cultured in a sitting drop
of Grace’s insect tissue medium (Gibco Invitrogen) that
was diluted 5:1 as described previously (Farkas &
 ta
kova
 1998). Cytochalasin D (Calbiochem) and
Su
latrunculin B (Molecular Probes) were dissolved in
ethanol and sequentially diluted in Grace’s medium to
achieve final concentrations in the culture medium of
1 lg/mL and 100 lmol/L, respectively. Early prepupal
salivary glands (0 h APF) were cultured with a particular inhibitor continuously for either 6 or 10 h, depending on the experiment.
Phenylarsine oxide (ICN/MP Biomedicals) and chlorpromazine (Sigma) were dissolved in dimethylsulfoxide
(DMSO) and methanol, with final concentrations in

the culture medium of 0.1% and 50 lmol/L, respectively.
Bafilomycin A1 (Calbiochem) and concanamycin A
(Sigma) were both dissolved in DMSO and used at a
concentration of 100 nmol/L (Hall et al. 1992; Ohba
et al. 1996; Woo et al. 1996; Gagliardi et al. 1998). The
novel and specific inhibitor of osteoclastic vATPase
SB-242784 ((2Z,4E)-5-(5,6-dichloro-2-indolyl)-2-methoxy-N-(1,2,2,6,6-pentamethylpiperidin-4-yl)-2,4-pentadienamide) (NiKem Res. Srl; Dr. Kenneth W. Campbell
and Dr. C. Farina, University of Milano, Italy) was dissolved in DMSO and used at 1 lmol/L (Nadler et al.
1998; Farina & Gagliardi 2002). Controls (mock-treated)
animals or tissues were concomitantly exposed to a
particular vehicle (ethanol, methanol or DMSO) of the
same dilution and for identical time period.
Acidic vacuole detection
For in vivo detection and measurement of the pH inside
vacuoles we used the pH-sensitive probe pHrodo Red
Avidin pH-sensor and/or Carboxy-DCFDA (= 5-(6-)-carboxy-20 ,70 -dichlorofluorescein diacetate)) (Molecular
Probes/Invitrogen). These were uploaded for 15–20 min
into dissected and cultured glands according to the
manufacturer’s instructions, and their fluorescence
viewed at 405, 488 and 545 nm, respectively.
To detect acidic vacuoles in fixed tissue we stained
with acridine orange (AO) (Farkas 2001) or FITC-12dUTP. For AO staining, the salivary glands were fixed
in 2% paraformaldehyde-based PLP fixative (37 mmol/
L PBS, 75 mmol/L lysine, 2 mmol/L MgSO4,
10 mmol/L Na-periodate), pH 7.0 (McLean & Nakane
1974), stained in 2 lg/mL AO for 15–20 min, washed
in 0.1% Triton X-100 in PBS (PT), counterstained if
desired, and mounted in Elvanol.
To detect acidic vacuoles in fixed tissue using the
hydrobromide salt of 3-(2,4-dinitroanilino)-30 amino-Nmethyldipropylamine (DAMP) we loaded live prepupal
salivary glands with 20 lmol/L DAMP for 20–30 min,
washed them extensively in Ringer saline, and allowed
to fix with 2% paraformaldehyde-based PLP as above.
SGs were permeabilized with 0.1% Triton X-100 in
PBS (PT) and then blocked with PT containing 2%
fraction V of bovine serum albumin (Serva) (PBT) and
2% goat serum (Sigma), as described below. After
blocking, SGs were incubated with the primary antiDNP monoclonal antibody (clone HDP1; Oxford Biomedical Research) according to Anderson et al.
(1984), Orci et al. (1986) and Anderson & Orci (1988).
To detect anti-DNP, the Cy3-conjugated anti-mouse
affinity purified F(ab’)2 specific pre-absorbed secondary
antibody was used (Jackson ImmunoResearch Laboratories) diluted 1:200.
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During a screen for TUNEL-positive dying salivary
gland cells over the entire prepupal period we discovered that FITC-labeled 12-dUTP, which is normally
used as substrate for terminal deoxynucleotidyl transferase (TdT) in the TUNEL-assay, is capable of highly
selective binding to acidic vacuoles in the absence of
TdT. Therefore, we used staining with FITC-12-dUTP
as a means to visualize acidic vacuoles. PLP-fixed and
PT-washed glands were incubated with 0.1 lmol/L
FITC-12-dUTP (Roche) for 1 h, extensively rinsed,
counterstained, and mounted in Elvanol.
Tissues were scanned and images taken on a Zeiss
LSM-510 META laser confocal microscope using 409
(oil NA 1.4) lenses.
Immunocytochemistry and confocal microscopy
Salivary glands were dissected under a stereomicroscope in Ringer’s solution and fixed in Pipes-buffered
4% paraformaldehyde (20 mmol/L Pipes, 60 mmol/L
sucrose, 1 mmol/L EGTA, 5 mmol/L MgCl2, pH 7.2).
In order to stain tissues with antibodies the tissues
were permeabilized with 0.1% Triton X-100 in PBS
(PT) and then blocked with PT containing 2% fraction
V of bovine serum albumin (Serva) (PBT) and 2% goat
serum (Sigma). After blocking, the tissues were
incubated overnight at 4°C with primary antibodies
rabbit anti p127l(2)gl, mouse anti-myosin II, mouse antia-tubulin, and guinea pig anti-Scrib as described previously (Farkas & Mechler 2000; Farkas et al. 2011,
2014). Our previous studies on prepupal glands demonstrated that these proteins, in contrast to cortical
actin, are constantly and evenly distributed in the cytoplasm and do not enter vacuoles. Therefore, by
detecting this group of cytoskeletal proteins (antip127, anti-myosin II, anti-a-tubulin etc.) we could “negatively” visualize vacuoles. Specific rabbit anti-Rab5
and anti-Rab11 polyclonal antibodies have been
described elsewhere (Wucherpfennig et al. 2003;
Alone et al. 2005). To detect sites of the primary antibody binding, FITC-conjugated anti-guinea pig, Cy3conjugated anti-rabbit and Cy5-conjugated anti-mouse
affinity purified F(ab’)2 specific pre-absorbed secondary
antibodies were used (Jackson ImmunoResearch Laboratories) diluted 1:200. F-actin was detected using
AlexaFluor488- or AlexaFluor546-phalloidin (Molecular
Probes) at 0.04 nmol/L. Depending on the fluorochrome combination for antibodies and phalloidin,
nuclei were counterstained for DNA either with 5 lg/
mL Hoechst-33258 (Calbiochem), or 0.5 lg/mL
Oli-Green (Molecular Probes Inc.). After extensive
destaining in PT, tissues were mounted in Elvanol and
scanned on Zeiss LSM-410, LSM-510 META or Leica
TCS SP5 laser confocal microscopes using 409, 639,
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and 1009 (all oil NA 1.3 and 1.4) lenses. The majority
of images we show here are longitudinal optical sections of salivary glands in either of the sagittal or tangential planes, whichever was more appropriate to
show particular structures or the phenotype relative to
the presence of vacuoles; in some cases tangential
sections are used to show the optimal appearance of
the vacuoles. To allow for a direct comparison, we
present only images of corpuscular cells of the posterior salivary gland. In the course of our work, we found
that the evaluation of the phenotype is unaffected
when SGs are viewed at 5 to 15–17 lm deeper than
the cell surface or at the lumenal level, and that the
difference between the most posterior and a mid corpuscular cell in the prepupae is less variable than in
the larval glands. A few details of vacuoles are shown
at higher resolution using images taken at 639 and
1009 and using zoom 29. The bitmap images
obtained were processed using Zeiss AIM LSM5 software and Adobe PhotoShop, and assembled into figures using Aldus FreeHand or Corel Draw applications.
For quantitative analysis, such as that shown in Figure 2, the excitation intensity, scan speed, detector
gain and amplifier offset of the particular laser channel
were adjusted and kept uniform during the course of
the study to allow comparison of pixel intensity values.
From the region of interest (ROI) area, five to seven
independent points were selected randomly in which
the intensity was quantified, and then a single average
value was calculated. Quantitative data from at least
five vacuoles (within the posterior half of the gland)
with FITC-dUTP signal were measured, and the mean
intensities, including standard deviations, calculated
using the Histogram module of the Zeiss AIM LSM5
software with statistics. A scale of arbitrary intensity
units, which reflects the degree of acidity, was generated by Histogram, and ranged from 0 to 5000. The
size of the vacuoles was measured by using the overlay function with scalebar in the Zeiss AIM LSM5 package.

Results
To determine the distribution of vacuoles during the
late third larval instar and prepupal development we
stained salivary glands with pH-sensitive fluorescent
probes. We first used acridine orange (AO) (Ohkuma &
Poole 1978; Geisow et al. 1981; Heiple & Taylor 1982;
Farkas 2001). AO staining of formaldehyde-fixed tissue
provided us with a convenient tool to rapidly monitor
cytoplasmic vacuoles in SG cells (Fig. 1a,d). Similar
results (Fig. 1b,e), but in unfixed glands, were obtained
with the pHrodo indicator and other vital pH-sensitive
probes, including the Carboxy-DCFDA, which brightly
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Fig. 1. Acidic vacuoles are present in 3–4 h old prepupal salivary glands of Drosophila melanogaster. Appropriate controls were late larval (8 h prior pupariation) salivary glands stained under identical conditions: AO (a), Carboxy-DCFDA (b) or FITC-dUTP (c) which produced negative results. AO, (a) in the absence of acidic vacuoles in the larval stage, intensely stains DNA in nuclei and lipid droplets in
fat body (both yellowish fluorescence), but detects shiny yellow acidic vacuoles (endosomes) in the prepupal salivary glands (d), similar
to pH-sensitive fluorescent probes like Carboxy-DCFDA (e) or FITC-dUTP (f). That FITC-dUTP staining identifies acidic vacuoles was verified by their costaining with DAMP and an anti-DNP antibody using a protocol which is traditionally used to detect acidic organelles. This
combination of methods provided substantial colocalization of both merged signals (g); DAMP and Cy3-conjugated anti-DNP antibody
(h), FITC-dUTP (i). The most acidic vacuoles loaded with Carboxy-DCFDA show very bright fluorescence, as indicated by arrows,
whereas dark brown and red are less acidic (e). Red channel in (c) and (f) is filamentous actin. L in (d) indicates lysosomes or lysosomelike structures with lower fluorescence. A with asterisks (A* throughout A****) in (e) indicates acidic vacuoles of different level of acidity
(A* = lower acidicty, A**** = highest acidity). fb = piece of adhering fat body. Scale bars (a, d) 160 lm; (b, c, e, f, g, h, i) 50 lm.

fluoresce in acidic environments and also allow for the
relative estimation of the vacuolar pH by their fluorescence intensity (e.g. Hackam et al. 1997). Interestingly,
during a screen for TUNEL-positive dying cells in
prepupal and early pupal SGs we found that FITCconjugated 12-dUTP (FITC-dUTP), used as a substrate
for terminal deoxynucleotidyl transferase (TdT), selectively binds to acidic vacuoles even in the absence of
TdT (Fig. 1c,f). Moreover, the use of FITC-dUTP presents several advantages as this component binds to
vacuoles in formaldehyde-fixed tissue without staining

nucleic acids and contains a 488 nm-excitable fluorochrome giving a single emission maximum, whereas
AO and some vital probes exhibit a much wider emission range. Therefore, FITC-dUTP can be simultaneously used with fluorescently labeled antibodies or
phalloidines and produces a fluorescence emission
remaining stable over days or even weeks. To show
that FITC-dUTP binds the same acidic vacuoles (structures) as AO, we simultaneously stained the same 3 h
old prepupal salivary gland with DAMP and anti-DNP
antibody that is known to detect acidic vacuoles
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identical with AO (Anderson et al. 1984; Orci et al.
1986; Anderson & Orci 1988), and with FITC-dUTP.
Figure 1g, h and i illustrates that Cy3-conjugated antiDNP antibody recognizes and colocalizes with the
FITC-dUTP positive signal. This indicates that singlestep FITC-dUTP protocol can be used as a versatile
alternative to other acidic vacuole detection methods.
Vacuolation occurs by membrane endocytosis
Vacuole formation was analyzed by staining SGs with
FITC-dUTP, and detecting F-actin and DNA with
AlexaFluor546-conjugated phalloidin, and Hoechst33258, respectively. As shown in Figure 2, all stages
examined during late larval development, at either 8 h
before puparium formation (8 h BPF) in approximately 112 h old third instar larvae (Fig. 2a), 4 h
BPF (Fig. 2b), or 2 to 1 h BPF (Fig. 2c), we found
that F-actin essentially decorated the SG cell apex,
where active secretory granules are located under the
apical membrane. This highlights the role of F-actin in
glue granule secretion. Exocytosis of glue granules
into the SG lumen is completed 3–4 h prior to pupariation, at which time the glue is expelled from the
glands via the mouth organs. During these stages no
discernible vacuole could be seen. However, as soon
as the larvae became attached to a solid support, we
noticed the first positively FITC-dUTP stained vacuoles in the SG cells (Figs 2d, 3a,b). These were first
quite small (diameter: 1–2 lm  0.3 lm) but then
gradually increased in size to reach a diameter averaging 25 lm by 4 h APF, when the intensity of the
FITC-dUTP signal was maximal (Fig. 2e–h,o–q). Concurrent with their increment in size, the number of
vacuoles per cell decreased dramatically (Fig. 2o).
During the first 3–4 h of prepupal development, the
vacuoles were strongly stained with FITC-dUTP. Then
in the next 2 h the intensity of FITC-dUTP was markedly reduced, and the size and number of vacuoles
significantly decreased (Fig. 2i,j), so that by 7–8 h
APF, vacuoles were completely abolished (Fig. 2k,l).
Figure 2o–q shows an evaluation of the vacuole number, vacuole growth, and intensity of the fluorescent
staining in the most distal cells of at least five SGs
for each time point. The fluorescent staining reproducibly displayed two major intensity peaks, one at
2 h APF and one at 4 h APF, indicating that vacuole
acidification either involves two different mechanisms
or is a two-stage process.
By staining with fluorochrome-conjugated phalloidin,
we were able to show that very shortly after pupariation, the cytoplasm of the salivary gland cells becomes
filled with numerous vacuoles whose membranes are
in the very early phases of endocytosis (first minutes)
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labeled with phalloidin (Fig. 3a,b). This suggests that
this vacuolization is dependent on F-actin and reflects
postexocytotic membrane recycling due to endocytosis. This conclusion is further supported by the in vitro
administration of latrunculin A, which is known to
depolymerize F-actin (Spector et al. 1989; Broadus &
Doe 1997; Knoblich et al. 1997). No vacuole could be
detected in latrunculin A-treated SGs 2 h APF
(Fig. 3c). Similarly, treatment with phenylarsine oxide
(Fig. 3d) or chlorpromazine (data not shown), which
specifically block clathrin-dependent endocytosis
(Hertel et al. 1985; Wang et al. 1993), cogently prevented the process of vacuolation in prepupal SGs,
whether it was provided in the food of feeding larvae,
or added to culture medium containing freshly dissected SGs from white prepupae. Taken together,
these data indicate that vacuolation occurs from the
very onset of prepupal development in SG cells and
results from the clathrin-mediated endocytosis of cellular apical membranes involving F-actin.
To further confirm that vacuolation involves coalescence or recycling of endosomes, we used the shits1
temperature-sensitive allele, which at restrictive temperature impairs the function of a dynamin-GTPase
involved in clathrin-mediated endocytosis (Chen et al.
1991; van der Bliek & Meyerowitz 1991; Hill et al.
2001). Shifting shits1 animals to 29°C shortly before or
at the time of pupariation blocked the formation of
vacuoles in SG cells (Fig. 3e), further indicating that
endosomal trafficking is involved in this process. As
the Rab proteins form a family of Ras-like small GTPbinding proteins playing important roles in membrane
transport and fusion, we tested whether the Rab5
gene could also be required for early endosome fusion
in prepupal SGs. Two to 4 h-old prepupae homozygous for a P-element-induced loss-of-function allele
(Rab51) of Rab5, which encodes a GTPase involved in
early endosome formation (e.g. Trischler et al. 1999;
Pinal & Pichaud 2011) and which produces a few
homozygous escapers that develop to the larval and
prepupal stages and die at the early pupal stage (Loewen et al. 2001), show significantly reduced vacuolation (Fig. 3f,g). Identical results were obtained if a
dominant-negative mutant of Rab5 (Entchev et al.
2000) was expressed in wandering third instar larvae
using temporally controlled expression of UASRab5S43N (Fig. 3h). We sought to complement these
observations using gain-of-function analysis, and so
we ectopically expressed Rab5 from UAS-Rab5 in 2 h
APF salivary glands by providing a single 1 h heat
shock (37°C) using a hs-Gal4 driver. This resulted in
the enhanced generation of smaller endosomes in
approximately 4–5 h APF salivary glands compared to
our observations in control animals (heat shocked
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Fig. 2. Temporal dynamics the appearance of acidic endosomes (vacuoles) during the late larval and prepupal development of the salivary glands, detected with FITC-dUTP. Panel (a) shows that there are no FITC-dUTP positive structures in early wandering third instar
larvae prior to exocytosis of secretory glue granules that fills majority of the cytoplasm. A similar situation is seen in late wandering larvae
4 h (b) and 1–2 h (c) prior to pupariation when the glue secretion is present in the centrally located lumen. However, within 0.5 h APF or
less, a few early FITC-dUTP-positive vacuoles can be detected in the cytoplasm (d). In animals 1 h APF, the number of vacuoles is
higher and they grow slightly in size (e). By 2 h APF (f), the number of vacuoles is tremendously high, but the majority of vacuoles are still
quite small (0.5–1 lm), although few already show a larger size (7–15 lm). In 3 h old prepupae, small endosomes become rare and the
number of vacuoles decreases greatly, but their size grows significantly (g). This process continues until the fourth hour of prepupal
development when some vacuoles can reach diameters of up to 30 lm (h). Within the fifth (i) and sixth (j) hours of prepupal development, the vacuoles become neutralized and disappear. They are completely absent from seventh (k) or eighth (l) hour old prepupae.
Control prepupal glands from the same stage as (k) and (l) but stained for non-muscle myosin heavy chain II (green) to document
absence of any vacuoles (m and n). Quantitative assessment of vacuoles during these developmental stages indicates the dynamics of
endosome number. They reach their highest numbers during the second hour APF (o), whereas maximum size is observed during the
fourth hour APF (p). Interestingly, there appear to be two peaks in vacuole acidity as observed from the intensity of their fluorescence
during the second and fourth hours APF with a small decline in the third hour (q). For this series of images, a sagittal plane of section
was chosen to show the lumen which undergoes some morphological changes during the secretory phase prior to pupariation, and also
after pupariation; Red = filamentous actin, Blue = nuclei, Green = acidic vacuoles (FITC-dUTP). Scale bar 50 lm.

Oregon R, unheated hs-Gal4 9 UAS-Rab5 animals, as
well as heat shocked UAS-Rab5 or hs-Gal4 alone). At
the same developmental stage, the vacuoles in control
animals already are much larger and becoming neutralized (Fig. 3i). To visualize the active participation of
Rab5 in early endosome formation and fusion we
demonstrated that it is localized on these endosomes
in 2 h old prepupal salivary glands (Fig. 3j). Evaluation
of the vacuole number in untreated and treated SGs,
shown in Figure 3k, provide further evidence that the
events giving rise to vacuole formation in early prepupal salivary glands result from clathrin-mediated endocytotic membrane recycling.
Vacuole acidification
Our data indicate that an acidification of the vacuole
content during the first 4 h of prepupal development is
followed by a gradual neutralization in older SGs
(Fig. 2d–j,q). There appears to be two peaks of
increased vacuole acidity at 2 and 4 h APF, as measured by the fluorescence intensity of FITC-dUTP
staining (Fig. 2q). This may reflect increased vacuole
fusion during the second and third hour APF (Fig. 2o,
p), rather than a significant temporary drop in acidity
during the third hour. The observation prompted us to
try to experimentally manipulate the internal pH of the
vacuoles to determine its effect on vacuole development. For this purpose, we first treated SGs of immobile late third instar larvae or white prepupae with
vATPase inhibitors, including bafilomycin A1 (Bowman
et al. 1988) or concanamycin A (Huss et al. 2002) and
SB-242784 (Nadler et al. 1998). In contrast to mocktreated SGs, which contained relatively large, positively
stained vacuoles (Fig. 4a), we found that vacuoles in
inhibitor-treated glands were formed but the vacuole

pH was neutral – there was no fluorescent signal
associated with FITC-dUTP (or Carboxy-DCFDA or
AO) (Fig. 4b,c). This suggests that vacuole acidification
is mediated by one or more vacuolar ATPases. We
therefore performed a screen to identify which vacuolar ATPase(s) is required for vacuole acidification. We
first analyzed the vha55 gene, which encodes the B
subunit of the cytoplasmic V1 domain of vATPase
(Davies et al. 1996; Allan et al. 2005). Semilethal
combinations of vha55 alleles (vha5512/vha5516,
vha5512/vha55j2E9 and vha552s4214/vha55MB05049, all
with mid- to late-pupal lethality) displayed a reduced
or absent vacuole acidification in prepupal SG cells
(Fig. 4d,e). Furthermore, when we expressed P(EP)
vha68-2EP2364 (Bellen et al. 2004) transactivated by
the Sgs4-Gal4 driver in the SGs of late third instar
larvae or early prepupae, which will cause excessive
synthesis of the A2 subunit (Fig. 4f), we were able to
induce 20–30 min APF a premature and strong
vacuole acidification. This is significantly earlier than it
would normally occur. Taken together, these data
indicate that V1 subunits of the vATPases encoded
by vha55 and vha68-2 play a pivotal function in the
acidification of prepupal SG vacuoles.
Vacuole enlargement
We then asked what proteins were required for the
enlargement of vacuoles that occurs through vesicle
fusion. We found that if the function of Rab11 was
altered by the Rab11DG09501 or Rab11EP3017 alleles
(Satoh et al. 2005) or by driving UAS-Rab11SN, a
dominant negative transgenic Rab11 allele (Entchev
et al. 2000), the appearance of large vacuoles was not
seen. The early intense cytoplasmic vacuolation
remained intact, however, indicating that these genetic
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Fig. 3. Mechanism of vacuole formation. Membranes of early large endosomes originate at the apical pole during the initial vacuolation
process (arrows) in the early prepupal salivary glands (a). F-actin labeled using FITC- or alexa fluor488-conjugated phalloidin (blue channel) and staining for nonmuscle myosin heavy chain II (green) and b-tubulin (red) highlights the membranes of early endosomes and
shows the overlap (colocalization) of myosin II and b-tubulin within the cytoplasm (a). Panel (b) shows the signal from the single blue
channel (F-actin); both 8009. Depolymerization of F-actin by latrunculin A (c), (undetected green signal) and treatment with phenylarsine
oxide (d) results in the complete absence of vacuoles in the early prepupal (3 h) salivary glands. Red = anti-p127l(2)gl protein,
blue = DNA. 4009. Blocking the function of dynamin by placing shits1 animals at a restrictive temperature (29°C) in the early (0–1 h
APF) prepupal period prevents the formation of vacuoles in 3 h APF (e); staining as in (c) and (d). Vacuolation is starkly reduced or
absent in 2 (f) to 4 (g) hour-old homozygous Rab51 prepupae and following expression of the dominant-negative mutation UASRab5S43N examined at 3 h APF (h). When Rab5 was ectopically expressed using a single 1 h heat shock (37°C) and a hs-Gal4 driver in
2 h APF animals and salivary glands were examined approximately 2 h later there was enhanced generation of smaller endosomes in
the approximately 4–5 h APF salivary gland compared to control animals (heat shocked Oregon R, unheated hs-Gal4 9 UAS-Rab5 animals, as well as heat shocked UAS-Rab5 or hs-Gal4 alone), where the vacuoles are already much larger and are in the process being
neutralized (i). The Rab5 protein is present on the apical membrane (arrowhead) of the salivary gland cell and on early endosome (arrow)
arising from that site, as detected by anti-Rab5 rabbit polyclonal antibody 2 h APF (j); L = SG lumen. Scale bars (a, b) 20 lm; (c–i)
50 lm; (j) 10 lm. fb = piece of adhering fat body. Quantitative analysis of vacuole numbers in 2 h old prepupal salivary glands dissected
from control (mock-treated wild type), inhibitor-treated (Abbrev.: latrunc A = latrunculin A, PAsO = phenylarsine oxide, ChlPro = chlorpromazine) and mutant (shits1, Rab51, and Rab5DN = Rab5S34N) animals (k).

manipulations did not alter the preceding early
endosome trafficking that leads to numerous small
vacuoles (Fig. 5a–c,g). Since Rab11 is known to be
responsible for subapical endosome trafficking and late

endosome fusion (Pelissier et al. 2003; Satoh et al.
2005; Li et al. 2007; Horgan & McCaffrey 2009), our
findings support the contention that late endosome
fusion is responsible for decreasing the numbers and
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Fig. 4. Endosomal acidification is required to observe FITC-dUTP staining of large prepupal vacuoles. In contrast to a control, mocktreated, salivary gland from a 4 h APF Oregon R prepupa, which stains positively with FITC-dUTP (a), the vATPase inhibitors bafilomycin
A1 (b) and SB-242784 (c), both prevent the acidification of growing vacuoles, as shown by an absence of green signal in age-matched
prepupae. Loss-of-function mutations affecting the Vha55 subunit also prevent vacuole acidification, detected as loss of staining with
FITC-dUTP: (d) vha5512/vha5516, (e) or vha552s4214/vha55MB05049 compound heterozygote’s age matched prepupal SGs. In contrast,
ectopic expression of Vha68-2 from P(EP)vha68-2EP2364 during the late larval period is able to induce premature and strong acidification
of vacuoles in the early age-matched prepupal salivary gland (f) (green = FITC-dUTP; red = filamentous actin). Since a fluorescent signal
from FITC-dUTP was not visible, the presence of vacuoles in (b) to (e), is shown by staining the salivary glands for p127 (green) and
myosin II (red) which highlights the cytoplasmic components; the pink, violet or orange colors reflect various degrees of channel overlap.
Scale bar 50 lm in all confocal images. fb = piece of adhering fat body. Quantitative analysis of vacuole acidity demonstrates differences in the fluorescence signal intensity in control and treated (Bafilo A1 = bafilomycin A1, SB = SB-242784) salivary glands and those
from mutant (Abbrev.: vha55 = vha5512/vha5516, vha68-2EP = P(EP)vha68-2EP236) animals (g).

increasing the size of cytoplasmic vacuoles. To verify
that genetically determined Rab11 is also physically
present, we stained 4–5 h old prepupal glands with
an anti-Rab11 polyclonal antibodies. As shown in
Figure 5f shows that Rab11, although also diffused in
the cytoplasm, is present on endosomal membrane as
well as in septa during the coalescence of individual
vacuoles. This implies that Rab11 has a role in endosome fusion.

To identify other effectors of vacuole growth in the
prepupal salivary glands we screened all available syntaxins, and identified syx1A and syx4 as the two key
players in this process. Compound syx1A and syx4
transheterozygotes (heteroallelic homozygotes of
and
syx4BG01517/
syx1AA06737/syx1AADG10811
EY0005
) show significantly reduced growth of vacusyx4
oles in the late prepupal glands (Fig. 5e,d). This finding, supported also by statistical evaluation of vacuole
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Fig. 5. Numerous small to medium sized acidic vacuoles in 4 h prepupae are prevented from fusing to form larger ones by
Rab11DG09501 (a) or Rab11EP3017 (b) mutations, and by driving the expression of UAS-Rab11SN, a dominant negative allele, the lethal
phase of which under the described experimental conditions is the mid-to-late pupal period (c). Heteroallelic homozygotes (the compound heterozygotes) of syx1AA06737/syx1AADG10811 (d) and syx4BG01517/syx4EY0005 (e) also show reduced vacuole growth in 4–5 h old
prepupal glands. A few cells have numerous but small vacuoles, whereas many cells have a general reduction in the number of vacuoles. To highlight this phenotype, we used antibody staining instead of detecting vacuoles with FITC-dUTP (Red = anti-p127l(2)gl,
green = a-tubulin). Detection of Rab11 protein in later endosomal phases (4 h old PP salivary gland) using anti-Rab11 rabbit polyclonal
antibody (arrows). Signal is observed on neighboring endosomes and also on the remaining membrane that is forming a septum
between two fusing vacuoles (arrowheads) (f). Some Rab11 signal is scarcely distributed also in the surrounding cytoplasm. Scale bars
(a–e) 50 lm; (f) 10 lm. fb = piece of adhering fat body. Quantitative analysis of vacuole size (g) in salivary glands from control wild type
and specific mutant genotypes (Abbrev.: Rab11DG = Rab11DG09501, Rab11EP = Rab11EP3017, UAS-Rab11 = UAS-Rab11SN,
syx1A = syx1AA06737/syx1AADG10811, syx4 = syx4BG01517/syx4EY0005).

size (Fig. 5g), indicates that the two SNARE proteins
encoded by syx1A and syx4 control membrane fusion
between vacuoles leading to their enlargement in the
prepupal salivary gland cells.
Neutralization and disappearance of acidic vacuoles
via membrane consolidation
During the course of prepupal development, we found
that between 5 and 6 h APF the pH of the large

vacuoles in SG cells was neutralized (Fig. 2). Previous
studies of the pattern of chromosomal puffing in l(2)
gl6x prepupal SG nuclei, in which the dynamics of tissue disintegration is strongly accelerated (Farkas &
Mechler 2000), revealed a particularly strong puff in
chromosomal region 52A encompassing the vha36-1
gene. Therefore we investigated whether vha36-1 may
play a role in regulation of vacuole acidity. We found
that even though vha36-1 appears to be expressed
during entire embryonic and larval development (data
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not shown), its expression, as inferred from the tissuespecific X-Gal staining that is produced by the lacZcontaining P-element insertion l(2)k07207 in the
€ro
€k et al. 1993), peaks in the
vha36-1 promoter (To
mid-to-late prepupal period from 6 to 8 h APF, just
after the main period of acidification. If Vha36-1 serves
as part of the acidifying vATPase, this pattern of
expression would be inconsistent with the functions of
vha55 and vha68-2. It is also inconsistent with our
observations on the temporal progression of vacuole
acidity which starts in the early prepupal period and
culminates at least 2 h earlier, shortly after 4 h APF.
To better understand why vha36-1 expression continues to increase even after vacuole acidity peaks, we
assessed the consequences of overexpressing and
knocking down the expression of Vha36-1. We overexpressed P(EP)vha36-1G3579 (Bellen et al. 2004) and
performed RNAi using vha36-1RNAi (VDRC stocks #
v19886 and # v31102; Dietzl et al. 2007) in third instar
larvae using the Sgs4-Gal4 driver (# B-6870) which
drives a mock UAS-GFP at least until the early prepupal stage. Both overexpression and knockdown
resulted in diminished or reduced acidification at 2–3 h
APF (Fig. 6a,b). Under the hypothesis that vha36-1
contributes to the acidifying vATPase, this result is
expected for knockdown of Vha36-1 using RNAi, but
not for overexpression using P(EP)vha36-1G3579.
Therefore, we performed two sets of additional experiments to define when Vha36-1 function is required: (i)
we tested several different enhancer driver lines including P(GawB)34B-Gal4, da-Gal4, arm-Gal4, act5CGal4, and Sgs4-Gal4, (ii) and then we performed temporally controlled pulses of expression using a single
hs-Gal4 driver at distinct time points during the very
late larval and the early prepupal stages. Most of these
experiments produced the same results as our initial
experiments (see Fig. 6a,b,j), but if we blocked the
function of vha36-1 by the strong expression (37°C) of
vha36-1RNAi from a temporally controlled hs-Gal4 driver in 4–5 h old PP (APF) or by a continuous, prolonged and mild heat shock (29°C) during the entire
third instar and early PP, a period of 54–60 h, there
was a significant delay in the process of vacuole consolidation and the downregulation of vacuole acidity
(Fig. 6c,j). It was either delayed until 11–12 h APF or
completely aborted. In contrast, overexpression of P
(EP)vha36-1G3579 in 2–3 h old PP accelerated the disappearance of acidic vacuoles as well as their complete clearance by 4–5 h APF (Fig. 6d,j).
Thus, when the function of vATPase is blocked by bafilomycin A1, concanamycin A or null mutations in genes
encoding the A, B, or D, subunits of the V1 domain
of vATPase, acidification of the vacuoles either failed
to take place or was strongly reduced. Reciprocally,
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overexpression of vha68-2 resulted in perdurance of
the vacuole acidity. However, the results were different
in the case of vha36-1. Overexpression of vha36-1 in
early prepupae led to the neutralization of the vacuole
content, whereas the knockdown of vah36-1 expression in early prepupae led to a perdurance of vacuole
acidity. Therefore, we propose that the increased
expression of vha36-1 in the mid-prepupal salivary
glands serves as an inhibitory trigger to downregulate
the function of the vacuolar proton pump involved in
vacuole acidification, and thus accelerates the process
of their pH neutralization.
Our experiments on 0.5–1.0 h old prepupae documented that early endosome formation requires the
functions of both filamentous actin and shi-encoded
dynamin. However, we also observed that the large
acidic vacuoles and the large vacuoles that gradually
lose their acidity in prepupae 5–6 h APF are devoid of
a phalloidin-positive signal. This indicates that F-actin
is lost and suggests that actin is recycled near the apical surface at the relatively early stages of endocytosis,
and that the further fate of endosomes might be actinindependent, or actin can be recruited temporarily
when needed. Therefore, we tested whether the dynamin was required during the later endosomal pathway. We transferred 3–4 h old shits1 prepupae to a
restrictive temperature (30°C) for 1 h or drove expression of UAS-shiK44A from hs-Gal4 at 1–2 h APF, and
dissected glands at 6–8 h APF. These treatments
affected neither early vacuole formation nor their acidification, but resulted in the continued and prolonged
presence of large and still mildly acidic vacuoles in 6–
8 h old prepupae (Fig. 6e). This observation indicates
that the process of vacuole clearance in the prepupal
salivary glands requires additional or continuous dynamin function for late endosomal membrane trafficking.
This is in agreement with the previously observed role
of dynamin in late endosome dynamics (Nicoziani et al.
2000; Grant & Donaldson 2009) and, in addition,
shows that in contrast to early endosomes, which are
formed regularly with the assistance of actin and its
associated proteins, these later phases of endosome
trafficking are actin-independent.
To gain additional insight into the fate of late endosomes, we assessed whether Vps35 function is also
required for the disappearance of the acidic vacuoles.
We selected homozygotes with the recessive
Vps35MH20 and Vps35E42 mutations and used the
UAS-Vps35RNAi transgenic line (# v18396) to knock
down the expression of a key subunit of the retromer.
Both of the mutations and knocking down expression
with RNAi from UAS-Vps35RNAi, driven from hs-Gal4
at 3–4 h APF, resulted in significantly delayed and
either reduced or blocked disappearance of acidic
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Fig. 6. Neutralization and disappearance of acidic endosomes in mid prepupal stages. Overexpression of Vha36-1 using P(EP)vha361G3579 (a) and reduced expression of Vha36-1 using RNAi with a vha36-1RNAi construct expressed during the last larval instar (b) each
results in animals with a normal range of vacuolar sizes, but the vacuole acidification appears to be reduced during 2–3 h PP. In contrast, blocking the function of Vha36-1 by the strong expression (37°C) of the vha36-1RNAi transgene using a temporally controlled hsGal4 driver in 4–5 h old PP (APF), results in a significant delay in the process of vacuole consolidation and reduction in vacuole acidity
with these processes not occurring until 9–10 h APF (c). On the other hand, overexpression of Vha36-1 using P(EP)vha36-1G3579 in 2–
3 h old PP accelerates the disappearance of acidic vacuole and leads to their nearly complete clearance by 4–5 h APF (d), when only a
few small acidic vacuoles remain. Blocking dynamin function by exposing an 3 h-old shits1 prepupa to the restrictive temperature (30°C)
for 1 h neither affects early vacuole formation nor their acidification, but results in the prolonged presence of large and still mildly acidic
vacuoles when dissected 6–7 h APF (e). Surprisingly, under these conditions, some FITC-dUTP-positive (i.e., acidic) vacuolar material
also becomes exported to the plasma membrane, detected as an enhancement of the overlapping fluorescent signals, shifting red to
shining yellow. The disappearance of acidic vacuoles in 7–10 h-old prepupae is significantly delayed or fully prevented in homozygous
Vps35MH20 mutants, which lack a key component and subunit of the retromer (f). The third row presents controls: a hs-Gal4 9 vha361RNAi transgenic animal without heat shock displays the normally programmed gradual neutralization of vacuoles that is observed in
Oregon R (g, compare to c); a shits1 animal without heat shock at 3 h APF develops normally at 6–7 h APF (h, compare to e) as in
Figure 2k; a 6–7 h old wild type Oregon R prepupa treated at the 30°C restrictive temperature for 1 h at 3 h APF (i, compare to e).
Scale bar 50 lm in all confocal images, (red = filamentous actin). Quantitative analysis of vacuole acidity demonstrates different relative
fluorescence signal intensities in the salivary glands of the different mutants (Abbrev.: vha36-1G = P(EP)vha36-1G3579) salivary glands (j).
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vacuoles as late as in 7–10 h old prepupae (Fig. 6f,j).
This indicates that the disappearance of late acidic
vacuoles and consolidation of their membranes results
from their fusion with the ER and/or the TGN.

Discussion
In this paper we have analyzed the developmentallylinked cellular events in the prepupal salivary glands of
Drosophila melanogaster starting at puparium formation and ending at the mid-prepupal period (7–8 h
APF). These developmental transitions demarcate the
early phases of the initiation of metamorphosis that are
under strict hormonal control. This paper is focused
on characterizing the dynamics of the developmental
events in prepupal salivary glands at the cellular level
using microscopical tools and some of their underlying
mechanisms using genetic tools. We have used the
well-established accessibility of the Drosophila salivary
glands to genetic analysis to develop a new and specific model to study and dissect the intensity and
extent of the vacuolation during development and
assess how this process is regulated by endosomal
trafficking pathways.
Vacuolation reflects membrane recycling
We show that a highly dynamic sequence of events
accompanies this developmental transition. Very early
prepupal glands exhibit strongly localized filamentous
actin at the apical pole of the cells, which is followed
by its appearance on vacuole membranes. The formation of vacuoles is sensitive to dynamin function
as well as to inhibitors such as cytochalasin and
latrunculin A. We suggest that these data indicate
that the intense and large vacuolation seen in the SG
at this time is an enhanced process of membrane
recycling and upregulated endosomal trafficking that
reflects the postexocytotic balance of membrane distribution between the SG cells’ apical, basal and
intracellular surfaces. This conclusion is supported by
effects of phenylarsine oxide and chlorpromazine,
which are inhibitors of clathrin-dependent endocytosis
(Sato et al. 2009; Nagai et al. 2011) and experiments
that interfere with the function of dynamin. Dynamin,
encoded in Drosophila by shi, is well established to
be involved in the trafficking of multiple vesicles
(Chen et al. 1991; van der Bliek & Meyerowitz 1991;
McLauchlan et al. 1998; Mettlen et al. 2009; McMahon & Boucrot 2011; Menon & Schafer 2013). We
were able to independently manipulate its function by
using the conditional loss-of-function alleles shits1 and
UAS-shiK44A at different stages of prepupal development to dissect the specific phases of early- as well
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as late-endosome trafficking. Altogether these data
indicate that the major activities of the early-to-mid
prepupal salivary glands are linked to endocytosis
and selected pathways controlling endosomal fate.
One likely reason for this intense vacuolation is that
the balance between apical and basolateral membrane surfaces was drastically shifted during the earlier massive exocytosis of Sgs glue proteins, which
had occurred about 4–5 h prior to pupariation. This
represents an example of membrane recycling by
endocytosis. A remaining question is why there is
also programmed endosome acidification. Although it
might appear to be highly speculative, as so far we
have been unable to detect iron directly in vacuoles
using Prussian blue staining, which is most probably
due to the method’s insufficient sensitivity (data not
shown), it is widely accepted that a frequent reason
for vacuole acidification is to release iron from transferrin. In separate proteomic investigations using
MassSpec, we found increased levels of transferrin
and the transferrin receptor in late larval and prepupal
salivary glands (Farkas et al. 2014). In other animal
systems, dimerized transferrin is internalized by endocytosis and the release of iron requires an acidic pH
between 5.4 and 5.6. This pH is selectively produced
in the lumen of late endosomes (large vacuoles) via
proton pumping using vacuolar ATPases (El Hage
Chahine et al. 2012; Steere et al. 2012). Subsequently, Fe3+ is reduced to Fe2+ by the ferrireductase
Steap3 within the endosome. The Fe2+ can then be
transported out of the endosome via the divalent
metal transporter DMT1 for use throughout the cell
(Steere et al. 2012; Taguchi 2013). Iron is known to
be utilized by numerous enzymes involved in anabolic
pathways (Voet & Voet, 1995; Harvey & Ferrier, 2010;
Moran et al. 2011). Although the application or development of a more sensitive method to detect iron
may help document this phenomenon, according to
modENCODE and the FlyAtlas tissue expression data
(Chintapalli et al. 2007; Graveley et al. 2011; Robinson et al. 2013) the levels of transferrin, transferrin
receptor and ferritin RNAs in salivary glands are relatively high when compared to several other tissues.
Initially, this seems paradoxical, as it indicates that
the salivary glands have higher metabolic rates than
would be expected for a doomed tissue that is simply
waiting or preparing for the upcoming PCD. It suggests that even as SGs approach the implementation
of their PCD program, they are likely to have an
important functional contribution to the animals’
development, as they do not slow down their cellular
or metabolic activities for many hours after puparium
formation, and anabolic pathways remain prominent
over degradative or catabolic processes.
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Our results demonstrate that several factors typically
associated with endocytosis, such as dynamin, Rab5,
Rab11, syntaxin 4 etc. (Trischler et al. 1999; Entchev
et al. 2000; Loewen et al. 2001; Dudu et al. 2004;
Alone et al. 2005; Satoh et al. 2005; Pinal & Pichaud
2011; Rao et al. 2012; Wu et al. 2014) play major
roles in the prepupal development of the Drosophila
salivary glands. The product of syx4 is chiefly involved
in the control of vesicle trafficking in the nervous system (Littleton 2000; Edwards et al. 2009; Benarroch
2013; Poudel & Bai 2014) but hitherto it was documented that Syx4 and potentially other syntaxins have
an equally profound effect on morphogenetic movements in growing and transforming epithelia during
early embryogenesis in Drosophila (Band et al. 2002;
Lecuit 2003; Strickland & Burgess 2004; Vijayakrishnan et al. 2009; Murthy et al. 2010). Therefore, it is
not surprising that we found Syx4 to be an important
factor in vacuole fusion and enlargement in prepupal
salivary glands. Although the expression of syx1A
mRNA in the larval salivary glands is very low (modENCODE and FlyAtlas data), the Syx1A protein was
claimed to be highly abundant on the apical membrane of the salivary glands during the late larval period (Peng et al. 2009), the period just prior to a
massive exocytosis of glue proteins. If this is the case
(we have been unable to demonstrate this independently), Syx1A appears to be a stable protein that is
expressed in the SGs more or less continuously, which
after exocytosis is used again for endocytotic trafficking and late endosomal fusion. Similar to syx1A, syx4
is also expressed in salivary glands at very low levels.
This suggests that it too produces a relatively stable
protein and has an mRNA that is not required to be
highly transcribed. Moreover, their required cooperative
action in endosome trafficking and fusion suggest that
syx4 and syx1A expression may be co-regulated.
Interestingly, we were unable to observe any effects of
syx1AA06737/syx1AADG10811 or syx4BG01517/syx4EY0005
on exocytosis in the late larval salivary glands. This
may indicate that exocytosis is less sensitive to the
function of Syx1A and Syx4 than endosomal fusion,
and/or that the exocytosis-associated function of these
loci are functionally redundant and can at least in part
be substituted for by another syntaxin.
Among SNARE proteins, human Syx3 was found to
be one of the crucial regulators of late endosome
fusion, being mostly involved in neurotransmission in
the CNS by controlling synaptic exocytosis (Lagow
et al. 2007; Edwards et al. 2009; Stenmark 2009; Li
et al. 2010; Uytterhoeven et al. 2011; Wang et al.
2010; Liu et al. 2011; Benarroch 2013; Poudel & Bai
2014). The Drosophila genome does not contain a
syx3 orthologue, but the functionally conserved

domains of human Syx3 share 60% amino acid identity and 80% similarity to Drosophila Syx1A, suggesting that Syx1A could play a role similar to Syx3 in the
late endosomal fusion process in prepupal salivary
glands.
What specific roles might Syx4, Syx1 and Rab11
play during vacuole formation, acidification and fusion
in the SGs? The Syx4 protein is a t-SNARE protein,
originally identified through its association with the
plasma membrane, and later, demonstrated to also be
on endosomes and shown to interact with Rab11 during long-loop late endosomal fusion (Ullrich et al.
1996; Antonin et al. 2000; Band et al. 2002; Chaineau
et al. 2009). To understand its role here, we need to
consider that the large acidic vacuoles are performing
iron processing and release for anabolic reactions and
that these can be formed only by the fusion of the apical and basal endosomes. Put another way, since
there is apical, actin-linked endocytosis followed by
formation of large vacuoles, the only way for transferrin-bound iron to enter the salivary gland cells is via
endocytosis on opposite, basal surface. We propose
that the fusion of basal or basolateral endosomes with
apical-derived and larger endosomes (vacuoles) provides a means, and most probably the only means, for
iron to be reduced from Fe3+ to Fe2+ and subsequently to be released for its anabolic destinations.
Because Syx4 has a well-known t-SNARE function
(Broadie et al. 1995; Fergestad et al. 2001; Vijayakrishnan et al. 2009; Wang & Chapman 2010) we
speculate that Syx4 is the major syntaxin protein on
the smaller basal-derived endosomes, whereas Syx1A
plays a t-SNARE role on the larger apical endosomes.
If this hypothesis is correct, an anti-Syx4 antibody
should serve as a probe specific for basal or basolateral endosomes and allow them to be followed as they
fuse with apical-derived and larger endosomes. Under
this hypothesis, mutations in both syntaxins can be
expected to cause similar phenotypes regarding vacuole formation, acidification and iron release and
deserve more detailed investigation, e.g. at the ultrastructural level. We propose that Rab11 interacts with
Syx4 and Syx1 to cooperatively facilitate fusion
between apical- and basal-derived endosomes. Syx4
is known to directly interact with Rab11 (Band et al.
2002), and though a direct interaction between Syx1A
and Rab11 was not documented by Wu et al. (1999),
their presented data and this discussion suggest that
this type of interaction between Syx1A and Rab11 is
very likely, and can cooperatively facilitate fusion
between apical- and basal-derived endosomes.
Consistent with the view that the small vacuoles or
endosomes of the prepupal SGs are not being targeted to the lysosomal pathway is our observation
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that, even when the growth of vacuoles is impaired by
Rab11 and syx4 mutations, the process of their acidification is not prevented. This indicates that the responsible proton pump (vATPase) is already present on
small vacuoles or early endosomes. This view is further
supported by the finding that even early and relatively
small vacuoles have detectable lumen acidity. In contrast to what we find in the Drosophila prepupal salivary glands, in mammalian systems where endosomes
are targeted for the lysosomal pathway, early endosomes are mildly acidic and then undergo partial but
not complete neutralization by the programmed loss of
a proton pump (Gagescu et al. 2000; Bishop 2003;
Graham et al. 2003; Cipriano et al. 2008; Jovic et al.
2010). Supporting this view of the fate of the small
vacuoles or endosomes of the prepupal SGs is our
finding that Rab7 does not seem to be a player in endosomal trafficking in prepupal salivary glands, and
our observation that F-actin is lost from large acidic
endosomes. Both these results are in agreement with
the proposal that the late endosomes targeted for
lysosomal pathway are Rab7-negative and actin-positive (Marion et al. 2011; Wang et al. 2011). Although
there are many more Rab genes in the Drosophila
genome that theoretically could replace the function of
Rab7, however, Rab7 in this respect is not fully canonical. Jin et al. (2012) demonstrated using a complex
expression profiling screen that, except for Rab14,
Rab7 does not colocalize at the subcellular level with
any of the other remaining 27 Rabs. On the other
hand, based on Rab-Gal4 analysis several other Rabs,
including Rab1, Rab2, Rab4, Rab6, Rab8, Rab14,
Rab18 and Rab35 are similarly expressed as Rab7,
although only some of them were found to be
expressed also in late larval salivary glands (Jin et al.
2012). Their larval expression certainly does not automatically imply their function during the prepupal period. Nevertheless, further investigation along these
lines will be necessary to explore whether individual
Rabs, as well as other proteins, have distinct versus
redundant functions in the tremendous endosomal
traffic of the prepupal SGs.
Vacuole programmed acidification
In contrast to Vha55 and Vha68-2, Vha36-1 may not
be crucial for vacuole acidification, as the inhibition of
Vha36-1 diminishes or reduces but does not prevent
vacuole acidity. However, by using a set of different
Gal4 drivers, we found that both the level and the timing of vha36-1 expression plays an important role in
the downregulation of vacuole acidification. A brief but
intense overexpression of vha36-1 in 3–5 h old PP
(APF) resulted in the immediate and instantaneous loss
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of vacuole acidity and faster vacuole disappearance,
while the premature knockdown of Vha36-1 expression resulted in reproducibly prolonged acidification
and delayed vacuole consolidation.
The Vha36-1 protein shares significant sequence
similarity with all important functional domains of subunit D of the vertebrate vATPase (approximately 83%
similarity, approximately 70% identity), and appears to
be its functional homolog. Since the proper functioning
of the vATPase requires the precise stoichiometry of
its individual subunits (Kane & Smardon 2003; Ohira
et al. 2006; Qi et al. 2007; Jefferies et al. 2008; Oot &
Wilkens 2010; El Far & Seagar 2011), temporally upregulating the expression of one subunit, which changes
this stoichiometry, could serve as a control mechanism
to shift the balance towards increased or lowered vATPase activity. We propose that increasing the expression of Vha36-1 effectively replaces a subunit, e.g.
Vha36-2, within the complex and that, in this tissuespecific context, it leads to inhibition of overall proton
pumping activity. This inhibition of proton pumping
activity can be essential for the fusion of a vacuole
with the ER or TGN membranes because the ER and
the TGN do not operate under a ubiquitous acidic
milieu. Indeed, the results of our experiments overexpressing P(EP)vha36-1G3579 during the mid-prepupal
period suggest that downregulation of the vacuolar
proton pump along with a lowered lumen acidity might
be a necessary prerequisite for the consolidation of
vacuoles via their fusion to ER and TGN system. Thus,
the presence of an active vATPase precludes fusion or
even contact with the ER/TGN membranes. This consideration suggests that the ER and/or the TGN membranes might possess a sensitive control mechanism
(a protein sensor/receptor) capable of recognizing the
presence or absence of an active proton pump in vacuolar membranes.
Although the results obtained from an analysis of
mutations or overexpression of the vha genes have
provided a quite clear picture about the role of their
protein products in the process of vacuole acidification, further research is required in the case of vha682, as there are no previously gathered data to demonstrate the expression or function of this gene in the
salivary glands. For vha55, overexpression reciprocally
confirms the vha55 mutation phenotype. For vha36-1,
we have provided data on its expression in prepupal
salivary by detecting lacZ from l(2)k07207, and confirmed its physical presence in our proteomic analysis
published in association with apocrine secretion
(Farkas et al. 2014). Our genetic analysis disclosed a
role for vha68-2 in acidification, which is consistent
with its function in Notch receptor endocytosis in the
Drosophila eye imaginal discs (Vaccari et al. 2010),
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Fig. 7. Schematic illustration of the major developmental events in the salivary glands of Drosophila melanogaster from the late larval to
the early pupal period. This summary is based on previous investigations of other authors (see von Gaudecker 1972; Berendes & Ash ta
kova
 1998; Farkas & Mechler 2000; Baehrecke 2003; Farkas et al. 2014) as well as our
burner 1978; Lehmann 1996; Farkas & Su
observations. (a) During the long feeding period, which takes up 16–20 h of the last larval instar, the SGs grow tremendously in size.
The Sgs-glycoproteins are synthesized and numerous secretory granules (red) form in the cytoplasm. (b) The release of the steroid hormone ecdysone results in the cessation of feeding, the initiation of the wandering phase and the induction of huge exocytotic release of
Sgs granules into the lumen at about 6–8 h prior to pupariation. (c) Over the next several hours the secreted glycoprotein mixture is liquified and the volume of the lumen increases greatly, which depresses SG cells sideways. At the moment of pupariation, this secretion is
expectorated to serve as a glue to affix the animal’s puparial case to a substrate. (d) Within minutes after pupariation, the SG cells start
to undergo intense vacuolation by the formation of numerous small endosomes (green). (e) These endosomes are acidic and tend to
fuse and grow in diameter till they fill almost the entire cytoplasm at a point 3–4 h after puparium formation (APF). (f) By about 5–6 h
APF, the next phase is marked by the disappearance of these vacuoles, which occurs through membrane consolidation with the Golgi/
ER system. (g) Then, at 8–10 h APF, the SGs are involved in massive apocrine secretion. Large amounts of cellular proteins are released
into the lumen (represented by the brown color representing the overlap of multiple channels). (h) Later, starting at 14 h APF, the process of programmed cell death is gradually executed, culminating in the complete histolysis of the organ. By 16 h APF, it appears as an
empty sack scattered with the various remnants of cellular debris such as cytoskeletal and nuclear fragments. Color coding: red = Sgsglycoproteins (secretory granules), light green = endosomes/acidic vacuoles, light blue = mitochondria, yellow = Golgi, light brown = ER,
brown (in g) = highly complex proteinaceous mixture released by apocrine secretion into the lumen, dark blue = nuclei (DNA).

which is followed by Notch lysosomal degradation.
However, in the salivary glands, it appears that vha682 adopts a role in a nonlysosomal pathway. Although
the action of Vha68-2 protein simply may be associated with the early endosomal machinery regardless of
its final destiny, its genuine presence and role in the
salivary glands, specifically the exact mechanism of its
role in vacuole acidification, must be further investigated.
We found that the manipulation of Vps35, a key
component of pentameric retromer complex mediating
retrograde transport from endosomes to the transGolgi network (Johannes & Wunder 2011; Bonifacino
2014; van Weering & Cullen 2014), does not prevent
endosome formation and vacuole acidification but

rather impairs the disappearance of these vacuoles.
This indicates that the process of vacuole integration
with the TGN and/or the ER system in the prepupal
SGs of Drosophila must take place after vacuole
deacidification (neutralization) and not before. This is
very similar to the temporal sequence of events that
occur during acidification-dependent dissociation of
endocytosed insulin from its receptor, followed by
lumen neutralization required for endosomal recycling
in Chinese hamster ovary cells (Borden et al. 1990).
There too, lumen neutralization is required prior to
endosomal recycling. In the Drosophila SGs, this temporal sequence may serve as a control mechanism
that also contributes to the efficient utilization of endocytosed iron for anabolic purposes, preventing its loss.
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Although Vps35-controlled membrane traffic is usually
bidirectional (Korolchuk et al. 2007; Franch-Marro
et al. 2008; Port et al. 2008; Pocha et al. 2011;
Kametaka & Waguri 2012; Burd & Cullen 2014), the
complete disappearance of vacuoles before noncanonical apocrine secretion in 8–10 h old prepupae
(see Farkas et al. 2014) indicates the prevalence of
membrane trafficking from vacuole to the ER/TGN,
and also strongly supports the complex membrane
recycling discussed above. Thus, the concerted action
of Vha36-1 in downregulating acidification and Vps35
in late endosome fusion with the ER/TGN are required
for successful vacuole disappearance and the consolidation of intracellular membrane system.
In conclusion, our initial screen for endosomal players in prepupal salivary glands identified the genes
shi, Rab5, Rab11, vha55, vha68-2, vha36-1, syx1A,
syx4, and Vps35 as providing important components,
as these genes show the most profound phenotypes
associated with this process. However, just for the
Rab proteins there are 29 genes in Drosophila genome (Chan et al. 2011; Jin et al. 2012). The information about the role of the genes we have identified
can be used with tools now available to uncover
many more factors using specifically designed
screens. Because this work adds novel and insightful
information about the cellular events that occur during
the final stages of the larval Drosophila salivary
glands, we summarized briefly the sequence of these
processes in Figure 7.
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Supporting Information
Additional supporting information may be found in the
online version of this article at the publisher’s web-site:
Fig. S1. This plate is an extension of Figure 2.
Fig. S2. Control prepupal glands from the seventh (a)
and eighth (b) hour old prepupae stained for non-muscle myosin heavy chain II (green) document the
absence of any vacuoles (these serve as controls for
panels k and l in Fig. 2). Red = filamentous actin,
blue = DNA.
Fig. S3. This image documents the effects of ectopic
expression of Rab5 using a single 1 h heat shock
(37°C) and a hs-Gal4 driver in 2 h APF animals on salivary glands approximately 2 h later.
Fig. S4. Controls for experiments described in Figure 6: (a) hs-Gal4 9 vha36-1RNAi transgenic animal
without heat shock displays the normally programmed
gradual neutralization of vacuoles that is observed in
Oregon R (compare to Fig. 6c); (b) shits1 animals without heat shock at 3 h APF develop normally at 6–7 h
APF (compare to Fig. 6e) as in Figure 2k; (c) 6–7 h old
wild type Oregon R prepupa treated at the 30°C
restrictive temperature for 1 h at 3 h APF (compare to
Fig. 6e). Scale bar 50 lm in all confocal images,
(Green channel = FITC-dUTP, red channel = filamentous actin, blue channel = DNA.
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