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Convergence of secretory, endosomal, and
autophagic routes in trans-Golgi-associated

lysosomes

Lingjian Zhou*®, Xutong Xue™*®, Ke Yang'®, Zhi Feng?, Min LiuY, and José C. Pastor-Parejat?*@®

At the trans-Golgi, complex traffic connections exist to the endolysosomal system additional to the main Golgi-to-plasma
membrane secretory route. Here, we investigated three hits in a Drosophila screen displaying secretory cargo accumulation in
autophagic vesicles: ESCRT-IIl component Vps20, SNARE-binding Rop, and lysosomal pump subunit VhaPPA1-1. We found
that Vps20, Rop, and lysosomal markers localize near the trans-Golgi. Furthermore, we document that the vicinity of the
trans-Golgi is the main cellular location for lysosomes and that early, late, and recycling endosomes associate as well with a
trans-Golgi-associated degradative compartment where basal microautophagy of secretory cargo and other materials
occurs. Disruption of this compartment causes cargo accumulation in our hits, including Muncl8 homolog Rop, required with
Syx1 and Syx4 for Rabll-mediated endosomal recycling. Finally, besides basal microautophagy, we show that the trans-
Golgi-associated degradative compartment contributes to the growth of autophagic vesicles in developmental and
starvation-induced macroautophagy. Our results argue that the fly trans-Golgi is the gravitational center of the whole

endomembrane system.

Introduction

In the early secretory pathway, cargoes are collected at spe-
cialized regions of the ER called ER exit sites (ERES) preceding
transport to the Golgi apparatus (Bannykh et al., 1996). The Golgi
apparatus is a polarized stack of cisternae divided into cis-, mid-,
and trans-Golgi regions based on the presence of different
proteins (Klumperman, 2011). Thanks in large part to genetic
screening, we know many factors involved in the exit of se-
cretory cargoes from ERES and their arrival to the cis-Golgi
(Bard et al., 2006; Novick et al., 1980; Wendler et al., 2010). As
a result, molecular events taking place at the ER-Golgi interface
are relatively well understood (Barlowe and Miller, 2013;
Brandizzi and Barlowe, 2013). Much less is known, however,
about the organization and function of the trans-Golgi. The
trans-most cisterna of the Golgi and associated membranes of
the TGN function as a sorting station for the transport of cargoes
to the plasma membrane, but also to other subcellular locations
(De Matteis and Luini, 2008; Klumperman and Raposo, 2014).
Indeed, ample evidence shows complex traffic connections be-
tween the trans-Golgi and the endolysosomal system (Braulke
and Bonifacino, 2009; van Meel and Klumperman, 2008), in
contrast to the tightly canalized nature of exchanges between

the ER and cis-Golgi. Consequently, organization of the trans-
Golgi and connections between the trans-Golgi and the endo-
lysosomal system is poorly understood.

At the end of the endolysosomal system lie lysosomes: deg-
radative organelles increasingly recognized as major cellular
signaling centers (Jouandin et al., 2022; Lim and Zoncu, 2016).
Inside lysosomes, catabolic processes take place in a highly
acidic environment maintained by pumping of protons through
the vacuolar H* ATPase pump (v-ATPase; Xu and Ren, 2015). In
the endolysosomal system, additionally comprising early, late,
and recycling endosomal compartments, cargo destined to
be degraded arrives at lysosomes from the cell surface
(Klumperman and Raposo, 2014). Endocytosis of extracellular or
cell surface cargo begins with the internalization and fission of
plasma membrane to form endocytic vesicles, which undergo a
series of maturation steps to become early and late endosomes
(Huotari and Helenius, 2011). In late endosomes, cargoes des-
tined for degradation are sorted into intraluminal vesicles by the
action of the ESCRT (endosomal sorting complexes required for
transport) machinery to form multivesicular bodies (Vietri et al.,
2020), which then fuse with lysosomes with the assistance of
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SNARE proteins (Luzio et al., 2014). In a homeostatic process
parallel to the endolysosomal pathway, cellular materials such as
protein aggregates and whole organelles are delivered to lyso-
somes through autophagy (Galluzzi et al., 2017). Two main au-
tophagic routes exist, depending on how cellular materials reach
the lysosome. In the first one, microautophagy, lysosomes, or
late endosomes directly engulf small portions of cytoplasm. Al-
though microautophagy was observed early after the discovery
of lysosomes, mechanistic details are still scarce (Yim and
Mizushima, 2020). In macroautophagy, the second, best-
studied route, portions of cytoplasm including whole organ-
elles are captured by a membrane cisterna that closes on itself to
produce double membrane autophagosomes, which then fuse
with lysosomes and give rise to autophagic vesicles (autolyso-
somes). Besides the well-established roles of endosomal path-
ways in autophagy (Tooze et al., 2014), there is support as well
for a strong connection between macroautophagy and secretion
(Wang et al., 2017). Work by many groups in the last decade has
focused on contributions from ERES and the vertebrate ER-Golgi
intermediate compartment to the growth of autophagic vesicles
(Cui et al., 2019; Farhan et al., 2017; Ge et al., 2013; Graef et al.,
2013; Omari et al., 2018; Rabouille, 2019; Wang et al., 2013;
Zoppino et al., 2010). However, multiple other pieces of evidence
(De Tito et al., 2020; Deng et al., 2020; Ohashi and Munro, 2010;
Young et al, 2006) link secretory pathway membranes to
macroautophagy at the level of the Golgi and TGN instead.
The fruit fly Drosophila is an excellent system for studying
secretion in an animal. Most proteins known to play roles in
secretion are conserved in flies (Kondylis and Rabouille, 2009).
In Drosophila, contrary to vertebrates, but same as the rest of
animals, plants, and unicellular eukaryotes, multiple Golgi
stacks are distributed throughout the cytoplasm in close prox-
imity to ERES forming independent ERES-Golgi units (Feng
et al., 2020; Kondylis and Rabouille, 2009; Ripoche et al.,
1994). Drosophila is also a superb system to study autophagy
induction signals and the cascades mediating autophagic vesicle
formation (Maruzs et al., 2019; Mauvezin et al., 2014; Mulakkal
et al., 2014; Zhang and Baehrecke, 2015; Rahman et al., 2022).
Research in Drosophila has produced in vivo evidence and bio-
logical insights into the roles of autophagy in normal develop-
ment (Lee and Baehrecke, 2001), cancer (Bilder et al., 202;
Katheder et al., 2017) and into less understood areas such as
basal autophagy (Simonsen et al., 2008) and microautophagy
triggered by starvation or other cellular stresses (Jacomin et al.,
2021; Mesquita et al., 2021; Mukherjee et al., 2016). Many of
these studies have taken advantage of the larval fat body as a
convenient experimental model. The fat body, equivalent to
human adipose tissue and liver, undergoes developmentally
programmed autophagy during the wandering stage of the third
larval instar (L3), prior to metamorphosis (Rusten et al., 2004).
In addition, upon nutrient deprivation, the fat body quickly
undergoes starvation-induced autophagy (Scott et al., 2004).
Besides lipid storage and metabolic roles, the fat body is a highly
secretory tissue producing most Collagen IV and other extra-
cellular matrix of the animal (Pastor-Pareja, 2020; Pastor-Pareja
and Xu, 2011; Fig. 1 A). Lysosome biogenesis in the fat body re-
quires endosomal traffic (Jacomin et al., 2016), but a relation
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between degradative and secretory traffic has not been ex-
plored. For studying relations among secretion, the endolyso-
somal system and autophagy, Drosophila provides a very distinct
advantage in the form of limited gene redundancy, sophisticated
genetic tools and the possibility of conducting unbiased genetic
screening.

Here, we studied three hits in a secretion screening we
previously conducted (Ke et al., 2018). In these hits, namely a
SNARE-binding protein, an ESCRT-III complex member, and a
component of the v-ATPase proton pump, we found that Colla-
gen IV accumulated inside autophagic vesicles. When we further
characterized these hits, we found that failure of a basal auto-
phagic process taking place in lysosomes located in the vicinity
of the trans-Golgi (trans-Golgi-associated lysosomes) was re-
sponsible for cargo accumulation. Moreover, we found that,
beyond lysosomes, the trans-Golgi is the major location for the
whole endolysosomal system in Drosophila cells, which supports
rethinking of the trans-Golgi/TGN as a true endocytic-secretory
hybrid organelle in this animal.

Results

Secretion screening hits Rop, Vps20, and VhaPPA1-1 retain
cargo inside autophagic vesicles in fat body adipocytes

In an RNAI screen for genes involved in collagen secretion by fat
body adipocytes, we previously found 88 hits producing intra-
cellular retention of basement membrane Collagen IV (Ke et al.,
2018). While a majority of hits displayed accumulation of Col-
lagen IV (Vkg-GFP) in bags of dilated ER caused by defective
ER-to-Golgi transport (Fig. S1 A), three hits displayed unusual
collagen distribution. These were the Muncl8 ortholog Rop (Ras
opposite), ESCRT component Vps20 (vacuolar protein sorting
20), and the VhaPPAI-1 subunit of the v-ATPase proton pump. In
these hits (Fig. 1 B; confirmation with alternative RNAi trans-
genes in Fig. S1, A and B), retained collagen was found inside
membrane vesicles labeled by myr-RFP (myristoylation domain
of Src fused to RFP). This defect was not specific to Collagen IV,
since the general secretion marker secr-GFP (Pfeiffer et al.,
2002) also accumulated in myr-RFP-positive vesicles (Fig. 1 C).
Upon closer examination, myr-RFP-positive vesicles containing
Collagen IV or secr-GFP seemed to contain other vesicles inside,
reminiscent of autophagic vesicles, also due to their large size.
To test whether these were indeed autophagic vesicles, we ex-
amined autophagy marker Atg8a-mCherry after Vps20, Rop,
and VhaPPA1-1knockdown and found that collagen accumulated
inside Atg8a-positive vesicles (Fig. 1 D). Furthermore, using the
thermosensitive GAL4 repressor GAL80® for temporal control of
GAL4-induced RNAi (McGuire et al., 2003; see Materials and
methods), we found that in all three hits Atg8 and Collagen IV
puncta were initially separate (Fig. S1 C). Consistent also with an
autophagic nature for these vesicles, imaging through trans-
mission electron microscopy (TEM) revealed that they contained
smaller vesicles inside, as well as dense material and darkened
condensates (Fig. 1 E). LysoTracker staining, finally, revealed
reduced acidification of the vesicles formed upon Rop, Vps20,
and VhaPPAI-1 knockdown (Fig. S1, D-F), suggesting defects in
autophagic degradation. Altogether, these results show that
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Figure 1. Secretion screening hits Rop, vps20, and
VhaPPA1-1 retain cargo inside autophagic vesicles
in fat body adipocytes. (A) Schematic drawing of the
Drosophila fat body next to a confocal image of L3
adipocytes (feeding stage). In the wild type, Collagen
IV is only seen in the basement membrane (BM) that
surrounds the tissue and in the equally extracellular
CIVICs (Collagen IV intercellular concentrations, cir-
cled; Dai et al, 2017). Collagen IV in green (a2 chain
Vkg-GFP) and nuclei in blue (DAPI staining). (B) Con-
focal images of L3 fat body (feeding stage) from wild-
type, BM-40-SPARC>Rop’ (v19696), >Vps20' (THU5269),
and >VhaPPAI-1' (TH04233.N) larvae, showing locali-
zation of Collagen IV (a2 chain Vkg-GFP, green).
Plasma membrane labeled with BM-40-SPARC-GAL4-
driven myr-RFP (magenta). DAPI in blue. Magnified
images show accumulation of Collagen IV in large myr-
RFP-positive vesicles in mutant conditions. (C) Fat
body from wild-type, BM-40-SPARC>Rop', >Vps20" and
>VhaPPAI-1' L3 larvae showing localization of BM-40-
SPARC-GAL4~driven general secretion marker secr-GFP
(Wg signal peptide fused to GFP, green). Magnified im-
ages show accumulation of secr-GFP in myr-RFP-positive
(magenta) vesicles in mutant conditions. (D) Fat body
from wild-type, BM-40-SPARC>Rop', >Vps20', and
>VhaPPAI-1' L3 larvae showing localization of Colla-
gen IV (Vkg-GFP, green) and BM-40-SPARC-GAL4-
driven autophagy marker Atg8a-mCherry (magenta).
Magnified insets show accumulation of Collagen IV
in Atg8a-positive vesicles in mutant conditions.
(E) TEM images of autophagic vesicles (defective
autolysosomes, inside dashed lines) from L3 fat body
(feeding stage) in BM-40-SPARC>Rop' (v19696), >Vps20'
(THU5269), and >VhaPPAI-1' (v47188) larvae.
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knockdown of Rop, Vps20, and VhaPPA1-1 causes defective ac-
cumulation of secretory cargoes in autophagic vesicles.

Localization of Rop, Vps20, lysosomal markers, and endosomal
Rab-GTPases near Golgi

Intrigued by the link between secretory and degradative path-
ways hinted by these hits, we investigated them further. We
first created GFP-tagged versions of Rop and Vps20, expressed
them under control of the GAL4/UAS system and studied their
localization. SNARE-binding protein Rop (Wu et al., 1998) ex-
hibited concentrations near ERES-Golgi units, as evidenced by
proximity to Golgi marker Graspé5 (Fig. 2 A). Similar to Rop,
Vps20, a member of the fly ESCRT-III complex (Vaccari et al.,
2009), also concentrated close to ERES-Golgi units (Fig. 2 B).
Because the v-ATPase pump, of which VhaPPAl-1 is a compo-
nent, functions at lysosomes, we examined a possible relation of
lysosomes with ERES-Golgi units. To do this, we analyzed ly-
sosomal markers Syntaxin 17 (Syx17) and Lampl. A GFP-tagged
version of Syx17, involved in lysosome fusion events in both
Drosophila and mammals (Itakura et al., 2012; Takats et al., 2013),
formed puncta that seemed to associate (contact or overlap at
confocal microscopy resolution) with puncta formed by trans-
Golgi markers Golgin245 (antibody staining; Fig. 2 C) and GalT-
TagRFP (Fig. 2 D). Furthermore, using an endogenously tagged
Lampl-YFP fusion, we found that Lampl puncta frequently lied
proximal to both Golgin245 (Fig. 2 E) and GalT (Fig. 2 F).
Quantification of their relation revealed Lampl puncta near 84.6
+ 3.9% (+SD) of the Golgin245 puncta in fat body, corresponding
to 75.1 + 6.2% of Lampl puncta in the cell (Fig. 2 G). Quantifi-
cation of the relation between Lampl and GalT puncta produced
similar results (Fig. 2 H). Moreover, we analyzed the position of
Lampl puncta within ERES-Golgi units and found that they lo-
calized trans to the trans-Golgi (Fig. 2 I). These results show that
a majority of fat body lysosomes are juxta-trans-Golgi lyso-
somes, hereafter trans-Golgi-associated (tGA-) lysosomes
(Fig. 2J). Besides fat body, Lampl puncta were frequently found
proximal to trans-Golgi in all tissues we tested. Percentages of
ERES-Golgi units displaying Lampl puncta ranged from 53.3 +
8.6% in wing disc to 77.2 + 12.3% in midgut (Fig. S2, A and B),
suggesting that the vicinity of the trans-Golgi is a predominant
location for lysosomes in all fly cell types.

We next wondered about the position of tGA-lysosomes ly-
sosomes in the wider endolysosomal traffic system. A recent
study reported that Rab-GTPase Rabll, mediating endosomal
recycling, resides frequently near the Drosophila trans-Golgi
(Fujii et al., 2020a). Besides Rabll, we analyzed the localiza-
tion of Rab4, Rab5, and Rab7, involved in early recycling, early
endosomal, and late endosomal traffic, respectively. Puncta
formed by YFP-tagged Rab-GTPases expressed under endoge-
nous regulatory elements (Dunst et al., 2015) frequently located
next to trans-Golgi marked with GalT in fat body adipocytes,
with Rabll exhibiting the highest coincidence (Fig. 2, K and L).
Imaging of fluorescently tagged versions of these Rab-GTPases
expressed under GAL4/UAS control showed similar levels of
proximity of Rab4, Rab5, Rab7, and Rabll with the trans-Golgi
(Fig. S2 C). In all four cases, more than half of the puncta located
near the trans-Golgi. Altogether, these results indicate that the
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vicinity of the trans-Golgi is the main cellular station of the fly
endolysosomal system.

High-resolution analysis of tGA-lysosomes

To confirm the association of lysosomes with the trans-Golgi, we
analyzed the localization of the lysosomal marker Lampl within
the ERES-Golgi unit using super-resolution structured illumi-
nation microscopy (SIM). Lampl puncta imaged through SIM
were resolvable from trans-Golgi marker GalT (Fig. 3 A), indi-
cating that these structures were distinct from the trans-Golgi.
Rabll localization was similarly resolvable from GalT (Fig. 3 B).
We additionally used focused ion beam scanning electron mi-
croscopy (FIB-SEM), a technique that allows highly resolved 3D
reconstruction of subcellular structures. We recently employed
FIB-SEM to characterize the ER-Golgi interface and already
noticed frequent presence of lysosomes in ERES-Golgi units
(Yang et al., 2021). Re-analyzing these datasets, we found in
samples of both fat body (Fig. 3, C and D) and wing disc (Fig. 3 E)
that the trans-side of most Golgi complexes displayed spherical
or oval-shaped vesicles of 100-300 nm diameter recognizable as
lysosomes or lysosome-related degradative bodies due to the
presence inside of dark spots and smaller membrane bodies. In
total, tGA-lysosomes were present in 68/69 (98.6%) fat body and
54/69 (78.3%) wing disc ERES-Golgi units imaged through FIB-
SEM (20 nm Z-resolution). tGA-lysosomes sometimes shared a
contact area with Golgi membranes similar to the stacking of
Golgi cisternae (Fig. 3 F and Video 1). In other cases, tGA-
lysosomes lied a short distance from the Golgi without contact
(Fig. 3 F and Video 1). Finally, we observed some instances of
continuity between tGA-lysosomes and trans-Golgi through
narrow connections (Fig. 3, H and I; and Video 1). In ERES-Golgi
units reconstructed from FIB-SEM data, tGA-lysosomes found in
contact with Golgi were 8/27 (29.6%) in fat body and 4/14
(28.6%) in wing disc, while 19/27 (70.4%) lysosomes in fat body
and 10/14 (71.4%) in wing disc lay close but separate from Golgi.
In both fat body and wing disc, we observed free lysosomal
bodies that were not associated with trans-Golgi (Fig. S3 A). We
did not observe late endosomal multivesicular bodies in the L3
feeding stage fat body, although their presence is documented
later in L3 wandering stage during programmed autophagy
(Maruzs et al., 2015). We did not find double-membrane mac-
roautophagic structures in the L3 feeding fat body either.
However, we saw typical multivesicular bodies in wing disc
cells, distant from Golgi in most of the cases (16/19; Fig. S3 A).
Taken together, these observations confirm the existence of
tGA-lysosomes and point to their intimate relation with the
trans-Golgi.

In vivo imaging shows association of lysosomes to trans-Golgi
is mostly stable

To further characterize the relation between lysosomes and
trans-Golgi, we imaged markers for lysosomes (Lampl-GFP) and
trans-Golgi (GalT-TagRFP) in vivo. To do this, we acquired time-
lapse movies of blood cells attached to the dorsal epidermis in
immobilized larvae using a spinning-disc microscope (Fig. 4, A
and B). In total, we imaged 39 blood cells, each for 10 min, at
6-s intervals (Fig. 4 C and Video 2). In these 39 cells, an
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Figure 2. Juxta-Golgi localization of Rop, Vps20, lysosomal markers, and endosomal Rab-GTPases. (A) Confocal image of L3 fat body (feeding stage)
showing localization of Rop-GFP (green) and cis-Golgi marker Grasp65-RFP (magenta), both driven by Cg-GAL4. Magnified insets are shown below for both
markers and for Rop alone. (B) Localization in fat body of Vps20-GFP (green, driven by Cg-GAL4) and ERES Tangol (antibody staining, magenta). Magnified
insets are shown for both markers and Vps20 alone. (C) Localization in fat body of Syx17-GFP (green) and trans-Golgi Golgin245 (antibody staining, magenta).
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Magnified insets show both markers and Syx17 alone. (D) Localization in fat body of Syx17-GFP (green) and trans-Golgi marker GalT-TagRFP (magenta), both
driven by BM-40-SPARC-GAL4. Magnified insets show both markers and Syx17 alone. (E) Localization in fat body of Lampl-YFP (green) and trans-Golgi
Golgin245 (magenta). Magnified insets show both markers and Lampl1 alone. (F) Localization in fat body of Lamp1-YFP (green) and trans-Golgi GalT-TagRFP
(magenta, driven by BM-40-SPARC-GAL4). Magnified insets show both markers and Lamp1 alone. Circles and arrows mark examples of tGA- and free lysosomes,
respectively. (G) Quantification of the proximity between Lamp1-YFP and trans-Golgi Golgin245. The upper graph represents proximity in 10 cells measured in
images like those in E. The lower graph represents average proximity values (n = 10, error bars indicate SD): 84.6% of Golgi elements display Lamp1 puncta,
while 75.1% of Lamp1 puncta are Golgi-associated. (H) Quantification of the proximity between Lamp1-YFP and trans-Golgi GalT-TagRFP as in G, measured in
images like those in F. 86.1% of Golgi elements display Lamp1 puncta, while 75.4% of Lamp1 puncta are Golgi-associated. (1) Confocal image of fat body showing
localization of lysosome marker Lamp1-YFP (green), ERES Tangol (antibody staining, blue), and trans-Golgi GalT-TagRFP (magenta, driven by BM-40-SPARC-
GAL4). ERES-Golgi units are shown below at higher magnification. (J) Schematic drawing of a Drosophila ERES-Golgi unit displaying a tGA-lysosome.
(K) Confocal images of fat body showing localization of trans-Golgi marker GalT-TagRFP (magenta, driven by BM-40-SPARC-GAL4) and endogenously ex-
pressed, YFP-tagged Rab-GTPases Rab4, Rab5, Rab7, and Rabll (green; Dunst et al., 2015). Magnified insets in lower right corner of each image with separate
channels below. (L) Proximity between trans-Golgi marker GalT-TagRFP and fluorescently tagged Rab-GTPases Rab4, Rab5, Rab7, and Rab11. The upper graphs
represent puncta proximity in 10 cells measured in images like those in H. The lower graphs represent average proximity (n = 10, error bars indicate SD).

overwhelming majority of Lampl puncta remained stably prox-
imal to trans-Golgi elements during the whole 10-min imaging
period (540/561; Fig. 4, D and E). On 20 occasions, we captured
Lampl puncta detaching from 1 of the 561 trans-Golgi elements
imaged (Fig. 4, F and G), while attachment of Lampl puncta to
trans-Golgi was observed in 17 occasions (Fig. 4, H and I). Finally,
we observed events in which Lampl puncta detached from trans-
Golgi and attached short after to a different trans-Golgi element
(six events, Fig. 4, ] and K) or the same one (three events,
Fig. 4 L). In summary, live animal imaging data documented
exchanges between populations of free lysosomes and tGA-
lysosomes while at the same time showing that, overall, the as-
sociation of lysosomes to trans-Golgi is stable.

To further probe the relation of lysosomes and trans-Golgi,
we quantified the proximity of Lampl and GalT during different
stages of mitosis in wing disc cells and found similar levels of
proximity between the two markers in mitosis and interphase,
suggesting that mitotic disassembly of the Golgi does not affect
this relation (Fig. S3 B). We also cultured fat body with secretion
inhibitor Brefeldin A (BFA) and actin depolymerizing drug Cy-
tochalasin D, which has been shown to cause disassembly of
Drosophila Golgi stacks (Kondylis et al., 2007). Neither of these
drugs, however, seemed to affect GalT-Lampl proximity (Fig. S3,
C-E). These data further support a stable relation between trans-
Golgi and lysosomes.

Rop acts with Syx1/Syx4 in Rabll-mediated trans-
Golgi-to-plasma membrane traffic

The intracellular accumulation of collagen displayed by hits
Vps20 and VhaPPAl-1, respectively, an ESCRT component and
lysosomal pump subunit, point to defects in late endosomal/ly-
sosomal degradation as the cause for the phenotype. The func-
tion of additional hit Rop is less clear in this context. Rop has
been shown to function with SNARE Syx1 for neurotransmitter
release in Drosophila neurons (Wu et al., 1998). Knockdown of
Syx1 or closely related SNARE Syx4 (Kloepper et al., 2008) did
not cause detectable collagen accumulation (Fig. 5 A). However,
simultaneous knockdown of both Syxl and Syx4 resulted in
collagen accumulation and autophagy induction similar to Rop
knockdown (Fig. 5, A and B), suggesting that Syx1 and Syx4 may
function redundantly. To further investigate this, we generated
flies expressing mRFP-tagged Syx1 and Syx4 fusions, and found
that they localized to the plasma membrane, with few puncta
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lying proximal to Golgi (Fig. 5, C and D). Consistent with an
interaction of Rop with both Syx1 and Syx4, expression of Syx1-
mRFP and Syx4-mRFP strongly recruited Rop-GFP to the plasma
membrane, whereas neither Syx7-mRFP, localizing to the plas-
ma membrane as well, nor Syx17-mRFP seemed to modify Rop-
GFP localization (Fig. 5, E and F). The same plasma membrane
recruitment effect on Rop-GFP was observed using FLAG-
HA-tagged fusions of Syx1 and Syx4 (Fig. S4, A and B). Alto-
gether, these data indicate that Syx1/Syx4 function in a traffic
route that involves Rop and links the trans-Golgi with the
plasma membrane.

While it is possible that Syx1/Syx4 and Rop mediate normal
secretory traffic from the trans-Golgi to the plasma membrane,
collagen amounts accumulated upon their knockdown were far
below those observed for Rabl or Tangol, blocking secretory
transport at the level of the ER-Golgi interface (Fig. S1 C).
Moreover, the similar phenotype produced by Vps20 and
VhaPPAl-1 knockdown also discourages this interpretation.
Therefore, and given the high association of Rabll with the
trans-Golgi, we examined the possibility that Syx1/Syx4 and Rop
were required for endocytic recycling linking the trans-Golgi to
the plasma membrane. Consistent with this notion, many vesi-
cles positive for Syxl and Syx4 formed inside cells when we
knocked down Rop or Rabll (Fig. 5, G and H). Conversely, si-
multaneous knockdown of Syxl and Syx4, as well as Rop
knockdown, produced large amounts of vesicles marked with
Rabll (Fig. 5 I and Fig. S4 C). Additionally supporting a role of
Syx1/Syx4 and Rop in Rabll-mediated recycling, knockdown of
Rabll produced intracellular retention of collagen (Fig. 6 A) and
autophagy (Fig. 6 B). Examination of recycled endosomal cargo
transferrin receptor (TfR-GFP) revealed that 51.7% of trans-Golgi
had TfR puncta next to them, these representing 45.1% of the TfR
puncta in the cell cytoplasm (Fig. 6, C and D). Upon knockdown
of Rabll, TfR-GFP signal disappeared from the plasma mem-
brane and became completely internal, shaped as a combination
of thread-like structures and large puncta to which 97.2% of
trans-Golgi were proximal (Fig. 6, C and D). Interestingly, when
we examined the effect of Rop and Rab11 knockdown, we found a
marked increase in the size of the trans-Golgi, labeled with GalT
(Fig. 6 E and Fig. S4 D). Furthermore, simultaneous knockdown
of Syx1 and Syx4 produced the same effect (Fig. 6 F), confirmed
with alternative trans-Golgi marker Golgin245 (Fig. S4, E and F).
In contrast, increase in the size of the mid-Golgi, assessed with
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Figure 3. High-resolution analysis of tGA-lysosomes. (A) Superresolution (SIM) images of fat body ERES-Golgi units showing trans-Golgi localization of
lysosomal marker Lamp1-GFP (green). GalT-TagRFP (trans-Golgi, magenta) and ManlI-BFP (mid-Golgi, blue) are shown as well, all driven by BM-40-SPARC-
GAL4. (B) Superresolution (SIM) images of fat body ERES-Golgi units showing trans-Golgi localization of recycling endosome marker Rab11-GFP (green). GalT-
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TagRFP (trans-Golgi, magenta) and ManlI-BFP (mid-Golgi, blue) are shown as well, BM-40-SPARC-GAL4. (C) FIB-SEM image of a fat body (FB) ERES-Golgi unit
displaying a tGA-lysosome. The same image is pseudocolored on the right side in blue (ERES), purple (Golgi), and yellow (tGA-lysosome). The black staining
marks the localization between ERES and Golgi of yCOP (Cg-GAL4-driven yCOP-APEX). (D) FIB-SEM images featuring examples of tGA-lysosomes in fat body.
Superimposed colors in lower images indicate Golgi (purple) and tGA-lysosome (yellow). (E) FIB-SEM images featuring examples of tGA-lysosomes in imaginal
wing disc (WD). Superimposed colors in lower images as in B. (F) FIB-SEM image (left) and reconstructed 3D model (right) of a tGA-lysosome (yellow) sitting on
Golgi (purple). Refer to Video 1. (G) FIB-SEM image and reconstructed 3D model of a tGA-lysosome (yellow) standing a short distance from Golgi (purple). Refer
to Video 1. (H) FIB-SEM serial images (left, 20 nm Z-distance) and reconstructed 3D model (right) of a tGA-lysosome connected (arrow) to Golgi. Refer to Video
1. (1) FIB-SEM serial images (20 nm Z-distance) and reconstructed 3D model of a tGA-Golgi lysosome connected (arrows) to Golgi. Refer to Video 1.

the marker Manll, was modest (Rabll and Rop knockdown) or
not significant (Syxl and Syx4 simultaneous knockdown; Fig. 6,
G and H). Altogether, our data show that Rop and Syx1/Syx4 are
involved in endocytic recycling, failure of which leads to alter-
ations in the trans-Golgi and trans-Golgi-associated degradative
compartment.

Basal autophagy takes place in the trans-Golgi-associated
degradative compartment under homeostatic conditions

We next investigated the function of the trans-Golgi-associated
degradative compartment in cellular physiology. Because of
their abundance, we hypothesized that tGA-lysosomes could be
major loci of cellular degradation processes. To test this, we
stained adipocytes with an antibody against Ref(2)P, the Dro-
sophila ortholog of the p62 autophagic substrate (DeVorkin and
Gorski, 2014). Confirming reports by others, we observed Ref(2)P
puncta in wild-type fat body adipocytes under normal homeo-
static conditions (Pircs et al., 2012). We found that 42.0 + 8.2%
(+SD) of Ref(2)P puncta lied near trans-Golgi, marked with GalT
(Fig. 7, A and B). Furthermore, knockdown of autophagy regu-
lator Atg8a not only increased the amount of Ref(2)P in cells,
consistent again with findings of others (Pircs et al., 2012), but
also caused appearance of large trans-Golgi-proximal Ref(2)P
aggregates (Fig. 7 A) and collagen foci (Fig. 7 C), showing the
involvement of Atg8a in a basal degradative process affecting
both secreted proteins and the Ref(2)P autophagic cargo.
Moreover, treatment of adipocytes with autophagy inhibitors
Bafilomycin A and chloroquine induced appearance of intracel-
lular Collagen IV puncta as well (Fig. 7 C). In all, these results
indicate that juxta-trans-Golgi lysosomes participate in basal
autophagic degradation of different cellular materials under
normal homeostatic conditions.

The trans-Golgi-associated degradative compartment
contributes to the growth of autophagic vesicles in
developmental and starvation-induced autophagy

To further characterize the physiological roles of the trans-
Golgi-associated degradative compartment, we examined its
relation with autophagic vesicles. In fat body adipocytes, de-
velopmentally programmed macroautophagy naturally occurs
starting in L3 larval wandering stage, after the larva stops
feeding, prior to metamorphosis (Rusten et al., 2004). Besides
developmental autophagy, autophagic vesicles can be induced in
fat body adipocytes by starvation (Scott et al., 2004). We found
that nascent autophagic vesicles marked with Atg8a were fre-
quently found proximal to trans-Golgi labeled with GalT in the
initial stages of macroautophagy, both developmental (Fig. 8 A)
and starvation-induced (Fig. 8 B). Early Atg8a foci seemed to
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contact or partially overlap GalT in 89.0 + 4.1% (+SD) and 77.0 =
5.6% of instances, respectively (Fig. 8, C and D). Furthermore,
we observed that both markers more extensively overlapped as
autophagic vesicles enlarged (Fig. 8, E and F). In contrast to
trans-Golgi GalT, mid-Golgi marker ManlI did not become in-
tegrated in growing autophagic vesicles (Fig. 8, G and H). To-
gether, these results suggest that in both developmental and
starvation-induced autophagy, the trans-Golgi is a main con-
tributor to the growth of autophagic vesicles.

To further investigate the growth of these autophagic vesi-
cles, we examined as well the behavior of ER marker Sec61p. We
found in the initial stages of starvation-induced macro-
autophagy ER membrane concentrations labeled with Sec61p
that associated with marker Atg8a in 88.0 + 9.7% (+SD) of in-
stances (Fig. 9 A). However, these only represented 21.3 + 10.6%
(+SD) of Atg8a puncta, compared to 77.0 + 5.6% (+SD) that as-
sociated with GalT (see Fig. 8 D). More dramatically, during
developmental autophagy initiation, no Sec61p puncta were ob-
served at a time when numerous Atg8a puncta had formed
(Fig. 9 B). Later, Sec61B concentrations appeared, frequently
colocalizing with Atg8, up to the point in the white pupa stage,
where 100% of autophagic vesicles contained Sec6lf signal
(Fig. 9, C and D). Interestingly, we found that knockdown of
Atg2, implicated in the formation of autophagosomes from ER
(Chowdury et al., 2018; Kotani et al., 2018; Valverde et al., 2019),
strongly prevented the incorporation of Sec61p into autophagic
vesicles containing Lampl (Fig. 9 D). However, this did not affect
the incorporation of trans-Golgi GalT (Fig. 9 E) or the formation
of mature autolysosomes similar to the ones formed in the wild
type according to TEM images (Fig. 9 F). Altogether, these data
confirm that ER membranes are incorporated into Drosophila
autophagic vesicles but question an absolute requirement in
their formation or a major contribution to their growth.

To finally confirm the contribution of the secretory pathway
to autophagic vesicle growth, we tested the requirement of
different Rab-GTPase traffic regulators. To do this, we measured
the diameter of autophagic vesicles in the fat body in the white
pupa stage (0-1h after the onset of metamorphosis). Knockdown
of Rab5 and Rab7, mediating early and late endosomal traffic,
respectively, decreased the diameter of autophagic vesicles la-
beled with Lampl or Atg8a (Fig. 10, A-C), consistent with the
contribution of endocytic membranes that others have shown in
the same system (Hegedlis et al., 2016; Hennig et al., 2006). We
observed a similarly strong decrease in the size of autophagic
vesicles when we expressed a dominant negative form of ER-
Golgi secretion regulator Rabl (Fig. 10, A-C), indicating a strong
requirement of secretory traffic as well. Other ER-Golgi traffic
regulators affecting vesicle size were RabX3 (also known as
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Figure 4. In vivo imaging shows association of lysosomes to trans-Golgi is mostly stable. (A) Setup for in animal imaging of blood cells. An L3 larva is
shown immobilized between a glass slide and a coverslip held together by modeling clay. (B) Higher magnification image of the larva in A. (C) Spinning-disc
confocal image of live blood cells expressing lysosomal marker Lampl-GFP (green) and trans-Golgi marker GalT-TagRFP (magenta), both driven by BM-40-
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SPARC-GAL4. 39 cells were recorded for 10 min each at a speed of 10 images/min. Each image is a maximum intensity projection of a 7-9 section stack
(z-distance 1 um). (D) Still images from a spinning-disc confocal recording of a live blood cell expressing lysosomal marker Lamp1-GFP (green, shown separately
on the right) and trans-Golgi marker GalT-TagRFP (magenta). Lysosomes are stably associated with trans-Golgi. Refer to Video 2. (E) Still images from a
recording of a blood cell as in D. (F) Still images from a live blood cell as in D. A lysosome (white arrow) is seen detaching from trans-Golgi (magenta ar-
rowhead). Refer to Video 2. (G) Lysosome detaching from trans-Golgi as in F. (H) Still images from a live blood cell as in D. A lysosome (white arrow) is seen
attaching to trans-Golgi (magenta arrowhead). Refer to Video 2. (I) Lysosome attaching to trans-Golgi as in H. (J) Still images from a live blood cell as in D. A
lysosome (white arrow) is seen detaching from a trans-Golgi element and attaching to a different one (magenta arrowheads). Refer to Video 2. (K) Lysosome
detaching from a trans-Golgi element and attaching to a different one as in J. (L) Still images from a live blood cell as in D. A lysosome (white arrow) is seen
detaching from a trans-Golgi element (magenta arrowhead) and re-attaching to it. Refer to Video 2.

Rab9Fb; Ke et al., 2018), decreasing the size of autophagic
vesicles, and Rab2, remarkably increasing it (Fig. 10, B and C).
Finally, knockdown of Rab6 and Rabl0, involved in traffic and
sorting at the fly trans-Golgi (Ayala et al., 2018; Lerner et al.,
2013; see localization in Fig. S5) significantly decreased auto-
phagic vesicle size (Fig. 10, B and C). Taken together, our results
lead us to conclude that the convergence of secretory and en-
dosomal traffic not only gives rise to a trans-Golgi-associated
degradative compartment in homeostatic conditions but also
contributes to autophagic vesicle growth upon macroautophagy
induction (Fig. 10 D).

Discussion

In this study, we found that the vicinity of the trans-Golgi is the
major subcellular location for lysosomes in the Drosophila fat
body and other tissues. Through animal imaging, we found that
tGA-lysosomes and free lysosomes are dynamic and intercon-
vertible. Nonetheless, the scarcity of these exchanges indicates
that the association between lysosomes and trans-Golgi is rela-
tively long-lived. Supporting this, electron microscopy imaging
of tGA-lysosomes revealed sometimes extensive areas of contact
and occasional membrane connections with trans-Golgi
cisternae. Further research is needed to ascertain whether tGA-
lysosomes and free lysosomes are functionally different or
equivalent populations in terms of their properties and traffic
relations. Lysosomes in human cells can be found throughout
the cytoplasm, but significantly concentrate near the nucleus
and the centrosomal microtubule organizing center, suggesting
a relation with the juxtanuclear Golgi, located there as well (Pu
et al., 2016). It remains to be investigated whether a close
Golgi-lysosome relation as seen in Drosophila is found as well in
human cells.

Besides lysosomes, our study revealed close physical prox-
imity of the whole endolysosomal system near the trans-Golgi.
Rab-GTPase regulators of endosomal traffic Rab4, Rab5, Rab7,
and Rabll frequently located there. Among these, Rabll (re-
cycling endosome) exhibited the highest degree of trans-Golgi
association, consistent with recent studies showing that Rabll
foci attach to the trans-side of Golgi stacks in Drosophila, sea
urchin, and human cells (Fujii et al., 2020a; Fujii et al., 2020b).
Similar to our observations of tGA-lysosomes in live blood cells,
imaging in the Drosophila S2 cell line showed most trans-Golgi
elements continuously accompanied by recycling endosomes
that occasionally attached or detached (Fujii et al., 2020a). Our
findings are partly reminiscent as well of the early GERL
(Golgi-ER-lysosome) hypothesis: the proposal, based on electron
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microscopy observations in mammalian cells, that lysosomes
arises from a juxta-trans-Golgi membrane system continuous
with the ER (Novikoff and Novikoff, 1977). Later, as data failed to
support ER-lysosome continuity, the GERL hypothesis was
abandoned in favor of the current TGN model. However, our
observations of a close relation between trans-Golgi and lyso-
somes, together with modern evidence of ER-endolysosomal
contact sites (Klumperman and Raposo, 2014), advise revisiting
the GERL concept.

Our results are reminiscent as well of the situation in bud-
ding yeast and plant cells. Saccharomyces cerevisiae has a minimal
endomembrane system where the TGN serves as both an early
and recycling endosome, with Rabll homolog Ypt31 localizing
there as well (Day et al., 2018). Similarly, in plants, endocytic
and secretory traffic routes meet in a TGN/early endosome
hybrid organelle (Robinson, 2020; Viotti et al., 2010).
Lysosomal-like degradation in yeast and plants, however, takes
place separately in the vacuole, which does not associate with
the TGN but with a distinct prevacuolar compartment that
combines properties of both early and late endosomes (Day et al.,
2018; Hu et al., 2020; Nagano et al., 2019). Interestingly, plant
v-ATPases are known to function in both the vacuole and TGN
(Luo et al., 2015). Further analysis with a wider phylogenetic
perspective may help understand the evolutionary implications
of these findings for the evolution of the endomembrane system.
We speculate that an ancestral situation could have seen the
trans-Golgi as the main or single interface concentrating all
eukaryotic endosomal, degradative, and secretory traffic routes.

Our findings offer a renewed spatial framework for inte-
grating multiple pieces of evidence that point to a particularly
strong connection between the secretory and endolysosomal
systems in Drosophila. For instance, early, late, and recycling
endosomal traffic are all required for the formation and matu-
ration of secretory glue granules in larval salivary glands
(Burgess et al., 2012; Ma and Brill, 2021; Ma et al., 2020; Neuman
et al., 2021a; Neuman et al., 2021b). Also in salivary glands, ex-
cess secretory glue granules are known to fuse with lysosomes
for degradation in an autophagic process (crinophagy) requiring
Rab7 and Rab2 (Csizmadia et al., 2018). Furthermore, require-
ments in macroautophagy have been shown for Golgi-localized
proteins Ema (Kim et al., 2012), Rab2 (Fujita et al., 2017; Gotz
et al.,, 2021; Lorincz et al., 2017; Lund et al., 2018), and Rabé
(Ayala et al., 2018). The convergence of early, late, and recycling
endosomes with lysosomes and secretory membranes in the
Drosophila trans-Golgi raises questions on how spatial and
functional segregation of trafficking routes and compartments
can be achieved in such a reduced space. Recently, segregation of
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Figure 5. Rop acts with Syx1/Syx4 in trans-Golgi-to-plasma membrane recycling. (A) Confocal images of fat body from wild-type, BM-40-SPARC>SyxZ,
>Syx4' and double >SyxI'+Syx4' L3 larvae (feeding stage) showing localization of Collagen IV (a2 chain Vkg-GFP, green). Plasma membrane labeled with BM-40-
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SPARC-GAL4~driven myr-RFP (magenta). Magnified inset shows intracellular Collagen IV accumulation in >SyxI'+Syx4' fat body, with the Collagen IV channel
separated on the right. (B) Fat body from wild-type, BM-40-SPARC>Syx1', >Syx4', and >Syx1'+Syx4' larvae showing markers Lampl-YFP (lysosomes, green) and
Atg8a-mCherry (autophagosomes, magenta). Plasma membrane labeled with BM-40-SPARC-GAL4~driven myr-RFP (magenta). Magnified inset shows formation
of autophagic vesicles in >SyxI'+Syx4' fat body, with the Atg8a channel separated on the right. (C) Fat body showing localization of Syx1-mRFP (magenta) and
trans-Golgi marker GalT-GFP (green), both driven by Cg-GAL4. The graphs on the right quantify their proximity in 10 individual cells (upper graph) and average
proximity (lower graphs, n = 10, error bars indicate SD). (D) Fat body showing localization of mRFP-Syx4 (magenta) and trans-Golgi marker GalT-GFP (green),
both driven by Cg-GAL4. The graphs quantify their proximity as in C. (E) Fat body expressing Rop-GFP alone (control) or co-expressing Rop-GFP with Syx1-
mMRFP, Syx4-mRFP, Syx7-mRFP, and Syx17-mRFP, all driven by BM-40-SPARC-GAL4. GFP in green and mRFP in magenta. Rectangular insets are shown
magnified below. (F) Quantification of the recruitment of Rop-GFP to the plasma membrane by Syx1, Syx4, Syx7, and Syx17. Each dot represents the ratio of
Rop-GFP intensity between plasma membrane and cytoplasm in one cell, measured in images like those in E. n = 10. Horizontal lines mark the mean. P values
from unpaired t tests for differences with the control are reported. n.s., P > 0.05; ***,0.001 > P > 0.0001, and ****, P < 0.0001. (G) Localization of Syx1-mRFP
(magenta) in wild-type, Cg >Rop’, and >Rab1l' fat body. (H) Localization of Syx4-mRFP (magenta) in wild-type, Cg>Rop’, and >Rab1l' fat body. (1) Localization of
Rab11-GFP (green) in wild-type, BM-40-SPARC>Rop', and >Syx1'+Syx4' fat body.

distinct secretory and vacuolar cargo sorting zones has been
demonstrated through in vivo imaging in the TGN of plant cells
(Shimizu et al.,, 2021), suggesting that stringent sorting mecha-
nisms must be at play to separate the secretory and degradative
routes. An alternative explanation is that perhaps proteins
destined for secretion do in fact traffic through the trans-
Golgi-associated degradative compartment while protected
from degradation through a mechanism yet to be determined.

Beyond endolysosomal degradation, we found that tGA-
lysosomes function in basal autophagy. We observed Ref(2)P
autophagic cargo in the trans-Golgi-associated degradative
compartment in normal conditions. Also, secretory cargo (Col-
lagen IV and general secretion marker secr-GFP) accumulated
when the function of this compartment was compromised,
revealing crinophagic degradation similar to salivary glands
(Csizmadia et al., 2018). Because no macroautophagic structures
or double isolation membranes were seen in electron micros-
copy, we conclude that this basal autophagy occurs directly in
lysosomes. Our data, nonetheless, show that the canonical
macroautophagic cascade component Atg8a must be involved.
Indeed, presence of Atg8a in microautophagic endosomes has
been shown in starvation-induced microautophagy in the fat
body (Mukherjee et al., 2016). Besides Atg8a, loss of function of
other Atg cascade components produces accumulation of Ref(2)P
in fat body cells of the feeding larva (Pircs et al., 2012), evidence
also of their involvement in basal autophagy, probably in a non-
canonical role. Also consistent with a basal microautophagic
process are the requirements of ESCRTIII component Vps20 and
v-ATPase subunit VhaPPAIl-1. Loss of v-ATPase, essential for
lysosomal function, and ESCRT, required for microautophagic
vesicle ingression into lysosomes (Oku et al., 2017; Zhu et al.,
2017), are known to trigger macroautophagy in Drosophila
(Mauvezin et al., 2015; Rusten et al., 2007). We therefore pro-
pose that disruption of basal microautophagy in which they are
involved triggers compensatory macroautophagy due to decreased
autophagic flux.

In addition to lysosome (VhaPPAl-1) or late endosome
(Vps20) dysfunction, our characterization of the third hit Rop
revealed that failure of endocytic recycling disrupts the trans-
Golgi-associated degradative compartment and triggers macro-
autophagy as well. Our data show that Rop interacts with both
Syx1 and Syx4, and their loss produced accumulation of Rabl1-
positive vesicles. Conversely, Rabll loss caused accumulation of
Syx1/4-positive vesicles. Further supporting an involvement of
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Rop and Syx1/Syx4 in endocytic recycling from the trans-Golgi
to the plasma membrane, knockdown of Rabll itself caused
autophagy, collagen accumulation and enlargement of the trans-
Golgi. Of note, a previous study in the salivary gland showed
decreased formation of acidic vacuoles during programmed cell
death upon loss of Rabll, Syxl, and Syx4 (Farkas et al., 2015),
linking Syx1 and Syx4 to endocytic recycling like our study.
Importantly, our data indicate that defects in endosomal routes
can indirectly affect secretion at the trans-Golgi by disrupting
compartments that are physically linked or close. In this context,
it is worth reexamining early claims that Rabll (Chen et al.,
1998), dynamin (Jones et al., 1998; Kreitzer et al., 2000), or
clathrin (Félsch et al., 1999) are involved in still elusive Golgi-
to-plasma membrane secretory transport.

Finally, our characterization of tGA-lysosomes revealed in-
creasing association with Atg8a foci during developmental and
starvation-induced autophagy. Our findings are consistent with
a scenario in which autophagosomes formed elsewhere move to
fuse with the trans-Golgi-associated degradative compartment
upon macroautophagy induction. The effects on autophagic
vesicle size of Rabl loss, blocking ER-Golgi traffic, were com-
parable to those of endosomal Rab5 and Rab7, indicating a strong
requirement for secretory pathway membranes in autophagic
vesicle growth. Strikingly, Rab2 knockdown increased, rather
than decreased, autophagic vesicle size, pointing to an involve-
ment in retrograde Golgi-ER traffic opposed to Rabl, although a
function has been assigned to Drosophila Rab2 in trans-Golgi
traffic as well (Gotz et al., 2021). Significant effects were seen
as well when we knocked down trans-Golgi-localized Rab6 and
Rabl0, proving contributions from trans-Golgi traffic. Involve-
ment of other Golgi membranes is possible, but likely a later
event, as trans-Golgi GalT associates with autophagic vesicles
when mid-Golgi ManlI does not. Interestingly, knockdown of
Atg2 prevented the incorporation of the ER marker Sec61p into
autophagic vesicles, but autolysosomes formed in this condition
seemed normal, calling into question an absolute requirement of
Drosophila Atg2 in autophagosome formation from ER mem-
branes. Further research is needed, therefore, to unravel the
temporal order and relative contributions of different mem-
brane compartments to autophagic vesicle growth, including the
source of the initial autophagosomes. Future work in Drosophila
could ascertain more details of autophagic vesicle formation by
combining ultrastructural observations, functional genetic ex-
periments and in vivo imaging. Nonetheless, our findings here
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Figure 6. Endocytic recycling block leads to secretory cargo retention, autophagy, and trans-Golgi enlargement. (A) Confocal images of fat body from
wild-type and BM-40-SPARC>Rab11' L3 larvae (feeding stage) showing intracellular accumulation of Collagen IV (a2 chain Vkg-GFP, green). Plasma membrane
labeled with myr-RFP (magenta). Rectangular inset magnified on the right side. (B) Fat body from wild-type and BM-40-SPARC>Rab1l’ larvae showing au-
tophagic vesicle formation (Atg8a-mCherry in magenta; Lamp1-YFP in green). Rectangular inset magnified on the right side. (C) Wild-type and Cg>Rab1l' fat
body expressing trans-Golgi marker GalT-TagRFP (magenta) and endocytic marker TfR-GFP (green). Upon Rab11 knockdown, TfR signal disappears from the
plasma membrane and forms larger puncta connected by thread-like structures. Rectangular insets are shown magnified below. (D) Quantification of the
proximity between TfR-GFP and GalT-TagRFP. The upper graph represents proximity in 10 cells measured in images like those in C. The lower graph represents
average proximity values (n = 10, error bars indicate SD). 51.7% of trans-Golgi are proximal to TfR puncta in the wild type. Upon Rab11 knockdown, 97.2% of
Golgi are proximal to TfR-positive structures (note that TfR signal could not be analyzed as individual puncta in this condition). (E) Wild-type, BM-40-
SPARC>Rab1l’, and >Rop' fat body expressing trans-Golgi marker GalT-TagRFP (magenta). Rectangular insets are shown magnified below. (F) BM-40-
SPARC>SyxI, >Syx4" and double >SyxI'+Syx4' fat body expressing trans-Golgi marker GalT-TagRFP (magenta). (G) Wild-type, BM-40-SPARC>Rab1l), >Rop’,
>Syx1, >Syx4', and double >Syx1'+Syx4' fat body expressing mid-Golgi marker Manll-GFP (green). (H) Trans-Golgi and mid-Golgi size measured in images like
those in E-G. The data are presented as violin plots where quartiles are marked, with dots representing individual measurements of punctum size. n = 100.
P values from unpaired t tests are indicated for differences with the wild type. n.s., P > 0.05; *, 0.05 > P > 0.0L; **, 0.01 > P > 0.001; ****, P < 0.0001.
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Figure 7. Basal autophagy takes place in the trans-Golgi-associated degradative compartment under homeostatic conditions. (A) Confocal images of
L3 fat body (feeding stage) from wild-type (left) and BM-40-SPARC>Atg8ad’ (right) larvae showing localization of autophagic cargo Ref(2)P (antibody staining,
green) and trans-Golgi marker GalT-TagRFP (magenta, driven by BM-40-SPARC-GAL4). Examples of Ref(2)P puncta proximal to trans-Golgi are shown at higher
magnification. Nuclei in blue (DAPI). (B) Proximity between Ref(2)P and GalT-TagRFP in wild-type fat body. The upper graph represents proximity measured in
10 cells. The lower graph represents average proximity values (n = 10, error bars indicate SD). (C) Localization of Collagen IV (a2 chain Vkg-GFP) in L3 fat body
(feeding stage) from wild type (left), BM-40-SPARC>Atg8a’ (center left), and wild type treated for 12 h with autophagy inhibitors Bafilomycin A (2 uM, center
right) and chloroquine (15 mg/ml, right). Collagen IV puncta in the wild type correspond not to intracellular accumulation, but to CIVICs (see Fig. 1 A). BM

indicates basement membrane.

already demonstrate that the fly trans-Golgi is the major cellular
traffic hub in this animal and that convergence of secretory,
endosomal, and degradative pathways there determines endo-
membrane organization in both normal and stress conditions.

Materials and methods

Drosophila husbandry

Standard fly husbandry techniques and genetic methods were
used to cross strains and evaluate segregation of transgenes in
the progeny of crosses (Roote and Prokop, 2013). The GAL4-UAS
binary expression system (Brand and Perrimon, 1993) was used
to drive expression of UAS transgenes under control of GAL4
drivers BM-40-SPARC-GAL4 (fat body), Cg-GAL4 (fat body), rn-
GAL4 (wing disc), and actin-GAL4 (ubiquitous). Stable insertion
of transgenic UAS constructs was achieved through standard
P-element transposon transgenesis (Rubin and Spradling, 1982).
Flies were cultured on standard fly food containing 24.5 g/liter
yeast, 50 g/liter cornmeal, 30 g/liter brown granulated sugar,
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7.25 g/liter white granulated sugar, 10 g/liter agar, 4 ml/liter
propionic acid, 1.75 g/liter methyl-4-hydroxybenzoate, and
17.5 ml/liter absolute alcohol. Fly cultures were maintained at
25°C, except for experiments using the thermosensitive GAL4
repressor GAL80®™ (Fig. SI C; McGuire et al., 2003), in which
larvae were kept at 18°C for 4 d followed by transfer of cultures
to 30°C for 2 d to initiate GAL4/UAS-driven knockdown. For
starvation assays (Fig. 8, B, D, F and H; and Fig. 9 A), late L3
feeding larvae were let to float for 3 or 6 h on plates with PBS
containing 20% sucrose prior to dissection. Genotypes of animals
in all experiments are detailed in Table S1. Strains used were as
follows: w8 (BDSC_3605); w ; vkg®4**-GFP/Cy0 ; BM-40-SPARC-
GAL4 UAS-Dcr2/TM6B (Zang et al., 2015); w ; UAS-myr-RFP/CyO
(BDSC_7118); w ; UAS-Dcr2 (III) (BDSC_24651); w ; UAS-Rop.RNAi
VDRC196%6 /(TM3) (VDRC_v19696); y v ; UAS-Vps20.RNAj THUS269/
(Cy0) (THFC_THUS5269); y v sc ; UAS-VhaPPAI-LRNAi THO433N/
(Cy0) (THFC_THO04233.N); w ; UAS-secr-GFP (II) (Pfeiffer et al,,
2002); y w ; UAS-mCherry-Atg8a ; Dr/TM3, Ser (BDSC_37750); w ;
Cg-GAL4 (11) (BDSC_7011); w ; UAS-Rop-GFP-2-12 (II) (this study);
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Figure 8. The trans-Golgi-associated degradative compartment contributes to autophagic vesicle growth during developmental and starvation-
induced autophagy. (A) Confocal image of L3 fat body (wandering stage) showing autophagic marker Atg8a-GFP (green) and trans-Golgi marker GalT-TagRFP
(magenta), both driven by BM-40-SPARC-GAL4. During the wandering stage, adipocytes initiate programmed autophagy prior to metamorphosis. Examples of
nascent autophagic vesicles are shown on the right side at higher magnification. (B) Atg8a-GFP (green) and GalT-TagRFP (magenta) in fat body starved for 3 h.
Nascent autophagic vesicles on the right side. (C) Proximity between Atg8a-GFP and GalT-TagRFP in fat body initiating programmed autophagy, measured in
images like those in A. The upper graph represents proximity in 10 individual cells. The lower graph represents average proximity values (n = 10, error bars
indicate SD): 89.0% of Atg8a puncta are trans-Golgi-associated. (D) Proximity between Atg8a-GFP and GalT-TagRFP in fat body starved for 3 h, measured in
images like those in B. The upper graph represents proximity in 10 cells. The lower graph represents average proximity values (n = 10, error bars indicate SD).
(E) Fat body in advanced programmed autophagy phase showing localization of Atg8a-GFP (green) and GalT-TagRFP (magenta). Growing autophagic vesicles
are shown on the right side. (F) Fat body starved for 6 h showing localization of Atg8a-GFP (green) and GalT-TagRFP (magenta). Growing autophagic vesicles
are shown on the right side. (G) Fat body in initial (left) and advanced (right) phases of programmed autophagy showing localization of Atg8a-mCherry
(magenta) and mid-Golgi marker Manll-GFP (green), both driven by BM-40-SPARC-GAL4. Growing autophagic vesicles are shown below at higher magnification.
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and 6 h (right). Growing autophagic vesicles are shown below.

w ; UAS-Grasp65-RFP-3-1 (III) (Yang et al., 2021); w ; UAS-Vps20-
GFP-3-8 (1) (this study); w ; UAS-GFP-Syx17-19-2/Cy0 (this study);
w ; Lampl°PTIo0”75_ YFP/(Cy0) (DGGR_115240); w ; UAS-GalT-
TagRFP ; TM2/TMéB, Tb (BDSC_65251); y w ; UASp-YFP-Rab4 (II)
(BDSC_23269); w ; UAS-GFP-Rab5/Cy0O (Wucherpfennig et al.,
2003); w ; UAS-GFP-Rab7 (I1I) (BDSC_42706); w ; UAS-Rabll-GFP
(11) (BDSC_8506); w ; UAS-ManlI-EBFP (III) (BDSC_65250); w ;
UAS-yCOP-APEX-GFP-3-1 (Yang et al., 2021); w ; UAS-GFP-Lampl/
(CyO) (BDSC_42714); w ; UAS-mRFP-Syx1-19-3 (I11) (this study); w;
UASp-GFP-GalT (1I) (BDSC_31422); w ; UAS-mRFP-Syx4-19-2 (III)
(this study); w ; UAS-mRFP-Syx7-2-1 (III) (this study); w ; UAS-
mRFP-Syx17-4-1 (III) (this study); w ; Sco/CyO ; UAS-hT{R.DeltaC.GFP
(ITT) (BDSC_36859); y v ; UAS-Rabll.RNAiTHU2817 (11T) (THFC_
THU2817); w ; UAS-Rop.RNAiVPRC¥106242 (1]) (VDRC_v106242); y
v ; UAS-SyxL.RNA{THU2029 (III) (THFC_THU2029); y sc v sev ;
UAS-Syx4.RNAiTHU572/Cy0 (THFC_THU5572); w ; UAS-ManlI-
EGFP ; TM2/TM6B, Tb (BDSC_65248); w ; UAS-Atg8a.RNAi
THU2899 ¢ /TM3, Sb (THFC_THU2899); hs-FLP y w ; UAS-Atg8a-
GFP (11) (BDSC_52005); w ; UAS-tdTomato-Sece61 (IIT) (BDSC_
64747); y v sc ; UAS-Atg2.RNAiTRIPJF02786 (11T) (BDSC_27706); y sc
v sev ; UAS-Rab5.RNA; TRIP-HMS00147 (1]1) (BDSC_34832); y v ; UAS-
Rab7.RNAi TRiPJF02377 (1]]) (BDSC_27051); w ; UAS-mRFP-RabIPN
(I1) (this study); w ; UAS-YFP-RabIPN (III) (BDSC_9757);y scv sev;
UAS-Rab2.RNAiTHU06 (111) (THFC_THUI506); y v ; UAS-Rabé.
RNAj TRiPJFO2640 (1IT) (BDSC_27490); y sc v sev ; UAS-Rab9.
RNA{THU4458 (1) (THFC_THU4458); y v ; UAS-Rabl0.RNAi
TRIP.JF02058 (1) (BDSC_26289); y sc v sev ; UAS-RabX3.RNA{THU158°
(II1) (THFC_THU1589); w ; UAS-Tangol.RNAi VPRC:v21594/T[3
(VDRC_v21594); y v ; UAS-RablL.RNAi TRiPJF02609 (T1T) (BDSC_
27299); y v ; UAS-Rop.RNAi THU0467 (I11) (THFC_THUO0467); y v ;
UAS-Vps20.RNAi VPRCv47653/(TM3) (VDRC_v47653); w; UAS-
VhaPPAI-1.RNAi VPRC-v47188 (I1) (VDRC_v47188); w ; tub-GALS8O* ;
TM2/TM6B (BDSC_7108); w ; tub-GAL80%/TM2 (III) (BDSC_
7017); w , UAS-Dcr2 ; actin-GAL4/CyO (THFC_TB00007); y w ;
EYFP-Rab4 (II) (BDSC_62542); w ; EYFP-Rab5/CyO (BDSC_62543); w
; EYFP-Rab7 (I1T) (BDSC_62545); w ; EYFP-Rabil (III) (BDSC_62549);
w ; -GAL4/TM3, Sb, Ser (BDSC_7405); w ; UAS-3XFLAG-3xHA-SyxI-
44-1 (1) (this study); w ; UAS-3XFLAG-3xHA-Syx4-7-2 (III) (this
study); w ; UAS-3XFLAG-3xHA-Syx7-5-1 (I1I) (this study); w ; UAS-
3XFLAG-3xHA-Syx17-3-4 (I1I) (this study); w ; YFP-Rabl (III) (BDSC_
62539); w ; YFP-Rab2 (IIT) (BDSC_62540); y w ; UAS-YFP-RabX3 (III)
(BDSC_23276); w ; YFP-Rab6/(Cy0) (BDSC_62544); w ; YFP-Rab9 (II)
(BDSC_62547); w YFP-Rabl0 (BDSC_62548).

Transgenic constructs

UAS-Rop-GFP

The coding sequence of Rop was amplified by PCR from whole L3
larva cDNA using primers attRop-F and attRop-R (see Table S2).
This fragment was purified through gel extraction using HiPure
Gel Pure DNA Mini Kit (cat# D2111-02; Magen) and cloned into
vector pDONR221 (cat# 12536017; Thermo Fisher Scientific) with
Gateway BP Clonase II Enzyme Mix (cat# 11789100; Invitrogen)
to obtain entry clone pDONR221-Rop. From there, Rop was
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transferred to destination vector pTWG (UASt-Gateway
cassette-GFP, stock# 1076; Drosophila Genomics Research Center
[DGRC]) by Gateway LR recombination using Gateway LR Clo-
nase I Enzyme Mix (cat# 11791100; Invitrogen).

UAS-Vps20-GFP

The coding sequence of Vps20 was amplified by PCR from whole
L3 larva cDNA using primers attVps20-F and attVps20-R (see
Table S2). This fragment was purified through gel extraction
and cloned into pDONR221 to obtain pDONR221-Vps20. From
there, Vps20 was transferred to destination vector pTWG (UASt-
Gateway cassette-GFP, stock# 1076; DGRC) by Gateway LR
recombination.

UAS-GFP-Syx17

The coding sequence of Syx17 was amplified by PCR from whole
L3 larva cDNA using primers attSyx17-F and attSyx17-R (see Table
S2). This fragment was purified through gel extraction and cloned
into pDONR221 to obtain pDONR221-Syx17. From there, Syx17 was
transferred to destination vector pTGW (UASt-GFP-Gateway cas-
sette, stock# 1075; DGRC) by Gateway LR recombination.

UAS-mRFP-Rab1PN

RablPN, encoding dominant negative form of Rabl, was PCR
amplified from whole L3 larva ¢cDNA of fly strain BDSC 9757
(UAS-YFP-RablIPN). Primers adding att sites at the 5' and 3’
termini of Rab1PN were used: attRablDN-F and attRablDN-R (see
Table S2). The resulting fragment was cloned into plasmid
pDONR221 to obtain pDONR221-RabIPN and from there trans-
ferred to pTRW (UASt-mRFP-Gateway cassette, stock# 1135;
DGRC) using Gateway LR recombination.

UAS-mRFP-Syx1, UAS-3xFLAG-3xHA-Syx1, UAS-mRFP-Syx4, UAS-
3XFLAG-3xHA-Syx4, UAS-mRFP-Syx7 UAS-3XFLAG-3xHA-Syx7, UAS-
mRFP-Syx17, and UAS-3XFLAG-3xHA-Syx17

The coding sequences of Syx1, Syx4, and Syx7 were amplified by
PCR from whole L3 larva cDNA using primer pairs attSyx1-F and
attSyx1-R, attSyx4-F and attSyx4-R, and attSyx7-F and attSyx7-R
(see Table S2). The resulting fragments were purified through
gel extraction and cloned into pDONR221 to obtain pDONR221-
Syx1l, pPDONR221-Syx4, and pDONR221-Syx7. From there, Syx1,
Syx4, Syx7, and Syx17 were transferred to destination vectors
pTRW (UASt-mRFP-Gateway cassette, stock# 1135; DGRC) and
pTFHW (UASt—3xFLAG—3XHA—Gateway cassette, stock# 1123;
DGRC) by Gateway LR recombination.

Immunohistochemistry

For antibody staining of larval fat body (Figs. 2, B, C, Eand I; 7 A;
and Fig. S4 E), larvae were predissected in PBS by turning them
inside out with fine-tip forceps, fixed in PBS containing 4%
paraformaldehyde (cat# 80096692; Sinopharm Chemical Rea-
gent; 20 min), washed in PBS (2 x 15 min), blocked in 0.1% PBT-
BSA (PBS containing 0.1% Triton X-100 detergent [cat# T8787;
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Figure 9. Incorporation of ER marker Sec61p into autophagic vesicles is a late event that depends on Atg2. (A) Confocal image of L3 fat body starved for
3 h showing autophagic marker Atg8a-GFP (green) and ER marker Sec61B-tdTomato (magenta), both driven by BM-40-SPARC-GAL4. Magnified inset in the
lower right corner, with separate channels below. The graphs below quantify proximity between Atg8a-GFP puncta and Sec61B-tdTomato concentrations
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(yellow circle) measured in 10 different cells, as well as average proximity values (n = 10, error bars indicate SD). (B) Atg8a-GFP (green) and Sec61B-tdTomato
(magenta) in L3 fat body initiating programmed autophagy. No Sec61B concentrations are observed. (C) Atg8a-GFP (green) and Sec61B-tdTomato (magenta) in
L3 fat body during advanced programmed autophagy. (D) Confocal images of Lamp1-YFP (green) and Sec61B-tdTomato (magenta) in fat body from wild-type
(upper image) and BM-40-SPARC>Atg2' (lower image) white pupae. Magnified insets show presence of Sec61p in autophagic vesicles in the wild type and
complete absence upon Atg2 knockdown, with the Sec61B channel separated on the right (examples marked with asterisks). (E) Lamp1-YFP (green) and trans-
Golgi GalT-TagRFP (magenta) in fat body from wild-type and BM-40-SPARC>Atg2’ white pupae. Magnified insets show presence of GalT in autophagic vesicles
unaffected upon Atg2 knockdown, with the GalT channel separated on the right. (F) TEM micrographs of autophagic vesicles (autolysosomes, marked with
asterisks) in fat body from wild-type (upper row) and BM-40-SPARC>Atg2' (lower row) white pupae.

Sigma-Aldrich], 1% BSA [Cat# 201903A28; Zhongkekeao], and
250 mM NaCl [cat# 0805C384; Amresco]; 3 x 20 min), incubated
overnight with primary antibody in PBT-BSA at 4°C, washed in
PBT-BSA (3 x 20 min), incubated for 2 h with secondary anti-
body in PBT-BSA at RT, and then washed in PBT-BSA (3 x
20 min) and PBS (3 x 20 min). Tissues were finally dissected and
mounted on a glass slide with a drop of DAPI-Vectashield (cat#
H-1200; Vector Laboratories). Guinea pig anti-Tangol (used at
1:1,000 dilution) was a gift from Sally Horne-Badovinac, Uni-
versity of Chicago, Chicago, IL (Lerner et al., 2013). Goat anti-
Golgin245 (used at 1:1,000 dilution) was obtained from the
Developmental Studies Hybridoma Bank (Riedel et al., 2016).
Rabbit anti-Ref(2)P (used at 1:500 dilution) was purchased from
Abcam (cat# 178440). Secondary antibodies used were: Rhodamine-
conjugated goat anti-guinea pig IgG (1:200, cat# 106025003; Jackson
ImmunoResearch); Alexa Fluor 647-conjugated goat anti-guinea pig
IgG (1:200, cat# 106605003; Jackson ImmunoResearch), Alexa Fluor
488-conjugated donkey anti-rabbit IgG (1:200, cat# A21206; In-
vitrogen), and Alexa Flour 555-conjugated donkey anti-goat IgG
H&L (1:500, cat# ab150130; Abcam).

F-actin phalloidin staining (Fig. S3 B) was performed with Alexa
Fluor 647 phalloidin (1:25 of stock solution in DMSO, cat# A22287;
Invitrogen) in PBT (PBS containing 0.1% Triton X-100) for 2 h.

For LysoTracker staining (Fig. S1 D), fat body from wander-
ing or L3 larvae was dissected in Schneider’s Drosophila medium
(cat# 21720-024; GIBCO), and then incubated for 30 min in
medium containing 71.43 nM LysoTracker Red (cat# Cl046;
Beyotime). Tissues were washed in medium (2 x 15 min) and
mounted in PBS for immediate imaging on a glass slide with
coverslip spacers to avoid crashing samples.

Fat body culture

Dissected L3 feeding larvae were incubated at RT in Schneider’s
Drosophila medium containing 2 uM Bafilomycin A (cat#
ab120497; Abcam), 15 mg/ml chloroquine (cat# abl42116; Ab-
camy), 0.25 mg/ml Cytochalasin D (cat# PHZ1063; Invitrogen), or
100 pg/ml BFA (cat# S1536; Beyotime). After culture of 6 h
(Cytochalasin D and BFA) or 12 h (Bafilomycin A and chloro-
quine), samples were fixed in PBS containing 4% paraformal-
dehyde (20 min), washed in PBS (3 x 15 min), and mounted in
DAPI-Vectashield.

Light imaging

Confocal microscopy images of fat body and other tissues were
acquired at RT in a ZEISS LSM780 microscope equipped with
Plan-Apochromat 63x oil (NA 1.4) and 100x oil (NA 1.4) ob-
jectives. Tissues were predissected in PBS by turning larvae
inside out with fine tip forceps, fixed in PBS containing 4%
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paraformaldehyde (20 min), washed in PBS (3 x 15 min), and
finally dissected and mounted on a glass slide with DAPI-
Vectashield.

For SIM images (Fig. 3, A and B), 3D-SIM image stacks with a
z-step of 0.24 um were acquired at RT with a Nikon Al N-SIM
STORM microscope equipped with a CFI Apo SR TIRF 100x oil
(NA 1.49) objective and an Andor Technology EMCCD camera
(iXON DU-897 X-9255). Laser lines at 405, 488, and 561 were
used for excitation. SIM image reconstructions were performed
with NIS-Elements software (Nikon). Images are maximum in-
tensity projections of three to five confocal sections.

Time-lapse images of blood cells in vivo (Fig. 4 and Video 2)
were acquired at RT in an Andor Dragonfly inverted spinning-
disc confocal microscopy system equipped with a 60x oil ob-
jective (NA 1.35, oil, Olympus UPlanSApo) and a Zyla 4.2 sCMOS
camera. For animal imaging, L3 instar larvae were gently
washed in water with a brush to remove food, dried on a paper
napkin, and sandwiched between a glass slide and a mildly
pressing coverslip held by four pieces of modeling clay on the
corners. For each series, Z-stacks of 7-9 slices spaced 1 pm were
acquired every 6 s for 10 min. Z stacks were processed with Fiji-
Image] software (National Institutes of Health) using maximum
intensity projection and bleach correction.

TEM

Larvae were predissected by turning them inside out in fixation
solution containing 2.5% glutaraldehyde (cat# 18426; TED
PELLA), 2% paraformaldehyde (cat# 43368; Alfa Aesar), and
0.1 M phosphate buffer (PB). 0.1 M PB was prepared with
Na,HPO, (cat# Al1817; Alfa Aesar) and NaH,PO, (cat# 0571-
500G; Amresco), with pH 7.2. Prefixation was conducted at RT
for 2 h in the same fixation solution. After this, predissected
larvae were washed in 0.1 M PB (3 x 7 min, RT). Then, tissues
were transferred to 0.1 M PB and post-fixed 30 min in a mixture
of 1% osmic acid (cat# 018456; Tedpellco) and potassium
hexacyanoferrate (cat# 60299-100G-F; Sigma-Aldrich) at RT
avoiding light. Samples were then washed with MiliQ H,0 (5 x
7 min, RT), incubated with 1% uranyl acetate (cat# 8473; Merck)
in the dark overnight at 4°C, washed with MiliQ H,O (5 x 7 min,
RT), and dehydrated in a series of 5-min washes on ice with
prechilled 30, 50, 70, 90, and 100% (twice) ethanol (cat# 104021;
Tongguang Jingxi Huagong), acetone/ethanol (1:1), and 100%
acetone (cat# 105003; Tongguang Jingxi Huagong). Infiltration
was conducted at RT with a mixture of acetone and resin 1:1 for
1.5 h, 1:2 for 3 h, and 1:3 overnight. The next day, samples were
immersed in resin (3 x 3 h and then overnight, RT) consisting of
48% (vol/vol) SPI-PON 812 (Epoxy Resin Monomer, cat# 02659-
AB, SPI-CHEM), 16% DDSA (Dodecenyl Succinic Anhydride, cat#
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Figure 10. Contributions of secretory and endosomal traffic to the growth of autophagic vesicles. (A) Confocal images of fat body cells from wil- type,
BM-40-SPARC>Rab5!, >Rab7', and >Rab1°N white pupae (0-1 h after puparium formation) showing lysosomal marker Lampl-YFP (green). Magnified insets are
shown below each image. (B) Autophagic vesicles marked with Atg8a-mCherry (magenta) in fat body from wild-type, BM-40-SPARC>Rab5', >Rab7', >RabIPV,

Zhou et al. Journal of Cell Biology
Association of lysosomes with the trans-Golgi https://doi.org/10.1083/jcb.202203045

19 of 23


https://doi.org/10.1083/jcb.202203045

TR
(: k(J
IV

>Rab2/, >Rab6/, >Rab¥’, >Rab10’, and >Rab9Fb(X3)' white pupae. (C) Autophagic vesicle diameter in wild-type, BM-40-SPARC>Rab5', >Rab7, >Rab1PN, >Rab2,
>Rabé', >Rab9', >Rab10’, and >Rab9Fb(X3)' white pupae. For each genotype, vesicle diameters (dots) inside eight square areas (21.255 x 21.255 pm) are rep-
resented. Horizontal lines indicate mean diameter in each area. P values from nested t tests of differences with the wild type are reported. n.s., P > 0.05; ¥,
0.05 > P > 0.03; **, 0.01 > P > 0.001; ***, 0.001 > P > 0.0001; and ****, P < 0.0001. (D) Model depicting the location and role of tGA-lysosomes. In normal
conditions, basal microautophagy occurs in tGA-lysosomes, including degradation of excess or misrouted secretory cargo (crinophagy). Basal microautophagy
failure or external macroautophagy induction results in formation of autophagic vesicles (autolysosomes) with contributions from endocytic and secretory

routes, ER, and autophagosomes formed elsewhere.

02827-AF, SPI-CHEM), 34% NMA (Nadic Methyl Anhydride, cat#
02828-AF, SPI-CHEM), and 2% DMP-30 (2,4,6-Tris-dimethyla-
minomethyl phenol, cat# 02823-DA, SPI-CHEM). Tissues were
then dissected from the carcasses and placed in block molds filled
with resin for hardening at 60°C during 48 h. 70-nm ultrathin
sections were cut from blocks on a Leica EM UC7 ultramicrotome
and imaged in a Hitachi H-7650B electron microscope.

FIB-SEM

Sample preparation

FIB-SEM imaging was performed as previously described (Yang
et al,, 2021). Resin blocks containing tissues were obtained
mostly as described above for TEM. Larvae were predissected
and fixed in the fixation solution. After this, predissected larvae
were washed in 0.1 M PB (3 x 7 min, RT). For APEX staining (one
of two fat body samples), 30% H,0, (cat# 10011218; Guoyao) was
quickly mixed in DAB solution to a 0.03% (vol/vol) concentra-
tion during the wash. To prepare the DAB solution, DAB (3,3'-
Diaminobenzidine, cat# D56637-1G; Sigma-Aldrich) was freshly
dissolved in 0.1 M PB (pH 7.2) to a 0.5 mg/ml concentration and
kept at 4°C avoiding light. The larvae were incubated in the
H,0,/DAB mixture on a glass depression well at 4°C for 5-10
min, gently shaking in the dark. Both APEX-stained and un-
stained tissues were transferred to 0.1 M PB and post-fixed as for
TEM. Post-fixation times were 30 min for fat body and 20 min
for imaginal disc tissues. The following steps to get hardened
blocks were the same as with TEM, except 2% BDMA (N,N-Di-
methylbenzylamine, cat# 02821-CA, SPI-CHEM) rather than
DMP-30 were used as epoxy accelerator when preparing resin.

Image acquisition
Resin blocks containing fat body or wing discs were trimmed to
expose tissues, adhered to a 45/90° screw type holder (¢ 12.7 mm
* 22.8 mm, cat# ZB-Y1811; Zhongxingbairui), and coated with
gold using a HITACHI E-1010 ion sputter coater for 120 s. FIB-
SEM imaging was performed in a FEI Helios NanoLab G3 dual-
beam microscope system equipped with Everhart-Thornley
Detector, Through Lens Detector, and In Column Detector
cameras. A 0.6 um protective Pt coat was applied to the region of
interest through gas injection prior to FIB milling and SEM
imaging. For milling slices, an ion beam current of 0.43 nA at 30
kV acceleration voltage was used at a step of 20 nm. The pa-
rameters for SEM imaging were: 0.4 nA beam current, 2 kV
acceleration voltage, 2 mm working distance, 8 ps dwell time, 4-nm
pixel size, and 4,096 x 3,536 pixel count. TLD and ICD cameras
collected backscattered signal for imaging. The imaging software
was AutoSlice and View G3 1.7.2 (FEI).

Images acquired by FIB-SEM were imported into Dragonfly
(Object Research Systems) and aligned through the SSD method
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in the Slide Registration panel. For segmentation, different re-
gions of interest (ROIs) were created in the ROI tools panel. Each
organelle was manually segmented as an individual ROI with the
ROI Painter round brush tool in 2D mode. After segmentation in
sections, ROIs were exported and saved as object files. Objects
were then converted into 3D meshes using the export box in the
ROI Tools panel to create meshes. Meshes were smoothed 4-
6 times and observed in 3D scene mode. We used Movie Maker
tools within Dragonfly to create movies of rotating Golgi for
Video 1.

Image analysis

For quantification of marker association (apparent contact or
overlap in confocal microsocopy images; Figs. 2, G, H, and L; 5, C
and D; 6 D; 7 B; 8, C and D; 9, A-C; Figs. S2, A-C; and S3, B, C, and
E), number of single and proximal puncta was manually counted
using the point selection tool in Image]-FIJI. 10 cells per geno-
type from three to five different tissues were quantified, except
for Fig. S2 A, where association was quantified in 10 square
areas 300 x 300 pixel (12.454 x 12.454 pm) for central nervus
system (CNS) and wing disc, and in 10 individual blood cells. For
quantification of marker association throughout mitosis (Fig. S3
B), number of single and associated puncta was counted in 10, 14,
3, 6, and 1 cell for prophase, metaphase, anaphase, telophase, and
cytokinesis, respectively, found in three different discs; inter-
phase association was quantified in 10 square areas of 150 x 150
pixel (6.23 x 6.23 pm). For quantification of Rop-GFP recruit-
ment to the plasma membrane (Fig. 5 F and Fig. S4 B), FIJI-
Image] was used. GFP intensities were measured in 10 cells
per genotype for plasma membrane (“brush selection” tool, with
a 30 px width) and rest of the cell (“polygon selection” tool), and
the ratio between them was calculated. For quantification of trans-
Golgi and mid-Golgi sizes (Fig. 6 H and Fig. S4 F), the area of 100
puncta per genotype was measured using the “polygon selection”
tool in FIJI-ImageJ-FIJI. For quantification of autophagic vesicle
size (Fig. 10 C), vesicle diameter was manually measured with the
line tool in ImageJ-FIJI. 8 different square areas 512 x 512 pixel
(21.255 x 21.255 pm) were measured per genotype. For quantifi-
cation of intracellular Collagen IV accumulation (Fig. S1 B), the
area of 10 fat body adipocytes was delimited using the “polygon
selection” tool in ImageJ-FIJI and Col IV a2-GFP intensity inside
was measured inside. For quantification of LysoTracker staining
(Fig. S1, E and F), the area of vesicles was delimited using the “oval
selection” tool in ImageJ-FIJL.

Statistical analysis

Graphic representation and statistical analysis were performed
using GraphPad Prism software. After data passed D’Agostino-
Pearson normality tests, unpaired t tests (Figs. 5 F, 6 H, Fig. S1 B,
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and Fig. S4 B) or nested t tests (Fig. 10 C) were conducted to test
significance of differences with the wild type. P values are re-
ported in graphs themselves or in figure legends. n.s., P > 0.05; %,
0.05>P > 0.01; **, 0.01> P > 0.001; ***, 0.001 > P > 0.0001; and
**** P < 0.0001.

Online supplemental material

Fig. S1 shows confirmation and additional characterization of
Rop, Vps20, and VhaPPAI-1 hits. Fig. S2 shows association with
the trans-Golgi of Lampl in different tissues and of GAL4/UAS-
expressed Rab-GTPases in fat body. Fig. S3 documents free ly-
sosomes and multivesicular bodies through TEM, and quantifies
tGA-lysosomes during mitosis and upon treatment with Cyto-
calasin D and BFA. Fig. S4 shows supporting evidence of inter-
action between Rop and Syxl/4. Fig. S5 documents Golgi
localization of different Rab-GTPases. Video 1 shows animated
3D renderings of Golgi and tGA-lysosomes reconstructed from
FIB-SEM data. Video 2 shows examples of lysosome association
and dissociation behaviors with respect to the trans-Golgi. Table
S1 lists experimental genotypes in the study. Table S2 lists
primers used.
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Figure S1. Confirmation and additional characterization of Rop, Vps20, and VhaPPA1-1 hits. (A) Confocal images of fat body from wild-type, BM-40-
SPARC>Tangol’, >Rabl’, Rop' (THU0467), >Vps20' (v47653, and >VhaPPAI-1' (v47188) L3 larvae showing intracellular accumulation of Collagen IV (a2 chain, Vkg-
GFP). Knockdown of Rop, Vps20, or VhaPPA1-1 results in diffuse intracellular accumulation using RNAi transgenic constructs alternative to the ones in the
initial screening (Ke et al,, 2018). (B) Quantification of Collagen IV accumulation in fat body of the indicated genotypes, measured in images like those in A. Each
dot represents total Collagen IV-GFP intensity measured in one cell (n = 10 cells per genotype). Horizontal lines mark mean values. Differences with the wild
type were significant in unpaired t tests (P < 0.0001). (C) Confocal images of fat body from BM-40-SPARC-GAL4+GAL80", BM-40-SPARC+GAL80>Rop’ (v19696),
>Vps20' (THU5269), and >VhaPPAI-1' (v47188) L3 larvae (feeding stage) showing localization of Collagen IV (a2 chain Vkg-GFP, green) and BM-40-SPARC-
GAL4-driven autophagy marker Atg8a-mCherry (magenta). Nuclei in cyan (DAPI). Larvae were dissected 2 d after knockdown initiation (see Materials and
methods). Magnified insets in lower right corners show accumulation of Collagen IV distinct from Atg8a puncta in mutant conditions. (D) Confocal images of fat
body from wild-type L3 larvae (wandering stage), and BM-40-SPARC>Rop' (v19696), >Vps20' (THU5269), and >VhaPPAL-1' (v47188) L3 larvae (feeding stage)
showing lysosomal marker Lampl-YFP (green) and acidification stain LysoTracker Red (magenta, separate channel below). Acidification of autolysosomes is
reduced in mutant conditions (compare also TEM images in Figs. 1 E and 9 F). (E) LysoTracker intensity measured in images like those in D. The data are
presented as violin plots where quartiles are marked, with dots representing individual measurements of vesicle LysoTracker intensity. n = 121, 265, 265, and
100, respectively. (F) Plots of LysoTracker intensity vs. vesicle size, measured in images like those in D. Dots represent individual measurements of vesicle
LysoTracker intensity (same data as in E) and area in section. Graphs additionally depict linear regression and 99% confidence intervals. The same wild-type
data is plotted in all three graphs.
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Figure S2. Lampland endosomal Rab-GTPases associate with the trans-Golgi. (A) Confocal images showing localization of lysosome marker Lamp1-YFP
(green) and trans-Golgi marker GalT-TagRFP (magenta, driven by act-GAL4) in L3 CNS, wing imaginal disc, and blood cells. Magnified insets are shown in the
lower right corner of each image. Separate channels of magnified insets are shown on the right side. Nuclei stained with DAPI (blue). The graphs below each
image quantify lysosome Lamp1 and trans-Golgi GalT puncta proximity measured in 10 different square areas (12.454 x 12.454 um, CNS and wing disc) or 10
blood cells, as well as average proximity values (n = 10, error bars indicate SD). (B) Confocal images showing localization of Lamp1-YFP (green) and GalT-
TagRFP (magenta, driven by act-GAL4) in L3 dorsal tracheal branch, salivary gland, midgut enteroblasts, and Malpighian tubules. Magnified insets are shown in
the lower right corner of each image. Separate channels of magnified insets are shown on the right side. The graphs below each image quantify puncta
proximity in 10 different cells, as well as average proximity values (n = 10, error bars indicate SD). (C) Confocal images of fat body (feeding stage) showing
localization of trans-Golgi marker GalT-TagRFP (magenta) and fluorescently tagged Rab-GTPases Rab4, Rab5, Rab7, and Rab11 (green), all driven by BM-40-
SPARC-GAL4. Magnified insets are shown in the lower right corner of each image, with separate channels on the right. The graphs below each image quantify
Rab-GTPase and trans-Golgi GalT puncta proximity measured in 10 different cells, as well as average proximity values (n = 10, error bars indicate SD). Notice
similar percentages of proximity compared to Fig. 2 L.
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Figure S3. Additional characterization of free and tGA-lysosomes. (A) FIB-SEM images showing free lysosomes (not associated to trans-Golgi) in fat body
adipocytes and imaginal wing disc epidermal cells, as well as multivesicular bodies in wing disc cells. We did not find similar multivesicular late endosomal
structures in fat body of the L3 feeding larva, but their presence has been reported later, upon developmental autophagy induction (Marusz et al., 2015).
Multivesicular bodies in wing disc cells are sometimes trans-Golgi-associated (3 out of 19 examples). (B) Confocal images of wing disc cells at interphase,
prophase, metaphase, and telophase stages of the mitotic cycle. Upper images show F-actin stained with phalloidin (white) and DAPI (blue); lower images show
lysosome marker Lampl-YFP (green) and trans-Golgi marker GalT-TagRFP (magenta, driven by rn-GAL4), as well as phalloidin (white). The graphs below
quantify Lamp1/GalT puncta proximity measured in individual cells (n = 10, 14, 3, 6, and 1 for prophase, metaphase, anaphase, telophase, and cytokinesis,
respectively) or in 6.23 x 6.23 um areas (interphase, n = 10). (C) Confocal images showing Lamp1-YFP (green) and GalT-TagRFP (magenta, driven by BM-40-
SPARC-GAL4) in L3 fat body (feeding stage) after 6 h culture with (left) or without (right) 0.25 mg/ml of actin polymerization inhibitor Cytochalasin D. Magnified
insets are shown below. The graphs quantify puncta proximity in 10 cells, as well as average proximity values (n = 10, error bars indicate SD). (D) Confocal
images showing distribution of general secretion marker secr-GFP (green, BM-40-SPARC-GAL4~driven) in fat body after 6 h culture with (left) or without (right)
100 ug/ml of secretion inhibitor Brefeldin A. DAPIin blue. (E) Lamp1-YFP (green) and trans-Golgi marker GalT-TagRFP (magenta, driven by BM-40-SPARC-GAL4)
in fat body after 6 h culture with (left) or without (right) 100 ug/ml of secretion inhibitor Brefeldin A. Magnified insets are shown below. Graphs quantify puncta
proximity as in C.
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Figure S4. Syx1and Syx4 interact with Rop. (A) Confocal images of fat body expressing Rop-GFP alone (control) or co-expressing Rop-GFP with Syx1-FLAG-
HA, Syx4-FLAG-HA, Syx7-FLAG-HA, and Syx17-FLAG-HA, all driven by BM-40-SPARC-GAL4. Rectangular insets are shown magnified below. (B) Quantification
of the recruitment of Rop-GFP to the plasma membrane by Syx1, Syx4, Syx7, and Syx17. Each dot represents the ratio in one cell of Rop-GFP signal intensity
between plasma membrane and cytoplasm, measured in images like those in A. n = 10. Horizontal lines mark the mean. P values from unpaired t tests are
indicated for differences with the control. n.s., P > 0.05; **** P < 0.0001. (C) Confocal images of fat body from wild-type, BM-40-SPARC>Rop', >Vps20', and
>VhaPPAL-T' L3 larvae (feeding stage) expressing Rabll-GFP (green). (D) Confocal images of fat body from wild-type, BM-40-SPARC>Rop/, >Vps20', and
>VhaPPAL-T' L3 larvae (feeding stage) expressing trans-Golgi marker GalT-TagRFP (magenta). (E) Confocal images of fat body from wild-type, BM-40-
SPARC>Rab11’, >Rop', >Syx1, >Syx4', and double >Syx1'+Syx4' L3 larvae (feeding stage) stained with an antibody against trans-Golgi protein Golgin245 (cyan).
(F) Trans-Golgi size measured in images like those in E. Data are presented as violin plots where quartiles are marked. Dots represent individual punctum size
measurements (n = 100 per genotype).
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Figure S5. Localization of Rabl, Rab2, Rab6, Rab9, Rab10, and RabX3 within ERES-Golgi units. Confocal images of fat body ERES-Golgi units showing
localization of the indicated Rab-GTPases (yellow, white in separate channel below) with respect to ERES marker Tangol (cyan) and trans-Golgi marker GalT
(magenta).

Video 1. FIB-SEM 3D reconstruction of tGA-lysosomes. Animated 3D renderings of Golgi and tGA-lysosomes reconstructed from FIB-SEM data. ER in
green, tGA-lysosomes in yellow, and Golgi in purple. Refer to Fig. 3.
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Video 2. In vivo imaging of trans-Golgi and lysosomes in blood cells. Time-lapse movie showing examples of lysosome association and dissociation
behaviors with respect to the trans-Golgi. Live blood cells expressing lysosomal marker Lamp1-GFP (green) and trans-Golgi marker GalT-TagRFP (magenta),
both driven by BM-40-SPARC-GAL4, were recorded in a spinning-disc confocal microscope for 10 min each cell at a speed of 10 images/min. Each image is a
maximum intensity projection of a 7-9 section stack (z-distance 1 pm). Refer to Fig. 4. Time stamp: min:s. Arrowheads point to trans-Golgi associated with
dynamic lysosomes. Dashed lines outline cell shape.

Provided online are two tables. Table S1 lists experimental genotypes in the study. Table S2 lists primers used.
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