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Multiple overlapping SNARE complexes
drive endosome maturation in Drosophila
nephrocytes

Dávid Hargitai 1,2,5, Márton Molnár1,2,5, András Rubics1, Iván Bodor1,2,
Dóra Baukál1, Anikó Nagy1,2, Virág Balogh1,2, Zsófia Simon-Vecsei1,2,
Gábor Juhász 1,3 & Péter Lőrincz 1,2,4

Endosomal maturation determines whether internalized cargo is recycled or
degraded, yet the logic governing early endosomal fusion remains incomple-
tely defined. Although commonly depicted as a linear Rab5-to-Rab7 transition
mediated by a single SNARE pathway, we show that early endosome matura-
tion is driven by multiple parallel, non-interchangeable SNARE complexes.
Using Drosophila nephrocytes as a tractable in vivo model, we define a
Syx12L–Snap29–Ykt6 complex that mediates homotypic early endosomal
fusion and identify two related assemblies–Syx7L–Snap29–Ykt6 and
Syx7L–Snap29–Vamp7–that promote later endosomal and lysosomal fusion
with distinct Rab requirements. When the canonical Syx12L pathway is dis-
rupted, alternative complexes remain active and generate aberrant endoly-
sosomal swirls which also form in the absence of Rab5 or early endosomal
tethers. Thus, Rab5-independent membrane progression toward lysosomes
persists but is insufficient to produce fully functional degradative organelles.
Together, our findings reveal a network of parallel fusion pathways underlying
endosome maturation.

Eukaryotic cells internalize transmembrane receptors and extra-
cellular material through endocytosis. Following uptake, cargo is
either recycled back to the plasma membrane or delivered to lyso-
somes for degradation. Early (sorting) endosomes constitute the
central decision-making hub of this pathway. These dynamic tubulo-
vesicular compartments mature through coordinated membrane
remodeling and fusion events that are tightly regulated by
phosphatidylinositol-phosphates and small GTPases, including Rab
proteins. In their GTP-bound state, Rab proteins recruit effector
molecules that control vesicle targeting, tethering, and fusion. Mem-
brane fusion itself is executed by SNARE (Soluble N-
ethylmaleimide–sensitive factor Attachment protein REceptor) pro-
teins, whose assembly is promoted by the SNARE chaperone SM-

proteins and tethering factors that bridge opposing membranes and
stabilize trans-SNARE complexes1–5.

In addition to large coiled-coil tethering proteins such as Early
Endosomal Antigen 1 (EEA1) and Rabenosyn-5, endosome maturation
relies primarily on two related multisubunit tethering complexes. The
HOPS complex promotes fusion of lysosomes with Rab7- and/or Rab2-
positive late endosomes, autophagosomes, secretory granules, and
Golgi-derived carriers6–18. Its counterpart, CORVET (Class C core
vacuole/endosome tethering), mediates tethering and fusion of Rab5-
positive early endosomal membranes9,19–27. HOPS and CORVET share a
conserved class C core composed of Vps11, Vps16, Vps18, and Vps33,
but differ in their Rab-interacting subunits: CORVET contains the Rab5-
binding proteins Vps8 and Vps3 (or Vps39-2/ Tgfbrap1/Trap1 in
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mammals), whereas HOPS incorporates the Rab7 adaptor Vps41 and
the Rab2-binding subunit Vps39 in yeast9,21,22,27–29. In Drosophila,
CORVET is further simplified into a smaller variant termed mini-
CORVET, composed of Vps8 and only three class C subunits (Dor/
Vps18, Car/Vps33A, and Vps16A), rendering Vps11 specific to HOPS in
flies30,31.

SNARE complexes generally consist of three or four SNARE pro-
teins, each contributing one or two SNAREmotifs. Within the resulting
four-helix bundle, themotifs fall into four classes - Qa, Qb, Qc, and R32.
Functional SNARE complexes obey the QabcR rule, incorporating one
motif from each class, and therefore usually consist of four different
proteins (32–35). An important exception is provided by Qbc-SNAREs,
which contain two SNARE motifs; in these cases, a single Qa- and a
single R-SNARE are sufficient to form a functional complex33. By the
late 2000s, a canonical set of SNARE complexes had been proposed to
mediate the major fusion steps of endosomal maturation in yeast and
mammalian cells. In mammals, the STX12 (Qa)–VTI1A (Qb)–STX6
(Qc)–VAMP4 (R) complex was shown to drive homotypic early endo-
some fusion34. As endosomes mature, late endosomes form and
undergohomotypic fusionor heterotypic fusionwith early endosomes
via the STX7 (Qa)–VTI1b (Qb)–STX8 (Qc)–VAMP8 (R) complex35–37.
Subsequent fusion of late endosomes with lysosomes is mediated by
the closely related STX7 (Qa)–VTI1b (Qb)–STX8 (Qc)–VAMP7 (R)
complex, which also supports homotypic lysosome fusion38,39.

More recent work, however, has substantially revised this linear
view. As summarized by Dingjan and colleagues, multiple SNARE
complexes can often catalyze the same fusion step, with their relative
contributions varying across cell types and physiological contexts40.
Proteins such as VTI1a and VTI1b, previously considered essential and
functionally distinct, can be partially redundant or even dispensable in
specific settings41–44. Similar context-dependent redundancy has been
proposed for several other SNAREs40,45–48, underscoring the plasticity
and complexity of endosomal fusion in mammalian cells.

In contrast to mammals, SNARE redundancy is markedly lower in
Drosophila, which encodes roughly half asmany SNAREproteins while
retaining clear homologs for most mammalian counterparts49–51. In
flies, Syx7 (Qa)52,53, Snap29 (Qbc)54, Syb (R)55, and nSyb (R)55 have been
implicated in early endocytic steps, whereas Syx13 (Qa)14,56,57, Syx16
(Qa)58, Syx17 (Qa)59,60, Syx18 (Qa)61, Sec20 (Qb)61, Snap29 (Qbc)54,59,60,
Ykt6 (R)62, and Vamp7 (R)14,59,60 have been linked to lysosomal fusions
and autophagy. Additional roles in recycling and retrograde transport
have been described for Syx1 (Qa)63, Syx4 (Qa)63, Syx16 (Qa)64, Ykt6
(R)65, and Syb (R)55,64,66. Importantly, we noticed a notable and still
unexplained difference in the literature between mammals and Dro-
sophila: Syntaxin7 is consistently described as a late endosomal/lyso-
somal SNARE inmammalian cells38,67, yet inflies it has been reported to
function primarily at early endosomes52,53.

Despite the identification of numerous SNAREs associated with
endosome maturation, only a limited number of functional SNARE
complexes have been rigorously defined. Many studies have focused
on individual SNAREs or small subsets of the family, often without
biochemical validation of complex formation, leaving keymechanistic
questions unresolved. Increasing evidence from multiple model sys-
tems indicates that several SNARE assemblies can act in parallel during
endosomal maturation, complicating efforts to define linear pathways
and obscuring how vesicle fate is determined within this highly inter-
connected system.

Here, we take advantage of the reduced SNARE redundancy of
Drosophila to perform a comprehensive, system-level analysis of
SNARE function in the endolysosomal pathway. Using Drosophila
nephrocytes as a well-established model of endocytosis11,30,31, we
identify multiple SNARE complexes that act in parallel during the early
stages of endosome maturation. Our results resolve long-standing
ambiguities regarding the functional assignment of Syx7-family Qa-
SNAREs in flies, leading us to propose a revised nomenclature that

reflects both evolutionary history and functional specialization. Based
on genetic, biochemical, and ultrastructural analyses, we present an
updated model of early endosomal fusion that incorporates pathway
branching, differential Rab5/Rab7 dependence, and regulated partial
redundancy among SNARE complexes. Together, our findings estab-
lish how overlapping SNARE machineries coordinate vesicle fate
decisions within the endolysosomal system.

Results
Syx7 (Qa), Snap29 (Qbc) and Ykt6 (R) are required for early
endosomal fusion in nephrocytes
To systematically assess the contribution of SNARE proteins to endo-
somalmaturation,weperformed anRNAi-based screenby targeting 23
of the 25 Drosophila SNARE genes one by one using 77 independent,
commercially available RNAi constructs. We compared all phenotypes
to a control (luciferase RNAi); Vti1b was excluded due to the lack of
available strains, and Syx17was omittedbecausewepreviously showed
that its depletion blocks endosome maturation indirectly via a sec-
ondary “tethering lock” effect68. As a primary readout, we quantified
the size of Rab7–positive endosomes,which sensitively reflects defects
along the endocytic pathway (Fig. 1A shows statistics for representa-
tive RNAi constructs, and representative micrographs are shown in
Supplementary Figs. 1, 2). Impaired early endosomal fusion typically
results in reduced late endosome size (Fig. 1A–E)30, whereas defects in
lysosomal fusion, degradation, or recycling lead to enlarged late
endosomes (Fig. 1A)11,30,31,69–72. SNAREs were considered hits when at
least two independent RNAi lines produced comparable phenotypes
with the same effect on Rab7+ endosome size. Based on increased late
endosome size, we identified Syx1 (Supplementary Fig. 1B), Syx13
(Supplementary Fig. 1F), Syx16 (Supplementary Fig. 1G), Syx18 (Sup-
plementary Fig. 1H), Membrin (Supplementary Fig. 1J), Sec20 (Sup-
plementary Fig. 1K), Syb (Supplementary Fig. 2E) and Vamp7
(Supplementary Fig. 2G) as SNAREs acting in later stages of endosome
maturation and/or recycling in Drosophila. Strikingly, silencing of only
three SNAREs - Syx7 (Qa) (Fig. 1C and Supplementary Fig. 1E), Snap29
(Qbc) (Fig. 1D and Supplementary Fig. 2C), and Ykt6 (R) (Fig. 1E and
Supplementary Fig. 2H)—consistently resulted in reduced average
Rab7-positive endosome size, indicative of defects at earlier stages
Notably, theQa–Qbc–R identities of Syx7, Snap29 andYkt6make them
a plausible candidate set for a single functional SNARE complex. While
a single RNAi construct against Use1 (Qc) (Supplementary Fig. 1P) also
caused a mild endosome size reduction, the lack of independent
supporting evidence led us to exclude it from further analysis.

To characterize Syx7, Snap29 and Ykt6 RNAi phenotypes in more
detail, we analyzed early endosomes and lysosomes using Rab5-GFP
(Fig. 1B–G) and anti-Lamp1 (Fig. 1H–M) staining, respectively, in com-
bination with anti-Rab7 labeling. In all three knockdowns, Rab5-
positive early endosomes were significantly smaller (Fig. 1F), sup-
porting a role for Syx7, Snap29, and Ykt6 in early endosomal fusions.
Snap29 depletion caused the most pronounced reduction in early
endosome size. Moreover, colocalization between Rab5-GFP and anti-
Rab7, quantified using the Threshold Overlap Score (TOS) method
(Fig. 1G), was increased in all three conditions, indicating impaired
endosomal maturation. According to the original description of the
method, positive TOS values (0.1 to 1) indicate colocalization, values
close to zero ( −0.1 to 0.1) indicate random overlap, whereas negative
values (−1 to −0.1) indicate segregation of the two signals73. Late
endosomes were also affected in all three knockdowns, although with
distinct phenotypic signatures. Snap29 silencing resulted in uniformly
small Rab7-positive compartments (Fig. 1D), mirroring the early
endosome phenotype. In contrast, Syx7 knockdown (Fig. 1C) reduced
average late endosome size but additionally produced a subset of
unusually large Rab5-GFP negative, Rab7-positive compartments with
surprisingly thick Rab7 signal–a phenotype not observed in any other
single SNARE depletion. Ykt6 silencing (Fig. 1E) generated smaller-
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than-control Rab7-positive endosomes with markedly increased Rab5-
GFP colocalization.

Lysosomes were similarly affected: anti-Lamp1–positive com-
partments were smaller in all three knockdowns than in the control
(Fig. 1H). In Syx7-depleted cells (Fig. 1I), Lamp1 strongly colocalized
with Rab7 on the above-mentioned large aberrant endolysosomal
structures. In contrast, Snap29 (Fig. 1J) silencing did not increase

Lamp1–Rab7 colocalization relative to controls, whereas Ykt6 deple-
tion (Fig. 1K) resulted in a population of Rab7/Lamp1 double-positive
endolysosomes.

Silencing of Snap29, Syx7, or Ykt6 impairs endocytic uptake
Our morphological analyses suggested that Snap29, Syx7, and Ykt6
function at early stages of endosome maturation. To determine
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whether these defects also compromise endocytic activity, we per-
formed tracer uptake assays in nephrocytes. As an initial screen, we
monitored short-term (5min) uptake of FITC–Avidin following RNAi-
mediated silencing of individual SNARE genes using constructs selec-
ted based on the results of our late endosome size (anti-Rab7) screen
(Fig. 2A). While depletion of Syx1 (Fig. 2A and Supplementary Fig. 3B),
Syx5 (Fig. 2A and Supplementary Fig. 3D), or Use1 (Fig. 2A and Sup-
plementary Fig. 3P) caused a moderate reduction in tracer inter-
nalization, silencing of Syx7 (Fig. 2A and Supplementary Fig. 3E),
Snap29 (Fig. 2A, Supplementary Fig. 3S), or Ykt6 (Fig. 2A and Supple-
mentary Fig. 3X) completely abolished detectable FITC–Avidin uptake
(Fig. 2A). This result indicated a severe disruption of endocytosis, in
line with our endosome size and colocalization analyses. Garland
nephrocytes internalize material through deep plasma membrane
invaginations termed lacunae, which are lined by a slit diaphragm that
is structurally and functionally analogous to that of mammalian
podocytes. This filtration barrier is essential for nephrocyte detox-
ification and hemolymph sieving, and it has a size exclusion limit close
to that of FITC–Avidin (66 kDa). Previous studies have shown that
impaired trafficking of slit diaphragm components can lead to “clog-
ging” at the lacunar entrance, reducing the effective exclusion limit
and thereby blocking uptake of larger tracers (Fig. 2B)74.

To test whether such clogging contributes to the observed phe-
notype, we compared uptake of FITC–Avidin and a much smaller
fluorescent dextran (10 kDa) following 5- and 30-min incubations. In
control nephrocytes, both tracers were efficiently internalized, with
intracellular signal increasing over time (Fig. 2C, D, L). In contrast, Syx7-
(Fig. 2E, F, K) or Snap29-depleted cells (Fig. 2G, H, K) failed to internalize
FITC–Avidin, while dextran uptake was reduced relative to controls
(Fig. 2F, H, K) and did not increase with prolonged incubation (Fig. 2M,
N, P). These findings are consistent with clogging of the slit diaphragm.
However, if clogging were the sole defect, intracellular dextran would
still be expected to accumulate gradually over time, albeit more slowly.
Instead, dextran levels remained essentially unchanged between the 5-

and 30-min incubations, suggesting that internalized dextran was
continuously removed from the cell at a rate similar to its uptake. This
observation raised the possibility that impaired endosome maturation
promotes accelerated recycling of internalized membrane and cargo
back to the plasma membrane. We therefore tested whether impaired
endosome maturation promotes accelerated recycling to the plasma
membrane. Nephrocytes were incubated with both tracers for 30min,
followed by a 10-min chase in tracer-free medium (Fig. 2Q–U). In con-
trol cells, tracer levels remained unchanged (Fig. 2Q, U). In contrast,
Syx7- (Fig. 2R, U) or Snap29-depleted cells (Fig. 2S, U) were almost
completely devoid of dextran after the chase, supporting the notion of
rapid recycling in these conditions.

Ykt6 depletion produced a distinct phenotype. After 5min
(Fig. 2I–K), uptake resembled that observed upon Syx7 or Snap29
silencing (Fig. 2F, H). However, after 30min, FITC–Avidin was clearly
internalized, and dextran levels increased compared to the short
incubation (Fig. 2I, O, P). This indicates that loss of Ykt6 does not
disrupt slit diaphragm sieving but instead reduces overall endocytic
efficiency. Consistently, tracer retention following the 10min chase
(Fig. 2I, T, U) was comparable to that after continuous incubation
(Fig. 2O), indicating that Ykt6 silencing does not trigger rapid recy-
cling. To further corroborate these findings, we performed a silver
nitrate uptake assay by rearing larvae on silver nitrate–containing
food, in which silver accumulates and precipitates in the lysosomes of
nephrocytes. In all three SNARE knockdowns, but most profoundly in
Syx7 and Snap29, silver accumulation was reduced relative to controls
(Supplementary Fig. 3Y) and mirrored the altered lysosomal patterns
observed by anti-Lamp1 staining (Fig. 1H–K).

Together, these uptake assays demonstrate that Syx7, Snap29,
and Ykt6 are required for efficient early endocytic function, although
the loss of each SNARE affects the pathway in a distinct manner. To
determine whether these proteins act together within the same
molecularmachinery, wenext examined their localization andphysical
interactions.

Fig. 1 | RNAi screen identifies Syx7, Snap29, and Ykt6 as key executors of early
endosomal fusion. A Quantification of Rab7+ late endosome diameter in nephro-
cytes expressing selected SNARE RNAi constructs. n = 100 endosomes randomly
selected from 10 cells per genotype, derived from 4 independent animals (biolo-
gical replicates). Experiments were independently repeated on two different days
with similar results. Statistical significance was assessed using a Kruskal–Wallis test
followed by Dunn’s multiple-comparisons test, comparing each RNAi dataset with
control (Luciferase RNAi). ****P <0.0001. Error bars represent SD. Exact P values are
as follows: Syx1 RNAi (R1), P <0.0001; Syx4 RNAi (R2), P =0.1415; Syx5 RNAi (R2),
P >0.9999; Syx7 RNAi (R1), P <0.0001; Syx13 RNAi (R1), P <0.0001; Syx16 RNAi
(R3), P <0.0001; Syx18 RNAi (R2), P <0.0001; Gos28 RNAi (R3), P >0.9999; Mem-
brin RNAi (R1), P <0.0001; Sec20 RNAi (R2), P <0.0001; Vti1a RNAi (R1), P >0.9999;
Bet1 RNAi (R2), P >0.9999; Syx6 RNAi (R3), P >0.9999; Syx8 RNAi (R3), P >0.9999;
Use1 RNAi (R2), P >0.9999; Snap24 RNAi (R3), P >0.9999; Snap25 RNAi (R2),
P >0.9999; Snap29 RNAi (R1), P <0.0001; Syb RNAi (R1), P <0.0001; nSyb RNAi
(R4), P >0.9999; Sec22 RNAi (R3), P =0.435; Vamp7 RNAi (R5), P <0.0001; Ykt6
RNAi (R5), P <0.0001. The dashed line indicates the mean endosome diameter in
control cells. Grey dots indicate no significant change; orange arrows indicate
increased size; blue arrows indicate decreased size. Pale arrows denote phenotypes
observed in only one independent RNAi line. Fractions below arrows indicate the
number of RNAi lines showing a phenotype relative to the total number tested.
Representative images from the full screen and complete quantifications are shown
in Supplementary Figs. 1 and S2. B–E Rab5–GFP–positive early endosomes and
Rab7+ late endosomes are reduced in size in Syx7 RNAi (C), Snap29 RNAi (D), and
Ykt6 RNAi (E) nephrocytes compared to control (B). Blue channel shows nuclei
(DAPI). Cell outlines are indicated by dashed cyan lines. Scale bars: 10μm. Rab7+

structures are outlined by continuous orange lines in the black-and-white insets.
Large Rab7+ structures with abnormally thick membranes are apparent in Syx7
RNAi cells (C). F Quantification of Rab5+ endosome diameter shown in (B–E).
n = 100 endosomes randomly selected from 10 cells per genotype, derived from 5
independent animals (biological replicates). Experiments were independently
repeated on two different days with similar results. Statistical significance was

assessed using a Kruskal–Wallis test followed by Dunn’smultiple-comparisons test.
Asterisks (*) indicate comparisonswith control (Luciferase RNAi), and green hashes
(#) indicate comparisons with Snap29 RNAi. ****P <0.0001; ####P <0.0001;
#P <0.05. Error bars represent SD. Exact P values are as follows: comparisons with
control: Syx7 RNAi, P <0.0001; Snap29 RNAi, P <0.0001; Ykt6 RNAi, P <0.0001.
Comparisons with Snap29 RNAi: control, P <0.0001; Syx7 RNAi, P =0.0111; Ykt6
RNAi, P <0.0001. G Quantification of Rab5-GFP – anti-Rab7 colocalization in
B–E using the Threshold Overlap Score (TOS) reveals increased overlap upon
depletion of all three SNAREs. n = 12 cells per genotype, derived from 4 indepen-
dent animals (biological replicates). Experiments were independently repeated on
two different days with similar results. Statistical significance was assessed using
ordinary one-way ANOVA followed by Tukey’s multiple-comparisons test. Error
bars represent SD. ****P <0.0001 for the indicated comparisons with control
(Luciferase RNAi).H–K Rab7+ late endosomes and Lamp1+ lysosomes are smaller in
Syx7RNAi (I), Snap29RNAi (J), andYkt6RNAi (K) nephrocytes compared to control
(H). Blue channel shows nuclei (DAPI). Cell outlines are indicated by dashed cyan
lines. Scale bars: 10μm.Rab7+ structures are outlinedby continuous orange lines in
the black-and-white insets. The large Rab7+ structures observed in Syx7 RNAi cells
are Lamp1-positive (I). L Quantification of Lamp1+ lysosome diameter shown in
(H–K). n = 100 lysosomes randomly selected from 10 cells per genotype, derived
from 3 independent animals (biological replicates). Experiments were indepen-
dently repeated on two different days with similar results. Statistical significance
was assessed using a Kruskal–Wallis test followed by Dunn’s multiple-comparisons
test. Error bars represent SD. Asterisks (*) indicate comparisons with control
(Luciferase RNAi), and green hashes (#) indicate comparisons with Snap29 RNAi.
****P <0.0001; ####P <0.0001.MQuantification of Rab7 and Lamp1 colocalization
usingTOSreveals increasedoverlap inSyx7- andYkt6-depleted cells.n = 12 cells per
genotype, derived from 5 independent animals (biological replicates). Experiments
were independently repeated on two different days with similar results. Statistical
significance was assessed using ordinary one-way ANOVA followed by Tukey’s
multiple-comparisons test. ****P <0.0001 for Syx7 RNAi and Ykt6 RNAi compared
with control (Luciferase RNAi); Snap29 RNAi, P =0.9434. Error bars represent SD.
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Snap29, Syx7, andYkt6 localize toRab5-positive endosomes and
form a SNARE complex
To determine the subcellular localization of the three candidate
SNAREs, we analyzed garland nephrocytes expressing Rab5–GFP
(Fig. 3A–C) or stained for Rab7 (Fig. 3D–F). Syx7 (Fig. 3A, D, H) and
Snap29 (Fig. 3B, E, H, I) were detected using specific antibodies, while
Ykt6 localization was assessed using a Ykt6–HA transgene (Fig. 3C, F,

H, I). All three SNAREs showed strong colocalizationwith Rab5-positive
early endosomes (Fig. 3A-C) and minimal overlap with Rab7-positive
compartments (Fig. 3D–F), as quantified by Threshold Overlap Score
(TOS) (Fig. 3G). Notably, in control cells the TOS values between
Rab5–GFP and Rab7 were close to zero similar to the SNARE and Rab7
pairs (Fig. 1G), suggesting that Syx7, Snap29, and Ykt6 still be
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transiently present on Rab5/Rab7 double-positive endosomes and are
removed when Rab7 conversion occurs.

We next asked whether these SNAREs reside on the same vesicles.
Double immunostaining for Syx7 and Snap29 (Fig. 3H), as well as for
Snap29 and Ykt6–HA (Fig. 3I), revealed substantial colocalization in
both cases (Fig. 3G). The slightly lower Threshold Overlap Score (TOS)
observed for Snap29–Ykt6 (Fig. 3G) is compatible with a model in
which Qa/Qbc precomplexes assemble before R-SNARE engagement,
although it may also reflect additional Snap29-independent functions
of Ykt6 on endosomal membranes. The strong functional similarity at
early endosomes and their overlapping localization suggested that
Syx7, Snap29, and Ykt6 act together as a SNARE complex. To test this,
we performed biochemical interaction assays. In GST pull-down
experiments (Fig. 3J), bacterially expressed GST–Syx7 SNARE motif
efficiently bound full-length MBP–Snap29. In contrast, MBP–Ykt6
bound to GST–Syx7 only in the presence of MBP–Snap29, indicating
that Syx7 engages R-SNAREs via the Qbc-SNARE Snap29. Because
previous work has implicated Vamp7 as an alternative endosomal
R-SNARE in Snap29-containing complexes14,59,75, we tested whether the
Syx7–Snap29 precomplex could also engage Vamp7. Indeed, the clo-
sely related MBP–Vamp7 SNARE motif showed the same Snap29-
dependent binding behavior as Ykt6, whereas control GST and MBP
proteins showed negligible binding.

These experiments demonstrate three key points: (i) Syx7,
Snap29, andYkt6 canassemble into a SNAREcomplexwithout intrinsic
biochemical constraints at the SNARE-motif level; (ii) the Qa-SNARE
Syx7 engages R-SNAREs only through the Qbc-SNARE Snap29; and (iii)
the Syx7–Snap29 Q-SNARE precomplex can interact with more than
one type of R-SNARE, including both Ykt6 and Vamp7.

Because in vitro pull-down assays do not capture the full reg-
ulatory context of SNARE assembly76, we next tested complex forma-
tion in culturedfly cells. UsingDrosophila S2R+ cells expressing tagged
proteins, co-immunoprecipitation experiments (Fig. 3K) showed that
Syx7–FLAG precipitated both Ykt6–HA and Snap29–HA. Importantly,
Syx7–FLAG also co-precipitated endogenous Snap29. This interaction
was further confirmed by co-immunoprecipitation from lysates
expressing only Syx7–HA (Fig. 3L), which likewise precipitated endo-
genous Snap29.

We next asked whether depletion of individual SNAREs altered the
localization of the remaining endosomal SNAREs (Supplementary
Fig. 4A–R).As expected,RNAi against Syx12L, Snap29, orYkt6 efficiently
reduced the level of the corresponding target protein (Supplementary
Fig. 4B, F, I, L, P, R) compared with controls (Supplementary Fig. 4A, G,
M). In contrast, depletion of one SNARE did not grossly affect the
localization or apparent abundance of the remaining components.
Syx12L remained associated with Rab5-positive early endosomes in
Snap29- or Ykt6-depleted cells (Supplementary Fig. 4C–F), and Ykt6-HA
likewise retained its early endosomal localization following depletion of
Syx12L or Snap29 (Supplementary Fig. 4N–Q). Similarly, Snap29
remained predominantly associatedwith early endosomes in Syx12L- or
Ykt6-depleted cells (Supplementary Fig. 4H–K), although its overlap
with Rab5-positive structures was reduced compared with controls.
These observations indicate that depletion of individual SNAREs does
not cause widespread mislocalization or destabilization of the remain-
ing endosomal SNARE machinery.

Together, our localization and biochemical data demonstrate that
Syx7, Snap29, and Ykt6 form a functional SNARE complex acting at
Rab5 positive early endosomes.

Fig. 2 | Silencing of Syx7, Snap29, or Ykt6 impairs endocytic uptake.
A Quantification of Avidin uptake based on tracer coverage of the cell (%) across
representative SNARE RNAi conditions. n = 15 cells per genotype, derived from 4
independent animals (biological replicates), except for Use1 RNAi, for which n = 13
cells from 4 independent animals. Experiments were independently repeated on
two different days with similar results. Statistical significance was assessed using
ordinary one-way ANOVA followed by Dunnett’s multiple-comparisons test, com-
paring each RNAi dataset with control (Luciferase RNAi). ****P <0.0001;
***P <0.001; **P <0.01. Error bars represent SD. Exact P values are as follows: Syx1
RNAi, P =0.003; Syx4 RNAi, P =0.9991; Syx5 RNAi, P =0.0024; Syx7 RNAi,
P <0.0001; Syx13 RNAi, P =0.9997; Syx16 RNAi, P =0.9996; Syx18 RNAi, P =0.9997;
Gos28 RNAi, P =0.9997; Membrin RNAi, P =0.9999; Sec20 RNAi, P =0.9997; Vti1a
RNAi, P =0.9994; Bet1 RNAi, P =0.9991; Syx6 RNAi, P =0.9998; Syx8 RNAi,
P >0.9999; Use1 RNAi, P =0.0002; Snap24 RNAi, P =0.9988; Snap25 RNAi,
P >0.9999; Snap29 RNAi, P <0.0001; Sec22 RNAi, P =0.9821; Syb RNAi, P =0.9994;
nSyb RNAi, P =0.9991; Vamp7 RNAi, P =0.9952; Ykt6 RNAi, P <0.0001. The dashed
line indicates mean tracer coverage in control cells. Representative images are
shown in Supplementary Fig. 3A–X. B Schematic illustrating lacunar clogging as a
potential mechanism underlying impaired uptake in the hits identified by the Avi-
din uptake screen. C–U Nephrocytes were pulsed with fluorescent Avidin (66 kDa)
and Dextran (10 kDa) for 5min (D, F, H, J, K) or 30min (L–U), then fixed immedi-
ately (D, F, H, J, K, L–P) or chased for 10min before fixation (Q–U). Blue channel
shows nuclei (DAPI); cell outlines are indicated by cyan lines. Scale bars: 10μm. In
control cells (D, L), both tracers rapidly accumulated in large peripheral endo-
somes and subsequently in deeper compartments, consistent with lysosomal
delivery. In Syx7 (F, M) and Snap29 (H, N) RNAi cells, Avidin uptake was nearly
absent, and Dextran signal was strongly reduced and rapidly cleared during chase
(R, S), suggesting impaired uptake and enhanced clearance, potentially via recy-
cling. In Ykt6 RNAi cells (J), Avidin uptake was also minimal and Dextran uptake
reduced, but internalized cargo became detectable after prolonged pulse (O) and
persisted during chase (T), indicating slower uptake and impaired clearance.
C, E, G, I Quantification of internalized tracer signal coverage (% of cell area) in
different RNAi backgrounds. C Control RNAi (D, L), E) Syx7 RNAi (F, M, R),
G Snap29RNAi (H,N,S), IYkt6RNAi (J,O,T).n = 15 cellsper genotype, derived from
4 independent animals (biological replicates). Experiments were independently
repeated on two different days with similar results. Statistical significance was

assessed using ordinary one-way ANOVA followed by Tukey’s multiple-
comparisons test. Asterisks (*) indicate comparisons with the 5-min pulse without
chase (5/0), and green hashes (#) indicate comparisons with the 30-min pulse
without chase (30/0). ****P <0.0001; ####P <0.0001; *P <0.05. Error bars repre-
sent SD. Exact P values are as follows. Control RNAi (C): FITC-Avidin, comparedwith
5/0: 30/0, P <0.0001; 30/10, P <0.0001; compared with 30/0: 5/0, P <0.0001; 30/
10, P =0.9998. Dextran, compared with 5/0: 30/0, P <0.0001; 30/10, P <0.0001;
compared with 30/0: 5/0, P <0.0001; 30/10, P =0.9222. Syx7 RNAi (E): FITC-Avidin,
no significant differences; Dextran, compared with 5/0: 30/0, P >0.9999; 30/10,
P <0.0001; compared with 30/0: 5/0, P >0.9999; 30/10, P <0.0001. Snap29 RNAi
(G): FITC-Avidin, no significant differences; Dextran, compared with 5/0: 30/0,
P =0.4928; 30/10, P <0.0001; compared with 30/0: 5/0, P =0.4928; 30/10,
P <0.0001. Ykt6 RNAi (I): FITC-Avidin, comparedwith 5/0: 30/0, P <0.0001; 30/10,
P <0.0001; compared with 30/0: 5/0, P <0.0001; 30/10, P =0.7746. Dextran,
compared with 5/0: 30/0, P =0.0223; 30/10, P =0.039; compared with 30/0: 5/0,
P =0.0223; 30/10, P =0.9709. Note that the y axis scale in C differs from those in
(E, G, and I). K, P, U Quantification of internalized tracer signal coverage (% of cell
area) across different genotypes under the indicated pulse-chase conditions, cor-
responding to D–J, L–O, and Q–T, respectively. n = 15 cells per genotype, derived
from 4 independent animals (biological replicates). Experiments were indepen-
dently repeated on two different days with similar results. Statistical significance
was assessed using ordinary one-way ANOVA followed by Tukey’s multiple-
comparisons test, except for the FITC-Avidin data in (U), whichwere analyzed using
Holm–Šídák’s multiple-comparisons test. Asterisks (*) indicate comparisons with
control (Luciferase RNAi), and green hashes (#) indicate comparisons with Ykt6
RNAi. ****P <0.0001; ####P <0.0001. Error bars represent SD. Exact P values are as
follows. K, FITC-Avidin (5/0), compared with control: Syx7 RNAi, P <0.0001;
Snap29 RNAi, P <0.0001; Ykt6 RNAi, P <0.0001; compared with Ykt6 RNAi: con-
trol, P <0.0001; Syx7 RNAi, P >0.9999; Snap29 RNAi, P >0.9999. K Dextran (5/0),
compared with control: Syx7 RNAi, P <0.0001; Snap29 RNAi, P <0.0001; Ykt6
RNAi, P <0.0001; compared with Ykt6 RNAi: control, P <0.0001; Syx7 RNAi,
P =0.6828; Snap29 RNAi, P =0.3408. P FITC-Avidin (30/0), compared with control:
Syx7 RNAi, P <0.0001; Snap29 RNAi, P <0.0001; Ykt6 RNAi, P <0.0001; compared
with Ykt6 RNAi: control, P <0.0001; Syx7 RNAi, P =0.9205; Snap29 RNAi,
P =0.9669. U FITC-Avidin and Dextran (30/10): all indicated comparisons with
control or Ykt6 RNAi, P <0.0001.
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Drosophila Syx7/Avl (CG5081) is functionally analogous to
mammalian STX12, whereas Syx13 (CG11278) corresponds
to STX7
Comparison of our findings with themammalian literature revealed an
apparent inconsistency: in mammalian cells, STX7 functions at late
endosomes and lysosomes, whereas in Drosophila Syx7 localizes to
early endosomes and is required for early endosomal fusion52,77. Given

the generally conserved roles of SNARE proteins, we sought to resolve
this discrepancy. In silico analyses of SNARE evolution indicate that the
endosomal Syntaxin7 family comprised twoparalogs (Syx7′a and Syx7′
b) in the lastmetazoancommonancestor (LMCA; Fig. 4A)49.Drosophila
retained both genes: Avl/Syx7 (derived from Syx7′a) and Syx13/Syx20
(derived from Syx7′b). In vertebrates, Syx7′a underwent duplication,
giving rise to STX7 and STX12/STX13, while Syx7′b (named TSNARE1 or

Article https://doi.org/10.1038/s41467-026-77479-z

Nature Communications |        (2026) 17:10512 7

www.nature.com/naturecommunications


STX20 in human) was disrupted by insertion of a Harbinger
transposon78, resulting in transformation of its SNARE function into a
regulatory one79.

Because of the similarity in nomenclature, one might infer that
Drosophila Syx7 corresponds to human STX7; similarly, at least one
study inferred that Drosophila Syx13 corresponds to STX12/1357.
However, phylogenetic analysis indicates a different relationship:
Drosophila Syx13 represents the ancestral Syx7′b lineagewhoseSNARE
function was disrupted in mammals78,79, whereas Drosophila Syx7
corresponds to the Syx7′a lineage that duplicated in vertebrates49,50. In
support of this assignment, Syx7 localizes predominantly to Rab5-
positive early endosomes inDrosophila,whereas Syx13–HA is enriched
on Rab7-positive late endosomes and Lamp1-positive lysosomes, with
only minimal overlap with Rab5, indicating a primarily late endosomal
function (Fig. 4B–D). To directly test functional equivalence, we
expressed human STX7–HA or STX12–HA in Syx7- or Syx13-depleted
nephrocytes (Fig. 4E–N). Expression of either human SNARE in control
cells had no significant effect on late endosome size (Fig. 4E–G). In
Syx7-silenced cells, human STX12–HA (Fig. 4J)—but not STX7–HA
(Fig. 4I)— rescued the endosomal phenotype (Fig. 4H, N). Conversely,
in Syx13-silenced cells (Fig. 4K), STX7–HA (Fig. 4L)—but not STX12–HA
(Fig. 4M)—restored normal late endosome size (Fig. 4N). Functional
equivalence was further supported by uptake assays: the near-
complete loss of FITC–Avidin internalization caused by Syx7 silen-
cing (Fig. 4O, R, U) was rescued by STX12–HA (Fig. 4Q, T, U) but not by
STX7–HA (Fig. 4P, S, U).

To determine whether this functional conservation extends
beyond the Syntaxin family, we next tested whether the remaining
components of the canonical early endosomal SNARE complex could
likewise be functionally replaced by their human orthologues. Expres-
sion of human SNAP29 or human YKT6 efficiently rescued the reduced
Rab7-positive endosome size caused by depletion of the corresponding
Drosophila proteins (Supplementary Fig. 4S–W), indicating that the
Qbc- andR-SNAREcomponentsof the canonical early endosomal fusion
machinery are also functionally conserved between flies andmammals.

Together, our evolutionary analysis, cross-species rescue experi-
ments and the existing literature indicate that functional orthology
between Drosophila and mammalian Syntaxin7 family members has
shifted through paralogous compensation. In Drosophila, Syx7 retains
early endosomal function, while Syx13 acts at late endosomes; in
mammals, these roles are partitioned between STX12 and STX7,
respectively, most likely because the ancestral Syx7′b lineage mostly
lost its SNARE function following Harbinger transposon insertion78,79.
Since the current nomenclature of Drosophila Syx7 and Syx13 reflects
neither their evolutionary history nor their functional equivalence to
mammalian proteins, we propose a revised naming scheme (Fig. 4V).
We suggest renaming Drosophila Syx7 as Syntaxin12-like (Syx12L) and
Syx13 as Syntaxin7-like (Syx7L), where “-like” denotes functional ana-
logy while allowing for species-specific divergence. Hereafter, we
adopt this revised nomenclature throughout the manuscript.

Disruption of early endosome fusion enhances recycling in a
Ykt6- and Exocyst-dependent manner
Fluorescence microscopy revealed clear but previously unexplained
phenotypic differences among knockdowns of the three SNAREs. To
resolve these differences at early stages of endosome maturation, we
examined the nephrocyte periphery by electron microscopy using
tannic acid impregnation to visualize lacunae and clathrin-coated pits
(Fig. 5A–D). Control nephrocytes (Fig. 5A) displayed well-developed
lacunae with abundant clathrin-coated pits and large endosomes. In
contrast, Syx12L silencing (Fig. 5B) caused a marked deepening of
lacunae accompanied by expanded luminal spaces and a pronounced
reduction in endosome size. Snap29 depletion (Fig. 5C) also increased
lacunar depth, and endosomes were small. Notably, Snap29-deficient
lacunae frequently contained intracellular cargo, consistent with our
previous finding that Snap29 loss promotes autophagosome secretion
in nephrocytes (Supplementary Fig. 5Y)68. In sharp contrast, Ykt6 si-
lencing (Fig. 5D) led to a drastic shallowing of lacunae, while clathrin-
coated pits and medium-sized endosomes were preserved, which fits
with the result of our uptake experiments.

The ultrastructural differences in lacunar depth pointed to altered
recycling dynamics. In nephrocytes, endocytosis occurs primarily at
the lacunar membrane, and membrane homeostasis depends on the
balance between endocytosis-driven membrane removal and
recycling-mediatedmembrane return (Fig. 5E). Accordingly, enhanced
recycling would be expected to deepen lacunae, whereas impaired
recycling would decrease their depth. To quantify recycling activity
and strengthen our EM data, we used a fluorescent channel diffusion
assay in prefixed cells to label the lacunar lumen (Fig. 5F–L and Sup-
plementary Fig. 5A). Consistent with the EM data, Syx12L (Fig. 5G) or
Snap29 (Fig. 5H) silencing significantly increased average channel
depth, albeit with distinct morphologies. In contrast, Ykt6 depletion
(Fig. 5I) reduced channel depth, with channels absent from large por-
tions of the cell surface.

Because early endosomal fusion is impaired upon Syx12L or
Snap29 depletion, yet based on our uptake experiments endocytosis
remains rapid, we hypothesized that fusion-defective endocytic vesi-
cles are rerouted into the recycling pathway. Supporting this idea,
silencing of the early endosomal tethering factors Rbsn5 (Fig. 5L,
Supplementary Fig. 5A1) or Vps8 (Fig. 5L and Supplementary Fig. 5A2)
similarly increased channel depth, whereas depletion of Vps11 (Fig. 5L
and Supplementary Fig. 5A3) or Vps41 (Fig. 5L and Supplementary
Fig. 5A4) subunits of late endosomal HOPS tethering complex resulted
in shallower channels. In turn, silencing of late endosomal Syx7L
(Fig. 5L and Supplementary Fig. 5A5) resulted in channel depth similar
to control. Thus, enhanced recycling is specifically triggered by dis-
ruption of early—but not late—endosomal fusions. Ykt6 depletion
(Fig. 5I, L), however, produced the opposite phenotype, suggesting an
additional role in recycling. Consistent with this, Ykt6 silencing was
epistatic to Snap29 depletion (Fig. 5L and Supplementary Fig. 5A6)
with respect to channel depth, mirroring the behavior of the

Fig. 3 | Syx7, Snap29, and Ykt6 localize to early endosomes and form a SNARE
complex. A–I Colocalization analyses of Syx7, Snap29, and Ykt6 with endosomal
markers andwith each other in nephrocytes. Blue channel shows nuclei (DAPI); cell
outlines are indicated by dashed cyan lines. Scale bars: 10μm. A–C Endogenous
Syx7 (A), endogenous Snap29 (B), and Ykt6–HA (C) localize predominantly to
Rab5–GFP+ early endosomes. Rab5-GFP+ structures are outlined by continuous
orange lines in the black-and-white insets. D–F Minimal overlap is observed
between Syx7 (F), Snap29 (G), or Ykt6–HA (H) and Rab7+ late endosomes. Rab7+

structures are outlined by continuous orange lines in the black-and-white insets.
H, I Endogenous Snap29 colocalizes with endogenous Syx7 (D) and Ykt6–HA (E).
Syx7+ (H) and Ykt6+ (I) structures are outlined by continuous orange lines in the
black-and-white insets. G Quantification of colocalization using Threshold Overlap
Score (TOS). n = 12 cells per genotype, derived from 6 independent animals (bio-
logical replicates). Experimentswere independently repeated on twodifferent days

with similar results. Statistical significance was assessed using unpaired t-tests to
compare the indicated pairs of TOS datasets. ****P <0.0001. Error bars represent
SD. SNAREs show significantly higher colocalization with Rab5+ endosomes than
with Rab7+ compartments. TOS also confirms colocalization between Snap29 and
Syx7 or Ykt6. J In vitro reconstitution of SNARE interactions. Lanes 1–6: purified
recombinant proteins. Lane 7: Syx7 SNARE domain pulls down full-length
MBP–Snap29. Lanes 8–9: Syx7 SNARE domain does not bind the SNARE domains of
Ykt6 or Vamp7 alone. Lanes 10–11: Syx7 SNARE domain binds Snap29 together with
the SNARE domains of Ykt6 or Vamp7 when all three are present. Lane 12: Syx7
SNARE domain shows negligible binding to MBP alone. Lanes 13–18: GST control
shows no relevant binding. K Co-immunoprecipitation from Drosophila S2R+ cells
show that Syx7–3xFLAG precipitates Snap29–3xHA, Ykt6–3xHA, and endogenous
Snap29.★ denotes IgGheavy chain. L Syx7–3xHAprecipitates endogenous Snap29
in cultured Drosophila S2R+ cells.
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Sec5 subunit of the recycling tether Exocyst80 (Fig. 5J–L). This suggests
that Ykt6 plays an important role in membrane recycling.

To further assess the balance of endocytosis and recycling, we
studied a physiologically critical cargo class of nephrocytes, the slit
diaphragm components. In both Drosophila garland nephrocytes and
mammalian podocytes, the filtration function depends on the correct
assembly and plasma membrane localization of the slit diaphragm81,82.
In control nephrocytes, heat fixation followed by immunostaining for
slit diaphragm proteins Pyd (ZO-1) and Sns (Nephrin) revealed a

characteristic fingerprint-like, homogeneous cortical pattern (Sup-
plementary Fig. 5B), while medial sections showed predominant
localization at the plasma membrane (Supplementary Fig. 5L). At the
ultrastructural level, slit diaphragms appeared as electron-dense
structures at the opening of lacunae (Supplementary Fig. 5C, M).

Syx12L depletion disrupted this organization (Supplementary
Fig. 5D, J, K), resulting in reduced cortical colocalization of Pyd and
Sns, decreased slit diaphragm density, and extensive surface regions
lacking organized sieving membranes, confirmed by electron
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microscopy (Supplementary Fig. 5E). In medial sections (Supplemen-
tary Fig. 5N, T), slit diaphragm proteins were detected deeper within
the cell, corresponding to multiple ectopic slit diaphragms observed
by electron microscopy (Supplementary Fig. 5O). Snap29 depletion
(Supplementary Fig. 5F, G, J, K) did not reduce overall cortical slit
diaphragm density or component colocalization, but led to the for-
mation of deeper, ectopic slit diaphragms (Supplementary Fig. 5P, Q,
T), likely reflecting aberrant recycling and altered lacunarmorphology.
These ectopic structures observed both in Syx12L and
Snap29 silencing provide a plausible explanation for the ‘clogged’
lacunae and the consequent block in FITC–Avidin uptake (Fig. 2). In
contrast, Ykt6 depletion (Supplementary Fig. 5H–K) caused a pro-
nounced reduction in cortical slit diaphragm density accompanied
with the lossof the ‘fingerprint’pattern and themarkeddecrease of the
colocalization between Pyd and Sns, indicating defective slit dia-
phragm assembly and trafficking. Although most slit diaphragm pro-
teins remained associatedwith the plasmamembrane (Supplementary
Fig. 5R, T), electronmicroscopy revealed only sparse slit diaphragms at
the openings of abnormally shallow lacunae (Supplementary Fig. 5S).

Consistent with these findings, the recycling cargo Cubilin83

showed reduced peripheral localization in all three SNARE knock-
downs (Supplementary Fig. 5U–X). In Syx12L-depleted cells (Supple-
mentary Fig. 5V), Cubilin accumulated in a pattern similar to the
expanded lacunae, whereas in Snap29-depleted cells (Supplementary
Fig. 5W) it retained a lacuna-associated distribution. In contrast,
Cubilin predominantly localized to the intracellular region, most
probably to endosomes upon Ykt6 depletion (Supplementary Fig. 5X),
consistent with impaired recycling and explaining the reduced endo-
cytic uptake observed under these conditions (Fig. 2).

Early endosome fusion bypass leads to aberrant endolysosomal
‘Swirl’ formation
To assess later stages of endolysosomal maturation, we analyzed
deeper regions of tannic acid–impregnated nephrocytes (Fig. 6A–D)
and compared them with Lamp1 immunostaining (Fig. 1H–K). Control
cells (Fig. 6A) contained multiple large endosomes, endolysosomes
and smaller, denser lysosomes. In contrast, Snap29-depleted cells
(Fig. 6C) contained numerous small, electron-dense perinuclear lyso-
somes together with small endosomes distributed throughout the
cytoplasm.. Ykt6depletion (Fig. 6D) produced smaller thancontrol but

otherwise mature endolysosomes, indicating partial progression of
maturation. In Syx12L-silenced cells (Fig. 6B and Supplementary
Fig. 6A), small endosomes and lysosomes comparable in size to those
observed upon Snap29 depletion were still present, but in addition,
strikingly large abnormal structures emerged. These consisted of
multiple concentric membrane layers, often enclosing cytosol or
smaller vesicles (Fig. 6B) and lipid droplets (Supplementary Fig. 6A).
Super-resolution structured illumination microscopy (SIM) of Rab7-
positive swirls revealed a remarkably similar organization (Fig. 6E),
strongly supporting the conclusion that the large Rab7- and Lamp1
positive structures identified by fluorescent microscopy (Fig. 1C, I)
correspond to themembrane swirls observedby transmission electron
microscopy. Similar structures were also observed upon silencing of
other early endosomal proteins, such as Rab5 (Fig. 6F), Rbsn5 (Fig. 6G
and Supplementary Fig. 6B), or Vps8 (Fig. 6H), as well as in Vps8
mutant nephrocytes (Supplementary Fig. 6C–E). These structures
lacked hallmarks of intraluminal membrane reorganization common
for multilamellar late endosomes and instead appeared to arise
through vesicle elongation and coiling, based on observation of
membrane ends (Supplementary Fig. 6C’) and enveloped cytoplasm.
We therefore refer to them as endolysosomal swirls. Using a Rab2-
pHluorin reporter, we found that swirls were Rab2-positive (Fig. 6I, J)
but largely lacked the clathrin light chain - GFP marker, ER marker
Calnexin, the trans-Golgi marker hGALNT2-YFP, the PI(3)P reporter
FYVE-GFP, the PI(4,5)P₂ reporter PH-mCherry, and the autophagy
markers Atg8a and p62 (Fig. 7Q and Supplementary Fig. 6F–N,
respectively). Together, these observations suggest that the swirls
represent aberrant late endolysosomal compartments rather than
early endosomal, Golgi-derived, or autophagic structures. Likewise, a
cytosolic GFP reporter did not accumulate within the swirls (Fig. 7Q,
Supplementary Fig. 6M), arguing against nonspecific trapping of
soluble cytoplasmic proteins. Notably, swirl-like structures were
absent in Rab2-pHluorin expressing Snap29 (Fig. 6K) or Ykt6-depleted
cells (Fig. 6L), suggesting the possibility that their formation may
require these SNAREs.

The formation of multilayered endolysosomal swirls following
impairment of early endosomal fusion prompted us to characterize
these structures in greater detail (Fig. 7). To determine whether
endocytosed cargo accumulates within the swirls, we first followed the
fate of lumenal tracers. Despite prolonged ex vivo incubation (50min),

Fig. 4 | Functional reassignment of Syntaxin7 family members in Drosophila.
A Schematic depicting the evolutionary relationships of Syntaxin7 family members
in humans and Drosophila. LECA: Last Eukaryotic Common Ancestor, LMCA: Last
Metazoan Common Ancestor. C,D Syx13-HA localizes to Rab7+ late endosomes (C)
and Lamp1+ lysosomes (D) in nephrocytes. Only minimal but detectable colocali-
zation is observed with Rab5+ early endosomes (B, yellow arrowheads). Blue: nuclei
(DAPI). Rab5-GFP+ (B), Rab7+ (C) and Lamp1+ (D) structures are outlined by con-
tinuous orange lines in the black-and-white insets. Scale bars: 10 μm. E–U Rescue
experiments using human STX7 and STX12 transgenes in Drosophila nephrocytes.
E–M, O–T) Blue: nuclei (DAPI). Cell outlines are indicated by magenta lines. Scale
bars: 10μm. E–GRab7+ endosomes appear normal in control (E), hSTX7-expressing
(F), and hSTX12-expressing (G) cells.H–JRab7+ endosomes are significantly smaller
in Syx7 RNAi cells (H); this phenotype is not rescued by hSTX7 (I) but is partially
rescued by hSTX12 (J).K–M Rab7+ endosomes are enlarged in Syx13 RNAi cells (K);
this phenotype is not rescued by hSTX12 (M) but is partially rescued by hSTX7 (L).
N Quantification of Rab7+ endosome size shown in (E–M). n = 100 endosomes
randomly selected from 10 cells per genotype, derived from 5 independent animals
(biological replicates). Experiments were independently repeated on two different
dayswith similar results. Statistical significancewas assessed using a Kruskal–Wallis
test followed by Dunn’s multiple-comparisons test. Asterisks (*) indicate compar-
isons with control (Luciferase RNAi), orange hashes (#) indicate comparisons with
Syx7 RNAi, and cyan hashes (#) indicate comparisons with Syx13 RNAi.
****P <0.0001; ####P <0.0001. Error bars represent SD. Exact P values are as fol-
lows. Syx7 dataset, compared with control: hSTX7-HA, P >0.9999; hSTX12-HA,
P >0.9999; Syx7 RNAi, P <0.0001; hSTX7-HA+ Syx7RNAi, P <0.0001; hSTX12-HA+

Syx7 RNAi, P >0.9999. Compared with Syx7 RNAi: control, P <0.0001; hSTX7-HA,
P <0.0001; hSTX12-HA, P <0.0001; hSTX7-HA + Syx7 RNAi, P =0.4201; hSTX12-HA
+ Syx7 RNAi, P <0.0001. Syx13 dataset, compared with control: hSTX7-HA,
P >0.9999; hSTX12-HA, P >0.9999; Syx13 RNAi, P <0.0001; hSTX7-HA + Syx13
RNAi, P >0.9999; hSTX12-HA+ Syx13 RNAi, P <0.0001. Comparedwith Syx13 RNAi:
control, P <0.0001; hSTX7-HA, P <0.0001; hSTX12-HA, P <0.0001; hSTX7-HA +
Syx13 RNAi, P <0.0001; hSTX12-HA + Syx13 RNAi, P >0.9999. O–T Avidin uptake
and transport to endosomes proceed normally in control (O), hSTX7 expressing
(P), and hSTX12 expressing (Q) cells. In Syx7 RNAi cells (R), avidin uptake is nearly
abolished; this defect is not rescuedby hSTX7 (S) but is partially rescued byhSTX12
(T). Blue: nuclei (DAPI). Cell outlines are indicated by dashed cyan lines. Scale bars:
10 μm. U Quantification of Avidin uptake based on tracer coverage of the cell (%)
shown in (O–T). n = 15 cells per genotype, derived from 6 independent animals
(biological replicates). Experiments were independently repeated on two different
days with similar results. Statistical significance was assessed using ordinary one-
way ANOVA followed by Tukey’s multiple-comparisons test. Asterisks (*) indicate
comparisons with control (Luciferase RNAi), and orange hashes (#) indicate com-
parisons with Syx7 RNAi. ****P <0.0001; ####P <0.0001. Error bars represent SD.
Exact P values are as follows. Compared with control: hSTX7-HA, P >0.9999;
hSTX12-HA, P >0.9999; Syx7 RNAi, P <0.0001; hSTX7-HA + Syx7 RNAi, P <0.0001;
hSTX12-HA+Syx7RNAi,P <0.0001. Comparedwith Syx7RNAi: control,P <0.0001;
hSTX7-HA, P <0.0001; hSTX12-HA, P <0.0001; hSTX7-HA + Syx7 RNAi, P =0.8644;
hSTX12-HA + Syx7 RNAi, P <0.0001. V Schematic of the updated nomenclature of
Drosophila Syntaxin 7 family members: Syx7 is renamed Syx12L and Syx13 is
renamed Syx7L.
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fluorescent dextran did not accumulate within Rab7-positive swirls
(Fig. 7A, B, Q). Likewise, although lysosomes in control nephrocytes
contained prominent electron-dense silver deposits following silver
nitrate feeding, the swirls remaineddevoid of detectable silver (Fig. 7C,
D), indicating that soluble endocytosed cargo does not efficiently
reach or accumulate within these structures.

In contrast, membrane-associated markers behaved differently.
Incubation with the plasma membrane dye FM1-43 (Fig. 7E, F, Q),
together with expression of the plasma membrane-associated repor-
ters mCD8-RFP, CAAX-mCherry, and human transferrin receptor-GFP
(hTfR-GFP; Fig. 7G–N, Q), showed that endocytosed membranes
readily accumulated within the swirls. Whereas both FM1-43, mCD8-
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RFP and CAAX-mCherry labeled these structures, hTfR-GFP was
detected only in a subset of swirls (Fig. 7N, Q). Because transferrin
receptor is predominantly recycled following endocytosis in mam-
malian cells, this observation suggests thatmembrane cargos destined
for recycling may be removed before reaching, or alternatively from,
the swirls. Consistent with this interpretation, the recycling endosome
marker Rab11-YFP also localized to Rab7-positive swirls (Fig. 7O–Q).
Together, these findings indicate that the swirls represent aberrant
endolysosomal compartments that accumulate membrane-associated
cargo while largely excluding soluble lumenal cargo, suggesting dif-
ferential sorting of membrane and lumenal components following
disruption of canonical early endosomal fusion.

Two additional SNARE complexes complement the
Syx12L–Snap29–Ykt6 pathway in early endosome maturation
Because partial endosome maturation still occurs in Syx12L- or Ykt6-
depleted nephrocytes, we performed epistasis analyses to define the
relationships among the three identified SNAREs (Fig. 8). Simultaneous
silencing of Syx12L and Ykt6 (Fig. 8D) abolished the formation of Rab7-
positive endolysosomal swirls (Fig. 8A, G) and reduced the size of both
Rab5- and Rab7-positive endosomes compared with Ykt6 single RNAi
(Fig. 8B, H and Supplementary Fig. 5H, I). This supports the existence
of a common Syx12L–Snap29–Ykt6 pathway, while also indicating that
Syx12L and Ykt6 can independently promote endosomal maturation
towarddistinct endpoints. Consistently, combined silencing of Snap29
with either Syx12L (Fig. 8E) or Ykt6 (Fig. 8F) reduced Rab5- and Rab7-
positive endosome size relative to the respective single knockdowns
(Fig. 8G, H and Supplementary Fig. 5H, I). Snap29 RNAi also prevented
swirl formation inSyx12L-depleted cells (Fig. 8E, G). These results place
Snap29 as a central component shared by all early endosomal
maturation routes in Drosophila.

In the absence of Ykt6, Syx12L and Snap29must therefore actwith
an alternative R-SNARE. Our in vitro pull-down experiments indicated
that Syx12L–Snap29 can associate with Vamp7 (Fig. 3J), which
prompted us to test this interaction in vivo. Vamp7 silencing caused
enlargement of Rab7-positive endosomes (Fig. 8I and Supplementary
Fig. 5I), consistent with our initial RNAi screen (Fig. 1A and Supple-
mentary Fig. 2G, I). Importantly, combined Vamp7 and Ykt6 silencing
(Fig. 8J) reduced Rab5- and Rab7-positive endosome size compared
with Ykt6 RNAi alone (Fig. 8B, H and Supplementary Fig. 5I). Co-
immunoprecipitation fromS2 cells confirmed that FLAG–Syx12L forms
a complex with both Snap29 and Vamp7 (Fig. 8K). Although
Vamp7–GFP localized predominantly to Rab7-positive late endosomes
and lysosomal layers, overlapping vesicles with Syx12L and Rab5 were
also detected (Fig. 8L–O). Together, these data support a model in
which, in the absence of Ykt6, a Syx12L–Snap29–Vamp7 complex can
drive early endosomal maturation toward smaller endolysosomes.

Conversely, when Syx12L is absent, Snap29 and Ykt6 promote
endosomes to mature into endolysosomal swirls, implying the invol-
vement of an alternative Qa-SNARE. Given the close evolutionary
relationship between Syx7L and Syx12L, and the documented ability of
Syx7L/STX7 to form complexes with Snap29 and Ykt6 during crino-
phagy inflies and autophagy inmammaliancells45,56, we tested Syx7L as
a candidate. Syx7L localized mainly to Rab7-positive late endosomes
and lysosomal layers (Fig. 4C, D), with minimal but detectable overlap
with Rab5-positive early endosomes (Fig. 4B), and its silencing resulted
in enlarged late endosomes (Fig. 8P), consistent with our initial screen
(Supplementary Fig. 1F). Notably, simultaneous depletion of Syx12L
and Syx7L (Fig. 8Q) abolished swirl formation. This indicates that, in
the absence of Syx12L, a Syx7L–Snap29–Ykt6 complex drives the for-
mation of endolysosomal swirls.

Previous work has shown that Syx7L–Snap29–Vamp7 complexes
can also form in Drosophila14 We found that Syx7L–HA colocalizes
with Vamp7–GFP on endosome/lysosome-like vesicles in nephro-
cytes (Fig. 8U). To assess their role within the identified pathways, we
analyzed Syx12L–Vamp7 and Ykt6–Syx7L double knockdowns.
Syx12L–Vamp7 double RNAi (Fig. 8R) reduced swirl size but allowed
the formation of larger Rab5- and Rab7-positive vesicles than Syx12L
RNAi alone (Fig. 8G, R; Supplementary Fig. 7A), indicating that the
Syx7L–Snap29–Vamp7 complex functions downstream of the
Syx7L–Snap29–Ykt6 complex during swirl formation. In contrast,
Ykt6–Syx7L double RNAi (Fig. 8S) increased Rab5-positive endosome
size compared with Ykt6 single RNAi (Fig. 8B, H and Supplementary
Fig. 7B), suggesting a maturation defect. This implies that the
Syx7L–Snap29–Vamp7 complex functions downstream of the
Syx12L–Snap29–Vamp7 complex. Consistently, Syx7L–Vamp7 dou-
ble RNAi cells (Fig. 8T) contained significantly larger early endo-
somes than either single RNAi condition (Fig. 8B, I and
Supplementary Fig. 7C, D), whereas late endosomes showed a similar
trend that did not reach statistical significance. Together, these data
indicate that alternative Syx7L/Vamp7-containing complexes pri-
marily act on early endosomes in parallel to the Syx12L–Snap29–Ykt6
pathway.

Collectively, our epistasis, localization, and interaction analyses
identify three partially redundant yet mechanistically distinct SNARE-
driven pathways operating during early endosomematuration, as well
as a late endosomal pathway (Fig. 8V). The Syx12L–Snap29–Ykt6
pathway supports the earliest stages of maturation. In Ykt6-deficient
cells, a Syx12L–Snap29–Vamp7 complex mediates limited progression
toward small endolysosomes. Conversely, in Syx12L-deficient cells, a
Syx7L–Snap29–Ykt6 complex drives maturation toward endolysoso-
mal swirls. All three pathways converge downstream on a
Syx7L–Snap29–Vamp7 complex to support further endosomal
maturation.

Fig. 5 | Lacunar depth is increased in Syx12L and Snap29 RNAi cells but is
decreased in Ykt6 depleted cells. A–D Transmission electron micrographs of the
peripheral regions of tannic acid (TA)–impregnated nephrocytes. TA fills the
lacunar system and appears as dark electron-dense material in the lacunar lumen
(colored orange in false-color images). Scale bars: 1 μm. m, mitochondria; α, late
endosomes (colored green). White arrowheads indicate TA-filled clathrin-coated
pits; black arrowheads indicate clathrin-coated and uncoated early endocytic
vesicles and small early endosomes. A) Lacunar depth is normal in control cells,
with large late endosomes present. B, C Lacunar depth is markedly increased in
Syx12L.B andSnap29 (C) RNAi cells. These cells lacknormally sizedendosomes and
insteadcontain numerous small endosomes.Note that lacunae are dilated in Syx12L
RNAi cells (B), whereas the lacunar lumen contains secreted autophagosomes in
Snap29 RNAi cells (C; highermagnification in Supplementary Fig. 3Y).D Ykt6 RNAi
cells lack deep lacunae, and endosomes are smaller than in controls but larger than
in Syx12L (B) or Snap29 (C) RNAi cells. E Schematic illustrating the relationship
between lacunar depth and endosomal recycling versus degradation. CUBAM:
cubilin-amnionless complex. F–K Channel diffusion assay using fluorescent BSA

shows increased lacunar channel depth in Syx12L (G) and Snap29 (H) RNAi cells
compared with controls (F). In contrast, lacunar channels are shallower in Ykt6
RNAi cells (I), similar to Sec5 single (J) and Sec5/Snap29 double RNAi (K) cells. Note
the intense internal BSA signal in Syx12L cells (G), corresponding to lacunar dila-
tions seen in (B). Blue channel shows nuclei (DAPI); cell outlines are indicated by
dashed cyan lines. Scale bars: 10μm. L Quantification of lacunar channel depth
from (F–K and Supplementary Fig. 4 A1–A6). The dotted line indicates the mean
lacunar depth in control cells. n = 15 cells per genotype, derived from 4 indepen-
dent animals (biological replicates). Experiments were independently repeated on
two different days with similar results. Statistical significance was assessed using
ordinary one-way ANOVA followed by Tukey’s multiple-comparisons test. Asterisks
(*) indicate comparisons with control (Luciferase RNAi), and hashes (#) indicate
comparisons with Snap29 RNAi. ****P <0.0001; ####P <0.0001; **P <0.01. Error
bars represent SD. Exact P values are as follows. Compared with control: P <0.0001
for all genotypes except Vps8 RNAi, P =0.005, and Syx7L RNAi, P >0.9999. Com-
pared with Snap29 RNAi: P <0.0001 for all genotypes except Syx12L RNAi,
P =0.9243. The dotted line indicates the mean lacunar depth in control cells.
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Distinct Rab5 and Rab7 requirements define the Ykt6- and
Syx12L-independent maturation pathways
The existenceof Syx12L- andYkt6-independent pathways promptedus
to askwhether these routes differ not only in their SNARE composition
but also in their Rab GTPase requirements. Because Rab5 and Rab7

define key stages of endosomal maturation, we analyzed how per-
turbing each pathway affected their functional involvement.

To assess Rab5 involvement, we first depleted Rab5 and observed
that swirl-like structures still formed (Fig. 6E), indicating that their
formation is Rab5-independent. We next expressed constitutively
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active Rab5 (Rab5-CA), which remains GTP-bound and enhances Rab5-
dependent fusion events (Fig. 9A–J). In control nephrocytes, Rab5-CA
expression (Fig. 9F, U) increased the size of Rab5- and Rab7-positive
endosomes, including Rab5/Rab7 double-positive structures. How-
ever, in Snap29-depleted cells (Fig. 9G, V), Rab5-CA failed to enlarge
early endosomes, indicating that all Rab5-dependent fusion pathways
require Snap29. In Syx12L-depleted cells (Fig. 9H, W), Rab5-CA did not
increase swirl size, although Rab5-CA remained associated with swirl
membranes, further supporting their endolysosomal identity and
indicating that Syx12L-independent pathways operate largely inde-
pendently of Rab5. In contrast, Rab5-CAmarkedly increased the size of
Rab5- and Rab7-positive endosomes in Ykt6-depleted cells (Fig. 9I, X),
demonstrating that the Ykt6-independent pathway is Rab5-dependent.

We next assessed Rab7 involvement (Fig. 9K–O). In control cells,
Rab7 depletion did not change early endosome size, as expected
(Fig. 9K). However, in all three SNARE knockdowns in a Rab7 RNAi
background (Fig. 9L–O), early endosomes were smaller than in Rab7
RNAi alone, indicating that both Syx12L- and Ykt6-dependent path-
ways can engage Rab7. Notably, early endosomes were further
reduced in size in Ykt6-depleted cells when Rab7 was also silenced
(Fig. 9D,N, X). Similarly,whenconstitutively activeRab5 (Rab5-CA)was
expressed in combination with Rab7 silencing (Fig. 9P–T), enlarged
Rab5-positive endosomes formed only in Ykt6-depleted cells (Fig. 9S),
and swirls were not observed even when Syx12L was silenced (Fig. 9R).
These results indicate that the Syx12L-independent pathway and swirl
formation require Rab7, whereas the Ykt6-independent pathway can
proceed, at least partially, without Rab7.

Together, these experiments demonstrate that the three early
endosomal maturation pathways differ not only in their SNARE com-
position but also in their Rab GTPase requirements. This strongly
argues that these pathways are not simple compensatory mechanisms
but represent distinct, regulated routes of early endosomematuration,
likely engaging different tethering factors and regulatory inputs.

Discussion
Endosomal maturation has traditionally been viewed as a largely linear
process, driven by sequential Rab GTPase conversion and the ordered
deployment of tethering factors and SNARE complexes. While this
framework has been invaluable, accumulating evidence - particularly
from mammalian systems - has suggested that multiple fusion
machineries may operate at the same trafficking step. However,
extensive redundancy in these systems has made it difficult to disen-
tangle coremechanisms from compensatory effects. By exploiting the
reduced SNARE repertoire of Drosophila nephrocytes49–51, our study
reveals that early endosome maturation is executed by multiple, par-
allel SNARE-dependent pathways, each with distinct molecular
requirements, functional consequences, and morphological outputs.
Our data indicate that early endosomal fusion in Drosophila does not
rely on a single indispensable SNARE complex. Instead, at least three
partially redundant SNARE assemblies promote maturation beyond

the early endosomal stage (Fig. 9). These pathways converge down-
stream but differ markedly in their reliance on specific SNAREs, Rab
GTPases, and recycling dynamics. Importantly, our data suggest that
these pathways are not simply interchangeable backups; rather, they
are all required for shaping endosomal architecture, recyclingflux, and
cargo handling.

The existence of parallel fusion routes explains why early endo-
somal maturation can proceed, albeit aberrantly, upon loss of indivi-
dual fusion components, while simultaneously producing strikingly
distinct phenotypes depending on which early-acting SNARE is dis-
rupted. These findings support a model that differs from a strictly
hierarchical SNARE cascade and instead support a model in which
SNARE composition itself is likely to be an important determinant of
endosomal fate.

Among the SNAREs analyzed, Snap29 occupies a unique position.
Genetic, morphological, and functional analyses demonstrate that all
identified early endosomal fusion routes depend on Snap29. Loss of
Snap29 abolishes compensatory fusion events, disrupts maturation at
multiple stages, and produces phenotypes that cannot be bypassed
through activation of alternative pathways. These findings support a
model in which Snap29 occupies a central position in early endosome
maturation and its progression toward the late endosome–lysosome
system in Drosophila.

This central role is consistent with extensive prior evidence
implicating Snap29 across lysosome-related pathways. Snap29 is
required for autophagosome–lysosome fusion through interactions
with Syx17 and Vamp7, and for secretory granule maturation and cri-
nophagy via complexes containing Syx7L (previously termed Syx13)
together with Vamp7 or Ykt614,16,45,54,56,59,60,62,75,84. In addition, Snap29
mutations cause defects in eye pigment granule formation, a
lysosome-related organelle in flies54,85. Consistent with this view,
Snap29-deficient cells contain lysosomes that remain small and fail to
undergo homotypic or heterotypic fusion.

This system-wide role is consistent with Snap29’s identity as a TM-
domain–lacking Qbc-SNARE, which enables its availability to partici-
pate in multiple complexes because it is soluble and not membrane-
bound. Beyond its biochemical versatility, our data indicate that
Snap29 acts as a central integrator of endolysosomal fusion, coordi-
nating parallel pathways rather than serving a single step. This fra-
mework offers a mechanistic explanation for the severe
endolysosomal defects observed upon SNAP29 loss inhumans, such as
in CEDNIK syndrome, where Snap29 dysfunction cannot be compen-
sated by alternative SNARE assemblies86,87.

A notable outcome of our analysis is the clarification of the roles
of Syntaxin7 family members in Drosophila. In mammalian cells, STX7
is generally regarded as a late endosomal/lysosomal Qa-SNARE35–38,45,
whereas STX12 has been described to function at early endosomes34. In
contrast, inDrosophila, Syx12L (previously termed Syx7) was originally
assigned an early endosomal role52,53, while Syx7L (previously termed
Syx13) has been implicated in a specialized late endolysosomal fusion

Fig. 6 | Endosome/lysosome maturation defects and formation of aberrant
endo-lysosomal “swirls” upon bypass of early endosomal fusion.
A–D Transmission electron micrographs of deeper regions of nephrocytes. Scale
bars: 1μm.mmitochondria; g Golgi apparatus; α late endosomes (colored green in
false-color images);β, γ, lysosomes at different stages of degradation (colored light
and dark blue). White arrowheads indicate small lysosome-like structures; black
arrowheads indicate small endosomes. Syx12L (B), Snap29 (C), and Ykt6 (D) RNAi
cells lack normally sized late endosomes and lysosomes, instead containing pre-
dominantly small vesicles, unlike controls (A). Note the presence of a large mem-
brane swirl (S, colored blue in B) in Syx12L RNAi cells. Although Ykt6 RNAi cells
contain smaller endolysosomal compartments than controls, they are larger than
those in Syx12L or Snap29 RNAi cells. E Super-resolution structured illumination
microscopy (SIM) image of Rab7-positive swirls in a Syx12LRNAi nephrocyte. Insets
show the same swirl at two different focal depths. The morphology of the Rab7-

positive swirls closely resembles that of the membrane swirls observed by trans-
mission electron microscopy (B), supporting the conclusion that these images
represent the same aberrant endolysosomal structures. Blue, nucleus (DAPI). Cell
outline is indicated by a purple line. Scale bar: 10μm. F–H Inhibition of early
endosomal Rab5 (F) or early tethering factors such as Rbsn5 (G) and the mini-
CORVET subunit Vps8 (H) also inducesmembrane swirl formation, revealedbyanti-
Rab7 staining. Blue: nuclei (DAPI). Cell outlines are indicated by dashed cyan lines.
Scale bars: 10μm. I–L Lysosomes were labeled by expression of Rab2–pHluorin in
nephrocytes. All three RNAi conditions (J–L) lack normally sized lysosomes, with
Snap29 RNAi cells (K) showing the smallest. The Rab7+ membrane swirls observed
in Syx12L RNAi cells (J) are Rab2-positive, confirming their lysosomal identity. Blue:
nuclei (DAPI). Cell outlines are indicated by dashed cyan lines. Rab7+ structures are
outlined by continuous orange lines in the black-and-white insets. Scale
bars: 10 μm.
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pathway - secretory granule–lysosome fusion (crinophagy) - suggest-
ing a primary function at later stages of the pathway14,56.

Our functional, genetic, and localization data demonstrate that
Drosophila Syx12L (formerly Syx7) operates predominantly at early
endosomes,where itmediates fusion events preceding late endosomal
maturation. In contrast, late endosomal fusion is mediated by Syx7L-
containing complexes (formerly Syx13), supporting a reassignment of

functional orthology between Drosophila and mammalian Syntaxin
family members. Although the apparent mismatch between mamma-
lian and Drosophila Syntaxin7 family assignments has persisted in the
literature57, it has not been explicitly addressed. Based on our findings
and previous evolutionary analyses49,50, we propose that Syntaxin7
family proteins in vertebrates underwent paralogous compensation
following gene duplication, likely associated with functional
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inactivation of the ancestral Syx7′b lineage due to insertion of a Har-
binger transposon78. In contrast, Drosophila Syx12L and Syx7L retained
their ancestral functions, corresponding functionally to human STX12
and STX7, respectively. The ability of the human orthologues STX12,
STX7, SNAP29, and YKT6 to rescue the corresponding Drosophila
phenotypes further highlights the remarkable functional conservation
of the canonical early endosomal SNARE machinery despite evolu-
tionary diversification of the Syntaxin7 family.

One limitation of the present study is that all functional analyses
were performed in Drosophila nephrocytes, a highly specialized
endocytic cell type characterized by exceptionally high endocytic flux
and the presence of lacunar channels. Consequently, the relative
contribution of the individual SNARE pathways identified here may
differ in other cell types that internalize cargo through distinct
mechanisms, such as epithelial cells or professional phagocytes.
Nevertheless, the core SNARE proteins examined in this study are
broadly expressed and evolutionarily conserved, suggesting that the
existence of multiple partially overlapping maturation pathways may
represent a general organizational principle of the endolysosomal
system, even if their relative importance varies between tissues.

One of the most striking insights from this study is the tight
coupling between early endosomal fusion and endosomal recycling.
Disruption of early endosome fusion–either by SNARE or tethering
factor depletion–does not simply stall maturation but instead reroutes
membrane traffic toward recycling pathways. This is manifested in
nephrocytes by elongated lacunar channels.

These observations suggest that early endosome fusion acts as a
rate-limiting checkpoint that determines whether internalized mem-
brane proceeds toward degradation or is rapidly returned to the
plasma membrane. When fusion is impaired, our data suggest that
endocytic vesicles are preferentially shunted into recycling routes,

preservingmembrane flux but altering compartmentmorphology and
cargo distribution. Based on our nephrocyte data and independent
studies in wing cells65, Ykt6 is required for endosomal recycling. These
findings suggest that Ykt6 plays a particularly prominent role in
endocytic processes, acting not only in endosomal fusion but also in
restraining excessive recycling, thereby maintaining balance between
degradative and recycling pathways.

Our epistasis and Rab5 activation experiments further reveal that
the identified SNARE pathways differ fundamentally in their Rab
requirements. While the Ykt6-independent pathway
(Syx12L–Snap29–Vamp7 complex) relies on Rab5 activity, the Syx12L-
independent route (Ykt6–Snap29–Syx7L) can bypass Rab5 and pro-
ceed in its absence. Rab7 dependence is likewise pathway-specific.
Certain maturation routes retain fusion competence even when Rab7
function is compromised. These findings prompt a refinement of
simplified models of Rab5-to-Rab7 conversion as an obligatory step in
endosome maturation. Instead, they support a model in which SNARE
identity can partially uncouple fusion from canonical Rab logic,
allowing maturation to proceed through alternative routes (Fig. 10).

The formation of multilayered endolysosomal swirls is a dis-
tinctive morphological consequence of impaired early endosomal
fusion. Our ultrastructural, genetic, andmarker analyses are consistent
with these structures arising through elongation and coiling of endo-
lysosomal membranes, rather than through intraluminal vesicle accu-
mulation likely driven by unbalanced fusion events and membrane
remodeling. The accumulationofmultiple plasmamembranemarkers,
including FM1-43, mCD8-RFP, and CAAX-mCherry within these struc-
tures, their dependence on specific SNARE combinations, and their
absence when both Syx12L and Syx7L are depleted together suggest
that they arise through a defined alternative maturation route rather
than representing a purely nonspecific consequence of membrane

Fig. 7 | Aberrant endolysosomal swirls accumulate membrane-associated but
not lumenal cargo. A, B Control (A) and Syx12L RNAi (B) nephrocytes were
incubated with fluorescent dextran for 50min and immunostained for Rab7. In
control cells (A), internalized dextran accumulated in punctate structures beneath
the Rab7-positive late endosomal layer, presumably lysosomes. Of note some late
endosomes containing endocytosed reporter can be also observed (arrowhead) In
contrast, dextran uptake was markedly reduced in Syx12L RNAi cells (B), and the
remaining signal did not overlap with Rab7-positive swirls. Blue, nuclei (DAPI). Cell
outlines are indicated by yellow lines, swirl outlines are shown by cyan lines in
insets. Scale bars: 10μm.C,DControl (C) and Syx12LRNAi (D) larvaewere raisedon
silver nitrate-containing food before nephrocytes were processed for TEM. In
control cells, internalized silver accumulated as electron-dense deposits within
lysosomes (marked by *). In contrast, electron-dense silver deposits were rarely
detected in Syx12LRNAi cells andwere not observedwithin themultilayered swirls.
The arrowhead indicates a small silver-containing lysosome in panel (D). m mito-
chondrion. E, F Control (E) and Syx12L RNAi (F) nephrocytes were incubated with
themembrane dye FM1-43 for 50min and immunostained for Rab7. In control cells,
internalized FM1-43 accumulated in the membranes of Rab7-positive late endo-
somes (arrowheads) and in punctate structures beneath them, presumably lyso-
somes. In Syx12L RNAi cells, the remaining FM1-43 signal overlapped with Rab7-
positive swirls. Blue, nuclei (DAPI). Cell outlines are indicated by yellow lines, swirl
outlines are shown by cyan lines in insets. Scale bars: 10μm. G–J Nephrocytes
expressed the plasma membrane reporter mCD8-RFP and were stained against
Rab7 (G, H) or Lamp1 (I, J). In control cells, internalized mCD8-RFP localized pre-
dominantly to lysosomes beneath the late endosomal layer and partially over-
lapped with Lamp1 (I, arrowheads). Of note some late endosomes containing
endocytosed reporter can be also observed (G, arrowhead). In Syx12L depleted
cells (H, J) the reporter is mainly found in small intracellular puncta and overlaps
with Rab7 (H) and Lamp1 (J) positive swirls. Blue channel shows nuclei (DAPI); Cell
outlines are indicated by yellow lines, swirl outlines are shown by cyan lines in
insets. Scale bars: 10 μm. K–L Nephrocytes expressed the plasma membrane
marker CAAX-mCherry and were stained for Rab7. In both control (K) and Syx12L
RNAi (L) cells, CAAX-mCherry labeled the plasmamembrane, including the lacunar
membranes. In Syx12L-depleted cells, however, Rab7-positive swirls were also

labeled by CAAX-mCherry, and plasma membrane labeling extended deeper into
the cell, consistent with elongation of the lacunar channels. Blue, nuclei (DAPI). Cell
outlines are indicated by yellow lines, swirl outlines are shown by cyan lines in
insets. Scale bars: 10 μm. M, N Nephrocytes expressed the plasma membrane
reporterhTfR-GFPandwere immunostained forRab7. In control cells (K), hTfR-GFP
localized predominantly above the late endosomal layer with minimal overlap with
Rab7. In Syx12L RNAi cells (L), internalized hTfR-GFP was detected in smaller Rab7-
positive swirls (arrows), whereas larger swirls lacked detectable reporter (arrow-
heads). Blue channel showsnuclei (DAPI);Cell outlines are indicatedby yellow lines,
swirl outlines are shown by cyan lines in insets. Scale bars: 10μm. O, P Animals
expressed the recycling endosome reporter Rab11-YFP under its endogenous pro-
moter. In control cells (O), Rab11-YFP localized predominantly near the cell per-
iphery above the late endosomal layer. In Syx12L RNAi cells (P), Rab11-YFP also
localized toRab7-positive swirls. Blue channel shows nuclei (DAPI); Cell outlines are
indicatedby yellow lines, swirl outlines are shown by cyan lines in insets. Scale bars:
10 μm. Q Quantification of enrichment of the indicated markers and reporters
within Rab7-positive swirls relative to the surrounding cytoplasm. Data were
compiled from panels B, F, H, J, L, N, and P, together with Fig. 1I, Fig. 6J and
Supplementary Fig. 6F–M. n = 15 swirls from 5 cells per genotype, derived from 3
independent animals (biological replicates). Experiments were independently
repeated on two different days with similar results. Statistical significance was
assessed using ordinary one-way ANOVA followed by Dunnett’s multiple-
comparisons test, comparing each dataset with the cytosolic 2×eGFP control.
**P <0.01; ***P <0.0001. Asterisks () indicate datasets in which the marker or
reporter was significantly enriched within swirls; statistically significant exclusion
from swirls is not indicated by symbols. Error bars represent SD. Exact P values are
as follows: α-p62, P =0.6787; α-Atg8a, P =0.7573; FM1-43, P <0.0001; Dextran,
P =0.4099; CD8-RFP, P =0.0023; hTfR-GFP, P =0.9996; hGALNT2-YFP, P <0.0001;
PH-mCherry, P <0.0001; CAAX-mCherry, P <0.0001; α-Calnexin, P <0.0001; Rab2-
pHluorin, P =0.0049; α-Lamp1, P <0.0001; Rab5-GFP, P =0.2623; genRab11-YFP,
P =0.0001; FYVE-GFP, P =0.0423; Clc-GFP, P <0.0001. R Schematic illustrating the
formation of the endolysosomal swirls in Syx12L RNAi cells based on the reporters/
markers shown in this Figure.
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trafficking defects. Consistent with this interpretation, the swirls pre-
ferentially accumulated endocytosedmembrane-associated cargo and
the recycling endosomemarker Rab11, whereas soluble lumenal cargo
failed to accumulate, indicating that these aberrant compartments
retain selective membrane trafficking properties rather than repre-
senting passive membrane aggregates.

Our data further indicate that lysosome formation is not strictly
contingent on canonical Rab5-dependent early endosomal fusion.
Aberrant lysosomal “swirls” arise not only upon loss of the Syx12L-
Snap29-Ykt6 pathway, but also when core early endosomal tethers
(miniCORVET andRbsn-5) or Rab5 itself aredepleted. Thus, even in the
absence of Rab5-driven homotypic early endosome fusion, membrane
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flow toward lysosome-like compartments still occurs. These findings
suggest a refinement of the prevailing view that Rab5 is absolutely
required for all steps of endosomalmaturation. Inmouse hepatocytes,
Zeiger and colleagues showed that Rab5 depletion eliminates most of
the endolysosomal pathway and that Rab5 is essential for establishing
early endosome identity88. Consistent with these observations, our
data show that Rab5-dependent fusion is mandatory for generating
fully functional degradative lysosomes, but not for all membrane
progression into the late endolysosomal pathway. Instead, Rab5-
independent SNARE routes appear capable of promoting membrane
progression toward lysosomal compartments, albeit in a dysregulated
and inefficient manner. This frameworkmay explain why Rab5mutant
Drosophila fat cells form aberrant autolysosome-like structures during
starvation89 and clarifies how lysosomal identity can be partially
acquired even in the absence of proper early endosomal maturation.

Together, our findings support a revised model of early endo-
some maturation in which multiple SNARE-dependent pathways
operate in parallel, non-interchangeable ways, each capable of driving
fusion to a limited extent and each associated with distinct Rab usage,
recycling behavior, and morphological outcomes. Rather than serving
as simple backups, these pathways act together, providing the endo-
somal system with flexibility, robustness, and regulatory capacity. The
extensive functional conservation observed between Drosophila and
human SNARE proteins suggests that this organizational principle is
likely to extend beyond nephrocytes and may represent a general
feature of metazoan endosomal maturation. Such an organization
allows cells to adapt endosomal trafficking to physiological demands,
maintain membrane homeostasis, and buffer against perturbations.

A longstanding question in membrane trafficking is whether
SNAREs themselves act as targeting signals that confer vesicle
identity76,90–92. Recent biochemical and structural studies have chal-
lenged this view, suggesting that beyond the QabcR rule of complex
formation92, SNARE pairing is often permissive, and that the sur-
rounding molecular context plays a dominant role in specifying pro-
ductive fusion events76,91,93–95. Given that Qa, Qb, Qc, and R SNARE
families have undergone hundreds of millions of years of independent
evolution49,50,96, the conservation of such interaction promiscuity
argues for its functional importance. Our study provides an in vivo

example of this principle: early endosome maturation in Drosophila
relies on partially overlapping SNARE complexes that differ by only a
single Qa or R component, yet these drive distinct fusion outcomes
within a robust network. Rather than acting as strict determinants of
vesicle identity, SNAREs therefore appear to function as permissive
fusionmodules that expand the range of possible trafficking routes. In
this view, vesicle identity is not encoded by a single SNARE, but
emerges fromthe combinatorial assemblyofmultiple factors, allowing
trafficking pathways to remain flexible while preserving overall system
robustness.

In conclusion, our study demonstrates that early endosome
maturation is not governed by a single linear SNARE cascade but by a
network of partially overlapping fusion machineries (Fig. 10). By
defining the composition, regulation, and consequences of these
pathways, we provide a framework for understanding how endosomal
fate decisions are encoded at the molecular level.

Methods
Molecular cloning
For pull-down experiments, DNA constructs encoding Drosophila
SNAREs were generated by PCR using primers listed in Supplementary
Data 1. PCR products were cloned into the BamHI–XhoI sites of the
pETMBP vector, except for the Syx7 SNARE domain, which was cloned
into the BamHI–NotI sites of pETARA97. Inserts were assembled using
the NEBuilder HiFi DNA Assembly Cloning Kit (New England Biolabs,
Massachusetts, USA). DH5α competent E. coli cells (New England Bio-
labs, Massachusetts, USA) were transformed and plated on
LB–ampicillin agar plates. After overnight growth at 37 °C, single
colonies were used to inoculate 4ml LB cultures, and plasmids were
purified using the GeneJet Plasmid Miniprep Kit (Thermo Fisher Sci-
entific, Massachusetts, USA).

For immunoprecipitation experiments, the coding region of Syx7
was amplified from Drosophila cDNA (primers in Supplementary
Data 1). To generate N-terminally 3×FLAG-tagged Syntaxin7, the insert
was cloned into the NotI–Acc65I sites of pUAST-attB-Flag-dTSC2 WT
(Addgene #111807). For N-terminally 3×HA-tagged Syntaxin7, the
insert was cloned into the Acc65I–XbaI sites of pUAST-3xHA-V5-
RpL10Ab (Addgene #125223). All constructs were verified by Sanger

Fig. 8 | Parallel Syx12L- and Syx7L-based SNARE complexes drive endosome
maturation. A–F Double RNAi of Syx12L with Ykt6 (D) further reduces the size of
small endosomes compared with Syx12L (A) or Ykt6 (B) single RNAi, similar to
Syx12L (E) or Ykt6 (F) double RNAi in a Snap29 RNAi background (C). Notably,
Snap29 andYkt6 RNAi eliminate themembrane swirls characteristic of Syx12LRNAi
cells (A, D, F), consistent with Syx12L- and Ykt6-containing SNARE complexes
acting in parallel. Blue: nuclei (DAPI). Cell outlines are indicated by dashed cyan
lines. Scale bars: 10 μm. G Quantification of Rab7+ endosome diameter shown in
(A,D, F, I andP).n = 100 endosomes randomly selected from 10 cells per genotype,
derived from 5 independent animals (biological replicates). Experiments were
independently repeated on two different days with similar results. Statistical sig-
nificance was assessed using a Kruskal–Wallis test followed by Dunn’s multiple-
comparisons test, comparing each double-RNAi dataset with Syx12L RNAi.
****P <0.0001; ***P <0.001; **P <0.01. Error bars represent SD. Exact P values are as
follows: Syx12L RNAi + Snap29 RNAi, P <0.0001; Syx12L RNAi + Ykt6 RNAi,
P =0.0001; Syx12L RNAi + Syx7L RNAi, P =0.0049; Syx12L RNAi + Vamp7 RNAi,
P >0.9999. H Quantification of Rab7+ endosome diameter shown in (B, E, F, J and
Q).n = 100endosomes randomly selected from 10 cells per genotype, derived from
5 independent animals (biological replicates). Experiments were independently
repeated on two different days with similar results. Statistical significance was
assessed using a Kruskal–Wallis test followed byDunn’smultiple-comparisons test,
comparing each double-RNAi dataset with Ykt6 RNAi. ****P <0.0001; *P <0.05.
Errorbars represent SD. Exact P values are as follows: P <0.0001 for all double-RNAi
genotypes except Ykt6 RNAi + Syx7L RNAi, P =0.039. I, JDouble RNAi of Ykt6 with
Vamp7 results in smaller endosomes compared with either Vamp7 (I) or Ykt6 (B)
single RNAi, consistent with parallel routes of action. Blue: nuclei (DAPI). Cell
outlines are indicated by dashed cyan lines. Scale bars: 10μm. K Co-

immunoprecipitation from Drosophila S2R+ cells shows that Syx12L–3×FLAG pre-
cipitates Snap29–3×HA and Vamp7–3×HA. L–O) Vamp7–GFP predominantly loca-
lizes to Rab7+ late endosomes (L) and Lamp1+ lysosomes (M) in nephrocytes. Only
minimal but detectable colocalization is observed with Rab5+ early endosomes and
with Syx12L (L, M; yellow arrowheads). Blue: nuclei (DAPI). Cell outlines are indi-
cated by dashed cyan lines. Syx12L+ (L), Rab5+ (M), Rab7+ (N) and Lamp1+ (O)
structures are outlined by continuous orange lines in the black-and-white insets
Scale bars: 10μm. P,QDouble RNAi of the Qa-SNAREs Syx12L and Syx7L (Q) results
in smaller endosomes compared with single RNAi (A and P) and eliminates mem-
brane swirls, consistent with parallel routes of action. Blue: nuclei (DAPI). Cell
outlines are indicated by dashed cyan lines. Scale bars: 10μm. R Double RNAi of
Syx12L with Vamp7 reduces swirl size but does not completely eliminate them,
consistent with the action of a parallel Syx7L–Snap29–Ykt6 complex. Blue: nuclei
(DAPI). Cell outlines are indicated by dashed cyan lines. Scale bars: 10 μm. SDouble
RNAi of Syx7L with Ykt6 results in slightly larger late endosomes compared with
Ykt6 single RNAi (B), but smaller compared with Syx7L single RNAi (S), consistent
with the presence of a parallel Syx12L–Snap29–Vamp7 complex. Blue: nuclei
(DAPI). Cell outlines are indicatedby dashed cyan lines. Scale bars: 10μm.TDouble
RNAi of Syx7L with Vamp7 results in larger early endosomes compared with either
Vamp7 or Syx7L single RNAi (R, S), consistent with the presence of a parallel
Syx12L–Snap29–Ykt6 complex. Blue: nuclei (DAPI). Cell outlines are indicated by
dashed cyan lines. Scale bars: 10μm. U Vamp7–GFP colocalizes with Syx7L–HA in
nephrocytes. Blue: nuclei (DAPI). Cell outlines are indicated by dashed cyan lines.
Syx7L-HA+ structures are outlined by continuous orange lines in the black-and-
white insets Scale bars: 10 μm.V Schematic illustrating the composition of the four
endosomal Syx12L- and Syx7L-based SNARE complexes in flies, based on the cur-
rent work and previous studies14,56.
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sequencing (Microsynth AG, Switzerland). UAS-VAMP7-3xHA, UAS-
SNAP29-3xHA, pMT-GAL4, and UAS-Ykt6-3xHA constructs were
described previously59,62.

Protein production and purification
BL21(DE3) E. coli cells were transformed with pulldown constructs and
grown at 37 °C to OD600=0.4. Protein expression was induced with

500 µM IPTG and cultures were incubated overnight at 18 °C. Cells
were harvested by centrifugation at 3315 g for 5min (Beckman JLA-
9.1000 rotor, Beckman Coulter Life Sciences, Indianapolis, IN, USA),
resuspended in lysis buffer (50mM Na2HPO4 pH 8.0, 300mM NaCl,
20mM imidazole, 0.1% Triton X-100, 2mMβ-mercaptoethanol, 10mg/
ml lysozyme), and lysed by freeze–thaw cycles followed by sonication.
Lysateswereclarified at 48400 g for 30minat 4 °C. Supernatantswere
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incubated with Ni Sepharose Excel resin (Cytiva, Chicago, IL, USA) for
1 h at 4 °C with rotation. Bound proteins were washed sequentially and
eluted in elution buffer (20mM Tris-HCl pH 8.0, 200mM NaCl,
400mM imidazole, 10% glycerol, 2mM β-mercaptoethanol). Eluates
were concentrated if needed (Amicon Ultra-15, 10 kDa MWCO, Milli-
pore, Massachusetts, USA), supplemented with 2mMTCEP, aliquoted,
and stored at −80 °C.

GST pull-down
GST pull-down assays were performed using Glutathione Sepharose
High-Performance resin (Cytiva, Chicago, IL, USA). GST-Syx7-SNARE-
6×His was bound to resin for 1 h at 4 °C. After washing, prey proteins
were added and incubated for 30min at 4 °C. Resin was washed three
times and bound proteins were eluted in Laemmli buffer, boiled, and
analyzed by SDS-PAGE followed by Coomassie Brilliant Blue staining.

S2R+ cell culture, transfection and immunoprecipitation
S2R+ cells (DGRC #150, RRID:CVCL Z831) were maintained at 26 °C in
Insect XPress medium (Lonza) with 10% FBS and 1%
Penicillin–Streptomycin. For IP experiments, 7.5 × 106 cells were
transfected using the calcium phosphate method. Cells were co-

transfected with pMT-GAL4 and protein expression was induced with
500 µMCuSO4 24 h post-transfection. Cells were lysed in Triton X-100
buffer and cleared at 20 000 g. Inputs were reserved, and lysates were
incubated with anti-HA agarose (MBL-561-8) or anti-FLAG M2 agarose
(Millipore A2220) for 3 h at 4 °C. Beads were washed and eluted in
Laemmli buffer. Proteins were separated by SDS-PAGE and transferred
to PVDF membranes using the Bio-Rad Trans-Blot Turbo system.

Antibodies
Details of antibodies are listed in Supplementary Data 1. Anti-Cubilin,
anti-Lamp1, anti-Sns and anti-Syx12L (previously Avl/Syx7) were kindly
providedby JoaquimCuli98, Andreas Jenny99,Michael Krahn100 andDavid
Bilder52, respectively. Anti-Snap29 and anti-GFP were already in our
hands62; all other antibodies were obtained from commercial suppliers.

Fly work and treatments
Flies were maintained at 25 °C on standard minimal food. Wandering
third-instar (L3) larvae of both sexes were used for all experiments,
except for those involving the X-linked Ykt6-HA transgene, for which
only female progeny were analyzed to ensure consistent expression
levels. Sources and details of fly stocks are listed in Supplementary

Fig. 9 | Rab5 activation andRab7 depletion reveal distinct Rab dependencies of
Syx12L-, Snap29-, and Ykt6-dependent pathways. A–D Rab5-GFP+ early endo-
somes and Rab7+ late endosomes are reduced in size in Snap29 RNAi (B), Syx12L
RNAi (C), and Ykt6 RNAi (D) nephrocytes compared to controls (A), with Snap29
RNAi cells showing the smallest compartments. Cell outlines are indicated by
dashed cyan lines. Blue: nuclei (DAPI). Scale bars: 10 μm. E Quantification of Rab5+

and Rab7+ endosome diameters shown in (A–D). n = 100 endosomes randomly
selected from 10 cells per genotype, derived from 5 independent animals (biolo-
gical replicates). Experiments were independently repeated on two different days
with similar results. Statistical significance was assessed using a Kruskal–Wallis test
followed by Dunn’s multiple-comparisons test. Asterisks (*) indicate comparisons
with control (Luciferase RNAi), and hashes (#) indicate comparisons with Snap29
RNAi. ****P <0.0001; ####P <0.0001. Error bars represent SD. Exact P values are as
follows: Rab5+ endosome size comparedwith control, P <0.0001 for all genotypes;
Rab5+ endosome size compared with Snap29 RNAi, P <0.0001 for all genotypes
except Syx12L RNAi, P =0.0009; Rab7+ endosome size compared with control or
Snap29 RNAi, P <0.0001 for all genotypes. F–I Expression of constitutively active
Rab5 (Rab5-CA-YFP) strongly increases early endosome size in control RNAi cells
and moderately in Ykt6 RNAi cells (I), but not in Snap29 RNAi cells (G). Swirl
structures observed in Syx12L RNAi cells (H) become Rab5-CA positive, but their
size remains unchanged. Cell outlines are indicated by dashed cyan lines. Blue:
nuclei (DAPI). Scale bars: 10 μm. These data indicate that some Rab5-dependent
routes rely on Vamp7-containing complexes, whereas all Rab5-dependent routes
require Snap29. Swirl formation occurs independently of Rab5 activity.
J Quantification of Rab5-CA+ and Rab7+ endosome sizes shown in (F–I). n = 100
endosomes randomly selected from 10 cells per genotype, derived from 5 inde-
pendent animals (biological replicates). Experiments were independently repeated
on two different dayswith similar results. Statistical significancewas assessedusing
a Kruskal–Wallis test followed by Dunn’s multiple-comparisons test. Asterisks (*)
indicate comparisons with control (Luciferase RNAi), and hashes (#) indicate
comparisons with Snap29 RNAi. ****P <0.0001; ####P <0.0001. Error bars repre-
sent SD. All indicated comparisons yielded P <0.0001. K–N In a Rab7 RNAi back-
ground, Rab5-GFP+ early endosomes are reduced in size in Snap29 (L), Syx12L (M),
and Ykt6 (N) RNAi cells compared to control (K), with Snap29 RNAi showing the
smallest endosomes. Cell outlines are indicated by dashed cyan lines. Blue: nuclei
(DAPI). Scale bars: 10μm.OQuantification of Rab5+ endosome size shown in (K–N).
n = 100 endosomes randomly selected from 10 cells per genotype, derived from 5
independent animals (biological replicates). Experiments were independently
repeated on two different days with similar results. Statistical significance was
assessed using a Kruskal–Wallis test followed by Dunn’smultiple-comparisons test.
Asterisks (*) indicate comparisons with Rab7 RNAi + Luciferase RNAi control cells,
and hashes (#) indicate comparisons with Rab7 RNAi + Snap29 RNAi cells.
****P <0.0001; ####P <0.0001; ###P <0.001. Error bars represent SD. Exact P
values are P <0.0001 for all indicated comparisons except Rab7 RNAi + Syx12L
RNAi compared with Rab7 RNAi + Snap29 RNAi, P =0.0046. P–S In a Rab7 RNAi

background, Rab5-CA-YFP increases early endosome size in control RNAi cells and
slightly in Ykt6 RNAi cells, but not in Syx12L or Snap29 RNAi cells. Note that Rab7
RNAi eliminates the swirls characteristic of Syx12L RNAi. Cell outlines are indicated
by dashed cyan lines. Blue: nuclei (DAPI). Scale bars: 10 μm.These data indicate that
Rab7-dependent routes also rely on Vamp7-containing complexes and that swirl
formation is Rab7 dependent. T Quantification of Rab5-CA+ endosome size shown
in (P–S).n = 100endosomes randomly selected from 10 cells per genotype, derived
from 5 independent animals (biological replicates). Experiments were indepen-
dently repeated on two different days with similar results. Statistical significance
was assessed using a Kruskal–Wallis test followed by Dunn’s multiple-comparisons
test. Asterisks (*) indicate comparisons with Rab7 RNAi + Luciferase RNAi control
cells, and hashes (#) indicate comparisons with Rab7 RNAi + Snap29 RNAi cells.
****P <0.0001; ####P <0.0001; ##P <0.01. Error bars represent SD. Exact P values
are P <0.0001 for all indicated comparisons except Rab7 RNAi + Syx12L RNAi
compared with Rab7 RNAi + Snap29 RNAi, P =0.0002. U–X Summary quantifica-
tions of Rab5+, Rab5-CA+, andRab7+ endosome sizes in different RNAi backgrounds.
U Control RNAi (A, F, K, P), V) Snap29 RNAi (B, G, L, Q), W) Syx12L RNAi
(C,H,M,R,X) Ykt6 RNAi (D, I,N, S).n = 100 endosomes randomly selected from 10
cells per genotype, derived from 5 independent animals (biological replicates).
Experiments were independently repeated on two different days with similar
results. Rab5+ endosome sizes were analyzed using a Kruskal–Wallis test followed
by Dunn’s multiple-comparisons test, and Rab7+ endosome diameters using a
Mann–Whitney test. Asterisks (*) indicate comparisons with Rab5-YFP, and hashes
(#) indicate comparisons with Rab5-YFP + Rab7 RNAi, where applicable.
****P <0.0001; ####P <0.0001; *P <0.05. Error bars represent SD. Exact P values
are as follows. Control RNAi (U), Rab5+ endosome size, compared with Rab5-YFP:
Rab5-CA, P <0.0001; Rab7 RNAi + Rab5-YFP, P =0.4992; Rab7 RNAi + Rab5-CA,
P <0.0001. Compared with Rab7 RNAi + Rab5-YFP: Rab5-YFP, P =0.4992; Rab5-CA,
P <0.0001; Rab7 RNAi + Rab5-CA, P <0.0001. Rab7+ endosome size, Rab5-YFP
versus Rab5-CA, P <0.0001. Snap29 RNAi (V), Rab5+ endosome size, compared
with Rab5-YFP: Rab5-CA, P >0.9999; Rab7 RNAi + Rab5-YFP, P >0.9999; Rab7 RNAi
+ Rab5-CA, P =0.1409. Compared with Rab7 RNAi + Rab5-YFP: Rab5-YFP,
P > 0.9999; Rab5-CA, P >0.9999; Rab7 RNAi + Rab5-CA, P >0.9999. Rab7+ endo-
some size, Rab5-YFP versus Rab5-CA, P =0.5098. Syx12L RNAi (W), Rab5+ endo-
some size, compared with Rab5-YFP: Rab5-CA, P =0.0004; Rab7 RNAi + Rab5-YFP,
P =0.4074; Rab7 RNAi + Rab5-CA, P >0.9999. Compared with Rab7 RNAi + Rab5-
YFP: Rab5-YFP, P =0.4074; Rab5-CA, P <0.0001; Rab7 RNAi + Rab5-CA, P =0.0868.
Rab7+ endosome size, Rab5-YFP versus Rab5-CA, P =0.843. Ykt6 RNAi (X), Rab5+
endosome size, compared with Rab5-YFP: Rab5-CA, P <0.0001; Rab7 RNAi + Rab5-
YFP, P =0.0166; Rab7 RNAi + Rab5-CA, P <0.0001. Compared with Rab7 RNAi +
Rab5-YFP: Rab5-YFP, P =0.0166; Rab5-CA, P <0.0001; Rab7 RNAi + Rab5-CA,
P <0.0001. Rab7+ endosome size, Rab5-YFP versus Rab5-CA, P <0.0001.
Y Summary diagram of relative endosome sizes across conditions. Grey dot: no
change; orange and blue arrows: size increase and decrease, respectively.
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Data 1. UAS-GFP-VAMP7, UAS-pHluorinSE-Rab2, and UAS-Syx13-HA
were kindly provided by Amy Kiger, Ole Kjaerulff, and Fen-Biao Gao,
respectively57,70,101. UAS-Ykt6.HA and vps8[1] were already in our
hands30,62, and all other lines were obtained from stock centers.
Detailed genotypes of experimental animals are listed in Supplemen-
tary Data 2. FlyBase was used for gene and stock annotation102.

Silver nitrate uptake was performed as described previously30.
Briefly, adult flies were allowed to lay eggs on food containing 0.005%
AgNO3 (20 g yeast in 35ml of 1.5% agar). Garland nephrocytes were
dissected in PBS and fixed in 4% formaldehyde in PBS for 30min at
room temperature (RT). Images were acquired using a Plan-Neofluar
40×/0.75 NA objective on an AxioImager Z1 microscope with an
AxioCam ICc camera (Zeiss). Before imaging, samples were exposed to
UV light for 10–15 s using an HBO 100 lamp and a DAPI filter set to
enhance contrast of intracellular silver inclusions30.

Immunohistochemistry
Nephrocytes fromwandering L3 larvaewere dissected in PBS and fixed
in 4% formaldehyde in PBS for 45min at RT. Samples were washed
three times for 10min andpermeabilized inPBS containing0.1%Triton
X-100 (PBTX) for 15min30.

For slit diaphragm visualization, samples were heat-fixed100.
Nephrocytes were dissected in ice-cold M3 medium, transferred to
boiling 0.03% Triton X-100 in PBS, and incubated for 22 s in boiling
water. Samples were then processed in 0.03% PBTX.

Fixed samples were blocked in 5% fetal bovine serum (FBS) in
PBTX for 30min at RT and incubated with primary antibodies over-
night at 4 °C. After washing, samples were incubated in PBTX con-
taining 4% NaCl for 15min to reduce nonspecific binding, followed by
secondary antibody incubation for 3 h atRT. Samplesweremounted in
DAPI-containing VECTASHIELD.

Fig. 10 | Proposedmodel of endosomematurationdrivenbySyx12L (previously
Syx7) - and Syx7L (previously Syx13) - containing SNARE complexes in Droso-
phila nephrocytes. A In control cells, the Syx12L–SNAP29–Ykt6 complexmediates
the earliest Rab5-dependent fusions between early endocytic vesicles and early
endosomes. Subsequent maturation involves Rab5-dependent as well asRab5-
independent fusion events and incudes both Rab7-independent and Rab7-
dependent steps driven by Syx12L–SNAP29–Vamp7 and Syx7L–SNAP29–Ykt6
complexes, respectively. Fusions of late endosomes or lysosomes are executed
primarily by the Syx7L–SNAP29–Vamp7 complex. Recycling endosomes are fused
with the plasma membrane (PM) by a yet unidentified Ykt6-containing complex.
Balanced recycling versus degradation maintains slit diaphragm (SD) integrity and
lacunar depth. B Simplified schematic of the SNARE network highlighting SNAP29
as a central shared component. C In SNAP29 knockdown cells, none of the endo-
somal/lysosomal SNARE complexes are functional. As a result, endosomes and
lysosomes remain small and unfused. A large fraction of endosomes is redirected
into the recycling pathway, where a yet unidentified Ykt6-containing SNARE

complex promotes their fusion with the PM, leading to lacunar deepening and
clogging of SDs. D In Syx12L knockdown cells, only Syx7L-containing complexes
remain functional. Early endosomes fail to undergo homotypic fusion and their
fusionwithmoremature compartments is repressed. Maturation is not completely
blocked: Syx7L–SNAP29–Ykt6 drives their conversion into small endolysosome-
like structures, and Syx7L–SNAP29–Vamp7 mediates their homotypic fusion into
endolysosomal “swirls.” In parallel, many unfused early endosomes are redirected
into the recycling pathway, where Ykt6-dependent fusion with the PM deepens
lacunae and disrupts SD architecture. E) In Ykt6 knockdown cells, homotypic early
endosome fusion is lost due to inactivation of the Syx12L–SNAP29–Ykt6 complex,
and fusion of early endosomes with more mature compartments is also impaired.
Maturation is partially maintained through Vamp7-containing complexes, which
generate smaller endolysosomes. Because Ykt6 is also required for recycling, its
absence divertsmost endosomal cargo toward degradation, leading to progressive
loss of lacunae due to continuous uptake of their components.
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Channel diffusion assay
Nephrocytes were fixed in ice-cold 4% formaldehyde in PBS for 5min
to stop endocytosis. Samples were incubated with Alexa Fluor
647–BSA inM3medium for 15min at RT, followed by a second fixation
for 45min. Samples were washed and mounted in DAPI-containing
VECTASHIELD (Vector)103.

Uptake assay
Nephrocytes were dissected in ice-cold M3 medium and incubated
with FITC-avidin (1:100) and, where indicated, fluorescent dextran
(10 kDa; 1:20) for 5min (early endosomes), 30 or 50min (late endo-
somes/endolysosomes) at room temperature. For tracer clearance
assays, samples were chased in tracer-free M3 medium for 10min
following the 30min pulse before fixation. For plasma membrane
uptake experiments dissected nephrocytes were incubated with the
membrane dye FM1-43FX (10 µM in M3 medium) for 50min. Samples
were then fixed in 4% formaldehyde for 45min, washed, and mounted
Where indicated, fixed samples were subsequently processed for
immunostaining as described above.

Fluorescence and SIM imaging
Images were acquired at RT using an AxioImager.M2 microscope with
an ApoTome2 unit, a Plan-Apochromat 63×/1.40 oil objective, and an
Orca Flash 4.0 LT sCMOS camera. Imaging settings were identical for
all comparable experiments. Images were processed using Zeiss Effi-
cient Navigation 2 and assembled in Adobe Photoshop CS4. Super-
resolution structured illumination microscopy (SIM) images were
acquired using aMulti-SIM system (BeijingNanoInsights-techCo., Ltd.,
Beijing, China) installed on a Nikon Ti2-E microscope equipped with a
CFI SR HP Apochromat TIRF 100× oil-immersion objective. Images
were acquired using VSIM v2.3 software (Beijing NanoInsights-tech
Co., Ltd.) and processed using Fiji/ImageJ.

Electron microscopy
Nephrocyteswerefixedovernight at4 °C in 3.2%paraformaldehyde, 1%
glutaraldehyde, 1% sucrose, and 0.028% CaCl2 in 0.1M sodium caco-
dylate buffer (pH 7.4). Samples were post-fixed in 0.5% osmium tetr-
oxide for 1 h and half-saturated uranyl acetate for 30min, dehydrated
in graded ethanol, and embedded in Durcupan. For the silver uptake
experiments, larvae were fed silver nitrate-containing food as descri-
bed above. Dissected nephrocyteswere exposed toUV light for 10–15 s
using a Vilber Lourmat UV transilluminator to enhance the contrast of
intracellular silver deposits before fixation and were subsequently
processed for TEM as described above. For tannic acid
impregnation104, samples were treated after osmification with 1% tan-
nic acid in 0.1M cacodylate buffer (pH 7.4) for 30min at room tem-
perature, and uranyl acetate staining was omitted. Ultrathin sections
were stained with Reynolds’ lead citrate and examined on a JEM-1011
transmission electron microscope at 80kV. Sections from the silver
uptake experiments were examined without additional staining.

Quantification and statistical analysis, illustrations
Fluorescent structures were quantified from original, unmodified sin-
gle optical sections using Fiji/ImageJ. Signal thresholds for each
channel were set consistently by the same person across all samples.
Cells were randomly selected for analysis, and only cells with nuclei
present in the focal plane were included to ensure sampling of both
perinuclear and peripheral regions, except for measurements of slit
diaphragm surface density and colocalization. Each experiment was
performed at least twice on different days.

Endosome size measurements were obtained for Rab5-GFP/YFP,
Rab5-CA-YFP, anti-Rab7, and anti-Lamp1–positive compartments by
measuring vesicle diameters using the Line tool in ImageJ. For each
genotype, 3–6 animals were analyzed, and 10 endosomes were mea-
sured per cell from 10 cells, yielding n = 100 endosomes per condition.

Pairwise colocalization between reporter proteins and antibody
stainings was quantified using the Threshold Overlap Method. Both
channels were thresholded identically, and the area fraction of each
cell covered by the fluorescent signal was measured. Overlapping
signal was determined using the Image Calculator (AND function).
Threshold overlap scores (TOS) were calculated according to Sheng
et al73. from 12 cells per genotype and condition (n = 12), using samples
from 4–7 animals.

RNAi efficiency was assessed using antibodies against endogen-
ous Syx12L and Snap29 or by quantifying the anti-HA immuno-
fluorescence signal of ectopically expressed Ykt6-HA. The mean gray
valueof thefluorescence signalwasmeasured for eachnephrocyte and
normalized to themean gray value of an adjacent control tissue region
(proventriculus) of identical size and shape to account for between-
sample variability. For comparison between control and RNAi-
expressing cells, the mean normalized signal of the control group
was set to 100. Three to five animals were analyzed for each genotype,
and fluorescence was quantified in 12 nephrocytes per geno-
type (n = 12).

Fluorescent tracer uptake (FITC–avidin and dextran) was quanti-
fiedbymeasuring the area fraction of each cell coveredby tracer signal
using uniform threshold settings. Cell outlines were determined by
enhancing autofluorescence. For each genotype and condition, 4–7
animals were analyzed and fluorescence was quantified in 13–15
cells (n = 13–15).

Lacunar depth (BSA–Alexa Fluor 647) was estimated by outlining
the total cell area and the area defined by the lacuna endpoints. The
difference in radii of the corresponding calculated circles from the
area was used as an approximation of lacunar depth. Measurements
were obtained from 15 cells per genotype from 4–6 animals (n = 15).

Surface density of slit diaphragm components (Pyd and Sns) was
quantified from cortical sections of heat-fixed, antibody-stained
nephrocytes. Using the Line tool in ImageJ, a line (6–15μm, depend-
ing on cell size) was drawn perpendicular to slit diaphragm stripes.
Peak numbers were extracted from Plot Profile outputs and normal-
ized to a 10μm line length. Measurements were obtained from 12 cells
per genotype using samples from 4–7 animals (n = 12).

Themaximumsignal depth of the slit diaphragmcomponents Pyd
and Sns was measured in medial optical sections by drawing a line
perpendicular to the cell surface and recording themaximumdepth of
the detected fluorescence signal. For each genotype, 12 nephrocytes
from 4–7 animals were analyzed (n = 12).

To assess the enrichment of fluorescent reporters and immu-
nostained proteins within the multilamellar swirls, we used a method
previously described68. Briefly, the fluorescence intensity ratio
between the swirl and the surrounding cytoplasmwas determined and
compared with that measured in Syx12L (formerly Syx7) RNAi
nephrocytes expressing cytosolic enhanced green fluorescent protein
(eGFP). The boundaries of the swirls were defined using anti-Rab7
immunostaining, Rab7-YFP, or anti-Lamp1 immunostaining, depend-
ing on the experiment. The mean gray value of the unaltered fluores-
cence signal was measured within each swirl and in an adjacent
cytoplasmic region of identical size and shape. The swirl-to-cytoplasm
fluorescence intensity ratiowas then calculated for each swirl. For each
marker or reporter, three to five animals were analyzed, and 15 swirls
were quantified (n = 15).

Statistical analyses were performed using GraphPad Prism. Nor-
mality was assessed using the D’Agostino–Pearson test. For non-
normally distributed datasets, Mann-Whitney test (if two datasets were
compared) or Kruskal–Wallis tests with Dunn’s multiple comparisons
were used. For normally distributed datasets, Student’s T-test (if two
datasets were compared) or one-way ANOVAwith appropriate post hoc
tests was applied. P value thresholds were defined as * or #, p <0.05; **
or ##, p<0.01; *** or ###, p <0.001; **** or ####, p <0.0001. Figure
legends specify reference groups for all comparisons.
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Dot plots display individual data points with mean± standard
deviation. Full statistical details (including n numbers) are provided in
Supplementary Data 3.

Microscopy images were processed and figures assembled using
Adobe Photoshop CS4. Graphs and plots were generated using
GraphPad Prism, and schematic illustrations were created using
Inkscape 1.4.4.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data generated in this study are provided within the paper, Sup-
plementary Information, and Source Data file. Source data are pro-
vided with this paper.
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