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Autophagy controls differentiation of
Drosophila blood cells by regulating Notch
levels in response to nutrient availability

Maximiliano J. Katz1,2,6, Felipe Rodríguez3,4,6, Fermín Evangelisti3,4,6,
Agustina G. Borrat3,4, Sebastián Perez-Pandolfo3,4, Tomás Peters 3,4,
Natalia Sommario 3,4, Graciela L. Boccaccio3,4,5, Mariana Melani3,4,5 &
Pablo Wappner 3,4,5

Drosophila larval hematopoiesis takes place at the lymph gland, where blood
cell progenitors differentiate into two possible cell types: Plasmatocytes,
analogous tomammalianmacrophages, or crystal cells that share featureswith
mammalian megakaryocytes; a third cell type, the lamellocytes, develop only
upon specific immune challenges. Here we show that autophagy inhibition in
blood cell progenitors results in augmented crystal cell differentiation due to
Notch accumulation. Notch activation during hematopoiesis depends on the
endocytic pathway, which crosstalks with autophagy: While Notch activation
depends on endocytosis and endosomal maturation, Notch lysosomal degra-
dation requires autophagy. TOR signaling inhibits autophagosome biogenesis
that in turn prevents the formation of Notch-containing amphisomes, which
are necessary for Notch lysosomal destruction. Reduction of Notch lysosomal
degradation shifts the balance towards Notch activation at endosomal mem-
branes, thereby enhancing differentiation of crystal cells. Our work therefore
defines a mechanism of regulation of immune cell differentiation in response
to the nutritional status of the organism.

Drosophila larval hematopoiesis takes place at the lymph gland, where
blood cell progenitors localized centrally at the so-called medullary
zone undergo differentiation to give rise to myeloid-like lineage cells,
which include plasmatocytes and crystal cells (CCs), while a third cell-
type, the lamellocytes, differentiates only upon certain specific
immune challenges, such as parasitic wasp egg invasion1,2. Plasmato-
cytes are macrophage-like cells that represent around 95% of total
circulating blood cells, while CCs account for the remaining 5%3. CCs
display large cytoplasmic prophenoloxidase crystalline inclusions,
whichbreakdownafter the immune insult, releasing phenoloxidases to

theblood stream, thus contributing tomelanization anddestructionof
the pathogen4,5.

The balance between maintenance and differentiation of blood
cell progenitors of the lymph gland is tightly controlled by awide array
of factors ranging from signaling proteins6–10 and metabolites9,11, to
chemical and mechanical cues12,13, which ultimately determine the
progenitor fate. Particularly, differentiation of progenitors into CCs
depends largely on the Notch pathway, activated, at least in part, by its
ligand Serrate, which is expressed in specialized scattered cells loca-
lized at the outer-most region of the medullary zone13–17. Two
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populations of blood cell progenitors occur at the medullary zone of
the lymph gland: Internally localized core progenitors, and externally
localized distal progenitors18,19. Distal progenitors, but not core pro-
genitors, are competent to undergo terminal differentiation, acquiring
either a plasmatocyte fate in response to MAP kinase signaling medi-
ated by the transcription factor Pointed2, or a crystal cell fate in
response to Notch activation18. Notch pathway inhibition in blood cell
progenitors provokes reduction or complete loss of CCs, while genetic
overactivationof the pathway in progenitors leads to excess of CCs18,20.

Macroautophagy (referred hereafter as autophagy) is an evolu-
tionary conserved self-degradative process, essential for house-
keeping functions, such as recycling of macromolecules and
organelles, as well as for removing protein aggregates. During autop-
hagy, the cytoplasmic components to be degraded are sequestered in
a double membrane organelle called autophagosome, which then
fuses with lysosomes, where hydrolytic enzymes execute degradation
of the cargo21–24. Alternatively, an intermediate step may take place, as
autophagosomes can fuse with late endosomes/multivesicular bodies
to generate amphisomes, which in turn fuse with lysosomes, where
degradation of the cargo takes place25–27. Although autophagy is
essentially a bulk degradation process, selectivity is attained by
autophagy adapter proteins that bind to certain cargoes, such as
organelles and aggregation-prone misfolded proteins or protein
aggregates28,29.

In spite of autophagy being an essentially housekeeping recycling
process, it is of fundamental importance in various cell differentiation
events across eukaryotic organisms30–37. Particularly, in mammalian
hematopoiesis, loss-of-function experiments have revealed that
autophagy participates in differentiation or maintenance of most
immune cell types from both the myeloid and lymphoid lineages38–42.
However, the mechanisms by which autophagy regulates hematopoi-
esis are poorly defined at the molecular and cellular level.

In the current study, we show that basal autophagy in the Dro-
sophila lymph gland is particularly active, and restrains differentia-
tion of CCs. Inhibition of autophagy in blood cell progenitors results
in increased levels of Notch, whose regulation depends largely on
the endocytic pathway: While endocytosis and endosome matura-
tion are necessary for Notch activation, formation of multivesicular
body vesicles and fusion of the multivesicular body with lysosomes
are required for Notch lysosomal degradation. Notch lysosomal
degradation is regulated by autophagy through amphisome forma-
tion, and autophagy is in turn regulated by nutrient availability
through the TOR pathway. Our study therefore establishes a
mechanistic link between the nutritional status of the organism and
blood cell differentiation through the regulation of autophagy and
Notch activation.

Results
High levels of basal autophagy in the lymph gland are required
for normal hematopoiesis
To investigate the role that autophagy plays in blood cell differentia-
tion in the lymph gland of third instar larvae, we first analyzed the level
of autophagy in this organ. Three different criteria, namely nucleation
of the autophagosome reporter 3xmCherry-Atg8a, Lysotracker
staining43 and Ref(2)P accumulation, revealed that autophagy levels in
both fed and starved larvae are high at the lymph gland, in comparison
with other Drosophila larval tissues (Supplementary Figs. 1 and 2).
Interestingly, autophagy activationwas higher at themedullary zone in
comparison with the cortical zone, as revealed by Atg8a nucleation
(Supplementary Fig. 1A). These observations suggest that autophagy
may play a specific role in blood cell progenitors (see below). Cano-
nical autophagy pathway regulators were required for basal autophagy
in the lymph gland, as indicated by RNAi-mediated knock-down of
different components of the autophagy pathway44 (Supplemen-
tary Fig. 3).

To investigate a possible role of autophagy in the differentiation
of blood cells, we performed loss-of-function experiments of autop-
hagy pathway genes and analyzed blood cell specific markers. In
Atg1Δ3D homozygous mutant larvae, autophagy was suppressed
(Fig. 1A) and crystal cells increased dramatically (Fig. 1D, E), while the
proportion of blood cell progenitors and plasmatocytes were not
significantly modified (Fig. 1B, C).

Given the increase of crystal cell differentiation in the Atg1Δ3D

mutant lymph gland, we next wondered if autophagy is required
tissue-autonomously in blood cell progenitors for normal crystal cell
differentiation, sowe expressed double stranded RNAs against various
autophagy regulators specifically in this cell type by using a dome-
MESO-Gal4 driver. Knock-down (KD) of Atg1 or Atg17 (components of
the autophagy initiation complex) (Fig. 2A–C), of Vps15 or Vps34
(components of the nucleation complex) (Fig. 2A, D, E), or of Atg18
(involved in phagophore expansion)24 (Fig. 2A, F) provoked clear
increase of CC differentiation (Fig. 2G), as visualized with anti-Lozenge
(Lz) or anti-prophenoloxidase (PPO) antibodies17,18. In contrast, silen-
cing of autophagy genes with an Hml-Gal4 driver in partially or totally
differentiated cells did not provoke significant alterations in the
number of crystal cells (Supplementary Fig. 4). These results indicate
that autophagy is required in blood cell progenitors to restrain CC
differentiation.

Autophagy sets a limit to Notch pathway activation and crystal
cell differentiation
It has been shown that differentiation of CCs largely depends on
activation of theNotchpathway, stimulated at least in part by its ligand
Serrate15–18,20. We analyzed whether ligand-independent activation of
Notch45 also contributes to CC differentiation in the lymph gland. This
seems to be the case, as progenitor-specific overexpression of the E3
ubiquitin ligase deltex (dx), which promotes ligand-independent
Notch endocytosis and Notch pathway activation46–48, provoked sig-
nificant increase of CC differentiation (Supplementary Fig. 5A, B, D).
Consistentwith this, CCdifferentiationwas also enhancedby theKDof
Suppressor of deltex (Su(dx)), another E3 ligase that in this case inhi-
bits non-canonical Notch pathway activation by promoting Notch
lysosomal degradation49,50 (Supplementary Fig. 5A, C, D). These
observations support the notion that ligand-independent Notch
pathway activation contributes to CC differentiation in the
lymph gland.

Next, we conducted genetic interaction experiments to explore if
autophagy-dependent regulation of Notch may account for the effect
of autophagy on CC differentiation. As expected, inhibition of autop-
hagy in progenitors failed to promote CC differentiation when Notch
expression was simultaneously silenced (Fig. 3A–D, N). Interestingly,
the increaseof CCsobserveduponKDofAtg1was suppressed inNotch
(Fig. 3A, B, E, F, N) or Suppressor of Hairless (Fig. 3A, B, G, H, N)
heterozygous mutant larvae, suggesting that autophagy antagonizes
Notch activation during CC differentiation. Similarly, genes that par-
ticipate of the non-canonical (ligand-independent) Notch pathway also
showed antagonistic genetic interactions with autophagy: KD of dx,
which on itself did not modify CC differentiation, suppressed the
enhancement of CC differentiation induced by KD of Atg1 (Supple-
mentary Fig. 6A–D, G). Likewise, overexpression of Su(dx), which on
itself had no effect on differentiation, suppressed the enhancement of
CCsprovokedbyAtg1 silencing (SupplementaryFig. 6A, B, E–G).Taken
together, these results suggest that autophagy sets a limit to Notch
pathway activation in the lymph gland, thereby restraining CC
differentiation.

Then,we investigated if the effectof autophagyonNotchpathway
activation may rely on direct control of Notch receptor abundance.
This was indeed the case, as KD of autophagy genes in blood cell
progenitors provoked significant increase of Notch protein levels, as
revealed by anti-Notch immunofluorescence (Fig. 3I–M, O), without
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affecting Notch transcription (Supplementary Fig. 7). Downregulation
of autophagy alsoprovoked increasedNotch-dependent transcription,
as indicated by the activity of an Enhancer of Split transcriptional
reporter51 (Fig. 3I–M, P). These results indicate that upon autophagy
inhibition, Notch protein accumulates, and the Notch pathway is
overactivated. Interestingly, autophagy seems to impinge specifically
on Notch signaling, as the JAK-STAT and Wnt pathways were not sig-
nificantly affected after autophagy inhibition in blood cell progenitors,
while Hedgehog signaling exhibited a modest reduction (Supplemen-
tary Fig. 8).

Crosstalk between the endocytic and autophagy pathways
accounts for autophagy-dependent regulation of Notch and
crystal cell differentiation
We next wondered about the mechanism by which autophagy
controls Notch abundance. Autophagy is essentially a bulk
degradation process and, with few exceptions52–54, does not
usually target specific signaling molecules. We therefore reasoned
that a crosstalk between the autophagy machinery and the
endocytic pathway–essential for Notch signaling in some biolo-
gical contexts45,55–might account for autophagy-dependent Notch
degradation. In the Notch canonical pathway, after binding its
ligand, the Notch receptor is cleaved at the plasma membrane,
first by the metalloprotease Kuzbanian (Kuz), and then by the γ-
secretase complex, releasing the Notch Intracellular Domain
(NICD) that enters the nucleus and controls gene expression56

(Fig. 4A). However, in some biological contexts, Notch is acti-
vated by the γ-secretase not only at the plasma membrane, but
also at the membrane of endosomes (Fig. 4B): After being clea-
ved by Kuz, Notch undergoes endocytosis, ending up at the
membrane of early endosomes (EEs), which then acidify and
mature to late endosomes (LEs), and finally evolve into multi-
vesicular bodies (MVBs)57. In this context, the γ-secretase can
cleave Notch either at the membrane of LEs, or at the limiting
membrane of MVBs, releasing the NICD that then enters the
nucleus and regulates transcription58 (Fig. 4B). This mechanism of
Notch activation can also take place in a ligand-independent
manner (Fig. 4C), in which case full-length Notch undergoes
endocytosis without being cleaved by Kuz, and then the same
process as in the canonical (ligand-dependent) Notch pathway
takes place59 (Fig. 4C).

We therefore explored whether normal progression of the endo-
cytic pathway is required forNotch activation andCCdifferentiation in
the lymphgland, and then, if the endocytic pathwaymay crosstalkwith
autophagy, thereby accounting for autophagy-dependent regulation
of Notch (Fig. 4). Indeed, blood cell progenitor-specific KDof Shibire, a
dynamin essential for completing endocytosis60, decreased CC differ-
entiation (Fig. 4D, E, H), suggesting that endocytosis is required for
Notch activation in this context. Likewise, KD of Hrs, required for EE to
evolve into LE, or expression of a dominant-negative form of the small
GTPase Rab5, required for EE formation and maturation58,61, both sig-
nificantly reduced CC differentiation (Fig. 4D, F–H).

20 μm 50 μm 50 μm 50 μm 50 μm

Atg1Δ3D

Wild type

3xmCherry-Atg8a domeMESO P1 Lz PPO

A B C D E
Wild type Wild type Wild type Wild type

Atg1Δ3D Atg1Δ3D Atg1Δ3D Atg1Δ3D

Fig. 1 | Crystal cell differentiation increased inAtg1Δ3Dmutants.Confocal images
of individual lobes of larval lymph glands; primary lobes indicated in white dashed
lines. In Atg1Δ3D homozygous mutants, autophagy activation was reduced, as indi-
cated by 3xmCherry-Atg8a nucleation (A n = 10 primary lobes for wild type, n = 8
for Atg1Δ3D; p <0.0001). Progenitor (domeMESO >GFP; B n = 13 for wild type, n = 14
for Atg1Δ3D) or plasmatocyte (P1; C n = 24 for wild type, n = 28 for Atg1Δ3D) popula-
tions were unaffected in Atg1mutants (p =0.2210; p =0.8221, respectively). Crystal
cells increased in Atg1Δ3D mutant larvae as assessed by either anti-Lozenge (Lz;

D n = 7 for each genotype; p =0.0009) or anti-prophenoloxidase (PPO; E n = 10 for
each genotype; p =0.0016). Box plots were used to visualize data distribution,
where the box represents the interquartile range (25th and 75th percentiles), the
central line indicates the median, and whiskers indicate the minimum and max-
imumvalues in thedataset. Individualdata points are shown. Statistical analysiswas
performed using an unpaired two-tailed Student’s t-test. **p <0.01; ***p <0.001;
****p <0.0001; ns, not significant (p >0.05). Source data for plots are provided as a
Source Data file.
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Fig. 2 | Knock-down of autophagy pathway genes in blood cell progenitors
provoked increased crystal cell differentiation. Crystal cells were visualized by
anti-Lozenge (Lz) or anti-prophenoloxidase (PPO) immunofluorescence in Z-stack
projections of lymph gland lobes (white dashed lines) where the indicated double-
stranded RNAs, affecting different autophagy genes, have been expressed under
control of a domeMESO-Gal4 driver (A–F). Crystal cell differentiation increased in
comparison to wild type controls (UAS-LacZ). Quantification of the normalized
number of crystal cells per lobe is depicted on panel (G) where box plots show the
data distribution, with the box representing the interquartile range, the central line
indicating the median, and whiskers extending to the minimum and maximum

values. For Lz+ cells, statistical analysis was performed using two-sided likelihood
ratio test (Chi-squared) followed by Dunnett’s test for treatment versus control
comparisons (p <0.0001; p <0.0001; p =0.0862; p <0.0001; p =0.0010, respec-
tively). For PPO+ cells, ANOVA followed by Dunnett’s test for treatment versus
control comparisons was used (p <0.0001; p <0.0001; p =0.0002; p <0.0001;
p <0.0001, respectively). Forwild type, n = 65 primary lobes; forAtg1RNAi, n = 24; for
Atg17RNAi, n = 25; for Vps15RNAi, n = 19; for Vps34RNAi, n = 13; for Atg18RNAi, n = 21 for Lz,
n = 20 for PPO. Source data for plots are provided as a Source Data file. ***p <0.001;
****p <0.0001; ns, not significant (p >0.05).
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Invagination of the limiting membrane of the MVB, leading to
intraluminal vesicle formation (Fig. 4B, C), is promoted by four
ESCRT complexes (Endosomal Sorting Complex Required for
Transport 0 to III)62,63, and incorporation of Notch to intra luminal
vesicles results in Notch lysosomal degradation64,65. To gather fur-
ther evidence that the endocytic pathway is necessary for Notch
regulation, and particularly to assess if ESCRT complexes promote
Notch degradation in blood cell progenitors, we silenced the
expression of TSG101, a component of ESCRT-I complex, of Vps25,

component of ESCRT-II, of Shrub, member of ESCRT complex III, or
the expression of Vps4, the effector ATPase of all ESCRT
complexes66,67 (Fig. 4B, C). Silencing of any of the above genes,
expected to inhibit intraluminal vesicle formation and Notch lyso-
somal degradation, provoked enhancement of CC differentiation
(Fig. 5A–G), and increased Notch protein levels (Fig. 5A–E, H). These
results further support the notion that the endocytic pathway reg-
ulates Notch protein levels in blood cell progenitors, thereby con-
trolling CC differentiation.
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Having established that the endocytic pathwayplays a central role
inNotch regulation inbloodcell progenitors duringCCdifferentiation,
we next wondered whether autophagy impinges on Notch activation
through the endocytic pathway. It is well known that autophagosomes
can fuse with MVBs to generate amphisomes, and that amphisomes in
turn fuse with lysosomes to generate autolysosomes25,68 (Fig. 6A).
Moreover, it has been proposed that autolysosomes, where degrada-
tion of the autophagosome cargo takes place68, are formed exclusively
through this intermediate fusion event69,70. We therefore investigated
if inhibition of autophagosome formationmay lead to accumulation of
MVBs, stalling Notch lysosomal degradation, and shifting the balance
towards Notch activation. In agreement with this hypothesis, high-
resolution confocal imaging (AiryScan) revealed that in wild type lar-
vae, a proportion of Notch protein appeared within or associated with
Rab5-positive vesicles (Fig. 6B; Supplementary Fig. 9A), or Rab7-
positive vesicles (Fig. 6C, D; Supplementary Fig. 9B),which correspond
respectively to EE, and LE/MVBs71,72. Upon autophagy inhibition in
blood cell progenitors, Rab7-positive vesicles (LE/MVBs) significantly
enlarged (Fig. 6C, F, G), and contained increased amounts of Notch
protein (Fig. 6C, F, H), supporting the notion that autophagymediates
lysosomal degradation of Notch, which is present in endosomes. Fur-
thermore, in wild type individuals Notch colocalized and associated by
proximity ligation assays with the autophagosomal marker Atg8a
(Fig. 6D, E; Supplementary Fig. 9B, C and Supplementary Fig. 10) and/
or with the endolysosomal marker Lamp73 (Fig. 6E; Supplementary
Fig. 9C), suggesting that Notch traffics through amphisomes and
autolysosomes prior to lysosomal degradation. Taken together, our
results support a model in which autophagy regulation, through the
fusion of autophagosomes with MVBs, sets a balance between Notch
activation at the limiting membrane of LE/MVBs, and Notch lysosomal
degradation once it has been incorporated in intraluminal vesicles of
the MVB. Consistent with such model, silencing of the Vha44 subunit
of the V-ATPase, required for acidification of endolysosomal com-
partments (Fig. 7A, B, F), of the phosphatidylinositol(3)P-5-kinase Fab1
(Fig. 7A, C, F), required for endolysosomal maturation and function74

(Fig. 6A), enhanced CC differentiation. Likewise, silencing of the
SNAREs Vamp7 or Syntaxin-17, required for fusion of autophagosomes
with MVBs, as well as for fusion of autophagosomes or amphisomes
with lysosomes75,76 (Fig. 6A), enhanced CC differentiation (Fig. 7A,
D–F). These results suggest that prevention of autolysosome forma-
tion inhibitsNotch lysosomaldegradation, thus favoring insteadNotch
activation at the limiting membrane of LEs/MVBs.

Nutrient availability regulates autophagy through the TOR
pathway, thereby controlling crystal cell differentiation
In eukaryotic cells, nutrient availability mediates regulation of autop-
hagy through the TOR pathway77–79, so we sought to assess if altera-
tions in the composition of the larval culture medium impinge on CC
differentiation by modulating the autophagy-Notch axis in blood cell
progenitors. After increasing the amount of yeast in the medium,

which augments amino acid availability80, autophagy was significantly
reduced (Supplementary Fig. 11A, B), while Notch abundance
increased significantly (Fig. 8A, B), and CC differentiation was
enhanced (Fig. 8C, G). The increase of CC differentiation in the yeast-
rich medium was suppressed upon Atg1 overexpression (Fig. 8D, G), a
treatment that increases autophagy81 Additionally, the increase of CCs
in yeast-rich medium (Fig. 8C) was mitigated after knocking-down the
amino acid transporter Slimfast (Slif)82 (Fig. 8E, G). Conversely, upon
overexpression of Slif in normal larval medium, strong increase of CC
differentiation was observed (Fig. 8C, F, G). Overall, these results
indicate that an amino acid-rich diet inhibits autophagy in the lymph
gland, leading to Notch accumulation, and increased crystal cell
differentiation.

The increase of CC differentiation observed in response to aug-
mented nutrient availability was conveyed by the TOR pathway, since
in Rheb PΔ1 or TOR2L19 heterozygous loss-of-function mutants, CC dif-
ferentiation was mitigated (Fig. 9A–D). Consistent with this, over-
expression of Akt or Rheb, as well as KD of Tsc1, treatments that
inhibited autophagy (Supplementary Fig. 11C–H), significantly
enhanced CC differentiation (Fig. 9E–I). These results suggest that
amino acid availability regulates activation of the TOR pathway in
blood cell progenitors, thereby controlling autophagy and crystal cell
differentiation.

In summary, our results indicate that amino acid abundance
can control the extent of crystal cell differentiation in the larval
lymph gland by modulating the TOR pathway, which in turn
inhibits autophagy. Autophagy inhibition provokes an increase of
Notch protein levels, which in turn promotes crystal cell differ-
entiation (Fig. 10). Autophagy-dependent regulation of Notch
therefore emerges from a crosstalk between the endocytic and
autophagy pathways: In conditions of reduced autophagy (high
amino acids), Notch lysosomal degradation is hindered, thus
favoring Notch accumulation at the limiting membrane of late
endosomes/multivesicular bodies, leading to increased Notch
signaling and crystal cell differentiation (Fig. 10).

Discussion
In this work, we have shown that autophagy is critically required
in blood cell progenitors of the Drosophila lymph gland to set a
limit to crystal cell differentiation. Autophagy exerts this control
by promoting Notch degradation through a crosstalk with the
endocytic pathway (Fig. 10). As previously reported in other
biological settings, we have found that both Notch activation and
Notch degradation take place in compartments of the endocytic
pathway of blood cell progenitors48,58,83–85. Upon genetic blockage
of endocytosis, or hindering maturation of early endosomes in
blood cell progenitors, Notch-dependent differentiation of CCs
was impaired. Conversely, by blocking components of ESCRT
complexes or of its effector ATPase Vps4, which mediate forma-
tion of intraluminal vesicles of the MVB, Notch degradation was

Fig. 3 | Autophagy sets a limit to Notch accumulation and Notch-dependent
crystal cell differentiation. Crystal cells were visualized in Z-stack projections of
lymph gland single lobes (dashed lines) by anti-PPO immunofluorescence (A–H);
RNAi expression was driven with domeMESO-Gal4. I–M upper row: Anti-Notch
immunofluorescence in wild type larvae and lymph gland lobes with reduced
autophagy. N Quantification of the normalized number of crystal cells per lymph
gland lobe. Kruskal-Wallis test followed by Dunn’s test for multiple comparisons.
Mean values of genotypes marked with different letters are significantly different
(p <0.05). Forwild type,n = 33primary lobes; forAtg1RNAi,n = 43; forNRNAi,n = 18; for
NRNAi/Atg1RNAi, n = 23; forN55e11/+, n = 14; forN55e11/+; Atg1RNAi, n = 28, for Su(H)1/+, n = 18;
for Su(H)1/+; Atg1RNAi, n = 18. I–M lower row: Notch transcriptional activity was
evaluated with an E(spl)mβ-HLH-GFP transcriptional reporter in each genotype.
OMean fluorescence intensity of anti-Notch staining was quantified in single slices,
and relative change of immunofluorescence respect to the control was calculated

and plotted. Statistical analysis in was performed using one-way ANOVA followed
byDunnett’s test for comparisons of treatments versus control (p <0.0001 for each
genotype). For wild type, n = 37 primary lobes; for Atg1RNAi, n = 25; for Atg17RNAi,
n = 16; for Vps15RNAi, n = 16; for Atg18RNAi, n = 25. P Quantification of the normalized
number of GFP-positive cells per lobe. For wild type, n = 42 primary lobes; for
Atg1RNAi, n = 21; for Atg17RNAi, n = 20; for Vps15RNAi, n = 55; for Atg18RNAi, n = 13. Statis-
tical analysis in was performed using Kruskal-Wallis test followed by Dunn’s test for
comparisons of treatments versus control (p =0.0036; p =0.0004; p <0.0001;
p <0.0001, respectively). N–P Box plots show the data distribution, with the box
representing the interquartile range (25th and 75th percentiles), the central line
indicating the median, and whiskers extending to the minimum and maximum
values. Source data for plots are provided as a Source Data file. *p <0.05; **p <0.01;
***p <0.001; ****p <0.0001.
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Fig. 4 | The endocytic pathway controls crystal cell differentiation.
A, B, C Schematic representation of the Notch pathway. A After Ser binding, Kuz-
banian (Kuz) and the γ-secretase complex (γ-sec) cleave Notch, and the Notch
Intracellular Domain (NICD) enters the nucleus to regulate gene expression toge-
ther with Suppressor of Hairless (Su(H)). B After cleavage by Kuz, Notch can
undergo endocytosis that depends on the dynamin shibire (shi), and remains
inserted in themembrane of early endosomes thatmature by the action of Hrs and
Rab5 to late endosomes. Formation of intraluminal vesicles of the multivesicular
body is mediated by ESCRT complexes 0-III, which include the subunits TSG101,
Vps25 and Shrub; Vps4 is the effector ATPase. Notch can be cleaved at the limiting
membrane of late endosomes or multivesicular bodies, and enters the nucleus to
regulate transcription. Notch present in intraluminal vesicles of the multivesicular
body is degraded at the lysosome (not shown in the scheme). C Ligand-
independent activationofNotch: Notch can undergo endocytosiswithout previous
ligand binding; in this case, the entire (uncleaved) receptor ends up in the

membrane of endosomes. The subsequent steps of the pathway are identical to
those described in B. The E3 ubiquitin ligase deltex (dx) stimulates Notch endo-
cytosis; Suppressor ofdeltex (Su(dx)) stimulates the formationofNotch-containing
intraluminal vesicles. D–G Crystal cells visualized by anti-Lozenge (Lz) or anti-
prophenoloxidase (PPO) immunofluorescence after knock-down of shi (E), Hrs (F)
or Rab5 (G), with a domeMESO-Gal4 driver. White dashed lines mark lymph gland
lobes. H Quantification of the results shown in panels (D–G) boxes represent the
interquartile range, the central line indicates the median, and whiskers extend to
the minimum and maximum values. For wild type, n = 62 primary lobes; for
shibireRNAi, n = 24; for HrsRNAi, n = 20; for Rab5DN, n = 22. The statistical analysis was
performed in both cases using Kruskal-Wallis test, followed by Dunn’s test for
treatment versus control comparisons (p =0.0017 for Rab5DN Lz+ cells; p <0.0001
for every other comparison). Source data for plots are provided as a Source Data
file. **p <0.01; ****p <0.0001.
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impaired, leading to increased CC differentiation. Noteworthy,
silencing of the subunit Vha44 of the V-ATPase led to modest
although significant increase of crystal cell differentiation. This
suggests that, unlike in other organs86,87, reduction of endolyso-
somal acidification in blood cell progenitors leads to reduction of
Notch degradation in these cells. We found that autophagosomes
are necessary for Notch degradation. This is consistent with a
model in which fusion of MVBs with autophagosomes giving rise
to amphisomes is necessary for Notch lysosomal degradation.
According to this model, autophagy inhibition is expected to
reduce Notch lysosomal degradation, leading to increased Notch
signaling, and augmented CC differentiation. In agreement with
such mechanism, genetic or physiologic graded overactivation of
the TOR pathway, which mediates inhibition of autophagy77,78,
increases CC differentiation. Further studies are required to
assess whether the transcription factor Mitf/TFEB, an important
regulator of autophagy acting in opposition to the mTOR path-
way, contributes to modulate Notch activation in blood cell
progenitors in response to nutrient availability88. Our results
therefore establish a mechanistic link between the nutritional
status of the organism and differentiation of cells of the immune
system, in which the Notch pathway is regulated by TOR signaling
through the modulation of autophagy (Fig. 10).

It is increasingly evident that autophagy is required for proper
differentiation or maintenance of most mammalian hematopoietic
lineages35,89, although the mechanisms involved are incompletely
defined. Paralleling our observations in Drosophila blood cell pro-
genitors, autophagy is also highly active in mammalian hematopoietic
stem cells90, where autophagy is presumably required for lowering
reactive oxygen species through mitophagy91. In T-lymphocytes, as
well as in somemyeloid lineages, autophagy is believed to control the
OXPHOS/glycolytic ratio, thereby impinging on differentiation92,93.
During B-cell maturation to antibody-producing plasma cells, autop-
hagy is required to limit the unfolded protein response at the ER, and
accumulation of protein aggregates, which in turn has an impact on
differentiation94.

Whereas inDrosophila hematopoiesis the primary role of Notch is
to promote crystal cell differentiation and maturation14,15,17–19,95, in
mammalian hematopoiesis Notch has a more complex and incom-
pletely understood function. Notchhas been reported to act either as a
tumor suppressor or as a tumor promoter in different types of
leukemia96,97, and consistent with this, Notch fulfills different roles
depending on the hematopoietic lineage98–103.

TOR dependent regulation of Notch was previously reported in
other Drosophila organs, even though the mechanisms involved were
not completely defined. In Drosophila enteroblasts, regulation of
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Fig. 5 | Knock-down of elements of ESCRT complexes resulted in increased
Notch abundance and enhanced crystal cell differentiation. Anti-Lozenge (Lz)
and anti-prophenoloxidase (PPO) stainings to visualize crystal cells in Z-stack
projections of lymph glandprimary lobes (white dashed lines), and assess the effect
of domeMESO-Gal4-driven knock-down of genes of different ESCRT complexes
(B–D) or the gene Vps4 (E) that encodes the effector ATPase of ESCRT complexes,
in comparison with wild type individuals (A). F, G Quantification of normalized
crystal cells per lobe as assessed by anti-Lz or anti-PPO staining respectively. FOne-
way ANOVA followed by Dunnett’s test for treatment versus control comparisons
(p <0.0001; p =0.0125; p <0.0001; p <0.0001, respectively). G Two-sided like-
lihood ratio test (Chi-squared) followed by Dunnett’s test for treatment versus
control comparisons (p <0.0001 for each genotype). For wild type, n = 86 primary
lobes; for TSG101RNAi, n = 24 for Lz and n = 22 for PPO; for Vps25RNAi, n = 24; for

shrubRNAi, n = 19; for Vps4RNAi, n = 33. Notch immunofluorescence performed with an
antibody targeting the Notch extracellular domain shows that Notch protein levels
in each genotype (A–E) parallels the increase in differentiation of crystal cells.
H Quantification of Notch immunofluorescence expressed as relative change in
fluorescence intensity respect of the wild type genotype. For wild type, n = 20; for
TSG101RNAi, n = 16; for Vps25RNAi, n = 19; for shrubRNAi, n = 15; for Vps4RNAi, n = 14. One-
way ANOVA followed by Dunnett’s test for treatment versus control comparisons
(p <0.0001; p =0.0038; p <0.0001; p =0.0732, respectively). F–H Box plots show
the data distribution, with the box representing the interquartile range, the central
line indicating themedian, and whiskers extending to the minimum andmaximum
values. Source data for plots are provided as a Source Data file. *p <0.05; **p <0.01;
****p <0.0001; ns, not significant (p >0.05).
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Notch by the TOR pathway was shown to depend onmiRNAs104, which
does not exclude the possibility that TOR might regulate Notch
through an autophagy-dependent mechanism in the Drosophila gut as
well. Autophagy-dependent degradation of Notch apparently takes
place in Drosophila follicle cells by mid-oogenesis105, opening the
possibility that the complete mechanism described here may be more

general, perhaps operating in other Drosophila cell types besides
hematopoietic progenitors.

Evidence for autophagy-dependent destruction of Notch has also
been reported in mammalian cells106, although the mechanism in that
context involves direct uptake of Notch into Atg16L1-positive vesicles,
rather than into regular Rab5/Rab7-positive endosomes. Consistent
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with this, human Notch1 NICD, but not Notch2-4 NICD, can bind
directly to p62, which promotes its autophagic degradation107. We
have shown in the current work that Notch degradation strongly
depends on ESCRT complexes, and therefore, on the endocytic path-
way. Thus, if direct uptake of Notch into autophagosomes does occur
in cells of theDrosophila lymph gland, this mechanism is not expected
to play a central role in limiting Notch protein accumulation. In any
case, it remains to be assessed if the whole mechanism controlling
Notch activity, described here in Drosophila, operates in mammalian
systems as well.

What is the physiological significance of crystal cell differ-
entiation being dependent on amino acid availability? This is still
unclear, and may relate to enhancement of immune responses
according to nutrient availability. Interestingly, totally unexpected
new functions of crystal cells in Drosophila physiology are
starting to emerge5. The adaptive meaning of nutrient-dependent
regulation of their differentiation might therefore relate to novel
functions that these intriguing cells may play in fly development or
physiology.

Methods
Flies were reared at 25 °C on a standard cornmeal/agar medium. For
Gal4-mediated genetic manipulations, all experimental crosses were
conducted at 25 °C,with F1first instar larvae subsequently incubated at
29 °C tomaximize Gal4 activity. To assess the nutritional impact on CC
differentiation, standard cornmeal medium supplemented with 4% or
2% yeast was utilized. For starvation assays, larvae were incubated on
agar plates for a period of 6 h prior to dissection. RNAi lines against
autophagy genes have been previously validated:Atg1RNAi (BL 26731)108,
Atg17RNAi (BL 36918)109, Vps15RNAi (BL 34092)110, Vps34RNAi (BL 33384)109.
The following fly stocks were obtained from the Bloomington Droso-
phila Stock Center (https://bdsc.indiana.edu): w1118 (BL 3605), Canton-
S (BL 9515), UAS-GFP (BL 1521), YFP-Rab7 (BL 62545), YFP-Rab5 (BL
62543), Notch55e11 (BL 28813), Su(H)1 (BL 417), Atg1RNAi (BL 26731),
Atg17RNAi (BL 36918),Atg18RNAi (BL 34714),Vps15RNAi (BL 34092),Vps34RNAi

(BL 33384), NotchRNAi (BL 33611), Su(dx)RNAi (BL 67012), E(spl)mß-HLH-
GFP (BL 65294), shibireRNAi (BL 28513), HrsRNAi (BL 33900), UAS-Rab5DN

(BL 9772), Tsg101RNAi (BL 38306), Vps25RNAi (BL 54831), Fab1RNAi (BL
35793), Vamp7RNAi (BL 38300), Syx17RNAi (BL 25896), UAS-Atg1 (BL

Fig. 6 | Notch localized at endosomal, autophagosomal and lysosomal com-
partments. A Schematic representation of endosomal maturation and fusion with
autophagosomes. Endosomes mature into multivesicular bodies, in which limiting
membrane the Notch Intracellular Domain (NICD) can be cleaved and enter the
nucleus (nucleus not shown). Alternatively, the NICD can be sorted to intraluminal
vesicles of the multivesicular body that fuses with autophagosomes to give rise to
amphisomes, which fuse with lysosomes, resulting in autolysosomes where the
NICD is degraded. B–F High-resolution (AiryScan) confocal images of Notch asso-
ciated to endosomal or autophagic vesicles in the lymph gland. Part of Notch
protein (cyan, white arrowheads) localized in Rab5-positive early endosomes (red,
yellow arrowheads) (B) Rab7-positive late endosomes/multivesicular bodies (red,
yellow arrowheads) (C), amphisomes positive for Rab-7 (green, yellow arrowheads)
and Atg8a (red, pink arrowheads) (D) or autolysosomes decorated with Lamp
(green, yellowarrowheads) andAtg8a (red,pink arrowheads) (E).FAfter autophagy

inhibition through the expression of Atg1RNAi, Rab7-positive vesicles significantly
enlarged (red, yellow arrowheads) and contained increased amounts of Notch
protein (cyan, white arrowheads). G Quantification of the size of Rab7-positive
vesicles in the experiments of panels (C, F) and after silencing the indicated
autophagy genes. Wild type, n = 1431 vesicles; Atg1RNAi, n = 753; Atg17RNAi, n = 628;
Vps15RNAi, n = 713; Atg18RNAi, n = 1085. H Quantification of Notch in Rab7 vesicles in
the experiments of panels (C, F) and after silencing of the indicated autophagy
pathway genes. Wild type, n = 966 vesicles; Atg1RNAi, n = 1989; Atg17RNAi, n = 1564;
Vps15RNAi, n = 1857; Atg18RNAi, n = 1048. Boxes represent the interquartile range, the
central line indicates the median, and whiskers extend to 10th and 90th percentiles.
Mean values are shown in G as a dash. The statistical analysis performed in both
cases was Kruskal-Wallis test followed by Dunn’s test for treatment versus control
comparisons (p =0.0067 forAtg18 RNAi inG;p <0.0001 for everyother comparison).
Source data for plots are provided as a Source Data file. **p <0.01; ****p <0.0001.
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Fig. 7 | Blockage of lysosomal maturation or impairment of fusion events that
give rise to amphisomes or autolysosomes increased crystal cell differentia-
tion. Anti-Lozenge (Lz) and anti-prophenoloxidase (PPO) staining were used to
visualize crystal cells in Z-stack projections of the lymph gland (white dashed line).
After knock-down of the V-ATPase subunit Vha44 or the lipid kinase Fab1 with a
domeMESO-Gal4 driver, an increase of crystal cell differentiation occurred in
comparisonwithwild type control larvae (A–C). Knock-downof the SNAREs Vamp7
or Syntaxin-17 also led to augmented crystal cell differentiation (D, E).
F Quantification of normalized crystal cells per lobe, as assessed with anti-Lz and

anti-PPOantibodies respectively. Box plots show the data distribution, with the box
representing the interquartile range, the central line indicating the median, and
whiskers extending to the minimum and maximum values. Wild type, n = 22;
Vha44RNAi, n = 24; fab1RNAi, n = 21; Vamp7RNAi, n = 20; Syx17RNAi, n = 19. Brown-Forsythe
and Welch ANOVA followed by Dunnett’s T3 test for treatments against control
comparisons (for Lz, p =0.0037, p <0.0001, p <0.0001, p <0.0001, respectively;
for PPO, p <0.0001, p =0.0209, p =0.0002, p =0.0013, respectively). Source data
for plots are provided as a Source Data file. *p <0.05; **p <0.01; ***p <0.001;
****p <0.0001.
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60734), slimfastRNAi (BL 64922), UAS-slimfast (BL 52661), UAS-Akt (BL
8191), Tsc1RNAi (BL 52931), UAS-Rheb (BL 9688), Hml-Gal4 (BL 30140),
Stat92ERNAi (BL 33637), 10xStat92E-GFP (BL 26197), AxnRNAi (BL 31705)
and UAS-CiHA (BL 32571). shrubRNAi (v108557) and Vps4RNAi (v105917)

were obtained from the Vienna Drosophila Resource Center (https://
stockcenter.vdrc.at). The following stocks were kindly provided by
colleagues: domeMESO-Gal4 (Utpal Banerjee), 3xmCherry-Atg8a and
Atg1Δ3D (Gábor Juhász), UAS-LacZ (Ben Shilo), UAS-GFP-Ref2P (Thomas
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Fig. 8 | Amino acid availability controlledNotch protein abundance and crystal
cell differentiation. Anti-Notch immunofluorescence (A) indicated that Notch
protein levels were higher in lymph glands of larvae grown in culture medium
containing high yeast (4% w/v) in comparison to larvae grown in normal medium
(2% yeast w/v). B Notch immunofluorescence intensity (arb. units) relative to the
one of larvae reared in normal food. Unpaired two-tailed Student’s t-test (****,
p <0.0001). Normal food, n = 13 primary lobes; high yeast, n = 14. Crystal cell dif-
ferentiation increased in larvae grown in the yeast-rich medium, in comparison to
normal fly food (C), as assessed by anti-Lozenge (Lz) immunofluorescence in
Z-stack projections of lymph gland lobes (dashed line). The increase of crystal cell
differentiation observed in (C) was suppressed after overexpression of Atg1 (D)
with domeMESO-Gal4 driver. RNAi-mediated knock-down of the amino acid

transporter Slimfast (Slif) prevented the increase of crystal cell differentiation
provoked by the addition of extra-yeast in the fly food (E). Overexpression of Slif
led to increased crystal cell differentiation in larvae reared in normal food, com-
pared with wild type animals (C, F).G Quantification of the results of panels (C–F).
One-way ANOVA followed by Tukey’s test for multiple comparisons. Different let-
ters represent statistically significant differences (p <0.05). For the wild type gen-
otype, n = 144 primary lobes in normal food and n = 51 in high yeast; for UAS-Atg1,
n = 24 in normal food and n = 24 in high yeast; for slifRNAi, n = 75 in normal food and
n = 44 in high yeast; for UAS-slif, n = 77. B, G Box plots show the data distribution,
with the box representing the interquartile range, the central line indicating the
median, and whiskers extending to the minimum and maximum values. Source
data for plots are provided as a Source Data file.
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Neufeld), UAS-GFP-Lamp (Helmut Kramer), UAS-deltex (Spyros Arta-
vanis-Tsakonas), RhebPΔ1 and TOR2L19 (Sean Oldham).

Dissection, fixation and immunostaining of lymph glands
Wandering third instar larvae were utilized for dissection of lymph
glands in PBS. Using precision forceps (Dumont #5), lymph glands
were extracted along with the larval brain and mouth hooks, and

placed in microfuge tubes containing ice cold PBS, as previously
described111. Dissected tissue was fixed in 4% formaldehyde for 30min
and washed three times in PBS with 0.4% Triton-X (0.4% PBST) for
15min. Blocking was carried out in 10% normal goat serum (Sigma-
Aldrich) in PBST for 30min, followed by overnight incubation with
primary antibodies at 4 °C in 10% normal goat serum. Thereafter,
lymph glands were washed three times in 0.4% PBST for 15min, and
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incubated with secondary antibodies for 1.5 h at room temperature in
10% normal goat serum. Finally, samples were washed three times in
0.4% PBST before mounting on glass slides in mounting medium
(Mowiol 4-88 anti-fade agent, EMDMillipore Corp., Billerica, MA). The
following primary antibodies were used: Mouse anti-Lozenge 1:10
(anti-lozenge, Developmental Studies Hybridoma Bank), mouse anti-
Notch Extracellular Domain 1:10 (C458.2H, Developmental Studies
Hybridoma Bank), mouse anti-P1 1:100 (gift from I. Ando), rabbit anti-
PPO 1:2000 (generous gift from G. Christophides), mouse anti-Ci 1:10
(2A1, Developmental Studies Hybridoma Bank), mouse anti-Armadillo
1:50 (N2 7A1, Developmental Studies Hybridoma Bank). Alexa Fluor
488, Alexa Fluor 647 and Cy3-conjugated secondary antibodies 115-
545-062, 115-605-166, and 111-165-144, respectively, Jackson Immu-
noResearch) were utilized in 1:250 dilutions.

Image acquisition and processing
Lymph glands were imaged using a Zeiss LSM 880 confocal
microscope, acquiring either Z-stacks or single confocal planes.
Image processing was conducted using Fiji/ImageJ software (NIH).
Lobe area quantification was performed by manually delimiting
lobe perimeter. Automatic thresholding was applied using the
Default method in Fiji software to measure domeMESO and P1
areas. For crystal cell quantification, the total number of CCs was
quantified using Fiji’s “Find Maxima” function based on nuclear
markers such as Lz and E(spl)mβ-HLH-GFP, and manually when
using the cytoplasmic marker PPO. These values were then cor-
rected for lobe area in comparison with the control treatment
whenever a significant difference in lobe size was found between
the treatments (whole Z-stack projections). In the experiments
where the TOR pathway was genetically activated (Fig. 9E–I),
crystal cell differentiation was assessed by calculating the ratio of
crystal cells to total cortical zone hemocytes (P1-positive for
plasmatocytes + Lz-positive or PPO-positive for crystal cells) on a
single confocal plane. In Figs. 3 and 5, Notch levels were calcu-
lated as mean immunofluorescence intensity of the whole primary
lobe. In Fig. 6, Notch intensity was measured inside Rab7-positive
vesicles, which were delimited by automatically thresholding
using the Moments method and measured using the “Analyze
Particles” function. 3xmCherry-Atg8a and GFP-Ref(2)P foci were
quantified using the “Find Maxima” function of the Fiji software.
For comparing multiple tissues (Supplementary Fig. 1B–G),
3xmCherry-Atg8a foci were normalized to cell density relative to
salivary gland, which showed the lowest density. The Lysotracker
area fraction was calculated by automatically thresholding the
Lysotracker positive area and dividing it by the total area of the
tissue. For measuring Notch localization in endolysosomal/
autophagosomal compartments, Notch foci were identified using
the “Find Maxima” function, then counted inside vesicles using
masks generated by automatic thresholding on Fiji. Proximity
Ligation Assays puncta were counted using the “Find Maxima”
function in Fiji, normalized by the total area of the lobe.

Western blots and proximity ligation assays
Protein samples were obtained from Drosophila larval tissues (lymph
gland, n = 100 larvae; imaginal disks, n = 100; salivary gland, n = 30; fat
body, n = 20; gut, n = 20) and manually homogenized in RIPA buffer
supplemented with protease inhibitors; protein concentrations were
determined using the BCA Protein Assay Kit (Sigma-Aldrich, B9643)
according to the manufacturer’s protocol. For Atg8a detection, pro-
teins were separated on 15% SDS-PAGE gels, while for Ref(2)P-GFP
detection, 10% SDS-PAGE gels were utilized. Proteins were transferred
to nitrocellulosemembranes (Millipore) using a wet transfer system at
100V for 1 h. Membranes were then blocked in 5% skim milk in TBS-T
(Tris-buffered saline with 0.1% Tween-20) for 1 h at room temperature,
after which they were incubated overnight at 4 °C with the following
primaryantibodies diluted inTBS-Twith 3%BSA: ForAtg8a, rabbit anti-
GABARAP 1:1000 (ab109364, Abcam); for GFP-Ref(2)P, rabbit anti-GFP
1:1000 (Life Sciences); tubulin was detected with a mouse anti-alpha-
tubulin antibody 1:5000 (12G10, Developmental Studies Hybridoma
Bank, 12G10). Following three washes with TBS-T, membranes were
incubated with IRDye® 800CW secondary antibodies (LI-COR, anti-
mouse catalog # 926-32212; anti-rabbit # 926-32213) diluted 1:5000 in
TBS-T with 5% skim milk for 1 h at room temperature. Fluorescent
signal was detected at 800 nm using an Odyssey CLx Imager (LI-COR).
Band intensities were quantified using Empiria Studio software
(LI-COR).

Proximity Ligation Assays were carried out with a Duolink in Situ
Orange Starter Kit Mouse/Rabbit, (DUO92102, Sigma-Aldrich), utiliz-
ing the above rabbit anti-GABARAP antibody 1:100, mouse anti-Notch
antibody 1:10, and mouse anti-GFP 1:100 (A-1112C, Invitrogen).

Quantitative real-time PCR (qPCR)
Total RNA was extracted from 150 lymph glands per genotype using
TRIzol reagent (Thermo Fisher Scientific) and quantified with a
NanoDrop spectrophotometer. One microgram of RNA was reverse
transcribed into cDNA using random primers and M-MLV Reverse
Transcriptase (Promega, # M17080). qPCR was conducted on a
LightCycler® 480 Instrument II (Roche) with LightCycler® 480 SYBR
Green I Master in a 10 µL reaction volume, including cDNA template,
0.2 µM of each primer, and SYBR Green I master mix. Thermal cycling
consisted of 40 cycles of denaturation, annealing, and extension, fol-
lowed by melting curve analysis. Relative expression was calculated
using theΔΔCtmethod, normalized to the housekeeping gene tubulin.
Reactions were performed in technical triplicates. The primer
sequences used were: Tubulin: Fw: ATCCCCAACAACGTGAAGAC Rv:
GCCTGAACATAGCGGTGAAC; Notch: Fw: CCGCCGTACTCGAAT-
CAGTC; Rv: CGATGGCGAGCCCAAGTAG

Statistical analysis
Statistical analysis were performed on GraphPad Prism version 8 and
RStudio (R version 4.2.3). The threshold for statistical significance was
established as p <0.05. Each experiment was independently repeated
at least twice.

Fig. 9 | The TORpathway conveyed the effect of a high yeast diet on crystal cell
differentiation. The number of crystal cells in the lymph gland (white dashed line)
was assessed using anti-Lozenge (Lz) and anti-prophenoloxidase (PPO) staining in
Z-stack projections. The increase of crystal cell differentiation induced by a high-
yeast diet (A) was mitigated in RhebPΔ1 (B) or TOR2L19 (C) heterozygous larvae.
DQuantification of the above results. Two-way ANOVA followed by Tukey’s test for
multiple comparisons.When boxes aremarked with the same letter, the difference
between the mean values is not statistically significant (p >0.05). If two boxes are
marked with different letters, the mean values are significantly different (p <0.05).
For the wild type genotype, n = 48 primary lobes in normal food and n = 46 in high
yeast; forRhebPΔ1/+, n = 13 in normal food and n = 14 in high yeast; forTOR2L19/+, n = 23
in normal food and n = 23 in high yeast. E–H Overexpression of Akt, silencing of

Tsc1 or overexpression of Rheb driven by domeMESO-Gal4 led to increased crystal
cell differentiation. I Quantification of these results, represented as the ratio
between crystal cells and total cortical zone (CZ) hemocytes, whichwere calculated
as the sum of P1+ cells (mature plasmatocytes) and Lz + /PPO+ cells (crystal cells).
One-way ANOVA followed by Dunnett’s test for treatments versus control com-
parisons (p <0.0001 for each comparison). Forwild type,n = 27 for Lz andn = 71 for
PPO; forUAS-Akt,n = 18 for Lz andn = 16 for PPO; forTsc1RNAi,n = 35 for Lz andn = 36
for PPO; forUAS-Rheb, n = 22 for Lz and n = 26 for PPO.D, I Box plots show the data
distribution, with the box representing the interquartile range, the central line
indicating the median, and whiskers extending to the minimum and maximum
values. Source data for plots are provided as a Source Data file. ****p <0.0001.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Data generated in this study are provided in the Source Data
file. Source data are provided with this paper.
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