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Intestinal barrier dysfunction leads to inflammation and associated metabolic

changes. However, the relative impact of gut bacteria versus non-bacterial
insults on animal health in the context of barrier dysfunction is not well

understood. Here, we establish that loss of Drosophila N-glycanase 1 (Pngl) in a
specific intestinal cell type leads to gut barrier defects, causing starvation and
JNK overactivation. These abnormalities, along with loss of Pngl in enterocytes
and fat body, result in Foxo overactivation, leading to hyperactive innate
immune response and lipid catabolism and thereby contributing to lethality.
Germ-free rearing of Pngl mutants rescued their developmental delay but not
lethality. However, raising Pngl mutants on isocaloric, fat-rich diets partially
rescued lethality. Our data indicate that Pngl functions in Drosophila larvae to
establish the gut barrier, and that the lethality caused by loss of Pngl is pri-
marily mediated through non-bacterial induction of immune and metabolic

abnormalities.

Intestinal barrier dysfunction allows various pathogens and non-
living stimuli to induce the innate immune response'”. Although
the goal of innate immune response induction is to restore
intestinal homeostasis, its hyperactivation can have local and sys-
temic adverse effects and is implicated in the pathogenesis of
human diseases including autoimmune and neurodegenerative
disorders®®. In addition, hyperactive immune response can be
accompanied by profound changes in metabolism including high
energy demand and subsequent depletion of the nutrient depot®°.
For example, induction of chronic inflammation results in the
aggravation of metabolic disorders in mouse models of obesity".
However, the relative contribution of infectious versus non-

infectious mechanisms to detrimental consequences caused by
gut barrier dysfunction is not well understood.

The gut mucus layer is one of the key components regulating
intestinal barrier functions'. Equivalent to the mammalian gut mucus
layer, a peritrophic matrix (PM) is present in the Drosophila intestine".
The PM is composed of highly glycosylated proteins and chitin, and is
continuously secreted from a group of specialized cells called peri-
trophic matrix-forming ring (PR) cells in the proventriculus region at
the junction of foregut and midgut™'*. There is strong evidence that in
addition to chitins and mucin-type O-glycans, PM also contains N-
glycoproteins™. Moreover, lectin-based studies in another insect
suggest that N-glycoproteins might control the functional properties
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of PM like its permeability”. However, genetic evidence for the con-
tribution of N-glycoproteins to gut barrier function in Drosophila is
lacking.

Terminally misfolded proteins are detected by the endoplasmic
reticulum-associated degradation (ERAD) pathway and retro-
translocated from ER to the cytosol for proteasomal degradation',
One of the major branches of ERAD uses N-glycans as a signal to
recognize misfolded N-glycoproteins and shuttles them to the retro-
translocation machinery®. The cytosolic deglycosylating enzyme N-
glycanase 1 (NGLY1) removes N-glycans from misfolded proteins and is
thought to function in the ERAD pathway" 2. Recessive mutations in
human NGLYI cause a congenital disorder of deglycosylation named
NGLY1 deficiency”?*. It is an ultra-rare disorder that leads to global
developmental delay and affects multiple organ systems including the
nervous system and the gastrointestinal system. Loss of the Drosophila
homolog of human NGLY1 (PNGase-like or Pngl) results in semi-leth-
ality, as less than 1% of homozygous mutant animals finish the larval
and pupal development and eclose as an adult organism®~2°, We have
previously reported that loss of Pngl in the visceral mesoderm impairs
signaling pathways mediated by decapentaplegic (Dpp; homolog of
human bone morphogenetic protein 4, BMP4) and adenosine
monophosphate-activated protein kinase (AMPK) in the larval intes-
tine, which leads to structural and functional intestinal phenotypes
and contributes to the lethality of Pngl”~ animals’®?’. However,
impaired BMP and AMPK signaling due to mesodermal loss of Pngl did
not fully explain the lethality of Pngl mutants, suggesting critical roles
for Pngl in other biological processes and potentially in other
cell types.

Here, we report that loss of Pngl leads to increased expression of
the innate immune genes in the Drosophila larval intestine and a sys-
temic increase in lipid catabolism, compromising developmental
progression and leading to lethality. We find that loss of Pngl in the PR
cells leads to abnormalities in peritrophic matrix and impairment in
the gut barrier function. Our data suggest that the gut barrier defects
result in increased activation of Foxo in the gut epithelial cells, both via
enhanced stress-induced JNK signaling and through a systemic star-
vation response. In addition, we observe that Pngl is required cell-
autonomously in enterocytes and in the fat body to prevent aberrant
Foxo activation and to repress lipid catabolism. Importantly, while
germ-free rearing does not rescue the lethality of Pngl mutants,
increasing the lipid content in isocaloric diets improves their survival
to adulthood, suggesting that the mutant animals lack sufficient
energy stores to reach the adult stage. Altogether, our data suggest
that Pngl is required to establish the gut barrier in Drosophila larvae
and that the lethality associated with gut barrier defects in Pngl
mutants is primarily caused by non-bacterial insults.

Results

Pngl-mutant midguts show upregulation of immune genes
Animals homozygous for a Pngl null allele (Pngl®#**, Pngl”" hereafter)
display severe developmental delay, with the majority of mutant ani-
mals not reaching the pupal stage’. Therefore, in this study, we ana-
lyzed age-matched third instar larvae. To determine the biological
processes that contribute to lethality in Pngl mutants, we performed
transcriptomic analysis using RNA sequencing (RNA-seq) on a mixed
pool of male and female third instar larval midguts of Pngl”" animals
and three control strains: y w (Pngl”*), Pngl”", and Pngl”; Pngl Dp/+,
which lacks endogenous Pngl function but harbors one copy of a Pngl
genomic duplication shown to fully rescue the lethality of Pngl”
animals”. Principal component analysis (PCA) showed that the first
two principal components drive the majority of the variance among
the samples, and that all samples show strong distinctive clustering by
genotype (Fig. 1a). We then identified the genes differentially expres-
sed between Pngl”" and each control, as those showing an absolute
fold-change of at least 1.5 and a False Discovery Rate (FDR) equal to or

less than 0.05 (Supplementary Data 1). We generated a Shiny app that
can be used to perform pairwise and three-way comparisons of these
datasets and to download the corresponding differentially expressed
gene lists (Supplementary Data 2; https://shiny-portal.embl.de/
shinyapps/app/14_flyvenn). To increase the stringency of our analy-
sis, we focused on those differentially expressed genes that were
overlapping among these three pairwise comparisons: (1) Pngl” vsy w,
(2) Pngl” vs Pngl”", and (3) Pngl” vs Pngl”"; Pngl Dp/+. We found 459
upregulated and 469 downregulated genes in Pngl” larval midguts,
when compared to all controls (Fig. 1b and Supplementary Data 3).
Using the Database for Annotation, Visualization, and Integrated Dis-
covery (DAVID)*%, we performed functional gene ontology (GO)
analysis on the differentially expressed genes and identified various
biological processes significantly altered in Pngl”~ midguts (Fig. 1c and
Supplementary Data 4). We found proteasome-mediated processes as
the topmost significantly downregulated gene category (Fig. 1c; top
panel), in agreement with previous reports on the regulation of pro-
teasomal gene expression by Pngl and its homologs®*,

Interestingly, a number of significantly upregulated gene cate-
gories were related to immune response (Fig. 1c; bottom panel). Many
of the upregulated genes in the immune response gene categories
encode for antimicrobial peptides (AMPs) and pattern recognition
receptor proteins such as peptidoglycan recognition proteins (PGRPs).
gRT-PCR analysis on 13 innate immune response genes from the list
confirmed the RNA-seq results (Fig. 1d). Addition of a genomic copy of
Pngl (Pngl Dp) significantly reduced the immune gene expression
(Fig. 1d). We conclude that loss of Pngl leads to a significant increase in
the expression of multiple immune response-related genes in the larval
midgut. Importantly, impaired proteasomal gene expression or
AMPKa signaling, both of which have been shown to be affected in
Pngl-deficient animals”**, cannot explain the severe increase in the
expression of innate immunity genes in Pngl”" larval midguts (Sup-
plementary Figs. 1a, 1b and 2a).

Enhanced midgut immune response contributes to Pngl”"
lethality

Expression of AMPs and other innate immune genes in Drosophila is
regulated by two signaling pathways, the Toll pathway and the immune
deficiency (IMD) pathway®. Moreover, in the intestinal epithelium, the
forkhead transcription factor Foxo can induce the expression of AMPs
in response to starvation, energy deprivation, and infection®*”. To
determine if the increased immune gene expression contributes to the
lethality of Pngl mutants, we decreased the gene dosage of foxo, Rel
(encodes Relish, which is the NF-kB transcription factor in the IMD
pathway) and T/ (encodes the Toll receptor). Loss of one copy of each
gene in Pngl”" larvae resulted in a significant reduction in the midgut
expression of the immune response genes, although in most cases the
expression levels did not fully return to control levels (Fig. 2a). Nota-
bly, we observed a more robust rescue upon reducing foxo compared
to Rel and Tl (Fig. 2a). Reducing the gene dosage of foxo rescued the
lethality of Pngl mutants by 40%, while decreasing the gene dosage of
Rel and TI rescued the lethality of Pngl”" animals by 19% and 21%,
respectively (Fig. 2b). Moreover, combined heterozygosity for foxo
and Rel or Tlin Pngl”" animals did not further increase the degree of
lethality rescue achieved by reducing foxo gene dosage alone (Fig. 2b).
These observations suggest that these genes contribute to Pngl”
lethality through a common mechanism, likely the induction of innate
immune genes. Together, these observations suggest that foxo-medi-
ated hyperactivation of innate immune genes is a major contributor to
the lethality in Pngl mutants.

The Drosophila larval midgut epithelium is composed of
enterocytes, enteroendocrine cells and adult midgut precursor
cells®®. Pngl knockdown in enterocytes, but not enteroendocrine or
adult midgut precursor cells, led to partial lethality and immune
gene induction (Fig. 2¢, d). Enterocyte-specific knockdown of foxo,
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Fig. 1| Loss of Pngl is associated with the upregulation of immune response-
related genes. a Principal component analysis (PCA) plot showing the variance
among the genotypes used in RNA-seq. b Venn diagrams showing the overlap of
differentially regulated genes in Pngl”~ with comparison to control (y w), Pngl”~ and
Pngl”", Pngl Dp/+ in RNA-seq analysis. Number of both upregulated and down-
regulated genes shown in the Venn diagram were based on >1.5 fold-change.
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FDR. Numbers in parenthesis show the number of genes differentially expressed in
each category and the numbers next to bars show the fold enrichment. d Graph
showing expression of immune response-related genes in the indicated genotypes.
Values are expressed as fold changes relative to control (y w). Mean + standard
deviation of three independent replicates is shown. Numbers on the bars indicate
the Pvalues. Significance is ascribed as P < 0.05 using one-way ANOVA with multiple
comparisons followed by Sidak correction. Source data are provided as Source
Data file.
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Fig. 2 | Enhanced innate immune response in midgut contributes to the leth-
ality of Pngl mutants. a Graph showing immune response gene expression (rela-
tive fold change to control, y w) in the midgut of age-matched larvae of the
indicated genotypes (n =3 independent replicate). b Graph showing % lethality
rescue in Pngl mutants upon removing one copy (1X) of each immune gene acti-
vator (n=4-6 independent replicates per genotype). ¢ Graph showing survival
upon Pngl knockdown driven by the indicated GAL4 drivers (n =4 independent
replicates). d Graph showing immune gene expression (relative fold change to
genetic control) in the indicated genotypes (n =3 independent replicates). e Graph
showing % lethality rescue in Pngl mutants upon tissue-specific knockdown of

immune activators (foxo, Rel and Tl) using the indicated GAL4 drivers (n=3 inde-
pendent replicates). f Graph showing % lethality rescue in Pngl mutants upon
overexpression of wild-type (Pngl"") and catalytically inactivate (Pngl®°*) Pngl
using indicated GAL4 drivers (n =4 independent replicates). g, h Graphs showing
immune gene expression in the midgut of age-matched larvae of indicated geno-
types (n =3 independent replicates). In all panels, each circle represents an inde-
pendent replicate, and mean + standard deviation is shown. Numbers on bars
indicate the P values. Significance is ascribed as P < 0.05 using one-way ANOVA with
multiple comparisons followed by Sidak correction in (a-c, e-h) or two-tailed
unpaired t-test (d). Source data are provided as Source Data file.
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Rel, and Tl resulted in a lethality rescue of ~28%, 8%, and 3% in Pngl
mutants, respectively (Fig. 2e). We also included the fat body in our
analysis, given its prominent role in the systemic release of AMPs™.
Fat body-specific knockdown of foxo, Rel, and Tl also led to modest
but statistically significant rescue of lethality (Fig. 2e). Taken
together, these data suggest that the detrimental effects of
immune hyperactivation in Pngl mutants primarily results from
Foxo-mediated induction of immune response genes in enter-
ocytes and to some extent in the fat body.

Overexpression of wild-type Pngl (Pngl*") but not a catalytically-
inactive form of Pngl (Pngl“°*) using MyolA-GAL4 and r4-GAL4 drivers
led to ~19% and ~11% rescue of Pngl” lethality, respectively (Fig. 2f).
These observations indicate that in addition to its role in mesoderm®,
the enzymatic activity of Pngl is also required in enterocytes and fat
body during Drosophila development. Notably, enterocyte- and fat
body-specific overexpression of Pngl in Pngl mutants led to a sig-
nificant reduction of innate immune gene expression in the midgut but
did not fully rescue this phenotype (Fig. 2g, h). These data suggest that
the hyperactive immune response in Pngl mutant midguts is due to the
loss of Pngl in several cell types.

Pngl” larvae exhibit Foxo overactivation in intestine and

fat body

Foxo is negatively regulated by insulin receptor (InR)/Akt signaling®’.
Under conditions of starvation or energy deprivation, decrease in
insulin signaling allows the nuclear localization of Foxo and sub-
sequent induction of its target genes*. We found increased nuclear
localization of Foxo and a significant reduction in phospho-Foxo
(pFoxo) levels in Pngl”~ midguts, which were rescued by Pngl Dp
(Fig 3a, b), suggesting increased Foxo activation in midgut upon loss
of Pngl. Western blot analysis showed a significant decrease in pAkt
levels in Pngl”" midguts (Fig. 3c). Moreover, we observed a lethality
rescue of -11% and ~-17% by enterocyte-specific overexpression of
Ake"™ and constitutively active Akt (Akt), respectively, in Pngl
mutants (Fig. 3d). Furthermore, overexpression of Akt in enter-
ocytes led to a significant reduction in innate immune gene expres-
sion in Pngl mutants (Fig. 3e). Western blot analysis showed that
enterocyte-specific overexpression of Pngl rescues pAkt levels in
Pngl” midguts (Fig. 3f). Together, these data suggest that reduced
Akt activation in Pngl”" enterocytes contributes to Foxo over-
activation and increased immune gene expression in the midgut, and
lethality.

Small body size is a signature of decreased insulin signaling in
flies*2. Pngl”" larvae showed growth retardation compared to controls
(Fig. 3g). In agreement with a previous report*’, we observed a small
body size phenotype in Pngl”" third instar larvae, which was rescued by
decreasing foxo (Fig. 3h, i). Accordingly, our data suggest that reduced
insulin signaling in the midgut might contribute to Pngl” lethality. The
Drosophila insulin-like peptide 6 (Dilp6; official name Ilp6) is primarily
expressed in third instar larval fat body and is essential for animal
growth**, However, dilp6 overexpression in the fat body did not rescue
the Pngl”" lethality (Fig. 3j). We also overexpressed another insulin-like
peptide (Dilp2) in the fat bodies of Pngl mutants but did not see any
lethality rescue (Fig. 3j). Overexpression of dipl2 and dilp6 did not
improve the small body size phenotype either (Fig. 3k). We next
examined /nR expression in midguts and found that it is significantly
decreased in Pngl”~ midguts (Fig. 3I). Overexpression of InR"" and
constitutively activate InR (/nR“) in enterocytes led to a modest but
statistically significant rescue of the Pngl”" lethality (Fig. 3m). A lower
degree of rescue was also observed upon InR"™ and InR“* over-
expression in the fat body (Fig. 3m). Overexpression of /nR"" and InR“*
in enterocytes and fat body also exhibited a partial rescue of body size
in Pngl mutants (Fig. 3n). These observations suggest that reduced InR
signaling in enterocytes and potentially fat body contributes to the
lethality of Pngl mutants.

Reduced InR signaling can result from starvation®. One of the
hallmarks of starvation in Drosophila larvae is an increase in lipid cat-
abolism. Importantly, one of the upregulated gene categories in the
RNA-seq analysis was related to lipid catabolic process (Fig. 1c; bottom
panel and Fig. 30), which was confirmed by qRT-PCR experiments
(Fig. 3p). These observations suggest that starvation contributes to
reduced InR signaling and Foxo activation in Pngl mutant larvae.

Pngl” larvae exhibit gut barrier defects

Gut barrier defects can lead to activation of the intestinal innate
immune response®’. To examine whether Pngl”" larvae exhibited any
gut barrier dysfunction, we fed the control and Pngl-mutant larvae on
food containing FITC-labeled high molecular weight (500-kDa) dex-
tran. In control midguts, the FITC signal was restricted to the central
parts of the lumen area, but the Pngl”~ midguts failed to retain the
FITC signal in the lumen area (Fig. 4a, b). Around 55% of the examined
Pngl-mutant third instar larvae (but none of the WT) showed gut
barrier defect, and providing one genomic copy of Pngl fully rescued
the phenotype (Fig. 4a, c). Pngl”" larvae show a gut clearance defect
due to reduced AMPKa expression in visceral mesoderm?”. However,
adding an AMPKa Dp did not rescue the gut barrier defect in Pngl™”
larvae (Supplementary Fig. 2b). These observations indicate that Pngl
is required for normal gut barrier formation in Drosophila larvae
independently of the AMPKa defects previously reported in these
animals.

Given the impaired gut barrier function of Pngl”" larvae, we
examined the integrity of peritrophic matrix (PM) by marking the PM
in Pngl”~ and control larvae with Helix pomatia agglutinin (HPA) lectin,
which selectively binds to a-N-acetylgalactosamine residues and is
specific for O-glycans*®*. In control larvae, PM separated a central
luminal area from a peripheral “peritrophic” space adjacent to the
apical surface of the midgut epithelium (Fig. 4d), an arrangement
which is thought to ensure that abrasive food particles and micro-
organisms pass through the gut without contacting the epithelial
cells”. However, although PM can clearly be observed in the midgut of
Pngl” larvae, it is highly disorganized and appears to be collapsed on
itself (Fig. 4d). This is accompanied by epithelial irregularities, as evi-
denced by defects in apical phalloidin staining and detachment of
some epithelial cells (Fig. 4d). In addition, analysis of midgut sections
by light microscopy showed the lumen area lined with intact PM and a
peritrophic space between enterocytes and PM in control animals. In
contrast, Pngl”” midguts displayed a dense lumen content (potentially
due to the gut clearance defect previously reported in these animals?),
disorganized PM, and loss of peritrophic space (Fig. 4e). These
observations indicate that impaired gut barrier function in Pngl{”" lar-
vae is associated with PM abnormalities.

To determine if loss of Pngl in PR cells (present in proven-
triculus) contributes to the gut barrier defects observed in Pngl”
larvae, we overexpressed Pnglin PR cells of Pngl mutants using path-
GAL4 and fed the larvae with 500-kDa FITC-dextran. We found that
the penetrance of gut barrier phenotype in Pngl”" larvae was
reduced from 55% to ~20% upon PR-specific overexpression of
Pngl"", but not Pngl=%* (Fig. 4f). This was accompanied by a lethality
rescue of ~11% (Fig. 4g). In addition to proventriculus, path-GAL4 also
drives expression in larval fat body, brain and salivary glands (Sup-
plementary Fig 3a). However, Pngl overexpression in these tissues
with specific drivers did not rescue the gut barrier defect of Pngl””
larvae (Supplementary Fig. 3b). Additionally, Pngl knockdown dri-
ven by path-GAL4, but not by other drivers, recapitulates the gut
barrier defect (Supplementary Fig 3c). Together, these data indicate
that the deglycosylation activity of Pngl is required in PR cells to
ensure the integrity of the PM and gut barrier and to promote the
survival of Drosophila larvae.

To assess whether there is an accumulation of N-glycoproteins in
the PR cells of Pngl mutant larvae, we stained the proventricular
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regions of these animals and control third instar larvae with two lec-
tins: wheat germ agglutinin (WGA), which recognizes N-acet-
ylglucosamine in O-glycans, chitins, and N-glycans, and concanavalin A
(Con A), which primarily binds high-mannose N-glycans™*%, Notably,
Pngl mutants showed a significant increase in the number and size of
ConA" intracellular puncta in the PR cells, which was rescued by Pngl
Dp, suggesting that loss of Pngl might affect the trafficking and/or

E S
W gt P
& & 8

secretion of some N-glycoproteins (Fig. 4h-j). A similar increase was
observed in the number of WGA" puncta in Pngl” PR cells (Supple-
mentary Fig. 3d, e). Importantly, overexpression of Pngl"", but not
Pngl=°*, in PR cells rescued the number and size of the ConA" intra-
cellular puncta in Pngl mutants (Fig. 4k-m), suggesting a key role for
the enzymatic activity of Pngl in PR cells. These observations provide a
potential mechanism for the PM defects observed in Pngl”" larvae.
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Fig. 3 | Reduced Akt phosphorylation and enhanced Foxo activation in Pngl
mutant midguts. a Confocal images showing DAPI (blue) and Foxo (red) staining
in the larval midguts (96 hr after egg laying, AEL) of indicated genotypes. Scale bar
is 50 um. b Western blot images and quantification showing the Foxo and pFoxo
levels in the larval midguts (96 hr AEL) of indicated genotypes. ¢ Western blot
images and quantification showing Akt and pAkt level in the larval midgut (96 hr
AEL) of indicated genotypes. d Graph showing % lethality rescue of Pngl mutants in
indicated genotypes. Akt"”, wild-type Akt; Akt™, constitutively active Akt. e Graph
showing immune gene expression in the larval midgut (96 hr AEL) of indicated
genotypes. f Western blot images and quantification showing Akt and pAkt levels in
the larval midgut (96 hr AEL) of indicated genotypes. g Graph showing the growth
rate curve of control and Pngl”~ animals. h Images of larvae (96 hr AEL) and pupae
of the indicated genotypes. Scale bars are 500 um. i Graph showing quantification

of larval body weight (96 hr AEL) in indicated genotypes. j Graph showing % leth-
ality rescue of Pngl mutants in indicated genotypes. k Graph showing quantification
of larval body weight (96 hr AEL) in indicated genotypes. I Graph showing the
expression of InR in the midguts of age-matched control and Pngl”" larvae. m Graph
showing % rescue of Pngl”" lethality in indicated genotypes. InR"", wild-type InR;
InR“, constitutively active /nR. n Graph showing larval body weight (96 hr AEL) in
indicated genotypes. o Genes in the “Lipid catabolic process” category from the
larval midgut RNA-seq, along with the fold increase in their expression level in
Pngl” compared to y w control. p Graph showing the expression of lipases in Pngl”~
midgut. In all panels, the mean + standard deviation of three independent repli-
cates is shown. P values are indicated on bars. Significance is ascribed as P<0.05
using one-way ANOVA followed by Sidak correction (b-f, i, k, m, n) or two-tailed
unpaired student’s t-test (I, p). Source data are provided as Source Data file.

Germ-free rearing does not rescue the Pngl” lethality

The gut barrier defects and upregulation of multiple microbial
recognition peptides in Pngl”" larvae (Figs. 4 and 1d) suggest that the
gut microbiota might contribute to some of the Pngl” phenotypes.
Moreover, altered gut microbiota can precede intestinal barrier
defects in aging adult Drosophila*’. To directly examine the role of gut
microbiota in Pngl-mutant phenotypes, we generated germ-free (GF)
Pngl”" and control larvae. GF Pngl mutants did not show any
improvement in their gut barrier phenotype (Fig. 5a), suggesting that
the PM defects caused by loss of Pngl are not due to altered gut
microbiota.

The GF Pngl” larvae showed a significant increase in the per-
centage of larvae that reach the pupal stage compared to
conventionally-reared Pngl”" larvae (Fig. 5b), suggesting an important
role for gut microbiome in the developmental delay of Pngl mutants.
However, GF rearing did not lead to any rescue in the Pngl”" lethality
(Fig. 5¢). Of note, GF rearing of Pngl”"; foxo"" larvae resulted in further
improvement in their survival compared to conventionally-reared
Pngl”; foxo”" animals (Fig. 5c, also compare to Fig. 2b) suggesting that
the contribution of gut microbiome to Pngl”" lethality is redundant to
that of Foxo hyperactivation. Expression of the genes involved in the
recognition of microorganisms is not statistically different between GF
Pngl”" and GF y w larval midguts (Fig. 5d). However, the GF Pngl™" larval
midguts still exhibit a significant increase in the expression of most
AMPs (Fig. 5d). Together, these data suggest that although gut
microbiota plays an important role in the developmental delay of
Pngl” larvae, it is not the major inducer of immune gene expression
and lethality in these animals.

Gut barrier defects lead to starvation and Pngl”" lethality

To gain mechanistic insight into the role of gut barrier defects in the
lethality of Pngl”" larvae and to separate the effects of gut barrier
defect from the cell-autonomous effects of loss of Pngl in the enter-
ocytes and fat body, we induced gut barrier defects in control (Pngl”*)
animals by feeding them with polyoxin D (Poly D), a chitin synthase
inhibitor that disrupts PM formation in insects***". Poly D feeding for
48 hours resulted in a 43%-penetrant gut barrier phenotype in y w
animals (Fig. 6a), confirming that this strategy can impair PM forma-
tion in Drosophila larvae. Poly D feeding also led to ~19% lethality, and
increased expression of immune genes and lipases (Fig. 6b-d), indi-
cating gut barrier defect can cause immune gene induction, starvation
and lethality in Drosophila larvae.

Poly D-fed foxo” larvae showed a 38%-penetrant gut barrier
phenotype, indicating that as expected, loss of one copy of foxo does
not affect the ability of Poly D to impair gut barrier integrity (Fig. 6a).
However, removing one copy of foxo rescued the lethality caused Poly
D feeding and significantly reduced the expression of most immune
genes induced by this chemical (Fig. 6b, c). Further, western blot
analysis revealed a significant reduction in the relative levels of pFoxo
in midguts of Poly D-fed larvae, suggesting Foxo activation (Fig. 6e).
Importantly, quantification of the number of mandibular movements

per second suggests a comparable feeding behavior in control and
Pngl-mutant larvae (Supplementary Fig. 4). Therefore, the starvation
signature observed in these animals is not likely to be due to reduced
feeding. Together, these observations indicate that gut barrier defects
can lead to a starvation-like condition in Drosophila larvae and suggest
that Foxo likely operates downstream of this starvation-like phenotype
to mediate the lethality associated with gut barrier defects.

Overexpression of InR or Akt in the midgut was less effective in
rescuing the Pngl™" lethality compared to foxo knockdown by using the
same driver (compare Fig. 3d, m to Fig. 2f). Therefore, in addition to
reduced InR signaling, other pathways are likely to contribute to Foxo
activation and lethality in Pngl”~ midguts. The Jun-N-terminal Kinase
(JNK) pathway is a potential candidate for these effects, as it is acti-
vated in epithelial tissues by a variety of extrinsic and intrinsic stressors
and can induce the nuclear localization and activation of Foxo™**.
Indeed, feeding Poly D to control larvae led to the activation of JNK
signaling in larval midgut, as evidenced by the accumulation of
phospho-JNK (pJNK) in their midgut epithelial cells (Fig. 6f). Western
blot analysis showed that enterocyte-specific knockdown of the Dro-
sophila JNK homolog basket (bsk) suppressed the Foxo activation in
the midgut of Poly D-fed larvae (Fig. 6e). Pngl”" larvae also accumu-
lated pJNK in their midgut epithelial cells (Fig. 6g). Moreover, bsk
knockdown in enterocytes led to a lethality rescue of 22% in Pngl”
larvae (Fig. 6h), accompanied by a significant decrease in immune gene
expression and a significant decrease in Foxo nuclear localization in
midguts (Fig. 6i, j). Altogether, these observations suggest that gut
barrier defects lead to increased JNK signaling in Pngl”~ midgut epi-
thelial cells, which itself contributes to Foxo activation and lethality in
these animals.

Pngl mutants exhibit an increase in lipid catabolism

Starvation can lead to lipid mobilization**. In line with the significant
increase in the expression of multiple lipase genes in Pngl”" midguts
(Fig. 30, p), we observed a significant reduction in the lipid storage in fat
body and midgut of Pngl mutants (Fig. 7a). We also found a significant
decrease in triacylglycerol (TAG) level in hemolymph and midgut of Pngl
mutants throughout the third instar larval period (Fig. 7b), accompanied
by a significant increase in free fatty acid levels in hemolymph of early
third instar Pngl mutants (Fig. 7c, 72 hr). By mid-third instar larval stage,
free fatty acid levels return to normal (Fig. 7c, 108 hr), potentially sug-
gesting the depletion of energy reserve as the development of Pngl”
larvae proceeds. Loss of one copy of foxo improved all of these phe-
notypes (Fig. 7a-c). Together, these data indicate that Pngl” larvae
experience a significant degree of starvation associated with a Foxo-
dependent increase in lipid catabolism.

Dietary lipid supplementation partially rescues the Pngl”~
lethality

In the standard fly food used in our experiments, only 2% of the total
energy contents is provided by lipids. The depletion of lipid storage in
Pngl” midgut and fat body prompted us to examine whether
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increasing the fat content of the food can promote the survival of
Pngl” larvae. To this end, we used two additional isocaloric food
compositions with different fat contents in our experiments: a “high-
protein intermediate-fat diet” (HPIFD) and a “high-fat diet” HFD (Fig. 7d
and Supplementary Table 1). On our standard diet (SD), on average
19.6% of Pngl”" larvae reached the pupal stage (Fig. 7e). However, when
grown on isocaloric HPIFD and HFD, 37.3% and 77.2% of Pngl”" larvae

reached the pupal stage, respectively (Fig. 7e). Further analysis indi-
cated that the developmental delay of Pngl”" larvae was partially res-
cued by HPIFD and fully rescued by HFD (Supplementary Fig. 5a).
Remarkably, HPIFD and HFD also led to Pngl” lethality rescues of
19.2% and 41.1%, respectively (Fig. 7f). Immunostaining indicated that
HFD significantly reduced the Foxo nuclear localization in midgut and
fat body of Pngl mutants (Supplementary Fig. S5b), and partially
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Fig. 4 | Loss of Pngl is associated with gut barrier defect which contributes to
the lethality. a Low magnification fluorescent images of the midguts of indicated
genotypes upon FITC-labeled dextran (yellow) feeding. b Confocal images showing
phalloidin (magenta) and DAPI (blue) staining in the indicated genotypes upon
FITC-labeled dextran (yellow) feeding. ¢ Graph showing the quantification of gut
barrier defect phenotype in the indicated genotypes (n =60 for each genotype
from three independent experiments). d Confocal images showing phalloidin
(magenta), DAPI (blue), and HPA-lectin (yellow) staining for peritrophic matrix in
control and Pngl mutant midguts. e Light microscopic images of cross-section of
control and Pngl mutant midguts. L, lumen; PM, peritrophic matrix; PS, peritrophic
space; EC, enterocytes. f Graph showing quantification of gut barrier defect phe-
notype in the indicated genotypes (n = 60 for each genotype from three indepen-
dent experiments). g Graph showing % lethality rescue in the indicated genotypes.
h Confocal images showing Phalloidin (magenta), DAPI (blue), and ConA (yellow)
lectin staining in the proventriculus region of third instar larvae of indicated

genotypes (n = 6-7 for each genotype). Insets show close-up of PM-secreting cells.
i Graph showing the quantification of the number of intracellular puncta in the
indicated genotypes. j Graph showing the size of intracellular puncta in the indi-
cated genotypes (n=12-30 puncta from three animals per genotype). k Confocal
images showing Phalloidin (magenta), DAPI (blue), and ConA (yellow) lectin
staining in the proventriculus region of third instar larvae of indicated genotypes
(n=4 for each genotype). Insets show a close-up of PM-secreting cells. 1 Graph
showing the quantification of the number of intracellular puncta in the indicated
genotypes. m Graph showing the size of intracellular puncta in the indicated gen-
otypes (n =9-14 puncta from four animals per genotype). The scale bar is 250 um in
(a) and 50 umin (b, d, h, k). In all panels, each circle represents an independent
replicatein (c, f, g, i) or a punctum in (j, m) and mean + standard deviation is shown.
P values are indicated on bars. Significance is ascribed as P<0.05 using one-way
ANOVA followed by Sidak correction. Source data are provided as Source Data file.
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Fig. 5| Gut microbiota does not explain gut barrier defects and lethality in Pngl
mutants. a Graph showing quantification of gut barrier defect phenotype in germ-
free control and Pngl” larvae (60 animals for each group from four independent
experiments). b Graph showing the percentage of germ-free and conventionally
reared control and Pngl”" animals that reached the pupal stage (120 animals for
each group from four independent experiments). ¢ Graph showing % lethality
rescue in germ-free and conventionally reared Pngl”~ and Pngl”"; foxo”~ animals

(n =4 independent replicates). d Graph showing immune gene expression in germ-
free control and Pngl” larvae (n =3 independent replicates). In all panels, each
circle represents an independent replicate, and mean + standard deviation is
shown. P values are indicated on bars. Significance is ascribed as P < 0.05 using two-
way ANOVA followed by Sidak correction (b, ¢) or two-tailed unpaired student’s
t-test (a, d). Source data are provided as Source Data file.

rescued innate immune gene overexpression in Pngl mutants (Sup-
plementary Fig. 5c). These data underscore the contribution of meta-
bolic abnormalities and energy depletion to the developmental delay
and lethality in Pngl mutants.

Discussion

We previously reported that Pngl is required in the midgut visceral
mesoderm for the regulation of Dpp and AMP kinase signaling in
Drosophila®**"°. However, impairment of these two pathways only
partially explained the lethality of Pngl”" animals. Here, we report that

Pngl plays critical roles in several other cell types (PR cells, enterocytes,
and fat body cells). Loss of Pngl leads to gut barrier defects, as well as
suppression of InR signaling and activation of JNK signaling in enter-
ocytes. These alterations result in overactivation of Foxo in enter-
ocytes and fat body, which in turn leads to hyperactivation of intestinal
innate immune genes and increased lipid catabolism, ultimately
causing lethality (Fig. 7g). Pngl mutants show significant develop-
mental delay and less than 1% of the animals reach adulthood®?*.
Intriguingly, growing Pngl mutants on an isocaloric high-fat diet fully
rescued their developmental delay and allowed ~41% of the animals to
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reach adulthood, strongly suggesting that depletion of energy depot
during the larval and pupal development plays a critical role in the
lethality of Pngl mutants. We note that a high-fat diet also suppressed
Foxo overactivation in the fat body and midgut of Pngl”" larvae. This
observation suggests that by worsening the starvation status,
enhanced lipid catabolism engages in a vicious cycle with Foxo over-
activation and negatively impacts the survival of Pngl”" animals. We
note that nutrient deprivation can also suppress lipogenesis in enter-
ocytes and the fat body through enhanced secretion of Tachykinins by

enteroendocrine cells®. It remains to be examined whether reduced
lipogenesis also contributes to low lipid content in Pngl”" larvae.

Our data provide strong evidence that hyperactivation of innate
immune genes contributes to lethality in Pngl mutants. First,
decreasing the gene dosage of foxo, Rel and T, which are the known
regulators of innate immune gene expression, partially rescued the
lethality in Pngl mutants. In addition, in all of our other genetic and
diet-induced rescue experiments, rescue of lethality was accompanied
by reduced immune gene expression. It has recently been reported
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Fig. 6 | Gut barrier defects induce starvation and Foxo-dependent induction of
innate immune genes and lethality. a Confocal images showing FITC-labeled
dextan (yellow) in midguts from control and Poly D-fed larvae of indicated geno-
types and quantification of gut barrier defect in these animals (n =3 independent
replicates). Scale bar is 250 um. b Graph showing % adult eclosion in Poly D-fed
control and foxo”" animals (n =4 independent replicates). ¢ Graph showing
immune response gene expression in control and Poly D-fed y w and foxo* midguts
(n=3 independent replicates). d Graph showing gene expression of lipases in
control and Poly D-fed midguts of y w larvae (n =3 independent replicates).

e Western blot images and quantification graph showing Foxo and pFoxo levels in
the midguts of Poly D-fed larvae of indicated genotypes (n =3 independent repli-
cates). f Confocal images showing DAPI (blue) and pJNK (red) staining and quan-
tification in control and Poly D-fed y w midguts. The scale bar is 50 um. n = 69 nuclei
from four animals for each group. g Confocal images showing DAPI (blue) and pJNK

(red) staining and quantification in control and Pngl”- midguts. The scale bar is
50 um.n =56 (y w) and 66 (Pngl”") nuclei from four animals for each group. h Graph
showing % lethality rescue upon enterocyte-specific knockdown of Drosophila JNK
(bsk) in Pngl mutants (n =3 independent replicates). i Graph showing innate
immune gene expression in the indicated genotypes (n = 3 independent replicates).
Jj Confocal images showing DAPI (blue) and Foxo (red) staining and quantification
of Foxo nuclear localization in the indicated genotypes. The scale bar is 50 um.
n=35-36 nuclei from three animals for each group. Each circle represents an
independent replicate in (a—e, h, i) or a nucleus in (f, g, j). Mean + standard devia-
tion is shown in all graphs. P values are indicated on bars. Significance is ascribed as
P<0.05 using one-way ANOVA followed by Sidak correction (e, 1, j), two-way
ANOVA followed by Sidak correction (c) or two-tailed unpaired student’s t-test
(a, b, d, f-h). Source data are provided as Source Data file.

that overexpression of AMPs results in cytotoxicity and cell death in
aging Drosophila’. Our data suggest immune hyperactivation can also
induce lethality during development and that Pngl prevents immune
hyperactivation in part by helping establish a normal gut barrier.

Although foxo heterozygosity had the biggest rescue effect in Pngl
mutants, loss of one copy of Rel and 7! also showed some degree of
lethality rescue. Since pathogens are thought to be the main inducers
of the Imd and Toll pathways in Drosophila®, we anticipated that gut
microbiota contributes to the lethality of Pngl”" animals. Rather sur-
prisingly, GF rearing of Pngl mutants did not rescue lethality at all, even
though it dramatically rescued the developmental delay in these ani-
mals. How can one reconcile these observations? Since GF rearing also
removes commensal bacteria, one possibility is that commensal bac-
teria are important for gut homeostasis in Pngl mutants. Regardless of
the reason for this discrepancy, our data indicate that upon gut barrier
defect in Pngl mutants, gut microbiota are not the primary mediators
of hyperactive immune response.

Accumulation of ConA" and WGA" puncta in PM-secreting cells in
Pngl”" larvae suggests that loss of Pngl might affect the secretion of
some N-glycoproteins. Components of the Drosophila larval PM have
not been systematically identified. However, studies in other insects
indicate that some PM components are N-glycoproteins'®”. It remains
to be studied whether the gut barrier defects observed in Pngl”" larvae
result from a failure in the deglycosylation and secretion of key N-
glycoprotein components of the PM. Notably, a number of putative PM
components (Muc68Ca, Muc26B, Muc96D, MucllA, and Muc68E)
were downregulated in Pngl”” midguts based on our RNA-seq analysis
(Supplementary Data 3), suggesting an alternative mechanism for PM
abnormalities in Pngl mutants.

Human insulin receptors harbors 19 predicted N-glycosylation
sites, 14 of which have been experimentally verified®®. Importantly,
Drosophila InR is predicted to have 12 N-glycosylation sites (NetNGlyc
1.0 server prediction®’). Therefore, while the reduction in InR signaling
in Pngl” larvae can be explained by starvation and reduced expression
of InR, it is also plausible that the InR protein itself is a direct target of
Pngl and shows abnormal trafficking and/or function upon loss of Pngl-
mediated deglycosylation. Further studies are required to identify and
characterize the biologically relevant targets of NGLY1/Pngl in the
Drosophila larval intestine and fat body.

Human patients with NGLY1 deficiency display an array of symp-
toms including global developmental delay, lack of tears, and chronic
constipation®. Some of the NGLY1 deficiency patients were reported
to have recurrent, severe respiratory infections, while others were
reported to have higher than expected antibody titers against rubella
and rubeola after Measles, Mumps, and Rubella (MMR) vaccination®,
Transcriptome profiling indicated significant upregulation of genes
involved in immunity in NGLY1 deficiency patient fibroblasts com-
pared to control fibroblasts*. Moreover, global gene profiling in NglyI-
deficient melanoma cells showed upregulation of cytokines such as
interferon B1and interleukin 29 (ref. 61), and Nglyl”~ mouse embryonic

fibroblasts exhibit increased expression of the interferon genes®. In
addition, RNA-seq in adult flies with RNAi-medicated Pngl knockdown
also showed an increase in the expression of the innate immune
genes™. Although these reports linked NGLY1 deficiency and altered
immune response in various contexts, the current study is the first
report on the role of NGLY1/Pngl in gut immunity and systemic
metabolism in an in vivo model. Of note, altered glycosylation in
intestinal epithelial cells is implicated in chronic inflammatory diseases
including inflammatory bowel disease®’. Considering these reports,
the critical roles uncovered here for Drosophila Pngl in regulating the
gut mucus barrier, innate immune response, and metabolic home-
ostasis warrant further studies to explore whether loss of NGLY1 in
other systems or alterations in N-glycosylation machinery exert similar
immune and metabolic effects.

Methods

Drosophila strains and culture

Animals were reared at room temperature on standard food contain-
ing cornmeal, molasses, and yeast in all experiments except for those
involving high-protein, intermediate-fat diet (HPIFD) and high-fat diet
(HFD). The detailed composition of these diets is listed in Supple-
mentary Table 1. The following Drosophila strains were used in the
study: (1) y w, (2) foxo**/TM6B, TV, (3) T[/TM3, Sb’, (4) Rel, (5) UAS-
Sfoxo™4i, (6) UAS-TI™™:, (7) y' sc’ V' sev”;UAS-Rel®™™, (8) MyolA-GAL4
(enterocytes), (9) r4-GAL4 (fat body), (10) c135-GAL4 (path-GAL4), (11)
UAS-dipl2, (12) UAS-InR"", (13) UAS-InR*®*" (constitutively activated
UAS-InR“), (14) UAS-Akt"", (15) UAS-Akt*™ (constitutively activated
UAS-Akt™), (16) UAS-mCherry™, (17) pros-GAL4 (enteroendocrine cells),
(18) esg-GAL4 (adult midgut precursors), (19) elav-GAL4 (neurons), (20)
C147-GAL4 (salivary glands) and (21) UAS-bsk®™ (Bloomington Droso-
phila Stock Center); (22) Mef2-GAL4 (mesoderm; ref. 63); (23) Pngl®™,
(24) UAS-Pngl"™ and (25) UAS-Pngl®°* (ref. 25); (26) PBac{Pngl*}VK3I
(Pngl duplication; ref. 27); (27) Dp(1;3DCI02, PBac{DCI102}VK33
(AMPKa duplication; ref. 64); and (28) UAS-dipl6 (ref. 65).

Transcriptomic analysis/RNA sequencing

Midgut tissues from a mixed pool of male and female third instar larvae
at 96 hours after egg laying were dissected and homogenized in
groups of 25 in a cold solution of Tri-reagent (Sigma-Aldrich, T9424);
the amount of RNA in each sample was determined by Nanodrop, and
RNA quality was analyzed using agarose gel electrophoresis (1.2%).
Two biological replicates were used for each genotype. The samples
were prepared on a Beckman FXP using the Illumina TruSeq stranded
mRNA chemistry and sequenced on a NextSeq 500 (Mid Output
flowcell) in paired-end mode. Raw paired-end sequencing reads were
trimmed using cutadapt v1.12 to remove lllumina adapters and low-
quality bases. The processed reads were then aligned to the Drosophila
dmé genome using STAR v2.5.3a. Gene-level counts, based on GTF
annotations from FlyBase Release 6.20, were tabulated by totaling all
reads overlapping the collapsed set of exons for each gene following
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their quantification (n =4 independent replicates). Scale bars are 50 um. Foxo overactivation and subsequent innate immune gene expression and lipid
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previously published methods®®. Genes with a counts per million reads
mapped (CPM) of less than 5 in less than two samples were excluded.
The principal component analysis (PCA) plot was generated using the
log-transformed CPM. Differentially expressed genes were identified
by using the edgeR glmFit model. The false discovery rate (FDR) was
controlled by applying the Benjamini-Hochberg procedure to the P
values. Significantly expressed genes were defined as those exhibiting
an absolute fold-change of at least 1.5 and an FDR of less than or equal
to 0.05. The raw data have been deposited in the Gene Expression
Omnibus (GEO) under accession number GSE206229.

Developmental assay

For developmental assay, the expected ratio was calculated based on
Mendelian inheritance for genotypic classes and the observed/expec-
ted ratio is reported as a percentage. Crosses made up of 5 virgin
females and 5 males were set in each tube after a period for sexual
maturation and housing to obtain the maximum fitness level during
the three days of egg deposition in a non-overcrowded environment.
Crosses were set in triplicate and flies were transferred to fresh vials
every 3 days for three times. The total number of pupae for genotypic
classes produced over 20 days in each vial was scored.

Quantification of lethality rescue

In lethality rescue experiments, the number of genetic siblings and their
Mendelian ratio were used to calculate the expected number of the
target progeny. Lethality rescue in Pngl mutants was examined as
described previously®. We scored the number of adult progeny
including Pngl homozygous and heterozygous animals. The number of
homozygous animals is expected to be 50% of the number of hetero-
zygous animals. Accordingly, we calculated the expected number of
homozygous animals based on the observed number of heterozygous
animals. For example, if in a genetic cross, we observe 50 heterozygotes,
we would expect 25 homozygotes. Considering this expected homo-
zygous number as 100%, we calculated the % homozygotes eclosed. We
can formulate the calculation as % lethality rescue = Observed number of
homozygotes x 100 / Observed number of heterozygotes x 0.5. For all
genetic crosses, 3-6 independent replicates were used.

Real time quantitative RT-PCR analysis

Total RNA was extracted from 5 larval midguts with Trizol (Invitrogen)
and dissolved in 25 pL of RNase-free water. cDNA was then synthesized
from 1pg total RNA using amfiRivert Il cDNA Synthesis Master Mix
(R5500, GenDEPOT), and gPCR was carried out using amfiSure qGreen
Q-PCR Master Mix, Low ROX (Q5601, GenDEPOT). Expression levels
were normalized to Actin (endogenous control). Relative gene
expression was calculated as fold change using the 2 method. The
oligonucleotides used to assess target genes expression are listed in
Supplementary Table 2.

Dissections, staining, image acquisition, and processing

Larval midgut and fat body tissues were dissected and fixed in 4%
paraformaldehyde. Antibodies were rabbit anti-dFoxo 1:250
(ab195977, abcam) and rabbit anti-SAPK/JNK 1:500 (Cat No. 559309,
Sigma-Aldrich). Lectin staining in the proventriculus region was per-
formed using helix pomatia agglutinin (HPA), Alexa Fluor™ 488 con-
jugate 1:1000 (cat No. L11271, Invitrogen), wheat germ agglutinin
(WGA) CF®488 A 1:1000 (Cat No. 29022, Biotium), and concanavalin A
(ConA) CF®488 A 1:1000 (Cat No. 29016, Biotium). Confocal images
were acquired using a Leica TCS-SP8 microscope using LAS X
3.1.5 software and processed with Amira5.2.2. Images were generated
as a limited projection view of 5-10 optical sections. Quantifications
were performed using ImageJ. All images were processed in Adobe
Photoshop CC. Figures were assembled in Adobe lllustrator CC. For
comparison between different groups, color intensity per nucleus was
calculated in 3-4 independent replicates.

Western blotting

Protein samples were prepared from larval midguts in lysis buffer
containing Halt™ Phosphatase Inhibitor Single-Use Cocktail (Thermo
Fisher Cat. No. 78428) and Protease Inhibitor Cocktail (Promega Cat.
No. G6521). The following antibodies were used: rabbit anti-pFoxol
1:1000 (Cat No. 9461, Cell Signaling Technology), rabbit anti-dFoxol
1:1000 (ab195977, Abcam), rabbit anti-Akt 1:1000 (Cat No. 4691, Cell
Signaling Technology), rabbit anti-pAkt 1:1000 (cat No. 4060, Cell Sig-
naling Technology) and mouse anti-actin 1:1000 (DSHB Cat. No. 224236-
1). Western blots were developed using Clarify ECL Western Blotting
Substrates (BioRad). The bands were detected using an Azure Biosys-
tems c280 digital imager using chemiluminescent detection of HRP.
Three independent immunoblots were performed for each experiment.

Feeding behavior assay

The larval feeding behavior method was adapted from ref. 67. Age-
matched third instar larvae (96 hours after egg laying or AEL) were
placed in sucrose-agar plates (5% sucrose mixed in 3% agar medium)
and allowed to settle for 15min. The number of mouth-hook con-
tractions per minute were counted. A total number of 30 larvae were
scored for each group.

Generation of germ-free animals

GF animals were generated by following the previously published
method®®, Flies were kept for egg laying in grape juice agar plate for 3-
4 hr. Eggs were collected and dechorionated with 2.7% sodium hypo-
chlorite for 2-3 minutes. Dechorionated eggs were washed twice in 70%
ethanol and thrice in water, and then transferred to sterile fly food
containing tetracycline (50 ug/mL). Flies were reared on sterile food
vials for three generations. The absence of bacteria in GF flies was
confirmed by 16 S rRNA amplification using the 27 F (5-AGAGTTT-
GATCCTGGCTCAG-3) and 1492R (5-GGTTACCTTGTTACGACTT-3)
primers.

Growth rate curve

To examine larval growth, we obtained a pool of 20-30 larvae per
group and scored their weight at 24, 48, 72, 96, 120, 144, and 168 hours
AEL. Average larval weight (mg) was then calculated to generate the
growth curve.

Nile red staining

Midgut and fat body tissues from third-instar larvae were dissected
and fixed in 4% paraformaldehyde. Fixation and washing of tissues
were followed by the incubation in with 1:2500 dilution of 0.5 mg/mL
Nile red (Cat No. 19123, Sigma Aldrich) for half an hour. Upon incu-
bation, tissues were rinsed in water and mounted in 80% glycerol fol-
lowed by image acquisition. Four animals were used per group. Images
were generated as a projection view of 5-10 optical sections. Quanti-
fication of Nile red staining in fat body images was done by measuring
the red intensity in individual cells from four independent replicates.
For comparison between different groups, intensity per cell was divi-
ded by the cell area. In midgut images, total red intensity was mea-
sured in four independent replicates. For comparison between
different groups, intensity was divided by the number of nuclei.

Triacylglycerol and free fatty acid estimation

Triacylglycerol and free fatty acid levels were estimated from larval
midgut and hemolymph. Midgut samples were prepared by homo-
genizing ~15 midguts in cold 1X PBST (0.05% tween). Hemolymph was
collected from 15 larvae and mixed in cold 1X PBST. Triacylglycerol levels
were estimated using the manufacturer’s protocol (Infinity™ Triglycer-
ides Liquid stable reagent, Thermo scientific #TR22421). Free fatty acid
levels were estimated using the manufacturer’s protocol (Sigma Aldrich
# MAKO44). Triacylglycerol and free fatty acid levels were normalized
with the protein content determined by Bradford assay.
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Dextran feeding assay and gut barrier defect quantification
Third instar larvae were fed on semi-solid drops of 500 kDa FITC-
labelled dextran (Sigma-Aldrich, St. Louis, MO, USA), diluted to 1 mg/
mL in sucrose-agar medium (5% sucrose mixed in 3% agar medium) on
a petri dish. Larvae were allowed to feed for 15 minutes. Larvae were
washed with cold 1X PBS to remove any excess FITC-dextran on the
surface. Midguts were dissected out and fixed in 4% paraformaldehyde
followed by imaging under a fluorescent microscope. For gut barrier
defect quantification, larval guts that failed to retain FITC-signal
(green) in their lumen were scored. Pharmacological induction of gut
barrier defects was achieved by rearing third instar larvae on food
containing 100 uM polyoxin D (Sigma Aldrich # 529313) for 48 hr. Gut
barrier defects were examined and quantified using the dextran
feeding assay described above.

Larval midgut sectioning

Intact midguts from age-matched larvae at 96 hours AEL were dis-
sected and fixed in 4% paraformaldehyde, 2% glutaraldehyde, and
0.1 M cacodylic acid. Post-fixation in 2% osmium tetraoxide (OsO4) was
followed by dehydration in graded series of alcohol and propylene
oxide. The midgut tissues were then embedded and blocked in Embed-
812 resin. The resin blocks were sectioned using an ultramicrotome.
Thin sections (5 um) of the anterior midgut regions were obtained and
stained with toluidine blue. Images were acquired using light micro-
scopy and presented as greyscale.

Statistics and reproducibility

Two-tailed unpaired Student’s t-test, one-way ANOVA and two-way
ANOVA with Sidak’s multiple comparisons test, were used for statis-
tical analyses. Significance was ascribed as P < 0.05. P values are indi-
cated in all figures. P values falling between 0.99 and 0.0001 are
mentioned as exact numbers, while those more than 0.99 or less than
0.0001 are indicated as >0.99 or <0.0001, respectively. Statistical tests
and parameters including the sample sizes and the number of inde-
pendent biological replicates are mentioned in Figure Legends. All
experiments, including staining and imaging, were performed at least
three times with comparable results. All statistical analyses were per-
formed using GraphPad Prism 9.

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

Data availability

Data are available within the article and supplementary information.
Source data are provided as Source Data file with this paper. RNA-seq
data generated in this study are available in the National Center for
Biotechnology Information Gene Expression Omnibus database under
the accession number GSE206229. Source data are provided with
this paper.
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