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Abstract: Dietary restriction promotes longevity via autophagy activation. However, changes to 

lysosomes underlying this effect remain unclear. Using the nematode Caenorhabditis elegans, 

we show that induction of autophagic tubular lysosomes, which occurs upon dietary restriction or 

mTOR inhibition, is a critical event linking reduced food intake to lifespan extension. We find 

that starvation induces tubular lysosomes not only in affected individuals but also in well-fed 

descendants, and the presence of gut tubular lysosomes in well-fed progeny is predictive of 

enhanced lifespan. Furthermore, we demonstrate that expression of Drosophila SVIP, a tubular-

lysosome activator in flies, artificially induces tubular lysosomes in well-fed worms and 

improves C. elegans health in old age. These findings identify tubular lysosomes as a new class 

of lysosomes that couples starvation to healthy aging. 

One-Sentence Summary: Tubular lysosome induction promotes healthy aging. 
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Results and Discussion 

Dietary restriction (DR) enhances intestinal fitness and extends healthy lifespan of multiple 

species, in part, by stimulating autophagy (1–6). Lysosomes are the terminal site for autophagic 

degradation and are also major signaling hubs that can sense nutrient scarcity to promote their 

own biogenesis (7–10). Thus, lysosomes possess a remarkable versatility to sense and respond to 

metabolic shifts in the cell. But whether alternative mechanisms, in addition to increased 

biogenesis, can modulate lysosome activity in response to nutrient deprivation has not been fully 

explored. Recently, dynamic autophagic tubular lysosomes (TLs) have been described in 

Drosophila and C. elegans (11–14). Notably, TLs are cell-type specific and, in some tissues, 

respond to different metabolic or developmental cues (12, 13). Of note, TLs in the gut are 

robustly stimulated by starvation cues and are naturally induced during early aging to coordinate 

bulk age-dependent turnover of peroxisomes and potentially other autophagic cargo (14). In 

Drosophila larval body-wall muscles, TLs are constitutively present, but increasing their density 

in muscles alone is sufficient to extend animal lifespan and their disruption leads to multi-system 

degeneration (15). Collectively, these studies allude to TLs as pro-health factors and indicate 

that, in some tissues, TLs are stimulated by nutrient deprivation. Taken together, we were 

prompted to determine whether TLs contribute to the known beneficial effects of DR.  

In Drosophila and C. elegans, TLs can be visualized in live tissues by over-expressing a 

fluorescently-tagged lysosomal membrane protein, Spinster (11, 14). To study TLs in their most 

natural setting, we used CRISPR to insert an mCherry tag at the endogenous C-termini of three 

C. elegans Spinster homologs: spin-1, spin-2 and spin-3. We then examined the native 

expression pattern of each paralog; spin-1 is predominantly expressed throughout the intestine 

and uterus, spin-2 in the pharynx and spin-3 predominantly in the posterior region of the intestine 

(Fig. S1A-C). We focused on spin-1::mcherry for our studies since spin-1 showed the strongest 

expression pattern in the intestine and intestinal fitness is strongly linked to the beneficial effects 

of DR (3). Upon starvation, we found that intestinal lysosomes labeled by endogenous SPIN-

1::mCherry transformed from static vesicles into dynamic tubular networks (Fig. 1A-C and Fig. 

S2), similar to our previous results using a gut-specific spin-1::mCherry transgene (14). 

Strikingly, endogenous SPIN-1::mCherry intensities also increased significantly upon starvation 

(Fig. 1D-E). Lysosomes labeled by endogenous SPIN-2::mCherry and SPIN-3::mCherry also 

transformed from vesicles to tubules and increased in intensity upon starvation (Fig. S3A-F). 

Thus, spin expression might be under the control of starvation cues, potentially to promote TL 

induction. Using eat-2 mutant animals, which provide a genetic model for DR (4), we found that 

TLs and SPIN-1::mCherry intensity likewise increased in calorically-restricted adults (Fig. 1F-J). 

Notably, we found that TLs were also induced upon starvation in the Drosophila salivary gland 

(Fig. S4A-C), signifying that starvation-dependent TL induction is a conserved phenomenon 

across multiple animal species and tissues.   

Nutrient deprivation is a major autophagic stimulant (16–18). Using a tandem mCherry-GFP-

LGG-1 autophagy flux reporter, we found that starvation triggered robust autophagosome 

turnover at TLs (Fig. 2A-B), consistent with our prior observations of starvation-induced 

turnover of peroxisomes at TLs (14). Because starvation-based autophagy induction relies on 

inhibition of mTOR signaling (19–21), we tested whether TL induction was dependent on mTOR 

inhibition. Indeed, RNAi-mediated knock-down of let-363 (mTOR) or daf-15 (RPTOR) induced 

TLs in the gut of well-fed animals (Fig. 2C-E). Thus, starvation-induced TLs target 

autophagosomes and are stimulated by mTOR inhibition. Importantly, this is a notable 

distinction from the lysosome tubules that have been previously described to function during 
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autophagic lysosome reformation (ALR), whereby proto-lysosome tubules emanate from 

autolysosomes as a mechanism to replenish the pool of functional lysosomes after autophagy 

terminates (22). The proto-lysosome tubules generated via ALR are devoid of autophagic cargo, 

are not acidic and require mTOR re-activation for their induction (22). In contrast, the intestinal 

TLs we observe are triggered during autophagy to internalize autophagosomes (Fig. 2A-B), are 

acidic (14) and require mTOR inhibition (Fig. 2C-E), rather than activation. Thus, starvation-

induced TLs are distinct from ALR and are associated with active autophagy. 

A striking phenomenon of dietary restriction is that the beneficial physiological effects can 

persist for multiple generations; descendants of starved parents exhibit similar lifespan extension, 

despite never encountering starvation themselves (23, 24). This prompted us to explore whether 

TLs also persist in subsequent generations of starved parents. Synchronized embryos were 

seeded onto plates with no food, which induces an L1 larval arrest. After 5 days of prolonged 

starvation, arrested L1 larvae were transferred to food, which allows their development to 

resume to adulthood (Fig. 3A). The offspring of these starved parents were then imaged. 

Remarkably, F1 progeny displayed similar levels of TLs compared to their parents despite being 

well-fed (Fig. 3B-C). This effect persisted for up to four generations, but the penetrance 

diminished significantly by the F3 generation (Fig. 3B-C). One mechanism by which starvation 

elicits transgenerational effects in C. elegans is by inducing expression of silencing RNAs 

(siRNAs), which persist throughout life and transmit epigenetic information to the next 

generation (23). Thus, we tested whether transgenerational induction of TLs is also dependent on 

siRNAs by examining TLs in the gut of rde-4 and hrde-1 mutant worms, which are defective in 

siRNA production and transmission, respectively (25, 26). In both mutants, we observed that 

TLs were no longer robustly transmitted even in the immediate offspring of starved animals (Fig. 

3D-E). Thus, TLs are induced across multiple generations, and this effect is dependent on siRNA 

transmission.   

Because TLs were induced transgenerationally, but with decreasing penetrance in each new 

generation, (Fig. 3B-C), we wondered whether transgenerational induction of TLs could provide 

a predictive marker to distinguish the longer-lived individuals in these subsequent populations. 

To test this, we sorted F2 descendants derived from starved grandparents based on the visual 

presence or absence of robust TLs in the gut (Fig. 3F). We then compared the lifespan of these 

sibling populations. Remarkably, we found that F2 worms that retained TLs, lived significantly 

longer (p<0.001) than their sibling cohorts without TLs (Fig. 3G and S5A-B). Taken together, 

our data demonstrate that starvation-induced TLs persist for multiple generations and may 

provide a predictive cellular marker for longer-lived individuals.  

Although the lifespan extension observed in animals with TLs is certainly intriguing, this 

observation is merely correlative and does not directly implicate TLs in promoting animal health 

and/or longevity since starvation induces multiple metabolic pathways that might contribute to 

this physiological phenotype. To test whether TLs directly contribute to the pro-health effects of 

DR, we asked two questions: (1) are TLs required for DR-dependent lifespan extension and (2) 

are TLs sufficient to exert pro-health effects on their own? To address the first question, we 

examined whether genetic mutation of the critical TL gene, spin-1, could reduce the lifespan 

extension of eat-2 mutants. Mutation of spin-1 alone only slightly reduced the lifespan of eat-2 

mutants (Fig. S6A). However, we considered that multiple spin paralogs might have redundant 

functions and thus tested various combinations of mutant spin alleles for their effect on eat-2 

lifespan. We found that eat-2 lifespan extension was more significantly reduced by double 

mutation of spin-1 and spin-2, and eat-2 lifespan was further reduced back to wild type in a spin-
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1; spin-2; spin-3 triple-mutant background (Figs. 4A and S6B-C). Importantly, analogous effects 

on lifespan were not seen in eat-2+ animals; spin-1; spin-2 double mutants did not display a 

reduction in lifespan relative to wild type, and spin-1; spin-2; spin-3 triple mutants displayed 

only a modest reduction in lifespan under normal conditions (Figs. 4B and S6B-C). Collectively, 

these data support the notion that TLs are required for full lifespan extension under DR.  

To address whether TLs can exert pro-health effects on their own, we used a genetic strategy to 

ectopically induce TLs in well-fed animals. Previously, we identified the small VCP-interacting 

protein (SVIP) as a critical TL modulator; over-expression of SVIP in Drosophila muscles was 

sufficient to increase TL density (15). The C. elegans genome does not possess an annotated 

SVIP ortholog, so we generated a transgenic worm strain to over-express a codon optimized 

Drosophila SVIP gene (dSVIP). Indeed, over-expression of dSVIP in the C. elegans gut was 

sufficient to induce TL formation under well-fed conditions (Fig. 4C). dSVIP also co-localized 

with TLs as expected (Fig. 4D). This highlights the general capacity of SVIP to induce TLs 

artificially in multiple species. We then explored the physiological effects of dSVIP over-

expression in the C. elegans gut. Although we observed no significant effect on lifespan (Fig. 

4E), we noticed that dSVIP over-expressing worms appeared to retain their mobility later into 

their life. To investigate this further, we assayed the thrashing rate throughout the lifespan of 

control and dSVIP over-expression worms. Remarkably, dSVIP over-expression worms remained 

more active significantly later into their life (Fig. 4F, Movie S1-S2). In fact, the age at which 

dSVIP over-expression worms reached 50% of their starting thrashing rate was double that of 

wild type worms (Fig. 4F). Prolonged mobility is a strong indicator of increased healthspan (27); 

thus, while SVIP-dependent TL induction in the gut did not extend the average age of mortality, 

TLs might promote healthier aging.  

Taken together, our results demonstrate that, in some tissues, lysosomes can mobilize into highly 

digestive tubular networks in response to nutrient deprivation to promote organismal health. 

Significantly, the pro-health effects of TL induction may extend beyond nutrient deprivation. For 

instance, we have observed that oxidative stress, which at low levels can extend lifespan (28–

32), also induces TLs in the gut (Fig. S7A-D). TLs are also induced in the C. elegans cuticle 

specifically at molting stages (12), in Drosophila abdominal muscles during metamorphosis (13) 

and in the C. elegans gut during natural aging (Fig. S8A-D, (14)). Potentially, in some tissues, 

TLs could be restrained and only deployed when large pools of cargo need to be degraded en 

masse to recalibrate cellular homeostasis during adverse metabolic states or major developmental 

transitions. The mechanism by which TLs are induced remains unknown, but our observation 

that SPIN protein intensity coincides with TL induction in multiple biological contexts, including 

starvation, oxidative stress and natural aging (Figs. 1E-F, S7C-D, S8C-D and (14)), suggests that 

expression levels of spin genes may be one key determinant of TL induction. However, other 

molecular factors likely coordinate with spin to induce TLs as spin-1 over-expression alone is 

not sufficient to induce TLs (Fig. 3B). In sum, we have provided strong evidence that TL 

induction promotes healthy aging and could be a viable target for age-related disease 

interventions.  
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Fig. 1: Starvation induces dynamic TLs in the gut 

(A) Representative images of endogenously-tagged spin-1::mCh in fed and starved L1 worms. 

Bars, 5m. (B-C) Quantification of lysosome junctions/object (B) and length (C) in fed and 

starved L1 worms. (D) Representative images of spin-1 expression in fed and starved L1 worms. 

Bars, 5m. (E) Quantification of SPIN-1::mCh intensities in fed and starved L1 worms. (F) 

Representative images of spin-1 expression in WT and eat-2 day 1 adults. Bar, 100m. (G) 

Quantification of SPIN-1::mCh intensities in WT and eat-2 day 1 adults. (H) Representative 

images of endogenously-tagged spin-1::mCh in WT and eat-2 day 1 adults. Bars, 5m. (I-J) 

Quantification of lysosome junctions/object (I) and object length (J) in WT and eat-2 day 1 

adults. Statistical significance was determined using student’s t-test (p-values indicated on 

graphs).  
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Fig. 2: Gut TLs are autophagic and stimulated by TOR inhibition 

(A) Representative images of mCh::GFP::lgg-1 expressed in the gut of fed and starved L1 

worms. (B) Quantification of colocalization between mCh and GFP channels in fed and starved 

L1 worms. (C) Representative images of endogenously tagged spin-1::mCh worms fed control, 

daf-15 or let-363 RNAi. (D-E) Quantification of lysosomal junctions/object (D) and length (E) in 

worms fed control, daf-15 or let-363 RNAi. Statistical significance was determined using one-

way ANOVA with Dunnett’s multiple comparisons (p-values indicated on graphs). Bars, 5m. 
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Fig. 3: gut TLs are induced transgenerationally via an RNAi mechanism 

(A) Synchronized eggs were seeded onto NG agar with no food source. After 5 days, starved L1-

arrested worms were transferred to food and worm populations were continuously fed and 

imaged for all subsequent generations. (B) Representative images of spin-1::mCh expressed in 

the gut of the indicated generations. (S=Starved, F=Fed). (C) Quantification of lysosomal 

junctions/object from (B). (D) Representative images of spin-1::mCh expressed in the gut of 

hrde-1 and rde-4 mutants, which are defective in siRNA production and transmission, 

respectively. (S=Starved, F=Fed). (E) Quantification of lysosomal junctions/object from (D). (F) 

Synchronized eggs were seeded onto NG agar with no food source. After 5 days, starved L1-

arrested worms were transferred to food and worm populations were continuously fed for 2 

generations before sorting. (G) Lifespan of progeny from starved grand-parents with (+TLs) or 

without (-TLs). Mean lifespans are indicated on the graph. For TL analyses, statistical 

significance was determined using one-way ANOVA with Dunnett’s multiple comparisons. For 

lifespans, a log-rank test was used to determine statistical significance. p-values are indicated on 

the graphs. Bars, 5m. 
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Fig. 4: Induction of intestinal TLs promotes healthy aging during DR 

(A-B) Lifespan of the indicated genotypes. See Fig. S6B-C for mean lifespans and p-values. (C) 

Representative images of endogenously expressed spin-1::mCh in fed WT worms and worms 

over-expressing codon-optimized Drosophila SVIP (dSVIP). (D) Co-localization of dSVIP::GFP 

and SPIN-1::mCh. (E) Lifespan of WT and dSVIP over-expressing worms. Vertical lines indicate 

the age at which 50% starting thrashing rate was reached for WT and dSVIP over-expression 

worms, respectively. (F) Thrashing rate of WT and dSVIP over-expressing worms at the 

indicated ages. Dashed line represents 50% of starting thrashing rate for both genotypes. 

Statistical significance was determined using one-way ANOVA with Dunnett’s multiple 

comparisons (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). A log-rank test was used to 

determine significance for lifespans. Bars, 5m. 
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