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Aging is regulated by both genetic and environmental factors, and Caenorhabditis elegans is a key 
model due to its conserved longevity pathways. The fln-2 gene, encoding an ortholog of human 
filamin A (FLNa) with up to 27 isoforms, is known to modulate pharyngeal infection and lifespan in 
C. elegans. Still, its isoform-specific roles and mechanisms have not been fully elucidated. Here, we 
demonstrate that mutations specifically disrupting the longest fln-2 isoforms (fln-2a/e/s/t/r/u/v/w) 
extend healthspan, whereas those disrupting all isoforms shorten it. The FLN-2 A/E/S/T/R/U/V/W are 
enriched in the pharyngeal epical region, and their loss of function results in enhanced pharyngeal 
grinding efficiency, reduced pharyngeal infections, decreased bacterial colonization in the intestine, 
and maintenance of intestinal integrity, ultimately extending lifespan. Dietary restriction has been 
reported to extend lifespan in multiple species, whereas the fln-2 mutations extend lifespan without 
reducing food intake. These findings demonstrate the molecular mechanism by which specific fln-2 
isoforms modulate aging by enhancing pharyngeal function and reducing intestinal bacterial load, 
providing a new insight into FLNa’s role in aging.

Aging is a complex physiological process1, often accompanied by a variety of age-related diseases, including 
cardiovascular diseases2, cancer3, neurodegenerative diseases4, and even death in severe cases. Aging is modulated 
by genetic and environmental factors5. Research in model organisms has identified over 2,000 genes and 1,000 
compounds that modulate lifespan6, demonstrating that targeted genetic interventions can significantly retard 
aging and elucidate its regulatory mechanisms.

 Caenorhabditis elegans (C. elegans) is a widely used model organism for aging research due to its short 
lifespan and conserved genetic pathways7. Many aging-related genes and signaling pathways identified in C. 
elegans are conserved, including insulin/insulin-like growth factor 1 (IIS) signaling8, the dietary restriction (DR) 
pathway9, target of rapamycin (TOR) signaling10, the immune pathway11, and the mitochondrial pathway12. 
These studies made a huge contribution to understanding the regulatory mechanisms of aging.

Filamin A (FLNa), an actin-binding protein with immunoglobulin-like repeats, is integral to diverse cellular 
processes such as cell proliferation, differentiation, adhesion, migration, and others13,14. In C. elegans, the 
filamin ortholog is encoded by the fln-2 gene. Previous reaearch15 has demonstrated that the spontaneously 
arising fln-2(ot611) mutation extends lifespan by decreasing mortality due to pharyngeal infections, and this 
suppression of infection-related mortality in fln-2(ot611) mutants masks the longevity benefit typically observed 
in eat-2 mutants, suggesting a shared mechanistic endpoint in mitigating pathological infection. However, the 
fln-2 genomic locus exhibits considerable complexity, generating up to 27 protein isoforms through alternative 
splicing under the control of 15 distinct promoters16. This complexity raises several critical, unresolved questions: 
Which specific fln-2 isoforms mediate the regulation of lifespan? What is the mechanistic link between fln-2 and 
reduced bacterial infection? And what downstream molecular pathways are engaged?

To address these questions, we employed CRISPR-Cas9 genome editing to generate a panel of fln-2 alleles 
that selectively disrupt specific groups of isoforms. Our analysis revealed that while loss-of-function mutations 
in fln-2 consistently reduced pharyngeal infection, their effects on lifespan were strictly isoform-dependent. 
Specifically, loss-of-function mutations that specifically affect the longest isoforms (fln-2a/e/s/t/r/u/v/w) extend 
lifespan, while mutations affecting all isoforms shorten it. These findings support a model of isoform antagonism, 
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in which the longevity benefit conferred by loss of the longest isoforms, mediated through reduced infection, is 
masked in pan-isoform mutants by detrimental effects stemming from the concomitant loss of shorter isoforms. 
Furthermore, we demonstrated that the lifespan extension resulting from loss of the longest isoforms correlates 
with enhanced pharyngeal grinding efficiency, leading to reduced intestinal bacterial colonization and is 
associated with the activation of autophagy. Our work thus delineates an isoform-specific mechanism by which 
filamin modulates host-microbial interactions and organismal longevity.

Results
fln-2 isoform-specifically regulates lifespan extension in C. elegans
During a screen for novel genetic regulators of C. elegans lifespan, we identified strain RB1093, which harbors a 
vgln-1 deletion, that lived significantly longer. Surprisingly, we found that the causality of lifespan extension was 
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not vgln-1(ok1071) but a background nonsense mutation at Tyr739 of fln-2 (Supplementary Fig. 1). This mutant 
allele is genetically identical to the previously reported15 Y800* mutant allele, where a tyrosine-encoding TAC 
codon is converted to a stop codon (TAA). It should be noted that this difference in residue numbering comes 
from the update of gene annotation. According to the latest version of Wormbase, WS296, the mutation site 
encodes the 739th tyrosine of fln-2. As this mutation was originally identified in an EMS mutagenesis screen17 
and designated fln-2(ot611), we will adhere to this established nomenclature throughout the study.

To validate the impact of the fln-2(ot611) mutation on lifespan, we used CRISPR-Cas9 technology to 
generate the FDU6771 strain on a wild-type background, which carries the same fln-2(Tyr739*). Consistent with 
previously reported findings, animals with fln-2(ot611) lived significantly longer at both 20 °C and 25 °C (Fig. 1a, 
b). fln-2 encodes 27 isoforms transcribed from fifteen distinct promoters16. To determine whether the longevity 
of fln-2(ot611) mutants arises from the general loss of fln-2, or the loss of specific isoforms, we generated shc117 
and shc118, which delete 1046 bp and 1721 bp, respectively, in a region shared by all fln-2 isoforms. To our 
surprise, both shc117 and shc118 mutants lived significantly shorter than wild-type (Fig. 1c). Consistent with 
this, fln-2(qx439), which harbors a premature stop at Arg1199 and affects most of fln-2 isoforms18, also lived 
significantly shorter (Fig. 1c). Furthermore, fln-2 RNAi targeting the shared region also reduced lifespan (Fig. 
1d, Supplementary Fig. 2). These data suggest that the lifespan extension of fln-2(ot611) is most likely caused by 
loss of specific isoforms.

To elucidate the function of different fln-2 isoforms, we first investigated their expression patterns. We 
constructed GFP transcriptional reporters for eight promoter groups (excluding the complex fln-2g locus, which 
possesses seven distinct UTRs) and generated corresponding transgenic lines (Fig. 1e). The expression patterns 
could be generally classified into four categories: (1) fln-2a/e/s/t/r/u/v/w, fln-2l/m, and fln-2n/o were mainly 
expressed in the pharynx and hindgut; (2) fln-2 h/i, fln-2j/k, and fln-2c/d in the hypodermis and intestine; (3) fln-
2p/q in muscles; and (4) fln-2f in the intestine (Fig. 1f). Notably, isoforms j/k, p/q, and f exhibited markedly lower 
expression levels, requiring higher laser power and longer exposure time for detection (Fig. 1f ’). These distinct 
expression profiles suggest that different fln-2 isoforms likely perform specialized functions.

To examine endogenous FLN-2 expression and the effect of the fln-2(ot611) mutation, we analyzed the 
endogenous expression of the C-terminal GFP knock-in marker, which labels all fln-2 isoforms in wild-type (a 
gift from Xiaocheng Wang18, and fln-2(ot611) mutant allele, which was generated by CRISPR (Supplementary 
Fig. 3a). FLN-2::GFP was observed mainly in the pharynx and epidermis since the embryonic comma stage 
(Supplementary Fig. 3b), and this pattern persisted through postembryonic development (Supplementary 
Fig. 3c-f). In fln-2(ot611) mutants, the overall FLN-2::GFP signal was significantly reduced but not abolished, 
consistent with the hypothesis that this mutation disrupts only some specific isoforms.

The fln-2(ot611) mutation is predicted to affect only the longest (fln-2a/e/s/t/r/u/v/w) and the second longest 
(fln-2 h/i) isoforms (Fig. 1e), which are mainly expressed in the pharynx and hindgut based on the transgenic 
reporters. To validate the endogenous expression pattern of these specific isoforms, we knocked-in a GFP tag 
into the N-terminus of those two groups of isoforms (Fig. 1g). We found that fln-2a/e/s/t/r/u/v/w isoforms were 
expressed only in the pharynx, while fln-2 h/i were expressed in epidermis and weakly in muscles (Fig. 1h). 
The pharyngeal signal in the fln-2 h/i GFP strain likely results from cross-labeling of the longest isoforms, as 
this signal was absent in mutants specifically disrupting the longest isoform group (discussed in the following 
paragraph; Supplementary Fig. 4). As expected, GFP expression from both reporter constructs was abolished in 
fln-2(ot611) mutants (Fig. 1h), confirming that the mutation disrupts these isoforms.

We next determined whether the lifespan extension in fln-2(ot611) is due to the loss of fln-2a/e/s/t/r/u/v/w, 
fln-2 h/i, or both. We generated four additional fln-2 mutant alleles: shc141, shc142, shc143, and shc156 using the 
CRISPR-Cas9 approach. Among these, shc156(Gly255*) specifically disrupts only the longest isoforms (fln-2a/e/
s/t/r/u/v/w), while shc141(Gly662*), shc142(Cys667*), and shc143(170 bp deletion) affect both the longest and the 
second-longest isoforms. All four mutants displayed similar lifespan extension (Fig. 1i, j), indicating loss of fln-

Fig. 1.  fln-2 isoform-specifically extends the lifespan of C. elegans. a, b Lifespan curves and mean lifespans 
of wild-type N2 and fln-2(ot611) mutants at 20℃ (a) or 25℃ (b). See Supplementary Table 4 for details. c 
Lifespan curves and mean lifespans of wild-type N2 and shc117/shc118 mutants affecting all fln-2 isoforms. 
See Supplementary Table 5 for details. d Lifespan curves and mean lifespans of N2 worms treated with control 
(HT115) or fln-2 RNAi. See Supplementary Table 5 for details. e A schematic diagram of reporter constructs 
for 21 CDS-encoding isoforms of the fln-2 gene. The sequence information is retrieved from the Wormbase 
database (https://wormbase.org/). Purple boxes and lines indicate exons and introns, respectively. Gray boxes 
indicate untranslated regions, and the dotted box represents the missing part of this isoform. The scale bar in 
the diagram is 100 bp. The deletion region of mutant alleles shc117, shc118 and shc143 is indicated with a line 
segment, while the mutation sites of the mutant alleles ot611, shc141, shc142, shc156 and qx439 are indicated by 
arrows. f Representative confocal images of the Pfln-2(different groups of isoforms)::gfp of L4 animals under 
the same exposure parameters. f ’ Representative confocal images of the Pfln-2(j/k)::gfp, the Pfln-2(p/q)::gfp, 
the Pfln-2(f)::gfp of L4 animals under enhanced exposure parameters. Scale bar is 100 μm and applied to the 
rest of the images unless specified. g Schematic diagram of knocking in a GFP encoding sequence into the 5’ 
site of the longest or second-longest groups of fln-2 isoforms. h Representative confocal images of the longest 
and second-longest groups of FLN-2 proteins of Day 1 animals. i, j Lifespan curves (i) and mean lifespans (j) 
of N2, shc156 mutants that affect only the longest isoforms, and shc141/shc14/shc143/ot611 mutants that affect 
the longest and second-longest isoforms. See Supplementary Table 6 for details. All lifespan experiments were 
repeated three times independently. Summary of mean lifespans is shown as mean lifespan ± SEM. p-Values 
were determined using the log‐rank test. ***p < 0.001; and n.s., not significant.
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2a/e/s/t/r/u/v/w isoforms is sufficient for longevity, while fln-2 h/i either has no effect or acts in the same pathway. 
We also examined the effect of fln-2(shc156) on the expression of fln-2 h/i by detecting the expression of fln-2 h/i 
specific GFP knock-in reporter, and found that this reporter was not affected by fln-2(shc156) (Supplementary 
Fig. 4), which confirms that fln-2(shc156) only affects the longest group of isoforms. Collectively, these results 
establish that lifespan extension is specifically triggered by loss of the longest fln-2 isoforms, setting the stage for 
mechanistic investigation of how these pharynx-enriched isoforms regulate aging.

fln-2(ot611) extends healthy lifespan
We next investigated whether the longevity conferred by fln-2(ot611) was accompanied by an extension of 
healthspan. The accumulation of the fluorescent compound lipofuscin with age is conserved in nature and can 
be used as a marker of health span19,20. In C. elegans, the accumulation of lipofuscin in the intestine can be 
measured using a microscope equipped with a fluorescent light source21,22. We measured the lipofuscin levels 
at three different timepoints (Day 1, Day 5, and Day 10), and found that the fln-2(ot611) mutation reduced 
lipofuscin levels at both middle (Day 5) and aged (Day 10) time points, but not at the Day 1 (Fig. 2a, b), indicating 
that fln-2(ot611) mutants delay the rate of age-related physiological decline.

Locomotion can reflect health status and vitality23. Therefore, we measured the locomotion ability by 
two indicators: body bend frequency in liquid and movement trajectory analysis. We counted the body bend 
frequency in liquid M9 medium and found that although there was no significant difference in the young stage 

Fig. 2.  fln-2 (ot611) promotes the healthspan of C. elegans. a, b Representative fluorescence images of 
lipofuscin (a) and quantification of the intensity (b) of wild-type N2 or fln-2(ot611) mutants at Day 1/5/10. 
The scale bar is 100 μm. c Body bends frequency of wild-type N2 and fln-2(ot611) mutants in liquid at Day 
2/5/10/15. d The length of the trajectory of wild-type N2 and fln-2(ot611) mutants at Day 5/10. e Survival 
curves of Day 3 wild-type N2 and fln-2(ot611) animals at 37 °C. All experiments were repeated three times 
independently, and all data are presented as means ± SEM. Differences between two groups were determined by 
the unpair t-test. *p < 0.05; **p < 0.01; ***p < 0.001; and n.s., not significant.
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(Day 2) and the middle stage (Day 5), fln-2(ot611) mutants bent significantly faster than the wild-type in the old 
stages (Day 10 and Day 15) (Fig. 2c). In addition, we detected the movement trajectory of worms at Day 5 and 
Day 10 timepoints within 2 min, and found that the movement trajectories of fln-2(ot611) mutants were longer 
than those of the wild-type (Fig. 2d).

Given that enhanced stress resistance frequently correlates with improved healthspan1, we tested 
thermotolerance by exposing animals to acute high temperature stress (37 °C). fln-2(ot611) mutants demonstrated 
significantly greater survival under this condition (Fig. 2e), indicating enhanced resistance. In summary, the 
above data collectively suggest that fln-2(ot611) can extend health lifespan.

The longevity effect of fln-2(ot611) is non-additive with eat-2 and is independent of reduced 
food intake
Several genetic pathways, including mitochondrial UPR (UPRmt), insulin signaling, MAPK, and dietary 
restriction (DR), are involved in regulating C. elegans lifespan. To delineate the mechanism underlying fln-
2(ot611)-mediated longevity, we performed genetic epistasis analyses with key conserved aging pathways. We 
first determined whether the lifespan extension in fln-2(ot611) mutants is mediated by activation of UPRmt, 
which has been shown to increase the lifespan24. To address this question, we examined the expression of the 
UPRmt reporter HSP-6::GFP in fln-2(ot611), and found that the expression of this reporter was not affected 
(Supplementary Fig. 5). This result suggests that UPRmt was not involved in the lifespan extension by fln-2(ot611).

Next, we examined the insulin/insulin-like growth factor signaling (IIS) pathway. For this purpose, we 
analyzed the genetic interactions between fln-2(ot611) and daf-2(e1370), and between fln-2(ot611) and daf-
16(mgDf50). daf-2(e1370) and daf-16(mgDf50) carry a reduction of function of the only insulin receptor and 
loss of function of the only FOXO transcription factor in C. elegans25,26. We found that fln-2(ot611) extended 
lifespan of both daf-2(e1370) and daf-16(mgDf50) (Fig. 3a, b, e), suggesting that fln-2(ot611) acts through IIS-
independent signaling pathway. In addition, the nuclear localization of DAF-16, which is a key downstream 
transcription factor in the IIS pathway27, was not affected in fln-2(ot611) mutants (Supplementary Fig. 6). The 
above results collectively suggest that fln-2(ot611) acts independently of the IIS signaling pathway.

Furthermore, pmk-1 is required for MAPK activation-induced lifespan extension28. We asked whether pmk-
1 is required for fln-2(ot611) induced lifespan extension. To do this, we built fln-2(ot611);pmk-1(km25) double 
mutants and analyzed the pmk-1’s role in the lifespan extension of fln-2(ot611). We found that the lifespan 
extension of fln-2(ot611) was not affected by the pmk-1(km25) mutation (Fig. 3c, e), indicating that the pmk-1 is 
not required for the lifespan extension of fln-2(ot611).

We then tested genetic interaction with the dietary restriction (DR) pathway using the eat-2(ad1113) 
mutants, a genetic model of DR29. Notably, the fln-2(ot611) mutation failed to extend the already long lifespan of 
eat-2(ad1113) mutants (Fig. 3d, e), as previously reported15. This non-additive genetic interaction suggests that 
fln-2(ot611) and eat-2(ad1113) may act through overlapping or convergent mechanisms.

Since eat-2 encodes a non-α-nicotinic acetylcholine receptor regulating food uptake through controlling 
pharyngeal pumping rate30, we tested whether fln-2(ot611) similarly reduces food intake. We quantified food 
intake in liquid culture as descibed31 (Fig. 3f), with eat-2(ad1113) mutants as a positive control. We found that 
the bacteria intake was significantly reduced in eat-2(ad1113) but not in fln-2(ot611) mutants, and the uptake 
was similar between eat-2(ad1113) and eat-2(ad1113);fln-2(ot611) double mutants (Fig. 3g), indicating that fln-
2(ot611) mutation does not affect the food uptake. Consistently, fln-2(ot611) mutation did not affect pharyngeal 
pumping frequency (Fig. 3h, i). These results demonstrate that while the longevity effects of fln-2(ot611) and eat-
2(ad1113) are non-additive, they are mechanistically distinct: fln-2(ot611) does not extend lifespan by reducing 
food intake, which is a typical marker of DR.

Since the longevity effect of fln-2(ot611) is non-additive with eat-2 and is independent of reduced food intake, 
we reasoned that this may be due to their high basal energy consumption. To test this, we measured their oxygen 
consumption rate32, as oxidative phosphorylation is the primary source of ATP production33. We found that fln-
2(ot611) did not change the basal respiration rate of animals, although it enhanced the maximum respiration and 
spare respiration of middle-aged and old animals (Supplementary Fig. 7), suggesting that energy consumption 
is not altered in fln-2(ot611) mutants under normal conditions.

fln-2(ot611) promotes lifespan extension in an autophagy-dependent manner
Since previous studies have found that autophagy is required for dietary restriction-mediated lifespan extension34, 
we investigated its role in the lifespan extension of fln-2(ot611) mutants. We first quantified the autophagy 
biomarker, autolysosomes35, in relevant mutant strains. Both eat-2(ad1113) and fln-2(ot611) exhibited a 
significant increase in autolysosome levels. The double mutant allele fln-2(ot611);eat-2(ad1113) did not enhance 
the level of either single mutant (Fig. 4a), indicating that they act in the same genetic pathway to promote 
autophagy. In addition, we quantified the nuclear localization of a key autophagy regulation transcriptional 
factor HLH-3036,37, and found that HLH-30::GFP nuclear localization was significantly increased in the fln-
2(ot611) mutants (Fig. 4b).

To genetically establish the requirement for autophagy, we performed epistasis analyses with mutants in 
core autophagy genes. The lifespan extension of fln-2(ot611) was completely abolished in multiple autophagy-
deficient backgrounds, including atg-18(gk378)38 (Fig. 4c, f), hlh-30(tm1978)36 (Fig. 4d, f), atg-9(bp564)39 (Fig. 
4e, f), unc-51(e369) and unc-51(e1189)40 (Fig. 4g-i). These results demonstrate that a functional autophagy 
pathway is essential for fln-2(ot611)-mediated longevity. The non-additive increase in autophagic markers in 
the fln-2(ot611); eat-2(ad1113) double mutant aligns with their non-additive lifespan phenotype, suggesting that 
activation of autophagy represents a critical shared downstream node through which these genetic interventions 
converge to extend lifespan.
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Fig. 3.  The lifespan extension of fln-2(ot611) mutants is associated with dietary restriction pathways without 
affecting their food intake. a–d Lifespan curves of wild-type N2, fln-2(ot611), daf-16(mgDf50) (a), daf-2(e1370) 
(b), pmk-1(km25) (c), eat-2(ad1113) (d) single mutants, and fln-2(ot611);daf-16(mgDf50) (a), fln-2(ot611);daf-
2(e1370) (b), fln-2(ot611);pmk-1(km25) (c), fln-2(ot611);eat-2(ad1113) (d) double mutants. e Summary of 
mean lifespans. Data are presented as mean lifespan ± SEM. p-Values were determined using the log‐rank test. 
*p < 0.05; **p < 0.01; ***p < 0.001; and n.s., not significant. See Supplementary Table 7 for details. f Food intake 
of worms was assessed in liquid medium. g Relative food intake of wild-type N2 and fln-2(ot611) mutants. 
h, i Pharyngeal pumping frequency of wild-type N2 and fln-2(ot611) mutants at Day 1(h) or Day 5 (i) stages. 
Data in (g-i) are shown as means ± SEM. Differences between multiple groups were determined using one-way 
ANOVA with Tukey’s multiple comparison test. ***p < 0.001; and n.s., not significant.
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Loss of the longest fln-2 isoforms enhances pharyngeal grinding, reduces pharyngeal 
infection, and limits bacterial colonization
As demonstrated, loss of the longest group of isoforms fln-2a/e/s/t/r/u/v/w is sufficient to induce the lifespan 
extension (Fig. 1i, j), and these isoforms are specifically localized to the pharyngeal cuticle (Fig. 1h). Staining 
with Congo Red, which labels the cuticle of the pharynx41, confirmed strong colocalization of the FLN-2 A/E/
R/S/T/U/V/W::GFP signal, particularly within the grinder structure (Fig. 5a, b). Given the established links 
between pharyngeal function, infection, and lifespan, including the non-additive lifespan of fln-2(ot611) and eat-
2(ad1113) mutants (Fig. 3d, e), and the previous finding15 that fln-2(ot611) reduces mortality from pharyngeal 
infections, we speculate that changes in pharyngeal, particularly the pharyngeal cuticle and the grinder, are key 
to fln-2-mediated longevity.

To investigate whether reduced pharyngeal infection is a consistent phenotype across different fln-2 alleles, 
we quantified infection in a comprehensive panel of mutants. This analysis included wild-type N2, fln-2(ot611) 
(affecting the longest and second-longest isoforms), fln-2(shc156) (affecting only the longest isoforms), and 
fln-2(shc117) (a pan-isoform allele affecting all isoforms),, as well as eat-2(ad1113) and the fln-2(ot611); eat-
2(ad1113) double mutants. Consistent with prior finding15, all fln-2 mutant alleles, along with eat-2(ad1113), 
exhibited a significant reduction in pharyngeal infection incidence compared to wild-type (Fig. 5c). The double 
mutant did not show a further reduction relative to eat-2(ad1113), which parallels their non-additive lifespan 
phenotype (Figs. 3d, e and 5c). These results establish that reduced pharyngeal infection is a general consequence 
of fln-2 loss-of-function, independent of isoform specificity.

Interestingly, although the pan-isoform allele fln-2(shc117) reduced infection (Fig. 5c), its overall lifespan was 
significantly shortened (Fig. 1c), indicating that reduced pharyngeal infection is not sufficient to extend longevity 
in the absence of all isoforms. This suggests that the loss of shorter isoforms, which occurs in pan-isoform 
mutants like shc117, likely imposes detrimental effects that counteract the potential lifespan benefit associated 
with reduced infection. In support of this possibility, microinjection of a fosmid (WRM0625cB05) harboring the 
shorter fln-2 isoforms could significantly rescue the morphological defects observed in fln-2(shc117) mutants 
(Supplementary Fig. 8), indicating that these shorter isoforms are crucial for normal development and viability.

The main role of the grinder is grinding food bacteria42, and the efficiency of grinding bacteria affects the 
lifespan43. Next, we investigated whether longevity alleles (ot611, shc156) enhanced the main function of the 
grinder. Quantification of intact GFP-labeled bacteria in the intestine44 revealed that while the GFP fluorescence 
was barely detectable in young adults (Day 1, Supplementary Fig. 9), it became pronounced by Day 5 in wild-
type animals. This age-dependent increase was significantly suppressed in fln-2(ot611) and fln-2(shc156) mutants 
(Fig. 5d). These data demonstrate that the grinding efficiency is high at young stages and reduces as animals age, 
and fln-2a/e/s/t/r/u/v/w(lf) mutations promote pharyngeal grinding efficiency at the adult Day 5 stage compared 
to the wild-type. This reduction in intact bacterial was independently confirmed using RNA fluorescence in situ 
hybridization (FISH) to detect microbial colonization (Fig. 5e). All fln-2 mutants and eat-2(ad1113) mutants 
showed significantly reduced intestinal bacterial colonization compared to wild-type. Collectively, the results 
indicate that loss of fln-2 function (whether isoform-specific or pan-isoform) enhances pharyngeal grinding 
efficiency, thereby reducing intestinal bacteria colonization.

The intestinal barrier function is impaired with aging45. This phenomenon is associated with the autophagy 
signal pathway and is alleviated in eat-2 mutants35. Previous studies have found that persistent bacterial infection 
leads to intestinal barrier damage46. We therefore assessed whether fln-2(ot611) improves intestinal integrity 
using a non-absorbable blue dye, which can only stain damaged intestinal cells35. Aged fln-2(ot611) mutants 
exhibited significantly improved barrier integrity compared to wild-type, and this protective effect was abolished 
in an atg-18 mutant background (Fig. 5f), indicating that the maintenance of intestinal barrier integrity in fln-
2(ot611) mutants requires a functional autophagy pathway. Furthermore, given the essential role of autophagy 
in mediating the longevity of fln-2 mutants, future investigations should address whether autophagy deficiency 
alters pharyngeal infection. Assessing infection levels in autophagy mutant backgrounds, particularly in 
conjunction with fln-2 mutations, could elucidate whether autophagy acts primarily downstream of bacterial 
load or also influences the initial infection process itself. This represents a promising direction for defining the 
precise functional interplay between microbial burden and longevity.

Lifespan extension conferred by loss of the longest fln-2 isoforms is abolished on heat-
inactivated bacteria
To assess whether the longevity of fln-2 mutants depends on interactions with live bacteria, we performed 
lifespan assays using heat-killed E. coli OP50. When fed heat-killed bacteria, the lifespan extension of fln-
2(ot611) mutants was completely abolished (Fig.  6a). Correspondingly, intestinal bacterial colonization was 
undetectable in aged (Day 12) animals under this condition (Fig.  6b). Furthermore, both wild-type N2 and 
fln-2(ot611) mutants displayed elevated autophagy when fed heat-killed bacteria, with no significant difference 
between strains (Fig. 6c). Together, these data support the conclusion that the lifespan extension conferred by 
loss of the longest fln-2 isoforms occurs in a context that involves interaction with live bacteria and is associated 
with enhanced autophagic activity.

To further clarify the relationship between isoform specificity, bacterial viability, and lifespan, we extended 
this analysis to the isoform-specific allele fln-2(shc156) and the pan-isoform allele fln-2(shc117). Consistent 
with fln-2(ot611), the lifespan extension of fln-2(shc156) mutants was similarly abolished on heat-killed bacteria 
(Fig. 6d). In addition, the short-lived pan-isoform mutant fln-2 (shc117) was significantly prolonged on heat-
inactivated bacteria (Fig. 6d).

Collectively, these findings lead to two main conclusions regarding the isoform-specific function of fln-2 in 
aging. First, the longevity resulting from loss of the longest fln-2 isoforms requires live bacteria, as evidenced by 
the abolished lifespan extension in fln-2(ot611) and fln-2(shc156) mutants on heat-killed bacteria. This suggests 
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their mechanism involves interaction with viable microbes, likely mediated by enhanced pharyngeal grinding 
that reduces infection and intestinal colonization. Second, the severe lifespan reduction in pan-isoform mutants 
stems from a distinct, infection-independent process. Despite reduced infectivity and colonization, the fln-
2(shc117) mutant significantly extended lifespan on heat-killed bacteria, suggesting that the shortened lifespan 
was primarily due to harmful effects unrelated to bacterial infection. These effects are attributable to loss of 
shorter isoforms, as supported by fosmid-based morphological rescue (Supplementary Fig. 8).

Thus, our data demonstrate two separable consequences of fln-2 disruption: a mechanism by which the 
longest isoform-specifically regulates lifespan by reducing infection; and a pleiotropic defect resulting from the 
loss of the shorter isoforms, which impairs lifespan independently of infection.
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Discussion
In this study, we demonstrate that isoform-specific disruption of fln-2 extends healthspan and longevity in 
C. elegans. Specifically, loss of the longest fln-2 isoforms enhances pharyngeal grinding efficiency, reduces 
pharyngeal infection and intestinal bacterial colonization, and extends lifespan through an autophagy-dependent 
mechanism that is associated with improved intestinal barrier integrity. Our analyses reveal a key isoform-
specificity in lifespan regulation: loss of the longest isoforms (e.g., shc156, ot611) extends lifespan, while loss of 
all isoforms (e.g., shc117, shc118) or ubiquitous RNAi-mediated knockdown shortens it (Fig. 1). This opposing 
phenotypic outcome indicates that different fln-2 isoforms can exert functionally antagonistic roles in aging.

The C. elegans filamin ortholog FLN-2 participates in diverse cellular processes, including cell migration 
and multivesicular body biogenesis13,18. Our work extends the foundational discovery that the spontaneous fln-
2(ot611) allele (identical to Tyr739*, previously annotated as Y800*) extends lifespan by reducing mortality from 
pharyngeal infection15. We also confirmed this phenotype and further demonstrated that reduced pharyngeal 
infection is a consistent feature of all the longest isoforms loss-of-function alleles, including the short-lived 
mutant fln-2(shc117) (Fig. 5c). This seemingly contradictory phenomenon, where reduced infection rates and 
shortened lifespan occur simultaneously, leads us to propose an isoform antagonistic model. We hypothesize 
that in pan-isoform mutants like fln-2(shc117), severe detrimental effects resulting from loss of shorter, essential 
isoforms override the potential longevity benefit conferred by reduced infection. This interpretation is supported 
by the fosmid-based rescue of shc117 morphological defects through reintroduction of shorter isoforms 
(Supplementary Fig. 8). Although we did not perform lifespan assays on these fosmid-rescued animals due to 
potential overexpression effects, the morphological rescue strongly suggests that the loss of shorter isoforms 
underlies the developmental deficits.

Genetic interaction analysis showed non-additive lifespan effects between fln-2(ot611) and eat-2(ad1113) 
mutants (Fig. 3d, e). While eat-2 is a canonical genetic model of dietary restriction (DR) that acts primarily 
through reduced food intake30, fln-2(ot611) does not alter pharyngeal pumping or food consumption (Fig. 3g-i). 
Both fln-2(ot611) and eat-2(ad1113) mutants reduce pharyngeal infection (Fig. 5c), as previously described15. In 
addition, we found that both mutants exhibited reduced intestinal bacterial colonization and enhanced intestinal 
autophagy levels(Fig. 5c, e). These shared changes may explain why the fln-2(ot611) mutation could not further 
extend the lifespan of the eat-2(ad1113) mutants. Thus, fln-2(ot611)-mediated longevity is mechanistically 
distinct from canonical dietary restriction. Instead, their genetic interaction likely results from convergence on 
a shared downstream outcome: both mutations significantly reduce pharyngeal infection and intestinal bacterial 
colonization (Fig. 5c, e), and both elevate intestinal autophagy (Fig. 4a). This convergent modulation of host-
microbe interaction provides a coherent explanation for their non-additive effects on lifespan.

Collectively, our results reveal a coherent longevity pathway wherein loss of the longest fln-2 isoforms 
enhances pharyngeal grinding, reduces viable bacterial load, and extends lifespan in a manner that requires 
both live bacteria and a functional autophagy pathway. The longevity effect of ot611 and shc156 mutants on heat-
inactivated bacteria was completely eliminated (Fig. 6a, d), and their lifespan extension depended on autophagy 
(Fig. 4), indicating that this mechanism likely works by altering interactions with live microorganisms rather 
than by nutritional restriction itself. The fact that the fln-2(ot611) mutants do not reduce food intake also 
supports this mechanism.

We acknowledge two primary limitations of the current study. First, while our data suggest a correlation 
between reduced bacterial colonization and activated intestinal autophagy upon feeding heat-inactivated 
bacteria, the precise causal relationship remains to be fully elucidated. Future studies utilizing bacterial genetic 
models with specific colonization defects, or employing temporal-resolution analyses of autophagy induction 
following precise bacterial clearance, will help distinguish whether the trigger is the mere absence of live 
bacteria, the presence of inactivated bacterial components, or an associated nutritional shift. Second, the precise 
molecular functions of the large fln-2 isoforms remain incompletely elucidated. Given the considerable size of 
the fln-2 genomic locus (~ 30 kb), a detailed molecular-level investigation was beyond the scope of this work. 
Future studies employing biochemical and cell biological approaches will be essential to define how these 
isoforms mechanistically regulate the pharyngeal function.

Nevertheless, our research identifies fln-2 as a critical, isoform-specific regulator that links pharyngeal 
function with host-microbe interactions and autophagy pathways, thereby influencing longevity.

Fig. 4.  The lifespan extension of fln-2(ot611) mutants is associated with autophagy signaling. a Representative 
fluorescence images of acidic lysosome staining of Day 3 wild-type N2, fln-2(ot611), eat-2(ad1113), and 
fln-2(ot611);eat-2(ad1113) double mutants. The right side shows the relative fluorescence intensity. b 
Representative fluorescence images of HLH-30::GFP of wild-type N2 and fln-2(ot611)mutants at Day 1 or 
Day 5 stage. The side below shows the percentage of animals with HLH-30 in the nuclei of intestinal cells. The 
specific information is marked below the bar graph in the form of N(n), where N represents the total number 
and n represents the number of experiments. The data are shown as means ± SEM. p-Values were determined 
by the unpair t-test. c-i Lifespan curves of wild-type N2, fln-2(ot611), atg-18(gk378) (c), atg-9(bp564) (d), 
hlh-30(tm1978) (e), unc-51(e369) (g), unc-51(e1189) (h) single mutants, and fln-2(ot611);atg-18(gk378) (c), 
fln-2( ot611);atg-9(bp564) (d), fln-2(ot611);hlh-30(tm1978) (e), fln-2(ot611);unc-51(e369) (g), fln-2(ot611); unc-
51(e1189) (h) double mutants. f, i Summary of mean lifespans. Data are presented as mean lifespan ± SEM. The 
experiments were repeated three times independently, and p-Values were determined using the log‐rank test. 
See Supplementary Tables 8, 9 for details. *p < 0.05; ***p < 0.001; and n.s., not significant.
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Materials and methods
C. elegans strains and cultivation
Worms were cultured on standard nematode growth media (NGM) plates seeded with Escherichia OP50 
bacteria47. Unless otherwise specified, worms were usually cultured at 20 °C. Bristol N2 was used as the wild-
type strain in this study, and all strains used in this study are listed in Supplementary Table 1. Since the ot611 has 
been found in many labs wild type, all C. elegans strains used in this study were sequenced at Tyr739 of the fln-2 
gene to ensure that all strains except the fln-2(ot611) mutants were wild-type at this locus.

Plasmids and transgenic manipulations
Plasmids were constructed with the pSM vector48 (for transgenic plasmids) or pDD16249 (for sgRNA plasmids) 
by recombination. Transgenic strains were generated by microinjecting extrachromosomal DNA arrays into 
the gonads of adult worms50. DACR218 (Punc-122::RFP) was used as a co-injection marker. All plasmids were 
injected at a concentration of 20 ng/µL. In this study, the promoter sequences of each group of fln-2 isoforms were 
cloned by PCR from the genome of N2 worms. Details of plasmids and primers are shown in Supplementary 
Table 2.

Fig. 5.  fln-2a/e/s/t/r/u/v/w(lf) mutations enhance pharyngeal grinding and digestion of bacteria, reducing 
pharyngeal infections and intestinal bacterial colonization. a Fluorescence images and colocalization analysis 
of GFP-tagged the longest FLN-2 proteins and Congo red staining for marking the pharyngeal cuticle. b 
Schematic diagram of the C. elegans pharynx55. The functional divisions of the pharynx are shown from 
left to right: the buccal cavity, procorpus, metacorpus, isthmus, and terminal bulb. c Scoring of pharyngeal 
widespread infection of wild-type N2, fln-2(ot611), fln-2(shc156), fln-2(shc117), eat-2(ad1113), and fln-
2(ot611);eat-2(ad1113) mutants fed with E. coli expressing GFP using fluorescence microscopy. Animals used 
in this experiment were at the Day 10 stage. The right side shows examples of pharyngeal infection with OP50-
GFP E. coli. d Fluorescence images of wild-type N2, fln-2(ot611), fln-2(shc156), and fln-2(shc117)mutants after 
being transferred to plates seeded with E. coli expressing GFP at the Day 5 stage, and the relative fluorescence 
intensity of uncultured bacteria in the intestine. e Representative fluorescence images of FISH staining of 
wild-type N2, fln-2(ot611), fln-2(shc156), fln-2(shc117), and eat-2(ad1113) at Day 12 stage. The right side 
shows the relative fluorescence intensity. f DIC images of Day 12 wild-type N2, fln-2(ot611), atg-18(gk378), 
and fln-2(ot611); fln-2(ot611) double mutants after soaking in blue food dye for 3 hours. The right side shows 
the percentage of animals with intact intestinal barrier compared to the total number of animals. The specific 
information is marked below the bar graph in the form of N(n), where N represents the total number and n 
represents the number of experiments. The scale bar is 100 μm and experiments were repeated three times 
independently. p-Values were determined using one-way ANOVA with Tukey’s multiple comparison test. **p < 
0.01; ***p < 0.001; and n.s., not significant.
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Fig. 6.  The longevity of the fln-2a/e/s/t/r/u/v/w(lf) mutants disappeared in heat-inactivated bacteria. a Survival 
curves of wild-type N2 and fln-2(ot611) fed with normal E. coli or heat-killed E. coli, respectively. The right 
side shows the summary of mean lifespans. Data are presented as mean lifespan ± SEM. See Supplementary 
Table 10 for details b Representative fluorescence images of FISH staining of wild-type N2 and fln-2(ot611) 
animals fed with normal or heat-killed E. coli at the Day 12 stage. The right side shows the relative fluorescence 
intensity. c Representative fluorescence images of acidic lysosome staining of Day 3 wild-type N2 and fln-
2(ot611) fed with normal or heat-killed E. coli, respectively. d Survival curves of wild-type N2, fln-2(shc156), 
and fln-2(shc117) animals fed with normal or heat-killed E. coli, respectively. The right side shows the summary 
of mean lifespans. Data are presented as mean lifespan ± SEM. See Supplementary Table 11 for details. The 
right side shows the relative fluorescence intensity. p-Values in (a, d) were determined using the log-rank test, 
***p < 0.001; and n.s., not significant. p-Values in (b, c) were determined using one-way ANOVA with Tukey’s 
multiple comparison test. *p < 0.05; ***p < 0.001; and n.s., not significant.
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CRISPR-Cas9 editing
All mutant alleles in this study were generated using CRISPR-Cas9 editing, except for the fln-2(syb7775) mutant 
allele, which was constructed by SunyBiotech. CRISPR-Cas9 genomic editing was performed as previously 
described51. One or two sgRNA plasmids (50 ng/µL), one repaired template plasmid (20 ng/µL), together with 
three co-injected markers (Pmyo-3::mCherry (5 ng/µL), Prab-3::mCherry (15 ng/µL), and Pmyo-2::mCherry(5 
ng/µL)), were injected into the gonads of adult worms, and the mutants were screened in F2 progeny using PCR 
and DNA electrophoresis or sequencing. One repaired template plasmid is not necessary when deletion mutants 
are constructed. The sgRNAs were inserted into the pDD162 vector, which contained the coding sequence of 
Cas9. The detailed information on sgRNAs used in this study is shown in Supplementary Table 3. The repaired 
template plasmids contained homologous repair sequences before and after the mutation or insertion site, 
together with synonymous mutations in sgRNA.

RNAi (RNA interference)
Standard feeding RNA interference (RNAi) experiments were performed as previously reported52. Briefly, 
bacteria HT115 carrying the empty vector L4440 were used as a control, and HT115 carrying the same vector 
expressing the cDNA of interest was used for RNAi. 200 µL RNAi bacteria or control bacteria were seeded onto 
the RNAi plates one day before the experiment. Embryos prepared by bleaching were seeded onto the RNAi 
feeding plates. After 48 h, the synchronized L4 animals were transferred to new RNAi feeding plates to start the 
lifespan assays.

Survival and lifespan assay
All lifespan experiments were performed on NGM plates containing E. coli OP50, except for those involving 
RNAi, where experiments were performed on E. coli HT115. All lifespan assays were performed at 20 °C unless 
specified. Age-synchronized worms were acquired from gravid worms laying eggs for 2 h on standard NGM 
plates. After 48 h, about 100 synchronized L4 worms were transferred onto NGM plates seeded with E. coli 
OP50 bacteria. Worms were transferred every other day to a fresh plate containing E. coli OP50. For RNAi 
experiments, synchronized L4 worms were transferred onto RNAi feeding plates and transferred into new RNAi 
plates every other day. In all lifespan assays, the first day of adulthood was considered Day 1, and the survival 
status of the worms was checked daily thereafter. Animals that crawled off the plate, exploded or bagged were 
censored. Animals that did not respond to mechanical prodding were scored as dead.

Each strain was subjected to at least three rounds of independent experiments, with each round including 
more than 50 worms. We used the Kaplan–Meier method to calculate the average survival rate and assessed the 
significance of differences in survival rates using the log-rank test. Statistical analyses were performed using 
GraphPad Prism (version 9.5.1). The average survival rate was calculated using the Kaplan-Meier method, and 
the significance of differences in survival rate was assessed using the log-rank test.

Measurement of body length, body bends, and length of the trajectory
Body length
Synchronized worms on the second day of adulthood were anesthetized on 3% agarose pads with 50 mM 
muscimol (BACHEM, Cat: 4004216.0050). Images were acquired with an Olympus light microscope, and the 
length of each worm was measured using ImageJ based on the length of the scale bar. Experiments were repeated 
three times independently, with each time including approximately 10 animals.

Body bend frequency
For the body bends assay, synchronized L4 animals were picked onto NGM plates seeded with fresh E. coli OP50, 
and allowed to grow up at 20 °C for specific time (Day 2/5/10/15). On the day of testing, the body bends of the 
worms in a drop of liquid M9 buffer were recorded by a camera and counted for 30 s. Before the measurement, 
worms were transferred to fresh NGM plates without E. coli and were allowed to crawl for 2 min to remove 
bacteria carried. The frequency of body bends was counted after the worms were adapted to the liquid for 
30 s. At least three biological replicates were determined for the assays, with approximately 10 worms in each 
experimental group.

Length of the trajectory
For the trajectory length assay, synchronized L4 animals were picked onto NGM plates seeded with fresh E. 
coli OP50, and allowed to grow up at 20 °C for specific time (Day 5/10). On the day of testing, each worm was 
transferred to fresh NGM plates covered with E. coli OP50 for 2 min. After 2 min, the worm was removed, and 
the movement trajectory within 2 min was calculated by measuring the length of the scale bar.

Pharyngeal pumping rate and food intake
Pharyngeal pumping rate
To quantify the pumping rate, at the time point of measurements (Day 1 and Day 5), worms were transferred to 
fresh NGM plates without E. coli and allowed to acclimate for 2 min, after which the pharyngeal pumping rate 
was quantified under a stereoscope within 30 s. Three biological replicates were determined for the assays, with 
approximately 10 worms in each experimental group.

Food intake
Food intake was assessed in liquid medium (S-complete medium containing 50 µg/ml Carbenicillin and 0.1 
µg/ml Amphotericin B to prevent fungal or bacterial contamination). Worms were cultured in black, flat-
bottomed, optically clear 96-well plates (Costar) as described previously31. Age-synchronized L1 worms were 
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added to S-complete medium supplemented with antibiotics and prepared E. coli. Worms were diluted to about 
40 worms/mL, and the E. coli were diluted to about 6 mg/mL using S-complete medium. The total volume per 
well was 150 µL. Plates were covered with sealers to prevent evaporation, and worms were allowed to grow at 
20℃ for 2 days. After 2 days, 5-fluoro-2′-deoxyuridine (FUdR, Sigma, Cat: F0503) was added to each well at a 
final concentration of 120 µM.

Thereafter, starting from the first day of adulthood, the absorbance of each well at 600 nm (OD600) was 
measured using a microplate reader every 24  h. The plate was shaken for 25  min before measurement and 
completed within 10  min. The number of surviving animals in each well was counted using a microscope. 
Finally, the food intake of each worm was calculated as follows: bacterial removal rate per well/number of worms 
per well.

It is important to note that this established protocol quantifies the relative depletion of a growing bacterial 
population. Because the bacteria replicate during the assay, the measured OD600 reflects a dynamic equilibrium 
between bacterial consumption by the worms and bacterial growth. Therefore, this method is suitable for 
comparing relative food intake between different strains under identical conditions but does not yield the 
absolute number of bacterial ingested by the worms.

Fluorescence microscopy and confocal imaging
Synchronized animals were anesthetized on 3% agarose pad with a drop of 50 mM muscimol for imaging. 
Confocal images were captured with an Andor Dragonfly Spinning Disc Confocal Microscope with 10×, 20×, 
40×, or 60× objectives. GFP or DAPI was imaged with 488–405 nm excitation wavelength lasers, respectively. 
When necessary, Z-stacks of optimal range were obtained with a 0.5 μm step size and then analyzed. Imaging 
of the whole animal was acquired using the stitching function. Images were processed with ImageJ (NIH) or 
Photoshop. The fluorescence intensity was analyzed using ImageJ (NIH).

OP50-GFP infection assays
OP50-GFP infection assays were performed as previously described15. In brief, OP50-GFP bacterial culture was 
cultured in LB medium supplemented with ampicillin, washed three times with antibiotic-free LB medium to 
remove ampicillin, and added onto NGM plates at least one day before use. Synchronized L4 animals were picked 
onto NGM plates seeded with fresh E. coli OP50-GFP, and allowed to grow up at 20 °C for Day 10. On the day of 
testing, worms were anesthetized on 3% agarose pads with 50 mM muscimol. Next, the fluorescence distribution 
of the second laryngeal bulb in the pharynx was scored using a confocal microscope at 400× magnification.

Quantitative fluorescence analysis of intestinal OP50-GFP
Synchronized L4 animals were picked onto NGM plates seeded with fresh E. coli OP50, and allowed to grow up 
at 20 °C for Day 1 or Day 5. On the day of testing, worms were picked onto NGM plates seeded with fresh E. 
coli OP50-GFP for 2 h. After 2 h, worms were anesthetized on 3% agarose pads with 50 mM muscimol. Images 
were taken using an Andor Dragonfly Spinning Disc Confocal Microscope with 10× objectives. The fluorescence 
intensity was quantified using Image J (NIH) software.

RNA extraction, reverse transcription, and quantitative real-time PCR (qRT-PCR)
Total RNA was extracted from collected nematode samples using RNAiso Plus (Takara) and then converted to 
cDNA using the cDNA reverse transcription kit (TOYOBO, Cat: FSQ-201). Quantitative real-time PCR (qRT-
PCR) experiments were performed using SYBR Green PCR Mix (TOYOBO, Cat: QPK-201) on the ABI 7500 
system. act-1gene was used as an internal control. The relative expression levels of genes were determined using 
the 2−ΔΔCT method and normalized to the expression of the act-1 gene. p-Values were calculated using unpaired 
t‐test. p-Values were calculated using unpaired t-test. The primers used for PCR were as follows (5′-3′): act-1, ​A​
A​A​T​C​G​T​C​C​G​T​G​A​C​A​T​C​A​A​G (forward) and ​T​C​C​G​T​C​A​G​G​A​A​G​T​T​C​G​T​A​G (reverse); fln-2, ​C​C​T​G​A​G​G​A​A​
A​C​T​G​G​A​A​C​T​T​A (forward) and ​T​C​C​A​T​G​T​C​T​A​G​G​T​C​G​T​T​A​A​C (reverse).

Intestinal barrier function assay
Intestinal barrier function assays were performed as previously reported35. Synchronized adult animals at the 
Day 3 or Day 12 stage were suspended for 3 h in liquid cultures of standard OP50 bacteria mixed with blue food 
dye (Sigma, Cat: 861146, 5.0% wt/vol). Animals were then transferred to NGM plates seeded with OP50 bacteria 
for 1 h. We used the Olympus light microscope to observe the presence or absence of blue food dye in the body 
cavity. For each time point, at least three independent experiments were performed, each with 20–30 animals per 
strain. Data were analyzed using GraphPad Prism (version 9.5.1).

RNA fluorescence in situ hybridization (FISH)
To visualize microbial colonization in C. elegans intestines, RNA FISH assays were performed as previously 
described53. In brief, synchronized adult animals at the Day 12 stage were collected and then washed three 
times with PBST buffer, after which the animals were fixed with paraformaldehyde for 45 min and FISH-stained 
as described previously. The FISH probe used was designed for the 16 S rRNA of bacteria and conjugated to 
Cyanine 3 (Cy3). OP50 was stained with the probe targeting the 16 S rRNA sequence ​C​A​G​C​G​A​A​G​C​A​G​C​A​A​G​
C​T​G​C. Images were taken using an Andor Dragonfly Spinning Disc Confocal Microscope with 10× objectives. 
The fluorescence intensity was quantified using Image J (NIH) software.
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LysoTracker staining and congo red staining
LysoTracker staining
LysoTracker staining assays were performed as previously described54. Synchronized L4 animals were picked 
onto NGM plates seeded with fresh E. coli OP50 bacteria and allowed to lay eggs for 24 h at 20 °C. LysoTracker 
Red DND-99 (Invitrogen, Cat: L7528) was added at 2 µM to the NGM medium and the E. coli OP50 bacteria. 
Worms were allowed to grow up at 20 °C for 3 days. Confocal images were captured with an Andor Dragonfly 
Spinning Disc Confocal Microscope with 10× objectives. The fluorescence intensity was quantified using Image 
J (NIH) software.

Congo red staining
Congo red staining assays were performed as previously described41. 250 µL saturated distilled solution of 
Congo Red was added to the agar surface of NGM plates. At least 1 day later, E. coli OP50 was seeded onto plates 
and allowed to dry for at least 12 h. Synchronized L4 animals were picked onto NGM plates containing Congo 
Red and allowed to grow up for 2 days at 20 °C. Before imaging, animals were transferred to regular NGM plates 
for 2 h to destain, after which Confocal images were captured with an Andor Dragonfly Spinning Disc Confocal 
Microscope with 40× objectives.

Statistical analysis
Data are presented as mean ± SEM from at least three independent biological replicates. Sample sizes (n, number 
of biologically independent animals or cultures) are provided in the figure legend/caption or supplementary 
information.

Lifespan curves were compared using the log-rank (Mantel-Cox) test, and the mean lifespan ± SEM of three 
repeated experiments is presented.

For comparisons between two sets of normally distributed data, the unpair t-test is used. Comparisons 
among multiple groups were performed using one-way ANOVA with Tukey’s multiple comparison test.

All analyses were performed in GraphPad Prism 9.5.1. Statistical significance values are indicated as follows: 
*p < 0.05; **p < 0.01; ***p < 0.001; and n.s., not significant.

  

Data availability
All data generated or analyzed in this study are included in the article (and its supplementary information files). 
It can also contact the corresponding author for additional requests.
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