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            Abstract
Mitochondrial function is challenged by toxic by-products of metabolism as well as by pathogen attack1,2. Caenorhabditis elegans normally responds to mitochondrial dysfunction with activation of mitochondrial-repair, drug-detoxification and pathogen-response pathways1,2,3,4,5,6,7. Here, from a genome-wide RNA interference (RNAi) screen, we identified 45 C. elegans genes that are required to upregulate detoxification, pathogen-response and mitochondrial-repair pathways after inhibition of mitochondrial function by drug-induced or genetic disruption. Animals defective in ceramide biosynthesis are deficient in mitochondrial surveillance, and addition of particular ceramides can rescue the surveillance defects. Ceramide can also rescue the mitochondrial surveillance defects of other gene inactivations, mapping these gene activities upstream of ceramide. Inhibition of the mevalonate pathway, either by RNAi or statin drugs, also disrupts mitochondrial surveillance. Growth of C. elegans with a significant fraction of bacterial species from their natural habitat causes mitochondrial dysfunction. Other bacterial species inhibit C. elegans defence responses to a mitochondrial toxin, revealing bacterial countermeasures to animal defence.
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                    Figure 1: Mitochondrial dysfunction activates homeostatic, detoxification and pathogen responses.


Figure 2: Some bacterial species from the C. elegans natural habitat antagonize the mitochondria.


Figure 3: The serine palmitoyltransferase sptl-1 is required for mitochondrial surveillance.


Figure 4: Ceramide biogenesis is required for mitochondrial surveillance.
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Extended data figures and tables

Extended Data Figure 1 Mitochondrial dysfunction activates homeostatic, detoxification and pathogen responses.
a, Drug-induced food-avoidance phenotypes on live or dead bacteria. Dead bacteria were obtained by heating bacteria at 90â€‰Â°C for 30â€‰min. Avoidance behaviour was also observed when antimycin was added to dead bacteria, showing that the drug acts directly on C. elegans and is not transformed by the bacteria. b, Quantification of the food-avoidance phenotypes of Extended Data Fig. 1a (n = 4). Error bars represent s.d. c, A dose response of hsp-6p::gfp induction with the addition of antimycin.


Extended Data Figure 2 Diagram of the genome-wide RNAi screen workflow.
For the detailed experimental procedure, see Methods.


Extended Data Figure 3 Diagram of the sphingolipid metabolism pathway and the corresponding genes.

Extended Data Figure 4 sptl-1 is required for mitochondrial surveillance.
a, A graph showing the fold change in C. elegans sptl-1 transcript level compared to control (n = 3). Error bars represent s.d. b, hsp-6p::gfp worms raised on control or sptl-1(RNAi) (n = 40). c, Body wall muscle animals expressing a mitochondrially localized GFP reporter. The animals were subjected to sptl-1(RNAi) for 36â€‰h and transferred onto the second RNAi (control, fzo-1, fis-1 or drp-1). The hyperfusion of mitochondria observed under sptl-1(RNAi) is dependent on the fusion machinery as disruption of mitochondrial fusion by inactivating fzo-1 or fis-1 partially restored the tubular structure. By contrast, inhibition of the gene drp-1 that governs fission led to mitochondrial hyperfusion. The images were taken 36â€‰h after they were placed on the second RNAi. d, A graph showing the percentage of worms which avoid the spg-7(RNAi) bacteria lawn 48â€‰h after they were initially placed on the plates (n = 4). Error bars represent s.d. e, A graph showing the percentage of worms that avoid the bacteria lawn 8â€‰h after the addition of antimycin (n = 4). Error bars represent s.d. f, Wild-type N2 or sptl-1(ok1693) mutant animals raised in the presence or absence of 0.8â€‰Î¼M antimycin. Photos were taken 4â€‰days after the synchronized L1 worms were placed on the plates. g, hsp-6p::gfp animals were raised on sptl-1(RNAi) for 36â€‰h and transferred onto a subset of wild microbes. The images were taken after 2â€‰days.


Extended Data Figure 5 Ceramide biosynthesis is required for mitochondrial surveillance.
a, Genotyping of the sphingolipid metabolism pathway mutant alleles. b, c, Fold difference in hsp-6 transcript levels in wild type or sphingolipid metabolism pathway mutants (b) and hyl-1 or lagr-1 mutants (c) (n = 3). Error bars represent s.d. d, hsp-6p::gfp worms raised on sptl-1(RNAi) in the presence of increasing amounts of ceramide. e, hsp-6p::gfp in the presence or absence of ceramide.


Extended Data Figure 6 Ceramide biogenesis is required for mitochondrial surveillance.
a, The percentage of worms that avoid the bacterial lawn 8â€‰h after the addition of antimycin. Animals were pre-treated with control RNAi, control RNAi with ceramide, sptl-1(RNAi) or sptl-1(RNAi) with ceramide (n = 4). Error bars represent s.d. b, Time course experiment for the induction of hsp-6p::gfp with antimycin. c, Dissected young adults after 4â€‰h antimycin treatment were stained with anti-COX-IV antibody (green) and anti-ceramide antibody (red). d, Nomarski (top) and fluorescent (bottom) images of intestinal cells in atfs-1;hsp-16p::atfs-1Î”1-32.myc::gfp transgenic animals. e, hsp-6p::gfp worms raised on indicated RNAi in the presence or absence of ceramide.


Extended Data Figure 7 Inhibition of the mevalonate pathway disrupts mitochondrial surveillance.
a, hsp-6p::gfp animals raised on control or hmgs-1(RNAi) in the presence of antimycin. b, Immunoblotting of GFP expressed by hsp-6p::gfp animals, with or without antimycin. c, Antimycin-induced food avoidance in control or hmgs-1(RNAi) animals. d, Quantification of food avoidance (n = 4). Error bars represent s.d. e, Body wall muscle of control or hmgs-1(RNAi) animals expressing a mitochondrially localized GFP reporter. f, hsp-6p::gfp animals raised on hmgs-1(RNAi), or hmgs-1(RNAi) with addition of mevalonate exposed to antimycin. g, hsp-6p::gfp animals treated with antimycin after pre-treatment with simvastatin or mevastatin. h, Mitochondrial immunostaining in HEK293T cells. i, ATP levels in C2C12 myotubes after treating with simvastatin or mevastatin (n = 3). Error bars represent s.d.


Extended Data Figure 8 Statin treatment impairs mitochondrial surveillance.
a, Diagram of the mevalonate pathway for the biosynthesis of cholesterol, ubiquinone and haem A, and protein N-glycosylation and prenylation. b, hsp-6p::gfp animals treated with antimycin after pre-treatment with increasing concentration of simvastatin. c, hsp-6p::gfp animals with mock, 80â€‰Î¼gâ€‰mlâˆ’1 simvastatin or 80â€‰Î¼gâ€‰mlâˆ’1 mevastatin treatment. d, hsp-6p::gfp animals raised on control RNAi, hmgs-1(RNAi), or hmgs-1(RNAi) with the addition of geranylgeranyl pyrophosphate. The animals were then treated with antimycin to induce mitochondrial damage. Statin toxicity has been proposed to be caused by the inhibition of Rab prenylation24. Geranylgeranyl pyrophosphate (GGPP), a precursor of protein prenylation rescued the statin side effect in cell culture24. GGPP also partially rescued the deficiency of mitochondrial surveillance and activated hsp-6p::gfp in antimycin-treated hmgs-1(RNAi) animals.


Extended Data Figure 9 Mitochondrial immunostaining in HEK293T cells.
The cells were treated with DMSO, 10â€‰Î¼M simvastatin or 10â€‰Î¼M mevastatin for 2â€‰days.


Extended Data Table 1 Full list of genes identified in the genome-wide RNAi screen for mitochondrial surveillanceFull size table





Supplementary information
Movement abilities of animals treated with control RNAi 
Animals were filmed after 48 hours of growth on control RNAi. (MOV 1725 kb)


Movement abilities of animals treated with sptl-1(RNAi)
Animals were filmed after 48 hours of growth on sptl-1(RNAi) (MOV 2107 kb)
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Damage to mitochondria, the cellular organelles that generate energy through respiration, triggers various protective programs, but little is known about the signalling pathways that monitor mitochondrial function and couple it to protective measures. Through a genome-wide RNA interference screen in the nematode Caenorhabditis elegans, Gary Ruvkun and colleagues identify 45 genes involved in upregulating the protective pathways following drug-mediated and genetic disruptions to mitochondria.
Pathways affected by these genes and linked to surveillance include biosynthesis of the signalling lipid ceramide, and the mevalonate pathway (inhibited by the cholesterol-lowering statins).
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