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[Abstract] Perturbation of mitochondrial function is a major hallmark of several pathological conditions
and ageing, underlining the essential role of fine-tuned mitochondrial activity (Lopez-Otin et al., 2013).
Mitochondrial selective autophagy, known as mitophagy, mediates the removal of dysfunctional and/or
superfluous organelles, preserving cellular and organismal homeostasis (Palikaras and Tavernarakis,
2014; Pickrell and Youle, 2015; Scheibye-Knudsen et al., 2015). In this protocol, we describe a method
for assessing mitophagy in the nematode Caenorhabditis elegans.
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[Background] Mitochondria are characterized as cellular powerhouses of eukaryotic cells, since they
are the major energy providers through oxidative phosphorylation (OXPHOS) and ATP generation.
Moreover, their pivotal role in cellular homeostasis is highlighted by their contribution in the regulation
of several fundamental cellular processes including calcium buffering, metabolite synthesis and
apoptosis, among others. Deregulation of mitochondrial function is associated with the onset of several
pathological conditions including ageing and age-related neurodegenerative diseases (Vafai and
Mootha, 2012; Palikaras and Tavernarakis, 2014). Thus, eukaryotic organisms have evolved several
complex and highly specialized molecular pathways to guard energy homeostasis (Pickrell and Youle,
2015; Scheibye-Knudsen et al., 2015). Mitophagy is a selective type of autophagy promoting the
elimination of impaired mitochondria, and the major degradation pathway by which cells regulate
mitochondrial content in response to intracellular and environmental signals (Palikaras et al., 2015;
Schiavi et al., 2015; Fang et al., 2016). In this protocol, we describe two methods for monitoring
mitophagy in C. elegans. We developed two composite, in vivo imaging systems to asses mitophagy
based, first, on the Rosella biosensor (Rosado et al., 2008), which combines a fast-maturing pHinsensitive DsRed fused to a pH-sensitive GFP variant, and second, on a custom, dual-fluorescence
reporter system that involves a mitochondria-targeted GFP, together with the autophagosomal marker
LGG-1/LC3 fused to DsRed. These protocols facilitate non-invasive monitoring of mitophagy in live
specimens.
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Materials and Reagents
1. Greiner Petri dishes (60 x 15 mm) (Greiner Bio One International, catalog number: 628161)
2. Microscope slides 75 x 25 x 1 mm (Marienfeld-Superior, catalog number: 10 006 12)
3. Microscope cover glass 18 x 18 mm (Marienfeld-Superior, catalog number: 01 010 30)
4. Use the following transgenic nematodes to monitor mitophagy: IR1631: N2;Ex003 [pmyo-3TOMM20::Rosella; pRF4], R1284: N2;Is [pmyo-3mtGFP];Ex011 [plgg-1DsRed::LGG-1; pmyo-2GFP])
5. Escherichia coli OP50 strain (obtained from the Caenorhabditis Genetics Center)
6. 70% of EtOH
7. Potassium dihydrogen phosphate (KH2PO4) (EMD Millipore, catalog number: 104873)
8. di-Potassium hydrogen phosphate (K2HPO4) (EMD Millipore, catalog number: 137010)
9. Sodium chloride (NaCl) (EMD Millipore, catalog number: 106404)
10. Peptone (BD, BactoTM, catalog number: 211677)
11. Streptomycin (Sigma-Aldrich, catalog number: S6501)
12. Agar (Sigma-Aldrich, catalog number: 05040)
13. Cholesterol stock solution (SERVA Electrophoresis, catalog number: 17101.01)
14. Calcium chloride dehydrate (CaCl2.2H2O) (Sigma-Aldrich, catalog number: C5080)
15. Magnesium sulfate (MgSO4) (Sigma-Aldrich, catalog number: M7506)
16. Nystatin stock solution (Sigma-Aldrich, catalog number: N3503)
17. di-Sodium hydrogen phosphate (Na2HPO4) (EMD Millipore, catalog number: 106586)
18. Levamisole (Sigma-Aldrich, catalog number: L9756)
19. Paraquat (Sigma-Aldrich, catalog number: 856177)
20. Carbonyl cyanide m-chlorophenylhydrazone (CCCP) (Sigma-Aldrich, catalog number: C2759)
21. Dimethyl sulfoxide cell culture grade BC (DMSO) (AppliChem, catalog number: A3672,0250)
22. Phosphate buffer (1 M; sterile, see Recipes)
23. Nematode growth medium (NGM) agar plates (see Recipes)
24. M9 buffer (see Recipes)
25. Levamisole (0.5 M, see Recipes)
26. M9-levamisole solution (20 mM solution, see Recipes)
27. Paraquat (0.5 M, see Recipes)
28. Carbonyl cyanide m-chlorophenylhydrazone (49 mM; CCCP, see Recipes)
Equipment
1. UV crosslinker (Vilber Lourmat, model: BIO-LINK – BLX-E365)
2. Zeiss AxioImager Z2 epifluorescence microscope (Zeiss, model: Zeiss AxioImager Z2)
3. Olympus DP71 CCD camera (Olympus, model: Olympus DP71)
4. Zeiss AxioObserver Z1 confocal microscope (Zeiss, model: Zeiss AxioObserver Z1)
5. Dissecting stereomicroscope (Olympus, model: SMZ645)
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6. Incubators for stable temperature (AQUA®LYTIC incubator 20 °C)
Software
1. Olympus CELL-A software
2. Zeiss ZEN 2012 software
3. Image J (https://imagej.nih.gov/ij/)
4. Microsoft Office 2011 Excel (Microsoft Corporation, Redmond, USA)
5. GraphPad Prism software package (GraphPad Software Inc., San Diego, USA)
Procedure
A. Growth and synchronization of nematode population
1. Select L4 larvae of transgenic animals, which express mitochondria-targeted Rosella (mtRosella)
or co-express mitochondria-targeted GFP (mtGFP) together with the autophagosomal marker
LGG-1 fused with DsRed in body wall muscle cells, on a freshly E. coli (OP50) seeded NGM
plate. Use at least three plates for each nematode strain.
2. Incubate the nematodes at the standard temperature of 20 °C.
3. Four days later the plates contain mixed animals population.
4. Synchronize nematodes by picking L4 transgenic larvae and transfer them onto separate freshly
E. coli (OP50) seeded plates (Palikaras, K. and Tavernarakis, N. [2016]. Intracellular
Assessment of ATP Levels in Caenorhabditis elegans. Bio-protocol 6(23): e2048; Palikaras, K.
and Tavernarakis, N. [2016]. Measuring Oxygen Consumption Rate in Caenorhabditis elegans.
Bio-protocol 6(23): e2049).
5. Add 20 L4 larvae per plate. For each experimental condition, use at least five plates (see Note
1).
B. Oxidative and mitochondrial stress assay
1. Kill E. coli (OP50) bacteria seeded on NGM plates by using a UV crosslinker (UV irradiation for
15 min; 0.5 J).
2. Add paraquat or CCCP to the top of seeded NGM plates at 8 mM and 15 μM final concentrations
in the total agar volume respectively. Paraquat and CCCP are well-known inducers of mitophagy
in mammalian cells (Narendra et al., 2010).
3. Gently swirl the plates and allow each drug to spread to the entire surface.
4. Let the plates dry at room temperature.
5. Transfer 2- or 4-day-old of adulthood adult transgenic animals on paraquat- or CCCP-containing
plates.
6. Incubate the transgenic animals at 20 °C.
7. Upon two days of exposure to each drug prepare the nematodes for microscopic examination.
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C. Mounting nematodes for imaging
1. Add a droplet of 10 μl M9-levamisole buffer (20 mM final concentration, see Note 2) on 2%
agarose pad (see Note 3).
2. Collect transgenic animals with an eyebrow/eyelash hair and place them in M9-levamisole
droplet immobilizing transgenic animals for imaging (see Note 4).
3. Gently place a coverslip on the top press. Samples are ready for microscopic examination with
either a Zeiss AxioImager Z2 epifluorescence microscope or a Zeiss AxioObserver Z1 confocal
microscope.
D. Imaging of transgenic nematodes
1. Capture single transgenic animals or single body wall muscle cells using a camera attached to
the microscope.
2. Acquire (a) fluorescent images of whole transgenic nematodes expressing mtRosella in body
wall muscle cells by using Zeiss AxioImager Z2 epifluorescence microscope or perform (b) zstack method of an entire single body wall muscle cell expressing mtGFP together with
autophagosomal marker DsRed::LGG-1 by using Zeiss AxioObserver Z1 confocal microscope.
3. Imaging parameters such as microscope and camera settings (lens and magnifier used, filters
exposure time, resolution, laser intensity, gain etc.) should be documented and kept the same
during the imaging process.
4. Save collected images from each method (a or b) and proceed to data analysis.
E. Analyze data from imaging process
1. Process images acquired from (a) method with ImageJ software to measure the average pixel
intensity values and total area for each fluorescent image of transgenic worm. Focus on body
wall muscle cells of the head region avoiding intestinal autofluorescence (Figures 1 and 2; see
Note 5). To analyze the area of interest manually:
a. Select the ‘split channel’ command via the ‘image’ and ‘colour’ drop-down menu to convert
images.
b. Use the ‘freehand selection’ tool to enclose the fluorescent area.
c.

Select the ‘measurement’ command via the ‘analyze’ drop-down menu to perform pixel
intensity analysis.

d. Normalize pixel intensity values by dividing with the selected area values by using the
Microsoft Office 2011 Excel software package (Microsoft Corporation, Redmond, USA).
e. Upon normalization calculate GFP to DsRed ratio.
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Figure 1. Mitophagy induction upon oxidative and mitochondrial stress. Transgenic
nematodes expressing mtRosella in body wall muscle cells, were exposed to paraquat or CCCP.
Mitophagy induction is signified by the reduction of the ratio between pH-sensitive GFP to pHinsensitive DsRed (n = 100; ***P < 0.001; one-way ANOVA). Arrowheads point out intestinal
autofluorescnce. Size bars denote 20 μm. Images were acquired using a 10x objective lens.
Error bars denote SEM values.
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Figure 2. Image analysis by using ImageJ software. 1. Open an acquired GFP signal-image
with ImageJ software; 2. Select split channel’ command via the ‘image’ and ‘colour’ drop-down
menu to convert images; 3. Keep ‘green channel’ image; 4. Use the ‘freehabnd selection’ tool
to enclose the fluorescent area (head region); 5. Select the ‘measurement’ command via the
‘analyze’ drop-down menu to perform pixel intensity analysis; 6. Perform the same analysis
pathway with an acquired DsRed-signal image.
2. Process images collected from (b) method with Zeiss ZEN 2012 software to find mitochondria
engulfed by autophagosomes, known as mitoautophagosomes.
a. Determine mitoautophagosomes number by manually counting the co-localization events
between mitochondrial (mtGFP) and autophagosomal marker (DsRed::LGG-1) displayed in
each stack of body wall muscle cell (Figure 3).
b. Analyze the data by using the Microsoft Office 2011 Excel software package (Microsoft
Corporation, Redmond, USA).
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Figure 3. Monitor mitoautophagosomes formation in vivo. Transgenic nematodes coexpressing a mitochondria-targeted GFP (mtGFP) in body wall muscle cells together with the
autophagosomal protein LGG-1 fused with DsRed, were treated with paraquat or CCCP.
Mitophagy stimulation is signified by co-localization of GFP and DsRed signals (for each group
of images mitochondria are shown in green on top, autophagosomes in red below, with a
merged image at the bottom). Increased number of mitoautophagosomes upon oxidatve and
mitochondrial stress (n = 50; ***P < 0.001; one-way ANOVA). Size bars denote 20 μm. Images
were acquired using a 40x objective lens. Error bars denote SEM values.
Data analysis
1. For each strain or condition, use at least 100 animals or 50 body wall muscle cells to obtain
more accurate results.
2. Each assay should be repeated at least three (3) times.
3. Use the Student’s t-test with a significance cut-off level of P < 0.05 for comparisons between
two groups.
4. Use the one-factor (ANOVA) variance analysis and correct by the post hoc Bonferroni test for
multiple comparisons.
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Notes
1. Transfer the selected transgenic animals to freshly seeded NGM plates every two days to avoid
progeny and prevent starvation due to lack of food. Calorie deprivation and starvation induce
mitophagy. Thus, well-fed animals should be used.
2. The use of M9 buffer instead of water ensures a favourable osmotic environment for the
nematodes.
3. Levamisole is a mild anaesthetics and is required to immobilize nematodes. Avoid anaesthetics
that could interfere with metabolic processes, such as sodium azide. Sodium azide induces
mitochondrial and oxidative stress through inhibition of mitochondrial respiratory chain and
perturbation of energy production. Thus, sodium azide is likely to induce mitophagy.
4. Take a toothpick and glue an eyebrow/eyelash hair to the tip of it. Let it dry at room temperature.
Then, use this tool to pick nematodes. Before using the eyebrow/eyelash hair always sterilize it
by using 70% of EtOH.
5. Intestinal autofluorescence increases during ageing in C. elegans. Thus, body wall muscle cells
close to the intestine should be avoided during the imaging process.
Recipes
1. Phosphate buffer (1 M)
a. For 1 L, dissolve 102.2 g KH2PO4 and 57.06 g K2HPO4 in distilled water and fill up to 1 L.
This is a 1 M solution, pH 6.0
b. Autoclave and keep at room temperature
2. Nematode growth medium (NGM) agar plates
a. Mix 3 g NaCl, 2.5 g Bacto peptone, 0.2 g streptomycin, 17 g agar and add 900 ml distilled
water. Autoclave
b. Let cool to 55-60 °C
c.

Add 1 ml cholesterol stock solution, 1 ml 1 M CaCl2, 1 ml 1 M MgSO4, 1 ml nystatin stock
solution, 25 ml sterile 1 M phosphate buffer, pH 6.0, and distilled sterile water up to 1 L

d. Pour about 8 ml medium per Petri dish and leave to solidify
e. Keep the plates at 4 °C until used
3. M9 buffer
a. Dissolve 3 g KH2PO4, 6 g Na2HPO4, 5 g NaCl in 1 L distilled water. Autoclave
b. Let cool and add 1 ml 1 M MgSO4 (sterile)
c.

Store M9 buffer at 4 °C

4. Levamisole (0.5 M)
a. Dissolve 1.2 g levamisole in 10 ml distilled water
b. Store levamisole solution at 4 °C
5. M9-levamisole (20 mM)
8
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6. Paraquat (0.5 M)
a.

Dissolve 1 g paraquat in 8 ml distilled water

b.

Prepare aliquots of 400 ml and store them at 4 °C

7. Carbonyl cyanide m-chlorophenylhydrazone (49 mM; CCCP)
a.

Dissolve 100 mg CCCP in 10 ml of DMSO

b.

Prepare aliquots of 1 ml and store them at -20 °C
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