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[Abstract] The rate of oxygen consumption is a vital marker indicating cellular function during lifetime
under normal or metabolically challenged conditions. It is used broadly to study mitochondrial function
(Artal-Sanz and Tavernarakis, 2009; Palikaras et al., 2015; Ryu et al., 2016) or investigate factors
mediating the switch from oxidative phosphorylation to aerobic glycolysis (Chen et al., 2015; Vander
Heiden et al., 2009). In this protocol, we describe a method for the determination of oxygen consumption
rates in the nematode Caenorhabditis elegans.
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[Background] Recent evidence underlines mitochondrial function as a potential contributor in the
maintenance of organismal homeostasis and viability (Vafai and Mootha, 2012). Cellular oxygen
consumption is highly recognized as a fundamental indicator of mitochondrial function, reflecting
reactive oxygen species (ROS) production and metabolic activity of the cell. Therefore, several methods
have been developed to measure oxygen consumption rates in cells or entire organisms (Dranka et al.,
2011; Li and Graham, 2012; Luz et al., 2015; Perry et al., 2013). These approaches provided insight into
the pivotal roles of mitochondria in disease progression and pathogenesis (Scheibye-Knudsen et al.,
2015). In this protocol, we describe a method for the determination of oxygen consumption rates in the
nematode C. elegans by using a Clark-type polarographic oxygen sensor electrode (Hansatech, King’s
Lynn, England).
Materials and Reagents
A. Consumables
1. Commercial cigarette paper
2. Polytetrafluorethylene (PTFE) membrane (provided by Hansatech, King’s Lynn, England)
3. 15 ml tube (STARSTEDT, catalog number: 62.554.016)
4. 1.5 ml tube (Sigma-Aldrich, catalog number: Z606340)
5. Paper towel
6. Greiner Petri dishes (60 x 15 mm) (Greiner Bio One, catalog number: 628161)
7. Maintenance kit (Hansatech, King’s Lynn, England)
B. Biological reagents
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1. C. elegans strains (wild type [N2] and dct-1[tm376])
2. Escherichia coli OP50 strain (obtained from the Caenorhabditis Genetics Center)
C. Chemical reagents
1. Distilled water
2. Nitrogen gas provided in a tank
3. PierceTM BCA Protein Assay Kit (Thermo Fisher Scientific, Thermo ScientificTM, catalog number:
23225)
4. Potassium dihydrogen phosphate (KH2PO4) (EMD Millipore, catalog number: 1048731000)
5. K2HPO4
6. Sodium chloride (NaCl) (EMD Millipore, catalog number: 1064041000)
7. BactoTM peptone (BD, BactoTM, catalog number: 211677)
8. Streptomycin (Sigma-Aldrich, catalog number: S-6501)
9. Agar (Sigma-Aldrich, catalog number: 05040)
10. Cholesterol stock solution (SERVA Electrophoresis, catalog number: 17101.01)
11. Calcium chloride (CaCl2) (Sigma-Aldrich, catalog number: C-5080)
12. Magnesium sulfate (MgSO4) (Sigma-Aldrich, catalog number: M-7506)
13. Nystatin stock solution (Sigma-Aldrich, catalog number: N-3503)
14. Na2HPO4 (EMD Millipore, catalog number: 1065860500)
15. Potassium chloride (KCl) (Sigma-Aldrich, catalog number: P-5405)
16. Potassium chloride (KCl) buffer (see Recipes)
17. Nematode growth medium (NGM) agar plates (see Recipes)
18. M9 buffer (sterile; see Recipes)
19. Phosphate buffer (sterile; see Recipes)
Equipment
1. Dissecting stereomicroscope (Olympus, model: SMZ645)
2. Incubators for stable temperature (AQUA®LYTIC incubator 20 °C)
3. DW1/AD clark-type polarographic oxygen sensor (Hansatech Instruments, model: Oxygraph
Plus System)
4. Water bath at 20 °C
5. Tabletop centrifuge (Eppendorf, model: 5424)
6. Sonicator (Sonics & Material, model: VC 130PB)
Software
1. Oxygraph Plus software (Hansatech, King’s Lynn, England)
2. Microsoft Office 2011 Excel
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Procedure
A. Growth and synchronization of nematode population
1. Use a dissecting stereomicroscope to select L4 larvae of each strain. Place 4-6 L4 larvae on a
freshly Escherichia coli (OP50) seeded NGM plate (Figures 1A-1C). Use at least three plates
for each nematode strain.

Figure 1. Caenorhabditis elegans in the laboratory. A. E. coli (OP50) seeded NGM plates on
the base of a dissecting stereomicroscope. Bacterial lawn is visible on the surface of the agar.
B. A mix population of nematodes observed through the dissecting stereomicroscope.
Nematodes leave tracks on the plate surface indicating their movements on the bacterial lawn.
Scale bar = 1 mm. C. During development worms increase in size throughout four larval stages
(L1, L2, L3 and L4). L4 hermaphrodite nematodes can be distinguished by the developing vulva
(red arrowhead), which is a clear half circle in the center of the ventral side. Scale bar = 0.5 mm.
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2. Incubate the worms at the standard temperature of 20 °C.
3. Four days later the plates contain mixed nematode population (Figure 1B).
4. Synchronize nematodes by picking L4 larvae of each strain under a dissecting
stereomicroscope and transfer them onto separate plates.
5. Add 20-25 L4 larvae per plate. For each experimental condition, use at least five plates.
B. Set up the electrode disc and the electrode chamber
1. Read the manual to assemble properly the electrode chamber according to the manufactures’
instructions.
2. Cut a 1.5 cm2 paper spacer (cigarette paper) and a similar size piece of polytetrafluorethylene
(PTFE) membrane (Figure 2A; Video 1).

Figure 2. Oxygen consumption rate in C. elegans. A. Spare parts of oxygraph apparatus: 1.
Oxygraph electrode control unit, 2. Oxygraph chamber (top plate, water jacket, borosilicate
glass reaction vessel and base ring, 3. Polytetrafluorethylene (PTFE) membrane, 4. Commercial
cigarette papers, 5. Membrane applicator, 6. Electrode disc, 7. Small and large O-rings, 8.
Standard plunger assembly, 9. Oxygraph Plus software, 10. Electrode maintenance kit (cotton
buds and rapid Hansatech polishing paste). B. Slopes depict oxygen consumption rate upon
measurements of wild type (2, 4, 6) and dct-1(tm376) (1, 3, 5) animals. C. Oxygen consumption
rates normalized to total protein content. DCT-1 depleted animals display increased oxygen
consumption levels (*** P < 0.001; unpaired t-test). Error bars denote SEM.
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Video 1. Preparation of electrode disc and chamber during oxygen consumption
measurement

3. Place a small droplet of potassium chloride (KCl) buffer on the top of the dome of the electrode
disc (Video 1).
4. Place the cigarette paper on the center of the dome and cover it with the similar size piece of
PTFE membrane (Figure 2A; Video 1).
5. Place the small O-ring over the dome and then place the large O-ring around (Figure 2A; Video
1). If the large O-ring is not placed, when the disc is installed in the electrode chamber, the
measurements will be affected by ambient air due to impaired sealing (see Note 1; Video 1).
6. Once the electrode disc has been successfully prepared, check the response of the disc prior
to any experiment. Connect the electrode disc to the control unit.
7. Open the software and start recording. A few minutes later the signal will be stabilized and would
be around 2,000 mV in air.
8. Test the electrode disc by breathing on the electrode. A steep drop of the signal should be
observed due to decreased oxygen levels. Then, the signal should be return to the original levels
as the ambient oxygen equilibrates around the electrode disc.
9. If the signal does not respond, it may be caused by an inadequate electrode preparation. Then,
disassemble the electrode disc, clean the electrode and repeat the procedure described above
(steps B1-B8).
C. Liquid phase calibration of the electrode disc
1. Install the prepared electrode disc into the electrode chamber (Figure 2A, Video 1).
2. Place and connect the electrode chamber on to the rear of the control unit (Figure 2A).
3. Place 2 ml sterilized distilled water into the reaction vessel of the chamber.
4. Water should be equilibrated to the assay temperature before calibration process. Set up the
water bath at desired temperature and connect it with the electrode chamber to maintain stable
temperature during experiments (see Note 2).
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5. Open Oxygraph Plus software and set up the appropriate temperature and atmospheric
pressure.
6. Turn on stirrer to provide smooth stirring of the sample avoiding bubbles generation, which could
cause noisy signals.
7. Wait until a plateau of the signal has been reached.
8. Establish zero oxygen conditions. Bubble nitrogen gas into the reaction vessel of the chamber
to get rid all the oxygen out of the sample. Wait until the signal has reached a plateau.
9. Add 1 ml M9 buffer into the reaction vessel of the chamber and wait until system equilibration.
D. Assess oxygen consumption rate of the samples
1. Enable stirring throughout the duration of the experimental process.
2. Wash off the NGM plates using M9 buffer and collect nematodes in a 15 ml tube.
3. Let the animals to settle with gravity for few minutes. Use adult worms. Remove most of the
supernatant, which contains bacteria, eggs and larvae (L1, L2, L3 and L4). Repeat this step two
more times. After the last wash, reduce the volume to ~1.5 ml.
4. Remove M9 buffer from the reaction vessel of the camber (see Note 3).
5. Add 1 ml nematode suspension into the reaction vessel of the chamber.
6. Monitor oxygen consumption for 5-10 min.
7. Prepare the next sample. Wash off other plates containing different strains or treated animals.
Repeat steps D3-D5.
8. Recover the animals thoroughly from the reaction vessel and place them in a 1.5 ml tube (see
Note 3).
9. Place the tube on ice. The tubes should be kept on ice until protein determination.
10. Measure the next sample. Repeat steps D5-D9 (see Note 4).
11. Save the recorded data from Oxygraph Plus software (Figure 2B).
12. Collect the samples from ice and proceed to worm lysis and protein determination.
13. Insert sonicator tip into sample and sonicate each sample using ten (10) pulses at 70% power
each time. Immediately place the samples on ice (see Note 5).
14. Spin down samples at 14,800 x g for 10 min at 4 °C.
15. Transfer supernatants (solubilized proteins) into new 1.5 ml tubes and measure protein
concentration using a standard protein kit, such as PierceTM BCA Protein Assay Kit, following
the instructions of the manufacturer (Estimated protein concentration range: 0.05-0.9 μg).
16. Open and review the data (obtained during step D11) in Microsoft Office 2011 Excel (Figure 2B).
17. Divide the rate of the negative slope (oxygen consumption; obtained during step D6) with the
total protein amount (nmol/min/ml/mg) in Microsoft Office 2011 Excel software (Figure 2C).
18. Subject the data to further and more advanced statistical analysis (Figure 2C).
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E. Electrode maintenance and storage
1. Clean the electrode disc after use.
2. Use the small cotton bud and the polishing paste from the maintenance kit.
3. Grip gently and remove the brown/black deposition of silver chloride and oxidized salt (KCl) that
normally generated on silver electrode (see Note 6). Repeat polishing until all brown/black
deposits on the electrode surface are removed.
4. Gently polish the center of the electrode dome avoiding scratching.
5. Rinse the electrode disc with distilled water to remove all traces of the polishing paste (see Note
7).
6. Dry the electrode disc by using a paper towel.
7. Store the electrode disc in an air-tight vessel.
Data analysis
1. For each strain or condition, use at least 100 animals to obtain more accurate results.
2. For each experiment, the same number of nematodes should be examined for each strain and
condition.
3. Each assay should be repeated at least three (3) times.
4. Use the Student’s t-test with a significance cut-off level of P < 0.05 for comparisons between
two groups.
5. Use the one-factor (ANOVA) variance analysis and correct by the post hoc Bonferroni test for
multiple comparisons.
Notes
1. Do not over-tighten the large O-ring by screwing too strong because it could cause drifting
signals during measurements.
2. Oxygen electrode discs are very sensitive to temperature fluctuations affecting oxygen levels.
Maintain experimental temperature stable throughout the duration of the experiment. Equilibrate
the electrode disc to the assay temperature before taking place any calibration and/or
measurement.
3. Be careful not to destroy the membrane of the electrode disc during buffer removal.
4. Perform three independent measurements per strain or condition.
5. During sonication, samples should be kept cold to avoid protein degradation. Incubate samples
constantly on ice during sonication.
6. The electrode disc should never left to dry out with KCl in place. Crystallization of KCl remnants
could oxidized and destroy the electrode. Maintaining the disc to a high standard is extremely
important.
7. Do not wet the electrical connector of the disc during maintenance process.
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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 store at room temperature
2. Nematode growth medium (NGM) agar plates
a. Mix 3 g NaCl, 2.5 g BactoTM 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 (sterile), 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. Potassium chloride (KCl) buffer
a. Dissolve 17.5 g KCl in 100 ml distilled water
b. Store KCl buffer at 4 °C
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