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tions with a visible light spectrophotometer (Parrish amd Gram-
mer, 2012). However, the shift in the absorption spectrum of the 
dye upon acidification, the pK of the shift, had to exactly match 
the pH range of the acidification, necessitating changes in dyes 
employed depending upon which pH decreases were observed. 
Moreover, the absorption properties of any colored additives to 
be investigated and the light scattering properties of any potential 
food sources, such as bacterial suspensions, made it difficult to 
interpret the spectral properties of the observed mixture due to the 
use of spectrophotometry. Thus, the use of pH probes was alterna-
tively investigated.

Due to the intracellular oxidation of glucose, phenol red and 
spectrophotometry can detect color change. It was assumed that 
exogenous glucose would produce significant acidification of the 
medium by the worms. As the sugar is oxidized through respira-
tion, carbon dioxide is produced, which causes the medium to 
acidify. Previous studies have investigated the respiratory process-
es and demonstrated the dependence of absorption of pH indica-
tors on time and weak dependence of respiration rate on glucose 
concentration (Parrish & Grammer, 2012). 

This study developed procedures to further detect respiration 
in C. elegans by using Vernier pH probes (Vernier Software and 
Technology, Beaverton, OR) and tested the effects of E. coli and 
different carbohydrates (glucose, fructose, and maltose) on respi-
ration rates. It was hypothesized that Vernier pH probes could be 
utilized to detect respiration and that E. coli and glucose would 
show the highest respiration rates, even if all carbohydrates were 
metabolized to some degree. The addition of E. coli should re-
veal increased respiration rates because it serves as the main food 
source for C. elegans. Glucose was also expected to reveal high 

INTRODUCTION
Caenorhabditis elegans are 1 mm-long, non-parasitic nematodes 
that can be found in the soil. They are utilized as model organ-
isms because they are transparent, easy to maintain, inexpensive, 
have a sequenced genome, and have a rapid life cycle (Corsi et 
al., 2015). Their primary food source is Escherichia coli, a gram-
negative bacterium. C. elegans provide chemotaxis indices via 
chemotaxis assays; chemotaxis is the movement towards or away 
from an attractant or a repellent, respectively (Bargmann, 2006). A 
mitochondrial inhibitor, sodium azide, is utilized to stop the worms 
once they move to the test or control spots during chemotaxis as-
says. Sodium azide blocks cytochrome c oxidase and adenosine 
triphosphate (ATP) synthase, which causes the worms to die due to 
inhibition of the respiration processes (Massie et al., 2003).

C. elegans can also move by swimming. During the swimming 
period, the nematodes carry out cellular respiration, which acidi-
fies the medium. The acidification can be detected by phenol red, 
a pH indicator (Parrish & Grammer, 2012). Phenol red changes 
colors from red to yellow as the pH level of the solution decreases; 
hence, the pH becomes acidic. Previously, the color change was 
analyzed by examining the absorbance of the experimental solu-
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were poured and incubated to ensure absence of contamination.
Growing E. coli
E. coli was inoculated into Luria Broth and incubated at 37°C for 
24 hours. After this period, the E. coli was stored at 21°C. New 
cultures were made weekly.
Growing C. elegans
A lawn of OP50 E. coli was grown on the NGM plates for 24 hours 
at 37°C. Worms were chunked onto the plate and stored at 21°C. 
The worms were utilized three to five days after chunking.
Washing of the C. elegans
The C. elegans were washed off of the Nematode Growth Medium 
(NGM) plate twice with 1.5 mL S basal each time. The plate was 
tilted, and the S basal containing the C. elegans was pipetted into 
a microcentrifuge tube. The nematodes were allowed to settle for 
three minutes. Then, the supernatant was removed. The worms 
were washed with 1.5 mL S basal two more times with three min-
utes of settling down prior to the removal of the supernatant during 
each wash. The C. elegans were then washed with 1.5 mL reverse 
osmosis-purified (RO) water and allowed to settle for three min-
utes prior to the supernatant being removed. Reverse osmosis-pu-
rified water was utilized because the pH of DI water is less than 
6.0, which causes a drop in the initial pH reading (Kulthanan et al., 
2013). Since RO water has a pH closer to 7.0, the initial drop in 
pH is minimized. After the washing, the volume of the pellet was 
recorded.
Assay solutions
Solutions of 1.6 mM glucose and 1.6 mM fructose were prepared 
by adding 4.505 g of the respective sugar to 100 mL deionized 
water. A solution of 1.6 mM was made by adding 8.558 g of the 
respective sugar to 100 mL deionized water.
Baseline Experiment
Three conical test tubes were set up for each trial. The first conical 
was labelled as “control” and prepared by adding 1.383 mL RO 
water and a micro-stir bar. The second conical was labelled as “no 
sodium azide” and prepared by adding 1.133 mL RO water and a 
micro-stir bar. The final conical was labelled “sodium azide” and 
prepared by adding 1 mL RO water, 0.133 mL 1 M sodium azide, 
and a micro-stir bar. The washed C. elegans were re-suspended 
in 0.5 mL RO water and 0.25 mL of the suspended worms were 
added to the each of the conical labelled “sodium azide” and “no 
sodium azide.” The rack of conicals was placed onto a stirrer set 
at 80 rpm, and Vernier pH probes and a LabQuest were utilized to 
follow the pH for 60 minutes.
Detection of respiration with substrates
The setup for this experiment was similar to the setup of the Base-
line Experiment. Prior to adding the re-suspended worms, 10 μL 
E. coli, 10 μL 1.6 mM glucose, 10 μL 1.6 mM fructose, or 10 μL      
1.6 mM maltose were added to each of the three conicals.
Statistics
Data was analyzed for significance with the unpaired T-test: equal 
variance, one tail on Excel. A p-value less than 0.05 was consid-

respiration rates as it is the principal substrate for respiration. 
This method was developed to allow further characterization 

of respiration in swimming worms, such as temperature and in-
hibitor effects. Moreover, the technique could address other in-
vestigative questions. It was found that C. elegans switch from 
a continuous mode of swimming to an episodic form (Ghosh & 
Emmons, 2008). Is respiration rate affected by the switch from one 
mode to another? Recent reports indicate that energy consumption 
of C. elegans is larger while swimming than while crawling. Ad-
ditionally, worms were found to be significantly energy-depleted 
after a single session of swimming (Laranjeiro et al., 2017). Is this 
depletion reflected in respiration rates? Nicotine has been reported 
to increase the rate of crawling on agar by C. elegans (Feng et al., 
2006). However, the effect of nicotine on respiration in swimming 
worms has not been reported. These topics of interest, as well as 
investigation of known mutants and other bacterial food sources 
(Shtonda & Avery, 2006), are areas of study to which this tech-
nique could make a significant contribution. 

MATERIALS AND METHODS
Reagents
All chemicals and reagents used in this experiment were purchased 
from Sigma-Aldrich Corporation, St. Louis, MO. All microbiolog-
ical media were obtained from Fisher Scientific International, Inc., 
Pittsburgh, PA.
Strains
The wild type N2 strain of C. elegans and the OP50 strain of E. 
coli were utilized in this experiment. These strains were provided 
by the Caenorhabditis Genetics Center, which is funded by NIH 
Office of Research Infrastructure Programs (P40 OD010440).
S basal stock solutions for washing C. elegans
The S basal stock solution for washing food bacteria off worms 
(Hope, 1999) was made by adding 5.85 g NaCl, 1 g K2HPO4, and 
6 g KH2PO4 into an Erlenmeyer flask which was then filled with 
1 L deionized water and autoclaved. After autoclaving and cool-
ing, 1 mL cholesterol stock (5 mg/mL in ethanol) was added to the 
solution (Hope, 1999).
Luria Broth as bacterial food source
The following reagents were added to an Erlenmeyer flask to make 
Luria Broth solution for liquid culture of E. coli (Hope, 1999):     
10 g Bacto-tryptone, 5 g Bacto-yeast, 5 g NaCl, and deionized 
water to fill the flask up to 1 L. Sodium hydroxide was added to the 
Erlenmeyer flask to obtain a pH of 7.0 (Hope, 1999). The solution 
was then autoclaved.
Nematode Growth Medium (NGM) plates for growth of C. el-
egans 
To prepare the nematode growth medium, 3 g NaCl, 17 g agar, 
2.5 g peptone, and 975 mL deionized water were added to an Er-
lenmeyer flask and autoclaved (Hope, 1999). After the solution 
cooled to room temperature, 1 mL of sterile 1 M CaCl2, 1 mL cho-
lesterol stock (5 mg/mL in ethanol), 1 mL sterile 1 M MgSO4, and 
25 mL sterile 1 M K3PO4, pH 6.0, were added (Hope, 1999). Plates 
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ered significant.

RESULTS
In the figures to follow, C = control, a measure of pH in RO water 
with no worms added; N = no azide, trials which contained worms 
in RO water but no mitochondrial inhibitor; and A = worms added 
to RO water in the presence of the mitochondrial inhibitor, sodium 
azide. All trials with worms, whether in the presence or absence 
of inhibitor, were normalized to control trials without worms to 
compensate for any drift of pH due to external environment. For 
example, C – N refers to pH changes with live worms undergoing 
respiration.
Detection of Respiration with Vernier pH Probes
The baseline experiment was conducted to see if the outlined pro-
cedures can detect respiration. So, an increase in C – N over C – A 
shows acidification of the RO water when respiration is occurring. 
The baseline experiments also served as controls for later experi-
ments with possible respiration effectors added. Results are shown 
in Figure 1.

Different substrates were tested to see their effects on respi-
ration rate. To determine the effect of the worms’ preferred food 
source on respiration rates, 10 µL E. coli was added to the setup. 
These results are shown in Figure 2.

After obtaining data measuring the effect of E. coli on respira-
tion rates, the effects of different sugars on respiration were tested 
individually. Additions of 1.6 mM of glucose, 1.6 mM of fructose, 
and 1.6 mM of maltose were tested, as shown in Figures 3-5.

The slopes presented in Figure 6 are obtained from the 
20-minute to 50-minute timespan in Figures 1-2. The slopes from 
the baseline experiments (Figure 1) are presented for comparison. 
Significant differences in respiration rates were found between the 
baseline (C-N) and 10 µL E. coli (C-N) and between 10 µL E. coli 
(C-N) and 10 µL E. coli (C-A) using the unpaired t-test: equal 
variance, one-tail. 

The slopes presented in Figure 7 are obtained from the 
20-minute to 50-minute timespan in Figures 1 and 3-5. Baseline 
slopes are presented for comparison. There was no significant dif-
ference found from the unpaired t-test: equal variance, one-tail. 
However, trends were noted between the live and dying worms in 
fructose (p = 0.08) and in maltose (p = 0.06).

DISCUSSION
This study attempted to develop a technique to detect respiration in 
C. elegans and investigate the effects of different additives, sugars 
and E. coli, on their respiration rate. It was hypothesized that if 
the medium becomes acidic, the Vernier pH probes would be able 
to detect respiration rates in C. elegans. Additionally, if there is a 
difference in respiration rates due to substrates, E. coli and glucose 
should show significant differences in respiration rates. Baseline 
experiments demonstrated that the pH probe technique utilized 
was able to detect respiration (Figure 1); furthermore, different ad-
ditives did affect respiration rates (Figure 2-5). For example, the 
addition of 10 µL E. coli (Figure 2) showed significantly steeper 

Figure 1. Baseline Experiments (n = 12). The graph plots average 
changes in pH over time for two parameters: control minus no azide (C-
N) and control minus azide (C-A).

Figure 2. 10 µL E. coli (n = 8). The graph plots average changes in pH 
over time for two parameters: control minus no azide (C-N) and control 
minus azide (C-A). This shows that when mitochondria are not inhibited 
by azide, respiration is stimulated by the presence of the food source, E. 
coli.

Figure 3. 10 µL Glucose (n = 3). The graph plots average changes in pH 
over time with relation to two parameters: control minus no azide (C-N) 
and control minus azide (C-A). This indicates the results of change in pH 
when C. elegans are incubated with glucose, both with and without the 
presence of the mitochondrial inhibitor azide.
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Figure 4. 10 µL Fructose (n = 3). The graph plots average changes in pH 
over time with relation to two parameters: control minus no azide (C-N) 
and control minus azide (C-A). This indicates the results of change in pH 
when C. elegans are incubated with fructose, both with and without the 
presence of the mitochondrial inhibitor azide.

Figure 5. 10 µL Maltose (n = 3). The graph plots average changes in pH 
over time with relation to two parameters: control minus no azide (C-N) 
and control minus azide (C-A). This indicates the results of change in pH 
when C. elegans are incubated with maltose, both with and without the 
presence of the mitochondrial inhibitor azide.

Figure 6. Baseline experiments (n = 12), 10 µL E. coli (n = 8), and       
30 µL E. coli (n = 4). The means of the trials are graphed. Respiration rate 
was determined by finding the slope between 20 minutes and 50 minutes. 
Unpaired t-test: equal variance, one-tail showed significance (p < 0.05*, 
p < 0.005**). 

Figure 7. Baseline experiments (n = 12), 10 µL 1.6 mM Glucose (n 
= 3), and 10 µL 1.6 mM Maltose (n = 3). The means of the trials are 
graphed. Respiration rate was determined by finding the slope between 20 
minutes and 50 minutes. Unpaired t-test: equal variance, one-tail showed 
no significance. 

slopes compared to those of the baseline experiment and the other 
additives. It is important to note that in each of the figures, the 
slopes are not smooth or steady during the first 20 minutes and 
after 50 minutes. This result is most likely due to the diffusion of 
carbon dioxide from the air into the tubes while preparation is oc-
curring. Therefore, these regions were not considered for further 
analysis. 

In Figure 6, the slopes or respiration rates of C. elegans with 
their food source, E. coli, are presented. Compared to the base-
line experiments, there was a significant difference in respiration 
rates with 10 µL E. coli, indicating that sugars alone, at least in the 
concentrations used, are not enough to stimulate respiration and 
that other nutrients in the bacterial sample, or even an increase in 
sugars provided by the E. coli are necessary for measurable respi-
ration to occur.

In Figure 7, the respiration rates from adding different sug-
ars are presented. Neither glucose, maltose, nor fructose showed 
significance in respiration rates. The 11.6 M glucose may have 
been too low to affect the respiration rate in swimming C. elegans. 
Media used in swimming studies that have been reported include 
some with M9 as the supporting medium (Laranjeiro et al., 2017), 
a solution that has no significant glucose concentration (Hope, 
1999). Coupled with the report that these worms preferentially use 
lipolysis as an energy source (Laranjeiro et al., 2017), it may not 
be surprising that exogenous glucose in micromolar amounts had 
a small effect on respiration, suggesting the possibility for future 
experiments with added sugars at much larger concentrations.

All data gathered to date are consistent with the interpreta-
tion that respiration in C. elegans can be detected with Vernier pH 
probes. The technique is much simpler and more inexpensive than 
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microfluidics/luminescence (Lin & Huang, 2017) or respirometers 
(e.g., Koopman et al., 2016). Future studies should investigate 
the effects of E. coli concentration as well as other bacterial food 
sources, including pathogenic strains such as Bacillus thuringien-
sis 4A4 (Iatsenko, 2014). Additional research could also examine 
the effect of increased concentrations and varieties of sugar solu-
tions, lipids, and even pharmaceutical treatments, such as nicotine 
and caffeine, on respiration rates (Urushihata et al., 2016). Due 
to its reduced cost and higher level of efficiency, this procedure 
could also potentially be adopted by teaching and learning labs 
that use worms as an alternative to counting worms on petri dishes 
(Goldstein, 2009).
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