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Caenorhabditis elegans experience thermotaxis and chemotaxis. When the temperature is 
within the range of reproductive success for this organism but there is also a chemical 
repellent in the environment, it has to choose which stimulus is most important for it to 
respond to. The same is required when presented with an unfavorable temperature and a 
chemical attractant. Knowing that the organism is capable of overriding certain stimuli 
and what stimulus has the dominant response can be a reflection of how more complex 
organisms override temporarily noxious stimuli. This experiment tests wild-type C. 
elegans with benzaldehyde as a repellent and almond extract as the attractant while on a 
temperature gradient of favorable and unfavorable temperatures. It appears C. elegans 
choose to chemotax toward almond extract and away from benzaldehyde even if it means 
thermotaxing toward an aversive temperature. 

 
INTRODUCTION 
Caenorhabditis elegans (C. elegans) is a model organism that scientists use to gain a better 
understanding of animal development. C. elegans is a eukaryotic nematode that self-reproduces. 
The species has two sexes, hermaphrodite and male. The majority of the organisms tend to be 
hermaphrodites (Brenner 1974). C. elegans is a roundworm that is approximately 1 mm long. 
The life cycle of this organism is 2-3 weeks and is temperature-dependent, meaning it must stay 
within a given temperature for each phase of its life in order to be successful (Revyakin 2002). 
This nematode has been extensively studied over the years because it is an incredibly simple 
model in which to examine animal development. Although it is not the most desirable model to 
use for human research, it does allow scientists to understand how the environment and other 
such factors contribute to the species’ development on a cellular level (Alberts et al 2002).  

Brenner (1974) believed C. elegans had about 600 cells, half of which he thought were neurons. 
The study of C. elegans has now generated a comprehensive map of its cells as well as its 
genome. We now know the adult hermaphrodite organism has 959 somatic cells and a nervous 
system composed of 302 neurons. C. elegans neurons are similar to other animals in that they are 
divided into three primary functions – sensory, motor, and interneurons. One of the main appeals 
of using this organism as a model is how easy it is to study a behavior in relation to the neuron, 
or group of neurons, that controls it (Mori 1999).  

The study of chemotaxis in C. elegans is used to find the attractants and repellents of the 
organism. C. elegans uses scent detection for such functions as finding a beneficial food source 
and, for the males, finding a hermaphrodite mate (Bargmann and Mori 1997). Since the neurons 
have been carefully mapped, scientists have a general understanding of what groups of neurons 
are responsible for processing particular stimuli. Chemotaxis is an important sector of research 
because it helps scientists track the circuitry of the nervous system. Previous studies have 
determined attractants typically resemble the odor of bacteria, the main food source for C. 
elegans (Ward 1973). However, if conditioned to recognize a different odor as a food source, the 
organisms will orient themselves toward that smell (Ward 1973). This serves as a gateway to 



future human research because C. elegans are similar to humans in their circuit-style nervous 
system.  

Thermotaxis is another critical behavior regulated by the C. elegans nervous system. C. elegans 
uses thermal nociception, or noxious temperature detection, to know whether it should move 
toward or away from a heat source. The small mass of the organism can be dangerous because 
the internal systems equilibrate to the environmental temperature change within seconds (Garrity 
et al 2010). This internal temperature change can be fatal if the external temperature is too far 
from the organism’s optimal temperature of 16°C to 25°C. In previous studies, the worms were 
raised at various temperatures between 16°C and 25°C. When placed on a temperature gradient, 
they most often migrated to the temperature closest to their incubation temperature (Hedgecock 
et al 1975). This discovery demonstrates a type of “thermal attractant” to the ideal temperature 
for the organism as well as memory formation. 

Moving forward in investigating the neural circuits of C. elegans, it is beneficial to understand 
how different systems of sensory input interact with one another. In their natural habitat, the 
organisms are often presented with both favorable and unfavorable stimuli simultaneously. From 
there, they must decide which stimulus is more critical to respond to. As an example, if a 
starving worm is presented with food in a temperature below what is safe for the organism, how 
will it respond? Will it proceed to a warmer, safer location on the temperature gradient, or will it 
proceed toward the food source? Is movement toward a food source dependent upon “hunger” 
level? Testing to see which stimulus is greater will allow for a better understanding of the neural 
circuit in regards to sensory input. 

Investigation of the integration of thermotaxis with chemotaxis was the purpose of this study. 
Response to thermal and chemical stimuli is critical to the survival of C. elegans. The research 
question posed was: which undesirable factor is C. elegans able to successfully override between 
an unfavorable temperature and a chemical repellent? This experiment tested wild-type C. 
elegans using benzaldehyde as a repellent (Bargmann 2006) and almond extract as the attractant 
as it was in the study of Shankles (2014). Shankles found C. elegans prefer to move 
cryophilically, or down a temperature gradient toward their incubation temperature, toward 
almond extract but will not move up the temperature gradient toward the attractant. This work 
will rely heavily on Shankles’ work, as it is a follow up investigation to her original experiment 
where she found a preference for attractants rather than temperature. It was hypothesized C. 
elegans would block the chemical stimuli and choose the advantageous temperature when the 
two stimuli are offered simultaneously.  

MATERIALS AND METHODS 
Thermotaxis across a temperature gradient was performed as well as chemotaxis. The attractant 
used was grocery store brand almond extract, which consisted of water, alcohol, and oil of bitter 
almond; the extract was 32% alcohol by volume. The repellent was benzaldehyde (Bargmann et 
al 1993). The chemical attractant was always paired with the aversive temperature, and the 
chemical repellent was always paired with a preferred temperature. 

E. coli Maintenance  
An OP50 strain was obtained from the Caenorhabditis Genetics Center (CGC). The initial colony 
was streaked using aseptic technique and an inoculation loop onto an LB agar plate for colony 



isolation. LB agar was made of 10 g Bacto-tryptone, 5 g Bacto-yeast, 5 g sodium chloride, and 
15 g agar all purchased from Sigma. All ingredients were dissolved in 1 liter of water with a final 
pH of 7.5; agar was autoclaved to sterilize. After plates were incubated overnight at 37°C, a tube 
of L broth was inoculated with one OP50 colony and was also incubated overnight at 37°C. L 
broth consisted of 10 g Bacto-tryptone, 5 g Bacto-yeast, and 5 g sodium chloride all dissolved in 
1 liter of water with an adjusted pH of 7, using 1 N sodium hydroxide to adjust, and autoclaving 
to sterilize. OP50 plates and broths were both stored at 4°C. 

NGM plates were seeded using OP50 culture while under a sterile ventilation hood. 0.5 mL 
OP50 broth was pipetted to the middle of the plate and spread into a lawn using a glass rod. 
Seeded plates were incubated overnight at 37°C before storing at 4°C until used.  

N2 Bristol worms were obtained from the CGC. The first plate of C. elegans from CGC was 
chunked onto seeded nematode growth media (NGM) plates to grow. Worms were chunked onto 
new seeded NGM plates every 4-7 days to maintain population. Growth plates were kept at 21°C 
throughout lifespan. 

C. elegans Maintenance 
Nematode growth media plates were made by mixing 3 g sodium chloride, 17 g agar, 2.5 g 
peptone, and 975 mL water in a 2 liter flask then autoclaving. After the autoclave cycle, 1 mL 
each of the following sterile solutions were added: 1 M magnesium sulfate, 5 mg/mL cholesterol 
in ethanol, 1 M calcium chloride, and 25 mL of sterile 1 M KPO4 buffer. Once added and mixed, 
10 mL of the media were poured into 10 cm plates 

Chemotaxis Assay Preparation 
All chemotaxis plates were made by first autoclaving 1.6 g agar per 100 mL of water. After the 
autoclave cycle, the 100 mL solution was kept at 50° C while preparing the next ingredients. 500 
µL of 5 mM potassium phosphate, 100 µL of 1 mM calcium chloride, and 100 µL of 1 mM 
magnesium sulfate were added to the agar and stirred to combine. Immediately after the salts 
dissolved, 10 mL of the solution was poured into each 10 cm Petri plate. The plates remained at 
room temperature for 24 hours before being stored in a refrigerator until used. 

Chemotaxis plates were prepared first by marking the sample odorant and control spots with a 
felt-tipped marker. The two spots were measured 1.5 cm from the edge of the plate. A circle with 
a diameter of 3 cm was drawn around each spot. In the middle of the plate and 1 cm below the 
midline, an “X” was drawn to signify the origin. 15 minutes prior to the assay, 1 µL of sodium 
azide was put on each marked spot in order for C. elegans to cease crawling (Figure 1).	

	
 
 



Figure 1. Illustration of circular plate used for chemotaxis assays. Odorant and control spots are 1.5 cm from the edge of the 
plate. The diameter of these circles is 3 cm. 	

 

S basal solution was used as a buffer to wash C. elegans from a growth plate. S basal was made 
by combining 5.85 g sodium chloride, 1 g potassium phosphate dibasic, 6 g potassium phosphate 
monobasic, 1 mL 5 mg/mL cholesterol in ethanol, and water to one liter. After stirring, solution 
was autoclaved then kept in the refrigerator between uses. 

A chemotaxis assay begins by washing a C. elegans growth plate with 1 mL S basal while 
holding the plate at an angle. Let the liquid settle around the rim of the plate then, using a 
micropipette, remove it from the plate and let rest in a 2 mL microcentrifuge tube. After resting 
for three minutes, a pellet of C. elegans will form at the bottom of the tube. Remove the liquid on 
top of the pellet then wash with 1 mL S basal. Repeat again after three minutes. After three more 
minutes, remove the standing liquid then add 1 mL deionized water. Once the C. elegans settle at 
the bottom of the tube, remove supernatant, and pipette 10 µL of the pellet onto the prepared 
chemotaxis plate. The time elapsed from the growth plate to the assay plate was never more than 
30 minutes. 1 µL of an odorant was placed on the sample spot. Then, after using a Kimwipe to 
remove excess liquid from the origin, C. elegans begin to crawl. 

All chemotaxis assays were carried out over the course of one hour. The chemotactic index was 
measured by counting the worms inside the 3 cm diameter sample circle, subtracting the number 
of worms inside the control circle and dividing by the total number of worms on the plate.	

Integrated Thermotaxis/Chemotaxis Assays	
Assay Plates	
Integrated thermotaxis/chemotaxis plates use the same agar as chemotaxis, but the agar is poured 
into square plates marked into six columns and six rows. Worms were washed and prepared for 
the assay as they were in chemotaxis assays. The origin for thermotaxis assays was at the very 
center of the plate between columns C and D and rows 3 and 4 (Figure 2). 15 minutes prior to the 
assay, 1 µL of sodium azide was put on the center of the two outermost columns (between A and 
B, between 3 and 4; between E and F, between 3 and 4) in order for C. elegans to cease crawling. 	
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Figure 2. Illustration of square plate used for thermotaxis assays 

Thermotaxis Apparatus	
This experiment began by creating a thermal gradient of at least 1°C across a square petri dish. It 
is important for the heat sources to be far apart in temperature as to create an effective gradient. 
Also, it is critical to allow the dishes to pre-incubate between the sources to stabilize 
temperature. Two water baths, connected by a bridge capable of conduction, were used in this 
experiment to create the gradient due to the following factors: 1) this method is cost efficient and 
creates the necessary conditions, 2) the equipment needed to create the gradient is readily 
available in the research lab, and 3) because this is a follow up experiment, replication to the 
original experiment will allow for more authentic correlations. 	

The thermal gradient was created across the thermotaxis plate using an aluminum bridge whose 
ends were in two different water baths held at constant temperatures, one with a temperature of 
approximately 3°C and the other approximately 30°C. Aluminum was used for the bridge 
because it is highly conductive, which was imperative in creating the thermal gradient. Gradients 
across each plate spanned about 1°C. Plates were placed on the bridge one hour prior to each 
assay in order for each plate’s temperature to stabilize. Assays lasted one hour, and then worms 
from each square on the grid were counted and charted using a Scienceware Colony Counter. 
 

 

 
Figure 3. Illustration of bridge used to create a thermogradient between two water 
baths. 

As displayed above in Figure 3, five square petri dishes were used in each trial of the experiment 
so results could be measured based on the range of temperatures available. The dishes were 
placed so the thermal gradients are still well within functioning temperature of C. elegans (16°C-

3°C	 30°C	



25°C). Ranges measured were (20°C-22°C), (21°C-23°C), (22°C-24°C), (23°C-25°C), (24°C-
26°C), and (25°C-27°C). The coldest temperature on each plate was considered to be the 
favorable temperature. The warmest was the aversive temperature. Temperature was continually 
monitored so adjustments could be made throughout each trial if necessary. Specifically, 
temperature was recorded every 15 minutes of the trial through the use of a Vernier temperature 
sensor. The chemical gradients were established using undiluted almond extract as an attractant 
and undiluted benzaldehyde as a repellent. For attractant trials, 1 µL of the attractant was 
pipetted onto the side with the most undesirable temperature on the gradient. For repellent trials, 
1 µL of the repellent was pipetted onto the side of the desirable temperature. This placement 
forced the worms to make a complex choice on whether to choose the unfavorable temperature 
in order to consume the attractant or the favorable temperature and tolerate the repellent. 

Control Testing 
The control for this experiment is three fold. The first control was performed in a petri dish with 
agar and no additional temperature or chemical manipulations. For this control, the worms were 
distributed randomly throughout the dish after 1 hour. This suggests that, without chemical or 
thermal influence, C. elegans movements are rare, random, and independent. 

The second control verified almond extract as a useful attractant and benzaldehyde as a useful 
repellent for C. elegans. 1 µL of each was pipetted onto one side of a petri dish with no existing 
thermal gradient with water pipetted on the opposite side. After 1 hour, the sample relocated to 
the side of the petri dish with the almond extract and away from the side with the benzaldehyde 
present. Both parts of this control phase were verified. 

The third control verified that C. elegans move positively toward the direction of the temperature 
in which they were incubated. One study by Anderson et al. (2007) looked at thermotaxis among 
mutants and various regional worms and determined that although thermotaxis varies within the 
species, all naturally migrate toward temperatures closest to their cultivation temperature when 
presented with a thermal gradient. This final control produced the same results in order to be in 
line with the literature. Failure to demonstrate movement toward a favorable temperature would 
have required altering the experimental design. 

Data Collection  
Data from the experiment was discrete and collected at the end of each 1-hour trial. Each 
experiment was replicated at least 15 times per odorant. Each temperature range had 2 to 5 
values.  

The square petri dishes were divided into three sections, each with two columns, and the final 
location of the worms was counted for each section. The worms’ location at the end of each 
assay indicated what stimuli C. elegans found most rewarding as well as what repellent (thermal 
or chemical) the organism was able to override. Below is an example of the divided petri dish: 
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Figure 4. Illustration of divided petri dish and the conditions established in each of the three sections. 

 
At first, almond extract and benzaldehyde were used on the same plate during chemotaxis assays. 
However, this resulted in few, if any, worms leaving the origin throughout the course of the 
assay. Because benzaldehyde is an attractant at certain concentrations, it was assumed that as 
benzaldehyde diffuses across the plate, its concentration weakens, and it becomes an attractant 
(Bargmann et al 1993). The worms have no need to move because they perceived an attractant to 
be on either side of them. From that point forward, benzaldehyde and almond extract were used 
solitarily in each trial. 

Data from the experiment were considered to be continuous and collected at the end of each 1-
hour trial. The worm count was converted to percent for analysis. Each experiment was 
replicated 15 times per odorant. The square petri dishes were divided into three sections, each 
with two columns, and the final location of the worms was counted for each section. The worms’ 
location at the end of each assay indicated what stimulus C. elegans found most rewarding as 
well as what repellent (thermal or chemical) the organism is able to override. 

RESULTS 
The data were scrutinized by a t-test to determine if the average concentrations of worms on the 
left or right sides for each odorant are statistically significant. Any assays that had less than 100 
worms on the plate were discarded; this resulted in 15 test trials for both benzaldehyde and 
almond extract available for analysis (Figure 5). Because of the variance in sample size during 
each of the 15 assays, percentages of worms in each column of each assay were calculated and 
compared. The t-test showed a significant difference between choosing to chemotax toward an 
attractant or away from a repellent and thermotax toward a favorable temperature.  
 
 
 
 
 
 
 



  Sample (%) Temp (%) 
Thermo #1 (BZ) 1.92 35.90 
Thermo #3 (BZ) 5.45 32.26 
Thermo #5 (BZ) 4.26 38.43 
Thermo #6 (BZ) 12.87 7.02 
Thermo #7 (BZ) 6.38 11.35 
Thermo #8 (BZ) 2.42 25.81 
Thermo #9 (BZ) 1.58 45.45 
Thermo #10 (BZ) 1.22 56.04 
Thermo #13 (BZ) 3.24 57.30 
Thermo #14 (BZ) 3.88 58.25 
Thermo #15 (BZ) 1.41 53.52 
Thermo #16 (BZ) 3.13 34.47 
Thermo #17 (BZ) 3.09 65.25 
Thermo #18 (BZ) 3.17 46.35 
Thermo #19 (BZ) 0.23 19.63 
Average 3.62 39.14 

 

  Sample (%) Temp (%) 
Thermo #2 (AE) 72.73 0.83 
Thermo #3 (AE) 70.73 13.41 
Thermo #4 (AE) 27.85 23.51 
Thermo #7 (AE) 57.14 0.00 
Thermo #8 (AE) 21.95 11.59 
Thermo #9 (AE) 74.53 11.32 
Thermo #10 (AE) 41.78 6.16 
Thermo #12 (AE) 48.65 6.95 
Thermo #13 (AE) 59.83 4.27 
Thermo #14 (AE) 15.13 3.36 
Thermo #15 (AE) 42.00 3.85 
Thermo #16 (AE) 68.93 2.93 
Thermo #17 (AE) 76.15 0.92 
Thermo #18 (AE) 69.37 0.00 
Thermo #19 (AE) 34.11 1.55 
Average 52.00 6.04 

Figure 5. All data collected from a total of 30 assays. “Sample %” indicates what percent of C. elegans on the plate chemotaxed 
toward the chemical sample. Temp (%) indicated what percent of worms chose to thermotax toward the desired temperature. 

 
The sample size for this experiment is approximately 8,000 worms, and previous experiments 
have shown a sample size of only 250 is enough to produce a significant result (Mori and 
Oshima 1995).  
 
For each set of conditions, the significance of the assay was determined by evaluating the left 
and right side of each plate. The p-value for both conditions was <0.01. The data suggests there 
is a significant difference between the left and right sides of the plates for both almond extract 
and benzaldehyde. Specifically, there is a difference between almond extract paired with the 
aversive temperature and favorable temperature (Figures 6 and 7). There is also a difference 
between benzaldehyde paired with the favorable temperature and aversive temperature. 
 
Thermotaxis/chemotaxis integration assay grids were analyzed based on percentage of worms 
present in sample and control columns for aversive and favorable temperatures. Data for these 
two conditions is displayed in Figures 6 and 7, respectively. 



 
Figure 6. Graph of average percent of C. elegans present on either side of the plate when almond extract was present. Standard 
error bars indicate the region (5.31% for AE, 1.68% for water) where the mean can be expected within n=15; T-value=8.26, p-
value < 0.01 

 

 
Figure 7. Graph of average percent of C. elegans present on either side of the plate when benzaldehyde was present. Standard 
error bars indicate the region (0.78% for BZ, 4.58% for water) where the mean can be expected within n=15; T-value=7.65, p-
value < 0.01 

 
The percentages shown are the average percentages of 15 trials for the columns in each listed 
condition. Based on raw percentages, C. elegans typically favored the chemical stimulus over the 
thermal stimulus. This means they chose to chemotax toward almond extract and away from 
benzaldehyde no matter the thermal condition. 

DISCUSSION 
Contrary to the original hypothesis, from this data set C. elegans did not show a preference 
(shown by thermotaxing toward one temperature over another) for a temperature closest to their 
own incubation temperature as Hedgecock’s experiment did (Hedgecock et al 1975). The data 
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showed a consistent preference for the chemical stimuli over any available temperatures. This 
was the case when testing both benzaldehyde and almond extract.  

Applying the results to the entire species might suggest C. elegans determine where to position 
themselves largely based on the presence of a food source or threatening odor. The worms will 
move toward the smell of food and away from a favorable temperature even if they have just fed. 
Conversely, C. elegans will put themselves in danger by moving toward an aversive temperature 
if it means escaping the smell of a threatening odor. 
 
An explanation for the override between these two stimuli starts with examining the neuron 
structure of C. elegans. The species’ olfactory detectors are AWA and AWC neurons (Bargmann 
et al 1993). In this experiment, olfaction is dominant because C. elegans largely selected to 
chemotax toward or away from a chemical stimuli meaning they greatly relied on the AWA and 
AWC neurons. A possible explanation for the chemical preference is the olfactory system is very 
sensitive because C. elegans rely on smell to detect a food source at great distances (Bargmann 
et al 1993). 

The thermosensory system of the species is greatly 
dependent on two neurons. AFD houses the memory for 
incubation temperature and determines the range at which 
the C. elegans functions. The neuron AWC is also 
responsible for thermosensory detection in C. elegans. 
However, AWC is a signaling pathway for temperature in 
addition to odor. Both the AWC and AFD neurons transmit 
to the interneuron AIY (Adachi et al 2008). This means all 
information from external stimuli would be transmitted to 
AIY before the organism can respond, as seen in Figure 8. 

Because smell and thermal detection are interpreted at the 
same interneuron, it is unclear where the override found in this 
experiment occurs. Because the AWC neuron is wired for 
smell and temperature, the AIY interneuron can receive two 
temperature inputs, but C. elegans override both in order to 
direct attention to the one shared pathway for odor. One 
possible explanation incorporating physiological mechanisms is the signal for smell fires more 
strongly than that for temperature. Another possibility emphasizes adaptive value; it is also 
possible that responding to an odor of a food source provides more reward than to a favorable 
temperature. 

Unlike Shankles’ (2014) finding, C. elegans were typically drawn to the chemical attractant or 
avoided the chemical repellent even if their incubation temperature was accessible on the plate. 
In this experiment, however, competing stimuli forced the organism to make a complex choice 
whereas Shankles experiment only measured which attractant, chemical or thermal, appeared to 
be strongest. This suggests that when presented two favorable options, such as temperature or 
food source, temperature proves to be a stronger attractant. It appears this idea does not apply 
when the favorable and aversive stimuli are simultaneously integrated in the environment. 

Figure 8. This graphic represents the 
transmission of thermal and chemical 
stimuli via the AFD and AWC neurons to 
the AIY interneuron as drawn by Kimata 
et al. 2012.  



Further research of this project could include diluting almond extract samples when paired with 
an unfavorable temperature to see how weak a food source odor can be while still being the 
preferred stimuli. Another alternative to explore would be to determine how a period of 
starvation affects the strength of response to a food source. Future research could also investigate 
if incubating at different temperatures would change the response. 

Although C. elegans are very simple organisms, the findings of this research could be applied to 
human behaviors. The most basic parallel would be human responses to food. Similarly to the C. 
elegans of this project who chose to move toward a food source located in an aversive 
environment despite their lack of immediate need for food, humans are also capable of eating 
despite their lack of hunger. It is possible the growing obesity epidemic of our culture could have 
more than one root. Humans might have a natural impulse to respond to food without being 
hungry. Perhaps this could be because the brain wants to keep the body full of sustenance in case 
there is a food shortage in the future. Continuing the study of connecting neurons in C. elegans is 
useful not only to grow knowledge of the species but to also better understand human behavior 
and development. 
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