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ABSTRACT 

Carbon dioxide (CO2) is a critical biological signal, which, as a byproduct of 

respiration, often indicates the presence of other living organisms. The earthworm 

Eisenia hortensis lives in subterranean burrows containing high levels of CO2 and 

respires through its skin. Despite the ecological and agricultural importance of 

earthworms, relatively little is known about how they make decisions in their 

environment, including their response to elevated levels of CO2.  Because we 

hypothesized that Transient Receptor Potential channel TRPA1 may be involved in CO2 

detection in this species, this investigation involved both behavioral assays designed to 

gauge responses to CO2, and molecular investigations of TRPA1 channels.  Because CO2 

is noxious at high concentrations, we designed an assay, the exudate assay, to examine 

CO2 aversion in this species. In the exudate assay, we placed an earthworm in a sealed 

container and exposed it to varying concentrations of CO2 for one minute, and the 

amount of exudate secreted in that time was recorded. As earthworms secrete exudate in 

response to noxious stimuli, we hypothesized that the amount of exudate produced is 

proportional to the amount of irritation. We repeated these experiments after treatment 

with several blockers for molecules with potential involvement in CO2 detection, 

including carbonic anhydrases, guanylate cyclase, TRPA1 channels, acid sensing ion 

channels, and OTOP channels.  Additionally, we attempted sequencing of the TRPA1 

gene and utilized qPCR to evaluate the anatomical profile of TRPA1 gene expression in 

the earthworm.  We found that earthworms secreted significantly more exudate in 

response to CO2 in a dosage-dependent manner, and that this response was muted by the 

general carbonic anhydrase inhibitor, acetazolamide; the calcium channel blocker, 

ruthenium red; the sodium channel blocker, amiloride; and ZnCl2.  These data provide 

preliminary evidence of the role of carbonic anhydrase and ASICs in earthworm CO2 

detection, and contribute to our understanding of how earthworms detect and react to 

their environment. 
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INTRODUCTION 

Carbon Dioxide 

As a major byproduct of respiration, carbon dioxide (CO2) is not only pervasive in 

most ecosystems, but also indicates the presence of other living organisms.  This makes it 

a critical signaling molecule, and it can be either attractive or aversive depending on the 

organism and concentration of CO2.  For example, fruit flies exhibit avoidance behavior 

to increased CO2 released by neighboring stressed flies (Suh et al, 2004) and mosquitoes 

are attracted to the CO2 emitted by warm blooded hosts (Spanoudis et al, 2020). 

Some organisms can detect circulating CO2 at relatively low concentrations, for 

example, mosquitoes and fruit flies respond at 0.03 % and 0.1 %, respectively (Kellogg, 

1970; Suh et al, 2004; Cummins et al, 2019).  At higher levels, CO2 can be noxious and 

pose a health risk, resulting in hypercapnia and hypoxia, and, at higher concentrations, 

anesthesia (Cummins et al, 2019).  There is also evidence that prolonged exposure to CO2 

affects gene expression involving metabolism, fertility, and immunity (Cummins et al, 

2019).  Given its biological relevance and potential health risks, it is important to 

understand the mechanisms by which organisms detect CO2. 

Earthworms and CO2 

Critical decomposers in some ecosystems and invasive species in others, 

earthworms play critical roles in environmental health and agriculture.  In many 

ecosystems, earthworms are a key component of soil fertility, influencing soil turnover, 

soil aeration, and nutrient availability (Edwards, 2004).  Due to their ecological 



2 
 

importance, they are also used as biomarkers in soil pollution assessment (Shi et al, 

2017).  Despite their essential environmental role, we know little about what chemicals 

attract and repel earthworms, nor the mechanisms by which they detect those chemicals.  

One such chemical is CO2, which earthworms have high exposure to as subterranean 

organisms that live in burrows.   

The current concentration of CO2 in air is approximately 0.04%. Earthworms 

living in topsoil can encounter CO2 concentrations between 0.04 to 13.0% (Amundson 

and Davidson, 1990; Scott, 2011).  There are three broad categories of earthworms: 

epigeic, living near the soil surface with no permanent burrows; endogeic, living in the 

top 20 cm depth of soil with shallow semi-permanent burrows; and anecic, living as deep 

as three meters below the soil with extensive burrows.  Within these burrows, CO2 

concentration can rise to over 300 times that of atmospheric CO2, and likely increases 

with burrow depth (Amundson & Davidson, 1990). 

Many organisms have unique adaptations to high CO2 exposure that allow them to 

tolerate normally noxious concentrations.  Naked mole rats, for example, have 

adaptations that allow them to tolerate CO2 up to 150 times the concentration in air 

(Shams et al, 2005; Fang et al,  2014).  Such concentrations lead to irritation and aversion 

in mice (Wang et al, 2010).  Given that earthworms may be similarly exposed to high 

levels of CO2, they may have unique adaptations as well. 

Mechanisms of CO2 Detection 

 The ubiquitous presence and broad importance of CO2 in organisms has led to 

multiple detection pathways across species.  In some cases, there may be multiple CO2 

detection pathways within the same species, an example of genetic redundancy.  In these 
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situations, multiple genes encode for the same biological function due to gene duplication 

over evolutionary time, and can be evolutionarily stable if one of the genes performs 

other processes, or has a lower efficiency than the other (Sankoff, 2020) (Nowak et al, 

1997). 

 

Figure 1: CO2 + H2O to H2CO2 to HCO2
- + H+ dissociation reaction catalyzed by 

carbonic anhydrase.  The red arrows point to the potential mechanisms by which CO2 and 

its products could be detected. 

 

There are at least five known molecular mechanisms by which CO2 can be 

detected.  Most of these mechanisms require carbonic anhydrase, which converts CO2 

and water to a bicarbonate ion and a proton in the extracellular fluid surrounding sensory 

cells (Figure 1).  Mechanisms of CO2 detection, therefore, respond either to CO2 directly, 

bicarbonate ions, or decreased pH from increasing proton concentration (Makino et al, 

2019).  Sensory receptors in C. elegans and some insects have been shown to detect CO2 

directly (Smith et al, 2013; Fischler et al, 2007).  Bicarbonate ions stimulate guanylate 
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cyclase, opening cGMP-sensitive ion channels and lead to an increase in cGMP (Sun et 

al, 2009).  Hydrogen ions produced by the carbonic anhydrase reaction are known to 

directly activate many channels, including Transient Receptor Potential (TRP) channels, 

Acid-Sensing Ion Channels (ASICs), and Otopterin Channels (OTOP1) (Wang et al, 

2011; Alimohammadi & Silver, 2015; Soto et al, 2018; Teng et al, 2019).  The structure 

and mechanisms of these molecules with suspected CO2 involvement are described 

below.  

 

Carbonic Anhydrase 

Carbonic anhydrase catalyzes the reversible conversion of carbon dioxide into a 

bicarbonate ion and a proton (Lindskog, 1997) (Figure 1).  In the body, CO2 reacts with 

water from extracellular fluid to create this reaction, which is enhanced by as much as 

106 times by the presence of carbonic anhydrase (Sharabi et al, 2009).  This enzyme is 

pervasive, found across animals, plants, and microorganisms, and includes three 

independently-evolved isozyme families, of which α-carbonic anhydrase is found in the 

animal kingdom (Banerjee & Deshpande, 2016).  The carbonic anhydrase reaction is 

essential in many biological functions including metabolism, cellular transport, and acid-

base balance (Henry, 1996). 

There are multiple isoforms of α-carbonic anhydrases ranging from CAI to 

CAXV, found in different tissue and cell locations (Tarun et al, 2003).  In mammals, 

CAIV is required for sour taste responses to carbon dioxide, suggesting an important role 

in CO2 detection (Chandrashekar et al, 2009).  In addition, CAXII, CAII, CAVB, and 
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CAIV are most abundant in the human nasal mucosa, where external CO2 exposure 

frequently occurs (Tarun et al, 2003). 

 

Sensory Receptors  

 In some species, CO2 detection is mediated by CO2-specific chemoreceptors.  In 

the fruit fly Drosophila melanogaster and the mosquito Anopheles gambiae, these 

receptors are expressed in specialized olfactory receptor neurons (ORNs), which project 

to the maxillary palps (Jones et al, 2006).  In Drosophila, CO2 activates the V 

glomerulus, which expresses the chemosensory receptors Gr21a and Gr63a (Suh et al, 

2004; Kwon et al, 2007).  In the noctuid moth Helicoverpa armigera, labial pit organs on 

the mouthparts include specialized CO2 receptors and CO2 sensory neurons that project to 

the antennal lobes (Ning et al, 2016; Chu et al, 2020).  Many other insects also have 

sensory structures shown to detect CO2 (Jones et al, 2006; Stange & Stowe, 1999), and C. 

elegans has been shown to have isolated CO2 chemosensory BAG neurons (Smith et al, 

2013).  Thus, specialized sensory receptors for CO2 are common across invertebrates. 

 

Guanylate Cyclase 

Guanylate cyclases are also responsible for CO2 detection in some species.  First 

discovered in rat urine in 1963, these enzymes catalyze the formation of cyclic guanosine 

monophosphate (cGMP) from guanosine triphosphate (GTP) (Kuhn, 2016).  cGMP then 

acts as a second messenger in a variety of pathways, including roles in peptide hormone 

signaling, nitric oxide (NO) detection, and, occasionally, CO2 detection (Martin et al, 

2005). 
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There are two types of guanylate cyclases.  The first, soluble guanylate cyclases, are 

found within cells and are primarily activated by NO (Derbyshire & Marletta, 2012).  The 

second type are receptor-type guanylate cyclases, transmembrane homodimers with an 

extracellular portion that act as receptors, and an intracellular portion that includes the 

cGMP-forming cyclase domains (Kuhn, 2016). 

In mice, the receptor type guanylate cyclases GC-G and GC-D are activated by 

low concentrations of CO2 through bicarbonate (formed through the carbonic anhydrase 

reaction) acting on the intracellular domain of the enzyme (Kuhn, 2016).  GC-D is 

expressed exclusively in GC-D+ neurons, CO2-sensitive olfactory sensory neurons 

which, in mice, project axons to the necklace glomeruli in the olfactory bulb (Sun et al, 

2009) (Hu et al, 2007).  These neurons express high levels of carbonic anhydrase II, 

which converts CO2 into the bicarbonate that activates the enzyme (Sun et al, 2009). 

Guanylate cyclases are also required for CO2 detection and avoidance in C. 

elegans.  In this species, CO2 activates sensory neurons called BAG neurons, and the 

response of these neurons requires the receptor-type guanylate cyclase GCY-9 (Hallem et 

al, 2010).  The cGMP-gated channel TAX-2/TAX-4 is also required for this response 

(Hallem & Sternberg, 2008).  The role of guanylate cyclases in both mammals and 

nematodes shows the conserved nature of this pathway. 

 

TRP Channels 

Transient Receptor Potential (TRP) channels are specialized ion channels that 

respond to a variety of sensory stimuli, including temperature, touch, and pain (Clapham, 

2003).  They are a key component of chemesthesis, the chemical sensitivity of skin and 
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mucous membranes and their ability to detect noxious chemicals (Cometto-Muniz, 2015).  

First discovered in Drosophila (Montell et al, 1985), these channels consist of tetramers 

made from six transmembrane polypeptide subunits forming cation pores, with large N- 

and C-terminal cytosolic domains (Gaudet, 2008).   

One such TRP channel is TRPA1 (Transient Receptor Potential Ankyrin Subtype 

1), a calcium channel characterized by the presence of ankyrin repeats on the long N-

terminal domain, a series of 33 amino-acid long motifs that form a protein domain that 

contributes to the protein’s function as a channel (Gaudet, 2008). TRPA1 is best known 

for its activation by the active ingredient in wasabi, AITC (allyl isothiocyanate), but also 

reacts to a wide variety of other stimuli, including irritants, endogenous inflammatory 

agents, temperature, and weak acids (Bautista et al, 2006) (Bandell et al, 2004) (Wang et 

al, 2011). Activation depolarizes nociceptors, or sensory nerve fibers that detect noxious 

stimuli, resulting in a burning or stinging sensation (Jordt et al, 2004). 

There is evidence in mice that the response of sensory neurons to CO2 is mediated 

by TRPA1 channels, which are activated by weak acids such as carbonic acid as a 

mechanism for modulating TRP channels and detecting changes in extracellular pH 

(Takahashi et al, 2008) (Wang et al, 2011).  The proton produced by the carbonic 

anhydrase reaction results in intracellular acidification that activates TRPA1, allowing 

CO2 to act as an irritant (Wang et al, 2010).  Other TRP channels are also activated by 

protons, and consequently could be involved in CO2 detection. 
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Epithelial Na+ Channels 

 Epithelial Na+ channels (ENaCs), also known as degenerins (DEG) in 

invertebrates, are a family of sodium channels consisting of three homologous subunits, 

which create a cation pore (Hanukoglu & Hanukoglu, 2016).  They are involved in many 

biological functions such as sodium absorption, blood pressure regulation, and salt 

detection, and have roles in mechanotransduction in invertebrates (Kellenberger & 

Schild, 2002).   

 Within this family are Acid-Sensing Ion Channels, mammalian homologues of 

ENaCs that protons activate, responding to changes in pH (Carattino & Montalbetti, 

2020).  Of the six subtypes found in vertebrates, ASIC1B and ASIC3 are found in the 

peripheral nervous system (Carattino & Montalbetti, 2020).  In addition to roles in 

inflammatory conditions and pain sensation, ASIC3 is also involved in sensory 

perception and chemoreception, detecting chemical signals through change in pH 

(Osmakov et al, 2014).  Unlike the other ASIC subtypes, ASIC3 mediates a sustained 

current when activated rather than rapidly desensitizing, and opens at the more 

physiologically relevant pHs of 7.3 to 6.7 (Li & Xu, 2011). 

Given ASIC3’s activation by protons, this channel may also be involved in CO2 

detection, responding to the protons produced by the carbonic anhydrase reaction.  

Studies have shown that blocking ASIC channels mutes responses to CO2 in rats, but 

other studies have shown that loss of ASIC function in mice does not mute responses to 

CO2 (Akiba et al, 2007; Detwieler et al, 2018).  ASIC3 is also involved in response to 

CO2 in other contexts, such as detecting changes in arterial O2, CO2, and pH (Osmakov et 

al, 2014).  ASIC homologues have been characterized in C. elegans (Rhoades et al, 
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2019), and there are many examples of DEGs and ENaCs across invertebrate species 

(Hanukoglu & Hanukoglu, 2016).  Though there is no evidence of an ASIC3-specific 

homologue in invertebrates, ENaCs may be similarly involved with pH sensitivity, and 

by extension CO2 detection, in invertebrates.    

 

OTOP Channels 

 Another ion channel family, otopetrins, responding to low pH, may also be 

involved in CO2 detection.  Though it was originally discovered in 2006 for its role in the 

vestibular system (Hughes et al, 2006), OTOP1 has been more recently identified as an 

acid-sensitive proton channel that may be involved with gustation (Tu et al, 2018).  These 

proton-selective ion channels are thought to be the long sought-after sour taste receptor, 

as they have high sensitivity to acidity, and lead to a depolarization in type III taste 

receptor cells (TRCs) (Teng et al, 2019).  OTOP1 has two paralogues, OTOP2 and 

OTOP3, whose functions are lesser known (Chen et al, 2019).   OTOP1 and OTOP3 are 

both homodimers made of subunits with 12 transmembrane helices in vertebrates 

(Saotome et al, 2019), and are conserved across species with evolutionarily related genes 

in Drosophila (Tu et al, 2018).  Others are currently investigating OTOP’s potential role 

in detecting weak acids, which may include carbonic acid, a product the carbonic 

anhydrase reaction (Teng et al, 2019). 
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Earthworm Chemosensation 

Our lab studies the European Nightcrawler, Eisenia hortensis, known more 

recently as Dendrobaena veneta, which 

can be found in burrows several cm 

below ground in a habitat between 

epigeic and endogeic.  E. hortensis is an 

earthworm in the family Lumbricidae and 

the phylum Annelida, which includes 

earthworms, aquatic worms, and leeches.  

Annelids have a metameric body 

organization that is divided into the 

prostomium, the body segments, and the 

pygidium (Starunov, 2019). The prostomium, which includes the mouth, includes many 

of the earthworms’ purported sensory structures (Starunov, 2019).  

Although light sensitivity is the best-understood sensory system in earthworms– 

they avoid light (Bohlen, 1996)– chemical sensation may be a more biologically relevant 

sensory input, as they are in constant contact with chemicals in the soil.  Sensory cells 

expressed in earthworm epithelium are grouped into epithelial sensory organs (ESOs), or 

found alone as Solitary Chemoreceptor Cells (SCCs) (Kizsler et al,  2012; Hess, 1925; 

Czoknya et al, 2005).  In the earthworm Lumbricus terrestris, ESOs have been visualized 

forming rows around each segment besides the anterior and posterior segments, while 

SCCs appear to be randomly distributed towards the outside of each segment (Kizsler et 

al, 2012). 
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Our lab has previously imaged ESOs in E. hortensis using fluorescent confocal 

microscopy and scanning electron microscopy, showing that they are found on the 

surface of the prostomium, first segment, and mouth, as well as on the other body 

segments (Saunders, 2018; Figure 2).  These anatomical studies (from our lab and from 

previous research) indicating the presence of an epithelial organ with structural 

similarities to chemosensory organs in other organisms, paired with electrophysiological 

studies showing earthworms respond to chemical stimuli (Laverack, 1961) suggest the 

sensory function of earthworm ESOs.  Consequently, it is likely that these organs contain 

the receptors responsible for CO2 detection as well. 

 

Previous Research 

The goal of the current study was to investigate CO2 detection in E. hortensis 

using the known mechanisms from other species as a template.  A meta-analysis of the E. 

hortensis transcriptome from previous RNA-Seq work in our lab indicates that 

homologues to carbonic anhydrase, guanylate cyclase, TRPA1, ENaCs, and OTOP1 are 

expressed in the earthworm respiratory epithelium (unpublished data).   

We previously showed that E. hortensis responds to AITC and other chemicals 

known to activate TRPA1. This response was attenuated in the presence of a TRPA1 

blocker (Smith, 2019).   Immunofluorescence imaging using antibodies to zebrafish and 

Drosophila TRPA1 corroborated these findings (Silver et al, 2018).  Data from an RNA-

Seq analysis were used to design gene-specific and RACE (Rapid Amplification of 

cDNA Ends) primers to amplify the gene, which revealed a 440 bp sequence of cDNA 

from the ion transport domain of the TRPA1 gene (Smith, 2019).  There were difficulties 
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Figure 3: Phylogenetic tree of carbonic anhydrase isozymes found in E. hortensis.  

Transcripts were obtained from epithelial mRNA sequences, which were then assembled 

and annotated with Trinity.  Image courtesy of Sarah Lipson. 

 

in sequencing any larger amplicons, likely due to the characteristic ankyrin repeats of 

TRPA1.  Given that E. hortensis almost certainly has functioning TRPA1 channels, we 

suspected that TRPA1 may be involved in CO2 detection in this species. 

In addition, we are currently confirming the sequences of CAII and CAXI via 

PCR after transcriptome analysis revealed homologs to several α-carbonic anhydrase 
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orthologs (unpublished data) (Figure 3).  There is also behavioral evidence of (ENaCs 

such as ASICs in earthworms, as E. hortensis avoids ENaC activators in a dosage-

dependent manor, and that response is muted by the ASIC blocker amiloride (Saunders et 

al, 2020). 

Because high concentrations of CO2 are noxious to many animals, we predicted 

that it would be noxious to E. hortensis as well.  We could then use an assay to 

investigate the mechanisms involved in CO2 detection and aversion.  Given that carbonic 

anhydrase, specialized sensory receptors, guanylate cyclase, TRPA1, ASICs, and OTOP 

channels are associated with CO2 detection across species, we hypothesized that they 

may be involved with CO2 detection in earthworms as well. 

 

Importance 

 Given the ecological importance of earthworms, it would be useful to understand 

how they make decisions about their environment.  To an earthworm, elevated CO2 could 

potentially indicate the presence of predators, food, or other earthworms, making it a 

potentially critical signal in their environment.  Data on the chemical preferences of 

earthworms could influence farming practices, or support restorative efforts in 

ecosystems where they are invasive species.  Research on CO2 detection is of particular 

importance because, as atmospheric CO2 increases due to climate change, soil CO2 will 

likely increase as well.  The results of our present investigations, therefore, may have 

direct implications for earthworm behavior in response to climate change with impacts on 

agriculture and the environment. 
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 These data may also provide insight into CO2 detection and chemosensation 

across species.  Because earthworms breathe through their skin, their entire body is a 

respiratory epithelium (Karaca, 2011).  This makes them an excellent model for 

chemosensation in the respiratory epithelium, including the detection of CO2.  

Consequently, the findings of these studies may be compared not only to other 

invertebrate species, but also across all metazoan organisms. 

I designed the following experiments to investigate the genes and mechanisms 

responsible for CO2 detection in the earthworm Eisenia hortensis using a variety of 

behavioral assays and molecular techniques.  Investigation of this topic will contribute to 

our understanding of the mechanisms earthworms use to detect carbon dioxide and 

provide yet another example of how these molecular mechanisms are highly conserved 

among metazoa. 
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METHODS 

Earthworms 

 E. hortensis earthworms were housed in large bins filled with moist garden soil 

topped with newspaper.  The bins were maintained at room temperature, and two light 

sources were placed above the bins on a 12-12 light-dark cycle.  The worms were 

watered with 250 ml of water poured over the newspaper twice a week, and 

approximately 5 g of “Purina Worm Chow” was added to the bins once a week.  Only 

adult earthworms with a visible clitellum were used in experiments. 

 

Behavioral Assays 

High concentrations of CO2 are aversive in most species, and are likely aversive 

in earthworms as well.  Knowing this, we designed several assays to gauge aversion in 

earthworms in response to CO2.  The aversive behavioral response would indicate CO2 

detection, and would allow us to explore the mechanisms of detection pharmacologically 

with blockers for enzymes and channels with suspected involvement in CO2 detection.  

Note that, in the following assays “0% CO2” is used to represent room air, which 

typically has 400-1,000ppm CO2. 

 

Flypad Assay 

Many animals move more when exposed to aversive stimuli.  Knowing this, I 

designed the flypad assay to measure movement level in response to CO2.  In this assay,  
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Figure 4: Diagrams depicting the three behavioral assays utilized in this study: A) the 

Flypad Assay, B) the Straw Assay, and C) the Exudate Assay. 
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I first drew a three-inch diameter circle in pencil on a pad typically used to anesthetize 

drosophila with CO2.  Worms were placed in the middle of the circle with CO2 blowing  

up from small holes in the pad, and the length of time the worms took to leave the circle 

was recorded (Figure 4A).  To control for different levels of movement between different 

worms, each worm was first tested on the same pad with no airflow and the proportional 

time to leave the circle (A/B+1, where A is the time taken to leave when exposed to no 

airflow and B is the time taken to leave when exposed to room air or CO2) was 

calculated.  CO2 concentrations ranged from atmospheric to 10% CO2 (in increments of 

1%) and 20%, and were obtained by pumping air from an incubator with CO2 control. 

The data were analyzed using a one-way ANOVA. 

 

Straw Assay 

 

 The straw assay was based on a similar assay previously used in our lab with the 

earthworm Lumbricus terrestris.  In this assay, I placed worms in a soda straw such that 

they could only move forwards and backwards.  A stream of air containing CO2 was 

blown on their tails through the straw, and the length that the worm retreated in response 

was recorded using a ruler (Figure 4B).  The assay was performed with atmospheric air 

and 100% CO2, then repeated at both concentrations after exposure to 50 mM 

acetazolamide, a carbonic anhydrase inhibitor, and after exposure to 0.01 mM ruthenium 

red, a calcium channel blocker.  To test these blockers, the worms were placed in a 10 ml 

conical tube filled with 5 ml of the blocker for 10 minutes, then gently dried with a paper 

towel before being placed in the straw.  The data were then analyzed using an ANOVA 

contrast matrix. 
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Exudate Assay 

Earthworms secrete exudate in response to noxious stimuli (Heredia et al, 2008), 

and we predicted that this biological process could be used to compare the relative 

aversiveness of stimuli.  To perform this assay, we first gently rinsed the earthworms in 

tap water and placed them in glass containers with moist paper towels to deprive them of 

soil and allow their digestive tract to empty.  After 24 hours, a worm was placed in a 

glass petri dish with pre-weighed filter paper at the bottom and folded up the sides, and 

the dish was sealed with parafilm.  The parafilm was punctured twice, and the dish was 

then saturated with air containing some percentage of CO2 through a nozzle inserted 

through the parafilm.  After one minute, the filter paper was immediately removed and 

weighed, and the weight of the exudate secreted in that time was calculated (Figure 4C).  

Using this method, we tested responses to room air (atmospheric CO2), 25% CO2, 50% 

CO2, 75% CO2, and 100% CO2 and analyzed the data with a one-way ANOVA.   

A final flow rate of approximately 32 ml/s was maintained for all trials, and 

varying percentages of CO2 were obtained by combining varying flow rates of room air 

and 100% CO2 from a CO2 tank using rotameters and a bubble flow meter.  In this assay, 

0% CO2 represents room air, which typically has 400-1,000 ppm CO2.  25% CO2 

includes approximately 250,525 ppm CO2, 50% includes approximately 500,350 ppm 

CO2, 75% includes approximately 750,175 ppm CO2, and 100% includes approximately 

1,000,000,000 ppb CO2.  

After determining dosage response to CO2, we repeated the assay after treatment 

with the inhibitors and blockers described in Table 1.  For these trials, the worms were 

placed in a 10 ml conical tube filled with 5 ml of the blocker.  After 10 minutes, they 
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were removed from the tube and gently dried with a paper towel before being placed in 

the assay.   The TRPA1 activator AITC, which our lab has previously shown to be 

aversive in E. hortensis (Smith, 2019), was tested in this assay as a positive control.  For 

these trials, 500 ul of 500 mM AITC was pipetted onto a strip of filter paper, which was 

then placed in a 10 ml pipette that air was flown through and into the assay chamber.  

Control assays were also conducted for the blocker vehicles, including spring water, 1% 

DMSO, and methyl cellulose. The data were then analyzed with an ANOVA contrast 

matrix. 

Blocker Name Concentration Vehicle Inhibits 

Acetazolamide 50 mM Spring Water Carbonic Anhydrase (General) 

Amiloride 1 mM Spring Water Sodium Channels, ASICs 

Diminazene Aceturate 0.1 mM Spring Water ASICs 

HC30013 0.1 mM Methyl Cellulose TRPA1 

Indisulam 0.01 mM 1% DMSO Carbonic Anhydrase IX 

Methylene Blue 1 mM Spring Water Guanylate Cyclase 

Ruthenium Red 0.01 mM Spring Water Calcium Channels 

S4 0.01 mM 1% DMSO Carbonic Anhydrase IX 

Topiramate 0.01 mM 1% DMSO Carbonic Anhydrase II and IV 

U-104 0.01 mM 1% DMSO Carbonic Anhydrase IX and XII 

ZnCl2 1 mM Spring Water OTOP Channels 

 

Table 1: Blockers used in the Exudate Assay with their concentrations, vehicles, and 

description of what they inhibit. 

 

 I also trained an undergraduate researcher, Jen Ryan, to assist with data 

collection.  Jen then went on to use the Exudate Assay to study the responses of 

earthworms to organic acids, including formic acid, acetic acid, and propionic acid at 

varying concentrations.  For these trials, the acid was pipetted onto a strip of filter paper, 

which was then placed in a 10 ml pipette that air was flown through and into the assay 

chamber.  These trials were repeated after exposure to the sodium channel and ASIC 
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blocker amiloride using the procedure described above.  These data were analyzed using 

two-way ANOVAs. 

 

Exudate pH Assay 

In a separate assay, we measured the pH of the exudate excreted in the Exudate 

Assay.  The Exudate Assay was performed with room air, 100% CO2, and 500 mM AITC 

with pH paper at the bottom of the petri dish instead of filter paper.  An image was taken 

of the pH paper immediately after the assay, and the pH was determined using a pH color 

legend. 

 

Molecular Analysis 

TRPA1 Sequencing 

I attempted to sequence TRPA1 in E. hortensis from genomic DNA using primers 

designed from the previously sequenced TRPA1 cDNA (Table 2).  Genomic DNA was 

isolated from earthworms using a modified Drosophila protocol.  Because earthworm 

epithelium is malleable but difficult to tear, repeated freezing with dry ice is necessary, 

along with using a mortar and pestle and detergent to fully break up the skin.  The 

isolated genomic DNA was then used in polymerase chain reactions (PCR) with primers 

from within the confirmed 440 bp cDNA sequence.  In addition to the genomic DNA 

template and primers, the PCR mixture included dNTPS, 10X Ex Taq Buffer, and Ex Taq 

polymerase, and nuclease-free water.  Gel electrophoresis (1% agarose gel with 1X TAE 

buffer and 0.005% EtBr) was used to visualize the products and determine their size with 

the aid of a GeneRuler 1kb Plus DNA ladder.  Clear bands were amplified using “2F” 
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and “4R” primers and a 1 in 10 dilution of the genomic DNA in a reaction run with a 

47°C annealing temperature for 30 cycles (Table 2).  The bands were cut from the gel and 

isolated using a Qiagen Gel Extraction kit (Qiagen, 2015), then re-amplified using the 

same PCR conditions that produced them. 

Name Sequence 

K 1F GTTCTCATCATCGCTTTCGGTCTC 

K 1R GAGACCGAAAGCGATGATGAGAAC 

K 2F GAATTCTGCCGGATACTCGACTCC 

K 2R GGAGTCGAGTATCCGGCAGAATTC 

K 3F GAGCAGAAAATACCGAGTCGTCTG 

K 3R CAGACGACTCGGTATTTTCTGCTC 

K 4F CCTCAAAGTCTATCCGAATCGTGG 

K 4R CCACGATTCGGATAGACTTTGAGG 

Earthworm Actin F TGCTGACCGAGGCTCCCCTCAATC 

Earthworm Actin R GGAGAGAACGGTGTTGGCGTACAG 

qTRPA1 - 1F TCGGTCTCGCTTTCTTCGTC 

qTRPA1 - 1R AGTTCCGAATTGGAGAGCGG 

qTRPA1 - 2F AATCGCAATGCAGGTTCAGC 

qTRPA1 - 2R TGAGGCAAGGCTTGTCAACT 

qTRPA1 - 3F TTCGGTCTCGCTTTCTTCGT 

qTRPA1 - 3R GTTCCGAATTGGAGAGCGGA 

qTRPA1 - 5F CGGATACTCGACTCCTCCGT 

qTRPA1 - 7F ATGCTGGGCAACATCGACTA 

qTRPA1 - 7R GCTTCAATGTCACCAACCGC 

qTRPA1 - 8F CGGTTGGTGACATTGAAGCC 

Table 2: Primers used in PCR and qPCR.  

Bands of interest were sequenced using Sanger Sequencing.  Because this process 

uses primers in the sequencing process, it could not be used for some isolated amplicons, 

as it would produce sequences from multiple parts of the gene, resulting in an unclear 

reading (see Figure 9).  Molecular cloning was used to combat this issue, as it allows for 

the use of vector primers for amplification and sequencing.  A TA subcloning technique 

was used to insert amplicons 1 and 2 into pGEM-T Easy plasmids (Thermo Fisher Inc, , 

which were then transformed into dh5 alpha E. coli.  Colonies were selected using 
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blue/white screening from the LacZ gene on pGEM-T-Easy, and they were then subject 

to additional verification of the insert using an EcoRI restriction digest and PCR.  

Plasmids with apparent successful insertion of the amplicons were also sent to be 

sequenced with Sanger Sequencing (Eton Bioscience Inc.).  Contigs were created from 

the forward and reverse sequences using CAP3 (Huang & Madan, 1999), which were 

then run via BLASTX to determine homology with genes from other species. 

 

Figure 5: Primer map of the tested qPCR primers on the cDNA sequence they were 

designed from. 

 

qPCR 

A quantitative polymerase chain reaction (qPCR) is a technique in which PCR 

amplification is monitored in real time using fluorescent probes.  Using RNA from the 

head, clitellum, and tail and TRPA1 primers, I used this technique to quantify the relative 

amounts of transcribed TRPA1 in these regions using earthworm actin primers as the 

housekeeping gene for comparison.  To extract RNA from E. hortensis, the tissue was 

first dissected and crushed using a pestle and repeated freezing with dry ice.  It was then 

placed in a TRIzol solution to separate out the RNA, and the manufacturer’s protocol was 

followed to complete the extraction (Thermo Fisher Scientific Inc., 2016).  The resulting 

RNA was then reverse transcribed to cDNA using the SuperScript III Reverse 

Transcriptase kit, with Oligo d(T)20 primers (Thermo Fisher Scientific Inc., 2013).  I 

performed qPCR using this cDNA with a variety of TRPA1 primers and an actin primer 
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for relative analysis (Table 2) (Figure 5).  All practical combinations of forward and 

reverse qPCR primers were first tested using PCR.  TRPA1 qPCR primers “5F” and “1R” 

were ultimately selected because they produced bands of the expected size when run with 

PCR, and produced clear qPCR data.  Each qPCR mixture also included equal amounts of 

nuclease-free water and SYBR Green master mix to act as the fluorescent probe.  The 

data were then analyzed using the 2–ΔΔCT method of relative analysis, comparing data 

from the TRPA1 primers to the actin primers (Rao et al,, 2013; Thomas and Schmittgen, 

2001).  Actin was chosen as the housekeeping gene because our lab has reliably 

amplified actin in many different earthworm tissues throughout this and previous 

projects, and actin is a common choice for housekeeping genes in other studies.  These 

data were analyzed with a one-way ANOVA and a Tukeys HSD test. 
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RESULTS 

Behavioral Assays 

Flypad Assay 

 Earthworms did not leave the 3 inch diameter circle on the flypad faster when it 

emitted higher concentrations of CO2 (p=0.741, one-way ANOVA).  The proportional 

time (A/B+1), where A is the time taken to leave when exposed to no airflow and B is the 

time taken to leave when exposed to room air or CO2) that the worms took to leave the 

circle varied in a seemingly random pattern, ranging from a mean of 0.8646 +/- 0.2286 at 

5% CO2 and a mean of 4.9458 +/- 1.5736 at 6% CO2 (Figure 5A), where concentrations 

ranging from 0% to 20% CO2 were tested.  It was later determined that higher 

concentrations of CO2 were needed to elicit a significant aversive response. 

 

Straw Assay 

 Earthworms retracted significantly further in response to 100% CO2 compared 

with room air (p=0.000155, ANOVA contrast matrix).  This response to 100% CO2 was 

significantly muted after exposure to ruthenium red (p=0.04800, ANOVA contrast 

matrix).  The response was muted after exposure to acetazolamide, but this difference 

was not significant (p=.3211, ANOVA contrast matrix).  Ruthenium red also resulted in 

further retraction in response to room air (Figure 5B). This assay was ultimately 

discarded in favor of the exudate assay because of difficulty of execution.  The vehicle 

for both ruthenium red and acetazolamide, spring water, was not tested before this assay 

was discarded. 
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Figure 6: A) Flypad Assay: Earthworms did not leave the circle on a flypad faster when 

exposed to higher concentrations of CO2 from 0% to 20% (p= p=0.741, one-way 

ANOVA).  B) Straw Assay: Earthworms retreat significantly further in response to 100% 

CO2 compared to room air (p=0.000155, ANOVA contrast matrix).  This response was 

muted after exposure to ruthenium red (p=0.048000, ANOVA contrast matrix). 

 

 

Figure 7: Exudate Assay: Earthworms excrete significantly more exudate in response to 

increasing concentrations of CO2 (p=2.88e-16, one-way ANOVA).  Earthworms excrete 

significantly more exudate in response to CO2 after treatment with spring water compared 

to those with no treatment (p=6.01e-07, two-way ANOVA).  The positive control AITC 

is also represented graphically. 
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Exudate Assay 

Earthworms excreted exudate in response to 100% CO2.  Over the course of the 

one-minute assay, the earthworms excreted clear liquid, and then a pale green thicker 

substance.  Levels of movement varied between earthworms, but most worms began to 

writhe after 10-15 seconds of exposure, and stopped by the end of the assay.  Most 

worms were still moving by the end of the assay, but less-so than before the assay began. 

 

 

Figure 8: The carbonic anhydrase inhibitors tested compared with their vehicles.  

Inhibitors include acetazolamide (general carbonic anhydrase inhibitor), indisulam 

(CAIX inhibitor), S4 (CAIX inhibitor), topiramate (CAII/CAIV inhibitor), and U-104 

(CAIX/CAXII inhibitor).  Acetazolamide (p=1.06e-05) muted the response to 100% CO2 

(p=1.06e-05, ANOVA Contrast Matrix). 
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Figure 9: The blockers tested compared with their vehicles.  Blockers include ruthenium 

red (calcium channel blocker), amiloride (sodium channel/ASIC blocker), ZnCl2 (OTOP 

channel blocker), HC30013 (TRPA1 channel blocker), diminazene aceturate (ASIC 

blocker), and methylene blue (guanylate cyclase inhibitor). Ruthenium Red 

(p=0.000511), and ZnCl2 (p=0.044467) muted the r4esponse to 100% CO2 and 

Amiloride (p=1.06e-05) muted the response to 50% CO2.  Data were analyzed with an 

ANOVA contrast matrix. 

 

In addition, earthworms excreted more exudate with increasing concentrations of 

CO2 in a dosage-dependent manner (p=2.88e-16, one-way ANOVA), where 

concentrations of 0%, 25%, 50%, 75%, and 100% were tested (Figure 6).  Compared to 

these results, significantly more exudate was excreted after exposure to spring water, the 

vehicle for many of the blockers tested (p=6.01e-07, two-way ANOVA).   

This assay was repeated with 0%, 50%, and 100% CO2 after exposure to a variety 

of blockers.  Of these blockers, ruthenium red (p=0.000511), acetazolamide (p=.1.06e-
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05), and ZnCl2 (p=0.04447) significantly muted the response to 100% CO2 compared to 

their vehicles, and amiloride (p=0.020587) significantly muted the response to 50% CO2 

compared with its vehicle (ANOVA contrast matrix) (Figures 7, 8).  Other inhibitors, 

including topiramate, indisulam, methylene blue, and amiloride at 100% CO2 and 

diminazene aceturate, indisulam, S4, ZnCl2, and U-104 at 50%, somewhat muted the 

response compared with their respective vehicles, but not to a statistically significant 

extent.  Some chemicals, including amiloride and diminazene aceturate, caused the 

worms to excrete exudate while soaked in the blocker, but this did not appear to affect 

their ability to excrete exudate in the assay.  Ruthenium red, unlike the other inhibitors 

tested, was sporadic in how frequently it caused the worms to slime. 

 

Figure 10: A) Earthworms excrete significantly more exudate in response to increasing 

concentrations of formic acid, acetic acid, and propionic acid (p=4.888e-08, two-way 

ANOVA).  B) This response is significantly muted after exposure to amiloride 

(p=4.888e-08, two-way ANOVA).  These data were collected by Jen Ryan. 

 

 We also found that earthworms excrete significantly more exudate in response to 

increasing concentrations of formic acid, acetic acid, and propionic acid (p<2.2e-16, two-

way ANOVA) (Figure 10A).  This response was significantly muted for all three acids by 
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the sodium channel and ASIC blocker amiloride (p=4.888e-08, two-way ANOVA) 

(Figure 10B).  This project was led by undergraduate researcher Jen Ryan, who I trained 

on the exudate assay. 

 

Exudate pH Assay 

I next used the exudate assay in experiments in which the filter paper was 

replaced by pH paper (Figure 9).  After exposure to room air, there were spots of pH 7-8 

exudate on the pH paper.  After exposure to 100% CO2, there were larger splotches of pH 

7-9 exudate, and after exposure to 500 mM AITC, there were very large dark splotches of 

pH 8-10 exudate. 

 

 
Figure 11: pH paper after worms were exposed to (left to right) room air, 100% CO2, 

and 500 mM AITC for 1 minute.  More and darker spots appeared after exposure to 

100% and AITC, indicating a higher pH. 
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Molecular Analysis 

TRPA1 Sequencing 

PCR with TRPA1 cDNA primers “2F” and “4R” produced three bands: amplicon 

1 (~1200 bp), amplicon 2 (~850 bp), and amplicon 3 (~600 bp).  Amplicon 1 produced 

amplicons 1, 2, and 3 when re-amplified.  Amplicon 2 produced amplicons 2 and 3 when 

re-amplified.  Only amplicon 3 produced a single band of the same size when re-

amplified (Figure 10).  

 

Figure 12:  Diagram of the bands amplified from the “2F” and “4R” primers and what 

they produce when reamplified. 

 

The sequencing contigs from the three amplicons isolated from TRPA1 cDNA 

primers “2F” and “4R” were run via BLASTX, and none had homology with TRPA1 

sequences in any species.  Amplicon 3, the largest of the three at ~1200bp, did not result 

in a clean enough sequence to generate a contig or BASTX run.  Amplicon 1, the smallest 

of the three at ~600 bp, had homology with the E. fetida genes eVCP-1 and eVCP-2, 

Valosin-containing proteins (VCP) that may be involved in spermatogenesis (Suzuki et 
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al, 2005).  Primers “2F” and “4R” were the only successful primers from the TRPA1 

cDNA sequence, and they did not amplify a sequence from earthworm TRPA1. 

 

 

Figure 13: There was the highest fold expression of TRPA1 RNA in the earthworms’ 

clitellum, significantly more than found in the head (p<1e-8, Tukeys HSD) or the tail 

(p<1e-8, Tukeys HSD). 

 

qPCR 

 The results of the 2–ΔΔCT calculations revealed that there were the highest levels of 

TRPA1 RNA in the clitellum, and the lowest levels in the tail (p=3.83e-10, one-way 

ANOVA) (Figure 11).  There was a 3.2673+/-2.1461 fold change in expression in the 

head compared to the tail, and a 22.0196+/-10.5428 fold change in expression in the 

clitellum compared to the tail.  The fold change was significantly different between the 

tail and clitellum (p<1e-8, Tukeys HSD) and head (p<1e-8, Tukeys HSD), but the 
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difference between the head and tail (p=0.3702, Tukeys HSD) was not.  Primers “5F” and 

“1R” were used for qPCR (Table 2), as they produced bands of the expected size when 

run with PCR and produced clean results from the qPCR itself.   

 A melt curve provides information on the specificity of amplification during 

qPCR.  Because the double stranded cDNA will dissociate and lose fluorescence at 

specific temperatures based on size and nucleotide composition, a single peak suggests 

high specificity of amplification.  The melt curve for the TRPA1 primers used shows a 

primary peak at 83.5 degrees C, but there is a small secondary peak around 76.5 degrees 

C (Figure 14).  The melt curve for the actin primers shows a single peak at 89 degrees C.  

Five values were dropped from this melt curve because they had double peaks that didn’t 

match the rest of the replicates. 

 

  
 

Figure 14: (Left) The melt curve for qPCR with the “5F’ and “1R” TRPA1 primers.  

(Right) The melt curve for qPCR with the housekeeping actin primers. 
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DISCUSSION 

 These data serve dual purposes, allowing us to understand how earthworms make 

decisions in response to chemicals in their environment, and contributing to ongoing 

investigations into mechanisms of CO2 detection across species.  The current study 

provides initial evidence of the molecular mechanisms behind CO2 detection in 

earthworms, and provides further insight into the role of TRPA1 in the species’ chemical 

senses.  Though the results suggest that TRPA1 is not involved in CO2 detection as 

initially hypothesized, other mechanisms, including ASIC channels, calcium channels, 

and carbonic anhydrases, have been identified in our de novo transcriptome and are likely 

candidates. 

 

Behavioral Assays 

Preliminary Assays 

We ultimately decided that the Flypad Assay and the Straw Assay were both less 

robust than the exudate assay for gauging CO2 aversion in earthworms, but each provided 

useful preliminary information that I later confirmed using the exudate assay.  The 

Flypad Assay suggested that lower concentrations of CO2 from 0% to 20% could not 

induce an aversive response.  The Straw Assay provided preliminary evidence of CO2 

aversion and the role of calcium channels in this response.  It also suggested that carbonic 

anhydrase was involved, though it was not found to be significantly different from 

control in this assay.  These results would have likely been different had the results of the 
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blockers been compared with their vehicle rather than trials with no blocker or vehicle, as 

we later showed that spring water increases sensitivity to CO2. 

 

Earthworm Mucus and Exudate 

 I ultimately chose the Exudate Assay, a robust and simple assay for investigating 

earthworms’ response to CO2.  This assay determines levels of irritation and sensory 

aversion by the amount of exudate excreted after exposure to a stimulus.  There are 

multiple studies showing that earthworms excrete exudate in response to noxious stimuli, 

including electrical stimulation and lead (Rivera et al, 2020; Heredia et al, 2008).  In 

addition, earthworms excreted exudate in response to the 500 mM AITC used as a 

positive control in this assay, and we have previously shown AITC to be aversive in E. 

hortensis.  From this, we can conclude that the Exudate Assay successfully measures 

sensory aversion in earthworms.  

 In this study, we define exudate as the liquid and mucus excreted by earthworms 

in response to sensory irritation.  Exudate has been shown to act as an alarm signal to 

other earthworms, and is attractive to some predators such as garter snakes (Jiang et al, 

1990).  It consists of intact mucus vesicles containing auto-fluorescent membrane-bound 

chloragosome granules as well as coelomic fluid, and consists primarily of proteins and 

carbohydrates (Roots and Johnston, 1966; Guhra et al, 2020; Heredia et al, 2008).   

Mucus vesicles are excreted from between the earthworms’ segments from the worms’ 

body cavity, or coelom, and are lubricated by the coelomic fluid (Zhang et al, 2016; 

Heredia et al, 2008).  This reflects what we observed during the Exudate Assay- E. 

hortensis would excrete a clear liquid as well as a globular green substance from between 
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its body segments.  Studies in the closely related species E. fetida show that the mucus 

vesicles form strands outside the body, which differs from what we observed in E. 

hortensis, where the mucus remains in a more globular formation (Heredia et al, 2008). 

Exudate composition also varies by species, and there are fewer studies 

investigating the composition of E. hortensis exudate than in other species.  The major 

aromatic compound in E. hortensis exudate has been identified as α-nicotinamide 

riboside, and exudate also includes many organic acids such as fumarate, succinate, 

malate, and α-ketoglutarate (Rochfort et al, 2017; Bundy et al, 2001).  Across multiple 

species, however, exudate includes water, electrolytes, glycoproteins, 

mucopolysaccharides, lectins, and hemocyanin (Jamieson, 1981; Heredia et al, 1981). 

We refer to the liquid found on earthworms’ skin in basal conditions, the 

epithelial surface liquid, as mucus.  This mucus serves many critical functions, including 

keeping the skin moist for respiration, aiding with locomotion, and acting as a buffer 

(Zhang et al, 2016; Schrader et al, 1994).  It is somewhat unclear, however, to what 

extent this mucus is the same as the exudate described above.  Many studies interested in 

earthworm mucus electrically or chemically stimulate earthworms in order to collect 

more mucus, claiming that exudate and mucus are the same (Chen et al, 1990; Zhang et 

al, 2016).  In addition, some studies have found that E. fetida excretes small amounts of 

mucus protein from exudate under basal conditions (Rivera et al, 2020; Heredia et al, 

2008).  These studies are limited, however, and may not apply to E. hortensis.  

Understanding the mechanisms of mucus and exudate excretion in earthworms may add 

essential context to the interpretation of the results in this study. 
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CO2 Aversion  

The results from this assay show that CO2 is aversive to E. hortensis in a dosage 

dependent manner, as the earthworms excreted more exudate in response to higher 

concentrations of CO2.  These data confirmed one of our preliminary expectations, as 

many species find CO2 noxious at high concentrations, including rats, nematodes, and 

fruit flies (Améndola & Weary, 2019; Hallem & Sternburg, 2008; Breugel et al, 2018). 

Earthworms exposed to concentrations of CO2 at 25% and lower, however, 

produced no significant response, and consequently must not be aversive enough to elicit 

excretion of exudate.  It is possible that lower concentrations of CO2 are appetitive rather 

than aversive, as this is true of many species including mosquitoes and, when in a 

foraging state, fruit flies (Spanoudis et al, 2020; Breugel et al, 2018).  Earthworms feed 

on soil, gaining nutrients from decaying organic matter, bacteria, nematodes, and other 

microfauna (Curry & Schmit, 2007), many of which emit CO2.  For this reason, CO2 

could be an indicator of a food source to earthworms.  Unfortunately, our lab has not 

been successful in designing appetitive assays for earthworms, and is not yet able to 

assess whether low concentrations of CO2 are appetitive. 

Very high concentrations of CO2 were required to produce a response in the 

Exudate Assay.  For example, 25% CO2 is aversive in rats, (Améndola & Weary, 2019). 

Many species of nematodes find 10% CO2 aversive, though this varies by species and 

strain (Hallem & Sternburg, 2008). Drosophila melanogaster finds 5% CO2 aversive 

when not in a foraging state (Breugel et al, 2018).  All of these concentrations are much 

lower than those found to be aversive to earthworms in the Exudate Assay.  
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In addition, these concentrations are much higher than what an earthworm is 

likely to encounter in its subterranean environment, which can reach up to 13% CO2 

(Amundson and Davidson, 1990).  However, E. hortensis showed no other response to 

CO2 at lower concentrations, and the non-ecological concentrations used here allowed for 

investigation of the mechanisms behind their CO2 detection.   Though these 

concentrations are high compared to ecological CO2 concentrations, there are examples 

of concentrations as high as 45% being used in human irritation studies (Shusterman and 

Avila, 2003; Hummel et al, 1998) 

Many organisms are anesthetized by high concentrations of CO2, including rats 

and fruit flies (Danneman and Walshaw, 1997; Seiger and Kink, 1993)  We originally 

expected that concentrations of CO2 as high as 100% would anesthetize the worms, but 

this did not appear to be the case, as the worms were frequently still moving by the end of 

the assay.  It is possible that the 1-minute duration of the assay is not long enough to 

anesthetize the earthworms.  In addition, it may not be necessary for the earthworms to be 

conscious during this assay, if they continue to excrete exudate even while anesthetized. 

 

Mechanisms of CO2 Detection 

Repetition of the Exudate Assay after exposure to a wide variety of blockers 

revealed potential mechanisms for CO2 detection in this species.  We believe that the 

receptors for these mechanisms can be found on the earthworms’ skin, and that the 

blockers reached their respective receptors through topical application.  The TRPA1 

blocker HC30013 significantly muted the response to AITC, a TRPA1 activator, 

indicating that the blockers were successfully reaching receptors on the earthworms’ skin. 
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The general carbonic anhydrase inhibitor acetazolamide significantly muted the 

response to 100% CO2.  This suggests that bicarbonate ions or protons are activating the 

molecule or molecules responsible for CO2 detection, as carbonic anhydrase is 

responsible for the production of those chemicals from CO2 and water.  The isoform-

specific carbonic anhydrase inhibitors did not significantly mute the response, but some 

muted the response to a non-significant extent.  These included the CAIX inhibitor 

indisulam (at 50% and 100% CO2), the CAIX inhibitor S4 (at 50% CO2), and the 

CAIX/CAXII inhibitor U-104 (at 50% CO2).  It is possible that the non-general carbonic 

anhydrase inhibitors are muting the response to a lesser extent and at lower 

concentrations because there are multiple carbonic anhydrases involved in this response.  

Regardless, these data provide behavioral evidence of the carbonic anhydrases present in 

earthworms, confirming some of the transcriptome analysis previously conducted in our 

lab (Figure 3). 

The calcium channel blocker ruthenium red also muted the response to 100% 

CO2, suggesting that calcium channels are involved in this response as well.  Calcium 

channels are involved in a wide variety of biological functions, so these results could 

easily indicate that a calcium channel is involved in CO2 detection, or that a calcium 

channel is involved in the mechanism of excreting exudate.  I chose this blocker to 

investigate the potential involvement of the calcium channel TRPA1 in detecting CO2, 

but these results are ultimately inconclusive as to what mechanism mutes the response.  

As we learn more about nociception in earthworms, an experiment with a positive control 

with a mechanism that is known to be calcium channel independent could be used to 

determine which part of the response ruthenium red is blocking. 
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ZnCl2 also muted earthworms’ response to 100% CO2.  I used this blocker to test 

the potential involvement of OTOP channels on the suggestion of Emily Liman, who has 

demonstrated those channels involvement in detecting weak acids in the vertebrate 

gustatory system (Teng et al, 2019).  This may implicate OTOP channels in CO2 

detection in earthworms as well, but ZnCl2 is too general a blocker to draw any concrete 

conclusions from these data.  There is also evidence that ZnCl2 blocks ASIC1a and 

ASIC2a, but not the ASIC3 channels that may be involved in CO2 detection (Chu et al, 

2004). 

The ASIC channel blocker amiloride muted the response to 50% CO2.  Amiloride 

blocks ASIC channels as well as sodium channels, suggesting that these channels or an 

invertebrate equivalent may play a role in CO2 detection in earthworms.  Diminazene 

aceturate somewhat muted the response to 50% CO2, but this difference was not 

significant.  Further research with these and related blockers could implicate the 

involvement of specific ASIC channels in CO2 detection.  Amiloride did not mute the 

response to 100% CO2, so this concentration may be too high for blockers to work 

effectively.  These data provide further behavioral evidence for ENaC and ASIC channels 

in this species. 

The TRPA1 blocker HC30013 and the guanylate cyclase inhibitor methylene blue 

did not significantly mute the response to CO2 at any concentration. Though these 

channels do not appear to be involved with this response, there is evidence that they are 

frequently involved in CO2 detection in other species, and they could still be serving a 

similar function in earthworms through a redundant pathway.  Alternatively, these 

mechanisms could be involved in the detection of lower concentrations of CO2, where it 
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may be neutral or appetitive rather than aversive.  That different blockers muted the 

response at differing CO2 concentrations provides some evidence that a variety of 

mechanisms could be required to detect variations in concentration.   

The results of this study, however, primarily implicate carbonic anhydrase and 

ASIC channels in the detection of CO2 in earthworms.  As carbonic anhydrases are 

responsible for producing protons from CO2, and ASIC channels respond to high 

concentrations of protons, the detection of high concentrations of CO2 appears to be 

through the detection of low pH.   This is corroborated by the results of the acid trials in 

the Exudate assay, which showed that the ASIC and sodium channel blocker amiloride 

significantly muted the response to organic acids.  This provides additional evidence that 

earthworms have functioning ASIC channels, and such channels may be used to detect 

the low pH produced by CO2 and carbonic anhydrase in addition to other acids. 

This is also a potential explanation for exudate amount increasing after exposure 

to spring water and the other vehicles in this experiment, 1% DMSO and methyl 

cellulose: the liquid could allow more CO2 to dissolve and be converted to bicarbonate 

and protons by carbonic anhydrase, producing the protons activate ASIC channels and 

other potential mechanisms for CO2 detection. 

 

Adaptations to CO2 

As stated above, earthworms only responded to very high concentrations of CO2 

in the Exudate Assay.  It is possible that this is because high levels of irritation are 

required for earthworms to excrete exudate, and that this is a limit of the assay’s 

functionality.  It is also possible, however, that earthworms are less responsive to CO2 
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than other organisms due to adaptations to a high- CO2 environment.   Earthworms found 

100% CO2 less irritating than 500 mM AITC, showing that even the highest 

concentration of CO2 is less irritating than known irritating chemicals.   

Subterranean organisms often have adaptations to living with high concentrations 

of CO2.  Naked-mole rats, for example, have a proton-insensitive ASIC3 channel among 

other adaptations (Schuhmacher et al, 2018).  While this study shows that earthworms 

likely have functioning ASIC channels, they may have other adaptations that serve a 

similar purpose. 

One such adaptation may be mucus, which acts as an excellent buffer in multiple 

species, and can neutralize acidic and basic environments (Schrader et al, 1994).  

Through this mechanism, mucus, and perhaps by extension the exudate excreted in the 

Exudate Assay, could be neutralizing the low-pH environment created from CO2 and 

water by carbonic anhydrase.  The results from the Exudate pH Assay also support this, 

as increased levels of exudate tended to have higher pHs, which could neutralize a low 

pH.  Increased aversion after exposure to spring water and other vehicles could be 

because this dilutes the earthworms’ natural buffer, making them more susceptible to low 

pH.  This may also explain why earthworms excrete exudate in response to noxious 

stimuli such as CO2- its purpose could be to neutralize the noxious stimulus. 

 

Molecular Analysis 

 The attempted TRPA1 sequencing did not produce any sequences with homology 

to TRPA1.  Of the three bands initially amplified, the smallest had homology with 

Valosine-containing proteins (VCP) in Eisenia fetida, a closely related species to E. 
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hortensis.  Though this does not provide evidence for TRPA1 channels, it does confirm 

that the DNA amplified through PCR was earthworm DNA, and not DNA from human 

contamination or nematode parasites living in the worms.  Our lab has had continuous 

difficulty cloning TRPA1 in earthworms.  This is likely due to the ankyrin repeats found 

at the N-terminal domain of this channel.  Because ankyrin repeats are found in other 

genes as well, this also makes it likely for TRPA1 primers to amplify other genes.   

 The qPCR results suggested that TRPA1 RNA is present the highest levels in the 

clitellum, and the lowest levels in the tail.  We had hypothesized that there would be 

higher expression in the head compared to the tail, as most of the earthworms’ sensory 

structures are reported to be in the head.  It was unexpected, however, that the clitellum 

had such a high difference in expression.  The clitellum contains earthworms’ 

reproductive organs, so an increase in sensory structures in this region may serve to 

protect those vital structures.  Due to the tendency of qPCR to exaggerate differences and 

minimize error, further research is needed to confirm these findings, including collecting 

biological replicates and repeating this procedure with additional and more precise 

anatomical locations.  The qPCR primers also did not produce single clear bands when 

tested with traditional PCR, and 

The melt curve for the TRPA1 primers included one primary peak, suggesting a 

relatively high specificity of amplification.  There was however, a small secondary peak 

in addition to the primary peak, suggesting that there may have been genomic DNA 

contamination or off-target amplicons (Figure 14).  The melt curve for the actin primers 

also had one primary peak, with the exception of five wells with two smaller peaks, 

suggesting that there was likely contamination in those wells alone.  Together, these melt 
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curves create some, but not total, confidence in the specificity of amplification during 

qPCR. 

Though we ultimately did not implicate TRPA1 in CO2 detection in this study, 

these results contribute to other findings in our lab, and to the ongoing investigation into 

earthworm chemical senses. 

 

Future Directions 

 The Exudate Assay is a robust assay for testing aversive behavior in earthworms, 

and the worm lab will likely continue to utilize it in the future to further investigate 

mechanisms of CO2 and other aversive chemicals.  More replicates could be collected, as 

the current replicates range from n=5 to n=12.  More blockers could be tested including 

blockers for the capsaicin receptor TRPV1 and TASK channels involved in respiratory 

chemoreception in mammals, as they are involved in CO2 detection in some species 

(Cummins et al, 2019).  We could also test ruthenium red with a positive control which 

does not activate a calcium channel, allowing us to examine whether ruthenium red is 

blocking a mechanism involved in CO2 detection, or a mechanism involved in exudate 

excretion.  The Exudate pH Assay was only recently developed, and as such it should be 

expanded by collecting more replicates and quantifying the results. 

One of the limitations of the Exudate Assay is that it cannot determine if low 

concentrations of CO2 are appetitive. We have had difficulty designing a robust 

appetitive assay which could be used to assess CO2 detection at lower concentrations. 

 Sequencing TRPA1 has been a constant challenge within our lab.  In the future, 

there could be further attempts to amplify, isolate, and sequence a section of TRPA1 
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cDNA, perhaps using the successful TRPA1 qPCR primers.  If successful, inverse PCR 

may allow for sequencing of a larger portion of the gene, and then CRISPR would allow 

us to further investigate the function of TRPA1 in the earthworm E. hortensis.  TRPA1 

qPCR could also be expanded to include more anatomical regions of the earthworms such 

as the brain, gut, and midsection to gain further insight into the localization of this 

channel.  The off-target amplification suggested by the melt curve could be investigated 

by introducing DNAse to degrade any contaminating DNA, and changing reaction 

temperatures to address any off-target amplicons.  qPCR could be used to investigate the 

localization of different carbonic anhydrase isoforms, especially which isoforms are 

expressed in earthworm mucus and epithelium. 

 

Conclusions 

 Earthworms are critical elements of many terrestrial ecosystems, yet we know 

little about how they make decisions about the chemicals in their environment.  Because 

CO2 is such a critical signaling molecule, and earthworms encounter it in such high 

concentrations, this study could contribute to a necessary understanding of what attracts 

and repels earthworms, an understanding that has potential applications in both 

agriculture and invasive species management. 

 Research on responses to CO2 may be of particular importance in the context of 

climate change: as CO2 concentrations in the atmosphere increase, CO2 concentrations in 

the soil may increase as well.  In addition, one proposed solution to rising CO2 levels is 

CO2 sequestration in the soil through creation of carbon sinks, which would further 

increase these concentrations (Batjes, 1997).  The results of this study suggest that 
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increasing concentrations of CO2 in the soil won’t be exceptionally aversive to 

earthworms, but further research is needed to understand the effect of lower 

concentrations of CO2 on earthworms. 

 There are also potential applications in the assessment and treatment of acidic 

soil, as our data supports previous studies describing earthworm mucus as an excellent 

buffer.  Though earthworms find acidic conditions aversive, they also have a natural 

defense against those conditions that would improve the pH balance of the soil. 

These data build upon our lab’s previous research on earthworm chemosensation, 

providing more information on the molecular mechanisms of chemesthesis in these 

organisms.  These data also provide the first evidence of the mechanisms involved in CO2 

detection in E. hortensis, revealing the function of carbonic anhydrases and ASIC 

channels in this process. This contributes to our understanding of the mechanisms 

earthworms use to detect CO2 and provides yet another example of how these 

mechanisms are highly conserved. 

  



46 
 

REFERENCES 

 

Akiba Y, Mizumori M, Kuo M (2008) CO2 chemosensing in rat oesophagus. Gut 

57:1654-1664. 

 

Alimohammadi H, and Silver WL. (2015) Nasal Chemesthesis: Similarities between 

humans and rats observed in in vivo experiments. Chemosensory Perception.  8:85-95. 

 

Améndola L, & Weary DM. (2019). Evidence for consistent individual differences in rat 

sensitivity to carbon dioxide. PloS one, 14(4), e0215808. 

https://doi.org/10.1371/journal.pone.0215808 

 

Amundson R, and Davidson E. (1990). Carbon dioxide and nitrogenous gases in the soil 

atmosphere. Journal of Geochemical Exploration. 38(1-2): 13-41. 

https://www.sciencedirect.com/science/article/pii/037567429090091N 

 

Bandell, M., Story, G., Hwang, S., Viswanath, V., Eid, S., Petrus, M., Earley, T., 

Patapoutian, A. (2004) Noxious Cold Ion Channel TRPA1 Is Activated by Pungent 

Compounds and Bradykinin. Neuron. 41(6):849-857. 

https://www.sciencedirect.com/science/article/pii/S0896627304001503 

 

Banerjeea S, Deshpande P. (2016). On origin and evolution of carbonic anhydrase 

isozymes: A phylogenetic analysis from whole-enzyme to active site. Computational 

Biology and Chemistry. 61:121-129. 

https://www.sciencedirect.com/science/article/abs/pii/S1476927115301109?via%3Dihub 

 

Batjes NH (1997). Mitigation of atmospheric CO2 concentrations by increased carbon 

sequestration in the soil. Biol Fertil Soils. 27:230–235 

 

Bautista, D., Jordt, S., Nikai, T., Tsuruda, P., Read, A., Poblete, J., Yamoah, E., 

Basbaum, A., Julius, A. (2006) TRPA1 Mediates the Inflammatory Actions of 

Environmental Irritants and Proalgesic Agents. Cell. 124(6):1269-1282. 

https://www.sciencedirect.com/science/article/pii/S0092867406002406?via%3Dihub 

 

Bundy JG, Osborn D, Weeks JM, Lindon JC, Nicholson JK (2001) An NMR-based 

metabonomic approach to the investigation of coelomic fluid biochemistry in earthworms 

under toxic stress. FEBS Lett. 500(1-2):31-5. doi: 10.1016/s0014-5793(01)02582-0. 

PMID: 11434921. 

 

Chegwidden WR. and Carter ND. (2000) Introduction to the carbonic anhydrases. In 

Chegwidden, W.R., Carter, N.D. and Edwards, Y.H. (eds), The Carbonic Anhydrases: 

New Horizons. Birkhauser Verlag, Basel, 90:13–28. 

 

https://doi.org/10.1371/journal.pone.0215808
https://www.sciencedirect.com/science/article/pii/037567429090091N
https://www.sciencedirect.com/science/article/pii/S0896627304001503
https://www.sciencedirect.com/science/article/abs/pii/S1476927115301109?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0092867406002406?via%3Dihub


47 
 

Chen Q, Zeng W, She J, Bai XC, Jiang Y (2019). Structural and functional 

characterization of an otopetrin family proton channel. eLife, 8, e46710. 

https://doi.org/10.7554/eLife.46710 

 

Chu XP,  Wemmie JA, Wang WZ, Zhu XM, Saugstad JA, Price MP, Simon RP, Xiong 

ZG. (2004) Subunit-dependent high-affinity zinc inhibition of acid-sensing ion channels. 

J Neurosci. 24(40):8678-89. doi: 10.1523/JNEUROSCI.2844-04.2004. PMID: 15470133; 

PMCID: PMC3799792. 

 

Chu X, Kc P, Ian E, Kvello P, Liu Y, Wang GR, Berg BG. (2020). Neuronal architecture 

of the second-order CO2 pathway in the brain of a noctuid moth. Scientific reports, 10(1), 

19838. https://doi.org/10.1038/s41598-020-76918-1 

 

Clapham D. (2003). TRP channels as cellular sensors. Nature. 426:517–524. 

https://www.nature.com/articles/nature02196 

 

Cometto-Muniz E, Simmons C. (2015) Trigeminal Chemisthesis. 3rd Edition. Wiley-

Blackwell: Hoboken, New Jersey. https://escholarship.org/uc/item/42n8h94s 

 

Csoknya M, Takács B, Koza A, Dénes V, Wilhelm M, Hiripi L, Kaslin J, Elekes K. 

(2005) Neurochemical characterization of nervous elements innervating the body wall of 

earthworms (Lumbricus, Eisenia): immunohistochemical and pharmacological studies. 

Cell Tissue Res 321(3):479–490. https://pubmed.ncbi.nlm.nih.gov/15995870/  

 

Cummins EP, Strowitzki MJ, Taylor CT (2020). Mechanisms and Consequences of 

Oxygen and Carbon Dioxide Sensing in Mammals. Physiological Reviews 100(1):463-

488 

 

Curry JP, Schmidt O (2007) The feeding ecology of earthworms - A review. 

Pedobiologia. 50:463–477.  

https://www.sciencedirect.com/science/article/pii/S003140560600062X  

 

Danneman PJ, Stein S, Walshaw SO. (1997) Humane and practical implications of using 

carbon dioxide mixed with oxygen for anesthesia or euthanasia of rats. Lab Anim Sci. 

;47(4):376-85. PMID: 9306311. 

 

Derbyshire ER, Marletta MA (2012). Structure and regulation of soluble guanylate 

cyclase. Annu Rev Biochem. 81:533-59. doi: 10.1146/annurev-biochem-050410-100030. 

 

Detweiler ND, Vigil KG, Resta TC, Walker BR, Jernigan NL (2018) Role of acid-

sensing ion channels in hypoxia- and hypercapnia-induced ventilatory responses. PLoS 

ONE 13(2): e0192724. https://doi.org/10.1371/journal.pone.0192724 

 

Edwards CA, Bohlen PJ (1996) Biology and ecology of earthworms (Chapman & Hall, 

London). 3. ed. 

 

https://doi.org/10.7554/eLife.46710
https://doi.org/10.1038/s41598-020-76918-1
https://www.nature.com/articles/nature02196
https://escholarship.org/uc/item/42n8h94s
https://pubmed.ncbi.nlm.nih.gov/15995870/
https://www.sciencedirect.com/science/article/pii/S003140560600062X
https://doi.org/10.1371/journal.pone.0192724


48 
 

Edwards, C. 2004. Earthworm Ecology. 2nd. Danvers, MA: CRC Press LLC. Chapter 1, 

The Importance of Earthworms as Key Representatives of the Soil Fauna, p. 3-9 

 

Fang X, Seim I, Huang Z, Gerashchenko MV, Xiong Z, Turanov AA, Zhu Y, Lobanov 

AV, Fan D, Yim SH, Yao X, Ma S, Yang L, Lee SG, Kim EB, Bronson RT, Šumbera R, 

Buffenstein R, Zhou X, Krogh A, Park TJ, Zhang G, Wang J, and Gladyshev VN. (2014) 

Adaptations to a subterranean environment and longevity revealed by the analysis of 

mole rat genomes. Cell Rep. 8(5):1354-64. doi:10.1016/j.celrep.2014.07.030. 

 

Fischler W, Kong P, Marella S, and Scott K. (2007). The detection of carbonation by the 

Drosophila gustatory system. Nature. 448:1054–1057 

 

Gaudette, R. (2008) A primer on ankyrin repeat function in TRP channels and beyond. 

Molecular BioSystems. 4(5):372-379. 

https://pubs.rsc.org/en/content/articlelanding/2008/mb/b801481g/unauth#!divAbstract 

 

Guhra T, Stolze K, Schweizer S, Totsche KU (2020). Earthworm mucus contributes to 

the formation of organo-mineral associations in soil, Soil Biology and Biochemistry, 145. 

https://doi.org/10.1016/j.soilbio.2020.107785. 

 

Hallem EA & Sternberg PW. (2008). Acute carbon dioxide avoidance in Caenorhabditis 

elegans. Proceedings of the National Academy of Sciences of the United States of 

America, 105(23), 8038–8043. https://doi.org/10.1073/pnas.0707469105 

 

Hallem EA, Spencer WC, McWhirter RD, Zeller G, Henz SR, Rätsch G, Miller DM., 3rd 

Horvitz HR, Sternberg P W, Ringstad,N. (2011). Receptor-type guanylate cyclase is 

required for carbon dioxide sensation by Caenorhabditis elegans. Proceedings of the 

National Academy of Sciences of the United States of America, 108(1), 254–259. 

https://doi.org/10.1073/pnas.1017354108 

 

Hallem EA, Sternberg PW (2008). Acute carbon dioxide avoidance in Caenorhabditis 

elegans. Proceedings of the National Academy of Sciences, 105 (23) 8038-8043; DOI: 

10.1073/pnas.0707469105 

 

Hanukoglu I, Hanukoglu A (2016). Epithelial sodium channel (ENaC) family: 

Phylogeny, structure-function, tissue distribution, and associated inherited diseases. 

Gene. 579(2):95-132. doi: 10.1016/j.gene.2015.12.061. 

 

Henry R. (1996). Multiple Roles of Carbonic Anhydrase in Cellular Transport and 

Metabolism. Annual Review of Physiology. 58:523-538. 

https://www.annualreviews.org/doi/abs/10.1146/annurev.ph.58.030196.002515 

 

Heredia, R., Dueñas, S., Castillo, L., Ventura, J., Silva Briano, M., Posadas del Rio, F., 

Rodríguez, M. (2008). Autofluorescence as a tool to study mucus secretion in Eisenia 

foetida. Comparative Biochemistry and Physiology. 151(A):407-414. 

 

https://pubs.rsc.org/en/content/articlelanding/2008/mb/b801481g/unauth#!divAbstract
https://doi.org/10.1016/j.soilbio.2020.107785
https://doi.org/10.1073/pnas.0707469105
https://doi.org/10.1073/pnas.1017354108
https://www.annualreviews.org/doi/abs/10.1146/annurev.ph.58.030196.002515


49 
 

Hess WN (1925) Nervous system of the earthworm, lumbricus terrestris L. J Morphol 

40(2):235–259. https://books.google.com/books?hl=en&lr=&id=7mHvxY-

1BKsC&oi=fnd&pg=PA3&dq=earthworm+importance&ots=FMjUMGN91M&sig=I95B

Yxs48iwNna0q6nFg9KsiuGo#v=onepage&q=earthworm%20importance&f=false  

https://www.qiagen.com/us/resources/resourcedetail?id=13d33145-9f64-426a- 

 

Hu J, Zhong C, Ding C, Chi Q, Walz A, Mombaerts P, Matsunami H, Luo M (2009). 

Detection of Near-Atmospheric Concentrations of CO2 by an Olfactory Subsystem in the 

Mouse. SCIENCE 17:953-957 

 

Huang X and Madan A. (1999) CAP3: A DNA sequence assembly program. Genome 

Res., 9, 868-877. 

 

Hughes I, Thalmann I, Thalmann R, Ornitz DM, (2006) Mixing model systems: Using 

zebrafish and mouse inner ear mutants and other organ systems to unravel the mystery of 

otoconial development,Brain Research,Volume 1091(1):58-74, 

https://doi.org/10.1016/j.brainres.2006.01.074. 

 

Hummel T, Kraetsch HG, Pauli E, Kobal G. (1998) Responses to nasal irritation obtained 

from the human nasal mucosa. Rhinology. 36(4):168-72. PMID: 9923059. 

 

Jiang XC, Inouchi J, Wang D, Halpern M. (1990) Purification and characterization of a 

chemoattractant from electric shock-induced earthworm secretion, its receptor binding, 

and signal transduction through the vomeronasal system of garter snakes. J Biol Chem. 

265(15):8736-44. PMID: 2160465. 

 

Jones, W, Cayirlioglu P, Grunwald Kadow I (2007). Two chemosensory receptors 

together mediate carbon dioxide detection in Drosophila. Nature 445:86–90. 

https://doi.org/10.1038/nature05466 

 

Jordt, S., Bautista, D., Chuang, H., McKemy, D., Zygmunt, P., Högestätt, E., Meng, I., 

Julius, D. (2004). Mustard oils and cannabinoids excite sensory nerve fibres through the 

TRP channel ANKTM1. Nature. 427:260–265. 

https://www.nature.com/articles/nature02282 

 

Kellogg FE (1970) Water vapour and carbon dioxide receptors in Aedes aegypti. J Insect 

Physiol. 16:99-108 

 

Kiszler, G., Varhalmi, E., Berta, G. and Molnar, L. (2012), Organization of the sensory 

system of the earthworm Lumbricus terrestris (Annelida, Clitellata) visualized by DiI. J. 

Morphol., 273: 737-745. https://doi.org/10.1002/jmor.20018 

 

Kuhn, M (2016). Molecular Physiology of Membrane Guanylyl Cyclase Receptors, 

Physiological Reviews. 96(2):751-804 

 

https://www.qiagen.com/us/resources/resourcedetail?id=13d33145-9f64-426a-
https://doi.org/10.1016/j.brainres.2006.01.074
https://doi.org/10.1038/nature05466
https://www.nature.com/articles/nature02282
https://doi.org/10.1002/jmor.20018


50 
 

Kwon JY, Dahanukar A, Weiss LA, Carlson JR. (2007) The molecular basis of CO2 

reception in Drosophila. Proc Natl Acad Sci U S A. Feb 27;104(9):3574-8. doi: 

10.1073/pnas.0700079104. 

 

Laverack MS. (1961) Tactile and chemical perception in earthworms-II responses to acid 

pH solutions, Comp. Biochem. Physiol, 2: 22-34 

 

Li WG & Xu TL. (2011). ASIC3 channels in multimodal sensory perception. ACS 

chemical neuroscience, 2(1), 26–37. https://doi.org/10.1021/cn100094b 

 

Lindskog S. (1997). Structure and mechanism of carbonic anhydrase. Pharmacology & 

Therapeutics. 74(1):1-20. 

https://www.sciencedirect.com/science/article/abs/pii/S0163725896001982?via%3Dihub 

 

Livak KJ, Schmittgen TD (2001) Analysis of Relative Gene Expression Data Using Real-

Time Quantitative PCR and the 2−ΔΔCT Method, 25(4):402-408 1046-

2023,https://doi.org/10.1006/meth.2001.1262. 

 

Lubbers I, van Groenigen K, Fonte S. (2013). Greenhouse-gas emissions from soils 

increased by earthworms. Nature Clim Change 3:187–194. 

https://doi.org/10.1038/nclimate1692 

 

Makino CL, Duda T, Pertzev A, Lsayama T, Geva P, Sandberg MA, and Sharma RK. 

(2019) Modes of Accessing Bicarbonate for the Regulation of Membrane Guanylate 

Cyclase (ROS-GC) in Retinal Rods and Cones. eNeuro. E0393-18.2019:1–15. 

https://www.eneuro.org/content/6/1/ENEURO.0393-18.2019 

 

Marcelo D. Carattino and Nicolas Montalbetti (2020). Acid-sensing ion channels in 

sensory signaling. American Journal of Physiology-Renal Physiology 318:3, F531-F543 

 

Martin E, Berka V, Tsai A, Murad F (2005) Soluble Guanylyl Cyclase: The Nitric Oxide 

Receptor, Methods in Enzymology,Academic Press, 396:478-492. 

9780121828011,https://doi.org/10.1016/S0076-6879(05)96040-0. 

 

Ning C, Yang K, Xu M, Huang LQ, Wang CZ (2016). Functional validation of the 

carbon dioxide receptor in labial palps of Helicoverpa armigera moths. Insect Biochem 

Mol Biol. 73:12-9. doi: 10.1016/j.ibmb.2016.04.002. 

 

Nowak M, Boerlijst M, Cooke J (1997) Evolution of genetic redundancy. Nature 388, 

167–171 https://doi.org/10.1038/40618 

 

Osmakov DI,  Andreev YA, Kozlov SA (2014). Acid-Sensing Ion Channels and Their 

Modulators. Institute of Bioorganic Chemistry, Russian Academy of Sciences. 

http://protein.bio.msu.ru/biokhimiya/contents/v79/full/79130231.html  

 

https://doi.org/10.1021/cn100094b
https://www.sciencedirect.com/science/article/abs/pii/S0163725896001982?via%3Dihub
https://doi.org/10.1038/nclimate1692
https://www.eneuro.org/content/6/1/ENEURO.0393-18.2019
https://doi.org/10.1038/40618
http://protein.bio.msu.ru/biokhimiya/contents/v79/full/79130231.html


51 
 

Pan X, Song W, Zhang D. (2010) Earthworms (Eisenia foetida, Savigny) mucus as 

complexing ligand for imidacloprid. Biol Fertil Soils 46:845–850. 

https://doi.org/10.1007/s00374-010-0494-4 

 

Qiagen. (2015). QIAEX II Gel Extraction Kit Handbook. Retrieved from 

https://www.qiagen.com/us/resources/resourcedetail?id=13d33145-9f64-426a- 

a43b-394211d8cf2b&amp;lang=en  

 

Rao X, Huang X, Zhou Z, Lin X. (2013). An improvement of the 2ˆ(-delta delta CT) 

method for quantitative real-time polymerase chain reaction data analysis. Biostatistics, 

bioinformatics and biomathematics, 3(3), 71–85. 

 

Rivera HB, Rodríguez MG., Rodríguez-Heredia M. (2020) Characterisation by 

Excitation-Emission Matrix Fluorescence Spectroscopy of Pigments in Mucus Secreted 

of Earthworm Eisenia foetida Exposed to Lead. J Fluoresc 30:725–733. 

https://doi.org/10.1007/s10895-020-02533-y 

 

Rochfort S, Wyatt M, Liebeke M, Southam A, Viant M, Bundy J (2017). Aromatic 

metabolites from the coelomic fluid of Eisenia earthworm species. European Journal of 

Soil Biology. 78:17-19 

 

Roots BI, Johnston PV. (1996) The lipids and pigments of the chloragosomes of the 

earthworm Lumbricus terrestris L. Comp Biochem Physiol. 17(1):285-8. doi: 

10.1016/0010-406x(66)90027-2. PMID: 5947957. 

 

Sankoff D. (2001) Gene and genome duplication. Curr Opin Genet Dev. 11(6):681-4. doi: 

10.1016/s0959-437  

 

Saotome K, Teng B, Tsui CC. (2019) Structures of the otopetrin proton channels Otop1 

and Otop3. Nat Struct Mol Biol 26:518–525. https://doi.org/10.1038/s41594-019-0235-9 

 

Saunders CJ, Pease JB, Silver WL, Johnson EC. Amiloride-Sensitive Sodium Channels 

Are Likely Involved in the Earthworm’s Detection of Sodium Salts  [Poster] International 

Symposium on Olfaction and Taste. August 3, 2020.. 

 

Saunders CJ, Pease JB, Silver WL, Johnson EC. Digging into Earthworm 

Chemoreception. [Poster] Association for Chemoreception Sciences XL, April 19, 2018. 

 

Saunders, C, Pease J, Silver W, Johnson E. (2018). Digging into Earthworm 

Chemoreception. Chemical Senses 43(7): P341 

https://academic.oup.com/chemse/article/43/7/e146/5073118?searchresult=1 

 

Schrader S (1994). Influence of Earthworms on pH Conditions of Their Environment by 

Cutaneous Mucus Secretion, Zool, Anz. 233:211-219 

 

https://doi.org/10.1007/s00374-010-0494-4
https://doi.org/10.1038/s41594-019-0235-9
https://academic.oup.com/chemse/article/43/7/e146/5073118?searchresult=1


52 
 

Seiger MB, Kink JF. (1993) The effect of anesthesia on the photoresponses of four 

sympatric species of Drosophila. Behav Genet. 23(1):99-104. doi: 10.1007/BF01067559. 

PMID: 8476397. 

 

Schuhmacher LN, Callejo G, Srivats S, Smith E. (2018). Naked mole-rat acid-sensing ion 

channel 3 forms nonfunctional homomers, but functional heteromers. The Journal of 

biological chemistry, 293(5), 1756–1766. https://doi.org/10.1074/jbc.M117.807859 

 
Shusterman D, Avila PC. (2003) Real-time Monitoring of Nasal Mucosal pH During Carbon 

Dioxide Stimulation: Implications for Stimulus Dynamics, Chemical Senses, 28(7)595-601. 

https://doi.org/10.1093/chemse/bjg050 

 

Scott K. (2011). Out of thin air: sensory detection of oxygen and carbon dioxide. Neuron, 

69(2), 194–202. https://doi.org/10.1016/j.neuron.2010.12.018 

 

Shams I, Avivi A, and Nevo E. (2005).  Oxygen and carbon dioxide fluctuations in 

burrows of subterranean blind mole rats indicate tolerance to hypoxic-hypercapnic 

stresses. Comp Biochem Physiol A Mol Integr Physiol. 142(3):376-82.   

 

Sharabi K, Lecuona E, Helenius IT, Beitel GJ, Sznajder JI, and Gruenbaum Y. (2009) 

Sensing, physiological effects and molecular response to elevated CO2 levels in 

eukaryotes. J. Cell Mol. Med. 13, 4304 – 4318 

 

Shi Z, Tang, Z. Wang C. (2017) A brief review and evaluation of earthworm biomarkers 

in soil pollution assessment. Environ Sci Pollut Res 24:13284–13294. 

https://doi.org/10.1007/s11356-017-8784-0 

 

Silver, W., Kim, E., Krivda, K., Robertson, J., Smith, K. (2018). Are TRPA1 Channels 

Involved in the Detection of Chemical Irritants by the Earthworm, Eisenia hortensis?. 

Chemical Senses 43(4): P543 

https://academic.oup.com/chemse/article/43/4/e1/4925423?searchresult=1 

 

Smith K (2019). A MOLECULAR INVESTIGATION OF CHEMESTHESIS IN 

EISENIA HORTENSIS THROUGH ANALYSIS OF TRANSIENT RECEPTOR 

POTENTIAL CHANNELS.  Wake Forest University, Winston-Salem NC. 

 

Smith S, Martinez-Velazquez L, and Ringstad N. (2013). A chemoreceptor that detects 

molecular carbon dioxide. Journal of Biological Chemistry. 288:37071–37081. 

 

Soto E, Ortega-Ramirez A, and Vega R. (2018). Protons as messengers of intercellular 

communication in the nervous system. Front. Cell. Neurosci. 12:342. 

 

Spanoudis CG, Andreadis SS, Bray DP, Savopoulou‐Soultani M. and Ignell R. (2020). 

Behavioural response of the house mosquitoes Culex quinquefasciatus and Culex pipiens 

molestus to avian odours and its reliance on carbon dioxide. Med Vet Entomol, 34:129-

137. https://doi.org/10.1111/mve.12429 

 

https://doi.org/10.1074/jbc.M117.807859
https://doi.org/10.1093/chemse/bjg050
https://doi.org/10.1016/j.neuron.2010.12.018
https://doi.org/10.1007/s11356-017-8784-0
https://academic.oup.com/chemse/article/43/4/e1/4925423?searchresult=1
https://doi.org/10.1111/mve.12429


53 
 

Stange G, Stowe S. (1999) Carbon-dioxide sensing structures in terrestrial arthropods. 

Microsc Res Tech. 47(6):416-27. Doi: 10.1002/(SICI)1097-0029(19991215)47:6<416 

 

Starunov VV. (2019) The organization of musculature and the nervous system in the 

pygidial region of phyllodocid annelids. Zoomorphology 138:55–71. 

https://doi.org/10.1007/s00435-018-00430-4 

 

Suh G, Wong A, Hergarden A. (2004) A single population of olfactory sensory neurons 

mediates an innate avoidance behaviour in Drosophila. Nature 431:854–859. 

https://doi.org/10.1038/nature02980  

 

Sun L, Wang H, Hu J, Han J, Matsunami H, Luo M(2009). Guanylyl cyclase-D in the 

olfactory CO2 neurons is activated by bicarbonate. Proceedings of the National Academy 

of Sciences, 106(6):2041-2046 

 

Suzuki T, Honda M, Matsumoto S, Stürzenbaum SR, Gamou S. (2005) Valosine-

containing proteins (VCP) in an annelid: identification of a novel spermatogenesis related 

factor. Gene. 362:11-18. DOI: 10.1016/j.gene.2005.07.039. 

 

Takahashi, N., Mizuno, Y., Kozai, D., Yamamoto, S., Kiyonaka, S., Shibata, T., Uchida, 

K., Mori, Y. (2008). Molecular characterization of TRPA1 channel activation by 

cysteine-reactive inflammatory mediators. Channels. 4:1-12. 

https://www.tandfonline.com/doi/abs/10.4161/chan.2.4.6745#aHR0cHM6Ly93d3cudGF

uZGZvbmxpbmUuY29tL2RvaS9wZGYvMTAuNDE2MS9jaGFuLjIuNC42NzQ1P25lZ

WRBY2Nlc3M9dHJ1ZUBAQDA= 

 

Tarun AS, Bryant B, Zhai W, Solomon C, Shusterman D (2003) Gene expression for 

carbonic anhydrase isoenzymes in human nasal mucosa. Chem Senses. (7):621-9. doi: 

10.1093/chemse/bjg054 

 

Teng B, Wilson CE, Tu Y, Joshi NR, Kinnamon SC, Liman ER, (2019) Cellular and 

Neural Responses to Sour Stimuli Require the Proton Channel Otop1, Current Biology, 

29(21):3647-3656 https://doi.org/10.1016/j.cub.2019.08.077. 

 

Thermo Fisher Scientific Inc. (2013). SuperScript III Reverse Transcriptase. Retrieved 

from https://www.thermofisher.com/order/catalog/product/18080051?SID=srch-srp-

18080051#/18080051?SID=srch-srp-18080051  

 

Thermo Fisher Scientific Inc. (2016). TRIzol Reagent. Retrieved from 

https://www.thermofisher.com/order/catalog/product/15596018?ICID=search-product 

 

Tu YH, Cooper AJ, Teng B, Chang RB, Artiga DJ, Turner HN, Mulhall EM., Ye W, 

Smith AD, Liman ER. (2018). An evolutionarily conserved gene family encodes proton-

selective ion channels. Science (New York, N.Y.), 359(6379), 1047–1050. 

https://doi.org/10.1126/science.aao3264 

 

https://doi.org/10.1007/s00435-018-00430-4
https://doi.org/10.1038/nature02980
https://www.tandfonline.com/doi/abs/10.4161/chan.2.4.6745#aHR0cHM6Ly93d3cudGFuZGZvbmxpbmUuY29tL2RvaS9wZGYvMTAuNDE2MS9jaGFuLjIuNC42NzQ1P25lZWRBY2Nlc3M9dHJ1ZUBAQDA=
https://www.tandfonline.com/doi/abs/10.4161/chan.2.4.6745#aHR0cHM6Ly93d3cudGFuZGZvbmxpbmUuY29tL2RvaS9wZGYvMTAuNDE2MS9jaGFuLjIuNC42NzQ1P25lZWRBY2Nlc3M9dHJ1ZUBAQDA=
https://www.tandfonline.com/doi/abs/10.4161/chan.2.4.6745#aHR0cHM6Ly93d3cudGFuZGZvbmxpbmUuY29tL2RvaS9wZGYvMTAuNDE2MS9jaGFuLjIuNC42NzQ1P25lZWRBY2Nlc3M9dHJ1ZUBAQDA=
https://doi.org/10.1016/j.cub.2019.08.077
https://www.thermofisher.com/order/catalog/product/18080051?SID=srch-srp-18080051#/18080051?SID=srch-srp-18080051
https://www.thermofisher.com/order/catalog/product/18080051?SID=srch-srp-18080051#/18080051?SID=srch-srp-18080051
https://www.thermofisher.com/order/catalog/product/15596018?ICID=search-product
https://doi.org/10.1126/science.aao3264


54 
 

van Breugel F, Huda A, Dickinson MH. (2018). Distinct activity-gated pathways mediate 

attraction and aversion to CO2 in Drosophila. Nature, 564(7736), 420–424. 

https://doi.org/10.1038/s41586-018-0732-8 

 

Wang YY, Chang RB, and Liman ER (2010) TRPA1 is a component of the nociceptive 

response to CO2 . J Neurosci. 30(39): 12958–63. 

 

Wang, YY, Chang RB, Allgood SD, Silver WL, and Liman ER. (2011). A TRPA1-

dependent mechanism for the pungent sensation of weak acids. J. Gen. Physiol. 137:493–

505. 

 

Zhang D, Chen Y, Ma Y, Guo L, Sun J, Tong J (2016). Earthworm epidermal mucus: 

Rheological behavior reveals drag-reducing characteristics in soil. Soil and Tillage 

Research. 158:57-66 

 

Ziemann AE, Allen JE, Dahdaleh NS., Drebot II, Coryell MW, Wunsch AM, Lynch CM, 

Faraci FM, Howard MA 3rd, Welsh MJ, Wemmie JA. (2009). The amygdala is a 

chemosensor that detects carbon dioxide and acidosis to elicit fear behavior. Cell, 139(5), 

1012–1021. https://doi.org/10.1016/j.cell.2009.10.029 

 

  

https://doi.org/10.1038/s41586-018-0732-8


55 
 

 
 

 

  

 

 

Emily Jordan Smith 

2318 Ardmore Ter. Apt. A 336-340-2235 

Winston-Salem, NC 27103 smite214@wfu.edu 

          emi.jor.smi@gmail.com 

 

Curriculum Vitae 

 
EDUCATION 

Wake Forest University, NC; Candidate for Masters of Science in Biology; expected graduation May 2021 

Wake Forest University, NC; Bachelor of Science in Biology; December 2017 

Minors in Neuroscience, Studio Art, and Chemistry; GPA: 3.47 

 

 
RESEARCH EXPERIENCE 

Graduate Researcher; Dr. Wayne Silver’s Lab, Wake Forest University 

Winston-Salem, NC 

August 2019- Present 

• Design, test, and collect data for novel behavioral assays to test the role of TRPA1 receptors and 

carbonic anhydrase in CO2 aversion in the earthworm Eisenia hortensis 

• Conduct molecular research on the TRPA1 gene in Eisenia hortensis 

• Analyze data using basic graphics and statistics in R Studio 

• Mentor undergraduate students on molecular and behavioral techniques to contribute to lab research 

• Contribute to multiple projects scheduled to be submitted to peer-reviewed papers 

• Prepared poster for the International Symposium on Olfaction and Taste (ISOT) titled “The Role of Carbonic 

Anhydrase in TRP Channel-Mediated CO2 Aversion in the Earthworm Eisenia hortensis” 

 

Student Researcher; Dr. Susan Fahrbach’s Lab, Wake Forest University 

Winston-Salem, NC, January 2017- May 2017 

• Photographed and analyzed stained honeybee brain slices for indication of hormone precursors using 

Axio Zoom V16 microscope 

• Attended the Southern Appalachian Honeybee Research Consortium (SAHRC) at UNCG 

• Learned basic honeybee neuroanatomy and basic beekeeping skills 

• Participated in weekly lab meetings 

 

Student Researcher; Dr. Rob Newman’s Lab, North Carolina Agricultural and Technical State University 

Greensboro, NC, June 2016- August 2016 

• Assisted with protein purification of a protein kinase using IMAC chromatography 

• Analyzed samples using SDS-PAGE gel electrophoresis, western blots, and Coomassie staining 

• Prepared and sustained bacteria cultures for purification 

 

Intern, Syngenta Toxicology Department under Dr. Tim Pastoor 

Greensboro, NC, June 2014- August 2014 

• Used PDP database to study pesticide use in agriculture 

• Studied the relationship between GMOs and pesticides using Excel for data analysis 

• Learned limited basics of R programming language for data analysis

 



56 
 

 
  

WORK EXPERIENCE 

Graduate Teaching Assistant; Wake Forest University 

Winston-Salem, NC 

August 2019- Present 

• Teach and supervise introductory level biology labs (Comparative Physiology, Introduction to Biology I) 

• Prepare and present lectures on relevant topics 

• Grade lab notebooks, lab reports, and other assignments 

• Consult with students about grades and course content 

Office Assistant/Contracts Administrator; Central Carolina Air Conditioning 

Greensboro, NC 

December 2017- August 2019 

• Performed organizational and administrative tasks in the residential department of CCAC 

• Extensive use of Microsoft Excel for data entry and organization 

• Assisted with transfer of data to new systems including Servman and Salesforce 

• Created, renewed, and set up recurring orders for maintenance contracts in Servman 

 

 

SKILLS 
 

• Molecular biology: CRISPR-Cas9, PCR, gel electrophoresis, genomic DNA isolation, RNA 

extraction, reverse transcription, qPCR, molecular cloning, restriction digests, western blots, SDS-

PAGE gel electrophoresis, basic dilutions, pipetting, centrifugation, etc. 

• Bioinformatics: sequence analysis, primer design, BLAST 

• R: R Studio, basic statistics, data visualization, basic bioinformatics 

• Design, testing, and data collection for novel behavioral assays 

• Live animal handling and care, including experience with many invertebrate species 

• Dissection and ligation techniques with practical applications, including brain dissections 

• Experience designing and digitally drawing diagrams and figures to accompany scientific writing 

• Microsoft Office Extensive experience with Word, Excel, PowerPoint, Publisher, OneNote, etc 

 
 

RELEVANT COURSEWORK 
 

• Organic Chemistry I and II (2014-2015) 

• Genetics (2015) 

• Physics- Mechanics and Electronics (2015) 

• Avian Biology (2016) 

• Herpetology (2016) 

• Cell Biology (2016) 

• Neuropharmacology (2016) 

• Neuroscience Lab (2016) 

• Biochemistry (2017) 

• Psychopharmacology (2017) 

• Neuroplasticity (2017) 

• Analytical Chemistry Lab (2017) 

• Molecular Genetics- CRISPR (2019) 

• Research Seminar (2019-2020) 

• Molecular Biology (2020) 

• Professional Development (2020) 

• Statistics in R (2020) 

• Microscopy (2021) 

 

PROFESSIONAL MEMBERSHIPS 

Member of the Association for Chemoreception Sciences (AChemS); January 2020- Present 

Alumni member of Kappa Kappa Psi (co-ed band service fraternity); April 2015- May 2017 



57 
 

 

AWARDS 
 
Vecellio Fund Award; $300; Wake Forest University, for use at ISOT 2020 (unused due to COVID-19), March 2020 

 

Cocke Travel Fund; $500; Wake Forest University, for use at ISOT 2020 (unused due to COVID-19), April 2020 

 

 

OTHER EXPERIENCE 
 

Poster Presentation; ISOT (International Symposium on Olfaction and Taste) 

Virtual Conference 

August 2020 

• Prepared poster and accompanying video titled “The Role of Carbonic Anhydrase in TRP Channel-Mediated 

CO2 Aversion in the Earthworm Eisenia hortensis” displayed at the virtual conference 

• Attended symposiums and seminars at ISOT 2020  

 

International Study, DIS – Study Abroad in Scandinavia  

Copenhagen, Denmark 

August 2017- December 2017 

• Completed courses in neuroscience, biology, watercolor, and Danish 

• Attended two study tours with Psychopharmacology course, including visits to neuroscience research 

institutions in Denmark and Germany (Aarhus University, Universitatsklinikum Franfurt, Max Planck 

Institute) 

• Planned and executed independent travel within Europe 

Secretary, Kappa Zeta chapter, Kappa Kappa Psi (co-ed band service fraternity), Wake Forest University 

Winston-Salem, NC 

August 2016 – May 2017 

• Took minutes for each weekly chapter 

• Managed relations and communication with other chapters 

• Ran weekly PR Committee meetings and manage chapter PR 


