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ABSTRACT  

 

The earthworm fulfills an important ecological function in breaking down waste, 

providing key nutrients for plants, and promoting soil health worldwide. Despite their 

indispensable role in agriculture, little is known about the chemical senses of earthworms, 

especially how they detect noxious compounds - a sense known as chemesthesis. The 

goal of this investigation was to examine transient receptor potential (TRP) channels in 

the European nightcrawler, Eisenia hortensis. TRP channels are cation channels that play 

a critical role in the detection of chemical irritants as well as thermal and mechanical 

stimuli in most animals. The search for these TRP channels was conducted using 

polymerase chain reactions and rapid amplification of cDNA ends (RACE). Using these 

methods, we have amplified several E. hortensis DNA fragments that resemble TRP 

channels, specifically TRPA1, TRPM8, and TRPV1, in other species. These are a few of 

the first steps in elucidating the chemosensing capabilities and mechanisms of 

earthworms. This information will help us understand how earthworms are repelled from 

particular soil areas and could allow earthworm abundance to serve as a bioindicator of 

soil health. 
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CHAPTER I: AN INTRODUCTION TO CHEMESTHESIS, TRP CHANNELS, AND 

THE EARTHWORM 

Introduction 

 Earthworms have been studied since the time of Charles Darwin, however most 

of this work has been focused on the role of earthworms as bioindicators of soil health 

and little is known about their ability to detect chemicals within their environment. 

Without an annotated genome, molecular research on the earthworm has been slow to 

provide evidence for channels and receptors involved in chemoreception. For example, 

there is no previous molecular evidence for the presence of TRP channels in the 

earthworm. Therefore, much of the evidence for the mechanism of chemesthesis up to 

this point can be attributed to behavioral and immunohistochemical data in the 

earthworm and closely related species. Here we aim to demonstrate the intersection 

between chemesthesis and TRP channels in the earthworm based on our recent work, 

and evidence from closely related organisms. 

 

Chemesthesis  

Chemesthesis is the detection of irritating chemicals by animals. This ability to 

sense noxious chemicals is ubiquitous and found in most, if not all organisms.  In 1912, 

G.H. Parker observed the ability of specific cranial nerves to detect chemical irritants 

independent of those associated with gustation and olfaction, therefore hinting at a unique 

chemical sense (Parker, 1912). This sense was later connected to pain as it was found to 

be mediated by the same nerve endings (Pfaffmann, 1951). Through additional research, 

it became clear that temperature also played a role in this chemical sense. For example, it 
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was shown that the chemical capsaicin affected the perception of temperature, 

specifically that of warm water in the mouth (Szolcsanyi & Jancso-Gabor, 1973).  In 

1990, the term “chemesthesis” was proposed as a way to describe the multimodal nature 

of chemical sensitivity in skin and mucus membranes (Green et al., 1990). 

Chemesthesis has been well studied as it relates to unmyelinated C nerve fibers. C 

fibers contain polymodal nociceptors which are receptors that respond to nociceptive 

stimuli. The nociceptors are polymodal because they are activated by multiple stimulus 

types, such as changes in pressure, changes in temperature, and the presence of chemical 

stimuli that may be damaging to the tissue (Dubin & Patapoutian, 2010). These fibers are 

present throughout the human body but are most often studied in the oral and nasal 

cavities which are innervated by the trigeminal cranial nerve. Stimulation of these nerve 

fibers by chemicals plays an important role in eating that goes beyond taste and smell.  

 

TRP channels 

Transient receptor potential (TRP) channels are cation channels that play a critical 

role in the sense of chemesthesis. Specifically, TRP channels are involved in the 

detection of chemical irritants as well as thermal and mechanical stimuli 

(Venkatachalam, Luo, & Montell, 2014). A few specific channels of this family that 

detect chemicals are TRPV1, TRPA1, and TRPM8, which when activated trigger the 

inward flow of calcium through an ion channel pore leading to depolarization of the 

target cell and subsequent action potential firing. Both TRPV1 and TRPA1 contain 

highly conserved ankyrin repeat regions which correspond to a potential ligand binding 

location (Figure 1).  
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The Transient Receptor Potential Vanilloid 1 or TRPV1 channel is one of the best 

understood TRP channels. Discovered in 1997, it was first primarily linked to the “heat” 

experienced when eating spicy food containing the compound capsaicin (Julius et al., 

1997). TRPV1 is activated by capsaicin and other capsaicinoids within a larger 

vanilloid chemical family. Capsaicin binds and activates TRPV1 via a linker between 

two transmembrane domains, S4 and S5 (Yang & Zheng, 2017). TRPV1 channels are 

found in many nociceptive C fibers and additionally respond to acidic pH and warm 

temperatures (approximately 43℃) in mammals (Julius et al., 1997) Because of the 

burning sensation it elicits, capsaicin is highly aversive in most of the species that 

express TRPV1.  

The Transient Receptor Potential Ankyrin 1 or TRPA1 channel was identified as a 

receptor for electrophilic compounds, including the chemical in wasabi and mustard, allyl 

isothiocyanate (AITC). AITC is part of a greater category of compounds known as 

isothiocyanates. The TRPA1 channel is also activated by the compound in cinnamon, 

cinnamaldeyde, as well as cold temperatures (less than 17℃) in mammals, although this is 

still widely debated (McKemy, 2013). These compounds are responsible for the pungent 

or burning sensation experienced in humans and are therefore often aversive to species 

that express TRPA1.  

The Transient Receptor Potential Melastatin 8 or TRPM8 channel is activated by 

menthol, the chemical in many mint plants and a compound that humans experience as 

naturally cooling. TRPM8 has also been found to respond to cool temperatures lower 

than 23℃ in mammals (McKemy, 2013). While the cooling sensation of mint is not 
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directly aversive to humans, high concentrations of menthol can be aversive to many 

species and may activate TRPA1 channels (Karashima et al., 2007).  

Chemical-sensing TRP channels are evolutionarily conserved and found in 

animals ranging from nematodes to humans (Venkatachalam, Luo, and Montell, 2014). 

However, there is not any previous molecular evidence to verify the presence of these 

channels in earthworms.  

 

 

Figure 1: TRP Channel Summary. Transmembrane representations of TRP channels and 

gene representation of protein motifs (Venkatachalam et al., 2014). A.R. refers to ankyrin 

repeats, +++ refers to the ion channel, numbers below gene representation indicate amino 

acid numbers in polypeptides (modified from Mitchell et al., 2018). 

 

The Significance of Earthworm Research 

Earthworm species are found throughout the world. They are a primary 

decomposer in many ecosystems. Earthworms are also an invaluable member of the 

ecological food chain, breaking down plant and animal waste, providing key nutrients, 

and promoting soil health. They also provide food for birds, moles, and other 

organisms (SOURCE). Therefore, it is important to consider the effect of human 
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actions, such as pollution and waste disposal, on the chemical make-up of the soil. This is 

critical because the soil must support earthworm survival and not contain repellant 

chemicals. A lack of earthworms in a specific area of soil will lead to a depletion of 

nutrients which will inhibit the soil’s ability to support plant life and potentially have a 

great effect on crop yields.  

Additionally, because earthworms can be found throughout the world, analysis of 

the variation in earthworm species can help evolutionary biologists and earth scientists 

gain a better understanding of historic events on our planet, such as continental drift or 

natural disasters. Through research on earthworm chemesthesis, increased knowledge of 

chemicals that are detectable and harmful to earthworms can help environmental 

scientists, lawmakers, and even agriculturalists propose regulations on soil toxicity.  

 

The History of Earthworm Research  

Charles Darwin was one of the first biologists to truly examine the evolutionary 

biology and significance of the earthworm, highlighting the phylogenic linkage of worms 

to more complex organisms, and even to humans (Darwin, 1859). Over the past century, 

earthworm research has been focused on soil chemical tests and ecological research, 

while lacking inquiry into earthworm genetics (Stürzenbaum, Andre, Kille, & Morgan, 

2009). This is made evident by the fact that in the 1980s, the amount of research being 

conducted on the roundworm, C. elegans, quickly surpassed that being done on 

earthworms especially with the sequencing of the roundworm’s genome. Thus the 

roundworm became the more popularly studied organism (Stürzenbaum et al., 2009). 

However, with the increased availability of molecular techniques and the falling cost of 
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DNA sequencing researchers have begun to examine techniques that would create a 

greater understanding of earthworm biodiversity that goes beyond visible morphological 

differences and potential DNA barcoding (Chang, Rougerie, & Chen, 2009). It is likely 

that continued molecular advancements will lead to further molecular investigations into 

the earthworm’s genetic makeup.  

 

Behavioral evidence for TRP channels in the medicinal leech   (Summers, Holec, & Burrell, 2014) 

The medicinal leech, like the earthworm, is a member of the Annelida phylum 

making it one of the earthworm’s closest phylogenetic relatives in which chemesthesis 

has been studied. A relevant TRP channel investigation was conducted on the medicinal 

leech, Hirudo medicinalis, (Summers et al., 2014). This study investigated the presence 

of “TRPV-like” receptors. In behavioral assays, capsaicin (between 10 and 2000 μM) was 

applied to the posterior sucker of the leech and withdrawal behavior was observed and 

categorized, as either partial or full withdrawal. The proportion of withdrawal responses 

increased with an increase in chemical concentration, and 100% of leeches fully 

withdrew at concentrations above 500 μM. An additional experiment was conducted at 

the same concentrations of capsaicin with a simultaneous application of the TRPV1 

blocker, SB366791. Under this condition, there was a decrease in the proportion of 

leeches that withdrew at each concentration. 

The observed withdrawal reaction to capsaicin suggests the presence of a TRPV1-

like channel in the leech. The receptor in the leech would need to be similar in structure 

and function to a mammalian TRPV1 channel in order for the blocker to be effective in 

decreasing the leech’s aversive behavior to capsaicin.  
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A similar experiment investigated the presence of “TRPA1-like” channels in the 

medicinal leech (Summers et al., 2015). There was increased activity in specific sensory 

polymodal lateral N cells in the leech ganglion in the presence of AITC. This activity was 

blocked by both HC030031, a TRPA1 blocker, and SB366791, a TRPV1 blocker, 

although not as greatly by the latter. This difference in inhibition likely points to the 

polymodal nature of chemical detection, where AITC is reported to activate both 

TRPA1-like and TRPV1-like channels in the leech (Summers et al., 2015).  

Increasing concentrations of AITC elicited a withdrawal response in the leech 

(Summers et al., 2015). Unlike capsaicin, AITC even produced a “swimming-like” 

writhing avoidance response which began at a concentration of 250 μM. These studies on 

the medicinal leech are relevant to prospective work on earthworms due to their close 

phylogenic relationship.  

 

Molecular evidence for the presence of TRP channels in the fruit fly 

The fruit fly, Drosophila melanogaster, is another invertebrate in which 

chemesthesis and TRP channels have been well characterized (Fowler & Montell, 2013). 

The fruit fly expresses four different TRPA1 channels (dTRPA1, painless, waterwitch 

and pyrexia). The many isoforms of the painless gene protein and dTRPA1 have been 

well documented, and there is evidence that fruit flies require both painless and dTRPA1 

in order to be repelled by AITC (Mandel et al., 2018). As more transcriptome research 

into the earthworm is conducted, more TRP channel isoforms will likely be identified.  

 

 



14 
 

Evidence for TRP channels in earthworms  

 For many years, soil scientists have employed the use of a standard soil sampling 

technique that involved applying paraformaldehyde (PFA) and AITC to a plot of soil and 

recording the number of earthworms that emerged (Zaborski, 2003). This provides 

behavioral evidence that earthworms are repelled by TRPA1 agonists. This was further 

verified in our lab using a soil T-maze to test the effect of chemical irritants on the 

Canadian nightcrawler, Lumbricus terrestris (Silver et al., 2019). In this study, it was 

found that the L. terrestris avoided AITC, cinnamaldehyde, and menthol. All three 

compounds were aversive with significant avoidance beginning at 5 mM AITC, 5 mM 

cinnamaldehyde, and 10 mM menthol. However, L. terrestris did not respond to 

capsaicin.  

 In addition to the behavioral data, our lab used immunohistochemistry techniques 

to try to verify the presence of TRPA1-like channels in the earthworm epithelium. 

Because there are no commercially available earthworm antibodies, fruit fly TRPA1 

antibodies were tested on the earthworm epithelium. The earthworm, L. terrestris, 

appeared to express dTRPA1 and pyrexia-like channels (Kim, 2016).  

 

Summary 

While there has been significant chemesthesis research conducted on organisms 

such as the fruit fly and medicinal leech the earthworm has been a highly 

underrepresented organism in research on chemesthesis. From behavioral data and the 

use of TRP channel blockers, the leech is believed to express TRPA1 and TRPV1 

(Summers et al., 2014) (Summers et al., 2015). The fruit fly expresses multiple homologs 
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of TRPA1 including various isoforms including those of painless and dTRPA1 (Mandel 

et al., 2018). Standard soil sampling techniques and early behavioral evidence in 

earthworms point to the conserved aversive nature of AITC providing the first clues for 

the presence of “TRPA1-like” channels in the earthworm. However, the earthworm’s 

lack of response to capsaicin suggests that the earthworm may not contain a TRPV1 

channel or may contain an inactive TRPV1 channel (Jordt & Julius, 2002). This is 

especially notable considering the medicinal leech’s response to TRPV1. This type of 

distinction can only be determined using additional molecular techniques to determine 

specific earthworm TRP channel sequences.  

Now with accessible and inexpensive sequencing methods, it is possible to 

better understand the earthworm genome and to investigate genetic variation of 

earthworms scattered throughout the world. As discussed earlier, the earthworm is a key 

organism in many soil ecosystems serving as a primary decomposer. We may can gain 

valuable insight in the ways that human actions affect the livelihood of this invaluable 

organism through research on earthworm chemoreception. In addition, we may also better 

understand the way chemicals in the soil can negatively affect the wellbeing of entire soil 

ecosystems which are dependent on the success of the earthworm species. 

Behavioral assays, immunohistochemistry, and electrophysiology can all 

contribute evidence suggesting the expression of TRPA1, TRPV1, and TRPM8 channels 

in earthworms. However, to definitively confirm the presence of TRP channels we need to 

genetically identify target sequences in the earthworm that correspond to highly conserved 

TRP channel sequences in other related organisms.  
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CHAPTER II: A MOLECULAR INVESTIGATION OF CHEMESTHESIS IN 

EISENIA HORTENSIS THROUGH ANALYSIS OF TRANSIENT RECEPTOR 

POTENTIAL CHANNELS 

 

Introduction 

Charles Darwin was one of the first biologists to truly examine the 

evolutionary biology and significance of the earthworm, highlighting the phylogenic 

linkage of worms to more complex organisms, and even to humans. Earthworms are 

an invaluable member of the ecological food chain, breaking down plant and animal 

waste, providing key nutrients, and promoting soil health. It is therefore critical that their 

habitat be in support of their species’ success and it is important to consider the effect 

that human actions, such as pollution and waste disposal, have on the chemical make-up 

of the soil.  

Chemesthesis is the detection of irritating chemicals by animals. This ability to 

sense noxious chemicals is ubiquitous and found in most, if not all organisms.  Transient 

receptor potential (TRP) channels are cation channels that play a critical role in the 

detection of chemical irritants as well as thermal and mechanical stimuli (Venkatachalam 

et al., 2014).  

One specific channel of this family that detects many irritating chemicals is 

TRPA1. The TRPA1 channel was identified as a receptor for the active ingredient in 

wasabi, allyl isothiocyanate (AITC) which is part of a greater category of compounds 

known as isothiocyanates. These compounds are responsible for many pungent or burning 

sensations in humans (Islam, 2011). TRPM8 is activated by the compound menthol, 
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which is responsible for a “cooling” sensation in humans (Islam, 2011). The TRPV1 

channel is one of the best studied TRP channels. Discovered in 1997, it was first 

primarily linked to the “heat” experienced when eating spicy food containing the 

compound capsaicin (Julius et al., 1997). TRPV1 channels are found in many nociceptive 

C fibers (Islam, 2011).  Because of the burning sensation it elicits, capsaicin is highly 

aversive in most of the species that express TRPV1.  

Chemical-sensing TRP channels are evolutionarily conserved and found in 

animals ranging from nematodes to humans (Venkatachalam et al., 2014). However, there 

is no literature on TRP channels in any earthworm species. The goal of the current 

investigation is to contribute evidence for the presence of TRP channels in the European 

nightcrawler, Eisenia hortensis, using molecular techniques. 

Past chemesthesis work concluded that Canadian nightcrawlers, Lumbricus 

terrestris, were repelled by AITC, cinnamaldehyde, and menthol (Silver et al., 2019). 

Additionally, our lab has used a burrowing assay, to show that increasing concentrations 

of AITC in soil were aversive to E. hortensis in a concentration dependent manner 

(unpublished data). Bathing the worms in a TRPA1 channel blocker, HC030031, 

attenuated the earthworm’s aversion to AITC (Figure 2). Additionally, our lab has 

demonstrated that increasing concentrations of AITC in-DASPEI, a dye that fluorescently 

stains electrically active cells, caused an increase in the mean fluorescence of sensory 

cells in the earthworm epithelium. This response is attenuated when HC030031 was 

added (Figure 3) (Unpublished data). These conclusions suggest that E. hortensis have 

sensory cells which express “TRPA1-like” receptors.  
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Figure 2: E. hortensis behavioral response to AITC. The earthworms avoided AITC in a 

dosage dependent manner. Treatment with TRPA1 blocker significantly muted this 

response (Fisher exact test p<0.05). 
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Figure 3: E. hortensis DASPEI fluorescence. Fluorescence is a function of AITC 

concentration, both in the absence and presence of TRPA1 channel blocker, HC-30031, 

in the first segment.  
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Although earthworms have been primarily studied in relation to ecotoxicology 

research for the past century, there has been little inquiry into earthworm genetics 

(Stürzenbaum et al., 2009). Behavioral assays, tissue staining, and histological tests have 

all contributed evidence for the presence TRP channels in E. hortensis (Silver lab, 

Unpublished data), but by themselves they do not prove the existence of TRP channels. 

My project has been to genetically identify target sequences in E. hortensis that 

correspond to highly conserved TRP channels sequences in other related organisms.  

Because the earthworm genome is not annotated, and is therefore not well 

understood, degenerate PCR techniques were used to initiate the molecular analysis of E. 

hortensis. Degenerate polymerase chain reaction (PCR) employs what is known about 

other closely related organisms to amplify similar sequences within an unknown or 

unsequenced genome. For example, one nucleotide position within a degenerate primer 

may correspond to more than one base in order to maximize the relative promiscuity of 

the primer (i.e. CWATGTCTG, where W signals that the primer sample will contain 

sequences where 50% contain an A and 50% contain a T for the nucleotide position).  

Degenerate primers were designed using human, mouse, clam worm, and leech TRP 

channel sequences, the phylogenetic relationship of these species are displayed in Figure 

4. 

However, more genetic information about the earthworm is becoming available 

including a draft of the genome of Eisenia fetida, a species closely related to Eisenia 

hortensis (Zwarycz et al., 2016). Additionally, we recently analyzed a E. hortensis 

RNAseq data set that allowed primers to be designed based off transcriptome sequences 

(Silver lab, Unpublished data). This advance eliminates the need for degenerate primers 
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and provides clues about E. hortensis TRP channel sequences that can be verified and 

further expanded using gene-specific (two known primers) and RACE (one known and 

one universal primer) PCR reactions. Therefore, if TRP channels are present in the 

earthworm, then the following molecular techniques (including degenerate, gene specific, 

and RACE PCR) will result in the discover of E. hortensis TRP channel-like sequences 

that share high homology with TRP channel sequences in closely related organisms. 

 
 

Figure 4: Phylogenetic tree. Association of related species used in degenerate PCR primer 

design to the earthworm, Eisenia hortensis. Common species names are used, scientific 

names are as follows: Mouse – M. musculus, Clam Worm – P. dumerilii, Leech – H. 

medicinalis. Each dot on the phylogeny corresponds to an evolutionary event in time and 

shows the relative separation between species.  

 

 

Methods 

RNA Extraction and cDNA Synthesis 

To extract RNA from E. hortensis neurons and epithelial chemosensory cells, 

earthworm brain, ventral nerve cord, and epithelium from head, tail, and mid regions was 

dissected. After freezing in a depression slide on dry ice or liquid nitrogen, the tissue was 

crushed using a small pestle. This aided in the disruption of the tough earthworm 

epithelium and in breaking open the cells. Once tissue was extracted through dissection 

from roughly 3-5 worms, the frozen crushed tissue was placed into a TRIzol solution and 
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allowed to reach room temperature to further break down the tissues. RNA was isolated 

using the manufacturer’s protocol (Thermo Fisher Scientific Inc., 2016b). Two 

microliters of the extracted RNA was used to synthesize cDNA using the SuperScript IV 

Reverse Transcriptase kit (Thermo Fisher Scientific Inc., 2016a). Both random hexamers 

and Oligo d(T)20 primers were used, and the standard manufacturer protocol was 

followed.  

Degenerate, Gene Specific, or RACE Primer Design 

Degenerate primers were designed using conserved TRP channel sequences from 

medicinal leech, clam worm, mouse and human TRP channel sequences (Table 1). These 

degenerate TRP family channel primers were used to amplify target regions within the 

genome. Parallel to these attempts, the Johnson and Silver labs produced a de novo 

assembly of an E. hortensis epithelial transcriptome which provided fragments of TRP 

channel sequences from which gene-specific primers were designed. NCBI’s Primer-

BLAST was used to design primers which uses Primer3 to suggest appropriate primers 

and BLAST to ensure that the primers are unique to the gene of interest when compared 

to the Refseq mRNA for phylum Annelida (Ye et al., 2012).  

Primer design was optimized for either gene-specific PCR or Rapid Amplification 

of CDNA Ends (RACE) PCR (Table 2). Gene-specific PCR uses two designed primers 

within a known region of a gene and aims to amplify an internal region of the gene. 

RACE PCR targets the terminal ends of a gene using a gene-specific and universal 

primer. In this case, the SMARTer RACE 5’/3’ kit from Takara Bio USA was used 

(Takara Bio USA, Inc., 2017). During the RT first-strand synthesis, a SMARTer II A 
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sequence at the end of a polyT oligonucleotide and a SMARTer II A Oligonucleotide are 

used to add the universal primer sequence to the 3’ and 5’ end of the gene, respectively.  

 

 

Table 1: Degenerate Primers Used 

Label  Primer Sequence Concentration 

Earthworm deg 1  GGAACACMGCTCTWCAYYTGGC 25 µM 

Earthworm deg 2 CWATRTCRCCRGCCAAACC 25 µM 

Leech 1F AGCTGCAGAAACAAGACATAACAG 25 µM 

Leech 1R ATTCTCAAGTTTGCTCAGTCTCCT 25 µM 

Leech 2F TTGATCTATCTGGTGTTTCCAAGA 25 µM 

Leech 2R CAATGAAAGCATAATGAAATCGAG 25 µM 

Leech 3F ACCGTCACTCTCTTCAACCTTTAC 25 µM 

Leech 3R TATAGACTGAACGACGATTATGGA 25 µM 

Leech 4F CGTCATCATCCTCTTCTTTCCTAT 25 µM 

Leech 4R CATTCATTTTCATTAGCTGGTCTG 25 µM 

Leech 5F TTATCAGCACCACAGACGTTTATT 25 µM 

Leech 5R ATTGAAATGATGGTGATAACAACG 25 µM 

Leech 6F TTGGTACTACGGTTCACAGACCTA 25 µM 

Leech 6R GTCACAGTCCGTCTGTATGTCTTC 25 µM 

Leech 7F AGTTCAAGAGCGAGTACCTCAGTT 25 µM 

Leech 7R GCGATAGAATGTAGACAAAGCAGA 25 µM 

Leech 8F TACTGGTACTACGGTTTCCAGACA 25 µM 

Leech 8R TACCATGGTCAATGTAGTTCATCC 25 µM 

E TRPA1 F GCGTTAAGTTTCTACTCAGC 25 µM 

E TRPA1 R ATCATGTCCATTCTTTGCTG 25 µM 

ew.mTRPA1.1.For GYGTTAAGTTTCTWCTCAGC 25 µM 

ew.mTRPA1.2.For CTGGCAGCAAARAATGG 25 µM 

ew.mTRPA1.2.Rev CCATTYTTTGCTGCCAG 25 µM 

ew.mTRPA1.3.For CAATWTAMARCCWGGAATGGC 25 µM 

ew.mTRPA1.3.Rev GCCATTCCWGGYTKTAWATTG 25 µM 

ew.mTRPA1.4.For GCDTSWYTGAARAGGATHG 25 µM 

ew.mTRPA1.4.Rev CDATCCTYTTCARWSAHGC 25 µM 

ew.mTRPA1.5.Rev GTTWCTRTTGCTRTGATAWAATACC 25 µM 

PD -1.For CGCCAAGTTCAAGCACAAGG 25 µM 

PD -1.Rev CTGGGCTGTATGTCAGCAGT 25 µM 

PD -2.For GGNAAYCARGARATHTTYGARATGYTN 25 µM 

PD -2.Rev NARRTGNARNARNCCCCARAA 25 µM 

PD -3.For GGAAACCAGGAAATCTTCGAAATGCTG 25 µM 
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PD -3.Rev CAGGTGCAGCAGTCCCCAGAA 25 µM 

PD -4.For ATGATGACNGTNGTNYTNACN 25 µM 

PD -4.Rev GGRAAYTGRTARCANARNACCAT 25 µM 

 

Table 2: Gene specific and RACE primers used 

ACTIN 

Label Primer Sequence 
Concen-

tration 

Earthworm actin F TGCTGACCGAGGCTCCCCTCAATC 25 µM 

Earthworm actin R GGAGAGAACGGTGTTGGCGTACAG 25 µM 

NEW Actin F AAGGCCAACAGGGAAAAGAT 25 µM 

NEW Actin R ACAGGTCCTTACGGATGTCG 25 µM 

   

TRPA1 

Label Primer Sequence 
Concen-

tration 

KAS.ew.TRPA1.A.for GCCTCTCGTCCTCATGAATC 25 µM 

KAS.ew.TRPA1.A.rev GATTCATGAGGACGAGAGGC 25 µM 

KAS.ew.TRPA1.B.for GCACATCGTCAAACCAACAC 25 µM 

KAS.ew.TRPA1.B.rev GTGTTGGTTTGACGATGTGC 25 µM 

KAS.ew.TRPA1.C.for GATATCGAGTGTCGCCTTGG 25 µM 

KAS.ew.TRPA1.C.rev CCAAGGCGACACTCGATATC 25 µM 

KAS.ew.TRPA1.D.for GCTATAGCACCCGCAAAGTC 25 µM 

KAS.ew.TRPA1.D.rev GACTTTGCGGGTGCTATAGC 25 µM 

Dros. 1F GCTGATGCAAGTCATCATCATCT 25 µM 

Dros. 1R AGATGATGATGACTTGCATCAGC 25 µM 

Dros. 2F TCGGTCTCGCTTTCTTCGTC 25 µM 

Dros. 3R CAGTGGGTACAGCCACGATT 25 µM 

Dros. 4F GTCCCGGATGATAATTCCATGGA 25 µM 

Dros. 4R TCCATGGAATTATCATCCGGGAC 25 µM 

Rat 1F ACATCGTCATGCAAAACGCC 25 µM 

Rat 1R GGCGTTTTGCATGACGATGT 25 µM 

Rat 2F AACGAGAAGATGCGCTTCCA 25 µM 

Rat 2R TGGAAGCGCATCTTCTCGTT 25 µM 

Rat 3F ATCGTGTGGTCCAAGGACAC 25 µM 

Rat 3R GTGTCCTTGGACCACACGAT 25 µM 

Rat 4F AGCACGTTGACAGCGATGTA 25 µM 

Rat 4R TACATCGCTGTCAACGTGCT 25 µM 

Ankyrin 1F GGCCAGACGGCGCTGCAC 35.7 µM 

Ankyrin 1R GTGCAGCGCCGTCTGGCC 71.4 µM 

Ankyrin 2F GGAAATACCCCGTTGCATACGGCT 71.4 µM 

Ankyrin 2R AGCCGTATGCAACGGGGTATTTCC 71.4 µM 

K 1F GTTCTCATCATCGCTTTCGGTCTC 100 µM 
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K 1R GAGACCGAAAGCGATGATGAGAAC 100 µM 

K 2F GAATTCTGCCGGATACTCGACTCC 100 µM 

K 2R GGAGTCGAGTATCCGGCAGAATTC 100 µM 

K 3F GAGCAGAAAATACCGAGTCGTCTG 100 µM 

K 3R CAGACGACTCGGTATTTTCTGCTC 100 µM 

K 4F CCTCAAAGTCTATCCGAATCGTGG 100 µM 

K 4R CCACGATTCGGATAGACTTTGAGG 100 µM 

   

TRPM8 

Label Primer Sequence 
Concen-

tration 

TRPM8.1.R GCCGTTGAAACTGGAACACC 107.7 µM 

TRPM8.4.F TTCCTGTTCTGCCTCCGTTC 107.7 µM 

TRPM8.4.R TTCCAGGGGCAACGAGAATC 107.7 µM 

TRPM8.5.F ATCCAACCAGCTCCACCAAG 107.7 µM 

RACE TRPM8.1.3'1 AAGCGTAGGCCAAGATGTCGGCCGCT 71.4 µM 

RACE TRPM8.1.3'2 TGTCGGCCGCTCTTCCAGATCCAGCA 71.4 µM 

RACE TRPM8.1.5'1 TGGGAAGAGGTTGCAACGCGGGTCGA 71.4 µM 

RACE TRPM8.1.5'2 AGAGGTTGCAACGCGGGTCGAGGTGG 71.4 µM 

RACE TRPM8.4.3'1 AGCGGTCGATGGAACAGCGTCGACCT 71.4 µM 

RACE TRPM8.4.3'2 TTGCCCTCCGATTCTCGTTGCCCCTG 71.4 µM 

RACE TRPM8.4.5'1 TCGGGGCCGTGTAGTAGGAGCGGACT 71.4 µM 

RACE TRPM8.4.5'2 AGGTCGACGCTGTTCCATCGACCGCT 71.4 µM 

   

TRPV1 

Label Primer Sequence 
Concen-

tration 

TRPV1.1.R TTCCGAATGTCGATCGGAGC 107.7 µM 

TRPV1.5.F CTGCAGAGAGGTGTCGATCC 107.7 µM 

TRPV1.5.R AGCTTCACCATCTGGACGTG 107.7 µM 

TRPV1.6.F TGCAGACTGCCCTGCATATC 107.7 µM 

TRPV1.6.R TTATCGTCGGGTTGCCGTAG 107.7 µM 

RACE TRPV1.5.3'1 GGGTCGATCCCGACATCAAGGGCCGC 71.4 µM 

RACE TRPV1.5.3'2 GGTCGATCCCGACATCAAGGGCCGCA 71.4 µM 

RACE TRPV1.5.5'1 TTCGCAGCCTGGCTTGGCACCACGTT 71.4 µM 

RACE TRPV1.5.5'2 TCGCAGCCTGGCTTGGCACCACGTT 71.4 µM 
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Universal Primers 

Label Primer Sequence 
Concen-

tration 

Universal Primer Mix 

(UPM) Long 

CTAATACGACTCACTATAGGGCAAGC

AGTGGTATCAACGCAGAGT 
20 µM 

Universal Primer Mix 

(UPM) Short 
CTAATACGACTCACTATAGGGC 20 µM 

 

Polymerase Chain Reaction 

The cDNA template was then used in polymerase chain reactions (PCR). PCR 

was conducted by combining a dNTP mix, 10x Ex Taq buffer, Ex Taq polymerase, 

designed primers, the cDNA template, and DEPC-treated water under a “touchdown” 

PCR protocol with a 4 minute 95°C “hot start,” annealing temperatures of 68°, 65°, 62°, 

and 59° C, and a 10 minute terminal polymerization step at 72°C. For initial 

amplification, 5 cycles were run for each touchdown annealing temperature (68°, 65°, 

62°C) and 40 cycles were run at 59°C. For subsequent reamplifications, 25 cycles were 

run at 59°C. For RACE PCR reactions, only one GSP was used in addition to a universal 

primer mix (UPM). A long UPM was used for initial amplification and a short UPM was 

used for subsequent reamplifications.  

Gel Electrophoresis and DNA Extraction 

A 1% agarose gel (TAE buffer, 0.01% EtBr) was used to separate the PCR 

products by size and visualize amplified DNA. A one kilobase DNA ladder was used to 

aid in identifying the size of PCR product amplicons, both the New England Biolabs Inc. 

1kb ladder and Thermo Scientific GeneRuler 1 kb Plus DNA ladder were used. In order 

to verify that the amplified sequences shared homology with TRP channel sequences, the 

PCR product DNA bands were cut out of the agarose gel and purified using the Qiagen 
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Gel Extraction protocol (Qiagen, 2015). This purified DNA was then re-amplified by a 

subsequent PCR reaction and re-extracted using the same extraction protocol to ensure 

specificity. The samples were then sent to be sequenced using the Sanger Sequencing 

method (Eton Bioscience Inc.).  

Sequence Analysis 

The Sanger sequencing results from each E. hortensis PCR product were trimmed 

to identify the “clean read” by visual inspection within the chromatograph to find where 

one nucleotide position is labeled with one base and that there was not ambiguity 

regarding the amplicon sequence. Using the clean read from the forward and reverse 

sequencing reactions, a contig is assembled which maximizes the length of the sequence 

output. These contigs were run via BLASTX in the NCBI database for verified gene and 

protein sequences that had homology with TRP channels in other organisms. Percent 

identity matched between the sample and database protein was reported, as well as the E 

value (Table 3). In the NCBI BlastX results, E values correspond to the number of times 

that the sequence in the query would match to the respective sequence in the database by 

chance. If the E values of our sequences are very small (less than 10-5), we can say with 

confidence that the database matches are unique and did not occur by chance. 

Additionally, InterPro (https://www.ebi.ac.uk/interpro/) was used as a tool to 

predict protein domains and features (Mitchell et al., 2018). First, each contig was run in 

the ExPASy translation tool (https://web.expasy.org/translate/) to determine the contig’s 

most likely protein sequence corresponding to the amino acid sequence with the longest 

open reading frame. This amino acid sequence was entered into InterPro, and the 
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predicted protein family membership, homologous superfamilies, domains and repeats, 

and other features were identified.  

To compare generated E. hortensis amino acid sequences to other organisms, 

multiple sequence alignments (MSA) were generated using Clustal Omega 

(https://www.ebi.ac.uk/Tools/msa/clustalo/) and protein TRP channel sequences in 

related organisms were obtained from a NCBI Refseq database (McWilliam et al., 2013). 

 

Table 3: MSA Sequence Information. Information for reference sequences used in 

multiple sequence alignments.   

Accession Number  Sequence Name 

NP_015628.2 transient receptor potential cation channel subfamily A member 1 

[Homo sapiens] 

NP_648263.5 transient receptor potential cation channel A1, isoform I 

[Drosophila melanogaster] 

XP_009009964.1 hypothetical protein HELRODRAFT_159882 [Helobdella 

robusta] 

 

Results 

Degenerate PCR  

Using primer sets designed from leech TRP channel sequences, degenerate PCR 

successfully yielded amplified sequences visualized using gel electrophoresis (Figure 

5A). One amplicon produced a clean sequencing reading that was compared to the NCBI 

database (Figure 5B). Several of the proteins which highly matched with the amplified 

sequence included short transient receptor potential, or short TRP, channels. All of the 

readings shown have an E value of less than 10-10.  
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Organism Sequence 
Percent 

Identity 
E Value 

Eastern 

Oyster 

Short TRP channel 3-like isoform X1 41% 6e-11 

Short TRP channel 3-like isoform X2 49% 1e-12 

Short TRP channel 3-like isoform X3 41% 6e-11 

Pacific 

Oyster 

Short TRP channel 3 49% 2e-12 

Short TRP channel 3 isoform X2 49% 2e-12 

 

Figure 5: Degenerate PCR Results. A) Electrophoresis gel of PCR products from 

degenerate primers designed from leech TRPA1 gene sequence. B) Display of top NCBI 

BlastX results comparing sequenced amplicons using leech primers to a Refseq protein 

database. Arrow indicates successfully sequenced bands. 

 

A) 

B) 
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TRPA1 

PCR conducted using the E. hortensis RNAseq transcriptome TRPA1 primers 

yielded several amplified sequences that were able to be successfully extracted and 

reamplified using GSP PCR and RACE PCR (Figure 6). Sequencing of the E. hortensis 

GSP TRPA1 amplicon yielded a 440 bp sequence that aligned with several TRPA1-like 

sequences in related organisms when a BlastX comparison was conducted using the 

NCBI database (Figure 7A). The maximum identity of this sequence was 54% identity 

compared with other protein sequences within the database and the top 10 matches had E 

values less than 10-24 (Figure 7B).  

The E. hortensis TRPA1 sequencing contig was then analyzed using InterPro. The 

major protein motifs that were identified included the TRPA1 ion channel domain 

including three transmembrane domain regions (Figure 8). A multiple sequence 

alignment was also constructed for the E. hortensis TRPA1-like sequence and the 

sequence closely aligned with TRPA1 in Homo sapiens, Drosophila melanogaster, and 

Helobdella robusta (Figure 9).  
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Figure 6: TRPA1 Gel Electrophoresis. Electrophoresis gel of reamplified GSP (top) and 

RACE (bottom) PCR products obtained using primers designed from E. hortensis 

RNAseq TRPA1 sequences both in suspected ankyrin repeat and ion channel regions. 

Actin serves as a positive control. Arrow indicates successfully sequenced bands. 
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Organism Sequence Percent Identity E value 

Chuck-will’s-widow 
Predicted: TRPA1-like 

channel 
54.23% 2e-26 

White-tailed tropicbird 
Predicted: TRPA1-like 

channel 
54.93% 4e-26 

Red-throated loon 
Predicted: TRPA1-like 

channel 
54.93% 1e-25 

Wild turkey Predicted: TRPA1 channel 54.93% 1e-25 

Gharial (crocodile) Predicted: TRPA1 channel 54.93% 2e-25 

Northern fulmar TRPA1 channel 54.93% 2e-25 

Kea TRPA1 channel 54.93% 2e-25 

 

Figure 7: TRPA1 Sequencing Results. (Top) 440 basepair E. hortensis TRPA1 DNA 

sequencing results and projected single-letter abbreviation amino acid sequence containing 

an open reading frame. (Bottom) Display of the top 7 NCBI BlastX results comparing the 

translated sequenced amplicon to a Refseq protein database. All top protein results contain 

a phrase identifying it as a TRPA1-like channel. 
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Figure 9: TRPA1 Multiple Sequence Alignment. Displayed conserved ion channel region 

of leech (Helobdella robusta), human (Homo sapiens), fruit fly (Drosophila 

melanogaster), earthworm (Eisenia hortensis) TRPA1, * and blue = 100% identity, : and 

pink = similarity. 

 

 

TRPM8 

PCR conducted using the E. hortensis RNAseq transcriptome TRPM8 primers 

yielded several amplified sequences that were successfully extracted and reamplified 

using GSP PCR and RACE PCR (Figure 10). Two sequencing contigs were assembled: 

“M4” a 273 bp sequence which contained a 168 amino acid open reading frame and 

“M1” a 506 bp sequence which contained a 91 amino acid open reading frame. Both 

contigs aligned closely with TRPM-like sequences in closely related organisms, 

including the acorn worm, Japanese scallop, and freshwater snail (Figure 11). The E. 

hortensis TRPM8 contigs shared up to 35% identity with the related sequences, and the 

top hits had E values as low as 10-14.    

The E. hortensis TRPM8 sequencing contigs was then analyzed using InterPro 

(Figure 12). The InterPro output identified several “micro” protein motifs within the 

sequencing contig, for example the M4 contig contains 3 transmembrane domains and the 

M1 contig contains 1 transmembrane domain. When comparing these patterns to the 

InterPro output for human TRPM8, the M4 and M1 contigs appear to be located at the 
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proximal ends of the TRPM8 ion channel. The use of the InterPro output for human 

TRPM8 helped contextualize the transmembrane and cytoplasmic components of each 

contig’s InterPro output.  

 

 

 
 

Figure 10: TRPM8 Gel Electrophoresis. Electrophoresis gel of reamplified GSP and 

RACE PCR products obtained using primers designed from E. hortensis RNAseq 

TRPM8 sequences. Arrow indicates successfully sequenced bands. 
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Figure 11: TRPM8 Sequencing Results. (Top) E. hortensis TRPM8 DNA sequencing 

results and projected single-letter abbreviation amino acid sequence containing an open 

reading frame. Contigs labeled “M1” and “M4” were assembled. B) Display of the top 

NCBI BlastX results comparing the translated sequenced amplicon to a Refseq protein 

database. All top protein results contain a phrase identifying it as a TRPM-like channel. 

 

 

Organism Sequence 
Percent 

Identity 

E 

value 

Acorn 

worm 

Predicted: 

TRPM7-like 

channel 

33.08% 4e-14 

Japanese 

Scallop 

TRPM1-like 

channel 
33.86% 7e-12 

TRPM3 

channel 
33.86% 9e-12 

Freshwater 

snail 

Predicted: 

TRPM5-like 

channel 

32.28% 2e-10 

TRPM6-like 

channel 

isoform X1 

28.48% 2e-10 

Organism Sequence 
Percent 

Identity 

E 

value 

Placozoan 

(multicellular 

organism) 

TRPM2 

channel 
34.04% 1e-4 

Japanese 

Scallop 

TRPM2-like 

channel 

(isoform X3, 

X4, X5) 

35.23% 1.2e-2 

TRPM2 

channel 
35.23% 1.2e-2 
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TRPV1 

PCR conducted using the E. hortensis RNAseq transcriptome TRPV1 primers 

yielded several amplified sequences that were able to be successfully extracted and 

reamplified using GSP PCR and RACE PCR (Figure 13). Sequencing of the E. hortensis 

GSP TRPV1 amplicon yielded a 281 bp sequence which contained a 98 amino acid open 

reading frame (Figure 14). The E. hortensis TRPV1 sequencing contig was then analyzed 

using InterPro (Figure 15). The InterPro output shows that this sequencing contig 

contains several ankyrin repeat regions. When these regions were compared with human 

TRPV1, the ankyrin repeat pattern of the sequencing contig was similar to that of human 

TRPV1. 
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Figure 13: TRPV1 Gel Electrophoresis. Electrophoresis gel of reamplified GSP and 

RACE PCR products obtained using primers designed from E. hortensis RNAseq TRPV1 

sequences. Actin serves as a positive control. Arrow indicates successfully sequenced 

bands. 
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Figure 14: TRPV1 Sequencing Results. E. hortensis TRPV1 DNA sequencing results and 

projected single-letter abbreviation amino acid sequence containing an open reading frame. 

Contig labeled “V5” was assembled.  
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Discussion 

While chemesthesis has been examined in the annelid, Hirudo medicinalis, there 

is little published work on chemesthesis for any earthworm (Summers et al., 2014). A 

recent paper (Silver et al., 2019), reported that L. terrestris avoided canonical TRP 

channel agonist. In our laboratory, behavioral assays demonstrate that a variety of TRP 

channel agonists are aversive to E. hortensis (Unpublished data). In addition, TRP 

channel agonists activated E. hortensis epithelial cells as seen in experiments using the 

live cell dye, DASPEI. The current study using degenerative, GSP, and RACE PCR has 

provided some of the first molecular evidence for the presence of TRP channels in E. 

hortensis as verified by similarities between TRP channel proteins/sequences in the 

NCBI database.  

In the NCBI BlastX results, E values correspond to the number of times that 

match would appear in the database by chance. Because the E values in these results were 

increasingly minute (from 10-11 to 10-24), we can say with confidence that the database 

matches are unique and did not occur by chance. 

Degenerate PCR 

The results obtained from the leech primer data confirms that the sequences 

amplified were in fact TRP-like channel sequences. This provides the first molecular 

evidence for the presence of TRP-like channels in E. hortensis. The fact that the NCBI 

sequences sharing the highest homology with the earthworm sequences were general 

“short” TRP-like channel sequences highlights the fact that the sequence amplified was 

likely a highly conserved TRP channel sequence that was not specific to a TRP channel 

subfamily.  

TRPA1 
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 The RNAseq transcriptome data allowed for more specific targeting of E. 

hortensis sequences as well as specific TRP channel subfamilies. This is the first verified 

evidence of a TRPA1 gene in E. hortensis. In the NCBI BlastX of the E. hortensis 

TRPA1 contig, all the top hits were labeled as TRPA1 or TRPA1-like channels. 

Additionally, the E values for these matching sequences were around 10-25. This 

highlights that the chance of these sequences randomly sharing homology is extremely 

low, and that there is most likely great similarity in the sequences.  

TRPM8 

 Efforts to identify the E. hortensis TRPM8 sequence were successful in that two 

sequencing contigs were able to be assembled. However, the top NCBI BlastX hits for 

these contigs were not TRPM8 specific, as most aligned with TRPM2, TRPM5, or 

TRPM7. This variation in result could be due to the fact that the sequences were 

relatively small with respect to the full channel and did not contain major protein motifs 

beyond transmembrane and cytoplasmic components. This would explain why the 

sequences shared high homology with TRPM-like sequences but not TRPM8 

specifically. Alternatively, perhaps there are several TRPM-like sequences expressed by 

E. hortensis and there is a wider variety of TRPM-like channels than were originally 

suspected.    

TRPV1 

 One sequencing contig was assembled using an E. hortensis RNAseq 

transcriptome sequence that shared homology with TRPV1. This contig was unique in the 

fact that it contained part of the ankyrin repeat region. Because the ankyrin repeat region 

is highly conserved and found within many different proteins not just receptors, it has 
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proved to be difficult to amplify that region with PCR. Since, this was the first successful 

amplification of the ankyrin region in E. hortensis, a table of the top NCBI BlastX 

matches for this sequence could not be obtained. The first 100+ matches were to various 

isoforms of ankyrin-like structures. This shows that this sequence shares extremely high 

homology to an ankyrin region but is not able to provide evidence specifically for this 

sequence’s relationship to TRPV1.  

Sequencing Challenges 

Unfortunately, while many GSP PCR amplicons were successfully sequenced, no 

5’ and 3’ RACE PCR amplicons produced a clean sequencing read. This may be due to 

the presence of multiple sequences within a sample. The TRP channel super family 

contains many regions that are highly conserved. This creates a challenge to find TRP 

channel homologs in organisms without sequenced or annotated genomes (Phelps et al., 

2007). While gel electrophoresis allows for the separation of DNA fragments by size, it 

does not allow us to separate different sequences. Additionally, even after multiple 

reamplifications there were several amplicons that possessed a DNA smear in the 

background of the sample. This prevents the clean Sanger sequencing as any variation in 

the sequence can lead to a “messy” chromatograph and therefore a lack of confidence in 

the proposed sequence. This was a challenge because there were many RACE amplicons 

that consistently reamplified but were not able to be sequenced.  

Future Directions 

This project can be expanded to determine the full gene sequence for these E. hortensis 

TRP channel genes. To aid in determining the entire TRP channel gene sequences, RACE 

PCR product samples could be sequenced using Next Gen sequencing methods in order 
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to determine the identity of a variety of sequences present within a sample. With the full 

functional gene sequence, these channels could be cloned and further characterized using 

patch clamp and calcium imaging assays. Cloning of specific channels in HEK cells have 

been used in the past to record the activity of channels through calcium imaging of cells 

in the presence of different potential channel activators (Richards, Johnson, & Silver, 

2009). 

 

Conclusion 

The earthworm, as a species, has been an organism of study since the time of 

Charles Darwin; the time when identification of genetic variation was dependent on 

visible morphological difference between species. Now that RNA and DNA sequencing 

techniques are increasingly available, the earthworm is being reexamined to better 

understand its genome which can be used to investigate genetic variation of earthworms 

scattered throughout the world. The earthworm is a key organism in many ecosystems 

serving as a primary decomposer. Through further research on earthworm 

chemoreception including TRP channels, we can gain valuable insight in the ways that 

human actions affect the livelihood of this invaluable organism. This investigation 

provided the first molecular evidence for the presence of TRP channels in E. hortensis, 

including TRPA1, TRPM8, and TRPV1 homologs. 
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CHAPTER III: MAJOR FINDINGS AND FUTURE DIRECTIONS 

 

TRP channels are a family of receptors that are critical for chemesthesis in most 

organisms. Chemicals that activate TRP channels have been used to expel earthworms in 

soil sampling assays for many years (Zaborski, 2003), yet there has been very little 

research on TRP channels in earthworms. Behavioral evidence has shown that 

earthworms are repelled by TRPA1 and TRPM8 channel activators in a concentration 

dependent manner, and this response is lessened by TRP channel blockers. Here for the 

first time, we have provided molecular evidence for the presence of these channels in the 

earthworm, Eisenia hortensis. Using bioinformatic techniques, such as NCBI BlastX and 

InterPro we were able to validate that a TRPA1-like channel is present in E. hortensis. 

This was further verified on the amino acid level in a multiple sequence alignment 

comparing E. hortensis TRPA1 to TRPA1 in humans, fruit flies, and the leech.  

Additionally, there is preliminary evidence for the presence of a TRPM-like 

channel in E. hortensis, which was demonstrated by the sequencing of two contigs that 

shared high homology with TRPM channels in organisms such as the acorn worm, 

Japanese scallop, and freshwater snail.  

Lastly, there is evidence for a TRPV1-like channel in E. hortensis which is 

highlighted by a sequencing contig which included part of the ankyrin repeat region 

according to InterPro. Again, this is notable because unlike its phylogenetic relative the 

leech (Summers et al., 2014), E. hortensis does not respond to capsaicin, a common 

TRPV1 channel activator. Perhaps the earthworm is similar to several birds which do not 

respond to capsaicin because they contain a TRPV1 channel that lacks a critical 

capsaicin-sensitive domain (Jordt & Julius, 2002). Similarly, D. melanogaster are not 
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repelled by capsaicin and do not appear to possess a mammalian-like TRPV1 channel 

(Vriens et al., 2004).  

The ultimate goal of the present investigation was to identify the full TRP channel 

gene sequences for TRPA1, TRPV1, and TRPM8-like channels in E. hortensis. 

Unfortunately, this has not yet been completed. There were several challenges that 

impeded efforts to determine the full TRP channel sequences, including the lack of 

available earthworm genetic information and the suspected presence of multiple isoforms 

of the channels that were targeted. When this project began, there were no sequenced 

earthworm genomes and no earthworm TRP channel gene sequences on NCBI. This lack 

of information led to a dependence on degenerate primer design techniques, which 

included using leech and clam worm sequences to design primers. The degenerate 

primers were therefore not specific to E. hortensis and did not reveal sequence 

information about specific TRP channels.  

Once the RNAseq transcriptome was assembled, primers were able to be designed 

that were both specific to E. hortensis and specific to individual TRP channels, such as 

TRPA1, TRPV1, and TRPM8. The subsequent challenge centered around the ability to 

produce clean sequencing reads for PCR product samples. Many amplified sequences 

appeared clear and abundant via gel electrophoresis, but in Sanger sequencing produced 

an output where each nucleotide position was represented by multiple bases (described as 

an unclean or messy sequencing read). This issue was especially prevalent when 

conducting RACE PCR, where the sequencing output appeared to contain multiple 

sequences. While gel electrophoresis was sufficient to separate DNA based on size, it 

was unable to distinguish between various sequences of the same size.  
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We suggest that this issue was due to the presence of multiple isoforms of the 

same channel. For example, with RACE PCR, where one GSP and one universal primer 

were used. The presence of the universal primer sequence on each cDNA fragment 

created ambiguity which could cause sequences from multiple isoforms to be included 

within the PCR product sample. Another potential cause of messy sequencing is a result 

of the characteristics of TRPA1 which include a long region of ankyrin repeats. Ankyrin 

repeats are highly conserved sequence regions that are found in a wide variety of ligand-

binding proteins (Mosavi, Minor, Jr, & Peng, 2002). Perhaps, in trying to amplify this 

region, the relative abundance of the ankyrin repeat region in a variety of gene sequences 

caused multiple sequences to be successfully amplified. 

Lastly, in the cDNA library that was developed for E. hortensis the TRP channel 

appears to be a relatively rare transcript. Often, primers would require high-cycle PCR 

conditions in order to successfully amplify target sequences. In these high-cycle 

conditions, it is possible that other relatively rare transcripts were also amplified that 

would not be amplified under standard conditions. This would lead to a sort of 

“smearing” we saw in the gel that was difficult to eliminate through subsequent 

reamplifications. This smearing indicated that there were sequences of various lengths 

that were being mildly amplified by the TRP channel primers. Even when the gel was cut 

to attempt to isolate the amplicon, it was impossible to exclude the DNA that was 

included in the smear behind the amplicon. Ultimately, any of these causes – the presence 

of multiple isoforms, the presence of ankyrin repeats, and use of high-cycle PCR leading 

to smearing - would yield a PCR product sample that included multiple sequences which 

would lead to messy sequencing results.  
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In effort to work around this issue, nested primers were designed. Nested primers 

are gene specific primers that anneal to the region between the GSP and the universal 

primer. In theory, the added specificity of nested primers leads to more specific sequence 

targeting in subsequent reamplifications, where only one isoform sequence is amplified, 

leaving the various other sequences unamplified (Haff, 1994). Current work is being done 

with these primers in RACE PCR to produce clean sequencing of TRPA1, TRPV1, and 

TRPM8 sequences.  

Another method we used to solve the issue of unclean sequencing was vector 

cloning. In using vector cloning with RACE PCR product samples, the vector plasmid 

takes up one fragment of DNA from the sample and incorporates it into the vector. These 

vectors are then transformed into E. coli cells that produce genetically identical colonies. 

By picking insert-containing colonies, we should be able to conduct colony-specific 

sequencing. This method is able to distinguish between PCR products of different 

sequences that are present within the same sample.  

Our results provide the first molecular evidence for the presence of TRP channels 

in earthworms. However, in a more general sense these results provide validation for the 

molecular techniques used in this investigation. For example, by using degenerate PCR, 

researchers can highlight sequences and molecular clues that provide evidence for other 

gene families of interest that may be present in the earthworm. Additionally, by using 

RNAseq transcriptome sequences, researchers can target specific genes by gene specific 

and RACE PCR. Our research expands the study of TRP channels to earthworms. 

Because there is so little research in this area, our molecular results in combination with 



50 
 

behavioral and DASPEI data begin a conversation concerning how earthworms sense the 

chemical world around them. 

Once entire TRP channel gene sequences are determined in E. hortensis, theycan 

be expressed and tested in HEK cells using calcium imaging and patch clamp. Using 

these methods, the activity of these channels can be characterized and compared to other 

well-studied TRP channels in organisms like humans and fruit flies. The more we come 

to know about earthworms, the more we can come to know about the impact that humans 

are having on the survival of earthworms as a species. The fact that earthworms have 

been understudied in molecular and chemesthesis work is a disservice to the impact they 

have on the world around us. As we continue to expand on what is known about them, it 

is likely we will continue to learn how great an impact such a small organism can have on 

the world around us.  
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