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ABSTRACT 

        The piezo class of mechanosensitive ion channels is a recently discovered class of 

cation channels with orthologs found in every phylogenic clade aside from yeast and 

bacteria. They are large channels, both in gene length and in overall diameter, with the 

diameter of the human PIEZO2 protein measuring in at 280 Ȧ in its full homotrimeric 

form. In addition, like many similar mechanosensitive channels, such as the DEG/ENaC 

channels, TRP channels, and TREK/TRAAK channels, they have been linked to a 

number of different functions within drosophila, zebrafish, and mice, including light 

touch, nociception, blood cell volume regulation, vascular development, and neuropathic 

pain. Structurally, this channel is intriguing as it possesses no known structural motifs 

and is organized into a central pore with a cap, surrounded by three “propeller blade” 

regions that are theorized to anchor the channel to the membrane and control gating 

through hydrophobic mismatch based on membrane curvature.  

     The C. elegans piezo, pezo-1, has not yet been fully characterized, even though a 

crystal structure of part of this particular piezo was used to assist in the resolution of the 

first set of cryo-EM images. Here, I generated a number of GFP transcriptional fusions of 

non-coding potential promoter regions to track the expression of the pezo-1 gene in the 

animal, using these expression patterns to design further experiments. From these 

expression patterns, I identified expression in a number of neurons of the C. elegans male 

tail, the primary mating apparatus of the male, and identified these neurons as key 

neurons as relating to mating. In particular, I identified neurons HOB, PCB, PCC, and 

various ray neurons as potential candidates, which are ciliated neurons theorized to have 
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mechanosensitive properties. In addition, I also identified expression in the vulva 

muscle and spermatheca of the hermaphrodite, both theorized to be involved in ovulation 

and egg-laying processes.  

     From there, I designed CRISPR/Cas9 mutants with defects in pezo-1 in order to 

investigate the potential link between the pezo-1 expression in those neurons and mating 

behavior via a mating assay. Similarly, I devised a fecundity assay to investigate the link 

between pezo-1 expression in ovulation organs and progeny survival. I have discovered 

that pezo-1 has function in both of these areas, with pezo-1 mutant males demonstrating 

discrete mating defects that correlate with the expression pattern seen from the GFP 

transcriptional fusion mutants and with pezo-1 mutant hermaphrodites having much 

smaller brood sizes than wildtype hermaphrodites. However, I have also discovered that 

the processes this mechanotransducer is involved in are also more complex than I 

originally believed, as I also discovered that pezo-1 appears to interact with another 

mechanotransducer, trp-4, illuminating some potentially novel pathway considerations 

for how these channels overlap in function. 
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C h a p t e r  1  

INTRODUCTION 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

2 
1.1 Background 

 

  Why Study Mechanosensation? 

 

     Thinking back to the beginning of my interest in science, I remember a lesson in 

high school in which my biology teacher asked the class what we considered to be the 

most important sensory modality. Most of the class, myself included, chose eyesight, 

thinking of the primary way we perceive the world. But after spending the rest of the 

class discussing the myriad ways mechanosensation affects how we exist in the world 

and respond to everchanging stimuli, everyone had changed their answer to touch. 

     The first question to answer is what, exactly, defines a mechanosensory response. 

At its base level, mechanotransduction has been defined by Voglis and Tavernarakis as a 

“conversion of mechanical stimulus into biological response,” which covers both the 

obvious cases such as touch sensation, nociception, proprioception, and hearing, but also 

less obvious uses of mechanotransduction, such as in development and homeostasis (1–

7). Just from this definition, we can see the sheer versatility of mechanosensitive 

channels and their functions, not only in rapid response to sudden changes in 

environment but also in stabilizing prolonged processes. Therefore, it should come as 

little surprise there exists a large variety of mechanotranducers, such that they can cover a 

variety of different roles, even within the same organism. 

     The second question to answer is what are the general features of 

mechanotranducers themselves. First of all, mechanotransducers tend to exist in the 
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plasma membrane of cells, where the mechanical stimuli that trigger them occur and 

where they are best positioned to activate in response to those stimuli (8). Second, 

mechanotransducers tend to be ion channels, which amplify the speed of the response, 

which is often necessary in the case of a changing environment (9). Third, 

mechanotransducers tend to involve some manner of anchoring, either to extracellular 

structures as is the case with MET channels in the ear, the cytoskeleton and extracellular 

matrix as in degenerin channels in C. elegans, or hydrophobic mismatch as in TREK1 

and TRAAK channels (9–12). This anchoring is essential to the channel’s function as it is 

the method by which the channel can open or close under an external mechanical change 

by way of giving it some form of leverage. 

     So, now that we have some idea of how we define a mechanotransducer and what it 

requires to function, our third question is how this basic information translates into these 

channels offering such a wide array of mechanical responses to stimuli. To answer this, I 

use two key examples. 

 The most basic examples for physiological processes tend to revert to bacteria, as their 

single-celled nature renders them vulnerable to system failure, forcing them to have 

robust cellular processes, and this is no different for processes performed by 

mechanotransducers. Bacteria use the mechanosensitive ion channels MscS 

(Mechanosensitive channel Small conductance) and MscL (Mechanosensitive channel 

Large conductance) to sense and respond to changes in osmolarity, which is a fairly 

important homeostatic process as the bacteria traverses various environments (8, 13–15). 

Both channels are made up of oligomeric subunits—MscS forms a homoheptamer, MscL 
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a homopentamer—that come together and utilize hydrophobic mismatch of their T1 and 

T2 transmembrane helices crisscrossed in the plasma membrane (16–18) (Figure 1.1a). 

Should the membrane expand due to osmotic pressure caused by low external osmolarity, 

the firm bonds between those helices and the rest of the channel provide the tension 

necessary to force the channel to spiral open, releasing excess cytoplasm into the 

environment and maintaining homeostasis (19–24). The primary difference between these 

channels, and the one that informs their specific function, is size. MscL, as a much larger 

channel with a pore over twice the diameter of that of MscS, provokes a far stronger 

response when activated and requires a far greater shift in membrane curvature in order to 

activate (17, 23, 25, 26). As a result, MscS acts as a regulatory valve, responding to 

smaller shifts in osmotic stress, and MscL acts as an emergency valve, preventing lysis 

from hypo-osmotic shock (2, 27). 

     My second example is more complex and features prominently in Caenorhabditis 

elegans light touch sensation, the DEG/ENaC sodium channel (1). Unlike MscS and 

MscL, this mechanotransducer is not constructed from a single gene, but instead requires 

a complex of different proteins in order to function properly (28–30). In C. elegans, the 

main channel consists of heterotrimer composed of two different proteins, MEC-4 and 

MEC-10, while accessory proteins, MEC-2 and UNC-24, associate with the channel to 

alter its gating mechanism with a stomatin-like domain (28–33). MEC-6, meanwhile, 

appears to act as a chaperone and stabilizing agent to the channel, preventing it from 

degrading and recruiting MEC-2 to bind to it (29, 30, 32, 34, 35). Part of the reason this 

complex requires so much assistance is that, also unlike MscS and MscL, the MEC-
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4/MEC-10 complex requires external tethering to provide the leverage and tension to 

open the channel. MEC-2 and UNC-24 complex together in the intracellular part of the 

channel, which may bind the channel to MEC-7/MEC-12 microtubule structures inside 

the cell, while EGF containing proteins, MEC-1, likely binds to the extracellular portion 

of the complex to link it to a MEC-5 collagen-type protein and EGF containing MEC-9 in 

the extracellular matrix (32, 36–38) (Figure 1.1b). While there is still some debate as to 

the degree that the inner tether is involved in the mechanosensory portion of the channel 

opening, pressure on the extracellular matrix could be sufficient to push the channel into 

or out of the cell, distorting the membrane and forcing a hydrophobic mismatch tension 

that would force the channel open (29, 39, 40). As this channel responds to light touch 

sensation, this particular type of gating ties into its function.  

     These are just two of the many examples of mechanosensitive ion channels and the 

differences abound, from basic structure, to complexity, to gating. And among the others 

that have so far been discovered, more intricacies and complexities that enable them to 

carry out the varied responses for which these channels are responsible, which leads to 

the final question of this section: why study mechanosensation? I would like to say that 

because these channels are important in how we perceive the world and our own bodies, 

they have an inherent beauty in both their complexity and simplicity, and with the 

development of CRISPR/Cas9 and GCamP, we have better genetic tools than ever before 

to study them in vivo. 

     Now, there’s one more mechanosensitive ion channel class that I would like to 

discuss, piezo. 
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The Piezo Class of Mechanosensative Ion Channels 

 

       Coming to graduate school, was already aware of a number of mechanosensitive 

ion channels. My first neurobiology class covered the TRP superfamily of 

mechanoreceptors and the DEG/ENaC family as the mechanoreceptors responsible for 

many sensory modalities such as pain sensation, heat sensation, touch, and osmotic and 

volume regulation (39, 41). Therefore, I was intrigued when I learned about a newly 

discovered class of mechanosensative ion channels, dubbed piezo channels. From the 

very start of my relationship with this protein family, this channel perplexed me: it was 

expressed in a wide variety of structures in humans, namely bladder, colon, kidney, lung, 

and skin and based on the gene sequence, it lacked any easily identifiable motifs more 

complex than alpha helixes and beta sheets, which left early structural prediction a 

mystery (42). And yet, from early in vitro experiments, the channel was non-selective for 

all cations (with a preference for calcium) and responded to mechanosensory impulses 

(42–44).  

        This feature made piezo channels an intriguing subject for research as they implied 

an entirely novel structure for a mechanosensative ion channel, and with that, a 

potentially novel function. At the time, early studies of piezo genomics showed that piezo 

protein orthologs were extant in nearly every clade of organism other than yeast and 

bacteria (42). Vertebrates were shown to possess two piezo proteins with 50% sequence 
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identity with each other, invertebrates had only one, and piezo orthologs between 

different species typically had five residues conserved between all species (45, 46). This 

conservation was mostly located in the C-terminus, leading to the early conclusion that 

this region of the gene encoded the pore or some similarly essential part of the protein 

(45, 46) (Figure 1.2).  

     The observed functions in other model organisms at the time also made piezo a 

compelling research subject due to the range of observed functions in which piezo was 

implicated. The Drosophila piezo was the first piezo to have a mechanosensory modality 

categorized in vivo, with early experiments showing piezo function in mechanosensory 

nociception (47). This finding was closely followed by a study in zebrafish showing a 

function in light touch response in its piezo2b and another study showing piezo1 involved 

in the regulation of erythrocyte volume (48, 49). Similarly to zebrafish, mouse Piezo1 

functioned in vascular development while the Piezo2 had a prominent role in light touch 

response as well as neuropathic pain independent of nociception (50–52). 

     Still, it was not until 2014 that there was any real movement toward deciphering 

the actual structure of the protein itself: the paper by Kamajaya et al demonstrated that a 

highly conserved C-terminal loop of the C. elegans piezo was crystallized, showing a 

previously uncharacterized b sandwich fold (53). I entered the fray after Aron Kamajaya 

contacted me to ask what piezo did in C. elegans, and I was similarly intrigued by what 

functions might be linked to a C. elegans piezo, as I will later discuss in this thesis. 

Around the same period of time, Piezo1 was shown via a mixture of cryo-electron 

microscopy and some crystallography in two different studies to form a homotrimeric 
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channel, with the conserved C-terminus forming the pore and cap regions, and the N-

terminus forming flexible “propeller blades” made of transmembrane helices that were 

hypothesized to be the force-sensing components of the channel (54, 55). It was also 

confirmed in these studies that the previous C. elegans domain crystallized to form the 

cap portion of the protein, and shortly thereafter in another study, that Piezo2 followed 

the same structural motifs (54, 56) (Figure 1.3). 

     Since then, there have been several mechanisms proposed for how piezo channels 

might be activated, mostly focusing on Piezo1, as the existence of a structure earlier 

presented a base for models. Possible mechanisms included direct sensation of membrane 

tension via hydrophobic mismatch of propeller blades, a cytoskeleton gating pulling the 

channel open, pushing the cap region of the protein out of the way of the pore, or 

changing membrane composition entirely. The “propeller blade” transmembrane helices 

were a compelling aspect of the structure to be involved in the gating of the channel from 

the beginning, using the model of these embedded helices warping the membrane 

surrounding the channel such that further membrane distortions would cause the central 

pore to pull apart due to hydrophobic mismatch forces and allow the transmission of 

cations (57, 58). Electrophysiology experiments confirmed that Piezo1 could be activated 

by both convex and concave membrane curvature and respond to changes in membrane 

tension in both configurations, providing evidence to support this model (58). In addition, 

Piezo1 was capable of being activated in membrane “blebs”, regions of the membrane 

lacking cytoskeleton connections, making it unlikely that activation would come from a 

cytoskeleton connection (59).  
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     As for the other mechanisms, magnetic pulling via nanoparticles revealed that both 

the cap and the propeller blade transmembrane regions are mechanosensitive, allowing 

for the possibility of sheer forces to push the cap aside for some activation alongside 

hydrophobic mismatch, possibly in conjunction with each other (60).  In addition, 

activating TRPV1 channels in a system also expressing piezo channels led to inhibition 

of the piezo channels via depletion of phosphoinositides, an abundant lipid in the plasma 

membrane (61). The depletion of these membrane lipids and subsequent change in 

composition of the plasma membrane could alter piezo’s ability to create a pucker as in 

the first proposed mechanism, or perhaps the lipids act on the channel in a more direct 

manner. 

     For my project, I decided to focus specifically on the function of the C. elegans 

piezo. 

 

Caenorhabditis elegans Physiology and Mating Behavior 

 

For an in vivo study of a complex membrane protein, Caenorhabditis elegans, a 

free-living bacterivorous roundworm of about a millimeter in length, is the ideal model 

organism (62). It is a self-fertilizing androdioecious species with six chromosomes—five 

autosomes and one sex chromosome as discovered by Victor Nigon—and males are 

produced through a nondisjunction event that leaves the oocyte with a single X 

chromosome (63, 64). It has a short generation time, can be easily grown on agar plates, 

has neurons that can be visualized easily with GFP markers in a living animal, and most 
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recently can be easily genetically manipulated via Crispr-Cas9 (62, 65–69). These 

features, combined with the fact that the species has only 302 neurons in the 

hermaphrodite and 385 neurons in the male, as well as being the only species to have a 

fully characterized connectome, makes it ideal for neurobiology studies (70–73). 

While C. elegans males only make up 0.1% of the population, they have a 

strikingly different physiology compared to the hermaphrodite animal and represent an 

effective way of extending the reproductive lifecycle of the hermaphrodite adult, which 

typically lasts three days (64, 74–79). In addition, male mating is the primary way that C. 

elegans possesses for swapping genetic material between otherwise clonal strains (77). It 

is a complex behavior—the most complex that the worm undertakes—and utilizes 170 

neurons, 81 of which are male specific, and 64 muscles (80).  

The hermaphrodite and male differ in body morphology as well (79, 81). The 

hermaphrodite possesses a two-armed gonad in which the oocytes develop before they 

are passed through either the anterior or posterior spermatheca, held in place by the distal 

and spermathecal-uterine valve to be fused with a sperm, and then released into the uterus 

(79, 82, 83). There, the fertilized egg matures and is eventually expelled by the central 

vulva (81). The male, in contrast, has a single-armed gonad that only creates sperm and is 

connected to a copulatory fan-like tail structure, containing two spicules that aid in sperm 

transfer (79, 80) (Figure 1.4). 

So much of this machinery is necessary, however, as mating behavior in C. 

elegans is an involved process comprised of a number of discrete steps and checkpoints. 

After the male detects the hermaphrodite via chemosensory processes, he moves towards 
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her until he contacts her, and then orients his body so that the ventral portion of the fan 

contacts the hermaphrodite’s cuticle (84). He then begins to back around the 

hermaphrodite—a process that is referred to as “scanning”—and executes turns at her 

nose or tail when he reaches them to scan her other side. When he reaches the vulva, the 

behavior changes. He stops at this point and beings probing the area with his spicules for 

fine scale location of the vulva. When he locates it, he inserts the spicules and releases 

sperm (81, 85) (Figure 1.5). 

Some neurological aspects of this behavior have been characterized already via 

previous studies. The fan structure and associated ray neurons, R(1-9)A/B, have been 

implicated in attachment to the hermaphrodite and appropriate turning (71, 80, 85–87). 

The spicule hook structure, which is located slightly anterior and ventral to the cloaca, 

and the two neurons attached to it, named HOA and HOB, have been implicated via 

ablation experiments to have a function in the male making the initial stop at the vulva 

(80, 85, 88, 89). The post cloacal sensilla, located on the other side of the cloaca, and its 

six associated neurons, PCAL/R, PCBL/R, and PCCL/R, have been implicated by other 

ablation experiments to be involved in the subsequent fine-scale vulva location (80, 85, 

90–92). One of the neuron pairs attached to the spicules, SPCL/R, has been implicated to 

be involved in sensing the change in spicule position during prodding and inducing full 

insertion (80, 85, 90–92). The other spicule associated neurons, SPCVL/R and SPDL/R, 

sense vulva pheromones and coordinate sperm release (80, 85, 90–92) (Figure 1.6). 

Of these neurons, the ray neurons, HOA, HOB, PCAL/R, PCBL/R, PCCL/R, and 

SPCL/R are all potentially mechanosensory neurons due to the nature of the response 
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they generate and the fact that they have all been confirmed to be ciliated neurons , which 

has been linked to possessing a mechanosensory property (93). However, at the point 

when I began my study, only HOB and a few ray neurons had been linked to specific 

mechanosensative ion channels (88, 94). This presented a starting point for my research, 

which I pursued to discover associations with the C. elegans piezo protein, PEZO-1, as 

well as a surprise addition of a second mechanosensor in the trp-4 gene. 
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1.2 Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 (A) MscS ribbon diagram showing homoheptameric structure and tension-

bearing amphipathic helix (16). (B) MscL ribbon diagram model showing 

homopentameric structure and S1 amphipathic helix (2). (C) Cartoon diagram of a model 

B. 

C. 

A. 
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of MEC-4/MEC-10 DEG/ENaC channel gating mechanism with MEC-2 linkage (95). 

There is still some debate over the role of MEC-7/MEC-12 in the gating of this channel. 
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Figure 1.2 A sequence alignment of human, mouse, zebrafish, drosophila, and C. 

elegans piezo proteins. Shown here are sample alignments from the N-terminus (top) and 

the C-terminal alignments (bottom). The N-terminus of piezo proteins is generally less 

conserved across all species than the C-terminus. Alignment done with Clustal Omega, 

Uniprot (96, 97).  
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Figure 1.3 Higher resolution cryo-EM structure of Piezo2. Here we can see the central 

pore and cap, with the blades linked together in the homotrimeric structure and the beams 

(56). The current model for gating involves the blade regions acting as the primary 

mechanosensory apparatus by using hydrophobic mismatch to detect changes in 

membrane curvature. 
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Figure 1.4 Comparison image of the hermaphrodite and male in Caenorhabditis elegans 

(98). The hermaphrodite animal has a two-armed gonad along which oocytes develop and 

are fertilized, while the males have a one-armed gonad that only produces sperm, along 

with a mating specific tail apparatus. 
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Figure 1.5 (A) The male approaches the hermaphrodite. (B) Initial contact by the male 

with the ventral portion of his tail. (C) The male commences backing along the 

hermaphrodite, searching for the vulva. (D) Having reached the tail of the hermaphrodite, 

the male executes a sharp turn and resumes tracing on the other side. When he reaches 

the nose of the hermaphrodite, he will execute another such turn. (E) The male reaches 

A. 

B. 

C. 

D. 

E. 
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the vulva and stops, begins probing for fine scale vulva location, then inserts his spicules 

and releases sperm. 
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Figure 6.  (A) The ray neurons of the male tail, used in turning and tracing. (B) Neurons 

used in stopping at the vulva (HOA, HOB), fine-scale vulva location (PCAL/R, PCBL/R, 

PCCL/R), and spicule insertion and sperm release (SPDL/R, SPVL/R, SPCL/R). Images 

adapted from Wormbook. (99) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6  (A) The ray neurons of the male tail, used in turning and tracing. (B) Neurons 

used in stopping at the vulva (HOA, HOB), fine-scale vulva location (PCAL/R, PCBL/R, 

SPD 

A. 
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PCCL/R), and spicule insertion and sperm release (SPDL/R, SPVL/R, SPCL/R). Images 

adapted from Wormbook. (99) 
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2.1 Abstract 

 

Piezo channels are a class of homotrimeric mechanosensitive ion channels with a 

highly conserved pore structure found across all phylogenetic clades except for yeast and 

bacteria. Piezo channels have been implicated in a number of functions in development and 

touch sensation in other organisms, though previously no function has been determined in C. 

elegans. Using expression patterns from a GFP transcriptional fusion of several non-coding 

regions with a 5’ to pezo-1, we were able to orient our investigation to specific neurons in the 

male tail, notably the sensory rays, HOB, and the PCS neurons, which are known to be 

important in male mating. We used CRISPR/Cas9 genomic editing to generate a deletion of a 

large segment of the highly conserved pore region as well as to create a putative stop 

mutation in the same area. We then performed a series of mating assays to test the 

responsiveness and mating ability of the pezo-1 mutant males. Males with a mutated pezo-1 

gene have increased mating time, exhibit an off-target probing phenotype reminiscent of a 

PCS ablation, lose contact with the hermaphrodite more often, and pass the vulva in a similar 

manner to a HOB ablation. In addition to providing some insight into the role of 
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mechanosensation in C. elegans mating, these phenotypes may provide a path to further 

studying critical aspects of the PEZO-1 protein structure-function in vivo.  
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2.2 Introduction 

 

Caenorhabditis elegans is a bacterivorous self-fertilizing hermaphroditic nematode 

that possesses an alternative reproductive strategy based on a low incidence of males, 

approximately one male per thousand hermaphroditic animals (1–4). This mating strategy 

arguably represents the most complex behavior observed in the worm and can be subdivided 

into several discrete stages as first described by Jonathan Hodgkin. These stages may be 

roughly summarized as initial attraction, tracing, turning, stopping at the vulva, probing, and 

finally insertion of the spicule and release of sperm (5, 6). In more detail, each step comes 

with its own particular behavior. Tracing is the base state of mating behavior, and the one the 

male returns to whenever a subsequent stage fails, and is where the male contacts the 

hermaphrodite with the ventral part of his tail and backs along her cuticle. Turning occurs if 

he should reach her head or tail, this is the behavior he must execute to perform a sharp turn 

around these points and resume tracing on the other side. Stopping at the vulva is self-

explanatory, when the male reaches the vulva, he stops. Then he commences probing, a 

behavior of rapidly pressing his spicules in the vulval region for fine-scale vulva location. 

When he has located it, he inserts the spicules and releases sperm. This is a complex behavior 
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and apart from the initial attraction, largely driven by mechanosensory inputs, both due to the 

fairly mechanical nature of mating and that key neurons involved by the behavior, such as the 

ray neurons and PCS neurons, have no  external access that would be necessary for 

chemosensation (5, 7). 

Many of these sensory neurons appear to be both chemical and mechanical sensors. 

For example, the hook neurons HOA and HOB have ciliated sensory endings but are 

nonetheless embedded in what looks morphologically like a mechanosensory structure (the 

hook). The ray neurons (R[1-9]A and R[1-9]B), which are also ciliated, are open to the 

exterior of the worm, save for the ray 6 neurons, and are embedded in elongated sensory rays. 

The post-cloacal sensilla are a pair of elongated sensory structures just posterior to the cloaca, 

and each have three ciliated sensory neurons (PCA, PCB and PCC) (7, 8).  Ablation by laser 

microbeam irradiation of each of these structures results in a defect in particular aspects of 

mating (5). Specifically, ablation of dorsal opening rays results in males that fail to respond 

to dorsal contact, and ablation of ventral opening rays along with other ventral organs results 

in males that fail to observe appropriate backing behavior (5). Ablation of either the hook 

sensillum or either associated neuron (HOA and HOB) results in a male that is unable to stop 

at the vulva normally, instead backing slowly with spicule partially extruded until contacting 
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the vulva (5). Ablation of post cloacal sensilla neurons results in males that appear to have 

wild type mating ability except that they tend to “lose” the vulva at a greater rate than their 

wild type counterparts (5). Ablation of both the hook sensillum and post cloacal sensillum 

results in males who are unable to stop at the vulva or locate it through slow searching (5). 

Some known or suspected mechanoreceptor-associated proteins are involved in 

mating.  Specifically, mec-4 gain-of-function, mec-4 reduction-of-function, and mec-10 loss-

of-function mutants, which showed mutant animals with repetitive turning defects, 

suggesting the involvement of the MEC-4/MEC-10 complex in regulating the turning 

behavior in male mating (9). Since the phenotypes of these mutants doesn’t account for all 

the ablations, we sought out examine other potential mechanoreceptors, namely the piezo 

mechanoreceptor in C. elegans, PEZO-1, and a transient receptor potential channel protein, 

TRP-4. 

Piezo mechanoreceptors are nonselective cation channels that have been categorized 

in every phylogenetic clade other than yeast and bacteria (10–15). Vertebrates have two piezo 

proteins, while invertebrates have only one (10, 11). Structurally, they form a homotrimeric 

structure that features a central pore through which cations pass, three N-terminal propeller 

blades spiraling out from this pore, and a cap region that covers the pore (16–18). They have 
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been implicated in a number of functions among various model organisms, from nociception 

in drosophila, to blood cell volume regulation in mice, and erythrocyte volume homeostasis 

in zebrafish (11, 14, 19–22). In humans, deficiencies in piezo have been linked to dehydrated 

hereditary xerocytosis (23–26). C. elegans, like all other invertebrates, has a single piezo 

protein, PEZO-1, though no function has currently been linked to it in the animal (12). 

 Channels in the TRP superfamily share some core common features, namely being large 

tetramers, possessing six transmembrane domains, and having the ability to pass cations into 

the neuron (27, 28). Past that, they’re divided into six subfamilies based on function and 

sequence identity (27). Like piezo channels, TRP channels are implicated in a number of 

sensory modalities, such as thermosensation, mechanosensation, taste, smell, and hearing (27, 

29–34). In C. elegans, the TRP-4 channel, from the mechanosensative TRPN subfamily, has 

been implicated in locomotion defects, where the animals exhibit exaggerated body bending, 

likely due to a defect in proprioception, and the protein is expressed in the DVA neuron (29, 

35). There has currently been no published evidence of mating defects linked to trp-4. 

Here we construct mutants defective in pezo-1 and trp-4 and analyze them.  
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2.3 Methods 

 

General methods 

 Worms were cultured at 20˚C as described by Brenner (6). Assays were also conducted at 

this temperature. 

 

pezo-1::GFP Transcriptional Fusions 

To visualize the cellular expression patterns of pezo-1 in c. elegans, a transcriptional 

fusion plasmid of several theorized promoter regions and GFP were generated and injected 

into N2 hermaphrodites along with a myo-2 dsred co-injection marker (Figure 2.1). Several 

suspected promoter regions were selected for this procedure, including the region 2 kb 

preceding the ATG site of the primary isoform as well as those of proposed alternate 

isoforms. Ultimately, a combined transcriptional fusion plasmid was generated from a 9 kb 

combination of the regions that exhibited the best expression patterns 

(TCCTACCTTGTGCCTGTCTACGTA…TCTGTTGTTGCTGTGTTACGACCA and 

GCACATGCTGCAGGTTAGTTTATT...AGGGTATCGCCTGAAAAAACAATG) in both 

him-5 background with a myo-2 dsred co-injection marker and in a temperature sensitive pha-
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1 background with a pha-1 rescue plasmid as a marker. These two strains, along with 

previous expression data, were imaged at 100x to identify the target cells to design 

subsequent experiments. 

 

CRISPR-Cas9 deletion mutant 

To generate the 2kb deletion mutant, pezo-1 (sy1113), we injected a 46168 Crispr 

Cas9 plasmid (peft-3::cas9-sv40_NLS::ttb-2 UTR) along with pRB1017 plasmids 

(pU6::gRNA construct) containing our guide RNA sequences 

(CAGAAGCTCGTAAGCCAGG, AGGTCGAGGTCGTGAGCGG, 

CCACCACTTTACGAGATGG, ATAGGCAGCTTCGAACTGG) into young adult 

hermaphrodites (36, 37). In addition, as part of the aforementioned injection, we included a 

dpy-10 guide RNA plasmid, also inserted into pRB1017, and a repair oligo with the dpy-10 

mutation as a marker which was later crossed out prior to use. Successful injections were 

identified by the presence of dumpy or roller progeny on the plate. 120 dumpy and roller 

progeny were singled onto individual plates and screened for the deletion mutation. Worm 

lysate was split between a control PCR with one internal and external primer 

(GGCGACCGTTGGTTGGGCTGGTTT, AATACGAGAGCCTTCACATCATC) and a 
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detection PCR with two primers external to the proposed deletion 

(GGCGACCGTTGGTTGGGCTGGTTT, ATCCTGTGTCCGATCCTGACG). A 

homozygous mutation line was determined by the absence of a band in the control PCR and 

the presence of a 500 bp band in the detection PCR. The strain was then crossed and 

outcrossed into him-5 to remove the dumpy and roller marker mutations and verified by PCR 

with the above primers. The deletion was also sequenced and verified to be in frame and at 

the location, IV:9347253...9345244. 

 

CRISPR-Cas9 STOP-IN mutant 

The CRISPR-Cas9 STOP-IN mutant, pezo-1 (sy1199), was generated using purified 

protein Cas9 at 10 ug/uL concentration, a purified guide RNA near the mutation location 

(CCAGAAGCTCGTAAGCCAGG), and a single stranded DNA repair oligo containing three 

stop codons, one in every reading frame 

(cttatcgctgtttctgaaccagaagctcgtaagccGGGAAGTTTGTCCAGAGCAGAGGTGACTAAGTG

ATAAgctagcaggaggcactgaagaaacggatggtgatgaag) (38). These reagents were injected into N2 

young adults along with a dpy-10 guide and repair oligo. Successful injections were 

identified by the presence of dumpy and roller progeny. 30 roller progeny were singled out 
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from “jackpot” plates (plates with a high incidence of dumpy and roller progeny) and 

screened via PCR (GACAGGACTTTCCCGCCAACTTAA, 

ATCATTCGCCGATTGCACAAGTTG) and an internal primer 

(GCTTATCACTTAGTCACCTCTGCTC).  

 

Other strains 

trp-4 (sy695); him-5 (e1490) 

OH10235 bxIs19 [trp-4p::GFP] 

ZM9624 (Prgef-1 GCaMP6::3xNLS::mNeptune) 

BB92 uuEx18 [dcr-1(wild-type) + dpy-30::mCherry] 

ADS1014 otIs377 [myo-3p::mCherry]; unc-64(e246) III 

 

Imaging strains 

For panneuronal imaging, we used ZM9624 and PS8041 males. ZM9624 was created 

and generously shared by Mei Zhen’s laboratory (Lunenfeld-Tanenbaum Research Institute, 

Mount Sinai Hospital, Toronto, Canada). The strain was designed to co-express calcium 

indicator GCaMP6s and red fluorescent protein mNeptune in all neuronal nuclei under the rgef-
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1 promoter. PS8041 was generated by crossing ZM9624 into him-5 and pezo-1 mutant 

backgrounds. To track mating events, we used hermaphrodites that expressed red fluorescent 

markers in their cuticle or muscles. To encourage the richness of male behavior we used 

partners with normal motility or showing mild unc phenotypes. 

 

Recording of neuronal activity in freely moving males 

To record activity of neurons in freely-moving males, we used a modified version of a 

custom-built spinning disc confocal microscopy setup described in Venkatachalam et al. (39). 

Virgin L4 males were picked onto a separate plate with OP50 and were kept on the plate for 

15 to 20 hours before imaging. For the imaging experiments, a single virgin male was placed 

onto a 10 cm NGM agar plate containing a small amount of OP50 for food, 10 ul of NGM 

buffer, and 3 to 5 fluorescently labeled hermaphrodites. The plate was covered with a No1 

coverslip which allowed the use of an immersion oil objective while also letting the animals to 

navigate freely. The volumetric imaging was performed with a 40x 0.95 NA oil objective 

(Nikon Plan Apo Lambda series) controlled by a piezoelectric stage. We imaged 10 brain 

volumes per second, each volume consisting of 20 optical slices approximately 1.75 

micrometers apart. The emitted light from the objective was split into green and red channels 



 

 

45 

and imaged with two separate Andor Zyla 4.2 sCMOS cameras at 200 Hz. Each camera 

recorded a 256x512 pixel region with 0.45 um pixel size. The posterior nervous system of the 

male was tracked continuously throughout the imaging session. This was achieved by adjusting 

the microscope stage position in x, y, and z. Imaging experiments lasted from 1.5 to 10 minutes 

and specifically aimed at capturing scanning and vulva detection events. 

 

Extraction of neuronal activity signals 

Neuronal activity traces were extracted from the raw data following image 

preprocessing and registration. Registered data were downsampled to 5 volumes per second. 

Neuronal segmentation and tracking were performed using manual and semi-automated 

methods with the help of Fiji plugin MaMuT 0.27 (40, 41). Fluorescent signals from green and 

red channels were extracted for 2.25x2.25x3.5 um regions of interest centered on neuronal 

nuclei. Savitzky-Golay filtering with polynomial order of 1 and frame length 13 was used for 

noise reduction (42). To minimize motion artifacts, a ratiometric approach was used for 

calculating neuronal activity traces. 
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           Activity of eight neurons implicated in vulva detection was extracted (5, 43)(Susoy et 

al, unpublished). These neurons included post-cloacal sensilla neurons PCB, PCC, PCA, the 

hook neurons HOA, HOB, and the spicule neuron SPC, the ray neuron R2B and the interneuron 

PVX. From the recordings, we also manually tabulated discrete behavioral motifs expressed 

by the male. Here we specifically focused on scanning, vulva detection, and searching (no 

ventral contact). 

 

Mating assay 

Fresh, hand-poured NG plates were spotted with 13 uL OP50, and L4 males, both 

controls and test males, were selected and placed on separate plates one day before the assay. 

At least a half an hour prior to the assay, three males were placed on each mating plate and 

left to acclimate. On the first control plate, a number of unc-31 hermaphrodites were placed 

with the males, and the first three to be mated were separated and transferred to subsequent 

mating plates. After hermaphrodites were transferred to a mating plate, the plate was then 

video recorded for either fifteen minutes in total or up to five minutes following the initial 

mating attempt by any of the three males present. Video recording was stopped on successful 

transfer of sperm, at the end of the fifteen minute period in which no males attempted a 
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mating, or after a male had been unsuccessful in completing a mating for five minutes. The 

videos were then analyzed for mating defects. 
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2.4 Results 

 

Transcriptional GFP reporters reveal the pezo-1 and trp-4 expression pattern 

Analysis of the transcriptional fusion constructs from several proposed promoter 

regions for the pezo-1 gene showed different expression patterns with some overlap (Figure 

2.1, Figure 2.2). Promoter number 2 in particular was of interest because, despite sharing 

significant overlap with promoter 3, it lacked a significant portion of the expression. A 

difference of approximately 100 bp seems to have determined a significant amount of the 

expression in the male tail neurons. A fusion of the region 4kb upstream of the gene and the 

largest intron contained all the variant expression patterns seen in the other transcriptional 

fusions and was used as a basis for designing further experiments.  

Expression was noted in several head neurons, pharynx-intestinal valve, vulval 

muscle, spermatheca, CAN neuron, and a number of male tail neurons. For the purpose of 

this paper, we will be focusing on the expression found in the PCS neurons, HOB, and the 

sensory ray neurons (Figure 2.2). Due to the key role these neurons play in mating behavior, 

pezo-1 expression in these neurons implied a link between piezo and this behavior (5). 
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An existing trp-4 transcriptional fusion, OH10235 bxIs19 [trp-4p::GFP], was also 

examined, and expression was noted in HOB and several ray neurons (Figure 2.3). In 

addition, my collaborator reported PCA expression, but I was unable to confirm this 

expression. 

 

Pezo-1 and Trp-4 mutant males display multiple mating phenotypes 

We tested two pezo-1 mutants and one trp-4 mutant along with a pezo-1; trp-4 double 

mutant strain and observed a defect in mating in a subset of the males tested. This defect was 

first seen in approximately 30% of the pezo-1 males taking a significantly longer time to 

complete a mating event than the wild type males. To properly analyze this phenotype, males 

were binned into those who were able to insert their spicules and release sperm within five 

minutes, and those who took longer than five minutes to do so or never succeeded in 

completing a copulation. This showed that while wild type mating time does seem to contain 

some environmental factor, the mutant males still succeeded far less in attaining this time—

about 30% less often than the wild type controls—and the double mutant attained this time 

only half as often as the wild type controls (Figure 2.4).  
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To understand why the mutants took longer to mate or failed to mate on these 

occasions, the video recordings were analyzed to uncover more specific defects. Three main 

defects were highlighted as a result of this analysis, consisting of off-target probing behavior, 

passing the vulva, and loss of contact (Figure 2.5).  

The off-target probing behavior was defined as when the male, instead of probing at 

the vulva, would probe at a location not touching any part of the vulva. The time that the 

male spent probing at inappropriate locations was measured as a percent of the total time the 

male was recorded mating so as to give a more standardized view between various males who 

may have spent different amounts of time on a mating attempt. pezo-1 and trp-4 males were 

found to linger far longer and more frequently at off-target locations than wild type males. 

However, the pezo-1; trp-4 double mutant had a reduced incidence of this defect. 

The behavior of passing the vulva was defined as when the male, while tracing the 

hermaphrodite, would simply pass over the vulva instead of stopping at that location. This 

behavior has been previously identified in lov-1 animals and, while the phenotype in pezo-1 

and trp-4 males was less severe, it was still in excess of wild type males, which would, at 

most, pass the vulva once or twice. The pezo-1; trp-4 double mutant had no increased 

incidence of this phenotype compared with the single mutants. 
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The loss of contact behavior was defined as when the male would lose contact with 

the hermaphrodite, but not leave entirely. This contact loss was usually seen as sloppy 

turning attempts, though it was also observed during standard tracing. Pezo-1 and trp-4 

mutants were seen to lose contact with their hermaphrodites far more often than wild type 

males. The pezo-1; trp-4 double mutant had no increased incidence of this phenotype 

compared with the single mutants. An experiment with the pezo-1 (sy1113) males was 

partially repeated (interrupted due to pandemic) and seemed to have a much lower incidence 

of mutant phenotypes (data in Appendix – A). 

 

Pan-Neuronal GCamP imaging of pezo-1 mutants shows aberrant activity in PCB and PCC 

compared to wild-type but not PCA 

     Pezo-1 mutant animals imaged using a pan-neuronal GCamP construct showed 

aberrant activity in the neurons PCB and PCC compared to wild-type animals. In wild-type 

animals, these two neurons activate when they contact the vulva region. In pezo-1 animals, 

they activated at other regions along the worm as the male scanned the hermaphrodite (Figure 

2.6). 
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2.5 Discussion 

 

We see a striking correlation between pezo-1 expression and mutant phenotype: We 

have shown that the pezo-1 expression pattern of male-specific neurons in the male tail 

corresponds to a mating defect in pezo-1 mutant males. This defect has been more 

specifically categorized into three primary sub-defects, off-target probing, passing the vulva 

during tracing, and loss of contact, which all contribute to the inability to complete a 

copulation within the wild type time.  

 

There is an equally prominent trp-4 function in mating that correlates to trp-4 

expression patterns: We have shown that trp-4 mutants exhibit a high rate of turning, 

passing vulva, and presenting off-target defects similar to the ones exhibited by pezo-1 

mutants. These defects correlate to trp-4 expression in the ray neurons, HOB, and possibly 

PCA (expression unclear), which as discussed earlier, have been linked to these defects in 

previous ablation studies. 
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The trp-4; pezo-1 double mutant does not exhibit an increase in turning and passing the 

vulva mating defects compared to the single mutants: We have shown that the trp-4; 

pezo-1 double mutant does not exhibit an exacerbated turning or passing the vulva phenotype 

compared to the single mutants of either gene. This suggests that these two genes operate 

within the same pathway and in such a manner that knocking out either disrupts the pathway 

to the same degree. There is almost certainly some third factor involved in this process, either 

a chemical signal or another mechanoreceptor (we have not yet found a mechanoreceptor 

linked to HOA, for example), that is capable of maintaining mating function despite these 

defects. 

 

The trp-4; pezo-1 double mutant has a reduced off-target probing phenotype: We have 

shown that the trp-4; pezo-1 double mutant has a reduced off-target phenotype compared to 

either of the single mutant phenotypes. At first, this might seem to be counter-intuitive until 

we take into account the expression pattern data and the pan-neuronal GCamP data.  

 

The function of pezo-1 and trp-4 in mating: Why are pezo-1 and trp-4 mutants 

incompletely penetrant? This lingering question of why both these mutants only seem to run 



 

 

54 

into this defect a portion of the time instead of their mating ability being constantly affected 

has some intriguing possibilities. While this could be an example of incomplete penetrance, 

as seen in lov-1 mutants, it’s also feasible that this could be the result of some regulatory 

mechanism being affected. The pezo-1 mutants were generally able to accomplish their 

mating in a wild type manner when a mating attempt was flawless, that is to say, the 

hermaphrodite moved very little in response to the male’s approach, the male either started 

tracing on the same side as the hermaphrodite’s vulva or executed his first turn around her 

nose (generally an easier turn for the male), and the male stopped directly at the vulva. The 

moment a mistake was made, such as passing the vulva, or beginning to probe at the wrong 

location, or making the first turn at the tail, mutant males did not easily recover into a 

successful attempt and continued to make similar or worse errors. When wild type males 

made similar errors, they were nearly always able to recover quickly and mate 

successfully. The trp-4 mutant followed in a similar pattern, though with a more regular 

incidence of sloppy or incomplete turns. 

This can be seen in the data on the incidences of mating defects per worm  (Figure 

2.4). The pezo-1 worms tended to have cascading defects that resulted in unsuccessful or 

prolonged mating while the wild type worms rarely would have more than one error. This 
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implies that one error increases the likelihood of further errors in mutant worms, while wild 

type worms will simply adjust to the mistake and continue on. This follows into the data of 

individual defects, where wild type defects are much less severe than mutant ones. Many 

wild type worms, for example, might pass the vulva once or twice in the course of a mating 

attempt, but once a pezo-1 mutant male missed the vulva, he would often continue this 

pattern, seemingly unable to break the cycle. A pezo-1 mutant male that probed at the wrong 

location, would often come back to the same incorrect location repeatedly, even if he passed 

over the actual vulva in the process. A male that failed to complete a turn might make the 

attempt multiple times, falling off and restarting where a wild type male would have adjusted 

and taken a different approach.  

The other persisting questions lie in why the pezo-1 and trp-4 double mutant appears 

to exhibit no increase in severity of phenotype for passing the vulva and loss of contact 

defects, yet it shows a reduction in the severity for the off-target probing defect. This puzzle 

can somewhat be solved by the expression data observed in both pezo-1 and trp-4. Both 

genes are expressed in ray neurons (likely connected to the loss of contact defects) and HOB 

(connected to passing the vulva) and, as part of the same pathway, additional defects do not 

exacerbate the function. The fact that neither mechanosensor is present in HOA and that there 
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are multiple missing ray neurons suggests that there are other elements at play in this process, 

such as additional mechanosensors or chemosensors. 

The reduction in the severity of the off-target probing defect can be traced to the 

neurons that pezo-1 and trp-4 are expressed in, namely the PCB/C neurons for pezo-1 and the 

PCA neurons for trp-4. From the pan-neuronal GCamP experiments, we can see more 

specifically that these two sets of neurons detect different aspects of fine-scale vulva location. 

The PCB/C neurons activate when the male is at the vulva, as shown in Figure 2.5, while the 

PCA neurons activate when the male is in contact with the hermaphrodite at any location 

other than the vulva. We propose that a defect in mechanosensation in either set causes an 

off-target probing effect as the male receives misleading cues as to the appropriate location of 

the vulva, while a defect in both sets of neurons has the net effect of the males probing less 

altogether, leading to a muted off-target phenotype. This can be supported by the fact that the 

pezo-1; trp-4 double mutants also possess a far lower incidence of completed mating 

compared to either of their single mutant peers.  

 

Implications for piezo biology: Currently, there have been no reports of piezo’s 

involvement in mating behavior in any other species, so the discovery that it has a role in C. 
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elegans mating is particularly significant. While this function could be unique to the C. 

elegans piezo, it is possible that it may play some role in the mechanosensory aspects of 

mating behavior of other species and represent the missing mechanosensory channel in 

mapping these behaviors.  
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2.6 Figures 

 

 

 

 

 

 

Figure 2.1 (A) Rough gene layout for pezo-1 in C. elegans. (B) Non-coding regions used for 

the purposes of designing transcriptional fusion markers. Regions marked 5a and 5b were 

combined together to create strain pha-1; him-5; syEx1771[pBX-1 + pezo-1::GFP], region 

marked 3 was used to create strain pha-1; him-5; syEx1772[pBX-1 + pezo-1::GFP]. Strains 

created from regions marked 1, 2, and 4 are non-extant. (C) Crispr/Cas9 deletion mutation 

region. (D) Crispr/Cas9 STOP-IN location. 
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Figure 2.2 (A) GFP expression pattern of transcriptional fusion from region 1 of Figure 1.1, 

an area capturing 2kb upstream of the pezo-1 gene. Only some intestinal glands are visible. 

(B) GFP expression pattern of transcriptional fusion from region 2 of Figure 1.1, capturing 

most of the central intron, minus ~100bp. Only intestinal expression is visible. (C, D) GFP 

expression pattern of transcriptional fusion from region 3 of Figure 1.1, capturing the front 

half of the central intron. The PCS neurons and HOB are visible, respectively. (E, F) GFP 

expression pattern of transcriptional fusion from region 4 of Figure 1.1, capturing the back 

half of the central intron. An interneuron and the PCS are visible, respectively. (G, H) GFP 

expression pattern of transcriptional fusion from regions 5a and 5b of Figure 1.1 fused 

together, capturing a non-coding region 4kb in front of the gene and the entire central intron. 

HOB, SPD, and SPC are visible. 
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Figure 2.3 GFP expression pattern for trp-4, from strain OH10235 bxIs19 [trp-4p::GFP]. (A) 

Visible are several processes into the ray neurons and an interneuron. (B) Visible here are 

more ray neurons and faint traces near where one would expect the PCS neurons. (C) Here, 

HOB is clearly visible, with process. 
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Figure 2.4 (A) Here we show the number of phenotypic defects per worm. While there is 

some variance between N2 and him-5 animals, with him-5 showing notably more defects 

(possibly due to not requiring mating to propagate), neither control animal group regularly 

possessed as many as the pezo-1 mutants, who had significant numbers of animals who 

presented with two and three phenotypic defects. (B) Here we show the percent of animals 

that mated within 300 seconds, a time selected because most N2 and him-5 animals were able 

to complete a mating in this period of time (the middle trial nonwithstanding). Completion of 
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a mating event here was scored as inserting of spicules. Roughly a third of pezo-1 mutants 

were unable to complete a mating event. When the trp-4 data is weighted vs its control, a 

similar number of trp-4 mutant animals also failed. But the pezo-1 (sy1199); trp-4 (sy695)  

double mutant (abbreviated in the figure) demonstrated an enormous drop in the ability to 

mate quickly, with only 41% of males able to mate in under 300 seconds. 
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Figure 2.5 The pezo-1 deletion mutant, pezo-1 (sy1113) and the pezo-1 STOP-IN mutant, 

pezo-1 (sy1199) exhibit similar phenotypes to different degrees as the  

trp-4 deletion mutant, trp-4 (sy695). However, when a double mutation containing both the 

pezo-1 STOP-IN and the trp-4 deletion was generated, off-target probing decreased 

significantly, while passing the vulva and loss of contact phenotypes remained unchanged 

from the stronger trp-4 deletion phenotype. All controls in these experiments were him-5 

except for the controls for pezo-1 (sy1113), which were N2 males. All mutant strains were 

additionally crossed with him-5. 
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Figure 2.6 Full-brain GCamP imaging data of active mating events. Here, we can see that in 

the wild type, PCB and PCC neurons activate when the male passes over the vulva, while 

PCA activates when the male is not at the vulva. In the mutant animals below (penetrance at 

21% of tested animals), PCB and PCC also activate when the male is not at the vulva. 
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3.1 Abstract 

 

Piezo proteins, a class of homotrimeric mechanosensitive non-selective cation 

channels, function in a number of roles across the species they are extant in, the same piezo 

often involved in regulating multiple functions within the same organism. In this chapter, we 

examine how Caenorhabditis elegans is no different in this regard, with pezo-1 mutants also 

demonstrating unique piezo function in fecundity in addition to the previously categorized 

mating defects. To properly investigate this response, we used several early-stop codon 

strains, three Million Mutation Project and one generated through Crispr, and two deletion 

strains, each mutation placed at different points along the pezo-1 gene. With these mutants, 

we have been able to both characterize the extent of the fecundity defect and demonstrate that 

at least two pezo-1 isoforms are not involved in this behavior. 
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3.2 Introduction 

 

      Piezo proteins are a newly identified class of mechanosensitive non-selective cation 

channels that have been observed sensing sheer stress, static pressure, and membrane force in 

a variety of different model organisms including mice, zebrafish, and drosophila (1–6). The 

protein structure has been identified to be homotrimeric—consisting of a large central pore 

with a cap and three N-terminal propeller regions—and vertebrates have been identified to 

possess two piezo channels, while invertebrates typically only have one (1, 7, 8). In the 

human piezo proteins, PIEZO1 and PIEZO2, mutations cause a number of neuropathies 

including dehydrated hereditary xerocytosis, generalized lymphatic dysplasia, and distal 

arthogryposis type 5 (9–13). In Caenorhabditis elegans, we have shown in Chapter One that 

this protein exhibits some light touch sensory function in male mating behavior, but there has 

previously been no piezo function described for the hermaphrodite animal. 

      The Caenorhabditis elegans hermaphrodite is an androdioecious nematode with a 

two-armed gonad structure (14, 15). While males do exist in the species, nearly all progeny 

are produced through self-fertilization, a process that typically occurs in five basic steps. 

First, oocytes develop in the proximal arms of the gonad, and continue to grow as they move 



 

 

77 

around the loop region to the vulva side(16). Second, they are passed into the appropriate 

spermatheca, anterior for oocytes coming from the anterior gonad arm, posterior for the 

oocytes coming from the posterior gonad arm, and fertilized by the sperm, held in place by 

the distal and spermathecal-uterine valve to ensure that only one oocyte exists in the 

spermatheca at a time and that no sperm are lost into the uterus when the fertilized egg is 

released. Third, when the oocyte has been fertilized, it enters the uterus where it develops to a 

30-cell stage. Last, the fertilized egg is expelled via the vulva, a muscular organ comprised of 

eight muscles organized into a “v” shape, which contracts to lay a fertilized egg into the 

environment. 
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3.3 Methods 

 

General methods 

 Worms were cultured at 20˚C as described by Brenner and the experiments were conducted 

at the same temperature. 

 

CRISPR-Cas9 deletion mutants 

As described in Chapter One, the C-terminal deletion mutant, pezo-1 (sy1113), was 

generated by injecting 46168 CRISPR-Cas9 plasmid (peft-3::cas9-sv40_NLS::ttb-2 UTR) 

and four pRB1017 plasmids (U6::gRNA construct) containing our guide RNA sequences 

(CAGAAGCTCGTAAGCCAGG, AGGTCGAGGTCGTGAGCGG, 

CCACCACTTTACGAGATGG, ATAGGCAGCTTCGAACTGG) into young adult 

hermaphrodites. A dpy-10 guide RNA plasmid, also inserted into pRB1017, and a repair 

oligo with the dpy-10 mutation were also included in the mixture as a marker and were later 

crossed out of the strain prior to use in the assay. Worm lysate was split between a control 

PCR with one internal and external primer (GGCGACCGTTGGTTGGGCTGGTTT, 

AATACGAGAGCCTTCACATCATC) and a detection PCR with two primers external to the 
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proposed deletion (GGCGACCGTTGGTTGGGCTGGTTT, 

ATCCTGTGTCCGATCCTGACG) to verify homozygous mutants.  The deletion was also 

sequenced and verified to be in frame and at the location, IV:9347253...9345244 (Figure 3.1). 

The short isoform deletion, pezo-1 (sy1398), was also generated through this method, 

using four guides (GAGAACTTGAATTCAATGG, AAGCTTCTTCCGTCTCCGG, 

GCAGTATTTGACCAACTGG, ATAAAACAAGGCAACCAGG) along with the same dpy-

10 guide and repair oligo. The deletion was verified with two external primers 

(CTCTCGCCTATCCACTTGAGCTTA, GGAAACAATTGAGCCGAGAATGGA) and 

sequenced to place it at IV: 9356086… 9354777 (Figure 3.1). 

 

CRISPR-Cas9 STOP-IN mutant 

 As in the previous chapter, this mutant was generated using a purified guide RNA near the 

mutation location (CCAGAAGCTCGTAAGCCAGG), a single-stranded DNA STOP-IN 

repair oligo 

(cttatcgctgtttctgaaccagaagctcgtaagccGGGAAGTTTGTCCAGAGCAGAGGTGACTAAGTG

ATAAgctagcaggaggcactgaagaaacggatggtgatgaag), purified Cas9 protein, and both a guide 

RNA and repair oligo for a dpy-10 marker mutation. These reagents were injected into N2 
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hermaphrodites and screened via the dpy-10 marker to identify successful injections and PCR 

(GACAGGACTTTCCCGCCAACTTAA, ATCATTCGCCGATTGCACAAGTTG) and an 

internal primer (GCTTATCACTTAGTCACCTCTGCTC) to identify mutant animals (Figure 

3.1). 

 

Million Mutation Project strains 

     Three stop codon mutation strains from the Million Mutation Project (pezo-1 

(gk364409), pezo-1 (gk208807), pezo-1 (gk892838)) were acquired from the CGC for use in 

this study (Figure 3.1). 

 

GFP::pezo-1 transcriptional fusion 

The same transcriptional fusion as described in Chapter One was used to identify 

potentially relevant structures for this study, inserting non-coding regions from 4kb in front 

of the N-terminal ATG and the entire central intron region 

(TCCTACCTTGTGCCTGTCTACGTA…TCTGTTGTTGCTGTGTTACGACCA and 

GCACATGCTGCAGGTTAGTTTATT...AGGGTATCGCCTGAAAAAACAATG) into 

pPD95_75. This was then injected with the pBX pha-1 rescue plasmid into pha-1; him-5 
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animals to create a stable expression line (Figure 3.1). 

 

Fecundity Assay 

The fecundity assay was performed as described in Wang 2019 (17). Both N2 and 

mutant animals were isolated at the L4 stage and singled onto plates in batches of 20 per 

strain per trial. The animals were then passed to fresh plates every day until they stopped 

laying eggs. One day after the animal was removed from a plate, all the surviving progeny 

were counted from this plate as well as the dead eggs. At the end of the assay, the number of 

live progeny was totaled up per worm (though the daily data was also retained). 
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3.4 Results 

 

Expression pattern data shows pezo-1 expression in the vulva and spermatheca. 

      Data from the expression pattern constructs in Chapter One reveals pezo-1 expression 

in both the vulva muscle and spermatheca (spermatheca in collaborator’s data) (Figure 3.2). 

 

Most pezo-1 mutations yielded reduced brood sizes. 

      The pezo-1 C-terminal deletion mutation, the STOP-IN mutation, and all three 

Million Mutation Project early stop codon mutations yielded significantly reduced brood 

sizes compared to N2, as can be seen in Figure 3.2. The data, distributed by day, shows that 

day 1 animals had roughly similar numbers of progeny survive as wildtype, and that number 

of viable progeny as compared to wildtype decreased as the animals aged (Figure 3.3). 

 

The small isoform deletion unique to isoforms i and j does not yield a reduced brood size. 

      The small isoform deletion, which deletes the first exon of isoforms i and j and should 

be unique to those isoforms, does not demonstrate the phenotype of reduced broodsize, 

instead showing wild type progeny numbers for all days of the assay. 
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Strains with the fecundity phenotype produced no significant increase of dead eggs compared 

to wild type. 

      Strains with the fecundity phenotype did not produce significantly more dead eggs 

than their wild type counterparts as can be seen in Figure 3.4.  
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3.5 Discussion 

 

We see a correlation between expression pattern data and mutant phenotype: We 

showed that the pezo-1 mutants have a severe reduction in brood size compared with 

wildtype animals. We also showed that pezo-1 is expressed in the spermatheca and vulva 

muscle, suggesting that pezo-1 has some function in the spermatheca and/or vulva muscle 

that impacts the proper fertilization and laying of eggs by the hermaphrodite, possibly in 

determining the presence of an egg in order to instruct the proper function of these structures. 

 

We do not see a phenotype in the deletion in the first exon of the small isoform: We have 

shown that isoforms i and j do not produce any brood size reduction when the first exon of 

this isoform is deleted, which would point to this isoform not having a function in fecundity. 

However, it is important to note that our collaborator, Xiaofei Bai, has observed in a parallel 

experiment that there was a slight brood size reduction (p=.0001), so it’s possible these 

isoforms may have limited function. 

 

We note no increase of dead eggs to account for the reduction of brood size: We have 
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shown by counting the dead eggs on the plates that the pezo-1 mutants do not exhibit an 

increase in the number of dead eggs present, so the number of dead eggs seen cannot account 

for the “missing” progeny of the total brood size. So, where have the missing progeny gone? 

The answer to this likely lies in pezo-1’s spermathecal valve and the vulva muscle. A 

malfunctioning mechanosensory ion channel present in either of these two structures could 

result improper movement of the egg through these passages, resulting in damaged or 

destroyed eggs, the former of which would appear as a few dead eggs, the latter of which 

might not be visible under the imaging techniques used in this study. 

 

Implications for piezo: This is the first instance of a piezo protein showing a function in a 

self-fertilization mechanism in an organism. While the precise methods by which piezo 

functions in this process are unclear, it may resemble the vasodilatory function seen in mice. 

Our collaborator, Xiaofei Bai, was able to provide more insight into this problem in his paper 

(currently in review) which can be summarized by the spermathecal valves spasming as 

oocytes pass through them, causing these oocytes to be destroyed. This also accounts for the 

lack of dead eggs seen as most destroyed oocytes would not be visible under a standard 

dissecting scope. As egg-laying and passage through the spermatheca still occur to some 
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degree, however, it is possible there are other mechanosensors involved in this process or that 

chemosensation plays a part in determining the presence of an egg in these structures. Also of 

note is how the age of the animal plays a role in the severity of the phenotype, with young 

animals displaying near wild type egg laying and older hermaphrodites exhibiting severely 

reduced broods. This could point to the mechanosensory nature of the associated structures 

being age-linked. A possible mechanism for this to occur would involve unfertilized oocytes 

being pushed evenly into the spermatheca and out the vulva by upstream pressure when the 

worm is young, but as the worm ages and the gonads become more jumbled with multiple 

rows of oocytes, the “feeding” process is less structured and relies more on the 

mechanosensory apparatus for guidance. At this point, lack of mechanosensory input results 

in destroyed or damaged oocytes and a reduced brood size. 
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3.6 Figures 

 

 

 

 

 

 

Figure 3.1 Gene diagram of all mutations used in this study. VC20634, VC20227, and 

VC40944 are Million Mutation Project strains containing a stop codon at these locations. 

pezo-1 (sy1199) is a STOP-IN mutation generated by protein CRISPR/Cas9, and pezo-1 

(sy1113) is a deletion generated by plasmid CRISPR/Cas9. pezo-1(sy1398) is a deletion 

generated at the first exon that only exists in two small isoforms, one shown here as an 

example.  
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Figure 3.2 pezo-1 GFP expression pattern of vulva muscle, potentially involved in part in the 

destruction of the oocyte.  
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Figure 3.3 Fecundity assay data for all mutants tested. As seen here, mutant animals had  

wildtype-like progeny numbers on day 1, but on subsequent days, their progeny dwindled 

rapidly, with a marked decrease on day 2 compared to wildtype. The exception here is  

pezo-1 (sy1398), which seemed to have minimal effect, though in another study by a  

collaborator, it was shown that this mutant has a slight decrease in progeny (data shown  

in Appendix – B). 
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Figure 3.4 Cumulative dead eggs observed per plate assayed for fecundity over all days  

assayed. As can be seen here, the number of dead eggs is not significantly different from  

that observed in N2 animals, nor does it account for the large number of missing progeny  

shown in Figure 3.3. 
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C h a p t e r  4  

OTHER OBSERVATIONS AND FUTURE DIRECTIONS 
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4.1 Observations 

Summary 

         I have shown in this thesis that the C. elegans piezo protein has some function in 

various aspects of male mating and fecundity. While a significant portion of the relationship 

between piezo and fecundity has been solved by my collaborator, Xiaofei Bai, there is still 

quite a lot of ground to cover in the subject of male mating as well as some other 

observations that I have made in the pezo-1 defective worms. In this section, I’m going to 

discuss other potential pezo-1 phenotypes in Caenorhabditis elegans that didn’t merit an 

entire chapter for themselves and future directions for pezo-1 research in male mating. 

 

pezo-1 is expressed in the CAN neurons 

 

          The CAN neurons are a pair of neurons in the midbody of C. elegans with processes 

that run along the excretory canal. These neurons currently have an unknown function as 

ablating them causes the animal to die, a discovery first noted by Sulston and Hodgkin in 

personal communication, later confirmed by Forrester and Garriga (1). In fact, of all the 

neurons in C. elegans, only the CANL, CANR, and M3 neurons are essential in this way, as 
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reported by Chalfie and White (2). So, while the function of these neurons is unknown, the 

presence of a mechanoreceptor in them is intriguing, and the fact that a null mutant of this 

mechanoreceptor doesn’t cause the death of the animal provides the opportunity to discover a 

function for these neurons (Figure 4.1).  

      One potential hypothesis here would work in conjunction with the data published in 

the thesis by James Lee which showed that pezo-1 animals showed decreased dauer entry (an 

alternate lifecycle a larvae enters instead of proceeding directly to adulthood) by two fold, 

which seemed like a peculiar role for a mechanotransducer to be involved in (3). Animals 

typically enter a dauer state due to a change in external conditions, such as heat, crowding, 

dessication, or lack of food (4, 5). As one important function of the excretory duct is 

osmoregulation, a defect in pezo-1 could result in a mutant animal not getting the signal from 

the CAN neurons to go into dauer in a dessicating environment (1). 

      One way I attempted to test this was via a split-CGaL construct to create a cell-

specific GCamP for the CAN neurons in a pezo-1 mutant animal and test different osmotic 

conditions. However, none of the split-CGaL promoters currently available for the CAN 

neurons were strong enough to see the fluorescence clearly enough to proceed with the 
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experiment (6). In the future, with a stronger promoter or a brighter GCamP, this could a 

promising opportunity. 

 

pezo-1 mutants demonstrate a defect in sperm release during mating 

 

      This is an isolated result taken from an incomplete mating assay performed before 

directly before quarantine. In this assay, pezo-1 (sy1113) mutants demonstrated a significant 

delay of a minute or more before sperm release in 41% of mating events (n=17), while N2 

worms showed this delay in 0% of mating events (n=8). This could be linked to pezo-1 

expression in the SPCL/R neurons. 

 

pezo-1 mutants show an acceleration phenotype linked to trp-4 and mec-4 

  

      This is an isolated result taken from a series of exploratory locomotion assays I did to 

test the effects of pezo-1 (sy1199) and various combinations of mutants with mec-4 (sy1124) 

and trp-4 (sy695) (Figure 4.2). As can be seen in the figure below (program analysis designed 

by John Brugman) pezo-1 showed a slight acceleration increase compared to wild type 
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animals, but, when paired with mec-4 and trp-4 mutants, caused a significant decrease in 

acceleration compared to the mec-4; trp-4 double. The mec-4; pezo-1 double mutant showed 

very little change compared to the mec-4 single mutant. The numbers here are unfortunately 

too small to make any great claims, but the data does suggest further interactions between 

pezo-1 and trp-4, and, now that a pezo-1; trp-4 mutant is extant, the next step in this 

investigation would be to test and analyze this mutant for aberrant acceleration.  

 

Future directions with pezo-1 fecundity 

 

      While most of the main mechanisms of pezo-1 fecundity have been elaborated on 

extensively, the phenotype is incredibly robust and is stable enough that even defects caused 

by point mutations can be detected. This presents an opportunity for studying the effects of 

targeted mutations on the function of pezo-1 in vivo. In vitro studies of membrane proteins 

like piezo are challenging, both due to their oligomeric nature and the requirement of a 

membrane to fold correctly. In vivo, neither is a serious consideration. With CRISPR/Cas9, 

suspected interaction sites can now be targeted with great precision, so investigations into 
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specific domains, should future structural analysis reveal good targets, would probably yield 

good results.  

 

Future directions with pezo-1 mating 

 

      While pezo-1 and trp-4 have been shown to have function in the PCS neurons, ray 

neurons, and HOB, the exhibited phenotype has been incompletely penetrant, which suggests 

the possibility of another associated mechanotransducer. In mice, an ortholog of mec-4 has 

been found to associate with pezo-1 in some fashion, so it’s feasible that some similar 

arrangement occurs in C. elegans. In coordination with James Lee, a pezo-1; mec-4; trp-4 

triple mutant was designed earlier for use in locomotion and dauer assays, though some work 

is necessary to make this mutant suitable for a mating assay (namely the addition of a him-5 

mutation). I would expect that the observed mating defects would be far more pronounced in 

this mutant, possibly to the point of creating a mutant that would be unable or nearly unable 

to mate. 

      In addition, the full-brain imaging data would be useful to have for trp-4 mutants as 

well as pezo-1 so as to further elucidate the interplay between these two mechanotransducers. 
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I would expect to see the trp-4 mutant create a defect primarily in PCA to counter the defects 

of pezo-1. Creation of a version trp-4 mutant with the pan-neuronal GCamP is currently in 

progress. 

 

Conclusion 

      In conclusion, we have shown that pezo-1 is involved in male mating and some 

processes involved hermaphrodite self-fertilization. We have also shown that trp-4 is 

involved in male mating and is potentially involved in some of the same pathways as pezo-1 

both redundantly and opposed. In addition, we have highlighted some potential further areas 

in C. elegans that pezo-1 may be involved in, though further research will need to be done to 

confirm the full extent of its involvement. 
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4.2 Figures 

 

 

 

Figure 4.1 pezo-1 promoter GFP transcriptional fusion showing pezo-1 expression in the 

CAN neuron. The CAN neuron is a neuron of unknown function, and previous studies have 

shown that ablating it kills the worm, making pezo-1’s presence in it an intriguing line of 

study. 
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Figure 4.2 Acceleration of the worm strains tested measured in pixels traveled per frames2 

(n=10 per strain). The sample size is small, but the data is very tightly clustered and there is 

some indication here that while mec-4 (sy1124) and trp-4 (sy695) have significantly slower 

accelerations than N2, the double mutant has a statistically significantly higher acceleration 

than either signal mutant put together (p<.0001). But when the pezo-1 (sy1199) mutant is 

added to the strain, despite the pezo-1 mutant typically not having an effect on acceleration, 

the triple mutant’s acceleration drops back down significantly (p<.0001). 
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APPENDIX-A: Additional Pezo-1 Mating Data 
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Figure A.1 Data from incomplete secondary assay for pezo-1 (sy1113). As can be seen here 

there is a lesser degree of the phenotype and more spread in the individual data points than 

the first assay, however, some of this may be attributed to the far smaller sample size, 

particularly in the controls (n=8). The loss of contact phenotype in particular is particularly 

shaky here due to two wild type males that experienced a large number of contact 
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interruptions during mating. In comparison to the original assay, we see more along the lines 

of 20% phenotypic animals for probing, which is the most obvious phenotype. 
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APPENDIX-B: ADDITIONAL PEZO-1 FECUNDITY DATA 
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Figure B.1 Data collection on fecundity by Xiaofei Bai, plotted by me. The assay here is 

structured slightly differently, with two data collection points at 36 and 60 hours instead of 

every 24 hours, however a similar trend of early progeny levels similar to wild type followed 

by a sharp drop off in offspring can be seen, save for pezo-1 (av240) a full-deletion mutant I 

did not possess, which had minimal progeny overall. The other primary difference seen here 

is with pezo-1 (sy1398), which has a notable decrease in progeny in the second half of the 

assay with a p < .0001, which runs contrary to my own analysis. This could be due to varying 

conditions and represent a marginal effect of this particular isoform on C. elegans fecundity 

that I did not detect in my assay but was detectable under stricter temperature controls.  
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APPENDIX-C: ADDITIONAL RESEARCH 
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C.1 Abstract 

Autism spectrum disorder (ASD) involves thousands of alleles in over 850 genes. The causal 

relationship of most of these genetic variants in the pathogenesis of ASD has not yet been 

demonstrated. Current functional inference tools used to predict damaging effects are not 

sufficient to inform clinical cases. Thus, an experimental method prioritizing missense alleles 

for further intensive analysis is crucial. Here, we describe a pipeline that uses C. elegans as a 

genetic model to screen for phenotype-changing missense alleles inferred from human ASD 

studies. We identified these highly conserved human ASD-associated missense variants in 

their C. elegans orthologs, and used a CRISPR/Cas9-mediated homology-directed knock-in 

strategy to generate missense mutants and analyze their impact on behavioral and 

development. All tested missense alleles are predicted to be phenotype altering, but we found 

only 70% of them showed detectable phenotypic changes in morphology, locomotion and 

fecundity as measured in the related assays. Our findings indicate that missense variants in 

the C. elegans orthologs of human CHD7, CHD8, GLRA2, NAA15, and TPH2 impact 

neurodevelopment and movement functions, elevating these genes as candidates for future 

study into ASD. Our approach will help prioritize functionally important missense variants 

for detailed studies in vertebrate models and human cells.   
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C.2 Introduction 

Many psychiatric disorders such as autism spectrum disorder (ASD, OMIM: 209850) 

have been linked to genetic variants that disrupt but not necessarily eliminate protein 

functions. Most studies focus on identifying likely gene-disruptive (LGD) mutations (e.g., 

nonsense, frameshift, or splice-site) instead of missense mutations because only 13% of 

identified de novo missense variants are suspected to contribute to the risk of ASD (1, 2). 

Missense mutations (i.e., point mutations in which a single nucleotide change results in a 

codon that encodes a different amino acid) account for approximately half of the genetic 

changes known to cause disease (3). The severity of ASD is thought to be correlated with the 

average contribution of familial influences and de novo mutations (4): individuals with ASD 

are more likely to carry a de novo missense mutation (2). The pathogenesis of autism-risk 

alleles has been supported by functional studies of CTNND2 (5) and GLRA2 (6). Given that 

some missense alleles have been validated, one challenge is to identify the subset of ASD-

associated mutations that are deleterious. 

Missense mutations are numerous, but the functional inference tools used to predict 

damaging effects are not accurate enough to be used as the sole basis for a conclusion. Most 

current software relies heavily on sequence conservation to predict the potency of missense 
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variants, as conserved regions are considered more likely to be affected by purifying 

selection (7). However, interpretation of these data is inadequate due to variable penetrance, 

dosage sensitivity, and functional redundancy of mutated proteins, and can result in a high 

false-positive rate of prediction (3, 8). For example, only 27% of missense mutations 

predicted by sequence conservation showed disruption of protein function in a recent rodent 

study (9). Evaluating such mutations in vivo is essential for generating an accurate 

interpretation of available data.  

Due to the large number of missense variants, an efficient pipeline is needed to evaluate 

the functional consequence of all residues. Given that any gene carries a certain chance of 

containing a missense mutation and every individual will have a different subset of missense 

mutations in their genome, computational analyses are insufficient for predicting the 

functional importance of such mutations (9). There are few studies conducted to validate the 

functional consequence of missense variants in vivo. One study evaluated the disruptiveness 

of a mutation exclusively on its capacity to disrupt protein interactions using the yeast two-

hybrid method (10). Another study compared the deleterious effect from computational 

prediction to the actual ENU mutant rodent models (9). Despite such exciting findings, a 

comprehensively targeted screen for function-disrupting ASD-associated missense mutations 
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in a multi-cellular model organism has not yet been done. The short life cycle and easily 

accessible genome in Caenorhabditis elegans (C. elegans) make it an useful tool to rapidly 

evaluate whether a particular disease-associated missense variant shows phenotypic 

consequences (11–13). 

In this study, we established a pipeline for identifying ASD-associated protein-

disrupting missense residues in the orthologous C. elegans proteins (Figure C.1A). First, the 

C. elegans residues corresponding to human missense variants were identified based on 

sequence conservation. The C. elegans equivalents of human missense mutants were 

generated using Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR)-Cas9 

and homology-directed genome editing (“knock-in”). We then analyzed the effects of these 

autism-associated missense alleles by comparing observable phenotypes from these missense 

mutants to the wild type and to known loss-of-function mutant controls. Missense mutants 

with phenotypic changes reflect alteration in protein function, indicating the importance of 

these alleles. We found that 19% of the ASD-associated missense variants are conserved in 

C. elegans. We evaluated the effects of 20 missense alleles that were predicted to be 

phenotype altering and found that only 70% of them displayed phenotypic changes in 

morphology, locomotion, and fecundity. Our method demonstrates our ability to screen for 
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subtle phenotypic changes and in doing so, illustrate the functional importance of the effect 

of missense mutations on human disease.  
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C.3 Results 

Identifying C. elegans analogs of ASD-associated missense mutations  

To identify the functionally important missense variants implicated in complex human 

diseases, we established a pipeline to screen for functional changes in orthologous proteins in 

C. elegans (Figure C.1A). Of 1811 human missense variants related to ASD, 778 alleles 

(43%) from 221 human genes were located in C. elegans orthologs. Most of the human genes 

were aligned to one C. elegans ortholog, but a few of them (47 of 221) had more than one 

orthologous protein in C. elegans (Figure C.2A). The challenge was to identify each 

orthologous protein and corresponding equivalent residue based on sequence conservation. 

To this end, our software utilized comparative genomics and multiple alignments to ensure 

that the detected residue reflects conservation across the evolutionary tree and gene family. 

We found that 345 (19%) of missense loci from 157 human genes not only have orthologs in 

C. elegans but also had at least one conserved amino acid residue between human and C. 

elegans (Figure C.2). Sometimes, one human residue could be matched to multiple orthologs 

in C. elegans (37 of the 345 conserved residues). In these cases, we picked the worm residue 

candidate that had the sgRNA sequence most likely to produce an efficient CRISPR-Cas9 

double strand break based on an online sgRNA prediction tool (22). For each allele, we 
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identified the corresponding C. elegans ortholog, assessed the residues affected by missense 

mutations for evolutionary conservation, and selected genes with a known phenotype for their 

loss-of-function mutation in C. elegans (from existing mutants or RNAi). To prioritize genes 

for functional screenings, we focused on those genes with multiple missense variants as the 

chance of one causing a phenotypic defect increases when multiple missense mutations are 

observed in a single gene (25). We also prioritized genes involved in multiple biological 

pathways (26) or genes with other mutations resulting in a stop codon.  

To capture the impacts of missense mutations in diverse physiological functions, we 

sampled 20 ASD-associated missense changes in residues conserved in the C. elegans 

orthologs of 11 human genes (Table C.1; Figure S1). These ASD-associated missense 

mutations were identified in genes that were known to have a role in synaptic function (i.e., 

DLG4, SYNGAP1, CACNA1D, and GLRA2), gene expression regulation (i.e., CHD7, CHD8, 

and CUL3) or neuronal signaling and cytoskeleton functions (i.e., PTEN, MAPK3, TPH2, and 

NAA15). Multiple aspects of physiological functions were examined, including morphology, 

locomotion, and fecundity. These well-established quantitative assays enabled us to detect 

subtle changes in morphology, movement, and coordination, as well as reproduction and 

complete of embryonic development (13, 27).   
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Morphology of missense mutants 

To examine changes in morphology, we utilized a quantitative tracking system to 

measure the length, width, and body area of these missense mutants under freely moving 

condition (Table C.2). Alterations in size were detected in egl-19/CACNA1D, avr-15/GLR2, 

chd-7/CHD7 or CHD8, hpo-29/NAA15, and tph-1/TPH2. Every chd-7 mutant tested showed 

a significant decrease in body width and area. A null mutant, chd-7(sy956), displayed the 

most severe defects. Other missense alleles, chd-7(L1220P), chd-7(L1487R), chd-7(G1225S), 

and chd-7(P253L) showed a milder degree of defects. One of the egl-19 missense mutants, 

egl-19(Y333S), displayed a smaller decrease in body length, width, and areas compared to the 

semidominant allele, egl-19(n2368) (18). Another egl-19 mutant, egl-19(V331M), showed a 

similar body size as the N2 wildtype strain. Similarly, the tph-1(R259Q) mutant showed a 

decrease in body length and area, and the change was milder in the missense mutant as 

compared to the null mutant tph-1(mg280). One missense mutation in avr-15, avr-

15(R364Q), caused a decrease in body length, width, and area, similar to its null mutant, avr-

15(ad1051) (17). Another avr-15 missense mutant, avr-15(N347S), showed no morphological 

changes. Missense mutant hpo-29(L575S) exhibited shorter body length. Missense mutants 
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cul-3(H728R), daf-18(H168Q), and gap-2(C417Y) displayed increased body width and area. 

Missense mutants of dlg-1/DLG4 and mpk-1/MAPK3 did not show morphological changes. 

 

Movement and coordination of missense mutants 

To examine movement and coordination in these missense mutants, a quantitative 

tracking system was used to measure moving speed, reversal rate, and sinusoidal wavelength 

and amplitude (Figure C.3; Table S2). Locomotion defects were found in missense mutants 

of chd-7/CHD7 or CHD8, daf-18/PTEN, and gap-2/GLRA2. Less severe than the null mutant, 

all missense mutants in chd-7, except chd-7(P253L), exhibited decreased speed. Missense 

mutant hpo-29(L575S) also showed a significant decrease in speed. In terms of reversal rate, 

most chd-7 mutants, except chd-7(P253L), showed decreased reversal rates. Missense 

mutants daf-18(H138R) and gap-2(C417Y) displayed an increased reversal rate. Missense 

mutations in avr-15/GLRA2, cul-3/CUL3, dlg-1/DLG4, egl-19/CACNA1D, mpk-1/MAPK3, 

and tph-1/TPH2 did not result in differences in speed and reversal rate.  

Locomotion in C. elegans is typically expressed as the wavelength and amplitude of a 

sinusoidal wave (28). Motor coordination defects have been associated with ASD (29) and 

were found in missense mutants of avr-15/GLRA2, chd-7/CHD7 or CHD8, daf-18/PTEN, and 
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tph-1/TPH2 (Figure C.3; Table S2; Supplemental video). Similar but less severe than its null 

mutant, tph-1(R259Q) in particular exhibited significantly lower wavelength and higher 

amplitude, indicating a more curvy sinusoidal wave. One of the avr-15 missense mutants, 

avr-15(R364Q), showed a decrease in wavelength, slightly milder than the null mutant, avr-

15(ad1051). Another avr-15 mutant, avr-15(N347S), showed normal sinusoidal shape. All 

missense mutants in chd-7, except chd-7(P253L), displayed a decreased wavelength and/or 

amplitude. The mutation in chd-7(L1220P) resulted in a decrease in both wavelength and 

amplitude. Mutations in chd-7(G1225S) and chd-7(L1487R) led to a decrease in wavelength 

and amplitude respectively. The null mutant of chd-7 also displayed a decreased wavelength. 

Two of the daf-18 missense mutants, daf-18(H138R) and daf-18(H168Q), exhibited an 

increase in amplitude and wavelength respectively. Missense mutations in cul-3/CUL3, dlg-

1/DLG4, egl-19/CACNA1D, gap-2/SYNGAP1, hpo-29/NAA15, and mpk-1/MAPK3 did not 

lead to differences in the sinusoidal wave. 

 

Fecundity of missense mutants 

We used the fecundity assay to examine larvae viability in genes with reported sterile 

or lethal phenotypes in null mutants (Figure C.4). Three of four missense mutations in the 
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chromatin modifier gene chd-7 displayed a reduced fecundity phenotype compared to the 

wild type control strain N2. Specifically, the chd-7(L1220P) allele had a median fecundity of 

119 (p < 10-6 ); chd-7(G1225S) had a median fecundity of 176 (p = 1.2*10-5 ); chd-7(L1487R) 

had a median fecundity of 168 (p = 4.4*10-5); and chd-7(P253L) had a median fecundity of 

254.5 compared to a median fecundity of 228 for N2 control. These missense alleles showed 

weaker fecundity defects compared to its deletion (chd-7(tm6139)) or frameshift (chd-

7(sy956)) controls, which had median fecundity of 38 and 47 respectively (p < 10-6). 

Missense variants in the DNA replication gene, cul-3(H728R), also displayed a decreased 

fecundity of 168.5 (p = 10-6). In additions, the missense variant dlg-1(V964I) showed a 

reduced median fecundity of 154.5 (p < 10-6), which is slightly less severe than the 67% 

reduction in a previous RNAi study (30). We did not observe changes in fecundity in 

missense mutants in other genes, namely daf-18/PTEN, egl-19/CACNA1D, gap-2/SYNGAP1, 

hpo-29/NAA15, mpk-1/MAPK3, and tph-1/TPH2.  

 

Comparison with phenotype-predicting software 

To examine the accuracy of our biological platform, we compared our results to the 

existing prediction software Sorting Intolerant From Tolerant (SIFT) and Polymorphism 
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Phenotyping v.2 (PolyPhen-2) (Table C.3). SIFT emphasizes sequence conservation and the 

physical properties of amino acids (31), whereas PolyPhen-2 considers both the analysis of 

multiple sequence alignments and protein 3D-structures (32). Both software programs are 

commonly used to predict the effects of non-synonymous amino acid changes. For SIFT, all 

the alleles tested were predicted to be damaging due to having a similar approach of 

analyzing sequence conservation as our program. Our phenotypic assays identified six 

residues (among the 20 predictions) that did not agree with the prediction. As compared to 

PolyPhen-2’s prediction, 35% (7/20) of the phenotypic results do not agree with the 

predictions. Among the 7 strains that did not match, 5 of them were predicted to have 

damaging effects but had no phenotypic change in our functional assays (false positive), and 

2 were predicted to be benign but displayed phenotypic changes (false negative). Overall, our 

results demonstrated that 70% (14 of 20) missense alleles predicted to be damaging by at 

least one functional inference tool and actually showed detectable phenotypic changes in 

morphology, locomotion, and fecundity.  
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C.4 Discussion 

In this study, we have developed a fast and tractable pipeline to comprehensively 

screen for ASD-associated missense mutations. Our analysis finds that 43% of the human 

disease-associated alleles have an ortholog in the genome of C. elegans, which is consistent 

with previous estimates (33). Among the 19% conserved loci, we evaluated 20 missense 

alleles that were predicted to be damaging and found 70% of them actually cause detectable 

phenotypic changes. We have successfully prioritized 14 missense variants that are 

functionally significant in C. elegans orthologs of human genes. These are the first animal 

models with deliberately engineered missense mutations in these loci. Our approach is useful 

for characterizing novel missense alleles that are potentially relevant to human disease and be 

used as a tool to identify functionally consequential alleles. 

Compared to null mutants, most of the phenotypically altered missense alleles 

displayed milder phenotypes, indicating that our assays can detect relatively subtle changes in 

protein functions. For example, the chd-7 missense mutants and tph-1(R259Q) displayed 

hypomorphic phenotypes less severe than their null mutants (34). The cul-3(H728R) and dlg-

1(V964I) missense mutants displayed a smaller reduction in fecundity compared to previous 

RNAi studies (30, 35, 36). avr-15(R364Q) showed defects in morphology and locomotion 
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similar to its null mutant, avr-15(ad1051), even though it did not recapitulate the spontaneous 

reversal rate defect documented in a RNAi study (37). Interestingly, the functional 

consequences of missense alleles may differ in different assays. For instance, the egl-

19(Y333S) showed milder morphological changes similar to its null mutant (34) but displayed 

normal functions in locomotion and fecundity. Missense mutants hpo-29(L575S) and gap-

2(C417Y) displayed defects in morphology and locomotion, but they did not show the 

fecundity defects reported in RNAi studies (36, 38). The daf-18(H138R) and daf-18(H168Q) 

missense mutants showed defects in morphology and locomotion, which were not 

documented before. These results suggested a role for our biological screening platforms to 

detect subtle phenotypic changes in different physiological functions.  

As pointed out in previous literature, computational inference tends to have a higher 

false-positive rate of identifying protein function-disrupting missense alleles (3). This study 

demonstrated that predictions based solely on sequence conservation did not effectively 

distinguish missense mutations that cause phenotypic changes from ones that exhibit no 

observable phenotype. Only 70% of our behavioral results agreed with the predictions from 

two commonly used computational programs, PolyPhen-2 and SIFT. Most of the 

discrepancies are false-positive predictions. Absence of a phenotype in vivo may occur due to 
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genetic redundancy and robust gene networks compensating for the inhibition of a single 

component, especially in tightly regulated cellular networks involved in signaling, metabolic, 

and transcriptional pathways (39). Or, we did not observe every possible phenotype. More 

pointedly, our study validated two phenotypic changing missense alleles predicted by 

PolyPhen-2 as benign. The fecundity defect found in dlg-1(V964I) can be recapitulated by 

RNAi, whereas the tph-1(R259Q) displayed hypomorphic phenotypes similar to its null 

mutant (30). The false negatives predicted by the software indicate a void in current 

prediction algorithms, suggesting a need for a screening platform in a multicellular model 

organism such as our own. Our in vivo screening platform not only selects for genes that 

display sequence conservation across evolution, it also reflects the complex nature in 

biological system, such as redundancy and compensation. Our phenotypic results can also 

provide feedback to improve the accuracy of prediction algorithm.  

In contrast with previous studies on the phenotypic consequences of missense 

mutations, our platform examines gene functions in their endogenous multicellular context. 

Compared to a previous study using yeast two-hybrid to verify the effects of missense 

mutations in protein interaction experimentally and computationally (10), our strategy 

captures the overall readout of mutation effects and intercellular interaction. Furthermore, our 
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use of endogenous proteins allows all other molecular interactions to remain intact, and thus 

avoids potential confounding factors, such as intron disruption and isoform imbalance (40, 

41). As a result, our approach may more accurately reflect the consequence of a variant than 

a “humanized” model organism does (42–44), and CRISPR knocking-in a DNA missense 

template is more efficient. Our high throughput screening strategy occupies an unusual niche 

in primary screening for the consequence of missense mutations in vivo. 

Using C. elegans as a model for psychiatric disorders has some limitations, including a 

lack of complicated behaviors and some neurotransmitter systems (e.g., norepinephrine). 

However, C. elegans and humans share essential physiological pathways (e.g., insulin 

signaling, Ras/Notch signaling, p53, and many miRNAs), neurotransmitter systems, and 

receptor pharmacology (13, 33). The transparency and easy access genetic tools make C. 

elegans a powerful model for dissecting the mechanisms of pathological conditions and drug 

target identification. The short generation time of C. elegans enables high-throughput 

screening for numerous targets (such as missense variants) before embarking on less efficient 

and more costly animal models (33). In addition, with the tissue-specific promoters and 

conditional knockout techniques available in C. elegans, it is possible to decipher the effects 

of these disease-associated missense mutations spatially and temporally (45–47). For genetic 
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candidates that show correlated expression, our platform also can be used to investigate the 

interaction between missense variants by generating double/multiple missense mutations 

model. 

The discovery rate of novel genetic variants associated with human diseases has 

increased due to technical improvements and decreasing costs of next-generation sequencing. 

However, it is difficult to assess the impact of single missense mutations due to the 

complexity of human genetic backgrounds. One solution is to test variants in a model 

organism with an isogenic background to quickly identify variants producing changes in 

protein function. Here, we developed an experimental pipeline to investigate the functional 

consequences of ASD-associated missense variants in C. elegans. Our approach will help 

prioritize consequential missense variants for detailed studies in vertebrate models or human 

cells. This pipeline will serve as a stepping stone for defining molecular mechanisms in 

complex human diseases such as ASD.  
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C.5 Materials and Methods 

Mapping locations of human residues to the C. elegans genome 

ASD missense variants were obtained from the SFARI Gene–Human Gene Module (14) 

(Table S1). We used the comparative genomics resources provided by Ensembl (release 90), 

which integrates in-house annotation for nearly 100 vertebrate genomes (e.g., human, mouse, 

and zebrafish) with reference annotation for selected invertebrate model organisms (e.g., C. 

elegans, with genome and annotation provided by WormBase). Ensembl provides a protein 

multiple alignment and evolutionary trees for each gene family, and asserts orthology and 

paralogy relationships between pairs of genes (15). These data were organized with a custom 

automated pipeline (16) : for a given human genome coordinate, (a) identify which human 

protein-coding gene (if any) coincided with the provided coordinate; (b) obtain the amino 

acid coordinates in that protein; (c) check if the human gene has a C. elegans ortholog; (d) if 

so, use the multiple alignment associated with the orthology assertion to identify the 

orthologous amino acid in the C. elegans protein; (e) from the protein coordinates, obtain the 

corresponding position in the C. elegans reference genome.  
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Strains 

The Bristol N2 C. elegans strain was used as the wild-type control and background for all 

CRISPR experiments(12). The control strains for functional assays were obtained from lab 

stock, the Caenorhabditis Genetics Center (CGC), and the National BioResource Project- C. 

elegans (NBRP). Loss-of-function mutant controls were: JD105 avr-15(ad1051)(17), 

FX17094 chd-7(tm6139), PS3071 egl-19(n2368sd)(18), SD464 mpk-1(ga117)(19), and 

PS3156 tph-1(mg280)(20). All strains were maintained on nematode growth medium (NGM) 

agar plates seeded with Escherichia coli OP50 at room temperature (20-22 °C).  

 

Generation of missense mutant strains 

The Cas9 protein-based CRISPR knock-in protocol was adapted from Paix et al. (21). The 

sgRNA sequences were selected using the C. elegans CRISPR guide RNA tool (22). Single-

stranded donor oligonucleotides contained 35 bp of flanking homology on both sides of the 

mutated region. An online tool for restriction analysis, WatCut, was used to assist in 

designing restriction sites that did not affect protein sequence. The crRNA, tracrRNA and 

donor oligonucleotides were commercially synthesized and dissolved in Nuclease Free 
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Duplex Buffer (Integrated DNA Technologies Inc., Coralville, IA). Purified Cas9 protein was 

a kind gift from Dr. Tsui-Fen Chou (LA BioMed). gRNA duplexes were generated by mixing 

crRNA and tracrRNA at 1:1 ratio and incubating at 94°C for 2 minutes. The Cas9 protein (25 

μM final concentration) and gRNA duplex (27 μM final concentration) were mixed and 

incubated at room temperature for 5 minutes before adding donor oligonucleotides (0.6 μM 

final concentration). To facilitate screening, dpy-10(cn64) or unc-58(e665) was used as a co-

conversion marker and made up part of the crRNA and donor oligo used (23) (Figure C.1B). 

A crRNA ratio [marker: target gene] of 1:4 and 2:3 was used for dpy-10 and unc-58, 

respectively. A donor ratio [marker: target gene] of 1:2 was used for both dpy-10 and unc-58.  

The F1 offspring displaying the co-conversion phenotype were genotyped as follows: About 

5 worms were picked into 10 μL lysis buffer (10 mM Tris, 50 mM KCl, 2 mM MgCl2, pH 

8.0) with proteinase K (500 ng/mL; Invitrogen, Carlsbad, CA) and incubated at 65°C for an 

hour to extract genomic DNA. The genomic prep was amplified in a PCR reaction and then 

treated with a restriction enzyme (NEB, Ipswich, MA) to check the presence of targeted 

missense mutation. Mutants with the correct length were confirmed by sequencing (Laragen, 

Culver City, CA). When available, we saved two independent missense mutant lines. While 
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there are little to no off-targets effects of Cas9 (24), C. elegans N2 suffers approximately one 

mutation per generation, so it was useful to have more than one strain for each locus. 

 

Fecundity assay 

Well-fed C. elegans were synchronized at the L4 stage. Individual L4 hermaphrodites were 

placed on separate NGM plates seeded with OP50, and these animals were subsequently 

transferred to a new plate every day. The number of newly hatched larvae progeny was 

counted for every plate one day after the adult was transferred. The total fecundity consisted 

of the sum of progeny produced for three days per animal.  

 

Locomotion tracking 

Well-fed L4 hermaphrodites were picked at about 16 hours before the experiment to provide 

synchronized young adults. On the day of the experiment, 8 young adults were picked onto 

NGM plates freshly seeded with a 50-μL drop of a saturation-phase culture of OP50. The 

worms were given 30 min for habituation and then tracked for 4 min. Strains were tracked 
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between 1 p.m. and 6 p.m. across several days. WormLab (MBF Bioscience, Williston, VT) 

equipment and software were used for tracking and analyses. The camera was a Nikon AF 

Micro 60/2.8D with zoom magnification. A 2456×2052–resolution, 7.5-f.p.s. camera with a 

magnification that results in 8.2 μm per pixel and an FOV of roughly 2 × 2 cm2 was used. 

Approximately 8-10 plates were tracked per experimental strain. The mean of each plate was 

first calculated and then the total mean of all plates of the same genotype was computed.  

 

Statistical analysis 

The fecundity assay was analyzed using a non-parametric bootstrap analysis (D. Angeles-

Albores & P.W.S., unpublished). Initially, the two datasets were mixed, samples were 

selected at random with replacements from the mixed population into two new datasets, and 

then the difference in the averages of these new datasets were calculated; this process was 

iterated 106 times. We reported the p-value as the probability when the difference in the 

average of simulated datasets was greater than the difference in the average of the original 

datasets. If p < 0.01/(total testing number), we rejected the null hypothesis that the average 

values of the two datasets were not equal to each other. Morphology and locomotion were 
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analyzed by one-way ANOVA using GraphPad Prism version 6 (GraphPad, La Jolla, CA). 

Dunnett multiple comparisons were performed between wild-type and mutant strains. The 

significant level was defined as p < 0.01.   
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C. 7 Figures and Tables 

 

 

 

Figure C.1. Generation of ASD-associated missense variants in C. elegans. (A) 

Experimental pipeline. First, we used bioinformatics to identify human ASD-

associated missense variants conserved in C. elegans protein sequences. We generated 

the C. elegans missense mutants using CRISPR/Cas9 and homology-directed knock-

in technique. We then analyzed the effects of these autism-associated alleles by 

comparing observable phenotypes from these alleles to both wildtype and known loss-

of-function mutant controls. (B) Mutant strain screening process. Three days after 

injection (P0), F1 offspring expressing co-conversion marker, such as dumpy (black), 

were selected into individual plates. We identified the heterozygous plates (F2) via 
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genotype. For each heterozygous plate containing the successful knock-in target 

missense residue, we randomly selected 16-20 F2 offspring and separated them into 

individual plates (F3). A second round of genotyping process was then conducted to 

identify homozygous plates, which were cryo-preserved for future studies.  
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Figure C.2. Detection of conserved ASD-associated missense residues in C. 

elegans. (A) For each missense allele, the C. elegans ortholog of the corresponding 

human gene was identified using the Ensembl Compara method. Each Ensembl 

ortholog pair is underpinned by a protein multiple-sequence alignment which can be 

used to identify the putative orthologous C. elegans amino acid for a given human 

amino acid. 43% of the human missense variants have at least one C. elegans 

ortholog. 130 of the 778 orthologous missense variants have more than one C. elegans 
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ortholog (black: 1-many). Overall, only 19% of the missense residues are orthologous 

and conserved in C. elegans. 37 of the 345 conserved residues have more than one 

orthologs in C. elegans. (B) Section of the protein multiple alignment for human 

(Hsa) CHD7 and its orthologs in mouse (Mmu), zebrafish (Dre), and C. elegans (Cel). 

Residues in the alignment have been colored by JalView (PMID:19151095) using the 

Clustal X coloring scheme. Circled are two ASD-linked missense variants in CHD7 

that occur in a highly conserved region across all the species. 
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Figure C.3. Locomotion phenotypes of missense alleles and their controls. Speed 

(A) and reversal rate (B) are measurements of locomotion while wavelength (C) and 

amplitude (D) represent sinusoidal shape of movement. avr-15(R364Q) mutant shows 

decreased wavelength. Most chd-7 missense mutants display a weaker version of the 

null mutant phenotypes in all measurements. daf-18(H138R) and daf-18(H168Q) 

exhibit larger sinusoidal wavelength and amplitude. gap-2(C417Y) shows higher 

reversal rate. hpo-29(L575S) displays slower speed. tph-1(R259Q) exhibits changes in 

sinusoidal movement. Bars are presented as the mean ± SEM. Each dot represents the 
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average of one plate containing 8-10 worms. *: p < 0.01 via one-way ANOVA and 

multiple comparison to wild type. Horizontal line indicates the mean of wild type. 
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Figure C.4. Fecundity phenotype of missense alleles and their controls. Most chd-

7 mutants displayed decreased fecundity. The defects were more subtle than its 

deletion(tm6139) or frameshift(sy956) null controls. cul-3(H728R) and dlg-1(V964I) 

also show decrease in fecundity. Each dot represents total number of living larvae 

from one animal. Approximately 20 animals were tested in each strain. Wild type 
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(N2) and its median value (dotted vertical line) was shown in blue. Mutants 

significantly different (sig) from wild type were shown in red. p < 0.01/(total test 

number) via non-parametric bootstrap analysis.  
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Table C.1. Strain information. 20 ASD-associated missense alleles and their corresponding mutant strains in C. elegans.  

Human gene Human cDNA change* Human  
protein change 

Inheritance pattern C. elegans gene (allele) C. elegans  
protein change 

Strain name 

CACNA1D c.1105G>A V369M unknown egl-19(sy849) V331M PS7085 
CACNA1D c.1112A>C Y371S unknown egl-19(sy850) Y333S PS7156 
CHD7 c.2986G>A G996S de novo chd-7(sy861) G1225S PS7293 
CHD7 c.3770T>G L1257R de novo chd-7(sy855) L1487R PS7317 
CHD8 c.2501T>C L834P de novo chd-7(sy859) L1220P PS7318 
CHD8 c.494C>T P165L unknown chd-7(sy1049) P253L PS7267 
CUL3 c.2156A>G H719R de novo cul-3(sy874) H728R PS7387 
DLG4 c.2281G>A V761I unknown dlg-1(sy872) V964I PS7343 
GLRA2 c.407A>G N136S de novo avr-15(sy873) N347S PS7384 
GLRA2 c.458G>A R153Q de novo avr-15(sy851) R364Q PS7257 
MAPK3 c.833G>A R278Q de novo mpk-1(sy870) R332Q PS7382 
NAA15 c.1319T>C L440S familial hpo-29(sy877) L575S PS7394 
PTEN c.66C>G D22E familial daf-18(sy879) D66E PS7439 
PTEN c.208C>G L70V unknown daf-18(sy887) L115V PS7432 
PTEN c.278A>G H93R de novo daf-18(sy881) H138R PS7436 
PTEN c.369C>G H123Q unknown daf-18(sy885) H168Q PS7430 
PTEN c.392C>T T131I de novo daf-18(sy882) T176I PS7434 
SYNGAP1 c.698G>A C233Y de novo gap-2 (sy889) C417Y PS7433 
SYNGAP1 c.1288C>T L430F familial gap-2(sy886) L660F PS7457 
TPH2 c.674G>A R225Q familial tph-1(sy878) R259Q PS7395 
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Table C.2. Morphological phenotypes of missense alleles and their controls 

Gene Length (μm) Width (μm) Area (μm2) 

N2 1105 ± 5 87.8 ± 0.7 98798 ± 1147 
avr-15(N347S) 1101 ± 7 87.9 ± 1.5 98214 ± 1273  
avr-15(R364Q) 989 ± 7 * 77.3 ± 0.9 * 77860 ± 1457 * 
avr-15(ad1051) 1033 ± 10 *  78.5 ± 0.8 *  82468 ± 1410 * 
chd-7(P253L) 1110 ± 9  78.9 ± 0.9 * 86572 ± 1815 * 
chd-7(L1220P) 978 ± 10 * 76.2 ± 1.0 * 75909 ± 1432 * 
chd-7(G1225S) 1038 ± 11 * 80.8 ± 1.3 * 85400 ± 1977 * 
chd-7(L1487R) 1033 ± 13 * 81.7 ± 1.3 * 86060 ± 2277 * 
chd-7(sy956) 954 ± 6 * 75.4 ± 0.9 * 73201 ± 1254 * 
cul-3(H728R) 1111 ± 9 96.1 ± 2.8 * 108771 ± 3865 * 
daf-18(D66E) 1125 ± 14 91.5 ± 1.1 104804 ± 2496 
daf-18(L115V) 1128 ± 9 94.2 ± 1.1  108208 ± 1902  
daf-18(H138R) 1130 ± 6 94.6 ± 1.2  108706 ± 1366  
daf-18(H168Q) 1148 ± 6  103.3 ± 2.7 * 120936 ± 3535 * 
daf-18(T176I) 1135 ± 9 93.1 ± 1.4 107395 ± 1711 
dlg-1(V964I) 1129 ± 4 83.16 ± 0.9 95502 ± 1210 
egl-19(V331M) 1082 ± 4 83.1 ± 1.1  91504 ± 1448  
egl-19(Y333S) 1052 ± 8 * 81.2 ± 0.7 *  86896 ± 1310 * 
egl-19(n2368sd) 639 ± 10 *  68.1 ± 0.8 *  44402 ± 1104 * 
gap-2(C417Y) 1128 ± 14 98.7 ± 2.6 * 113351 ± 3713 * 
gap-2(L660F) 1120 ± 13 89.0 ± 1.7 101634 ± 3020 
hpo-29(L575S) 1044 ± 12 * 94.0 ± 2.4  99849 ± 3111 
mpk-1(R332Q) 1145 ± 7 88.0 ± 1.7 104188 ± 1889 
tph-1(R259Q) 1026 ± 9 * 84.5 ± 1.1 88238 ± 1151 * 
tph-1(mg280) 993 ± 20 *  80.9 ± 1.3 * 81918 ± 2765 * 

All values are presented as mean ± SEM. 
*p < 0.01 via one-way ANOVA and multiple comparison. 
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Table C.3. Comparison of behavioral results to software prediction   

Human gene C. elegans gene PolyPhen-2a (1-SIFT)a Phenotype 

CACNA1D(V369M) egl-19(V331M) 0.995 0.99 no 

CACNA1D(Y371S) egl-19(Y333S) 1 1 morphology changes 

CHD7(G996S) chd-7(G1225S) 0.998 1 morphology changes, locomotion variants, reduced fecundity 

CHD7(L1257R) chd-7(L1487R) 1 1 morphology changes, locomotion variants, reduced fecundity 

CHD8(L834P) chd-7(L1220P) 1 1 morphology changes, locomotion variants, reduced fecundity 

CHD8(P165L) chd-7(P253L) 0.996 0.86 morphology changes 

CUL3(H719R) cul-3(H728R) 1 0.96 morphology changes, reduced fecundity 

DLG4(V761I) dlg-1(V964I) 0.001 0.84 reduced fecundity 

GLRA2(N136S) avr-15(N347S) 0.979 1 locomotion variants 

GLRA2(R153Q) avr-15(R364Q) 0.997 1 locomotion variants 

MAPK3(R278Q) mpk-1(R332Q) 0.997 1 no 

NAA15(L440S) hpo-29(L575S) 0.999 0.96 morphology changes, locomotion variants 

PTEN(D22E) daf-18(D66E) 0.297 0.93 no 

PTEN(L70V) daf-18(L115V) 0.999 1 no 

PTEN(H93R) daf-18(H138R) 1 0.97 locomotion variants 

PTEN(H123Q) daf-18(H168Q) 1 1 morphology changes, locomotion variants 

PTEN(T131I) daf-18(T176I) 1 0.82 no 

SYNGAP1(C233Y) gap-2(C417Y) 0.94 1 no 

SYNGAP1(L430F) gap-2(L660F) 1 1 morphology changes, locomotion variants 

TPH2(R225Q) tph-1(R259Q) 0.162 0.92 morphology changes, locomotion variants 

a PolyPhen-2 and SIFT prediction score were based on human sequence (*: 1=probably damaging) 
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Supplemental Tables 

 

Table S1. The list of 347 missense alleles that have C. elegans orthologs  
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Table S2. Locomotion data 

Gene Speed (μm/s) Wavelength (μm) Amplitude (μm) Reversal rate 
(min-1) 

N2 155.6 ± 3.4 596.5 ± 2.7 62.5 ± 0.6 14.0 ± 0.3 
avr-15(N347S) 171.2 ± 10.2 592.9 ± 3.5 60.7 ± 1.1 15.0 ± 1.2 
avr-15(R364Q) 183.8 ± 9.0  558.3 ± 3.9 * 59.6 ± 0.9 17.7 ± 0.8 
avr-15(ad1051) 143.4 ± 4.6 563.7 ± 4.5 * 57.2 ± 1.3  11.3 ± 0.6 
chd-7(P253L) 162.7 ± 8.9 588.6 ± 5.3 58.9 ± 1.4 14.3 ± 1.1 
chd-7(L1220P) 90.07 ± 4.1 * 554.7 ± 6.1 * 52.6 ± 1.7 * 8.5 ± 0.6 * 
chd-7(G1225S) 103.8 ± 9.6 * 565.0 ± 4.7 * 60.2 ± 1.2 10.1 ± 0.9 * 
chd-7(L1487R) 101.2 ± 7.0 * 575.4 ± 4.9  56.3 ± 1.5 * 9.6 ± 0.8 * 
chd-7(sy956) 79.2 ± 6.4 * 543.6 ± 4.4 * 57.6 ± 2.9 7.5 ± 0.6 * 
cul-3(H728R) 143.9 ± 13.2 611.3 ± 11.3 63.0 ± 1.2 15.3 ± 1.4 
daf-18(D66E) 152.9 ± 8.3 596.2 ± 7.0 65.0 ± 2.2 15.9 ± 1.2 
daf-18(L115V) 136.9 ± 7.4 571.6 ± 3.5  65.7 ± 0.9 14.2 ± 0.8 
daf-18(H138R) 173.1 ± 11.0 610.3 ± 7.0 72.1 ± 2.0 * 20.1 ± 2.1 * 
daf-18(H168Q) 162.2 ± 15.1 632.4 ± 9.1 * 66.5 ± 1.2 16.8 ± 1.9 
daf-18(T176I) 160.1 ± 19.7 617.7 ± 6.0 68.4 ± 2.6 18.9 ± 2.8  
dlg-1(V964I) 173.2 ± 14.7 601.6 ± 5.1 204.8 ± 2.8 18.0 ± 1.8 
egl-19(V331M) 137.2 ± 4.5 590.7 ± 4.2 65.1 ± 0.8 13.8 ± 0.9 
egl-19(Y333S) 147.6 ± 9.2 575.0 ± 2.6  59.5 ± 1.2 12.2 ± 0.8 
egl-19(n2368sd) 109.1 ± 6.7 * 380.1 ± 6.0 * 52.5 ± 2.1 * 18.7 ± 0.8 * 
gap-2(C417Y) 177.2 ± 8.7 613.9 ± 9.3 62.7 ± 1.8 18.2 ± 0.9 * 
gap-2(L660F) 172.4 ± 13.1 611.2 ± 11.0 61.1 ± 1.2 17.4 ± 0.9 
hpo-29(L575S) 112.5 ± 7.0 * 570.2 ± 6.8  60.7 ± 1.6 13.3 ± 1.0 
mpk-1(R332Q) 146.5 ± 7.2 619.8 ± 4.0 194.9 ± 2.7 14.7 ± 0.8 
tph-1(R259Q) 127.6 ± 4.2 527.2 ± 8.9 * 77.5 ± 1.2 * 15.0 ± 0.6 
tph-1(mg280) 204.9 ± 19.8 * 553.2 ± 9.3 * 61.0 ± 3.2 19.0 ± 2.1 * 

All values are presented as mean ± SEM. *p < 0.01 via one-way ANOVA and 

multiple comparison. 
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Figure S1. Protein alignments for the missense alleles tested in this study. Sections of 

the protein multiple alignments for human (Hsa) protein and its orthologs in mouse 

(Mmu), zebrafish (Dre), Drosophila (Dme), and C. elegans (Cel). Circled are ASD-linked 

missense variants in the following human genes: (A) CACNA1D, (B) CHD8, (C) CUL3, 

(D) DLG4, (E) GLRA2, (F) MAPK3, (G) PTEN, (H) NAA15, (I) SYNGAP1, and (J) 

TPH2. Residues in the alignment have been colored by JalView (PMID:19151095) using 

the Clustal X coloring scheme. 


