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ABSTRACT
Understanding Chemotaxis in the Nematode Caenorhabditis elegans:
From Molecules to Behavior
Heidi Kay Smith

How animal behavior is controlled at the molecular and cellular levels is still largely
mysterious. Here, I document my studies on the mechanisms controlling a simple
behavior—chemotaxis—in the nematode worm Caenorhabditis elegans. My work
focuses on a pair of amphid sensory neurons at the head end of the worm called ASEs.
The neurons are exposed and respond to environmental chemical signals, and instruct
downstream locomotory responses that cause the worm to move up or down chemical
gradients. The ASE neurons are morphology similar and arranged symmetrically across
the head. Yet, it has been known for some time that they show differences in which ionic
signals they are primarily responsive to (Na+, Cl-, K+) in regards to chemotaxis behavior.
Furthermore, it had been observed that the ASEs also express distinct sets of genes, in
particular, receptor-type guanylyl cyclases (rGCs). This thesis begins with my
contribution to a study of the function of ASE asymmetry in chemotaxis. I, along with
another graduate student, found that an additional four salt ions (Br-, Li+, I-, Mg2+) are
sensed by either ASER (right) or ASEL (left) neurons. Evidence is presented that this
laterality in ion receptivity allows the nematode to discriminate right-sensed salt cues in
the background of left-sensed cues and vice versa. We further investigated what role
asymmetrically expressed rGCs might play in the regulation of chemotaxis. Using
mutants for some of these genes, we found that, depending on the rGC, they confer
chemotactic responsiveness to one, two, or several salts. Hence, asymmetry in ASE ion

sensitivity is conferred, at least in part, by asymmetry in rGC expression. Next, I
attempted to test whether rGCs act as direct salt receptors, or function further
downstream to modulate signal transduction. To address this question, I used chimeras
made with three different ASER-expressed rGCs, all of which have the same basic
domain architecture. I performed domain-swap experiments where the extracellular
domain of one rGC was exchanged with the intracellular domain of another in all
possible combinations. I was able to show that the extracellular domain is the region that
confers specificity to which ions these rGCs respond. Furthermore I carried out
experiments to test the idea that rGCs act as heterodimers, by heterologously expressing
two rGCs together in all amphids other than ASEs. By doing this, I was able to confer a
new ion-sensitivity function to the cells; like ASE neurons, they could sense ions and
elicit a chemotactic response. Together these independent lines of evidence suggest that
rGCs permit amphids to sense certain salts, and may therefore be acting as salt receptors.
Finally, in an investigation of some chemotaxis mutants which employed whole genome
sequencing, a particularly interesting mutant was uncovered that encodes a previously
undescribed cyclic nucleotide-gated channel (CNG), che-6. I characterize the potential
role of che-6, and propose that it encodes a novel CNG that functions in salt chemotaxis
behavior and most likely acts downstream of rGCs. Taken together, these data shed light
on the mechanism of salt chemotaxis in nematodes, and provide an example of how
genes govern basic behaviors in this relatively simplified animal. I discuss what remains
to be understood in this system, and how it compares to chemosensory systems in other
animal species. The results are also interpreted in the light of maximizing the
sophistication of a nervous system that is cell number- and size-limited.
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Chapter 1: Introduction

“I am coming more and more to the conviction that the rudiments of every human
behavioral mechanism will be found far down in the evolutionary scale and also represented
even in primitive activities of the nervous system”
Karl Lashley, psychologist and behaviorist, 1951

Profound insights into mechanistic underpinnings of behavior can be gleaned by studying
basal or more simplified organisms. Perhaps no other creature has yielded more in this regard
than the nematode, Caenorhadbitis elegans. Its minimal and stereotyped nervous system
provides an experimental system unparalleled in tractability. Several decades of work on this
species have revealed with remarkable resolution how nervous systems are specified and form
during development, and how their activities encode behaviors as an organism navigates through
life.
Studying behavior involves asking the questions how and why. In 1973, Nikolaas
Tinbergen, Karl Von Frisch and Konrad Lorenz received the Nobel Prize in Physiology or
Medicine for their roles in developing the field of ethology, and for discoveries concerning the
organization of individual and social behavior patterns in animals. Their work contributed to
transforming animal behavior into a rigorous science, which sought to understand the causes of
behavior. Tinbergen set out a now famous framework for such investigations: he split causes into
“proximate” (how?) and “ultimate” (why?) causes (Tinbergen, 1965). Proximate causes refer to
the developmental, genetic and neurophysiological phenomena that together govern the
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execution of a given behavior. These stand in contrast to ultimate causes, which describe the
selective forces that have sculpted a behavior during evolution.
To fully analyze and understand a behavior, one must consider both the proximate and
the ultimate causes. In the case of the work I will present here on C. elegans, I have investigated
the genes, molecules and circuits that allow the nematode to modulate its movement in response
to a change in chemical concentration (to “chemotax”). These findings provide a proximate,
mechanistic explanation for a simple behavior in a simple organism, one that I hope will provide
a paradigm for understanding similar cue-sensing behaviors in diverse animal species. At the
ultimate level of explanation, one may speculate why the nematode chemotactic apparatus is
organized in this way, and indeed why C. elegans chemotaxes in the first place. The worm’s
chemotactic equipment must be optimized to enable the worm to navigate in a complicated
environment, with the goal of locating food, safety, and securing mates. Considering these
ultimate selective forces may help interpret why the chemotaxis equipment of C. elegans is
organized in the way that it is.

Nematoda
C. elegans is the most well studied of all nematode species, but it shares many common
characteristics with both parasitic and free-living nematodes. There are around 1 million species
of nematodes, and the ecology and life histories vary from parasitic to free-living. They have a
vast range of habitats and a single nematode may frequent different environments during its
various life stages. Parasitic nematodes show extreme diversity by targeting freshwater fish,
annelids, mammals, as well as invertebrates (Yeates, 2004). Depending on the species,
nematodes move through different substrata, including soil, humus, blood, water, and tissue.
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They may employ a variety of modes of locomotion, from swimming crawling, hitchhiking, to
dorso-ventral bending (Yeates, 2004). Some of their movements seem similar to Drosophila
melanogaster larvae, but nematodes are limited in movement by their thickened, hydrostatic
cuticle. This stiffness in movement has made C. elegans an easy animal to model by biophysics
and currently there are several tracking programs able to characterize movements in detail
(Brown, Yemini, Grundy, Jucikas, & Schafer, 2012). In the family Rhabditidae which includes
C. elegans, the nematodes are all terrestrial and feed on bacteria. In the laboratory, worms are
kept on moist agar plates and seeded with E. coli. The moisture on the plate is such that worms
use the undulatory dorso-ventral bending on their sides to explore and move around the plate.
The movement is important in their characteristic searching behavior, which has been termed a
“biased random walk” (Pierce-Shimomura, Morse, & Lockery, 1999).
C. elegans as a model system
C. elegans was first described by Emile Maupas (Maupas, 1900) who found it in humus
just twice before describing it. This nematode was sporadically studied in laboratories, but
Sydney Brenner truly made it a “model organism” (Blaxter, 2011; Brenner, 1974; Félix &
Braendle, 2010) after isolating the N2 strain from a mushroom farm in Bristol. Brenner found an
organism that was ideal for study in the lab because of the ease of maintenance, short life cycle,
and genetic amenability (Brenner, 1974). This nematode is androdioecious, which means it is
primarily self-fertilizing, but rare males do occur making genetic crosses straightforward in the
laboratory.
Although it possesses only a simple nervous system, C. elegans can nonetheless navigate
complex environments and respond to a broad range of external stimuli. The nervous system
consists of a nerve ring around the pharynx and 302 neurons in total. There are 118 distinct
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neuronal cell types and a complete neuroanatomical map has been generated with EM resolution
for the entire C. elegans nervous system (White, Southgate, Thomson, & Brenner, 1986).
Furthermore, it has been shown that there is almost no variability in this map between
individuals of this species. Every single hermaphrodite is identical with respect to its 302
neurons, but despite this small number, the nervous system is equipped to respond to food cues,
pheromones, and volatile chemicals and can transduce these signals into attractive and repulsive
locomotive behavior. Although worms were initially thought to exhibit chemotaxis behaviors
only to a select number of specific anions, cations, amino acids, and cyclic nucleotides, the list
continues to expand. In nature, such chemosensory behavioral abilities would be vital to an
animal’s survival. Furthermore, C. elegans can also discriminate amongst different cues, and
preferentially chemotax to a specific cue in the background of another (Ward, 1973). Hence, a
surprisingly broad behavioral repertoire is encoded by the nematode nervous system, despite its
overt simplicity.
Chemosensation of taste
C. elegans can detect a high number of chemical cues, among them specific water-soluble
compounds including salt ions and anions, cyclic nucleotides, serotonin, and several amino acids
(Ward, 1973). This ability to detect and respond to differing taste cues allows the worm to
successfully navigate the environment and search for food. While other sensory systems may
drive several types of behavior, taste or gustation is overwhelmingly associated with feeding
behavior. An organism samples and evaluates the cue and acts accordingly. Taste occurs in
general as several “modalities”: salty, sweet, sour, bitter and umami. Sweet and umami are
associated with fruits and other high caloric foods and thus illicit appetitive behaviors. Sour and
bitter tastes signal unripe foods or toxins and result in repulsive behaviors (Yarmolinsky, Zuker,
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& Ryba, 2009). Salt may result in an appetitive or repulsive behavior depending on the
concentration (De Brito Sanchez & Giurfa, 2011). Many gustatory behaviors are innate. For
example, a human baby shows a preference for sweet cues while being repulsed by bitter tastes
(Lindemann, 2001). In the same manner, newborn rats when given a choice pick sweet over a
control of plain water, and plain water over bitter, high salt or sour (Yarmolinsky et al., 2009).
Even in closely related species, receptor types differ in their “tuning”, which mirrors the ecology
and environment of a specific organism (Lindemann, 2001).
But how are animals able to detect and respond to gustatory cues in the first place? What
follows is the view of gustation from C. elegans, where its ability to taste salts (as opposed to
other tastants) is the best understood.

Chemosensory neuroanatomy
Ward (1973) was first to show that C. elegans can detect and respond to a number of watersoluble chemical cues, but prior to this, investigators had speculated about the cellular substrates
that might underlie putative chemosensation in the worm. Based purely on observations of
anatomical structure, the amphid sensory neurons, consisting of 12 pairs of bilaterally symmetric
bipolar neurons located at the worm’s “nose” (Figure 1a), were hypothesized to be involved in
chemosensation. Eight of these amphid pairs (ADF, ADL, ASE, ASG, ASI, ASH, ASJ, ASK)
have their ciliated endings open to the environment (Figure 1b), and they were thus thought to be
ideally situated for the detection of chemical cues (Coburn & Bargmann, 1996; Halloran,
Fitzpatrick, & Burnell, 2006). These same 12 pairs of amphid neurons occur across all nematode
species (Yeates, 2004). At the nose of the worm, the left and right neuron of a specific amphid
pair are separated by approximately 10 µm (White et al., 1986). Indeed when C. elegans exhibits
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exploratory behavior it maneuvers this nose from side to side to sample the environment, using
the differences in cue concentration in time and space to navigate. Three other sets of amphids
(AWA, AWC, AWB) have branched cilia (Figure 1c) that terminate within a sheath cell
(Halloran et al., 2006). Finally the AFD pair of amphid sensory neurons has an odd thicker
branched dendritic end, which is also encased in an amphid sheath cell. As seen in Figure 1a,
these cells generally send their axons to the nerve ring, making synaptic connections with other
neurons (and each other) along the way, while the dendrites of these cells extend to the nose and
terminate in the sensory cilia (White et al., 1986). Apart from these general features however,
each individual pair of amphid neurons can be readily identified and distinguished from any of
the other pairs by its unique connectivity and morphology.
Although the first notion that these amphid sensory neurons may mediate chemosensory
responses was based purely on anatomical observations, later experiments utilizing laser
ablations to selectively remove all of these cells showed definitively that this class of neurons is
necessary for chemotaxis in response to chemical cues (Bargmann & Horvitz, 1991). In
additional experiments from the same study, individual pairs of amphid neurons were ablated
independently, thus allowing for the initial identification of distinct pairs of amphid neurons,
such as the ASE neuron pair that are specifically involved in the response to particular cues, such
as Na+, Cl-, cAMP, and lysine among a host of others (Ward, 1973). Although this study clearly
showed that the primary amphid pair, which mediates chemotaxis responses to these cues is ASE
(Figure 1d), it is important to note that additional ablation experiments also showed some
residual chemotaxis ability to these cues remains in the absence of ASE amphids. This has been
attributed to the ADF, ASG, ASK, ASJ, and ASI neurons (Bargmann & Horvitz, 1991;
Kaufman, Keinan, Meilijson, Kupiec, & Ruppin, 2005). Nevertheless, it is widely accepted that
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ASE is the most important amphid neuron pair responsible for mediating responses to these cues
as ablation of this pair results in a drastic deficit of chemotaxis behavior while the others have
only residual contributions.
C. elegans chemotaxis behavior
C. elegans is therefore an ideal model organism in which to study the molecular and
cellular bases of chemosensation. Its entire genome has been sequenced, and many molecular
and genetic tools allow for an in depth structure-function analysis of the genes, cells, and circuits
underlying chemosensation and chemotactic behaviors.
Most studies of chemotaxis in C. elegans have employed the use of “chemotaxis assays”
to characterize the response of the nematode to a chosen cue. For example, in “attractant assays”
the ability of a worm to navigate along a chemical gradient to reach its point source is addressed.
Although an apparently simple behavior, it is deceptively complex, and can be broken down into
a series of steps, involving i) the sensation and recognition of cues, followed by ii) internal
processing of these sensory stimuli, and finally iii) the execution of appropriate motor responses
(the terminal, observable behavioral output). This series proceeds alongside the circuitry of the
worm (Figure 2), such that the ASE neurons mediate sensation, followed by the interneurons for
processing, and the motorneurons executing the output.
As worms will naturally move up an attractant concentration gradient towards a point
source, it is clear that a system for evaluating relative changes in concentration must exist. At the
very least, the worm must use temporal comparisons of chemical concentration to navigate
successfully through its volatile environment (Dusenbery, 1980; Pierce-Shimomura, Gaston, &
Lockery, 1999). Details of what this mechanism might be are murky and poorly understood, but
it is thought that it is not based on a system involving simple spatial comparisons across the
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worm body itself (such as those between concentrations experienced by the head vs. tail, or left
vs. right sides; (Bargmann & Horvitz, 1991; Ward, 1973). Furthermore, while relative changes in
concentration are important to evaluate the direction of the gradient, the absolute concentration
of a cue can change the behavior from attractive to repulsive. That is to say that the same cue
may be attractive at one concentration, and repulsive at another (Yeates, 2004).
ASE neurons and laterality
Although the individual pairs of amphid sensory neurons are few in number, at least to
some extent the functions of individual neurons within these pairs seems to be lateralized
(asymmetric), with left (L) and right (R) neurons of each pair being differentially responsive to
certain ions. This asymmetry potentially increases the discriminatory power of the gustatory
system. Indeed, evidence for functional asymmetries in ASE-mediated chemotaxis has come
from laser ablation experiments where Na+ was shown to elicit an ASE-left (ASEL)-mediated
chemotaxis response, while Cl- and K+ elicited an ASE-right (ASER)-mediated response (Pierce(Shimomura, Faumont, Gaston, Pearson, & Lockery, 2001). Furthermore, as there was no
difference between these cells in the type and magnitude of voltage-gated conductances recruited
upon systematically shifting their membrane potential, this study further suggested that, instead
of simple differences in active electrical signaling, there may actually be inherent differences in
the chemo-sensitivities of the 2 neurons by which they might differentially sense or evaluate
concentration gradients of these cues (Pierce-Shimomura et al., 2001). However, it is important
to note that any such difference, which would reflect a cellular basis for the asymmetrical
contributions of ASEL and ASER to chemotaxis responses, has not yet been illustrated directly.
(Indeed, this is what we provide in chapter 2.)
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Apart from the 3 ions mentioned above, it remains unclear whether there is also
functional asymmetry in the contributions of ASEL and ASER to chemotaxis elicited by other
ions (Br-, I-, Li+, Mg2+). Additionally, as alluded to above, most studies have only measured
chemotaxis output using the final behavioral response output (chemotactic locomotion) to
sensory stimuli. One cannot, therefore pinpoint where in the chemotactic circuitry the asymmetry
is imposed. Functional asymmetry may be in the amphids themselves, but it is equally likely to
arise from downstream laterality in subsequent steps of cue processing, or indeed in neurons or
even muscles controlling the final generation of the motor response. It is quite possible that both
ASE cells sense and respond symmetrically to a common range of chemical cues, with
specificity being enforced in cells further downstream. Significant questions remain as to
whether it is the ASER or ASEL neurons themselves that differentially or even asymmetrically
respond to cues, and whether they do so either simply in recognition of the cue’s identity, or via
evaluative processing of changes in chemical concentration.
Clearly, a first step in understanding the molecular basis of salt chemosensation and
chemotaxis is identification of the factors that mediate the receptivity of the amphid neurons to
different ions.
Chemosensation in C. elegans
Early screens for chemotactic mutants revealed odr (odor), tax (taxis), and che
(chemotaxis) mutants that mapped to genes encoding chemoreceptors, as well as cyclic
nucleotide-gated (CNG) channel subunits (Bargmann, 1993; Dusenbery, Sheridan, & Russell,
1975; Lewis & Hodgkin, 1977). As the bioinformatics field took off, homology-based
approaches were used in C. elegans to find candidate chemoreceptor genes (Troemel, Chou,
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Dwyer, Colbert, & Bargmann, 1995). From this mound of data, researchers chose to focus on
candidates that were expressed in subsets of chemosensory neurons. Upon first glance at the C.
elegans genome, most predicted chemoreceptors (taste and smell) are G protein-coupled
receptors (GPCRs) because they are so numerous, with a number totaling over 1000 (Bargmann,
2006a). That number may seem especially high given that there are only 11 chemosensory pairs
of amphids. Clearly each neuron must be expressing a great many such receptors. Indeed, around
80% of these GPCRs are expressed in the small number of chemosensory neurons, and
subcellularly, they are localized at the ends of sensory cilia, consistent with their functioning as
direct receptors for environmental cues (Dwyer, Troemel, Sengupta, & Bargmann, 1998;
Troemel et al., 1995).
In mammals, GPCRs certainly have a role in taste, being activated by appetitive cues
such as sweet and umami (Simon, De Araujo, Gutierrez, & Nicolelis, 2006; Yarmolinsky et al.,
2009). Bitter tastes also uses GPCR heterodimers for sensation, while sour tastes are detected
though PKD2L1, which is a TRP ion channel (Huang et al., 2006) Although they are without
question numerous in C. elegans, recent studies have ruled out heterotrimeric G-proteins (Jansen
et al., 1999), as well as the GPCR trafficking system (Dwyer et al., 1998) and the GPCR
regulatory kinase (Fukuto et al., 2004), as being involved in ASE salt chemotaxis. GPCR
signaling is instead most likely involved in olfaction, and so salt chemosensation must be
mediated by a different signaling system.
One possibility is that salt signals via activation of amiloride-sensitive sodium channels
(ENaCs/degenerins) which in mammals may underlie salt tasting (although this remains to be
fully substantiated, since salt sensation in mammals remains particularly poorly characterized)
(De Brito Sanchez & Giurfa, 2011; Heck, Mierson, & DeSimone, 1984; Kretz, Barbry, Bock, &
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Lindemann, 1999). Degenerins are also expressed in the larval taste tissue of Drosophila (Liu et
al., 2003), yet in C. elegans, although degenerin mutants have some food-related phenotypes
(they affect growth rate, dauer formation, and defecation (Take-Uchi et al., 1998), none of the
four identified members of ENaC/Degenerin class, or three candidate gustatory receptors of the
TRP channel class (Ortiz et al., 2006) affect the chemosensory response to Na+ (Hobert Lab,
unpublished results). This suggests that these molecules are similarly unlikely to be involved in
salt sensing in the worm.
Receptor-type Guanlylyl Cyclases
In search of the molecular system underlying taste sensing in C. elegans, our lab began to
focus on the functional asymmetry of the ASE L and R neurons in chemosensation, and on
receptor-type guanylate cyclases (rGCs) encoded by gcy family genes. GCs are a large class of
enzymes that convert guanosine triphosphate (GTP) to the second messenger cyclic guanosine
monophosphate (cGMP). cGMP in turn can activate cyclic nucleotide-gated channels (CNGs)
which depolarize neurons. While GCs are often soluble proteins, receptor-type guanylate
cyclases include a transmembrane domain and extracellular ligand-binding domain (Kuhn,
2003). Strikingly, several rGCs were found to be expressed asymmetrically in the ASE neurons
(Ortiz et al., 2006; Yu, Avery, Baude, & Garbers, 1997), making them prime candidates for
mediating salt chemosensation, perhaps by acting as direct salt receptors.
rGCs have been characterized in several other invertebrate organisms, including the fruit
fly, silk moth, tobacco hornworm and mosquito, as well as in some vertebrates (see review by
(Morton, 2004). In crustaceans, receptor-type guanylyl cyclases are thought to function directly
as ligand receptors, a hypothesis supported by the finding that at least some membrane-localized
GCY proteins can be activated by directly binding a peptide hormone (Goy, 1990). Furthermore,
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in C. elegans, in the context of CO2 avoidance behavior, expression of gcy-9 as well as the
downstream CNG channel encoded by tax-2 / tax-4 are necessary in the BAG neurons for worms
to show a proper chemorepulsive response (Hallem et al., 2011). GCY-9 may be acting as a
direct receptor for CO2 or a metabolite (Hallem et al., 2011), supporting a role for rGCs as being
potential upstream-most in sensing certain environmental cues. Conversely however, two other
rGCs, odr-1 and daf-1, have been found to disrupt chemosensory signaling in the AWC neurons,
but in this situation these rGCs may not be directly bind ligands, and may function instead as
signal transducers, coupled to an as yet unknown receptor (L’Etoile & Bargmann, 2000).
Therefore, an important gap in our current understanding of gcy gene products concerns the
degree to which they function as direct or indirect receptors as opposed to signal transducers.
Currently, our lab, along with other groups, has reported the existence of a total of 27
receptor-type guanylyl cyclase (rGC) genes, 11 of which are found to be expressed in the ASE
neurons amongst others (Birnby et al., 2000; Johnston et al., 2006; L’Etoile & Bargmann, 2000).
Of these 11, 9 are asymmetrically expressed (Ortiz et al., 2006), consistent with the notion that at
least some of the gcy gene products may contribute to the functional asymmetry of the ASE
neurons.
Cyclic Nucleotide-Gated channels
Further evidence for the asymmetry in receptor-type guanylyl cyclase expression
contributing to the functional laterality of the ASE neurons is the fact that the rGCs expressed in
ASE neurons are thought to lie upstream of cyclic nucleotide-gated (CNG) channels, encoded by
the tax-2 and tax-4 loci. The classical tetrameric CNG channels use cooperative activation by
binding several molecules of cGMP, and are non-selective cation channels, which depolarize
neurons. Notably, TAX-2 and TAX-4 are likewise essential for the ASE-mediated chemotaxis
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response to salt ions and show expression at the ends of sensory cilia (Coburn & Bargmann,
1996; Komatsu, Mori, Rhee, Akaike, & Ohshima, 1996). However, these cyclic nucleotide-gated
channels are not thought to directly bind extracellular salts themselves, but instead are extremely
sensitive to intracellular cGMP—the product of GCYs. The rGCs may be direct receptor of the
salt which then signal via cGMP to the CNG channel as can be seen in the odortaxis example
found in Figure 3 (Bargmann, 2006b). In the presence of salt cues, CNGs are likely responsible
for cGMP-dependent depolarization of the ASE sensory neurons in order to trigger synaptic
output to downstream cells. Hence, not only is rGC expression asymmetric, but the rGCs appear
to function in depolarizing the ASE neurons via regulation of CNG channel activity.
Summary of Chapters
Chemosensation allows animals to evaluate their environment, detect food, other animals,
and dangerous toxins and respond with appropriate behaviors that increase the chances of
survival and reproduction. As evidenced by C. elegans, a robust and broad-spectrum
chemosensory system can be generated even by a seemingly simple nervous system, but how
chemosensation is encoded by this system remains to be fully elucidated. One important, but
poorly understood, strategy used by C. elegans appears to be “lateralization” in the function of at
least some of its amphid sensory neurons, such as the ASE neurons, thereby increasing the
discriminatory power of a system comprised of relatively few elements.
In the chapter that follows, I have characterized the extent and function of ASE laterality
in chemotaxis behavior, focusing on the role that the asymmetric expression of members of the
gcy gene family might play in the behavioral response to different salts. I describe results for salt
chemotaxis assays that I completed with another graduate student (Chris Ortiz), using 2-ASER
and 2-ASEL mutants as well as laser-ablated worms lacking either ASEL or ASER. We also
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characterized individual gcy mutants for their salt chemotaxis behavior, while calcium imaging
was carried out in collaboration with the Lockery Lab by Serge Faumont. This work uses the
behavioral readout of chemotaxis to test which salt ions the ASEs respond to, and in so doing
determines the extent to which chemodetection is lateralized in either right or left neurons.
Furthermore, it addresses whether there is asymmetry of ASER and ASEL responses to chemical
cues at the cellular level of neuronal activity, and not just at the behavioral level. It also evaluates
the functions of the nine currently identified receptor-type guanylyl cyclases, which show
asymmetric cellular expression in the ASE neurons. This work provides an outline of the core
chemosensory machinery in C. elegans, and how lateralized gcy gene expression underlies the
functional asymmetry in ASE chemoresponses.
In Chapter 3, I go further, and present the results of transgenic domain-swap experiments
aimed at delineating the molecular function of the asymmetrically-expressed rGCs. These
experiments demonstrate that the extracellular domains of these rGCs confers ion-specificity,
and not the intracellular domains. Furthermore, in building upon this question of specificity, I
further show that heterologous expression of rGCs in other non-ASE amphids is able to confer
the salt chemotaxis function to these cells. These data suggest receptor-type GCYs, and in
particular their extracellular domains, as the most-upstream mediators of salt chemotaxis known.
It argues that they are both necessary and sufficient to confer salt sensation and downstream
locomotory behaviors to amphid neurons, and that they may possibly be direct salt receptors. In
this chapter, I also use whole-genome sequencing to identify and characterize a previously
undescribed CNG mutant that may be forming a heterodimer with TAX-2/TAX-4, the CNGs
which function downstream of rGCs in the amphid neurons. This new mutant has similar salt
chemotaxis defects to tax-2 and tax-4 mutants, but lacks their thermosensory deficits. This
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suggests that TAX-2 and TAX-4 may signal in response to diverse sensory inputs by being
promiscuous binding partners in multimeric CNG channel complexes, while other CNGs may be
more selective, and respond to just one kind of sensory input.
The data presented in these three results chapters are summarized in a final discussion
(Chapter 4). I interpret these findings in the context of the ultimate evolutionary and ecological
phenomena that have shaped the nematode nervous system and worm behavior. I argue that
despite the minimal and apparently simple nature of the nematode chemosensory system,
evolution maximized its capacity to respond to environmental signals.
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Figure 1- a) Placement of the amphid neurons near the nerve ring in the schematic of the worm.
b) diagram of the sensory endings of the amphids where so=socket and sh=sheath cells c)
schematic of the sensory endings of each set Figure from (C.I. Bargmann, 2006) d)
Schematic of ASE neurons from www.wormatlas.org

d
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Figure 2- The Circuitry of C. elegans from sensory input to behavioral output. Figure taken from
(Schafer, 2005).
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Figure 3- A model of possible chemosensory pathway rGCs may be acting as direct receptor for
the ligand and the CNG channel is activated by cGMP. Figure from (Cornelia I Bargmann,
2006).
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Chapter 2
This chapter was published in Current Biology in 2009 and the bulk of the work was
completed by Chris Ortiz, a former graduate student. Chris and I would split up the work on
many of the chemotaxis assay sets as I will explain further here. I completed one third of the
assays for the discrimination assays of a right or left biased cue in the either background (Figure
2B). I also carried out half of the assays characterizing the 2ASEL and 2ASER mutants
chemotaxis responses to all seven salts (Figure 3B). In addition, I was responsible for the
characterization of the gcy-1 (Figure 4A partial) and the subsequent rescue (Figure 6A). Chris
and I split the laser ablations (Supplemental Figure S2) where he did ASER and I ablated ASEL.
Finally I contributed to the statistical analysis. Beyond my work, Serge Faumont, a postdoc from
Shawn Lockery’s lab conducted all of the calcium imaging (Figures 2A, 3A and Supplemental
Figure S9). Jun Takayama from Yuichi Iino’s lab characterized the gcy-14 mutant for salt
chemotaxis and completed the subsequent rescue experiments (Figure 4A partial, Supplemental
Figure S7). A fellow grad student, Andrew Goldsmith contributed chemotaxis data for amino
acid attraction (Supplemental Figure S3). Finally, Roger Pocock, then a postdoc in the Hobert
lab made the genetic ASER and ASEL ablated recCaspase transgenic lines. Broadly, this chapter
presents evidence for the characterization of several asymmetrically expressed receptor-type
guanylyl cyclases (rGCs) in terms of chemotaxis behavior as well as cellular activity.
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Summary
Background: Even though functional lateralization is a
common feature of many nervous systems, it is poorly understood how lateralized neural function is linked to lateralized
gene activity. A bilaterally symmetric pair of C. elegans gustatory neurons, ASEL and ASER, senses a number of chemicals
in a left/right asymmetric manner and therefore serves as
a model to study the genetic basis of functional lateralization.
The extent of functional lateralization of the ASE neurons and
genes responsible for the left/right asymmetric activity of
ASEL and ASER is unknown.
Results: We show here that a substantial number of salt ions
are sensed in a left/right asymmetric manner and that lateralized salt responses allow the worm to discriminate between
distinct salt cues. To identify molecules that may be involved
in sensing salt ions and/or transmitting such sensory information, we examined the chemotaxis behavior of animals
harboring mutations in eight different receptor-type, transmembrane guanylyl cyclases (encoded by gcy genes), which
are expressed in either ASEL (gcy-6, gcy-7, gcy-14), ASER
(gcy-1, gcy-4, gcy-5, gcy-22), or ASEL and ASER (gcy-19).
Disruption of a particular ASER-expressed gcy gene, gcy-22,
results in a broad chemotaxis defect to nearly all salts sensed
by ASER, as well as to a left/right asymmetrically sensed
amino acid. In contrast, disruption of other gcy genes resulted
in highly salt ion-specific chemosensory defects.
Conclusions: Our findings broaden our understanding of lateralities in neural function, provide insights into how this laterality is molecularly encoded, and reveal an unusual multitude
of molecules involved in gustatory signal transduction.

*Correspondence: or38@columbia.edu

Introduction
Functional lateralization is a poorly understood feature of
many nervous systems [1]. Few if any molecules are known
to be asymmetrically expressed in functionally lateralized
areas in the brain of higher vertebrates [2]. The nervous system
of the nematode C. elegans also displays functional lateralization, and in this case, several molecular correlates to functional
lateralization exist in the form of putative chemoreceptor molecules [3]. One example is the ASE gustatory neuron class,
which is made up of two neurons that are morphologically
symmetric, ASE-left (ASEL) and ASE-right (ASER) (Figure 1A).
This neuron pair serves as the main sensor for multiple types
of taste cues [4]. Although anatomically largely symmetric,
ASEL and ASER are functionally asymmetric in the way that
they respond to salts; ASEL is primarily required for attracting
worms to Na+ and ASER for attraction to Cl2 and K+ [5]. Moreover, ASEL is an ‘‘ON-cell’’ that is activated by increasing
concentrations of NaCl, whereas ASER is an ‘‘OFF-cell’’ that
is activated by decreasing concentrations of NaCl [6]. The
ON-cell induces ‘‘run’’ behavior toward a sensory cue,
whereas the OFF-cell induces ‘‘turn’’ behavior.
Neither the extent of the functional lateralization of ASEL and
ASER nor the molecular basis for the asymmetric responses to
salt ions is well characterized. In fact, signal transduction pathways that mediate an animal’s gustatory response to salt ions
are generally poorly understood in any system to date [7].
Previous gene expression analysis has revealed that the lateralized ASE neurons coexpress a large number of receptor-type
guanylyl cyclases (rGC) in a left/right asymmetric manner [8, 9]
(Figure 1A). rGCs are composed of a large N-terminal extracellular domain, a transmembrane domain, an inactive proteinkinase-like regulatory domain, and a guanylyl cyclase domain
[10] (Figure 1B). The role of rGCs in gustatory behavior has,
however, remained largely unexplored so far. Here, we show
that several rGCs have specific functions in mediating the
response to individual salt ions, including previously identified
and newly identified left/right asymmetrically sensed chemoattractants. Our study makes rGC proteins the first molecules
shown to be directly responsible for lateralized neuronal
activity and provides novel insights into the diverse nature of
signal transduction mechanisms triggered by salt ions.
Results
A Panel of Salt Taste Cues Is Sensed by ASEL and ASER
in a Left/Right Asymmetric Manner
Despite the diversity of molecules that C. elegans likely encounters in its native soil habitat, the number of chemicals identified
as chemoattractants is relatively small; many of the previously
identified chemoattractants have not been completely mapped
to individual sensory neurons, and little is known about how
many chemosensory cues are sensed in a left/right asymmetric
manner. Moreover, the classic study that identified attractive
salt cues for C. elegans tested responses to salt ions paired
with what were considered ‘‘neutral’’ counterions, ammonium
and acetate [11]. However, recent work revealed that those
are, in fact, attractive cues under specific assay conditions
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Figure 1. Newly Characterized Salt Taste Cues Are Sensed by ASEL and ASER in a Left-Right Asymmetric Manner
(A) Schematic depiction of the ASE chemosensory neuron pair. In addition to the left/right asymmetrically expressed gcy genes shown here (indicated in red
for ASEL-expressed and blue for ASER-expressed), ASEL and ASER also express two gcy genes (indicated in purple) in a bilaterally symmetric manner [9].
(B) Schematic structure of GCY proteins analyzed in this study. Receptor family ligand binding region (RFLBR) is a domain present in many, but not all, GCY
proteins and is homologous to bacterial amino acid-binding receptors [9].
(C) Schematic of the population chemotaxis assay. Attractant is spotted in quadrant A, and a diametrically opposite spot in quadrant B is spotted with water
as a negative control.
(D) Population chemotaxis assays of wild-type, che-1(ot66), ASEL-ablated, and ASER-ablated worms. Ablations were achieved by cell-specific caspase
expression [25]. Each bar represents the mean and SE of at least four independent assays. Differences between chemotaxis of wild-type and che-1 or
ASEL-ablated and ASER-ablated animals were assessed for significance with a two-tailed Student’s t test. Bonferroni correction requires p < 0.0169 for
significance, which is met in all differences marked as significant (*p < 0.01, **p < 0.001). The diagram to the right indicates the ion sensitivities of ASEL
and ASER suggested by the ablation data. The dashed gray arrow indicates weak detection by ASER. All assays were done with ammonium or acetate
as counterions to individual ions tested with NH4Ac in the background (see Supplemental Experimental Procedures).

[12], therefore warranting a re-evaluation of salt ion responses.
For this re-evaluation, we minimized the chemotactic response
to the ammonium and acetate counterions by modifying
previous assay conditions by including a saturating background of ammonium acetate in the assay plate (Figure S1
available online and Experimental Procedures). With these
novel assay conditions in hand, we first confirmed that various
salt ions previously thought to be attractive to worms are
indeed attractive with the impact of the counterion minimized
(Figure 1D) and then asked whether these ions are sensed by
the ASE gustatory pair, one of several pairs of gustatory
neurons in the C. elegans head [4]. To test for ASE involvement,
we examined the behavior of wild-type and che-1(ot66) mutant
animals in gradients of Mg2+, Li+, Br2, and I2 ions. che-1
encodes a C2H2-type zinc finger transcription factor that is
required for the appropriate development of ASE [13]. che-1

animals displayed profound defects in their ability to chemotax
to Mg2+, Li+, Br2, and I2 compared to wild-type, suggesting that
ASE is the primary chemosensory cell pair required for detection of these ions (Figure 1D). Locomotion and response to
olfactory cues are not affected in che-1 mutant animals [14].
Previous work demonstrated that ASEL and ASER contribute
differentially to an animal’s response to Na+, K+, and Cl2 [5, 6].
To determine whether ASEL and ASER are also differentially
required for chemotaxis to Mg2+, Li+, Br2, and I2, we assessed
the ability of animals with genetically or microsurgically ablated
ASEL or ASER neurons (see Experimental Procedures) to
migrate up gradients of these ions. We find that Br2 and
I2 chemotaxis requires ASER, but not ASEL, whereas Mg2+
and Li+ chemotaxis primarily depends on ASEL, but not
ASER (Figures 1D and S2). Lateralized chemotaxis is not
restricted to salt responses; the amino acid methionine is
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also sensed in a left/right asymmetric manner by the ASER
neuron (Figure S3).
We furthermore visualized this lateralized behavioral
response to salt by using the genetically encoded calcium
sensor cameleon [15]. Previous work with this technique
demonstrated that ASEL responds preferentially to upsteps
of NaCl concentration, whereas ASER responds preferentially
to downsteps in NaCl concentration [6]. In contrast to this
previous study, we did not assay the response to two paired
ions (NaCl) that simultaneously activate ASEL and ASER but,
rather, imaged the calcium response of ASEL and ASER to
changes in concentration of individual ions. As in the behavioral assay, this was achieved by pairing individual ions with
ammonium or acetate and assaying calcium responses in
a background of saturating ammonium acetate (see Experimental Procedures; under these conditions, ammonium
acetate cannot evoke an ASE response; Figure 2A). We find
that intracellular calcium levels in ASEL show a larger and
faster response to Na+ upsteps, compared to the response
seen in ASER during Na+ downsteps (Figure 2A; see
Figure S4 for comparison of ASEL versus ASER response to
all tested cues). Similarly and consistent with behavioral and
ablation data, ASEL also responds robustly to Mg2+ and Li+ upsteps, whereas ASER responds weakly to both upsteps and
downsteps. In contrast, intracellular calcium levels in ASER
show a larger and faster response to downsteps in Cl2
concentration, compared to the response seen in ASEL during
a Cl2 upstep (Figures 2A and S4). Also consistent with behavioral and ablation data, ASER displays a strong response to
Br2 and I2 downsteps, whereas ASEL responds weakly to upsteps and downsteps. In addition to increases in calcium
levels, in some cases, ASER responds to upsteps of some
cues with a decrease in intracellular calcium compared to
baseline (Figure 2A). In the case of K+, calcium imaging shows
that both ASEL and ASER show significant responses to K+,
one to an upstep and the other to a downstep (Figures 2A
and S4). Given that ablation analysis indicates that only ablation of ASER, but not ASEL, decreased attraction to K+ [5],
the ASER response appears functionally more relevant than
the ASEL response.
We next asked whether the lateralized ability to sense individual salt ions allows the animal to discriminate between
different salt cues. To address this question, we performed
discrimination assays in which the ability of animals to migrate
up a gradient of one salt in a saturating background concentration of another salt is tested (Figure 2B). We find that animals
can distinguish between ASEL-sensed cues and ASER-sensed
cues, but they cannot distinguish individual ASEL-sensed or
ASER-sensed cues from one another; that is, for example,
animals can sense Br2 (ASER-sensed) in the presence of Li+
(ASEL-sensed), but not in the presence of I2 (ASER sensed)
(Figure 2B). These results corroborate the previous hypothesis
[5] that lateralization serves to broaden the ability of a worm to
navigate in complex sensory environments.
Reprogramming ASE Response Profiles in Developmental,
Left/Right Asymmetry Mutants
ASEL and ASER identity, as assessed by the expression of
receptor-type guanylyl cyclases, can be altered through
specific genetic manipulations. The miRNA lsy-6 is normally
expressed in ASEL, where it promotes ASEL fate and
represses ASER fate such that loss of lsy-6 results in the adoption of a 100% penetrant ‘‘2-ASER’’ state [16]. In contrast,
forced expression of lsy-6 in ASER (by using the otIs204

transgene) results in a 100% penetrant ‘‘2-ASEL’’ state [16].
We imaged calcium responses in both 2-ASER and 2-ASEL
animals to test how symmetrizing ASE identity affects the
responsiveness to sensory cues. We find that calcium profiles
perfectly track with cell identity. In addition to adopting the
preferential ion sensitivities of the transformed cell fate, the
transformed neurons also adopt the OFF-cell and ON-cell
sensitivities seen in the respective wild-type neurons. In
2-ASER animals, the ASEL neuron now transforms into an
OFF neuron, whereas in 2-ASEL animals, the ASER neuron
transforms into an ON neuron (Figure 3A). The amplitude and
waveform of the calcium traces also show a remarkable agreement between true and transformed neurons.
The transformation in calcium profiles also produces transformation in behavioral outputs. 2-ASER mutants are still attracted to all ASER-sensed cues (Cl2, Br2, I2, and K+), yet their
response to all ASEL-sensed cues (Na+, Li+, Mg2+) is significantly impaired (Figure 3B). 2-ASEL animals are still attracted
to all ASEL-sensed cues and show either an impaired (Cl2 and
K+) or even inverted response (Br2 and I2) to ASER cues
(Figure 3B). This pattern of salt taste responsiveness is consistent with the asymmetric responsiveness suggested by the
ASE ablation experiments above and, moreover, demonstrates that ‘‘ON’’ and ‘‘OFF’’ responses to a sensory cue
are, alone, sufficient to drive behavior.
gcy Genes Are Required for Chemotaxis to Specific Sets
of Salt Taste Cues
To identify the molecular basis of lateralized salt responsiveness, we examined in salt chemotaxis assays mutant animals
carrying deletion alleles that impair or eliminate ASEL-expressed and/or ASER-expressed receptor-type guanylyl
cyclases, encoded by the gcy genes (Figure 4A; see Experimental Procedures). Mutant responses fell into one of three
categories (Figure 4A): severe chemotaxis defects to nearly
all cues tested (gcy-22); significant chemotaxis defects to
a subset of salt taste cues while retaining full responsiveness
to others (gcy-1, gcy-4, gcy-6, gcy-14); or no chemotaxis
defects to any of the salts tested (gcy-5, gcy-7, gcy-19; these
may be involved in mediating the response to other salt ions
not tested in this study). For all cases in which a chemotaxis
defect was identified, a genomic copy of the wild-type gene
was found to restore full attraction to the affected cues
(Figures S5–S7).
gcy-22 Mutants Display Broad Chemotaxis Defects
Expression of gcy-22 is restricted to ASER as assessed by
reporter gene analysis with a promoter fusion [17], as well as
a genomic fosmid clone, in which we engineered gfp into the
gcy-22 locus (data not shown). The tm2364 allele contains an
out-of-frame deletion that introduces an early stop signal
and is thus a likely molecular null (Figure 4A). Analysis of the
chemotaxis response of gcy-22 animals reveals that they
display significantly weaker attraction to all salts tested, with
the exception of ASEL-sensed Na+ (Figure 4A). gcy-22 is also
required for a response of animals to the amino acid methionine, which is primarily sensed by the ASER neuron
(Figure S3). Moreover, consistent with a critical role for gcy22 in triggering neural activity in ASER, we also find that the
ASER neurons display aberrant axonal sprouts (Figure S3).
Such defects are indicative of neuronal activity defects, as
they can also be observed upon elimination of other molecules
involved in generating neuronal activity, such as the cGMPgated TAX-2 and TAX-4 ion channels [18]. Even though broad,
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Figure 2. ASEL and ASER Are Functionally Lateralized, Thereby Permitting Discrimination of Distinct Salt Cues
(A) Calcium response of ASEL and ASER to concentration steps of various salts. Average calcium transients in response to 50 mM upsteps or downsteps of
indicated salts. The gray bands represent 6 1 SEM; n = 10 or more recordings, with one recording per worm. Traces represent the average percentage
change from baseline over time of the fluorescence emission ratio of the ratiometric calcium sensor cameleon. Figure S4 calculates an asymmetry index
for the individual salt responses.
(B) Salt discrimination assays. Chemotaxis of wild-type worms to a gradient of one salt (indicated on the x axis) in the uniform presence of another salt ion,
indicated at the top of each panel (‘‘salt discrimination assays’’). Red indicates ASEL-sensed cues, and blue indicates ASER-sensed cues. Ion background
concentrations were 100 mM for NH4Br and NH4I and 50 mM for NaAc and LiAc. Not shown is a discrimination assay with Cl2 in the background, which
yielded the expected results of preventing Br2 and I2, but not Na+, Li+, and Mg2+ attraction. Although saturating background concentrations of Na+ and
Li+ interfere with Mg2+ attraction, a 100 mM background concentration of Mg2+ failed to interfere with the response to Na+ and Li+ (data not shown). Differences between the chemotaxis response of animals in a given set of discrimination assay conditions were compared to the response observed on a gradient
of the same salt without a saturating background (e.g., in the upper-left panel, Na+/Na+ versus Na+/0, Li+/Na+ versus Li+/0, etc.) by using a two-tailed
Student’s t test. Bonferroni correction requires p < 0.0085 for significance, which is met in all differences marked as significant (*p < 0.05, **p < 0.01,
***p < 0.001). In the case of Mg2+ chemotaxis in a Na+ and Li+ background, significance was only observed without the Bonferroni correction (star in parentheses). A ‘‘0’’ indicates a control assay in which chemotaxis was tested on buffered agar without a saturating salt background. Gradient-forming ions are
listed on the x axes.

Chemotaxis defects toward ASER-sensed salts can be
rescued through ASER-specific, but not ASEL-specific, expression of gcy-22 in transgenic animals (Figure S5), consistent with
the ASER-specific expression of gcy-22. This transgenic rescue
assay also allowed us to undertake structure-function analysis

the sensory deficits of gcy-22 are limited to ASE-sensed cues
and are not a mere reflection of, for example, locomotory
defects, given that odortaxis to a point source of the AWCsensed odorant benzaldehyde is similar to the wild-type
response (data not shown).

!
!
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Figure 3. Behavioral and Calcium Imaging Analysis of 2-ASER and 2-ASEL Asymmetry Mutants
(A) Average calcium transients 6 SEM of left and right ASE neurons in lsy-6(ot71) (2-ASER) and otIs204[ceh-36::lsy-6] (2-ASEL) animals (n > 10), in response
to 50 mM upsteps and downsteps of indicated salts. Conditions were identical to those in Figure 2.
(B) Population chemotaxis assays of wild-type, lsy-6(ot71) (2-ASER), and otIs204[ceh-36::lsy-6] (2-ASEL) animals. Each bar represents the mean 6 SEM of at
least four independent assays. Differences between wild-type and experimental conditions were assessed with a two-tailed Student’s t test. Bonferroni
correction requires p < 0.0253 for significance, which is met in all differences marked as significant (*p < 0.05, **p < 0.01, ***p < 0.001). Assays were
done as shown in Figure 1. Note that 2-ASEL mutants do not merely show a decrease in response to the ASER cues Br2 and I2, but are now strongly repelled
by these cues; this repulsion depends on ASE because it is abrogated upon genetic ablation of ASE in a che-1 mutant background (data not shown).

of GCY-22. Mutational analyses demonstrate that the extracellular region as well as the intracellular region containing the
guanylyl cyclase domain are required for GCY-22 function
(Figure S5); moreover, the extracellular domain of GCY-22
cannot be replaced by the extracellular domain of another
GCY protein, ODR-1, underscoring the specificity of extracellular domain function.
gcy-1, gcy-4, gcy-6, and gcy-14 Mutants Display
Salt-Specific Chemotaxis Defects
In contrast to gcy-22 mutants, animals carrying mutations in
other ASER-expressed gcy genes showed defects that were

more selective for individual laterally sensed salt ions. The
gcy-1(tm2669) allele contains an out-of-frame deletion spanning from the fourth exon through the seventh intron and is
thus expected to be a molecular null (Figure 4A). Animals
homozygous for this allele can migrate up gradients of all salts
as efficiently as wild-type animals can, except for ASERsensed K+, toward which gcy-1 mutant animals show a markedly decreased response (Figure 4A). This ASER-specific
sensory defect is consistent with the ASER-specific expression of gcy-1 [9]. ASER-specific expression of a wild-type
copy of gcy-1 controlled by the gcy-5 promoter in a gcy-1
mutant background restores responsiveness to K+, whereas

29

Guanylyl Cyclases Controlling Neuronal Laterality
1001

ASEL-specific expression fails to restore responsiveness to K+
(Figure S6), thereby corroborating that gcy-1 acts in ASER to
promote K+ chemotaxis.
Animals with a mutation in the ASER-biased gene gcy-4
show a set of salt-selective defects that are complementary
to those seen in gcy-1 mutants; they respond normally to K+
(data not shown) and show chemotaxis defects exclusively
on gradients of Br2 and I2 (Figure 4A). The same upstream
regulatory region of gcy-4 that drives reporter gene expression in ASER rescues the gcy-4 mutant phenotype when
driving a genomic copy of the gcy-4 locus (Figure S6). The
residual response to Br2 and I2 of animals lacking the
ASER-expressed gcy-4 is further enhanced in a gcy-4;gcy22 double-mutant background (Figure S8). Because rGCs
act as dimers [10], this enhancement data may suggest
a model in which GCY-4 and GCY-22 encode the subunits of
a heterodimeric complex, with each homodimer retaining
residual function.
Salt-specific defects can also be found upon elimination of
gcy genes whose expression is biased toward or exclusive
to ASEL. Animals carrying a mutation in the ASEL-expressed
gcy-6 gene display a highly salt-specific chemotaxis phenotype. Though chemotaxis to most of the panel of ions tested
was indistinguishable from wild-type, these animals showed
a dramatic decrease in their ability to respond to an ASELsensed Mg+ gradient, consistent with the ASEL-specific
expression of gcy-6 (Figure 4A). Combining gcy-6 with gcy-7
mutants (in which no defects were observed) did not reveal
any defects for ASEL-sensed cues beyond those seen for
gcy-6 alone (Figure S8).
A gcy-14 mutant strain displays a significantly weaker
response to ASEL-sensed Na+ and Li+ gradients but normal
responses to other salts (Figure 4A). ASEL-specific expression
fully rescues the Na+ chemotaxis defect of gcy-14 mutants,
whereas ASER-specific expression does not (Figure S7). As
with the ASER-expressed GCY-22 protein, GCY-14 also
requires both its extracellular and intracellular domain for
function (Figure S7). We conclude that gcy-14 acts in ASEL
to mediate the chemotaxis response to ASEL-sensed Na+
and Li+.
Imaging Neuronal Activity in gcy Mutants
The ASE neurons require the cGMP-gated cation channels
TAX-2 and TAX-4 to produce calcium currents required for
ASE-mediated chemotaxis [6, 19, 20]. To test whether
cGMP-producing GCY proteins are involved in generating
these calcium currents, we performed calcium imaging of
animals mutant for either an ASEL-expressed gcy gene (gcy6) or an ASER-expressed gcy gene (gcy-22) by using the cameleon sensor. We find that the salt-selective behavioral defects
of gcy-6 mutants are perfectly mirrored by the calcium imaging
data; calcium responses to Mg2+ and, to a more limited extent
Cl2, are affected in gcy-6 animals, whereas responses to other
ions are unaffected (Figure 4B). Again, consistent with behavioral assays, we detect broad defects in calcium responses of
ASEL and ASER of gcy-22 mutant animals (Figure S9). Therefore, GCY proteins are upstream inducers of lateralized
neuronal activity.
Discussion
The studies described here broaden our understanding of the
functional laterality in the nematode gustatory system and
provide insights into how this laterality is molecularly encoded.

Our behavioral examination of animals in which either ASEL or
ASER are ablated and our calcium imaging studies reveal that
a wide spectrum of distinct ions is sensed in a left/right asymmetric manner by the ASEL and ASER neurons (Figure 5). The
overall purpose of such lateralization is that it endows the
animal with the ability to discriminate between different salt
ions.
The cellular response profiles to the salt ions tested in this
paper are consistent with and extend previous findings, which
demonstrated that the ASER neuron generally responds to
a downstep in the concentration of a sensory cue, whereas
the ASEL neuron responds to an upstep [6]. We further
extended these previous findings, which were undertaken
with a salt that induces responses in both ASEL and ASER
(NaCl), by showing that activation of either cell alone (e.g.,
ASEL by Na+ or ASER by Cl2) is sufficient to produce an efficient chemotactic response. That is, animals appear to be
able to migrate toward an ASER-sensed cue solely by being
repelled by downsteps in a concentration gradient, which
induces a turning response and thereby guides the animal
upward on a concentration gradient. The sufficiency of ON or
OFF neurons to produce effective responses to salt ions is
further corroborated by our use of genetically transformed
2-ASER and 2-ASEL animals. The genetic transformation
studies also make the point that the ON and OFF responses
are an intrinsic and cell-autonomous property of the two
neurons, rather than an overall circuit property.
Our mutant analysis of asymmetrically expressed gcy genes
demonstrates that the asymmetric expression of chemosensory signaling molecules underlies the asymmetric ion sensitivities of ASEL and ASER. The ion selectivity of GCY protein
function is notable and demonstrates that there is no common
anion-induced or cation-induced signaling pathway (Figure 5).
In striking contrast, one GCY protein, ASER-expressed
GCY-22, is defective in responding to all ASER-sensed cues.
Because rGCs are generally thought to act as dimers [21],
these findings suggest a model to be tested in future studies
in which GCY-22 may be a common subunit of several more
ion-selective heterodimeric complexes.
Transmembrane receptor-type GCY proteins are receptors
for small peptide ligands in vertebrates [10]. The presence
and conservation of the extracellular domains of worm rGC
proteins, as well as their localization to the sensory apparatus
in dendritic endings of sensory neurons, is consistent with
a role for GCY proteins in being salt-regulated receptor
proteins. A direct salt receptor role for rGC proteins is also
suggested by the finding that the extracellular domain of the
ANP receptor, an rGC, contains a conserved chloride-binding
site and that hormone binding and ensuing receptor activation
is chloride dependent [22]. Moreover, a chimeric protein consisting of the extracellular domain of a mammalian rGC and
the intracellular domain of C. elegans gcy-28 exhibited cyclase
activity upon binding a peptide ligand known to activate the
mammalian rGC [23], demonstrating that the guanylyl cyclase
domain of C. elegans rGC proteins is ligand responsive. Alternatively, rather than acting as direct receptors, specific rGC
complexes may be selectively coupled to other ion-selective
receptor proteins. Irrespective of whether GCY proteins are
direct receptors or downstream signaling components, it is
surprising and unusual to have distributed an apparently
single enzymatic function—the production of cGMP for gating
the downstream TAX-2 and TAX-4 channels—over several
molecules, each apparently dedicated to selectively transmitting different sensory inputs.
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Figure 4. Responses of gcy Mutant Animals to ASE-Sensed Salts
(A) Chemotaxis assays. Each graph depicts chemotaxis index of wild-type and gcy mutant worms on gradients of indicated salts. Assays were done as
shown in Figure 1. Wild-type data are duplicated in each graph to facilitate side-by-side comparisons, except in those cases in which data were collected
by different observers. The deletion allele used is shown schematically above each panel; color coding of exons corresponds to color coding of rGC protein
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Experimental Procedures
A list of strains, transgenes, and details on standard molecular biological
procedures can be found in the Supplemental Data.
Chemotaxis Assays
The response to salt gradients was assayed as previously described [24],
with some modifications. Buffered agar (20 g/l agar, 1 mM CaCl2, 1 mM
MgSO4, and 5 mM KPO4) was supplemented with 100 mM NH4Ac to saturate
for NH4+ and Ac2 responses (we confirmed that ASE was unresponsive to
NH4Ac gradients under these conditions; Figure S1); 10 ml of this was
poured into 10 cm diameter Petri dishes. For each ionic cue tested, either
the ammonium or acetate salt was used to make solutions. To establish
the gradient, 12–16 hr before assay, we adjusted 10 ml of 2.5 M salt solutions
to pH = 6 with either NH4OH or acetic acid was applied to the attractant spot,
and 10 ml of ddH2O was applied to the control spot. Another 4 ml of salt solution or water was added to the same spots 4 hr before assay. At 10 min
before assay, a 2 ml drop of 1 M sodium azide was applied to both attractant
and control spots to immobilize worms that reached these areas. Synchronized adult animals were washed twice with CTX solution (1 mM CaCl2,
1 mM MgSO4, and 5 mM KPO4), and 100–200 were placed in the center of
the assay plate in a minimal volume of buffer. A kimwipe was used to wick
away buffer, and animals were allowed to move about the agar surface for
1 hr, after which assay plates were placed at 4! C overnight. The distribution
of animals across the plate was then determined, and a chemotaxis index
was calculated according to the diagram in Figure 1C. Salt discrimination
assays were done in same manner, but the 100 mM NH4Ac background
was replaced with a 50 or 100 mM background of a particular salt. To test
for methionine chemotaxis, we performed a quadrant assay, as depicted
in Figure S3.
Calcium Imaging
Young adult animals were transferred in liquid to an agarose-coated coverslip (2% agarose in TAPS 30 mM [pH 9]), anesthetized by cooling, and glued
to the coverslip with cyanoacrylate glue (Nexaband Quick Seal, Veterinary
Products Laboratory, Phoenix, AZ). The nose of each animal was placed
in close proximity (w0.5 mm) to a two-channel gravity-fed perfusion pencil
whose flow was controlled by programmable upstream valves (AutoMate
Scientific, Berkeley, CA). Solutions contained the indicated concentration
of tested ions (usually 50 mM) plus (in mM): phosphate buffer (5), CaCl2
(1), MgSO4 (1), and ammonium acetate (100); osmolarity was adjusted to
350 mOsm with sorbitol. The buffer bath with 100 mM NH4Ac replicates
conditions used in the population chemotaxis assays and eliminates the
contribution of the NH4+ and Ac2 counterions to chemotaxis. We confirmed
that ASE was unresponsive to 50 mM steps of NH4Ac under these conditions. Optical recordings were performed on a Zeiss Axiovert 135 with
a Zeiss Plan-Apochromat 63 3 oil, 1.4 NA objective. The microscope was
equipped with an epifluorescence illuminator, software-controlled shutter
(ASI, Eugene, OR), beam splitter (Optical Insights, OI-DV-FC, Tucson, AZ),
and digital video camera (Hamamatsu, ORCA-AG, Bridgewater, NJ). Images
were acquired with the MetaVue software (version 6.2r2, Molecular Devices,
Sunnyvale, CA). Frames were taken at w10 to w20 Hz with 8 3 8 spatial
binning. A TTL pulse was used to synchronize image acquisition and the
timing of solution switching. Image stacks were processed with Jamlyze
(written by Rex Kerr, HHMI Janelia Farms), and data were then imported
into Igor (Wavemetrics, Lake Oswego, OR) for further analysis. The YFP/
CFP emission ratio was computed as (YFP intensity)/(CFP intensity) 2 0.65,
wherein the latter term corrects for CFP bleed-through into the YFP channel.
The emission ratio was compensated for photobleaching by fitting a single
exponential function to the inactive portions of the emission ratio trace and
dividing it by the fitted curve; thus, all ratio changes were expressed in terms
of DR/R. Individual traces were interpolated to a 100 Hz sampling rate and
averaged.
Statistical Analysis
Statistical tests were done with Microsoft Excel Data Analysis software.
Values for all behavioral assays are reported as the mean 6 SD of the

Figure 5. Schematic Diagram of Asymmetric Cellular Activation of ASEL
and ASER and Behavioral Outputs Promoted by Individual Salt Taste Cues
Color coding of ions indicates ASEL-biased cues (red) or ASER-biased cues
(blue) based on ablation data and ASE calcium imaging. Arrows indicate that
the salt causes a relatively strong (black) or relatively weak (gray) transient
calcium increase in ASEL and ASER during a downstep or upstep. T bar indicates that the ion produces a transient calcium decrease in ASER. List of gcy
genes within cells summarizes which salt cues are thought to require which
gcy genes for signaling in that particular cell, based on mutant analysis, gcy
expression profiles, calcium imaging, and gcy cell-specific rescue experiments. Run and turn outputs are based on the findings of Suzuki et al. [6].

mean (SEM). Comparisons between experimental values and controls
were made with a two-sample Student’s t test assuming equal variance,
and two-tailed P values were used. In datasets for which multiple t tests
were done, the Bonferroni correction was applied.

Supplemental Data
Supplemental Data include Supplemental Experimental Procedures and
nine figures and can be found with this article online at http://www.cell.
com/current-biology/supplemental/S0960-9822(09)01178-6.
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SUPPLEMENTAL DATA
SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Strains
The wild-type strain used is the N2 Bristol isolate [1]. The following mutant alleles were
used: che-1(ot66) I [2], gcy-1(tm2669) II and lsy-6(ot71) V [3]. gcy-4(tm1653) II, gcy-5(tm897)
II, gcy-6(tm1449) V, gcy-7(tm901) V and gcy-22(tm2364) V were kindly provided by Shohei
Mitani, National Bioresource Project, Japan. gcy-14(pe1102) V and gcy-19(pe1103) II were
isolated by screening a deletion library (J.T., Y.I., unpubl.). All mutant strains were outcrossed
multiple times with N2.
Transgenic Lines
The following transgenic lines were used for: ASEL/ASER genetic ablation - OH8585
otIs4[gcy-7::gfp]; otEx3822[ceh-36::CZ-caspase3(p17), gcy-7::caspase3(p12)-NZ, myo3::mCherry], OH8593 ntIs1[gcy-5::gfp] V; otEx3830[ceh-36::CZ-caspase3(p17), gcy5::caspase3(p12)-NZ, myo-3::mCherry]. ASE Ca2+ imaging - XL76 lin-15(n765); ntIs13[flp6::YC2.12, lin-15(+)] [4], OH6053 gcy-22(tm2364) V; ntIs13, OH7181 gcy-6(tm1449) V;
ntIs13, OH8032 lsy-6(ot71) V; ntIs13, OH8116 ntIs13; otIs204[ceh-36::lsy-6, elt-2::gfp]. 2ASEL strain - OH7805 otIs204 (outcrossed to N2 3 times). otIs204 animals were crossed
with che-1 to generate OH8122 otIs204; che-1(ot66). gcy mutant rescue - OH7135 gcy22(tm2364) V; otEx3112[gcy-5::gcy-22, str-1::gfp, elt-2::gfp], OH7141 gcy-22(tm2364) V;
otEx3117[gcy-7::gcy-22, str-1::gfp, elt-2::gfp], OH7087 gcy-22(tm2364) V;
otEx3096[8XASE::gcy-22, str-1::gfp, elt-2::gfp], OH8146 gcy-22(tm2364) V; otEx3624[gcy22(+), str-1::gfp, elt-2::gfp], JN1311 gcy-14(pe1102) V; peEx1311[gcy-5::gcy-14, str-1::gfp,
elt-2::gfp], JN1306 gcy-14(pe1102) V; peEx1306[gcy-7::gcy-14, str-1::gfp, elt-2::gfp], OH8569
gcy-4(tm1653) II; otEx3819[gcy-4(+), elt-2::gfp], OH8621 gcy-1(tm2669) II; otEx3840[gcy5::gcy-22, elt-2::gfp], OH8622 gcy-1(tm2669) II; otEx3841[gcy-5::gcy-22, elt-2::gfp]. OH7595
gcy-6(tm1449) V; otEx3345[gcy-6(+), elt-2::gfp]. gcy-22 translational reporter - OH7521
otIs151[ceh-36::dsRed, rol-6(d)]; otEx3308[gcy-5::gcy-22::gfp, elt-2::gfp]. gcy-22 mutational
analysis – OH7487 gcy-22(tm2364) V; otEx3286[gcy-5::gcy-22(RFLBR-), str-1::gfp, elt2::gfp], OH8538 gcy-22(tm2364) V; otEx3809[gcy-5::gcy-22(CYC-), elt-2::gfp], OH8335 gcy1
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22(tm2364) V; otEx3723[gcy-5::odr-1(ECD)::gcy-22(ICD), elt-2::gfp], OH8587 otEx3824[gcy5::gcy-22(CYC-)::gfp, rol-6(d)], OH8596 otEx3833[gcy-5::gcy-22(RFLBR-)::gfp, elt-2::gfp].
gcy-14 mutational analysis – JN1328 gcy-14(pe1102); peEx1328 [pGgcy7p::gcy14(RFLBR-); str-1::gfp; elt-2::gfp], JN1333 gcy-14(pe1102); peEx1333 [pGgcy7p::gcy14(CYC-); str-1::gfp; elt-2::gfp], JN1337 gcy-14(pe1102); peEx1337 [pGgcy7p::gcy14(N1058S); str-1::gfp; elt-2::gfp].
Isolation of gcy-14 and gcy-19 mutant alleles
A frozen UV/TMP-mutagenized library was constructed according to [5] and [6].
For isolation of gcy-14(pe1102) and gcy-19(pe1103), ~1,000,000 and ~2,000,000 genomes
from the library were screened by nested PCR, respectively. Primers gcy-14.KO.outfw1
(ggcgtatttaacccgtttga), gcy-14.KO.outrv1 (gcggttctggtgtcttttct), gcy-19.KO.outfw1
(gagtacttggcggtttggaa), and gcy-19.KO.outrv1 (aaagccaacgtttcttgtcg) were used in externalround PCR and primers gcy-14.KO.infw1 (cctacgccggacaactattc), gcy-14.KO.inrv1
(ggtgcctgagcagaaacact), gcy-19.KO.infw1 (gcttgcaggtgagaataggc), and gcy-19.KO.inrv1
(aaagcctcggtctcctcatt) were used in internal-round PCR. gcy-14(pe1102) and gcy-19
(pe1103) mutants were outcrossed four times and six times, respectively, resulting in mutant
strains JN1194 gcy-14(pe1102) V and JN1117 gcy-19(pe1103) II. pe1102 contains a 980 bp
deletion and 1 bp (a) insertion, ranging from intron 8 to exon 9 of gcy-14. Flanking and
inserted sequence is aacagggttttaatagctaaataat -a- aataatctatcaagtgaagaaggga. pe1103
contains a 995 bp deletion and a 4bp (tttt) insertion, ranging from intron 12 to intron 15 of
gcy-19. Flanking and inserted sequence is taagactgcggactgagcagggcct -ttttatactggcttgcaatggcttacact.
Recombinant DNA construction and microinjection
Recombinant human caspase3, or “recCaspase,” [7] was expressed specifically in
ASEL or ASER to induce cell death. To express the N-terminal half of recCaspase in both
ASER and ASEL, the ceh-36prom2 promoter [8] was cloned into the HindIII-BamHI sites of
pTU814 (gift of M. Chalfie), which encodes caspase3(p17)-CZ, yielding pCO23. To express
the C-terminal half of recCaspase in ASEL, the gcy-7 promoter was amplified using the 5’
primer gaaataagcttttttctcttccgtgc (gcy-7 5’) and 3’ primer ccggggatccgattattttcttatgc (gcy-7 3’),
and cloned into the HindIII-BamHI sites of pTU813 (gift of M. Chalfie), which encodes NZ2
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caspase3(p12), to yield pCO12. To express the C-terminal half of recCaspase in ASER, the
gcy-5 promoter was amplified using the 5’ primer gaaataagcttttcattattaagc (gcy-5 5’) and 3’
primer ccggggatccttttcatcagaataag (gcy-5 3’), and cloned into the HindIII-BamHI sites of
pTU813 to yield pCO11. pCO12+pCO23 (20 ng/µL each) were injected into otIs4 animals to
create otEx3822, and pCO11+pCO23 (20 ng/µL each) were injected into ntIs1 animals to
create otEx3830. myo-3::mCherry (5 ng/µL) was used as an injection marker.
To make otIs204, ceh-36prom2 was amplified with primers TTAAGCTTAT
CCGATAAGGCTG (ceh-36 P2 5’) and CAGAAATTAGTAGGAATACATGTGCAT
GCGGGGGCAG (lsy-6 E*) and PCR fused [9] to a genomic copy of lsy-6 amplified with
primers TGTATTCCTACTAATTTCTG (lsy-6 G) and CAAAAGATACCGTCTTATGG (lsy-6 I).
The PCR fusion product was injected at 50 ng/µL into N2 worms with 40 ng/µL elt-2::gfp as a
marker. Resulting transgenic lines were irradiated with a cobalt source (Gammacell 220) for
~3000 rads, and stable integrants were picked.
For ASER and ASEL specific expression of gcy rescuing constructs, gcy-5prom2 and
gcy-7prom2 [8], respectively, were cloned into the HindIII-BamHI sites of pPD95.75 (Fire vector
kit) to yield pCO24 and pCO25. To generate cell-specific rescue constructs for gcy-22 and
gcy-1, the coding regions from start to stop codons were amplified from N2 genomic DNA
and cloned into the KpnI-EcoRI (for gcy-22) or AgeI-EcoRI (for gcy-1) sites of pCO24 and
pCO25 to yield pCO1 (gcy-5prom2::gcy-22), pCO2 (gcy-7prom2::gcy-22), pHS1 (gcy-5prom2::gcy1), and pHS2 (gcy-7prom2::gcy-1). These constructs were injected into the relevant mutant
backgrounds at 10-20 ng/µL, with elt-2::gfp (20-50 ng/µL) and sometimes str-1::gfp (20-50
ng/µL) as injection markers. The gcy-14 plasmids were made using the Gateway system
(Invitrogen). pENTR-gcy-5p and pENTR-gcy-7p plasmids contain promoter sequences of
gcy-5 and gcy-7, respectively [10]. pDEST-gcy-14 plasmid was made by inserting a DNA
fragment of gcy-14 amplified by PCR from genomic DNA with primers
gaaggtaccacaATGTGCCTTTTCCTTTTACTGTTTC and aacgagctcTTATGAAACA
CATTCGTTGCCATT into the KpnI-SacI site of pPD-DEST plasmid which contains the unc54 3'UTR. The rescue constructs (pGgcy-5p::gcy-14 and pGgcy-7p::gcy-14) were generated
by LR recombination reaction between the pENTR plasmids and the pDEST plasmid, and
injected into gcy-14(pe1102) animals at 20 ng/µL with elt-2::gfp and str-1::gfp as markers.
The gcy-22(CYC-) construct, in which the predicted cyclase domain is deleted, was
made by PCR fusion of two fragments from pCO1 amplified with the primer pairs
3
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TTTTggtaccggtagaaaaaATGAGTTTCATATCAAAATGTTTTATT / ctttgacaatcacttctcctctA
GTCAATTCTTTCATCCGG and agaggagaagtgattgtcaaag / TTTTgaattctacgaatgTTAG
ATAGATTCTCCATTCTCCTTC. The resulting fragment was cloned into the KpnI-EcoRI sites
of pCO24 to yield pCO17 (gcy-5prom2::gcy-22(CYC-)). The gcy-22(RFLBR-) construct was
made by PCR fusion of two fragments from pCO1 amplified with the primer pairs
TTTTggtaccggtagaaaaaATGAGTTTCATATCAAAATGTTTTATT / CCTTCGAA
TCATCTAGATCTTCaacaattctgctccatgc and gaagatctagatgattcgaagg / TTTTgaatt
ctacgaatgTTAGATAGATTCTCCATTCTCCTTC. The resulting fragment was cloned into the
KpnI-EcoRI sites of pCO24 to yield pCO6 (gcy-5prom2::gcy-22(RFLBR-)). The odr1(ECD)::gcy-22(ICD) construct was made by PCR fusion of a fragment amplified from N2
genomic DNA encoding the extracellular domain of ODR-1 with primer pair
TTTTTaccggtagaaaaaATGTGTGTGCTTCGGCT / cccaaaataattgccaaataATTTA
CACATGAACTTTTTGCC to a fragment of gcy-22 amplified from pCO1 encoding its
transmembrane and intracellular domains with primers tatttggcaattattttggg /
TTTTgaattctacgaatgTTAGATAGATTCTCCATTCTCCTTC. The fusion fragment was cloned
into the AgeI-EcoRI sites of pCO24 to yield pCO16 (gcy-5prom2::odr-1(ECD)::gcy-22(ICD)).
Translational gfp reporters for full-length gcy-22, gcy-22(CYC-), and gcy-22(RFLBR-)
were made by PCR fusion of a gfp coding fragment amplified from pPD95.75 with primers
atgagtaaaggagaagaacttttcac / ggaaacagttatgtttggtatattggg to fragments from pCO1, pCO17,
and pCO6 amplified with primers agcttttcattattaagcaaattcaag / gtgaaaagttcttctcctttactcatGA
TAGATTCTCCATTCTCCTTC. The respective PCR fusion fragments were directly injected
into worms with otIs151 (for gcy-22::gfp) or TA cloned into the TOPO-XL vector (Invitrogen)
to yield pCO18 (gcy-5prom2::gcy-22(CYC-)::gfp) and pCO19 (gcy-5prom2::gcy-22(RFLBR-)::gfp).
Constructs were injected at 2-10 ng/µL with 50 ng/µL rol-6(d) or elt-2::gfp as injection
markers.
The gcy-4 genomic rescuing fragment was amplified with primers gattgattcagaattcg
agate and cgatgacagccaaaatcttac, and injected at 10 ng/µL with 50 ng/µL elt-2::gfp to yield
otEx3819. The gcy-6 genomic rescuing fragment was amplified with primers
TTTTaccggtagaaaaaATGCGGAGTGCAGAACC and TTTTgaattctacgaatgCTAATC
TTGTTTTTTCTTCAGAATTT, subcloned into the AgeI-EcoRI sites of pPD95.75 to yield
pCO13, and injected at 10 ng/µL with 50 ng/µL elt-2::gfp to yield otEx3345.
The gcy-14 deletion constructs were made by "around a plasmid" PCR on pDEST4
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gcy-14 plasmid with KOD FX DNA polymerase (ToYoBo, Osaka, Japan) followed by ligation.
For the gcy-14(RFLBR-) construct, primers gcy14-LBDdel.fw (ATCGTTCAAGTTTATATG
TTTGCTTT) and gcy14-LBDdel.rv (TCGATAACCGACAGCTCTCAT) were used, resulting in
pDEST-gcy-14(delLBD). For the gcy-14(CYC-) construct, primers gcy14-Cycdel.fw (GAACA
ATCTAGAATTAGTGTTTCTGC) and gcy14-Cycdel.rv (AGTTTGTCCCAGCTTCAGTTT) were
used, resulting in pDEST-gcy-14(delCyclase).
The gcy-14(N1058S) construct was made by QuickChange PCR using primers
gcy14N2S.fw (TCTATTTGGAGATGCAGTTAgCACAGCAAGCCGGATGGAGA) and
gcy14N2S.rv (TCTCCATCCGGCTTGCTGTGcTAACTGCATCTCCAAATAGA), introducing an
A to G mutation. The amplified DNA was transformed into DH5α without ligation, as the DNA
forms nicked circular DNA because of the cohesive ends. The resulting construct was
pDEST-gcy-14(N1058S). A KpnI-ClaI fragment of pDEST-gcy-14(delLBD) and a SacIEcoT22I fragment of pDEST-gcy-14(delCyclase) and pDEST-gcy-14(N1058S) were cloned
into the respective sites of pGgcy-7p::gcy-14 to yield pGgcy-7p::gcy-14(delLBD), pGgcy7p::gcy-14(delCyclase) and pGgcy-7p::gcy-14(N1058S).
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SUPPLEMENTAL FIGURE LEGENGS
Supplemental Figure S1. Saturation of chemotaxis response to ammonium acetate. As
recent work revealed that ammonium and acetate are in fact attractive cues under specific
assay conditions [11], we sought to minimize the chemotactic response to the ammonium
and acetate counterions and used novel assay conditions in which we include a saturating
(100 mM) background of ammonium acetate (NH4Ac) in the assay plate agar media. At this
background concentration, the ability of animals to migrate up an NH4Ac gradient was greatly
diminished. Although the response to NH4Ac is not completely eliminated, higher background
concentrations of NH4Ac were toxic to animals. To test whether the 100 mM background
concentration of NH4Ac interfered with mobility or the capacity to respond to other ASEsensed taste cues, the chemotaxis of wild-type animals on a gradient of NaCl was tested on
buffered agar with and without different background concentrations of NH4Ac. Although there
is a significant decrease in attraction to the NaCl peak as NH4Ac concentration increases,
animals still accumulated at the peak of the NaCl gradient, even at 100 mM NH4Ac. Bars
show mean ± s.e.m. of at least three independent assays. Differences between chemotaxis
to NaCl or NH4Ac gradients on various background concentrations of NH4Ac were compared
to the chemotaxis response to NaCl or NH4Ac on plates without a NH4Ac background, using
a two-tailed Student’s t-test. Bonferroni correction requires p < 0.0169 for significance, which
is met in all differences marked as significant (**p < 0.01, *** p < 0.001).
Supplemental Figure S2. Cell ablation studies.
Effect of ASEL or ASER ablation on salt chemotaxis. A Zeiss Axioplan 2 microscope
equipped with Nomarski and fluorescence optics as well as a Photonics, Inc. dye laser was
used to perform laser ablation. The specific method used was similar to that previously
described [12]. After identifying the gfp-expressing ASEL (otIs4 transgene) or ASER (ntIs1
transgene) in L1 larvae, the neurons were irradiated for 1-2 minutes in and around the
nucleus. Animals were recovered from the slide and allowed to develop for 2 days. Adults
were then examined to confirm death of ASEL or ASER by the absence of gfp expression.
Mock-treated animals received the same manipulations but did not receive direct laser
irradiation. Groups of four animals were then placed circumferentially 1 cm away from the
peak of a salt gradient formed by the application of 10 µL of 1M salt attractant spotted 14-16
6

!

40

!

hours before assay and a second drop of 1M salt attractant spotted 4 hours before assay.
Plates used were 10 cm in diameter and contained 10 mL of 2% agar buffered with 1 mM
CaCl2, 1 mM MgSO4, and 5 mM KPO4. Chemotaxis index was calculated as the percentage
of time spent within 0.5 cm of the peak of the salt gradient over a 20-minute period. Bars
show mean ± s.e.m. of at least three independent assays. Differences between chemotaxis
of mock-treated and ablated animals were assessed using a two-tailed Student’s t-test.
Bonferroni correction requires p < 0.025 for significance, which is met in all differences
marked as significant (**p < 0.005). The difference between chemotaxis of mock and ASER(-)
animals on an I- gradient failed to reach significance with the number of assays completed
(p=0.06).
Supplemental Figure S3. Lateralized amino acid detection and axon morphology

defects in gcy-22 mutants.
(a) Amino acid chemotaxis defects of gcy-22 mutants. To identify which other amino acids
are sensed by ASE, we tested wild-type animals and ASE-deficient che-1 mutants for
chemotaxis to a large panel of amino acids at a wide concentration range. We found that
chemotaxis of a substantial number of amino acids appears to be independent of ASE, as we
could detect little difference between the response profiles of wild-type and che-1(ot66)
mutant animals (data not shown). A notable exception is the amino acid methionine, which in
a specific concentration range displays a strong dependence on ASE (data not shown).
Through analyzing “2-ASER” (lsy-6(ot71)) and “2-ASEL” (otIs204[ceh-36prom::lsy-6]) animals,
we infer that methionine is primarily, if not exclusively sensed by ASER. This is the first
demonstration of lateralized ASE function beyond salt sensation. ASER-dependent
methionine sensation is disrupted in gcy-22(tm2364) mutants, demonstrating that gcy-22 is
required broadly for the transmission of several distinct sensory modalities. Each bar shows
mean ± s.e.m. of at least three independent assays. Differences between wild-type and
experimental conditions were assessed using a two-tailed Student’s t-test. Bonferroni
correction requires p < 0.0127 for significance, which is met in all differences marked as
significant (***p < 0.001). The inset shows a diagram of amino acid quadrant assay used for
this analysis. This differs from the salt population chemotaxis assays in that opposing agar
quadrants are uniformly saturated with 50 mM methionine, so worms encounter steep 50 mM
gradients at quadrant borders. Unlike salt assays, plates contain simple buffered agar without
7
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the NH4Ac background.
(b) Axon sprouting defects observed in gcy-22(tm2364) animals, visualized with an ASERspecific gfp reporter (ntIs1). Defects can be observed in 32% of gcy-22 animals (n = 154) vs.
0% in wild-type animals (n > 100). Less penetrant, but otherwise similar sprouts can also be
observed in gcy-4 mutants (19%; n = 116).
Supplemental Figure S4. Quantification of the laterality of calcium transient strengths
in response to various salts. Asymmetry index is calculated as shown, using the integrated
absolute values of the calcium response, giving a value approaching +1 for an ASER sensed
cue and approaching -1 for an ASEL sensed cue.
Supplemental Figure S5. Cell-specific rescue and mutational analysis of gcy-22.

To test the cellular focus of action of gcy-22, we attempted to rescue its mutant phenotype by
driving gcy-22 expression in transgenic animals under the control of heterologous drivers in
ASER only, in ASEL only and in both ASEL and ASER.
(a) Diagram of gcy-22 genomic locus and rescue constructs. Grey bars at 3’ end of fragments
denote the unc-54 3’UTR.
(b) Rescue of gcy-22 chemotaxis phenotypes by transgenic constructs. Color coding
indicates ASER-sensed cues (blue shades) or ASEL-sensed cues (red shades). Wild-type
and gcy-22 data are repeated for side-by-side comparison. ASER-specific expression (gcy-5
promoter) restored sensitivity to the ASER-sensed Cl-, Br-, and I- ions, but not to the ASELsensed Li+ or Mg2+ ions. The defective Li+ or Mg2+ response could not be rescued by ASER-,
ASEL- (gcy-7) or ASEL+ASER-specific (8xASEmotif) expression of gcy-22, but could be
rescued by a genomic copy of the gcy-22 locus. Therefore, whereas gcy-22 acts in ASER to
mediate ASER responses to all tested ASER-sensed cues, it may be acting in cells other
than the ASEL/R neurons to contribute to Mg2+ or Li+ chemotaxis. We note that the inability of
ASEL-expressed GCY-22 to rescue defective Cl-/Br-/I- chemotaxis demonstrates that even
though GCY-22 is required for response to the ions, GCY-22 is alone not sufficient to enable
a cell (ASEL) to respond to these ions. Each bar represents mean ± s.e.m. of at least three
independent assays. For data from transgenic lines, results from a single representative line
are presented, but in all cases at least two additional transgenic lines showed similar results.
Chemotaxis to Br- and I- was not determined in line expressing gcy-22 genomic fragment.
8
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Differences between wild-type and experimental conditions were assessed using a two-tailed
Student’s t-test. Bonferroni correction requires p < 0.0102 for significance, which is met in all
differences marked as significant (**p < 0.01, ***p < 0.001).
(c) Effect of gcy-22 domain deletions on the ability of transgenic gcy constructs to rescue the
chloride chemotaxis defects of gcy-22 null mutants. Expression of a construct in which the
extracellular RFLBR domain of the protein was deleted in ASER in a gcy-22 mutant
background did not restore chemotaxis to Cl-. To control for the possibility that a large
deletion of the protein could have a destabilizing effect on protein structure or localization, we
fused gfp to the C-terminus of the mutated protein to directly visualize its expression and
localization within ASER. Examination of animals expressing this fusion protein revealed that
it does localize to the sensory cilia of ASER, in a pattern similar to that of wild-type GCY-22
(see panel d). We also tested the importance of the extracellular domain by swapping this
domain with that of a related extracellular domain from another transmembrane gcy, ODR-1,
which is normally expressed in AWC olfactory neurons [13]. Expression of this construct in
ASER also failed to rescue chemotaxis to a Cl- gradient. We thus conclude that the
extracellular domain plays a critical role in the ability of the GCY-22 protein to mediate salt
chemotaxis, and that this domain likely contains features that allow it to respond to particular
ligands, either directly or via coupling to some other ligand-specific receptor system. To test
whether the guanylate cyclase domain is required for GCY-22 function, we generated a
construct in which this domain is deleted. This deletion does not alter the localization of the
protein (see panel d). Expression of gcy-22 lacking its cyclase domain failed to restore Clchemotaxis in gcy-22 mutant animals, providing strong evidence that the guanylate cyclase
function of gcy-22 is critical for it to contribute to chemosensory signaling in ASER.
Each bar represents mean ± s.e.m. of at least four independent assays. For data from
representative transgenic lines similar results were seen in at least four additional lines.
Diagram below depicts gcy-22 mutational analysis constructs and associated translational gfp
reporters. Downward pointing carets indicate regions that were deleted. Bonferroni correction
requires p < 0.0127, which is met in all differences marked as significant.
(d). Localization of gcy-22 and deletion derivatives. Constructs are as shown in panel c, with gfp
appended to the C-terminus of each construct. Micrographs are close-ups of the anterior tip of the
worm head. In each panel, dotted line outlines boundary of head of worm, and arrows point to
punctate localization at the anterior tip of the ASER dendrite.
9
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Supplemental Figure S6. Rescue analysis for gcy-1, gcy-4 and gcy-6.
(a) Cell-specific rescue of the gcy-1 mutant phenotype. Attraction is restored in animals
carrying a transgene in which a gcy-1 genomic DNA piece is expressed behind the ASERspecific gcy-5 promoter, but not when expressed behind the ASEL-specific gcy-7 promoter.
Each bar represents the mean ± s.e.m. of seven independent assays. Differences between
wild-type and experimental conditions were assessed using a two-tailed Student’s t-test.
Bonferroni correction requires p < 0.0169 for significance, which is met in all differences
marked as significant (**p < 0.005). Two additional lines show similar results.
(b) Rescue of gcy-6 chemotaxis phenotypes. Transgenic gcy-6(tm1653) animals with a wildtype copy of the genomic gcy-6 locus were tested for chemotaxis on Mg2+ gradients. Each
bar represents the mean ± s.e.m. of at least five independent assays. Differences between
chemotaxis of wild-type and mutant or transgenic animals were assessed using a two-tailed
Student’s t-test. Bonferroni correction requires p < 0. 0253 for significance, which is met in all
differences marked as significant (***p < 0.001). One additional independent line expressing
a gcy-6 genomic fragment showed similar rescue of the mutant phenotype (data not shown).
(c) Rescue of gcy-4 chemotaxis phenotypes. Transgenic gcy-4(tm1653) animals with a wildtype copy of the gcy-4 locus (ASER-promoter of gcy-4 + exon/introns) were tested for
chemotaxis on Br- and I- gradients. Each bar represents the mean ± s.e.m. of at least three
independent assays. Differences between chemotaxis of wild-type and mutant or transgenic
animals were assessed using a two-tailed Student’s t-test. Bonferroni correction requires p <
0. 0253 for significance, which is met in all differences marked as significant (*p < 0.05, **p <
0.01). In total, 5 independent lines were tested, three of which showed rescue of the gcy-4
chemotaxis defects (data not shown).
Supplemental Figure S7. Cell-specific rescue and mutational analysis of gcy-14.

(a) Diagram of gcy-14 genomic locus and rescue constructs. Grey bars at 3’ end of fragments
denote the unc-54 3’UTR. Downward pointing carets indicate regions that were deleted.
(b) Sodium chemotaxis of wild-type, gcy-14(pe1102) and various transgenic animals, as
indicated. Conditions are as in Fig.1. Constructs that either lacked the extracellular domain or
the cyclase domain of gcy-14 are unable to rescue the gcy-14 mutant phenotype. We also
engineered a mutation into the GCY-14 protein (N1058S) which tests whether GCY-14
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heterodimerizes. The mutation is based on the assumption, suggested by the structure of
adenylyl cyclases, that the catalytic site in dimeric GCY proteins is generated by the interface
between both subunits of the dimer [14]. An asparagine to serine mutation in this site would
completely disrupt activity if the protein forms a homodimer, but if it forms a heterodimer,
catalytic activity may still be preserved [14]. We find that GCY-14(N1058S) protein indeed
retains activity, which is consistent with its forming a heterodimer. Each bar represents the
mean ± s.e.m. of at least six independent assays. Differences between chemotaxis of wildtype and mutant/transgenic lines were assessed for significance using a two-tailed Student’s
t-test. Bonferroni correction requires p < 0.0085 for significance, which is met in all
differences marked as significant (**p < 0.01). Similar results were seen in at least two
additional transgenic lines for each construct.
Supplemental Figure S8: Double gcy mutant analysis
Each bar represents the mean ± s.e.m. of at least three independent assays. Differences
between chemotaxis of single and double mutants were assessed for significance using a
two-tailed Student’s t-test. Bonferroni correction requires p < 0.0169 for significance, which is
met in all differences marked as significant (*p < 0.05, **p < 0.01, ***p < 0.001).
Supplemental Figure S9. ASE in vivo calcium imaging responses to salt taste cues gcy-

22 mutants.
Calcium responses of wild-type animals (black) are taken from Fig.2 for comparison. n>10.
Conditions were as shown in Fig.2.
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Chapter 3

This chapter is in the form of a manuscript that has been submitted to Genetics. There were
several collaborators that made key contributions to this endeavor. Linjaio Luo, a thoughtful
postdoc from Aravi Samuel’s lab did all the thermotaxis tracking assays (Figure 9). They both
provided valuable input on the manuscript. Damien O’Halloran provided the che-6prom::gfp line
(Figure 7D). Dagang Guo and Xin-Yun Huang carried out the biochemical assays (Supplemental
Figure 1). These three elements provided some key points for this paper and I am grateful for the
contributions of these collaborators. In this chapter I present evidence of the molecular
mechanisms of taste and cyclic-GMP mediated sensory signal transduction.
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ABSTRACT
Cyclic GMP is a key secondary messenger used in signal transduction in various types of
sensory neurons. The importance of cGMP in the ASE gustatory receptor neurons of the
nematode C. elegans was deduced by the observation that multiple receptor-type guanylyl
cyclases (rGCs), encoded by the gcy genes, and two presently known cyclic nucleotide-gated ion
channel subunits, encoded by the tax-2 and tax-4 genes, are essential for ASE-mediated
gustatory behavior. We describe here specific mechanistic features of cGMP-mediated signal
transduction in the ASE neurons. First, we assess the specificity of the sensory functions of
individual rGC proteins. We have previously shown that multiple rGC proteins are expressed in
a left/right asymmetric manner in the functionally lateralized ASE neurons and are required to
sense distinct salt cues. Through domain swap experiments among three different rGC proteins,
we show here that the specificity of individual rGC proteins lies in their extracellular domains
and not in their intracellular, signal-transducing domains. Furthermore, we find that rGC proteins
are also sufficient to confer salt sensory responses to other neurons. Both findings support the
hypothesis that rGC proteins are salt receptor proteins. Second, we identify a novel, likely
downstream effector of the rGC proteins in gustatory signal transduction, a previously
uncharacterized cyclic nucleotide-gated (CNG) ion channel, encoded by the che-6 locus. che-6
mutants show defects in gustatory sensory transduction that are similar to defects observed in
animals lacking the tax-2 and tax-4 CNG channels. In contrast, thermosensory signal
transduction, which also requires tax-2 and tax-4, does not require che-6, but requires another
CNG, cng-3. We propose that CHE-6 may form together with two other CNG subunits, TAX-2
and TAX-4, a gustatory neuron-specific heteromeric CNG channel complex.

INTRODUCTION
The identification and subsequent molecular characterization of mutant Caenorhabditis
elegans strains defective in sensing specific environmental parameters has revealed many
components of signal transduction pathways in sensory neurons (BARGMANN 2006; SENGUPTA
2007). Among the genes identified by mutant analysis are those coding for several distinct
cGMP-generating guanylyl cyclases (GCs), cGMP-dependent protein kinase as well as cyclic
nucleotide-gated (CNG) channels (BIRNBY et al. 2000; CHEUNG et al. 2004; COBURN and
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BARGMANN 1996; DANIELS et al. 2000; GRAY et al. 2004; INADA et al. 2006; KOMATSU et al.
1996; L'ETOILE and BARGMANN 2000; ORTIZ et al. 2009; PRADEL et al. 2007). These genes are
expressed in different types of sensory neurons and are required for sensation of odorants,
gustatory cues, temperature, bacterial pathogens and ambient oxygen levels. cGMP has therefore
emerged as a key signal transducer for various sensory modalities.
While the cGMP dependence of many sensory systems is now well established, sensory
receptors that trigger the cGMP-dependent signaling cascades are only well characterized only
for some, but not all sensory modalities. In C. elegans, seven transmembrane olfactory receptors
as well as photoreceptors couple to GCs and CNGs via heterotrimeric G proteins (BARGMANN
2006; LIU et al. 2010). How other cGMP-dependent sensory modalities, such as taste or
temperature, are coupled to GCs and CNGs is not understood simply because the respective
receptor systems have not been well defined.
Taste is often categorized into five modalities: sweet, bitter, salty, sour, and umami (the
taste of glutamate or amino acids). In vertebrates and invertebrates, sweet, bitter, and umami
tastes are thought to be sensed by specific types of GPCRs (SCOTT 2005). However, the
receptors for salt are less clearly defined. No salt-sensing GPCR has yet been identified. Rather,
two other types of molecules, ENaC-type and TRP-type ion channels, are thought to be involved
in salt perception, at least in vertebrates (CHAUDHARI and ROPER 2010). However, vertebrate
ENaC channels are sodium selective, yet worms sense distinct types of salt cations and anions
(ORTIZ et al. 2009; WARD 1973); moreover, amiloride does not block the behavioral response of
C. elegans to NaCl (HUKEMA 2006). The role of TRP channels in salt sensation could not be
confirmed with mouse models (RUIZ et al. 2006), indicating that salt receptor molecules remain
to be identified.
The ASE neurons, consisting of a pair of morphologically symmetric cells (ASEL and
ASER) are the main taste receptor neurons in C. elegans. Laser ablation analysis demonstated
that they are required to process a variety of distinct taste cues, including amino acids, salts and
other small molecules (BARGMANN and HORVITZ 1991). Many and perhaps all of the cues that
are processed by the ASE neurons are sensed in a left/right asymmetric manner and also trigger
distinct outputs (ORTIZ et al. 2009; PIERCE-SHIMOMURA et al. 2001; SUZUKI et al. 2008). For
example, sodium ions are sensed by the ASEL neuron and trigger run behavior upon increases in
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sodium concentration, while chloride ions are sensed by the ASER neuron and trigger turning
behavior upon decreases in chloride concentration (SUZUKI et al. 2008). Previous genetic
analyses have identified two CNG channel subunits, encoded by the ASEL/R-expressed tax-2
and tax-4 genes, as being required for all ASE-mediated sensory processes (COBURN and
BARGMANN 1996; KOMATSU et al. 1996). Moreover, we have previously shown that cGMPgenerating, receptor-type guanylyl cyclase (rGC) proteins, encoded by the gcy genes, are
required for sensing a number of distinct salt ions (ORTIZ et al. 2009). Curiously, with almost 30
representatives, rGC-encoding gcy genes have significantly expanded in Caenorhabditis
genomes and almost one third of them are expressed in a left/right asymmetric manner in the
ASEL and ASER neurons (ORTIZ et al. 2006).
Genetic loss of function analysis has shown that specific gcy genes endow ASEL and
ASER with the ability to sense specific distinct salt ions (Figure 1A)(ORTIZ et al. 2009). For
example, ASER-expressed gcy-1 is required to efficiently respond to potassium, but not other
salt ions, while gcy-4 is required for animals to respond efficiently to bromide and iodide ions
(ORTIZ et al. 2009). The sensory modality-specific function of gcy genes was unanticipated since
work in other systems (e.g. the vertebrate retina (KOCH et al. 2002) or worm olfactory and
photosensory neurons; (BARGMANN 2006; LIU et al. 2010)) suggests that rGC proteins may only
serve as intermediary signal transducers that are activated by sensory modality-specific GPCRs
through G proteins to then produce cGMP. The observation that individual C. elegans rGC
proteins act to transduce specific salt sensory information within the ASE neurons suggest the
intriguing possibility that transmembrane rGC proteins themselves may serve as salt receptor
proteins. Receptor functions for rGC proteins are indeed well characterized in the vertebrate
system, though not in sensory function. Rather, vertebrate rGC proteins act as receptors for small
peptides in several distinct tissue types; these peptides stimulate the intracellular rGC activity of
the receptor protein (POTTER 2011; WEDEL and GARBERS 2001).
In this paper, we further investigate the hypothesis that C. elegans rGC proteins may
themselves be salt receptors. To address this hypothesis, we asked whether the specificity in rGC
function lies in their extracellular domain, as one would expect if they were receptor proteins, or
whether specificity lies in their intracellular domain. The latter would be consistent with a
possibility in which different rGC proteins couple to distinct upstream signaling inputs. We also
test whether their ectopic expression in other sensory neurons endows these neurons with the

60
capacity to respond to specific salt ions.
In an attempt to shed more light on rGC-mediated signal transduction in the ASE
neurons, we also determined the molecular identity of a novel regulator of gustatory signal
transduction, encoded by the che-6 gene. che-6 was identified as a chemotaxis mutant more than
30 years ago (LEWIS and HODGKIN 1977). We find that che-6 encodes a CNG channel that likely
acts directly downstream of rGC proteins. While this CNG is required for ASE salt transduction,
it is not required for the transduction of several other sensory cues in other sensory neurons, in
which we implicate instead a previously uncharacterized cng gene, cng-3.

MATERIAL AND METHODS

Mutant alleles
che-5(e1073)IV, che-6(e1126)IV, che-7(e1128)V (LEWIS and HODGKIN 1977), gcy-22(tm2364)V,
gcy-4(tm1653)II, gcy-1(tm2669)II (ORTIZ et al. 2009), che-1(ot66)I, cng-3(jh113)IV (CHO et al.
2004), tax-2(ot25)I (SARIN et al. 2007), tax-4(p678)III (DUSENBERY et al. 1975), che6(tm5036)IV kindly provided by Shohei Mitani, National Bioresource Project, Japan, che7(ok2373)V kindly provided by the Oklahoma and Vancouver C. elegans knock out consortium.

DNA constructs for transgenic line construction
A list of transgenic lines can be found in the Supplementary Material.
Expression wildtype and chimeric GCY receptors: The full length rescue constructs (gcy1(tm2669)II otEx5076 , gcy-4(tm1653)II otEx5101, gcy-22(tm2364)V otEx5120) for gcy-1, gcy4, and gcy-22 respectively were made by using a PCR fragment covering the entire gene locus
and injected into the gcy-1, gcy-4, and gcy-22, respectively, mutant background as a simple array
at 15 ng/µL with 5 ng/µL elt-2::gfp as a co-injection marker.
Chimera constructs were made by fusing PCR fragments from N2 genomic DNA that
encode the extracellular domain and transmembrane domain of one GCY to the intracellular
domain of another. Domains were predicted at with the SMART server (LETUNIC et al. 2012).
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The junction sites for the individual GCY proteins are:
GCY-1: .....[.... LIMIIGCLCVI]transmembrane[GKRAERARI.....]intracellular
GCY-4: .....[....AIAVTILILLAIII]transmembrane [CMSSKIRNRR...] intracellular
GCY-22: .....[....AAALVLIIAVISTI]transmembrane [VFLVRSKRQE...] intracellular
The resulting chimeric PCR products was then subcloned into pPD95.75 with the ASER-specific
gcy-5 promoter (containing the sequence 305 bp upstream of the gcy-5 translational start site)
using the restriction sites, added onto the PCR primers (noted below). The sites were designed to
allow removal of GFP from the vector. Chimeras containing the extracellular domain of a
specific GCY protein were injected into animals mutant for the respective gcy gene (at 25 ng/µL
of DNA as a simple array together with 50 ng/µL of the elt-2::gfp marker). Three lines were
scored for chemotaxis behavioral rescue and subsequently crossed into the gcy mutant
background that matches the intracellular domain of the respective chimera, and then tested for
rescue of behavioral phenotypes. The gcy mutant genotypes were followed by PCR. Plasmids are
as follows:
pHKS015: gcy-5prom::gcy-4Extra(aa1-aa518)::gcy-22Intra(aa462-aa1012)], cloned into pPD95.75, using
KpnI/EcoRI, injected into gcy-4(tm1653) and crossed into gcy-22(tm2364). Array names:
otEx5102-otEx5104.
pHKS016 [gcy-5prom::gcy-22Extra(aa1-aa461)::gcy-4Intra(aa519-aa1143)], cloned into pPD95.75, using
AgeI/EcoRI, injected into gcy-22(tm2364) and crossed into gcy-4(tm1653). Array names:
otEx5105-otEx5107.
pHKS017 [gcy-5prom::gcy-4Extra(aa1-aa518)::gcy-1Intra(aa520-aa1137)] , cloned into pPD95.75, using
KpnI/EcoRI, injected into gcy-4(tm1653) and crossed into gcy-1(tm2669). Array names:
otEx5086-otEx5088.
pHKS018 [gcy-5prom::gcy-1Extra(aa1-aa519)::gcy-4Intra(aa519-aa1143)] , cloned into pPD95.75, using
AgeI/EcoRI, injected into gcy-1(tm2669) and crossed into gcy-4(tm1653). Array names:
otEx5083-otEx5085.
pHKS019 [gcy-5prom::gcy-1Extra(aa1-aa519)::gcy-22Intra(aa462-aa1012)] , cloned into pPD95.75, using
AgeI/EcoRI, injected into gcy-1(tm2669) and crossed into gcy-22(tm2364). Array names:
otEx5077-otEx5079.
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pHKS020 [gcy-5prom::gcy-22Extra(aa1-aa461)::gcy-1Intra(aa520-aa1137)] , cloned into pPD95.75, using
AgeI/EcoRI, injected into gcy-22(tm2364) and crossed into gcy-1(tm2669). Array names:
otEx5080-otEx5082.
Pansensory heterologous expression: These constructs were generated by using a PCR
fragment covering the length of each gcy gene from N2 genomic DNA and subcloned into
pPD95.75 containing the osm-6 promoter (containing sequences 2083 bp upstream of the osm-6
locus, relative to its translational start site) using the specific insertion sites noted below that
removed the GFP from the vector. In both cases the DNA was injected at 25 ng/µL as a simple
array and either elt-2::DsRed or elt-2::gfp was used as a co-injection marker at 50 ng/µL.
pHKS013: osm-6prom::gcy-4, cloned into pPD95.75 using KpnI/EcoRI. Array names: otEx5067otEx5069.
pHKS014: osm-6prom::gcy-22, cloned into pPD95.75 using AgeI/EcoRI. Array names: otEx5070otEx5072.
Transformation rescue: For che-7 rescue, fosmid WRM0620bH04 was injected into che7(e1128) animals at 5 ng/ µL, 3 ng/µL elt-2::gfp as a co-injection marker as well as 130 ng/µL
genomic bacterial array (array name: otEx5063). The che-6 mutant phenotype was rescued with a
genomic DNA clone and by expression with a cell-type specific promoter. For the genomic
rescue, the che-6 locus was amplified from coordinates 2103929-2111708 (103 bp before the
start site to 127 bp after the end of the last exon) by PCR and the PCR product was injected at 15
ng/µL with 5 ng/µL elt-2::gfp as a co-injection marker. Array names: otEx5064-otEx5066
che-6 forward: GAAGCCAGCATTGTCCTGAATG
che-6 reverse: CACTCCTATTACAGTCTGGTG
pHKS021 (ceh-36prom::che-6) was generated using the pPD95.75 vector containing
sequences 1852 bp upstream of the ceh-36 locus, relative to its translational start site. The full
length che-6 that was generated by PCR from genomic N2 DNA was inserted using the AgeI/
XhoI cut sites and the DNA was injected at 25 ng/µL as a simple array and 50 ng/µL of the elt2::gfp marker. Array names: otEx5154-otEx5156.
che-6 reporter gene: The che-6prom::gfp transcriptional reporter was made by PCR fusion
as described previously (HOBERT 2002). 772 bp of sequences upstream of che-6 were fused by
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PCR to a gfp::unc-543’UTR fragment using the two primers “che-6prom::gfp fusion forward”
(GGGCAAATTCTGTGAACCATATTCCT) and
“che-6prom::gfp fusion reverse” (GGAAACAGTTATGTTTGGTATATTGGG). The gfp::unc543’UTR fragment was PCR amplified from the plasmid pPD95.75. The resulting PCR fusion was
PCR purified and injected into wildtype (N2) animals at 80ng/ul alongside the co-injection
marker elt-2::gfp at 50ng/ul. The resulting transgenic array name is hanEx24.

Chemotaxis assays
Two types of chemotaxis assays were used: radial gradient assays and population assays.
A radial gradient assay was used if transgenic animals were scored so that individual transgenic
worms could be picked and assayed. In this assay, four animals were placed around the
circumference of a salt gradient 1 cm away from the peak formed by application of 10 uL of 1M
salt attractant spotted 14-16 hours before assay and a second 4 uL drop of 1M salt attractant
spotted 3-4 hours before assay. This assay is modified from previous single worm tracking
assays (PIERCE-SHIMOMURA et al. 2001).The plates used in this assay were identical to those
used in the population assays except for the concentration of the gradient. After the worms were
placed on the plate around the circumference of the gradient the recording started within 1
minute. Behavior was recorded continuously for 15 minutes using a USB microscope (GSI HighDefinition Scientific Digital LED Microscope) over the plate while the cover of the Petri dish
remained on to avoid drying. A circle of red LED lights around the plate illuminated the worms
while the assays were carried out in the dark to increase the contrast for scoring. The videos were
converted to Quicktime movies and subsequently scored for time spent within the peak of the
gradient. In this case the chemotaxis index (CI) was calculated as gradient tracking assay CI =
(time in seconds spent in the peak for 4 worms)/(total time). The total time was 3600 seconds to
account for 4 worms multiplied by the length of the assay (900 s). For these assays n represented
the average of two assays done in duplicate on the same day. Therefore n=1 represents the
average of 2 plates.
The population assay is based on a protocol described previously (CHANG et al. 2004;
ORTIZ et al. 2009), with some minor modifications. Buffered agar (20 g/L agar, 1 mM CaCl2, 1
mM MgSO4, 5 mM KPO4) similar to the plates worms are maintained on for routine usage were
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used as assay plates with the exception of a saturating concentration of 100mM NH4Ac added to
counteract the NH4 + and Ac− responses of individual ions. 10 cm diameter Petri dishes were
filled with 10 mL and allowed to cool for 1-3 hours. A salt gradient was established opposite a
control gradient (water) by adding 10 µL of 2.5 M salt solutions (adjusted to pH = 6 with either
NH4OH or acetic acid) to the attractant spot, and 10 µL of ddH2O to the control spot. After 12-16
hours an additional 4 µL of salt solution and ddH2O was added. After 4 hours the assays were
carried out by adding between 50-250 synchronized adult worms that had been washed 3 times
with M9 buffer. Using a glass Pasteur pipette the worms were transferred to the center of the
plate with minimal liquid. The remaining liquid was removed with a tissue so the worms were
using normal taxis across the plate and not swimming motion in remaining liquid. 2-5 minutes
before the worms are placed on the plate 2 µL of 1M sodium azide was added to the salt spot as
well as the control spot. The worms naturally disperse from the center point and explore the
plate. When wild-type worms encounter the salt gradient they move up the gradient and this
anesthetizes the worms and locks them into their position. The worms that moved across the
control spot by chance are accounted for in the equation for the chemotaxis index. The worms
were left at between 20-23 °C for exactly 1 hour before being placed at 4 degrees to be counted
the next day. The chemotaxis index (CI) was calculated as population assay CI = (# worms in
attractant - # worms in control) / (total # of worms). Worms that failed to move from the center
spot were not counted in the assay. Each n represented the average of two assays done in
duplicate on the same day. In this manner, a hypothetical n=1 represents 100-500 worms.
For odortaxis assay, we also used a population assay, essentially as previously described
(Colbert and Bargmann 1995). Specifically, we used Buffered agar (20 g/L agar, 1 mM CaCl2, 1
mM MgSO4, 5 mM KPO4) plates for the assays and placed synchronized worms between 50-100
at the center point. This assay is quite similar to the radial gradient population assay in that the
odortaxis test spot is placed diametrically opposite to the control spot. The sodium azide (2 µL of
1M) was added at the control and odor points. The worms are then allowed to explore the plate
for 1 hour at room temperature and the sodium azide acts to anesthetize the worms at each spot.
Because the assays tests for odor the droplets were placed on the cover of the plate and once the
worms were placed in the center the plate was intverted onto the cover. The benzaldehyde was
diluted to 1:200 in ethanol. The control spot placed opposite is of the odorant in this case is
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ethanol alone. The odortaxis index is calculated in the same manner as the population assays for
salt chemotaxis.

Statistical analyses
All statistical tests were completed GraphPad Prism 6.The data for all behavioral assays
of chemotaxis indices were represented as the mean ± standard error of the mean (SEM).
Comparisons were made using Student’s two-tailed t-test assuming equal variance when
comparing less than 5 groups. When more than 2 comparisons were made a correction factor was
utilized in the Student’s t-test to adjust the p-value for multiple comparisons. When testing more
than 5 comparisons a one-way ANOVA was used comparing the mean of each group with the
mutant mean and the Holm-Sidak correction was applied. The Holm-Sidak correction or
Bonferroni adjustment for multiple comparisons was used based on the number of comparisons
being made and the n value to minimize the elimination of false positive without creating false
negatives in the process.

Thermotaxis
Our linear thermal gradients apparatus is a larger and improved version of the one we
previously designed (RYU and SAMUEL 2002). Each end of an anodized aluminum slab
(24"x12"x1/4") was fixed at a specific temperature under thermal electric control (Oven
Industries). A 22cm x 22cm agar plate was placed in the middle of aluminum slab to establish a
linear thermal gradient of 18-22oC across the agar surface. In each assay, 15-20 young adult
worms raised at 20 oC were washed in NGM buffer (ref) before being released in the middle of
the agar surface (20 oC). Videos were captured using a CCD camera (Mightex Systems, BCEB050-U) at 2Hz for 20min.

Whole Genome Sequencing
We sequenced che-5, che-6 and che-7 mutant animals, obtained from the CGC, with an
Illumina GA2 genome analyzer. We used MAQGene for WGS data analysis (BIGELOW et al.
2009). After subtraction of background variants found in two other sequenced che strains (che-5,
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che-6 and che-7), we found six missense mutations on LGIV in the che-6(e1126), where che-6
had been previously mapped to ( located in inx-18, C23H5.7, gbb-2, Y52D5A.2, inx-7,
C46G7.3). No splice site or nonsense mutations were found. In the case of che-7(e1128) animals,
we identified one nonsense and 22 missense mutations. In che-5 mutants, we found 7 missense
mutations on LGIV and tested available alleles of several candidates that failed to mimic the
defective chemotaxis behavioral phenotype of che-5. We did not pursue this mutant further.

Heterologous expression and GC assays of GC proteins
GCY-4 and GCY-22 DNA fragments were synthesized in a human codon-optimized
manner, and were subcloned, together with an FLAG epitope, into pcDNA3.1 expression vector.
Constructs were transfected into CHO cells and the GC activity assay was performed as
previously described (GUO et al. 2007; GUO et al. 2009). Cells were cultured in growth medium
to ~95% confluency and were washed in a buffer containing 50 mM NH4Ac and 200 mM
sucrose pH 7 (plus 1 mM IBMX). Membrane preparations were made. 100 mM of NaCl, NaBr,
NaPO4, or NaI were used for treatment. After 20 min, the membrane preparations were lysed in
0.1 M HCl and assayed for cGMP concentration using Direct cGMP EIA Kits (NewEast
Biosciences,PA,USA).
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RESULTS

Chimeric GCY receptor experiments demonstrate that specificity of rGC function lies in
the extracellular domain
Figure 1B shows the general structure of receptor-type rGC proteins. They contain a
large extracellular domain and many rGC proteins show similarity in this domain to small ligand
binding bacterial proteins (“RFLBR domain” = receptor family ligand-binding region). On the
intracellular side, rGC proteins contain a protein kinase-like domain and a cyclase domain. We
chose to analyze the requirement of the extracellular and intracellular domain for the specific
function of three different rGC proteins, GCY-1, GCY-4 and GCY-22. GCY-1 is expressed in
ASER, not ASEL and is required for an efficient response to potassium ions, but not other
ASER-sensed ions (ORTIZ et al. 2006; ORTIZ et al. 2009). GCY-4 is required for an efficient
response to bromide and iodide ions, but not other ASER-sensed ions (ORTIZ et al. 2006; ORTIZ
et al. 2009). GCY-22 is required for the processing of all ASER-sensed ions and is thought to be
a common subunit of the normally dimeric rGC proteins (ORTIZ et al. 2009). As indicated in
Figure 1C, we generated chimeric expression proteins in which the intra- and extracellular
domains of all three proteins are swapped in all possible combinations. We generated stable
transgenic lines that express each of these constructs, as well as wildtype controls, using the
ASER-specific gcy-5 promoter. We then crossed transgenic lines into gcy-1, gcy-4 and gcy-22
mutant backgrounds to ask which of these constructs rescue the respective mutant phenotype.
We find that the potassium response defect in gcy-1 mutant animals is rescued by gcy1Extra::22 Intra (extracellular domain of GCY-1, intracellular domain of GCY-22) and by gcy-1
Extra

::4 Intra chimeras (three extrachromosomal lines each; Figure 2). In contrast, the gcy-1 defect

is not rescued by gcy-4 Extra::1 Intra or by gcy-22 Extra::1 Intra chimeras (three extrachromosomal
lines each; Figure 2). These results demonstrate that the specificity determinant of gcy-1
function resides in the extracellular domain of the GCY-1 protein.
The same theme is readily apparent upon the analysis of iodide response defect in gcy-4
mutant animals expressing various gcy-4 chimeric constructs. The gcy-4 defects are rescued by
gcy-4Extra::22 Intra and by gcy-4 Extra::1 Intra chimeras (three extrachromosomal lines each; Figure
3). In contrast, no rescue is observed in gcy-4 mutants expressing the gcy-22 Extra::4 Intra or by
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gcy-1 Extra::4 Intra chimeras (each three extrachromosomal lines; Figure 3).
Lastly, the chloride response defect of gcy-22 mutant animals (only observed in gcy-22,
but not gcy-1 or gcy-4 mutant animals) is rescued by gcy-22Extra::1 Intra and by gcy-22Extra::4 Intra
chimeras, but not by gcy-1

Extra

::22

Intra

or by gcy-4

Extra

::22

Intra

chimeras (three

extrachromosomal lines each; Figure 4A). This result is in accordance with all other chimera
experiments, again showing that the specificity of rGC protein function resides in their
extracellular domains.
In contrast to GCY-4 (involved in iodide response, but not potassium or chloride
response) and GCY-1 (involved in potassium response, but not iodide or chloride response),
GCY-22 is involved in the response to chloride, potassium and iodide (ORTIZ et al. 2009). We
therefore asked whether the involvement of GCY-22 in the iodide response is, like the response
to chloride, dependent on the extracellular domain of GCY-22 or whether in this case, the
extracellular domain of iodide-sensing GCY-4 could substitute for the extracellular domain of
GCY-22. We find that in this case it is again the extracellular domain of GCY-22 that is required
to rescue the gcy-22 mutant phenotype (Figure 4B). A chimera with the extracellular domain of
GCY-4, even though required to rescue the iodide defects of gcy-4 mutants, is not able to
substitute for GCY-22 function (Figure 4B).

GCY-4 and GCY-22 are sufficient to impose salt responsiveness onto other neuron types.
If rGC proteins were indeed direct chemoreceptors, misexpression of rGC proteins in
other neuron types should confer salt responsiveness to these neurons. To test this possibility, we
pursued the following strategy. We used the che-1 genetic mutant background in which the
development and function of the ASE neurons is abrogated (ETCHBERGER et al. 2007; UCHIDA et
al. 2003). che-1 mutant animals are unable to respond to salt cues (Figure 5). We then attempted
to restore salt responsiveness by misexpressing rGC proteins in all other worm sensory neurons,
using the osm-6 promoter. Because of the absence of ASE (che-1 mutant background), these
animals will only be able to respond to salt cues if any other sensory neuron is now able to
confer salt responsiveness. We chose specifically the osm-6 promoter because it is also active in
all sensory neurons, including ASE (COLLET et al. 1998), therefore allowing us to test through
mutant rescue assays whether the expression construct indeed produces functional protein, as
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detailed below. We also anticipated that a broadly expressed promoter may hedge our bets to hit
a neuron that could provide a functional response.
We used the GCY-4 protein, which is normally required for bromide and iodide response
and the presumed common subunit GCY-22. We generated transgenic animals that express a
chromosomally integrated osm-6prom::gcy-4 expression construct. We confirmed that this
transgene produces functional protein by its ability to rescue the iodide response defect of gcy-4
mutant animals (Figure 5A; note that this controls illustrates the usefulness of the osm-6
promoter). We then transferred the array from the gcy-4 mutant background into a che-1 mutant
background. che-1; Is[osm-6prom::gcy-4] animals are unable to respond to bromide/iodide,
suggesting that gcy-4 alone is not sufficient to confer bromide/iodide responsiveness (Figure
5C). Similarly, we generated animals with an extrachromosomal array that contains a osm6prom::gcy-22 expression construct. We confirmed that this transgene is able to rescue the iodide
response defect of gcy-22 mutant animals (Figure 5B) and then transferred the array from the
gcy-22 mutant background into the che-1 background. Like che-1; Is[osm-6prom::gcy-4] animals,
che-1; Ex[osm-6prom::gcy-22] animals are also not able to respond to iodide (Figure 5C).
However, when we crossed the Is[osm-6prom::gcy-4] and Ex[osm-6prom::gcy-22] transgenes
together, again in the context of a che-1 mutant background, we find that the resulting double
transgenic che-1; Is[osm-6prom::gcy-4]; Ex[osm-6prom::gcy-22] animals are able to respond to
iodide (Figure 5C). These results demonstrate that gcy-4, in combination with gcy-22, is capable
of imposing iodide responsiveness to other sensory neuron types and are consistent with GCY4/GCY-22 constituting a heteromeric iodide receptor complex.
We note that it is surprising that pansensory expression of GCY-4/GCY-22 with the osm6 driver permits salt attraction since the activation of a number of sensory neurons (e.g. AWB,
ASH or ADL) are thought to mediate repulsive behavior. Perhaps any potential repulsive
response of these neurons is overwhelmed by the expression of GCY-4/22 in attractive neurons.
Also, GCY-4/22 may only be appropriately transported in some but not other neurons. We did
not pursue any of these possibilities since the only purpose of this experiment was to evoke gcy4/gcy-22-dependent responses. However, we did try one single cell specific reconstitution
experiment, by expressing gcy-22 specifically in the AWC olfactory neurons in a transgenic
background that expresses gcy-4 under the osm-6 promoter. These two transgenes, which
reconstitute GCY-4/GCY-22 exclusively in AWC, were not capable of rescuing the che-1 mutant
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phenotype (data not shown).
Lastly, we attempted to measure salt-inducible GCY protein activity in heterologous cell
culture assays (GUO et al. 2007; GUO et al. 2009). We co-expressed GCY-4 and GCY-22
proteins in Chinese hamster ovary (CHO) cells and tested whether guanylyl cyclase activity
could be directly stimulated by bromide, chloride, or sodium. No significant stimulations were
observed (Suppl. Figure 1), but given the negative nature of these results, they cannot rule out
that GCY-4/GCY-22 constitute a bromide/iodide receptor complex.
In conclusion, pansensory GCY-4/GCY-22 expression is able to restore iodide attraction
of animals that contain no functional ASE neuron which supports, but does not ultimately prove
the notion that GCY-4/22 form a functional iodide receptor.

che-6 is a cyclic nucleotide gated ion channel likely acting as an effector of rGC proteins in
the ASE neurons

To identify additional molecules involved in rGC-mediated gustatory signal transduction
in the ASE neurons, we determined the molecular identity of two as yet uncloned chemotaxis
(che) mutants, che-6 and che-7, using whole genome sequencing (WGS). che-6 and che-7 were
isolated in screens for mutants unable to respond to sodium and chloride ions (LEWIS and
HODGKIN 1977) but have not since been further analyzed. We find that che-7 mutant animals
carry a mutation in inx-4, which codes for a gap junction component broadly expressed in the
nervous system (Figure 6A-C). Based on its molecular identity and expression pattern (several
head neurons, but not ASE; (ALTUN et al. 2009)), this gene likely acts downstream of primary
signal transduction events and we did not pursue its characterization any further. In contrast, we
find che-6 to indeed code for another gustatory signaling component and we therefore chose to
focus on the characterization of che-6.
Specifically, we found through WGS that the previously identified che-6(e1126)IV strain
bears mutations in six different coding loci on chromosome IV, one of them a mutation in the
previously uncharacterized cng-4/C23H5.7 gene (Material and Methods; Figure 7A,B), which
encodes a predicted cyclic nucleotide-gated ion channel. The e1126 mutation is a missense
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mutation in the nucleotide-binding domain (Figure 7A,B). The chemotaxis defect of che6(e1126)IV can be rescued by supplying a piece of genomic DNA that contains the wildtype
copy of the cng-4 locus (Figure 8A). Animals carrying a deletion allele, tm5036, that removes
the critical cyclic nucleotide-binding domain of the cng-4 gene, kindly provided by Shohei
Mitani and the National Bioresource Project of Japan, show the same phenotype as the che6(e1126) mutant animals (Figure 8A). From here on we refer to cng-4 as che-6.
The C. elegans genome codes for a total of six predicted CNG channels (KAUPP and
SEIFERT 2002). Sequence analysis indicates that one of them, tax-4, is a homolog of the alphatype subunit of CNGs, while another one, tax-2, is a beta-type subunit (Figure 7C)(KAUPP and
SEIFERT 2002). Both tax-2 and tax-4 have been extensively characterized in terms of function
and expression (COBURN and BARGMANN 1996; KOMATSU et al. 1996). The four remaining
CNGs are more divergent but have a somewhat greater overall sequence similarity to the alpha
type, based on the sequence comparison of the entire proteins or individual domains (Figure 7C;
Suppl. Figure 2). However, only two of the four proteins, CNG-1 and CNG-3, contain a
negatively charged amino acid in the ion-conducting pore, which is a characteristic feature of
alpha subunits. Three of them, CNG-1, CNG-2 and CNG-3, contain leucines in their extreme Ctermini that are predicted to form coiled coils, another defining feature of alpha subunits.
Whether any of these four proteins fulfill the classic definition of an alpha subunit of being able
to assemble ion-conducting channels on their own, remains to be shown.
Deletion alleles of two of the four divergent CNGs, cng-1 and cng-3, have been
functionally characterized previously, showing no defects in salt chemotaxis and olfaction,
respectively (CHO et al. 2005; CHO et al. 2004). The remaining two CNGs, cng-2 and che-6
(previously called cng-4), have not been functionally characterized to date.

che-6 is expressed and functions in ASE
Sensory neuron-specific expression profiles in subsets of amphid neuron pairs have
previously been described for tax-2, tax-4, cng-1 and cng-3 (CHO et al. 2005; CHO et al. 2004;
COBURN and BARGMANN 1996; KOMATSU et al. 1996), but not for cng-4/che-6. We generated a
che-6 reporter gene fusion that contains 722 nucleotides upstream of the start codon and that
encompasses all intergenic sequences to the next upstream gene (schematically shown in Figure
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7A). This intergenic region contains a putative cis-regulatory motif, the "ASE motif"
(GAAGCC) which is found in many genes expressed in the ASE neurons and is a binding site
for the terminal selector transcription factor che-1 (ETCHBERGER et al. 2007). We found that this
reporter is expressed weakly in approximately five neuron pairs, one of them the ASE neuron
pair (Figure 7D).
To corroborate the cellular focus of che-6 action, we expressed the che-6 locus in che-6
mutant animals under control of the ceh-36 promoter, which is active in the ASE gustatory
neurons and the AWC olfactory neurons (LANJUIN et al. 2003). We find that two out of three
lines show rescue of the che-6 mutant chemotaxis phenotype (Figure 8B), indicating that che-6
acts in the ASE neurons to control chemosensory behavior.

che-6 affects gustatory, but not olfactory or thermosensory behavior and cng-3 affects
thermosensory behavior
We tested the effect of loss of che-6 on additional sensory modalities. We examined salt
chemotaxis which is primarily mediated by the ASE neurons (as done previously by Lewis and
Hodgkin, but now done with different assays)(LEWIS and HODGKIN 1977), thermotaxis primarily
mediated by the AFD thermosensory neurons (MORI and OHSHIMA 1995) and olfactory attraction
mediated by the AWC sensory neurons (BARGMANN et al. 1993). We confirmed that che-6
mutant animals are defective in salt chemotaxis as determined by our chemotaxis assay system
(Figure 8C). Salt chemotaxis defects extend to ions sensed by either ASEL (sodium) or ASER
(chloride)(Figure 8C). However, we found that che-6 mutants show no defects in AWCmediated olfactory behavior (Figure 8D), and no defects in thermotaxis behavior (Figure 9;
Suppl. Figure 3).
While we observed no thermotaxis defects in che-6 mutants, we observed thermotaxis
defects in animals lacking the cng-3 gene (Figure 9; Suppl. Figure 3), which was previously
shown to be expressed in the AFD thermosensory neurons (CHO et al. 2004). Since tax-2 and
tax-4 channels also show defects in both thermotaxis and salt chemotaxis (KOMATSU et al.
1996)(Figure 9; Suppl. Figure 3), these findings suggest that che-6 and cng-3 form sensory
modality specific subunits with the more broadly acting tax-2 and tax-4 (see Discussion).
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DISCUSSION

Mechanisms of salt sensation – the rGC proteins
In combination with our previous work (ORTIZ et al. 2009), this work has provided
genetic evidence in support of the notion that rGC proteins may work as direct receptors for salt
ions. We have shown previously through genetic loss of function analysis that individual gcy
genes are required for the efficient response of animals to specific salt ions, both on the level of
behavior as well as neuronal activity (ORTIZ et al. 2009). We have extended these observations
here by showing (a) that the ion-selectivity in rGC protein function lies in their extracellular
domain and (b) that rGC proteins can confer salt responsiveness to other sensory neurons.
GCY-1 and GCY-4 may operate as direct sensors of potassium and iodide, respectively.
GCY-22 may operate as a direct sensor of chloride. The involvement of GCY-22 in iodide and
potassium sensation, for which the extracellular domain is again essential, may lie in GCY-22
being a common subunit for the usually hetero- or homodimeric rGC proteins, as previously
speculated (ORTIZ et al. 2009). That is, GCY-22 may form a heterodimeric iodide receptor with
GCY-4, a heterodimeric potassium receptor with GCY-1 and it may form a heterodimeric
chloride receptor with an as yet uncharacterized GCY subunit. Since none of the other presently
known ASE-expressed GCY proteins are involved in chloride chemotaxis, it is also conceivable
that GCY-22 may constitute a homodimeric chloride receptor on its own.
A receptor function of rGCs, rather than a more intermediary, signal-transducing role, is
also consistent with the notion that gustatory sensory transduction in the ASE neurons appears
independent of GPCR signaling in which rGCs are normally embedded in as signaling
intermediates (BARGMANN 2006). A GPCR-coupling of rGCs is unlikely in ASE neurons since
ASE-mediated chemosensation is independent of all characterized heterotrimeric G proteins
(JANSEN et al. 1999; JANSEN et al. 2002), is independent of the GPCR-regulatory kinase GRK-2
(FUKUTO et al. 2004) and is independent of the ODR-4/ODR-8 GPCR trafficking system
(DWYER et al. 1998).
There are other rGCs that may operate as direct sensory receptors. Based on genetic loss
of function analysis, the three rGC proteins GCY-8, GCY-18, and GCY -23 are candidate
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thermosensors in the AFD thermosensory neurons (INADA et al. 2006; RAMOT et al. 2008;
WASSERMAN et al. 2011) and GCY-9 is a candidate carbon dioxide receptor (BRANDT et al.
2012; HALLEM et al. 2011). In none of these cases, however, has it been tested whether the
extracellular domains are dispensable for function, as it is the case for an rGC, ODR-1, in
olfactory signal transduction (L'ETOILE and BARGMANN 2000) or whether the extracellular
domains are required for function, as we show here for the gustatory rGCs. A direct receptor
function of rGC proteins would also be reminiscent of the function of soluble GCs (sGCs) as
direct sensory receptors for another ambient cue, oxygen. In this case, the ligand sensor domain
is a heme binding domain (CHEUNG et al. 2005; GRAY et al. 2004). Ligand binding activates the
cyclase resulting in cGMP production that in turn activates the TAX-2/TAX-4 CNG complex in
oxygen sensing neurons.
Biochemical studies showing that changes in salt concentration can activate cyclase
activity of the rGC proteins in a heterologous in vitro system would be the ultimate proof for
receptor function, but our attempts to detect sensory stimulus-induced activation have so far not
been successful. There are also no reports of in vitro activation of other candidate rGC sensory
receptors through defined sensory stimuli (such as the GCY-8,9,18,23 proteins mentioned
above). Our failure to detect salt-stimulated activity in vitro could be the result of several
different complications associated with correct expression, localization and folding of C. elegans
proteins in vertebrate cell culture or the absence of accessory subunits. In the absence of such
biochemical data, alternative scenarios for rGC function cannot be excluded. For example, the
extracellular domain of individual ASE-expressed GCY proteins may not itself be involved in
salt sensation, but may be required to couple to the extracellular domain of other, specific salt
sensing proteins. Our GCY-4/GCY-22 reconstitution experiments could be explained by such
specific salt sensor being expressed, but not normally functioning, in other sensory neurons.
However, such a model seems less parsimonious than a direct role of rGC proteins in salt
sensation.

Mechanisms of salt-triggered signal transduction – the CNG channels
A nodal point in signal transduction in the ASE neurons is the cGMP-triggered gating of
ion channels of the CNG family. Two CNGs acting in salt transduction in ASE were previously
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identified, TAX-2 (a beta subunit) and TAX-4 (an alpha subunit) (COBURN and BARGMANN
1996; KOMATSU et al. 1996) and we have identified here a third CNG acting in ASE-mediated
salt transduction, CHE-6. CNGs are known to be tetrameric channels composed multiple distinct
types of subunits (KAUPP and SEIFERT 2002). In rat olfactory neurons, tetrameric CNG channels
are composed of three distinct subunits (BONIGK et al. 1999). Based on this precedent we
propose that the CNG channel in the ASE neurons is composed of TAX-2, TAX-4 and CHE-6
subunits.
Our genetic analysis suggests that CNG channels assemble and transduce signals in a
cell-type specific manner. ASE-mediated salt sensation requires tax-2, tax-4 and che-6, but not
cng-3. AFD-mediated thermosensory transduction requires tax-2 and tax-4 (COBURN and
BARGMANN 1996; KOMATSU et al. 1996), but not che-6 (this paper). Instead, cng-3 is required
for efficient thermotaxis (this paper). CNG channels may therefore have sensory- and cell-type
specific compositions, with a CHE-6/TAX-4/TAX-2 channel in ASE and a CNG-3/ TAX4/TAX-2 channel in AFD. The olfactory AWC neurons also require TAX-2 and TAX-4
(COBURN and BARGMANN 1996; KOMATSU et al. 1996), but neither che-6 (this paper) nor cng-3
(CHO et al. 2004); these neurons may employ a yet different CNG subunit, perhaps the as yet
uncharacterized CNG-2 protein. Sensory neuron-type specific subunit compositions have also
been described in vertebrates (KAUPP and SEIFERT 2002).
In conclusion, our studies have deepened our understanding of salt-induced sensory
transduction, providing support for the hypothesis of rGC proteins functioning as direct salt
receptors and identifying a key effector component of rGC-triggered signal transduction.
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FIGURE LEGENDS
Figure 1: GCY protein function.
A: Expression and function of gcy genes in the ASE gustatory neurons, as previously reported
(ORTIZ et al. 2006; ORTIZ et al. 2009).
B: Schematic depiction of rGC domains.
C: Schematic of rGC chimeras generated and tested in this study.
Figure 2: Chimera rescue experiments demonstrate the importance of the extracellular
domain of GCY-1.
Results of population salt chemotaxis assays are shown for wildtype, mutant and transgenic
strains. Three independent lines of receptor chimeras were tested for whether they can rescue
gcy-1 mutant defects. Analysis was completed using a one-way ANOVA with repeated measures
comparing the mean of each group to the mean of the mutant gcy-1. Error bars indicate SEM.
The Holm-Sidak correction was used to adjust for multiple comparisons and α=0.1. All p-values
reported are the adjusted value after the correction was applied. p-values: **** p<0.0001,
**p<0.01, *p<0.05; ns, not significant (p>0.05). n=6 with each sample being a duplicate of two
plates with four worms per plate.
Figure 3: Chimera rescue experiments demonstrate the importance of the extracellular
domain of GCY-4.
Results of population salt chemotaxis assays are shown for wildtype, mutant and transgenic
strains. Three independent lines of receptor chimeras were tested for whether they can rescue
gcy-4 mutant defects. Analysis was completed using a one-way ANOVA with repeated measures
comparing the mean of each group to the mean of the mutant gcy-4. Error bars indicate SEM.
The Holm-Sidak correction was used to adjust for multiple comparisons and α=0.05. All pvalues reported are the adjusted value after the correction was applied. p-values: ** p<0.0001,
*p<0.001; ns, not significant (p>0.01). Error bars indicate SEM. n=6 with each sample being a
duplicate of two plates with four worms per plate.
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Figure 4: Chimera rescue experiments demonstrate the importance of the extracellular
domain of GCY-22.
Results of population salt chemotaxis assays are shown for wild-type, mutant and transgenic
strains. Three independent lines of receptor chimeras were tested for whether they can rescue
gcy-22 mutant defects. For both A and B, error bars indicate SEM. Analysis was completed
using a one-way ANOVA with repeated measures comparing the mean of each group to the
mean of the gcy-22 mutant. Error bars indicate SEM. The Holm-Sidak correction was used to
adjust for multiple comparisons and α=0.05. All p-values reported are the adjusted value after the
correction was applied
A: GCY-22 chimeras in chloride response. p-values: **p<0.0001, *p<0.001; ns, not significant
(p>0.01). n=6 with each sample being the average of the duplicate of two plates with four worms
per plate.
B: GCY-22 chimeras in iodide response. p-values: **p<0.0001, **p<0.01, *p<0.05; ns, not
significant (p>0.05). n=3 with each sample being the average of the duplicate of two plates with
four worms per plate.
Figure 5: Pansensory expression of gcy-4 and gcy-22 confers iodide responsiveness on ASEdeficient animals
The first two panels are control experiments that establish the functionality of the individual
transgenes, the third panel is the actual experiment that establishes sufficiency of gcy-4 and gcy22. In all panels, error bars indicate the SEM. Analysis was completed using a one-way ANOVA
with repeated measures comparing the mean of each group to the mean of the mutant. Error bars
indicate SEM. The Holm-Sidak correction was used to adjust for multiple comparisons and α
=0.01. All p-values reported are the adjusted value after the correction was applied. p-values:
***p<0.001, **p<0.01, *p<0.05; ns, not significant (p>0.05). In all panels, n=4 with each sample
being the average of the duplicate of two plates with four worms per plate.
A: Pansensory expression of gcy-4 rescues the gcy-4 mutant phenotype, as observed with the
independent extrachromosomal arrays expressing osm-6prom::gcy-4 and one chromosomal
integrant generated from one of the extrachromosomal arrays.
B: Pansensory expression of gcy-22 rescues the gcy-22 mutant phenotype, as observed with the
independent extrachromosomal arrays expressing osm-6prom::gcy-22.
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C: A transgenic strain that expresses the integrated osm-6 prom::gcy-4 array from panel A or one
extrachromosomal osm-6

prom

::gcy-22 array is not able to rescue the loss of ASE neuron

functionally (che-1 mutant background in which ASE fail to differentiate and do not express gcy4 or gcy-22). However, combining the osm-6
prom

prom

::gcy-4 integrated array with the osm-6

::gcy-22 extrachromosomal array results in rescue of the che-1 mutant phenotype (last bar).

Figure 6: che-7 corresponds to the inx-4 gene.
Three lines of evidence for che-7 being inx-4 are shown here, one for each panel.
A: che-7(e1128) animals carry a mutation in the inx-4 gene (Ala-> Val at 7964500) within the
third exon. The missense mutation lies within the third transmembrane domain.
B: Chemotaxis defects of che-7(e1128) animals are similar to those of inx-4(ok2373) animals.
The assay used here is a population assay. Each n shown in the figure is the average of 2 assays
done in duplicate on the same day and each assay has between 50 and 250 worms. Statistics were
measured using unpaired Student’s t-test assuming equal variance and the Bonferroni correction
was used to adjust the p-values. Error bars indicate the SEM. p-values: ** p<0.01, *p,<0.05; ns,
not significant (p>0.05)
C: The che-7 chemotaxis defect can be rescued with a fosmid (WRM0620bH04) covering the
inx-4 locus, contained on the otEx5063 array. n=5 with each sample being a duplicate of two
plates with four worms per plate. Statistics were measured using unpaired Student’s t-test
assuming equal variance and the Bonferroni correction was used to adjust the p-values. Error
bars indicate the SEM. p-values: ** p<0.01, *p<,0.05; ns, not significant (p>0.05)

Figure 7: che-6 codes for a cyclic nucleotide-gated ion channel.
A: che-6 gene structure and alleles. The alanine-encoding codon mutated in e1126 to a
threonine-encoding codon resides in the nucleotide-binding domain. Generally, within
nucleotide-binding domains, this position is either an alanine or a glycine (KAUPP and SEIFERT
2002).
B: Schematic protein structure of CNGs.
C: Phylogenetic tree built at the www.phylogeny.fr suite (DEREEPER et al. 2008). Full-length
protein sequence was used and HCNs (no worm homolog) was used to root the tree. A similar
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clustering is observed if only the cNMP domain or the ion channel domain is used
(Suppl.Figure 2).
D: che-6prom::gfp expression pattern. The left panels show the overview of expression in several
adult head neurons. The two smaller panels on the right show an image of the head region of a
transgenic animal coexpressing che-6prom::gfp (hanEx24) and ASE+AWC-expressed ceh36::mCherry (otIs264), revealing overlap of expression in ASE and AWC.
Figure 8: Chemotaxis defects of che-6 mutant animals
A: Two different che-6 alleles show similar chemotaxis defects as observed upon loss of the
ASE neurons (che-1 mutants; (UCHIDA et al. 2003)) and transformation rescue of the che-6
mutant phenotype with a piece of genomic DNA illustrated in Figure 6A. Error bars indicate
SEM. Analysis was completed using a one-way ANOVA comparing the mean of each group to
the mean of the mutant che-6 (e1126). The Holm-Sidak correction was used to adjust for
multiple comparisons and α =0.01. All p-values reported are the adjusted value after the
correction was applied. p-values: ***p<0.001, **p<0.01, *p<0.05 ; ns, not significant (p>0.05).
n= 4 - 13 replicates with each n being the average of the duplicate of two plates with four worms
per plate.
B: Rescue of the che-6 mutant phenotype with a transgene that expresses che-6 under control of
the ceh-36 promoter in ASE and AWC. n=5 with each sample being the average of the a
duplicate of two plates with four worms per plate.
C: che-6 mutants fail to respond to ASEL and ASER-sensed cues. The assay used here is a
population assay. n = 3 - 5 and each n shown in the figure is and average of 2 assay plates done
in duplicate on the same day with between 50 and 250 worms per plate.
D: che-6 mutants show a normal response to the AWC-sensed olfactory cue benzaldehyde. The
assay used here is a population assay. n=3 with each n being the average of 2 assay plates done
in duplicate on the same day with between 50 and 250 worms per plate.
For B,C, and D, Statistics were measured using unpaired Student’s t-test assuming equal
variance comparing the mean of each group to the mean of the mutant che-6 (e1126) and the
Bonferroni correction was used to adjust the p-values. Error bars indicate the SEM. p-values:
**p<0.01, *p<0.05; ns, not significant (p>0.05).
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Figure 9: Thermotaxis behavior of the CNG channel mutants che-6 and cng-3
Representative trajectories and navigational indexes (boxed inset) of wild type N2 (n=100), che6(tm5036) (n=60),tax-2(ot25) (n=60), tax-4(p678) (n=60) and cng-3(jh113) (n=40) animals
navigating linear spatial thermal gradients (0.20C/cm) on the surface of 22cm x 22cm plates.
Worms grown at 150C were started at 200C. Trajectories were aligned to have the same starting
point for presentation purposes. Navigational indexes are defined as <vg >/<s>. <vg > indicates
the mean velocity in the direction up the gradient. <s> indicates crawling speed along
trajectories. An alternative data representation is shown in Suppl. Fig. 3.
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SUPPLEMENTARY FIGURE LEGENDS

Suppl. Figure 1: GCY-4 and GCY-22 do not show chloride, bromide, or sodium activation
upon ectopic expression in CHO cells. Membrane preparations from CHO cells were treated
with 100 mM NaCl, NaBr, NaPO4, or NH4Ac. cGMP levels were measured as pmol cGMP per
mg of total membrane proteins. Comparing with the control (NH4Ac), treatments with NaCl,
NaBr or NaPO4 did not produce a statistically significant stimulation of GC activity under the
current experimental conditions. We also tested 100 mM NaI and observed no stimulation of GC
activity.
Suppl. Figure 2: Phylogeny of CNG channels
A: Phylogram of cNMP domain.
B: Phylogram of PF00520 Ion transport domain.
The domains were defined by SMART database search and the phylogenetic tree was built with
default parameters at the www.phylogeny.fr suite (DEREEPER et al. 2008).
Suppl. Figure 3: Alternative representation of thermotaxis data.
Average horizontal positions for animals navigating the linear 0.20C/cm thermal gradients as
described in Figure 9. Worms grown at 15˚C were started at 20˚C. Solid lines and error bars
indicate the mean ±1 SEM of horizontal displacement from the start point over time measured
over the trajectories of individual worms.
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Supplementary!Material!
!
List!of!transgenic!lines!
!
Chimeric!GCY!receptor!experiments:!
OH11250!gcy$1(tm2669)II;/otEx5076![FL!gcy$1;/elt$2::gfp]!
OH11251!gcy$1(tm2669)II;/otEx5077![pHKS019;!elt$2::gfp],!line!#1!
OH11252!gcy$1(tm2669)II;/otEx5078![pHKS019;!elt$2::gfp],!line!#2!
OH11253!gcy$1(tm2669)II;/otEx5079![pHKS019;!elt$2::gfp],!line!#3!
OH11254!gcy$1(tm2669)II;/otEx5080![pHKS020;!elt$2::gfp],!line!#1!
OH11255!gcy$1(tm2669)II;/otEx5081![pHKS020;!elt$2::gfp],!line!#2!
OH11256!gcy$1(tm2669)II;/otEx5082![pHKS020;!elt$2::gfp],!line!#3!
OH11257!gcy$1(tm2669)II;/otEx5083![pHKS018;!elt$2::gfp],!line!#1!
OH11258!gcy$1(tm2669)II;/otEx5084![pHKS018;!elt$2::gfp],!line!#2!
OH11259!gcy$1(tm2669)II;/otEx5085![pHKS018;!elt$2::gfp],!line!#3!
OH11260!gcy$1(tm2669)II;/otEx5086![pHKS017;!elt$2::gfp],!line!#1!
OH11261!gcy$1(tm2669)II;/otEx5087![pHKS017;!elt$2::gfp],!line!#2!
OH11262!gcy$1(tm2669)II;/otEx5088![pHKS017;/elt$2::gfp],!line!#3!
OH11286!gcy$4(tm1653)II;/otEx5101![FL!gcy$4;/elt$2::gfp]!
OH11287!gcy$4(tm1653)II;/otEx5102![pHKS015;!elt$2::gfp],!line!#1!
OH11288!gcy$4(tm1653)II;/otEx5103![pHKS015;!elt$2::gfp],!line!#2!
OH11289!gcy$4(tm1653)II;/otEx5104![pHKS015;!elt$2::gfp],!line!#3!
OH11290!gcy$4(tm1653)II;/otEx5105![pHKS016;!elt$2::gfp],!line!#1!
OH11291!gcy$4(tm1653)II;/otEx5106![pHKS016;!elt$2::gfp],!line!#2!
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OH11292!gcy$4(tm1653)II;/otEx5107![pHKS016;!elt$2::gfp],!line!#3!
OH11293!gcy$4(tm1653)II;/otEx5086/![pHKS017;!elt$2::gfp],!line!#1!
OH11294!gcy$4(tm1653)II;/otEx5087![pHKS017;!elt$2::gfp],!line!#2!
OH11295!gcy$4(tm1653)II;/otEx5088![pHKS017;!elt$2::gfp],!line!#3!
OH11296!gcy$4(tm1653)II;/otEx5083![pHKS018;!elt$2::gfp],!line!#1!
OH11297!gcy$4(tm1653)II;/otEx5084![pHKS018;!elt$2::gfp],!line!#2!
OH11298!gcy$4(tm1653)II;/otEx5085![pHKS018;!elt$2::gfp],!line!#3!
OH11324!gcy$22(tm2364)V;!otEx5210![FL/gcy$22;/elt$2::gfp]!
OH11325!gcy$22(tm2364)V;!otEx5080![pHKS020;/elt$2::gfp],!line!#1!
OH11326!gcy$22(tm2364)V;!otEx5081![pHKS020;!elt$2::gfp],!line!#2!
OH11327!gcy$22(tm2364)V;!otEx5082![pHKS020;!elt$2::gfp],!line!#3!
OH11328!gcy$22(tm2364)V;!otEx5077![pHKS019;!elt$2::gfp],!line!#1!
OH11329!gcy$22(tm2364)V;!otEx5078![pHKS019;!elt$2::gfp],!line!#2!
OH11330!gcy$22(tm2364)V;!otEx5079![pHKS019;!elt$2::gfp],!line!#3!
OH11331!gcy$22(tm2364)V;!otEx5105![pHKS016;!elt$2::gfp],!line!#1!
OH11332!gcy$22(tm2364)V;!otEx5106![pHKS016;!elt$2::gfp],!line!#2!
OH11333!gcy$22(tm2364)V;!otEx5107![pHKS016;!elt$2::gfp],!line!#3!
OH11334!gcy$22(tm2364)V;!otEx5102![pHKS015;!elt$2::gfp],!line!#1!
OH11335!gcy$22(tm2364)V;!otEx5103![pHKS015;!elt$2::gfp],!line!#2!
OH11336!gcy$22(tm2364)V;!otEx5104![pHKS015;!elt$2::gfp],!line!#3!
!
Pansensory!heterologous!expression:!
OH11231!gcy$4(tm1653)II;/otEx5067![pHKS013;!elt$2::DsRed],!line!#1!
OH11232!gcy$4(tm1653)II;/otEx5068![pHKS013;!elt$2::DsRed],!line!#2!
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OH11233!gcy$4(tm1653)II;/otEx5069![pHKS013;!elt$2::DsRed],!line!#3!
OH11230!gcy$4(tm1653)II;/otIs398![pHKS013;!elt$2::DsRed]!
OH11234!gcy$22(tm2364)V;!otEx5070![pHKS014;!elt$2::gfp],line!#1!
OH11235!gcy$22(tm2364)V;!otEx5071![pHKS014;!elt$2::gfp],!line!#2!
OH11236!gcy$22(tm2364)V;!otEx5072/![pHKS014;!elt$2::gfp],!line#3!
OH11237!che$1(ot66)I;/otIs398!(integrated!otEx5068)![pHKS013;!elt$2::DsRed]!
OH11239!che$1(ot66)I;/otEx5071![pHKS014;!elt$2::gfp]!
OH11242!che$1(ot66)I;/otIs398!otEx5071!
!
che%7!mutant!analysis!
OH11226!che$7(e1128)V;!otEx5063![che$7fosmid;!elt$2::gfp]!
!
che%6!mutant!analysis!
OH11227!che$6(e1126)IV;!otEx5064![FL!che$6;/elt$2::gfp],!line!#1!
OH1128!che$6(e1126)IV;!otEx5065/[FL!che$6/;/elt$2::gfp],!line!#2!
OH1129!che$6(e1126)IV;!otEx5066/[FL!che$6;/elt$2::gfp],!line!#3!
OH11380!che$6(e1126)IV;!otEx5154![pHKS021;!elt$2::gfp],!line!#1!
OH11381!che$6(e1126)IV;!otEx5155![pHKS021;!elt$2::gfp],!line!#2!
OH11382!che$6(e1126)IV;!otEx5156![pHKS021;!elt$2::gfp],!line!#3!
!
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Chapter 4
Discussion
Mechanistic insights into chemosensation in C. elegans
In the previous two results chapters, I have described aspects of the molecular and cellular
machinery that underlie a basic behavior in C. elegans: the ability to sense salt concentrations
and move appropriately.
Specifically, we have demonstrated that the ASE neurons respond asymmetrically to an
additional panel of salts (Br-, Li+, Mg2+, I-) and this phenomenon extends to the cellular response
to all salts as measured by calcium imaging. In the same vein, we have characterized the
laterality by using 2-ASEL and 2-ASER worms and well as the single ASEL or ASER ablated
worms to further demonstrate laterality. In doing so, we were able to show that worms can
discriminate between a left cue in the background of a right cue and vice versa. Beyond this, we
have characterized 8 asymmetrically expressed rGC mutants in terms of their salt chemotaxis
behavior and demonstrated that rGCs have a role in gustatory salt sensation in the ASE neurons.
I have also shown through the use of domain-swapping chimeras that the extracellular
domain is the region that confers specificity. In addition, the results from heterologous
expression experiments in other amphids, demonstrates the ability to artificially “reconstitute”
the receptor. Taken together these lines of evidence suggest that rGCs function high up in the
chemosensation signaling hierarchy, with extracellular domains mediating chemosensory taste
signaling as possible receptors.
The results provide an outline for understanding the basic upstream circuitry of
chemosensation: i) how salt is sensed and responded to by GCYs signaling to CNGs ii) that
rGCs are able to confer the ability of amphids to sense different ions iii) a role for CNGs
functioning in a combinatorial manner for specific functions in different amphids.
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Despite these findings, several questions remain unanswered. Most importantly, are rGCs
direct receptors/how do they function? Are other components of taste also lateralized? What
function does laterality itself play in chemosensation, beyond increasing the diversity of ions that
amphid pairs can respond to? How are CNGs pairing in the amphids for sensory functions in the
case of cng-3 and che-6? Why do nematodes chemotax towards salts? We assume they associate
the salts with a food cue, but what food? Clearly salt detection is an important strategy for C.
elegans and the specificity demonstrates a wide variety of cues can be detected or natural
selection would not maintain such abilities. What in their natural environment makes salt
detection so relevant? Given how we’ve described how gustation is described at the cellular and
molecular (proximate) levels are we in a position to ask why (ultimately) the gustatory system is
organized in this way.

Circuitry and signal processing in C. elegans gustation
As I described in chapter 1, between C. elegans, Drosophila and mammals, there are
major differences in how gustatory systems are structured at the genetic, cellular and tissue
levels of organization. It is thus unlikely that gustatory systems in these species are
evolutionarily homologous. Yet, we may nonetheless compare how these different systems
encode and process information, and based on what we know about the biology of C. elegans,
perhaps posit why the worm’s gustatory system is organized this way.
Theories of taste processing come in two general flavors: labeled line theory and acrossfiber pattern theory (Figure 1 and Figure 2). In a “labeled line” system, each sensory neuron has
a high level of specificity, meaning that its activity is triggered by a single stimulus, or at most a
minimal range of stimuli (a single modality i.e. salt). This in turn directly connects to the central
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nervous system to elicit the response to a taste, be it perceptive (in humans) or locomotory (in
nematodes). By contrast, in an “across-fiber pattern” system, individual neurons work as part
of ensembles to create a unique code for the taste (Caicedo, Kim, & Roper, 2002;
Chandrashekar, Hoon, Ryba, & Zuker, 2006; G. De Brito Sanchez & Giurfa, 2011; Yarmolinsky
et al., 2009). These systems are artificial categories that could be perceived to be somewhat
arbitrary, and indeed in model organisms where taste is best understood, neither category does a
perfect job of characterizing the system. For example, mammalian taste receptor cells (TRCs) are
tuned to a single modality (“salts” for example), which would seem consistent with a labeled line
system. Yet because a high number of salt cues can be sensed within that modality, some would
consider these neurons as too broadly responsive to qualify as a labeled lined system (Caicedo et
al., 2002; Chandrashekar et al., 2006; Yarmolinsky et al., 2009)., Nonetheless, with this caveat,
the labeled line vs. across fiber distinction is still useful when thinking about the logic and
organization of coding.
In chapter 2 (Figure 1D), we showed that in ASEL or ASER genetically ablated worms,
the ability to effectively chemotax towards the left- and right-sensed cues, respectively, is
abolished. This is suggestive of a labeled line system, because only one sensory neuron is
“tuned” to a particular salt (Ortiz et al., 2009). However, this conclusion is complicated by prior
work that has shown that the 5 other non-ASE pairs of amphids (ADF, ASG, ASI, ASK, and
ASJ) have some, albeit weak or residual, ability to sense some of the same water soluble cues
(Bargmann & Horvitz, 1991; Kaufman, Keinan, Meilijson, Kupiec, & Ruppin, 2005). One
cannot therefore rule out that multiple sensory neurons contribute to chemosensation of certain
ions, even if these non-ASE neurons have only weak effects. Additionally, these same classic
laser ablation studies demonstrated that ASEs also sense cAMP, biotin, lysine and serotonin.
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These molecules represent distinct modalities to salts, and so this apparent lack of modality
specificity of ASE would argue for this being an across-fiber pattern system (Bargmann &
Horvitz, 1991). I would still argue that the ASE system is best thought of as a labeled line system
because it is largely the ASE neurons functioning autonomously which enables the worm to
sense changes in salt concentrations; their independent activities of ASEL and ASER, without
the involvement of other converging inputs, are what conveys external salt cues to downstream
neurons that affect behavior.
In addition to line vs. across-fiber patterned input from sensory neurons, there is also a
distinction between whether neurons are threshold-activated “on-off “ neurons, or whether their
activity can be modulated by quantitative increases and decreases in taste signal strength.
Quantitative coding is known to be utilized in the visual system of both insects and vertebrates
(Joesch, Schnell, Raghu, Reiff, & Borst, 2010; Schiller, 1992; Wässle, 2004). Yet, in the case of
the elegant system of the ASE neurons, on-off coding is instead suggested, based on the
observation that threshold changes in relative salt concentration (as worms move up or down salt
gradients) are what trigger a default level of ASE neuron activity, as measured by calcium
signaling (Lockery, 2011) As shown in chapter 2 (figure 5), it is this binary code of ASE on/off
activity that we believe determines the runs and turns which direct the movement of the worm
body as it chemotaxes (Ortiz et al., 2009).
Hence, I propose, with the caveats mentioned above, that the ASE-based gustatory
system of C. elegans is comprised of labeled-line type arrangement where single sensory neurons
convey on/off messages to downstream neurons, to elicit locomotory behavior. This is in contrast
to the systems known in Drosophila and rodents, where increased cell numbers of gustatory
organs allow greater sophistication at the cellular level, allowing for more elaborate mechanisms
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of signaling.
Behavioral limitations and size
Drastic differences in size, cell number and complexity must profoundly influence how
animal sensory apparatus is organized. It’s somewhat remarkable that C. elegans, an organism
with just 302 neurons, has the capacity to taste and respond to the wide range of signals it can.
Because of their size, and the need for a minimum number of neurons to mediate behavior,
smaller animals tend to have smaller neurons (Niven, Anderson, & Laughlin, 2007). This is
problematic, however, since small neurons have an increased surface area: volume ratio, which is
metabolically more costly to maintain (Eberhard, 2011; Niven et al., 2007). Natural selection
should therefore be predicted to favor reducing such costs, and thus to simplify the nervous
system of extremely small animals. Consequently, in terms of behavioral repertoire, it was once
believed that smaller animals were behaviorally limited. Indeed, the size limitation hypothesis
states that extremely small animals are constrained by small nervous systems, and so exhibit
basic lifestyles that bypass the requirement for anything more than the simplest of behaviors
(Eberhard, 2011).
In contrast however, the oversized brain hypothesis suggests that this need not be so,
and that the benefits of having a large behavioral repertoire outweigh the energetic costs of a
miniaturized nervous system (Attwell & Laughlin, 2001; Niven et al., 2007). Finally, the neural
tricks hypothesis reconciles these two models, by positing that small animals employ greater
efficiency within their nervous systems, by, for example, utilizing “multifunctional” neurons
(Eberhard, 2011). This idea is discussed in detail in a recent paper about miniature orb-weaving
spiders, where comparisons were made to bigger-bodied (and brained) orb-weaving spiders in
relation to web construction. The findings suggest that the scaled down orb spiders maintain their
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behavioral capabilities, and can build similarly complex webs. So perhaps in this case at least,
either the high costs outweigh the benefits, or the smaller spiders are employing some kind of
neural trick (Eberhard, 2011).
C. elegans measures just 1 mm, and after studying behavior for several years in pigs and
mice, I had doubts about their behavioral capabilities. Yet, through the body of this thesis, I have
shown that C. elegans can respond to many external stimuli. How can it do this with such a
minimal nervous system? I believe that worms, to some extent, have elaborated the functionality
of their nervous system via neural tricks. In the case of the gustatory system, these neural tricks
can be seen, for example, in the asymmetry of the amphid sensory neurons, and in particular
ASEs. The symmetric amphids have been given more power through the use of laterality in rGC
gene expression, conferring on them distinct chemosensory capabilities. Another example is the
fact that each amphid coexpresses multiple GCYs (7 in ASER and 6 ASEL). Consequently, the
amphids are not signal-specific, but instead enable the worm to respond to a range of external
cues. In fact, C. elegans is able to detect a comparable number of chemicals to Drosophila
melanogaster, by using merely 30 head neurons, as opposed to 1000 (Jovelin, Ajie, & Phillips,
2003).
C. elegans has maximized the sophistication of its gustatory apparatus, and left no
obvious room for further improvement, but clearly this system has its limitations. The low cell
numbers involved in this system mean that the chemosensory amphids must express multiple
receptors for diverse signals, and therefore send an identical signal to downstream neurons in
response to all such cues. This necessarily results in multiple cues eliciting the same generic
behavioral output (and indeed probably explains why receptors for aversive and appetitive cues
are not expressed in the same neuron). Hence, although C. elegans has employed some trickery
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to maximize its sensory capacity to a broad range of cues, its minimal nervous system does,
without question, limit the scope of its chemotactic behavioral repertoire.
rGC gene expansion and C. elegans ecology
As well as the size and cell number constraints which I conjecture to have shaped the C. elegans
gustatory system, aspects of it as must also have arisen due to the nematode’s ecology. Put
simply, understanding an organism’s ecology can provide clues about why its genome encodes
the genes that it does. An organism which is biased towards certain senses should have a good
representation of genes dedicated to building and controlling those sensory mechanisms, and
fewer genes for other sensory systems. For example honeybees have only 10 gustatory receptors
compared to 68 in Drosophila melanogaster. They fail to respond to bitter cues, which fits with
the fact that the life of a bee largely revolves around collecting nectar. Evolutionarily, the
honeybee gustatory system has become streamlined and lost components it no longer requires.
(de Brito Sanchez, 2011). Converely, the flour beetle Tribolium has undergone a massive
expansion in gustatory receptors, with 220 encoded by the genome (Richards et al., 2008). This
is consistent with this pest organism leading a scavenging lifestyle, existing on a variety of
substrates in a chemically diverse environment.
In the case of nematodes, the C. elegans genome has experienced a significant expansion
of receptor-type guanylate cyclases, with a total of 25 encoded (Fitzpatrick, O’Halloran, &
Burnell, 2006). This indicates that a major enrichment of the nematode’s chemosensory
capacities has been mediated by increases in numbers of this class of protein. In addition,
GPCRs—though not established as being involved in gustation per se—are nevertheless
involved in olfaction and the response to volatile cues and these too have duplicated and
diversified in free living nematodes to a far greater extent than in mammals and Drosophila
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(with notable gene losses in some obligate parasitic species, which are expected to be finely
tuned to specific host cues) (Cardoso, Félix, Fonseca, & Power, 2012) (Halloran et al., 2006).
Hence, it appears that although C. elegans shows a profound simplification of the nervous
system, it has been concomitant with a large, genetically encoded increase in the sensitivity of its
small number of sensory neurons to external chemical cues. And it has achieved this through the
simplest of means: duplication and subsequent divergence of two classes of protein. Indeed, in
the case of rGCs, it appears that 21 out of the 27 rGCs currently encoded in the C. elegans
genome have descended from a single ancestral nematode rGC via recurrent duplications
(Fitzpatrick et al., 2006). Clearly, this has been the typical means for evolutionarily increasing
the worm’s awareness to the outside world.
One can also enquire as to whether evolutionary or ecological constraints have shaped or
limited the C. elegans gustatory system. At the cellular level, the answer appears to be yes.
Nematodes are massively species-rich phylum (second only to arthropods), but as a group they
show highly similar sensory anatomies, with 12 pairs of amphid neurons being the norm. It is
possible that this invariance reflects an underlying developmental constraint, and it is simply too
difficult genetically or organizationally elaborate on and increase amphid number further. It may
equally be caused by constant purifying selection, which maintains the optimal number at an
unchanging 12 pairs. Whichever reason is true, it seems that since its origin at the stem of the
nematode tree, the cellular composition of the nematode gustatory systems has changed little, if
at all, within the phylum.
Despite this morphological invariance however, there is reason to believe that at the
molecular level, things have been far less constrained, and significant functional and sensory
diversification may have occurred. Nematodes exhibit a wide range of life histories, and in the
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case of olfaction at least, there is evidence that a better predictor of behavior is the environment
or ecology of a species, rather than its phylogenetic relationships. For example, closely related
entomopathogenic species often do not show similar olfactory responses, but instead species but
with similar ecologies, that inhabit similar environments, have independently evolved the
capacity to respond to similar suites of odors (Rasmann, Ali, Helder, & Van Der Putten, 2012).
This points to a remarkable degree of evolutionary plasticity in the ability to sense external cues,
and is most likely mediated by strong selection on GPCRs (this situation would parallel that seen
across mammals, where GPCR sequence divergence appears to reflect the ecology, diet and
environment of particular species (Yarmolinsky et al., 2009)). I predict that in the case of taste, a
similar scenario most likely holds true, albeit with gustatory diversification being mediated by
modifications in rGC sequences, which fine tune rGC responses to novel chemicals.
Beyond these broad genomic correlations, however, it is difficult to judge more
specifically how ecology has shaped the worm’s gustatory system. For example, we have
determined several of the ions to which the ASE neurons respond, but why do they respond to
these ions? Why are some cues attractive and other repulsive? And why are some rGCs
expressed in ASER and the others in ASEL? We simply do not know enough about the ecology
and life history of C. elegans to begin to provide answers to these questions.
There is general dichotomy that exists in biology in that model organisms offer the
greatest advantages in molecular in genetic studies, but basic organismal ecology is not well
understood. As a result, it is often difficult to place research findings in the context of a species’
true biology. In the case of C. elegans, the problem is particularly acute, since wild type isolates
of C. elegans have been found to show some profound differences to the lab strain, N2, in
phenomena such as feeding behavior and mating (Blaxter, 2011; Hodgkin & Doniach, 1997).
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This suggests that N2 has been heavily selected to live in laboratory conditions and is no longer
representative of wild type. What is more, no C. elegans isolate had ever been found outside
anthropogenic sources until quite recently, which has given biologists very little ecological
context to interpret any such phenomena studied in the laboratory (Barrière & Félix, 2005; Félix
& Braendle, 2010). More efforts in this area, and on other nematode species where the ecology
can be better worked out, may shed light on the purposes served by specific aspects of the C.
elegans gustatory system.

Final thoughts
At this point, it is difficult to understand the evolution of gustatory mechanisms because there are
too few organisms for which these mechanisms have been delineated. In the case of intensivelystudied model organisms, their primary sensory modalities are hugely different, and this is
reflected in their widely dissimilar gustatory systems, with C. elegans being especially divergent.
To compare across Drosophila melanogaster, C. elegans, and rodents is therefore not
particularly useful. I believe that obtaining a clearer picture of the ecology and life history of C.
elegans, as well as other members of the genus Caenorhabditis spp. (Figure 2) and more
distantly related nematodes will provide valuable insights into chemosensation, perhaps allowing
us to finally understand not only how worms taste, but why they taste what they taste, and the
selective forces which have shaped the nematode gustatory apparatus.
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Figure 1- a) The Labeled-line model shown here shows each sensory neuron with only one
receptor or type of modality receptor(s) and a single axon to relay the message. There are two
examples of the across-fiber model: b) represents several types of receptors from different taste
modalities on a single sensory neuron and c) a single modality or receptor from each sensory
neurons, but the message is from and ensemble of neurons. Figure from (Chandrashekar et al.,
2006)
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Figure 2 | Encoding of taste qualities at the periphery. There are two opposing views of how taste qualities are encoded in the periphery. a, In the labelledline model, receptor cells are tuned to respond to single taste modalities — sweet, bitter, sour, salty or umami — and are innervated by individually tuned
nerve fibres. In this case, each taste quality is specified by the activity of non-overlapping cells and fibres. b, c, Two contrasting models of what is known as
the ‘across-fibre pattern’. This states that either individual TRCs are tuned to multiple taste qualities (indicated by various tones of grey and multicoloured
stippled nuclei), and consequently the same afferent fibre carries information for more than one taste modality (b), or that TRCs are still tuned to single
taste qualities but the same afferent fibre carries information for more than one taste modality (c). In these two models, the specification of any one
taste quality is embedded in a complex pattern of activity across various lines. Recent molecular and functional studies in mice have demonstrated that
different TRCs define the different taste modalities, and that activation of a single type of TRC is sufficient to encode taste quality, strongly supporting
the labelled-line model.
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between sensory quality, positive hedonic value and behavioural acceptance richly illustrates how sweet taste detection and perception evolved
to help with the recognition of the most basic and fundamental sources
of metabolic energy.
The attractive taste modalities, sweet and umami, are mediated by a
small family of three G-protein-coupled receptors (GPCRs) — T1R1,
T1R2 and T1R3 — that is distantly related to metabotropic glutamate,
pheromone, extracellular-calcium sensing and γ-aminobutyric-acid
type B receptors6–15. These GPCRs assemble into either homodimeric
or heterodimeric receptor complexes16, and are characterized by the
presence of long amino-terminal extracellular domains that are believed
to mediate ligand recognition and binding17.
The critical role of T1Rs in sweet taste detection and perception
emerged from an ensemble of studies, including the characterization
of T1R expression profiles, the analysis of naturally occurring sweet
receptor mutants (and the identification of species-specific differences
in sweet taste preferences), functional experiments in cell-based assays,
and the generation of genetically modified mouse lines.
T1Rs are expressed in subsets of TRCs, and their expression pattern
defines three cell types: TRCs co-expressing T1R1 and T1R3 (T1R1+3
cells), TRCs co-expressing T1R2 and T1R3 (T1R2+3 cells) and TRCs
containing T1R3 alone8. What do these cells do? More than 30 years ago,
genetic studies of sweet taste in mice identified a single principal locus
that influences responses to several sweet substances18,19. This locus,
known as Sac, determines threshold differences in the ability of some
strains to distinguish sucrose- and saccharin-containing solutions from
water19. The Sac locus was recently shown by linkage analysis8,11–14,20
and genetic rescue8 to encode T1R3, thus implicating a member of the

taste preferences to a human-like response profile , proving that species
differences in sweet taste sensitivity and selectivity are a direct reflection
of T1R-sequence variation between species. How does a single receptor
complex respond to such a wide range of sweet-tasting compounds,
from simple six-carbon sugars to guanidinoacetic acids and even large
peptides21 and polypeptides? Recently, biochemical studies of human,
rodent and chimaeric human–rodent T1R2+3 receptors have shown
that diverse classes of sweet-receptor ligands actually require different
domains of the receptor complex for recognition22–24, thus providing a
simple solution to this puzzle. Together, these genetic, functional and
biochemical studies have amply validated the role of the T1R2 and T1R3
subunits in sweet-tastant recognition, and demonstrated the importance
of heteromerization in receptor function.
Definitive proof that T1R2+3 is the principal mammalian sweet
taste receptor was obtained from studies of T1r2- and T1r3-knockout
mice15,25 (Fig. 3). Homozygous mutants for either receptor subunit show
a devastating loss of sweet taste — all behavioural and electrophysiogical
responses to artificial sweeteners, d-amino acids and low to moderately
high concentrations (up to 300 mM) of natural sugars are abolished15,25.
However, these animals retain very small, albeit measurable, responses
to very high concentrations of sugars. Importantly, a T1r2;T1r3 double
knockout completely eliminated these remaining sweet responses15,
unequivocally demonstrating the essential role of T1Rs in all sweet taste
detection and perception. Unexpected corroboration of the fundamental requirement of T1Rs for sweet taste came from the recent discovery
that cats (all felidae from the common house kitten to the tiger) carry a
naturally occurring deletion in their T1r2 gene26, providing a molecular
explanation to the striking, and long-standing, observation that cats do
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Figure 3- The phylogenetic tree of the genus Caenorhabditis including habitat, other organism
associations, classification of association, distribution, and mode of reproduction. The species
are indicated in black where some information is known and noted in gray where the species was
only found once. Figure from (Kiontke & Sudhaus, 2006)
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Appendix A
The mutant cng-3 (jh113) was characterized in terms of salt chemotaxis behavior using the radial
gradient assays as described in the materials and methods section of Chapter 3. In this appendix I
provide data suggesting that cng-3 (jh113) has a slight defect in salt chemotaxis behavior.
Statistics were carried out using a Student’s t test assuming equal variance.
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Appendix B
Here I present further details to determine the identity of the mutant che-5 (e1073). Linjiao Luo
in Aravi Samuel’s lab completed the thermotaxis assays using the tracking system as described
in Chapter 3. She also did NaCl tracking assays on the mutants and rescue lines I constructed. I
completed the chemotaxis and odortaxis shown in the next two pages for the mutant and
candidate analysis. All chemotaxis assays were done by the population gradient assay as
described previously in this thesis. Three candidates were examined and the results are presented
on the following pages. Student’s t tests were used where applicable and *p<0.01, **p<0.001.

Variants on IV: 258
Variants within limits: 137
Early Stops: 0
Missense: 7
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