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PIEZO acts in an intestinal valve to regulate
swallowing in C. elegans

Yeon-Ji Park 1,5, Jihye Yeon1,5, Jihye Cho1, Do-Young Kim1, Xiaofei Bai 2,
Yuna Oh3, Jimin Kim1, HoJin Nam1, Hyeonjeong Hwang1, Woojung Heo1,
Jinmahn Kim1, Seoyoung Jun 1, Kyungeun Lee3, KyeongJin Kang 4 &
Kyuhyung Kim 1,4

Sensations of the internal state of the body play crucial roles in regulating the
physiological processes and maintaining homeostasis of an organism. How-
ever, our understanding of how internal signals are sensed, processed, and
integrated togenerate appropriate biological responses remains limited. Here,
we show that the C. elegans PIEZO channel, encoded by pezo-1, regulates food
movement in the intestine by detecting food accumulation in the anterior part
of the intestinal lumen, thereby triggering rhythmical movement of the
pharynx, referred to as the pharyngeal plunge. pezo-1 deletionmutants exhibit
defects in the pharyngeal plunge, which is rescued by PEZO-1 ormouse PIEZO1
expression, but not by PIEZO2, in a single isolated non-neuronal tissue of the
digestive tract, the pharyngeal-intestinal valve. Genetic ablation or optoge-
netic activation of this valve inhibits or induces the pharyngeal plunge,
respectively. Moreover, pressure built in the anterior lumen of the intestine
results in a pezo-1-dependent pharyngeal plunge, which is driven by head
muscle contraction. These findings illustrate how interoceptive processes in a
digestive organ regulate swallowing through the PIEZO channel, providing
insights into how interoception coordinates ingestive processes in higher
animals, including humans.

Animals must detect and process external (exteroceptive) and inter-
nal (interoceptive) mechanical or physical stimuli in a process known
as mechanotransduction for their survival and well-being1,2. While
specialized sensory organs detect mechanical forces to mediate
touch, hearing, and proprioception, additional tissues and organs
respond to internal mechanical cues3,4. For instance, fluid flow and
hydrostatic pressure influence the proper functions of tubular organs
such as blood vessels, the urinary bladder, and the intestine. Dysre-
gulation of these transduction processes results not only in sensory
and motor defects but also in the disturbed homeostasis of devel-
opment and physiology in various tissues and organs, leading to
numerous disease statuses5. However, the extent to which

interoceptive mechanotransduction is involved in organ function is
not fully understood.

Mechanosensory transduction pathways converge on distinct
membrane proteins, including mechanosensitive ion channels, which
convertmechanical stimuli into electrical or chemical signals depending
on cell types6,7. PIEZO ion channels, nonselective cationic channels
directly activated by mechanical forces and evolutionarily well-con-
served, have been shown to mediate mechanotransduction in various
developmental and physiological contexts8. The mammalian genes
Piezo1 and Piezo2, expressed in a wide range of tissues, including exci-
table and non-excitable tissues, play roles in diverse physiological pro-
cesses, including circulation9–11, touch sensation12, proprioception13,
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respiration14, urination15 by detecting blood flow, light-touch, muscle
stretch, lung inflation, and bladder filling. Recent reports have shown
that PIEZOs are widely expressed in the digestive system, including the
gastrointestinal (GI) tract, and modulate gut motility and homeostasis,
resulting in proper ingestion and digestion16–18. Considering the broad
expression of PIEZO channels in the digestive system, the precise roles
of PIEZO channels in other digestive organs and their molecular
mechanisms need to be further explored.

C. elegans exhibits a relatively simple digestive tract consisting of
distinct anatomical and functional organs, including the mouth,
pharynx, and intestine, allowing efficient and elaborate feeding and
digestion of bacterial food19. Ingested bacteria are ground and trans-
ported by pharyngeal pumping and peristalsis to the intestine, where
further digestion and nutrient absorption occur20. An additional valve-
like organ or structure in the digestive tract, referred to as the
pharyngeal-intestinal valve (PI valve), physically connects the pharynx
to the intestine21. This structure is anatomically analogous to the eso-
phagus in vertebrates and appears to act as a barrier to control food
flow22. However, the precise roles of the PI valve in the C. elegans
digestive system have not been explored. Furthermore, it is intriguing
to decipher whether interoception is involved in the digestive system
of C. elegans and, if so, which molecular sensors play a role. Here we
find that the PI valve detects intestinal distension caused by food
accumulation via pezo-1, a C. elegans ortholog of PIEZO channels, and
triggers pharyngeal plunge to move food down to the intestine.

Results
TheC. elegans PIEZO channel, PEZO-1,mediates foodmovement
in the intestine
The PIEZO genes are evolutionarily conserved across a wide range of
organisms, including C. elegans, of which genome encodes one
ortholog, pezo-1 (Supplementary Fig. 1a)23–25. To investigate the func-
tion of C. elegans PEZO-1, we first sorted fourteen putative pezo-1 iso-
forms into four groups based on the location of the translational start
codon, which may share promoter regions, referred as p1, p2, p3, and
p4 promoters, and observed their expression patterns (Fig. 1a). Pre-
vious studies have reported variable, yet overlapping expression pat-
terns of pezo-1, which differed depending on the methodologies used
in each study23–27(Supplementary Data Table 1). Consistent with pre-
vious report23, each promoter appeared to be expressed in distinct cell
types; for example, the p1 promoter is specifically expressed in the
pharyngeal-intestinal valve (PI valve), with its expression consistently
reported acrossmost studies,while the p3 promoter shows expression
in several neurons and intestine (Fig. 1b, Supplementary Fig. 1b, c, and
Supplementary Data Table 1). These findings suggest that similar to
PIEZO genes in mammals, C. elegans pezo-1 is expressed in various cell
types throughout development, indicating diverse roles of pezo-1 in C.
elegans biology.

Then we decided to uncover the pezo-1 function in the PI valve,
which consists of six epithelial cells and links the posterior of the
pharynx to the anterior of the intestine22 (Fig. 1c). Due to the lack of
muscle fibers inside valve cells and synaptic innervation from the
nervous system21, it has been postulated that the valve could passively
mediate food movement from the pharynx to the intestine, allowing
further investigation of the PI valve’s function.

The expression of pezo-1 in the PI valve prompted us to examine
the flow of ingested food from the pharynx to the intestine. To track
andmonitor bacterial foodmovement,we fed animalswithOP50-sized
green fluorescent-polystyrenemicrosphere, the uptake of which could
be comparable to OP50 ingestion28 (Fig. 1d). In wild-type animals,
microspheres ingested for 20min moved from the mouth to the
intestine but often accumulated in the anterior intestinal lumen near
the PI valve (Fig. 1e, f, and Supplementary Fig. 1d). These residual
microspheres in the anterior lumen gradually moved down the intes-
tine and were eventually expelled by defecation in approximately

10min when animals were fed with bacterial food28 (Fig. 1e, f, and
Supplementary Fig. 1e).

We then generated a pezo-1 deletionmutant allele (lsk51) by using
the CRISPR-Cas9 system, which deletes the C-terminus of all isoforms
and thus could be a null allele (Fig. 1a) and observed the flow of
microsphere in this mutant allele along with other available deletion
alleles (Fig. 1a and d). While pezo-1 mutants appeared to uptake
microspheres normally, which then traveled into the anterior part of
the intestine similar to wild-type animals, the intestinal accumulation
of microspheres was more prominent in pezo-1 mutants than in wild-
type animals in 5min or 10min to a lesser extent (Fig. 1e, f, and Sup-
plementary Fig. 1f). This indicates that in pezo-1 mutants, ingested
microspheres reside longer in the anterior intestinal lumen and move
slowly down the intestinal lumen. Defecation-defective unc-16
mutants, resulting from a lack of anterior body muscle contraction29,
were also defective in microsphere movement (Supplementary
Fig. 2a), but pezo-1 mutants were relatively normal in defecation
(Supplementary Fig. 2b), suggesting that the pezo-1 phenotype is not
simply due to defecation defect. Moreover, we assessed the meal size
of pezo-1 mutants by cultivating worms in OP50 liquid medium and
measuring the optical density. We found that pezo-1mutants take up a
comparable amount of bacterial food to wild-type animals (Supple-
mentary Fig 2c), indicating that the microsphere movement pheno-
type of pezo-1 mutants is not due to differences in meal size.

Since we detected two abundant pezo-1 transcripts through the
reverse-transcription PCR, including C10C5.1g and C10C5.1i (Fig. 1a),
rescue experiments were performed using these two cDNAs. The
expression of a longer pezo-1 cDNA (C10C5.1g), but not a shorter one
(C10C5.1i), under the control of pezo-1p1 promoter rescued the defects
of pezo-1 mutants (Fig. 1g), indicating that full-length PEZO-1 is
responsible for microsphere movement phenotype. Additionally, the
PI valve-specific expression of a longer pezo-1 cDNA fully rescued pezo-
1 defects, whereas pharyngeal muscle- and intestine-specific expres-
sion could not (Fig. 1h), suggesting that pezo-1 acts in the PI valve to
regulate microsphere movement in the intestine.

PEZO-1 regulates pharyngeal plunge
We next sought to investigate the mechanisms by which accumulated
microspheres move down the intestine independently of defecation.
Interestingly, when worms were fed microspheres or even normal
food, we observed the irregular but noticeable movement of the
pharynx and PI valve, which together were pushed posteriorly and
returned to their original position in a rhythmic fashion (Fig. 2a, b, and
Supplementary Video 1). To quantify this phenotype, we measured
the relative distance from the posterior end of the pharynx to the
anterior end of the intestine, referred to as plunge length (Fig. 2a).
When the pharynx of an adult worm moved into the intestine and the
plunge length was greater than 3μm (see “Methods” section), we
named this movement trait as a pharyngeal plunge (Fig. 2a and b).
While wild-type animals triggered a pharyngeal plunge roughly every
4 s, and the average of their pharyngeal length was about 5μm, pezo-1
mutants exhibited strong defects in the pharyngeal plunge, with both
pharyngeal frequency and length decreased (Fig. 2b–d, Supplemen-
tary Fig. 2d, and Supplementary Video 2). Compared to defects in
microsphere movement, unc-16 mutants exhibited a normal phar-
yngeal plunge (Fig. 2d), further supporting the idea that defects in
microsphere movement in pezo-1 mutants are not due to defecation
dysfunctions but rather defects in pharyngeal plunge.

Consistent with microsphere movement, defects in the phar-
yngeal plunge of pezo-1mutants were fully rescued by the expression
of a pezo-1 cDNA (C10C5.1 g) under the control of pezo-1p1 or the PI
valve-specific promoter, but not under the control of the body wall-
specific myo-3 promoter30 (Fig. 2e and Supplementary Fig. 2e), pro-
viding further evidence that PEZO-1 acts in the PI valve to regulate
pharyngeal plunge and thus food movement30.
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Mouse Piezo1 rescues defects in the pharyngeal plunge and
microsphere movement of pezo-1 mutants
PEZO-1 exhibits a high degree of homology in protein sequence and
topology with mammalian PIEZO1 and PIEZO2, suggesting functional
conservation between these proteins24,31 (Fig. 3a). To investigate whe-
ther mammalian PIEZO channels can play comparable roles to the C.
elegans PEZO-1, we expressed mouse Piezo1 or Piezo2 cDNA in the PI

valve of pezo-1 mutants and examined microsphere movement and
pharyngeal plunge. The PI valve-specific expression of mouse Piezo1,
but not Piezo2, fully rescued both defects inpezo-1mutants (Fig. 3b–e),
indicating the evolutionary conservation of PIEZO1 channel function in
the PI valve between C. elegans and mice.

Yoda1has been shown toopenmammalian PIEZO1 channel, acting
as a chemical agonist32, while the long-term effects of Yoda1 exposure
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Fig. 1 | PEZO-1 regulates foodmovement in the intestine. aGenomic structure of
the pezo-1 gene. Orange bars and blue boxes represent alternatively spliced exons
and promoter regions of pezo-1 isoforms fused to the gfp gene, respectively. Black
lines indicate deletion regions of pezo-1mutant alleles. b Representative images of
wild-type animals expressingpezo-1p1::gfp (left) andpezo-1p3::gfp (right) transgene.
Anterior is to the left. Scale bar: 10μm. c Schematic of the digestive tract, including
the pharynx, PI valve, and intestine in C. elegans. d Experimental scheme of the
microsphere movement assay. Animals were placed in a plate containing green
fluorescent-polystyrenemicrospheres seeded with bacterial foodOP50 for 20min,
then transferred in an OP50-only plate during fluorescent imaging.
e Representative images of the whole body of wild-type animal and pezo-1 mutant
taken at 0min, 5min, and 10min after recovery from microsphere ingestion.

Images in the lower left boxed regions are higher magnification of the boxed area
(anterior part of the intestine). Scale bar: 10μm. f–h Fluorescence intensity of
microspheres in the anterior part of the intestine of (f) adult wild-type animals or
pezo-1mutant alleles and (g,h) pezo-1 (tm10725) rescued lines. Promoters and pezo-
1 cDNA isoforms used for rescue experiments are indicated. Each dot represents
the fluorescence intensity of a single animal. n = 30, 45, 35, 28, 40, 45, 35 (for
respective columns) in (f), n = 20, 20, 20, 20, 30 (for respective columns) in (g), and
n = 30, 45, 20, 49, 20, 20 (for respective columns) in (h). Data are presented asmean
values ± SD. *, **, ***, and #, ##, ### indicate significant differences from wild-type
and pezo-1 (tm10725) at p < 0.05, p < 0.01, and p <0.001, respectively (one-way
ANOVA test followed by the Dunnett test). Raw data and statistical analyses are
provided in the Source Data file.

Fig. 2 | PEZO-1 mediates pharyngeal plunge. a Schematic representation of the
pharyngeal plunge. Shown is the anterior digestive tract of a worm, comprising the
mouth, pharynx, pharyngeal-intestinal valve (PI valve), and intestine. Note the
movement of the pharynx over time. b Representative images of worm’s head
during the pharyngeal plunge in wild-type (left) and pezo-1 mutant (right) animals
over time. The white circle and vertical line indicate the terminal bulb of the
pharynx and the anterior end of the intestine, respectively. Scale bar: 10 μm. c The
time series plot of plunge length in wild-type (left) and pezo-1 mutant (right) ani-
mals during 20 s pharyngeal plunge. A pharyngeal plunge is counted when the

plunge length exceeds the red dotted line (3μm).d, e Plunge frequency and plunge
length of (d) wild-type animals and pezo-1 mutant alleles and (e) pezo-1 (tm10725)
rescued lines. n = 30 for each genotype in (d) and n = 26, 28, 20, 20 (for respective
columns) in (e) of plunge frequency. n = 30 for each genotype in (d) and n = 26, 28,
20, 20 (for respective columns) in (e) of plunge length. N = 3 independent experi-
ments. Data are presented as mean values ± SD for plunge frequency and SEM for
plunge length. *** and### indicate significantdifferences fromwild-type andpezo-1
(tm10725) at p <0.001, respectively. (one-way ANOVA test followed by the Dunnett
test). Raw data and statistical analyses are provided in the Source Data file.
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Fig. 3 | Expression of mouse Piezo1 in the PI valve rescues defects of pezo-1
mutants. a The architecture and topology of the PEZO-1 channel, along with the
percentage similarity of amino acids between PEZO-1 and mPIEZO1 or mPIEZO2 in
the whole protein and several functional domains (CTD: C-terminal domain).
b–e Plunge frequency and plunge length (b, d), and fluorescence intensity of
microspheres in the anterior part of the intestine (c, e) in wild-type animals, pezo-1
(tm10725)mutants, and transgenic animals expressing eithermousePiezo1 cDNAor
mouse Piezo2 cDNA in the PI valve. n = 26, 28, 20, 20 (for respective columns) in (b),
n = 30, 45, 20, 30 (for respective columns) in (c), n = 26, 28, 20, 21, 25 (for respective
columns) in (d), and n = 30, 45, 20, 20, 21 (for respective columns) in (e). Data are
presented as mean values. Error bars indicate SD for plunge frequency (b, d) and

fluorescence intensity (c, e) and SEM for plunge length (b, d). ns, ##, ### indicate
significant differences from pezo-1 (tm10725) at no significant differences, p < 0.01,
and p <0.001, respectively. (one-way ANOVA test followed by the Dunnett test).
fPlunge frequencyandplunge length, andgfluorescence intensity ofmicrospheres
of wild-type and pezo-1 mutant animals in the presence or the absence of 20μM
Yoda1 (for 24h.) n = 20 for each genotype. Data are presented asmean values ± SD.
*, **, and *** indicate significant differences from wild-type in the absence of Yoda1
at p < 0.05, p < 0.01, and p <0.001, respectively (one-way ANOVA test followed by
the Dunnett test). Raw data and statistical analyses are provided in the Source
Data file.
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on C. elegans appeared to mimic the phenotype observed in pezo-1
deletion mutants24. We also found that wild-type animals exposed to
long-term, but not short-term, Yoda1 exhibited defects in pharyngeal
plunge and microsphere movement similar to pezo-1 mutants, whose
defects were not aggravated by Yoda1 (Fig. 3f, g, and Supplementary
Fig. 3a, b), further indicating that pezo-1 indeed regulates pharyngeal
plunge and food movement and mPiezo1 exhibit similar functions to
pezo-1.

The PI valve mediates pharyngeal plunge, which forces food to
move down the intestine
Identification of the PI valve as the site of action of pezo-1 allowed us to
explore the roles of the PI valve in pharyngeal plunge andmicrosphere
movement. We decided to optogenetically ablate the PI valve by
expressing the genetically encoded photosensitizer miniSOG (mini
SingletOxygenGenerator)33,34. Upon exposure to blue light, transgenic
animals expressingminiSOG and gfp (green fluorescent protein) genes
in the PI valve appeared to lose gfp expression in an hour (Supple-
mentary Fig. 3c), likely due to the cell death, and showed decreased
pharyngeal plunge and microsphere movement comparable to pezo-1
mutants (Fig. 4a, b), indicating that the PI valve is required for phar-
yngeal plunge and microsphere movement.

We then examined whether the structure of the PI valve is
abnormal in pezo-1 mutants and observed the morphology of the PI
valve byArray Tomography35–37. Consistentwithprevious reports22, the
center of one vpi1 cell projected toward pm8 pharyngeal muscle to
form a hole, and the three vpi2 cells were arranged and aligned with
the two vpi3 cells, with all six vpi cells stacked from the anterior end
toward the posterior, forming a typical PI valve structure in both wild-
type and pezo-1mutant animals (Fig. 4c and Supplementary Fig. 3d–f).
Thus, the overallmorphology and internal structures did not appear to
be altered in pezo-1 mutants, suggesting that pezo-1 mutant pheno-
types are not simply due to structural defects of the PI valve. Fur-
thermore, pezo-1 mutations did not affect the expression of the PI
valve-expressed genes, including LIM zinc-binding domain-containing
proteinVALV-138 and transmembraneproteinMIG-1339 (Supplementary
Fig. 4a), indicating that overall gene expression in the PI valvemay not
be affected in pezo-1 mutants.

To further probe the roles of the PI valve, we expressed the
genetically encoded calcium sensor GCaMP6s40 in the PI valve and
monitored, if any, calcium transients as the pharyngeal plunge occurs.
We observed a transient increase in the PI valve Ca2+ levels when the
pharyngeal plunge was triggered (Fig. 4d, e, and Supplementary
Fig. 4b). PI valve Ca2+ transients were returned to the baseline as the
pharyngeal plunge was terminated (Fig. 4d, e, and Supplementary
Video 3). Cross-correlation analysis of the PI valve Ca2+ transients and
pharyngeal plunge revealed a strong correlation between the PI valve
Ca2+ activity and the pharyngeal plunge (Fig. 4f). These Ca2+ transients
were abolished in pezo-1 mutants (Fig. 4d, e, Supplementary Fig. 4b,
and Supplementary Video 4), suggesting that PEZO-1 facilitates the
passage of Ca2+ into the PI valve, resulting in pharyngeal plunge.

We next examined whether optogenetic excitation in the PI valve
induces pharyngeal plunge and thus microsphere movement by
expressing the channel rhodopsin variant ReaChR41 in the PI valve
(Fig. 4g). Light stimulation in the presence of all-trans-retinal (ATR)
instantly triggered the pharyngeal plunge of transgenic animals, which
persisted until the lightwas turnedoff in 10 s (Fig. 4h, i, Supplementary
Fig. 4c, and Supplementary Video 5, Video 6). Moreover, repeated 20-s
pulses of light also increased microsphere movement (Fig. 4j, k),
indicating that pharyngeal plunge indeed promotes microsphere
movement. Together, these results indicate that the activities or Ca2+

levels in the PI valve modulate pharyngeal plunge and, consequently,
microsphere movement.

PEZO-1 induces pharyngeal plunge by detecting distension built
in the anterior part of the intestine
To investigate the roles of PEZO-1 in the PI valve underlying pharyngeal
plunge, we examined the subcellular localization of PEZO-1 in the PI
valve by endogenously tagging the C-terminal of PEZO-1 withmScarlet
fluorescent protein24. Consistent with promoter activities of the pezo-1
gene, PEZO-1 was expressed in the PI valve and predominantly loca-
lized in the cell membrane facing the intestine but not the pharynx
(Fig. 5a), suggesting that PEZO-1 detects mechanical force or pressure
generated from the anterior part of the intestine in order to mediate
pharyngeal plunge.

Basedon the compartmentalized localizationof the PEZO-1 on the
surface of the PI valve and the acute accumulation of food in the
anterior part of the intestine, we hypothesized that the PI valve may
respond to pressure or distension built in the anterior part of the
intestine resulting from food accumulation via the PEZO-1. To test this
hypothesis, we inflated the anterior part of the intestine by micro-
injection of buffer solution (Fig. 5b). Microinjection of approximately
2–50 pl buffer induced expansion of the anterior intestinal lumen
(Fig. 5c and Supplementary Fig. 5a), and triggered the pharyngeal
plunge in wild-type animals and rescued lines in 2–3 s after injection,
but not in pezo-1 mutants (Fig. 5c, d, and Supplementary Video 7,
Video 8). These results indicate that pharyngeal plunge can be elicited
by distension of the intestine depending on PEZO-1.

A previous study has shown that PEZO-1 could be gated by
mechanical pressure in heterologous systems23,25. To further support
the mechanosensitive function of PEZO-1, we exploited an alternative
approach42 in which PEZO-1 is ectopically expressed in the AWC che-
mosensory neurons of transgenic animals expressing GCaMP3 and
monitored the AWC Ca2+ activities during freely moving condition
(Fig. 5e). Consistent with previous observations42, the AWC neurons of
wild-type animals exhibited inconsistent and weak Ca2+ signals when
they moved forward (Fig. 5f, g, and Supplementary Fig. 5b). However,
transgenic animals expressing PEZO-1 in the AWC neurons showed
reliable and strong Ca2+ transients that were correlated with head
bending (Fig. 5f–h), indicating that ectopic expression of PEZO-1 is
sufficient to confer neuronal responses in the AWCneurons upon head
deformation. These results further suggest that PEZO-1 acts as a
mechanosensitive receptor in the context of the PI valve-mediated
pharyngeal plunge.

The pharyngeal plunge is driven by head/neck muscle contrac-
tion via chemical synaptic transmission
We next sought to investigate the forces responsible for pharyngeal
movement. Consistent with the previous report22, we could not
observe any muscle fibers inside the PI valve (Fig. 4c and Supple-
mentary Fig. 3d, e), excluding the possibility of the PI valve contraction
as a force source. Since the PI valve directly connects to a pm8 phar-
yngeal muscle via gap junctions21,22, we examined the contraction and
Ca2+ activities of the pharyngeal muscles during the pharyngeal plunge
and found no noticeable activities of pharyngeal muscles (Supple-
mentary Fig. 6), suggesting that pharyngeal plunge is not forced by
pharyngeal muscle contraction. The anterior, but not other parts of,
the pharynx is anchored to the buccal cavity ormouth and attached to
head muscles via tendon-like structures43 (Fig. 6a). Unlike the phar-
yngeal muscles, the head/neck muscles exhibited strong contractions
and Ca2+ transients during pharyngeal plunge (Fig. 6b, c, and Supple-
mentary Fig. 6b). Moreover, the dorsal and ventral head/neckmuscles
typically displayed Ca²⁺ transients independent of each other, indi-
cating that the activity of either the dorsal or ventral muscles is suffi-
cient to drive pharyngeal plunge. These data suggest that the
contraction of the head/neck muscles forces the pharynx to move
backward.
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Since head/neckmuscle contraction could be elicited by chemical
synaptic transmission and/or peptidergic signaling, we examined
pharyngeal plunge and microsphere movement in UNC13/unc-13 and
CAPS/unc-31 mutants, which are defective in synaptic vesicle release
and dense core vesicle release, respectively44,45. unc-13, but not unc-31,
mutants exhibited strong defects in pharyngeal plunge and micro-
sphere movement comparable to pezo-1 mutants (Fig. 6d, e),

suggesting that small molecule, but not large neuropeptide, chemical
synaptic transmission mediates pharyngeal plunge. We further inves-
tigated which neurotransmitter mediates pharyngeal plunge and
microsphere movement by examining neurotransmitter mutants,
including tdc-1 (tyramine), unc-49 (GABA), tbh-1 (octopamine), tph-1
(serotonin), unc-17 (acetylcholine), cat-2 (dopamine) or eat-4
(glutamate)46, and found that tph-1, unc-17, cat-2, eat-4, but not tdc-1,
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unc-49, tbh-1mutants exhibited defects in both pharyngeal plunge and
microsphere movement (Fig. 6f, g), indicating that multiple neuro-
transmitters are involved in these processes.

The SMB and SMDneurons are twomajor types ofmotor neurons
that innervate the head and neck muscles22 (Fig. 6h). We tested
transgenic animals in which the SMB or SMD neurons are genetically
ablated and found that these animals exhibited strong defects in
pharyngeal plunge and microsphere movement comparable to pezo-1
mutants (Fig. 6i, j), indicating that the SMB and SMD motor neurons
play roles in mediating pharyngeal plunge. Together, the PI valve
transmits the interoceptive signal from the intestine to the head/neck
muscles throughmultilayer synaptic transmission andmotor neurons.

Discussion
C. elegans perceives and responds to external cues with notable sen-
sitivities, as a form of exteroception, and specialized sensory cells and
receptor molecules to detect exteroceptive stimuli underlying che-
mosensation, thermosensation, light sensation, and touch sensation
have been identified47. However, despite its well-established sig-
nificance in higher organisms, including humans, it has been intriguing
whether interoception and the internal sensing of physiological states,
especially via mechanotransduction, play a crucial role in C. elegans
biology. Here we demonstrate that C. elegans detects and integrates
internal mechanical signals associated with the digestive process to
facilitate food movement.

In C. elegans, the initial movement and processing of bacterial food
in the digestive tract are mediated by the pharynx where two modes of
the pharyngeal muscle contraction, referred to as pumping and isthmus
peristalsis, create a flow of partially digested bacteria within the
pharynx48. The flow of liquid from the pharynx into the intestine is not
driven by peristaltic contractions, as seen in more complex digestive
systems, but the difference in timing between pumping and isthmus
peristalsis seems to propel bacteria posteriorly to the intestine49,50.
Inside the intestine, bacterial food movement is regulated by a coordi-
nated and rhythmic defecation process in which multiple layers of
muscles play distinct roles. Specifically, posterior and anterior body wall
muscles contract sequentially, squeezing bacterial food anteriorly and
then posteriorly29. Here we have presented several pieces of evidence
indicating that the pharyngeal plunge further facilitates bacterial food
movement in the intestine. First, pezo-1 deletion mutants exhibit severe
defects in pharyngeal plunge as well as microsphere movement in the
intestine that are rescuedby the expression of PEZO-1 in the PI valve, but
neither in the intestine nor in the pharyngeal muscles. Second,

optogenetic activation or inhibition of the PI valve results in increasedor
decreased pharyngeal plunge andmicrospheremovement, respectively.
Third, pharyngeal plunge occurs independently of defecation; although
these processes follow a rhythmic pattern, defecation happens every
45 s whereas pharyngeal plunge occurs roughly 4–5 s with less con-
sistency. In addition, unc-16 mutants, which exhibit severe defects in
anterior bodywallmuscle contraction and thusdefecation, arenormal in
pharyngeal plunge while pezo-1 mutants are relatively normal in defe-
cation. Lastly, pharyngeal plunge is also a separate event from phar-
yngeal pumping, as no calcium activities in pharyngeal muscles are
detected during pharyngeal plunge and optogenetic activation of the PI
valve could not elicit pharyngeal muscle contraction. Together, while
defecation could be a significant driving force in moving bacterial food
down to the posterior intestine, we ensure that the pharyngeal plunge is
ahighly elaboratebutdelicate formofdigestiveprocess exploitedby the
PI valve.

What physiological roles does PEZO-1 play in the PI valve to
mediate pharyngeal plunge? Our data from subcellular localization,
Ca2+ imaging, optogenetics, and intestine-inflating experiments, sup-
port a model in which the nonselective cationic ion channel, PEZO-1,
acts as a mechanosensitive receptor in the PI valve that detects
mechanical pressure or distension built in the anterior part of the
intestine. Upon mechanical activation, PEZO-1 facilitates the influx of
Ca2+ ions into the PI valve, leading to Ca2+ transient, possibly initiating
intracellular second messenger signaling pathway and thus triggering
pharyngeal plunge (Fig. 7). Compared to the predominant expression
pattern of mammalian PIEZO1 in non-neuronal tissues and PIEZO2 in
neuronal tissues, C. elegans PEZO-1 isoforms display either a non-
neuronal or neuronal expression pattern; for example, g or i isoforms
are expressed in the non-neuronal PI valve or distinct neuronal cell
types, respectively. Interestingly, the g isoform exhibits stronger
sequence similarity to the mouse PIEZO1 than PIEZO2 at the protein
level24. Although electrophysiological properties of the PEZO-1 g iso-
form recapitulate those of mammalian PIEZO channels, including
voltage-dependent inactivation and nonselective cation currents, it is
hard to determine whether the g isoform is more similar to PIEZO1,
probably due to different heterologous systems used in previous
studies8,25,51. Our rescue data strongly indicates thatmouse PIEZO1, but
not PIEZO2, can functionally substitute for the PEZO-1 g isoform
underlying pharyngeal plunge. Moreover, PIEZO1 selective agonist,
Yoda1, also affects pharyngeal plunge32. It is intriguing to investigate
whether the neuronally expressed PEZO-1 i isoform exhibits functional
conservation with PIEZO2 for a future study.

Fig. 4 | The PI valve elicits pharyngeal plunge,which facilitates foodmovement
in the intestine. a, b Plunge frequency and plunge length (a), and fluorescence
intensity of microspheres in the anterior part of the intestine (b) in wild-type ani-
mals, pezo-1 (tm10725) mutants, and transgenic animals expressing the miniSOG
gene in the PI valve. n = 20 in (a), and n = 27, 20, 20, 25, 22 (for respective columns)
in (b). Data are presented as mean values. Error bars indicate SD for plunge fre-
quency (a) and fluorescence intensity (b) and SEM for plunge length (a). * and ***
indicate significant differences from light-unexposed wild-type at p < 0.05 and
p <0.001 (one-way ANOVA test followed by the Dunnett test). c 3D reconstruction
images of pharyngeal-intestinal valve (vpi) using array tomography in wild-type
animals and pezo-1 (tm10725) mutants. Electronmicroscopy images are included in
the supplementary Fig. 3c–f. Top: posterior view of PI valve, middle: posterior view
after removing vpi3s, bottom: anterior view. Each of the PI valve cells is color-
labeled in green (vpi3), red (vpi3), yellow (vpi2), magenta (vpi2), cyan (vpi2) and
light green (vpi1) respectively. Scale bar: 5μm. d Representative images of the
worm’s head during the pharyngeal plunge over time in wild-type and pezo-1
(tm10725)mutant animals expressing GCaMP6s in the PI valve. Thewhite circle and
vertical line indicate the PI valve and the anterior end of the intestine, respectively.
The distance between brown lines indicates the plunge length. Scale bar: 10μm.
e Representative calcium dynamics (green) in the PI valve and the corresponding
plunge length (brown) in the same wild-type or pezo-1 (tm10725) mutant animals.
f Cross-correlations (left) and peak correlations (right) between PI valve calcium

responses and Pharyngeal plunge length. The Peak correlation value is obtained
from lag 0 of cross-correlation. n = 15 for each genotype. Data are presented as
mean values ± SD. * indicates significant differences from the wild-type at p < 0.05
(unpaired t-test). g Experimental scheme of optogenetic activation of the PI valve
by expressing ReaChR under the control of PI valve-specific valv-1 promoter.
h Representative images of a valv-1p::ReaChR::mKate2 transgenic animal during
light stimulation over time. Each animal is exposed to light stimulation in the
presence or absence of all-trans retinal (ATR). The white circle indicates the
terminal bulb of the pharynx and the white line indicates the anterior end of the
intestinal lumen. Scale bar: 10μm. i The time series plot of plunge length of valv-
1p::ReaChR::mKate2 transgenic animals during light stimulation (left). Plunge
length after 10 s of light stimulation in the presenceor absenceof ATR (middle) and
before and after light stimulation in the presence of ATR (right). n = 20.
j Experimental scheme for the microsphere movement assay upon optogenetic
activation of the PI valve. Animals are exposed to three 20-s light pulses at 2–3 and
7–8min. k Fluorescence intensity of microsphere in the anterior part of the
intestine of valv-1p::ReaChR::mKate2 transgenic animals. Each dot represents the
fluorescence intensity of a single animal. n = 24 in ATR(+) and, 26 in ATR(−) col-
umns. Error bars indicate SD. *** indicate significant differences at p < 0.001
(unpaired t-test). Raw data and statistical analyses are provided in the Source
Data file.
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Our findings suggest that long-term exposure to Yoda1 may
inactivate PEZO-1 or PEZO-1-expressing cells. This is supported by the
study conducted by Bai et al., where similar phenotypeswereobserved
in both deletion mutants and animals subjected to prolonged Yoda1
exposure. Notably, we did not observe any effects from short-term
(10min) Yoda1 exposure on the pharyngeal plunge, as it failed to
induce the plunge. These observations raise several possibilities. One

hypothesis is that overactivation of PEZO-1 by Yoda1 may disrupt
normal cellular functions, similar to how overactivation of ion chan-
nels such as the C. elegans MEC-4 DEG channel52 or Drosophila TRPA1
channel53 has been shown to cause cellular dysfunction or damage.
However, it is also plausible that excessive or insufficient PEZO-1 sig-
naling may impair valve function, leading to the observed counter-
intuitive effects. Another possibility is that Yoda1 may be acting
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through unidentified mechanisms in C. elegans, contributing to the
phenotypes noted in our experiments. It is intriguing to investigate
how Yoda1 modulates PEZO-1, whether through overactivation, inac-
tivation, or via alternative pathways for future research.

The previous EM analysis, along with our own findings, indicates
that the PI valve lacks muscle fibers and synaptic innervation from the
nervous system22. Given this, how do Ca2+ transients in the PI valve lead
to the head/neck muscle contraction? Since the PI valve is directly
connected to thepm8pharyngealmuscle via a fewgap junctionproteins
and the tendonous structure anchors the pharynx to head muscles43,
one possibility is that Ca2+ signals are transmitted to the head/neck
muscles through the activation of pharyngeal muscles. However, our
Ca2+ imaging and optogenetic results showing that pharyngeal muscle
contraction is not involved in pharyngeal plunge, suggest that this is not
the case. Another possibility is that, similar to enterochromaffin cells in
the mammalian small intestine and colon, where serotonin (5-HT) is
secreted to neuronal and non-neuronal cells, influencing various phy-
siological processes54, the PI valve can release neurotransmitters as
paracrine signalingmolecules to affect neighboring neuronal processes,
including the SMB/SMD head motor neurons42,55. Due to the multiple
neurotransmitters involved in pharyngeal plunge (Fig. 6), it would be
intriguing to explore this possibility in the future. Together, our results
not only contribute to our understanding of interoception in a simpler
organism but also underscore the evolutionary conservation of key
molecular pathways involved in the internal sensory perception across
different species. Studying PEZO-1 mediated interoception in C. elegans
provides insights into the internal sensing mechanisms within the con-
text of gastrointestinal processes and also serves as an attractive in vivo
drug screen platform to identify novel chemicals interacting with PIEZO
channels of higher animals, including humans.

Methods
C. elegans strains
All strains weremaintained at 20 °C56. The N2 Bristol strainwas used as
a wild-type strain. The deletion sites of pezo-1 (tm10725, tm10726,
tm5071, tm5750, and tm5111)were identified by PCR (tm10725 Forward
primer: GACGAGGAAGGATAGCGCAA, tm10725 Reverse primer: AAG
TGCGCGTCCAAAGACCA, tm10726 Forward primer: AAAAGGCG
GGTCCCTTTCAC, tm10726 Reverse primer: CTAGAGCCCCAGAATCT
AAC, tm5071 Forward primer: CACCCCCAGCTCCAGTCTTT, tm5071
Reverse primer:CATTACTCCTCCTACCCTGT, tm5750 Forwardprimer:
CGCCCGTAGTTAAAGGGGAT, tm5750 Reverse primer: AATGACGGTC
CCGCCGCTTT, tm5111 Forward primer: CGCCCGTAGTTAAAGGGGAT,
tm5111Reverseprimer: AATGACGGTCCCGCCGCTTT). Togenerate the
pezo-1(lsk51), the CRISPR-Cas9 system (pezo-1 sg Forward primer:
GTTAGCATATTACGATCCGCGTTTTAGAGCTAGAAAT, pezo-1 sg
Reverse primer: GCGGATCGTAATATGCTAACAAGACATCTCGCAATA
G, pezo-1 3′ utr sg Forward primer: GTCCATTCGATGAGTGTCGCG
TTTTAGAGCTAGAAAT, pezo-1 3′ utr sg Reverse primer: GCGAC
ACTCATCGAATGGACAAGACATCTCGCAATAGG) was used and the
genomic deletion of pezo-1 was confirmed by PCR (pezo-1 deletion
right primer: TCAACTCGAACGACAAGCTG), pezo-1 deletion left

primer: CCCTGGTTGCCTTGTTTTAT. All the mutants and transgenic
strains used in the study are listed in Supplementary Data Table 2.

Molecular biology and transgenic worms
All the constructs derived in this studywere inserted into the pPD95.77
vector57. For the pezo-1p1, p2, p3, and p4 promoter analysis, approxi-
mately 4 kb upstream sequences from each g, k, i, and l isoform start
codon regions were amplified by PCR, respectively. To generate
transgenic worms, 50 ng/μl of each reporter construct was injected,
with 50 ng/μl of unc-122p::dsRed as an injection marker. For the pezo-1
rescue experiments, a 4 kb fragment ofpezo-1p1 promoter and a 1 kbof
valv-1 promoter were fused with pezo-1 cDNA and genomic DNA.
0.1 ng/μl of each construct was injected with 50ng/μl of unc-
122p::dsRed marker. For the Ca2+ imaging experiment, a 202 bp frag-
ment of ifa-4Δ4 promoter was fused into a GCaMP6s vector58. 100 ng/
μl of the construct was injected with 50 ng/μl of unc-122p::dsRed
marker. To generate construct for pezo-1 ectopic expression in the
AWC neurons, a 568 bp fragment of ceh-36Δ1 promoter59 was fused
with pezo-1 cDNA and 0.1 ng /μl of the construct was injected with
50 ng /μl of unc-122p::dsRed marker.

Microsphere movement assay
For microsphere movement assay, previousmethods were modified28.
Fluoresbrite Polystyrene YGmicrosphere was diluted with OP50 broth
in a 1:9 ratio. 200μl mixture was spread on a 6 cmNGM agar plate in a
clean bench, which was placed at room temperature for 2 h. Well-fed
young adult animals were placed on amicrosphere-contained plate for
20min and transferred to an E.coli OP50 seeded plate. In 10min after
transferring worms, fluorescence time-lapse images were acquired
using an Axio cam 208 colors with 6.3× objective and ZEN software for
10min duration. Images obtained at 0min, 5min, and 10min were
analyzed using ImageJ60, and average fluorescence intensities were
calculated by using GraphPad Prism.

Pharyngeal plunge assay
Well-fed young adult worms were used to observe pharyngeal plunge
under freely moving conditions. Each worm was transferred onto an
E.coliOP50 spread-2% agarose pad on a glass slide and a coverslip was
placed on top. Time-lapse images were acquired over a 40 s duration
using a Zeiss Axio observer A1 with a 20× objective and ImageJ plugin
software. At least 100 frames (20 s) of continuous pharyngeal plunge
movements fromeachwormwere obtained and analyzed using ImageJ
and GraphPad Prism. Plunge length was measured as the distance the
pharynx moved beyond the anterior intestine lumen : (Distance from
posterior end of the pharynx to anterior end of the intestine during
pharyngeal plunge) - (Distance from posterior end of the phrynx to
anterior end of the intestine before pharyngeal plunge).

Food Intake assay
Wormswere cultivated inOP50 liquidmediumusing optically clear 96-
well plates, with 15 age-synchronized worms per well. The optical
density at 600nm (OD600) of each well was measured with a

Fig. 5 | Distension built in the anterior part of the intestine triggers PEZO-1-
mediatedpharyngeal plunge. aBright field (left) and fluorescent (right) images of
transgenic animals expressing PEZO-1::mScarlet fusion proteins in the PI valve.
Scale bar: 10μm. b Experimental scheme for inflating the anterior part of the
intestine. c Representative images of worm’s head during injecting buffer in wild-
type (left) and pezo-1mutant (right) animals over time. Thewhite circle and vertical
line indicate the terminal bulb of the pharynx and the anterior end of the intestine,
respectively. The blue-colored region indicates an inflated area in the intestine after
buffer injection. Scale bar: 10μm. d Plunge length in wild-type animals or pezo-1
mutants after inflating the anterior part of the intestine. n = 10 for each genotype.
Data are presented as mean values ± SD. *** indicates significant differences from
wild-typewithout buffer injection (0 pl) at p < 0.001 (one-way ANOVA test followed

by the Dunnett test). e Experimental scheme for PEZO-1 ectopic expression in the
AWC neurons. f Representative single-frame images of GCaMP3 signal in the AWC
soma of freely moving control or a AWCp::pezo-1 cDNA transgenic animals during
head bending over time. Images in the upper right boxed regions are higher
magnification of the AWC soma. Scale bar: 10μm. g Representative trace of AWC
GCaMP activities (upper) and the corresponding head-bending angle (lower) of
control (left) or an AWCp::pezo-1 cDNA transgenic (right) animal. h The cross-
correlation curve (left) and peak correlation (right) between AWC calcium
responses andheadbending. n = 16, 17 (for respective columns).Data arepresented
as mean values ± SD, and *** indicates significant differences from control at
p < 0.001 (unpaired t-test). Raw data and statistical analyses are provided in the
Source Data file.
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microplate reader (Tecan Infinite 200), with readings taken every 24 h
over a 4-day period, starting from the first day of adulthood61.

Hydropathy analysis
Transmembrane topology prediction and classification of PEZO-1 was
performed using the DeepTMHMM (https://dtu.biolib.com/
DeepTMHMM) program provided by the DTU-BioLib62.

Cell ablation by miniSOG
The cell ablation by miniSOG has been modified from previous
methods33,34. valv-1p::miniSOG transgenic animals were grown in foil-
covered boxes until the experimental manipulation. A 460 nm blue
light source at approximately 2mW/square mm as measured with an
optical power/energy meter was originated from the Leica High-
performance Fluorescence StereomicroscopeM205FA.Well-fed 15–20
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young adult-stage valv-1p::miniSOG transgenic worms were trans-
ferred to a 3 cm NGM plate and were exposed to the blue light in the
dark for 1 h. Animals were then recovered in the dark for 4 h at a 15 °C
incubator, and further experiments were conducted.

In vivo calcium imaging in freely moving condition
Well-fed young adult-stage transgenicworms expressingGCaMP in the
PI valve or head and neck muscle were used. Each worm was trans-
ferred onto a 3% agarose pad spread with OP50 on a glass slide and
covered with a coverslip. In this setup, which differs slightly from the
pharyngeal plunge experiment (where a 2% agar pad was used), the
worms were still able to move freely, although their movement was
slightly slower, which is advantageous for higher magnification Ca²⁺
imaging. Fluorescence time-lapse images were acquired over a 40-s
duration using a Zeiss Axio observer A1 with 40× or 20× objectives and
analyzed using ImageJ. At least 100 frames (20 s) during pharyngeal
plunge from each worm were obtained and analyzed with a

customized program that normalized the fluorescence intensity of the
PI valve and muscles and subtracted the background.

Array tomography
The wild-type and pezo-1 mutant animals were fixed with 2.5% glutar-
aldehyde in 0.1M cacodylate buffer (pH 7.4) overnight at 4 °C. After
washing in CB (Cacodylate buffer), they were incubated in a reduced
osmium solution (2% osmium tetroxide, 1.5% potassium ferrocyanide
in CB) for 1 h, and the solution was replaced with filtered 1% thio-
carbohydrazide in distilled water (D.W) for 20min. After washing in
D.W., the solution was replaced with a 1% osmium tetroxide aqueous
solution for 30min. Following washing, the solution was replaced with
1% uranyl acetate in D.W. and incubated at 4 °C overnight. The next
day, the samples were washed with D.W. and incubated in a Lead
aspartate solution at pH 5.5 for 30min in a 50 °C oven. After washing in
D.W. six times for 10min each, dehydration was performed through a
graded ethanol series (30%, 50%, 70%, 95%, 100%, 30min each at 4 °C,

Fig. 7 | Model illustrating the functions of pezo-1 in the PI valve-mediated
pharyngeal plunge. C. elegans ingests food, which moves posteriorly and accu-
mulates in the anterior part of the intestine. PEZO-1 channels expressed in the cell
membrane of the PI valve, detect distensionor pressure from the anterior intestinal
lumen, resulting in calcium transients in the PI valve. Calcium activities in the PI

valve elicit contraction of head/neck muscles via several neurotransmitters and
head motor neurons, triggering a pharyngeal plunge that pushes food into the
posterior intestine. This process is illustrated in the images, where wild-type ani-
mals (left) show normal pharyngeal plunge, while pezo-1 mutants (right) exhibit
defects in pharyngeal plunge.

Fig. 6 | Head/neck muscle contraction mediates pharyngeal plunge.
a Schematic of the head muscles (light green), neck muscles (green), and tendon-
like structure (purple) in C. elegans. b Representative images of the worm’s head
during the pharyngeal plunge over time in the body wall muscles of wild-type
animals expressing GCaMP3. The yellow circle and red line indicate the terminal
bulb and the anterior endof the intestine, respectively. Scale bar: 10μm. cThe head
and neckmuscles activities before or during the pharyngeal plunge. n = 19. Data are
presented as mean values ± SD and * indicates significant differences at p <0.05
(unpaired t-test). d–g Plunge frequency and plunge length (d, f), and fluorescence
intensity of microspheres in the anterior part of the intestine (e, g) in indicated
genotypes. n = 20 for each genotype in (d) and n = 23, 23, 25, 23 (for respective
columns) in (e). n = 20 for eachgenotype in (f) and n = 20, 20, 20, 30, 20, 30, 20, 20,
20 (for respective columns) in (g). Data are presented as mean values. Error bars

indicate SD for plunge frequency and fluorescence intensity and SEM for plunge
length. *, **, and *** indicate significant differences from wild-type at p < 0.05,
p < 0.01, and p <0.001 (one-way ANOVA test followed by the Dunnett test).
h Schematic of the SMB (dark green) and SMD (orange) motor neurons in C. ele-
gans. Dorsal left and ventral left cell bodies are shown. i Plunge frequency and
plunge length, and j fluorescence intensity of microspheres in the anterior part of
the intestine in indicated genotypes. n = 30, 30, 23, 22 (for respective columns) in
(i), and n = 20 in (j). Data are presented as mean values. Error bars indicate SD for
plunge frequency andfluorescence intensity andSEM forplunge length. *, **, and ***
indicate significant differences from wild-type at p < 0.05, p < 0.01, and p <0.001
(one-way ANOVA test followed by the Dunnett test). Raw data and statistical ana-
lyses are provided in the Source Data file.
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pure ethanol 100% twice at room temperature). An ethanol: acetone
mixture solution (1:1, 30min, once), acetone (twice, 15min each),
acetone: Spurr’s (3:1, 1:1, 1:3, 1 h each), andpure Spurr’s resin (overnight
at room temperature)were sequentially used to infiltrate the resin. The
next day, sampleswere incubated in fresh pure resin for 6 h andplaced
in embedding molds in an oven (60 °C) for 24–48 h. Serial sections
with a thickness of 100 nmwere obtained from embedded samples on
a plasma-treated siliconwafer for scanning electronmicroscopy (SEM)
imaging using an ultramicrotome (MT-X, RMC) equipped with ASH2
(RMC) installed in the KIST Bio-imaging core facility. Electron micro-
scopic data were obtained under 2 keV, 0.2 nA, 5 nm pixel size, 5 µs
dwell time, 4096 × 4096 pixels or 6144 × 6144 pixels scan size, and a T1
backscattered electron detector using scanning electron microscopy
(TeneoVS, FEI). The alignment, segmentation, and three-dimensional
reconstruction were performed using the IMOD software63.

Live imaging to assess the expression pattern of PEZO-
1::mScarlet
For imaging the expression pattern of PEZO-1::mScarlet at the PI valve,
the animals were immobilized on 7.5% agar padswith anesthetic buffer
including 0.1% tricaine and 0.01% tetramisole, and M9 buffer. DIC and
mScarlet image acquisitions were captured by a Nikon 60 X oil
objective with 1μm z-step size; 25–30 z planes were captured. A
spinning disk confocal imaging system, including a Photometrics
Prime 95B EMCCD camera and a Yokogawa CSU-X1 confocal scanner
module was used to capture the images. The data were processed
usingNikonNIS imaging software and ImageJ/FIJI Bio-formats plugin64.

Optogenetic experiments
L4 transgenic worm larvae expressing ReaChR::mKate2 transgenes
under the control of indicated promoters were transferred 12 h before
the assay to either normal E.coli OP50 plates or E.coli OP50-retinal
plates containing 1mM all-trans-retinal (ATR, Sigma). E.coli OP50-
retinal plates were prepared by seeding 200μl E.coliOP50 with 2μl of
100mM ATR in 100% ethanol. To stimulate ReaChR, 565 nm LED at
roughly 0.1mW/square mm, as measured with an optical power/
energy meter was used. At least 10 young adult hermaphrodites per
strainwere exposed in the presenceor absence of ATR under a custom
automated worm-tracking system. Time-lapse images were acquired
over a 20-s duration using aZeiss Axioobserver A1with a 40×objective
and ImageJ plugin software. The heads ofwormswere allowed tomove
on the 3% agar pad, and recordings began with 5 s in the absence of a
green light, followed by 10 s of green light stimulation, and finally
another 5 s without a green light. The pharyngeal plunge was deter-
mined within 1 s after supplying the green light stimulus.

Inflating the anterior part of the intestine assay
For needle fabrication, Kwik-fill borosilicate capillary glass (1B100F-4)
were pulled with Micropipette puller P-1000 (Detail setting of P-1000;
Pull = 20, Vel. = 40, Delay = 20, Pressure = 130 at line 1 × 1 and Pull = 5,
Vel. = 40, Delay = 110 at line 2 × 2). The injection solution (S-basal) was
loaded onto the fabricated needle. Well-fed young adult worms were
used for injection assay and fixed under a Zeiss Axio observer A1 with a
20× objective. The automatic microinjection FemtoJet was pro-
grammed for anterior intestinal injection (Detail setting of FemtoJet;
injection pressure = 1700, injection time =0.1–1 s, compensation
pressure = 102). NARISHIGE micromanipulator was used to hold the
injection needle. The injection needle was oriented parallel to the
anterior intestine plane and obliquely inserted.

Confocal microscopy
Worms for microscopy were picked onto 2% agarose pads and anes-
thetized with 50mM sodium azide in M9 buffer. At least 10 worms
were imaged per genotype to obtain representative images. All images
were acquired using a Zeiss LSM780 laser-scanning confocal. Z-stack

images (each approximately 0.75μm thick) were acquired using the
Zen software and analyzed using the Zen software or ImageJ.

Identification of neuronal expression pattern
Cell identification was performed by assessing position and size
using Nomarski optics and by crossing with NeuroPAL (otIs699,
otIs670)65. Imaging experiments using the NeuroPAL line were
conducted using a Zeiss LSM780 laser-scanning confocal, with
settings available for download on yeminilab.com. Analysis of
NeuroPAL images for cell identification was conducted as descri-
bed in Yemini et al.65.

Cross-correlation analysis
The JMP software (SAS) was used, as described, to analyze time series
of PI valvemovementswith calcium fluorescence intensities, and head-
bending angles with calcium fluorescence intensities for a cross-
correlation analysis66. The time lag was 10 s, and PI valve position and
head position were used as input. Peak correlation represents the
correlation values at lag 0 s and is compared using the ANOVA test.

Quantification and statistical analysis
GraphPad Prism softwarewas used for data analysis. Comparisons and
P-value calculations were made between animals of the same or dif-
ferent strains, and treated and untreated animals, using Student’s t-
test, one-way ANOVA, and two-way ANOVA with corrections for mul-
tiple hypothesis testing. More statistical information is represented in
all figure legends.

Statistics and reproducibility
All statistical analyses were performed using Prism (version 8) or
Microsoft Excel (Microsoft365)with results detailed in the SourceData
file. Graphs were plotted using Prism. For the validation of behavioral
results, a minimum of ten worms per genotype were tested indepen-
dently at least three times. No statistical method was used to pre-
determine sample size, and no data were excluded from the analyses.
However, in the microsphere movement assay, worms that were not
feeding excluded from the assay, as they did not exhibit fluorescent
micropheres in their intestine.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data used to support the conclusions of this study are presented in
the paper or supporting information and has been also deposited and
uploaded to Figshare (https://doi.org/10.6084/m9.figshare.274781
19). Source data are provided with this paper.
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