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ABSTRACT

Neuropeptides play a critical role in regulating behaviors across organisms, but the
precise mechanisms by which neuropeptides orchestrate complex behavioral programs are not
fully understood. Here, we show that the FMRFamide-like neuropeptide FLP-12 signaling from
the SMB head motor neurons, modulates head locomotive behaviors, including stomatal
oscillation in C. elegans. lim-4 mutants, in which the SMB neurons are not properly specified,
exhibited various head and body locomotive defects, including stomatal oscillation. Chronic
activation or inhibition of neuropeptidergic signaling in the SMB motor neurons resulted in a

decrease or increase in stomatal oscillation, respectively. The flp-12 neuropeptide gene is
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expressed and acts in the SMB neurons to regulate head and body locomotion, including
stomatal oscillation. Moreover, the frpr-8 GPCR and gpa-7 Ga genes are expressed in the AVD
command interneurons to relay the FLP-12 signal to mediate stomatal oscillation. Finally,
heterologous expression of FRPR-8 either Xenopus oocytes or HEK293T cells conferred FLP-12
induced responses. Taken together, these results indicate that the C. elegans FMRFamide
neuropeptide FLP-12 acts as a modulator of stomatal oscillation via the FRPR-8 GPCR and the
GPA-7 G-protein.

Keywords:

C. elegans, flp-12, frpr-8, FMRFamide, head locomotion

INTRODUCTION

In many organisms, behaviors ranging from simple reflexes to complex patterns are
controlled by intricate neural circuits. Neuropeptides are major signaling molecules that
influence neural circuits and, consequently, behavior (Kow and Pfaft, 1988; Sharma et al., 2022).
Unlike classical neurotransmitters, which typically act at synaptic sites, neuropeptides can
diffuse over longer distances and influence entire networks of neurons, orchestrating a range of
complex behaviors, including feeding, social, and sexual behaviors, through their broad and
often modulatory effects (Bhat et al., 2021; Kow and Pfaft, 1988; Painsipp et al., 2008; Quillet et
al., 2016; Ryu et al., 2022; Sharma et al., 2022). For example, hypothalamic neuropeptide,
oxytocin, coordinates multiple social behaviors by conserved but rather distinct cellular and
circuit mechanisms (Froemke and Young, 2021). However, despite their importance, the specific
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mechanisms by which neuropeptides regulate particular behaviors remain largely unexplored.

In Caenorhabditis elegans, a small nematode with a well-characterized nervous system,
a variety of simple and complex behaviors has been extensively studied to uncover the
fundamental principles of neural circuit structure and function. In C. elegans, 113 neuropeptide
genes have been identified, encoding more than 250 distinct neuropeptides, including 31
FMRFamide-related peptide genes (FLPs) (Li and Kim, 2014), which may act via at least 149
putative neuropeptide G protein-couple receptor genes. Several flp genes function in locomotive
behaviors. For example, fIp-1 regulates locomotive speed and waveform, as mutations in flp-1
result in exaggerated movement, while overexpression causes sluggishness (Li et al., 1999). In
addition, fIp-1 and fIp-18 are crucial for balancing excitation and inhibition in the locomotory
circuit (Stawicki et al., 2013). While C. elegans shows complex locomotive behaviors, including
forward and backward crawling, swimming, stomatal oscillation, head lifts, and omega turns
(CROLL, 1975; Gray et al., 2005; Pierce-Shimomura et al., 2008), the contribution of flp genes
to these specific locomotive behaviors have not been fully explored.

Here, we investigate the functional role of the SMB neurons in regulating various
locomotive behaviors, including stomatal oscillation, reversal, head lifts, and omega turn. /im-4
mutant animals which are defective in SMB development, show defects in both head locomotion
and body locomotion. Defects in neuropeptide signaling result in abnormalities in stomatal
oscillation, head lifts, and reversals, but not in omega turns. The FMRFamide-related peptide,
fIp-12 mutant animals, exhibit behavioral defects such as stomatal oscillation, head lifts, omega
turns, and reversals, similar to those observed in /im-4 mutants. These defects can be restored by
expressing flp-12 cDNA under the control of the SMB-specific promoter. Moreover, RNA1

3



Kim, Moon and Heo et al

screening of FRPR families reveals that frpr-8 mutant animals exhibit defects in stomatal
oscillation similar to those observed in fIp-12 mutants. The fipr-8 gene is expressed and acts in
the AVD interneurons to mediate stomatal oscillation. Furthermore, heterologous expression of
FRPR-8 using Xenopus oocytes or HEK293T cells conferred responsiveness to FLP-12.
Together, these results reveal that FLP-12 neuropeptide secreted from the SMB neurons acts in

the AVD neurons through FRPR-8 receptor to mediate stomatal oscillation.
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RESULTS
The SMB neurons regulate the head and body locomotion of C. elegans

lim-4 encodes a LIM homeodomain protein that specifies AWB and ADF chemosensory
and SMB motor neuron identity (Dawid et al., 1995; Kim et al., 2015; Sagasti et al., 1999; Zheng
et al., 2005). /im-4 mutants have been shown to move in a coiled or loopy pattern (Sagasti et al.,
1999), mainly due to a functional defect in the SMB motor neurons (Kim et al., 2015) (Fig. 1B).
To further investigate the function of the SMB neurons, we measured the wavelength and wave
width of wild-type and /im-4 mutant animals. Consistent with previous reports, we found that
lim-4 mutants showed a significantly emphasized waveform (wild-type; wavelength: 489.730 pm
+ 7.781, wave width: 123.185 um + 5.445, n=30, lim-4; wavelength: 569.436 um = 18.370, wave
width: 264.067 um + 17.252, n=30; Fig. 1B).

Since the SMB neurons innervate the head and neck muscles (Fig. 1A) (Mclntire et al.,
1993; Sagasti et al., 1999), we examined the additional contributions of the SMB neurons to head
and body locomotion, including stomatal oscillation, head lift, reversal, and omega turn (Fig. 1C)
(CROLL, 1975). Stomatal oscillation refers to the worm’s gentle movement of its head from side
to side on the plate in the absence of food (Fig. 1C) (CROLL, 1975). Head lift indicates the
movement of a worm raising its head above the surface of the plate (Fig. 1C) (CROLL,
1975) .We found that /im-4 mutants showed increased stomatal oscillation, head lifts, and omega
turn, but decreased reversals (for 3 minutes: wild-type; stomatal oscillation: 24.488 + 1.545, head
lifts: 5.186 £ 0.672, reversals: 6.907 + 0.459, omega turn: 2.698 + 0.351, n = 86, lim-4; stomatal
oscillation: 47.067 + 3.152, head lifts: 21.933 & 3.126, reversals: 3.867 £ 0.819, omega turn:

11.067 + 1.667, n = 30; Fig. 1D).
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To further investigate whether the SMB neurons directly regulate these head and body
locomotive behaviors, we optogenetically stimulated the SMB neurons by expressing red-shifted
channelrhodopsin (ReaChR) under the control of the fIp-1243 promoter, which is specifically
expressed in the SMB neurons (Fig. 1E) (Kim et al., 2015; Lin et al., 2013). We found that
optogenetic activation of the SMB neurons did not elicit acute responses but resulted in
decreased stomatal oscillation, while head lift, reversal, and omega turn were not altered (Fig. 1F,
Supplementary Fig. S1). Together, these results indicate that the SMB neurons may play an

indirect and chronic role in regulating head and body locomotor activities in C. elegans.

Neuropeptidergic signaling in the SMB neurons mediates the head and body locomotion of
C. elegans

Previous studies have shown that the SMB neurons exhibit both cholinergic and
peptidergic features (Duerr et al., 2008; Kim et al., 2015; Kim and Li, 2004). To determine
whether the SMB neurons regulate head and body locomotion through neuropeptides, we
expressed dsRNA of unc-31 under the control of the SMB-specific promoter in wild-type
animals (Fig. 2A). UNC-31 regulates Ca** dependent exocytosis of dense-core vesicles in
neuroendocrine cells (Speese et al., 2007). We found that SMB-specific knockdown of UNC-31
had little or weak effect on wavelength and wave width (Fig. 2B), indicating that these
locomotive parameters may not be regulated by neuropeptides. However, we observed
noticeable and dramatic changes in other tested locomotive behaviors in unc-31 dsRNAi
transgenic animals, in which stomatal oscillation and head lift were increased, whereas reversal

was decreased, similar to /im-4 mutants (Fig. 2C). Omega turns appeared to be weakly increased,
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although not significantly different from wild-type worms (Fig. 2C) (SMBp::unc-31dsRNAi :
stomatal oscillation: 46.633 + 1.801, head lifts: 13.433 + 1.957, reversal: 7.300 + 0.818, omega
turn: 5.233 £ 1.044, n = 30; wild-type: stomatal oscillation: 37.867 + 1.501, head lifts: 6.067 £+
1.457, reversal: 10.900 £ 0.835, omega turn: 4.333 + 0.448, n = 30; Fig. 2C). These results
indicate that neuropeptide(s) from the SMB neurons regulate a subset of head and body

locomotive parameters, especially stomatal oscillation and head lift.

FMRFamide-related neuropeptide flp-12 gene acts in the SMB neurons to regulate the head
and body locomotion of C. elegans

To determine which neuropeptides are expressed in and act in the SMB neuron to mediate
head locomotion, we searched C. elegans single-cell expression data generated by the CeNGEN
consortium (Hammarlund et al., 2018) and found that fIp-12 is predominantly expressed in the
SMB neurons (Supplementary Fig. S2A). flp-12 encodes an FMRFamide-related neuropeptide
(Kim and Li, 2004) (Fig. 2D). Previous studies have shown that transgenic animals expressing
flp-12p::gfp transgene, which includes 2.6 kb of upstream sequence of the fIp-12 gene, are
expressed in the SMB neurons (Kim et al., 2015; Kim and Li, 2004). We also generated the same
flp-12p::gfp transgenic animals and recapitulated fIp-12 expression in the SMB neurons (Fig.
2E). To investigate the function of flp-12, we obtained the fIp-12 null mutant (0k2409), which
has a deletion in the 2" and 3™ exons of the flp-12 gene and measured the parameters of head
and body locomotion in fIp-12 mutants. We found that wavelength and width were not altered
(Fig. 2F) in fIp-12 mutants. However, similar to SMB-specific unc-31 dsRNAi transgenic

animals, stomatal oscillation, head lifts, reversal and omega turn were significantly increased in
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flp-12 mutants (flp-12: wavelength: 463.494 um + 20.742, wave width: 146.988 um + 5.304,
stomatal oscillation: 44.281 + 2.507, head lifts: 12.500 + 2.355, reversal: 11.313 £0.991, omega
turn: 5.188 £ 0.584, n = 32; wild-type: wavelength: 452.774pm + 21.773, wave width:
123.185um + 5.445, stomatal oscillation: 28.802 + 1.073, head lifts: 5.186 = 0.672, reversal:
6.907 £ 0.459, omega turn: 2.698 = 0.351, n = 86; Fig. 2G). Thus, these results indicate that
FLP-12 neuropeptides are expressed in the SMB neurons to mediate head and body locomotive

behaviors.

FRPR-8 GPCR regulates stomatal oscillation and omega turns

We next sought to investigate which neuropeptide receptor(s) are coupled with FLP-12
to mediate head and body locomotion. In C. elegans, 149 putative neuropeptide receptors have
been identified, although their exact functions are not fully understood (Beets et al., 2023;
Ripoll-Sanchez et al., 2023). We began performing an RNA-mediated interference (RNA1)
screen to search for neuropeptide genes whose knockdown exhibits the same or a similar
stomatal oscillation phenotype to fIp-12 mutants. Among the 16 neuropeptide genes tested, we
found that frpr-8 RNAI or reduction of function caused an increase in stomatal oscillation similar
to that in fIp-12 mutants but not in head lifts (Fig. 3A and Supplementary Fig. S3).

The frpr-8 gene encodes an FMRFamide-like peptide seven-transmembrane G protein-
coupled receptor (Fig. 3B). We obtained a deletion mutant allele (¢m70970), in which a 197 bp
deletion removes part of the 9" exon, causing a loss of 42 amino acids from the C-terminal end
(Fig. 3B). We found that fipr-8 deletion mutants recapitulated the fipr-8§ RNA1 phenotype,

showing increased stomatal oscillation (Fig. 3C). Moreover, in fipr-8 deletion mutants, omega
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turns were increased, whereas head lifts and reversals were not altered (Fig. 3C), indicating that
FRPR-8 may be coupled to FLP-12 to mediate stomatal oscillation and omega turns, but not head
lifts and reversals. We next generated fIp-12; frpr-8 double mutants and found that the stomatal
oscillation and omega turn phenotype of flp-12; frpr-8 double mutants were comparable to those
of either the fIp-12 or frpr-8 single mutants (Fig. 3C), supporting the idea that FRPR-8 is

genetically coupled with FLP-12.

Jfrpr-8 is expressed in and acts in the AVD interneurons to regulate stomatal oscillation

To investigate how FRPR-8 mediates stomatal oscillation, we examined the expression
patterns of the frpr-8 gene by generating transgenic animals expressing a reporter gene, in which
a 2.1 kb promoter region of the frpr-8 gene was fused to the mCherry fluorescent protein gene
(Fig. 3D) and found that the fipr-8 reporter gene was expressed in several head neurons (Fig.
3D). We also created transgenic animals (frpr-8p::frpr-8 cDNA::gfp) expressing full-length GFP-
tagged FRPR-8 proteins under the control of the fipr-8 promoter and found that FRPR-8 proteins
were localized in the plasma membranes of two types of head neurons (Fig. 3F). To identify
which neurons express fipr-8, we crossed frpr-8p::frpr-8 cDNA::gfp transgenic animals with
NeuroPAL worms (Yemini et al., 2021) and observed colocalization of GFP with NeuroPAL
signals in the AVD and SIA neurons (Figs. 3E, F), both of which are included in CeNGEN data
(Hammarlund et al., 2018) (Supplementary Fig. S2B). Moreover, we further confirmed the frpr-8§
expression in the AVD neurons by colocalization with nmr-1p::gfp transgenic animals (Brockie
et al., 2001) (Supplementary Fig. S4).

We next attempted to rescue the locomotive defects of fipr-8 mutants by expressing wild-
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type frpr-8 cDNA under the control of its own frpr-8 or the AVD-specific nmr-1 promoters
(Supplementary Fig. S4) (Ryu et al., 2018). Expression of FRPR-8 proteins in both the AVD and
SIA neurons, as well as in the AVD neurons alone, was sufficient to restore locomotive
phenotypes such as stomatal oscillation and omega turns in frpr-§ mutants (Fig. 3G), indicating
that frpr-8 may act in the AVD neurons to regulate these locomotive behaviors. We also observed
that overexpression of FRPR-8 in the AVD neurons increased head lifts (Fig. 3G), implying that
FRPR-8 may play a role in regulating not only stomatal oscillation and omega turns but also

head lifts.

Optogenetic activation of the AVD interneurons increased stomatal oscillation

While the STA neurons regulate locomotive speed but not backward locomotion (Lee et al.,
2019), the AVD interneurons have been shown to mediate backward locomotive behaviors,
including reversals and omega turns. However, the contribution of the AVD neurons to head
locomotion has not yet been explored. We generated transgenic animals expressing the channel
rhodopsin variant ReaChR under the control of the frpr-8 promoter. While the animals were
allowed to move freely, light stimulation in the presence of all-trans-retinal (ATR) elicited an
immediate increase in reversal and omega turns (Fig. 4A and Supplementary Figs. SSA and B),
confirming that the AVD neurons regulate reversal and omega turns. We also observed that
optogenetic activation of the AVD neurons increases stomatal oscillation but did not significantly
increase head lift (Fig. 4A and Supplementary Figs. SSA and B). Although the SIA neurons can
also contribute to stomatal oscillation, these data suggest that AVD neuronal activity regulates

both backward behaviors and stomatal oscillation.
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GPA-7 G protein appears to be coupled with FRPR-8 to regulate stomatal oscillation

The C. elegans genome encodes 21 G protein a-subunits (Jansen et al., 1999; Matas and
Promel, 2018). Among these 21 Ga genes, gpa-7 is predominantly expressed in the AVD neurons
(Hammarlund et al., 2018). To confirm the expression of gpa-7 in the AVD neurons, we
generated transgenic animals expressing gpa-7p::gfp under the control of 3.1 kb promoter
regions (Fig. 4B) and found that gpa-7 is indeed co-expressed with frpr-8 in the AVD neurons.

We then measured four locomotive parameters of the gpa-7 mutant allele (pk610) (Fig. 4C)
and found that gpa-7 mutants exhibited an increase in stomatal oscillation similar to that of frpr-
8 mutants, while gpa-7 mutants showed normal omega turns (Fig. 4C). These results indicate
that fip-8 may be coupled with gpa-7 to mediate stomatal oscillation but not head lifts. Next, we
created gpa-7; frpr-8 double mutants, which showed stomatal oscillation comparable to either
single mutant (Fig. 4C), suggesting that frpr-8 and gpa-7 act in the same pathway to regulate

stomatal oscillation.

FLP-12 neuropeptide activates the FRPR-8 GPCR in vitro

We next sought to investigate whether the FLP-12 neuropeptide is a ligand for the FRPR-8
GPCR using an in vitro cell expression system. We first expressed FRPR-8 in Xenopus oocytes
with cRNA microinjection and performed two-electrode voltage-clamp experiments (Fig. SA).
When we administered 1 nM, 10 nM, 100 nM, and 1000 nM of FLP-12 to oocyte expressing
FRPR-8 (Fig. 5B), and found that FL.P-12 activated the FRPR-8 receptor (EC50 = 107.7 nM) in

dose-dependent manner (Fig. 5B).
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We also generated transgenic HEK293T cells that express FRPR-8 with the Go16 subunit
and used calcium indicator Fluo-4 to detect calcium elevation (Fig. SA). We tested two cell lines,
one that expresses FRPR-8 and one that does not. We treated them with 1 uM of FLP-12 for 1
minute, then measured the level of Ca** in the cytosol of the cell. We observed that 1 pM of FLP-
12 induced Ca?" elevation in cells expressing FRPR-8 but not in cells transfected with empty
vector (Fig. 5C). As a control, we treated the transgenic cells with FLP-5, which has the same
length as FLP-12 but only shares FMRF sequence in C-terminus (Fig. 5D). Unlike FLP-12, FLP-
5 exposure did not elicit Ca®" elevation, indicating that FLP-12 activates FRPR-8. These data

indicate that FLP-12 neuropeptide indeed interacts with FRPR-8 GPCR.

DISCUSSION

Caenorhabditis elegans exhibits diverse locomotive behaviors such as crawling,
swimming, reversal, omega turn, stomatal oscillation, and head lift, which are modulated by
external conditions and internal states and serve as a simple model to understand more
complicated locomotion of higher animals (Moon et al., 2021; Park et al., 2022). Recent studies
have shown the importance of FLP neuropeptide signaling in understanding locomotive
behaviors. For example, FMRFamide related peptide FLP-20 functions through FRPR-3 GPCR
to regulate speed during arousal in response to mechanosensory stimuli, and FLP-2 modulates
locomotion via FRPR-18 GPCR (Chen et al., 2016; Chew et al., 2018). FLP-11, FLP-24, and
FLP-13 regulate the stopping of locomotion during quiescence and sleep (Nath et al., 2016;
Turek et al., 2016). FLP-8, FLP-19, FLP-12, and FLP-20 regulate turning during mating (Liu et

al., 2007). Here, we further identify a function of FLP-12 in the stomatal oscillation through
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FRPR-8 GPCR and GPA-7 G proteins.

The SMB head motor neurons have unbranched and synapse-free processes along the body
and innervate head and body muscles (White et al., 1986). Previous studies have shown that the
SMB neurons control the wavelength and width of their body undulations (Kim et al., 2015).
More recently, Matsumoto et al. (PNAS, 2024) showed that SMBD plays a crucial role in
integrating sensory and motor information to regulate klinotaxis in C. elegans, with SMBD
responding to temporal changes in NaCl concentration and exhibiting activity closely correlated
with neck bending. Here, we provide multiple lines of evidence showing that the SMB neurons
regulate other head and body locomotion through the action of neuropeptides. First, chronic
optogenetic activation of the SMB neurons exhibited decreased stomatal oscillation. Second,
RNAI of the dense core vesicle gene unc-31 in the SMB neurons caused head/body locomotion
defects. Third, deletion mutation of the SMB-expressed flp-12 (FMRFamide-like neuropeptide)
gene caused defects in head and body locomotion, but not in wavelength or width. Lastly, the
SMB-specific flp-12 cDNA expression restored the head and body locomotion defects of flp-12
mutants. Together, we conclude that the SMB neurons suppress head and body locomotion
through FLP-12 neuropeptide.

Based on our results, we propose a model in which FLP-12 neuropeptide regulates
stomatal oscillation through its interaction with the FRPR-8 GPCR and the GPA-7 G protein
(Fig. 6). Once released from the SMB neurons, FLP-12 binds to the FRPR-8 receptor on the
AVD neurons, which serve as command interneurons orchestrating complex motor outputs.
Activation of FRPR-8 by FLP-12 was validated both in vitro and in vivo. In vitro experiments

showed that FLP-12 induces a dose-dependent activation of FRPR-8 in Xenopus oocytes. In vivo,
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genetic knockdown and mutant studies revealed that the loss of FRPR-8 results in behavioral
changes similar to those observed in flp-/2 mutants, including increased stomatal oscillation.
Moreover, GPA-7, a G protein a-subunit expressed in the AVD neurons, is implicated as a
downstream effector of FRPR-8. Mutants lacking GPA-7 exhibit an increase in stomatal
oscillation, similar to the phenotype seen in FRPR-8 mutants. This suggests that FRPR-8
activation by FLP-12 in AVD neurons triggers a signaling cascade involving GPA-7, which
modulates the execution of stomatal oscillation (Fig. 6). Thus, this neuropeptidergic circuit
highlights the role of the SMB-AVD neuropeptide network as critical nodes in translating
sensory inputs into coordinated motor outputs, particularly in behaviors related to stomatal

oscillation.

MATERIALS and METHODS

Strains
All strains were maintained at 20°C (Brenner, 1974). The N2 Bristol strain was used as a wild-

type strain. All the mutants and transgenic strains used in this study are listed in S1 Table.

Molecular biology and transgenic worms
All the constructs derived in this study were inserted into the pPD95.77 vector (Fire et al., 1990).
For the fIp-12, frpr-8, and gpa-7 promoter expression, 2.6 kb, 2.1 kb, and 3.1 kb promoter

regions were amplified by PCR from N2 genomic DNA and used to generate fIp-12p::gfp, frpr-
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8p::gfp, frpr-8p::mCherry, and gpa-7p::gfp. nmr-1p:.gfp and nmr-1p::GCaMP transgenic animal
was used in previous study (Ryu et al., 2018). To generate transgenic worms, 50 ng of fIp-
12p::gfp, and gpa-7p::gfp construct was injected, with 50 ng of unc-122p::dsRed as an injection
marker. To generate frpr-8 promoter transgenic animals, 150 ng fipr-8p::gfp and fipr-
8p::mCherry construct was injected, with 50ng of unc-122p::dsRed (Heo et al., 2023). For the
rescue experiments, the fIp-12 cDNA was amplified by PCR from a cDNA library. The fipr-8
cDNA was synthesized by MACROGEN. With 50 ng of unc-122p::gfp as an injection marker, 50
ng of the fIp-12 cDNA under the control of flp-12 promoter was injected into fIp-/2 mutants.
With 50 ng of frpr-8 cDNA under the control of nmr-1 and frpr-8 promoters were injected into
frpr-8 mutants. Forward and reverse primer for unc-31 dsRNA was searched at E-RNA1 service
from German cancer research center (dkfz.de). unc-31 dsRNA was amplified by PCR from a
cDNA library and fused with the flp-12 promoter. 50 ng of fused fIp-12p::unc-31dsRNA was
injected into wild-type with 50 ng of unc-122p::dsRed as an injection marker. For heterologous

expression, frpr-8§ cDNA was subcloned to pcDNA3.1 construct.

Head locomotive behavior tracking and phenotype analysis

To record animal locomotion, NGM agar plates were used. Well-fed young adult hermaphrodite
worms were used to record under a Leica High-performance Fluorescence Stereomicroscope
(M205FA) using the Leica Application Suite 4.2 software. To quantify the locomotory
behaviors, worms were transferred from a seeded NGM plate to a non-seeded plate. After 30
seconds of acclimation, video recording was conducted for 3 minutes. Each type of head and

body locomotory behavior was quantified as follows (CROLL, 1975). Stomatal Oscillation was
15
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characterized by rapid side-to-side head movements during turning, forward, or backward
locomotion, and was confined to the anteriormost 10-15 um of the worm. A head lift was
recorded when the worm raised its head off the substrate, involving up to 50-70 um of the
anterior region. Reversal was defined as the initiation of backward movement starting from the
anterior, propagating through the entire body. The backward movement includes undulatory
waves, typically producing approximately 1.5 waves per body length. An omega turn was
counted when the worm makes a pronounced lateral movement, continuing until the head

touches or nearly touches the tail.

RNAI assay

RNAI was induced by feeding as described (Timmons et al., 2001). Ahringer lab RNA1 library
was used for RNA1 assay. NR350 strain was used for assay and cultivated at 20°C. The following
RNAI clones were used to feed: 1.4440 empty vector control, frpr-1 (clone C02B8.S5), frpr-2
(clone COSE7.4), frpr-3 (clone C26F1.6), frpr-4 (clone C54A12.2), frpr-5 (clone C56A3.3), frpr-
8 (clone F53A9.5), frpr-12 (clone K06C4.9), frpr-14 (clone KO7ES.S), fipr-15 (clone K10C8.2),
frpr-16 (clone R12C12.3), frpr-17 (clone T14C1.1), frpr-18 (clone T19F4.1), frpr-19 (clone

Y41D4A.8), clone CO9F12.3, clone D1014.2, npr-13 (clone ZC412.1).

Recording of Xenopus oocytes by two electrode voltage clamping (TEVC)
TEVC was performed as described previously (Du and Kang, 2020). Briefly, oocyte-positive

Xenopus females were obtained from Korea Xenopus resource center for research
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(http://kxrcr.knrre.or.kr/). Surgically removed ovaries were incubated with 1.5 mg/ml collagenase
(type II, LS004196, Worthington, NJ, USA) for 1.5 hrs with gentle rocking. The remaining
follicular layer was manually peeled off from oocytes before capped RNA (cRNA)
microinjection. For expression of FRPR-8, cRNA was in vitro transcribed with T3 promoter with
the use of mMessage mMachine T3 transcription kit (Invitrogen, CA, USA). For control cells,
water was microinjected. Approximately 20 hrs at 18°C after microinjection, the oocytes were
subjected to TEVC recording. FLP-12 was perfused in nominally calcium-free recording solution
(100 NaCl, 1 KCl, 1 MgCl2, 5 HEPES, pH 7.6) at 1, 10, 100 and 1,000 nM. Voltage was initially
held at -60 mV and ramped to +60 mV for 300 ms every second. The current was recorded at
2,000 Hz by the GeneClamp 500B amplifier (Molecular Devices, CA, USA) and subjected to
data acquisition (Digidata 1440A, Molecular Devices, CA, USA). Peak current data at each
concentration were used to generate a dose dependence curve. The dose dependence was fitted to

Hille equation using Sigmaplot14.0.

Cell culture

HEK293T cells were maintained in Dulbecco Modified Eagle Medium (DMEM, Invitrogen, CA)
supplemented with 10% Fetal Bovine Serum (FBS, Invitrogen, CA) and 0.2%
penicillin/streptomycin (Invitrogen, CA) in 100-mm culture dishes at 37°C with 5% COa. For
transfection, Lipofectamine 2000 (Invitrogen, CA) was used when the confluency of cells
reached 50-70%. cells were co-transfected with FRPR-8 and Ga16. Transfected cells were
plated onto coverslip chip coated with poly-L-lysine (0.1 mg/ml, Sigma-Aldrich, MO) 24 to 36 h

after transfection. Plated cells were used for confocal experiments within 24 h after plating.
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Confocal imaging

All imaging was performed with an LSM 700 confocal microscope (Carl Zeiss AG) at room
temperature (22-25°C). The Ringer’s solution for confocal imaging contained 160 mM NacCl, 2.5
mM KCI, 2 mM CaCl2, | mM MgCl2, 10 mM HEPES, and 8 mM glucose, adjusted to pH 7.4
with NaOH and osmolarity of 321 to 350 mOsm. Fluo4-AM (Invitrogen) was prepared as 1 mM
stocks in DMSO and diluted to 1:250 in Ringer’s solution. For time courses, images were
obtained by scanning cells with a 40x (water) apochromatic objective lens at 512 x 512 pixels
using digital zoom. To analyze the time courses of the degree of cytosolic fluorescence of Fluo4-
AM, images were taken every 3s in Zeiss ZEN imaging software. Regions of interest were
selected in the cytosolic regions of cells, and quantitative analysis was performed using the ZEN
2012 imaging software (Carl Zeiss Microlmaging). All confocal images were transferred from
TIFF formats, and raw data from the time course were processed with Microsoft Office Excel

2016 and summarized in Igor Pro (WaveMetrics Inc.).

Neuronal Cell ID

Cell identification was done by assessing position and size using Nomarski optics and by
crossing with NeuroPAL (0tls699, otls670) (Yemini et al., 2021). 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 in Yemini et al. (2021).
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Optogenetics

For activating the SMB head motor neurons and the AVD neurons, L4 transgenic worms
expressing ReaChR::mKate2 under the control of fIp-12 and frpr-8 promoters were used.
Transgenic strains were transferred 12 hr before the assay to NGM plates seeded with E.coli
OP50 plates or E.coli OP50-retinal containing 1 mM all-trans-retinal (ATR, Sigma). The assays
were performed in the 60 mm diameter NGM plates without E.coli OP50. To activate ReaChR,
565 nm LED at roughly 0.1 mW/square mm was used (LED light source, Thorlabs). Optogenetic
experiments were recorded using a Leica High-performance Fluorescence Stereomicroscope
(M205FA) for 3 min, with the light stimulus being exposed 1 min after the start of the video

recording. Each behavior was counted manually using image J software.
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Figure 1. The SMB neurons regulate head and body locomotion
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(A) Scheme of the SMB sensory/inter/motor neurons. (B) Wavelength and wave width of wild-
type and /im-4 mutant. n = 30. (C) Scheme of head lift, stomatal oscillation, reversal, and omega
turn (left) and time lapse images during head lift and stomatal oscillation (right). (D) The
frequency of stomatal oscillation, head lift, reversal, and omega turn behavior of wild-type and
lim-4 mutant for 3 minutes. n = 30 ~ 86. (E) Scheme of the optogenetic activation of the SMB
neurons. (F) The frequency of stomatal oscillation, head lift, reversal, and omega turn behavior
of wild-type animals upon optogenetic activation of the SMB neurons. Light stimulation was
performed in the absence or presence of all-trans-retinal (ATR) for 3 minutes. n = 20. Error bars
represent the SEM. *, ** and *** indicate a significant difference from the control at p<0.05,

0.01, and 0.001 by a student t-test, respectively.
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Figure 2. FLP-12 neuropeptide expressed in the SMB neurons regulates head and body
locomotion

(A) Schematic of UNC-31 function in neurons. (B) Wavelength and wave width of wild-type and
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transgenic animals expressing SMB(flp-12)p::unc-31 dsRNAi. n = 30. (C) The frequency of
head and body locomotive behaviors of wild-type and transgenic animals expressing
SMBp::unc-31 dsRNAI for 3 minutes. n = 30. (D) The genomic structure of the fIp-12 gene. (E)
Expression pattern of flp-12p::gfp. The anterior is to the left. Scale bar: 20 um. (F) Wavelength
and wave width of wild-type and fIp-/2 mutant animals. n = 30. Error bars represent the SEM. *,
** and *** indicate a significant difference from the control at p<0.05, 0.01, and 0.001 by a
student t-test, respectively. (G) The frequency of head and body locomotive behaviors of wild-
type, flp-12 mutant, and fIp-12 mutant expressing fIp-12 cDNA under the control of SMB-
specific (flp-12) promoter for 3 minutes. n = 30 ~ 86. Error bars are the SEM. *, ** and ***
indicate significantly different from the wild-type at p<0.05, 0.01, and 0.001 by a one-way

ANOVA with a Tukey post hoc test, respectively.
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Figure 3. FRPR-8 GPCR is expressed in and acts in the AVD neurons to mediate FLP-12
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mediated stomatal oscillation

(A) The frequency of normalized stomatal oscillation of fIp-/2 mutants and RNAi-treated
worms against neuropeptide candidate receptors for 3 minutes. n = 30 ~ 32. Error bars are the
SEM. *, ** "and *** indicate significantly different from the wild-type at p<0.05, 0.01, and
0.001 by a one-way ANOVA with a Dunnett post hoc test, respectively. (B) The genomic
structure of the fipr-§ gene. (C) The frequency of stomatal oscillation, head lift, reversal, and
omega turn behavior of wild-type, flp-12, frpr-8, and fIp-12 frpr-8 double mutants for 3 minutes.
n =30 ~ 86. (D) Representative image of wild-type expressing the frpr-8p::mCherry transgene in
the AVD neurons. Anterior is to the left. Scale bar: 20 um. (E) Schematic drawing of the AVD
neurons in C. elegans. (F) Representative images of NeuroPAL otls670 worm expressing frpr-
8p::frpr-8 cDNA::gfp. Left and right images represent GFP-tagged fipr-8 cDNA and NeuroPAL
images, respectively. Images are derived from z-stacks of confocal microscopy images. The
anterior is to the left. Scale bar: 20 um. (G) The frequency of stomatal oscillation, head lift,
reversal, and omega turn behavior of wild-type, fipr-8, and transgenic animals expressing frpr-8
cDNA under the control of fipr-8 or nmr-1 promoters for 3 minutes. n = 30 ~ 86. Error bars are
the SEM. *, ** and *** indicate significantly different from the wild-type at p<0.05, 0.01, and

0.001 by a one-way ANOVA with a Tukey post hoc test, respectively.
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Figure 4. Ga subunit protein gpa-7 is coupled to fipr-8 GPCR to regulate stomatal oscillation
(A) Timescale images of optogenetics activation of the AVD neuron (left panel). The frequency
of stomatal oscillation (right upper) and head lift (right lower). n = 30. Error bars represent the

SEM. *, ** and *** indicate a significant difference from the control at p<0.05, 0.01, and 0.001
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by a student t-test, respectively. (B) Expression pattern of transgenic animals expressing gpa-
7p::gfp (left) and frpr-8p::mCherry transgene (middle). Merged images are in the right panel.
Images are derived from z-stacks of confocal microscopy images. The anterior is to the left.
Scale bar: 20 um. (C) The frequency of stomatal oscillation, head lift, reversal, and omega turn
behavior of wild-type, frpr-8, gpa-7, and gpa-7; frpr-8 double mutants for 3 minutes. n = 30 ~
86. Error bars are the SEM. *, ** and *** indicate significant differences from the wild-type at

p<0.05, 0.01, and 0.001 by a one-way ANOVA with a Tukey post hoc test, respectively.
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Figure 5. FLP-12 is a cognate ligand of FRPR-8

(A) Schematic images of two distinct in vitro systems, Xenopus oocyte (left) and HEK293T cell
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(right). (B) A representative current trace (Left) at +60 mV from Xenopus oocytes microinjected
with either FRPR-8 cRNA (green) or water (control, black). The experiments were then plotted
to present FLP-12 dose dependence of the cells (Right). (C) Time-series confocal images of
HEK293T cells (left), which are expressed without or with FRPR-8, were taken before (left),
during 1 uM FLP-12 treatment (middle), and after washout (right). All cells expressed Ga and
calcium indicator Fluo-4, which was used to detect the calcium elevation. Scale bar: 10 pum.
Representative time courses of cytosolic fluorescence intensity change in HEK293T cells in
response to FLP-12 treatment. Lines indicate the activity of the cells without (black) or with
(green) FRPR-8. Fluorescence intensity changes (right). Gray bars indicate before treatment of
FLP-12, and red bars indicate after treatment of FLP-12 neuropeptide. n > 5. Error bars are the
SEM. (D) Time-series images and fluorescence intensity change of FRPR-8 expressed cells with
FLP-5 or FLP-12 treatment. Time-series confocal images of HEK293T cells expressing FRPR-8
were taken before (control), during FLP-5 (1 uM) treatment, washout, and FLP-12 (1 uM)
treatment (left). Representative time courses of cytosolic fluorescence intensity changes in cells
in response to FLP-5 and FLP-12. Fluorescence intensity changes (right). Gray bars indicate
before the treatment of ligands, and colored bars indicate after the treatment of ligands. n> 5.

Error bars indicate SEM.
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Figure 6. Model of FLP-12 and FRPR-8 regulating stomatal oscillation

SUPPLEMENTARY FIGURE LEGENDS

Supplementary Figure 1. Optogenetic activation of the SMB neurons showed increased omega
turn but not in head lifts and reversal

The frequency of head lifts, reversal and omega turn in no light for 10 seconds, red light (red
box) for 10 seconds, and no light for 10 seconds. n = 20. Error bars are the SEM. *, **_ and ***
indicate significant differences from the wild-type at p<0.05, 0.01, and 0.001 by a one-way

ANOVA with a Tukey post hoc test, respectively.

Supplementary Figure 2. CeNGEN RNA expression data
(A) Candidate neuropeptides which are expressed in the SMB neurons. (B) fipr-8 expressed

neurons.
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Supplementary Figure 3. RNAI screening to find fIp-12 neuropeptide receptor genes.

The frequency of normalized head lifts of fIp- /2 mutants and RNAi-treated worms against
neuropeptide candidate receptors for 3 minutes. n = 30 ~ 32. Error bars are the SEM. *, ** and
*#* indicate significant differences from the wild-type at p<0.05, 0.01, and 0.001 by a one-way

ANOVA with a Dunnett post hoc test, respectively.

Supplementary Figure 4. fipr-8 is expressed in the AVD neurons

Images (upper) of adult transgenic animals expressing fipr-8p::mCherry (left) that also express
nmr-1p::gfp transgene (middle). Merged images are in the right panel. Images are derived from
z-stacks of confocal microscopy images. The anterior is to the left. Scale bar: 20 um. Images
(bottom) of transgenic animals expressing GFP-tagged frpr-8 cDNA driven under the control of
frpr-8 promoter. Images in the boxed regions are single-focal-plane confocal microscopy images

of the AVDR and AVDL cell bodies. The upper side is to the head. Scale bar: 20 um.

Supplementary Figure 5. Optogenetic activation of the AVD neurons showed an increased
reversal and omega turn

(A) The frequency of reversal and omega turn in the optogenetic activation of the AVD neurons.
n = 30. Error bars represent the SEM. *, and *** indicate a significant difference from the
control at p<0.05, and 0.001 by a student t-test, respectively. (B) The frequency of stomatal
oscillation, head life, reversal and omega turn in no light for 1 minute, red light (red box) for 1
minute, and no light for 1 minute. n = 30. Error bars are the SEM. *, ** and *** indicate
significant differences from the wild-type at p<0.05, 0.01, and 0.001 by a one-way ANOVA with
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a Tukey post hoc test, respectively.
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