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| INVESTIGATION
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ABSTRACT cGMP plays a role in sensory signaling and plasticity by regulating ion channels, phosphodiesterases, and kinases. Studies
that primarily used genetic and biochemical tools suggest that cGMP is spatiotemporally regulated in multiple sensory modalities. FRET-
and GFP-based cGMP sensors were developed to visualize cGMP in primary cell culture and Caenorhabditis elegans to corroborate
these findings. While a FRET-based sensor has been used in an intact animal to visualize cGMP, the requirement of a multiple emission
system limits its ability to be used on its own as well as with other fluorophores. Here, we demonstrate that a C. elegans codon-
optimized version of the cpEGFP-based cGMP sensor FlincG3 can be used to visualize rapidly changing cGMP levels in living, behaving
C. elegans. We coexpressed FlincG3 with the blue-light-activated guanylyl cyclases BeCyclOp and bPGC in body wall muscles, and
found that the rate of change in FlincG3 fluorescence correlated with the rate of cGMP production by each cyclase. Furthermore, we
show that FlincG3 responds to cultivation temperature, NaCl concentration changes, and sodium dodecyl sulfate in the sensory
neurons AFD, ASEL/R, and PHB, respectively. Intriguingly, FlincG3 fluorescence in ASEL and ASER decreased in response to a NaCl
concentration upstep and downstep, respectively, which is opposite in sign to the coexpressed calcium sensor jRGECO1a and pre-
viously published calcium recordings. These results illustrate that FlincG3 can be used to report rapidly changing cGMP levels in an
intact animal, and that the reporter can potentially reveal unexpected spatiotemporal landscapes of cGMP in response to stimuli.

KEYWORDS FlincG3; cGMP; visual reporter; sensory neuron; C. elegans

THE canonical second messenger molecule cGMP (cyclic
guanosinemonophosphate) regulates richly diverse func-

tions in an animal’s nervous system. cGMP signaling underlies
the outgrowth of axons and the transduction of light, scent,
and other environmental cues to electrical signals in the brain
(Potter 2011). Because so many neurobiological processes
revolve around cGMP, having a robust, easy to use, visual
reporter for cGMP with precise temporal and spatial fidelity
is critical to complement the primarily pharmacological, bio-
chemical, and genetic approaches used to study this second
messenger’s role in these processes. Such a reporter can be
used to illuminate how producers (guanylyl cyclases) and

degraders (phosphodiesterases) of cGMP shape the land-
scape of this cyclic nucleotide in neurons.

Since cGMP is used in diverse cell types as a second
messenger, its levels need to be regulated in ways that serve
the cells’ distinct functions. cGMP production can be regu-
lated directly by stimuli such as ions, peptides, temperature,
and gases that interact with the guanylyl cyclases (GCs) that
convert GTP to cyclic GMP (Yu et al. 1997; Lucas et al. 2000;
Ortiz et al. 2009; Hallem et al. 2011; Couto et al. 2013; Smith
et al. 2013; Singhvi et al. 2016). Recent evidence suggests
that stimuli such as ions, peptides, Ga, and temperature ap-
pear to largely regulate transmembrane receptor guanylyl

Genetics, Vol. 213, 59–77 September 2019 59

http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0001-7302-3439
http://orcid.org/0000-0001-7302-3439
http://orcid.org/0000-0001-7302-3439
http://orcid.org/0000-0001-7302-3439
http://orcid.org/0000-0001-7302-3439
http://orcid.org/0000-0001-7302-3439
http://orcid.org/0000-0001-7302-3439
http://orcid.org/0000-0001-7302-3439
http://orcid.org/0000-0002-1197-6119
http://orcid.org/0000-0002-1197-6119
http://orcid.org/0000-0001-7885-9286
http://orcid.org/0000-0001-7885-9286
http://orcid.org/0000-0001-7885-9286
http://orcid.org/0000-0003-1873-8575
http://orcid.org/0000-0001-7302-3439
http://orcid.org/0000-0002-1197-6119
http://orcid.org/0000-0001-7885-9286


cyclases (rGCs), while membrane permeable gases such as
nitric oxide, carbon dioxide, and oxygen have been shown to
directly activate soluble guanylyl cyclases (sGCs) (Lucas et al.
2000; Hallem et al. 2011; Couto et al. 2013). Opposing the
activity of GCs are phosphodiesterases (PDEs) that hydrolyze
cGMP; they can be regulated by cGMP, cAMP, calcium, ki-
nases, and the g subunit of heteromeric G proteins (Conti and
Beavo 2007; Francis et al. 2011; Ahmad et al. 2015). cGMP
effectors, including cyclic nucleotide-gated channels and ki-
nases, can act rapidly by changing the membrane potential of
a cell (e.g., the visual system); they can also have slower,
more long-lasting effects on gene expression (Lee et al.
2010; Juang et al. 2013). Thus, the precise subcellular local-
ization of GC and PDE proteins and their temporally regu-
lated activities are likely to produce a complex and dynamic
landscape of varying cGMP levels and restricted localized
activation of effector proteins.

In neurobiology, the spatial localization of cGMP signal
transduction pathways suggest that spatiotemporal regula-
tion of cGMP could play a role in sensory transduction and
plasticity, which is likely to be different in distinct neurons
(Mukhopadhyay et al. 2008; Gross et al. 2015). To this end,
the transparent nematode C. elegans is an ideal model system
to visualize cGMP in neurobiological processes. While the use
of genetic manipulations in this animal yielded valuable in-
sights into the role of cGMP in sensory transduction, a visual
tool that complements this approach has the potential to re-
veal how this neuromodulator is spatiotemporally regulated
in real time in amultitude of sensorymodalities. For instance,
mutants lacking either the rGCs GCY-8, GCY-18, and/or
GCY-23 or the cyclic nucleotide-gated cation channel TAX-2/
TAX-4 in the thermosensory neuron AFD showed that cGMP
signaling is required for sensing changes in temperature
(Komatsu et al. 1996; Kimura et al. 2004; Inada et al. 2006;
Ramot et al. 2008; Wang et al. 2013; Takeishi et al. 2016;

Goodman and Sengupta 2018). However, while evidence
suggests that these rGCs and TAX-2/TAX-4 are localized to
the dendrite tip of AFD, it was unknownwhether cGMP levels
were also spatially regulated in this neuron (Inada et al.
2006; Nguyen et al. 2014). Additionally, while mutants lack-
ing distinct, functional rGCs revealed that cGMP signaling is
required for sensing specific gustatory cues and NaCl concen-
tration cultivation preference in C. elegans, it remained un-
clear whether this second messenger was spatiotemporally
regulated as well (Ortiz et al. 2009; Kunitomo et al. 2013;
Smith et al. 2013). Furthermore, while genetic evidence sug-
gests that the cGMP-dependent protein kinase (PKG) PKG-1/
EGL-4 and GCs regulate C. elegans’ sensitivity to quinine
through the flow of cGMP from sensory neurons to the noci-
ceptive neuron ASH through gap junctions (Krzyzanowski
et al. 2013, 2016), a visual tool could greatly enhance our
understanding of the process and its dynamics. In another
nociceptive neuron, PHB, genetic evidence suggests that
srb-6, which encodes a G-protein-coupled receptor (GPCR),
is required to sense noxious liquids including sodium dodecyl
sulfate (SDS) and dodecanoic acid (Tran et al. 2017). Cal-
cium recordings of PHB also suggest that avoidance of iso-
amyl alcohol is at least partially mediated by TAX-2/TAX-4
(Zou et al. 2017). Both of these findings in PHB suggest that
cGMP flux is required for sensing some nociceptive cues. Pair-
ing genetic tools that demonstrate the importance of cGMP
signaling in these distinct sensory modalities with a tool to
visualize cGMP fluxes with precise temporal and spatial fidel-
ity could deepen our understanding of these important
processes, and offer a more complete picture of the cGMP
landscape and its dynamics in cells. Such a tool will provide
an essential, complementary approach to the primarily ge-
netic approaches that have been used to examine cGMP dy-
namics in this animal (O’Halloran et al. 2012).

Though a Förster resonance energy transfer (FRET)-based
tool has been used to this end, a single-channel fluorophore
tool provides additional flexibility as it would allow for more
wavelengths to be used, making it more amenable for visu-
alization with other reporters (e.g., calcium sensors and fluo-
rescent markers for organelles). In the olfactory neuron
AWC, this FRET-based sensor showed cilia-compartmental-
ized cGMP dynamics in response to odorants (Shidara et al.
2017). Additionally, Couto et al. (2013) found that, in the
oxygen-sensing neuron PQR, simultaneous imaging of the
cGMP sensor with a calcium sensor in response to a 7–21%
increase in oxygen revealed that a decrease in cGMP corre-
lated with an increase in calcium. Interestingly, Couto et al.
(2013) also suggested that compartmentalization of cGMP
levels by the action of a PDE might allow cGMP to increase
in one compartment while decreasing in another compart-
ment of the cell. While these studies demonstrate that the
FRET-based sensor can be used to visualize the cGMP land-
scape in neurons, the complexity of a multiple emission sys-
tem raises a barrier to its use. Thus, having a robust, single
fluorophore sensor for cGMP will complement the use of cal-
cium sensors in this animal, providing away to investigate how
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the spatiotemporal regulation of cGMP influences neural ac-
tivity in vivo. Such a tool would be maximally efficient for
probing the interplay between cGMP and calcium dynamics
within sensory compartments in this transparent organism.

Here, we show that the C. elegans codon-optimized version
of the circularly permuted GFP-based cGMP sensor FlincG3
(Bhargava et al. 2013) reports cGMP dynamics in vivo in
C. elegans. We characterize the biochemical and biophysical
properties of FlincG3 upon cGMP binding in vivo by ectopi-
cally expressing the blue-light-activated guanylyl cyclases
BeCyclOp and bPGC in muscle cells (Gao et al. 2015). Using
the FlincG3 reporter, we show for the first time that sensory
stimulation of thermosensory, gustatory, and nociceptive neu-
rons triggers cGMP changes. We show that FlincG3 fluo-
rescence increases specifically in response to cultivation
temperature in the dendrite tip of the thermosensory neuron
AFD, mirroring the changes observed using calcium sensors
(Kimura et al. 2004; Clark et al. 2006). We also demonstrate
that FlincG3 fluorescence reliably decreases in response
to NaCl concentration upsteps and downsteps in the salt-
sensing neurons ASEL and ASER, respectively. This decrease
in FlincG3 fluorescence is opposite in sign to previously de-
scribed calcium transients that showed an increase in response
to NaCl concentration upsteps and downsteps in ASEL and
ASER, respectively (Suzuki et al. 2008; Ortiz et al. 2009; Luo
et al. 2014). Importantly, we corroborate these findings with
the observation that the fluorescence of the coexpressed red
calcium sensor jRGECO1a (Dana et al. 2016) increases in re-
sponse to a NaCl concentration upstep and downstep in ASEL
and ASER, respectively. Finally, we demonstrate that FlincG3
fluorescence increases in the phasmid PHB neurons in re-
sponse to a repulsive stimulus. Our results demonstrate that
the GFP-based cGMP sensor FlincG3 is a versatile tool for
the study of cGMP dynamics in different sensory modalities in
intact animals using a single fluorophore.

Materials and Methods

Molecular biology

Details on plasmid construction can be found in supplemental
materials and methods.

Transgenic strains

Transgenic C. elegans were obtained by microinjection of
DNA into the gonads of nematodes by standard procedures
(Fire 1986). ZX1921 (zxEx895[myo-3p::CyclOp::SL2::mCherry,
myo-3p::FlincG3]): 15 ng/ml myo-3p::CyclOp::SL2::mCherry
and 15 ng/ml myo-3p::FlincG3 were microinjected into N2
background worms. ZX1757 (zxEx893[myo-3p::mCherry,
myo-3p::FlincG3]): 5 ng/mlmyo-3p::mCherry and 20 ng/ml
myo-3p::FlincG3 were microinjected into N2 background
worms. ZX1922 (zxEx896[myo-3p::bPAC::SL2::mCherry,
myo-3p::FlincG3]): 15 ng/ml myo-3p::bPAC::SL2::mCherry
and 15 ng/mlmyo-3p::FlincG3weremicroinjected into N2 back-
ground worms. ZX1756 (zxEx892[myo-3p::bPGC::SL2::mCherry,

myo-3p::FlincG3]): 15 ng/mlmyo-3p::bPGC::SL2::mCherry
and 15 ng/ml myo-3p::FlincG3 were microinjected into N2
background worms. PY12100 (AFD FlincG3): 50 ng/ml gcy-8p::
FlincG3, 5 ng/ml gcy-8:MyrTagRFP and 30 ng/ml unc-
122::dsRed were microinjected into N2 background worms.
JZ1994 (ASE FlincG3 in N2 injected with 15 ng/ml FlincG3;
behavior shown in Supplemental Material, Figure S7, line 1):
15 ng/ml flp-6p::FlincG3, 30 ng/ml flp-6p::jRCaMP1b, and
20 ng/ml ofm-1::GFP were microinjected into N2 background
worms. JZ1996 (ASE FlincG3 in N2 injected with 15 ng/ml
FlincG3; behavior shown in Figure S7, line 2): 15 ng/ml flp-6p::
FlincG3, 30 ng/ml flp-6p::jRCaMP1b, and 20 ng/ml ofm-1::GFP
were microinjected into N2 background worms. JZ1997 (ASE
FlincG3 in N2 injected with 15 ng/ml FlincG3; behavior shown
in Figure 6B): 15 ng/ml flp-6p::FlincG3, 30 ng/ml flp-6p::
jRCaMP1b, and 20 ng/ml ofm-1::GFP were microinjected
into N2 background worms. JZ2089 (ASE FlincG3 in N2 injected
with 7.5 ng/ml FlincG3): 7.5 ng/ml flp-6p::FlincG3, 60 ng/ml
flp-6p::jRGECO1a, and 20 ng/ml ofm-1::GFP were microin-
jected into N2 background worms. JZ2118 (ASE FlincG3
in gcy-22): JZ2089 animals were crossed with OH4839
(gcy-22(tm2364)) animals to generate transgenic animals
homozygous for gcy-22(tm2364). PHB FlincG3 in N2:
MKV937 (iyEx222 (15 ng/ml nlp-1p::FlincG3 and 45 ng/ml
odr-1p::RFP in N2 background worms)). ZX1738 (zxEx886
[myo-3p::bPGC::YFP,myo-3p::tax-2::GFP,myo-3p::tax-4::GFP]):
15 ng/ml myo-3p::bPGC::YFP, 5 ng/ml myo-3p::tax-2::GFP,
and 5 ng/ml myo-3p::tax-4::GFP were injected into lite-1
(ce314) background worms.

ZX1739 (zxEx887[myo-3p::bPGC(K265D)::YFP, myo-
3p::tax-2::GFP, pmyo-3::tax-4::GFP]): 15 ng/ml myo-3p::
bPGC(K265D)::YFP, 5 ng/ml myo-3p::tax-2::GFP, and 5 ng/ml
myo-3p::tax-4::GFP were injected into lite-1(ce314) back-
ground worms.

Imaging FlincG3 coexpressed with BeCyclOp, bPGC
or bPAC

Transgenic strains were kept in the dark on standard nema-
tode growthmedia (NGM)plates (5.5 cmdiameter; 8 mlNGM)
with OP50-1 bacteria with or without all-trans-retinal (ATR)
at 20�. Plates containing ATR were prepared by spreading
200 ml of OP50-1 culture containing 100 mM of ATR (di-
luted in ethanol). L4 animals were put on ATR plates over-
night and young adults were used for imaging the following
day.

For cGMP/cAMP imaging, animals were immobilized on
10%M9agarpadswithpolystyrenebeads (Polysciences). The
fluorescence measurements were performed with a 253 oil
objective (253 LCI-Plan/0.8 Imm Corr DIC; Zeiss) on the
inverted microscope Axio Observer Z.1 equipped with two
high-power light emitting diodes (LEDs; 470 and 590 nm
wavelength, KSL 70; Rapp Optoelektronik) coupled via a
beam splitter and a double band pass excitation filter permit-
ting wavelengths of 479/21 and 585/19 nm (F74-423 479/
585 HC Dualband Filter AHF Analysentechnik) to obtain si-
multaneous dual-wavelength illumination. DIC microscopy
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using white light filtered with a red optical filter was used to
focus on the body wall muscle cells prior to video acquisition.
The 470 and 590 nm excitation were switched on simulta-
neously after the start of video acquisition. For bPGC exper-
iments, yellow light was used to focus the cells, and,
thereafter, the blue illumination was turned on. Fluorescence
was acquired by an ORCA-Flash 4.0 sCMOS camera (Hama-
matsu) through a DualView beam splitter (DV2; Photomet-
rics) with a 540/25 nm emission filter used for FlincG3 green
channel and a 647/57 nm emission filter for mCherry red
channel. Videos were acquired using mManager (Edelstein
et al. 2010), and frames were taken at 100 Hz (correspond-
ing to exposure times of 10 msec) and 20 Hz (for bPGC)
with 4 3 4 spatial binning. The optical power was 3.3 mW/
mm2 at 470 nm and 2.6 mW/mm2 at 590 nm.

Image analysis was performed in ImageJ (National Insti-
tutes of Health). Regions of interest (ROIs) were drawn
around single body wall muscle cells that did not showmajor
movement, and a region outside the animals was chosen as
background ROI. Themean fluorescence intensity of the ROIs
for both channels was analyzed with ImageJ. Background
subtracted values were used to calculate the change in fluo-
rescence intensity for each time point: DF/F0 ((F2F0)/F0),
where F represents the intensity at this time point, and F0
represents the peak intensity at the onset of light stimulation.
For bPGC experiments, F0 represents the intensity 1 sec after
the onset of light stimulation.

FlincG3 imaging in AFD

Animals transgenic for gcy-8p::FlincG3 were grown at room
temperature and shifted overnight to the desired cultivation
temperature as young adults prior to imaging. Animals were
placed on a pad of 10% agarose on a coverslip, together with
1 ml of a 1% solution of 0.1 mm polystyrene beads (Poly-
sciences) (Kim et al. 2013). Animals were covered with a
second glass coverslip and transferred to a glass slide on a
Peltier system set to the desired starting temperature; 5 ml of
glycerol was applied between the coverslips and glass slide to
facilitate thermal conductivity. The temperature of the Peltier
device was measured using a 15K thermistor (McShane), and
controlled using LabView. FlincG3 fluorescence changes were
measured in response to a 0.01 or 0.02�/cm linear thermal
ramp, ranging from 13–18 17–21.5 or 19–22.5� for animals
cultivated overnight at 15, 20 and 25�, respectively. Images
were captured at 1 Hz with a 403 air objective (NA 0.9)
using Metamorph software (Molecular Devices) and a digital
camera (Orca; Hamamatsu). FlincG3 and RFP fluorescence
were split using a DualViewDV2 emission splitter. Changes in
fluorescence intensity were quantified using customMATLAB
scripts (Takeishi et al. 2016). T*AFD is defined as the temper-
ature at which DF/F0 increased by.2% over.8 consecutive
seconds with an average slope of .0.3% per second. The
fluorescence intensity F2F0 (DF) at each time point was cal-
culated by subtracting the fluorescence intensity at the den-
drite (or cell body) from the background fluorescence
intensity. The initial fluorescence intensity, F0, is the mean

F2F0 of the first 10 images. Baseline fluorescence was set
to zero to offset changes in fluorescence due to photobleach-
ing or movement artifacts. Fluorescence changes were ex-
pressed as DF/F0 (%) ((F2F0)/F0 (%)).

Thermosensory behavior

Worms were cultured overnight at 20�with food. Prior to the
assay, 15 young adult worms were picked onto an unseeded
6 cm NGM plate to remove residual Escherichia coli. Animals
were then transferred to an unseeded 10 cm NGM plate that
was placed on an aluminum platform whose temperature
was controlled using a Peltier system. The temperature of
the plate was measured with a two-probe thermometer
(Fluke electronics). To quantify negative thermotaxis, the
temperature range on the plate was set from 23 to 28�, with
a gradient steepness of 0.5�/cm. Animals were recorded at a
rate of 1 Hz using a PixelLink CCD camera for 35 min. Po-
sitional data were acquired using WormLab software (MBF
Bioscience), and analyzed using custom MATLAB scripts.
Thermotaxis bias was defined as the ((total duration ofmove-
ment or runs toward warmer temperatures) 2 (total dura-
tion of runs toward colder temperatures))/total run duration
(Beverly et al. 2011).

Imaging ASE and PHB

FlincG3 and jRGECO1a imaging were performed essentially
as previously described for calcium imaging (Krzyzanowski
et al. 2013). Briefly, for imaging ASER, day 1 adults grown at
20� were transferred from NGM plates containing OP50 to a
35 3 10 mm Petri dish containing chemotaxis buffer with
50 mM NaCl (25 mM K3PO4, pH 6.0, 1 mM CaCl2, 1 mM
MgSO4, 50 mMNaCl, adjusted to 355 6 2 mOsmwith sor-
bitol); for ASEL, day 1 adults grown at 20� were transferred
from NGM plates containing OP50 to a 35 3 10 mm Petri
dish containing chemotaxis buffer with 0 mM NaCl (25 mM
K3PO4, pH 6.0, 1 mM CaCl2, 1 mM MgSO4, adjusted to
355 6 2 mOsmwith sorbitol). Thewormswere then placed
in a microfluidic device that can expose the animal to stimu-
lus (Chronis et al. 2007). A Zeiss 403 air objective on an
inverted microscope (Axiovert 200; Zeiss) was used for im-
aging, and images were taken at a rate of 1 Hz with a blue-
light-exposure time of 30 msec, and a green-light-exposure
time of 60 msec using an ORCA-Flash 2.8 camera (Hama-
matsu) for a total of 103 frames for FlincG3 and jRGECO1a,
respectively. Recordings were taken within 8 min of the an-
imal’s exposure to chemotaxis buffer with either 50 mM
NaCl for imaging ASER or 0 mM NaCl for imaging ASEL,
and the animals were subjected to either ten 10-sec steps
between chemotaxis buffer with 50 and 0 mM NaCl (each
containing 1 mM levamisole (Sigma-Aldrich)) or switches
between chemotaxis buffer with 50 mM NaCl for imaging
ASER and 0 mM NaCl for imaging ASEL (each solution con-
taining 1 mM levamisole (Sigma-Aldrich), and one solution
containing fluorescein for at least three imaging days). Im-
ages were obtained using mManager (Version 1.4.22). Fluo-
rescence intensity was measured using ImageJ. To calculate
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the fluorescence intensity at a given time point (F), the fluo-
rescence intensity from the ROI encompassing the neuron
was subtracted from the background ROI (outside of the
animal). The fluorescence intensity F of the first three frames
was averaged to calculate F0. We used DF/F0 (%) ((F–F0)/F0
(%)) to calculate the change in fluorescence intensity at a
given time point.

To image FlincG3 in PHB neurons, animals were picked
fromNGMplates containingOP50ontoaPetri dish containing
M13 control buffer, then placed tail-first into the microfluidic
device. They were exposed to M13 control buffer for 15 sec,
and then to 1 mM SDS in M13 for 15 sec; for switch control,
they were exposed to M13 control buffer for 15 sec, then to
M13 control buffer from a different channel for 15 sec. The
animals were imaged at a rate of 2 Hz. To calculate the
fluorescence intensity of PHB at each frame, ImageJ was used
to measure the total intensity of the cell body. Background
fluorescence was calculated by using ImageJ to measure
the minimum pixel value in the area surrounding the cell
body, and this pixel value was multiplied by the area of the
cell body to get the total background. The total background
was subtracted from the total intensity of the cell body to
calculate the fluorescence intensity. The PHB FlincG3 fluores-
cence intensities were adjusted for photobleaching using the
following method. The decrease in fluorescence during the
first 29 frameswhen the animal was exposed to control buffer
was presumed to be due to photobleaching. Therefore, the
average difference between the values for the nth frame and
the n+1th frame (up to the 29th frame) was calculated, and
this average photobleaching value was then added back to
each value in the series. F0 was the average of the response to
buffer over the first three frames (1.5 sec) adjusted for
photobleaching.

NaCl cultivation assay

The NaCl cultivation assay was essentially performed as de-
scribed (Kunitomo et al. 2013). Briefly, day 1 animals grown
at 20� were transferred from OP50-containing NGM plates
containing 50 mM NaCl to OP50-containing NGM plates
containing 25, 50 or 100 mM NaCl for �6 hr before being
placed on a chemotaxis assay plate containing regions of
higher and lower NaCl for 45 min. Between 50 and 200 an-
imals were placed onto the chemotaxis assay plates. After-
ward, worms were stored in 4� for at least 16 hr before
calculating the chemotaxis index. Chemotaxis index =
[# animals at higher NaCl region2 # animals at lower NaCl
region]/[# animals at higher NaCl region + # animals at
lower NaCl region + # animals outside origin].

Behavioral assay response to the repellent SDS

SDSdrydropbehavioral assayswereconductedbyusingahair
pick to touch each worm on the nose to stimulate backward
movement into a dry drop of 1 mM SDS in M13 buffer
(Hilliard et al. 2002; Park et al. 2011). A dry drop is obtained
by incubating an NGM plate overnight at 37� so that the SDS
drop dries quickly into the plate, preventing wicking along

the animal that might activate neurons in the head. An ani-
mal’s response time was defined as the amount of time it
backed into the dry drop before terminating backward move-
ment. The average response time to the dry drop of dilute
SDS in M13 buffer was compared to the average response
time to a drop of control M13 buffer. A response index was
calculated by dividing the average response time to SDS by
the average response time to M13 buffer. nlp-1p::FlincG3-
expressing animals and tax-4 mutants were each compared
to wild-type animals assayed on the same day, and the wild-
type response index was normalized to 100%. At least 80 an-
imals of each genotype were tested: 40 for a response toM13,
and 40 for a response to SDS.

Muscle contraction assay

The muscle contraction assay was performed essentially as
described (Gao et al. 2015). L4 animals were exposed to
0.9 mW/mm2 blue light (450–490 nm) for �20 sec, and
relative body length was measured with a custom LabView
script.

Statistical analysis for ASE and PHB

Permutation tests were performed on the data using custom
Python scripts. These permutation tests ask whether the dif-
ferences between two populations are significant. Data from
these two populations are randomly reshuffled into two
populations. The data from one of the two reshuffled pop-
ulations is then ranked relative to the data from one of the
original two populations. Note that the “n” of the reshuffled
data and the original data that are ranked must be equiva-
lent. In our specific case, data were randomly reshuffled, and
the resulting summated value of the randomly reshuffled
data were calculated. The summated values of at least
500,000 randomly shuffled data were ranked relative to
the summated value of the original, unshuffled data. The
resulting rank of the summated value of the original data
are the approximate (in the case of ranking a randomly se-
lected subset of reshuffled data) or exact (in the case of rank-
ing every possible combination of the data) P-value, which
indicates the probability that the summated value of the orig-
inal, unshuffled data were obtained by chance (Good 2006).
The data measured reflect the chosen test statistic. The test
statistics chosen for ASE recordings were slopes (for FlincG3)
and response magnitudes (which were calculated by sub-
tracting the maximum or minimum DF/F0 (%) for a 10 sec
time range proceeding a switch from the value of DF/F0 (%)
just before the switch; this was done for FlincG3 and jRGE-
CO1a), and the test statistic chosen for PHB FlincG3 record-
ings was the area under the curve.

Data availability statement

Strains and plasmids are available upon request. pSRW1JZ
is available in Addgene (Plasmid # 129528). Supplemental
files available at Figshare. File S1 contains supplemental
materials and methods. Figure S1 through Figure S9 con-
tains supplemental figures and associated figure legends.
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Supplemental material available at FigShare: https://
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Results

FlincG3 is a circularly permuted GFP-based cGMP sensor

FlincG3 is a genetically encoded, circularly permuted GFP-
based cGMP sensor that was initially characterized both
in vitro and in cell lines (Bhargava et al. 2013). FlincG3 is
based on FlincG, an earlier version of the sensor (Nausch
et al. 2008). Like FlincG, FlincG3 contains the N-terminal
region of protein kinase G (PKG) I a, which is comprised of
two cGMP-binding domains that bind cGMP cooperatively.
The first 77 amino acids of the N-terminal region of the
cGMP-binding domain were deleted to prevent interactions
with endogenous PKG (Nausch et al. 2008). This region of
PKG I a is appended to the N-terminus of circularly permuted
EGFP (cpEGFP) (Nausch et al. 2008; Bhargava et al. 2013). In
the presence of cGMP, FlincG3 fluorescence increases, pre-
sumably due to the conformational changes of the sensor
upon cGMP binding that allow the beta barrel of GFP to form
and create the appropriate environment for fluorophore
maturation (Nausch et al. 2008; Bhargava et al. 2013). The
response amplitude of the FlincG3 sensor to cGMP was
enhanced by a M335K substitution (analogous to the
M153K substitution in GCaMP3) located outside the beta
barrel of the cpEGFP domain (Figure 1) (Tian et al. 2009;
Bhargava et al. 2013). FlincG exhibits rapid kinetics, and
FlincG3 retains this property as it rapidly detects changes in
endogenous cGMP levels in the nanomolar to low micromo-
lar range in response to nitric oxide when expressed in
HEKGC/PDE5 cells (Nausch et al. 2008; Bhargava et al.
2013). Additionally, FlincG3 fluorescence increases in vitro
in response to a 230-fold lower concentration of cGMP than
cAMP, suggesting that it preferentially binds to cGMP
(Bhargava et al. 2013). For our study, we codon optimized
FlincG3 for use in C. elegans, and inserted it into a standard
C. elegans expression vector (Figure 1).

Stimulation of blue-light-activated guanylyl cyclases
increases FlincG3 fluorescence

To test whether FlincG3 can detect rapid changes in cGMP
levels in an intact animal, we utilized the C. elegans body wall
muscle cells, which lack most endogenous GCs. We coex-
pressed the reporter along with heterologous light-inducible
GCs that have different cGMP production rates (Ryu et al.
2010; Gao et al. 2015). BeCyclOp is a microbial rhodopsin
from Blastocladiella emersonii that is linked to a cytosolic GC
domain (Figure 2A). It detects photons by absorption using
the retinal chromophore, and transmits this signal into acti-
vation of the GC domain (Gao et al. 2015). bPGC (Beggiatoa
sp. photoactivated guanylyl cyclase) is a BLUF-domain photo-
sensor that is coupled to a GC domain (Figure 2C). It origi-
nates from bPAC (Beggiatoa sp. photoactivated adenylyl
cyclase) that was mutated to generate cGMP rather than
cAMP (Ryu et al. 2010).

To test whether changes in FlincG3 fluorescence and
dynamics correspond with cGMP production by BeCyclOp,
animals coexpressing FlincG3 and BeCyclOp were grown
with or without all-trans-retinal (ATR), which is required
for BeCyclOp activity. When FlincG3 and BeCyclOp were
coexpressed in body wall muscle cells in the presence of
ATR, an acute increase in FlincG3 fluorescence (peak DF/F0 =
0.218 6 0.023 at 0.49 sec) was observed upon continu-
ous blue light illumination, which activates BeCyclOp. This
was followed by a slight decay over the duration of the re-
cording (Figure 2B: top green trace). By contrast, animals
grown without ATR and thus having no BeCyclOp activa-
tion exhibited an apparent decrease in FlincG3 fluorescence
(DF/F0 plateaued at�0.310–0.312 beginning at 8.98 sec)when
exposed to blue light (Figure 2B: bottom blue trace). The
initial signal decayed; DF (F2F0) became negative, then
plateaued and remained steady for the duration of the re-
cording. Notably, the initial fluorescence intensity F0 (as mea-
sured in the absence of the rhodopsin cofactor ATR; bottom
blue trace in Figure 2B) exhibited a rapid drop, possibly
due to photoswitching behavior that was previously observed
for other fluorescent proteins (Shaner et al. 2008; Akerboom
et al. 2013). Taken together, we interpret these results to
indicate that FlincG3 fluorescence correlates with the activa-
tion of BeCyclOp by blue light.

bPGC, a blue-light-activated GC derived from the corre-
sponding adenylyl cyclase bPAC (also known as BlaC), pro-
duces 50-fold less cGMP per unit time relative to BeCyclOp
(Ryu et al. 2010; Gao et al. 2015). FlincG3 fluorescence in-
creased in the order of minutes upon continuous activation
of bPGC with blue light (peak DF/F0 = 0.122 6 0.023 at
145.2 sec) (Figure 2D). Note that at the onset of blue light
illumination, FlincG3 fluorescence increased, then decreased
rapidly (Figure 2D: inset); this is presumably the same rapid
photoswitching observed in the BeCyclOp experiment (the
time constants for decay of the signal were essentially iden-
tical: 0.383 sec for the no ATR trace in Figure 2B, and
0.297 sec for the trace in Figure 2D, in line with the hypoth-
esis that this is due to the same photophysical process). We
chose F0 after this photoswitching at 1 sec after light onset
(Figure 2D: inset). At this time, meaningful amounts of cGMP
begin to develop, as assessed from experiments in which
bPGC was coexpressed in body wall muscle cells with the
cyclic nucleotide-gated cation channel TAX-2/TAX-4; muscle
contractions from ion influx begin to be observable after
1 sec of blue light exposure (Figure S1). After photoswitch-
ing, we observed a slow rise in FlincG3 fluorescence, which
we interpret to be due to the slower kinetics of bPGC relative
to BeCyclOp. By contrast, FlincG3 fluorescence increased
acutely upon activation of BeCyclOp, suggesting that the rate
of change of FlincG3 fluorescence correlates with the rate of
cGMP production by each GC.

Bhargava et al. (2013) showed that FlincG3 has a 230-fold
lower EC50 for cGMP relative to cAMP. To assess whether
FlincG3 fluorescence changes with increasing cAMP levels
in vivo, FlincG3 was coexpressed with bPAC, a bacterial
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blue-light-activated adenylyl cyclase, in bodywall muscle cells
(Figure 2E) (Stierl et al. 2011). Following a fast drop in fluo-
rescence, these animals showed a 10% increase in FlincG3
fluorescence upon blue light stimulation of bPAC that peaked
and decayed in a manner similar to that of the FlincG3 re-
sponse to BeCyclOp, albeit with slightly slower kinetics (Figure
2F and Figure S2). Thus, FlincG3 appears to respond to cAMP.
Indeed, bPAC is an efficient adenylyl cyclase that produces
cAMP at the rate of 10 6 2 nmol per minute per milligram
(Stierl et al. 2011). Thus, it is not surprising that FlincG3 re-
sponds to the high production of cAMP by bPAC (Figure S2).
Since there are no amino acid changes between mammalian
and C. elegans-codon-optimized FlincG3, it is expected that the
C. elegans-codon-optimized FlincG3 is also activated more ef-
fectively by cGMP relative to cAMP. However, these results
indicate that it is important to control for the FlincG3 response
to cAMP.

FlincG3 fluorescence in the AFD thermosensory neuron
endings is modulated by rising temperatures in an
experience-dependent manner

The bilateral pair of AFD neurons are the primary thermo-
sensors in C. elegans (Figure 3A) (Mori and Ohshima 1995).
Environmental temperature changes are proposed to be
transduced via modulation of intracellular cGMP levels in
AFD (Goodman and Sengupta 2018). In the current model,
rising temperatures are sensed by a family of rGCs to in-
crease intracellular cGMP concentrations (Inada et al. 2006;
Takeishi et al. 2016), which then gate the TAX-2/TAX-4
channel to modulate neuronal activity (Hedgecock and
Russell 1975; Coburn and Bargmann 1996; Komatsu et al.
1996). In turn, cGMP-dependent PDEs hydrolyze cGMP to
terminate signaling (Wang et al. 2013). Although tempera-
ture-regulated neuronal activity has beenmeasured via quan-
tification of thermoreceptor currents (Ramot et al. 2008) as
well as changes in intracellular calcium levels (Kimura et al.
2004; Clark et al. 2006), changes in intracellular cGMP dy-
namics in response to temperature have not been previously
directly visualized.

The thermosensor guanylyl cyclases and TAX-2/TAX-4 are
localized specifically to the complex sensory endings of AFD
(Inada et al. 2006; Nguyen et al. 2014). However, measure-
ments of calcium dynamics using genetically encoded calcium
indicators have shown robust calcium changes in response to
temperature fluctuations both at the sensory endings of AFD as
well as in their cell bodies, which is likely due to the amplifica-
tion of the initial cGMP-driven signal via voltage-gated calcium
channels (Figure 3A) (Kimura et al. 2004; Clark et al. 2006). To
measure temperature-regulated cGMP dynamics, we generated
a transgenic strain expressing FlincG3 specifically in AFD under
the gcy-8 promoter (Yu et al. 1997). On spatial thermal gradi-
ents, this strain exhibited robust AFD-mediated negative ther-
motaxis behavior (Hedgecock and Russell 1975; Mori and
Ohshima 1995) (Figure S3A), indicating that AFD functions
are not disrupted upon expression of FlincG3. We observed
robust increases in FlincG3 fluorescence at the AFD sensory
endings but not in the cell bodies in response to a rising tem-
perature ramp (Figure 3, B and C and Figure S4), consistent
with the production of a localized cGMP signal. The measured
response was unlikely to be an artifact of animal movement,
since ratiometricmeasurements performedwith AFD-expressed
RFP showed that the response correlated with FlincG3 but not
RFP fluorescence changes (Figure S3B).

A key feature of AFD temperature responses is that the
threshold of response (T*AFD) in this neuron type is closely
correlatedwith the animal’s prior temperature experience (cul-
tivation temperature, Tc) (Kimura et al. 2004; Clark et al. 2006;
Ramot et al. 2008; Kobayashi et al. 2016; Hawk et al. 2018).
The mechanism underlying this temperature adaptation is un-
known but has been proposed to be mediated via response
adaptation of the TAX-2/TAX-4 channels, the thermosensor
rGCs and/or the PDEs (Goodman and Sengupta 2018). In-
triguingly, we found that T*AFD of FlincG3-expressing cells
was correlated with Tc (Figure 3, B and C and Figure S4). This
observation indicates that temperature adaptation occurs at
the level of regulation of cGMP concentrations in AFD, suggest-
ing that the rGCs and/or the PDEs are likely targets of adapta-
tion in this neuron type. Together, these results confirm that

Figure 1 FlincG3 is a GFP-based cGMP sensor, which has been codon-optimized for use in C. elegans. FlincG3, which was initially characterized as a
mammalian cGMP sensor, was codon-optimized for use in C. elegans (figure partially based on Bhargava et al. (2013)). This GFP-based sensor contains
two in-tandem protein kinase G (PKG) I a cGMP binding domains that bind cGMP cooperatively (PKG1a (77–356); maroon); this regulatory PKG domain
is attached to the N terminus of circularly permuted EGFP (cpEGFP; green). Changing the methionine at position 335, located outside the beta barrel of
the cpEGFP domain, to lysine (M335K), improved the response amplitude of the sensor to cGMP (Bhargava et al. 2013). GGTGGS is a linker between the
two GFP halves. This linker, along with the 6xHis-tag region (H6) and the Tag Region, were retained from the mammalian FlincG3 sensor. This C. elegans
codon-optimized sensor, prepared by Genscript, was inserted into a worm-specific Fire vector, pPD95.75, which contains synthetic introns (SynIVS.A and
SynIVS.L; blue) to facilitate expression, a multiple cloning site (MCS) and the 39 untranslated region of unc-54 (unc-54 39 UTR; orange).
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temperature modulates cGMP levels in AFD in a temperature
experience-dependent manner.

The changes in FlincG3 and jRGECO1a fluorescence in
response to NaCl concentration step changes are
opposite in sign in the cell bodies of the gustatory
neurons ASEL and ASER

Genetic and calcium imaging studies indirectly suggest that
cGMP in the gustatory neurons ASEL and ASER mediates

acute sensation of NaCl presentation and removal, respec-
tively (Suzuki et al. 2008). ASEL and ASER express multi-
ple rGCs asymmetrically and may use cGMP to gate a cyclic
nucleotide-gated cation channel composed of TAX-2,
TAX-4, and possibly CNG-4 (also known as CHE-6) upon
changes in NaCl concentration (Suzuki et al. 2008; Ortiz
et al. 2009; Smith et al. 2013). Consistent with this hypoth-
esis, NaCl upsteps and downsteps trigger an influx of cal-
cium into ASEL and ASER, respectively, and this calcium

Figure 2 FlincG3 fluorescence in-
creases upon stimulation of blue-
light-activated guanylyl cyclases
when coexpressed in body wall
muscle cells. (A) BeCyclOp is a fun-
gal blue-light-activated guanylyl cy-
clase that generates cGMP with a
turnover rate of �17 cGMP per
second at 20�; this figure is adap-
ted from Figure 4A in Gao et al.
(2015) under the Creative Com-
mons Attribution License (https://
creativecommons.org/licenses/by/4.0/).
(B) DF/F0 for FlincG3 fluores-
cence intensity in myo-3p::CyclO-
p::SL2::mCherry; myo-3p::FlincG3
animals grown in the absence
and presence of all-trans-retinal
(ATR). These animals express
BeCyclOp and FlincG3 specifically
in body wall muscle cells. n = 6
animals for FlincG3 fluorescence
intensity without ATR (blue, bot-
tom); n = 5 animals for FlincG3
fluorescence intensity with ATR
(green, top). Inset shows the orig-
inal traces with ATR and indicates
F0; blue line indicates duration of
blue light illumination. Traces are
shown with SEM. (C) bPGC is a
bacterial blue-light-activated gua-
nylyl cyclase containing a BLUF
(sensors of blue light using FAD)
domain with an estimated turn-
over rate of 0.2 cGMP per second
(Ryu et al. 2010). (D) DF/F0 for
FlincG3 fluorescence intensity in
myo-3p::bPGC::SL2::mCherry; myo-
3p::FlincG3 animals (n = 5 animals,
27 ROIs). These animals express
bPGC and FlincG3 specifically in
body wall muscle cells. Inset
shows original traces and indi-
cates F0; blue line indicates dura-
tion of blue light illumination.
Traces are shown with SEM. (E)
bPAC is a bacterial blue-light-acti-
vated adenylyl cyclase containing
a BLUF (sensors of blue light using
FAD) domain. In vitro cAMP pro-
duction in the presence of blue
light is 10 6 2 nmol cAMP

per minute per milligram (Stierl et al. 2011). (F) DF/F0 for FlincG3 fluorescence intensity in myo-3p::bPAC::SL2::mCherry, myo-3p::FlincG3 animals.
These animals express bPAC and FlincG3 specifically in body wall muscle cells. n = 7 animals. Inset shows the average of traces during the first 2 sec of
recording. Traces are shown with SEM.
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response was blocked in animals lacking TAX-2 or TAX-4
(Suzuki et al. 2008). Additionally, a study indicating that
cGMP could be a putative second messenger in ASER
revealed that loss of the rGC GCY-22 blunts chemo-
taxis to Cl2 (Smith et al. 2013). This suggests that
cGMP levels could be modulated by changes in NaCl

concentration (Ortiz et al. 2009). To explore this hypothesis,
we coexpressed FlincG3 and the red calcium sensor
jRGECO1a in the ASE neuron pair and monitored the sen-
sors’ response in the ASEL and ASER cell bodies to ten
10-sec steps between 50 and 0 mM NaCl (Dana et al.
2016).

Figure 3 FlincG3 fluorescence at AFD thermosensory neuron endings changes in response to a rising temperature ramp in an experience-dependent
manner. (A) (Left) Cartoon of the bilateral AFD thermosensory neurons in the head of C. elegans (adapted from www.wormatlas.org). Dashed boxes indicate
regions in which imaging of FlincG3 fluorescence was performed. (Right) Schematic of oscillating temperature stimulus (green lines) and changes in
intracellular calcium at the AFD sensory tips (blue lines) and cell bodies (black lines) measured via changes in fluorescence of the cameleon calcium sensor
expressed in AFD (adapted from Clark et al. (2006)). (B) Changes in FlincG3 fluorescence at the tips (blue traces) and cell bodies (gray traces) of AFD neurons
in response to a rising linear temperature ramp (black dashed lines). The slope of the ramp was 0.02� per second. Bolded blue and black traces indicate the
average response, thinner traces indicate responses of individual neurons. Animals were cultivated overnight at temperature (Tc) of 15� (top) or 20� (bottom).
n = 12 animals for each Tc. (C) Area under the curve measurements of the AFD neuron tip are different from measurements of the cell body. Horizontal bars
indicate mean area under the curve, top and bottom of vertical bar indicates upper and lower quartile, respectively. *** indicates mean different from 0 at
P , 0.0001 (mean P-value from bootstrap t-test). ### indicates tip different from cell body at P , 0.001 (two sample t-test).

GFP-Based cGMP Sensor Used in C. elegans 67

http://identifiers.org/bioentitylink/WB:WBGene00006525?doi=10.1534/genetics.119.302392
http://identifiers.org/bioentitylink/WB:WBGene00006526?doi=10.1534/genetics.119.302392
http://identifiers.org/bioentitylink/WB:WBGene00001547?doi=10.1534/genetics.119.302392
http://www.wormatlas.org


In the ASER cell body, FlincG3 fluorescence decreased in
response to a 50–0 mMNaCl downstep and stopped decreas-
ing in response to the first 0–50 mM NaCl upstep (Figure 4A:
blue traces). To test whether changes in ASER FlincG3 fluo-
rescence were due to changing NaCl concentrations or to the
potential fluctuation in pressure due to the change in flow of
the stimulus presentation stream, we examined the sensor’s
responses to ten 10-sec switches of 50 mM NaCl (Figure 4A:
key at bottom of the panel). ASER FlincG3 fluorescence did
not change in these animals in response to switching (Figure
4A: pink traces). The response magnitudes of the first down-
step between wild-type animals and wild-type switch control
animals are different, suggesting that FlincG3 responds to the
decrease in NaCl concentration in wild-type animals (Figure
4C: first set, blue; wild type and second set, pink; switch
control, P, 0.00001; seeMaterials andMethods for statistical
analysis). Additionally, the slopes of the first downstep be-
tween animals recorded in response to changing NaCl
concentration and those recorded in response to simply
switching the buffer stream are different (Figure S5A: first
set, blue; wild type and third set, pink; switch control, P ,
0.00001; see Materials and Methods for statistical analysis).
Together, this suggests that ASER FlincG3 fluorescence
changes were due to NaCl concentration steps and not due
to fluctuations in fluid pressure on the exposed nose of the
animal.We also found that the slopes between the first down-
step and upstep are different in wild-type animals (P ,
0.00001; see Materials and Methods for statistical analysis),
suggesting that FlincG3 responds quickly to changing NaCl
concentrations (Figure S5A: first pair, blue).

Using our FlincG3 and jRGECO1a coexpressing line (Fig-
ure 4), we observed an increase in jRGECO1a fluorescence
in the ASER cell body in response to NaCl downsteps, as was
previously reported for lines that only express a calcium
reporter (Figure 4B: blue traces) (Suzuki et al. 2008). As
with FlincG3, we examined jRGECO1a’s responses to ten
10-sec switches of 50 mM NaCl (Figure 4B: key at bottom
of the panel). ASER jRGECO1a fluorescence did not appre-
ciably change in these animals in response to switching
(Figure 4B: pink traces). The ASER jRGECO1a response
magnitudes of the first downstep are different between
wild-type animals exposed to a decrease in NaCl concentra-
tion and wild-type animals exposed to switch control (Fig-
ure 4D: first set, blue; wild type and second set, pink; switch
control, P , 0.00001; see Materials and Methods for statis-
tical analysis). This suggests that jRGECO1a in ASER re-
sponds to decreases in NaCl concentration in wild-type
animals coexpressing FlincG3.

FlincG3 has a cGMP-binding motif that could also poten-
tially accommodate cAMP, albeit with lower affinity (Nausch
et al. 2008; Bhargava et al. 2013). To assess whether ASER
FlincG3 fluorescence changes were dependent on cGMP or
cAMP, we recorded ASER FlincG3 fluorescence in animals
lacking the rGC GCY-22. Though other rGCs are expressed
in ASER (Ortiz et al. 2006, 2009; Kunitomo et al. 2013), loss
of GCY-22 produces the most severe behavioral defects in

Cl2 and NaCl chemotaxis (Ortiz et al. 2009; Kunitomo et al.
2013). Consistent with these findings, and, in contrast to
wild-type animals, ASER FlincG3 fluorescence did not change
in gcy-22(tm2364) animals in response to NaCl downsteps
or upsteps (Figure 4A: green traces). Furthermore, ASER
jRGECO1a fluorescence changes were diminished in gcy-22
animals in response to NaCl downsteps and upsteps (Figure
4B: green traces). The responsemagnitudes of the first down-
step differ between wild-type animals and gcy-22(tm2364)
animals with respect to both FlincG3 (Figure 4C: first set, blue;
wild type and third set, green; gcy-22, P , 0.00001; see
Materials and Methods for statistical analysis) and jRGECO1a
(Figure 4D: first set, blue; wild type and third set, green; gcy-
22, P , 0.00001; see Materials and Methods for statistical
analysis). Additionally, the slopes of ASER FlincG3 fluores-
cence for the first downstep between wild-type animals and
gcy-22(tm2364) animals are different (Figure S5A: first set,
blue; wild type and fifth set, green; gcy-22, P , 0.00001;
see Materials and Methods for statistical analysis). To-
gether, these findings indicate that (1) changes in ASER
FlincG3 fluorescence require GCY-22 and likely result from
changes in cGMP rather than cAMP; and (2) changes in
ASER jRGECO1a fluorescence also, to a large extent, require
GCY-22.

FlincG3 fluorescence in ASER also increased in wild-type
animals in response to the second, third, and fourth 0–50mM
NaCl upstep (Figure S5B). This was dependent on both an
actual change in NaCl concentration (Figure S5B: compare
blue set with pink set in each group) and the rGC GCY-22
(Figure S5B: compare blue set with green set in each group).
Together, these results suggest that FlincG3 can report rap-
idly changing increases and decreases in endogenous cGMP
levels in ASER.

To testwhether ASELFlincG3fluorescence also changed in
response to NaCl concentration step changes, we performed
ten 10-sec steps between 0 and 50 mMNaCl (Figure 5A: key
at bottom of the panel). In the ASEL cell body, FlincG3 fluo-
rescence decreased in response to the first 0–50 mM NaCl
upstep (Figure 5A: blue traces). To test whether changes in
ASEL FlincG3 fluorescence were due to the 0–50 mM NaCl
upstep or to the potential fluctuation in pressure due to the
change in flow of the stimulus presentation stream, we ex-
amined the sensor’s responses to ten 10-sec switches of
0 mM NaCl (Figure 5A: key at bottom of the panel). ASEL
FlincG3 fluorescence did not change in these animals in re-
sponse to switching (Figure 5A: pink traces), and the ASEL
FlincG3 response magnitudes of wild-type animals exposed
to the first NaCl upstep differed from the ASEL FlincG3 re-
sponse magnitudes of wild-type animals exposed to switch
control (Figure 5C: first set, blue; wild type and second set,
pink; switch control, P, 0.00001; seeMaterials and Methods
for statistical analysis). Additionally, the slopes of ASEL
FlincG3 fluorescence of wild-type animals exposed to the first
NaCl concentration upstep differed from the slopes of ASEL
FlincG3 fluorescence of wild-type animals exposed to switch
control (Figure S6A: first set, blue; wild type and third set,
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pink; switch control, P, 0.00001; seeMaterials andMethods
for statistical analysis). We also found that the slopes of ASEL
FlincG3 fluorescence between the first upstep and downstep
are different in wild-type animals (Figure S6A: first pair, blue,
P , 0.00001; see Materials and Methods for statistical anal-
ysis). In contrast, the slopes of ASEL FlincG3 fluorescence are
not different in wild-type animals exposed to switch control
(Figure S6A: second pair, pink, P ns; see Materials and Meth-
ods for statistical analysis). Together, this suggests that the
ASEL FlincG3 fluorescence change was due to the NaCl con-
centration upstep, and not to fluctuations in fluid pressure on
the exposed nose of the animal.

In contrast toFlincG3, jRGECO1afluorescence increased in
the ASEL cell body in response to the first NaCl upstep, as was

previously reported (Figure 5B: blue traces) (Suzuki et al.
2008). As with FlincG3, we examined ASEL jRGECO1a’s
responses to ten 10-sec switches of 0 mM NaCl (Figure
5B: key at bottom of the panel). ASEL jRGECO1a fluores-
cence did not change in these animals in response to
switching (Figure 5B: pink traces). The ASEL jRGECO1a
response magnitudes of the first upstep are different be-
tween wild-type animals exposed to an increase in NaCl
concentration and wild-type animals exposed to switch
control (Figure 5D: first set, blue; wild type and second
set, pink; switch control, P , 0.0001; see Materials and
Methods for statistical analysis). This suggests that jRGECO1a
in ASEL is responding to the first 0–50 mM NaCl upstep in
wild-type animals.

Figure 4 FlincG3 and jRGECO1a
fluorescence in the ASER cell body
are opposite in sign in response to
50 mM NaCl step changes and
depend on the receptor guanylyl
cyclase GCY-22. (A) Average fluo-
rescence response (DF/F0 (%)) of
FlincG3 in the ASER cell body
shown as bolded traces respond-
ing to either ten 10-sec steps be-
tween 50 and 0 mM NaCl or
switch control (represented at
the bottom of the panel). Thinner
traces are from individual record-
ings for each condition. ASER
FlincG3 fluorescence in wild-type
(N2) animals decreases in re-
sponse to a 50–0 mM NaCl
downstep (blue traces). These re-
sponses are not seen in gcy-
22(tm2364) animals (green traces)
or when wild-type animals are
exposed to switch control (pink
traces). n = 17, n = 23, and
n = 11 animals for wild type,
gcy-22(tm2364) and wild-type
switch control, respectively. (B)
Average fluorescence response
(DF/F0 (%)) of jRGECO1a in the
ASER cell body shown as bolded
traces responding to either ten
10-sec steps between 50 and
0 mM NaCl or switch control
(represented at the bottom of

the panel). Thinner traces are from individual recordings for each condition. ASER jRGECO1a fluorescence in wild-type (N2) animals increases in
response to a 50–0 mM NaCl downstep (blue traces). On average, these responses are not seen in gcy-22(tm2364) animals (green traces) or when
wild-type animals are exposed to switch control (pink traces). n = 27, n = 21, and n = 28 animals for wild-type, gcy-22(tm2364), and wild-type switch
control, respectively. (C) FlincG3 fluorescence in the ASER cell body decreases in response to a 50–0 mM NaCl downstep in wild-type animals. The
response magnitudes for the first 50–0 mM NaCl downstep between wild-type and gcy-22(tm2364) animals are different (n = 17 (first set, blue; wild-
type), n = 23 (third set, green; gcy-22); permutation test P , 0.00001). In wild-type animals, the response magnitudes for the first 50–0 mM NaCl
downstep are also different from those of the switch control (n = 17 (first set, blue; wild-type), n = 11 (second set, pink; switch control); permutation
test P , 0.00001). Individual dots are the response magnitudes calculated for each animal. sc, switch control. Horizontal bars indicate mean; vertical
error bars indicate 6 SD. See Materials and Methods for details of statistical analysis. (D) jRGECO1a fluorescence in the ASER cell body increases in
response to a 50–0 mM NaCl downstep in wild-type animals. The response magnitudes for the first 50–0 mM NaCl downstep between wild-type and
gcy-22(tm2364) animals are different (n = 27 (first set, blue; wild-type), n = 21 (third set, green; gcy-22); permutation test P , 0.00001). In wild-type
animals, the response magnitudes for the first 50–0 mM NaCl downstep are also different from those of the switch control (n = 27 (first set, blue; wild-
type), n = 28 (second set, pink; switch control); permutation test P, 0.00001). Individual dots are the response magnitudes calculated for each animal.
sc, switch control. Horizontal bars indicate mean; vertical error bars indicate 6 SD. See Materials and Methods for details of statistical analysis.
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In contrast to ASERFlincG3fluorescence in response to the
second and fourth 0–50 mM NaCl upstep, wild-type ASEL
FlincG3 fluorescence did not change relative to switch con-
trol in response to the second and fourth 50–0 mM NaCl
downstep (Figure S6B). These results suggest that FlincG3
fluorescence in ASEL, in contrast to ASER, does not necessar-
ily change in response to repeatedly changing NaCl concen-
trations. This appears to be consistent with jRGECO1a
fluorescence in ASEL, which also does not seem to change
in response to repeatedly changing NaCl concentrations (Fig-
ure 5B: blue traces).

Animals expressing FlincG3 in the ASE neuron pair
prefer higher NaCl concentrations relative to animals
that do not express the reporter

C. elegans requires ASER activity to adjust their preferred
NaCl concentration to the concentration at which they were
last fed; if ASER is killed, the animal’s movement is less di-
rected in response to a linear NaCl gradient (Luo et al. 2014).
Plasticity requires NaCl sensation, which in turn requires

cGMP signaling; thus it is not surprising that gcy-
22(tm2364) animals, which do not respond to NaCl concen-
tration changes in ASER (Figure 4), do not exhibit a
preference for the concentration of NaCl at which they were
cultivated (Kunitomo et al. 2013). To assess whether ASE
FlincG3 expression affected an animal’s ability to exhibit a
preference for its cultivation NaCl concentration, the behav-
ior of ASE FlincG3-expressing wild-type animals was com-
pared to their nontransgenic siblings that did not express
the ASE FlincG3 array and wild-type animals. Animals were
cultivated for �6 hr in the presence of OP50 E. coli bacteria
on an NGM plate containing 25, 50, or 100 mM NaCl, then
placed onto a chemotaxis assay plate containing a NaCl
gradient from �40–90 mM NaCl (Figure 6A, based on
Kunitomo et al. (2013)). A chemotaxis index (CI) of 1 indi-
cates the animals’ preference for the higher NaCl concentra-
tion, and a CI of –1 indicates the animals’ preference for the
lower NaCl concentration. Wild-type and nontransgenic sib-
lings behaved as previously described; animals that were cul-
tivated at 25, 50, and 100 mMNaCl had a CI approaching21,

Figure 5 FlincG3 and jRGECO1a
fluorescence in the ASEL cell body
are opposite in sign in response to
a 0–50 mM NaCl upstep. (A) Av-
erage fluorescence response (DF/
F0 (%)) of FlincG3 in the ASEL cell
body shown as bolded traces
responding to either ten 10-sec
steps between 0 and 50 mM
NaCl or switch control (repre-
sented at the bottom of the
panel). Thinner traces are from in-
dividual recordings for each con-
dition. ASEL FlincG3 fluorescence
in wild-type (N2) animals
decreases in response to a
0–50 mM NaCl upstep (blue
traces). These responses are not
seen in wild-type animals ex-
posed to switch control (pink
traces). n = 20 and n = 15 ani-
mals for wild-type and wild-type
switch control, respectively. (B)
Average fluorescence response
(DF/F0 (%)) of jRGECO1a in the
ASEL cell body shown as bolded
traces responding to either ten
10-sec steps between 0 and
50 mM NaCl or switch control
(represented at the bottom of
the panel). Thinner traces are

from individual recordings for each condition. ASEL jRGECO1a fluorescence in wild-type (N2) animals increases in response to a 0–50 mM NaCl upstep
(blue traces). These responses are not seen when wild-type animals are exposed to switch control (pink traces). n = 14 and n = 13 animals for wild-type
and wild-type switch control, respectively. (C) FlincG3 fluorescence in the ASEL cell body decreases in response to a 0–50 mM NaCl upstep in wild-type
animals. The response magnitudes for the first 0–50 mM NaCl upstep between wild type and wild-type switch control animals are different (n = 14 (first
set, blue; wild type), n = 13 (second set, pink; switch control); permutation test P , 0.00001). Individual dots are the response magnitudes calculated
for each animal. sc, switch control. Horizontal bars indicate mean; vertical error bars indicate 6 SD. See Materials and Methods for details of statistical
analysis. (D) jRGECO1a fluorescence in the ASEL cell body increases in response to a 0–50 mM NaCl upstep in wild-type animals. The response
magnitudes for the first 0–50 mM NaCl upstep between wild type and wild-type switch control animals are different (n = 14 (first set, blue; wild type),
n = 13 (second set, pink; switch control); permutation test P , 0.0001). Individual dots are the response magnitudes calculated for each animal. sc,
switch control. Horizontal bars indicate mean; vertical error bars indicate 6 SD. See Materials and Methods for details of statistical analysis.
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0, and 0.75, respectively (Figure 6B: first and second set of
data points, respectively) (Kunitomo et al. 2013). The ASE
FlincG3-expressing animals’ NaCl concentration preference
at each cultivation NaCl concentration was higher, though
not significantly different from wild-type animals (Figure 6B:
third set of data points); however, their preference for a higher
NaCl concentration was significantly different from their non-
transgenic siblings onlywhen theywere cultivated at 100 mM
NaCl (P , 0.05; Welch’s t-test). Additionally, the animals’
preference for a higher NaCl concentration seemed different
from their nontransgenic siblings when theywere cultivated at
50 mM NaCl, though this was not significant (P = 0.15;
Welch’s t-test). This difference is presumably due to the vari-
ability in the transgenic animals’ chemotaxis responses to NaCl
when cultivated at 50 mMNaCl. Other lines, injectedwith the
same concentration of ASE FlincG3, exhibited NaCl seeking

behavior that was significantly different from both wild-type
animals and their nontransgenic siblings (Figure S7). Thismay
indicate that FlincG3 expression lowers free cGMP levels and
therefore interferes with an aspect of cGMP dynamics in ASER
that is required for food to reset the animals’ preference to
their cultivation NaCl concentration.

ASER FlincG3 fluorescence was recorded for the line that
exhibitedbehavior closest to that of thewild-typeanimals (see
Figure 6B). Importantly, in these animals, ASER FlincG3 fluo-
rescence decreased in response to a 50–0 mM NaCl down-
step, and stopped decreasing in response to a 0–50 mMNaCl
upstep, with the slopes between the first downstep and
upstep being different (Figure 6C: red traces; Figure S8: sec-
ond pair, red; P , 0.00001; see Materials and Methods for
statistical analysis). This finding is similar to that observed
with ASE FlincG3 injected at a lower concentration (Figure

Figure 6 FlincG3 expression in
ASE does not affect reporter ac-
tivity but can increase NaCl seek-
ing behavior. (A) Animals were
tested for NaCl cultivation prefer-
ence (figure based on Kunitomo
et al. (2013)). Briefly, animals
were placed on cultivation plates
with various NaCl concentrations
for �6 hr before being placed
on an assay plate with regions
of higher and lower NaCl con-
centration. (B) Wild-type ani-
mals injected with 15 ng/ml ASE
FlincG3 (flp-6p::FlincG3) exhibited
a preference for higher NaCl con-
centration while maintaining be-
havioral plasticity; animals from
this line were recorded and ana-
lyzed for (C and D). Wild-type an-
imals cultivated at 25 mM NaCl,
50 mM NaCl, and 100 mM NaCl
have a chemotaxis index (CI)
approaching 21, 0, and 0.75,
respectively (first set). The line
injected with 15 ng/ml ASE
FlincG3 produces two types of
progeny: those that do not ex-
press the array (nontransgenic
siblings) and those that do (trans-
genic siblings). Nontransgenic
siblings behave like wild-type ani-
mals (second set; Welch’s t-test,
ns). Transgenic animals cultivated
at each NaCl concentration ex-

hibit a slight but not significant preference for higher NaCl concentration relative to wild-type animals (third set; Welch’s t-test, ns). Individual dots
represent a single trial. Horizontal bars indicate mean; vertical error bars indicate6 SEM. (C) Average fluorescence response (DF/F0 (%)) of FlincG3 in the
ASER cell body shown as bolded traces responding to ten 10-sec steps between 50 and 0 mM NaCl (represented at the bottom of the panel). Thinner
traces are from individual recordings for each condition. ASER FlincG3 fluorescence in wild-type (N2) animals decreases in response to a
50–0 mM NaCl downstep; this is seen in animals injected with either 7.5 ng/ml (blue traces) or 15 ng/ml (red traces) ASE FlincG3. n = 18 and
n = 17 wild-type animals injected with 15 ng/ml ASE FlincG3 and 7.5 ng/ml ASE FlincG3, respectively. The data for the strain injected with 7.5 ng/ml
ASE FlincG3 are the same data that were used in Figure 4A as wild type (N2). (D) The response magnitudes of the first 50–0 mM NaCl downstep are not
different between wild-type animals injected with 7.5 ng/ml ASE FlincG3 (n = 17; first set, blue) and wild-type animals injected with 15 ng/ml ASE
FlincG3 (n = 18; second set, red) (permutation test ns). The data for the strain injected with 7.5 ng/ml ASE FlincG3 are the same as the data used in
Figure 4C as wild type, first set, blue. Individual dots are the response magnitudes calculated for each animal. Horizontal bars indicate mean; vertical
error bars indicate 6 SD. See Materials and Methods for details of statistical analysis.
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6C: blue traces and Figure S8: first pair, blue; note that these
data points are reproduced from Figure 4A: blue traces and
Figure S5A: first pair, blue, respectively). Furthermore, the
ASER FlincG3 response magnitudes and slopes of the first
downstep of wild-type animals injected at a lower vs. higher
concentration are not different, indicating that the concen-
trations injected did not influence recordings (Figure 6D:
compare first blue set (note that these data points are repro-
duced from Figure 4C: first set, blue) with second red set; P ns
and Figure S8: compare first blue set (note that these data
points are reproduced from Figure S5A: first set, blue) with
third red set; P ns; see Materials and Methods for statistical
analysis). Thus, though FlincG3 reliably reports the stimulus-
induced changes in the gustatory sensory neuron ASER, its
expression may subtly alter behavior, and this must be con-
trolled for by comparing the behavior of transgenic lines with
their nontransgenic siblings.

FlincG3 fluorescence increases in PHB chemosensory tail
neurons in response to SDS

To examine the ability of FlincG3 to report cGMP changes
in a neuronwith a thirdmodality, we expressed FlincG3 in the
nociceptive PHBneurons that hadbeenpredicted touse cGMP
as a second messenger. The PHBs are a pair of bilaterally
symmetric sensory neurons located in the lumbar ganglia that
extend ciliated dendrites into the phasmid structures within
the tail ofC. elegans. PHBneurons are chemosensory cells that
are required for the avoidance of noxious chemicals such as
SDS, dodecanoic acid, and other cues (Figure 7A) (Hilliard
et al. 2002; Park et al. 2011; Tran et al. 2017; Zou et al. 2017).
TAX-4 is required for PHB-mediated SDS avoidance (Figure
7C), and calcium imaging has shown that PHB responds to
SDS (Zou et al. 2017). This suggests that PHB may exhibit
changes in cGMP levels in response to SDS that could be
monitored by recording changes in FlincG3 fluorescence.

To test whether FlincG3 affects the function of the PHB
circuit, SDS response assays (Figure 7B) were performed on
wild-type animals and animals expressing FlincG3 in PHB
neurons. On average, wild-type animals halt movement into
a drop of 1 mMSDS in,1 sec (Figure S9). If PHB function is
impaired, as in tax-4 mutants, animals continue moving into
a drop of SDS as if it were a control buffer (M13) (Figure S9);
this increases the relative response index to �300% (Figure
7C).We found that the aversive response to SDS is unaffected
by PHB FlincG3 expression, indicating that FlincG3 does not
affect PHB function (Figure 7C and Figure S9).

To determine if cGMP changes in PHB neurons could be
detected using FlincG3, the sensor’s fluorescence in the cell
body was measured in animals that were first exposed to
control buffer (M13), then to 1 mM SDS in M13 buffer.
PHB FlincG3 fluorescence remained largely steady in the ab-
sence of 1 mM SDS, but began to increase linearly (R2 =
0.95) upon exposure to 1 mM SDS (Figure 7D). To test
whether changes in PHB FlincG3 fluorescence were due to
1 mM SDS exposure or to the potential fluctuation in pres-
sure due to the change in flow of the stimulus presentation

stream, we examined the sensor’s response to anM13 toM13
control switch (Figure 7D: key at bottom of the panel). We
found that PHB FlincG3 fluorescence did not increase when
animals were exposed only to M13 buffer for the duration of
the recording (Figure 7D). The areas under the curve before
and after SDS presentation were significantly different
(P, 0.01; seeMaterials and Methods for statistical analysis)
(Figure 7E: first pair, blue). In contrast, the areas under the
curve for M13-only recordings were not significantly differ-
ent (P ns; see Materials and Methods for statistical analysis)
(Figure 7E: second pair, pink). This suggests that cGMP in-
creases in response to SDS and that FlincG3 responds acutely
to endogenously produced cGMP that is induced by an exter-
nal stimulus (Figure 7, D and E).

Discussion

FlincG3 can be used as a sensor for cGMP dynamics in
C. elegans

The GFP-based cGMP sensor FlincG3was used successfully to
monitor thedynamics of this secondmessenger in anumber of
cells in C. elegans. First, FlincG3 was used to monitor the
kinetics of cGMP production in body wall muscle cells, which
lack most endogenous GCs. The rate of increase in FlincG3
fluorescence corresponded with the rate of cGMP produced
by coexpressed blue-light-activated GCs. FlincG3 fluores-
cence increased within ,1 sec of activation of BeCyclOp,
which produces 17 cGMP molecules per second. In contrast,
FlincG3 fluorescence increased in the order of minutes upon
activation of bPGC, which produces cGMP at a 50-fold lower
rate relative to BeCyclOp (Gao et al. 2015). FlincG3 fluores-
cence slightly increased in the presence of cAMP in C. elegans
in response to activation of bPAC. Thus, care must be taken to
control for fluctuations in cAMP by imaging in backgrounds
that lack cGMP production. The high rate of cAMP production
due to bPAC, however, is likely exceeding any intrinsic cAMP
production by several fold, thus side effects from intrinsic
cAMP fluctuation may affect cGMP imaging only to a minor
extent.

FlincG3 reveals cGMP dynamics in sensory neurons that
use cGMP as a second messenger for sensory stimuli

We expressed FlincG3 in sensory neurons that use cGMP as a
second messenger and found that the sensor responds ro-
bustly to changing stimulus presentation. The increased fluo-
rescence of FlincG3 at the sensory endings of AFDnear a given
Tc provides the first visual evidence that suggests cGMP dy-
namics in AFD are correlated with Tc. These dynamics are
consistent with the calcium traces of AFD during thermosen-
sory transduction, with each peaking near Tc (Yu et al. 2014).
In the gustatory neuron pair ASE, changes in FlincG3 fluores-
cence in response to NaCl concentration steps suggest that
the sensor can respond reliably to acutely changing cGMP
levels, providing, for the first time, visual evidence that cGMP
levels in ASE are modulated by NaCl concentration changes.
Importantly, we demonstrated that FlincG3 and jRGECO1a
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fluorescence changes in the ASER cell body require the rGC
GCY-22. This suggests that GCY-22 is the primary rGC that
produces cGMP for the NaCl response in ASER. Interestingly,
the changes we observe in FlincG3 and jRGECO1a fluores-
cence are opposite in sign in the ASE cell body, which sug-
gests that cGMP levels are inversely correlated with calcium
in response to a NaCl concentration change. Previously re-
ported genetic and calcium imaging evidence suggested that
cGMP levels would directly correlate with calcium levels, as
cGMP is hypothesized to bind to and open the cyclic nucleo-
tide-gated cation channel TAX-2/TAX-4 to allow for calcium
influx (Suzuki et al. 2008). A recent cryo-EM study also
showed that cGMP gates the homomeric TAX-4 channel in
the open state (Li et al. 2017). Additionally, physiological
investigations of the heterologously expressed heteromeric
TAX-2/TAX-4 channel indicated that it opens in response to

cGMP binding (Komatsu et al. 1999; O’Halloran et al. 2017).
There are a number of hypotheses for how a decrease in
cGMP levels in the cell body may relate to the observed cal-
cium increases in the same compartment of the cell. One
hypothesis is that changes in cGMP levels in the sensory cilia
are opposite in sign to changes in cGMP levels in the cell body.
This has been previously reported in the olfactory neuron
AWC, where cGMP in the sensory cilia decreases in response
to the odorants isoamyl alcohol and benzaldehyde; in con-
trast, cGMP increases in the cell body in response to these
odorants (Shidara et al. 2017). It is possible that this decrease
of cGMP in the sensory cilia could lead to a decrease in cal-
cium in AWC, consistent with its function as an OFF neuron
(Shidara et al. 2017). Likewise, this may happen in ASE,
where NaCl concentration upsteps (in the case of ASEL)
and downsteps (in the case of ASER) may increase cGMP in

Figure 7 FlincG3 allows visualization of cGMP production in PHB chemosensory neurons in response to the repellent SDS. (A) Diagram of the PHB
circuit; this figure is reproduced from Figure 1C in Varshney et al. (2018) under the Creative Commons Attribution License (https://creativecommons.org/
licenses/by/4.0/). The primary postsynaptic partners of PHB neurons are the AVA backward command interneurons and the PVC forward command
interneurons (Hilliard et al. 2002; Park et al. 2011; Tran et al. 2017). (B) Diagram of the sodium dodecyl sulfate (SDS) behavioral assay, which tests the
PHB circuit response to 1 mM SDS; this figure is reproduced from Figure 1D in Varshney et al. (2018) under the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/). Animals are induced to move backward with a nose touch from a hair pick (Hilliard et al. 2002; Park et al.
2011; Tran et al. 2017). A drop of 1 mM SDS is placed behind them on a dry NGM plate, so that the drop quickly absorbs into the media, preventing
wicking along the worm. The time that the animal backs into the drop before stopping is measured. (C) FlincG3 expression in PHB does not affect the
response of animals to SDS (P ns). For reference, loss of tax-4 causes a severe defect in the ability to sense SDS (Hilliard et al. 2002). One-factor ANOVA
analysis was first performed, then two-sample t-tests and the Hochberg procedure for multiple comparisons were performed. (D) When FlincG3 is
expressed in PHB neurons, DF/F0 (%) increases steadily after introduction of 1 mM SDS. Average fluorescence response (DF/F0 (%)) of FlincG3 in the PHB
cell body shown as bolded traces responding to either 1 mM SDS presentation or M13 buffer alone (represented at the bottom of the panel). Thinner
traces are from individual recordings for each condition. n = 15 for animals exposed to M13 control buffer, then switched to another channel with M13
control buffer, and n = 27 for animals exposed to M13 control buffer, then switched to another channel with 1 mM SDS in M13 buffer. (E) The areas
under the curve for recordings before and after SDS presentation are different (permutation test, P , 0.01). The areas under the curve for M13-only
recordings are not different (permutation test, P ns). Horizontal bars indicate mean; vertical error bars indicate 6 SD. See Materials and Methods for
details of statistical analysis.
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the cilia and decrease cGMP in the cell body. In this case,
cGMP in the cilia could bind to and activate TAX-2/TAX-4,
which would lead to a calcium influx that could then be
propagated throughout the cell through the opening of volt-
age-gated calcium channels. The potential transform in sign
between the cilia and the cell body in ASE could be due to the
activity of PDEs. For instance, the calcium-regulated PDE-1
has been shown to be required for a decrease in cGMP in the
cell bodies of a subset of oxygen-sensing PQR neurons in re-
sponse to a 7–21% increase in oxygen (Couto et al. 2013).
Another hypothesis is that the primary sensory signal is car-
ried not by the TAX-2/TAX-4 channel but by the PKG EGL-4,
which has been shown to be required for sensing NaCl con-
centration changes in ASE (Suzuki et al. 2008). EGL-4 could
be negatively regulating calcium channels; in this case, a de-
crease in cGMP would lead to the opening of these calcium
channels. Testing these hypotheses, however, is beyond the
scope of the present study.

There are at least three explanations forwhy gcy-22maybe
required for a reduction of cGMP in the ASER cell body in
response to a NaCl downstep. First, the NaCl downstep may
turn off GCY-22, whichwould result in a decrease in cGMP. In
contrast, chronic loss of the GC would be recorded as a stable
FlincG3 signal. Second, a NaCl downstep may increase GCY-
22 activity, and, thus, cGMP, which can then bind to and
activate a cGMP-regulated PDE such as PDE-2 (Couto et al.
2013). Once the PDE is activated, cGMP levels would de-
crease. In the absence of GCY-22, this decrease would not
occur in response to a NaCl downstep, and a stable FlincG3
signal would be observed. Third, if GCY-22 activation in-
creases cGMP levels, cGMP binding to the TAX-2/TAX-4
channel could lead to an influx of calcium. This could
then activate a calcium-regulated PDE such as PDE-1, which
would ultimately decrease cGMP. In contrast, the absence
of GCY-22 would block changes in calcium in response to a
NaCl downstep. Each possibility could be tested in a future
study.

In the nociceptive phasmid neuron PHB, genetic evidence
suggesting that it uses cGMP to signal the presence of SDSwas
corroborated by changes in PHB FlincG3 fluorescence. This is
the first visual evidence for a cGMP-based signal in PHB,
showing that it increases in response to an environmental cue.

Importantly, expression of FlincG3 did not perturb the
function of AFD and PHB neurons, as negative thermotaxis
and SDS repulsion was as robust in the FlincG3-expressing
lines as in wild-type animals. This is in contrast to FlincG3
expression in ASE,which caused a slight preference for higher
NaCl concentrations but minimally affected the plasticity of
the NaCl concentration cultivation preference.

Prospects for optimizing FlincG3 and extending its use

Like FlincG3 in ASE, the first generation of calcium sensors
affected the behavior of neurons in which they were
expressed: for instance, the FRET-based YC2.12 acted as a
calcium sponge, a function that was exploited by Ferkey et al.
(2007) to study nociceptive signaling, and the GFP-based

GCaMP2.2 blocked olfactory plasticity (C. Brueggemann
and N. L’Etoile, personal communication). Mutations that in-
creased the quantal yield of GCaMP allowed the reporters to
be expressed at lower levels that did not interfere with cel-
lular function, yet were bright enough for imaging. Indeed, if
FlincG3 was enhanced to mimic the properties of GCaMP6s,
which contains (among other mutations) a K78Hmutation in
the cpEGFP domain that improved sensitivity relative to
GCaMP3, the fluorescence might be bright enough to allow
for lower expression of this reporter and thus reduce the
possibility of it interfering with cellular functions (Chen
et al. 2013). Until such optimizations are made, it will be
necessary to select for lines that express FlincG3 at the lowest
levels that allow for imaging, thereby minimizing the poten-
tial for behavioral effects. Addition of a subcellular localiza-
tion signal may also mitigate off-target effects.

We think FlincG3 could be acting as a cGMP sponge due to
its effects on NaCl-seeking behavior when expressed in ASE
(Figure 6B and Figure S7). These behavioral results suggest
that FlincG3 could be altering free cGMP levels in ASER,
which could lead to tuning the NaCl concentration cultiva-
tion preference to be higher relative to nontransgenic siblings
and wild-type animals. If FlincG3 can be shown to act as a
cGMP sponge, this could also be exploited to specifically and
locally perturb cGMP levels. For example, if one could local-
ize a nonfluorescent form of FlincG3 at the cilia, this may
perturb function in a different way from when it is localized
to the cell body. This could reveal specific functions for cGMP
signals at the sensory dendrites that are different from those
in the cell body.

Additionally, the subcellular landscapeof cGMPcanalso be
probed using FlincG3. For instance, adding a small tag that
localizes FlincG3 to specific regions of the cell alongwith a red
protein for ratiometric imaging may reveal important aspects
of the subcellular landscape of cGMP.

Though FRET-based cGMP sensors have been useful for
uncovering cGMPdynamics inbiological processes in an intact
animal (Couto et al. 2013; Shidara et al. 2017), the single
fluorophore FlincG3 provides the more accessible possibility
of using additional fluorophores of different wavelengths to
mark subcellular regions. This advantage of FlincG3 will pro-
vide a simple and powerful tool with which to visualize
changes in cGMP concentration across the subcellular land-
scape. Additionally, the ability to simultaneously visualize
cGMP and calcium by using FlincG3with a red calcium sensor
(Dana et al. 2016) allows us to investigate the dynamics of
these second messengers at any marked subcellular location.
Our results demonstrate that FlincG3 can be used to rapidly
and specifically measure cGMP dynamics in the intact, behav-
ing organism.

Acknowledgments

The authors would like to thank Martina Bremer and Saul
Kato for statistical consults, as well as Cornelia Bargmann,
Peter Hegemann, Erik Jorgensen, and Shawn Lockery for

74 S. Woldemariam et al.

http://identifiers.org/bioentitylink/WB:WBGene00006525?doi=10.1534/genetics.119.302392
http://identifiers.org/bioentitylink/WB:WBGene00006526?doi=10.1534/genetics.119.302392
http://identifiers.org/bioentitylink/WB:WBGene00011433?doi=10.1534/genetics.119.302392
http://identifiers.org/bioentitylink/WB:WBGene00006525?doi=10.1534/genetics.119.302392
http://identifiers.org/bioentitylink/WB:WBGene00006526?doi=10.1534/genetics.119.302392
http://identifiers.org/bioentitylink/WB:WBGene00001173?doi=10.1534/genetics.119.302392
http://identifiers.org/bioentitylink/WB:WBGene00001173?doi=10.1534/genetics.119.302392
https://identifiers.org/bioentitylink/WB:WBGene00001547?doi=10.1534/genetics.119.302392
http://identifiers.org/bioentitylink/WB:WBGene00001547?doi=10.1534/genetics.119.302392
http://identifiers.org/bioentitylink/WB:WBGene00001547?doi=10.1534/genetics.119.302392
http://identifiers.org/bioentitylink/WB:WBGene00001547?doi=10.1534/genetics.119.302392
http://identifiers.org/bioentitylink/WB:WBGene00011146?doi=10.1534/genetics.119.302392
http://identifiers.org/bioentitylink/WB:WBGene00001547?doi=10.1534/genetics.119.302392
http://identifiers.org/bioentitylink/WB:WBGene00001547?doi=10.1534/genetics.119.302392
http://identifiers.org/bioentitylink/WB:WBGene00006525?doi=10.1534/genetics.119.302392
http://identifiers.org/bioentitylink/WB:WBGene00006526?doi=10.1534/genetics.119.302392
http://identifiers.org/bioentitylink/WB:WBGene00011433?doi=10.1534/genetics.119.302392
http://identifiers.org/bioentitylink/WB:WBGene00001547?doi=10.1534/genetics.119.302392


reagents. The authors would also like to thank Giselle
Knudsen and Sarah Nordquist for guidance on writing the
manuscript. Some strains were provided by the Caenorhab-
ditis Genetics Center (CGC), which is funded by the National
Institutes of Health (NIH) Office of Research Infrastructure
Programs (P40 OD010440). N.L. and M.V. were supported
by NIDCD R01 DC005991 and NINDS R01 NS87544-01;
N.L. and D.M.F. by NIDCD R01 DC015758; A.G. by
Deutsche Forschungsgemeinschaft (DFG) grants GO1011/
4-2, GO1011/13-1 and EXC115; S.W. by Diversity Supple-
ment NS87544, 5T32DE007306-21 and 2R01DC005991;
P.S. by R35 GM122463-03; T.H. by T90 DA032435-08.

Author contributions: K.A., W.S.C., M.F., T.H., M.C.K.,
M.W.S., and S.W. prepared reagents. N.A., T.H., J.L., J.M.,
J.N., B.B.-R., M.W.S., R.S., A.T., and A.V. performed
experiments. S.W. guided the project and performed exper-
iments. O.S.H. initiated the line of experimentation. A.G.,
N.L., P.S., and M.V. conceived the experiments and guided
the project. D.M.F., C.B., and Y.V.Y. helped guide the
project. D.M.F., A.G., T.H., N.L., J.N., P.S., M.V., and S.W.
wrote the manuscript.

Literature Cited

Ahmad, F., T. Murata, K. Shimizu, E. Degerman, D. Maurice et al.,
2015 Cyclic nucleotide phosphodiesterases: important signal-
ing modulators and therapeutic targets. Oral Dis. 21: e25–e50.
https://doi.org/10.1111/odi.12275

Akerboom, J., N. Carreras Calderón, L. Tian, S. Wabnig, M. Prigge
et al., 2013 Genetically encoded calcium indicators for multi-
color neural activity imaging and combination with optoge-
netics. Front. Mol. Neurosci. 6: 2. https://doi.org/10.3389/
fnmol.2013.00002

Beverly, M., S. Anbil, and P. Sengupta, 2011 Degeneracy and
neuromodulation among thermosensory neurons contribute to
robust thermosensory behaviors in Caenorhabditis elegans. J.
Neurosci. 31: 11718–11727. https://doi.org/10.1523/JNEUROSCI.
1098-11.2011

Bhargava, Y., K. Hampden-Smith, K. Chachlaki, K. C. Wood, J.
Vernon et al., 2013 Improved genetically-encoded, FlincG-
type fluorescent biosensors for neural cGMP imaging. Front.
Mol. Neurosci. 6: 26. https://doi.org/10.3389/fnmol.2013.00026

Chen, T.-W., T. J. Wardill, Y. Sun, S. R. Pulver, S. L. Renninger
et al., 2013 Ultrasensitive fluorescent proteins for imaging
neuronal activity. Nature 499: 295–300. https://doi.org/10.1038/
nature12354

Chronis, N., M. Zimmer, and C. I. Bargmann, 2007 Microfluidics
for in vivo imaging of neuronal and behavioral activity in
Caenorhabditis elegans. Nat. Methods 4: 727–731. https://
doi.org/10.1038/nmeth1075

Clark, D. A., D. Biron, P. Sengupta, and A. D. Samuel, 2006 The
AFD sensory neurons encode multiple functions underlying
thermotactic behavior in Caenorhabditis elegans. J. Neurosci.
26: 7444–7451. https://doi.org/10.1523/JNEUROSCI.1137-06.
2006

Coburn, C. M., and C. I. Bargmann, 1996 A putative cyclic nucle-
otide-gated channel is required for sensory development and
function in C. elegans. Neuron 17: 695–706. https://doi.org/
10.1016/S0896-6273(00)80201-9

Conti, M., and J. Beavo, 2007 Biochemistry and physiology of
cyclic nucleotide phosphodiesterases: essential components in

cyclic nucleotide signaling. Annu. Rev. Biochem. 76: 481–511.
https://doi.org/10.1146/annurev.biochem.76.060305.150444

Couto, A., S. Oda, V. O. Nikolaev, Z. Soltesz, and M. de Bono,
2013 In vivo genetic dissection of O2-evoked cGMP dynamics
in a Caenorhabditis elegans gas sensor. Proc. Natl. Acad. Sci. USA
110: E3301–E3310. https://doi.org/10.1073/pnas.1217428110

Dana, H., B. Mohar, Y. Sun, S. Narayan, A. Gordus et al.,
2016 Sensitive red protein calcium indicators for imaging neu-
ral activity. eLife 5: pii: e12727. https://doi.org/10.7554/eLife.
12727

Edelstein, A., N. Amodaj, K. Hoover, R. Vale, and N. Stuurman,
2010 Computer control of microscopes using mManager.
Curr. Protoc. Mol. Biol. Chapter 14: Unit14.20. https://doi.org/
10.1002/0471142727.mb1420s92

Ferkey, D. M., R. Hyde, G. Haspel, H. M. Dionne, H. A. Hess et al.,
2007 C. elegans G protein regulator RGS-3 controls sensitivity
to sensory stimuli. Neuron 53: 39–52. https://doi.org/10.1016/
j.neuron.2006.11.015

Fire, A., 1986 Integrative transformation of Caenorhabditis ele-
gans. EMBO J. 5: 2673–2680. https://doi.org/10.1002/j.1460-
2075.1986.tb04550.x

Francis, S. H., M. A. Blount, and J. D. Corbin, 2011 Mammalian
cyclic nucleotide phosphodiesterases: molecular mechanisms
and physiological functions. Physiol. Rev. 91: 651–690. https://
doi.org/10.1152/physrev.00030.2010

Gao, S., J. Nagpal, M. W. Schneider, V. Kozjak-Pavlovic, G. Nagel
et al., 2015 Optogenetic manipulation of cGMP in cells and an-
imals by the tightly light-regulated guanylyl-cyclase opsin CyclOp.
Nat. Commun. 6: 8046. https://doi.org/10.1038/ncomms9046

Good, P. I., 2006 Resampling Methods: A Practical Guide to Data
Analysis. Birkhäuser, Boston.

Goodman, M. B., and P. Sengupta, 2018 The extraordinary AFD
thermosensor of C. elegans. Pflugers Arch. 470: 839–849.
https://doi.org/10.1007/s00424-017-2089-5

Gross, O. P., E. N. Pugh, and M. E. Burns, 2015 cGMP in mouse
rods: the spatiotemporal dynamics underlying single photon
responses. Front. Mol. Neurosci. 8: 6. https://doi.org/10.3389/
fnmol.2015.00006

Hallem, E. A., W. C. Spencer, R. D. McWhirter, G. Zeller, S. R. Henz
et al., 2011 Receptor-type guanylate cyclase is required for
carbon dioxide sensation by Caenorhabditis elegans. Proc. Natl.
Acad. Sci. USA 108: 254–259. https://doi.org/10.1073/pnas.
1017354108

Hawk, J. D., A. C. Calvo, P. Liu, A. Almoril-Porras, A. Aljobeh et al.,
2018 Integration of plasticity mechanisms within a single sen-
sory neuron of C. elegans actuates a memory. Neuron 97: 356–
367.e4. https://doi.org/10.1016/j.neuron.2017.12.027

Hedgecock, E. M., and R. L. Russell, 1975 Normal and mutant
thermotaxis in the nematode Caenorhabditis elegans. Proc. Natl.
Acad. Sci. USA 72: 4061–4065. https://doi.org/10.1073/
pnas.72.10.4061

Hilliard, M. A., C. I. Bargmann, and P. Bazzicalupo, 2002 C. ele-
gans responds to chemical repellents by integrating sensory in-
puts from the head and the tail. Curr. Biol. 12: 730–734.
https://doi.org/10.1016/S0960-9822(02)00813-8

Inada, H., H. Ito, J. Satterlee, P. Sengupta, K. Matsumoto et al.,
2006 Identification of guanylyl cyclases that function in ther-
mosensory neurons of Caenorhabditis elegans. Genetics 172:
2239–2252. https://doi.org/10.1534/genetics.105.050013

Juang, B.-T., C. Gu, L. Starnes, F. Palladino, A. Goga et al.,
2013 Endogenous nuclear RNAi mediates behavioral adapta-
tion to odor. Cell 154: 1010–1022. https://doi.org/10.1016/
j.cell.2013.08.006

Kim, E., L. Sun, C. V. Gabel, and C. Fang-Yen, 2013 Long-term
imaging of Caenorhabditis elegans using nanoparticle-mediated
immobilization. PLoS One 8: e53419. https://doi.org/10.1371/
journal.pone.0053419

GFP-Based cGMP Sensor Used in C. elegans 75

https://doi.org/10.1111/odi.12275
https://doi.org/10.3389/fnmol.2013.00002
https://doi.org/10.3389/fnmol.2013.00002
https://doi.org/10.1523/JNEUROSCI.1098-11.2011
https://doi.org/10.1523/JNEUROSCI.1098-11.2011
https://doi.org/10.3389/fnmol.2013.00026
https://doi.org/10.1038/nature12354
https://doi.org/10.1038/nature12354
https://doi.org/10.1038/nmeth1075
https://doi.org/10.1038/nmeth1075
https://doi.org/10.1523/JNEUROSCI.1137-06.2006
https://doi.org/10.1523/JNEUROSCI.1137-06.2006
https://doi.org/10.1016/S0896-6273(00)80201-9
https://doi.org/10.1016/S0896-6273(00)80201-9
https://doi.org/10.1146/annurev.biochem.76.060305.150444
https://doi.org/10.1073/pnas.1217428110
https://doi.org/10.7554/eLife.12727
https://doi.org/10.7554/eLife.12727
https://doi.org/10.1002/0471142727.mb1420s92
https://doi.org/10.1002/0471142727.mb1420s92
https://doi.org/10.1016/j.neuron.2006.11.015
https://doi.org/10.1016/j.neuron.2006.11.015
https://doi.org/10.1002/j.1460-2075.1986.tb04550.x
https://doi.org/10.1002/j.1460-2075.1986.tb04550.x
https://doi.org/10.1152/physrev.00030.2010
https://doi.org/10.1152/physrev.00030.2010
https://doi.org/10.1038/ncomms9046
https://doi.org/10.1007/s00424-017-2089-5
https://doi.org/10.3389/fnmol.2015.00006
https://doi.org/10.3389/fnmol.2015.00006
https://doi.org/10.1073/pnas.1017354108
https://doi.org/10.1073/pnas.1017354108
https://doi.org/10.1016/j.neuron.2017.12.027
https://doi.org/10.1073/pnas.72.10.4061
https://doi.org/10.1073/pnas.72.10.4061
https://doi.org/10.1016/S0960-9822(02)00813-8
https://doi.org/10.1534/genetics.105.050013
https://doi.org/10.1016/j.cell.2013.08.006
https://doi.org/10.1016/j.cell.2013.08.006
https://doi.org/10.1371/journal.pone.0053419
https://doi.org/10.1371/journal.pone.0053419


Kimura, K. D., A. Miyawaki, K. Matsumoto, and I. Mori, 2004 The
C. elegans thermosensory neuron AFD responds to warming.
Curr. Biol. 14: 1291–1295. https://doi.org/10.1016/j.cub.2004.06.060

Kobayashi, K., S. Nakano, M. Amano, D. Tsuboi, T. Nishioka et al.,
2016 Single-cell memory regulates a neural circuit for sensory
behavior. Cell Rep. 14: 11–21. https://doi.org/10.1016/j.celrep.
2015.11.064

Komatsu, H., I. Mori, J. S. Rhee, N. Akaike, and Y. Ohshima,
1996 Mutations in a cyclic nucleotide-gated channel lead to
abnormal thermosensation and chemosensation in C. elegans.
Neuron 17: 707–718. https://doi.org/10.1016/S0896-6273
(00)80202-0

Komatsu, H., Y. H. Jin, N. L’Etoile, I. Mori, C. I. Bargmann et al.,
1999 Functional reconstitution of a heteromeric cyclic nucle-
otide-gated channel of Caenorhabditis elegans in cultured cells.
Brain Res. 821: 160–168. https://doi.org/10.1016/S0006-8993
(99)01111-7

Krzyzanowski, M. C., C. Brueggemann, M. J. Ezak, J. F. Wood, K. L.
Michaels et al., 2013 The C. elegans cGMP-dependent protein
kinase EGL-4 regulates nociceptive behavioral sensitivity. PLoS Genet.
9: e1003619. https://doi.org/10.1371/journal.pgen.1003619

Krzyzanowski, M. C., S. Woldemariam, J. F. Wood, A. H. Chaubey,
C. Brueggemann et al., 2016 Aversive behavior in the nema-
tode C. elegans is modulated by cGMP and a neuronal gap junc-
tion network. PLoS Genet. 12: e1006153. https://doi.org/
10.1371/journal.pgen.1006153

Kunitomo, H., H. Sato, R. Iwata, Y. Satoh, H. Ohno et al.,
2013 Concentration memory-dependent synaptic plasticity
of a taste circuit regulates salt concentration chemotaxis in
Caenorhabditis elegans. Nat. Commun. 4: 2210. https://doi.org/
10.1038/ncomms3210

Lee, J. I., D. M. O’Halloran, J. Eastham-Anderson, B.-T. Juang, J. A.
Kaye et al., 2010 Nuclear entry of a cGMP-dependent kinase
converts transient into long-lasting olfactory adaptation. Proc.
Natl. Acad. Sci. USA 107: 6016–6021. https://doi.org/10.1073/
pnas.1000866107

Li, M., X. Zhou, S. Wang, I. Michailidis, Y. Gong et al.,
2017 Structure of a eukaryotic cyclic-nucleotide-gated chan-
nel. Nature 542: 60–65. https://doi.org/10.1038/nature20819

Lucas, K. A., G. M. Pitari, S. Kazerounian, I. Ruiz-Stewart, J. Park
et al., 2000 Guanylyl cyclases and signaling by cyclic GMP.
Pharmacol. Rev. 52: 375–414.

Luo, L., Q. Wen, J. Ren, M. Hendricks, M. Gershow et al.,
2014 Dynamic encoding of perception, memory, and move-
ment in a C. elegans chemotaxis circuit. Neuron 82: 1115–
1128. https://doi.org/10.1016/j.neuron.2014.05.010

Mori, I., and Y. Ohshima, 1995 Neural regulation of thermotaxis
in Caenorhabditis elegans. Nature 376: 344–348. https://
doi.org/10.1038/376344a0

Mukhopadhyay, S., Y. Lu, S. Shaham, and P. Sengupta, 2008 Sensory
signaling-dependent remodeling of olfactory cilia architecture in
C. elegans. Dev. Cell 14: 762–774. https://doi.org/10.1016/j.devcel.
2008.03.002

Nausch, L. W., J. Ledoux, A. D. Bonev, M. T. Nelson, and W. R.
Dostmann, 2008 Differential patterning of cGMP in vascular
smooth muscle cells revealed by single GFP-linked biosensors.
Proc. Natl. Acad. Sci. USA 105: 365–370. https://doi.org/
10.1073/pnas.0710387105

Nguyen, P. A., W. Liou, D. H. Hall, and M. R. Leroux, 2014 Ciliopathy
proteins establish a bipartite signaling compartment in a C. elegans
thermosensory neuron. J. Cell Sci. 127: 5317–5330. https://doi.org/
10.1242/jcs.157610

O’Halloran, D. M., O. S. Hamilton, J. I. Lee, M. Gallegos, and N. D.
L’Etoile, 2012 Changes in cGMP levels affect the localization of
EGL-4 in AWC in Caenorhabditis elegans. PLoS One 7: e31614.
https://doi.org/10.1371/journal.pone.0031614

O’Halloran, D. M., S. Altshuler-Keylin, X.-D. Zhang, C. He, C. Morales-
Phan et al., 2017 Contribution of the cyclic nucleotide gated
channel subunit, CNG-3, to olfactory plasticity in Caenorhabditis
elegans. Sci. Rep. 7: 169. https://doi.org/10.1038/s41598-017-
00126-7

Ortiz, C. O., J. F. Etchberger, S. L. Posy, C. Frøkjaer-Jensen, S. Lockery
et al., 2006 Searching for neuronal left/right asymmetry: ge-
nomewide analysis of nematode receptor-type guanylyl cy-
clases. Genetics 173: 131–149. https://doi.org/10.1534/genetics.
106.055749

Ortiz, C. O., S. Faumont, J. Takayama, H. K. Ahmed, A. D. Goldsmith
et al., 2009 Lateralized gustatory behavior of C. elegans is
controlled by specific receptor-type guanylyl cyclases. Curr. Biol.
19: 996–1004. https://doi.org/10.1016/j.cub.2009.05.043

Park, J., P. L. Knezevich, W. Wung, S. N. O’Hanlon, A. Goyal et al.,
2011 A conserved juxtacrine signal regulates synaptic partner
recognition in Caenorhabditis elegans. Neural Dev. 6: 28.
https://doi.org/10.1186/1749-8104-6-28

Potter, L. R., 2011 Guanylyl cyclase structure, function and regu-
lation. Cell. Signal. 23: 1921–1926. https://doi.org/10.1016/
j.cellsig.2011.09.001

Ramot, D., B. L. MacInnis, and M. B. Goodman, 2008 Bidirectional
temperature-sensing by a single thermosensory neuron in C. ele-
gans. Nat. Neurosci. 11: 908–915. https://doi.org/10.1038/nn.
2157

Ryu, M.-H., O. V. Moskvin, J. Siltberg-Liberles, and M. Gomelsky,
2010 Natural and engineered photoactivated nucleotidyl cy-
clases for optogenetic applications. J. Biol. Chem. 285: 41501–
41508. https://doi.org/10.1074/jbc.M110.177600

Shaner, N. C., M. Z. Lin, M. R. McKeown, P. A. Steinbach, K. L.
Hazelwood et al., 2008 Improving the photostability of bright
monomeric orange and red fluorescent proteins. Nat. Methods
5: 545–551. https://doi.org/10.1038/nmeth.1209

Shidara, H., K. Hotta, and K. Oka, 2017 Compartmentalized cGMP
responses of olfactory sensory neurons in Caenorhabditis elegans.
J. Neurosci. 37: 3753–3763. https://doi.org/10.1523/JNEURO-
SCI.2628-16.2017

Singhvi, A., B. Liu, C. J. Friedman, J. Fong, Y. Lu et al., 2016 A
glial K/Cl transporter controls neuronal receptive ending shape
by chloride inhibition of an rGC. Cell 165: 936–948. https://
doi.org/10.1016/j.cell.2016.03.026

Smith, H. K., L. Luo, D. O’Halloran, D. Guo, X.-Y. Huang et al.,
2013 Defining specificity determinants of cGMP mediated gus-
tatory sensory transduction in Caenorhabditis elegans. Genetics
194: 885–901. https://doi.org/10.1534/genetics.113.152660

Stierl, M., P. Stumpf, D. Udwari, R. Gueta, R. Hagedorn et al.,
2011 Light modulation of cellular cAMP by a small bacterial
photoactivated adenylyl cyclase, bPAC, of the soil bacterium
Beggiatoa. J. Biol. Chem. 286: 1181–1188. https://doi.org/
10.1074/jbc.M110.185496

Suzuki, H., T. R. Thiele, S. Faumont, M. Ezcurra, S. R. Lockery
et al., 2008 Functional asymmetry in Caenorhabditis elegans
taste neurons and its computational role in chemotaxis. Nature
454: 114–117. https://doi.org/10.1038/nature06927

Takeishi, A., Y. V. Yu, V. M. Hapiak, H. W. Bell, T. O’Leary et al.,
2016 Receptor-type guanylyl cyclases confer thermosensory
responses in C. elegans. Neuron 90: 235–244. https://doi.org/
10.1016/j.neuron.2016.03.002

Tian, L., S. A. Hires, T. Mao, D. Huber, M. E. Chiappe et al.,
2009 Imaging neural activity in worms, flies and mice with
improved GCaMP calcium indicators. Nat. Methods 6: 875–
881. https://doi.org/10.1038/nmeth.1398

Tran, A., A. Tang, C. T. O’Loughlin, A. Balistreri, E. Chang et al.,
2017 C. elegans avoids toxin-producing Streptomyces using a
seven transmembrane domain chemosensory receptor. eLife 6:
pii: e23770. https://doi.org/10.7554/eLife.23770

76 S. Woldemariam et al.

https://doi.org/10.1016/j.cub.2004.06.060
https://doi.org/10.1016/j.celrep.2015.11.064
https://doi.org/10.1016/j.celrep.2015.11.064
https://doi.org/10.1016/S0896-6273(00)80202-0
https://doi.org/10.1016/S0896-6273(00)80202-0
https://doi.org/10.1016/S0006-8993(99)01111-7
https://doi.org/10.1016/S0006-8993(99)01111-7
https://doi.org/10.1371/journal.pgen.1003619
https://doi.org/10.1371/journal.pgen.1006153
https://doi.org/10.1371/journal.pgen.1006153
https://doi.org/10.1038/ncomms3210
https://doi.org/10.1038/ncomms3210
https://doi.org/10.1073/pnas.1000866107
https://doi.org/10.1073/pnas.1000866107
https://doi.org/10.1038/nature20819
https://doi.org/10.1016/j.neuron.2014.05.010
https://doi.org/10.1038/376344a0
https://doi.org/10.1038/376344a0
https://doi.org/10.1016/j.devcel.2008.03.002
https://doi.org/10.1016/j.devcel.2008.03.002
https://doi.org/10.1073/pnas.0710387105
https://doi.org/10.1073/pnas.0710387105
https://doi.org/10.1242/jcs.157610
https://doi.org/10.1242/jcs.157610
https://doi.org/10.1371/journal.pone.0031614
https://doi.org/10.1038/s41598-017-00126-7
https://doi.org/10.1038/s41598-017-00126-7
https://doi.org/10.1534/genetics.106.055749
https://doi.org/10.1534/genetics.106.055749
https://doi.org/10.1016/j.cub.2009.05.043
https://doi.org/10.1186/1749-8104-6-28
https://doi.org/10.1016/j.cellsig.2011.09.001
https://doi.org/10.1016/j.cellsig.2011.09.001
https://doi.org/10.1038/nn.2157
https://doi.org/10.1038/nn.2157
https://doi.org/10.1074/jbc.M110.177600
https://doi.org/10.1038/nmeth.1209
https://doi.org/10.1523/JNEUROSCI.2628-16.2017
https://doi.org/10.1523/JNEUROSCI.2628-16.2017
https://doi.org/10.1016/j.cell.2016.03.026
https://doi.org/10.1016/j.cell.2016.03.026
https://doi.org/10.1534/genetics.113.152660
https://doi.org/10.1074/jbc.M110.185496
https://doi.org/10.1074/jbc.M110.185496
https://doi.org/10.1038/nature06927
https://doi.org/10.1016/j.neuron.2016.03.002
https://doi.org/10.1016/j.neuron.2016.03.002
https://doi.org/10.1038/nmeth.1398
https://doi.org/10.7554/eLife.23770


Varshney, A., K. Benedetti, K. Watters, R. Shankar, D. Tatarakis
et al., 2018 The receptor protein tyrosine phosphatase CLR-1
is required for synaptic partner recognition. PLoS Genet. 14:
e1007312. https://doi.org/10.1371/journal.pgen.1007312

Wang, D., D. O’Halloran, and M. B. Goodman, 2013 GCY-8, PDE-
2, and NCS-1 are critical elements of the cGMP-dependent ther-
motransduction cascade in the AFD neurons responsible for C.
elegans thermotaxis. J. Gen. Physiol. 142: 437–449. https://
doi.org/10.1085/jgp.201310959

Yu, S., L. Avery, E. Baude, and D. L. Garbers, 1997 Guanylyl cy-
clase expression in specific sensory neurons: a new family of
chemosensory receptors. Proc. Natl. Acad. Sci. USA 94: 3384–
3387. https://doi.org/10.1073/pnas.94.7.3384

Yu, Y. V., H. W. Bell, D. A. Glauser, S. D. Van Hooser, M. B.
Goodman et al., 2014 CaMKI-dependent regulation of sen-
sory gene expression mediates experience-dependent plastic-
ity in the operating range of a thermosensory neuron. Neuron
84: 919–926. https://doi.org/10.1016/j.neuron.2014.10.
046

Zou, W., H. Cheng, S. Li, X. Yue, Y. Xue et al., 2017 Polymodal
responses in C. elegans phasmid neurons rely on multiple intra-
cellular and intercellular signaling pathways. Sci. Rep. 7: 42295.
https://doi.org/10.1038/srep42295

Communicating editor: O. Hobert

GFP-Based cGMP Sensor Used in C. elegans 77

https://doi.org/10.1371/journal.pgen.1007312
https://doi.org/10.1085/jgp.201310959
https://doi.org/10.1085/jgp.201310959
https://doi.org/10.1073/pnas.94.7.3384
https://doi.org/10.1016/j.neuron.2014.10.046
https://doi.org/10.1016/j.neuron.2014.10.046
https://doi.org/10.1038/srep42295



