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Abstract

The ability to detect and respond to acute oxygen (O2) shortages is indispensable to aerobic

life. The molecular mechanisms and circuits underlying this capacity are poorly understood.

Here, we characterize the behavioral responses of feeding Caenorhabditis elegans to

approximately 1% O2. Acute hypoxia triggers a bout of turning maneuvers followed by a per-

sistent switch to rapid forward movement as animals seek to avoid and escape hypoxia.

While the behavioral responses to 1% O2 closely resemble those evoked by 21% O2, they

have distinct molecular and circuit underpinnings. Disrupting phosphodiesterases (PDEs),

specific G proteins, or BBSome function inhibits escape from 1% O2 due to increased

cGMP signaling. A primary source of cGMP is GCY-28, the ortholog of the atrial natriuretic

peptide (ANP) receptor. cGMP activates the protein kinase G EGL-4 and enhances neuro-

endocrine secretion to inhibit acute responses to 1% O2. Triggering a rise in cGMP optogen-

etically in multiple neurons, including AIA interneurons, rapidly and reversibly inhibits

escape from 1% O2. Ca2+ imaging reveals that a 7% to 1% O2 stimulus evokes a Ca2+

decrease in several neurons. Defects in mitochondrial complex I (MCI) and mitochondrial

complex I (MCIII), which lead to persistently high reactive oxygen species (ROS), abrogate

acute hypoxia responses. In particular, repressing the expression of isp-1, which encodes

the iron sulfur protein of MCIII, inhibits escape from 1% O2 without affecting responses to

21% O2. Both genetic and pharmacological up-regulation of mitochondrial ROS increase

cGMP levels, which contribute to the reduced hypoxia responses. Our results implicate

ROS and precise regulation of intracellular cGMP in the modulation of acute responses to

hypoxia by C. elegans.

Introduction

Animals have evolved sophisticated mechanisms to maintain cellular homeostasis when

encountering changes in oxygen (O2) availability. O2-sensing mechanisms, including in the
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carotid body, vascular smooth muscle cells, and chromaffin cells of fetal adrenal medulla, react

acutely to hypoxia to ensure sufficient oxygenation of critical organs [1–5]. O2-sensitive cells

respond to hypoxia by closure of K+ channels and subsequent opening of voltage-gated Ca2+

channels. A variety of models have been proposed for how a drop in O2 levels is detected and

transmitted to the downstream K+ channels. Accumulating evidence suggests that the rapid

decrease of O2 is detected by the mitochondria, which rapidly generate reactive oxygen species

(ROS) to inhibit K+ channels on the plasma membrane [1,6–8]. Perturbation of mitochondrial

complex I (MCI) or mitochondrial complex III (MCIII) leads to continuous ROS production,

which subsequently prevents acute response to hypoxia [1,6–8]. However, it remains unclear

whether mitochondrial ROS directly modifies K+ channels on the plasma membrane.

Several studies implicate cGMP signaling in acute hypoxia sensing, with cGMP inhibiting

the O2 sensitivity of chemosensory organs [9–12]. For example, atrial natriuretic peptide

(ANP), which enhances cGMP production, dampens acute vasoconstriction of the pulmonary

artery in response to hypoxia [9,12]. Similarly, nitric oxide (NO) stimulated cGMP production

represses the sensory activity of the carotid body [11]. How a rise in cGMP blocks the sensitiv-

ity of O2 sensors is unclear. By contrast, it is well established in the nematode Caenorhabditis
elegans that cGMP is the primary second messenger mediating responses to acute hyperoxia

(21% O2). C. elegans avoids both atmospheric (21%) and hypoxic (1%) O2 concentrations [13].

When O2 levels rise from 7% to 21%, atypical soluble guanylate cyclases in the O2 sensing neu-

rons URX, AQR, and PQR that directly bind O2 become progressively activated, elevating

cGMP levels, which opens cyclic nucleotide gated (CNG) channels and causes neuron depolar-

ization [13–19].

The remarkable ability of C. elegans to tolerate extreme O2 concentrations, from near

anoxia to 100% O2 [20], makes it a good model to study O2 responses in an intact, behaving,

animal. By contrast to our detailed understanding of avoidance and escape from hyperoxia, lit-

tle is known about how C. elegans responds to acute hypoxia [20,21]. Here, we characterize

changes in C. elegans’ locomotory behavior when O2 levels drop abruptly to hypoxic levels and

delineate the importance of intracellular cGMP and mitochondrial ROS in the regulation of

these responses.

Results

Hypoxia evokes immediate and sustained changes in C. elegans behavior

We set out to examine the effect of acute hypoxia on C. elegans locomotory behavior. A sudden

decrease from 7% to 1% O2 elicited a bout of turning maneuvers (omega turns and reversals,

S1A and S1B Fig) followed by a switch to rapid forward movement (S1C Fig). Strikingly, while

the increased turning behavior was transient, the locomotory arousal elicited by hypoxia was

sustained for as long as O2 levels remained low and showed no sign of adapting to repeated

stimulation (S1D and S1E Fig). Acute hypoxia thus evokes both transient and sustained

changes in C. elegans locomotory behavior, implying the existence of fast and slowly adapting

neuronal mechanisms.

To explore behavioral responses to more severe hypoxia, we shifted animals from 7% O2 to

pure nitrogen. The microfluidic chamber arena we used for our behavioral assays was not

completely gastight, so pumping pure nitrogen into the chamber resulted in measured O2 lev-

els of approximately 0.2% (henceforth “near-anoxia”), whereas we measured approximately

1.2% O2 (hypoxia) when we pumped 1% O2 into the chamber. A shift to near-anoxia elicited a

sharp increase in speed of locomotion that peaked soon after stimulation and then decreased

slowly (S1F Fig). The speeds reached by animals in near-anoxia were lower than those of ani-

mals in hypoxia (S1F Fig). When switched back from near-anoxia to 7% O2, animals did not
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reduce speed immediately and often transiently increased their locomotory activity before

slowing down (S1F Fig). These observations, together with earlier work [22,23], suggest acute

behavioral responses to hypoxia and anoxia differ both quantitatively and qualitatively [20].

The behavioral responses to rapid up- and downshifts in O2, from 7% to 21% and from 7%

to 1% O2, were remarkably similar [14,16], prompting us to ask if they share sensory pathways.

Avoidance and escape from 21% O2 are driven principally by AQR, PQR, and URX neurons

and requires the heteromeric O2-binding soluble guanylate cyclase GCY-35/GCY-36 that acts

upstream of the TAX-4/TAX-2 cGMP-gated ion channels [13–18]. Since the standard C. ele-
gans lab strain, N2, responds weakly to 21% O2, due to a gain-of-function mutation in the npr-
1 neuropeptide gene [13,24], we used an npr-1 null background to examine acute responses to

21% and 1% O2 in the same animals. npr-1 mutants responded normally to 1% O2 (S1G Fig).

While gcy-35; npr-1 and tax-4; npr-1 null mutants showed defective responses to 21% O2, they

reacted robustly to 1% O2 (Fig 1A and 1B). Thus, distinct mechanisms underlie acute detection

of hyperoxia and hypoxia in C. elegans. Responses to chronic hypoxia require the transcription

factor HIF-1 and its negative regulator EGL-9 [25]. Both hif-1 and egl-9 mutants dramatically

increased their locomotory speed in response to 1% O2, suggesting that responses to acute hyp-

oxia do not require the core machinery mediating chronic hypoxia responses (Fig 1C).

Mutants lacking the BBSome show disrupted responses to acute hypoxia

To identify molecules that mediate or regulate acute responses to hypoxia, we performed a

candidate screen for mutants that failed to increase their locomotory speed when O2 levels

acutely dropped from 7% to 1%. Our screen included mutants defective in guanylate cyclases,

globins, neuropeptides, potassium channels, G protein signaling, cilia intraflagellar transport

(IFT) and mitochondrial electron transport (S1 Table). This screen yielded multiple strains

with strong defects in their responses to acute hypoxia. A subset of these strains contain loss-

of-function mutations in bbs genes, encoding the subunits of Bardet–Biedel syndrome (BBS)

protein complex BBSome [26], and in the dyf-3 gene, whose product plays a role in IFT and is

the ortholog of vertebrate qilin/cluap1 [27–30] (S1 Table). CLUAP1 is the only member of the

IFT-B complex that reliably co-immunoprecipitates with BBSome [26], which traffics struc-

tural and signaling components into and out of cilia [31–34]. dyf-3 animals moved more slowly

at 7% O2 and showed a greatly reduced behavioral response to hypoxia (Fig 1D). This pheno-

type could be rescued by a wild-type copy of dyf-3 (Fig 1D). bbs mutants, including bbs-1, bbs-
2, bbs-4, bbs-7, bbs-8, and bbs-9, each displayed low basal movement at 7% O2 and strong sup-

pression of hypoxia-evoked behavioral responses (Figs 1E, S2A and S2B and S1 Table).

Expressing bbs-9 cDNA in ciliated neurons fully restored the hypoxia response to bbs-9
mutants (Fig 1E). Mutants defective in other components of the IFT machinery, or in ciliogen-

esis, also showed defects in response to acute hypoxia, to varying degrees (S1 Table). These

data implicate cilia in the hypoxia response.

Attenuated behavioral responses to 1% O2 in cilia-defective mutants could reflect more

general deficiencies and reduced locomotion in mutant animals, rather than a specific defect

in the ability to sense hypoxia. To probe this, we examined whether mutations in bbs-9 and

dyf-3 impaired the very similar behavioral responses to 21% O2, using an npr-1 null back-

ground. Both dyf-3; npr-1 and bbs-9; npr-1 mutants were strongly aroused by 21% O2 but not

by 1% O2 (S2C and S2D Fig). Thus, the reduced behavioral response of dyf-3 and bbs-9
mutants to hypoxia cannot be explained by a general locomotory defect, but reflects an inabil-

ity of C. elegans to respond appropriately to a drop in ambient O2.

We next sought to identify the neurons where DYF-3 and the BBSome act to promote acute

hypoxia responses. Expressing bbs-9 or dyf-3 cDNAs in all ciliated neurons, using the osm-6
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promoter, fully restored acute hypoxia responses to the respective mutants (Fig 1F). Selective

expression in the ADL and ASH neuron pairs using the gpa-11 promoter gave partial albeit sig-

nificant rescue (Fig 1G and 1H). Selective expression in either ADL (sra-6p) or ASH (srh-

Fig 1. Defects in IFT disrupt escape from hypoxia. (A and B) Locomotory responses to switches from 7% to 21% O2 and 7% to 1% O2 of animals of

indicated genotype: npr-1(ad609) and npr-1(ad609); gcy-35(ok769) in (A) and npr-1(ad609) and npr-1(ad609); tax-4(p678) in (B). In this and

subsequent figures, speed was recorded for 2 minutes at each O2 interval. Red bars on the x-axis indicate time intervals used for statistical analysis. Data

for each genotype are from 3 to 4 assays,>80 animals. ���� = p< 0.0001, �� = p< 0.01, � = p< 0.05, NS = not significant, Mann–Whitney U test. (C)

Locomotory responses to 7% to 1% O2 stimuli for animals of the indicated genotype: WT (N2), hif-1(ia4), and egl-9(sa307) animals. NS = not

significant. ANOVA, Tukey multiple comparison. (D) Locomotory responses to 7% to 1% O2 stimuli for animals of the indicated genotype: WT, dyf-3
(m185), and dyf-3(m185) expressing dyf-3 cDNA from its endogenous promoter. Statistical comparison of the locomotory speed at 7% and 1% O2 of

each genotype: WT (����), dyf-3(m185) (NS), and dyf-3(m185) expressing dyf-3 cDNA from its endogenous promoter (����). ���� = p< 0.0001,

NS = not significant. ANOVA, Tukey multiple comparison. Statistical analysis of the locomotory speed at 1% O2 of different genotypes were displayed

in the figure. ���� = p< 0.0001, NS = not significant. ANOVA, Tukey multiple comparison. (E) Locomotory responses to 7% to 1% O2 stimuli for

animals of the indicated genotype: WT, bbs-9(gk471), and bbs-9(gk471) expressing bbs-9 cDNA in ciliated neurons from the osm-6 promoter. Statistical

comparison of the locomotory speed at 7% and 1% O2 of each genotype: WT (����), bbs-9(gk471) (NS), and bbs-9(gk471) expressing bbs-9 cDNA in

ciliated neurons from the osm-6 promoter (����). ���� = p< 0.0001, NS = not significant. ANOVA, Tukey multiple comparison. Statistical analysis of

the locomotory speed at 1% O2 of different genotypes were displayed in the figure. ���� = p< 0.0001, NS = not significant. ANOVA, Tukey multiple

comparison. (F) Locomotory responses to 7% to 1% O2 stimuli for animals of the indicated genotype: WT, dyf-3(m185), and dyf-3(m185) expressing

dyf-3 cDNA in ciliated neurons from the osm-6 promoter, bbs-9(gk471), and bbs-9(gk471) expressing bbs-9 cDNA in ciliated neurons from the osm-6
promoter. Statistical comparison of the locomotory speed at 7% and 1% O2 of each genotype: WT (����), dyf-3(m185) (NS), and dyf-3(m185) expressing

dyf-3 cDNA in ciliated neurons from the osm-6 promoter (����), bbs-9(gk471) (NS), and bbs-9(gk471) expressing bbs-9 cDNA in ciliated neurons from

the osm-6 promoter (����). ���� = p< 0.0001, NS = not significant. ANOVA, Tukey multiple comparison. Statistical analysis of the locomotory speed at

1% O2 of different genotypes were displayed in the figure. ���� = p< 0.0001. ANOVA, Tukey multiple comparison. (G) Locomotory responses to 7% to

1% O2 stimuli for animals of the indicated genotype: WT, dyf-3(m185), and dyf-3(m185) mutants expressing dyf-3 cDNA from the sra-6 (ASH), srh-220
(ADL), and gpa-11 (ASH and ADL) promoters. Statistical comparison of the locomotory speed at 7% and 1% O2 of each genotype: WT (����), dyf-3
(m185) (�), and dyf-3(m185) mutants expressing dyf-3 cDNA from the sra-6 promoter (���), srh-220 promoter (����), and gpa-11 promoter (����). ����

= p< 0.0001, ��� = p< 0.001, � = p< 0.05. ANOVA, Tukey multiple comparison. Statistical analysis of the locomotory speed at 1% O2 of different

genotypes were displayed in the figure. ���� = p< 0.0001, �� = p< 0.01, � = p< 0.05. ANOVA, Tukey multiple comparison. (H) Locomotory responses

to 7% to 1% O2 stimuli for animals of the indicated genotype: WT, bbs-9(gk471), and bbs-9(gk471) mutants expressing bbs-9 cDNA from the sra-6
(ASH), srh-220 (ADL), and gpa-11 (ASH and ADL) promoters. Statistical comparison of the locomotory speed at 7% and 1% O2 of each genotype: WT

(����), bbs-9(gk471) (NS), and bbs-9(gk471) mutants expressing bbs-9 cDNA from the sra-6 promoter (���), srh-220 promoter (����), and gpa-11
promoter (����). ���� = p< 0.0001, ��� = p< 0.001, NS = not significant. ANOVA, Tukey multiple comparison. Statistical analysis of the locomotory

speed at 1% O2 of different genotypes were displayed in the figure. ���� = p< 0.0001, �� = p< 0.01, � = p< 0.05. ANOVA, Tukey multiple comparison.

The source code underlying behavioral data can be found at https://github.com/wormtracker/zentracker. IFT, intraflagellar transport; O2, oxygen; WT,

wild-type.

https://doi.org/10.1371/journal.pbio.3001684.g001
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220p) neurons alone gave weak but still significant rescue (Fig 1G and 1H). Cell-specific inacti-

vation of bbs-9 by sense and antisense RNA interference (RNAi) constructs [35] in ADL and

ASH neurons partially inhibited acute response to hypoxia (S2E Fig). These data suggest that

DYF-3 and BBSome act in ADL and ASH, as well as other ciliated neurons, to promote acute

responses to hypoxia.

Increased cGMP signaling inhibits acute hypoxia responses

Earlier studies have shown that defects in IFT lead to increased cGMP/PKG signaling [36,37]

and that loss-of-function mutations in genes encoding guanylate cyclases, or in the cGMP-

dependent protein kinase (PKG) egl-4, can suppress a subset of phenotypes associated with

IFT defects [36–39]. We therefore tested whether disrupting egl-4 suppressed the hypoxia

response defects of dyf-3 and bbs-9 mutants. A loss-of-function mutation in egl-4 restored the

hypoxia responses of both dyf-3 and bbs-9 mutants to wild-type levels (Fig 2A and 2B). One

possible mechanism underlying suppression of the bbs-9 hypoxia phenotype is restoration of

cilium function to egl-4; bbs-9 double mutants; however, the dye filling defects of bbs-9
mutants were not suppressed by loss of egl-4 (S3A and S3B Fig). EGL-4 contains a low and a

high affinity cGMP binding site. Mutating either site abolishes EGL-4 nuclear localization

Fig 2. High EGL-4/PKG activity inhibits the acute hypoxia response. (A–E) Locomotory responses to 7% to 1% O2 stimuli for animals of the indicated

genotypes: WT, dyf-3(m185), egl-4(n478), and dyf-3(m185); egl-4(n478) double mutants (A); WT, bbs-9(gk471), egl-4(n478), and bbs-9(gk471); egl-4(n478)
double mutants (B); WT, dyf-3(m185), egl-4(T276A), and dyf-3(m185); egl-4(T276A) double mutants (C); WT, bbs-9(gk471), egl-4(T276A), and bbs-9(gk471);
egl-4(T276A) double mutants (D). T276A in C and D stands for a threonine to alanine substitution at residue 276, which disrupts the low cGMP binding site

of EGL-4. WT and egl-4(ad450) (E); egl-4(ad450) is a gain-of-function allele of egl-4. ���� = p< 0.0001, ��� = p< 0.001, � = p< 0.05, NS = not significant.

ANOVA, Tukey multiple comparison (A–D), and Mann–Whitney U test (E). (F) Total cGMP levels in animal lysates of indicated genotype measured by a

cGMP enzyme immunoassay (n = 3). Error bars = SEM. � = p< 0.05, ���� = p< 0.0001. ANOVA, Tukey multiple comparison. (G) Locomotory responses to

7% to 1% O2 stimuli for animals of the indicated genotype: WT and pde-1(nj57); pde-2(tm3098); pde-3(nj59); pde-5(nj49) quadruple mutants (pde-1, 2, 3, 5).
���� = p< 0.0001, Mann–Whitney U test. The underlying data can be found in S1 Data, and the source code can be found at https://github.com/wormtracker/

zentracker. O2, oxygen; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3001684.g002
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[40,41]. The hypoxia response defect of dyf-3 and bbs-9 mutants was partially suppressed when

the low affinity cGMP binding site of the endogenous egl-4 locus was edited using CRISPR/

Cas-9 (Fig 2C and 2D). In addition, an egl-4 gain-of-function mutation, which enhances PKG

signaling [42], potently inhibited acute responses to 1% O2 (Fig 2E). We conclude that consti-

tutive high PKG activity inhibits acute hypoxia responses.

Our data are consistent with dyf-3 and bbs mutants having elevated intracellular cGMP,

leading to high EGL-4/PKG activity. To quantify total cGMP levels in these animals, we used

ELISA of whole worm lysates [43]. As a positive control, we measured cGMP in mutants defec-

tive in the 4 C. elegans phosphodiesterases (PDEs) that hydrolyse cGMP, PDE-1, 2, 3, and 5.

As expected, we observed a substantial increase in cGMP in pde-1,2,3,5 quadruple mutants.

We also observed a small but significant cGMP rise in bbs-9 and dyf-3 mutants (Fig 2F). pde-
1,2,3,5 quadruple mutants were completely defective in hypoxia-evoked locomotory responses,

supporting the notion that high intracellular cGMP levels inhibit arousal in response to hyp-

oxia (Fig 2G). To analyze this further, we assessed pde single and all possible double mutants

and found that pde-2; pde-3 animals were as defective as pde quadruple mutants (S4A–S4D

Fig). By contrast, mutants lacking the 2 cAMP-specific PDEs, pde-4 and pde-6, responded

robustly to acute hypoxia (S4E Fig).

CNG channels are another major effector of cGMP besides PKG. However, mutations in

the C. elegans CNG channel genes tax-4, cng-1, cng-3, and cng-4 did not significantly alter

acute hypoxia responses, and only cng-1; cng-3 weakly suppressed the hypoxia response defects

of bbs-9 mutants (S4F–S4H Fig). Activation of CNG channels is therefore unlikely to be

required either for acute hypoxia sensing or for suppressing acute hypoxia responses in bbs-9
mutants.

Disrupting GCY-28 suppresses the hypoxia response defects of bbs mutants

cGMP is generated by guanylate cyclases. To identify guanylate cyclases whose activity sup-

presses hypoxia responses in bbs-9 mutants, we studied hypoxia-evoked locomotory responses

in guanylate cyclase mutants. None of the guanylate cyclase mutants was defective in their

response to acute hypoxia, suggesting guanylate cyclases are dispensable for hypoxia sensing

(S1 Table). Disrupting all 7 soluble guanylate cyclases encoded by the C. elegans genome

increased the baseline speed of bbs-9 mutants, but failed to restore their hypoxia-evoked

behavioral response (S5A Fig). A survey of mutants defective in each of the 27 predicted recep-

tor guanylate cyclases encoded in the C. elegans genome [44,45] identified several that partially

suppressed the defective hypoxia response of bbs-9 animals (S5B Fig). Strikingly, disrupting

gcy-28 alone was sufficient to restore hypoxia-evoked escape fully to bbs-9 mutants (Figs 3A

and S5B). Deleting gcy-28 also robustly suppressed the hypoxia response defects of pde-1,2,3,5
mutant animals (Fig 3B). Conversely, overexpressing either the gcy-28.c or the gcy-28.d splice

isoforms from the gcy-28.c promoter effectively eliminated locomotory responses to hypoxia

in wild-type animals (Fig 3C). By contrast, we did not observe any inhibitory effects when 2

other guanylate cyclases, gcy-35 or gcy-15, were overexpressed (S5C and S5D Fig). Taken

together, these data suggest that GCY-28 has a modulatory role in hypoxia-evoked behavioral

responses.

We next asked whether the increased cGMP levels in bbs-9 mutants were dependent on

GCY-28. Total cGMP levels were markedly decreased in gcy-28 mutants compared to wild

type, and the elevated cGMP in bbs-9 mutants was significantly reduced by removing gcy-28
(Fig 3D). Our ELISA data suggest that GCY-28 is the major source of total cGMP in C. elegans,
despite the 33 other guanylate cyclases encoded in the genome. This is consistent with the

broad expression pattern of GCY-28; other guanylate cyclases are only expressed in a small
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number of neurons [45]. To visualize how cGMP levels in individual neurons were altered by

loss of bbs-9, we used the FlincG3 cGMP sensor [46]. To help us avoid movement artifacts, we

used pseudo-ratiometric imaging by co-expressing FlincG3 in the ASK, AFD, and AIA neu-

rons with mCherry. The FlincG3 signal in each of these neurons was significantly higher in

bbs-9 mutants compared to wild type, indicating increased cGMP levels (Figs 3E, 3F, and S5E–

S5H). These data suggest that bbs mutants inhibit the acute hypoxia response by promoting

cGMP production.

cGMP acts partly in AIA neurons to modulate acute responses to hypoxia

Since GCY-28 appears to be a highly active cyclase, we used it as a tool to explore where cGMP

acts to inhibit acute responses to hypoxia. Increased expression of either the gcy-28.c or the

gcy-28.d isoform from the gcy-28.c promoter potently inhibited locomotory responses to hyp-

oxia (Fig 3C). However, these isoforms do not appear to be expressed in ASH neurons, and

Fig 3. Disrupting GCY-28 suppresses the hypoxia response defects of bbs-9 mutants. (A–C) Locomotory responses to 7% to

1% O2 stimuli for animals of the indicated genotypes: WT, bbs-9(gk471), gcy-28(yum32), and bbs-9(gk471); gcy-28(yum32)
double mutants (A); WT, pde-1(nj57); pde-2(tm3098); pde-3(nj59); pde-5(nj49) quadruple mutants (pde-1, 2, 3, 5), gcy-28
(yum39), and gcy-28(yum39); pde-1, 2, 3, 5 (B); and gcy-28.c and gcy-28.d cDNA overexpressed from the gcy-28.c promoter in

the WT background (C). ���� = p< 0.0001, � = p< 0.05, NS = not significant. ANOVA, Tukey multiple comparison. (D) Total

cGMP in worm lysates determined by cGMP enzyme immunoassay of indicated genotypes (n = 3): WT, bbs-9(gk471), gcy-28
(yum32), and bbs-9(gk471); gcy-28(yum32). ���� = p< 0.0001. ANOVA, Tukey multiple comparison. (E) Representative images

of the genetically encoded cGMP sensor FlincG3 expressed together with a mCherry marker in ASK neurons using the sra-9
promoter and imaged in WT and bbs-9(gk471) mutants. Arrows point to neuronal cell bodies. (F) Quantitation of FlincG3

fluorescent signal intensity in ASK neurons normalized to mCherry fluorescence intensity. � = p< 0.05, t test. The underlying

data can be found in S1 Data, and the source code can be found at https://github.com/wormtracker/zentracker. O2, oxygen; WT,

wild-type.

https://doi.org/10.1371/journal.pbio.3001684.g003
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gcy-28.c displayed variable and inconsistent expression in ADL neurons (S6A Fig). The gcy-28.

c isoform is widely expressed in neurons and other tissues, whereas the gcy-28.d isoform is

expressed in a small subset of neurons including AIA interneurons [45,47]. Overexpressing

gcy-28.c or gcy-28.d in neurons, but not in other tissues, eliminated acute responses to hypoxia

(Figs 4A and S6B). To investigate further the anatomical focus of gcy-28 action, we expressed

gcy-28.c from various promoters, including gpa-3p (ADF, ADL, ASE, ASG, ASH, ASI, ASJ,

ASK, AWA, AWC, and more broad expression was observed), odr-3p (AWA, AWB, AWC,

ASH, and ADF), ocr-2p (ASH, ADL AWA, ADF, PHA, and PHB), gpa-11p (ADL and ASH),

odr-1p (AWC, ASI, AWB, ASK, and ASJ), sra-6p (ASH and ASI), srh-220p (ADL), ops-1p
(ASG), flp-6p (ASE), flp-21p (ASH, ADL, ASE, ASI, FLP, URA, RMG, MC, M2, and M4), glr-
1p (AIB, AVA, AVD, AVE, AVJ, AVL, RIA, SMD, and many others), npr-1p (ASH, ASE, ASG,

URX, AQR, RMG, IL2, ILQ, and many others), nmr-1p (AVA, AVD, AVE, AVG, PVC, RIM,

and others), and unc-25p (DD, VD, RME, and others). Only overexpressing gcy-28.c from gpa-
3p strongly inhibited acute hypoxia responses (S6C–S6I Fig). These observations suggested

that multiple neurons are involved in responses to acute hypoxia, and the hypoxia sensor

could be widely distributed. Notably, overexpressing gcy-28.c from the gpa-11 promoter did

not affect hypoxia-evoked locomotory responses, suggesting that cGMP overproduction in

ADL and ASH, where BBS-9 and DYF-3 act, was not sufficient to inhibit rapid behavioral

responses to hypoxia (S6E Fig). Interestingly, overexpressing gcy-28.c or gcy-28.d only in AIA

neurons, using the gcy-28.d promoter, partially inhibited locomotory responses to acute hyp-

oxia (Fig 4B), indicating that elevating cGMP production in AIA can inihibit responses to 1%

O2 stimulation.

To further investigate critical sites of cGMP signaling, we optogenetically manipulated

intracellular cGMP levels using a guanylate cyclase rhodopsin from Blastocladiella emersonii,
BeCyclOp, that enables rapid light-triggered increases in cGMP production [43]. Without blue

light, and in the presence of the cofactor all trans-retinal (ATR), transgenic animals expressing

BeCyclOp from the gcy-28.c (Fig 4C), or gpa-3 (Fig 4D) promoters responded strongly to 1%

O2, although a weak suppression was observed. By contrast, exposing these animals to blue

light and 1% O2 in the presence of ATR effectively suppressed acute hypoxia responses (Fig 4C

and 4D). To probe the temporal dynamics and reversibility of this manipulation, we kept ani-

mals in 1% O2 and waited until the animals’ speed plateaued, at which point light stimulation

of BeCyclOp triggered an abrupt slowing followed by resumption of rapid movement when

light was switched off again (Fig 4E). In the absence of ATR, responses to 1% O2 were unaf-

fected in animals expressing BeCyclOp (S7A and S7B Fig), supporting the notion that height-

ened intracellular cGMP inhibits acute hypoxia responses. Intriguingly, BeCyclOp-mediated

cGMP production in AIA neurons, but not in ADL and ASH neurons, significantly inhibited

locomotory responses to acute hypoxia (Figs 4F and S7C), consistent with the gcy-28 overex-

pression data (Fig 4B). To confirm the role of AIA neurons in acute hypoxia responses, we

inhibited AIA neurons using a histamine-gated chloride channel (HisCl1) [48]. Inhibition of

AIA neurons increased the basal speed at 7% O2 while completely eliminating responses to 1%

O2 (Fig 4G), suggesting that AIA neurons are an important element of the circuit mediating

responses to acute hypoxia.

BBSome acts in ciliated neurons to indirectly modulate cGMP production

in AIA interneurons

The fact that cGMP levels are elevated in bbs-9 mutants, and that GCY-28 is a major contribu-

tor to cGMP production, prompted us to speculate that GCY-28 expression or localization

might be altered in bbs-9 mutants. However, we observed reduced instead of increased
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expression of GFP-tagged GCY-28.C and GCY-28.D in bbs-9 mutants, and no obvious change

in the subcellular localization of GCY-28-GFP when expressed either from a single copy

MosSCI insertion (GCY-28.C) or from extrachromosomal arrays (GCY-28.D) (S8A and S8B

Fig). It is possible that GCY-28 activity, not expression, is affected by loss of the BBSome. How-

ever, since GCY-28 is not localized to the cilia [47] and its main action site does not overlap

with BBSome expressing neurons, its activity is unlikely to be directly targeted by the BBSome.

Moreover, bbs-9 mutants showed increased cGMP production even in the absence of GCY-28

(Fig 3D, columns 3 and 4), suggesting that other guanylate cyclases may be activated in a bbs-9
mutant background. Supporting this, mutations in several other guanylate cyclase genes

besides gcy-28 partially suppressed the hypoxia response defects of bbs-9 mutants (S5B Fig).

Taken together, we suspect that GCY-28 may not be directly involved in abnormal cGMP gen-

eration in bbs-9 mutants. However, because GCY-28 is a major guanylate cyclase in cGMP

production (Fig 3D), loss of GCY-28 could effectively neutralize any increases in cGMP gener-

ated by other guanylate cyclases in bbs-9 mutants, thereby reversing their inhibition of acute

responses to hypoxia.

Fig 4. Acute cGMP production robustly inhibits locomotory responses to hypoxia. (A, B) Locomotory responses to 7% to 1% O2 stimuli of

animals of indicated genotype: WT and WT expressing gcy-28.c or gcy-28.d cDNA pan-neuronally from the rab-3 promoter (A); and WT and WT

overexpressing gcy-28.c or gcy-28.d cDNA from the gcy-28.d promoter, which drives expression selectively in the AIA neurons (B). ���� = p< 0.0001,

and �� = p< 0.01. ANOVA, Tukey multiple comparison. (C–F) Optogenetic stimulation of cGMP production using BeCyclOp from the gcy-28.c (C

and E), gpa-3 (D) or gcy-28.d (AIA neurons) (F) promoters. L4 animals of each genotype were picked overnight to seeded plates containing ATR and

assayed as adults. Blue light was delivered while O2 levels were switched from 7% to 1% (C, D, and F). In (E), animals were constantly exposed to 1%

O2, and blue light was applied in a 2-minute time window, as indicated. ���� = p< 0.0001, ��� = p< 0.001, �� = p< 0.01, and � = p< 0.05, and

NS = not significant. ANOVA, Tukey multiple comparison. (G) Locomotory responses to 7% to 1% O2 stimuli of animals with the indicated

genotype: WT with or without 10mM histamine treatment, and WT expressing the Drosophila histamine-gated chloride channel HisCl1 in AIA

neurons using the gcy-28.d promoter treated with or without 10 mM histamine. L4 animals of each genotype were transferred to plates containing 10

mM histamine for 10 minutes and assayed as adults on histamine containing plates. �� = p< 0.01, and NS = not significant. ANOVA, Tukey multiple

comparison. The source code underlying behavioral data can be found at https://github.com/wormtracker/zentracker. O2, oxygen; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3001684.g004
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How does the BBSome, which acts in ciliated neurons, modulate cGMP production in

downstream circuits such as the AIA neurons? Disrupting daf-19, which encodes an RFX tran-

scription factor essential for ciliogenesis [49], attenuated but did not abolish hypoxia responses

(S1 Table). This makes it unlikely that loss of acute responses to hypoxia in bbs-9 mutants

reflects loss of cilia function. An alternative hypothesis, supported by previous studies, is that

bbs mutants have acquired ectopic signaling capability, perhaps because they accumulate sig-

naling components in their cilia due to defective retrograde traffic [50–54]. To test this, we

asked if blocking accumulation of signaling molecules in cilia rescues the hypoxia response

defects of bbs mutants. Indeed, eliminating the core IFT component OSM-6 suppressed the

hypoxia response defects of bbs-9 to the levels found in osm-6 single mutants (Fig 5A).

Since bbs-9 hypoxia response defects were rescued by expressing bbs-9 cDNA in ADL and

ASH neurons, we surmised that signals from these 2 neurons could be heightened in bbs-9
mutants. If this was the case, silencing ADL and ASH neurons should suppress the defects of

bbs-9 mutants. Indeed, simultaneously but not individually inhibiting ADL and ASH neurons

using the histamine-gated chloride channel HisCl1 partially restored locomotory responses to

bbs-9 mutants (Fig 5B). By contrast, inhibiting or ablating these 2 neurons in the wild-type

background did not affect responses to acute hypoxia (S8C and S8D Fig). These data suggest

that abnormal signaling from ADL and ASH in bbs-9 mutants is at least partially responsible

for loss of acute hypoxia responses in these animals.

BBSome modulates cGMP production through GPCR signaling

We next probed the nature of the ectopic signaling in bbs mutants in ADL and ASH neurons.

Mutants lacking the Gi/Go-like protein GPA-3, similar to bbs mutants, have high cGMP levels

[55]. Disrupting gpa-3 weakly reduced the locomotory response to hypoxia (Fig 5C). By assay-

ing mutants in other Gα subunits, we found that simultaneously disrupting gpa-3 and odr-3
strongly attenuated responses to acute hypoxia (Fig 5C). Mutations in gcy-28 or egl-4 sup-

pressed this defect (Fig 5D and 5E) and, consistent with this, gpa-3 odr-3 double mutants

showed significantly elevated cGMP (Fig 5F), suggesting that GPA-3 and ODR-3 redundantly

inhibit cGMP production. We examined whether the BBSome and G proteins act in parallel or

in the same pathway to modulate GCY-28 signaling. We found that simultaneously overex-

pressing gpa-3 and odr-3 restored hypoxia-evoked behavioral responses to bbs-9 mutants, sug-

gesting that in genetic terms the BBSome acts upstream of G protein signaling to promote

acute hypoxia responses (Fig 5G). We next examined if GPA-3 and ODR-3 act in the same

neurons as BBSome. The behavioral defects of gpa-3 odr-3 double mutants were partially res-

cued by expressing gpa-3 under the gpa-11 promoter (Fig 5H). These observations suggest that

G proteins, similar to the BBSome, act in ADL and ASH neurons to modulate locomotory

responses to hypoxia. Since both GPA-3 and ODR-3 are localized to sensory cilia, we tested

whether this localization was affected in bbs-9 mutants. The expression of both G proteins was

significantly decreased in bbs-9 mutants compared to wild type, both in neuronal cell bodies

and in cilia of ADL and ASH neurons (Fig 5I and 5J). ODR-3 expression in the cilia of AWA

neurons showed the same tendency (S8E Fig). By contrast, and consistent with previous obser-

vations, levels of the ODR-10 olfactory GPCR in cilia increased >2-fold in bbs-9 mutants (Fig

5K) [53]. Together, these data suggest that disrupting the BBSome alters G protein localization

and signaling in ciliated neurons to modulate cGMP production in downstream circuits.

Abnormal neuroendocrine secretion disrupts acute hypoxia responses

BBSome mutants have been shown to enhance neuropeptide secretion from ADL neurons

[51]. This increased neurosecretion can be abrogated by disrupting aex-6, the C. elegans
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Fig 5. G protein signaling regulates acute responses to hypoxia. (A) Locomotory responses to 7% to 1% O2 stimuli of animals with indicated

genotypes: WT, bbs-9(gk471), osm-6(p811), and bbs-9(gk471); osm-6(p811) double mutants. ��� = p< 0.001, NS = not significant. ANOVA, Tukey

multiple comparison. (B) Locomotory responses to 7% to 1% O2 stimuli of animals treated with 10mM histamine: WT, bbs-9(gk471), bbs-9(gk471)
expressing HisCl1 from sra-6 (ASH), srh-220 (ADL) and gpa-11 (ASH and ADL) promoters. ��� = p< 0.001, �� = p< 0.01, and NS = not significant.

ANOVA, Tukey multiple comparison. (C–E) Locomotory responses to 7% to 1% O2 stimuli of animals with indicated genotypes: WT, gpa-3(pk35),
odr-3(n1605), and gpa-3(pk35) odr-3(n1605) (C); WT, egl-4(n478), gpa-3(pk35) odr-3(n1605), and gpa-3(pk35) odr-3(n1605); egl-4(n478) triple

mutants (D); and WT, gcy-28(yum32), gpa-3(pk35) odr-3(n1605), and gpa-3(pk35) odr-3(n1605); gcy-28(yum32) triple mutants (E). ���� = p< 0.0001,
�� = p< 0.01, and NS = not significant. ANOVA, Tukey multiple comparison. (F) Total cGMP in worm lysates determined by cGMP enzyme

immunoassay of indicated genotypes: WT and gpa-3(pk35) odr-3(n1605) double mutants. ��� = p< 0.001. t test. (G and H) Locomotory responses to

7% to 1% O2 stimuli of animals with indicated genotypes: WT, bbs-9(gk471), transgenic bbs-9(gk471) expressing gpa-3 and odr-3 transgenes from the

gpa-3 promoter and their non-transgenic bbs-9(gk471) siblings (G); WT, gpa-3(pk35) odr-3(n1605), gpa-3(pk35) odr-3(n1605) expressing gpa-3 cDNA

in ADL and ASH neurons (gpa-11p), in ASH (sra-6p) or ADL (srh-220p) alone (H). ���� = p< 0.0001, ��� = p< 0.001, and � = p< 0.05. ANOVA,

Tukey multiple comparison. (I and J) Representative images (upper panel) and quantification (lower panel) of GFP-tagged markers in the cilia and

neuronal cell bodies of WT and bbs-9(gk471) animals. Arrowheads point to cilia; arrows indicate neuronal cell bodies. The plots quantify GFP in cilia

(left) and cell bodies (right). The average values in WT were arbitrarily set to 1, and the GFP signal in bbs-9(gk471) mutants normalized to WT. (I),

ODR-3-GFP expressed from the gpa-11 promoter, �� = p< 0.01, � = p< 0.05, t test. (J), GPA-3-GFP expressed from the gpa-11 promoter, �� =

p< 0.01, � = p< 0.05, t test. (K) ODR-10-GFP expression in the cilia of AWA neurons. Arrowheads indicate the AWA cilia. The GFP intensity of
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ortholog of human RAB27, or by mutations in the RAB27 regulator RBF-1. These findings

prompted us to ask if increased cGMP levels inhibit acute responses to hypoxia by promoting

neurotransmission. Consistent with this, deleting aex-6 or rbf-1 restored acute hypoxia

responses to bbs-9 mutants (Fig 6A and 6B). Moreover, enhanced secretion of the insulin

DAF-28 and the FMRF-like peptide FLP-21 in bbs-9 mutants was suppressed by a mutation in

gcy-28, although loss of gcy-28 did not alter release of these peptides in WT (Fig 6C–6F). In

addition, the defective acute hypoxia responses in animals overexpressing gcy-28.c under its

endogenous promoter were suppressed by mutations in rbf-1 (Fig 6G). These observations

suggest that increased cGMP signaling enhances neuroendocrine secretion, which, in turn,

inhibits behavioral responses to 1% O2.

WT was arbitrarily set to 1, and the GFP signal of bbs-9(gk471) was normalized to WT. ���� = p< 0.0001, t test. The underlying data can be found in

S1 Data, and the source code can be found at https://github.com/wormtracker/zentracker. O2, oxygen; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3001684.g005

Fig 6. Increased neuropeptide secretion inhibits acute hypoxia responses. (A and B) Locomotory responses to 7% to 1% O2 stimuli

for indicated genotypes: WT, bbs-9(gk471), aex-6(sa24), and bbs-9(gk471); aex-6(sa24) double mutants in (A); and WT, bbs-9(gk471),
rbf-1(js232), and bbs-9(gk471); rbf-1(js232) double mutants in (B). ���� = p< 0.0001, �� = p< 0.01, ANOVA, Tukey multiple

comparison. (C) Coelomocyte accumulation of DAF-28-mCherry secreted from ADL neurons in WT, bbs-9(gk471), gcy-28(yum32),
and bbs-9(gk471) gcy-28(yum32) double mutants. Arrows indicate posterior coelomocytes. (D) Quantification of DAF-28-mCherry

fluorescent intensity in one of the posterior coelomocytes. The mCherry intensity in WT (n = 40) was arbitrarily set to 1, and the

mCherry signal in bbs-9(gk471) (n = 36), gcy-28(yum32) (n = 40), and bbs-9(gk471) gcy-28(yum32) (n = 40) mutants was normalized to

WT. ���� = p< 0.0001, NS = not significant. ANOVA, Tukey multiple comparison. (E) Coelomocyte accumulation of FLP-21-mCherry

in WT, bbs-9(gk471), gcy-28(yum32), and bbs-9(gk471) gcy-28(yum32) double mutants. Arrows indicate posterior coelomocytes. (F)

Quantification of FLP-21-mCherry fluorescent intensity in one of the coelomocytes. The mCherry intensity in WT (n = 30) was

arbitrarily set to 1, and the mCherry signal in bbs-9(gk471) (n = 30), gcy-28(yum32) (n = 27), and bbs-9(gk471) gcy-28(yum32) (n = 28)

mutants was normalized to WT. ���� = p< 0.0001, �� = p< 0.01, and NS = not significant. ANOVA, Tukey multiple comparison. (G)

Locomotory responses to 7% to 1% O2 stimuli for animals of the indicated genotype: WT, rbf-1(js232) and gcy-28.c overexpression from

the gcy-28.c promoter in WT and rbf-1(js232) background. ��� = p< 0.001, NS = not significant, ANOVA, Tukey multiple comparison.

The underlying data can be found in S1 Data, and the source code can be found at https://github.com/wormtracker/zentracker. O2,

oxygen; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3001684.g006
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Hypoxia-induced neuronal inhibition

Our data suggest that despite the similarity of the behavioral responses, the neural circuits

mediating escape from 1% and 21% O2 are distinct. Whereas 21% O2 evokes a tonic rise in

Ca2+ in RMG interneurons, which is sufficient to drive rapid movement [14,16], 1% O2 evoked

a decrease of Ca2+ levels in RMG (Fig 7A). We sought neurons that respond to hypoxia, using

the ratiometric Ca2+ sensor YC3.60. None of the amphid neurons we imaged showed a hyp-

oxia-evoked rise in Ca2+. However, we observed stimulus-evoked decreases of Ca2+ in ASK,

AFD, and ADL neurons, suggesting neuronal hyperpolarization, which was frequently fol-

lowed by a poststimulus Ca2+ “rebound” (Fig 7B–7D). We observed a rapid bleaching of the

calcium sensor when imaging ADL neurons, which made the hypoxia-evoked Ca2+ decrease

less obvious in these neurons. However, a clear rise of Ca2+ at 7% O2 suggests that there is an

intrinsic hypoxia response in ADL neurons. Ca2+ transients evoked by hypoxia were not

observed in ASH neurons (Fig 7E), suggesting that hypoxia did not trigger a general decrease

of Ca2+ in neurons. This is consistent with our cell ablation data, suggesting that ASH neurons

are not involved in the sensing step of hypoxia. To probe the circuitry underlying hypoxia

responses further, we monitored Ca2+ responses evoked in the amphid interneurons AIB, AIY,

and AIA, by shifting ambient O2 from 7% to 1%. We detected clear responses only in the AIA

neurons, which also appeared to be inhibited by a 1% O2 stimulus (Fig 7F). This observation is

consistent with our finding that stimulating cGMP production specifically in AIA neurons

inhibits hypoxia responses. However, we do not exclude the possibility that the Ca2+ responses

are indirect consequences of hypoxia such as altered pH values and ATP production.

Defects in the mitochondrial electron transport chain disrupt acute

hypoxia responses

Assaying mutants with compromised mitochondrial function identified 2 additional compo-

nents, GAS-1 and ISP-1, required for acute responses to hypoxia (S1 Table). gas-1 is the

Fig 7. Hypoxia-evoked Ca2+ responses in different neurons. (A) Ca2+ responses evoked by 1% and 21% O2 in RMG interneurons. Ca2

+ responses were measured using YC2.60. (B–F) Hypoxia-evoked Ca2+ responses in the ASK, AFD, ADL, and ASH sensory neurons,

and in the AIA interneurons. Ca2+ responses were measured using YC3.60 sensors in these neurons. The source code underlying

calcium imaging analysis can be found at https://github.com/neuronanalyser/neuronanalyser. O2, oxygen.

https://doi.org/10.1371/journal.pbio.3001684.g007
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C. elegans ortholog of Ndufs2, which contributes to the ubiquinone binding site of MCI. Previ-

ous work has suggested that NDUFS2 is required for acute hypoxia sensing in the carotid body

[6]. In C. elegans, mutations in gas-1 entirely eliminated acute locomotory responses to hyp-

oxia, and this defect could be rescued by expressing gas-1 cDNA under its endogenous pro-

moter (Fig 8A). isp-1 encodes C. elegans ortholog of Rieske protein, the iron sulfur protein of

MCIII. Disrupting Rieske protein in pulmonary vascular smooth muscle cells inhibits acute

responses to hypoxia [56]. We found that isp-1 mutants in C. elegans were strongly defective in

locomotory responses to acute hypoxia (Fig 8B). However, repairing the point mutation of isp-
1(qm150) by CRISPR, or adding fosmid transgenes bearing a wild-type isp-1 gene, only par-

tially rescued the hypoxia response phenotype, suggesting that a background mutation

enhanced the hypoxia response defect in this isp-1 mutant strain (S9A and S9B Fig). To further

evaluate the role of ISP-1 in behavioral responses to hypoxia, we expressed sense and antisense

RNAi constructs to silence isp-1 expression [35]. RNAi knockdown of isp-1 using the isp-1 or

myo-2 promoters led to lethality, showing the efficacy of the RNAi strategy. RNAi knockdown

of isp-1 in the nervous system, but not in other tissues, inhibited escape from 1% O2 without

disrupting responses to 21% O2 (Figs 8C and S9C–S9E). Thus, ISP-1 activity in neurons specif-

ically promotes the acute hypoxia response.

Fig 8. Mitochondrial malfunction leads to defects in acute hypoxia responses. (A) Locomotory responses to 7% to 1% O2 stimuli of animals of

indicated genotypes: WT, gas-1(fc21) and transgenic gas-1(fc21) mutants expressing gas-1 cDNA from the gas-1 promoter. ���� = p< 0.0001,

NS = not significant. ANOVA, Tukey multiple comparison. (B) Locomotory responses of animals of indicated genotypes: WT, isp-1(qm150) and isp-
1(qm150); ctb-1(qm189) animals, to 7% to 1% O2 switches. ���� = p< 0.0001, ANOVA, Tukey multiple comparison. (C) Locomotory responses to

7% to 1% O2 stimuli of animals of indicated genotypes: WT, and WT expressing isp-1 RNAi constructs in the nervous system from the rab-3
promoter. ���� = p< 0.0001. Mann–Whitney U test. (D and E) Locomotory responses of npr-1(ad609) mutants to 21% (pink) and 1% O2 (cyan)

after treatment with either 200mM paraquat for 10 minutes (D), or 20μM rotenone for 2 hours (E). NS = not significant (21% O2), � = p< 0.05 (21%

O2), ���� = p< 0.0001 (1% O2). Mann–Whitney U test. (F) Locomotory responses to 7% to 1% O2 stimuli for WT, gas-1(fc21), gcy-28(yum28), and

gas-1(fc21); gcy-28(yum28) animals. ���� = p< 0.0001, ��� = p< 0.001. ANOVA, Tukey multiple comparison. (G) Locomotory responses to 7% to

1% O2 stimuli of animals of indicated genotypes: WT, WT expressing isp-1 RNAi constructs from the gpa-3 (multiple neurons) or gpa-11 (ADL and

ASH) promoters. ���� = p< 0.0001, NS = not significant. ANOVA, Tukey multiple comparison. (H) Locomotory responses to 7% to 1% O2 stimuli

of animals of indicated genotypes: WT, WT expressing isp-1 RNAi constructs under gcy-28.c (multiple neurons) or gcy-28.d (AIA neurons)

promoters. ���� = p< 0.0001, ��� = p< 0.001. ANOVA, Tukey multiple comparison. The underlying data can be found in S1 Data, and the source

code can be found at https://github.com/wormtracker/zentracker. RNAi, RNA interference; O2, oxygen; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3001684.g008
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MCI and MCIII are major production sites of ROS. The primary ROS generated in mito-

chondria is superoxide, which is detoxified to H2O2 by mitochondrial superoxide dismutase

(SOD). We measured in vivo ROS production by staining worms with dihydroethidium

(DHE). Both gas-1 and isp-1 mutants, but not bbs-9, dyf-3 and pde-1,2,3,5 quadruple mutants,

had significantly increased ROS levels (S9F and S9G Fig). Mitochondrial superoxide is selec-

tively increased in isp-1 mutants [57]. To test whether superoxide levels help signal acute hyp-

oxia, we examined acute hypoxia responses in mitochondrial SOD mutants. Loss of sod-2
partially inhibited acute responses to hypoxia, and a stronger inhibition was observed when all

SOD genes were disrupted (S9H Fig). These data prompted us to test if increasing mitochon-

drial ROS production using pro-oxidant drugs altered acute hypoxia responses. Treatment

with paraquat and juglone, which induce mitochondrial superoxide generation, blocked loco-

motory speed increase to 1% O2 while responses to 21% O2 were affected to a much lesser

extent (Figs 8D and S9I). As paraquat and juglone may have other effects, we explored other

superoxide inducing drugs. Rotenone is a strong inducer of superoxide [58–61] and is known

to block acute hypoxia sensing by peripheral chemoreceptors in mammals [62–64]. Treatment

with rotenone abolished the hypoxia-evoked increase in speed but had only a mild effect on

the response to 21% O2 (Fig 8E). These observations suggest persistently high ROS levels

inhibit C. elegans’ response to acute hypoxia.

The inhibition of hypoxia-evoked locomotory responses by high cGMP promoted us to ask

if high mitochondrial ROS levels stimulate cGMP production. We found that both gas-1 and

isp-1 mutants showed increased total cGMP (S10A Fig). Moreover, treatment with paraquat

rapidly stimulated cGMP production in wild-type animals (S10B Fig). Pro-oxidant induced

cGMP production was blocked by including the antioxidant N-acetyl cysteine (NAC) during

paraquat exposure and was absent in GCY-28 mutants (S10C Fig), suggesting the ROS

induced cGMP generation is GCY-28 dependent. The behavioral defects of gas-1 mutants

were partially suppressed in a double mutant with gcy-28 (Fig 8F), suggesting that increased

cGMP contributes to the phenotype of mitochondrial mutants. To explore if ROS acts in the

same neurons as cGMP, we selectively inactivated ISP-1 by RNAi in different neurons.

Expressing RNAi constructs from the gpa-3 promoter robustly inhibited behavioral responses

to 1% but not to 21% O2 (Figs 8G and S10D). Potent inhibition was also observed by using the

gcy-28.c promoter to drive the RNAi constructs (Fig 8H). In addition, silencing isp-1 in AIA

neurons, but not in ADL and ASH, significantly reduced the locomotory arousal evoked by

1% O2, suggesting that ROS and cGMP act in the same neurons (Fig 8G and 8H). These results

suggest mitochondrial ROS can inhibit acute hypoxia responses by stimulating cGMP signal-

ing in a GCY-28–dependent manner.

Discussion

Here, we characterize the acute locomotory responses of C. elegans to a hypoxic (1% O2) envi-

ronment. A rapid decrease in O2 to hypoxic (1%) levels triggers a bout of reorientation events,

as animals seek to avoid hypoxia, followed by a large increase in locomotory activity that is sus-

tained as long as animals remain in hypoxia. These behavioral responses to hypoxia occur

within seconds and are remarkably similar to those evoked by 21% O2, a signal of surface expo-

sure that is also a noxious cue for C. elegans. Notwithstanding the similar responses, the

known O2-sensing neurons AQR, PQR, URX, and BAG, and the downstream interneurons

RMG, which mediate escape from 21% O2, are not required for escape from hypoxia. More-

over, disrupting all 7 C. elegans soluble guanylate cyclases, GCY-31–37, which are thought to

bind O2 at their heme co-factor, or the cGMP-gated channels TAX-4/TAX-2 that transduce

O2-evoked cGMP signals to drive escape from 21% O2, does not disrupt hypoxia-evoked
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escape responses. These results suggest the neuronal and molecular substrates underlying

responses to 1% and 21% O2 are different. They also suggest that the hypoxia-sensing mecha-

nism mediating C. elegans escape from 1% O2 differs from that used by Drosophila larvae,

which depends on soluble guanylate cyclases [65].

C. elegans’ acute responses to hypoxia are, however, inhibited by increased cGMP signaling

through PKG. Most notably, rapid generation of cGMP using optogenetics is sufficient to pre-

vent C. elegans arousal in response to 1% O2. These observations raise the possibility that C.

elegans responds to acute hypoxia by directly and rapidly inhibiting cGMP production. How-

ever, other observations argue against this hypothesis. If the locomotory responses to hypoxia

were triggered by a decrease in cGMP, we might expect that mutants defective in cGMP signal-

ing would display constitutive high locomotory activity at preferred O2 levels, as animals toni-

cally signal that they are in constant hypoxia. However, both egl-4 and gcy-28 mutants show

normal locomotory activity at 7% O2, suggesting that reduced cGMP signaling is not sufficient

to evoke escape behavior. Moreover, the fact that none of the guanylate cyclase mutants show

defective responses to hypoxia suggests GCYs are not essential for sensing acute hypoxia,

although we cannot rule out redundancy between cyclases. Thus, we favor a model in which

cGMP is a modulator rather than the primary signal of acute hypoxia responses. Our observa-

tion is consistent with the inhibitory role of cGMP in acute hypoxia responses in mammalian

chemosensory organs [9–12]. It also echoes a gasotransmitter model, in which high cGMP and

high PKG activity inhibit the synthesis of H2S to prevent acute responses to hypoxia [66]. All

these suggest a conserved role of cGMP/PKG in modulating acute hypoxia sensing.

In C. elegans many cGMP signaling molecules, e.g., most guanylate cyclases, are concen-

trated in sensory cilia. However, the BBSome does not appear to directly regulate traffic of

GCY-28, a guanylate cyclase that contributes disproportionately to cGMP production in both

wild-type and bbs mutants. Unlike many other guanylate cylases, GCY-28 does not localize to

cilia [47] and its expression is not increased, nor its localization altered, in bbs mutants (S8A

and S8B Fig). The defects of bbs-9 mutants are rescued by expressing bbs-9 cDNA in ADL and

ASH neurons that do not reliably express GCY-28. Moreover, increasing cGMP production

selectively in ADL and ASH, either optogenetically or by overexpressing gcy-28, is not suffi-

cient to inhibit hypoxia-evoked locomotory responses. Together, these data suggest that GCY-

28 and the BBSome act in different neurons to regulate hypoxia responses. The BBSome may

instead modulate acute responses to hypoxia by regulating the function of the GPA-3 and

ODR-3 G proteins. Supporting this, GPA-3 and ODR-3 act in the same neurons as BBSome

components to promote escape from hypoxia. Moreover, the expression of GPA-3 and ODR-3

is down-regulated in ADL and ASH neurons in bbs-9 mutants (Fig 5I and 5J), and overexpres-

sing GPA-3 and ODR-3 partly restores hypoxia responses to bbs-9 mutants. The phenotypic

suppression of G protein mutants by disrupting cGMP signaling places cGMP further down-

stream of, or possibly in parallel to, ODR-3 and GPA-3 G protein signaling. Consistent with

this, cGMP production in several neurons, including AIA interneurons, can inhibit acute hyp-

oxia responses. How signals from ADL and ASH neurons interact with signals from cGMP

producing neurons to regulate hypoxia responses is unclear.

Mitochondria have historically been regarded as good candidates for harboring the mecha-

nism for acute hypoxia sensing. In glomus cells of the carotid body, increased ROS generation

is thought to regulate opening of adjacent K+ channels in the plasma membrane, thereby sig-

naling drops in O2 tension and establishing an integrative mitochondria-to-membrane signal-

ing model of acute hypoxia sensing [67–69]. Precisely how mitochondrial ROS alters the open

probability of K+ channels in the plasma membrane remains to be elucidated. In both carotid

body and smooth muscle cells of pulmonary arteries, high ROS levels in MCI and MCIII

mutants prevent further ROS increase upon acute hypoxia, thereby inhibiting the responses to
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the drop of O2 tension [1,6,8]. Our work shows that similar manipulations in C. elegans elimi-

nate locomotory responses to hypoxia, suggesting that molecular mechanism of acute hypoxia

sensing may be conserved from C. elegans to mammals. We also provide insight into how

increased ROS levels inhibit the responses to acute hypoxia. Both genetic and pharmacological

perturbations of ROS production increase intracellular cGMP levels, raising the possibility

that ROS inhibits acute hypoxia sensing by stimulating cGMP production. This is supported

by the fact that ROS act in the same cells as cGMP, and the defects of gas-1 mutants in acute

responses to hypoxia are partially suppressed by gcy-28 mutants. These data suggest a mecha-

nism by which increased ROS can inhibit acute hypoxia sensing.

Our work begins to shed light on acute hypoxia responses in C. elegans. A rapid drop in O2

is detected by multiple sensory neurons, which transmit the signals to the downstream circuits

including the AIA interneurons to generate escape responses (Fig 9A). The hypoxia sensing

circuit can be potently dampened by increased cGMP production (Fig 9B). Even though ADL

and ASH neurons are not directly involved in sensing hypoxia, disruption of the BBSome gen-

erates or enhances an unknown signal from these 2 neurons to stimulate GCY-28–mediated

cGMP production in the hypoxia sensing circuit, thereby inhibiting acute responses to hypoxia

(Fig 9B). Many questions still remain to be addressed. We implicate mitochondria and ROS in

the sensing mechanism, but have not demonstrated that ROS increases robustly and persis-

tently upon hypoxia exposure, to explain the persistent behavioral arousal evoked in C. elegans
by hypoxia. While we show that hypoxia elicits a decrease in neuronal Ca2+ in several neurons,

we have not identified the ion channels involved. Nevertheless, the robust behavioral response

we describe now allows us to bring to bear the powerful genetics available in C. elegans to

delineate the molecular details of acute hypoxia sensing in this animal.

Materials and methods

Strains

C. elegans were maintained using standard protocols [70]. Strains used are listed in S2 Table.

Fig 9. Schematic representation of the main discoveries. (A) Multiple sensory neurons are involved in the sensation

of acute hypoxia. AIA interneurons are one of the major components in the downstream circuits of acute hypoxia

response. (B) ADL and ASH neurons are not directly required for acute hypoxia sensing, but they play a modulatory

role in locomotory responses to acute hypoxia. When BBSome is disrupted, signals from ADL and ASH neurons

overactivates the receptor guanylate cyclase GCY-28 to generate excessive amount of cGMP in the hypoxia sensing

circuit and inhibits acute hypoxia responses.

https://doi.org/10.1371/journal.pbio.3001684.g009
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Behavioral analysis

C. elegans locomotion assays were performed as described previously [16]. Briefly, assay plates

were seeded with OP50 and grown overnight. To prepare the bacterial lawn for our assays we

used a PDMS stamp that had an approximately 0.8 cm × 0.8 cm square cut away from its center.

PDMS stamp was made by mixing silicone elastomer base with the curing agent at the ratio of

10:1 (Sylgard 184 silicone elastomer kit) and cured for>1 day in a 15-cm petri dish. Pressing the

flat side of this stamp against the bacterial lawn removed the border, leaving an approximately 0.8

cm × 0.8 cm bacterial patch that perfectly fitted our microfluidic chambers. The chamber was

placed on top of 25 to 30 young adults and defined gases mixtures delivered into the chamber at a

flow rate of 3 ml/min using a PHD 2000 Infusion syringe pump (Harvard Apparatus, United

States). Telfon valves (AutoMate Scientific, United States) were used to rapidly switch between 2

gas mixtures (7% and 0%, 7% and 1%, or 7% and 21% O2) from the syringe pump. The closing

and opening of valve channels were operated by ValveBank Perfusion Controller (AutoMate Sci-

entific). The O2 concentration in the chamber was measured using the Fibox sensor system (Pre-

Sens, Germany). We placed an oxygen sensor spot (PreSens) inside the chamber and monitored

the O2 levels as we pumped in gases. To track animals’ locomotory responses to O2 stimulation, a

Grasshopper camera (FLIR, United States) was mounted on a Zeiss Stemi 508 microscope. Videos

were acquired at 2 frames/second for 2 minutes at each O2 concentration and analyzed using Zen-

tracker, a custom-written MATLAB program (https://github.com/wormtracker/zentracker). Each

data point represents at least 3 assays for each genotype.

To examine the effects of paraquat, rotenone and juglone on acute responses to hypoxia,

day 1 adult animals were exposed to 200 mM paraquat for 10 minutes, 10 μM rotenone for 1

hour, and 1 mM juglone for 2 minutes, on drug-containing plates in the presence of food;

treated animals were then assayed on regular assay plates.

Optogenetic experiments followed published protocols [16,43]. Transgenic L4 animals were

picked to plates either with or without 100 μM ATR (R2500, Sigma, United States), and kept in the

dark for 16 to 20 hours. Blue light illumination was from an ultra-high-power LED lamp (UHP--

MIC-LED-460, Prizmatix, Israel), attenuated to 70 μW/mm2. Light intensity was measured by a

PM50 Optical Power Meter (ThorLabs, United States). The transmitted light used for worm picking

and video recording was filtered through a long-pass optical filter that blocked light with wave-

lengths shorter than 595 nm. Videos were captured and analyzed as for regular behavioral assays.

Neuronal inhibition using the histamine gated chloride channel HisCl1 was performed as

described [48]. All HisCl1 constructs were injected at 10 ng/μl. To inhibit AIA interneurons,

animals at L4 stage were picked to fresh plates containing 10 mM histamine (Sigma, H7250)

and grown for 10 minutes. To inhibit the other neurons, animals were grown on histamine

containing plates for both 10 minutes and 24 hours. Assays were performed using day 1 adults,

on assay plates containing 10 mM histamine. Videos were acquired and analyzed as for regular

behavioral assays.

Molecular biology

The Multisite Gateway system (Thermo Fisher Scientific, United States) was used to make

expression vectors. Promoters, including osm-6 (2.7kb), gpa-11 (3kb), srh-220 (2.1kb), sra-6
(3kb), gpa-3 (6kb), gcy-28.c (3.2kb), gcy-28.d (2.9kb), gas-1 (1.3kb), rab-3 (1.2kb), ges-1 (3.5kb),

myo-3 (2.5kb), dpy-7 (0.4kb), odr-3 (2.7kb) ocr-2 (2.4kb), odr-1 (2.4kb), ops-1 (2kb), flp-21
(4.1kb), glr-1 (5.3kb), nmr-1 (2.2kb), unc-25 (1.8kb), odr-10 (1.1kb), and flp-6 (2.7kb), were

amplified from N2 genomic DNA and cloned into pDONR P4P1 using BP clonase. The

cDNAs for bbs-9, gpa-3.a, odr-3, gcy-28.c, gcy-28.d, and gas-1 were amplified by PCR from a

first-strand cDNA library made from N2 RNA using M-MuLV reverse transcriptase (Thermo
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Fisher Scientific), and cloned into pDONR 221 using BP cloning. BeCyclOp and FlincG3 were

amplified from plasmids kindly provided by Alexander Gottschalk and Noelle L’Etoile [43,46]

and cloned into pDONR 221. Expression vectors were assembled using the LR reaction. The

following primers were used to amplify the coding sequences of these genes:

bbs-9 forward: ggggACAAGTTTGTACAAAAAAGCAGGCTtttcagaaaaATGTCGCTTTTT

CGGCTCGTCGAATG

bbs-9 reverse:

ggggACCACTTTGTACAAGAAAGCTGGGTATTAAGCTGTCACTTGTTGCTCTTCCTC

gpa-3.a forward: ggggACAAGTTTGTACAAAAAAGCAGGCTtttcagaaaaatgggattatgccaa

tctgcagagg

gpa-3.a reverse: ggggACCACTTTGTACAAGAAAGCTGGGTAttagaggcctgaaagcaaaagaa

cgg

odr-3 forward: ggggACAAGTTTGTACAAAAAAGCAGGCTtttcagaaaaatgggctcatgccagag

caatgaaaattc

odr-3 reverse: ggggACCACTTTGTACAAGAAAGCTGGGTAttacatcattcctgctttttgtaaattct

tctg

gcy-28.c forward: ggggACAAGTTTGTACAAAAAAGCAGGCTtttcagaaaa ATGCTCAGA

TGGCTAACTCTACTTTCATG

gcy-28.c reverse: ggggACCACTTTGTACAAGAAAGCTGGGTACTATGCAAATTCTTC

GCCAAAATCGGG

gcy-28.d forward: ggggACAAGTTTGTACAAAAAAGCAGGCTtttcagaaaa ATGTGGATT

AACAGCACGCGAACACTT

gcy-28.d reverse: ggggACCACTTTGTACAAGAAAGCTGGGTACTATGCAAATTCTTC

GCCAAAATCGGG

gas-1 forward: ggggACAAGTTTGTACAAAAAAGCAGGCTtttcagaaaaATGTTGGGTAG

AAAGATCGCCGG

gas-1 reverse: ggggACCACTTTGTACAAGAAAGCTGGGTATTATCGATCGACCTCTC

CGAACAC

BeCyclOp forward: ggggACAAGTTTGTACAAAAAAGCAGGCTtttcagaaaa ATGAAGGA

CAAGGACAACAACCTCC

BeCyclOp reverse: ggggACCACTTTGTACAAGAAAGCTGGGTATTACTTACGTCCGA

GGACCCAGTAGG

Animals transgenic for bbs-9 and gpa-3 expression constructs were made by injecting 5 ng/

μl of the expression construct, together with 50 ng/μl co-injection marker unc-122p::GFP and

50 ng/μl DNA ladder (Invitrogen, United States) as carrier. The BeCyclOp and HisCl1 con-

structs were injected at 10 ng/μl and FlincG3 constructs at 30 ng/μl. To silence the expression

of isp-1 by RNAi, the sense fragment was amplified with the primers (Forward: ggggACAAGT

TTGTACAAAAAAGCAGGCTGCTATGGCAGCTGATCAACGTG. Reverse: ggggACCACT

TTGTACAAGAAAGCTGGGTACAATTGGGACACATCCAAGATGGG), and the antisense

fragment with the primers (Forward: ggggACAAGTTTGTACAAAAAAGCAGGCTCAATTG

GGACACATCCAAGATGGG. Reverse: ggggACCACTTTGTACAAGAAAGCTGGGTAGC

TATGGCAGCTGATCAACGTG). For bbs-9 RNAi, the sense fragment was amplified with the

primers (Forward: ggggACAAGTTTGTACAAAAAAGCAGGCTCAAGTCCTGATGAAAC

CCTCGCATC). Reverse: ggggACCACTTTGTACAAGAAAGCTGGGTAAGAGTTTGTGTA

GTCTGACAGTAACCG), and the antisense fragment was amplified with the primers (For-

ward: ggggACAAGTTTGTACAAAAAAGCAGGCTAGAGTTTGTGTAGTCTGACAGTAA

CCG). Reverse: ggggACCACTTTGTACAAGAAAGCTGGGTACAAGTCCTGATGAAACC

CTCGCATC). Sense and antisense fragments were cloned into pDONR 221 using BP cloning
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and assembled with different promoters into expression vectors using the LR reaction. isp-1
sense and antisense constructs were co-injected at a concentration of 100ng/μl for the promot-

ers col-12, myo-3, gpa-3, gpa-11, gcy-28.c, and gcy-28.d, 30 ng/μl for the promoters dpy-7, vha-6,

and rab-3, and 10 ng/μl for the promoters isp-1 and myo-2. bbs-9 RNAi constructs were injected

at a concentration of 100 ng/μl. All other expression constructs were injected at 50 ng/μl.

CRISPR/Cas-9–based genome editing

Genome editing with CRISPR/Cas-9 was performed as described [71]. To generate gene

knockouts, we used a single-strand DNA oligo (ssODN) repair template that targeted

sequences early in the coding region of the gene. The ssODN contained 2 homology arms,

each of 35 bases that flanked either side of the targeted PAM site while deleting 16 bases of cod-

ing sequence to generate a frameshift mutation. In addition, we introduced 2 stop codons and

a unique restriction site for genotyping between the 2 flanking sequences. To generate point

mutations, we chose a PAM site close to the codon of interest and used a ssODN donor that

included 35 bases homologous to sequences on either side of the targeted codon. If the PAM

site was not close to the codon, the homology arms were extended accordingly. GFP knockins

were generated by using double strand DNA repair templates [72]. GFP specific oligos tailed

with 35bp homology arms were used to amplify gfp coding sequence. The template was melted

as described to improve editing efficiency. Moreover, 0.5 μl of Cas-9 protein (IDT) was mixed

with 5 μl of 0.4μg/μl tracrRNA (IDT, United States) and 2.8 μl of 0.4 μg/μl crRNA (IDT). The

mix was incubated at 37˚C for at least 10 minutes before adding 2.2 μl of 1μg/μl ssODN (or

500 ng dsDNA) and 2 μl of 0.6 μg/μl rol-6 co-injection marker. Nuclease-free water was used

to bring the final volume to 20 μl. The injection mixture was centrifuged for at least 2 minutes

before use. Large deletions were generated with an injection mix that included 2 crRNA guides

targeting the start and the end of the gene. Moreover, 0.5 μl of Cas-9 protein, 5 μl of 0.4μg/μl

tracrRNA, and 1.4 μl of 0.4 μg/μl each of 2 crRNA guides were mixed and incubated at 37˚C.

Furthermore, 2 μl of 0.6 μg/μl rol-6 co-injection marker and nuclease-free water was added

after incubation to bring the final volume to 20 μl.

Microscopy

FlincG3 was used to report neuronal cGMP levels; in these experiments, we performed pseu-

doratiometric imaging by collecting both GFP (from FlincG3) and free mCherry signals.

Transgenic animals at L4 stage were picked and grown overnight under standard laboratory

conditions. Day 1 adult animals were mounted on 2% agarose pads containing 5 mM levami-

sole. Z-stack confocal Images of 20 to 50 animals were collected using a 63× oil objective N.A

1.3 on a Nikon A1 confocal microscope with Nikon NIS elements software. A similar proce-

dure was followed to quantify the neuropeptide secretion. Only the signals from posterior pair

of coelomocytes were collected. The mCherry signal of neuropeptides and GFP signals from

Punc-122::gfp were captured simultaneously for pseudoratiometric comparison. Signals from

20 to 50 animals were collected. For GPCR, G protein and gcy-28 expression, the absolute GFP

intensity was calculated and compared among different genotypes. All images were processed

in Fiji by subtracting background, adjusting threshold, and analyzing the particles in the

region of interest.

Dye filling

Synchronized 1-day adults were soaked for 1 hour in 1 ml of DiO or DiI (Molecular Probes,

United States), diluted 1:200 in M9 from a 2 mg/ml stock solution in DMF. The worms were
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washed 3× with 1 ml M9 and destained on seeded plates for> 2 hours. DiO and DiI uptake

was monitored by mounting live animals for microscopy and imaging as described above.

DHE staining

Synchronized 1-day adults were washed 3× in PBS and stained in 3 μM of DHE (diluted from

a 30 mM DHE stock solution in DMSO) for 30 minutes. Worms were washed twice with 1ml

PBS and immobilized on a 2% agarose pad for confocal imaging. Images were acquired and

processed as described above.

cGMP quantification in worm lysates

Total cGMP in C. elegans lysates was measured using a direct cyclic GMP enzyme immunoas-

say kit (Arbor Assays, United States). Moreover, 3 to 4 plates of synchronized young adult ani-

mals were harvested and washed 3× with PBS. The worm pellet was washed again with 1 ml

0.1 M HCl. A total of 50 μl of worm pellet was resuspended in 400 μl 0.1M HCl and frozen in

liquid nitrogen. For worms treated with paraquat, animals were exposed in the paraquat solu-

tion after PBS washing. Paraquat was immediately replaced with PBS, and the worms washed

quickly 3× with PBS before resuspension in 0.1 M HCl. Worms were disrupted using a bead-

beater with 0.5-mm glass beads. The worm lysate was centrifugated at 2,500 rpm for 2 minutes.

Protein concentration was determined using the Quick start Bradford dye reagent (Bio-Rad,

United States). cGMP in 20 μl of lysate was quantified by following the acetylation protocol

from Arbor Assays. The optical density at 450 nm was read using a ClarioStar 96-well micro-

plate reader (BMG Labtech, Germany). The cGMP concentration was calculated using a curve

generated from cGMP standards in the kit and normalized to sample protein concentration.

Ca2+ imaging

Ca2+ imaging of immobilized animals was performed using YC2.60 (RMG neurons) and

YC3.60 (ASK, AFD, and AIA neurons) on an inverted microscope (Axiovert, Zeiss, Germany),

with a 40× 1.2 NA C-Apochromat lens, and MetaMorph acquisition software (Molecular

Devices, United States). Worms were glued to agarose pads (2% in M9 buffer, 1 mM CaCl2)

using Dermabond tissue adhesive with their nose and tail immersed in a mix of OP50 and M9

buffer. The glued animals were sealed in an airtight microfluidic chamber, and the O2 was

delivered and measured as described in the behavioral analysis. Recordings were carried out at

2 frames/sec with an exposure time of 100 ms using MetaMorph software. Photobleaching was

minimized using 2.0 or 1.5 optical density filters. An excitation filter (Chroma, United States)

restricted illumination to the cyan channel, and a beam splitter (Optical Insights, UK) was

used to separate the cyan and yellow emission light. Neuron Analyzer, a custom-written

MATLAB program, was used to analyze the resulting image stacks (https://github.com/

neuronanalyser/neuronanalyser) [16].

Neuron ablation

Cell ablations were performed as described [73]. Briefly, L4 transgenic worms expressing

membrane-anchored miniSOG in different neurons were picked to 3-cm plates without bacte-

ria, exposed to 2 mW/mm2 blue light from an ultra-high-power LED lamp (UHP-MIC-LED-

460, Prizmatix) for 5 minutes, transferred back to the seeded plates and kept in the dark for 12

hours. Videos were acquired and analyzed as regular behavioral assays.

PLOS BIOLOGY Acute hypoxia responses in C. elegans

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001684 June 21, 2022 21 / 29

https://github.com/neuronanalyser/neuronanalyser
https://github.com/neuronanalyser/neuronanalyser
https://doi.org/10.1371/journal.pbio.3001684


Supporting information

S1 Fig. Acute locomotory responses of C. elegans to hypoxia. (A) Reorientation movements

(omega turns) of WT animals to 7% to 1% O2 stimuli. (B) Changes in reversal frequency in

WT animals experiencing a 7% to 1% O2 switch. (C) Changes in the locomotory activity of

WT animals evoked by a switch from 7% to 1% O2. (D) Locomotory activity of WT was

recorded for 2 minutes at 7% O2 and 20 minutes at 1% O2 followed by 2 additional minutes at

7% O2. (E) Locomotory responses of WT animals exposed to repeated switches between 7%

and 1% O2. (F) Locomotory responses of WT animals to switches from 7% to approximately

0.2% O2 and to switches from 7% to approximately 1% O2. (G) Hypoxia-evoked locomotory

responses of WT (N2) and npr-1 mutant animals. NS = not significant, Mann–Whitney U test.

The source code underlying behavioral data can be found at https://github.com/wormtracker/

zentracker. O2, oxygen; WT, wild-type.

(TIF)

S2 Fig. BBSome mutants are defective in acute responses to 1% but not 21% O2. (A and B)

Locomotory responses to 7% to 1% O2 stimuli of WT, bbs-1(ok1111), bbs-2(ok2053), bbs-4
(yum64), bbs-7(ok1351), and bbs-8(nx77) animals. ���� = p< 0.0001. ANOVA, Tukey multiple

comparison. (C and D) Locomotory responses to indicated changes in O2 concentration of

npr-1(ad609) and npr-1(ad609); dyf-3(m185) animals (C), and npr-1(ad609) and npr-1(ad609);
bbs-9(gk471) animals (D). NS = not significant (21% O2), ���� = p< 0.0001 (1% O2), Mann–

Whitney U test. (E) Locomotory responses to 7% to 1% O2 stimuli of animals of indicated

genotypes: WT, and WT expressing bbs-9 RNAi constructs in ADL and ASH neurons from

the gpa-11 promoter. ���� = p< 0.0001. Mann–Whitney U test. The source code underlying

behavioral data can be found at https://github.com/wormtracker/zentracker. RNAi, RNA

interference; O2, oxygen; WT, wild-type.

(TIF)

S3 Fig. Mutations in gcy-28 or egl-4 do not suppress the dye-filling defects of dyf-3 or bbs-9
mutants. (A and B) DiO dye-filling of WT, dyf-3(m185), egl-4(n478), gcy-28(yum32), bbs-9
(gk471) animals, and indicated double mutant combinations of these alleles. WT, wild-type.

(TIF)

S4 Fig. cGMP signaling modulates acute hypoxia responses. (A) Locomotory responses of

pde single mutants to switches between 7% and 1% O2. NS = not significant, � = p< 0.05.

ANOVA, Tukey multiple comparison. (B–E) Locomotory responses of pde double mutants to

1% O2 stimulation: pde-1(tm3765); pde-2(tm3098) and pde-1(tm3765); pde-3(Q104stop) (B);

pde-1(tm3765); pde-5(ok3102) and pde-2(tm3098); pde-3(Q104stop) (C); pde-2(tm3098); pde-5
(ok3102) and pde-3(Q104stop); pde-5(ok3102) (D); pde-4(ok1290); pde-6(ok3410) (E). NS = not

significant, � = p< 0.05, �� = p< 0.01, ���� = p< 0.0001. ANOVA, Tukey multiple compari-

son (B–D), and Mann–Whitney U test (E). (F–H) Locomotory responses to switches between

7% and 1% O2 of indicated genotypes: WT, bbs-9(gk471), tax-4(p678), and bbs-9(gk471); tax-4
(p678) double mutants (F); WT, bbs-9(yum38), cng-1(jh113); cng-3(jh111) double, and bbs-9
(yum38); cng-1(jh113); cng-3(jh111) triple mutants (G); WT, bbs-9(gk471), cng-4(e1126), and

bbs-9(gk471); cng-4(e1126) double mutants (H). �� = p< 0.01, NS = not significant. ANOVA,

Tukey multiple comparison. The source code underlying behavioral data can be found at

https://github.com/wormtracker/zentracker. O2, oxygen; WT, wild-type.

(TIF)

S5 Fig. bbs mutants have enhanced cGMP signaling. (A) Locomotory responses to 1% O2 of

the mutants defective in all soluble guanylate cyclase genes in either a WT or bbs-9(gk471)
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background. � = p< 0.05, �� = p< 0.01. ANOVA, Tukey multiple comparison. (B) Locomo-

tory responses to switches between 7% and 1% O2 in bbs-9(gk471) mutants lacking various

receptor guanylate cyclases. (C and D) Locomotory responses to switches between 7% and 1%

O2 of WT animals overexpressing gcy-35 (C) or gcy-15 (D) guanylate cyclases. NS = not signifi-

cant, Mann–Whitney U test. (E) Representative images of the genetically encoded cGMP sen-

sor FlincG3 expressed together with a mCherry marker in AFD neurons using the gcy-8
promoter and imaged in WT and bbs-9(gk471) mutants. Arrows point to the neuronal cell

bodies. (F) Quantification of FlincG3 fluorescent signal intensity in AFD neurons normalized

to mCherry fluorescence intensity. ���� = p< 0.0001, t test. (G) Representative images of the

genetically encoded cGMP sensor FlincG3 expressed together with a mCherry marker in AIA

neurons using the gcy-28.d promoter and imaged in WT and bbs-9(gk471) mutants. Arrows

point to the neuronal cell bodies. (H) Quantification of FlincG3 fluorescent signal intensity in

AIA neurons normalized to mCherry fluorescence intensity. �� = p< 0.01, t test. The underly-

ing data can be found in S1 Data, and the source code can be found at https://github.com/

wormtracker/zentracker. O2, oxygen; WT, wild-type.

(TIF)

S6 Fig. cGMP production by GCY-28 in multiple neurons contributes to inhibition of

acute responses to hypoxia. (A) Fluorescence expression of a gcy-28.c::gfp construct driven

from its endogenous promoter (top panel). The dashed circles indicate the expected locations

of ADL and ASH neurons highlighted by dye-filling with DiI (middle panel), seen overlaid

with gcy-28.c::gfp expression (bottom panel). (B) Locomotory responses to hypoxia of trans-

genic animals expressing gcy-28.c cDNA in neurons (Prab-3), intestine (Pges-1), muscle

(Pmyo-3), and hypodermis (Pdpy-7). NS = not significant, ���� = p< 0.0001. ANOVA, Tukey

multiple comparison. (C–I) Locomotory responses to hypoxia of transgenic animals overex-

pressing gcy-28.c in different subsets of neurons. The detailed expression pattern of each pro-

moter is listed in the table. NS = not significant, � = p< 0.05, ���� = p< 0.0001. Mann–

Whitney U test (C), and ANOVA, Tukey multiple comparison (D–I). The source code under-

lying behavioral data can be found at https://github.com/wormtracker/zentracker.

(TIF)

S7 Fig. Modulation of acute hypoxia responses by optogenetic manipulation. (A and B)

Locomotory responses to hypoxia of WT animals expressing BeCyclOp from the gcy-28.c pro-

moter (A), or the gpa-3 promoter (B), without ATR treatment but with blue light exposure.

NS = not significant, Mann–Whitney U test. (C) WT animals expressing BeCyclOp from the

gpa-11 promoter in the presence of ATR do not show light-dependent inhibition of hypoxia–

evoked locomotory responses. NS = not significant. ANOVA, Tukey multiple comparison.

The source code underlying behavioral data can be found at https://github.com/wormtracker/

zentracker. WT, wild-type.

(TIF)

S8 Fig. GCY-28 expression and BBSome function. (A) Representative images (left panels)

and quantification (right panel) of GFP fluorescence from expression of a single copy GCY-28.

C-GFP inserted using MosSCI. �� = p< 0.01, t test. (B) Representative images (left panels) and

quantification (right panel) of GFP fluorescence from expression of an extrachromosomal

array of GCY-28.D-GFP in AIA neurons. �� = p< 0.01, t test. (C) Locomotory responses to

7% to 1% O2 stimuli of animals treated with 10 mM histamine: WT, and WT expressing

HisCl1 from sra-6 (ASH), srh-220 (ADL) and gpa-11 (ASH and ADL) promoters. NS = not sig-

nificant. ANOVA, Tukey multiple comparison. (D) Locomotory responses to 7% to 1% O2 sti-

muli of animals treated with 2 mW/mm2 blue light for 5 minutes: WT, and WT expressing
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PH-miniSOG from the sra-6 (ASH), srh-220 (ADL) and gpa-11 (ASH and ADL) promoters.

NS = not significant. ANOVA, Tukey multiple comparison. (E) Representative images (left

panels) and quantification (right panel) of ODR-3::GFP in AWA cilia. Arrowheads point to

AWA cilia. The GFP intensity in WT was arbitrarily set to 1, and the GFP signal in bbs-9
(gk471) mutants was normalized to WT. �� = p< 0.01, t test. The underlying data can be

found in S1 Data, and the source code can be found at https://github.com/wormtracker/

zentracker. O2, oxygen; WT, wild-type.

(TIF)

S9 Fig. Perturbation of mitochondrial function attenuates acute responses to hypoxia. (A)

Locomotory responses to 7% to 1% O2 stimuli of animals of indicated genotypes: WT, isp-1
(qm150), and isp-1(qm150) expressing 2 isp-1 containing fosmids. ���� = p< 0.0001, ��� =

p< 0.001, NS = not significant. ANOVA, Tukey multiple comparison. (B) Locomotory

responses to 7% to 1% O2 stimuli of animals of indicated genotypes: WT, isp-1(qm150), and

CRISPR repaired isp-1(qm150), in which serine at position 225 was replaced by proline as in

WT. ���� = p< 0.0001. ANOVA, Tukey multiple comparison. (C and D) Locomotory

responses to 7% to 1% O2 stimuli of animals of indicated genotypes: WT, and WT expressing

isp-1 RNAi constructs under dpy-7 (hypodermis) and vha-6 (intestine) promoters (C); WT,

and WT expressing isp-1 RNAi constructs under col-12 (epithelium) and myo-3 (muscle) pro-

moters (D). � = p< 0.05, NS = not significant. ANOVA, Tukey multiple comparison. (E)

Locomotory responses to indicated changes in O2 concentration of npr-1(ad609) and npr-1
(ad609) expressing isp-1 RNAi constructs pan-neuronally. NS = not significant (21% O2), ����

= p< 0.0001 (1% O2). Mann–Whitney U test. (F) Representative images of DHE staining of

various genotypes. (G) Quantification of DHE staining. �� = p< 0.01, ���� = p< 0.0001,

NS = not significant. ANOVA, Tukey multiple comparison. (H) Hypoxia-evoked locomotory

responses of WT, sod-2(ok1030), and sod-2(ok1030); sod-5 (tm1146) sod-1(tm783); sod-4
(gk101); sod-3(tm760) mutants. �� = p< 0.01, ���� = p< 0.0001. ANOVA, Tukey multiple

comparison. (I) Animals were exposed to 1 mM juglone for 2 minutes and immediately

assayed for their locomotory responses to 21% and 1% O2. �� = p< 0.01, ���� = p< 0.0001.

Mann–Whitney U test. The underlying data can be found in S1 Data, and the source code can

be found at https://github.com/wormtracker/zentracker. DHE, dihydroethidium; O2, oxygen;

RNAi, RNA interference; WT, wild-type.

(TIF)

S10 Fig. ROS robustly stimulates cGMP production. (A) Total cGMP in worm lysates deter-

mined by cGMP enzyme immunoassay of indicated genotypes (n = 4): WT, gas-1(fc21) and

isp-1(qm150). ���� = p< 0.0001, and �� = p< 0.01. ANOVA, Tukey multiple comparison. (B)

Staged L4 animals were exposed to 0.4 mM, 4 mM or 50 mM paraquat for different time peri-

ods, and their total cGMP levels determined by ELISA (n = 3). (C) Total cGMP levels in worm

lysates of indicated genotypes treated with or without 0.4 mM paraquat and 2 mM NAC.

cGMP levels were measured using a cGMP enzyme immunoassay. ���� = p< 0.0001, NS = not

significant. ANOVA, Tukey multiple comparison. (D) Locomotory responses to indicated

changes in O2 concentration of npr-1(ad609) and npr-1(ad609) expressing isp-1 RNAi con-

structs from the gpa-3 promoter. NS = not significant (21% O2), ���� = p< 0.0001 (1% O2),

Mann–Whitney U test. The underlying data can be found in S1 Data, and the source code can

be found at https://github.com/wormtracker/zentracker. NAC, N-acetylcysteine; RNAi, RNA

interference; ROS, reactive oxygen species; O2, oxygen; WT, wild-type.

(TIF)
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S1 Table. The candidate screen for mutants that were defective in acute response to hyp-

oxia. The response of each mutant was compared to that of WT. (−) indicates 0% to 10% of

WT responses; (+) indicates 10% to 50% of WT responses; (++) indicates 50% to 80% of WT

responses; and (+++) indicates 80% to 100% of WT responses. (�) in the table indicates that

the strain CHS10032 has a unique response to acute hypoxia. WT, wild-type.

(PDF)

S2 Table. The list of strains used in this study.

(DOCX)

S1 Data. Underlying data for figures.

(XLSX)

Acknowledgments

We thank the Caenorhabditis Genetics Center (funded by NIH Office of Research Infrastruc-

ture Programs P40 OD010440) and the Japanese knockout consortium and Kaveh Ashrafi for

strains, Alexander Gottschalk and Noelle L’Etoile for plasmids, and Simon Tuck for critical

reading of the manuscript.

Author Contributions

Conceptualization: Lorenz A. Fenk, Mario de Bono, Changchun Chen.

Data curation: Lina Zhao, Lorenz A. Fenk, Lars Nilsson, Mario de Bono, Changchun Chen.

Formal analysis: Lina Zhao, Lorenz A. Fenk, Lars Nilsson, Niko Paresh Amin-Wetzel, Nelson

Javier Ramirez-Suarez, Mario de Bono, Changchun Chen.

Funding acquisition: Mario de Bono, Changchun Chen.

Investigation: Lina Zhao, Lorenz A. Fenk, Lars Nilsson, Niko Paresh Amin-Wetzel, Nelson

Javier Ramirez-Suarez.

Methodology: Lina Zhao, Lorenz A. Fenk, Lars Nilsson, Mario de Bono, Changchun Chen.

Project administration: Mario de Bono, Changchun Chen.

Resources: Mario de Bono, Changchun Chen.

Supervision: Mario de Bono, Changchun Chen.

Validation: Lina Zhao, Lorenz A. Fenk, Lars Nilsson.

Visualization: Lina Zhao, Lorenz A. Fenk, Lars Nilsson.

Writing – original draft: Lorenz A. Fenk, Mario de Bono, Changchun Chen.

Writing – review & editing: Mario de Bono, Changchun Chen.

References
1. Arias-Mayenco I, Gonzalez-Rodriguez P, Torres-Torrelo H, Gao L, Fernandez-Aguera MC, Bonilla-

Henao V, et al. Acute O2 Sensing: Role of Coenzyme QH2/Q Ratio and Mitochondrial ROS Compart-

mentalization. Cell Metab. 2018; 28(1):145–58 e4. Epub 2018/06/12. https://doi.org/10.1016/j.cmet.

2018.05.009 PMID: 29887397.

2. Lopez-Barneo J, Gonzalez-Rodriguez P, Gao L, Fernandez-Aguera MC, Pardal R, Ortega-Saenz P.

Oxygen sensing by the carotid body: mechanisms and role in adaptation to hypoxia. Am J Physiol Cell

Physiol. 2016; 310(8):C629–42. Epub 2016/01/15. https://doi.org/10.1152/ajpcell.00265.2015 PMID:

26764048.

PLOS BIOLOGY Acute hypoxia responses in C. elegans

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001684 June 21, 2022 25 / 29

http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3001684.s011
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3001684.s012
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3001684.s013
https://doi.org/10.1016/j.cmet.2018.05.009
https://doi.org/10.1016/j.cmet.2018.05.009
http://www.ncbi.nlm.nih.gov/pubmed/29887397
https://doi.org/10.1152/ajpcell.00265.2015
http://www.ncbi.nlm.nih.gov/pubmed/26764048
https://doi.org/10.1371/journal.pbio.3001684


3. Lopez-Barneo J, Pardal R, Ortega-Saenz P. Cellular mechanism of oxygen sensing. Annu Rev Physiol.

2001; 63:259–87. Epub 2001/02/22. https://doi.org/10.1146/annurev.physiol.63.1.259 PMID:

11181957.

4. Weir EK, Archer SL. The role of redox changes in oxygen sensing. Respir Physiol Neurobiol. 2010; 174

(3):182–91. Epub 2010/08/31. https://doi.org/10.1016/j.resp.2010.08.015 PMID: 20801237; PubMed

Central PMCID: PMC2991626.

5. Weir EK, Lopez-Barneo J, Buckler KJ, Archer SL. Acute oxygen-sensing mechanisms. N Engl J Med.

2005; 353(19):2042–55. Epub 2005/11/12. https://doi.org/10.1056/NEJMra050002 PMID: 16282179;

PubMed Central PMCID: PMC2803102.

6. Fernandez-Aguera MC, Gao L, Gonzalez-Rodriguez P, Pintado CO, Arias-Mayenco I, Garcia-Flores P,

et al. Oxygen Sensing by Arterial Chemoreceptors Depends on Mitochondrial Complex I Signaling. Cell

Metab. 2015; 22(5):825–37. Epub 2015/10/07. https://doi.org/10.1016/j.cmet.2015.09.004 PMID:

26437605.

7. Waypa GB, Marks JD, Guzy R, Mungai PT, Schriewer J, Dokic D, et al. Hypoxia triggers subcellular

compartmental redox signaling in vascular smooth muscle cells. Circ Res. 2010; 106(3):526–35. Epub

2009/12/19. https://doi.org/10.1161/CIRCRESAHA.109.206334 PMID: 20019331; PubMed Central

PMCID: PMC2856085.

8. Waypa GB, Marks JD, Guzy RD, Mungai PT, Schriewer JM, Dokic D, et al. Superoxide generated at

mitochondrial complex III triggers acute responses to hypoxia in the pulmonary circulation. Am J Respir

Crit Care Med. 2013; 187(4):424–32. Epub 2013/01/19. https://doi.org/10.1164/rccm.201207-1294OC

PMID: 23328522; PubMed Central PMCID: PMC3603595.

9. Chen YF. Atrial natriuretic peptide in hypoxia. Peptides. 2005; 26(6):1068–77. Epub 2005/05/25.

https://doi.org/10.1016/j.peptides.2004.08.030 PMID: 15911074.

10. He L, Dinger B, Fidone S. Cellular mechanisms involved in carotid body inhibition produced by atrial

natriuretic peptide. Am J Physiol Cell Physiol. 2000; 278(4):C845–52. Epub 2001/02/07. https://doi.org/

10.1152/ajpcell.2000.278.4.C845 PMID: 10751332.

11. Prabhakar NR, Kumar GK, Chang CH, Agani FH, Haxhiu MA. Nitric oxide in the sensory function of the

carotid body. Brain Res. 1993; 625(1):16–22. Epub 1993/10/15. https://doi.org/10.1016/0006-8993(93)

90132-7 PMID: 7694772.

12. Wang ZZ, Bredt DS, Fidone SJ, Stensaas LJ. Neurons synthesizing nitric oxide innervate the mamma-

lian carotid body. J Comp Neurol. 1993; 336(3):419–32. Epub 1993/10/15. https://doi.org/10.1002/cne.

903360308 PMID: 7505296.

13. Gray JM, Karow DS, Lu H, Chang AJ, Chang JS, Ellis RE, et al. Oxygen sensation and social feeding

mediated by a C. elegans guanylate cyclase homologue. Nature. 2004; 430(6997):317–22. Epub 2004/

06/29. https://doi.org/10.1038/nature02714 PMID: 15220933.

14. Busch KE, Laurent P, Soltesz Z, Murphy RJ, Faivre O, Hedwig B, et al. Tonic signaling from O(2) sen-

sors sets neural circuit activity and behavioral state. Nat Neurosci. 2012; 15(4):581–91. Epub 2012/03/

06. https://doi.org/10.1038/nn.3061 PMID: 22388961; PubMed Central PMCID: PMC3564487.

15. Cheung BH, Cohen M, Rogers C, Albayram O, de Bono M. Experience-dependent modulation of C. ele-

gans behavior by ambient oxygen. Curr Biol. 2005; 15(10):905–17. Epub 2005/05/27. https://doi.org/10.

1016/j.cub.2005.04.017 PMID: 15916947.

16. Laurent P, Soltesz Z, Nelson GM, Chen C, Arellano-Carbajal F, Levy E, et al. Decoding a neural circuit

controlling global animal state in C. elegans. Elife. 2015; 4. Epub 2015/03/12. https://doi.org/10.7554/

eLife.04241 PMID: 25760081; PubMed Central PMCID: PMC4440410.

17. Persson A, Gross E, Laurent P, Busch KE, Bretes H, de Bono M. Natural variation in a neural globin

tunes oxygen sensing in wild Caenorhabditis elegans. Nature. 2009; 458(7241):1030–3. Epub 2009/03/

06. https://doi.org/10.1038/nature07820 PMID: 19262507.

18. Zimmer M, Gray JM, Pokala N, Chang AJ, Karow DS, Marletta MA, et al. Neurons detect increases and

decreases in oxygen levels using distinct guanylate cyclases. Neuron. 2009; 61(6):865–79. Epub 2009/

03/28. https://doi.org/10.1016/j.neuron.2009.02.013 PMID: 19323996; PubMed Central PMCID:

PMC2760494.

19. Couto A, Oda S, Nikolaev VO, Soltesz Z, de Bono M. In vivo genetic dissection of O2-evoked cGMP

dynamics in a Caenorhabditis elegans gas sensor. Proc Natl Acad Sci U S A. 2013; 110(35):E3301–10.

Epub 2013/08/14. https://doi.org/10.1073/pnas.1217428110 PMID: 23940325; PubMed Central

PMCID: PMC3761592.

20. Van Voorhies WA, Ward S. Broad oxygen tolerance in the nematode Caenorhabditis elegans. J Exp

Biol. 2000; 203(Pt 16):2467–78. Epub 2000/07/21. https://doi.org/10.1242/jeb.203.16.2467 PMID:

10903161.

21. Dusenbery DB. Responses of the nematode Caenorhabditis elegans to controlled chemical stimulation.

J Comp Physiol. 1980; 136:327–31. https://doi.org/10.1007/BF00657352

PLOS BIOLOGY Acute hypoxia responses in C. elegans

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001684 June 21, 2022 26 / 29

https://doi.org/10.1146/annurev.physiol.63.1.259
http://www.ncbi.nlm.nih.gov/pubmed/11181957
https://doi.org/10.1016/j.resp.2010.08.015
http://www.ncbi.nlm.nih.gov/pubmed/20801237
https://doi.org/10.1056/NEJMra050002
http://www.ncbi.nlm.nih.gov/pubmed/16282179
https://doi.org/10.1016/j.cmet.2015.09.004
http://www.ncbi.nlm.nih.gov/pubmed/26437605
https://doi.org/10.1161/CIRCRESAHA.109.206334
http://www.ncbi.nlm.nih.gov/pubmed/20019331
https://doi.org/10.1164/rccm.201207-1294OC
http://www.ncbi.nlm.nih.gov/pubmed/23328522
https://doi.org/10.1016/j.peptides.2004.08.030
http://www.ncbi.nlm.nih.gov/pubmed/15911074
https://doi.org/10.1152/ajpcell.2000.278.4.C845
https://doi.org/10.1152/ajpcell.2000.278.4.C845
http://www.ncbi.nlm.nih.gov/pubmed/10751332
https://doi.org/10.1016/0006-8993%2893%2990132-7
https://doi.org/10.1016/0006-8993%2893%2990132-7
http://www.ncbi.nlm.nih.gov/pubmed/7694772
https://doi.org/10.1002/cne.903360308
https://doi.org/10.1002/cne.903360308
http://www.ncbi.nlm.nih.gov/pubmed/7505296
https://doi.org/10.1038/nature02714
http://www.ncbi.nlm.nih.gov/pubmed/15220933
https://doi.org/10.1038/nn.3061
http://www.ncbi.nlm.nih.gov/pubmed/22388961
https://doi.org/10.1016/j.cub.2005.04.017
https://doi.org/10.1016/j.cub.2005.04.017
http://www.ncbi.nlm.nih.gov/pubmed/15916947
https://doi.org/10.7554/eLife.04241
https://doi.org/10.7554/eLife.04241
http://www.ncbi.nlm.nih.gov/pubmed/25760081
https://doi.org/10.1038/nature07820
http://www.ncbi.nlm.nih.gov/pubmed/19262507
https://doi.org/10.1016/j.neuron.2009.02.013
http://www.ncbi.nlm.nih.gov/pubmed/19323996
https://doi.org/10.1073/pnas.1217428110
http://www.ncbi.nlm.nih.gov/pubmed/23940325
https://doi.org/10.1242/jeb.203.16.2467
http://www.ncbi.nlm.nih.gov/pubmed/10903161
https://doi.org/10.1007/BF00657352
https://doi.org/10.1371/journal.pbio.3001684


22. Ma DK, Rothe M, Zheng S, Bhatla N, Pender CL, Menzel R, et al. Cytochrome P450 drives a HIF-regu-

lated behavioral response to reoxygenation by C. elegans. Science. 2013; 341(6145):554–8. Epub

2013/07/03. https://doi.org/10.1126/science.1235753 PMID: 23811225; PubMed Central PMCID:

PMC3969381.

23. Ma DK, Vozdek R, Bhatla N, Horvitz HR. CYSL-1 interacts with the O2-sensing hydroxylase EGL-9 to

promote H2S-modulated hypoxia-induced behavioral plasticity in C. elegans. Neuron. 2012; 73(5):925–

40. Epub 2012/03/13. https://doi.org/10.1016/j.neuron.2011.12.037 PMID: 22405203; PubMed Central

PMCID: PMC3305813.

24. de Bono M, Bargmann CI. Natural variation in a neuropeptide Y receptor homolog modifies social

behavior and food response in C. elegans. Cell. 1998; 94(5):679–89. Epub 1998/09/19. https://doi.org/

10.1016/s0092-8674(00)81609-8 PMID: 9741632.

25. Epstein AC, Gleadle JM, McNeill LA, Hewitson KS, O’Rourke J, Mole DR, et al. C. elegans EGL-9 and

mammalian homologs define a family of dioxygenases that regulate HIF by prolyl hydroxylation. Cell.

2001; 107(1):43–54. Epub 2001/10/12. https://doi.org/10.1016/s0092-8674(01)00507-4 PMID:

11595184.

26. Boldt K, van Reeuwijk J, Lu Q, Koutroumpas K, Nguyen TM, Texier Y, et al. An organelle-specific pro-

tein landscape identifies novel diseases and molecular mechanisms. Nat Commun. 2016; 7:11491.

Epub 2016/05/14. https://doi.org/10.1038/ncomms11491 PMID: 27173435; PubMed Central PMCID:

PMC4869170.

27. Botilde Y, Yoshiba S, Shinohara K, Hasegawa T, Nishimura H, Shiratori H, et al. Cluap1 localizes pref-

erentially to the base and tip of cilia and is required for ciliogenesis in the mouse embryo. Dev Biol.

2013; 381(1):203–12. Epub 2013/06/08. https://doi.org/10.1016/j.ydbio.2013.05.024 PMID: 23742838.

28. Li J, Sun Z. Qilin is essential for cilia assembly and normal kidney development in zebrafish. PLoS

ONE. 2011; 6(11):e27365. Epub 2011/11/22. https://doi.org/10.1371/journal.pone.0027365 PMID:

22102889; PubMed Central PMCID: PMC3216947.

29. Murayama T, Toh Y, Ohshima Y, Koga M. The dyf-3 gene encodes a novel protein required for sensory

cilium formation in Caenorhabditis elegans. J Mol Biol. 2005; 346(3):677–87. Epub 2005/02/17. https://

doi.org/10.1016/j.jmb.2004.12.005 PMID: 15713455.

30. Ou G, Qin H, Rosenbaum JL, Scholey JM. The PKD protein qilin undergoes intraflagellar transport.

Curr Biol. 2005; 15(11):R410–1. Epub 2005/06/07. https://doi.org/10.1016/j.cub.2005.05.044 PMID:

15936258.

31. Bhogaraju S, Cajanek L, Fort C, Blisnick T, Weber K, Taschner M, et al. Molecular basis of tubulin trans-

port within the cilium by IFT74 and IFT81. Science. 2013; 341(6149):1009–12. Epub 2013/08/31.

https://doi.org/10.1126/science.1240985 PMID: 23990561; PubMed Central PMCID: PMC4359902.

32. Lechtreck KF. IFT-Cargo Interactions and Protein Transport in Cilia. Trends Biochem Sci. 2015; 40

(12):765–78. Epub 2015/10/27. https://doi.org/10.1016/j.tibs.2015.09.003 PMID: 26498262; PubMed

Central PMCID: PMC4661101.

33. Liem KF Jr., Ashe A, He M, Satir P, Moran J, Beier D, et al. The IFT-A complex regulates Shh signaling

through cilia structure and membrane protein trafficking. J Cell Biol. 2012; 197(6):789–800. Epub 2012/

06/13. https://doi.org/10.1083/jcb.201110049 PMID: 22689656; PubMed Central PMCID:

PMC3373400.

34. Nachury MV. The molecular machines that traffic signaling receptors into and out of cilia. Curr Opin Cell

Biol. 2018; 51:124–31. Epub 2018/03/27. https://doi.org/10.1016/j.ceb.2018.03.004 PMID: 29579578;

PubMed Central PMCID: PMC5949257.

35. Esposito G, Di Schiavi E, Bergamasco C, Bazzicalupo P. Efficient and cell specific knock-down of gene

function in targeted C. elegans neurons. Gene. 2007; 395(1–2):170–6. Epub 2007/04/27. https://doi.

org/10.1016/j.gene.2007.03.002 PMID: 17459615.

36. Fujiwara M, Sengupta P, McIntire SL. Regulation of body size and behavioral state of C. elegans by

sensory perception and the EGL-4 cGMP-dependent protein kinase. Neuron. 2002; 36(6):1091–102.

Epub 2002/12/24. https://doi.org/10.1016/s0896-6273(02)01093-0 PMID: 12495624.

37. Mok CA, Healey MP, Shekhar T, Leroux MR, Heon E, Zhen M. Mutations in a guanylate cyclase GCY-

35/GCY-36 modify Bardet-Biedl syndrome-associated phenotypes in Caenorhabditis elegans. PLoS

Genet. 2011; 7(10):e1002335. Epub 2011/10/25. https://doi.org/10.1371/journal.pgen.1002335 PMID:

22022287; PubMed Central PMCID: PMC3192831.

38. Fujiwara M, Hino T, Miyamoto R, Inada H, Mori I, Koga M, et al. The Importance of cGMP Signaling in

Sensory Cilia for Body Size Regulation in Caenorhabditis elegans. Genetics. 2015; 201(4):1497–510.

Epub 2015/10/06. https://doi.org/10.1534/genetics.115.177543 PMID: 26434723; PubMed Central

PMCID: PMC4676540.

39. Fujiwara M, Teramoto T, Ishihara T, Ohshima Y, McIntire SL. A novel zf-MYND protein, CHB-3, medi-

ates guanylyl cyclase localization to sensory cilia and controls body size of Caenorhabditis elegans.

PLOS BIOLOGY Acute hypoxia responses in C. elegans

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001684 June 21, 2022 27 / 29

https://doi.org/10.1126/science.1235753
http://www.ncbi.nlm.nih.gov/pubmed/23811225
https://doi.org/10.1016/j.neuron.2011.12.037
http://www.ncbi.nlm.nih.gov/pubmed/22405203
https://doi.org/10.1016/s0092-8674%2800%2981609-8
https://doi.org/10.1016/s0092-8674%2800%2981609-8
http://www.ncbi.nlm.nih.gov/pubmed/9741632
https://doi.org/10.1016/s0092-8674%2801%2900507-4
http://www.ncbi.nlm.nih.gov/pubmed/11595184
https://doi.org/10.1038/ncomms11491
http://www.ncbi.nlm.nih.gov/pubmed/27173435
https://doi.org/10.1016/j.ydbio.2013.05.024
http://www.ncbi.nlm.nih.gov/pubmed/23742838
https://doi.org/10.1371/journal.pone.0027365
http://www.ncbi.nlm.nih.gov/pubmed/22102889
https://doi.org/10.1016/j.jmb.2004.12.005
https://doi.org/10.1016/j.jmb.2004.12.005
http://www.ncbi.nlm.nih.gov/pubmed/15713455
https://doi.org/10.1016/j.cub.2005.05.044
http://www.ncbi.nlm.nih.gov/pubmed/15936258
https://doi.org/10.1126/science.1240985
http://www.ncbi.nlm.nih.gov/pubmed/23990561
https://doi.org/10.1016/j.tibs.2015.09.003
http://www.ncbi.nlm.nih.gov/pubmed/26498262
https://doi.org/10.1083/jcb.201110049
http://www.ncbi.nlm.nih.gov/pubmed/22689656
https://doi.org/10.1016/j.ceb.2018.03.004
http://www.ncbi.nlm.nih.gov/pubmed/29579578
https://doi.org/10.1016/j.gene.2007.03.002
https://doi.org/10.1016/j.gene.2007.03.002
http://www.ncbi.nlm.nih.gov/pubmed/17459615
https://doi.org/10.1016/s0896-6273%2802%2901093-0
http://www.ncbi.nlm.nih.gov/pubmed/12495624
https://doi.org/10.1371/journal.pgen.1002335
http://www.ncbi.nlm.nih.gov/pubmed/22022287
https://doi.org/10.1534/genetics.115.177543
http://www.ncbi.nlm.nih.gov/pubmed/26434723
https://doi.org/10.1371/journal.pbio.3001684


PLoS Genet. 2010; 6(11):e1001211. Epub 2010/12/03. https://doi.org/10.1371/journal.pgen.1001211

PMID: 21124861; PubMed Central PMCID: PMC2991246.

40. Lee JI, O’Halloran DM, Eastham-Anderson J, Juang BT, Kaye JA, Scott Hamilton O, et al. Nuclear

entry of a cGMP-dependent kinase converts transient into long-lasting olfactory adaptation. Proc Natl

Acad Sci U S A. 2010; 107(13):6016–21. Epub 2010/03/12. https://doi.org/10.1073/pnas.1000866107

PMID: 20220099; PubMed Central PMCID: PMC2851914.

41. O’Halloran DM, Hamilton OS, Lee JI, Gallegos M, L’Etoile ND. Changes in cGMP levels affect the locali-

zation of EGL-4 in AWC in Caenorhabditis elegans. PLoS ONE. 2012; 7(2):e31614. Epub 2012/02/10.

https://doi.org/10.1371/journal.pone.0031614 PMID: 22319638; PubMed Central PMCID:

PMC3272044.

42. Raizen DM, Cullison KM, Pack AI, Sundaram MV. A novel gain-of-function mutant of the cyclic GMP-

dependent protein kinase egl-4 affects multiple physiological processes in Caenorhabditis elegans.

Genetics. 2006; 173(1):177–87. Epub 2006/03/21. https://doi.org/10.1534/genetics.106.057380 PMID:

16547093; PubMed Central PMCID: PMC1461420.

43. Gao S, Nagpal J, Schneider MW, Kozjak-Pavlovic V, Nagel G, Gottschalk A. Optogenetic manipulation

of cGMP in cells and animals by the tightly light-regulated guanylyl-cyclase opsin CyclOp. Nat Commun.

2015; 6:8046. Epub 2015/09/09. https://doi.org/10.1038/ncomms9046 PMID: 26345128; PubMed Cen-

tral PMCID: PMC4569695.

44. Morton DB. Invertebrates yield a plethora of atypical guanylyl cyclases. Mol Neurobiol. 2004; 29(2):97–

116. Epub 2004/05/06. https://doi.org/10.1385/MN:29:2:097 PMID: 15126679.

45. Ortiz CO, Etchberger JF, Posy SL, Frokjaer-Jensen C, Lockery S, Honig B, et al. Searching for neuronal

left/right asymmetry: genomewide analysis of nematode receptor-type guanylyl cyclases. Genetics.

2006; 173(1):131–49. Epub 2006/03/21. https://doi.org/10.1534/genetics.106.055749 PMID:

16547101; PubMed Central PMCID: PMC1461427.

46. Woldemariam S, Nagpal J, Hill T, Li J, Schneider MW, Shankar R, et al. Using a Robust and Sensitive

GFP-Based cGMP Sensor for Real-Time Imaging in Intact Caenorhabditis elegans. Genetics. 2019;

213(1):59–77. Epub 2019/07/25. https://doi.org/10.1534/genetics.119.302392 PMID: 31331946;

PubMed Central PMCID: PMC6727795.

47. Tsunozaki M, Chalasani SH, Bargmann CI. A behavioral switch: cGMP and PKC signaling in olfactory

neurons reverses odor preference in C. elegans. Neuron. 2008; 59(6):959–71. Epub 2008/09/27.

https://doi.org/10.1016/j.neuron.2008.07.038 PMID: 18817734; PubMed Central PMCID:

PMC2586605.

48. Pokala N, Liu Q, Gordus A, Bargmann CI. Inducible and titratable silencing of Caenorhabditis elegans

neurons in vivo with histamine-gated chloride channels. Proc Natl Acad Sci U S A. 2014; 111(7):2770–

5. Epub 2014/02/20. https://doi.org/10.1073/pnas.1400615111 PMID: 24550306; PubMed Central

PMCID: PMC3932931.

49. Swoboda P, Adler HT, Thomas JH. The RFX-type transcription factor DAF-19 regulates sensory neuron

cilium formation in C. elegans. Mol Cell. 2000; 5(3):411–21. Epub 2000/07/06. https://doi.org/10.1016/

s1097-2765(00)80436-0 PMID: 10882127.

50. Ahmad M, Kelly MR, Zhao X, Kandhi S, Wolin MS. Roles for Nox4 in the contractile response of bovine

pulmonary arteries to hypoxia. Am J Physiol Heart Circ Physiol. 2010; 298(6):H1879–88. Epub 2010/

03/23. https://doi.org/10.1152/ajpheart.01228.2009 PMID: 20304813; PubMed Central PMCID:

PMC2886632.

51. Lee BH, Liu J, Wong D, Srinivasan S, Ashrafi K. Hyperactive neuroendocrine secretion causes size,

feeding, and metabolic defects of C. elegans Bardet-Biedl syndrome mutants. PLoS Biol. 2011; 9(12):

e1001219. Epub 2011/12/20. https://doi.org/10.1371/journal.pbio.1001219 PMID: 22180729; PubMed

Central PMCID: PMC3236739.

52. Nguyen PA, Liou W, Hall DH, Leroux MR. Ciliopathy proteins establish a bipartite signaling compart-

ment in a C. elegans thermosensory neuron. J Cell Sci. 2014; 127(Pt 24):5317–30. Epub 2014/10/23.

https://doi.org/10.1242/jcs.157610 PMID: 25335890; PubMed Central PMCID: PMC4265742.

53. Xu Q, Zhang Y, Wei Q, Huang Y, Li Y, Ling K, et al. BBS4 and BBS5 show functional redundancy in the

BBSome to regulate the degradative sorting of ciliary sensory receptors. Sci Rep. 2015; 5:11855. Epub

2015/07/08. https://doi.org/10.1038/srep11855 PMID: 26150102; PubMed Central PMCID:

PMC4493597.

54. Tan PL, Barr T, Inglis PN, Mitsuma N, Huang SM, Garcia-Gonzalez MA, et al. Loss of Bardet Biedl syn-

drome proteins causes defects in peripheral sensory innervation and function. Proc Natl Acad Sci U S

A. 2007; 104(44):17524–9. Epub 2007/10/26. https://doi.org/10.1073/pnas.0706618104 PMID:

17959775; PubMed Central PMCID: PMC2077289.

PLOS BIOLOGY Acute hypoxia responses in C. elegans

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001684 June 21, 2022 28 / 29

https://doi.org/10.1371/journal.pgen.1001211
http://www.ncbi.nlm.nih.gov/pubmed/21124861
https://doi.org/10.1073/pnas.1000866107
http://www.ncbi.nlm.nih.gov/pubmed/20220099
https://doi.org/10.1371/journal.pone.0031614
http://www.ncbi.nlm.nih.gov/pubmed/22319638
https://doi.org/10.1534/genetics.106.057380
http://www.ncbi.nlm.nih.gov/pubmed/16547093
https://doi.org/10.1038/ncomms9046
http://www.ncbi.nlm.nih.gov/pubmed/26345128
https://doi.org/10.1385/MN%3A29%3A2%3A097
http://www.ncbi.nlm.nih.gov/pubmed/15126679
https://doi.org/10.1534/genetics.106.055749
http://www.ncbi.nlm.nih.gov/pubmed/16547101
https://doi.org/10.1534/genetics.119.302392
http://www.ncbi.nlm.nih.gov/pubmed/31331946
https://doi.org/10.1016/j.neuron.2008.07.038
http://www.ncbi.nlm.nih.gov/pubmed/18817734
https://doi.org/10.1073/pnas.1400615111
http://www.ncbi.nlm.nih.gov/pubmed/24550306
https://doi.org/10.1016/s1097-2765%2800%2980436-0
https://doi.org/10.1016/s1097-2765%2800%2980436-0
http://www.ncbi.nlm.nih.gov/pubmed/10882127
https://doi.org/10.1152/ajpheart.01228.2009
http://www.ncbi.nlm.nih.gov/pubmed/20304813
https://doi.org/10.1371/journal.pbio.1001219
http://www.ncbi.nlm.nih.gov/pubmed/22180729
https://doi.org/10.1242/jcs.157610
http://www.ncbi.nlm.nih.gov/pubmed/25335890
https://doi.org/10.1038/srep11855
http://www.ncbi.nlm.nih.gov/pubmed/26150102
https://doi.org/10.1073/pnas.0706618104
http://www.ncbi.nlm.nih.gov/pubmed/17959775
https://doi.org/10.1371/journal.pbio.3001684


55. Hahm JH, Kim S, Paik YK. Endogenous cGMP regulates adult longevity via the insulin signaling path-

way in Caenorhabditis elegans. Aging Cell. 2009; 8(4):473–83. Epub 2009/06/06. https://doi.org/10.

1111/j.1474-9726.2009.00495.x PMID: 19489741.

56. Waypa GB, Chandel NS, Schumacker PT. Model for hypoxic pulmonary vasoconstriction involving

mitochondrial oxygen sensing. Circ Res. 2001; 88(12):1259–66. Epub 2001/06/23. https://doi.org/10.

1161/hh1201.091960 PMID: 11420302.

57. Yang W, Hekimi S. A mitochondrial superoxide signal triggers increased longevity in Caenorhabditis

elegans. PLoS Biol. 2010; 8(12):e1000556. Epub 2010/12/15. https://doi.org/10.1371/journal.pbio.

1000556 PMID: 21151885; PubMed Central PMCID: PMC2998438.

58. Ochi R, Dhagia V, Lakhkar A, Patel D, Wolin MS, Gupte SA. Rotenone-stimulated superoxide release

from mitochondrial complex I acutely augments L-type Ca2+ current in A7r5 aortic smooth muscle cells.

Am J Physiol Heart Circ Physiol. 2016; 310(9):H1118–28. Epub 2016/02/14. https://doi.org/10.1152/

ajpheart.00889.2015 PMID: 26873970; PubMed Central PMCID: PMC4888567.

59. Ramsay RR, Singer TP. Relation of superoxide generation and lipid peroxidation to the inhibition of

NADH-Q oxidoreductase by rotenone, piericidin A, and MPP+. Biochem Biophys Res Commun. 1992;

189(1):47–52. Epub 1992/11/30. https://doi.org/10.1016/0006-291x(92)91523-s PMID: 1333196.

60. Votyakova TV, Reynolds IJ. DeltaPsi(m)-Dependent and -independent production of reactive oxygen

species by rat brain mitochondria. J Neurochem. 2001; 79(2):266–77. Epub 2001/10/26. https://doi.org/

10.1046/j.1471-4159.2001.00548.x PMID: 11677254.

61. Zorov DB, Juhaszova M, Sollott SJ. Mitochondrial reactive oxygen species (ROS) and ROS-induced

ROS release. Physiol Rev. 2014; 94(3):909–50. Epub 2014/07/06. https://doi.org/10.1152/physrev.

00026.2013 PMID: 24987008; PubMed Central PMCID: PMC4101632.

62. Garcia-Fernandez M, Ortega-Saenz P, Castellano A, Lopez-Barneo J. Mechanisms of low-glucose

sensitivity in carotid body glomus cells. Diabetes. 2007; 56(12):2893–900. Epub 2007/09/11. https://doi.

org/10.2337/db07-0122 PMID: 17827405.

63. Ortega-Saenz P, Pardal R, Garcia-Fernandez M, Lopez-Barneo J. Rotenone selectively occludes sen-

sitivity to hypoxia in rat carotid body glomus cells. J Physiol. 2003; 548(Pt 3):789–800. Epub 2003/03/

11. https://doi.org/10.1113/jphysiol.2003.039693 PMID: 12626666; PubMed Central PMCID:

PMC2342906.

64. Thompson RJ, Buttigieg J, Zhang M, Nurse CA. A rotenone-sensitive site and H2O2 are key compo-

nents of hypoxia-sensing in neonatal rat adrenomedullary chromaffin cells. Neuroscience. 2007; 145

(1):130–41. Epub 2007/01/09. https://doi.org/10.1016/j.neuroscience.2006.11.040 PMID: 17207576.

65. Morton DB. Atypical soluble guanylyl cyclases in Drosophila can function as molecular oxygen sensors.

J Biol Chem. 2004; 279(49):50651–3. Epub 2004/10/16. https://doi.org/10.1074/jbc.C400461200

PMID: 15485853.

66. Yuan G, Vasavda C, Peng YJ, Makarenko VV, Raghuraman G, Nanduri J, et al. Protein kinase G-regu-

lated production of H2S governs oxygen sensing. Sci Signal. 2015; 8(373):ra37. Epub 2015/04/23.

https://doi.org/10.1126/scisignal.2005846 PMID: 25900831; PubMed Central PMCID: PMC4418480.

67. Gao L, Gonzalez-Rodriguez P, Ortega-Saenz P, Lopez-Barneo J. Redox signaling in acute oxygen

sensing. Redox Biol. 2017; 12:908–15. Epub 2017/05/06. https://doi.org/10.1016/j.redox.2017.04.033

PMID: 28476010; PubMed Central PMCID: PMC5426049.

68. Ortega-Saenz P, Lopez-Barneo J. Physiology of the Carotid Body: From Molecules to Disease. Annu

Rev Physiol. 2020; 82:127–49. Epub 2019/10/17. https://doi.org/10.1146/annurev-physiol-020518-

114427 PMID: 31618601.

69. Waypa GB, Smith KA, Schumacker PT. O2 sensing, mitochondria and ROS signaling: The fog is lifting.

Mol Aspects Med. 2016;47–48:76–89. Epub 2016/01/19. https://doi.org/10.1016/j.mam.2016.04.002

PMID: 26776678; PubMed Central PMCID: PMC4750107.

70. Brenner S. The genetics of Caenorhabditis elegans. Genetics. 1974; 77(1):71–94. Epub 1974/05/01.

https://doi.org/10.1093/genetics/77.1.71 PMID: 4366476; PubMed Central PMCID: PMC1213120.

71. Dokshin GA, Ghanta KS, Piscopo KM, Mello CC. Robust Genome Editing with Short Single-Stranded

and Long, Partially Single-Stranded DNA Donors in Caenorhabditis elegans. Genetics. 2018; 210

(3):781–7. Epub 2018/09/15. https://doi.org/10.1534/genetics.118.301532 PMID: 30213854; PubMed

Central PMCID: PMC6218216.

72. Ghanta KS, Mello CC. Melting dsDNA Donor Molecules Greatly Improves Precision Genome Editing in

Caenorhabditis elegans. Genetics. 2020; 216(3):643–50. Epub 2020/09/24. https://doi.org/10.1534/

genetics.120.303564 PMID: 32963112; PubMed Central PMCID: PMC7648581.

73. Xu S, Chisholm AD. Highly efficient optogenetic cell ablation in C. elegans using membrane-targeted

miniSOG. Sci Rep. 2016; 6:21271. Epub 2016/02/11. https://doi.org/10.1038/srep21271 PMID:

26861262; PubMed Central PMCID: PMC4748272.

PLOS BIOLOGY Acute hypoxia responses in C. elegans

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001684 June 21, 2022 29 / 29

https://doi.org/10.1111/j.1474-9726.2009.00495.x
https://doi.org/10.1111/j.1474-9726.2009.00495.x
http://www.ncbi.nlm.nih.gov/pubmed/19489741
https://doi.org/10.1161/hh1201.091960
https://doi.org/10.1161/hh1201.091960
http://www.ncbi.nlm.nih.gov/pubmed/11420302
https://doi.org/10.1371/journal.pbio.1000556
https://doi.org/10.1371/journal.pbio.1000556
http://www.ncbi.nlm.nih.gov/pubmed/21151885
https://doi.org/10.1152/ajpheart.00889.2015
https://doi.org/10.1152/ajpheart.00889.2015
http://www.ncbi.nlm.nih.gov/pubmed/26873970
https://doi.org/10.1016/0006-291x%2892%2991523-s
http://www.ncbi.nlm.nih.gov/pubmed/1333196
https://doi.org/10.1046/j.1471-4159.2001.00548.x
https://doi.org/10.1046/j.1471-4159.2001.00548.x
http://www.ncbi.nlm.nih.gov/pubmed/11677254
https://doi.org/10.1152/physrev.00026.2013
https://doi.org/10.1152/physrev.00026.2013
http://www.ncbi.nlm.nih.gov/pubmed/24987008
https://doi.org/10.2337/db07-0122
https://doi.org/10.2337/db07-0122
http://www.ncbi.nlm.nih.gov/pubmed/17827405
https://doi.org/10.1113/jphysiol.2003.039693
http://www.ncbi.nlm.nih.gov/pubmed/12626666
https://doi.org/10.1016/j.neuroscience.2006.11.040
http://www.ncbi.nlm.nih.gov/pubmed/17207576
https://doi.org/10.1074/jbc.C400461200
http://www.ncbi.nlm.nih.gov/pubmed/15485853
https://doi.org/10.1126/scisignal.2005846
http://www.ncbi.nlm.nih.gov/pubmed/25900831
https://doi.org/10.1016/j.redox.2017.04.033
http://www.ncbi.nlm.nih.gov/pubmed/28476010
https://doi.org/10.1146/annurev-physiol-020518-114427
https://doi.org/10.1146/annurev-physiol-020518-114427
http://www.ncbi.nlm.nih.gov/pubmed/31618601
https://doi.org/10.1016/j.mam.2016.01.002
http://www.ncbi.nlm.nih.gov/pubmed/26776678
https://doi.org/10.1093/genetics/77.1.71
http://www.ncbi.nlm.nih.gov/pubmed/4366476
https://doi.org/10.1534/genetics.118.301532
http://www.ncbi.nlm.nih.gov/pubmed/30213854
https://doi.org/10.1534/genetics.120.303564
https://doi.org/10.1534/genetics.120.303564
http://www.ncbi.nlm.nih.gov/pubmed/32963112
https://doi.org/10.1038/srep21271
http://www.ncbi.nlm.nih.gov/pubmed/26861262
https://doi.org/10.1371/journal.pbio.3001684

