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Animal behavior is shaped through interplay among genes, the
environment, and previous experience. As in mammals, satiety
signals induce quiescence in Caenorhabditis elegans. Here we report that the C. elegans transcription factor ETS-5, an ortholog of
mammalian FEV/Pet1, controls satiety-induced quiescence. Nutritional status has a major influence on C. elegans behavior. When
foraging, food availability controls behavioral state switching between active (roaming) and sedentary (dwelling) states; however,
when provided with high-quality food, C. elegans become sated
and enter quiescence. We show that ETS-5 acts to promote roaming
and inhibit quiescence by setting the internal “satiety quotient”
through fat regulation. Acting from the ASG and BAG sensory neurons, we show that ETS-5 functions in a complex network with
serotonergic and neuropeptide signaling pathways to control
food-regulated behavioral state switching. Taken together, our results identify a neuronal mechanism for controlling intestinal fat
stores and organismal behavioral states in C. elegans, and establish
a paradigm for the elucidation of obesity-relevant mechanisms.
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nimal behavior is strongly influenced by the availability of
food. In invertebrates and vertebrates, appetite, locomotor
activity, and sleep rhythms are all driven by nutritional state (1–7).
When malnourished, animals seek out a new food source by actively exploring their environment (roaming), whereas animals
that are well fed tend to explore less (dwelling) and when fully
sated enter a quiescent or sleep-like state (1–3, 8, 9). Transitions
between these behavioral states can be regulated by sensory perception of external stimuli and through gut signals or other internal cues that are generated according to food quality (3, 4, 6).
Initial evidence for neuronal regulation of feeding behavior
was shown in mammals using hypothalamic lesions (10). Sectioning of specific regions within the rat hypothalamus evoked
opposing behaviors. Removal of one section caused overeating
and obesity, whereas removal of an adjacent section resulted in
starvation owing to reduced eating (10). Subsequent studies
showed that the pro-opiomelanocortin–expressing neurons in the
hypothalamus function to suppress feeding, whereas a hypothalamic region that contains neuropeptide Y/agouti-related protein–expressing neurons promotes feeding (11). These adjacent
brain regions integrate signals received from the gut that report
satiety (12). The nutritive content of food itself also serves as a
potent regulator of behavior. In mammals, a diet loaded with fats
and sugars stimulates overfeeding and leads to obesity (13). In
addition, rats can learn to select a source of food based exclusively on its nutritional value in the absence of external cues (14).
In Caenorhabditis elegans, as in mammals, nutritive value is a
behavioral stimulus (1, 4). Nematodes exhibit different behaviors
when cultured on low-quality food compared to high-quality food,
with high-quality food defined as a superior supporter of worm
growth (1, 4). Sensory perception of food in the environment can
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promote roaming, whereas internal perception of food abundance
in the intestine promotes dwelling (3). As such, animals that are
unable to sense their environment, and thus cannot sense the
presence of food, exhibit reduced time spent roaming (9).
When fed on the standard laboratory Escherichia coli strain
(OP50, a low-quality food), C. elegans spontaneously transition
between dwelling and roaming, and are quiescent <5% of the
time (1). This suggests that nematodes are not fully sated in
laboratory conditions and hence increase their roaming behavior
to search for a more optimal environment. In support of this
idea, when grown on high-quality bacteria, C. elegans are >90%
quiescent due to satiety (1). At a behavioral level, this quiescent
state is reminiscent of postprandial somnolence in mammals.
Postprandial somnolence is thought to reflect an increase in the
tone of the parasympathetic nervous system relative to the
sympathetic nervous system, as well as altered activity of arousal
circuits as a result of increased blood glucose levels, although the
pathways mediating these effects are poorly understood (15). In
C. elegans, neuronal signaling pathways using serotonin (5-HT),
pigment-dispersing factor (PDF) neuropeptides, TGF-β, and the
cGMP-dependent protein kinase EGL-4 regulate roaming, dwelling, and quiescent behaviors (1–3, 9). These modulators of foodregulated behavior function in dedicated, mostly nonoverlapping
neuronal circuits that detect environmental cues, along with evaluating internal metabolic status (2); however, the transcriptional
control of food-regulated behaviors has not yet been defined.
The ETS (E twenty-six) family is one of the largest transcription factor (TF) families in metazoa. In humans, there are
29 family members, whereas in C. elegans, there are 10, with
representative members of all of the major classes (16–18). ETS
TFs use their conserved 85-aa winged helix-turn-helix ETS
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Results
The ETS-5 Transcription Factor Is Required for Exploratory Behavior in
C. elegans. When cultured on a standard laboratory bacterial lawn

(OP50 E. coli), we noticed that ets-5 null mutant animals do not
explore their environment to the same extent as wild-type (WT)
animals. To quantify this defect, we used a well-established exploratory behavior paradigm (2). In this assay, single larval stage
4 (L4) animals were placed in the center of a nematode growth
medium (NGM) agar plate that was completely coated with a
lawn of OP50 E. coli bacteria, and the tracks the animals made
over a 16-h period were recorded (Fig. 1A and Fig. S1A). Compared with WT animals, the ets-5 null mutant animals exhibited an
approximate 10-fold reduction in exploratory capacity (Fig. 1B).
Both of the ets-5–predicted null alleles that we analyzed exhibited
similar defects in exploratory behavior, and we rescued the
ets-5(tm1734) mutant phenotype using an ets-5::gfp fosmid
transgene (Fig. 1B).
The significantly reduced exploration exhibited by the ets-5
mutant animals could be caused by general defects in neuronal
function and/or locomotion. However, we found that the loss of ets-5
did not cause a detectable change in locomotor speed or in the
ability to sense and respond to gustatory and olfactory cues (Fig. S1
B–F), indicating that the exploratory defect observed in the ets-5
mutant animals was not caused by general defects in locomotion or
in the ability to sense external cues in the environment.
To more precisely define the effect of ets-5 loss on exploratory
capacity, we studied the behavioral state of individual worms. We
detected three behavioral states in this analysis: roaming, dwelling
and quiescence, as described previously (1). Roaming animals
moved forward rapidly, turning infrequently; dwelling animals either turned frequently in a localized area or remained stationary
while pumping the pharynx; and quiescent animals did not move
or pump the pharynx during the 10-s analysis period (1, 2). We
found that the proportions of WT animals in the roaming (21%),
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domain to interact with regulatory elements of target genes
harboring purine-rich DNA sequences (19–21). Members of the
ETS TF family are functionally diverse; in C. elegans, for example,
AST-1/ETV1 regulates axon guidance and dopaminergic neuron
differentiation (22, 23), LIN-1/ELK3 regulates vulval development
downstream of MAP kinase signaling (24), and ETS-4/SPDEF
controls lifespan (25). We and others have previously shown that
ETS-5/FEV controls the carbon dioxide-sensing function of the
BAG neurons (26, 27). In vertebrates, the homologs of ETS-5,
FEV(human)/Pet1(mouse), also play prominent roles in brain
development and function, including the control of circadian
rhythms, as well as anxiety-like and aggressive behaviors (28–30).
We sought to identify additional neuronal functions of ETS-5
by screening for behavioral phenotypes in ets-5 loss-of-function
mutant animals. Using this approach, we discovered that ets-5 is
required for food-regulated behavioral state switching. When
cultured on low-quality food, ets-5 mutant animals exhibit reduced roaming and an increase in quiescent behavior, suggesting
that they are more sated, or perceive that they are sated, even on
low-quality food. This behavioral change was abrogated when ets-5
mutant animals were malnourished, suggesting that internally
generated metabolic signals regulate the changes in behavior. Indeed, we found that ets-5 mutants stored excess fat, and that a
reduction in fatty acid biosynthesis suppressed the exploratory
defects of these animals. Finally, we show that ets-5 acts in the
ASG and BAG sensory neurons to control exploratory behavior,
most likely through the action of multiple neuropeptides.
Taken together, our findings identify a function of the conserved ETS-5 TF in food-regulated behavioral state switching
that is controlled by internal metabolic signals of satiety. In
mammals, ETS TFs are associated with obesity regulation and
behavioral states (31, 32) pointing to a potentially conserved
regulatory function.
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Fig. 1. ETS-5 controls exploratory behavior. (A) Schematic of the assay used
to evaluate exploration behavior across a bacterial lawn. The grid has 250
squares. The number of squares entered can vary from day to day; thus, all
genetic manipulations are compared with controls tested in parallel. (B) Two
independent mutant alleles of ets-5 (tm866 and tm1734) are defective in
exploring a bacterial lawn. The exploration defect of ets-5(tm1734) mutant
animals can be rescued through transgenic expression of an ets-5::GFP–
expressing fosmid. At least three independent replicates are shown (n >20
per replicate). ***P < 0.001, ANOVA with Tukey’s multiple comparisons test.
(C) Proportions of WT and ets-5(tm1734) mutant animals in the roaming,
dwelling, and quiescent states. n >100. ***P < 0.001, t test.

dwelling (75%), and quiescent (4%) states were similar to those
reported previously (1) (Fig. 1C). In ets-5 mutant animals, the
proportion of dwelling animals was unchanged (73%), whereas
that of roaming animals was reduced (8%) and that of quiescent
animals was increased (19%) (Fig. 1C). Taken together, these data
indicate that ets-5 is required to control the behavioral state of C.
elegans, in which ets-5 loss causes reduced activity.
ets-5 Acts in the ASG and BAG Sensory Neurons to Control
Exploratory Behavior. To elucidate the focus of action for ETS-5

in the regulation of exploratory behavior, we analyzed the full
4-kb upstream intergenic region of ets-5 and found that it drives
the expression of a fluorescent reporter in two pairs of neurons
(Fig. 2A). Based on position, morphology, and colocalization
with neuron-specific reporters, we identified these neurons as
ASGL/R and BAGL/R (Fig. 2A and Fig. S2A). We found that
the ets-5(tm1734) exploration defect was rescued in transgenic
animals expressing ets-5 cDNA under control of the ets-5 promoter (Fig. 2B), suggesting that the expression of ets-5 in these
neurons controls exploratory behavior. To reinforce these data,
we performed neuron-specific RNA-mediated interference (RNAi)
of ets-5 in the ASG and BAG neurons, and found that exploratory
behavior was diminished (Fig. 2C). These data demonstrate that
ets-5 acts in the ASG and/or BAG neurons to regulate exploratory behavior in C. elegans.
To confirm the importance of the ASG and BAG neurons in
exploration, we performed genetic and laser ablation experiments (Fig. 2 D and E and Fig. S2B). We first used a laser microbeam to kill the ASG and BAG neurons and then assayed the
exploratory capacity of ablated animals. We found that ablation
of either the ASG or BAG neurons reduced exploration (Fig.
S2B). For technical reasons, we were unable to reliably laser-kill
the ASG and BAG neurons in the same animal, and thus we
Juozaityte et al.

200

ASGR
ADLR
ADLL
ASGL

overlay

Squares entered

BAGL/R

prom
ops-1
::GFP

C

50
#1

Wild
type

250

100

#3

#2

50
0
Wild type
control
ets-5
RNAi
RNAi

ets-5 prom::ets-5cDNA

E

**

150

ets-5(tm1734)

Quiescent
Dwelling

n.s.
*
****

200

100

Caspase-induced ablation

****

**** ****

150

0

D

**

Roaming

****

*

*

**

200

Percentage in
behavioral state

Squares entered

100

150
100
50

80
60
40
20
0

0

ets-5 prom::mCherry
ASG-

BAG-

ASGBAG-

ets-5 prom::mCherry
ASG- BAG- ASGBAG-

Fig. 2. ets-5 acts in the ASG and BAG neurons to control exploratory behavior. (A) The ets-5 promoter drives expression of mCherry protein in the
BAG neurons (Fig. S2), as reported previously (26, 27), and ASG neurons.
(Top) ets-5prommCherry reporter. (Middle) ops-1prom::GFP reporter, expressed
in the ASG and ADL neurons. (Bottom) Overlay with DIC. Anterior is to the
left. (Scale bar: 20 μm.) (B) Expression of ets-5 cDNA controlled by the 4-kb
ets-5 promoter (BAG- and ASG-expressed) rescues the exploratory defect of
ets-5(tm1734) mutant animals. # refers to independent transgenic lines.
Three independent replicates are shown (n >20 per replicate). **P < 0.001,
****P < 0.0001, ANOVA with Tukey’s multiple comparisons test. (C) BAGand ASG-specific RNAi, using the ets-5 promoter to drive ets-5 snapback
RNA, reduced exploratory behavior of WT animals. The ets-5prom::mCherry
cotransformation marker was injected into WT animals for the control.
Three independent replicates are shown (n >10 per replicate). **P < 0.002,
Mann–Whitney U test. (D) Caspase-induced ablation of either the ASG or
BAG neurons reduced exploratory behavior of ets-5prom::mCherry–expressing
animals. Ablating both the ASG and BAG neurons caused a further reduction
in exploratory behavior. n >29. ****P < 0.0001, ASG or BAG compared with
control; *P < 0.01 comparing ASG and ASG/BAG; n.s., not significantly different between BAG ablation and ASG-BAG ablation, ANOVA with Tukey’s
multiple comparisons test. (E) Caspase-induced ablation of either the ASG or
BAG neurons increased the fraction of animals in the quiescent state compared with controls. In contrast, only ASG ablation caused a reduction in
roaming. n >29. *P < 0.05, **P < 0.01, ANOVA with Tukey’s multiple comparisons test.

turned to the split caspase genetic ablation system (33). As in the
laser ablation experiments, caspase-induced genetic ablation of
either the ASG or BAG neurons reduced exploration (Fig. 2D).
We also found that ablation of both the ASGs and BAGs
resulted in a further reduction of exploratory capacity, resembling
ets-5 mutant animals (Fig. 2D). In concurrence with this finding,
behavioral state analysis of ASG ablation, BAG ablation, and
ASG and BAG ablation showed an increase in quiescence compared with controls (Fig. 2E). These data confirm the roles of the
ASG and BAG neurons in the regulation of exploratory behavioral states in C. elegans.
ETS-5 Mutant Defects in Oxygen- and Carbon Dioxide-Sensing
Function Do Not Affect Exploratory Behavior. Previous studies have

shown that ETS-5 specifies the oxygen- and carbon dioxide-sensing neuron fate of the BAG neurons (26, 27). ETS-5 is required
Juozaityte et al.

for BAG expression of the CO2-sensing receptor-type guanylate
cyclase GCY-9 and the O2-sensing soluble guanylate cyclases
GCY-31 and GCY-33. As such, ets-5 mutant animals are unable to
coordinate behavioral responses to CO2 exposure or to downsteps
in O2 levels (Fig. S1 B and C) (26, 27). We tested whether these
deficits in O2- and CO2-sensing function in ets-5 mutant animals
may be responsible for their reduced exploratory capacity. We
analyzed the gcy-9(n4470) mutant (loss of BAG-regulated CO2
sensing), the gcy-31(ok296); gcy-33(ok232) double mutant (loss of
BAG-regulated O2 sensing) and the gcy-9(n4470) gcy-31(ok296);
gcy-33(ok232) triple mutant (loss of BAG-regulated O2 and CO2
sensing) (Fig. S2C). We found that none of these mutant backgrounds caused a significant change in exploratory behavior, indicating that defective O2 and CO2 sensing in ets-5 mutant animals
does not cause the exploration defects (Fig. S2C).
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ets-5 Functions in a Complex Genetic Network with 5-HT, PDF, and
cGMP Signaling to Control Behavioral State Switching. Previous

work has shown that the dwelling, or resting, state is promoted by
5-HT signaling, and that the roaming, or active, state is promoted by PDF signaling (2). In addition, EGL-4 cGMPdependent protein kinase signaling inhibits roaming and promotes
quiescence (1, 9). To better understand the genetic hierarchy
between these pathways and the behavioral state regulator ETS-5,
we performed double-mutant genetic analysis. The exploration
assay shown in Fig. 1B provided some epistatic information (Fig.
S3); however, the resolution was low, and it was unable to gauge
quiescence. Therefore, we also directly studied the behavioral
state of single worms as shown in Fig. 1C.
To assay behavioral states and exploration, we first crossed
ets-5(tm1734) mutants with animals mutant for mod-1(ok103),
which encodes a 5-HT-gated chloride channel previously shown
to suppress roaming (Fig. 3A and Fig. S3A) (2). In concurrence
with this work, we found that the loss of mod-1 increased exploration; however, in mod-1; ets-5 double mutant animals, we
observed the ets-5 mutant phenotype (Fig. S3A). This finding
suggests that ets-5 acts genetically downstream of 5-HT signaling
to control exploration behavior. However, when we studied the
behavioral states of these animals directly, we found that loss of
MOD-1–dependent 5-HT signaling suppressed the increased
quiescence, but not the reduced roaming, of ets-5 mutant animals
(Fig. 3A). This finding suggests that defective neuronal signaling
in mod-1 mutant animals switches the behavioral state of ets-5
mutants from quiescent to dwelling.
We next performed a similar analysis with the PDF-1 pathway.
Loss of PDF signaling using the PDF-1/2 receptor mutant
pdfr-1(ok3425) resulted in exploratory behavior similar to that
exhibited by ets-5 mutant animals (Fig. S3B). The ets-5; pdfr-1
double mutant explored to a similar degree as each single mutant,
thus preventing any further resolution. Using behavioral state
analysis, we found that the ets-5; pdfr-1 double mutant exhibited
similar quiescence and lack of roaming as the pdfr-1 single mutant
(Fig. 3B). This finding suggests that PDFR-1 acts downstream of
ets-5 to control behavioral state. Finally, we confirmed a previous
report that cGMP signaling inhibits roaming (9), showing that
egl-4(n479) loss-of-function animals explored more than WT animals (Fig. S3C). When the egl-4(n479) and ets-5(tm1734) mutations were combined, WT exploration was restored (Fig. S3C),
and in the behavioral state assay, egl-4 was epistatic to ets-5 (Fig.
3C). This finding suggests that EGL-4 acts downstream of ETS-5
in the regulation of exploration. Taken together, these data present a complex network comprising a TF (ETS-5) and conserved
neuronal signaling pathways (5-HT, PDF, and cGMP) that control
behavioral states in C. elegans (Fig. 3D). It predicts that exquisite
control of neuronal signaling by these factors can modulate the
behavioral state of animals to optimize their survival potential in
ephemeral environments.
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pumping in eat-2(ad465) mutant animals fed on E. coli bacteria
was only ∼15% that of WT animals. Consequently, eat-2(ad465)
mutants stored less fat and explored more compared with WT
animals (37) (Fig. 4B). We also found that the eat-2(ad465)
mutation fully suppressed the ets-5(tm1734) exploration defect
(Fig. 4B). Taken together, these data show that decreasing food
intake can reverse the reduced exploratory behavior of ets-5
mutant animals. A possible explanation for this shift in behavior
could be that ets-5 controls the level of an internal satiety signal,
and that a reduction of food cues stimulates exploratory behavior
to enable optimal foraging.
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Fig. 3. Genetic epistasis analysis between ets-5 and known signaling
pathways that control exploratory behavior. (A) 5-HT signaling promotes
dwelling and has a subtle role in suppressing quiescence. ets-5 is epistatic to
5-HT signaling in the control of roaming; however, in ets-5; mod-1 doublemutant animals, the enhanced quiescence of ets-5 mutants is suppressed. n
>80. ****P < 0.0001, ANOVA with Tukey’s multiple comparisons test. (B) PDF
signaling promotes roaming and inhibits quiescence. ets-5; pdfr-1 doublemutant animals exhibit similar quiescence levels as each single mutant.
n >80. ***P < 0.001, ****P < 0.0001, ANOVA with Tukey’s multiple comparisons test. (C) EGL-4 cGMP-dependent protein kinase signaling strongly
inhibits roaming behavior and promotes quiescence. ets-5; egl-4 doublemutant animals exhibit the egl-4 mutant phenotype. n >80. ****P < 0.0001,
ANOVA with Tukey’s multiple comparisons test. (D) The molecular pathways
that control roaming, dwelling, and quiescence. The dotted line represents
proposed weak regulation.

Malnutrition Suppresses Exploration Defects Caused by Loss of ETS-5.

It was previously shown that satiety, engendered by high-quality
food, induces quiescence (1). We hypothesized that the sixfold
increase in quiescence in ets-5 mutant animals could be a result
of enhanced satiety or a perception of satiety. Therefore, we
tested whether reducing satiety through chemically induced or
genetically induced malnutrition could modify the ets-5 mutant
phenotype (Fig. 4 A and B). First, we treated OP50 E. coli
bacteria with the antibiotic aztreonam, which prevents bacterial
division and produces filamentous bacteria that are inedible to
worms (3, 34). When ets-5 mutant animals were placed on exploration plates containing this inedible food, their exploratory
ability was restored to WT levels (Fig. 4A). This effect of malnutrition occurred rapidly; a time-course experiment showed
that ets-5 mutant animals explored similarly as WT animals as
early as 1 h after being transferred to aztreonam-treated bacterial plates (Fig. S4).
The suppression of the ets-5 mutant exploratory defects by
aztreonam-treated bacteria could be due to a sensory response to
poor (inedible) food or to an internal starvation/metabolic response. To distinguish between these possibilities, we crossed the
ets-5(tm1734) strain into a mutant lacking the EAT-2 ligandgated ion channel that has been used to model dietary restriction
in previous studies (35, 36). The EAT-2 channel is required for
rapid pharyngeal pumping on food, and as such, the rate of
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ets-5 Mutants Exhibit Increased Fat Storage. What could be the
satiety signal in ets-5 mutant animals that causes reduced exploration? We hypothesized that loss of ets-5 may cause increased fat storage, and that the resulting enhanced satiety might
thus trigger quiescence. Indeed, it has been noted that quiescent
animals often have a dark intestine, an indicator of increased fat
storage (1). In C. elegans, fat storage can be assayed by staining
fixed worms with the lipophilic dyes Nile Red and Oil Red O (37,
38). We stained ets-5 mutant animals using both dyes and found
that loss of ets-5 caused enhanced fat storage compared with WT
animals (Fig. 5A and Fig. S5A). The increase in body fat was not
accompanied by an enhanced rate of pharyngeal pumping (Fig.
S5B), suggesting that a shift in metabolism, rather than increased
feeding, is responsible for the increased body fat phenotype of
ets-5 mutant animals.
Based on our finding that transgenic expression of ets-5 in the
ASG and BAG neurons rescued the ets-5 mutant defect in exploratory behavior (Fig. 2B), we asked whether such neuronspecific expression could rescue the excess fat phenotype of the
ets-5(tm1734) mutant. Using Oil Red O staining, we found that
expression of ets-5 cDNA in the ASG and BAG neurons reduced
the levels of fat in ets-5 mutant animals (Fig. 5B). These data
suggest that increased fat in ets-5 mutant animals causes a reduction in exploratory behavior.
To more directly investigate whether increased fat storage in
ets-5 mutant animals causes reduced exploration, we decreased
body fat levels in the intestine by RNAi of pod-2 (encoding an
acetyl-CoA carboxylase that produces malonyl CoA, a crucial
precursor of fatty acid synthesis) and elo-2 (encoding a palmitic
acid elongase that converts C16:0 fatty acids to C18:0 fatty acids)
(39–41). We found that pod-2 and elo-2 RNAi partially suppressed
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Fig. 5. Intestinal fat levels correlate with quiescence in ets-5 mutant animals. (A, Top) Representative images of WT (Left) and the ets-5(tm1734) mutant (Right)
fixed and stained with Oil Red O. Fat deposition in intestinal cells is visible as stained lipid droplets (black arrow). Animals are oriented facing upward, with the
pharynx (white arrow) at the anterior. (A, Bottom) Fat content quantified for each genotype and presented as a percentage of WT animals ± SEM. n = 45. ***P <
0.001, t test. (B) Expression of ets-5 cDNA controlled by the 4-kb ets-5 promoter (BAG- and ASG-expressed) reduces intestinal fat levels of ets-5(tm1734) mutant
animals. (Top) Representative images of an ets-5(tm1734) mutant animal (Left) and an ets-5(tm1734) mutant animal carrying the ets-5prom::ets-5 cDNA rescuing array
(Right) fixed and stained with Oil Red O. (Bottom) Fat content quantified and presented as a percentage of ets-5(tm1734) mutant animals ± SEM. n = 36. *P < 0.01, t
test. Transgenic rescue line 3 from Fig. 2B was used for this analysis. (C) pod-2 or elo-2 RNAi knockdown suppresses the exploratory defect of ets-5(tm1734) mutant
animals. L4440 (empty RNAi vector)-containing bacteria served as a control. n >20. *P < 0.03, ****P < 0.0001, ANOVA with Tukey’s multiple comparisons test.
(D) atgl-1 RNAi knockdown reduces exploration of WT animals. L4440 (empty RNAi vector)-containing bacteria served as a control. n >26. ****P < 0.0001, Mann–
Whitney U test. (E) RNAi knockdown of unc-31 in the BAG (gcy-33 promoter) or BAG and ASG neurons (ets-5 promoter) reduces exploratory behavior of WT animals.
n >23. ****P < 0.001, ANOVA with Tukey’s multiple comparisons test. # refers to independent transgenic lines. (F) Deletion mutants of the FLP-13 and FLP-19
neuropeptides cause reduced exploratory behavior. WT and ets-5(tm1734) animals served as controls. n >15. ****P < 0.0001, ***P < 0.001, ANOVA with Tukey’s
multiple comparisons test. (G) ETS-5 acts in the ASG and BAG neurons to regulate intestinal fat levels and exploratory behavior using predominantly neuropeptidergic signaling. We propose that fat levels affect organismal activity, where increased fat suppresses the feeding program (pharyngeal pumping) and motor
program (exploratory locomotion). An intestinal satiety threshold maintains the appropriate level of activity for specific environmental conditions.

the defect in exploratory behavior of ets-5 mutant animals (Fig.
5C), suggesting that the increased intestinal fat level in ets-5 mutant animals causes the change in behavior.
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To further investigate the link between fat storage and exploration, we increased intestinal fat levels in WT animals by performing RNAi against atgl-1 (encoding an adipocyte triglyceride
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lipase) (42). We found that atgl-1 RNAi caused a reduction in
exploratory behavior (Fig. 5D). Therefore, our data indicate that
internal fat stores can be interpreted by C. elegans to modify
exploratory behavior.
We have shown that exploratory behavior is modulated by
genetic perturbations that regulate fat storage in C. elegans (Fig.
5). We next asked whether a change in diet could directly modify
exploratory behavior. High-glucose diets in humans are closely
linked to obesity (43). Likewise, glucose supplementation to the
C. elegans diet caused a significant rise in fat storage, likely by
altering the quality of bacterial food grown on glucose (44) (Fig.
S5 C and D). Therefore, we investigated whether diet-induced
fat storage also might affect exploratory behavior in WT animals
by feeding worms with bacteria supplied with a high-glucose diet.
As expected, we found that a high-glucose diet reduced the exploratory behavior of WT animals (Fig. S5E), as demonstrated
by a decrease in the proportion of animals roaming (from 21% to
11%) and an increase in the proportion of those in quiescence
(from 4% to 10%). This behavioral defect could be reversed
after recovery on food with no glucose supplement (Fig. S5E),
which is associated with decreased fat staining (Fig. S5F). These
data indicate that the exploratory behavior of C. elegans is dynamic and responsive to internally generated satiety cues, most
likely from the intestine.
Neuropeptide Signaling Contributes to the Control of Exploratory
Behavior. Because the C. elegans intestine is not directly in-

nervated, communication between the ASG and BAG neurons
and the intestine most likely occurs through the action of neuropeptides. To test this hypothesis, we performed neuron-specific RNAi against unc-31, which encodes a calcium-dependent
activator protein for secretion that is required for neuropeptide
release (45). We found that both BAG-specific (gcy-33 promoter) and ASG- and BAG-specific (ets-5 promoter) knockdown
of unc-31 reduced the exploratory behavior of WT animals (Fig.
5E). The reduced exploratory capacity of ASG and BAG knockdown was similar to that of BAG knockdown alone, suggesting
that the role of neuropeptides in the control of exploration may
originate predominantly from the BAG neurons.
The transcriptional targets of ETS-5 in the ASG and BAG
neurons have not been fully described; however, previous studies
have shown that specific FMRFamide-related neuropeptides,
expressed in the BAG neurons (FLP-13 and FLP-19), are regulated by ETS-5 (26, 27). Therefore, we examined the behavior
of mutant strains lacking these neuropeptides, and found that
loss of both flp-13 and flp-19 caused a partial decrease in exploratory capacity. Taken together, our findings show that the
ETS-5 TF acts in the ASG and BAG neurons to control satietyregulated behavioral states in C. elegans, most likely through the
action of multiple neuropeptides (Fig. 5G).
Discussion
Satiety signals from the gastrointestinal tract and adiposity indicators from adipose tissue control appetite in mammals. Hypothalamic regions in the mammalian brain assimilate such
information to enable the formulation of appropriate foodrelated behavioral responses. In C. elegans, as in mammals, satiety
results in quiescence, which is reminiscent of postprandial somnolence. Here we report that the conserved ETS-5 TF regulates
quiescence in C. elegans through the control of satiety. WT
C. elegans exposed to low-quality food minimally entered quiescence owing to a lack of satiety, a behavior controlled by ETS-5,
given that loss of this TF caused enhanced quiescence under the
same conditions. As such, we propose that ETS-5 is required for
setting the “satiety quotient” in C. elegans. In support of this
hypothesis, we found that reducing fatty acid synthesis in the
intestine was sufficient to suppress the ets-5 mutant defects in
exploratory behavior.
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We found that when ets-5 mutant animals were exposed to
inedible food or their feeding was genetically impeded, their
exploratory behavior resembled that of WT animals. This reversion of behavior is rapid, indicating that ets-5 mutant animals
can perceive and respond to their environment when challenged
with low concentrations of food in their pharynx. Therefore, the
ability to perceive the presence of low-value nutritional food
through mechanosensory and chemosensory cues (34) is intact in
ets-5 mutant animals. These findings suggest that signals reporting
the internal metabolic state of the animals (satiety) can be overridden by indicators of poor food influx into the mouth, most likely
through neuronal signaling. This would be a potential means of
anticipating starvation that would enable animals to rapidly relocate to more optimal environments. Given that C. elegans lose
approximately 70% of their body fat within 2–3 h of fasting (40),
the rapid reversal of exploratory behavior is an important survival mechanism in these animals.
We have shown that satiety-induced quiescence can be promoted by a diet that causes excessive storage of fat in C. elegans.
Remarkably, we found that the behavioral consequence of high
fat stores (quiescence) in C. elegans can be reversed after a few
hours on a regular bacterial diet. This suggests that satietyinduced quiescence caused by excess fat may be used as a model
to identify molecular and neuronal mechanisms that control interactions between the gut and nervous system.
Our genetic data and the neuronal circuitry work of others (2)
indicate the existence of a complex network of mostly nonoverlapping neuronal signaling pathways (5-HT, PDF, cGMP)
that control exploratory behavior. This is not surprising, considering that the ephemeral habitat of C. elegans (46) requires a
sophisticated mechanism for perceiving complex external food
cues and integrating this information with the internal metabolic
state. We have identified a TF, ETS-5, as an important regulator
of exploratory behavior, promoting roaming of C. elegans while
inhibiting quiescence. As such, ETS-5 may be considered an
arousal factor; our data suggest that ETS-5 acts in the same
pathway as PDFR-1 in this regard. Given that PDF signaling also
acts in Drosophila to promote waking states (47), it will be interesting to establish whether PDF in the fruit fly acts in conjunction with an ETS TF to control wakefulness.
Our genetic analysis also identified a role for MOD-1–directed
5-HT signaling in quiescence. Loss of MOD-1 caused complete
suppression of satiety-induced quiescence in ets-5 mutant animals,
suggesting that when animals are sated, modification of serotoninergic signaling can still regulate quiescence. The significance of
this finding in C. elegans is unclear; nonetheless, there appears to
be a conserved role for 5-HT in the regulation of feeding behavior
in other systems (48).
We have shown that the ASG and BAG neurons are important
for the regulation of exploratory behavior. Previously, the ASG
neurons were shown to regulate dauer formation and longevity,
in addition to the detection of food or food breakdown products
(49–51). The ASG neurons are also able to act in stress conditions when they are recruited to a novel neuronal circuit to enable
an escape response (52). In contrast, the BAG neurons function to
detect changes in oxygen and carbon dioxide in the environment
and to coordinate behavioral responses according to changes in
environmental gas status (26, 53–56). Our behavioral state analysis
shows that the ASG and BAG neurons are both important for
the inhibition of quiescence under standard laboratory conditions, whereas the ASG neurons potentially play a more major
role in the inhibition of roaming behavior.
Owing to the absence of intestinal innervation in C. elegans,
communication between the nervous system and intestine most
likely occurs through the action of neuropeptides. Indeed, we
found that disrupted neuropeptide release from the ASG and
BAG neurons partially reduces exploratory capacity, as does loss
of specific neuropeptides from the BAG neurons. Future work
Juozaityte et al.

Materials and Methods

Exploration Assay. Exploration assays were performed as reported previously
(2) and described in detail in SI Materials and Methods. Single OP50 E. coli
colonies were inoculated in 400 mL of LB and incubated at 37 °C overnight
for 16 h without shaking. Worms were grown in uncrowded conditions to
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the L4 stage. Individual L4 animals were then placed in the center of 55-mm
NGM plates uniformly seeded with 500 μL of OP50 E. coli bacteria that had
been grown for 48 h at 20 °C. After a 16-h period of exploration at 20 °C, the
worms were removed, plates were superimposed on a grid of 3-mm squares,
and the number of squares entered by worm tracks was counted manually.
The investigator was blinded to genotype, and experiments were repeated
at least three times.
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C. elegans Transgenics. All constructs were injected into young adult
hermaphrodites as simple arrays. myo-2prom::dsRed (5 ng μL−1) or
elt-2prom::gfp (5 ng μL−1) was used as a coinjection marker.

forward movement was scored as roaming, an animal that turned
frequently or was stationary but pumped its pharynx was scored as
dwelling, and an animal that did not move or pump its pharynx
was deemed quiescent.

Nematode Strains. The following C. elegans strains were used: N2

Gustatory Behavioral Assay. The response to salt gradients was
assayed as described previously (52). In brief, 10 mL of buffered
agar (20 g L−1 agar, 1 mM CaCl2, 1 mM MgSO4, and 5 mM
KPO4) was poured into 10-cm diameter Petri dishes. To establish a salt gradient, at 12–16 h before the assay, 10 μL of 2.5 M
NaCl solution adjusted to pH 6 was applied to the attractant
spot, and 10 μL of ddH2O was applied to the control spot. Another 4 μL of 2.5M NaCl solution or water was added to the
same spots at 4 h before the assay. A 1-μL drop of 1 M sodium
azide was applied to both the attractant and control spots 10 min
before the assay to immobilize worms that reached these areas.
Synchronized adult animals were washed three times with CTX
solution (1 mM CaCl2, 1 mM MgSO4, and 5 mM KPO4), and
100–200 worms were placed in the center of the assay plate in a
minimal volume of buffer. Animals were permitted to navigate the
agar surface for 1 h, after which the assay plates were placed at
4 °C overnight. The distribution of animals across the plate was
then determined, and a chemotaxis index was calculated as the
number of animals at the NaCl area minus the number of animals
at the control area, divided by the total number of animals. Animals that did not leave the central origin were discriminated in the
analysis. Gustatory behavioral assays were performed on three
separate days with three assays per day.

(Bristol strain, WT), RJP235 ets-5(tm1734), RJP1532 (ets-5(tm866),
RJP1892 ets-5(tm1734); rpEx794(ets-5 WRM061dH11 fosmid),
RJP3085 rpEx1520(ets-5prom::mCherry), PY1512 ops-1prom::GFP,
RJP3038 ets-5(tm1734); rpEx1507(ets-5prom(4kb)::ets-5cDNA), RJP3069
ets-5(tm1734); rpEx1513(ets-5prom(4kb)::ets-5cDNA), RJP3071 ets5(tm1734); rpEx1515(ets-5prom(4kb)::ets-5cDNA), CX11697 kyIs536(flp17prom::caspase p17::SL2::gfp elt-2prom::gfp); kyIs538(glb-5prom::caspase
p12::SL2::gfp elt-2prom::dsRed), MT9668 mod-1(ok103), RJP1893
mod-1(ok103); ets-5(tm1734), VC2609 pdfr-1(ok3425), RJP1791 pdfr1(ok3425); ets-5(tm1734), MT1072 egl-4(n479), RJP1568 egl-4(n479);
ets-5(tm1734), DA465 eat-2(ad465), RJP1911 eat-2(ad465); ets5(tm1734), NQ602 flp-13(tm2427), RJP3505 flp-19(ok2460),
MT14525 gcy-9(n4470), RJP3497 gcy-31(ok296); gcy-33(ok232),
and RJP3496 gcy-31(ok296) gcy-9(n4470); gcy-33(ok232).
Neuron-Specific RNAi. The 4-kb ets-5 promoter, which drives expression in the ASGL/R and BAGL/R neurons, was used to
express the ets-5 snap-back construct. The snap-back construct
with inverted repeats (IR) of 505 bp from the ets-5 coding sequence was generated from two plasmids. The first plasmid
contained ets-5 promoter driving the 505-bp ets-5 sequence in
sense orientation. The second plasmid contained 505bp of ets-5
sequence in the antisense orientation and the unc-54 3′UTR.
The sequence from the first plasmid containing ets-5prom (505bp
ets-5 coding DNA) was then PCR amplified and fused to the
sequence containing 505bp antisense sequence and unc-54
3′UTR from the second plasmid. Correctly amplified snap-back
products were confirmed by agarose gel electrophoresis.
RNAi by Feeding. RNA interference was performed using the
feeding method as described previously (62). Larvae were placed
on IPTG-containing plates seeded with E. coli [(HT115(DE3)]
expressing dsRNA of specific genes studied or the vector-only
control (L4440).
Microscopy. Animals were anesthetized with 20 mM NaN3 on 5%

agarose pads, and images were obtained with an Axio Imager M2
fluorescence microscope and Zen software (Zeiss).
Molecular Cloning. The ets-5 transcriptional reporter was gener-

ated by PCR fusion (63). The full intergenic upstream region of
ets-5 (4 kb) was PCR-amplified and then fused to the sequence
encoding the mCherry reporter and unc-54 3′UTR. Rescue
constructs were generated by cloning the promoter and cDNA
sequences into the pPD49.26 expression vector (Fire Lab
C. elegans Vector Kit, Addgene). The oligonucleotides used in
this study are available on request.
Behavioral State Assay. The behavioral state of individual animals

(roaming, dwelling, or quiescent) was performed essentially as
described previously (1). Before removing the individual worms
from the exploration assays (see above), we analyzed their behavioral state at 20 °C. The exploration plates were placed individually on a microscope with the lid on and left for 15 s, after
which pharyngeal pumping and movement were observed for
10 s (under 45× magnification using an Olympus SX61 stereomicroscope with white light). An animal that exhibited continuous
Juozaityte et al. www.pnas.org/cgi/content/short/1610673114

Olfactory Behavioral Assay. Olfactory assays were prepared in a
similar manner as the gustatory assays, except that worms were
washed with S-basal buffer. In addition, the odors (1:1,000 2,3pentanedione or 1:100 diacetyl) or the control (100% ethanol)
were placed on opposite sides of the assay plate immediately after
the worms were transferred to the center of the plate. The plates
were then sealed with parafilm, and after 1 h, the assay plates were
placed at 4 °C overnight and then scored in the same way as for
the gustatory behavioral assays. Olfactory behavioral assays were
performed on three separate days with three assays per day.
Oxygen-Sensing Behavioral Assay. WT and ets-5 mutant animals
were starved for 1 h and then transferred to 14-cm NGM plates
containing a 56 × 56-mm arena of Whatman filter paper soaked
in 20 mM CuCl2. Between 80 and 120 animals were used in a
single experiment. Each experimental condition was repeated
three times. A custom-made transparent Plexiglas chamber with a
flow volume of 60 × 60 × 0.7 mm was placed onto the assay arena,
and the animals were accustomed to a gas flow of 100 mL/min
containing 21% (vol/vol) O2 for 5 min. The animals were stimulated for 6 min with 10% or 21% O2 and 0% CO2. In all
conditions, the gas compositions were balanced with N2. Gases
were mixed by red-y gas mixing units (Vögtlin Instruments) and
controlled by LabView software. Recordings were illuminated
with flat red LED lights and made at 3 fps on a 4-megapixel
CCD camera (Jai), using Streampix software (Norpix). For
movie analysis, MatLab-based image processing and tracking
scripts were used as described previously (64, 65). The resultant
trajectories were used to calculate instantaneous speed during
continuous forward movements (1-s binning).
Pharyngeal Pumping Assay. Five L4 larvae were placed on a lawn of
OP50 E. coli. The following day, pharyngeal pumping of the
resultant 1-d-old adults was counted over a 30-s period. The
1 of 7

recorded number of pumps was doubled to generate a “pumps
per minute” value. The experiment was repeated on three separate days.
Oil Red O Staining. Oil Red O staining was performed essentially as
described previously (42) with the following amendments: animals were fixed for 5 min with 4% formaldehyde and 0.5%
β-mercaptoethanol before the freeze-thaw cycles. In each experiment, ∼4,000 animals were fixed and stained. Each experiment was repeated at least three times. WT and ets-5(tm1734)
animals were included in each independent experiment as
controls.
Nile Red Staining. The fixation Nile Red staining protocol was as

described previously (66). In each experiment, ∼4,000 animals
were fixed and stained. Each experiment was repeated at least
three times. WT animals were included in each independent
experiment as controls.

Quantification of Fat Storage. To quantify the levels of fat, images

of Oil Red O- and Nile Red-stained worms were obtained using a
Zeiss Axio Imager M2, and images were quantified with ImageJ
software. Lipid droplet staining in the first four pairs of intestinal
cells (Oil Red O) or last four pairs of intestinal cells (Nile Red)
was quantified. In each experiment, 15–20 animals from each
condition were quantified.
Glucose Experiments. Glucose-enriched NGM plates were prepared as described previously (44). In brief, 10-mL NGM plates
were fully covered with 400 μL of glucose (D-(+)-glucose; SigmaAldrich) of a 1 M stock solution prepared in diH2O, to reach the
desired concentration of 40 mM, and were allowed to dry for
24 h. The next day, 400 μL of E. coli OP50 was added on the top
of the glucose to cover the entire plate. The bacterial solution
was allowed to dry before animals were placed on the plates. All
plates were used for experiments within a 7-d period. Two L4
hermaphrodites were transferred onto a glucose plate and
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allowed to develop to adult worms and lay eggs. The offspring
developed on the specific glucose-enriched diet. Exploration
tests on OP50 control plates and on glucose-enriched plates were
performed using the F1 generation.
Laser Ablations. Laser ablations were performed as described
previously (67), using a Micropoint laser system attached to a
Zeiss Axio Imager A2 microscope (Objective EC Plan-Neofluar
100×/1.30 Oil M27). The ets-5prom::mCherry strain was used to
identify the ASG and BAG neurons, and to confirm that the
ablated neurons were killed after the behavioral assays were
performed. Ablations were performed on L1-stage animals at 2 h
after hatching. Animals were anesthetized on 3% agar pads using
0.05% tetramisole and recovered to OP50-seeded NGM plates
before exploration assays. Mock-ablated animals were treated
similarly as ablated animals (anesthetized on agar pads for a
similar duration), but no ablations were performed.
Genetic Ablations. Genetic ablations were performed using the
split caspase system (33). The promoters used to drive the split
caspase for ASG ablation were ops-1prom (p12 caspase) and pgcy21prom (p17 caspase). Ablations of the BAG neurons and both
the ASG and BAG neurons were performed using the same
strain (CX11697-kyIs536). In this strain, glb-5prom drives p12
caspase and flp-17prom drives p17 caspase. This strain had previously been used as a BAG ablation strain in multiple studies
(26).
We found that when the transgenes were in a heterozygous
state, the BAG neurons were killed, and when the transgenes
were in a homozygous state, the ASG neurons were also killed.
We used this property to our advantage when performing our
experiments shown in Fig. 2 D and E. The ets-5prom::mCherry was
used to identify the ASG and BAG neurons and to confirm that
the ablated neurons were killed after the behavioral assays were
performed.
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Fig. S1. Behavioral assays (related to Fig. 1). (A) Example tracks made by a single L4 worm larva (Left) and the same tracks color-coded (Right). Short periods of
roaming (blue) are punctuated by long periods of dwelling (red). Note that quiescent behavior is not shown here as animals cease locomotion. (B and C)
Locomotion speed of WT (Left) and ets-5(tm1734) mutant animals (Right) during oxygen concentration shifts. Data presented are averages of multiple assays
(three or more repetitions). O2 concentrations were switched between 21% and 10%. Note that ets-5(tm1734) mutant animals are unable to sense downsteps
in O2 because of defective BAG specification. (D–F) ets-5(tm1734) mutant animals are able to respond normally to external sensory cues, sensed by the AWC
(2,3-pentanedione), AWA (diacetyl), and ASE (NaCl) neurons. n.s., not significantly different from WT, unpaired t test.
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Fig. S2. ets-5 acts in the ASG and BAG neurons to control exploratory behavior (related to Fig. 2). (A) ets-5prommCherry reporter (Top); flp-19prom::GFP reporter, expressed in the BAG neurons anteriorly (Middle); and overlay with DIC (Bottom). Anterior is to the left. (Scale bar: 20 μm.) (B) Laser ablation of either
the ASG or BAG neurons reduced exploratory behavior of ets-5prom::mCherry–expressing animals. n >21. ****P < 0.0001 compared with mock ablation, ANOVA
with Tukey’s multiple comparisons test. (C) Loss of gcy-9 (CO2 sensing), gcy-31; gcy-33 (O2 sensing), or gcy-9 gcy-31; gcy-33 (O2 and CO2 sensing) does not disrupt
exploratory behavior. WT and ets-5(tm1734) animals were used as controls. n >25. ****P < 0.0001; n.s., not significantly different from WT animals, ANOVA
with Tukey’s multiple comparisons test.
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Fig. S3. Genetic epistasis analysis of ets-5 exploration (related to Fig. 3). (A) Loss of mod-1 leads to increased exploratory behavior. The ets-5; mod-1 double
mutant exhibits the ets-5 single-mutant phenotype, suggesting that ets-5 is epistatic to 5-HT signaling for exploratory behavior. ***P < 0.001 compared with
WT; n.s., not significantly different compared with ets-5(tm1734), ANOVA with Tukey’s multiple comparisons test. (B) Loss of pdfr-1 reduces exploratory
behavior. The ets-5; pdfr-1 double-mutant phenotype is no different from either single mutant. ****P < 0.0001 compared with WT; n.s., not significantly
different compared with pdfr-1(ok3425), ANOVA with Tukey’s multiple comparisons test. (C) Loss of egl-4 leads to increased exploratory behavior. The ets-5;
egl-4 double mutant exhibits WT levels of exploratory behavior, indicating that egl-4–regulated cGMP signaling is epistatic to ets-5. ****P < 0.0001 compared
with WT or ets-5(tm1734), ANOVA with Tukey’s multiple comparisons test. We performed behavioral state analysis to further investigate the genetic relationship between these genes (Fig. 3).
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Fig. S5. Fat and feeding studies of WT and ets-5(tm1734) mutant animals (related to Fig. 5). (A, Top) Representative images of WT and ets-5 mutant animals
fixed and stained with Nile Red. Fat deposition in intestinal cells is visible as stained lipid droplets (yellow arrow). Animals are oriented facing downward with
the tail (black arrow) at the posterior end. (A, Bottom) Quantification of Nile Red fluorescence in WT and ets-5 mutant animals. n = 30. ***P < 0.001, unpaired t
test. (B) The pumping rate of 1-d-old adult WT and ets-5 mutant animals on an E. coli bacterial lawn. n = 15. n.s., not significantly different from WT animals,
ANOVA with Tukey’s multiple comparisons test. (C) Representative images of WT animals without glucose supplemented diet (Top) and with a high glucose
diet (Bottom) fixed and stained with Nile Red. The tail region is shown, with posterior to the right. Worm outlined with dashes. (Scale bar: 20 μm.)
(D) Quantification of fat content of WT animals cultivated with and without glucose supplementation. The no-glucose control was arbitrarily set to 1. ***P <
0.0001, t test. (E) A high-glucose diet reduces exploratory behavior of WT animals, and recovery off glucose for 16 h restores WT exploratory behavior. n >30.
**P < 0.001, ANOVA with Tukey’s multiple comparisons test. (F) Quantification of Nile Red fluorescence of WT animals. Recovery from a high-glucose diet for
16 h reduces the level of fat stores. n >30. **P < 0.01, unpaired t test.
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