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Abstract

The avoidance of starvation is critical for the survival of most organisms, thus animals

change behavior based on past nutritional conditions. Insulin signaling is important for nutri-

tional state-dependent behavioral plasticity, yet the underlying regulatory mechanism at the

cellular level remains unclear. Previous studies showed that insulin-like signaling is required

for taste avoidance learning, in which the nematode Caenorhabditis elegans avoids salt con-

centrations encountered under starvation conditions. DAF-2c, a splice isoform of the DAF-2

insulin receptor, functions in the axon of the ASER sensory neuron, which senses changes

in salt concentrations. In addition, mutants of a major downstream factor of DAF-2, the fork-

head transcription factor O (FOXO) homolog DAF-16, show defects in taste avoidance

learning. Interestingly, the defect of the daf-2 mutant is not suppressed by daf-16 mutations

in the learning, unlike those in other phenomena, such as longevity and development. Here

we show that multiple DAF-16 isoforms function in ASER. By epistasis analysis using a

DAF-2c isoform-specific mutant and an activated form of DAF-16, we found that DAF-16

acts in the nucleus in parallel with the DAF-2c-dependent pathway in the axon, indicating

that insulin-like signaling acts both in the cell body and axon of a single neuron, ASER. Star-

vation conditioning induces nuclear translocation of DAF-16 in ASER and degradation of

DAF-16 before starvation conditioning causes defects in taste avoidance learning. Forced

nuclear localization of DAF-16 in ASER biased chemotaxis towards lower salt concentrtions

and this effect required the Gq/PKC pathway and neuropeptide processing enzymes. These

data imply that DAF-16/FOXO transmits starvation signals and modulates neuropeptide

transmission in the learning.

Author summary

Animals change behavior based on remembered experiences of hunger and appetite. Sig-

naling by insulin and insulin-like peptides in the nervous system plays key roles in behav-

ioral responses to hunger and satiety. In C. elegans, insulin-like signaling in the gustatory

sensory neuron ASER regulates learned avoidance of salt concentrations experienced
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during fasting, which we call taste avoidance learning. DAF-2c, an isoform of the insulin

receptor homolog, is localized to the axon of ASER and regulates taste avoidance learning.

Here, we show that DAF-16, the forkhead transcription factor O (FOXO) homolog, trans-

locates into the nucleus of ASER during fasting and promotes taste avoidance learning.

DAF-16 is negatively regulated by insulin-like signaling independently of axonal DAF-2c

signaling. This dual function of insulin-like signaling in the cell body and the axon ensures

dynamic changes in behavioral responses after experience of hunger. By genetic analyses

using constitutively nuclear-translocated DAF-16, we show that DAF-16 in ASER regu-

lates taste avoidance learning via modulating neuropeptide signaling in the nervous sys-

tem, which is reminiscent of the function of FOXO in the hypothalamus in the regulation

of food-seeking behavior in mammals.

Introduction

A common strategy for animals to respond to starvation conditions is to change behaviors

based on the nutritional state. Insulin/IGF signaling plays a key role in physiological and

behavioral responses to nutritional stimuli. For instance, insulin signaling is involved in nutri-

tional condition-dependent regulations of metabolism, development and longevity [1,2]. Insu-

lin signaling acting in the nervous system controls feeding behavior and its dysfunction leads

to neurological disorders [3,4]. Neural insulin signaling also affects valuation of nutritional sti-

muli in the human brain [5]. However, the functions of insulin signaling in the central nervous

system, especially at the single-neuron level, have not been well clarified.

Caenorhabditis elegans is a commonly used model to investigate behavioral plasticity

because of its ease of genetic manipulation and analyses at the single cell level in vivo. Most

components of insulin-like signaling in C. elegans are conserved across species. C. elegans has

only one insulin receptor homolog, DAF-2, despite having 40 insulin-like peptides [6,7].

Downstream of the DAF-2 receptor, a signaling pathway composed of the phosphatidylinositol

3-kinase homolog AGE-1 [8], the 3-phosphoinositide-dependent kinase-1 homolog PDK1 and

the Akt/PKB homologs AKT-1/2 [9,10] negatively regulates the forkhead transcription factor

O (FOXO) homolog DAF-16 [11–14]. DAF-16 is expressed in various tissues and controls sev-

eral phenomena, such as stress response, metabolism, dauer formation, and lifespan [15–17].

Recently, tissue-specific transcriptome analyses showed that the regulation of gene expression

by DAF-16 differs between the nervous system and other tissues [18,19]. DAF-16 function in

AWB chemosensory neurons contributes to pheromone-dependent behavior via transcrip-

tional control of the glna-3 gene, which encodes a glutaminase homolog [20]. Moreover, DAF-

2/DAF-16 signaling is required for behavioral plasticity. DAF-16 regulates starvation-depen-

dent increase in pheromone repulsion in the ADL chemosensory neurons, as well as starva-

tion-dependent thermotaxis plasticity in the thermosensory circuit [21–23]. DAF-16 enters

the nucleus dependent on nutritional conditions and DAF-2 signaling [11]. However, it is

unclear whether DAF-2/DAF-16 signaling mediates transmission of nutritional states required

for the formation of memory in the regulation of the feeding status-dependent behavioral

plasticity.

C. elegans worms migrate toward sodium chloride concentrations experienced during feed-

ing, but avoid such concentrations experienced during fasting, in a phenomenon called taste

avoidance learning [24,25]. We reported that insulin-like signaling is required for taste avoid-

ance learning and acts in the salt-sensing neuron, ASER [25,26]. Isoform-specific axonal trans-

port of the DAF-2 isoform DAF-2c is required for taste avoidance learning. Starvation

increases translocation of DAF-2c from the cell body to the axon, and this translocation is
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carried by kinesin-1-dependent axonal transport via the cargo adapter CASY-1, a homolog of

mammalian Calsyntenin. DAF-2c/PI3K signaling decreases diacylglycerol (DAG) dynamics in

the axon [27]. As high or low DAG levels promote animals’ migration toward high or low-salt

concentration, respectively, axonal insulin-like signaling has been proposed to control the

direction of salt chemotaxis from attraction to avoidance, at least partly, through the regulation

of DAG dynamics. We demonstrated that the loss of DAF-16 causes impaired taste avoidance

learning, similar to that of insulin-signaling mutants [26,28]. Although phenotypes of insulin-

signaling mutants were suppressed by loss-of-function (lf) mutation of daf-16 in behavioral

plasticity in odor chemotaxis and thermotaxis [22,23], defects of insulin-signaling mutants in

taste avoidance learning were not suppressed by daf-16(lf) mutations, implying that the role of

DAF-16 may be different among different paradigms of behavioral plasticity.

Here, we further investigated the function of DAF-16 and found that multiple DAF-16 iso-

forms function in the ASER sensory neuron independently of axonal insulin-like signaling in

taste avoidance learning. Using the auxin-inducible degradation system, we showed that DAF-16

is required around the time of taste avoidance learning, rather than during development. DAF-16

localized to the nucleus of ASER under starvation conditions. A mutant form of DAF-16, in

which the putative Akt phosphorylation sites were mutated, strongly localized to the nucleus of

ASER even in the presence of food. The forced nuclear localization of DAF-16 biased chemotaxis

toward lower salt concentrations even after high-salt conditioning with food, and this effect was

also observed in the mutant background of axonal insulin-like signaling. Thus, these findings sug-

gest that different insulin-like signaling pathways work in the nucleus and the axon of ASER to

control salt chemotaxis. Furthermore, we showed that the DAF-16-dependent salt avoidance

requires the Gq/PKC signaling and neuropeptide-processing pathways in the nervous system.

Results

DAF-16/FOXO is required for taste avoidance learning

Wild-type N2 animals avoid concentrations of sodium chloride (hereafter referred to as salt)

encountered under starvation conditions, which is known as taste avoidance leaning [25].

After conditioning on agar plates that contain high or low concentrations of salt in the absence

of food, adult animals migrate to areas of low or high salt concentrations, respectively, on a

test plate with a salt gradient (Fig 1A, 1B, 1E and 1F). We first examined the requirement of

DAF-16/FOXO in taste avoidance learning using three different daf-16(lf) mutants. daf-16
(mgDf47) and daf-16(mgDf50)mutants showed weaker migration to low salt than wild type

after starvation conditioning with high salt. The daf-16(m26)mutant exhibited a tendency of

decreased low-salt migration after starvation conditioning, though the effect was not statisti-

cally significant (Fig 1E). Both daf-16(mgDf47) and daf-16(mgDf50)mutants harbor large dele-

tions in the forkhead domains of all DAF-16 isoforms (WormBase), whereas the b isoform is

spared in the daf-16(m26)mutant, suggesting that the weaker defect in daf-16(m26)mutant

was likely attributed to the intact b isoform. After starvation conditioning with low salt, each

of the daf-16mutants showed significant defects in high-salt migration, as compared to wild-

type animals. These results indicate that DAF-16 is required for avoidance of high or low salt

concentrations after starvation conditioning.

On the other hand, the daf-16mutants showed no strong defect in associative learning

between food and salt concentration: as the attraction to salt concentrations encountered dur-

ing feeding was similar to that of the wild type (Fig 1C, 1D, 1G and 1H), although the daf-16
mutation occasionally caused weak but significant reductions in high salt migration (S3A Fig)

[24]. These results suggest that DAF-16 may also play a minor role in attractive behavior to

high salt concentrations after feeding conditioning, but is particularly important for taste
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avoidance learning. They also suggest that a defect in taste avoidance learning does not appear

to be due to a general defect in salt sensation or locomotion during chemotaxis. ThemgDf50
allele was mainly used for the following experiments because it had the largest deletion among

the daf-16 alleles (Fig 2A).

Multiple DAF-16 isoforms function in the ASER neuron in taste avoidance

learning

Multiple isoforms are generated from the daf-16-genomic region by alternative promoters and

contain different N-terminal regions (Fig 2A). The daf-16a isoform, which has a sequence

most similar to that of the mammalian FOXO3 among other isoforms, is involved in develop-

ment, longevity, and stress responses [29]. The daf-16b isoform, which lacks a part of the fork-

head domain, has not been reported to have a strong effect on these biological phenomena.

The function of the daf-16f isoform is reported to affect longevity. We generated daf-16-rescue

strains, each of which expressed a single daf-16 isoform, as well as a fluorescent protein

(Venus), under the endogenous promoter. As reported previously [12,29], the promoters of

the a, b, and f isoforms drove expression in the whole body except for the pharynx, a few tis-

sues, and almost all tissues except the gonad, respectively (S1 Fig). We also confirmed Venus

Fig 1. DAF-16/FOXO is required for taste avoidance learning. (A-D) Schematic of salt chemotaxis plasticity in C. elegans. After animals were conditioned on agar

plates at high or low salt concentrations in the absence of food for six hours, they avoid the salt concentrations experienced under starvation (A, B). After animals were

conditioned on agar plates at high or low salt concentrations in the presence of bacterial food, they migrate toward the salt concentrations encountered during feeding

(C, D). (E-H) Salt chemotaxis of wild-type and daf-16mutant animals after conditioning with high- (E, G) or low-salt (F, H) in the absence (E, F) or presence (G, H)

of food. Each dot in red or blue represents a chemotaxis index obtained from each trial when animals were conditioned at a high or low concentration of salt,

respectively. Error bars indicate SEM. ANOVA with Dunnett’s test compared to wild type, ���p< 0.001. (E, F) N = 11. (G, H) N = 7.

https://doi.org/10.1371/journal.pgen.1008297.g001
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Fig 2. DAF-16 isoforms act in ASER during taste avoidance learning. (A) The genomic structures of DAF-16 isoforms and mutation sites of deletion mutants

are shown. (B, C) Salt chemotaxis after high-salt conditioning in the absence of food. Each dot in red represents a chemotaxis index obtained from each trial. Each

daf-16 isoform cDNA was expressed in daf-16(mgDf50) mutant animals by its own promoter or the ASER-specific gcy-5 promoter (B; N = 7 or 8). DAF-16a

isoform was expressed by theH20, odr-4, ges-1,myo-3, and dpy-7 promoter, which drove expression in most or all neurons, amphid and phasmid sensory neurons

except ASE and AFD, intestine, muscle, and hypodermis, respectively (C; N = 8 or 9). (D, E) Salt chemotaxis of daf-16mutants carrying deletions in isoform-

specific exon after high- (D) or low-salt (E) conditioning without food (N = 9). (A, B, D, E) Error bars indicate SEM. Dunnett’s test following one-way ANOVA,
�p< 0.05, ��p< 0.01, and ���p< 0.001. (F) Schematic of auxin-dependent expression of DAF-16 in ASER using degron-tagged DAF-16 and auxin interactive

protein (TIR1). Auxin (IAA) induces ubiquitin (Ub)-dependent degradation of degron-tagged DAF-16. Animals are grown to the adult without auxin and then

auxin was added for two hours before conditioning and during conditioning. (G) Salt chemotaxis of animals carrying transgenes after high-salt conditioning in

the absence of food (N = 7). A green or purple dot represents a chemotaxis index obtained from each trial when treated with either the solvent, 0.25% ethanol or 1

mM auxin, respectively. Two lines of transgenic animals were tested. Error bars indicate SEM. Bonferroni multiple test following two-way ANOVA, ���p< 0.001.

https://doi.org/10.1371/journal.pgen.1008297.g002
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expression in head neurons including ASER, by these promoters (S1H–S1J Fig). Next, we exam-

ined the learning ability of the daf-16-rescue strains. The defect of low-salt migration after starva-

tion conditioning was canceled by expression of DAF-16a or DAF-16b, which was driven by each

endogenous promoter in the daf-16mutant (Fig 2B), while no substantial effect was observed for

DAF-16f (Fig 2B, S2A Fig). Among the DAF-16 isoforms, only DAF-16a expression significantly

rescued high-salt migration after starvation conditioning in the daf-16mutant (S2B Fig). Because

the rescue effect of DAF-16a was strongest, we performed tissue-specific rescue experiments of

the daf-16mutant using daf-16a cDNA. Neuronal expression of DAF-16a fully rescued the learn-

ing defect of daf-16mutants (Fig 2C, S2C Fig). DAF-16a expression in ASER, but not in ASEL,

was sufficient for full rescue of the low-salt migration defect (Fig 2B, S2D Fig) and partial rescue

of the high-salt migration defect (S2B Fig), suggesting that DAF-16 acts in ASER for low-salt

migration and in multiple neurons including ASER for high-salt migration after starvation condi-

tioning. ASER expression of the b and f isoforms also rescued the learning defect of the daf-16
mutant similar to that of the a isoform (Fig 2B, S2B Fig). These results suggest that all daf-16 iso-

forms can function in ASER in taste avoidance learning. DAF-16a expression in multiple chemo-

sensory neurons other than ASER or muscle cells was also sufficient for weak rescue of the

learning defect (Fig 2C, S2C Fig), suggesting that DAF-16a can regulate taste avoidance learning

also in multiple cell types other than ASER. We next examined the isoform-specific daf-16
mutants, which were previously generated and were used for the study of longevity [30]. The daf-
16(tm5030), daf-16(tm5031), and daf-16(tm6659)mutants, which harbor a deletion in the a, b,
and h/f/d isoform-specific exon, respectively (Fig 2A), had no strong defects in low-salt migration,

while the daf-16(tm5030)mutant had a mild defect in high-salt migration after starvation condi-

tioning (Fig 2D and 2E). These results are consistent with the conclusion that taste avoidance

learning is regulated by multiple DAF-16 isoforms with a strong contribution of DAF-16a.

DAF-16 functions around the time of taste avoidance learning

DAF-16 is reportedly required for the development of AIY interneurons [31], whereas it func-

tions in associative learning during the adult stage [18]. We investigated when DAF-16 func-

tions in the regulation of taste avoidance learning, namely either during development or

during the learning paradigm. We used the auxin-inducible degradation system, which is suit-

able for spatiotemporal analyses in several organisms including C. elegans [32,33]. In this sys-

tem, two proteins are expressed in the same cells: one is a target protein tagged with the

degron sequence that induces the ubiquitin-proteasomal degradation of the target protein and

another is TIR1, a plant-specific F-box protein required for the activation of an E3 ubiquitin

ligase. To control DAF-16 expression in a spatiotemporal manner, both degron-tagged DAF-

16a and TIR1 were expressed in the ASER neuron of the daf-16mutant (Fig 2F). The trans-

genic animals were treated with 1 mM auxin (or 0.25% ethanol as a control) for two hours

before conditioning and during conditioning with high salt. The low-salt migration after star-

vation conditioning was recovered by expression of degron-tagged DAF-16 in the daf-16
mutant, and this recovery of low-salt migration was inhibited by auxin administration (Fig

2G). On the other hand, only TIR1 expression and/or auxin administration had no significant

effect on chemotaxis of the wild-type and daf-16mutant animals. These results suggest that

DAF-16 contributes to taste avoidance learning around the time of taste avoidance learning.

DAF-16 functions in parallel with axonal insulin-like signaling in the ASER

neuron

We previously reported that insulin-like signaling acts in the axon of the ASER neuron in taste

avoidance learning: During starvation conditioning, a splice isoform of the insulin receptor
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homolog, DAF-2c, is transported from the cell body to the axon of ASER, where it acts for

taste avoidance learning. We looked into a possible interaction of DAF-16 with DAF-2c and

CASY-1, the calsyntenin homolog required for translocation of DAF-2c to the axon. We gen-

erated the daf-2c-isoform specific mutant daf-2c(pe2722), which harbors a frame-shift deletion

in the c isoform-specific exon, and confirmed a substantial defect in taste avoidance learning,

but not salt chemotaxis after feeding conditioning similar to a deletion mutant of daf-16 or

casy-1 (Fig 3A and 3B, S3A and S3B Fig). The daf-16(mgDf50)mutation caused additive effects

in the daf-2c and casy-1mutants. Furthermore, there was no substantial difference in the local-

ization of DAF-2c::Venus in ASER between the wild-type and daf-16mutant animals; DAF-

2c::Venus was observed throughout the whole ASER neuron, including the axon, both in the

wild-type and the daf-16mutant (S3C Fig). These data suggest that DAF-16 functions in paral-

lel with the CASY-1/DAF-2c pathway.

DAF-16 translocation into the nucleus in ASER during starvation

conditioning is dependent on insulin-like signaling

DAF-16 translocates into the nucleus during starvation where it controls the transcription of

stress response genes [11]. daf-16mutants showed defects in learned behavior after starvation

conditioning but was almost normal in salt chemotaxis after feeding conditioning, implying a

role of DAF-16 in the transmission of the starvation signals during conditioning. Next, we

investigated whether nuclear localization of DAF-16 was increased in the ASER neuron during

starvation conditioning. DAF-16a::GFP was localized to the cytosol of ASER in well-fed ani-

mals, whereas it was translocated into the nucleus after starvation for an hour (Fig 3C). The

DAF-16 nuclear translocation was not substantially different depending on salt concentrations

during starvation (Fig 3C, S4A–S4C Fig), suggesting that the strong translocation occurs

mainly due to starvation. The insulin receptor, DAF-2, a major upstream factor of DAF-16,

negatively regulates nuclear localization of DAF-16 in several cell types [11,13]. In the back-

ground of the daf-2(e1370) reduction-of-function mutant, nuclear translocation of DAF-16a::

GFP was significantly increased in the ASER neuron even under well-fed condition, and this

phenotype was rescued by expression of DAF-2a in ASER (Fig 3D–3F). These results suggest

that the DAF-2 insulin receptor acts upstream of DAF-16 cell-autonomously in ASER. On the

other hand, the deletion mutation of daf-2c, daf-2c(pe2722), had no significant effect on the

localization of DAF-16a::GFP in ASER under well-fed conditions, suggesting that DAF-2 iso-

forms other than the c isoform likely repress DAF-16 nuclear translocation in ASER in the

presence of food.

We previously reported that the PTEN phosphatase homolog DAF-18, a negative regulator

of insulin-like signaling, functions in ASER in taste avoidance learning. daf-18mutants

showed reduced high-salt migration irrespectively of the presence or absence of food during

conditioning likely due to hyperactivation of the PI3K pathway [26]. The defect in high-salt

migration of the daf-18(e1375rf)mutant was suppressed by the daf-2c(pe2722)mutation simi-

lar to the mutations of the PI3K homolog age-1 (Fig 3H, S4D and S4E Fig; [26]). Conversely,

the daf-18(e1375rf)mutation suppressed the taste avoidance learning defect of daf-2c(pe2722)
(Fig 3G and 3H), suggesting that DAF-18 antagonizes the DAF-2c/PI3K pathway in taste

avoidance learning. We next investigated the effect of a daf-16mutation on taste avoidance

learning of daf-18(ok480rf) and daf-18(mg198null)mutants. If DAF-16 is negatively regulated

by insulin-like signaling in taste avoidance learning, it is expected that the effect of the daf-16
mutation on the learning is reduced in the daf-18mutants compared to the wild type, because

in the daf-18mutants the activity of DAF-16 will be already reduced in the daf-16(+) back-

ground. As we expected, the daf-16mutation had no significant effect on taste avoidance

DAF-16/FOXO promotes taste avoidance learning
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Fig 3. DAF-16 regulates taste avoidance learning in ASER independently of the DAF-2c pathway. (A, B) Salt chemotaxis after conditioning under

starvation with high (A) or low (B) salt (N = 8). A red or blue dot represents a chemotaxis index obtained from each trial after conditioning with high or

low salt, respectively. (C) Quantitative analyses of DAF-16::GFP localization in ASER before (naïve) and after starvation conditioning on agar plates

containing 100 mM of salt for an hour (N> 12 animals). Fluorescence intensity ratios of the nucleus to the cytoplasm are shown. Two lines of animals,

JN2837 and JN2885, were examined. (D, E, F) Analyses of DAF-16::GFP localization in ASER after incubation on an agar plate with 50 mM of salt and

food at 25˚C for two hours (E; N> 8 animals). Scale bar indicates 5 μm. (C, E) Dunn’s multiple test following Kruskal-Wallis test, ��p< 0.01 and
���p< 0.001. (F) DAF-2(exon 11.5-) was expressed by the ASER-specific gcy-5 promoter. Mann Whitney test, ��p< 0.01. (G-J) Salt chemotaxis after

high- (G, I) or low-salt (H, J) conditioning in the absence of food. (A, B, G-J) Error bars indicate SEM. Tukey’s test following one-way ANOVA, n.s.

p> 0.05, �p< 0.05, ��p< 0.01, and ���p< 0.001.

https://doi.org/10.1371/journal.pgen.1008297.g003
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learning in the background of the daf-18mutants (Fig 3I and 3J). On the other hand, the daf-
18mutations significantly altered salt chemotaxis of the daf-16mutant, consistent with the

notion that DAF-18 modulates both the axonal DAF-2c signaling and the cell boy DAF-2/

DAF-16 pathway in parallel. These data support the view that insulin-like signaling mediated

by DAF-2 isoforms other than DAF-2c negatively regulates DAF-16 functions in taste avoid-

ance learning.

Forced nuclear localization of DAF-16 promotes low-salt migration

It has been reported that DAF-16 activity is negatively regulated by its phosphorylation via

AKT-1 and AKT-2 kinases, and a mutant form of DAF-16, in which serine/threonine residues

in the putative AKT-1-phosphorylation sites were substituted by alanine, was strongly local-

ized to the nucleus [13,29]. We expressed the mutant form of DAF-16a (hereafter, DAF-16a

(AM)) in the ASER neuron, and confirmed that DAF-16a(AM)::GFP was strongly localized to

the nucleus in ASER even after well-fed conditions (Fig 4A, S5A and S5B Fig). We next exam-

ined the effect of DAF-16a(AM) expression in ASER or ASEL on behavior. The wild-type or

daf-16mutant animals expressing DAF-16a(AM) in ASER showed significant decreases in

high-salt migration after low-salt/starvation and/or high-salt/feeding conditioning (Fig 4B, 4C

and 4D). Meanwhile, the effect of DAF-16a(AM) on salt chemotaxis was not observed when

expressed in ASEL (Fig 4E). Combined with the finding that ASER expression of DAF-16 or

DAF-16a(AM) was sufficient for rescue of the learning defect in the daf-16mutant (Fig 2B, Fig

4F), these results suggest that the action of DAF-16 in the nucleus of ASER drives low-salt

migration after starvation conditioning with high salt. On the other hand, no substantial res-

cue was observed by ASER expression of DAF-16a(AM) in the high-salt migration defect of

the daf-16mutant (Fig 4F), suggesting that an appropriate level of DAF-16 activity is required

for high-salt migration after starvation conditioning. The chemotaxis defect toward high salt

observed by the expression of DAF-16a(AM) was not due to locomotory defect at high salt

(Fig 4G). The DAF-16a(AM) expression increased low-salt migration also in the casy-1 and

daf-2cmutants, similar to that in the wild type (Fig 4H and 4I), suggesting that DAF-16

nuclear localization biases chemotaxis toward lower salt concentrations independently of axo-

nal insulin-like signaling in ASER.

Neuropeptide signaling is required for DAF-16-dependent low-salt

migration

We sought to uncover the molecular mechanisms underlying the DAF-16-dependent salt che-

motaxis plasticity. We first examined the interneurons required for DAF-16-dependent low-

salt migration. DAF-16a(AM) was expressed in animals in which the postsynaptic interneu-

rons of ASER, either AIA, AIB, or AIY, were ablated by mouse caspase expression [34], and

examined the effect on salt chemotaxis of those animals. The effect of DAF-16a(AM) expres-

sion was decreased in AIA- or AIY-ablated animals, as there was no significant change in

high-salt migration after feeding conditioning by DAF-16a(AM) expression (Fig 5A). These

results imply that ASER transmits DAF-16-dependent signals to AIA and AIY interneurons to

drive migration to the low-salt area. We next examined the possible role of DAF-16 in neuro-

transmission. Diacylglycerol (DAG) signaling regulates neurotransmission through the nPKC-

ε/η ortholog, PKC-1 (S5C Fig) [35,36], and plays a key role in salt chemotaxis plasticity in

ASER [37]. goa-1, encoding a Goα subunit, and egl-30, encoding a Gqα subunit, have been

proposed to regulate salt chemotaxis mainly through DAG signaling in ASER (S5C Fig). Both

loss-of-function (lf) of goa-1 and gain-of-function (gf) of egl-30 increase high-salt migration,

whereas a lf mutation of pkc-1 increases low-salt migration [25,26,37]. Increased low-salt
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Fig 4. Forced nuclear localization of DAF-16 in ASER biases chemotaxis towards low salt. (A) Representative images of subcellular localization of

GFP-fused DAF-16a and DAF-16a(AM) in ASER. Scale bar indicates 5 μm. (B, C) The effect of DAF-16a(AM) expression in ASER in salt chemotaxis

after starvation conditioning (B) or feeding conditioning (C) in the wild-type background (N = 8 or 9). A red or blue dot represents a chemotaxis index

obtained from each trial after conditioning with high or low salt, respectively. Two lines of transgenic animals were used. (D, E, F) The effect of DAF-16a

(AM) in the daf-16mutant background (N> 5). Chemotaxis indices after feeding conditioning (D, E) or starvation (F) are shown. DAF-16a(AM) was

expressed in ASER (D, F) or ASEL (E) under the gcy-5 or gcy-7 promoter, respectively. (G) Locomotor speed of the wild type and the JN2874 strain (Is
[gcy-5p::daf-16a(AM)]) (N> 11 trials). A red dot represents an average value of locomotion speed of animals in each trial. Mann Whitney test, n.s.

p> 0.05. (H, I) The effect of DAF-16a(AM) expression in ASER on salt chemotaxis after high-salt conditioning without (H) or with (I) food in the wild

type and casy-1 and daf-2mutants (N = 7). Error bars indicate SEM. Tukey’s test following one-way ANOVA, � p< 0.05, ��p< 0.01, and ���p< 0.001.

https://doi.org/10.1371/journal.pgen.1008297.g004
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Fig 5. Neuropeptide signaling is required for DAF-16-dependent salt chemotaxis plasticity. (A) The effect of DAF-16a(AM) on salt chemotaxis

after high-salt/feeding conditioning in interneuron-ablated animals (N = 7). (B, C) The effect of DAF-16a(AM) on salt chemotaxis after low-salt/

starvation (B) or high-salt/feeding (C) conditioning in pkc-1 loss-of-function mutants (N = 6). (D, E) Mutants of neuropeptide-processing enzymes

(D; N = 7) and transgenic egl-3mutant animals (E; N = 6). egl-3 cDNA was expressed by the pan-neuronalH20 promoter. (F, G) The effect of egl-21
expression in ASER on salt chemotaxis after high- or low-salt/starvation conditioning (N = 9). Two lines of egl-21 transgenic animals were used. Each

dot in red (A, C, D-F) and blue (B, G) represents a chemotaxis index obtained from each trial after conditioning with high or low salt, respectively.

Error bars indicate SEM. Tukey’s test following one-way ANOVA, n.s. p> 0.05, �p< 0.05, ��p< 0.01, and ���p< 0.001.

https://doi.org/10.1371/journal.pgen.1008297.g005
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migration by DAF-16a(AM) was suppressed by goa-1(n1134lf) or egl-30(pe914gf)mutations

(S5D Fig), suggesting that the DAG/PKC-1 pathway acts downstream of or in parallel with

DAF-16a(AM). The effect of DAF-16a(AM) was not observed in the background of a null

mutant of pkc-1, pkc-1(nj3lf) (Fig 5B and 5C). These data suggest that the DAG/PKC-1 path-

way mediates DAF-16-dependent low-salt migration.

The DAG/PKC-1-dependent pathway is involved in neurotransmission via neuropeptides

[36]. In C. elegans, precursor proteins of neuropeptides are cleaved by proprotein convertases

which are encoded by four genes, namely PC1/3 homologs, kpc-1, bli-4, and aex-5, and the

PC2 homolog egl-3. The C-terminal extensions of lysine and/or arginine residues of these

cleaved peptides are subsequently removed by carboxypeptidases E, such as EGL-21. Mutants

of these enzymes actually cause changes in the production of many neuropeptides [38,39]. As

mutants of aex-5 and egl-3 showed significant defects in salt chemotaxis plasticity (S6A–S6D

Fig), we examined the effect of DAF-16a(AM) expression in the aex-5 and egl-3mutants and

found that ASER expression of DAF-16a(AM) significantly reduced high-salt migration of the

aex-5mutant, but not the egl-3mutant (Fig 5D), suggesting that decreased high-salt migration

caused by DAF-16a(AM) expression requires the EGL-3 neuropeptide processing enzyme. We

confirmed that egl-3 expression in the whole nervous system was sufficient for the rescue of

the effect of DAF-16a(AM) expression and the salt chemotaxis defect in the egl-3mutant (Fig

5E, S6E and S6F Fig). We note that DAF-16a(AM) expression in ASER in some mutants

caused salt chemotaxis defects in a manner different from that in the wild type: it significantly

promoted migration to higher salt concentrations in egl-3, egl-21 and goa-1mutants and AIB-

ablation animals (S7 Fig; see also Discussion).

Most neuropeptides processed by EGL-3 are thought to be further processed by EGL-21

[39]. Indeed, DAF-16a(AM) expression had no significant effect also in an egl-21mutant back-

ground (Fig 5D). Hence, we next examined the expression levels of egl-21, egl-3, and some

other genes related to neurotransmission by qRT-PCR. No significant change was observed in

expression of egl-3, pkc-1, unc-13, and eat-4, which encodes the vesicular glutamate trans-

porter, by DAF-16a(AM) expression in ASER. On the other hand, the DAF-16a(AM) expres-

sion weakly, but significantly, reduced expression of egl-21 and dgk-1, the latter of which

encodes a diacylglycerol kinase (S8B Fig). Moreover, overexpression of egl-21 in ASER

imposed migration bias to higher salt concentrations after high-salt/starvation conditioning,

whereas it had no significant effect on chemotaxis after low-salt/starvation conditioning (Fig

5F and 5G), a phenotype opposite to that caused by DAF-16a(AM) expression in ASER. These

results are consistent with the notion that DAF-16 promotes low-salt migration by changing

production of neuropeptides via the EGL-21 neuropeptide processing enzyme in ASER.

Discussion

Role of DAF-16/FOXO in taste avoidance learning

Taste avoidance learning is a form of associative learning between starvation conditions and

salt concentrations. We previously reported that the Ras/MAPK signaling pathway mediates

transmission of food signaling to the ASER neuron and its downregulation increases axonal

transport of DAF-2c, by which salt avoidance is promoted [25]. In this study, we show that

DAF-16 acts in parallel to the DAF-2c pathway in taste avoidance learning. DAF-16 was trans-

located into the nucleus of ASER under fasting conditions in a DAF-2-dependent manner,

and this regulation was mediated by DAF-2(exon 11.5-) isoforms (see below). Constitutively

nuclear-translocated DAF-16, DAF-16a(AM), increased salt avoidance even after feeding con-

ditioning. Furthermore, a cell type- and timing-dependent expression using the auxin-induc-

ible degradation system revealed that DAF-16 acts in ASER around the time of taste avoidance
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learning. These observations suggest that DAF-2(exon 11.5-)/DAF-16 signaling likely trans-

mits starvation signals to the ASER nucleus in parallel to the axonal DAF-2c pathway in taste

avoidance learning. This dual function of insulin-like signaling in the cell body and the axon

may ensure dynamic changes of behavioral responses after starvation conditioning (Fig 6).

daf-16mutations caused strong defects in learned behaviors after conditioning under star-

vation (Fig 1, S3A Fig), but only minor effects on those after feeding conditions, suggesting

that the defects of the daf-16mutants are not simply due to abnormalities in salt sensitivity or

locomotory activity. The effect of DAF-16a(AM) expression was significantly decreased in ani-

mals with genetically ablated AIA and AIY interneurons. These findings imply that DAF-16

may regulate salt avoidance by controlling neurotransmission between ASER and the inner-

vated interneurons, such as AIA and AIY. It was reported that the morphology of AIY is regu-

lated by DAF-16, especially a DAF-16b isoform, during development [31]. Therefore, loss of

the DAF-16b isoform might cause a change in neurotransmission from ASER to AIY, possibly

leading to defective learning behavior. However, the b isoform-specific daf-16mutant had no

significant defect in the learning (Fig 2D and 2E). In addition, not only DAF-16b but also

DAF-16a and DAF-16f rescue the defect in the learning (Fig 2B), while expression of DAF-16a

and DAF-16f did not rescue abnormal morphology of AIY [31]. Therefore, it seems that the

learning defects of the daf-16mutants are not caused only by abnormal morphology of AIY.

The AIY interneurons mediate an ASER-dependent curved locomotion toward low-salt con-

centrations [34]. The AIA and AIY interneurons are activated upon an increase in salt concen-

tration and promote forward locomotion [40]. It will be interesting to investigate how DAF-16

controls the activities of interneurons upon ASER activation and the regulation of taste avoid-

ance learning.

Evolutionarily conserved roles of insulin/FOXO signaling in feeding-

related behavior

Nuclear localization of DAF-16 was increased in ASER in daf-2(e1370), a reduction-of-func-

tion mutation in the exon common to all isoforms, but not in daf-2(pe2722), a frame-shift-

deletion mutation in exon 11.5 which is contained only in the daf-2c isoform, suggesting that

DAF-16 is negatively regulated by exon 11.5-skipped DAF-2, DAF-2(exon 11.5-), which pref-

erentially localizes to the cell body, as compared to DAF-2c(exon 11.5+) (Fig 3E) [28]. The

observation that DAF-16 nuclear localization is dependent on the putative Akt phosphoryla-

tion sites (Fig 4A) suggests that the cell body isoform, DAF-2(exon 11.5-), regulates DAF-16

localization via Akt in ASER, similar to that in other cell types [11,13,29]. Also, in mammalian

neurons, the receptors for insulin-like peptides, such as insulin, IGF-I, and IGF-II, are local-

ized to both the cell body and axon [41–43]. However, the relationship between multiple insu-

lin-like signaling in the cell body and axon within a single neuron remains unclear. In C.

elegans, impairment of both nuclear and axonal insulin-like signaling caused salt attraction

after starvation conditioning as if the mutant worms were conditioned in the presence of food

(Fig 3A and 3B). Therefore, the cooperative function of insulin-like signaling acting in the dis-

tinct subcellular regions is essential for generation of the behavioral mode of salt avoidance

caused by starvation conditioning, although the precise timing of action of these signaling

pathways are currently unknown.

In axonal DAF-2 signaling, the insulin-like peptide INS-1, which preferentially localized to

the axonal processes, regulates taste avoidance learning [25,26]. On the other hand, for the

DAF-2(exon 11.5-)/DAF-16 signaling pathway in the cell body, an insulin-like peptide

that regulates taste avoidance learning remains unclear. Because decision of dauer entry

and longevity are modulated by the presence or absence of food, the activity of DAF-2(exon
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11.5-)/DAF-16 signaling in ASER might be regulated by starvation responses commonly used

for the regulation of development and longevity. In mammals, insulin released from the

peripheral tissues enters the brain and acts on the insulin receptors expressed in the hypotha-

lamic arcuate nucleus and regulates food intake behavior through control of

Fig 6. A summary of DAF-16 functions in taste avoidance learning. Animals avoid salt concentrations encountered

during starvation and migrate to areas at lower and higher salt concentrations. To avoid high-salt areas, DAF-16 acts in

the ASER cell body independently of axonal DAF-2c signaling. DAF-16 is translocated into the nucleus of ASER

dependent on signaling mediated by DAF-2(exon 11.5-) isoforms and transmits the signal to downstream neurons,

including AIA and AIY, via neuropeptide signaling modulated by EGL-21/carboxypeptidase E, and promotes high-salt

avoidance.

https://doi.org/10.1371/journal.pgen.1008297.g006
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FOXO1-dependent expression of neuropeptides, such as agouti-related protein (AgRP) and

pro-opiomelanocortin (POMC) [44]. In this study, DAF-16 was found to regulate salt chemo-

taxis through EGL-3- and EGL-21-dependent neuropeptide processing in the nervous system.

Taste avoidance learning of C. elegans is believed to increase the chance of obtaining food by

avoiding areas that are likely devoid of food. Therefore, the insulin/FOXO pathway-dependent

modulation of neuropeptide signaling might be an evolutionarily conserved mechanism to

control feeding-related behavior.

Molecular mechanisms underlying FOXO-dependent regulation of

learning and memory

Although DAF-16 mainly localizes to the cytoplasm in the presence of food, the daf-16
(mgDf50null)mutant exhibited a mild defect in high-salt migration after feeding conditioning

(S3A Fig, S4 Fig). Thus, a weak activity of DAF-16 in the nucleus is likely required for high-salt

attraction after feeding conditioning. On the other hand, starvation strongly promotes nuclear

localization of DAF-16 independent of salt concentrations during fasting (Fig 3C, S4 Fig). The

daf-16(lf)mutants showed strong defects in migration to both low- and high-salt concentrations

after starvation conditioning (Fig 1). Thus, DAF-16 is required for avoidance of the salt concen-

trations associated with starvation towards both lower and higher concentrations. We speculate

that DAF-16 controls transcription of genes required for the behavioral switch caused by starva-

tion conditioning and those genes promote both low- and high-salt migration dependent on the

cellular environments after high- and low-salt conditioning, respectively. The forced nuclear local-

ization by DAF-16a(AM) expression promotes low-salt migration irrespectively of the presence

or absence of food during conditioning (Fig 4B and 4C). The forced nuclear-localized DAF-16

may affect transcription of only a subset of genes that regulate salt chemotaxis, such as egl-21 and

dgk-1, thereby causing unbalanced promotion of lower salt migration or repression of higher salt

migration. Interestingly, in worms with defective neuropeptide processing, DAG metabolism, or

AIB function, the forced DAF-16 nuclear localization in ASER significantly promoted migration

to higher salt (S7 Fig). These observations support the notion that DAF-16 can promote salt che-

motaxis in different directions dependent on the cellular environments of the neural circuits.

Because DAF-16a can also function in muscle cells and chemosensory neurons other than ASER

in taste avoidance learning, in addition to the cell-autonomous functions in ASER, DAF-16a

might regulate taste avoidance learning from neuronal and muscle cells to the taste neural circuit

in a cell-non-autonomous manner. Detailed mechanisms underlying several modes of actions of

DAF-16 in taste avoidance learning will need to be further investigated.

A previous study demonstrated that a mutation in carboxypeptidase E was associated with

the development of neurodegenerative diseases [45], suggesting that processing of neuropep-

tides plays a key role in neural function. FoxO1 negatively regulates the expression of carboxy-

peptidase E in POMC-expressing neurons in mice, which leads to reduced food intake

through processing of POMC [46]. Our qRT-PCR and behavioral analyses suggest that DAF-

16/FOXO also negatively regulates the expression levels of EGL-21/carboxypeptidase E (S8B

Fig), thereby promoting avoidance of salt concentrations associated with starvation. EGL-21

overexpression in ASER caused the taste avoidance learning defect (Fig 5F) in the same direc-

tion as the egl-21(lf)mutant (S6A Fig), consistent with the notion that an adequate level of

EGL-21 in ASER is required for taste avoidance learning. FOXO-dependent neuropeptide pro-

cessing may underlie feeding-related behavior and behavioral plasticity across species. As the

recovery of neuropeptide production by egl-3 expression in the whole nervous system was suf-

ficient for rescue of the DAF-16-induced salt avoidance deficiency in the EGL-3/PC2 mutant,

DAF-16 appears to regulate taste avoidance learning via neuropeptide signaling acting in
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unknown neuron(s) in the taste neural circuit (Fig 6). In addition to egl-21, expression of a dia-

cylglycerol kinase dgk-1 was significantly reduced in the DAF-16a(AM)-expressing animals

(S8F Fig). Mutations of dgk-1, which are predicted to increase DAG levels, were reported to

cause defects in associative learning between odor and starvation and suppress decreased odor

chemotaxis in daf-18mutants similar to those of the insulin-like pathway [47,48]. The axonal

DAF-2 signaling regulates DAG dynamics in response to salt concentration changes [27]. In

this study, we show that the DAF-16-dependent low-salt migration requires normal DAG/

PKC-1 signaling (Fig 5B and 5C, S5D Fig). These findings imply that DAG/PKC-1 signaling

may play a key role downstream of both the soma and axonal DAF-2 pathways. Further com-

prehensive analysis will be required to understand fully the DAF-16-dependent transcriptional

regulation acting during taste avoidance learning. Based on our study, we propose a specula-

tive model for the regulatory functions of DAF-16 in taste avoidance learning (Fig 6).

The insulin-FOXO axis is likely to be important for cognitive functions in mammals,

including humans. Insulin receptors are expressed in the cerebral cortex and the hippocampus,

which play critical roles in learning and memory [49]. FOXO1, FOXO3, and FOXO6 are

expressed in the murine brain [50]. Cyclin-dependent kinase-5 (Cdk5) increases amyloid beta

levels through FOXO3 activity and induces the pathogenesis of Alzheimer’s disease [51].

FOXO6 expressed in the hippocampus is required for memory consolidation and synaptic

function [52]. We believe that our findings will promote the discovery of novel functions of

insulin/FOXO signaling in the complex nervous system.

Methods

Caenorhabditis elegans strains

The list of C. elegans strains is shown in S1 Table. The Bristol N2 strain was used as wild type.

The C. elegans strains were cultured as described [53]. Animals were cultivated on Nematode

Growth Media (NGM) plates under 15˚C, 20˚C, or 25˚C. An Escherichia coli strain, NA22,

was used as a bacterial diet. Double mutants were generated by genetic crossing, and their

genotypes were checked by PCR.

DNA constructs and transgenesis

For the daf-16 rescue experiments, the cDNA and a promoter region of each daf-16 isoform

were amplified with KOD-Plus-Neo DNA polymerase (Toyobo, Japan). A promoter region of

each daf-16 isoform was amplified with KOD-Plus Neo DNA polymerase using wild-type (N2)

total cDNA and genomic DNA as a template, respectively. Primers are shown in S2 Table. The

6.1 kbp, 4.0 kbp, and 3.4 kbp 5’ upstream regions were used for the promoter regions of daf-
16a, daf-16b, and daf-16f, respectively, as referred in Kwon et al., (2010). Most of the daf-16
expression plasmids were generated by the Gateway system (Thermo Fisher Scientific). The

PCR-amplified daf-16 cDNAs were inserted into the NheI-KpnI site of the pDEST vector con-

taining an sl2::venus sequence (pDEST-sl2::venus). The PCR-amplified daf-16 promoter se-

quences were inserted into the BamHI-NotI site of the pENTR vector (pENTR-1A). The

promoter region was inserted upstream of each daf-16 isoform cDNA by the LR reaction using

the LR reaction kit (Thermo Fisher Scientific, Japan). Plasmid DNA was transformed into E.

coli competent cells (DH5α or DB3.1) and extracted by the GENE-PREP-SYSTEM (KURABO,

Japan). Plasmids were purified by using the QIAquick PCR Purification Kit (QIAGEN, Japan).

The expression constructs for daf-16 were injected into animals at 5 ng μl-1 with amyo-3prom::

venus transformation marker (10 ng μl-1) and an empty vector (pPD49.26).

A daf-16a(AM)::gfp-expressing plasmid was generated by PCR-based mutagenesis of the

pGP30 plasmid including daf-16prom::daf-16a::gfp [13]. Both serine and threonine codons in
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the four putative Akt phosphorylation sites (T54, S238, T240, and S312) were mutated to an

alanine codon (GCT). Transgenic animals carrying daf-16a(AM)::gfp transgenes were gener-

ated by introduction of the daf-16a(AM)::gfp-expressing plasmid (5 ng μl-1) with amyo-3prom::

venus transformation marker (10 ng μl-1) and an empty vector (pPD49.26).

egl-21 cDNA was amplified from N2 total cDNA with KOD-One (Toyobo) DNA polymer-

ase using primers, 5’-AGTAGCTAGCATGCTGCACGCGATGCG-3’ and 5’-GGACGATAT

CTTAACGACGACGGGCAATC-3’.

A daf-2(pe2722)mutant was generated by the CRISPR/Cas9 system. A Cas9 target site,

5’-GACGATGAAGAGCCCGGCGG-3’, was inserted into the pDD162 (eft-3prom::Cas9 +

Empty sgRNA) vector as previously described [54]. The pDD162 vector containing the Cas9

target site was injected into animals at 50 ng μl-1 with amyo-3prom::venus transformation

marker (10 ng μl-1) and an empty vector, pPD49.26 (40 ng μl-1). The progenies with short dele-

tions in exon 11.5 of the daf-2 gene were selected by PCR. The pe2722mutation contains 41 bp

deletion in exon 11.5.

Salt concentration learning test

To examine salt concentration learning, we performed salt chemotaxis assays after condition-

ing on agar plates with several different sodium chloride (NaCl) concentrations in the presence

or absence of food. Salt chemotaxis assays were performed essentially as previously described

[24,28]. Animals were grown to the adult stage on NGM plates seeded with E. coliNA22 at

20C. For conditioning, adult animals were collected with wash buffer (50 mM NaCl, 25 mM

KPO4, 1 mM MgSO4 1 mM CaCl2, and 0.2% gelatin), washed twice and then transferred to

agar plates containing 25 or 100 mM NaCl with or without NA22. Animals were conditioned

for six hours at 20C. The animals conditioned with food were collected with wash buffer,

washed twice and placed at the center of a test plate. The animals conditioned without food

were collected with wash buffer and transferred to a test plate. Animals were allowed to move

freely for 45 minutes on the test plates. To prepare the test plate, two agar blocks (14 mm in

diameter, including either 150 mM NaCl (higher side) or 0 mM (lower side)) were placed at

the positions 3 cm away from the center of a 9 cm agar plate 18–24 hours before behavioral

tests. The agar blocks were removed and one microliter of 0.5 M sodium azide was spotted at

those positions just before behavioral tests to immobilize animals around the spots. After

behavioral tests, the test plates were transferred to 4˚C refrigerator in order to stop the move-

ments of all animals on the plates. The number of animals was counted in each region of test

plates, and then the chemotaxis index was calculated by the equation as follows, where Nhigh-

salt is the number of animals in the high-salt region, Nlow-salt is that in the low-salt region, Nstart

point is that in the starting region and Nall is the number of all animals on test plates. Schematic

of test plates was shown in our previous paper [28]. In many cases, we used 50–200 animals for

each chemotaxis test.

Chemotaxis index = (Nhigh-salt - Nlow-salt) / (Nall - Nstart point)

In an auxin-inducible degradation assay, both degron::daf-16a, daf-16a cDNA N-terminally

tagged with the degron sequence, and TIR1 cDNA were expressed in the ASER neuron.

Sequences of degron and the TIR1 gene were shown [33]. Auxin (Alfa Aesar (#A10556)) was

dissolved in ethanol at 4.0 x 102 mM to prepare an auxin stock solution. Day 1 adult animals

were transferred to NGM plates seeded with NA22, which contain 1 mM auxin or 0.25% etha-

nol as a control. After incubation for two hours at 20˚C, animals were collected with wash

buffer, washed twice, and then transferred to a conditioning plate, which contains 100 mM

NaCl and 1 mM auxin or ethanol (control) without food. Chemotaxis of the conditioned ani-

mals was tested as described above.
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Observation of fluorescence gene expressions

Animals were grown to the adult stage at 20˚C. Day 1 adult animals were mounted and anaes-

thetized on a 5% agar pad containing 10 mM sodium azide. In addition to bright field images,

fluorescence images of Venus, mCherry and tagRFP were acquired by using a confocal micros-

copy (Leica SP5) with 514, 543, and 633 nm excitation laser lights, respectively, and a

63 × objective.

Quantitative analysis of DAF-16::GFP subcellular localization

Animals at the L4 stage were transferred to a fresh NGM plate seeded with E. coliNA22, which

contains 50 mM of NaCl. After 24–30 hours, animals were mounted and anaesthetized on a

5% agar pad containing 10 mM sodium azide. In Fig 3D–3F, adult animals were mounted on

the agar pad after further incubation for two hours at 25˚C. Images were taken within 10 to 60

minutes after animals were mounted. In addition to bright field images, fluorescence images

of GFP, mCherry, and tagRFP were acquired by using a confocal microscopy (Leica SP5) with

488, 543, and 633 nm excitation laser lights, respectively, and a 63 × objective. Z-stack images

were taken with 0.2 μm spacing. DAF-16::GFP fluorescence intensity ratios of the nucleus to

the cytoplasm were measured by ImageJ Fiji (version 1.0). An image containing the largest

area of the ASER cell body was selected from z-series images based on tagRFP expression. A

region of the ASER nucleus was manually determined in the selected image based on mCherry

expression. An average fluorescence intensity of DAF-16::GFP was calculated in each region of

the nucleus and the cytoplasm (that is, the peripheral region of the nucleus), and then the

intensity ratio of the Nucleus/Cytoplasm was calculated.

Measuring locomotor speed

Animals were grown to the adult stage on NGM plates seeded with NA22 at 20˚C and condi-

tioned on a plate with 100 mM NaCl in the presence of food for 5–7 hours at 20˚C. They were

washed twice and transferred to a test plate containing 100 mM NaCl. Images of worms on the

test plate were acquired for 15 minutes at a frame per second, and then locomotor speeds of

the animals were calculated based on trajectories of the centroids of the animals using the

worm tracking system as previously reported [24].

Real-time PCR analysis

Total RNA was extracted from wild-type animals and two lines of transgenic animals express-

ing DAF-16a(AM) in ASER (JN2874 and JN3212 strains). cDNA was synthesized by using Pri-

meScript RT reagent Kit (Takara). The cDNA was used as templates for real-time PCR

analysis using SYBR PreMix ExTaqII (Takara). The list of primers is shown in S3 Table. The

analyses were performed using Thermal Cycler Dice Real Time System (Takara). The parame-

ters for PCR were as follows: 95˚C incubation for 30 seconds followed by 40 cycles of 95˚C

incubation for 5 seconds and 60˚C incubation for 30 seconds. The expression level was nor-

malized to that in the wild type and an eft-3 gene was used as an internal standard.

Statistical analysis

One-way ANOVA with Tukey’s and Dunnett’s multiple comparison tests were used for statis-

tical analyses. Two-way ANOVA with Bonferroni’s multiple comparison was used for statisti-

cal analyses for auxin-inducible degradation assays. Kruskal-Wallis and Mann Whitney tests

were used for statistical analyses of real-time PCR assays and quantification of DAF-16::GFP
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localization. These analyses were performed by using GraphPad Prism 5.0 software (GraphPad

Software, La Jolla, CA).

Supporting information

S1 Fig. Expression of each DAF-16 isoform. (A) The genomic structures of daf-16 isoforms,

and the promoter regions used for expression and behavioral analyses are shown. (B-D)

Expression patterns of Venus driven by the promoters of daf-16a, daf-16b, and daf-16f. Venus

and each DAF-16 isoform are co-expressed from the venus-fused daf-16 isoform pre-mRNA

separated by a sequence with an acceptor site of a spliced leader (SL2) trans-splicing, daf-16::

sl2::venus. I, intestine; M, muscle; P, pharynx; S, spermatheca. Scale bars indicate 0.2 mm.

(E-G) Expression patterns of the a, b, and f isoforms in the head region. N, neurons; P, phar-

ynx; I, intestine; M, body wall muscle. Scale bar indicates 30 μm. (H-J) ASER expressions of

DAF-16 isoforms were confirmed by co-expression of tagRFP driven by the ASER-specific

gcy-5 promoter. Scale bar indicates 30 μm.

(PDF)

S2 Fig. Rescue experiments of taste avoidance learning defects in daf-16 mutants. (A-D)

Salt chemotaxis after high- (A, D) or low-salt (B, C) conditioning without food in daf-16 trans-

genic animals. A red or blue dot represents a chemotaxis index obtained from each trial after

conditioning with high or low salt, respectively. A repeat of the experiment shown in Fig 2B

(A; N = 7). Multiple daf-16 isoform cDNAs were expressed in daf-16(mgDf50)mutant animals

by the endogenous promoters or the ASER-specific gcy-5 promoter (B; N = 7 or 8). A DAF-

16a isoform was expressed in all or most neurons, amphid and phasmid sensory neurons

except ASE and AFD, the intestine, the muscle and the hypodermis of daf-16mutant animals

by theH20, odr-4, ges-1,myo-3, and dpy-7 promoters, respectively (C; N = 8). (C, D) Salt che-

motaxis after high-salt conditioning without food in daf-16 transgenic animals. daf-16a::gfp
was expressed in daf-16mutant animals under the endogenous promoter, the ASER-specific

gcy-5 promoter or the ASEL-specific gcy-7 promoter (D; N = 9). Error bars indicate SEM.

Tukey’s test (A) or Dunnett’s test (B-D) following one-way ANOVA, n.s.p > 0.05, �p < 0.05,
��p< 0.01, and ���p< 0.001.

(PDF)

S3 Fig. DAF-16 acts independently of CASY-1 and DAF-2c. (A, B) Feeding conditioning

with high (A) or low (B) salt, respectively (N = 8). Each red or blue dot represents a chemotaxis

index obtained from each trial after conditioning with high or low salt, respectively. Error bars

indicate SEM. Tukey’s test following one-way ANOVA, n.s.p > 0.05, ��p< 0.01, and
���p< 0.001. (C) Representative images of DAF-2c::Venus expression in the ASER neuron of

wild-type (left) and daf-16mutant (right) animals. Scale bar indicates 20 μm.

(PDF)

S4 Fig. Subcellular localization of DAF-16 and genetic interaction between daf-2 and daf-
18. (A) Representative images of DAF-16::GFP in the ASER neuron taken before (naïve) or

after conditioning on agar plates containing 100 mM of salt for an hour. Two lines of animals,

JN2837 and JN2885, were used. Scale bar indicates 5 μm. (B, C) Representative images (B) and

quantification (C) of DAF-16::GFP localization in ASER before (naïve) or after starvation con-

ditioning with 25 mM of salt for an hour. The JN2885 strain was used (N> 15 animals). Scale

bar indicates 5 μm. Black and blue dots represent nucleus/cytosol fluorescence intensity ratios

in individual animals. Mann Whitney test, ���p< 0.001. (D, E) Feeding conditioning with

high (D) or low (E) salt, respectively (N = 6). Each red or blue dot represents a chemotaxis

index obtained from each trial after conditioning with high or low salt, respectively. Error bars
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indicate SEM. Tukey’s test following one-way ANOVA, n.s.p > 0.05, ��p< 0.01, and
���p< 0.001.

(PDF)

S5 Fig. The effect of DAF-16a(AM) on salt chemotaxis is dependent on Goα and Gqα. (A)

Schematic diagram of subcellular localization of wild-type and mutant forms of DAF-16 in

ASER. (B) Quantification of DAF-16a::GFP and DAF-16a(AM)::GFP localization in JN2885

and JN2838 animals, respectively (N > 14 animals). Black dots represent nucleus/cytosol fluo-

rescence intensity ratios in individual animals. Mann Whitney test, ���p< 0.001. (C) A sche-

matic diagram of diacylglycerol-dependent signaling in salt chemotaxis. (D) The effect of

DAF-16a(AM) on salt chemotaxis after high-salt/feeding conditioning in goa-1 loss-of-func-

tion and egl-30 gain-of-function mutants.

(PDF)

S6 Fig. Salt chemotaxis plasticity in neuropeptide processing enzyme mutants. (A, B) Salt

chemotaxis of neuropeptide processing enzyme mutants after starvation conditioning with

high (A) or low (B) salt (N = 7 or 8). (C-F) Salt chemotaxis after feeding conditioning with

high (C, E) or low (D, F) salt (N = 6 or 7) in neuropeptide processing enzyme mutants (C, D)

and egl-3 transgenic animals (E, F). A red or blue dot represents a chemotaxis index obtained

from each trial after conditioning with high or low salt, respectively. Error bars indicate SEM.

Dunnett’s test (A-D) and Tukey’s test following one-way ANOVA (E, F). n.s.p > 0.05,
�p< 0.05, ��p < 0.01, and ���p< 0.001.

(PDF)

S7 Fig. DAF-16a(AM) expression in ASER biases chemotaxis towards high salt in some

mutants and a transgenic animal. The effect of DAF-16a(AM) expression in ASER on salt

chemotaxis after feeding conditioning with low salt in neuropeptide processing enzymes

mutants (A), goa-1 and egl-30mutants (B) and interneuron-ablated animals (C) (N = 6 or 7).

A blue dot represents a chemotaxis index obtained from each trial after conditioning with low

salt. Error bars indicate SEM. Tukey’s test following one-way ANOVA, n.s.p > 0.05, �p< 0.05,

and ���p< 0.001.

(PDF)

S8 Fig. Expression changes caused by DAF-16a(AM) expression in ASER. (A-F) The expres-

sion levels of each gene were examined by qRT-PCR. mRNA was extracted from the wild type

and two transgenic lines of animals expressing DAF-16a(AM)::GFP in ASER, namely JN2874

(daf-16a(AM) #1) and JN3212 (daf-16a(AM) #2). Three biological replicates were used for sta-

tistical analysis. An average value of three technical replicates was used to obtain a biological

replicate. Error bars indicate SEM. Kruskal-Wallis test, followed by Dunn’s multiple compari-

son test, � p< 0.05. Note that the differences in unc-13 expression were not statistically signifi-

cant (p = 0.0552, Kruskal-Wallis test).

(PDF)

S1 Table. C. elegans strains used in this study.

(PDF)

S2 Table. Primers used for cloning of daf-16 cDNAs and promoter regions.

(PDF)

S3 Table. Primers used for real-time PCR analyses.

(PDF)
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food valuation via mesolimbic pathways. Nat Commun. 2017; 8. https://doi.org/10.1038/ncomms16052

PMID: 28719580

6. Kenyon C, Chang J, Gensch E, Rudner A, Tabtiang R. A C. elegans mutant that lives twice as long as

wild type. Nature. 1993; 366: 461–464. https://doi.org/10.1038/366461a0 PMID: 8247153

7. Kimura KD, Tissenbaum HA, Liu Y, Ruvkun G. daf-2, an insulin receptor-like gene that regulates lon-

gevity and diapause in Caenorhabditis elegans. Science. 1997; 277: 942–946. https://doi.org/10.1126/

science.277.5328.942 PMID: 9252323

8. Morris JZ, Tissenbaum HA, Ruvkun G. A phosphatidylinositol-3-OH kinase family member regulating

longevity and diapause in Caenorhabditis elegans. Nature. 1996; 382: 536–539. https://doi.org/10.

1038/382536a0 PMID: 8700226

DAF-16/FOXO promotes taste avoidance learning

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008297 July 19, 2019 21 / 24

https://doi.org/10.1371/journal.pbio.1002392
http://www.ncbi.nlm.nih.gov/pubmed/26928023
https://doi.org/10.1371/journal.pbio.0060254
http://www.ncbi.nlm.nih.gov/pubmed/18959478
https://doi.org/10.3389/fendo.2014.00161
http://www.ncbi.nlm.nih.gov/pubmed/25346723
https://doi.org/10.1186/1749-8104-5-7
http://www.ncbi.nlm.nih.gov/pubmed/20230616
https://doi.org/10.1038/ncomms16052
http://www.ncbi.nlm.nih.gov/pubmed/28719580
https://doi.org/10.1038/366461a0
http://www.ncbi.nlm.nih.gov/pubmed/8247153
https://doi.org/10.1126/science.277.5328.942
https://doi.org/10.1126/science.277.5328.942
http://www.ncbi.nlm.nih.gov/pubmed/9252323
https://doi.org/10.1038/382536a0
https://doi.org/10.1038/382536a0
http://www.ncbi.nlm.nih.gov/pubmed/8700226
https://doi.org/10.1371/journal.pgen.1008297


9. Paradis S, Ruvkun G. Caenorhabditis elegans Akt/PKB transduces insulin receptor-like signals from

AGE-1 PI3 kinase to the DAF-16 transcription factor. Genes Dev. 1998; 12: 2488–2498. https://doi.org/

10.1101/gad.12.16.2488 PMID: 9716402

10. Paradis S, Ailion M, Toker A, Thomas JH, Ruvkun G. A PDK1 homolog is necessary and sufficient to

transduce AGE-1 PI3 kinase signals that regulate diapause in Caenorhabditis elegans. Genes Dev.

1999; 13: 1438–1452. https://doi.org/10.1101/gad.13.11.1438 PMID: 10364160

11. Henderson ST, Johnson TE. daf-16 integrates developmental and environmental inputs to mediate

aging in the nematode Caenorhabditis elegans. Curr Biol. 2001; 11: 1975–1980. https://doi.org/10.

1016/S0960-9822(01)00594-2 PMID: 11747825

12. Lee RYN, Hench J, Ruvkun G. Regulation of C. elegans DAF-16 and its human ortholog FKHRL1 by

the daf-2 insulin-like signaling pathway. Curr Biol. 2001; 11: 1950–1957. https://doi.org/10.1016/S0960-

9822(01)00595-4 PMID: 11747821

13. Lin K, Hsin H, Libina N, Kenyon C. Regulation of the Caenorhabditis elegans longevity protein DAF-16

by insulin/IGF-1 and germline signaling. Nat Genet. 2001; 28: 139–145. https://doi.org/10.1038/88850

PMID: 11381260

14. Ogg S, Paradis S, Gottlieb S, Patterson GI, Lee L, Tissenbaum HA, et al. The fork head transcription

factor DAF-16 transduces insulin-like metabolic and longevity signals in C. elegans. Nature. 1997; 389:

994–999. https://doi.org/10.1038/40194 PMID: 9353126

15. Warnhoff K, Murphy JT, Kumar S, Schneider DL, Peterson M, Hsu S, et al. The DAF-16 FOXO Tran-

scription Factor Regulates natc-1 to Modulate Stress Resistance in Caenorhabditis elegans, Linking

Insulin/IGF-1 Signaling to Protein N-Terminal Acetylation. PLoS Genet. 2014; 10: e1004703. https://

doi.org/10.1371/journal.pgen.1004703 PMID: 25330323

16. Amrit FRG, Steenkiste EM, Ratnappan R, Chen SW, McClendon TB, Kostka D, et al. DAF-16 and

TCER-1 Facilitate Adaptation to Germline Loss by Restoring Lipid Homeostasis and Repressing Repro-

ductive Physiology in C. elegans. PLoS Genet. 2016; 12: e1005788. https://doi.org/10.1371/journal.

pgen.1005788 PMID: 26862916

17. Yamawaki TM, Berman JR, Suchanek-Kavipurapu M, McCormick M, Gaglia MM, Lee SJ, et al. The

somatic reproductive tissues of C. elegans promote longevity through steroid hormone signaling. PLoS

Biol. 2010; 8: e1000468. https://doi.org/10.1371/journal.pbio.1000468 PMID: 20824162

18. Kaletsky R, Lakhina V, Arey R, Williams A, Landis J, Ashraf J, et al. The C. elegans adult neuronal IIS/

FOXO transcriptome reveals adult phenotype regulators. Nature. 2016; 529: 92–96. https://doi.org/10.

1038/nature16483 PMID: 26675724

19. Kaletsky R, Yao V, Williams A, Runnels AM, Tadych A, Zhou S, et al. Transcriptome analysis of adult

Caenorhabditis elegans cells reveals tissue-specific gene and isoform expression. PLoS Genet. 2018;

14: e1007559. https://doi.org/10.1371/journal.pgen.1007559 PMID: 30096138

20. Park D, Hahm JH, Park S, Ha G, Chang GE, Jeong H, et al. A conserved neuronal DAF-16/FoxO plays

an important role in conveying pheromone signals to elicit repulsion behavior in Caenorhabditis ele-

gans. Sci Rep. 2017; 7. https://doi.org/10.1038/s41598-017-07313-6 PMID: 28775361

21. Ryu L, Cheon Y, Huh YH, Pyo S, Chinta S, Choi H, et al. Feeding state regulates pheromone-mediated

avoidance behavior via the insulin signaling pathway in Caenorhabditis elegans. EMBO J. 2018; 37:

e98402. https://doi.org/10.15252/embj.201798402 PMID: 29925517

22. Kauffman AL, Ashraf JM, orces-Zimmerman MR, Landis JN, Murphy CT. Insulin signaling and dietary

restriction differentially influence the decline of learning and memory with age. PLoS Biol. 2010; 8.

https://doi.org/10.1371/journal.pbio.1000372 PMID: 20502519

23. Kodama E, Kuhara A, Mohri-Shiomi A, Kimura KD, Okumura M, Tomioka M, et al. Insulin-like signaling

and the neural circuit for integrative behavior in C. elegans. Genes Dev. 2006; 20: 2955–60. https://doi.

org/10.1101/gad.1479906 PMID: 17079685

24. Kunitomo H, Sato H, Iwata R, Satoh Y, Ohno H, Yamada K, et al. Concentration memory-dependent

synaptic plasticity of a taste circuit regulates salt concentration chemotaxis in Caenorhabditis elegans.

Nat Commun. 2013; 4. https://doi.org/10.1038/ncomms3210 PMID: 23887678

25. Ohno H, Kato S, Naito Y, Kunitomo H, Tomioka M, Iino Y. Role of synaptic phosphatidylinositol 3-kinase

in a behavioral learning response in C. elegans. Science. 2014; 345: 313–317. https://doi.org/10.1126/

science.1250709 PMID: 25035490

26. Tomioka M, Adachi T, Suzuki H, Kunitomo H, Schafer WR, Iino Y. The Insulin/PI 3-Kinase Pathway

Regulates Salt Chemotaxis Learning in Caenorhabditis elegans. Neuron. 2006; 51: 613–625. https://

doi.org/10.1016/j.neuron.2006.07.024 PMID: 16950159

27. Ohno H, Sakai N, Adachi T, Iino Y. Dynamics of Presynaptic Diacylglycerol in a Sensory Neuron

Encode Differences between Past and Current Stimulus Intensity. Cell Rep. 2017; 20: 2294–2303.

https://doi.org/10.1016/j.celrep.2017.08.038 PMID: 28877465

DAF-16/FOXO promotes taste avoidance learning

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008297 July 19, 2019 22 / 24

https://doi.org/10.1101/gad.12.16.2488
https://doi.org/10.1101/gad.12.16.2488
http://www.ncbi.nlm.nih.gov/pubmed/9716402
https://doi.org/10.1101/gad.13.11.1438
http://www.ncbi.nlm.nih.gov/pubmed/10364160
https://doi.org/10.1016/S0960-9822(01)00594-2
https://doi.org/10.1016/S0960-9822(01)00594-2
http://www.ncbi.nlm.nih.gov/pubmed/11747825
https://doi.org/10.1016/S0960-9822(01)00595-4
https://doi.org/10.1016/S0960-9822(01)00595-4
http://www.ncbi.nlm.nih.gov/pubmed/11747821
https://doi.org/10.1038/88850
http://www.ncbi.nlm.nih.gov/pubmed/11381260
https://doi.org/10.1038/40194
http://www.ncbi.nlm.nih.gov/pubmed/9353126
https://doi.org/10.1371/journal.pgen.1004703
https://doi.org/10.1371/journal.pgen.1004703
http://www.ncbi.nlm.nih.gov/pubmed/25330323
https://doi.org/10.1371/journal.pgen.1005788
https://doi.org/10.1371/journal.pgen.1005788
http://www.ncbi.nlm.nih.gov/pubmed/26862916
https://doi.org/10.1371/journal.pbio.1000468
http://www.ncbi.nlm.nih.gov/pubmed/20824162
https://doi.org/10.1038/nature16483
https://doi.org/10.1038/nature16483
http://www.ncbi.nlm.nih.gov/pubmed/26675724
https://doi.org/10.1371/journal.pgen.1007559
http://www.ncbi.nlm.nih.gov/pubmed/30096138
https://doi.org/10.1038/s41598-017-07313-6
http://www.ncbi.nlm.nih.gov/pubmed/28775361
https://doi.org/10.15252/embj.201798402
http://www.ncbi.nlm.nih.gov/pubmed/29925517
https://doi.org/10.1371/journal.pbio.1000372
http://www.ncbi.nlm.nih.gov/pubmed/20502519
https://doi.org/10.1101/gad.1479906
https://doi.org/10.1101/gad.1479906
http://www.ncbi.nlm.nih.gov/pubmed/17079685
https://doi.org/10.1038/ncomms3210
http://www.ncbi.nlm.nih.gov/pubmed/23887678
https://doi.org/10.1126/science.1250709
https://doi.org/10.1126/science.1250709
http://www.ncbi.nlm.nih.gov/pubmed/25035490
https://doi.org/10.1016/j.neuron.2006.07.024
https://doi.org/10.1016/j.neuron.2006.07.024
http://www.ncbi.nlm.nih.gov/pubmed/16950159
https://doi.org/10.1016/j.celrep.2017.08.038
http://www.ncbi.nlm.nih.gov/pubmed/28877465
https://doi.org/10.1371/journal.pgen.1008297


28. Tomioka M, Naito Y, Kuroyanagi H, Iino Y. Splicing factors control C. elegans behavioural learning in a

single neuron by producing DAF-2c receptor. Nat Commun. 2016; 7. https://doi.org/10.1038/

ncomms11645 PMID: 27198602

29. Kwon ES, Narasimhan SD, Yen K, Tissenbaum HA. A new DAF-16 isoform regulates longevity. Nature.

2010; 466: 498–502. https://doi.org/10.1038/nature09184 PMID: 20613724

30. Chen ATY, Guo C, Itani OA, Budaitis BG, Williams TW, Hopkins CE, et al. Longevity genes revealed by

integrative analysis of isoform-specific daf-16/FoxO mutants of Caenorhabditis elegans. Genetics.

2015; 201: 613–629. https://doi.org/10.1534/genetics.115.177998 PMID: 26219299

31. Christensen R, de la Torre-Ubieta L, Bonni A, Colon-Ramos DA. A conserved PTEN/FOXO pathway

regulates neuronal morphology during C. elegans development. Development. 2011; 138: 5257–5267.

https://doi.org/10.1242/dev.069062 PMID: 22069193

32. Kerk SY, Kratsios P, Hart M, Mourao R, Hobert O. Diversification of C. elegans Motor Neuron Identity

via Selective Effector Gene Repression. Neuron. 2017; 93: 80–98. https://doi.org/10.1016/j.neuron.

2016.11.036 PMID: 28056346

33. Zhang L, Ward JD, Cheng Z, Dernburg AF. The auxin-inducible degradation (AID) system enables ver-

satile conditional protein depletion in C. elegans. Development. 2015; 142: 4374–4384. https://doi.org/

10.1242/dev.129635 PMID: 26552885

34. Satoh Y, Sato H, Kunitomo H, Fei X, Hashimoto K, Iino Y. Regulation of Experience-Dependent Bidirec-

tional Chemotaxis by a Neural Circuit Switch in Caenorhabditis elegans. J Neurosci. 2014; 34: 15631–

7. https://doi.org/10.1523/JNEUROSCI.1757-14.2014 PMID: 25411491

35. Ventimiglia D, Bargmann CI. Diverse modes of synaptic signaling, regulation, and plasticity distinguish

two classes of C. elegans glutamatergic neurons. Elife. 2017; 6: e31234. https://doi.org/10.7554/eLife.

31234 PMID: 29160768

36. Sieburth D, Madison JM, Kaplan JM. PKC-1 regulates secretion of neuropeptides. Nat Neurosci. 2007;

10: 49–57. https://doi.org/10.1038/nn1810 PMID: 17128266

37. Adachi T, Kunitomo H, Tomioka M, Ohno H, Okochi Y, Mori I, et al. Reversal of salt preference is

directed by the insulin/PI3K and G q/PKC signaling in Caenorhabditis elegans. Genetics. 2010; 186:

1309–1319. https://doi.org/10.1534/genetics.110.119768 PMID: 20837997

38. Husson SJ, Clynen E, Baggerman G, Janssen T, Schoofs L. Defective processing of neuropeptide pre-

cursors in Caenorhabditis elegans lacking proprotein convertase 2 (KPC-2/EGL-3): Mutant analysis by

mass spectrometry. J Neurochem. 2006; 98: 1999–2012. https://doi.org/10.1111/j.1471-4159.2006.

04014.x PMID: 16945111

39. Husson SJ, Janssen T, Baggerman G, Bogert B, Kahn-Kirby AH, Ashrafi K, et al. Impaired processing

of FLP and NLP peptides in carboxypeptidase E (EGL-21)-deficient Caenorhabditis elegans as ana-

lyzed by mass spectrometry. J Neurochem. 2007; 102: 246–260. https://doi.org/10.1111/j.1471-4159.

2007.04474.x PMID: 17564681

40. Wang L, Sato H, Satoh Y, Tomioka M, Kunitomo H, Iino Y. A Gustatory Neural Circuit of Caenorhabditis

elegans Generates Memory-Dependent Behaviors in Na + Chemotaxis. J Neurosci. 2017; 37: 2097–

2111. https://doi.org/10.1523/JNEUROSCI.1774-16.2017 PMID: 28126744

41. Terauchi A, Johnson-Venkatesh EM, Bullock B, Lehtinen MK, Umemori H. Retrograde fibroblast growth

factor 22 (FGF22) signaling regulates insulin-like growth factor 2 (IGF2) expression for activity-depen-

dent synapse stabilization in the mammalian brain. Elife. 2016; 5. https://doi.org/10.7554/eLife.12151

PMID: 27083047

42. Rodriguez-Perez AI, Borrajo A, Diaz-Ruiz C, Garrido-Gil P, Labandeira-Garcia JL. Crosstalk between

insulin-like growth factor-1 and angiotensin-II in dopaminergic neurons and glial cells: role in neuroin-

flammation and aging. Oncotarget. 2016; 7: 30049–67. https://doi.org/10.18632/oncotarget.9174

PMID: 27167199

43. Ferrón SR, Radford EJ, Domingo-Muelas A, Kleine I, Ramme A, Gray D, et al. Differential genomic

imprinting regulates paracrine and autocrine roles of IGF2 in mouse adult neurogenesis. Nat Commun.

2015; 6. https://doi.org/10.1038/ncomms9265 PMID: 26369386

44. Kitamura T, Feng Y, Kitamura YI, Chua SC, Xu AW, Barsh GS, et al. Forkhead protein FoxO1 mediates

Agrp-dependent effects of leptin on food intake. Nat Med. 2006; 12: 534–40. https://doi.org/10.1038/

nm1392 PMID: 16604086

45. Cheng Y, Cawley NX, Yanik T, Murthy SRK, Liu C, Kasikci F, et al. A human carboxypeptidase E/NF-α1

gene mutation in an Alzheimer’s disease patient leads to dementia and depression in mice. Transl Psy-

chiatry. 2016; 6: e973. https://doi.org/10.1038/tp.2016.237 PMID: 27922637

46. Plum L, Lin H V., Dutia R, Tanaka J, Aizawa KS, Matsumoto M, et al. The obesity susceptibility gene

Cpe links foxO1 signaling in hypothalamic pro-opiomelanocortin neurons with regulation of food intake.

Nat Med. 2009; 15: 1195–201. https://doi.org/10.1038/nm.2026 PMID: 19767734

DAF-16/FOXO promotes taste avoidance learning

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008297 July 19, 2019 23 / 24

https://doi.org/10.1038/ncomms11645
https://doi.org/10.1038/ncomms11645
http://www.ncbi.nlm.nih.gov/pubmed/27198602
https://doi.org/10.1038/nature09184
http://www.ncbi.nlm.nih.gov/pubmed/20613724
https://doi.org/10.1534/genetics.115.177998
http://www.ncbi.nlm.nih.gov/pubmed/26219299
https://doi.org/10.1242/dev.069062
http://www.ncbi.nlm.nih.gov/pubmed/22069193
https://doi.org/10.1016/j.neuron.2016.11.036
https://doi.org/10.1016/j.neuron.2016.11.036
http://www.ncbi.nlm.nih.gov/pubmed/28056346
https://doi.org/10.1242/dev.129635
https://doi.org/10.1242/dev.129635
http://www.ncbi.nlm.nih.gov/pubmed/26552885
https://doi.org/10.1523/JNEUROSCI.1757-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25411491
https://doi.org/10.7554/eLife.31234
https://doi.org/10.7554/eLife.31234
http://www.ncbi.nlm.nih.gov/pubmed/29160768
https://doi.org/10.1038/nn1810
http://www.ncbi.nlm.nih.gov/pubmed/17128266
https://doi.org/10.1534/genetics.110.119768
http://www.ncbi.nlm.nih.gov/pubmed/20837997
https://doi.org/10.1111/j.1471-4159.2006.04014.x
https://doi.org/10.1111/j.1471-4159.2006.04014.x
http://www.ncbi.nlm.nih.gov/pubmed/16945111
https://doi.org/10.1111/j.1471-4159.2007.04474.x
https://doi.org/10.1111/j.1471-4159.2007.04474.x
http://www.ncbi.nlm.nih.gov/pubmed/17564681
https://doi.org/10.1523/JNEUROSCI.1774-16.2017
http://www.ncbi.nlm.nih.gov/pubmed/28126744
https://doi.org/10.7554/eLife.12151
http://www.ncbi.nlm.nih.gov/pubmed/27083047
https://doi.org/10.18632/oncotarget.9174
http://www.ncbi.nlm.nih.gov/pubmed/27167199
https://doi.org/10.1038/ncomms9265
http://www.ncbi.nlm.nih.gov/pubmed/26369386
https://doi.org/10.1038/nm1392
https://doi.org/10.1038/nm1392
http://www.ncbi.nlm.nih.gov/pubmed/16604086
https://doi.org/10.1038/tp.2016.237
http://www.ncbi.nlm.nih.gov/pubmed/27922637
https://doi.org/10.1038/nm.2026
http://www.ncbi.nlm.nih.gov/pubmed/19767734
https://doi.org/10.1371/journal.pgen.1008297


47. Matsuki M, Kunitomo H, Iino Y. Goα regulates olfactory adaptation by antagonizing Gqα-DAG signaling

in Caenorhabditis elegans. Proc Natl Acad Sci. 2006; 103: 1112–1117. https://doi.org/10.1073/pnas.

0506954103 PMID: 16418272

48. Lin CHA, Tomioka M, Pereira S, Sellings L, Iino Y, van der Kooy D. Insulin Signaling Plays a Dual Role

in Caenorhabditis elegans Memory Acquisition and Memory Retrieval. J Neurosci. 2010; 30: 8001–11.

https://doi.org/10.1523/JNEUROSCI.4636-09.2010 PMID: 20534848

49. Zhao W, Chen H, Xu H, Moore E, Meiri N, Quon MJ, et al. Brain insulin receptors and spatial memory. J

Biol Chem. 1999; 274: 34893–902. https://doi.org/10.1074/jbc.274.49.34893 PMID: 10574963

50. Hoekman MFM, Jacobs FMJ, Smidt MP, Burbach JPH. Spatial and temporal expression of FoxO tran-

scription factors in the developing and adult murine brain. Gene Expr Patterns. 2006; 6: 134–40. https://

doi.org/10.1016/j.modgep.2005.07.003 PMID: 16326148

51. Shi C, Viccaro K, Lee H, Shah K. Cdk5–Foxo3 axis: initially neuroprotective, eventually neurodegenera-

tive in Alzheimer’s disease models. J Cell Sci. 2016; 129: 1815–1830. https://doi.org/10.1242/jcs.

185009 PMID: 28157684

52. Salih DAM, Rashid AJ, Colas D, de la Torre-Ubieta L, Zhu RP, Morgan AA, et al. FoxO6 regulates mem-

ory consolidation and synaptic function. Genes Dev. 2012; 26: 2780–801. https://doi.org/10.1101/gad.

208926.112 PMID: 23222102

53. Brenner S. The genetics of Caenorhabditis elegans. Genetics. 1974; 77: 71–94. https://doi.org/10.

1002/cbic.200300625 PMID: 4366476

54. Dickinson DJ, Ward JD, Reiner DJ, Goldstein B. Engineering the Caenorhabditis elegans genome

using Cas9-triggered homologous recombination. Nat Methods. 2013; 10: 1028–34. https://doi.org/10.

1038/nmeth.2641 PMID: 23995389

DAF-16/FOXO promotes taste avoidance learning

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008297 July 19, 2019 24 / 24

https://doi.org/10.1073/pnas.0506954103
https://doi.org/10.1073/pnas.0506954103
http://www.ncbi.nlm.nih.gov/pubmed/16418272
https://doi.org/10.1523/JNEUROSCI.4636-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20534848
https://doi.org/10.1074/jbc.274.49.34893
http://www.ncbi.nlm.nih.gov/pubmed/10574963
https://doi.org/10.1016/j.modgep.2005.07.003
https://doi.org/10.1016/j.modgep.2005.07.003
http://www.ncbi.nlm.nih.gov/pubmed/16326148
https://doi.org/10.1242/jcs.185009
https://doi.org/10.1242/jcs.185009
http://www.ncbi.nlm.nih.gov/pubmed/28157684
https://doi.org/10.1101/gad.208926.112
https://doi.org/10.1101/gad.208926.112
http://www.ncbi.nlm.nih.gov/pubmed/23222102
https://doi.org/10.1002/cbic.200300625
https://doi.org/10.1002/cbic.200300625
http://www.ncbi.nlm.nih.gov/pubmed/4366476
https://doi.org/10.1038/nmeth.2641
https://doi.org/10.1038/nmeth.2641
http://www.ncbi.nlm.nih.gov/pubmed/23995389
https://doi.org/10.1371/journal.pgen.1008297

