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Abstract

Animals can adapt to dynamic environmental conditions by modulating their developmental

programs. Understanding the genetic architecture and molecular mechanisms underlying

developmental plasticity in response to changing environments is an important and emerging

area of research. Here, we show a novel role of cAMP response element binding protein

(CREB)-encoding crh-1 gene in developmental polyphenism of C. elegans. Under conditions

that promote normal development in wild-type animals, crh-1 mutants inappropriately form

transient pre-dauer (L2d) larvae and express the L2d marker gene. L2d formation in crh-1

mutants is specifically induced by the ascaroside pheromone ascr#5 (asc-ωC3; C3), and crh-

1 functions autonomously in the ascr#5-sensing ASI neurons to inhibit L2d formation. More-

over, we find that CRH-1 directly binds upstream of the daf-7 TGF-β locus and promotes its

expression in the ASI neurons. Taken together, these results provide new insight into how

animals alter their developmental programs in response to environmental changes.

Author summary

C. elegans exhibits polyphenic development that is regulated by environmental conditions.

Newly hatched larvae of C. elegans sense and integrate food availability and population

density to determine whether to undergo normal reproductive development or arrest as

non-aging, stress-resistant dauer. Dauer entry in C. elegans is proceeded by a commitment

to either L2d, an obligate dauer precursor, or reproductive growth. Here, we find a flp-8
neuropeptide gene as the bona fide L2d marker and show that the crh-1 gene controls the

L2d formation by direct regulation of daf-7 TGF-β expression. Identification of this gene,

as well as the novel L2d marker, now provides an unique opportunity to study the under-

explored L2d formation of C. elegans.
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Introduction

Animals exhibit phenotypic traits whose expression can be influenced by environmental sig-

nals, including temperature, food availability, and crowding. These signals are sensed, pro-

cessed, and integrated by the nervous system, and govern appropriate developmental and/or

behavioral phenotypes through effecting local and systemic changes in gene expression and/or

endocrine signals. For example, population density and food supply determine wing develop-

ment (winged vs. wingless) of the pea aphid (A. pisum) via ecdysone signaling [1]. This

extreme form of phenotypic plasticity is referred to as polyphenism—the development of alter-

nate and distinct phenotypes in animals of the same genotype—and is found across taxa [2,3].

Although the ability of animals to modulate their developmental programs in response to

changing environmental conditions is crucial for their survival, the molecular mechanisms

underlying such developmental plasticity are not yet fully understood.

The nematode Caenorhabditis elegans exhibits polyphenic development that is regulated by

environmental conditions. Newly hatched L1/L2 larvae of C. elegans sense and integrate envi-

ronmental signals, including food availability, temperature, and the abundance of pheromones

(a population density indicator) to determine whether to undergo normal reproductive devel-

opment into the L3 larval stage, or arrest at an alternate L3 stage, known as dauer. Dauer larvae

are developmentally arrested, non-aging, stress-resistant, and can re-enter normal reproduc-

tive development if conditions improve [4,5] (Fig 1A). Under less favorable conditions, L1 lar-

vae may transiently develop as L2d larvae, an obligate precursor to dauer commitment, but

which still retain the capacity to resume reproductive development [4] (Fig 1A). Thus, worms

assess and weigh multiple factors at multiple time points along the dauer trajectory in making

the dauer decision. However, it is not clear how worms evaluate external and internal signals

at specific developmental time windows and execute dauer formation. Specifically, the signals

and molecules that promote the L1-to-L2d developmental transition are also not well

understood.

C. elegans secretes pheromones, which are a complex cocktail of small molecules called

ascarosides [6–9]. Moreover, worms produce and secrete distinct concentrations and combi-

nations of ascarosides depending upon developmental stages and environmental conditions

[7,10,11]. For example, ascarosides ascr#2 (asc-C6MK; C6), ascr#3 (asc-ΔC9; C9), and ascr#5

(asc-ωC3; C3), act as a dauer-inducing cue and worms produce specific concentrations of each

ascaroside depending on cultivation conditions [6,7]. Although the potency and property of

pheromone components in inducing dauer formation have been described, little is known

about the contribution of each component to specific time windows along the dauer

trajectory.

The molecular and genetic mechanisms underlying the decision to enter the dauer stage

have been extensively studied, and have established two neuroendocrine daf-7/TGF-β and daf-
2/insulin signaling pathways as critical mediators of this binary fate decision [12–14]. Expres-

sion of daf-7 in the ASI sensory neuron type is regulated by environmental signals, including

temperature, food availability, pheromone, and infection [12,13,15,16]. However, the mecha-

nisms that regulate daf-7 expression as a function of environmental conditions have not been

fully described.

crh-1-encoded CREB (cAMP response element binding protein) plays critical roles in C.

elegans metabolism, sensory responses, development, lifespan, and learning and memory [17–

29] Similar to mammalian CREB, CRH-1 directly regulates target gene expression via the evo-

lutionarily conserved cAMP-responsive element (CRE) and represents a nutritive or metabolic

indicator [30]. However, a role for CREB in developmental plasticity, such as the decision to

enter the dauer stage in C. elegans, has not been explored.
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Here, we show that CRH-1 plays a role in the decision to enter the L2d stage. In rich food

conditions, pheromone is generally insufficient to induce L2d/dauer formation in wild-type

animals. However, crh-1 mutants exhibit transient L2d formation and express the L2d marker

Fig 1. The flp-8 expression is turned on in a subset of touch receptor neurons of L2d larvae. (A) C. elegans life cycle at 25˚C. In favorable

conditions, newly hatched L1/L2 larvae undergo normal reproductive development into L3 larvae. Under unfavorable conditions, L1 larvae

arrest as dauer larvae via the L2d pre-dauer stage. Under less favorable conditions, L1 larvae transiently become L2d larvae, which can

resume reproductive growth. Numbers show the approximate duration in hours of development of each stage or hours after hatching

(hAH). (B) Representative images of wild-type animals expressing flp-8p::gfp in a subset of touch receptor neurons in the presence of heat-

killed OP50 food without (left column) or with (right three columns) ascr#5 pheromone. The color-matched boxed regions of the second

column are shown at higher magnification. hAH, hour after hatching. Scale bars: 50 μm. (C) Percent of flp-8p::gfp expression in the AVM,

ALM, and PLM neurons by wild-type animals when grown in the presence of heat-killed OP50 food and the presence or absence of ascr#5

pheromone. n � 30 for each. Error bars indicate SEM. � and ��� indicate different from wild-type at p < 0.05 and p < 0.001, respectively

(student t-test).

https://doi.org/10.1371/journal.pgen.1009678.g001
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gene flp-8 under such conditions. L2d formation of crh-1 mutants is induced by ascr#5, but

not by ascr#2 or ascr#3, and expression of CRH-1 in the ascr#5-sensing ASI neurons is suffi-

cient to rescue inappropriate L2d formation in crh-1 mutants. We find that CRH-1 acts cell-

autonomously in the ASI sensory neurons to regulate daf-7 TGF-β expression and that ASI-

specific overexpression of daf-7 is sufficient to block L2d formation in crh-1 mutants. We also

identify a functional CRE in daf-7 regulatory sequences and show that it is specifically bound

by CRH-1, confirming that CRH-1 regulates daf-7 expression in ASI. Together, these results

reveal that CREB modulates developmental plasticity by repressing L2d entry in the presence

of rich food sources and abundant ascr#5, via direct regulation of daf-7 TGF-β expression in

the ascr#5-sensing ASI neurons.

Results

A flp-8 FMRFamide-like neuropeptide gene is expressed in a subset of

touch receptor neurons in pre-dauer larvae

To better understand the mechanisms underlying L2d larvae formation, we first screened for a

marker that specifically identifies the L2d developmental stage. The flp-8 FMRFamide-like

gene was previously shown to be differentially expressed in a subset of touch receptor neurons

(AVM, ALM, PLM; referred to as AAP-TRN henceforth) in dauer larvae in addition to expres-

sion in the AUA, URX and PVM neurons throughout larval development [31]. We monitored

the onset and maintenance of flp-8p::gfp reporter gene expression in the AAP-TRN of animals

grown under non-dauer-inducing conditions and dauer-inducing conditions with limited

heat-killed OP50 food and with and without the ascr#5 pheromone, respectively [32]. Consis-

tent with the previous study [31], we detected the expression of flp-8p::gfp in AVM only in the

dauer-inducing conditions (Fig 1B and 1C). Compared to non-dauer-inducing conditions,

expression in AVM was first detected 40 h after hatching (hAH) with more prominent expres-

sion evident at 60 hAH; 60 hAH is approximately 20 h prior to dauer entry/commitment

under these conditions (Fig 1B and 1C). Animals expressing flp-8p::gfp in the AVM neurons at

60 hAH were morphologically similar to dauer larvae but did not survive under 1% sodium

dodecyl sulfate (SDS) [5] treatment (S1 Fig), implying that flp-8 expression in the AVM neu-

rons begins at the L2d stage, before the completion of dauer cuticular remodeling that confers

resistance to this detergent. We noted the onset of flp-8 expression in the ALM and PLM neu-

rons at 55 hAH, five hour prior to dauer entry (Fig 1B and 1C). All dauer larvae expressed flp-
8p::gfp in the AAP-TRN (Fig 1B and 1C). Moreover, flp-8p::gfp was expressed in the AAP-TRN

of daf-7 mutant larvae (S2 Fig). Taken together, these results suggest that the onset of flp-8p::

gfp expression in the AVM neurons and possibly the ALM and PLM neurons can be used as a

marker for the L2d stage.

crh-1 CREB mutants express L2d marker genes in non-dauer-inducing

conditions

In a specific non-dauer-inducing condition with abundant live OP50 food and high concentra-

tions of ascr#5, we found that about 25% crh-1 mutant larvae inappropriately expressed the

flp-8 reporter gene in the AAP-TRN, which is significantly different from wild-type larvae (Fig

2A and 2B). However, in dauer-inducing conditions with limited heat-killed OP50 food and

high concentrations of ascr#5 pheromone, the expression of flp-8 in crh-1 mutant larvae in

AAP-TRN was similar to that of wild-type, although a slightly smaller percentage of crh-1
mutants expressed GFP in the AAP-TRN as compared to wild-type (S3 Fig). All assays were

conducted in this non-dauer inducing condition with abundant live OP50 food unless noted
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otherwise. The onset of expression in these neurons in crh-1 mutants under non dauer-induc-

ing conditions was approximately 35 hAH, five hours earlier than in the dauer-inducing con-

dition, likely due to their rapid growth from having live food available [33]. flp-8 expression

was not observed in the AAP-TRN of wild-type or crh-1 mutant larvae in the absence of phero-

mone (S4 Fig), indicating that the exposure to pheromone is necessary for induction of flp-8
expression in the AAP-TRN. An additional genetic marker, nhr-246 transcription factor, for

the L2d stage was also expressed in the intestine of crh-1 mutant larvae [34] (S5 Fig). These

results show that crh-1 mutants inappropriately express L2d marker genes in conditions that

do not promote dauer formation in wild-type animals.

crh-1 mutants inappropriately form transient pre-dauer L2d larvae upon

exposure to ascr#5

To better understand the crh-1 mutant phenotype, we next examined the ability of crh-1
mutants to enter the dauer stage in response to different concentrations of ascaroside phero-

mones, under standardized dauer-inducing conditions. We found that crh-1 mutants exhib-

ited normal or weakly decreased pheromone-mediated dauer formation (S3 Fig). However, in

a non-dauer inducing condition with abundant live OP50 food and high concentrations of

crude pheromone, crh-1 mutants formed thin dauer-like larvae 40–60 hAH (Figs 2C and S4)

consistent with inappropriate induction of the L2d stage. To assess whether these larvae were

indeed dauers, we treated them with 1% SDS. None of the crh-1 dauer-like larvae survived

under 1% SDS treatment (S1 Fig), indicating that these larvae have not fully remodeled their

cuticle as expected for dauer larvae. We next characterized their morphology using scanning

electron microscopy. The mouths of crh-1 dauer-like larvae remained open as in L3 larvae (S6

Fig), suggesting, in combination with their other phenotypic attributes, that they are indeed

L2d larvae. Moreover, by 65 hAH, these larvae had resumed reproductive development, con-

sistent with transient passage through the L2d state and incongruent with dauer commitment

and exit.

To determine whether the transient L2d formation of crh-1 mutants is induced by specific

pheromone components, we tested several ascaroside pheromones, including ascr#2, ascr#3,

and ascr#5. All assays were conducted beginning 40 hAH unless noted otherwise. We found

that crh-1 mutants specifically formed transient L2d in the presence of micromolar concentra-

tions of ascr#5, but not ascr#2 or ascr#3 (Figs 2D and S7). Moreover, flp-8 was not expressed

in the AAP-TRN of crh-1 mutant larvae in response to ascr#2 and ascr#3 (S8 Fig).

ascr#5-mediated dauer formation has been shown to be primarily mediated by a pair of

GTP-binding protein (G protein)-coupled receptors (GPCRs), SRG-36 and SRG-37 expressed

specifically in ASI, and partly by another pair of GPCRs, SRBC-64 and SRBC-66 expressed in

the ASK sensory neurons [15,35]. We found that the transient L2d formation of crh-1 mutants

was suppressed completely by mutations in both srg-36 and srg-37 and partially by mutations

in both srbc-64 and srbc-66 (Fig 2E), supporting the specificity of ascr#5 in the transient L2d

formation of crh-1 mutants. Taken together, these results imply that crh-1 mutants

Fig 2. crh-1 mutants inappropriately express an flp-8 L2d marker gene and form transient pre-dauer L2d larvae in non-dauer inducing conditions. (A)

Representative images of wild-type (left column) or crh-1 mutant (right two columns) animals expressing of flp-8p::gfp in a subset of touch receptor neurons in the

presence of live OP50 food and ascr#5 pheromone. The color-matched boxed regions of the second column are shown at higher magnification. hAH, hour after

hatching. Scale bars: 50 μm. (B) Percent of flp-8p::gfp expression in the AVM, ALM and PLM neurons by wild-type or crh-1 mutant animals when grown in the

presence of live OP50 food and ascr#5 pheromone. n � 30 each. (C) Light microscopy images of wild-type (left) or crh-1 mutant (right) animals in the presence of

live OP50 and crude pheromone. Arrowhead or arrow indicates a L3 or L2d larva, respectively. (D) Percent of L2d formed by wild-type or crh-1 mutant animals

when grown in the presence of live OP50 food and ascr#5 (top) or ascr#3 (bottom) pheromone. N � 5 for each. (E) Percent of L2d formed by animals of the

indicated genotypes when grown in the presence of live OP50 food and ascr#5 pheromone. N � 8 for each. Error bars indicate SEM. �, ��, and ��� indicate different

from wild-type at p < 0.05, p < 0.01, and p < 0.001, respectively (student t-test (B, D) or one-way ANOVA with Bonferroni’s post hoc tests (E)).

https://doi.org/10.1371/journal.pgen.1009678.g002
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inappropriately and transiently enter into the L2d stage in response to ascr#5 prior to resum-

ing reproductive development.

crh-1 acts in the ASI neurons to regulate ascr#5-mediated L2d formation

To identify the molecular mechanisms by which CRH-1 regulates ascr#5-mediated L2d forma-

tion, we identified the site of action of CRH-1. Previously, crh-1 had been shown to be

expressed in a set of head neurons of adult C. elegans [17,24]. To further verify the expression

patterns of crh-1, we generated transgenic animals expressing GFP under the control of

sequences 2601 bp, 2411 bp, 1094 bp, or 737 bp (crh-1p1::gfp to crh-1p4::gfp) upstream of the

translation start sequence of crh-1 gene. We found that 2601, 2411, and 1094 bp regulatory

sequences drove limited-expression possibly due to lack of certain cis-regulatory sequences

[21,23] and showed expression specifically in three pairs of sensory neurons in the head

amphid organs, including in the AWC, ASE, and AFD neurons, consistent with previous

observations [24]. However, we also routinely detected weak GFP expression in the ASI sen-

sory neurons (Fig 3A and 3B). Strong GFP expression of the crh-1p4::gfp transgene was

detected exclusively in the ASI neurons throughout larval development (Fig 3A and 3B).

Expression of wild-type crh-1 cDNA sequences driven by crh-1p1 or crh-1p4 promoters were

both partially sufficient to suppress L2d formation of crh-1 mutants (Fig 3C), suggesting that

crh-1 acts in the ASI sensory neurons. The morphology and dye-filling properties of the ASI

neurons were not altered by the crh-1 mutation (n > 50 each) (S9 Fig), suggesting that CRH-1

does not play a general role in ASI neuron development.

To confirm these findings, we next rescued crh-1 mutant phenotypes by expressing crh-1
cDNA under the control of cell-specific promoters, including srg-47 (ASI), ceh-36Δ (AWC),

and ttx-1 (AFD) [17]. Whereas expression of crh-1 in single AWC or AFD neurons did not res-

cue the L2d formation defects of crh-1 mutants, ASI-specific expression rescued the phenotype

to the same extent as expression driven under the endogenous crh-1 promoter (Fig 3D). ASI-

specific expression of crh-1 also fully rescued the flp-8 expression defects of crh-1 mutants (Fig

3E). Taken together, we conclude that the crh-1 gene is expressed in and functions in the ASI

neurons to regulate L2d formation.

daf-7 TGF-β expression is decreased in the ASI neurons of crh-1 mutants

Identification of the ASI neurons as the site of action for CRH-1 prompted us to investigate

whether CRH-1 also plays a role in regulating the expression of the daf-7 transforming growth

factor-β (TGF-β), which is expressed mainly in ASI, and which plays a major role in dauer for-

mation [12,13]. A feasible hypothesis for the inappropriate entry of crh-1 mutants into the L2d

stage is that the expression of daf-7 is downregulated in crh-1 mutants under non-dauer-

inducing conditions. Previously, the daf-7 expression has been monitored using either an inte-

grated daf-7p::gfp reporter gene, or by single-molecule fluorescence in situ hybridization

(smFISH) [16,36]. We found that the daf-7p::gfp reporter exhibited decreased expression in

the ASI neurons of crh-1 mutants (Fig 4A and 4B). The ASI-specific expression of crh-1
restored daf-7p::gfp expression in crh-1 mutants (Fig 4B). We next used smFISH to accurately

examine the endogenous transcriptional activity of daf-7 and observed that the fluorescence

intensity of daf-7 FISH probes in the ASI neurons was also decreased in crh-1 (Fig 4A and 4C).

Moreover, ascr#5 further decreased daf-7 transcriptional activity (Fig 4C). These results dem-

onstrate that CRH-1 is necessary to maintain a robust expression of daf-7 in the ASI neurons.

Similar to daf-7 expression, the expression of a candidate str-3 chemoreceptor gene in the

ASI neurons is regulated by exposure to pheromones [15,36]. Expression of an str-3p::gfp
reporter gene was strongly decreased in crh-1 mutants. This gene expression phenotype was
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Fig 3. crh-1 is expressed and acts in the ASI neurons to regulate ascr#5-mediated L2d formation. (A) The

percentage of adult transgenic animals expressing crh-1p1:: gfp, crh-1p2::gfp, crh-1p3::gfp or crh-1p4::gfp reporter

construct in the indicated neurons is shown. The strength of GFP expression is indicated by the number of + symbols.

At least two independent extrachromosomal lines for each construct were examined. n � 60 for each. (B)

Representative images of adult or L1 larval transgenic animals expressing gfp expression under the control of crh-1
promoter1 (crh-1p1) and crh-1 promoter4 (crh-1p4). Adult animals were dye-filled with DiI. Scale bar: 10 μm. (C and

D) Percent of L2d formed by animals of the indicated genotypes when grown in the presence of live OP50 food and

ascr#5 pheromone. N � 6 for each. Error bars indicate SEM. �, ��, and ��� indicate different from crh-1 mutants at
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again rescued by ASI-specific expression of crh-1 (Fig 4D and 4E). Taken together, these

results are consistent with the hypothesis that CRH-1 mediates transcriptional regulation of

daf-7 TGF-β and str-3 GPCR gene expression in the ASI neurons.

daf-7 TGF-β signaling is required for the ascr#5-mediated L2d formation

of crh-1 mutants

daf-7 null mutants form dauers constitutively (Daf-c) regardless of environmental conditions,

although other conditions and mutants in which daf-7 expression is perturbed result in less

penetrant dauer-related phenotypes [12]. We, therefore, investigated whether reduced daf-7
expression plays a role in the inappropriate induction of L2d larvae in crh-1 mutants. As

expected, 100% of daf-7 mutants formed L2d with abundant live OP50 food and high concen-

trations of ascr#5 (Fig 5A). Compared to the transient L2d formation of crh-1 mutants, daf-7
L2d larvae committed to dauer entry. In addition, flp-8 expression in the AVM neurons of daf-
7 mutants initiated at 40 hAH and lasted throughout the L2d and dauer stages (Fig 5B and

5C). To confirm that DAF-7 acts downstream to CRH-1 in regulating dauer formation, we

overexpressed DAF-7 specifically in the ASI neurons of crh-1 mutants and found that it par-

tially suppressed the L2d formation of crh-1 mutants (Fig 5D). Moreover, DAF-7 expression in

the ASI neurons partially rescued the L2d formation phenotype of daf-7 mutants (Fig 5E), fur-

ther supporting a role of the ASI neurons in the L2d formation of crh-1 mutants.

It was previously shown that the Daf-c phenotype of daf-7 mutants was suppressed by loss-

of-function mutations of the daf-3 SMAD or daf-5 SNO/SKI transcription factor genes

[37,38], whereas mutation of daf-16 represses Daf-c mutations in the insulin signaling pathway

[14]. We found that the loss of daf-5 function fully suppressed the L2d phenotype of crh-1
mutants, whereas the loss of daf-3 or daf-16 function did not affect the L2d formation of crh-1
mutants (Figs 5F and S10). These results suggest that daf-5 acts downstream of crh-1 in

ascr#5-mediated L2d formation and that the daf-7 TGF-β signaling pathway mediates the L2d

formation of crh-1 mutants.

CRH-1 directly regulates daf-7 expression via a conserved CRE motif

Like mammalian CREB, CRH-1 can act as a sequence-specific transcription factor to regulate

gene expression via cAMP-response elements (CRE; TGACGTCA) [39] (Fig 6A). To determine

whether CRH-1 directly regulates the expression of daf-7 in the ASI neurons, we first analyzed

the promoter regions of the daf-7 gene. Although we could not identify any DNA sequences

which showed exact matches to the CRE site within 3.1 kb upstream of the daf-7 initiator codon,

we identified ten DNA sequences that contain the consensus ACGT CRE core sequence within

this sequence (Fig 6B). We mutated these sequences in the context of the daf-7p::gfp reporter

gene, and found that mutations in one specific sequence, “GTACGTAC” located ~2380 bp

upstream of the translational start site caused decreased daf-7p::gfp expression in the ASI neurons

(Fig 6B and 6C). This mutation did not affect the faint reporter expression we observed in ASJ

neurons (S11 Fig), indicating the specificity of this motif in the regulation of ASI expression of

daf-7 [16]. Moreover, the decreased ASI daf-7 expression by mutations of the CRE site was not

altered in crh-1 mutant adults (Fig 6D). These results support our hypothesis that CRH-1 binds

this putative CRE in the daf-7 promoter to regulate its expression in ASI neurons.

p < 0.05, p < 0.01, and p < 0.001, respectively (one-way ANOVA with Bonferroni’s post hoc tests). (E) Percent of flp-
8p::gfp expression in the AVM neurons by animals of the indicated genotypes when grown in the presence of live OP50

food and ascr#5 pheromone. n � 45 for each.

https://doi.org/10.1371/journal.pgen.1009678.g003
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Fig 4. crh-1 mutants exhibit a decrease of daf-7 expression in the ASI neurons. (A) Representative images of L1

larval wild-type or crh-1 mutant animals expressing daf-7p::gfp transgene in the presence (+) or absence (-) of ascr#5.

Shown is GFP expression or daf-7 smFISH signal in the ASI neurons. All images for wild-type versus crh-1 mutant

animals were taken with identical camera settings, including the same exposure time. Anterior is to the left. Scale bar:

50 μm. (B) The relative level of daf-7p::gfp fluorescence in the ASI neurons of L1 larval animals of the indicated

genotypes in the absence (-) of ascr#5. (C) Scatter plot of fluorescence intensity of daf-7 smFISH signal in the ASI

neurons of wild-type or crh-1 mutant animals in the presence (+) or absence (-) of ascr#5. The median is indicated by a

horizontal line. Each dot is the fluorescence intensity of a single neuron; n � 30 neurons total each, at least two

independent experiments. (D) Representative images of L1 larval wild-type or crh-1 mutant animals expressing str-3p::

gfp in the ASI neurons. Scale bar: 10 μm. (E) The relative level of str-3p::gfp fluorescence in the ASI neurons of L1 larval

animals of the indicated genotypes in the absence (-) of ascr#5. n � 30 for each. Error bars indicate SEM. ���, †††, or ###

indicates different from wild-type, absence of ascr#5, or crh-1 mutants at p < 0.001, respectively (student t-test).

Arrowheads indicate the ASI neurons (A and D).

https://doi.org/10.1371/journal.pgen.1009678.g004
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Fig 5. daf-7 mediates the ascr#5-mediated L2d formation of crh-1 mutants. (A) Percent of L2d formed by animals of the indicated genotypes when

grown in the presence of live OP50 food and ascr#5 pheromone. N � 4 for each. (B) Representative images of wild-type (left column), crh-1 mutant (middle

columns), or daf-7 mutant animals expressing of flp-8p::gfp in a subset of touch receptor neurons in the presence of live OP50 food and ascr#5 pheromone.

The color-matched boxed regions of the second column each are shown at higher magnification. hAH, hour after hatching. Scale bars: 50 μm. Images of

wild-type and crh-1 mutants are originated from Fig 2B. (C) Percent of flp-8p::gfp expression in the AVM neurons by animals of the indicated genotypes

when grown in the presence of live OP50 food and ascr#5 pheromone. n � 30 for each. ��� indicates different from wild-type at p < 0.001(student t-test).

(C-E) Percent of L2d formed by animals of the indicated genotypes when grown in the presence of live OP50 food and ascr#5 pheromone. N � 8 (C), 6 (D),

4 (E) for each. Error bars represent the SEM. ### or ††† indicates different from crh-1 or daf-7 mutants at p < 0.001, respectively (student t-test).

https://doi.org/10.1371/journal.pgen.1009678.g005
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Fig 6. CRH-1 directly binds a CRE motif in the daf-7 promoter. (A) Shown are the conserved mammalian CRE motif and the newly

identified CRE motif in the daf-7 promoter. (B) The percentage of transgenic animals expressing daf-7p:: gfp reporter construct in the ASI

neurons is shown. GFP fluorescence was observed either in wild-type or crh-1 mutant animals. The strength of GFP expression is indicated

by the number of + symbols. Wild-type nucleotides are indicated in red, mutated nucleotides in blue. An arrowhead indicates daf-7p-

mutated CRE promoter. At least two independent extrachromosomal lines for each construct were examined. n � 30 for each. (C)

Representative images of L1 larval wild-type or crh-1 mutant animals expressing daf-7p::gfp or daf-7p-mutated CRE::gfp in the ASI neurons.

Scale bar: 50 μm. (D) Scatter plot of fluorescence intensity of daf-7p::gfp fluorescence in the ASI neurons of adult wild-type or crh-1 mutant

animals with (+) or without (-) of CRE site mutation. The median is indicated by a horizontal line. Each dot is the fluorescence intensity of a
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To confirm the direct binding of CRH-1 to this CRE motif in vitro, we performed electro-

phoretic mobility shift assays (EMSA) on cultured HEK293T cells. Specific CRE binding activ-

ity was evident in GFP-CRH-1 overexpressing nuclei, and absent in control nuclear extract

(Fig 6E). Furthermore, this CRE binding activity was significantly diminished by co-incuba-

tion with wild-type non-biotinylated probes, whereas mutant unlabeled probes failed to effec-

tively compete (Fig 6E). While these results need to be further confirmed in vivo, they indicate

that CRH-1 can directly bind to the CRE motif identified in the daf-7 promoter sequence,

which, in turn, may enhance daf-7 expression in the ASI neurons.

Thus, we have identified CRH-1 as a critical mediator of ASI state in developing C. elegans.
CRH-1 promotes the expression of daf-7 in the presence of pheromone and abundant food to

suppress inappropriate passage through L2d, which ultimately delays reproductive maturation

of the animal and may be disadvantageous to fitness.

Discussion

Dauer entry in C. elegans is gated by sequential developmental decisions, first, at L1 to transi-

tion to either L2 or L2d, and second, a commitment to either diapause or reproductive growth

(Fig 1A). Precociously or inadvertently entering dauer has the potential to carry a large fitness

cost for an animal, given the rapid development and fecundity of C. elegans. Here we have

shown that the CREB homolog CRH-1 is a key regulator of the first decision, whether or not

to enter L2d. crh-1 mutants inappropriately express the L2d marker gene flp-8 in ALM, AVM,

and PLM neurons and transiently form L2d larvae in non-dauer-inducing conditions. How-

ever, crh-1 mutants do not commit to dauer entry in the absence of additional environmental

cues and thus ultimately make the correct developmental decision. Our data support a model

in which CRH-1 positively regulates dauer-inhibiting daf-7 TGF-β expression in the

ascr#5-sensing ASI neurons (Fig 7). The loss of crh-1 function leads to decreased daf-7 TGF-β
expression, which provides a sensitized genetic background for further ascr#5-mediated daf-7
TGF-β repression via SRG-36/37 GPCRs (Fig 7). When the daf-7 expression is eliminated, ani-

mals constitutively enter the dauer state, and thus daf-7 expression serves as a critical rheostat

for the determination of C. elegans developmental trajectory [12,13,15]. Our results demon-

strate that worms exploit distinct strategy and molecules at different dauer decision points and

CRH-1 acts in ASI and gates the initial L1-to-L2d decision in response to pro-growth environ-

mental signals (food), prior to dauer commitment, and thus crh-1 mutant provides a unique

opportunity to study the under-explored L1 to L2/L2d transition. Previously, Lakhina and

coworkers showed that crh-1 mutants develop more slowly than wild-type animals at 20˚C in

the presence of food due to a change of basal CRH-1 activity [23]. Altogether, these results sug-

gest that CRH-1 regulates distinct aspects of C. elegans development.

We have shown that an abundance of live OP50 food and high (2 μM) concentrations of

ascr#5 (the most abundant ascaroside secreted when animals have grown at 20˚C) [7], which

may reflect a natural condition of crowding at 20˚C but high food, do not induce dauer forma-

tion (L2d to dauer transition) but do induce L2d formation (L1 to L2d transition) in crh-1
mutants. These results suggest CRH-1 is necessary to give the appropriate weight to pro-

growth food cues in the environment such that the presence of pheromone in the environment

is sufficient to promote L2d formation but not dauer commitment [4]. Moreover, ascr#5 but

single neuron; n � 30 neurons total each, at least two independent experiments. Error bars represent the SEM. $ $ $ indicates different at

p < 0.001, respectively (student t-test). (E) Nuclear extracts isolated from control (2nd lane) or GFP-crh-1 (3rd, 4th, 5th lane) transfected cells

were analyzed by EMSA using biotinylated daf-7p-CRE probes (2nd, 3rd, 4th, 5th lane) with non-biotinylated daf-7p-WT-CRE (4th lane) and

daf-7p-Mut-CRE (5th lane) competitors as indicated. An arrowhead indicates a complex of CRE probes and CRH-1.

https://doi.org/10.1371/journal.pgen.1009678.g006
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not ascr#2 or ascr#3 causes L2d formation in crh-1 mutants, indicating that specific, but not

all, pheromone component(s) may affect the decision for L1 to transition to L2 or L2d and

worms weigh pheromone signals differently at different dauer decision points. ascr#5 is the

most potent component of the dauer inducing ascaroside pheromones [7] and is produced in

higher amounts in well-fed worms than in starved worms, indicating that ascr#5 may be a

bona fide indicator of healthy populations or favorable environments [11]. Despite this

hypothesis, very high (6 μM) concentrations of ascr#5 can elicit L2d formation in wild-type

animals, indicating that crh-1 mutants are precocious in L2d entry. Given that ascr#5 further

reduces daf-7 expression in the ASI neurons of crh-1 mutants, we infer that CRH-1 acts as a

food sensor to set the basal level of daf-7 expression. Furthermore, the two-step process to

enter dauer likely allows animals to be more flexible and adjust to rapidly changing environ-

ments [40].

Previously, a large number of genes have been shown to be differentially expressed in dauer

larvae [41,42]. Interestingly, expression of most, but not all, flp genes, including flp-8 are up-

regulated during dauer development [42], and several flp genes have shown to be involved in

dauer development and behaviors [42,43]. Since the flp-8 expression in the AAP-TRN begins

at the L2d stage and is maintained throughout the dauer stage, the function of FLP-8 neuro-

peptide in the AAP-TRN of L2d and dauer larvae is intriguing. Although the exact function of

FLP-8 has not been determined, a family of FLP neuropeptides appears to inhibit overall cir-

cuit activity [44]. Previously, Chen and Chalfie [45] showed that dauer larvae exhibited

reduced touch sensitivity. Thus, it is possible that FLP-8 expression in the AAP-TRN could

inhibit circuit activity underlying touch sensation, which leads to decreased mechanosensation

in dauer and likely L2d larvae. It would be the next question to be explored in the future.

Fig 7. A model of the role of CRH-1 in ascr#5-mediated L2d formation. CRH-1 positively regulates dauer-

inhibiting daf-7 TGF-β expression in the ascr#5-sensing ASI neurons. In crh-1 mutants, the decreased daf-7 TGF-β
expression provides a sensitized genetic background for further ascr#5-mediated daf-7 TGF-β repression via srg-36/37
GPCRs which leads to transient L2d formation and flp-8 expression of AAP-TRN.

https://doi.org/10.1371/journal.pgen.1009678.g007
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Transforming growth factor β (TGF-β) signaling mediates diverse physiological roles,

including cell differentiation, morphogenesis, tissue homeostasis, regeneration, and immune

response, while the misregulation of TGF-β signaling promotes distinct disease states such as

cancer progression (see review by Massague [46]). While cellular response pathways to secre-

tion and diffusion/trafficking of the TGF-β ligand are well-characterized, relatively little is

known about the regulation of its expression [47]. In C. elegans, TGF-β signaling regulates

body size, innate immunity, aging, cell fate specification, differentiation, and dauer formation

(see review by Savage and Padgett [48]). For example, TGF-β signaling regulates CREB activity

in the hypodermis to mediate reproductive aging, and crh-1 acts downstream of sma-3
R-SMAD and regulates wrt-10 Hedgehog-related signaling factor[49]. Although the down-

stream components of TGF-β signaling are evolutionarily conserved and well-characterized,

upstream transcription factors and cis-regulatory elements by which expression of TGF-β
genes is controlled are not as well characterized. Here, we have shown that the CREB homolog

CRH-1 directly binds a novel CRE in the daf-7 TGF-β promoter, which must integrate multi-

ple external and internal signals and positively regulates its expression in the ASI neuroendo-

crine cells. Future studies are needed to identify potential CRH-1 co-factors, which may help

to refine or modulate its actions at the daf-7 promoter. Similar to mammalian CREB, C. ele-
gans CRH-1 functions in many developmental and behavioral processes, including longevity,

learning and memory, and now, developmental plasticity. Thus, CREB acts as a determinant

of a context-dependent role of TGF-β signaling and provides a useful model to study TGF-β
gene expression.

Materials and methods

Strains and constructs

The N2 Bristol strain was used as wild-type. All strains were maintained and grown on NGM agar

plates seeded with E. coli OP50 at 20˚C [50]. All used strains in this study are listed in S1 Table.

Promoters and cDNA used for rescue experiments of crh-1 and daf-7 were described in Park et al.

[51]. The daf-7 promoter (3127bp) for expression and CRE site analysis was produced by poly-

merase chain reactions using forward and reverse primers (see S2 Table) and subcloned into a

pPD95.77 vector. The nhr-246 promoter (3067bp) for expression was produced by polymerase

chain reactions using forward primer 5’-aaaaaacctgcaggCACCGATGCGTTGTTATAGG-3’ and

reverse primer 5’-ttttttcccgggTGTTGAAATTGAAAATTATTTTGAA-3’ [34] and subcloned into

a pPD95.77 vector. All plasmids were injected at 0.1 ng (flp-8 expression analysis), 10 ng (rescue

experiments), or 50 ng (expression analysis) with unc-122p::dsRed as an injection marker.

Pheromone preparation and assay plates

Crude pheromone was prepared following the protocol described by Golden and Riddle

(1984). Before assay, each crude pheromone batch was tested for its efficiency to induce dauer

formation. The assay plates containing crude pheromone were prepared by spreading phero-

mone and drying for 3–4 h. The ascaroside pheromone components were chemically synthe-

sized following Butcher et al. [6,7]. Before use, pheromone was diluted with dH2O from a 3

mM stock solution of pheromone in 100% ethanol. For the assay plates containing synthetic

ascarosides, the pheromone solution was mixed with agar solution before pouring.

L2d formation assay

Synchronized adult animals were placed onto 3.5 cm assay plates seeded with live OP50 and

containing ethanol or pheromone at 25˚C and allowed to lay over 50 eggs for 1–2 h. Then,
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adult animals were removed, and assay plates were placed at 25˚C for 40 h before observing

the morphology of worms or marker gene expression and counting as L2d larvae. Dauer larvae

and L2d larvae were selected based on the survival with 1% SDS treatment [5].

Dauer formation assay

A dauer formation assay was performed as previously described by Golden and Riddle [4] and

Neal et al. [52]. Synchronized adult animals were allowed to lay eggs at 25˚C for 4–5 h on 3.5

cm assay plates. After the plates contained approximately 65–85 eggs/plate, adult animals were

removed, and the plates were placed at 25˚C for 68–72 h. Dauer and non-dauer animals were

identified by visual inspection. Assay plates were made with Noble agar (BD Biosciences) lack-

ing peptone. Heat-killed OP50 bacteria were seeded on each plate. For each experiment, all

strains were assayed in parallel in at least four independent experiments.

daf-7 smFISH

daf-7 smFISH was performed as previously described by Meisel et al. [16] by using the Stellaris

smFISH fluorescent probe and buffer sets (Biosearch). Worms were washed in 1XPBS and

fixed in 3.7% formaldehyde in PBS for 45 min at 4˚C and rinsed twice with 1XPBS. Then,

worms were immersed in 70% ethanol for 24 h at 4˚C and washed by buffer A (Biosearch) for

5 minutes at room temperature. Then, a hybridization buffer containing the daf-7 probe (125

nM, Biosearch) was added and incubated overnight at 30˚C. Worms were washed twice with

buffer A. Then, worms were mounted onto glass slides by mounting medium (Sigma). All

smFISH images were acquired by a Zeiss Axio Imager using 63x objectives and a CCD camera

(Hamamatsu). Quantification was performed using ImageJ software to extract mean intensity

and regions of interest. The relative mean intensity of fluorescence was normalized by area.

Quantification of GFP expression

For GFP quantification, the worms were anesthetized in sodium azide on an agar pad, and

GFP fluorescence was observed with a Zeiss Axio Imager using 40x (for the adult stage) and

63x (for L1) objectives and a CCD camera (Hamamatsu). The relative expression level of GFP

was measured at each developmental stage. The relative GFP levels were rated from 1 (dim) to

5 (bright) by visual inspection, and these values were confirmed using Image J software.

SEM (Scanning Electron Microscope) imaging

Samples were prepared by critical point dryer (Leica EM CPD300) after sequential ethanol

dehydration. Dried samples were coated with gold using a sputter coater and then were imaged

with a HR FE-SEM (Hitachi, SU8020, CCRF DGIST).

Electrophoretic mobility shift assay (EMSA)

Nuclear extract preparation from HEK293T cells and in vitro EMSA reactions were carried

out as previously described Kim et al. [53], and biotinylated EMSA probes and unlabeled com-

petitor probes were synthesized by using a LightShift Chemiluminescent EMSA Kit (Thermo

Scientific). The daf-7p-WT-CRE and daf-7p-mut-CRE probes with the following sequences

were employed:

daf-7p-WT-CRE: 5’ attagggtacgtacgtcaatattagggtacgtacgtcaatattagggtacgtacgtcaat 3’

(60 mer)

daf-7p- mut-CRE: 5’ attagggtatttttttcaatattagggtatttttttcaatattagggtatttttttcaat 3’ (60 mer)
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Statistical anlaysis

Statistical anlaysis were performed using GraphPad Prism 8.0 and Microsoft Excel 365. Data

used for statistical analysis are in the S1 Data file.

Supporting information

S1 Fig. crh-1 mutants form transient predauer (L2d) larvae. Shown are the survival rate of

wild-type, crh-1 mutant and daf-7 mutants animals under 1% sodium dodecyl sulfate (SDS)

treatment. Two independent assays with n>50.

(PDF)

S2 Fig. daf-7 mutants exhibit strong expression of flp-8 in the AVM in non dauer-inducing

conditions. Shown are images of flp-8p::gfp expression in the AVM in daf-7 mutants at 45 and

60 hAH. The boxed regions of the first column are shown on the right columns at higher mag-

nification. hAH, hour after hatching. Scale bars: 50 μm.

(PDF)

S3 Fig. crh-1 mutants exhibit expression of flp-8 in the AAP-TRN in dauer-inducing condi-

tions. Percent of flp-8p::gfp expression in the AVM, ALM and PLM neurons by wild-type or

crh-1 mutant animals when grown in the presence of heat-killed OP50 food and ascr#5 phero-

mone. n � 30 for each. hAH, hour after hatching. Error bars indicate SEM. � and �� indicate

different from wild-type at p < 0.05 and p < 0.01, respectively (student t-test).

(PDF)

S4 Fig. ascr#5 is required for flp-8p::gfp expression in the AAP-TRN in wild-type or crh-1
mutant animals. Percent of flp-8p::gfp expression in the AVM, ALM and PLM neurons by

wild-type or crh-1 mutant animals when grown in the presence of heat-killed OP50 food (left)

or live OP50 (right). n � 30 for each. hAH, hour after hatching. Error bars indicate SEM. �

indicates different from wild-type at p < 0.05 (student t-test).

(PDF)

S5 Fig. crh-1 mutants exhibit expression of nhr-246 in the intestine in non dauer-inducing

conditions. Shown are left images of nhr-246p::gfp expression in the intestine of crh-1 mutants

at 45, 50, and 55 hAH. The boxed regions of the second column are shown on the right col-

umns at higher magnification. Scale bars: 50 μm. Shown is the right panel of the percent of

nhr-246p::gfp expression in the intestine by wild-type or crh-1 mutant animals when grown in

the presence of live OP50 food and ascr#5 pheromone at 45, 50, and 55 hAH. hAH, hour after

hatching. n � 20 for each. Error bars indicate SEM. ��� indicates different from wild-type at

p < 0.001 (student t-test).

(PDF)

S6 Fig. crh-1 mutants exhibit normal or weakly decreased pheromone-mediated dauer for-

mation. Percent of dauer formed by wild-type or crh-1 mutant animals when grown in the

presence of heat-killed OP50 food and ascr#5, ascr#2, or ascr#3 pheromone.

(PDF)

S7 Fig. crh-1 mutants form L2d larvae in a non-dauer inducing condition. Percent of L2d

formed by wild-type or crh-1 mutant animals when grown in the presence of live OP50 food

and crude pheromone. N � 5 for each. Error bars indicate SEM. �, ��, and ��� indicate differ-

ent from wild-type at p < 0.05, p < 0.01, and p < 0.001, respectively (student t-test).

(PDF)
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S8 Fig. Morphology of mouths of wild-type L3 larva, crh-1 mutant L2d larva, and wild-

type dauer larva. Shown are images of scanning electron microscopy. Scale bar: 5μm (top)

and 100μm (bottom).

(PDF)

S9 Fig. crh-1 mutants do not form L2d larvae in the presence of ascr#2. Percent of L2d

formed by wild-type or crh-1 mutant animals when grown in the presence of live OP50 food

and three different concentrations of ascr#2 pheromone. N � 5 for each.

(PDF)

S10 Fig. crh-1 mutants do not exhibit flp-8 expression in the AAP-TRN in response to

ascr#2 and ascr#3. Percent of flp-8p::gfp expression in the AVM, ALM and PLM neurons by

wild-type or crh-1 mutant animals when grown in the presence of live OP50 and ascr#2 or

ascr#3. n � 30 for each. hAH, hour after hatching. Error bars indicate SEM.

(PDF)

S11 Fig. The ASI morphology and dye-filling properties are not altered in the crh-1
mutants. Shown are images of wild-type or crh-1 mutant animals expressing gpa-4p::gfp trans-

gene or stained with DiI. Scale bar: 10 μm.

(PDF)

S12 Fig. daf-16 mutation does not affect the L2d formation of crh-1 mutants. Percent of

L2d formed by animals of the indicated genotypes when grown in the presence of live OP50

food and ascr#5 pheromone. N � 4 for each. Error bars indicate SEM. N.S. not significantly

different (one-way ANOVA with Bonferroni’s post hoc tests).

(PDF)

S13 Fig. Mutation in CRE motif of daf-7 promoter does not affect daf-7 expression in the

ASJ neurons. The percentage of transgenic animals expressing daf-7p::gfp reporter construct

in the ASJ neurons is shown. GFP fluorescence was observed either in wild-type or crh-1
mutant animals. The Strength of GFP expression is indicated by the number of + symbols.

Wild-type nucleotides are indicated in red, mutated nucleotides in blue. An arrowhead indi-

cates daf-7p-mutated CRE promoter. At least two independent extrachromosomal lines for

each construct were examined. n � 30 for each.

(PDF)

S1 Table. List of strains used in this work.

(DOCX)

S2 Table. List of primers and probes used in daf-7 related work.
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