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Abstract

The progression of animal development from embryonic to juvenile life depends on the coordination of organism-wide responses with en-
vironmental conditions. We found that two transcription factors that function in interneuron differentiation in Caenorhabditis elegans, fax-1,
and unc-42, are required for arousal and progression from embryogenesis to larval life by potentiating insulin signaling. The combination
of mutations in either transcription factor and a mutation in daf-2 insulin receptor results in a novel perihatching arrest phenotype; embryos
are fully developed but inactive, often remaining trapped within the eggshell, and fail to initiate pharyngeal pumping. This pathway is op-
posed by an osmotic sensory response pathway that promotes developmental arrest and a sleep state at the end of embryogenesis in re-
sponse to elevated salt concentration. The quiescent state induced by loss of insulin signaling or by osmotic stress can be reversed by
mutations in genes that are required for sleep. Therefore, countervailing signals regulate late embryonic arousal and developmental pro-
gression to larval life, mechanistically linking the two responses. Our findings demonstrate a role for insulin signaling in an arousal circuit,
consistent with evidence that insulin-related regulation may function in control of sleep states in many animals. The opposing quiescent ar-

rest state may serve as an adaptive response to the osmotic threat from high salinity environments.

Keywords: sleep; diapause; insulin signaling; developmental progression

Introduction

Coordinated execution of developmental programs is essential
for transition through animal life stages. In mammals, changes
in circulatory, immunological, and gastrointestinal functions ac-
company the transition from fetus to neonate and broad hor-
monal effects on development accompany the onset of puberty
(Henning 1981; Sisk and Foster 2004). Given the need for an
organism-wide response, it is unsurprising that transition be-
tween stages is under endocrine control. For example,
gonadotrophin-releasing hormone plays a central role in trigger-
ing body-wide developmental changes associated with puberty in
mammals (Herbison 2016), and prothoracicotropic hormone and
ecdysteroids trigger arthropod morphogenesis (Hiruma and
Kaneko 2013). In Caenorhabditis elegans, insulin peptide and ste-
roid signaling regulate entry into the dauer larva stage, a dia-
pause that can interrupt continuous reproductive development
for multiple months in response to adverse environmental condi-
tions (Kimura et al. 1997; Hu 2007). The study of developmental
transitions in invertebrates has been profitable in identifying
conserved mediators of developmental control. For example, the
heterochronic gene lin-28, first described in C. elegans (Ambros

and Horvitz 1984), plays a role in regulating entry into puberty in
mammals (Faunes and Larrain 2016). A thorough understanding
of developmental progression in invertebrates has also played a
key role in identifying molecular pathways that are relevant to
human pathologies such as diabetes mellitus.

Regulation of the transition between developmental stages is
as essential for development as specification of the stage itself,
and in C. elegans this is associated with periods of quiescence.
Nematodes enter a sleep state associated with molting between
larval stages (Raizen et al. 2008). Quiescence at lethargus involves
inactivity, reduced awareness, and cessation of feeding, similar
to sleep in other animals (Campbell and Tobler 1984;
Trojanowski and Raizen 2016; Bringmann 2018). Given the re-
duced activity and absence of nutritional intake, sleep could also
be a mechanistic component of developmental arrest.

The nervous system is a critical site for the coordinated re-
sponse to arrest cues via the insulin-signaling pathway; neuronal
expression of the DAF-16 FOXO transcription factor, the mediator
of the transcriptional response to DAF-2 insulin receptor, is
sufficient to inhibit larval development (Baugh 2013).
Although the sensory neurons that function in reception of envi-
ronmental cues to orchestrate developmental transitions have
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been well-characterized in C. elegans (Thomas 1993), relatively lit-
tle is known about interneuron regulation downstream of the ini-
tial sensory response.

A low-penetrance developmental delay phenotype associated
with mutations in the C. elegans transcription factor genes fax-1
and unc-42 prompted us to explore a potential role for interneur-
ons in regulating developmental transitions. fax-1 encodes a con-
served nuclear hormone receptor (PNR/NR2E3 in vertebrates) and
unc-42 encodes a paired-class homeodomain protein (Baran et al.
1999; Much et al. 2000; Wightman et al. 2005; Pereira et al. 2015).
Both genes function in the specification of a limited number of
discrete interneuron identities through an apparent combinato-
rial mechanism. Here, we report that combining mutations in ei-
ther gene with mutations in daf-2 insulin receptor causes a highly
penetrant arrest phenotype at hatching. Arrested animals are in-
active, fail to initiate pharyngeal pumping, and fail to execute the
transition from an embryonic state to a hatched, free-swimming
larva. Therefore, insulin signaling, abetted by interneuron func-
tion, is required for arousal, initiation of pharyngeal feeding be-
havior, and developmental progression at hatching,
demonstrating that sleep, pharyngeal pumping, and develop-
mental arrest are mechanistically linked.

Burton et al. (2018) have shown that nematodes arrest at
hatching in response to elevated osmotic stress. The osmotic
stress pathway involves an apparent neuroendocrine signal pro-
duced from sensory neurons. Genetic analysis of the
interneuron-insulin pathway demonstrates that the insulin and
osmotic stress signaling systems are antagonistic, with insulin
signaling favoring arousal and progression and the osmotic stress
response signal favoring quiescence and developmental arrest.
We find that insulin-mediated arousal and osmotic stress-
mediated sleep depend on neuropeptide sleep pathways, cou-
pling the stress response to a prosleep physiological response.

Materials and methods
Nematode culture and genetics

Caenorhabditis elegans were cultured and Mendelian crosses per-
formed using standard procedures on NGM plates fed OP50 bac-
teria at 15°C or 20°C (Brenner 1974; Stiernagle 2006). Mutations in
fax-1 and unc-42 were followed in crosses and confirmed by their
distinctive mobility defects. Mutations in daf-2 were followed by
identification of dauer larvae at 25°C. Other mutations were iden-
tified and confirmed by direct amplification genotyping or RFLP
analysis (see Supplementary Table S5 for primers). A list of
strains used in this study is shown in Supplementary Table S6.

Analysis of developmental arrest

To define the transient arrest phenotype of fax-1 and unc-42
mutants, we allowed adult animals to lay eggs on individual
seeded NGM plates for 1h at 20°C, then removed the adults.
Plates were allowed to grow for 12, 24, 36, or 48h. Once animals
reached the desired time point, we picked all of the animals from
the plate to 5mM sodium azide on a 2% agarose pad and visual-
ized by DIC Nomarski microscopy using a Nikon UD microscope.
Our standard perihatching arrest assay was performed by
moving animals to be tested from 15°C or 20°C culture tempera-
ture to 25°C for 30min to 1h. Preseeded NGM test plates were
preincubated for at least 30min at 25°C in parallel. For each trial,
six to eight gravid hermaphrodites were picked onto test plates
and allowed to lay eggs at 25°C for 2h before being removed,
resulting in approximately 25-100 freshly-laid synchronized eggs
per plate. Plates were incubated for 48h at 25°C and examined

under a Zeiss Stemi dissecting microscope at 100x magnification
(arrested L1 larvae are difficult to spot in the food lawn at lower
magnification). Over this time period, wild-type animals progress
to L4 or early adult stages, whereas daf-2 mutants reach L3 and
arrest as dauer larvae. Animals that were still entrapped in egg-
shells or were at the L1 stage after 48h were scored as perihatch-
ing arrested. L2 stage larvae, while clearly developmentally
delayed, were not scored as arrested. Most double and triple mu-
tant combinations that include a daf-2 mutation arrested as
dauer larvae when perihatching arrest was suppressed, indicat-
ing a higher threshold for insulin function in dauer formation
when compared with perithatching arrest. The exceptions include
combinations with daf-16 or daf-18 mutations, both of which sup-
press the dauer-constitutive phenotype of daf-2 mutations.

Temperature-shift experiments were performed by preincu-
bating NGM plates for 1 h at either 15°C or 25°C. We then pre-
pared eggs by bleach treatment (Stiernagle 2006) and washing
three times in S basal medium. Embryos were incubated in 0.5 ml
S basal with gentle agitation at 15°C or 25°C for 24h, ensuring
that all embryos complete embryogenesis. Animals that hatch in
the absence of food arrest as L1 larvae. Animals at both embry-
onic incubation temperatures were transferred to NGM plates at
25°C and assessed for perihatching arrest after 24 h as described
above. Approximately 1% of embryos were apparently killed by
bleach treatment, based on the absence of the typical perihatch-
ing threefold embryo morphology and were not counted in our
analysis.

Salt-dependent arrest was assessed on NGM plates supple-
mented with NaCl to concentrations ranging from 100 to 500 mM.
Standard NGM plates, with a NaCl concentration of 57 mM pro-
vided controls. Because high salt inhibits egg-laying, we prepared
egg populations by preincubating the strains to be tested at 25°C
for 1h on NGM plates then isolating eggs by bleach treatment
(Stiernagle 2006) or by direct dissection of eggs from living her-
maphrodites by excision with a pair of 18G hypodermic needles.
Both treatments can result in embryonic death, so all trials were
verified by parallel controls on standard seeded NGM plates. Any
trial with >5% embryonic lethality on control plates was dis-
carded. We noted a general increase in embryonic arrest on
higher salinity plates when eggs were prepared by bleach treat-
ment. Strains on NaCl plates and control plates were grown at
25°C for 24h and scored for perihatching arrest as described
above.

Arousal and response latency were examined by mounting
late-stage embryos or newly hatched L1 animals on agarose pads
in M9 media. After a 15- to 30-min rest period, quiescent animals
were stimulated by illumination with an ultraviolet lamp on a
Nikon UD microscope, filtered by a EGFP filter cube (470 nm exci-
tation), with maximum illumination. Response was measured in
seconds using Ethotimer to record events.

Pharyngeal pumping was measured by mounting newly
hatched L1 animals into a generous aliquot of OP50 bacteria in
M9 medium onto an agarose pad. After a 30-min rest period, ani-
mals were observed using DIC microscopy and posterior corpus
pharyngeal contraction events recorded using Ethotimer soft-
ware.

Construction of fusion gene and transgenics

We constructed a core gfp::fax-1 construct by amplifying a 1.2kb
fax-1 cDNA with Nhel and BspEI sites appended and ligating this
fragment into plasmid pPD117.01, creating a promoterless in-
frame gfp::fax-1 fusion with synthetic introns in the GFP coding
region (pFAX1GFPNB). Into this plasmid, we ligated an amplified
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1.6kb fragment upstream of the glr-5 gene, using appended Pstl
and Xmal sites. The resulting construct was injected into wild-
type C. elegans along with a pRF4 Rol-6 marker to create trans-
genic arrays bwEx193-bwEx196 (Evans 2006). We confirmed ex-
pression of GFP:FAX-1 in neurons by GFP fluorescence using a
Nikon UD fluorescence microscope. Arrays were crossed into a
fax-1(gm83); daf-2(e1370) background and assessed for rescue of
perihatching arrest as described above. Some rescued dauer lar-
vae were non-Rol, but had detectable GFP fluorescence, indicat-
ing presence of the transgene.

Statistical analysis

Pairwise comparisons of arrest phenotypes were assessed for sta-
tistical analysis using a two-sample unequal variance two-tailed
T test. P values of <0.05, <0.01, and <0.001 are indicated in fig-
ures and tables, where relevant. Experiments described were per-
formed in triplicate at a minimum. Data reported in
Supplementary Tables S1-S3 represent aggregate totals from
multiple individual experiments, some of which are reported in
other figures. Control experiments from Figure 2B are duplicated
in Figures 3-5 to allow direct comparison to a larger, representa-
tive control dataset.

Reagent sharing plan

Strains created will be stored at the Caenorhadbitis Genetics
Center, when accepted according to their criteria, or stored in the
Wightman Lab collection at Muhlenberg College and made avail-
able on request. DNA constructs referenced are stored at the
Wightman Lab collection at Muhlenberg College and available
upon request.

Results

Mutations in fax-1 and unc-42 cause a low
penetrance developmental delay phenotype

Routine culturing of fax-1 mutant strains suggested that the over-
all growth rate of fax-1 mutant populations was somewhat slow
compared with wild-type or strains carrying other mutations that
affect the nervous system. Examination of staged populations
revealed that 9-16% of fax-1 mutant animals lagged behind the
population as a whole (Figure 1, A and B). The incomplete pene-
trance of the developmental delay phenotype is not due to hypo-
morphic allele “leakiness” because both fax-1 alleles used in this
study are null mutations (Wightman et al. 2005). While the most
developed animals after 12h of growth were late L1, just as for
wild-type, some fax-1 mutant animals were still in an arrested
early L1 state, with morphology identical to newly hatched ani-
mals, despite the presence of food. After 24 h of feeding, laggards
were no longer arrested as early L1 animals, but continued to
trail behind the wild-type animals. A conservative estimate indi-
cates an average delay for fax-1 mutants of about 7 h of develop-
mental time after 12h of feeding, 10h average delay after 24 h of
feeding, and 13h average delay after 48h of feeding (Figure 1B).
We observed extraordinary animals (<1%) that were arrested in
early L1 even after 48h of being in the presence of food. The
length of the L3 stage for fax-1 mutant larvae was 332 min, simi-
lar to 328 min for wild-type (N=10). In addition, the mean time
spent in L4 lethargus for fax-1 mutants was 138 min, similar to
130min for wild-type (N=14). Based on these observations we
conclude that the developmental delay in fax-1 mutants stems
from a transient arrest primarily by newly hatched larvae, al-
though affected animals may also be somewhat slower in pro-
gressing through later larval stages.

We previously showed that mutations in unc-42 cause overlap-
ping phenotypes with fax-1, and that UNC-42 coordinately regu-
lates some neuron specific genes with FAX-1 (Wightman et al.
2005). Given this, we examined unc-42 mutants to see if they also
displayed a developmental delay phenotype. Similar to fax-1
mutants, a 15% subset of the population of unc-42 mutants
lagged behind the population as a whole, with a transient early
L1 arrest (Figure 1C). Combining mutations in both fax-1 and unc-
42 did not increase the severity of the transient arrest phenotype
(Figure 1C), consistent with fax-1 and unc-42 functioning in a lin-
ear pathway.

Mutations in fax-1 and unc-42 cause a synthetic
perihatching arrest phenotype in combination
with mutations in the daf-2 insulin receptor

Given the well-established role of the insulin-signaling pathway
in mediating developmental transitions and arrest (Baugh and
Sternberg 2006), we explored whether mutations in fax-1 and unc-
42 would interact genetically with mutations in the known insu-
lin-signaling pathway. Strong mutations in the daf-2 insulin re-
ceptor cause L1 arrest at 25°C, while weaker mutations in daf-2
cause nearly 100% arrest at the alternative L3 dauer stage (Gems
et al. 1998). Due to inherent temperature-sensitivity of the arrest
process, both of these mutations resist arrest when grown at
15°C. Strains carrying mutations in fax-1 or unc-42 caused a
highly penetrant arrest phenotype in combination with a weak
daf-2(e1370) allele when grown at 25°C just before or after hatch-
ing (Figure 2 and Table 1). We refer to the timing of this arrest as
“perihatching,” since animals arrest on one side or the other of
hatching—either as fully formed animals still coiled inside the
eggshell or as early L1 with posthatching morphology.

A similar perthatching arrest phenotype was observed when
fax-1 mutations were combined with other weak daf-2 mutations
(Supplementary Table S1). Mutations in daf-2 have been charac-
terized as “Class 1” and “Class 2” based on their enhancement
and suppression interactions with other insulin pathway muta-
tions (Gems et al. 1998). Both Class 2 alleles tested, e1370 and
m579, caused a similar high-penetrance synthetic perihatching
arrest, when combined with a fax-1 mutation, but two Class 1
alleles did not. However, a third Class 1 allele (m41) caused a
modest penetrance synthetic arrest, indicating that the phenom-
enon is allele-specific but not strictly correlated with the two
classes previously described.

Because dauer formation is temperature-sensitive, we ex-
plored whether perihatching arrest was similarly dependent on
temperature. Both daf-2; fax-1 and daf-2; unc-42 double mutants
did not display perihatching arrest when grown at the permissive
temperature of 15°C (Supplementary Table S1). Therefore, the
perihatching arrest phenotype is temperature-sensitive, just
like the dauer arrest phenotype. Perihatching arrested double
mutants grown at the nonpermissive 25°C for 48h could be
“rescued” by dropping the temperature for 96 h to the permissive
temperature 15°C (Figure 2C), demonstrating that the phenotype
is indeed a developmental arrest as opposed to an irreversible le-
thality. Furthermore, double mutant embryos that were grown
until hatching at 15°C and then transferred after hatching to
25°C did not arrest until dauer, indicating that perihatching ar-
rest is an embryonic function, rather than a posthatching larval
function (Figure 2). These results distinguish perihatching arrest
from the previously described posthatching L1 arrest that results
from starvation and strong daf-2 insulin receptor mutations
(Baugh and Sternberg 2006).
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Figure 1 Developmental delay in transcription factor mutants. Development is delayed in a subpopulation of nematodes carrying mutations in fax-1 or
unc-42. (A) Micrograph showing wild-type and fax-1(gm83) mutant strains grown as a synchronized culture at 20°C for 48 h with 40X magnification.
Arrow identifies a younger larva illustrating developmental delay within the population. (B) Progressive analysis of populations of wild-type and fax-1
mutants after 12, 24, and 48 h of feeding at 20°C. Each genotype is illustrated by a single experiment with a representative population. Numbers at
bottom of panel define approximate wild-type times after hatching for each stage at 20°C. (C) Stages of populations in fax-1(gm83), unc-42(e419), and
double mutants after 48 h of feeding at 20°C. Data shown are the distributions of representative single populations for each genotype, with each time-
point of analysis evaluating a population of 26-59 animals. Staging definitions: L1 arrest = L1 stage larvae with anatomy as at hatching; emL1 = early
and middle-stage L1 larvae with divisions of ventral nerve cord cells and Z2/Z3 germ-line cells; IL1 = late-stage L1 larvae with divided Z1/Z4 somatic
gonad cells; L2 = L2 larvae; eL3 = early L3 larvae with extended gonad arms; mL3 = mid-L3 larvae with anchor cell of gonad positioned over vulval
precursor cells; IL3 = late L3 larvae with divided vulval precursor cells; eL4 = early L4 larvae with initial vulval invagination; mL4 = mid-L4 larvae with
“Christmas tree” morphology invaginated vulva; 1L4 = late L4 larvae with collapsing vulva.

To begin to define the site of fax-1 function in controlling peri-
hatching arrest, we used the promoter of the glr-5 glutamate re-
ceptor gene to drive expression of a gfp:fax-1 fusion gene in a
limited number of interneurons that overlap with fax-1 and unc-
42 expression and function (Brockie et al. 2001) (Supplementary
Figure S1). The Pglr-5::gfp::fax-1 was able to rescue the perihatch-
ing arrest phenotype of fax-1(gm83); daf-2(e1370) mutant embryos
at 25°C (Figure 2B), but did not rescue the dauer-formation defect
caused by the daf-2 mutation. This result argues that fax-1 func-
tion in one or more of the neuron classes common to the expres-
sion of fax-1 and glr-5 is the site of fax-1 function in regulating
arrest at hatching. This analysis implicates the interneuron clas-
ses AVA, AVB, AVE, AVK, DVA, RIC, and SIB (Supplementary
Figure S1). Our efforts to delimit this requirement further have

not revealed a specific neuronal site of action, leaving open the
possibility that function in a combination of neurons is
necessary.

We considered the possibility that daf-2-dependent perihatch-
ing arrest might be a general or trivial effect of nervous system
developmental or physiological disruption. Previous studies have
identified various synthetic effects of mutations in nervous sys-
tem genes with daf-2 mutations (Ailion and Thomas 2003). We ex-
amined the effect of mutations in other transcription factors that
perturb nervous system development, known downstream tar-
gets of fax-1 and unc-42, genes that are required generally for
axon pathfinding, and genes that function in cellular neurophysi-
ology (Supplementary Table S2). Mutations in most other tran-
scription factors caused no or very low penetrance perihatching
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Figure 2 Perihatching arrest in double mutants. The perihatching arrest phenotype in daf-2/InsR; transcription factor double mutants is shown.

(A) Micrographs from staged populations of embryos after 24 h at 25°C. Top panel shows late L1 and early L2 larvae in wild-type; middle and lower panel
shows arrested late embryos and newly hatched L1 larvae in fax-1 and unc-42 mutants. S0X magnification. (B) Penetrance of perihatching arrestin
standard 48 h at 25°C assays. Animals were considered arrested if they were still encased within an eggshell or arrested in the L1 stage. **Pairwise
comparisons are significantly different at P <« 0.001. (C) Recovery of strains arrested at 25°C by incubation for 96 h at the permissive temperature of
15°C. (D) Temperature shift experiment in which embryos were allowed to develop at 25°C (top panel) or 15°C (bottom panel), shifted to 25°C after
hatching and then assayed for arrest after 24 h. Error bars indicate standard deviation among replicate experiments.

arrest. One exception was the unc-30 (e318) mutation, however,
synthetic perihatching arrest was not seen with unc-30 (e191),
suggesting that this arrest could be due to a genetic background
effect. Mutations in known downstream targets of fax-1 and unc-
42 did not cause a synthetic arrest. Mutations in genes required
for various aspects of neural signaling caused low to modest pen-
etrance perihatching arrest. In particular, this includes genes re-
quired for neuropeptide processing or release (egl-3, egl-21, and
unc-31), which is not surprising given the dependence of peri-
hatching arrest on insulin signaling. Disrupting chemical synap-
ses (unc-64) and gap junctions (unc-9) caused a modest
penetrance phenotype that was similar to perihatching arrest,

raising the possibility that arrest depends in part on chemical
neurotransmitter or gap junction connectivity. Compromising
acetylcholine, GABA, and octopamine signaling pathways did not
cause a synthetic arrest. Mutations in two genes that function in
axon pathfinding, unc-34 and unc-69, did cause a synthetic arrest,
however the time of arrest for unc-69 was well after hatching
and neither synthetic effect was suppressible by ssu-1
(Supplementary Table S2), on which the perihatching arrest path-
way depends (see below). These results indicate that unc-34 and
unc-69 mediate arrests that are mechanistically distinct from the
pathway dependent on fax-1 and unc-42. Overall, this analysis is
consistent with the notion that perihatching synthetic arrest is a
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Figure 3 Suppression of perihatching arrest by insulin pathway
mutations. Mutations in daf-16/FoxO and daf-18/PTEN fully suppress the
perihatching arrest of daf-2; fax-1 double mutants. In contrast, a daf-5
TGFB pathway mutation fails to suppress. Figure shows average results of
standard 48 h at 25°C assays from multiple independent trials. Data
shown are also included in Table 2. **Pairwise differences significant at P
< 0.01. Error bars indicate standard deviation among replicate
experiments.

specific phenomenon tied to the development of particular neu-
rons, rather than a general result of disrupting axon pathfinding
in the context of reduced insulin signaling.

Perihatching arrest does not require the TGF or
steroid pathways

Mutations in the TGF-B pathway daf-1, daf-7, and daf-8 genes all
cause a loss-of-function dauer-constitutive (Daf-c) phenotype,
similar to daf-2. daf-1 encodes a TGF-B receptor, daf-7 encodes a

Table 1 Developmental arrest at 25°C

Genotype % perihatching % dauer %L4/Ad N
arrest

Wild type 0.0 0.0 100.0 512
fax-1(gm83) 1.1 0.0 98.9 648
fax-1(ok624) 25 0.0 97.5 197
unc-42(e419) 3.8 0.0 96.2 416
unc-42(e623) 4.0 0.0 96.0 122
daf-2(e1370) 2.3 97.7 0.0 1152
daf-2(e1370); fax-1(gm83) 85.6" 14.4 0.0 1226
daf-2(e1370); fax-1(ok624) 82.7* 17.3 0.0 150
daf-2(e1370); unc-42(e419) 83.9 16.1 0.0 709
daf-2(e1370); unc-42(e623) 97.7* 2.3 00 128
daf-7(0k3125) 0.0 98.3 17 234
daf-7(0k3125); fax-1(gm83) 0.0 98.1 19 160
daf-7(0k3125); unc-42(e419) 1.0 94.8 4.1 97
daf-1(m40) 0.0 97.9 21 380
daf-1(m40); fax-1(gm83) 3.6 95.4 1.0 194
daf-1(m40); unc-42(e419) 10.0 90.0 0.0 70
daf-8(e1393) 0.0 95.7 43 225
daf-8(e1393); fax-1(gm83) 16 945 39 307
daf-8(e1393); unc-42(e419) 2.9 95.4 1.7 241
daf-9(m540) 0.6 93.6 5.8 171
daf-9(m540) fax-1(gm83) 0.0 100.0 0.0 140
daf-12(rh274) 4.9 69.1 25.9 81
daf-12(rh274) fax-1(gm83) 14 81.6 16.9 207

The percentage of animals with a given genotype that arrest at hatching (%
perihatching arrest), arrest as L3 dauer (% dauer) and develop into L4 larvae
and eventually adults (%L4/Ad) after 48 h of growth at 25°C.

*Significantly different from daf-2(e1370) mutants at P < 0.001.

TGF-B peptide precursor protein, and daf-8 encodes an SMAD pro-
tein that functions in the TGF-B response (Hu 2007; Fielenbach
and Antebi 2008). We examined whether fax-1 and unc-42 muta-
tions would also cause an L1 arrest phenotype in combination
with Daf-c mutations in the TGF-p pathway. For all three TGF-p
pathway genes, the addition of fax-1 or unc-42 mutations did not
cause a synthetic L1 arrest (Table 1). Therefore, in contrast to
Daf-c mutations in insulin receptor, the synthetic perihatching
arrest phenotype does not occur with Daf-c TGF-B pathway
mutations.

Mutations in daf-9 3-keto-sterol-26-monooxygenase, which is
required for production of dafachronic acids, and gain-of-
function mutations in daf-12 nuclear receptor also cause a Daf-c
phenotype (Jia et al. 2002; Hu 2007). Just as observed for the TGF-$
pathway, these mutations did not cause a synthetic L1 arrest
when paired with either fax-1 or unc-42 (Table 1). Therefore, the
TGF-B pathway and steroid pathways, although important for
dauer arrest, do not appear to function in perihatching arrest.

Perihatching arrest depends on canonical insulin
pathway mediators

The roles of fax-1 and unc-42 in perihatching arrest in different
pathways can be tested by the ability of Daf-d mutations to sup-
press arrest caused by fax-1; daf-2 and unc-42; daf-2 double
mutants. The daf-16 FOXO transcription factor is a key mediator
of the response to insulin signaling; mutations in daf-16 suppress
the Daf-c and L1 arrest phenotypes of insulin pathway Daf-c
mutations (Vowels and Thomas 1992; Tissenbaum 2018). The daf-
16 (mgDf50) mutation was able to suppress the perihatching ar-
rest phenotype of fax-1; daf-2 and unc-42; daf-2 double mutants,
with most animals avoiding arrest at hatching or dauer (Figure 3
and Table 2). Similarly, daf-18 encodes a PTEN tyrosine phospha-
tase, which functions downstream of daf-2 insulin receptor in the
canonical insulin-signaling response (Ogg and Ruvkun 1998). As
observed for daf-16, the addition of a daf-18 mutation fully sup-
pressed the perihatching arrest of fax-1; daf-2 double mutants
(Figure 3). Taken together, these data indicate that perihatching
arrest is a function of canonical insulin signaling in responding
cells.

In contrast, a gene required for TGF-p signaling response was
not able to suppress the perihatching arrest phenotype. The daf-5
gene encodes a cytoplasmic component that is required for TGF-
B signaling response (de Graca et al. 2004). Mutations in daf-5
cause a dauer-defective phenotype and are able to suppress the
Daf-c phenotype of upstream TGF-B pathway mutations such as
those in daf-7 TGF-B and daf-1 TGF-p receptor. Mutations in daf-5
failed to suppress the perihatching arrest phenotype of both fax-
1; daf-2 and unc-42; daf-2 double mutants (Figure 3 and Table 2).
Combined with the failure of Daf-c TGF-B pathway mutations to
cause a synthetic arrest phenotype, these data demonstrate that
perihatching arrest is a function of insulin signaling but not TGF-
B signaling, thereby distinguishing it from global control of dauer
formation and arrest.

Mutations in fax-1 and unc-42 also reduce
insulin-like signaling associated with dauer larva
formation

The daf-2 (e979) mutation causes a stronger loss-of-function in in-
sulin receptor function than the canonical e1370 mutation (Gems
et al. 1998). Homozygous daf-2 (€979) mutants form dauers at
15°C and arrest during embryogenesis or during the L1 stage after
hatching at 25°C. To determine if fax-1 or unc-42 mutations
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enhance this stronger insulin receptor mutation, we constructed
double mutants with daf-2 (€979). Both fax-1 (gm83); daf-2 (€979)
and unc-42 (e419); daf-2 (e979) strains displayed an enhanced
dauer formation defect at 15°C (Supplementary Table S3). The
dauer-constitutive phenotype of fax-1 (gm83); daf-2 (e979) was
sufficiently severe (99%) that the strain could not be maintained
in double homozygous form even at the normally permissive
temperature of 15°C (rare animals that exit from the dauer stage
produce nearly all dauers in the next generation). The dauer en-
try decision is made in late L1, and dauer exit depends on path-
ways that operate in the alternative L3 dauer stage. Therefore,
both fax-1 and unc-42 mutations also compromise an insulin-
dependent signal later in later larval development. In contrast,
the increased longevity of daf-2 mutants was not enhanced by
fax-1 mutations (Supplementary Figure S2), thus separating the
function of insulin signaling in developmental progression from
that of aging. Taken together, the evidence that these two tran-
scription factors enhance the severity of several different insulin
pathway functions indicates that fax-1 and unc-42 normally po-
tentiate multiple aspects of insulin signaling, further supporting
the conclusion that loss of fax-1 and unc-42 decreases insulin
signaling.

Perihatching arrested animals are in a quiescent
sleep state

Microscopic examination of perihatching arrested animals
revealed that they were in an inactive, giescent state. Arrested
fax-1; daf-2 and unc-42; daf-2 animals had grossly normal late em-
bryonic morphology and anatomy (cuticle and alae), but were

Table 2 Effect of Daf-d mutations on developmental arrest at
25°C

Genotype % perihatching % dauer %L4/Ad N
arrest
Wild type 0.0 0.0 1000 512
fax-1(gm83) 1.1 0.0 989 648
unc-42(e419) 3.8 0.0 96.2 416
daf-2(e1370) 2.3 97.7 0.0 1152
daf-2(e1370); fax-1(gm83) 85.6 14.4 0.0 1226
daf-2(e1370); unc-42(e419) 83.9 16.1 00 709
daf-16(mgDf50) 0.0 0.0 100.0 149
daf-16(mgDf50); daf-2(e1370) 0.0 0.0 1000 239
daf-16(mgDf50); fax-1(gm83) 4.4 0.0 904 135
daf-16(mgDf50); unc-42(e419) 1.8 0.0 96.5 228
daf-16(mgDf50); daf-2(e1370); 49 0.0 873 102
fax-1(gm83)
daf-16(mgDf50); daf-2(e1370); 1.3 0.0 983 236
unc-42(e419)
daf-18(e1375) 0.0 0.0 100.0 43
daf-18(e1375); daf-2(e1370) 2.7 2.7 %6 111
daf-18(e1375); fax-1(gm83) 0.0 0.0 1000 132
daf-18(e1375); daf-2(e1370); 0.0" 0.0 1000 346
fax-1(gm83)
daf-5(e1386) 11.3 0.0 887 97
daf-5(e1386); daf-2(e1370) 15 96.9 15 65
daf-5(e1386); fax-1(gm83) 6.3 0.0 915 176
daf-5(e1386); fax-1(gm83); 94.4 5.6 0.0 107
daf-2(e1370)
daf-5(e1386); unc-42(e419) 10.5 0.0 83.0 153
daf-5(e1386); unc-42(e419); 89.3 10.7 00 178
daf-2(e1370)

The percentage of animals with a given genotype that arrest at hatching (%
perihatching arrest), arrest as L3 dauer (% dauer), and develop into L4 larvae
and eventually adults (%L4/Ad) after 48 h of growth at 25°C. The table totals
data from two or more independent trials.

*Significantly different from matched double-mutant controls at P <« 0.001.

immobile in a state of quiescence (Figure 4A). While wild-type
embryos actively roll within the eggshell throughout the second
half of embryogenesis, double-mutant arrested animals were ei-
ther entirely inactive or displayed only occasional sluggish
attempts at forward, backward, or axial movement. About half of
the arrested animals were still enclosed in an eggshell. Others
had a partially digested eggshell still around them, with a tail
poking out one end, as if their inactivity rendered them incapable
of escaping the eggshell after hatching. Still other double
mutants hatched as L1 animals that were inactive and were
sometimes found folded in a fourfold “pretzel” contortion—the
posture of late embryogenesis. Greater than 90% of arrested dou-
ble mutant embryos and L1 animals displayed defective pharyn-
geal pumping: either no pharyngeal contraction at all or only a
weak contraction of the posterior pharyngeal bulb every 5-10s.
Less than 10% of double mutant embryos hatched and displayed
sluggish movement and pharyngeal pumping—they presumably
represent the small escaper population in double mutants that
arrest as dauer larvae (Figure 2 and Supplementary Table S1).

Given that both fax-1 and unc-42 mutations compromise the
ability of larvae and adults to move, we examined fax-1; daf-2 and
unc-42; daf-2 double mutant embryos by time-lapse from the
“comma stage,” which initiates morphogenesis at approximately
6h of embryonic development, through the time of hatching at ap-
proximately 12h (Figure 4B). Double mutant embryos completed
morphogenesis normally, with twitching apparent at the twofold
stage, just as in wild-type, and moved actively during threefold
and quickening (9-11h). Active movement similar to wild-type
persisted through the period of cuticle synthesis at approximately
11h, before coming to a halt as the embryo proceeds to the final
stages of hatching. wild-type embryos initiated pharyngeal pump-
ing inside the eggshell about 30-60min before hatching. Double-
mutant embryos ceased movement by this time and did not initi-
ate pharyngeal pumping. These observations indicate that mor-
phogenesis and embryonic movement is normal in perihatching
arrested animals until the last 1-2h of embryonic development, at
which time they enter a state of quiescence.

If insulin signaling is required for arousal at hatching, then we
might expect stronger mutations in daf-2 insulin receptor to dis-
play a perihatching arrest phenotype similar to the fax-1; daf-2
and unc-42; daf-2 double mutants. The daf-2 (€979) mutation has
the strongest phenotype of daf-2 alleles that are homozygous via-
ble (Gems et al. 1998). Previous reports have described a defect in
morphogenesis of daf-2 (€979) homozygous embryos (Suresh and
Wightman 2020) and an L1 arrest phenotype after hatching
(Baugh and Sternberg 2006). We examined daf-2 (€979) mutants
at 25°C and discovered that 23.5% of embryos that undergo nor-
mal morphogenesis arrest as perihatching arrested embryos sim-
ilar to fax-1; daf-2 and unc-42; daf-2 double-mutants (Figure 4, B
and C) or as the previously described active arrested L1 larvae.
Like the double mutants, daf-2(e979) mutant embryos that arrest
at the end of embryogenesis are in a quiescent state and fail to
initiate pumping. The complexity of the daf-2(e979) phenotype
indicates multiple times and processes for insulin function in de-
velopment: morphogenesis, arousal at hatching, and develop-
mental progression after hatching. Therefore, the fax-1; daf-2 and
unc-42; daf-2 double mutants appear to reveal a specific compo-
nent of insulin-signaling function in the hour before hatching.

One property of sleep is its reversibility by potent sensory
stimulus (such as sound or light), despite lowered overall sensory
awareness (Borbély 1982; Huber et al. 2004; Raizen et al. 2008;
Trojanowski and Raizen 2016). To test if arrested embryos could
be aroused by sensory stimulus, we applied blue wavelength light
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Figure 4 Arrested embryos are in a sleep state. (A) Micrographs of wild-type and arrested fax-1(gm83); daf-2(e1370) and unc-42(e419); daf-2(e1370) animals.
Arrowheads identify visible segments of eggshell trapping the immobile animals. (B) Developmental time course of activity for individual representative
embryos. Animals were filmed for 10-20 s intervals at various times, beginning with the “comma” stage, shortly before movement commences. For each
time point, we calculated the average velocity of embryo movement and percentage of time spent without moving during the interval (% inactive). (C)
Early elongation (left) and arrested late (right) embryos of daf-2(e979) mutants. Both panels are 3 s exposures. Note the blurriness of the early elongation
embryo, indicative of active movement, when compared with the clarity of the immobile late embryos. (D) Reversal of quiescence in an arrested embryo
by application of blue light. An arrested, quiescent fax-1(gm83); daf-2(e1370) embryo before (left) and after (right) the application of blue light for 10s.
Blurriness in the right panel reveals vigorous movement in response to the aversive stimulus. (E) Suppression of perihatching arrest by mutations in
genes required for sleep in C. elegans. Figure shows standard 48-h arrest assays. These data are also reported in Supplementary Table S4. egl-4Pairwise
differences are significant at *P < 0.01 and **P « 0.001. Error bars indicate standard deviation among replicate experiments.

to perihatching arrested embryos for pulses of up to 35s. Blue
light is an aversive stimulus for C. elegans (Ward et al. 2008).
Arrested fax-1; daf-2, unc-42; daf-2, and daf-2(e979) embryos could
be provoked to active movement by the application of blue light
(Figure 4D). The response to blue light showed an increased la-
tency [22.9s for fax-1(gm8&3); daf-2(e1370) arrested embryos when
compared with 6.6 s for wild-type, N= 14, P « 0.01], another prop-
erty of sleep. While blue light prompted arousal, it did not prompt
pharyngeal pumping activity over the time of observation. These
findings indicate that the quiescent state of perihatching arrested
animals is indeed a sleep state based on these criteria.

Caenorhabditis elegans exhibit a sleep state associated with leth-
argus during larval development at the initiation of each cuticu-
lar molt at L2, L3, L4, and adult (Raizen et al. 2008). Molecular and
physiological analysis of lethargus indicates that it has properties
in common with mammalian sleep (Kayser and Biron 2016;
Tojanowksi and Raizen 2016; Bringmann 2018). Sensory neurons
and two key interneurons, ALA and RIS, define key neurological
pathways for the regulation of sleep during larval development
(Van Buskirk and Sternberg 2007; Turek et al. 2013). Several genes
have been shown to have prosleep activities: the egl-4 cGMP-
dependent kinase in sensory neurons, the ceh-17 homeobox
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transcription factor in the ALA interneuron, and the aptf-1 tran-
scription factor and flp-11 neuropeptide in the RIS interneuron
(Raizen et al. 2008; Van Buskirk and Sternberg 2010; Turek et al.
2013, 2016).

We found that perihatching arrest can be suppressed by
mutations in genes required for sleep. Mutations in egl-4, aptf-1
and flp-11 were able to significantly suppress perihatching arrest
caused by fax-1; daf-2 and unc-42; daf-2 double mutants (Figure 4E
and Supplementary Table S4), although the effect was not as
strong as the suppression caused by the insulin pathway compo-
nents daf-16 or daf-18 (Figure 3). These findings suggest that peri-
hatching arrest represents a sleep state, dependent on signaling
from sensory neurons and the interneuron RIS. The case for in-
volvement of ALA is less clear; a mutation in ceh-17 provided
modest, but significant, suppression of fax-1; daf-2 double arrest,
but did not suppress unc-42; daf-2 (Supplementary Table S4).
Neither fax-1 nor unc-42 are expressed in RIS or ALA indicating
that the key arousal neurons dependent on fax-1 and unc-42 func-
tion upstream or downstream of the RIS and ALA sleep-
promoting neurons. Therefore, insulin-signaling function in pro-
moting arousal in late embryogenesis is opposed by the activity
of known sleep pathways—when insulin signaling is compro-
mised, late embryos fall into a sleep state.

Osmotic stress and insulin-signaling pathways
control arousal and progression

Burton et al. (2017, 2018) have described a C. elegans arrest in re-
sponse to osmotic stress immediately before or after hatching.
Therefore, we considered the possibility that quiescent peri-
hatching arrest is a manifestation of the osmotic stress response
pathway. Wild-type embryos grown on 325mM or 500 mM NaCl
and daf-2 mutants grown on 300 mM NacCl arrested in a condition
that is similar to fax-1; daf-2 and unc-42; daf-2 double mutants,
consistent with this possibility (Figure 5). Like the fax-1; daf-2 and
unc-42; daf-2 double mutants, daf-2(e1370) and wild-type embryos
on high salinity plates were active in midembryogenesis, but fell
into a quiescent state prior to hatching and fail to activate pha-
ryngeal pumping. Wildtype embryos in 500mM NaCl were not
roused by blue light stimulus as easily as the fax-1; daf-2 and unc-
42; daf-2 double mutants (8 of 14 wild-type embryos tested on
500 mM NaCl responded with sluggish movement with a latency
of 25s), suggesting that the quiescent state of embryos in high
salt environments is more difficult to reverse.

To examine osmotic stress further, we tested fax-1 and unc-42
single mutants for sensitivity to osmotic arrest on high sodium
chloride-containing plates. Compared with wild-type, both fax-1
and unc-42 mutations displayed an increased sensitivity to peri-
hatching arrest on 275, 300, and 325 mM NacCl plates (Figure 5, A
and B). The effect was not as strong as that observed with daf-
2(e1370), consistent with the idea that fax-1 and unc-42 reduce in-
sulin signaling, but to a lesser extent than compromising insulin
receptor.

Genetic analysis by Burton et al. (2018) demonstrated that os-
motic arrest depends on two key genes: ssu-1, which encodes a
cytosolic sulfatase that is expressed solely in the AS] sensory
neurons, and nhr-1, which encodes a nuclear hormone receptor
that appears to function cell-autonomously in cells throughout
the body. Given that vertebrate cytosolic sulfatases function in
processing of steroids, Burton et al. (2018) have proposed that os-
motic arrest is mediated by an unidentified lipophilic hormone
produced in AS] neurons by the SSU-1 sulfatase and that NHR-1
may help mediate the response to the hormone. We tested the
possibility that perihatching arrest also depends on ssu-1 and nhr-

1 by making triple mutants that combined a mutation in either
gene with fax-1; daf-2 and unc-42; daf-2 double mutants. In all
cases, the presence of a mutation in either ssu-1 or nhr-1 strongly
suppressed perihatching arrest (Figure 5C), similar to mutations
in daf-16. Salt-induced arrest of wild-type embryos activates the
expression of a superoxide dismutase sod-5:gfp reporter gene,
consistent with the notion that arrest is part of a stress response
(Burton et al. 2018). Double mutant fax-1; daf-2 embryos similarly
induce sod-5::gfp expression at low salt concentration: 90.8% of
fax-1(gm83); daf-2(e1370) perihatching animals expressed detect-
able GFP when compared with 51.2% of daf-2(e1370) controls (P <
0.01) (Figure 5D). Finally, osmotic arrest depends on daf-2 activity
in the intestine (Burton et al. 2017), as does fax-1; daf-2 arrest, al-
though we found that providing daf-2 function in neurons could
also weakly rescue perithatching arrest (Figure 5E). Taken to-
gether, these observations support the hypothesis that perihatch-
ing arrest is a manifestation of the normal osmotic stress
response, revealed by the loss of proarousal, proprogression sig-
naling via the insulin response.

The connection between arousal and osmotic stress arrest
raises the possibility that compromising sleep pathways might
also suppress osmotic arrest. To address this, we examined
whether mutations in aptf-1 and flp-11, both of which are required
for perihatching arrest and for nematode sleep states promoted
by the RIS interneuron, can suppress the osmotic arrest of daf-
2(e1370) mutants on 300 mM NaCl. Under these culturing condi-
tions, wild-type nematodes do not arrest, but daf-2(e1370) mutant
embryos arrest at high penetrance (Burton et al. 2017). Neither
aptf-1 nor flp-11 mutations were able to suppress the arrest phe-
notype, however, they were both able to suppress the quiescence
phenotype, demonstrating that the quiescence and perihatching
arrest can be uncoupled (Figure 5F). When daf-2(e1370) embryos
were placed onto 300mM NaCl plates, the embryos arrested in-
side the eggshell in a quiescent condition. In contrast, both aptf-1;
daf-2 and flp-11; daf-2 embryos hatched, yielding mobile L1 larvae.
However, the active L1 animals remained arrested with morphol-
ogy similar to a newly hatched L1 animal, indicating that simply
preventing a sleep state is not sufficient to reverse arrest.
Arrested flp-11; daf-2 double mutants on 300 mM NacCl also failed
to activate pharyngeal pumping (70% did not pump at all; 30%
pumped weakly and inconsistently; N=27). These results argue
that salt-induced quiescence is a sleep state, under the control of
the prosleep RIS interneuron.

The separation of developmental arrest from quiescence
raises the possibility that the arrest component of the phenotype
may reflect a critical role for pharyngeal pumping in develop-
mental progression. The intake of nutrition after hatching has
long been known to be required for activating the transition from
embryonic to larval developmental events (Baugh 2013).
Therefore, it is possible that the arrest component of perihatch-
ing arrest might arise mostly or entirely as a consequence of the
failure to feed. Consistent with this possibility, we documented a
modest, but significant, reduction in pharyngeal pumping in both
fax-1 and unc-42 mutants. Under standard culture conditions, fax-
1(gm83) L1 larvae pump at the rate of 2.28 pumps/sec and unc-
42(e419) L1 larvae pump at 1.83 pumps/s, when compared with
2.98 pumps/s for wild-type (Supplementary Figure S3). To explore
this possibility further, we examined the effect of food source
and pharmacological manipulation on perihatching arrest.
Previous work has shown significant differences on growth and
developmental progression with alternative bacterial food sour-
ces (So et al. 2011; Avery and You 2012). Some of this effect is due
to physiological limitations of pharyngeal pumping and some
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(Wolkow et al. 2000). (F) Mutations in flp-11, which is required for RIS-dependent sleep, can suppress quiescence of otherwise wild-type animals at 325
mM salt (left), and suppress the quiescence defect in daf-2(e1370) mutant embryos grown on 300 mM salt (right). Immobile perihatching animals remain
within the egg (blue), while motile L1's hatch and are scored as L1 (red). The alleles shown are daf-2(e1370), flp-11(tm2706), and egl-4(n477). (G) Schematic
illustrated one model for relating the opposed insulin and osmotic stress pathways. Some of these data are also included in Supplementary Table S4.
Differences in pair-wise comparisons to controls are significant at *P < 0.05, **P < 0.01 and **P < 0.001. Error bars indicate standard deviation among

replicate experiments.

pumping-defective mutants can be “rescued” by growing them on
the more easily-eaten HB101 E. coli strain instead of the standard
OPS0 strain (Davis et al. 1995; Avery and Shtonda 2003). We ob-
served a slight decrease in perihatching arrest of daf-2; fax-1 dou-
ble mutants, but no rescue of daf-2; unc-42 double mutants when
eggs were laid on HB101 bacteria (Supplementary Table S4).
Agonists of serotonin and acetylcholine transmission, both of
which stimulate pharyngeal pumping (Avery and Horvitz 1990;
Song and Avery 2012), were not able to rescue perihatching arrest
in fax-1; daf-2 double mutants, daf-2 mutants on 300 mM NaCl, or
daf-2; flp-11 double mutants on 300mM NaCl (Supplementary
Table S4). Hatched animals that were arrested as L1 in daf-2; flp-
11 double mutants were able to move and forage, but pumped

weakly or not at all, even in the presence of carbachol, an acetyl-
choline agonist that normally stimulates pumping (N=26).
Taken together, these observations suggest that developmental
arrest at hatching may not be entirely a simple consequence of
the inability to feed, although we cannot rule out that possibility.

Discussion

Opposition between insulin and osmotic stress
pathways controls developmental progression

The analysis of insulin pathway and osmotic stress response
argues that two countervailing pathways regulate animal devel-
opmental arrest and arousal as embryos approach hatching
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(Figure 5G). The ASJ sensory neuron senses salt concentration in
the environment (Burton et al. 2017, 2018)—presumably once the
eggshell is compromised near the end of the embryogenesis. The
ssu-1 gene encodes a cytosolic sulfotransferase, which is expected
to modify a hydrophobic molecule based on known biochemical
activities, suggesting that the AS] may produce a steroid-like neu-
roendocrine signal in response to a detected osmotic threat
(Burton et al. 2018). Many, or perhaps all, cells respond to the pre-
sumptive ASJ signal via the nuclear receptor nhr-1, which acti-
vates a program that includes an induced sleep state, cessation
of pharyngeal pumping, and immediate developmental arrest.

The ASJ osmotic response pathway is opposed by a canonical
insulin-signaling pathway that promotes arousal, pharyngeal
pumping, and developmental progression (Figure 5G). The exis-
tence of this function and its opposition to the osmotic stress re-
sponse pathway is demonstrated by the fact that daf-2 mutations
at modest salt concentrations cause a perihatching arrest pheno-
type that phenocopies wild-type arrest at high salt (as well as the
arrest of fax-1; daf-2 and unc-42; daf-2 doubles at low salt), and
that these arrests are equally suppressed by compensatory muta-
tions in the insulin pathway (daf-16 or daf-18) and the osmotic re-
sponse pathway (ssu-1 or nhr-1). Therefore, when insulin pathway
function is compromised by mutation, the underlying osmotic
stress signal is no longer opposed, leading to developmental ar-
rest and quiescence. We do not know whether there is an endoge-
nous level of ssu-1 signaling even at low salt concentrations that
is “revealed” by the loss of opposing insulin signaling (as hypothe-
sized in Figure 5G) or if the loss of insulin signaling also increases
the ssu-1-dependent signal or a downstream prosleep response.
The promotion of arousal, pharyngeal pumping, and develop-
mental progression is potentiated by a signal from interneurons
that depend on fax-1 and unc-42. The body-wide insulin response
appears to be integrated in the nervous and gustatory systems
(Figure SE).

Insulin signaling has been previously implicated in promoting
developmental progression. The daf-2 gene was first identified on
the basis of its promotion of developmental progression in oppo-
sition to dauer larvae arrest (also a relatively quiescent state that
ceases pharyngeal pumping; Vowels and Thomas 1992; Gems
et al. 1998; Hu 2007). The insulin pathway is also used to bypass
developmental arrest checkpoints at other larval stages
(Schindler et al. 2014). When larvae are starved they arrest devel-
opment, accumulating at distinctive stages in the early L3 or
early L4 stages, just as one would expect for a conventional
“checkpoint.” Avoiding arrest at these stages also depends on in-
sulin signaling, clearly establishing another developmental pro-
gression role. The role of insulin signaling in perihatching arrest
is nicely aligned with these later roles in overcoming develop-
mental checkpoints, and the possibility of an end-of-
embryogenesis developmental checkpoint is an attractive possi-
bility. However, we have not been able to decisively separate the
pharyngeal pumping defect from the arrest defect, so it remains
possible in this case that developmental arrest at the end of em-
bryogenesis is a secondary consequence of the inability to browse
and feed, rather than a bona-fide checkpoint.

Perihatching arrest constitutes a novel sleep state

The reversal of quiescence, failure to pump, increased latency of
the response, along with the dependence on known prosleep
genes argues that perihatching arrested animals are in a sleep
state. This finding ties the osmotic stress response to the genetics
and physiology of animal sleep. The perihatching sleep state may
be analogous to, or mechanistically related to, stress-induced

sleep mechanisms in C. elegans (Hill et al. 2014; Honer et al. 2020).
This sleep state is opposed by arousal signals that depend on in-
sulin signaling and interneuron function. The conclusion that
perihatching arrest is a sleep state is supported by its reversibil-
ity, its increased latency in response to aversive stimuli, and its
dependence on genes that have known prosleep activities. The
hatching of daf-2; flp-11 animals argues that arrest within the egg-
shell is a direct consequence of late embryo inactivity that can be
reversed by elimination of a prosleep neuropeptide. Unlike the
well-studied larval sleep states associated with lethargus, peri-
hatching arrest is not experienced by wild-type animals in low sa-
linity environments. Furthermore, it does not seem to be
associated with cuticle synthesis (like larval lethargus sleep),
since the initial embryonic cuticle synthesis occurs an hour or
more before perihatching quiescence.

Previous studies have demonstrated an important role for in-
sulin signaling in promoting wakefulness in C. elegans. The insu-
lin pathway mediator daf-16/FOXO plays a role in regulating sleep
homeostasis (Driver et al. 2013) and mediates compensatory sleep
states during larval lethargus-associated sleep (Bennett et al.
2018). Compromising daf-2 function in adults leads to a quies-
cent, hibernation-like state with dramatically reduced pharyn-
geal pumping that is reminiscent of perihatching arrest (Gaglia
and Kenyon 2009). Similarly, Wu et al. (2018) have demonstrated
multiple sleep states throughout larval and adult life, all depen-
dent on the RIS interneuron and insulin signaling, Skora et al.
(2018) have used brain-wide imaging to detail how insulin signal-
ing promotes wakefulness in response to absence of food, and
You et al. (2008) have linked egl-4 function to insulin signaling
and coordinate control of arousal and satiation. Our study, in
combination with these previous analyses, indicate a physiologi-
cal link among arousal, food and osmotic sensation, and pharyn-
geal activity.

Insulin signaling has been implicated in promoting arousal in
vertebrates: the proarousal orexin hormones increase insulin se-
cretion in vertebrates (Sutcliffe and de Lecea 2000; Park et al.
2015) and direct application of insulin to rats can promote
arousal (Tkacs et al. 2007). However, other studies from verte-
brates and invertebrates suggest the opposite relationship. For
example, metabolic insulin secretion in vertebrates is a response
to satiation, which is associated with increased sleepiness
(Fernstrom and Wurtman 1971). Likewise, in Drosophila the loss of
insulin-related signaling leads to arousal rather than quiescence
(Cong et al. 2015). Taken together, these apparently contradictory
findings suggest that insulin superfamily neuroendocrine signal-
ing may have a complicated relationship to arousal, with proar-
ousal functions in some contexts and prosleep functions in
others.

Interneurons contribute to insulin-dependent
arousal

The synthetic arrest exhibited by fax-1 and unc-42 mutants, as
well as their enhanced sensitivity to osmotic stress, suggest that
interneurons that depend on these two transcription factors have
functions that favor arousal, pharyngeal pumping, and develop-
mental progression. It is possible that the synthetic effect is due
to a cellular-level “gain-of-function,” however, we were unable to
generate the same synthetic phenotype with mutations that per-
turb axon pathfinding generally (Supplementary Table S2), sug-
gesting that it is not a simple consequence of wiring defects.
Given that both fax-1 and unc-42 also enhanced the insulin path-
way dauer phenotype (Supplementary Table S3) and that a stron-
ger daf-2 mutant can cause the same phenotype (Figure 4), the
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simplest explanation is that interneuron function acts to increase
insulin signaling. This could occur by a direct contribution to in-
sulin signaling, such as increasing the production of an insulin
agonist or decreasing the production of an insulin antagonist, or
it could potentiate the response more broadly, downstream of
daf-2/InsR. Such an effect could be mediated by a neuroendocrine
output from fax-1 and unc-42 interneurons. We note that the two
transcription factors could be required for key neuronal identity
functions at the time of their differentiation in midembryogene-
sis, with the effect on insulin signaling in mutants a later conse-
quence of an earlier defect, or the two transcription factors could
actively maintain neuronal states and be directly involved in reg-
ulating the expression of proarousal functions at hatching.

Rescue of the perihatching arrest defect by expression of fax-1
under the control of a glr-5 promoter helps identify candidate
interneurons for mediating the proarousal function. These in-
clude the interneuron classes AVA, AVB, AVE, AVK, DVA, RIC,
and SIB (Supplementary Figure S1). Most of these neurons have
previously been implicated in positively regulating arousal states
(Chalfie 1985, Hums et al. 2016; Chew et al. 2018; Oranth et al.
2018; Skora et al. 2018; Cianciulli et al. 2019; Maluck et al. 2020)
and/or pharyngeal pumping (Rogers et al. 2001). All produce neu-
ropeptides that could be mediators, and all except DVA and SIB
express at least one insulin-related neuropeptide (Taylor et al
2021). The AVK interneurons are physically adjacent to the RIS
interneuron, and receive multiple postsynaptic inputs from RIS, a
neuron that regulates arousal in larva by production of the
FMRFamide-related neuroendocrine peptide FLP-11 (Turek et al.
2016), a prosleep peptide on which perihatching arrest depends.
The relevant activity might be produced by just one of these neu-
ron classes or some combination of them. While fax-1 and unc-42
behave similarly in most experiments, there is evidence that unc-
42 arrest might be somewhat stronger. Mutations in ceh-17 (on
which the prosleep function of ALA neurons depend) and feeding
HB101 bacteria were unable to rescue unc-42; daf-2 double
mutants, but were able to weakly rescue fax-1; daf-2 doubles. In
addition, unc-42 mutants were somewhat more sensitive to salt
(Supplementary Table S4 and Figure 5D). While these are only
slight differences, they suggest a possible mechanistic difference
between fax-1 and unc-42.

Perihatching arrest is a novel potential diapause

The embryonic timing, sleep state, and lack of pharyngeal pump-
ing distinguish perihatching arrest from the well-studied poten-
tial L1 arrest, which is a response to the lack of food and also
depends on insulin signaling (Baugh and Sternberg 2006; Baugh
2013; Kaplan and Baugh 2016). Given the requirement for insulin
signaling, it is possible that the two arrest points are mechanisti-
cally linked to each other, with perihatching arrest an earlier re-
sponse to osmotic stress and L1 arrest a later response to the
absence of food. In either case, the phenomenon prevents the
progression of development under unfavorable environmental
conditions. Insulin signaling also promotes arousal and develop-
ment later in larval life, by preventing dauer, L3 and L4 arrest, in
these cases in response to crowding and starvation (Hu 2007;
Schindler et al. 2014). Therefore, the overall net effect of insulin
signaling seems to consistently favor developmental progression
over diapause.

Quiescence and developmental arrest may provide an adap-
tive mechanism by which terrestrial nematodes respond to the
hazards imposed by high osmotic stress environments.
Caenorhabditis elegans is a widespread species found in multiple
environments, but is thought to be reproductive most often in

rotting fruit, mushroom beds, and organic compost (Kiontke and
Sudhaus 2006). Terrestrial nematodes face significant environ-
mental chemical hazards, including those presented by high sa-
line conditions, as well as periods of desiccation and rehydration.
In coastal or estuarine environments, they may become exposed
to seawater. Under culture conditions, C. elegans experience body
shrinkage and significant mortality at NaCl concentrations above
200mM (Lamitina et al. 2004). Therefore, the ability to sense salt,
perhaps at the moment of eggshell rupture, is an opportunity for
the organism to enter an arrested, nonfeeding state until condi-
tions are more favorable to life and reproduction. Previous stud-
ies have hinted at a role for insulin superfamily signaling in the
response of other animals to osmotic stress. For example, insulin
signaling is reduced in response to osmotic stress in the crab
Neohelice granulate (Trapp et al. 2018) and changes to IGF-1 levels
are associated with osmotic change as steelhead trout are moved
from freshwater to saltwater (Liebert and Schreck 2006). Our
analysis of the regulation of osmotic response in C. elegans, along
with these studies suggest a possible conserved and adaptive role
for insulin signaling in the response to cellular stress. It will be
particularly interesting to learn if osmotic stress responses in
other invertebrates also include a sleep state.

Data availability
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