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Summary Statement 17 

 In animals such as Caenorhabditis elegans, a steroid hormone pathway controls 18 

both the entry and exit decisions into and out of the developmentally arrested dauer 19 

state in response to environmental signaling.  20 

 21 

Abstract 22 

 Diapause arrest in animals such as Caenorhabditis elegans is tightly regulated 23 

so that animals make appropriate developmental decisions amidst environmental 24 

challenges. Fully understanding diapause requires mechanistic insight of both entry and 25 

exit from the arrested state. While a steroid hormone pathway regulates the entry 26 

decision into Caenorhabditis elegans dauer diapause, its role in the exit decision is less 27 

clear. A complication to understanding steroid hormonal regulation of dauer has been 28 

the peculiar fact that steroid hormone mutants such as daf-9 form partial dauers under 29 

normal growth conditions. Here, we corroborate previous findings that daf-9 mutants 30 

remain capable of forming full dauers under unfavorable growth conditions, and we 31 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 6, 2021. ; https://doi.org/10.1101/2021.09.04.458989doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.04.458989
http://creativecommons.org/licenses/by/4.0/


establish that the daf-9 partial dauer state is likely a partially exited dauer that has 32 

initiated but cannot complete the dauer exit decision. We show that the steroid hormone 33 

pathway is both necessary for and promotes complete dauer exit, and that the 34 

spatiotemporal dynamics of steroid hormone regulation during dauer exit resembles that 35 

of dauer entry. Overall, dauer entry and dauer exit are distinct developmental decisions 36 

that are both controlled by steroid hormone signaling. 37 

 38 

Introduction 39 

 Animals must be able to adapt to changing environments to survive against 40 

uncertain and stress-inducing circumstances. One such adaptive mechanism is 41 

diapause, a state of developmental arrest typically characterized by metabolic 42 

depression and stress resistance (Hand et al., 2016). Diapause is a dynamic process 43 

that involves successive developmental decisions dictating entry, maintenance, and exit 44 

from the dormant state (Koštál, 2006; Ragland et al., 2010). Diapause is well conserved 45 

across the animal kingdom including nematodes, insects, crustaceans, fish, and 46 

mammals (Hand et al., 2016; Hu, 2007; Podrabsky and Hand, 2015; Ragland et al., 47 

2010). 48 

Upon encountering adverse conditions during larval growth, Caenorhabditis 49 

elegans exit the cycle of reproductive development and instead enter the alternative 50 

diapause state, termed dauer, which grants them increased durability and longevity to 51 

protect against environmental insults and allows them to disperse in search of a more 52 

favorable environment (Cassada and Russell, 1975; Hu, 2007). The dauer entry 53 

decision-making process comprises two distinct subdecisions. First-stage (L1) larvae 54 

decide between developing into L2 or pre-dauer L2d larvae, depending on whether 55 

conditions are favorable or unfavorable, respectively (the “L1 to L2/L2d subdecision”). If 56 

conditions sufficiently improve, then L2d larvae choose reproductive development by 57 

becoming L3 larvae, but if not they become dauer larvae (the “L2d to L3/Dauer 58 

subdecision”; Golden and Riddle, 1984). While in the dauer state, animals continuously 59 

assess their environment and, when conditions improve by way of an increased food to 60 

pheromone ratio, exit the dauer state to return to the reproductive cycle as L4 larvae 61 

(Golden and Riddle, 1982). The C. elegans dauer process thus involves two 62 
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consecutive entry subdecisions into the dauer state as well as the exit decision to return 63 

reproductive development. A complete understanding of this developmental decision-64 

making process requires a synthesis of information involving both the dauer entry 65 

subdecisions and the dauer exit decision. The vast majority of dauer studies in C. 66 

elegans have focused almost exclusively on dauer entry (Androwski et al., 2017; 67 

Fielenbach and Antebi, 2008; Hu, 2007), leaving much to be explored for dauer exit.  68 

 Previous studies have found multiple pathways that govern the dauer entry 69 

decision, including cGMP signaling, insulin growth factor signaling, TGF-β signaling, 70 

and steroid hormone signaling (Fielenbach and Antebi, 2008; Hu, 2007). Early genetic 71 

screens for dauer exit defects yielded identical genes to those involved in dauer entry, 72 

suggesting that the same genetic pathways underlie both the dauer entry and exit 73 

decisions (Riddle et al., 1981). But even though the same principal pathways might 74 

govern both decisions, a wealth of evidence suggests important distinctions exist 75 

between the dauer entry and exit decision, including the involvement of different 76 

sensory neurons (Bargmann and Horvitz, 1991), the different timeframes of the 77 

decision-making process (Golden and Riddle, 1984; Schaedel et al., 2012), and the 78 

differing importance of various signaling molecules such as the insulin peptides and the 79 

Notch ligands (Cornils et al., 2011; Ouellet et al., 2008). These differences highlight the 80 

importance of studying the dauer exit decision in tandem with the dauer entry decisions 81 

in order to construct a comprehensive regulatory model of the dauer process.   82 

Steroid hormones have been characterized as one of the most downstream 83 

components in the dauer entry process and are thought to serve as a convergence 84 

point for both the insulin and the TGF-β pathway (Fielenbach and Antebi, 2008) in 85 

controlling dauer development. The steroid hormone pathway centers on DAF-12, a 86 

nuclear hormone receptor that shows the most homology to the vertebrate farnesoid-X 87 

receptor (FXR) (Antebi, 2015; Antebi et al., 1998). The major endogenous ligands for 88 

DAF-12/FXR are steroid hormones collectively referred to as dafachronic acids (DA), 89 

which include ∆7-DA (dafa#2) and ∆4-DA (dafa#4) among others (Aguilaniu et al., 2016; 90 

Mahanti et al., 2014; Motola et al., 2006). DAF-12/FXR regulation of its transcriptional 91 

targets depends on environmental growth conditions, which in turn dictate the presence 92 

of DAF-12/FXR ligands. Under favorable conditions, DAF-9 catalyzes the formation of 93 
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DAs such as ∆-7 DA which bind to DAF-12/FXR and specify reproductive adulthood. 94 

daf-12 alleles with mutations in the putative ligand binding domain are therefore mostly 95 

dauer forming constitutive (Daf-c) (Antebi et al., 1998). Under unfavorable conditions, 96 

unliganded DAF-12/FXR interacts with the corepressor DIN-1/CoR to specify dauer 97 

entry (Fielenbach and Antebi, 2008). daf-12 null alleles are thus dauer formation 98 

defective (Daf-d).  99 

Biosynthesis of all known DAs require the cytochrome P450 enzyme DAF-9, and 100 

therefore daf-9 null mutants are completely Daf-c (Aguilaniu et al., 2016; Gerisch et al., 101 

2001; Jia et al., 2002). daf-9 is constitutively expressed in a pair of neuroendocrine cells 102 

termed the XXX cells but show variable upregulation in the hypoderm depending on 103 

environmental conditions and developmental state (Gerisch et al., 2001; Schaedel et al., 104 

2012). During the L2d to L3/dauer subdecision, sufficient exposure to favorable 105 

conditions causes upregulation of daf-9 throughout the hypoderm that amplifies steroid 106 

hormone production to instigate reproductive development (Gerisch et al., 2001; 107 

Schaedel et al., 2012). Hypodermal expression of daf-9 suffices to bypass dauer in daf-108 

9 animals, suggesting that the hypoderm is an important site of daf-9 expression 109 

(Gerisch and Antebi, 2004). Here, we sought to characterize how steroid hormonal 110 

regulation of dauer exit compares to its role in the two dauer entry subdecisions.    111 

A complete analysis concerning how steroid hormone signaling regulates dauer 112 

arrest must also account for the well-documented observation that Daf-c mutants 113 

impaired for steroid hormone biosynthesis and/or signaling such as daf-9, daf-36 114 

(encoding a Rieske-like oxygenase that catalyzes the first step of steroid hormone 115 

biosynthesis, ncr-1; ncr-2 (encoding two putative cholesterol transporters), and Daf-c 116 

alleles of daf-12 do not form full dauers under normal growth conditions as do other 117 

Daf-c strains such as daf-2(e1370) or daf-7(e1372) (Antebi et al., 1998; Gerisch et al., 118 

2001; Li et al., 2004; Rottiers et al., 2006). Full dauers are characterized by radial and 119 

pharyngeal constriction, immobility, pumping quiescence, and a darkened intestine 120 

owing to increased fat storage (Cassada and Russell, 1975; Riddle and Albert, 1997). 121 

Steroid hormone mutants such as daf-9 instead form “partial” or “dauer-like” larvae that 122 

resemble dauers but exhibit non-dauer traits such as sporadic pumping, increased 123 

mobility, a slightly enlarged pharynx, and a lighter body (Albert and Riddle, 1988; 124 
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Gerisch et al., 2001). Partial dauers are not exclusive to steroid hormone mutants, as 125 

they are also observed in double mutants involving daf-16 (Ailion and Thomas, 2000; 126 

Vowels and Thomas, 1992), which encodes a homolog of the forkhead transcription 127 

factor FOXO and controls the insulin pathway (Ogg et al., 1997). 128 

Whether steroid hormone mutants form partial or full dauers appear to depend on 129 

growth conditions. Anecdotal evidence indicates that daf-9(dh6) and daf-12(rh273) 130 

become full dauers under unfavorable growth conditions (Antebi et al., 1998; Gerisch et 131 

al., 2001). Why this distinction occurs remains unclear, but it has been speculated that 132 

the partial dauer may have first been a full dauer that attempted dauer exit (owing to 133 

favorable growth conditions) but could not complete it (Antebi et al., 1998). A 134 

comprehensive model of how steroid hormones govern dauer entry and exit should be 135 

able to explain why steroid hormone mutants form partial dauers under favorable growth 136 

conditions unlike other Daf-c strains (Fig. 1).   137 

 In this study, we provide evidence that daf-9 partial dauers are indeed animals 138 

that first became full dauers that then initiated (but failed to complete) dauer exit. 139 

Furthermore, we find that the daf-9 partial dauer state is dependent on daf-2 and daf-7, 140 

suggesting that the partial dauer state arises due to activation of the insulin or the 141 

TGF-β pathway. We characterize the regulatory role of steroid hormones in dauer exit, 142 

demonstrating that the steroid hormone biosynthesis pathway is both necessary for and 143 

sufficient to induce dauer exit. We also show that the spatiotemporal regulation of daf-9 144 

during dauer exit closely mirrors that of the L1 to L2 vs. L2d dauer entry subdecision. 145 

Our findings reveal that C. elegans use steroid hormone signaling in similar ways to 146 

regulate both the dauer entry and exit developmental decisions.  147 

 148 

Results 149 

daf-9 mutants form full dauers under unfavorable growth conditions 150 

To assess the role of steroid hormones in the C. elegans dauer exit developmental 151 

decision (Fig. 1), we chose to focus on daf-9 since it is the only steroid hormone gene 152 

for which null mutants such as daf-9(dh6) and daf-9(e1406) show completely penetrant 153 

Daf-c phenotypes, suggesting that its loss severely abrogates steroid hormone signaling 154 

(Antebi, 2015; Gerisch and Antebi, 2004; Gerisch et al., 2001; Rottiers et al., 2006). We 155 
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first confirmed that daf-9 null mutants could form full dauers that would be suitable for 156 

subsequent dauer exit analysis. Only anecdotal evidence suggests that the Daf-c 157 

steroid hormone mutants daf-9(dh6) and daf-12(rh273) form full dauers under 158 

unfavorable growth conditions (Antebi et al., 1998; Gerisch et al., 2001). To test whether 159 

steroid hormone mutants retain the ability to form full dauers, we grew daf-9(dh6) 160 

animals under unfavorable conditions, which involves high temperature (25.5°C) and 161 

the presence of dauer-inducing pheromone extract (see Materials and Methods). These 162 

unfavorable growth conditions yielded daf-9(dh6) dauer larvae that matched the 163 

characteristics of full dauers formed by wild-type animals. Namely, both daf-9(dh6) and 164 

daf-9(e1406) dauers showed no pumping, low motility, and a darkened, radially 165 

constricted body (Fig. 2 and Video 1 for daf-9(dh6), Fig. 3E-F for daf-9(e1406)). daf-166 

9(dh6) full dauers are also completely SDS resistant – a hallmark of the dauer state (Fig. 167 

S1A). In contrast, when daf-9(dh6) mutants were grown under favorable conditions, we 168 

observed partial dauers that pumped frequently, moved faster, and showed enlarged 169 

pharynxes compared to full dauers (Fig. 2).  Hereafter, we distinguish between “full 170 

dauers” (which match the phenotype of wild-type dauers formed under dauer-inducing 171 

conditions) and “partial dauers” or “dauer-like larvae” (which we and others have 172 

observed when daf-9 mutants are grown under favorable conditions).  173 

 174 

daf-9 partial dauers are likely partially exited dauers 175 

Having confirmed that daf-9 mutants form partial or full dauers depending on the 176 

environmental conditions, we wanted to further probe the robust daf-9 partial dauer 177 

phenotype, reasoning that it would provide insights into understanding how steroid 178 

hormones regulate the dauer process. Based on speculations from previous reports, we 179 

reasoned that two likely possibilities for how daf-9 partial dauers fit into the 180 

developmental pathway are that (1) partial dauers are en route to becoming full dauers 181 

but require unfavorable environmental stimuli to complete the dauer entry process, or (2) 182 

partial dauers are partially exited dauers that have gone through a full dauer state and 183 

then initiate, but cannot complete, dauer exit (Fig. 1A). A third possibility could also be 184 

partial dauers do not fit neatly into the existing developmental pathway, and that 185 

perhaps they bypass the full dauer state completely.  186 
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 To test possibility (1), in which daf-9 partial dauers require unfavorable conditions 187 

to become full dauers, we grew daf-9(dh6) mutants under favorable conditions to first 188 

form partial dauers and then transferred them to unfavorable conditions to determine if 189 

they could form WT-dauers (Fig. 3A-C). We found that, despite a 24-hour incubation 190 

under unfavorable conditions, daf-9(dh6) partial dauers did not transition towards a full 191 

dauer state. These daf-9(dh6) animals continued to move and pump at high rates in 192 

comparison to daf-9(dh6) full dauers. Thus, we find it unlikely that the partial dauer state 193 

obtained under favorable growth conditions represents a transition state that is en route 194 

to becoming full dauer. 195 

To assess possibility (2), in which daf-9 partial dauers are first full dauers that 196 

then partially exit dauer, we grew daf-9(dh6) mutants under unfavorable conditions to 197 

first form full dauers, and then we transferred them to favorable conditions to examine if 198 

they became partial dauers. We found that 24 hours post-transfer, daf-9(dh6) larvae 199 

actively pumped, moved significantly more, and had an enlarged pharynx compared to 200 

before the transfer (Fig. 3D-G, and Video 2), thereby recapitulating the daf-9 partial 201 

dauer state. These partially exited dauers slowly continued to grow radially and develop 202 

a larger pharynx even past the 24-hour mark, although they never develop into healthy 203 

reproductive adults (data not shown). We obtained similar results using daf-9 alleles 204 

e1406 (another putative null mutation) and m540 (a weaker loss-of-function allele) 205 

(Fig. 3E, F). From both mutants, we obtained full dauers under unfavorable growth 206 

conditions that became partial dauers following transfer to favorable conditions. The 207 

major allele-specific difference was that daf-9(m540), which only has a mild Daf-c 208 

phenotype, was sometimes able to form healthily exited dauers rather than partially 209 

exited dauers upon returning to favorable growth conditions (see Fig. 3F, m540 210 

pumping frequency). Together, these findings suggest that transfer to favorable 211 

conditions causes full daf-9 dauers to initiate dauer exit and engage in concomitant 212 

behavioral and morphological changes such as increased pumping, motility, and 213 

pharyngeal expansion. Strong loss-of-function mutants such as daf-9(dh6) and 214 

daf-9(e1406) are halted in this exit process, while weaker loss-of-function mutants like 215 

daf-9(m540) can proceed to full reproductive adulthood. 216 
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We also examined whether this partial dauer exit phenotype could be 217 

recapitulated at the level of the nuclear hormone receptor DAF-12/FXR, which acts 218 

genetically after DAF-9 to specify the dauer decision. Although most loss-of-function 219 

alleles for daf-12 are Daf-d, there exists numerous Daf-c alleles that bear mutations 220 

altering DAF-12’s putative ligand binding domain (Antebi et al., 1998, 2000). These 221 

Daf-c strains have also been described to form partial dauers under favorable growth 222 

conditions, although at a lower penetrance than daf-9 putative null mutants (Antebi et al., 223 

1998). We took such a Daf-c mutant, daf-12(rh273), and found that we were able to 224 

induce full dauers under unfavorable growth conditions that could become partial 225 

dauers upon transfer to favorable conditions (Fig. S1B, C). Therefore, daf-12(rh273) 226 

mutants can phenocopy the partial dauer exit phenotype of daf-9 putative null mutants, 227 

consistent with DAF-12/FXR mediating this phenotype. 228 

A feature of dauer exit is its irreversibility: wild-type dauers that have been shifted 229 

to favorable conditions commit to dauer exit within an hour since shifting them back onto 230 

unfavorable conditions afterwards cannot maintain or restore the dauer state (Golden 231 

and Riddle, 1984). We asked whether the daf-9 dauer-like state represented a 232 

committed or irreversible state of partial dauer exit, or if a return to unfavorable 233 

conditions could cause the animal to become a full dauer again. We grew daf-9(dh6) 234 

mutants under unfavorable conditions to induce full dauers, transferred the resulting 235 

dauers to favorable conditions to stimulate partial dauer formation, and then transferred 236 

them back onto unfavorable conditions to see if they could become full dauers again 237 

(Fig. S1D-F). Transfer into unfavorable conditions neither dramatically altered pumping 238 

rate nor movement speed compared to the mock transfer control, nor did it produce 239 

larvae that were similar to full dauers, even 24 hours after a return to unfavorable 240 

conditions. This observation suggests that partial dauers may be animals that have 241 

committed to, but can only partially complete, dauer exit.  242 

 243 

Evaluating if daf-9 partial dauers pass through a transient state of full dauer  244 

Under the hypothesis that daf-9 partial dauers were once full dauers that then 245 

partially exited, it should be possible to observe daf-9 mutants pass through a period of 246 

being full dauers before they become partial dauers. We thus grew daf-9(dh6) mutants 247 
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under favorable conditions and scored animals every two hours as being L2d, full dauer, 248 

or partial dauer based on important metrics such as pharyngeal pumping, locomotion, 249 

and morphology (Fig. 4A, B, and see Materials and Methods). Pharyngeal pumping 250 

was the most prominent and earliest cue for scoring partial dauers. As a control, we 251 

also grew daf-9(dh6) and wild-type animals under unfavorable conditions in parallel. To 252 

maintain synchrony across the different growth conditions, we grew all animals at a high 253 

temperature of 25.5°C but withheld pheromone from the daf-9(dh6) mutants grown 254 

under favorable conditions. Although growth at 25.5°C favors dauer formation, it alone 255 

cannot induce dauer formation in wild-type animals (Ailion and Thomas, 2000). At 44 256 

hours post egg-lay, the vast majority of animals were L2d (Fig. 4A). By 49 hours, 257 

around 25% of daf-9(dh6) mutants grown in the absence of pheromone could be scored 258 

as full dauers, while by 52 hours, a surprising 75% of animals were found to be full 259 

dauers. After 52 hours, the percentage of full dauers decreased such that by 69 hours, 260 

the large majority of animals were partial dauers. In contrast, both the wild-type and daf-261 

9(dh6) animals grown under high pheromone conditions showed a steady increase in 262 

the proportion of dauers over time, and few if any partial dauers could be found at any 263 

time point (Fig. 4A). These results show that a proportion of daf-9(dh6) mutants grown 264 

in the absence of pheromone become full dauers for some period of time. 265 

To determine what fraction of daf-9(dh6) mutants pass through a transient dauer 266 

state, we repeated the above experiment but with single animals. We grew daf-9(dh6) 267 

mutants without pheromone at 25.5°C and, after 43 hours post egg-lay, we transferred 268 

the resulting L2ds onto new plates without pheromone (one per plate), and we scored 269 

individual animals over time (Fig. 4C). In concordance with our bulk tracking assay, we 270 

observed full dauers between 45 and 50 hours that later became partial dauers. Of 12 271 

tracked animals, we observed seven that went through a period of being full dauers. For 272 

these animals, we observed an L2d molt in which the animal detached from and 273 

sometimes rolled inside its cuticle (Singh and Sulston, 1978). Afterwards, the animal 274 

would cease both movement and pharyngeal pumping before completing radial 275 

constriction to become a full dauer. Within a few hours, these dauers slowly began 276 

pumping and moving more (a sign of partial dauer exit), but radial expansion did not 277 

occur until many hours later (data not shown). Some animals were never observed as 278 
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having formed full dauers (Fig. 4C), which may be because their transition through full 279 

dauers occurred in between time points.  280 

We also performed the above single animal observation experiments under more 281 

favorable conditions by lowering the temperature to 20°C. However, under these 282 

conditions, we were unable to find any daf-9(dh6) larvae that went through a full dauer 283 

state, despite making observations every hour (Fig. S2). Following the same L2d 284 

molting process that typically precedes full dauer formation, the animal instead passed 285 

through an intermediate state that involved both elements of being a dauer (a darkened 286 

body) as well as partial dauer (pumping, motility), before becoming well-recognizable 287 

partial dauers usually within one hour. These observations suggest that high 288 

temperatures facilitate formation of full dauers in daf-9(dh6) mutant animals in the 289 

absence of exogenously added pheromone. 290 

 291 

Genetic and physiological factors that could affect partial dauer formation 292 

We sought to characterize the genetic and physiological underpinnings of the 293 

daf-9 partial dauer exit state. We asked whether the daf-9(dh6) partial dauer exit 294 

phenotype was dependent on other genes in the dauer pathway by performing double 295 

mutant analysis of daf-9(dh6) with strong loss-of-function mutations in the insulin 296 

pathway gene daf-2(e1370) (encoding a homolog of the insulin growth factor receptor) 297 

and the TGF-β pathway gene daf-7(e1372) (encoding an ortholog of human GDF11). 298 

Mutants in daf-2 and daf-7 possess strong Daf-c phenotypes and form full dauers in the 299 

absence of exogenous pheromone at high temperatures. We grew daf-2(e1370); 300 

daf-9(dh6) and daf-7(e1372); daf-9(dh6) double mutants under favorable conditions 301 

alongside daf-9(dh6), daf-2(e1370), and daf-7(e1372) single mutants to see which 302 

would form partial dauers (Fig. 5A, B). We found that only daf-9(dh6) formed partial 303 

dauers under these conditions, while the daf-2(e1370); daf-9(dh6) and daf-7(e1372); 304 

daf-9(dh6) double mutants were phenotypically identical to the daf-2(e1370) and 305 

daf-7(e1372) single mutants in that they formed full dauers. These results indicate that 306 

the daf-9(dh6) partial dauer phenotype is dependent on the insulin pathway as well as 307 

the TGF-β pathway. 308 
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We speculated that a potential reason for the partial dauer exit phenotype could 309 

be that a small amount of reproduction-promoting steroid hormones continues to be 310 

produced even in daf-9 putative null mutants, and that these steroid hormones might 311 

trigger partial dauer exit. We reasoned that withholding cholesterol, a precursor for the 312 

vast majority of DAF-12 steroid hormone ligands (Aguilaniu et al., 2016), would hinder 313 

partial dauer exit formation and keep larvae in their full dauer state. It has been shown 314 

that withholding cholesterol exacerbates the developmental defects of many daf-9 315 

partial loss-of-function mutants by restricting precursor availability (Gerisch et al., 2001; 316 

Jeong et al., 2010).  317 

We allowed daf-9(dh6) partial dauers to form using two distinct methods: (1) 318 

constant growth on favorable conditions and (2) growth under unfavorable conditions 319 

followed by a transfer to favorable conditions. We found that withholding cholesterol 320 

from the NGM media did not hinder the formation of partial dauers using either of these 321 

methods (Fig. 5C, D). While these results are inconsistent with the hypothesis that non-322 

daf-9-dependent reproduction-promoting steroid hormones promote partial dauer exit, it 323 

is also possible that there was sufficient cholesterol or sterol derivatives contained in the 324 

medium and/or passed on by previous generations to induce a partial dauer exit state. 325 

We attempted to further deprive cholesterol availability by growing daf-9(dh6) mutants 326 

for two generations in the absence of cholesterol, but these second-generation animals 327 

became very sick and could not grow past the L2 stage (data not shown). 328 

 329 

daf-9 dependent steroid hormone biosynthesis is necessary for and promotes 330 

dauer exit 331 

Having confirmed that steroid hormone mutants retain the ability to form full 332 

dauers, we proceeded to assess the role of the steroid hormone biosynthesis pathway 333 

in dauer exit using daf-9(dh6) full dauers for our analyses. daf-9 encodes a cytochrome 334 

P450 enzyme that catalyzes the formation of all known steroid hormones (Fig. 6A) 335 

(Motola et al., 2006). Among the dafachronic acids, ∆7-DA has been shown to be one of 336 

the most effective at rescuing the Daf-c phenotype of daf-9(dh6) mutants by allowing 337 

them to bypass dauer entry to become healthy adults (Mahanti et al., 2014; Motola et al., 338 

2006). We sought to determine whether ∆7-DA could also rescue the partial dauer exit 339 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 6, 2021. ; https://doi.org/10.1101/2021.09.04.458989doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.04.458989
http://creativecommons.org/licenses/by/4.0/


phenotype of daf-9(dh6) larvae (Fig. 6B). We let daf-9(dh6) full dauers form under 340 

unfavorable growth conditions and then transferred them to favorable conditions with 341 

varying concentrations of ∆7-DA and scored for complete dauer exit the next day. At low 342 

∆7-DA concentrations, animals become partial dauers, while 100 nM ∆7-DA is sufficient 343 

to fully rescue the dauer exit phenotype of daf-9(dh6) mutants by prompting nearly all 344 

animals to exit the dauer state and resume reproductive development. Nonlinear 345 

regression analysis of the dose response curve reveals an EC50 of 7.56 nM. We also 346 

determined whether ∆7-DA could induce dauer exit of daf-9(dh6) mutants in the 347 

presence of pheromone. Even at 100 nM ∆7-DA, all animals remained as full dauers 348 

(data not shown), which could be because their lack of feeding and/or their thickened 349 

cuticle (Cassada and Russell, 1975) preclude access to ∆7-DA. 350 

We next determined whether overexpression of daf-9 could be sufficient to 351 

induce dauer exit even in a wild-type background. Since constitutive and ubiquitous 352 

overexpression of daf-9 would likely preclude dauer formation, we drove expression of 353 

daf-9 cDNA from the col-183 promoter (Shih et al., 2019). col-183 shows maximal 354 

expression during dauer and within the hypoderm, a tissue that exhibits high daf-9 355 

expression levels during reproductive development (Gerisch et al., 2001; Schaedel et al., 356 

2012). Overexpression of daf-9 from the col-183 promoter significantly increased the 357 

fraction of dauers that exited, indicating that hypodermal daf-9 expression during dauer 358 

can promote dauer exit (Fig. 6C).  359 

 360 

Spatiotemporal regulation of daf-9 during dauer exit resembles that of dauer entry 361 

We characterized the spatiotemporal regulation of daf-9 during the dauer exit 362 

process to examine whether it differs from that during dauer entry. Prior to the dauer 363 

entry decision, daf-9 is expressed exclusively in the XXX neuroendocrine cells. When 364 

animals decide to enter the reproductive life cycle, daf-9 expression increases 365 

throughout the hypodermis (Gerisch et al., 2001; Schaedel et al., 2012). To test whether 366 

this expression pattern holds true during dauer exit, we used the same DAF-9::GFP 367 

translational fusion-bearing strain (Gerisch et al., 2001) and monitored GFP expression 368 

as the animals exited dauer (Fig. 7A,B). Upon shifting dauer larvae from unfavorable to 369 

favorable conditions to induce exit, we observed an increase in the proportion of 370 
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animals displaying hypodermal GFP expression. The proportion peaked at 18 hours 371 

post-shift, which is when larvae have nearly entered L4, at which point nearly 75% of 372 

animals showed hypodermal GFP. After 36 hours post-shift, the vast majority of animals 373 

(~90%) lost all hypodermal GFP but retained GFP expression in the XXX cells. Thus, 374 

the spatiotemporal dynamics of daf-9 expression for the dauer exit decision seem to 375 

match those of the dauer entry decision in that there is widespread hypodermal daf-9 376 

expression as the animal chooses the reproductive route during development. 377 

The constitutive expression of daf-9 in the XXX cells throughout dauer led us to 378 

ask whether the XXX cells might be important for dauer exit. Published reports indicate 379 

if the XXX cells are ablated by a laser microbeam during the L1 stage, only a small 380 

fraction of animals become dauer-like larvae even under favorable conditions (Gerisch 381 

et al., 2001; Ohkura et al., 2003). However, if ablation occurs during the L2d stage after 382 

the animals have been reared under unfavorable conditions, then nearly all larvae form 383 

dauers even after a shift to favorable conditions (Schaedel et al., 2012). To examine 384 

whether the XXX cells are dispensable for dauer exit, we bilaterally ablated the XXX 385 

cells in dauers using a laser microbeam in dauer animals and transferred the ablated 386 

animals to a recovery plate under favorable conditions to induce dauer exit. We found 387 

that all XXX-ablated dauer larvae were able to exit dauer, similar to their mock ablated 388 

counterparts (Fig. 7C). To validate this finding, we also genetically ablated the XXX 389 

cells by expressing the human caspase gene ICE from the XXX-specific promoter 390 

eak-3p using our cGal bipartite expression system for C. elegans (Wang et al., 2017). 391 

We confirmed ablation of the XXX cells by noting the loss of GFP in XXX under 392 

fluorescence microscopy in a strain expressing the UAS::ICE construct (Fig. S3). With 393 

the enhanced throughout of the genetic ablation method compared to laser ablation, we 394 

recovered animals onto different pheromone concentrations to tease out more subtle 395 

changes in dauer exit phenotypes. Genetic ablation of the XXX cells did not 396 

substantially prevent dauer larvae from exiting more when compared to control animals 397 

expressing the UAS::ICE effector transgene without the XXX cell-specific driver 398 

(Fig. 7D). In tandem with our laser ablation results, these findings suggest that the XXX 399 

cells may not be essential for dauer exit.  400 

 401 
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Discussion 402 

Partial dauers formed by steroid hormone mutants are likely partially exited 403 

dauers 404 

In this study, we evaluated how the steroid hormone pathway regulates both the 405 

dauer entry and dauer exit developmental decisions by first addressing why daf-9 406 

mutants form partial dauers. Our evidence favors the hypothesis that daf-9 partial 407 

dauers, along with other partial dauers formed by mutations in steroid hormone 408 

biosynthesis, represent a state in which dauers have commenced but cannot complete 409 

dauer exit. We find that forming daf-9 full dauers under unfavorable conditions followed 410 

by transfer to favorable conditions to induce dauer exit produces animals that resemble 411 

the partial dauers that are formed when daf-9 mutants are grown constantly under 412 

favorable conditions (Fig. 2, 3E-G). We also show that even when pheromone is 413 

omitted from the growth medium, some daf-9(dh6) animals pass through a state of full 414 

dauer before initiating dauer exit owing to the favorable environment (Fig. 4). But given 415 

the lack of reproduction-promoting steroid hormones such as ∆7-DA, these larvae can 416 

only partially exit from dauer, resulting in a partial dauer state that slowly grows to 417 

unhealthy and sterile adulthood. 418 

Under completely favorable conditions (i.e., no pheromone and low temperature), 419 

daf-9(dh6) larvae could not be found in a full dauer state (Fig. S2). Following the L2d 420 

molt, we were only able to find daf-9(dh6) mutants in a transient, indeterminate state 421 

that looked like a hybrid between an L2d and a partial dauer in terms of morphology and 422 

behavior. Within an hour, these animals then quickly went on to become familiar partial 423 

dauers. While it is difficult to speculate why this intermediate state arises, one possibility 424 

has to do with the fact that dauer formation affects multiple tissues, including the 425 

epithelium, intestine, pharynx, and body muscles (Androwski et al., 2017). While this 426 

process normally happens synchronously, in the case of daf-9(dh6) mutants grown 427 

under favorable conditions, there could be asynchrony as different tissues start to 428 

engage dauer exit programs before other tissues finish executing dauer entry programs. 429 

For instance, as daf-9(dh6) mutants conclude the L2d molt, the nervous system could 430 

immediately sense food and the lack of pheromone to trigger dauer exit programs that 431 

promote pumping and locomotion. These dauer exit behaviors could start before 432 
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epidermal tissues finish the radial constriction process associated with dauer entry. The 433 

result would be an animal that looks and behaves neither like a partially exited dauer 434 

nor a full dauer, as we see in our experiments. When conditions are tuned to be slightly 435 

less favorable (such as by increasing the temperature), the different tissues of daf-9 436 

mutants can engage dauer entry in a more synchronous fashion, therefore allowing 437 

observation of the full dauer state by eye. Another possibility to explain these results is 438 

simply that daf-9 mutants completely skip or fail to enter the full dauer state under 439 

completely favorable growth conditions because some tissues never fully execute their 440 

dauer entry programs, but why that might happen remains unclear. Experiments that 441 

can track how individual tissues engage dauer entry and exit programs will be helpful in 442 

teasing these possibilities apart. 443 

Our conclusions regarding the daf-9 partial dauer state as being one of partial 444 

dauer exit aligns with those of a previous group concerning the partial dauer phenotype 445 

of daf-12 Daf-c alleles such as daf-12(rh273), in which they suggest that daf-12 Daf-c 446 

mutants initiate all the programs necessary for full dauer entry, but immediately detect 447 

favorable conditions upon dauer entry and thus promptly attempt to exit (Antebi et al., 448 

1998). In further support of these conclusions, we find that the Daf-c daf-12(rh273) 449 

strain phenocopies daf-9(dh6) when it comes to partial dauer exit (Fig. S1B, C).  450 

 451 

The daf-9 partial dauer state provides new insights into the dauer exit process 452 

Recognizing that the daf-9 partial dauer state may be a partially exited dauer 453 

raises many intriguing questions about dauer exit biology. It prompts a consideration of 454 

what genetic, developmental, and physiological factors may be responsible for 455 

triggering partial dauer exit. We considered that residual steroid hormone production, 456 

either through non-daf-9-dependent biosynthesis or transgenerational rescue, suffices 457 

to trigger partial dauer exit. The former is improbable because there are no 458 

characterized biochemical pathways to form DAF-12 ligands that do not involve DAF-9 459 

(Aguilaniu et al., 2016). The latter, while difficult to prove since we could not limit 460 

cholesterol deprivation past one generation, seems unlikely. Growing daf-9(dh6) 461 

mutants on media lacking cholesterol does not suppress partial dauer formation 462 

(Fig. 5C, D). Moreover, a double mutant for both daf-9 and daf-36, which would 463 
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presumably have lower steroid hormone levels than daf-9 single mutants alone, 464 

phenocopies daf-9 to produce partial dauers (Rottiers et al., 2006).  465 

The partial dauer exit phenotype can be suppressed by mutations in important 466 

components of the dauer pathway such as DAF-2/InsR and DAF-7/GDF11 (Fig. 5A, B). 467 

This is consistent with a model in which steroid hormone mutants form partial dauers 468 

because insulin and TGF-β pathways are activated in response to the animal sensing 469 

favorable conditions, subsequently triggering initial dauer exit behaviors and 470 

morphologies. This model is further supported by the fact that the transcriptional outputs 471 

of the insulin pathway, mediated by DAF-16/FOXO, are distinct from those of DAF-472 

12/FXR, although the two pathways have significant crosstalk (Jeong et al., 2010). 473 

While DAF-16/FOXO directly regulates the transcription of genes related to metabolism, 474 

stress resistance, and longevity, DAF-12/FXR is known to transcriptionally regulate 475 

heterochronic gene pathways that govern developmental timing (Hochbaum et al., 2011; 476 

Kumar et al., 2011). Given these different transcriptional networks, one hypothesis is 477 

that favorable conditions activate insulin and TGF-β pathways that transcriptionally 478 

upregulate target genes to initiate dauer exit. However, without liganded DAF-12/FXR 479 

activity to stimulate heterochronic gene expression, the larvae cannot proceed to 480 

reproductive adulthood. Further experiments that precisely manipulate insulin, TGF-β, 481 

and steroid hormone pathway activity in full and partial dauers will help delineate such a 482 

model. The daf-9 partial dauer exit state, therefore, provides an avenue by which other 483 

regulatory components underlying dauer exit can be explored.  484 

Could other described partial dauers, such as those produced by double mutant 485 

strains carrying daf-16 (Ailion and Thomas, 2000; Vowels and Thomas, 1992), also be 486 

characterized as partially exited dauers? The features of those partial dauers closely 487 

match those of the daf-9 partial dauers that we and others have described including 488 

pumping, an enlarged pharynx, and intermediate intestinal darkness (Gerisch et al., 489 

2001; Vowels and Thomas, 1992). One distinction is that these double mutant partial 490 

dauers were described to quickly and spontaneously exit to adulthood (Vowels and 491 

Thomas, 1992), while daf-9(dh6) partial dauers cannot ever fully exit. The spontaneity of 492 

complete exit in the double mutant partial dauers suggests that they may be in a 493 

partially exited dauer state waiting for a threshold event to complete dauer exit. We 494 
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have not rigorously tested those strains using our partial dauer exit analyses, and it 495 

remains to be determined whether these double mutant partial dauers have the capacity 496 

to enter full dauers under unfavorable conditions as can steroid hormone mutants. 497 

 498 

Steroid hormone biosynthesis governs dauer exit in a manner similar to the L1 to 499 

L2 versus L2d dauer entry decision 500 

We evaluated how the C. elegans steroid hormone pathway regulates dauer exit 501 

in comparison to dauer entry. We established that steroid hormones are essential for full 502 

dauer exit by showing that daf-9(dh6) dauers become competent for complete dauer via 503 

supplementation of ∆7-DA at an EC50 in the low nanomolar range (Fig. 6B). Previous 504 

dose response curves showing the relationship between ∆7-DA and the Daf-c dauer 505 

entry phenotype of daf-9(dh6) animals show an EC50 of ~5-25 nM, while 100 nM fully 506 

rescues the dauer entry phenotype (Schaedel et al., 2012). These comparable results 507 

suggest that similar concentrations of ∆7-DA mediate both dauer entry and dauer exit in 508 

daf-9(dh6) animals. We further show that hypodermal overexpression of daf-9 during 509 

dauer promotes dauer exit (Fig. 6C), therefore demonstrating a parallel role for daf-9-510 

dependent steroid hormones in regulating both dauer entry and dauer exit. 511 

 The dauer entry decision can be split into two distinct subdecisions, both of 512 

which are regulated by the steroid hormone pathway: (1) the L1 to L2 versus L2d and (2) 513 

the L2d to L3 versus dauer (Golden and Riddle, 1984). We asked whether the steroid 514 

hormone pathway regulates the dauer exit decision in a manner that resembles the 515 

former, the latter, or neither dauer entry subdecision. Our results collectively suggest 516 

that the role of the steroid hormone pathway in dauer exit more closely mirrors that of 517 

the L1 to L2 versus L2d decision for multiple reasons.    518 

First, our daf-9::gfp translational fusion analysis shows that hypodermal 519 

upregulation of daf-9::gfp begins around 10-14 hours following transfer of dauers onto 520 

favorable conditions (Fig. 7A). This delay in hypodermal daf-9::gfp expression nearly 521 

matches that of the L1 to L2 vs. L2d decision, in which it was shown that daf-9::gfp 522 

fluorescence increased starting at 24 to 27 hours post hatch in animals grown under 523 

favorable conditions, while larvae commit to reproductive adulthood much earlier at 524 

around 14 to 16 hours post hatch (Schaedel et al., 2012). In stark contrast, during the 525 
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L2d to dauer versus L3 decision, hypodermal DAF-9::GFP fluorescence closely aligned 526 

with the time window in which L2d larvae committed to reproductive adulthood 527 

(Schaedel et al., 2012). Importantly, given that dauer exit commitment occurs within one 528 

to two hours following transfer onto favorable conditions (Golden and Riddle, 1984), the 529 

fact that hypodermal DAF-9::GFP fluorescence does not appear until hours later 530 

suggests that hypodermal upregulation of daf-9 may be a consequence of, rather than a 531 

cause of, the commitment to exit dauer.  532 

Secondly, our XXX ablation experiments argue against an essential role for the 533 

XXX cells in dauer exit, as laser or genetic ablation of XXX cells do not prevent dauers 534 

from exiting (Fig. 7C, D). Such observations are consistent with the nonessential role of 535 

XXX cells in the L1 to L2 versus L2d decision, in which groups have reported that laser 536 

ablation of XXX cells in L1 larvae has only a minor effect on dauer entry (Gerisch et al., 537 

2001; Ohkura et al., 2003). In contrast, the XXX cells are required for reproductive 538 

adulthood in the L2d to L3 versus dauer subdecision, as ablation of the XXX cells in L2d 539 

larvae prevents development into the L3 stage even under favorable conditions 540 

(Schaedel et al., 2012). Taken together, these results suggest higher similarity between 541 

dauer exit and the L1 to L2 versus L2d dauer entry decision, at least as far as the daf-9-542 

dependent steroid hormone pathway is concerned. 543 

 544 

Dauer entry and dauer exit are asymmetric developmental decisions 545 

 Despite dauer entry and dauer exit sharing similar features, including their 546 

sensory inputs and regulatory pathways, our work highlights that these two decisions 547 

are inherently asymmetric. One basic distinction is that dauer entry comprises two 548 

developmental subdecisions, while dauer exit consists of just one. Moreover, the two 549 

dauer entry subdecisions involve a choice between two mutually exclusive 550 

developmental paths that must be chosen within a certain timeframe. On the other hand, 551 

dauer exit has a different decision architecture involving a continuous decision made 552 

over an indeterminate timeframe (i.e., animals will exit dauer or they will stay as dauers). 553 

The differences in these decision-making structures are highlighted by the daf-9 partial 554 

dauer exit phenotype in that there does not seem to be an analogous “partial dauer 555 

entry” phenotype for daf-9 mutants. This difference is because the dauer entry decision 556 
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does not allow an animal to arrest while deciding, but instead forces the animal to 557 

commit to one of the two developmental pathways once enough time has elapsed. Such 558 

examples of asymmetry in diapause-related developmental decision-making yield 559 

important implications for how the entry and exit decisions might be differentially 560 

regulated.  561 

 562 

Hormonal regulation of diapause entry and exit in other organisms 563 

The DAF-12 steroid hormone pathway in C. elegans is conserved in other parasitic 564 

nematode species, whose infective larvae stage are comparable to C. elegans dauers. 565 

Treatment of multiple parasitic species during early larval growth with ∆7-DA prevents 566 

entry into the infective stage, while treatment of infective larvae prompts exit from the 567 

infective stage (Ogawa et al., 2009; Wang et al., 2009), mirroring our results using ∆7-568 

DA to induce full dauer exit (Fig. 6B). Such conversation suggests that mechanistic 569 

knowledge of how steroid hormones control dauer exit in C. elegans could yield 570 

potential therapeutic insights to combat other parasitic species. 571 

Diapause is evolutionarily conserved and phylogenetically widespread, and 572 

hormonal control of both diapause entry and exit is especially well-studied in insects 573 

(Denlinger et al., 2012). In Heliothis and Helicoverpa species of moth, diapause entry is 574 

likely caused by insufficient levels of diapause hormone (DH) and prothoracicotropic 575 

hormone (PTTH) (Xu and Denlinger, 2003). Administration of DH or DH mimics to 576 

diapausing pupae results in diapause termination, indicating that DH is sufficient to 577 

cause diapause exit (Zhang et al., 2011). The notion that diapause occurs in the 578 

absence of a pro-development hormone(s) and that diapause terminates in its presence 579 

may therefore be conserved between nematodes and insects, but in some insect 580 

species where diapause is maternally controlled, diapause entry and exit are regulated 581 

via different hormonal processes. Studies of embryonic diapause in the silkworm 582 

Bombyx mori have demonstrated a central role for DH in triggering, rather than 583 

preventing, diapause in developing embryos (Sato et al., 1992). Diapause termination, 584 

on the other hand, does not appear to depend on the absence of DH but instead on the 585 

presence of pro-development ecdysteroids such as 20-hydroxyecdysone (Iwata et al., 586 

2005; Sonobe and Yamada, 2004). In C. elegans and other animal species, co-opting 587 
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the same hormonal signaling process for preventing diapause entry and inducing 588 

diapause exit could be an adaptive strategy that efficiently uses pre-existing molecular 589 

pathways for multiple purposes.  590 

   591 

Materials and Methods 592 

C. elegans strains and maintenance 593 

C. elegans strains were derived from the wild-type strain N2 (Bristol) and were cultured 594 

according to standard laboratory conditions on Nematode Growth Medium (NGM) agar 595 

seeded with E. coli OP50 as the food source. A list of strains used in this study, 596 

including their genotypes and origins, can be found in Table S1. Maintenance and 597 

propagation of C. elegans, with the exception of daf-9 loss-of-function mutants, were 598 

performed under typical growth conditions with Nematode Growth Medium (NGM) agar 599 

seeded with OP50 E. coli cultures as described previously (Brenner, 1974). The daf-600 

9(dh6), daf-9(e1406), and daf-9(m540) mutants were propagated in the presence of 100 601 

nM ∆7-Dafachronic Acid (∆7-DA) to promote reproductive development. The daf-9(dh6) 602 

strain was obtained by propagating non-array carrying animals from PS5511 (daf-9(dh6); 603 

dhEx24[T13C5, pTG96(+)]) on ∆7-DA.  604 

 605 

Dauer Entry Induction 606 

To induce full dauers in wild-type and daf-9 mutants, 10-20 young adults were placed 607 

on 35 mm diameter Petri dishes containing 2 mL of NGM agar (without peptone) 608 

supplemented with a quantity of crude pheromone extract (Schroeder and Flatt, 2014) 609 

that normally induce 95-100% of dauers in wild-type animals – typically 10-30 µL per 2 610 

mL of agar. Plates were seeded with 10 µL of 8% w/v E. coli OP50 that was heat-killed 611 

at 95°C for 5 minutes. Adults were picked onto the plate and allowed to lay eggs at 612 

room temperature (RT; 22-23°C) for 5-9 hours before being removed, during which time 613 

they typically laid 200-300 eggs. The plates were then further seeded with an additional 614 

20 µL of heat-killed OP50. Afterwards, the plates were wrapped with parafilm and 615 

incubated at 25.5°C for 60-72 hours.  616 

 617 

Dauer Exit Assay 618 
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Dauers were formed according to Dauer Entry Induction, above. In most cases, dauers 619 

were selected for by an SDS wash (2%, 30 minutes, 25°C) to kill non-dauers before 620 

being washed 3x in M9 solution (1 minute, room temperature, 1000 x g). Surviving 621 

dauers were then plated onto dauer exit plates, which were identical to dauer entry 622 

plates but contained a lower concentration of crude pheromone extract (typically 0.5-2 623 

µL per 2 mL of agar) that had been determined to induce ~40-60% of wild-type dauers 624 

to exit within 24 hours. In the case of the genetic ablation assay using the UAS::ICE 625 

construct, the SDS wash step was omitted since dauers bearing the UAS::ICE construct 626 

were SDS sensitive. Dauers were instead washed directly onto the dauer exit plate. 627 

Following 24 hours after dauers were transferred onto dauer exit plates, dauer exit was 628 

scored using the following criteria. Larvae were scored as having exited dauer if they 629 

showed any pharyngeal pumping or if their body had thickened and lightened 630 

considerably. Additional factors that favored scoring an animal as having exited dauer 631 

included whether the larva showed foraging behavior (such as increased head turns) or 632 

increased and consistent locomotory behavior, both of which are absent from dauers.  633 

 634 

Microscopy and Image Analysis 635 

Worms were immobilized on a 4-10% agarose pad (10% for dauer imaging, 4% for 636 

others) in 1-2 µL of 10 mg/mL levamisole or 50 mM sodium azide. Imaging was 637 

performed on a Zeiss AxioImager2 equipped with a Colibri 7 for LED fluorescence 638 

illumination and an Axiocam 506 Mono camera (Carl Zeiss Inc., White Plains, NY). 639 

Pharyngeal bulb width measurements were performed using Zen Blue 2.3 (Zeiss) 640 

software by using the length tool to measure the widest section of the posterior 641 

pharyngeal bulb. Images were processed using FIJI (ImageJ).  642 

 643 

Laser Ablation in dauers 644 

PS8568 animals expressing gfp in the XXX cells were induced to form dauers and then 645 

immobilized on a 4% agarose pad with 10 mg/mL levamisole. Laser ablation was 646 

performed on a Zeiss Axioskop (Carl Zeiss Inc.) equipped with an Andor MicroPoint 647 

nitrogen-pulsed laser microbeam (Oxford Instruments, Abingdon, UK). XXX cells were 648 

visualized under fluorescence, and the laser was fired at ~5 Hz for a total 20-30 pulses, 649 
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or until all discernable fluorescence was gone. Cellular damage could often be 650 

visualized under DIC. Following surgery, animals were recovered onto a 35 mm NGM 651 

plate seeded with OP50 washed in S Basal and scored for dauer exit 24 hours later. 652 

GFP was no longer discernable under stereomicroscopy in successfully ablated animals. 653 

Mock ablated animals were prepared and rescued identically to ablated animals but 654 

without receiving laser treatment. 655 

 656 

Partial Dauer Induction 657 

Partial dauers of daf-9 mutants were successfully obtained using two methods. The first 658 

method (favorable growth) is as follows. 10-20 young adults were placed on 35 mm 659 

Petri dishes containing 2 mL of NGM agar (without peptone) seeded with 10 µL of 8% 660 

w/v OP50 washed twice in S Basal and including 50 µg/mL streptomycin to limit 661 

bacterial growth (Golden and Riddle, 1984). Adults were allowed to lay eggs at RT 662 

before being removed, after which an additional 20 µL of 8% S Basal-washed OP50 663 

was added. Plates were wrapped in parafilm and grown at 20°C for 60-72 hours to yield 664 

partial dauers. The second method (unfavorable growth followed by transfer to 665 

favorable conditions) involved forming dauers according to Dauer Entry Induction. 666 

Dauers were then washed in 2% SDS (30 minutes, 25°C) before being washed 3x in M9, 667 

collected by centrifugation (1 minute, room temperature, 1000 x g), and then plated onto 668 

35 mm NGM Petri plates lacking pheromone. Partial dauers could be found 24 hours 669 

later.  670 

 671 

Behavioral Scoring 672 

For all behavioral scoring events, animals were first allowed to acclimate to room 673 

temperature for thirty minutes prior to scoring. For pumping frequency scoring, animals 674 

were manually scored under a stereomicroscope at 100x magnification over a twenty 675 

second period. A pumping event was scored as a contraction of the pharyngeal grinder. 676 

For locomotion analysis, one-minute videos were recorded and analyzed using the 677 

WormLab Imaging System and software (MBF Bioscience, Willston, VT). Videos 678 

contained on average 8-12 animals per recording event, and multiple videos were 679 

pooled together for each experiment. Recordings were performed in areas of the plate 680 
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that were away from food to maximize contrast, since recordings performed on food 681 

prevented accurate tracking of Animals. In all cases, the Peristaltic Speed (Absolute) 682 

output, measured in µm/second, was reported for these experiments. We note that the 683 

non-zero absolute speed output of many plotted dauers (i.e., Figure 3) were a result of 684 

noise owing to unstable camera movements. These dauers were often perfectly still 685 

when viewed by eye (see Video 1).  686 

 687 

Time course tracking of dauer status in daf-9(dh6) mutants 688 

Wild-type and daf-9(dh6) full dauer controls were grown according to Dauer Entry 689 

Induction. Simultaneously, daf-9(dh6) mutants were grown in the absence of exogenous 690 

pheromone. All strains were grown at 25.5°C in order to maximize developmental 691 

synchrony across the different conditions. For single animal tracking of daf-9(dh6) 692 

partial dauers, individual L2ds grown under the conditions described above were picked 693 

onto new non-pheromone-containing plates starting at 43 hours post egg-lay and 694 

scored every two hours. An animal was scored as being a partial dauer if any pumping 695 

was observed and/or the body thickened and lightened compared to a normal dauer. 696 

 697 

Cholesterol Deprivation 698 

Cholesterol deprived plates were made similarly to normal dauer plates (i.e., in 35 mm 699 

petri dishes with 2 mL NGM agar without peptone) except that ethanol solvent was 700 

added in place of cholesterol. This method was sufficient to enhance the Daf-c 701 

phenotype of daf-9(m540) mutants, as previously described (Jeong et al., 2010). More 702 

severe methods of cholesterol starvation, such as using agarose in place of agar and 703 

passaging the animals over two generations in the absence of cholesterol (Gerisch et 704 

al., 2001), yielded unhealthy larvae that could not grow to become dauers.   705 

 706 

Double mutant analysis between daf-9(dh6) and daf-2(e1370) or daf-7(e1372) 707 

Double mutants were constructed as follows. Wild-type males were mated to the 708 

balancer strain sC1[dpy-1(s2170) umnIs21], which are marked by a recessive Dumpy 709 

(Dpy) phenotype and a dominant pharyngeal GFP phenotype. The resulting male 710 

sC1heterozygotes were mated to daf-9(dh6); dhEx24 hermaphrodites. dhEx24 is an 711 
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extrachromosomal array containing the cosmid T13C5, containing a rescuing wild-type 712 

copy of the daf-9 locus and a sur-5p::gfp marker expressing GFP throughout the body. 713 

Hemizygous daf-9(dh6)/0 male progeny with both whole-body GFP+ (from dhEx24) and 714 

pharyngeal GFP+ (from sC1) were mated again to daf-9(dh6) dhEx24 hermaphrodites, 715 

and the Dpy F2 double GFP+ progeny were obtained to yield sC1(s2023) [dpy-1(s2170) 716 

umnIs21]; daf-9(dh6); dhEx24. This strain was then crossed into a daf-2(e1370) or daf-717 

7(e1372) background to yield sC1(s2023) [dpy-1(s2170) umnIs21]; daf-9(dh6); dhEx24. 718 

The sC1 balancer could then be used to follow daf-2(e1370) and daf-7(e1372) in trans 719 

to facilitate the construction of double mutatns between these mutations and daf-9(dh6). 720 

For pharyngeal pumping and locomotion assays, the balanced double mutants were 721 

grown from eggs at 25.5° without pheromone for three days, and daf-2(e1370); 722 

daf-9(dh6) or daf-7(e1372); daf-9(dh6) dauer larvae were identified by looking for non-723 

GFP dauers and picked onto new plates. These dauers were allowed to acclimate on 724 

the new plates for at least thirty minutes prior to scoring. 725 

 726 

Statistical Analysis and Plotting 727 

Plots were designed using Prism 9.0 (GraphPad, San Diego, CA). Dose response 728 

curves for steroid hormones were calculated using Prism’s nonlinear regression tool 729 

([Agonist] vs response) with four parameters and the EC50 parameter constrained to be 730 

greater than zero. Mann-Whitney tests were performed in Prism. Permutation tests for 731 

dauer exit proportion between two samples were performed by first binarizing dauer exit 732 

data, pooling the two samples together, and simulating experiments by drawing two 733 

samples out of the pooled binarized data. The p value was calculated by comparing the 734 

number of simulated experiments, out of 104, in which the difference between the 735 

simulated proportions was greater than the observed difference between the actual 736 

proportions.  737 

 738 
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 885 

Figures and Figure Legends 886 

 887 

Figure 1. Regulation of the Caenorhabditis elegans dauer developmental pathway 888 

by steroid hormones. The C. elegans dauer pathway includes multiple developmental 889 

decisions. The dauer entry decision comprises two subdecisions made at L1 and then 890 

L2d, whereas dauer exit is a singular, continuous decision. Leftward or rightward arrows 891 

indicate the decision that is made under favorable or unfavorable conditions, 892 

respectively. Steroid hormones inhibit dauer entry and promote reproductive 893 

development. How steroid hormones regulate dauer exit is less understood. A model of 894 

how steroid hormones regulate the dauer pathway requires understanding why steroid 895 

hormone mutants such as daf-9(dh6), daf-12(rh273), daf-36(k114), etc. form partial 896 

dauers rather than full dauers like other Daf-c mutants. Partial dauers could be (1) 897 

animals that have yet to enter a full dauer state or (2) partially exited dauers. 898 
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Figure 2. Characterization of full versus partial dauers formed by daf-9 null 900 

mutants. daf-9(dh6) full dauers formed under unfavorable growth conditions phenocopy 901 

wild-type dauers and are distinct from daf-9(dh6) partial dauers formed under favorable 902 

growth conditions. (A) DIC images show that daf-9(dh6) full dauers have the same 903 

pharyngeal shrinkage as wild-type dauers, while daf-9(dh6) partial dauers have an 904 

enlarged pharynx. Pharynxes are outlined in yellow. (B) Width measurements of 905 

terminal pharyngeal bulbs quantifying size differences shown in (A). (C,D) daf-9(dh6) 906 

full dauers phenocopy wild-type dauers in terms of (C) movement speed and (D) 907 

pumping quiescence, while daf-9(dh6) partial dauers move more and pump more 908 

frequently. ns, not significant. ****, p<0.0001 by Mann Whitney Test. Each dot is one 909 

animal, and n ≥ 9 animals for all experimental conditions. Horizontal bars and in-graph 910 

numbers show median values.  911 
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 916 

 917 

Figure 3: daf-9 partial dauers may be partially exited dauers. (A) Experimental 918 

schematic to test whether daf-9(dh6) partial dauers become full dauers upon transfer to 919 

unfavorable conditions. daf-9(dh6) partial dauers obtained under favorable growth 920 

conditions were transferred to unfavorable conditions or again to favorable conditions 921 

(mock transfer) and scored 24 hours later for (B) speed and (C) pumping frequency. 922 

Also shown are daf-9(dh6) full dauers grown under unfavorable conditions (Full Dauer 923 

Control). (D) Experimental schematic to test whether daf-9(dh6) full dauers become 924 

partial dauers upon transfer to favorable growth conditions. daf-9(dh6) full dauers were 925 

obtained under unfavorable, dauer-inducing growth conditions, transferred to favorable 926 

conditions, and then scored 24 hours later for (E) speed and (F) pumping frequency. 927 

daf-9 alleles e1406 (null) and m540 (weak loss-of-function) show similar partial dauer 928 

exit phenotypes. (G) daf-9(dh6) partially exited dauers obtained via the method in (D) 929 

have wider pharynxes than their full dauer counterparts. ns, not significant. **, p<0.01. 930 

****, p<0.0001 by Mann Whitney test. Each dot is one animal, and n ≥ 10 animals for all 931 

experimental conditions. Horizontal bars and in-graph numbers show median values.  932 
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 933 

 934 

Figure 4. daf-9(dh6) larvae transiently become full dauers in the absence of 935 

exogenous pheromone. (A) daf-9(dh6) mutants were grown in the presence or 936 

absence of exogenously added pheromone and then scored as L2d, full dauer, or 937 

partially exiting dauer animals as scored by morphology and behavior. n ≥ 53 animals 938 

for all observations (B) Representative images of pharynxes from animals grown in 939 

conditions identical to the experiment performed in (A). Note the shrinkage of the 940 

posterior pharyngeal bulb at 49 hours, indicative of full dauer status, followed by an 941 

enlargement of the pharynx at 52 hours, indicative of partial dauer exit. (C) daf-9(dh6) 942 

mutants grown as in (A), but animals were individually grown and observed every 2 943 

hours starting at 43 hours post egg-lay. 4 of 12 animals could be observed transitioning 944 

through a full dauer state before becoming a partial dauer, while other animals (i.e., 945 

animal #5) were not observed as full dauers but may have passed the full dauer state in 946 

between observation time points.  947 
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 950 

Figure 5. Effects of daf-2, daf-7, and cholesterol on the daf-9 partial dauer 951 

phenotype. (A, B) Single and double mutants between daf-9(dh6) and the strong loss-952 

of-function mutants daf-2(e1370) and daf-7(e1372) were grown under favorable 953 

conditions. While daf-9(dh6) mutants form partial dauers that move faster and pump 954 

more frequently, the daf-2(e1370), daf-7(e1372), and their respective daf-9(dh6) double 955 

mutants do not form partial dauers. p<0.0001 by Mann Whitney test between daf-9 956 

single mutant and all other double mutants. ns, not significant by Mann Whitney test 957 

between double mutants and their single mutant counterparts for daf-2 or daf-7. (C,D) 958 

daf-9(dh6) partial dauers were formed by constant growth under favorable conditions, or 959 

by first inducing full dauers under unfavorable conditions before transferring to favorable 960 

conditions to induce dauer exit. In either case, omission of cholesterol from the growth 961 

media does not hinder the formation of partial dauers, as scored by locomotion speed 962 

and pumping frequency. ns, not significant. *, p<0.05, ****, p<0.0001 by Mann Whitney 963 

test. Each dot is one animal, and n ≥ 10 animals for all experimental conditions. 964 

Horizontal bars and in-graph numbers show median values.  965 
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 966 

 967 

Figure 6. The daf-9 steroid hormone pathway is necessary for and promotes 968 

dauer exit. (A) Steroid hormone biosynthetic pathway. DAF-9 catalyzes the final 969 

oxidation step required to form all known endogenous ligands of DAF-12, which 970 

promote reproductive development over dauer. Other ligands not shown include ∆0-DA 971 

and ∆1,7-DA, whose biosynthetic pathways are not well characterized. Figure adapted 972 

from Mahanti et al. 2014 and Aguilaniu et al. 2016. (B) Dose response curve for the 973 

efficacy of ∆7-Dafachronic Acid (∆7-DA) to rescue the dauer exit defect of daf-9(dh6) 974 

mutants. daf-9(dh6) animals were induced to form full dauers under unfavorable 975 

conditions, and then transferred to favorable conditions containing various 976 

concentrations of ∆7-DA. 24 hours later, animals were scored for complete dauer exit as977 

determined by substantial radial expansion and lengthening. Lower concentrations 978 

yielded partially exited dauers, while 100 nM induced nearly all animals to completely 979 

exit dauer. (C) Overexpression of daf-9 from the hypoderm and dauer-specific promoter 980 

col-183p promotes dauer exit. For (B) and (C), each dot is a biological replicate of 981 

scored dauer exit plates, with each group having a total n ≥ 100 animals. **, p<0.01 by 982 

bootstrapped permutation test using 10^4 samples.  983 
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 987 

Figure 7. Spatiotemporal dynamics of daf-9 expression during dauer exit. (A) Time 988 

course of hypodermal daf-9::gfp expression during dauer exit. Dauers expressing a daf-989 

9::gfp translational fusion were transferred to favorable conditions and imaged for the 990 

presence of absence of GFP signal in the hypoderm. daf-9::gfp is expressed in the 991 

highest percentage of animals at ~16-20 hours after transfer to favorable conditions. n ≥ 992 

20 for all time points. (B) Representative images of animals observed in (A), with bodies 993 

outlined and the XXX neuroendocrine cells (which constitutively express daf-9::gfp) 994 

labeled. Note the increase in DAF-9::GFP in images for 12 and 26 hours. (C) Laser 995 

ablation of XXX cells does not prevent dauer exit. Following ablation of the XXX cells 996 

using a laser microbeam, dauers and mock-ablated control dauers were transferred to 997 

favorable conditions and scored for dauer exit 24 hours later. (D) Genetic ablation of the 998 

XXX cells does not drastically impact dauer exit. Dauers whose XXX cells were 999 

genetically ablated were transferred to plates with decreasing pheromone 1000 

concentrations and scored for dauer exit 24 hours later. n ≥ 102 animals for each 1001 

sample. ns, not significant. *, p<0.05 by bootstrapped permutation test for a proportion 1002 

using 10^4 samples. 1003 
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 1004 

Video 1: daf-9(dh6) full dauers resemble wild-type dauers in terms of locomotion. 1005 

Shown are 1-minute video recordings of N2 (wild-type) and daf-9(dh6) dauers formed 1006 

under unfavorable growth conditions in comparison to daf-9(dh6) partial dauers formed 1007 

under favorable growth conditions. N2 (wild-type) and daf-9(dh6) full dauers move much 1008 

more slowly, if at all, compared to daf-9(dh6) partial dauers.  1009 
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 1014 

 1015 

Video 2: Locomotion behavior of daf-9(dh6) partially exited dauers. Shown are 1016 

ten-second recordings of (left) a daf-9(dh6) full dauer formed under unfavorable growth 1017 

conditions and (right) a daf-9(dh6) partially exited dauer formed by transferring full 1018 

daf-9(dh6) dauers from unfavorable to favorable conditions for 24 hours. A second 1019 

partially exited dauer can be seen crawling at high speed in the background midway 1020 

through the recording. The daf-9(dh6) partially exited dauer performs many small head 1021 

movements and frequently reverses, unlike daf-9(dh6) full dauers which remain idle.  1022 
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 1031 

Supplemental Figures and Tables 1032 

 1033 

 1034 

Figure S1. (A) daf-9(dh6) full dauers are completely SDS resistant, while daf-9(dh6) 1035 

partial dauers are SDS sensitive. Also shown are wild-type control animals grown under 1036 

unfavorable conditions to form full dauers or under favorable conditions to form SDS-1037 

sensitive L4 larvae. Displayed are the percentages of animals that survived SDS 1038 

treatment and the corresponding number of animals treated. (B,C) daf-12(rh273) 1039 

phenocopies the daf-9(dh6) partial dauer exit phenotype. The Daf-c allele daf-12(rh273) 1040 

shows a similar partial dauer exit phenotype to daf-9(dh6) as measured by locomotion 1041 

speed and pumping frequency, as daf-12(rh273) full dauers formed under unfavorable 1042 

conditions were induced to become partially exited dauers that (B) moved faster and (C) 1043 

pumped more frequently following transfer to favorable conditions. Note that daf-1044 

12(rh273) full dauers tend to be slightly more mobile than wild-type or daf-9(dh6) dauers1045 

despite being fully pumping quiescent. (D-F) The partial dauer exit phenotype is not 1046 

reversible. (D) Experimental schematic for reversibility assay. daf-9(dh6) partial dauers 1047 
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were produced by first inducing full dauers under unfavorable growth conditions 1048 

followed by transfer to favorable conditions for 24 hours (Partial Dauers). Partially exited 1049 

dauers were then transferred back to unfavorable conditions for a further 24 hours 1050 

(→Unfavorable) and assessed for full dauer characteristics, including locomotion and 1051 

pumping frequency. A 24-hour incubation under unfavorable conditions did not 1052 

significantly decrease (E) locomotion speed nor (F) pumping quiescence compared to a 1053 

mock transfer control, in which partially exited dauers were transferred to favorable 1054 

conditions for 24 hours. ns, not significant. *, p<0.05. ***, p<0.01. ****, p<0.001 by Mann 1055 

Whitney test. Each dot is one animal. n ≥ 12 animals for each experimental sample. 1056 
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 1068 

Figure S2: daf-9(dh6) mutants were not observed to enter a full dauer state at lower 1069 

temperatures. daf-9(dh6) mutants were grown in absence of exogenously added 1070 

pheromone at 20.0°C. At 49 hours post egg-lay, animals were individually transferred to 1071 

new plates and observed every hour. Animals could not be found to pass through a full 1072 

dauer state as they did at 25.5°C. Instead, following the L2d molt, they passed through 1073 

an intermediate state that showed characteristics between those of an L2d and a partial 1074 

dauer larva (see Main Text). 1075 
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Figure S3: Genetic ablation of the XXX neuroendocrine cells using the human 1077 

caspase ICE gene. (Top) A transgenic strain using the cGAL bipartite gene expression 1078 

system expresses UAS::gfp using the cell-specific driver eak-3p::cGAL in the XXX 1079 

neuroendocrine cells. The XXX cells are located near the anterior bulb of the pharynx. 1080 

(Bottom) Expression of the human caspase gene ICE using the same XXX-specific eak-1081 

3 cGAL driver shows a loss of fluorescence in the XXX cells. The labeled neuron in the 1082 

bottom image comes from RFP bleed-through from a co-injection marker labeling the 1083 

AIY neuron.  1084 
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 1099 

Table S1: Strain names, genotypes, and origins 1100 

Strain Genotype Origin Notes 

N2  Brenner, 1974 Wild-type 

CB1370 daf-2(e1370) III CGC, Riddle 

et al., 1981 

 

CB1372 daf-7(e1372) III CGC, Riddle 

et al., 1981 

 

PS9089 daf-2(e1370)/ sC1(s2023) This study  
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[dpy-1(s2170) umnIs21] III; 

daf-9(dh6) X; 

dhEx24(T13C5, pTG96(+)) 

PS9187 daf-7 (e1372) / sC1(s2023) 

[dpy-1(s2170) umnIs21] III; 

daf-9(dh6) X; 

dhEx24(T13C5, pTG96(+)) 

This study  

PS5511 daf-9(dh6) X; 

dhEx24(T13C5, pTG96(+)) 

Schaedel et 

al., 2012 

 

PS5513/AA277 lin-15(n765) X; dhIs64[daf-

9::gfp, lin-15(+)] 

Gerisch et al., 

2001; 

Schaedel et 

al., 2012 

AA277 was 

outcrossed 3x to 

make PS5513 

CB2620 daf-9(e1406)/lon-2(e678) X CGC  

DR2281 daf-9(m540) X CGC, Jia et 

al., 2002 

 

AA87 daf-12(rh273) X CGC, Antebi 

et al., 1998 

 

PS7949 syEx1628[col-183p::gfp; 

unc-122p::rfp] 

Shih et al., 

2019 

 

PS7931 syEx1629[col-183p::daf-9 

cDNA; unc-122p::rfp] 

Shih et al., 

2019 

 

PS9186 syIs416[UAS::ICE] II; 

syIs300[UAS::gfp] V; 

syIs669[eak-3p(XXX)::cGal] 

This study Cross between 

PS7195 and PS8568 

PS8568 syIs300[UAS::gfp] V; 

syIs669[eak-3p(XXX)::cGal] 

M. Cao, S. 

Nava, and P. 

Sternberg, in 

prep. 

Drives gfp in XXX 

cells. Used for laser 

ablation experiment 

PS7195 syIs416[UAS::ICE] II Wang et al.,  
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