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Abstract 

Developmental physiology is very sensitive to nutrient availability. For instance, 

in the nematode C. elegans, newly hatched L1-stage larvae require food to initiate 

postembryonic development. Despite the essential role of food in C. elegans 

development, the contribution of food perception versus ingestion on physiology has 

not been delineated. We used a pharmacological approach to uncouple the effects of 

food (bacteria) perception and ingestion in C. elegans. Perception was not sufficient to 

promote postembryonic development in L1-stage larvae. However, L1 larvae exposed to 

food without ingestion failed to develop upon return to normal culture conditions, 

instead displaying an irreversible arrest phenotype. Inhibition of gene expression during 

perception rescued subsequent development, demonstrating that the response to 

perception without feeding is deleterious. Perception altered DAF-16/FOXO subcellular 

localization, reflecting activation of insulin/IGF signaling (IIS). However, genetic 

manipulation of IIS did not modify the irreversible arrest phenotype caused by food 

perception, revealing that wild-type function of the IIS pathway is not required to 

produce this phenotype and that other pathways affected by perception of food in the 

absence of its ingestion are likely to be involved. Gene expression and Nile red staining 

showed that food perception could alter lipid metabolism and storage. We found that 

starved larvae sense environmental polypeptides, with similar molecular and 
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developmental effects as perception of bacteria. We conclude that actual ingestion of 

food is required to initiate postembryonic development in C. elegans. We also conclude 

that polypeptides are perceived as a food-associated cue in this and likely other animals, 

initiating a signaling and gene regulatory cascade that alters metabolism in anticipation 

of feeding and development, but that this response is detrimental if feeding does not 

occur.  

The C. elegans insulin-like signaling network supports homeostasis and 

developmental plasticity. The genome encodes 40 insulin-like peptides and one known 

receptor. Feedback regulation has been reported, but the extent of feedback and its effect 

on signaling dynamics in response to changes in nutrient availability has not been 

determined. We measured mRNA expression for each insulin-like peptide, the receptor 

daf-2, components of the PI3K pathway, and its transcriptional effectors daf-16/FOXO 

and skn-1/Nrf at high temporal resolution during transition from a starved, quiescent 

state to a fed, growing state in wild type and mutants affecting daf-2/InsR and daf-

16/FOXO. We also analyzed the effect of temperature on insulin-like gene expression. 

We found that most PI3K pathway components and insulin-like peptides are affected by 

signaling activity, revealing pervasive positive and negative feedback regulation at 

intra- and inter-cellular levels. Reporter gene analysis demonstrated that the daf-2/InsR 

agonist daf-28 positively regulates its own transcription and that the putative agonist ins-

6 cross-regulates DAF-28 protein expression through feedback. Our results show that 
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positive and negative feedback regulation of insulin-like signaling is widespread, giving 

rise to an organismal FOXO-to-FOXO signaling network that supports homeostasis 

during fluctuations in nutrient availability.  

L1 arrest (or "L1 diapause") is associated with increased stress resistance, 

supporting starvation survival. Loss of the transcription factor daf-16/FOXO results in 

arrest-defective and starvation-sensitive phenotypes. We show that daf-16/FOXO 

regulates L1 arrest cell-nonautonomously, suggesting that insulin/IGF signaling 

regulates at least one additional signaling pathway. We used mRNA-seq to identify 

candidate signaling molecules affected by daf-16/FOXO during L1 arrest. dbl-1/TGF-β, a 

ligand for the Sma/Mab pathway, daf-12/NHR, and daf-36/oxygenase, an upstream 

component of the daf-12 steroid hormone signaling pathway, were up-regulated during 

L1 arrest in a daf-16/FOXO mutant. Using genetic epistasis analysis, we show that dbl-

1/TGF-β and daf-12/NHR steroid hormone signaling pathways are required for the daf-

16/FOXO arrest-defective phenotype, suggesting that daf-16/FOXO represses dbl-1/TGF-

β, daf-12/NHR and daf-36/oxygenase. The dbl-1/TGF-β and daf-12/NHR pathways have 

not previously been shown to affect L1 development, but we found that disruption of 

these pathways delayed L1 development in fed larvae, consistent with these pathways 

promoting development in starved daf-16/FOXO mutants. Though the dbl-1/TGF-β and 

daf-12/NHR pathways are epistatic to daf-16/FOXO for the arrest-defective phenotype, 

disruption of these pathways does not suppress starvation sensitivity of daf-16/FOXO 
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mutants. This observation uncouples starvation survival from developmental arrest, 

indicating that DAF-16/FOXO targets distinct effectors for each phenotype and revealing 

that inappropriate development during starvation does not cause the early demise of 

daf-16/FOXO mutants. We show that daf-16/FOXO promotes developmental arrest cell-

nonautonomously by repressing pathways that promote larval development. 
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1. Introduction  

Every organism needs some form of nutrition in order to develop and reproduce. 

For many organisms, nutritional status changes depending on food availability. An 

organism needs to be able to assess its nutritional status and determine the appropriate 

developmental and metabolic responses to optimize fitness and survival. How does 

perception of nutrients affect early development and metabolism? How is insulin-like 

signaling regulated in response to different nutritional states? What genetic pathways 

regulate development downstream of insulin-like signaling? In this work I examine 

these questions concerning how organisms perceive and respond to nutrient signals. 

1.1 Caenorhabditis elegans as a model system 

The nematode Caenorhabditis elegans is a popular model organism for a wide 

variety of research questions. A fully sequenced genome makes it appealing as a genetic 

model system (Consortium, 1998). Many characteristics make C. elegans amenable to 

laboratory research, including a relatively short generation time of three to four days, 

ease of propagation in a laboratory setting, a transparent body for imaging, and the 

ability to freeze stocks. C. elegans also has an essentially invariant pattern of cell 

divisions that has been well characterized, facilitating research into the control of 

development (Sulston and Horvitz, 1977).  

In the wild C. elegans is found in microbe-rich habitats, such as decaying plant 

matter, such that their bacterial food source appears to go through cycles of abundance 
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and scarcity (Felix and Braendle, 2010). This cycle of feast and famine has produced 

various adaptations in C. elegans which make it a good model for nutrient stress 

responses. When food is plentiful, the worm is able to focus on growth and 

reproduction. However, in times of starvation, there tends to be a shift in focus to 

survival. These developmental choices are reflected in the different ways a worm can 

progress through the C. elegans life cycle (Figure 1). When well fed, a worm hatches as 

an L1 larva and progresses continuously through the four larval stages before becoming 

a reproductive adult in three to four days. In stressful conditions, specifically crowding, 

low food, and/or high temperature, L1 larvae divert into an alternative developmental 

pathway to produce dauer larvae (Hu, 2007). This stress resistant alternative form is 

morphologically distinct from the larval forms seen in favorable conditions. Dauers are 

longer and thinner than usual and have a specialized cuticle which includes a plug over 

the oral orifice. Dauers can survive for months without feeding. Once favorable 

conditions are found, dauer larvae can resume development and become reproductive 

adults.  
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Figure 1: Life cycle of Caenorhabditis elegans in well fed and stressful conditions. This 
figure was adapted from wormatlas.org.  

In addition to the morphologically distinct alternative dauer pathway, it has been 

observed that many of the normal larval stages can be reversibly arrested in response to 

starvation (Figure 1). The most well studied of these is known as L1 arrest, in which L1 

larvae that hatch without food postpone development until a food source is found 

(Baugh, 2013). Additionally, larvae can arrest at the L3 or L4 stage in response to 

starvation (Schindler et al., 2014). Unlike the morphologically distinct dauer form, these 

arrests are not morphologically different from the normal larval stages seen in well fed 

conditions.  

All of these characteristics of C. elegans make it a valuable system to study 

nutrition and development. While some of the genes involved in the regulation of 

nutrient sensing and developmental responses are known, there is still much to be 
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discovered. In chapter 2, I will discuss perception of external nutrients in C. elegans and 

some of the genes involved. Chapter 3 focuses on an in-depth look at feedback and 

signaling regulation of insulin-like signaling, a key responder to nutritional status. 

Finally, in chapter 4, I will explore signaling pathways downstream of insulin-like 

signaling in C. elegans L1 larvae.   

1.2 Insulin-like signaling 

Fluctuating nutrient availability and the variable nutritional status that follows 

requires organisms to have mechanisms that regulate their response. Generally, it is 

desirable for homeostasis to be maintained in the face of minor fluctuations in 

nutritional status. However, significant changes in nutritional status need to be 

responded to appropriately. Insulin signaling is one of the key signaling pathways that 

responds to nutritional status to promote either homeostasis or developmental plasticity 

(Baugh, 2013; Taguchi and White, 2008). Insulin signaling is a highly conserved pathway 

which has been studied in a wide range of species including C. elegans, Drosophila, mice, 

and humans. Disruptions in insulin signaling can lead to various diseases such as cancer 

(Poloz and Stambolic, 2015), when cells proliferate excessively, and metabolic diseases, 

when nutrient sensing is impaired. 

In C. elegans there is a single known insulin-like receptor daf-2/InsR, which has a 

tyrosine kinase activity (Kimura et al., 1997). When daf-2 is activated by the binding of an 

agonistic insulin-like peptide, this kinase activity allows daf-2 to phosphorylate itself and 
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recruit the phosphoinositide 3-kinase (PI3K) adaptor subunit aap-1 to activate age-1/PI3K 

(Morris et al., 1996; Wolkow et al., 2002). Activated PI3K produces PI(3,4,5)P3, which 

activates the kinase pdk-1/PDK (Morris et al., 1996; Paradis et al., 1999). The phosphatase 

daf-18/PTEN can act to limit activation of pdk-1 by decreasing PI(3,4,5)P3 levels (Ogg and 

Ruvkun, 1998). pdk-1 activates another kinase akt-1/2/AKT to phosphorylate the forkhead 

transcription factor daf-16/FOXO (Paradis et al., 1999; Paradis and Ruvkun, 1998). 

Phosphorylation of daf-16/FOXO promotes its exclusion from the nucleus, therefore 

rendering it inactive (Brunet et al., 1999). There are targets of insulin-like signaling other 

than daf-16/FOXO, but here I will focus on daf-16/FOXO. In summary, feeding promotes 

insulin-like signaling to act through a conserved kinase cascade to inactivate the 

transcription factor daf-16/FOXO (Figure 2). Conversely, during starvation insulin-like 

signaling is very low and daf-16/FOXO is freed from inactivation such that it is able to 

enter the nucleus and act as a transcription factor.  
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Figure 2: Model of insulin-like signaling in C. elegans. In fed conditions, insulin-like 
peptide agonists activate the insulin-like receptor daf-2 which activates a conserved 
kinase cascade to phosphorylate and inactivate daf-16. In starved conditions, daf-2 is not 
activated and daf-16 is able to act as a transcription factor in the nucleus.  

While overall the insulin signaling pathway is well conserved, one noticeable 

variable is the number of insulin-like peptides and receptors found across species. Ten 

insulin-like peptides have been found in humans and eight have been discovered in 

Drosophila (Kannan and Fridell, 2013; Lu et al., 2005; Wu and Brown, 2006). C. elegans 

and the silkmoth B. mori have far more with 40 and 39, respectively (Mizoguchi and 
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Okamoto, 2013; Pierce et al., 2001). Only one insulin-like receptor per species has been 

found in C. elegans and Drosophila (Kannan and Fridell, 2013; Kimura et al., 1997), though 

it is possible that other receptors exist which have yet to be identified. Humans have a 

more complicated insulin-like receptor landscape. The insulin receptor and IGF1 

receptor can hybridize to form five types of insulin-like receptor tyrosine kinases 

(Taguchi and White, 2008). Additionally, two leucine-rich repeat containing G protein-

coupled receptors (LGRs) have been identified as receptors for some of the human ILPs 

(Lu et al., 2005). These LGRs are structurally distinct from the canonical insulin-like 

receptors. Additional receptors for ILPs in Drosophila and/or C. elegans may be found that 

are homologous to these LGRs which have previously escaped detection due to their 

different structure.  

Mutations in the insulin-like signaling pathway in C. elegans have been found to 

cause many phenotypes. Although daf-2 was originally identified as a gene affecting 

dauer formation, interest in this gene intensified when it was found that a daf-2 mutant 

could live twice as long as wild type (Kenyon et al., 1993). However, the effects of daf-2 

and daf-16 on development and survival during starvation are of particular relevance for 

our focus on developmental regulation in response to nutritional status. Mutants for daf-

16 are arrest-defective for the L1 arrest that normally occurs during starvation (Figure 1) 

(Baugh and Sternberg, 2006). daf-16 mutants are also starvation sensitive, such that they 

die more quickly than wild type animals when starved as L1 larvae (Baugh and 
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Sternberg, 2006; Munoz and Riddle, 2003). Conversely, daf-2 mutants survive starvation 

much longer than wild type and show arrested or slowed development even in the 

presence of abundant food (Baugh and Sternberg, 2006; Gems et al., 1998; Munoz and 

Riddle, 2003).  

As insulin-like signaling is such an important pathway regulating both 

nutritional response and development, it will be a main focus throughout this work. In 

chapter 2 I will investigate the role of insulin-like signaling in the perception of food. 

The role of feedback in insulin-like signaling will be examined in chapter 3. A potential 

connection between the inappropriate initiation of development in daf-16 mutants 

during starvation and their starvation sensitive phenotype will be investigated in 

chapter 4, as well as looking into pathways that are downstream of insulin-like signaling 

during L1 arrest.   
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2. Food perception without ingestion leads to metabolic 
changes and irreversible developmental arrest in C. elegans 

This chapter was modified from a manuscript of the same title published in BMC Biology 

(2018). The authors are Rebecca E. W. Kaplan, Amy K. Webster, Rojin Chitrakar, Joseph A. 

Dent, and L. Ryan Baugh.  

2.1 Background 

Perception of food affects metabolism and development in a variety of animals. 

Several observations suggest that sensory perception of food can regulate metabolism. 

For example, humans release insulin in response to the sight and smell of food (Sjostrom 

et al., 1980). Loss of olfactory neurons in mice reduces obesity and insulin resistance, and 

enhancing olfactory acuity does the reverse (Riera et al., 2017). Blocking olfaction in 

Drosophila alters metabolism and extends lifespan; conversely, the longevity-extending 

effects of dietary restriction are partially reversed by exposure to food odors (Libert et 

al., 2007). Likewise, in C. elegans sensory perception of a water-soluble "food signal" 

affects development of dauer larvae, a form of diapause as an alternative third larval 

stage (Golden and Riddle, 1982), and perception of food also affects lifespan (Alcedo and 

Kenyon, 2004; Apfeld and Kenyon, 1999; Hu, 2007; Lans and Jansen, 2007). However, the 

molecular cues that are sensed and their specific effects on organismal signaling and 

gene regulation are not well understood in any system.  
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C. elegans L1-stage larvae hatch in a state of developmental arrest (“L1 arrest” or 

"L1 diapause") and require food to initiate development (Baugh, 2013). Insulin/IGF 

signaling (IIS) is a key regulator of L1 arrest (Baugh and Sternberg, 2006; Fukuyama et 

al., 2006). During starvation, daf-16/FOXO promotes L1 arrest by inhibiting 

development-promoting pathways (Baugh and Sternberg, 2006; Kaplan et al., 2015). 

Feeding up-regulates activity of the insulin-like peptides daf-28, ins-6, and ins-4, among 

others, which act as putative agonists for the only known insulin/IGF receptor daf-2 

(Chen and Baugh, 2014). daf-2/InsR signaling activates a conserved phosphoinositide 3-

kinase (PI3K) cascade to antagonize DAF-16 by preventing its nuclear translocation, 

thereby promoting development (Kimura et al., 2011; Lin et al., 1997; Morris et al., 1996; 

Ogg et al., 1997). daf-28, ins-6, and ins-4 are also critical to regulation of dauer 

development (Cornils et al., 2011; Li et al., 2003), a form of developmental arrest that 

occurs in L3-stage larvae and is distinct from L1 arrest (Baugh, 2013). Together with 

their role in regulating L1 development, regulation of dauer development indicates that 

these insulin-like peptides are atop the organismal regulatory network governing 

postembryonic development. However, how these important insulin-like peptides are 

regulated in response to nutrient availability is unknown. IIS governs postembryonic 

development in insects as well (Brogiolo et al., 2001; Chell and Brand, 2010; Chen et al., 

1996; Puig et al., 2003), suggesting that mechanisms mediating environmental influence 

on insulin-like peptide synthesis and secretion have broad significance. 
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Feeding in C. elegans is mediated by pumping of the neuromuscular organ called 

the pharynx (Avery and You, 2012). The drug ivermectin paralyzes the pharynx by 

activating glutamate-gated chloride channels containing α-type channel subunits, 

increasing chloride conductance and inhibiting cellular depolarization (Avery and 

Horvitz, 1990; Cully et al., 1994; Dent et al., 1997; Vassilatis et al., 1997). Several genes 

encoding glutamate-gated chloride channels in C. elegans, including avr-14, avr-15, and 

glc-1, confer sensitivity to ivermectin, but simultaneous mutation of all three of these 

genes produces substantial ivermectin resistance (Dent et al., 2000).  

Here we used ivermectin to prevent feeding in C. elegans L1 larvae exposed to 

food. We show that perception of food without ingestion significantly alters gene 

expression and activates IIS but is not sufficient to initiate postembryonic development. 

To the contrary, perception without ingestion makes developmental arrest irreversible. 

We show that starved worms sense polypeptides in their environment as a food cue, 

likely in anticipation of feeding.  

2.2 Results  

2.2.1 Perception of food without ingestion renders developmental arrest 
irreversible 

We used ivermectin to prevent feeding in order to uncouple the effects of food 

perception from ingestion. To limit effects of the drug outside the pharynx, we started 

with a highly ivermectin-resistant strain, the quadruple mutant avr-14(vu47); glc-3(ok321) 
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avr-15(vu227) glc-1(pk54) (Dent et al., 2000; Horoszok et al., 2001), and rescued avr-15 

with a myo-2 promoter for pharynx-specific expression. We made two versions of the 

strain with two different markers for analysis of L1 development: AJM-1::GFP to 

examine lateral epidermal seam cells and Phlh-8::GFP to examine the M-cell lineage. 

After making our primary observations with these transgenic strains in the quadruple 

mutant background, we used a wild-type background to facilitate genetic analysis of the 

phenotypes we discovered.  

Throughout this study, most experiments follow the basic setup seen in Figure 

3A. We prepared embryos by hypochlorite treatment of gravid adults and cultured them 

in either ivermectin or control (DMSO) conditions without food for 24 hr where they 

hatch and enter L1 arrest. Various types of food or other substances were then added 

(vertical dashed line in Figure 3A), and worms were typically analyzed 1 hr or 24 hr 

after this addition. To determine if ingestion was occurring, fluorescent beads were 

added to the cultures and worms were examined. Critically, fluorescent beads were not 

ingested in the ivermectin plus food (E. coli HB101) conditions (Figure 4A). For initial 

characterization of the effects of food perception without ingestion, worms were 

exposed to experimental conditions for 24 hr, then plated in standard laboratory 

conditions (on plates with E. coli OP50 but no ivermectin) and allowed to recover for 

three days. Worms exposed to ivermectin plus food failed to recover, remaining arrested 

in the L1 stage, while the controls recovered completely (Figure 3B). That is, ivermectin 
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treatment alone did not cause an irreversible arrest, but ivermectin plus food did. This 

striking phenotype was further characterized with a time series, revealing a near 

complete effect within about 8 hr of exposure (Figure 3C). Recovery to the L4 stage was 

chosen as an easy stage to reliably score. Though 24 hr exposure generally rendered 

larvae capable of negligible if any growth, earlier time points associated with incomplete 

penetrance were associated with intermediate growth rates as well. Worms displayed 

significant failure to recover with as little as 1 mg/mL HB101 during ivermectin 

treatment (Figure 4B), and worms were at least as sensitive to E. coli OP50 and HT115 

(Figure 4C). These results indicate that the observed effect of food perception is not 

limited to a particular strain or high density of E. coli. A robust irreversible arrest 

phenotype following exposure to food in the presence of ivermectin was also observed 

in wild-type worms (see below; Figure 7I), indicating that it is not an artifact of the 

quadruple mutant transgenic strain. Together these results reveal a potent effect of 

exposure to E. coli without feeding on the ability of C. elegans larvae to recover from 

starvation-induced developmental arrest.  
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Figure 3: Prolonged exposure to food perception triggers an inability to recover that is 
mediated by a transcriptional/translational response. (A) Diagram of experimental set-
up with four standard treatment conditions over time. Dimethyl sulfoxide (DMSO; 
solvent) (B) Representative images of worm recovery after three days post starvation. 
Arrowheads indicate L1s. (C) L1 starvation recovery is plotted over time for three 
biological replicates. (D) The proportion of larvae that recovered to at least the L4 stage 
after three days of recovery is plotted for three to nine biological replicates. (E) The 
proportion of larvae that recovered to at least the L4 stage after three days of recovery is 
plotted for three to nine biological replicates. (B-E) ***p < 0.001, **p < 0.01; *p < 0.05; 
unpaired t-test. Error bars are SEM. Quadruple mutant transgenic background. 
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Figure 4: Further characterization of ivermectin system and starvation recovery. (A) 
The proportion of larvae that displayed the stated localization of fluorescent beads three 
to four hours after bead addition is plotted for three biological replicates. (B-C) The 
proportion of larvae that recovered to at least the L4 stage after three days of recovery is 
plotted for three to four biological replicates. Ivermectin Resistant = JD369. Ivermectin 
Sensitive = LRB269. ***p < 0.001, *p < 0.05; unpaired t-test. (A-C) Error bars are SEM. 
Quadruple mutant transgenic background. 

Feeding causes a significant change in transcription and translation in C. elegans 

L1 larvae (Baugh et al., 2009; Maxwell et al., 2012; Stadler and Fire, 2013). We 
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hypothesized that food perception evokes a gene expression response that is deleterious 

without feeding, explaining the inability of larvae exposed to food and ivermectin to 

subsequently resume development. Worms were treated with the drug α-amanitin, 

which inhibits transcription (McColl et al., 2010; Sanford et al., 1983; Zaslaver et al., 

2011), slightly before and during food exposure. Inhibiting transcription significantly 

increased recovery in worms exposed to ivermectin and food (Figure 3D). As a 

complementary approach, worms were treated with cycloheximide to block translation 

(McColl et al., 2010) in a similar manner. This treatment also significantly improved 

recovery in worms exposed to ivermectin and food (Figure 3E). Notably, inhibition of 

expression by either method decreased recovery in conditions where perception was 

consistent with feeding state (i.e., starved, ivermectin starved, and fed), as if gene 

expression was appropriate in such conditions, supporting fitness. Strikingly, inhibiting 

expression actually increased recovery in the condition in which perception is 

inconsistent with feeding state (ivermectin fed), as if gene expression is inappropriate to 

the starved state, compromising fitness. Together these results suggest that food 

perception alters gene expression, and that this change in expression affects the animal 

adversely if it is not accompanied by feeding.  

2.2.2 Food perception evokes a gene expression response similar to 
feeding    

We performed mRNA-seq to characterize the effects of food perception on gene 

expression. We assayed quadruple mutant transgenic larvae that were exposed to 
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ivermectin and food for 1 hr or 24 hr to distinguish relatively immediate and long-term 

effects. We assayed larvae exposed to ivermectin without food at the same time points 

for reference, as well as larvae that were fed or starved without ivermectin for 1 hr (a 24 

hr time point was not included since the fed larvae would have developed to the L3 

stage). Principal component analysis revealed a large effect of ivermectin, with 

ivermectin treatment correlating with the first component (Figure 5). Feeding 

significantly affected mRNA expression, as expected, and the second and third principal 

components separated the fed and starved worms (Figure 6A). Notably, worms exposed 

to ivermectin and food for 1 hr were different from worms starved with ivermectin, 

instead showing greater similarity to fed worms. However, by 24 hr of exposure to 

ivermectin and food the expression profile was not significantly different from its 

starved control. Likewise, 1,258 genes were differentially expressed at 1 hr comparing 

ivermectin with food to ivermectin starved, but only 241 genes were differentially 

expressed in the same comparison at 24 hr (false discovery rate (FDR) < 0.05 and an 

absolute log2 fold change of greater than 0.5; see (Kaplan et al., 2018) for supplemental 

data). These results show that perception of food alters gene expression initially but that 

this effect subsides over time. 
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Figure 5: Ivermectin affects transcription in larvae. PCA of four biological replicates is 
plotted. Ellipses represent 80% confidence interval. Quadruple mutant transgenic 
background. 

 

Figure 6: mRNA-seq reveals transcriptional effects of food perception. (A) PCA of four 
biological replicates is plotted. Ellipses represent 80% confidence intervals, the 
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probability for two of which not overlapping by chance is approximately 0.04. (B, C) 
Mean gene expression changes of four biological replicates is plotted for the indicated 
conditions. (D) Overlap between genes significantly affected by food at 1 hr, ivermectin 
and food at 1 hr, and ivermectin and food at 24 hr is plotted. (E) Mean gene expression 
changes of two to four biological replicates is plotted for the indicated conditions and 
genotypes. The universal set of genes considered includes only those analyzed in both 
studies. (F) Overlap between genes significantly affected by ivermectin and food with 
genes significantly affected by daf-16 is plotted with the same universal set as in E. (A-F) 
Quadruple mutant transgenic background, except for daf-16 in wild-type background. 

We wondered how well correlated the gene expression response to food 

perception is with feeding. The magnitude of the feeding response was larger, with 5,551 

differentially expressed genes at 1 hr compared to 1,258 genes in the presence of 

ivermectin. These gene expression changes were very well correlated, with 98.8% of 

genes differentially expressed in both conditions changing in the same direction (Figure 

6B). Indeed, the vast majority of genes affected by food with ivermectin were also 

affected by feeding (Figure 6D, hypergeometric p-value = 6.8e-353). These results 

indicate that perception of food evokes a similar, though reduced, gene expression 

response to feeding. The response to food in the presence of ivermectin at 1 hr and 24 hr 

was also well correlated, with 91.9% of genes differentially expressed at both times 

responding in the same direction (Figure 6C). Indeed, there was significant overlap in 

the differentially expressed genes at both time points (Figure 6D, hypergeometric p-

value = 3.7e-60). These results support the conclusion that perception of food initially 

alters gene expression in a way that resembles the feeding response but that this 

response to perception diminishes over time.  
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As an effector of IIS, daf-16/FOXO is an important regulator of gene expression 

during L1 starvation (Hibshman et al., 2017; Kaplan et al., 2015). Since DAF-16 is 

inactivated by IIS in response to feeding, we hypothesized that it is also inactivated by 

perception of food, contributing to the resulting gene expression response. We 

previously identified 1,572 genes differentially expressed in a daf-16 null mutant 

compared to wild type during L1 starvation (Kaplan et al., 2015). These differences in 

gene expression correlated with the effect of food in the presence of ivermectin at 1 hr, 

with 88.4% of the genes significantly affected in both comparisons responding in the 

same direction (Figure 6E). There was also significant overlap in the genes affected in 

both comparisons (Figure 6F, hypergeometric p-value = 2.5e-98). These results suggest 

that perception of food in starved C. elegans larvae reduces daf-16/FOXO activity. 

2.2.3 Perception of food activates insulin/IGF signaling 

Similarity in the gene expression responses of quadruple mutant transgenic 

worms exposed to food in the presence of ivermectin (compared to no food with 

ivermectin) and a starved daf-16/FOXO mutant (compared to starved wild-type worms) 

suggests that perception of food reduces DAF-16 activity. We further hypothesized that 

such a decrease in activity is due to activation of IIS. Since IIS regulates subcellular 

localization of DAF-16 (Henderson and Johnson, 2001; Weinkove et al., 2006), perception 

of food should affect localization if this hypothesis is correct. We analyzed GFP::DAF-16 

localization in a wild-type background, rather than in the quadruple mutant transgenic 
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strain (see Materials and Methods), because the fluorescent markers in the quadruple 

mutant transgenic strain would have interfered with observation of GFP::DAF-16. We 

categorized GFP::DAF-16 localization as nuclear, intermediate, or cytoplasmic (Figure 

7A). As expected (Henderson and Johnson, 2001), GFP::DAF-16 was primarily nuclear 

during starvation and primarily cytoplasmic after 1 hr exposure to food (Figure 7B). One 

hour exposure to food with ivermectin also significantly shifted GFP::DAF-16 to the 

cytoplasm, supporting our hypothesis that perception of food activates IIS. Also as 

expected (Weinkove et al., 2006), GFP::DAF-16 was relatively less nuclear after 24 hr of 

starvation than at 1 hr. However, after 24 hr exposure to food there was no difference 

between ivermectin fed and ivermectin starved worms, in contrast to 1 hr exposure to 

food in the presence of ivermectin. Similar to mRNA-seq results showing a substantially 

larger effect at 1 hr exposure to food in the presence of ivermectin than at 24 hr (Figure 

7B-D), this result suggests that perception of food is sufficient to alter DAF-16 

localization initially but not to maintain it in the cytoplasm. GFP::DAF-16 localization 

also responds to other bacterial strains in the presence of ivermectin (Figure 8A). These 

results suggest that perception of each of the bacterial strains typically used as food in 

the lab can activate IIS. 
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Figure 7: GFP::DAF-16 localization response to food perception is insulin-dependent. 
(A) Representative images of how GFP::DAF-16 localization was characterized. (B) 
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GFP::DAF-16 localization is plotted for three biological replicates. (C) Average transcript 
abundance from four biological replicates of mRNA-Seq is plotted for selected insulin-
like peptides. Nominal p-values displayed. (D) Averages of Pdaf-28::GFP fluorescence 
intensity normalized by optical extinction per worm using the COPAS BioSorter are 
plotted for four biological replicates. Exposure to HB101 was 6 hr. (E) Representative 
images of Pdaf-28::GFP transcriptional reporter gene are presented. (F) GFP::DAF-16 
localization is plotted for three to six biological replicates. (G) GFP::DAF-16 localization 
is plotted for three to six biological replicates. The 2-way ANOVA interaction p-value is 
listed. (H) GFP::DAF-16 localization is plotted for three biological replicates. (I) The 
proportion of larvae that recovered to at least the L4 stage after three days of recovery is 
plotted for three to four biological replicates. (B-I) ***p < 0.001, **p < 0.01, *p < 0.05; 
unpaired t-test. Error bars are SEM, except for in D where they are standard deviation. 
(A, B, D-I) Wild-type background. (C) Quadruple mutant transgenic background. 

 

Figure 8: GFP::DAF-16 localization responds to perception of many bacterial foods 
and requires daf-2. (A-B) GFP::DAF-16 localization is plotted for three to four biological 
replicates. ***p < 0.001; unpaired t-test. Error bars are SEM. Wild-type background. 
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The C. elegans genome encodes 40 insulin-like peptides, and genetic analysis 

suggests they function as agonists or antagonists of DAF-2/InsR (Pierce et al., 2001). We 

wondered if the expression of specific insulin-like peptides was affected by food 

perception, potentially accounting for activation of IIS. Based on our mRNA-seq results, 

expression of two insulin-like peptides, ins-12 and ins-24, was significantly down-

regulated after 1 hr exposure to food in the presence of ivermectin (log2FC = -2.3, FDR = 

0.004 and log2FC = -0.72, FDR = 0.001, respectively). Previous characterization revealed 

complex expression of ins-12 in fed and starved L1 larvae as well as opposite functional 

effects on dauer entry and exit, precluding classification as a putative agonist or 

antagonist (Chen and Baugh, 2014; Fernandes de Abreu et al., 2014). ins-24 expression 

decreases in response to feeding during recovery from L1 arrest, suggesting it functions 

as an antagonist, though this conclusion is not supported by functional analysis (Chen 

and Baugh, 2014). Nonetheless, down-regulation of ins-12 and ins-24 in response to food 

perception tentatively suggests these two insulin-like peptides may function as DAF-2 

antagonists in this context. 

In contrast to putative DAF-2/InsR antagonists, putative agonists have been 

functionally characterized during L1 arrest and recovery. The insulin-like peptides daf-

28, ins-4, ins-5 and ins-6 are transcriptionally up-regulated by feeding L1 larvae, and daf-

28, ins-4 and ins-6 promote L1 development (Chen and Baugh, 2014), consistent with 

function as DAF-2/InsR agonists in regulation of dauer development (Cornils et al., 2011; 
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Li et al., 2003; Pierce et al., 2001). We found that daf-28, ins-5, and ins-6 transcripts were 

significantly up-regulated after 1 hr exposure to food in the presence of ivermectin 

(Figure 7C). We used the COPAS BioSorter to quantify whole-worm fluorescence of a 

Pdaf-28::GFP transcriptional reporter, supporting the conclusion that daf-28 transcription 

increases in response to food perception (Figure 7D). This reporter was expressed in 

anterior neurons, previously identified as the amphid chemosensory neurons ASIL/R 

and ASJL/R (Li et al., 2003), and the posterior intestine with higher expression after 6 hr 

feeding (Figure 7E), as expected (Chen and Baugh, 2014). Consistent with the COPAS 

results and mRNA-seq, the reporter was also brighter after exposure to food in the 

presence of ivermectin. These results reveal transcriptional up-regulation of putative 

DAF-2/InsR agonists including daf-28 as an initial response to perception of food, 

consistent with activation of IIS.  

We performed genetic analysis of our candidate DAF-2/InsR agonists to 

determine functional relevance in activation of IIS in response to food perception. We 

used null alleles for the insulin genes and assayed GFP::DAF-16 localization in an 

otherwise wild-type background. As a control, mutation of daf-2/InsR completely 

blocked the effects of food on GFP::DAF-16 localization (Figure 8B). Functional 

redundancy among the 40 insulin genes is common (Pierce et al., 2001), particularly in 

regulation of L1 arrest and recovery, but simultaneous disruption of multiple genes can 

reveal loss-of-function phenotypes (Chen and Baugh, 2014). ins-4, 5 and 6 are clustered 
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on chromosome II, and a deletion allele that removes all three causes constitutive dauer 

formation (Hung et al., 2014). Combination of this deletion allele with a daf-28 deletion 

allele to simultaneously disrupt all four putative agonists reduces L1 starvation survival 

(Chen and Baugh, 2014). This compound mutant retained the response to feeding, with 

GFP::DAF-16 moving from the nucleus to the cytoplasm (Figure 7F), revealing robust 

regulation of DAF-16 localization. However, the change in localization in response to 

food in the presence of ivermectin was significantly reduced in the compound mutant 

(Figure 7F). The daf-28 deletion alone mimicked the behavior of the compound mutant, 

but the ins-4, 5, 6 deletion alone did not, suggesting daf-28 specifically mediates the 

response to food perception. To examine this more closely, we plotted the data for wild 

type and the daf-28 mutant separately, focusing on the effect of food in the presence and 

absence of ivermectin (Figure 7G). These data show a specific effect of daf-28 on the 

response to food in the presence of ivermectin (two-way ANOVA p-values for 

interaction between genotype and presence or absence of ivermectin: daf-28 = 0.03, ins-4, 

5, 6; daf-28 = 0.02, ins-4, 5, 6 = 0.29). These data suggest that daf-28 plays a critical role in 

mediating the initial response to food perception on IIS activity, and they suggest that 

overlapping function of insulin-like peptides provides a more robust response to feeding 

than perception alone.  

We reasoned that perception of food likely promotes secretion, in addition to 

synthesis, of DAF-28 and other putative DAF-2 agonists from chemosensory neurons, 
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providing a rapid response to environmental conditions. To address this hypothesis, we 

treated worms with cycloheximide to block translation and examined GFP::DAF-16 

localization. Even in the presence of cycloheximide, exposure of ivermectin-treated 

larvae to food caused a cytoplasmic shift in GFP::DAF-16 localization (Figure 7H). 

Cycloheximide treatment constitutes a massive perturbation, affecting innumerable 

processes, but this result is consistent with perception of food affecting insulin-like 

peptides posttranslationally, possibly at the level of secretion. However, the shift in 

GFP::DAF-16 localization was incomplete with cycloheximide treatment, suggesting 

incomplete inhibition of translation and/or additional regulatory mechanisms. Together 

with our results showing an effect of food perception on daf-28 transcription (Figure 7C-

E), these results suggest that food perception affects insulin-like peptide activity at 

multiple levels of regulation, in particular transcriptionally and posttranslationally. 

Given the effects of food perception on IIS, we hypothesized that IIS mutants 

affect the irreversible arrest resulting from perception without feeding. If cytoplasmic 

localization of DAF-16 during starvation were sufficient to cause the irreversible arrest 

phenotype, then daf-16 mutants should not be able to recover following starvation. daf-16 

mutants are starvation-sensitive, but they nonetheless can be starved and retain the 

ability to recover upon feeding (Figure 7I). Testing for necessity of IIS activation in 

causation of the irreversible arrest phenotype would require blocking IIS during food 

exposure. Null daf-2/InsR mutations are inviable (Patel et al., 2008b), so we can only 
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partially block IIS with a daf-2 partial loss-of-function mutant. The daf-2/InsR mutant did 

not display increased recovery after exposure to food in the presence of ivermectin 

(Figure 7I). Together these results suggest that fully functional IIS is not necessary nor is 

altered IIS sufficient to cause the irreversible arrest. It is possible that altered IIS is 

irrelevant to the irreversible arrest phenotype, but we believe instead that the basis for 

the phenotype is complex and caused by alteration of multiple pathways such that 

manipulation of any one pathway alone during starvation will not cause irreversible 

arrest. 

2.2.4 Perception of food is not sufficient to promote development 

We used Gene Ontology (GO) term enrichment analysis of our mRNA-seq 

results to get a broad view of the processes affected by perception of food. The response 

to feeding for 1 hr revealed significant overlap with metabolism genes (hypergeometric 

p-value = 8.6e-92) and larval development genes (Figure 9A, hypergeometric p-value = 

9.8e-39). The response to food exposure for 1 hr in the presence of ivermectin also 

revealed significant overlap with metabolism genes (Figure 9B, hypergeometric p-value 

= 5.0e-23) but not with larval development genes (hypergeometric p-value = 0.89). 

Furthermore, genes differentially expressed in response to both food exposure in the 

presence of ivermectin and feeding were enriched for metabolic GO terms, while genes 

differentially expressed in response to feeding but not exposure to food in the presence 

of ivermectin were enriched for a variety of GO terms related to development (Tables 1-



 

30 

2, see (Kaplan et al., 2018) for supplemental data). These results suggest that perception 

of food affects metabolism but not development. 

 

Figure 9: Food perception significantly affects metabolism but not development. (A) 
Overlap between genes significantly affected by food with genes in the metabolic 
process and larval developmental process GO terms is plotted. (B) Overlap between 
genes significantly affected by ivermectin and food with genes in the metabolic process 
and larval developmental process GO terms is plotted. (C) The average number of seam 
cell divisions, out of six possible, is plotted for three biological replicates. Scoring was 
done two days after HB101 addition. (D) Representative DIC and GFP channel images of 
fixed worms following Nile red staining are presented. (E) Quantification of fat droplets 
in Nile red staining is plotted for three to four biological replicates. (C-E) ***p < 0.001; 
unpaired t-test. Error bars are SEM. (A-C) Quadruple mutant transgenic background. 
(D, E) Wild-type background. 

Table 1: Feeding and food perception affect metabolism-related GO terms.  Top fifteen 
GO terms ranked by False Discovery Rate (FDR) are listed for genes significant in IvF vs. 
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IvS at 1 hr and F vs. S at 1 hr from four biological replicates of mRNA-seq. A quadruple 
mutant transgenic strain was used for mRNA-seq. Full list available in S1 Dataset. 

GO term Description FDR Enrichment Number 
of genes 
in GO 
term 

Number 
of genes 
in target 
set 

Number 
of genes 
in overlap 

Single-organism 
metabolic process 

3.44E-25 2.24 1587 737 192 

Monocarboxylic acid 
metabolic process 

6.49E-20 4.82 211 737 55 

Flavonoid biosynthetic 
process 

6.93E-20 8.58 69 737 32 

Flavonoid metabolic 
process 

7.91E-20 8.58 69 737 32 

Carboxylic acid 
metabolic process 

8.59E-20 3.56 390 737 75 

Glucuronate metabolic 
process 

9.23E-20 8.58 69 737 32 

Uronic acid metabolic 
process 

1.11E-19 8.58 69 737 32 

Cellular 
glucuronidation 

1.39E-19 8.58 69 737 32 

Flavonoid 
glucuronidation 

1.85E-19 8.58 69 737 32 

Organic acid metabolic 
process 

1.03E-18 3.41 407 737 75 

Oxoacid metabolic 
process 

1.13E-18 3.41 407 737 75 

Small molecule 
metabolic process 

2.21E-17 2.70 671 737 98 

Oxidation-reduction 
process 

4.27E-17 2.84 579 737 89 

Monosaccharide 
metabolic process 

6.32E-17 6.35 102 737 35 

Innate immune 
response 

2.66E-11 3.27 283 737 50 
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Table 2: Feeding but not food perception affects development-related GO terms. Top 
fifteen GO terms ranked by FDR are listed for genes significant in F vs. S at 1 hr but not 
IvF vs. IvS at 1 hr from four biological replicates of mRNA-seq. A quadruple mutant 
transgenic strain was used for mRNA-seq. Full list available in S1 Dataset. 

GO term Description FDR Enrichment Number 
of genes 
in GO 
term 

Number 
of genes 
in target 
set 

Number 
of genes 
in overlap 

Cellular nitrogen 
compound metabolic 
process 

4.60E-35 1.50 1884 3404 704 

Embryo development 
ending in birth or egg 
hatching 

5.74E-35 1.38 2889 3404 995 

Embryo development 1.05E-34 1.38 2892 3404 996 
Nucleic acid metabolic 
process 

1.70E-34 1.60 1340 3404 536 

Nucleobase-
containing compound 
metabolic process 

4.74E-33 1.54 1576 3404 604 

Reproduction 5.74E-33 1.45 1576 3404 754 
Heterocycle metabolic 
process 

1.10E-32 1.52 1621 3404 616 

Cellular aromatic 
compound metabolic 
process 

9.27E-32 1.51 1625 3404 614 

Multicellular 
organism 
development 

1.75E-31 1.31 3520 3404 1153 

Organic cyclic 
compound metabolic 
process 

2.16E-31 1.50 1670 3404 626 

RNA metabolic 
process 

6.17E-29 1.61 1122 3404 450 

Anatomical structure 
development 

7.47E-29 1.28 3857 3404 1232 

Single organism 
reproductive process 

3.14E-28 1.53 1395 3404 532 

RNA processing 2.67E-26 2.06 373 3404 192 
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Single-multicellular 
organism process 

2.69E-26 1.26 4091 3404 1282 

 

The lateral epidermal seam cells are the first cells to divide in developing L1 

larvae (Sulston and Horvitz, 1977), and they divide very rarely during L1 arrest (Baugh 

and Sternberg, 2006; Kaplan et al., 2015). We used an AJM-1::GFP reporter for adherens 

junctions to visualize seam cell membranes and count divisions of the cells V1-6 (Gupta 

et al., 2003). Consistent with the results of GO term analysis, exposure to food for two 

days in the presence of ivermectin did not cause seam cell divisions (Figure 9C). There 

were also no M-cell divisions (data not shown). These results with the most stringent 

assay available indicate that perception of food is not sufficient to promote detectable 

postembryonic development. 

2.2.5 Perception of food alters lipid metabolism 

We were particularly interested in distinct effects of food perception alone 

compared to feeding, since exposure of larvae to food in the presence of ivermectin 

caused irreversible developmental arrest. We therefore examined GO term enrichments 

among genes significantly affected by food exposure in the presence of ivermectin but 

not by feeding after 1 hr (Table 3). This set of genes was enriched for fatty acid and lipid 

metabolic GO terms, especially those related to catabolism and oxidation. Examination 

of individual genes contributing to these GO term enrichments identified genes 

involved in fatty acid breakdown (e.g., cpt-1,2, acox-1,2, acdh-12, ech-1.1,1.2, and acaa-2) as 
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up-regulated after 1 hr of food perception. However, genes involved in fatty acid 

biogenesis (e.g., fasn-1 and acs-5) were also up-regulated, suggesting complex effects on 

lipid metabolism. 

Table 3: Food perception affects lipid metabolism-related GO terms. Top GO terms 
ranked by enrichment values (at least 10-fold) are listed for genes significant in IvF vs. 
IvS at 1 hr but not F vs. S at 1 hr from four biological replicates of mRNA-seq. A 
quadruple mutant transgenic strain was used for mRNA-seq. Full list available in S1 
Dataset. 

GO term Description FDR Enrichment Number 
of genes 
in GO 
term 

Number 
of genes 
in target 
set 

Number 
of genes 
in overlap 

fatty acid beta-
oxidation 

8.93E-08 
 

16.69 36 227 10 

lipid oxidation 2.62E-07 
 

15.02 40 227 10 

fatty acid oxidation 2.46E-07 
 

15.02 40 227 10 

fatty acid catabolic 
process 

1.95E-08 
 

14.71 49 227 12 

monocarboxylic acid 
catabolic process 

2.71E-08 
 

14.13 51 227 12 

fatty acid metabolic 
process 

1.97E-11 
 

11.30 101 227 19 

cellular lipid catabolic 
process 

4.34E-07 
 

10.30 70 227 12 

carboxylic acid 
catabolic process 

5.10E-08 
 

10.01 84 227 14 

organic acid catabolic 
process 

5.67E-08 
 

10.01 84 227 14 

 

Microscopic analysis of larvae further supports the conclusion from GO term 

enrichments that lipid metabolism is affected by perception of food. Differential 
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interference contrast microscopy revealed numerous, prominent droplets throughout 

the body and around the pharynx, as if in the body cavity, after prolonged exposure to 

food in the presence of ivermectin (Figure 9D). Given their appearance and GO term 

enrichments (Table 3), we hypothesized that these are lipid droplets. Nile red staining of 

fixed L1 larvae confirmed that these droplets contained lipid, supporting our hypothesis 

(Figure 9D). Staining was done in a wild-type background, as opposed to a quadruple 

mutant transgenic background, to avoid interference from fluorescent reporters. Starved 

L1 larvae, either shortly after hatching or 24 hr later, did not contain such lipid droplets. 

Fed L1 larvae developed small lipid droplets in the intestine, while the droplets in 

worms exposed to food and ivermectin for 24 hr were more varied in size and location. 

Cycloheximide treatment significantly reduced the number of lipid droplets caused by 

food in the presence of ivermectin (Figure 9E). This result suggests that the change in 

lipid metabolism that gives rise to these abnormal lipid droplets is due to differential 

gene expression, consistent with our mRNA-seq results (Table 3). We conclude that the 

gene expression response to food perception alters lipid metabolism, resulting in 

abnormal accumulation of large lipid droplets in the body cavity. 

2.2.6 Perception of food alters ATP levels 

ATP serves as the main energy currency molecule for cells and a major role of 

metabolism is to produce ATP. As our analysis pointed to substantial metabolic changes 

in response to food perception, we hypothesized that ATP levels are also affected. 
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Measurements of ATP levels showed that worms exposed to food perception for 24 

hours had approximately twice as much ATP as their starved controls (Figure 10). This 

evidence of metabolic changes plus the lack of development supports the hypothesis 

that food perception is sufficient to alter metabolism without initiating development.  

 

Figure 10: Perception of food increases organismal ATP levels. Levels of ATP 
normalized to the starved control are plotted for seven biological replicates. ***p < 0.001; 
unpaired t-test. Error bars are SEM. 

2.2.7 Polypeptides serve as an environmental cue for food 

Nematodes rely on mechanosensory and chemosensory cues to regulate 

locomotion, development, pathogen avoidance, feeding, and mating (Bargmann, 2006; 

Goodman, 2006). C. elegans respond to mechanosensory stimulation when encountering 

a bacterial lawn, which can be mimicked with Sephadex beads (Sawin et al., 2000). To 

test whether the effects of food perception were due to mechanosensation or 

chemosensation, we assayed the ability to recover after starvation in the presence of 
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ivermectin and Sephadex beads or HB101 bacterial filtrate, respectively. We found that 

Sephadex beads did not affect starvation recovery, while HB101 filtrate prevented 

recovery as strongly as HB101 itself (Figure 11A). These data suggest that the deleterious 

effect of food perception without ingestion is via chemosensation and not 

mechanosensation. 

 

Figure 11: Perception of food cues affects L1 and dauer recovery. (A-B) The proportion 
of larvae that recovered to at least the L4 stage after three days of recovery is plotted for 
three to thirteen biological replicates. (C) Recovery from dauer after three days in each 
condition is plotted for three to four biological replicates. (A-C) ***p < 0.001, **p < 0.01, 
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*p < 0.05; unpaired t-test. Error bars are SEM. (A, B) Quadruple mutant transgenic 
background. (C) Wild-type background. 

Since the relevant modality of perception appeared to be chemosensory, we 

wanted to identify a molecular component of bacterial food that functions as an 

environmental cue for the worm. We found that LB medium, a common nutrient broth 

for culturing E. coli, as well as its components, yeast extract and tryptone, caused 

irreversible arrest in worms exposed to them in the presence of ivermectin, similar to the 

effect of HB101 (Figure 11B). Yeast extract results from autolysis of S. cerevisiae and 

contains a complicated mixture of amino acids, nucleic acids, peptides, carbohydrates, 

and vitamins. Tryptone is a tryptic digest of the protein casein, resulting in peptides of 

varying lengths (dipeptides and larger). Since tryptone is much simpler than yeast 

extract, we decided to focus our investigation there. We tested undigested casein and 

casamino acids, which is casein that has been through acid hydrolysis to produce free 

amino acids. We also tested bovine serum albumin (BSA) as another form of protein. We 

found that exposure to casein or BSA in the presence of ivermectin caused the 

irreversible arrest phenotype while casamino acids did not (Figure 5B). Since casamino 

acids do not contain polypeptide, together these results suggest that polypeptide is 

perceived. We also exposed ivermectin-treated larvae to a solution of the ten essential 

amino acids for C. elegans, ethanol, glucose, and a combination of all three, and found 

that none of these significantly affected recovery (Figure 12A). Perception of 

polypeptides and other potential food cues also caused GFP::DAF-16 to translocate to 
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the cytoplasm (Figure 12B,C), consistent with activation of IIS. When otherwise starved 

larvae were permitted to ingest polypeptide or other potential cues, they supported 

survival (Figure 12D) but not development (based on the M-cell division assay; data not 

shown), as if providing an incomplete source of nutrition. This treatment also 

compromised the ability of larvae to subsequently recover in standard culture 

conditions (Figure 12E,F). This effect is reminiscent of the effect of exposure to food in 

the presence of ivermectin, consistent with a deleterious effect of perception of food-

associated cues without being fed a complete source of nutrition. In summary, we 

conclude that starved worms perceive polypeptides, presumably as a food-associated 

cue, though other cues are likely to also be involved. 
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Figure 12: Perception and physiological effects of potential food cues. (A) The 
proportion of larvae that recovered to at least the L4 stage after three days of recovery is 
plotted for three biological replicates. (B-C) GFP::DAF-16 localization is plotted for three 
to six biological replicates. (D) L1 starvation survival is plotted over time. A logistic 
regression of mean survival from three biological replicates is shown. (E) Worm length 
following 48 hr of recovery is plotted relative to L1 starvation survival. (F) Worm length 
following 48 hr of recovery is plotted as a density plot, showing altered population 
composition. (A-E) ***p < 0.001, **p < 0.01, *p < 0.05; unpaired t-test. Error bars are SEM, 
except for in E where they are standard deviation. (A) Quadruple mutant transgenic 
background. (B-F) Wild-type background. 

We wanted an alternative and arguably more ecologically relevant approach 

than using ivermectin to determine if starved worms perceive polypeptide. Dauer larvae 

have an internal plug blocking the pharynx and do not pump, preventing them from 

feeding (Cassada and Russell, 1975; Riddle et al., 1981). While both L1 arrest and dauer 

arrest are naturally occurring, dauer larvae are naturally incapable of feeding, but 

blocking ingestion in L1 larvae has to be experimentally induced (e.g., with ivermectin). 

Dauer larvae therefore provide a compelling alternative to ivermectin treatment for the 

analysis of food perception without ingestion. We found that tryptone and LB promoted 

dauer recovery, as did HB101, while casamino acids and the buffer S-complete did not 

(Figure 11C). These results further support the conclusion thatu when C. elegans are 

starved, environmental polypeptides are perceived as a food-associated cue. 

2.2.8 Late larval food perception partially sustains development into 
adulthood 

We have investigated the effects of food perception on two different larval 

stages, L1 and dauer. While food perception is not sufficient to promote development in 
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L1 larvae, it is sufficient to cause development from dauer. We were curious to see if 

food perception would promote development from a later larval stage. L4 larvae were 

exposed to the starved, ivermectin starved, or ivermectin fed conditions for four days 

before assessment of their developmental stage. Perception of food significantly 

increased the proportion of animals that developed into fertile adults (Figure 13).  

 

Figure 13: Perception of food partially sustains development into adulthood. The 
proportion of animals at each stage after 4 days in each condition is plotted for two 
(Starved) to three (Ivermectin Starved and Ivermectin Fed) biological replicates. Error 
bars are SEM. **p < 0.01; unpaired t-test.  

2.3 Discussion 

We sought to uncouple the effects of food perception and ingestion on 

development, gene expression and metabolism of the nematode C. elegans. We report 

that perception is not sufficient to promote postembryonic development, but that it 

activates IIS and alters gene expression and lipid metabolism, resulting in an irreversible 
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arrest phenotype. We also report that starved larvae sense environmental polypeptides, 

as if worms use them as a food-associated cue to anticipate feeding and development.  

The most striking phenotype we report is the irreversible developmental arrest 

of larvae that are starved in the presence of food, so that they perceive food without 

eating it. Notably, ivermectin binding has been characterized as irreversible (Cully et al., 

1994; Horoszok et al., 2001; Vassilatis et al., 1997). These studies involved very different 

time scales from ours, and they used ivermectin doses 50-100-fold greater than us. 

Nonetheless, we considered irreversible binding as an explanation for irreversible arrest, 

but several lines of evidence suggest otherwise. Worms exposed to the relatively low 

dose of ivermectin we used without food almost completely recover. Also, recovery was 

rescued by blocking transcription or translation during exposure to ivermectin and food. 

In addition, we see a similar reduction in recovery rate in otherwise starved L1 larvae 

exposed to food cues. This observation along with the effect of ivermectin and food 

suggests that perception of food cues without ingestion of complete nutrition underlies 

the irreversible arrest phenotype. We found that food perception activates IIS, affecting 

gene expression, but genetic analysis of a daf-16 null mutant suggests that activation of 

IIS during starvation does not on its own cause an irreversible arrest phenotype (Figure 

7I). Furthermore, irreversible arrest is still triggered by food in ivermectin-treated 

animals in the absence of a fully functional IIS pathway, as revealed by analysis of daf-

2(e1370), a partial-loss-of-function allele. We interpret this as an indication that food 
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perception alters multiple pathways, which may redundantly cause the phenotype, but 

that modulation of any one of them is not sufficient to cause irreversible arrest. We 

speculate that perception of food alters metabolism to prime the animal for feeding and 

development, but that these physiological changes lead to the loss of the stress-resistant 

properties that normally accompany L1 arrest such that they are detrimental if not 

accompanied by feeding.  

We present evidence that food perception elicits a gene expression response that 

is largely subsumed by the feeding response, and that this response is in part due to 

activation of IIS. Reduction of IIS and activation of DAF-16/FOXO during L1 starvation 

affects metabolic gene expression, promoting carbon flux through the glyoxylate shunt, 

gluconeogenesis and into the disaccharide trehalose (Hibshman et al., 2017). The gene 

expression response to feeding for 1 hr tentatively suggests reversal of this starvation 

response, including apparent down-regulation of the glyoxylate shunt (icl-1 expression) 

and trehalose synthesis (tps-1 and tps-2 expression). Of these gene expression changes, 

down-regulation of the trehalose synthase gene tps-1 alone was also observed in 

response to food perception for 1 hr. While this is consistent with a decrease in trehalose 

synthesis in response to food perception, it is a relatively limited effect on central carbon 

metabolic gene expression, and we have no additional evidence that carbohydrate 

metabolism is affected by food perception. 
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 Insulin-like peptides daf-28, ins-6 and ins-4 govern postembryonic development, 

and their transcription is positively regulated by nutrient availability (Chen and Baugh, 

2014; Cornils et al., 2011; Li et al., 2003). We show that daf-28 transcription is up-

regulated by perception of food, and that it plays a specific role in activating IIS in 

response to perception. That is, daf-28 was specifically required for food perception to 

cause GFP::DAF-16 translocation to the cytoplasm, though it was dispensable for 

translocation in response to feeding, suggesting overlapping function with other insulin-

like peptides in the latter but not former case. GFP::DAF-16 translocation to the 

cytoplasm in response to food perception occurred in the presence of the translational 

inhibitor cycloheximide, consistent with perception affecting insulin-like peptide activity 

posttranslationally, possibly at the level of secretion. 

The gene expression response and activation of IIS were relatively transient, as if 

larvae initially respond to food perception but this response is not maintained without 

feeding and ingestion of nutrients. We imagine that the transient nature of this response 

is due to habituation of perception or antagonism from internal starvation signals, or a 

combination of the two. Up-regulation of IIS during L1 starvation promotes cell division 

(Chen and Baugh, 2014), but perception of food did not, though IIS was activated. We 

believe the transient nature of IIS activation by food perception explains the lack of 

postembryonic development. Despite the transient nature of the responses to food 
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perception, they nonetheless have physiological consequences as demonstrated by 

accumulation of lipid droplets and irreversibility of developmental arrest.  

Where the gene expression response to food perception differed from the feeding 

response, GO term enrichments suggest an effect on lipid metabolism. Food perception 

specifically increased expression of genes related to both catabolism and synthesis of 

fatty acids. Expression analysis of adults treated with ivermectin to limit food 

consumption also suggested an effect on lipid catabolism gene expression (Laing et al., 

2012). Simultaneous increase of catabolism and synthesis is paradoxical, but we imagine 

this could reflect interconversion of lipid species and/or result from measuring mRNA 

expression in whole animals, with metabolism varying among tissues. Nonetheless, 

perception of food caused accumulation of abnormal, prominent lipid droplets in the 

body cavity, consistent with an effect on lipid metabolism and storage.  

Perception of a "food signal" from bacterial cultures or yeast extract stimulates 

dauer recovery (Golden and Riddle, 1982). NAD+ triggers dauer recovery (Mylenko et 

al., 2016), but other components of the "food signal" are not known. We identified 

polypeptides as a food-associated cue for starved larvae. Perception of polypeptide in 

the form of casein, BSA or tryptone in starved L1 larvae caused an irreversible arrest 

phenotype indistinguishable from that caused by perception of bacteria. Perception of 

polypeptide also caused GFP::DAF-16 to translocate to the cytoplasm in starved larvae. 

Furthermore, polypeptide triggered recovery from dauer arrest, a non-feeding state, 
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suggesting polypeptide is a component of the "food signal".  Our results suggest a 

critical role of polypeptide perception in governing postembryonic development of free-

living nematodes. 

Together our results suggest a model in which chemosensation of environmental 

polypeptides promotes transcription and possibly secretion of DAF-28 from ASI and ASJ 

amphid neurons to mediate systemic effects on gene expression and metabolism (Figure 

14). These changes in gene expression and metabolism prime the animal for feeding and 

development, but they are deleterious in the absence of feeding and cause an irreversible 

developmental arrest. However, activation of IIS did not account for the entire gene 

expression response to food perception, nor did it account for the irreversible arrest 

phenotype. We conclude that food perception affects additional signaling pathways, and 

that these pathways collaborate with IIS to regulate gene expression and metabolism. 
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Figure 14: An organismal response to perception of food. Environmental polypeptides 
sensed by chemosensation leads to increased synthesis and secretion of the insulin-like 
peptide DAF-28, activating IIS. Additional, unknown pathways are also altered, which 
together with activated IIS affects gene expression and lipid metabolism. These 
physiological changes prime the animal for feeding and development, but they are 
deleterious if the animal does not actually feed. 

2.4 Conclusions 

We conclude that C. elegans larvae sense environmental food-associated cues 

such as polypeptides, and that this perception affects signaling, gene regulation and 

metabolism. We suspect similar physiological effects of food perception, potentially in 

response to environmental polypeptides, are conserved among nematodes and more 

broadly among invertebrates. Worms use chemosensation to find food, and food 

perception may also serve to prime starved larvae for feeding and development. Such 

priming is apparently detrimental if not accompanied by feeding within hours, but we 



 

49 

believe such a scenario where food cues are present without food is unnatural. In 

contrast, dauer larvae represent a common situation where starved larvae rely on 

perception to regulate development and metabolism. We show that dauer larvae exit 

arrest and resume development in response to perception of environmental 

polypeptides. Starved non-dauer larvae are able to feed immediately upon encountering 

food, but perception of environmental cues could accelerate the organismal response by 

not requiring ingestion and assimilation of nutrients. With a fluctuating food supply and 

boom and bust population dynamics in free-living nematodes, we suspect metabolic 

priming via food perception contributes to fitness by accelerating recovery from 

developmental arrest.  

2.5 Materials and Methods 

2.5.1 C. elegans strains and ivermectin treatment 

Strains were maintained on agar plates containing standard nematode growth 

media (NGM) seeded with E. coli OP50 at 20°C. Small liquid cultures were used to arrest 

larval development (see below), and E. coli HB101 was used as food in these cultures. 

Standard genetic techniques were used to make combinations of alleles. The wild-type 

strain N2 (Bristol) and the following mutant and transgenic strains were used:  

CB1370 daf-2(e1370)  

CF1038 daf-16(mu86)  
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LRB268 avr-14(vu47); glc-3(ok321) avr-15(vu227) glc-1(pk54); dukIs9[Pmyo-2::avr-15, Pmyo-

2::mCherry, Pajm-1::AJM-1::GFP]  

LRB269 avr-14(vu47); glc-3(ok321) avr-15(vu227) glc-1(pk54); dukIs10[Pmyo-2::avr-15, Pmyo-

2::mCherry, Phlh-8::GFP]  

JD369 avr-14(vu47); glc-3(ok321) avr-15(vu227) glc-1(pk54)  

NK1228 daf-16(mu86); unc-119(ed4); qyIs288 [Pdaf-16::GFP::DAF-16, unc-119(+)]  

LRB338 daf-16(mu86); daf-28(tm2308); qyIs289[Pdaf-16::GFP::DAF-16, unc-119 (+)]  

LRB339 daf-16(mu86); ins-4, ins-5, ins-6(hpDF761); daf-28(tm2308); qyIs289[Pdaf-

16::GFP::DAF-16, unc-119(+)]  

LRB340 daf-16(mu86); ins-4, ins-5, ins-6(hpDF761); qyIs289[Pdaf-16::GFP::DAF-16, unc-

119(+)]  

GR1455 mgls40[Pdaf-28::GFP]   

dukIs9 injection mix contained the following: 1 ng/µL pCFJ90 (Pmyo-2::mCherry), 

1 ng/µL pPD30_69_TK414_4A (Pmyo-2::avr-15), and 50 ng/µL pJS191 (Pajm-1::AJM-

1::GFP). dukIs10 injection mix contained the following: 1 ng/µL pCFJ90 (Pmyo-

2::mCherry), 1 ng/µL pPD30_69_TK414_4A (Pmyo-2::avr-15), and 50 ng/µL pJKL464 (Phlh-

8::GFP). 

We used LRB268 and LRB269 for our primary analyses. These strains are 

sensitive to ivermectin in the pharynx alone, providing a controlled way to manipulate 

pharyngeal pumping. However, these strains have complex genetics, with four 
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chromosomal mutations and a transgenic extrachromosomal array. In addition, the 

array carries the pharynx-specific avr-15 transgene as well as a reporter gene. 

Consequently, these two strains were not amenable to analysis of other mutations and 

reporter genes. We determined that wild-type (N2) worms display similar responses to 

ivermectin and food, (e.g., Figure 7I) albeit at slightly different doses (see below). We 

proceeded to use the wild-type background for subsequent genetic analyses. The strain 

used is indicated for each figure or figure panel.  

Ivermectin (Sigma) dissolved in DMSO was added to the appropriate cultures 

immediately following culture setup. Ivermectin dose was adjusted for different levels 

of resistance in different strains. We performed a dose response to ivermectin in each 

background and used the minimal effective dose that made each strain not eat, as 

assessed by growth (data not shown). LRB269 was treated with 20 ng/mL ivermectin, or 

22.85 nM. LRB268 was treated with 50 ng/mL ivermectin. Strains in the N2 background, 

rather than the quadruple mutant background, were treated with 10 ng/mL. DMSO was 

added in equal amounts to control tubes. DMSO concentration ranged from 0.05% to 

0.2%. 

2.5.2 Hypochlorite treatment and L1 arrest assays 

Mixed-stage cultures of worms on 10 cm NGM plates were washed from the 

plates using virgin S-basal (S-basal lacking ethanol and cholesterol) and centrifuged for 1 

minute at 3000 rpm in 15 mL conical tubes. A hypochlorite solution (7:2:1 ddH2O, 
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sodium hypochlorite (Sigma), 5 M KOH) was added to dissolve the animals. Worms 

were centrifuged after 1.5-2 minutes in the hypochlorite solution and fresh solution was 

added. Total time in the hypochlorite solution was 7-10 minutes. Embryos were washed 

three times in virgin S-basal buffer (no ethanol or cholesterol) before final suspension in 

3-6 mL virgin S-basal at a density of 1 worm/µL. Embryos were cultured in a 16 mm 

glass tube on a tissue culture roller drum at approximately 25 rpm and 21-22°C.  

For the M-cell division assay, 1 day following the hypochlorite treatment above 

the worms were put in the appropriate condition (LB, tryptone, etc.) and cultured for 7 

days before 100 larvae per replicate were examined on a Noble agar slide on a 

compound fluorescent microscope. For the seam cell division assay, 1 day following the 

hypochlorite treatment above HB101 was added at 25 mg/mL for 2 days and the V1-6 

cells on one side of the animal were scored for 60 larvae per replicate. 

2.5.3 Starvation recovery 

Animals were treated in hypochlorite solution and suspended in virgin S-basal 

with DMSO or ivermectin as described above. 24 hr after hypochlorite treatment, the 

appropriate bacteria (HB101 unless otherwise stated) or potential food cue was added at 

the appropriate dose (25 mg/mL for bacteria unless otherwise stated). HB101 filtrate was 

created by filtering HB101 at 25 mg/mL through a 0.22 µm filter. Yeast extract was at 5 

mg/mL. Tryptone and casamino acids were at 10 mg/mL. Due to solubility limitations, 

casein and BSA were at 1 mg/mL. Ethanol was at 0.095% (v/v). Glucose was at 5% (w/v), 
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or 278 mM. Amino acid solution (16 mg/mL) was prepared as in (Fukuyama et al., 2015). 

Addition of bacteria or potential food cues was considered the 0 hr exposure timepoint 

(vertical dashed line in Figure 3A). 100 µL aliquots were sampled at the stated times up 

to 24 hr and placed around the edge of a HB101 lawn on NGM plates. Number of plated 

worms (Tp) was counted and the plates were incubated at 20°C. After three days the 

number of animals that recovered to at least the L4 stage (TR) was counted. Recovery 

was calculated as TR/Tp. 

2.5.4 Fluorescent bead ingestion 

Cultures were setup as for a starvation recovery experiment as above, except 

instead of plating the worms after 24 hr fluorescent beads (Fluoresbrite® YG 

Carboxylate Microspheres 0.10µm from Polysciences) were added at 1:200 to the 

cultures. After 3-4 hr the cultures were examined on a Noble agar slide on a compound 

fluorescent microscope. The location of the fluorescent beads (i.e., gut, pharynx or none 

inside the worm) was scored for 40 worms per replicate. 

2.5.5 α-amanitin and cycloheximide treatment 

Dose response curves with α-amanitin (Sigma) and cycloheximide (Sigma) were 

done using the gpIs1 [Phsp-16.2::GFP] reporter (Link et al., 1999) in a wild-type 

background to find a dose that prevented fluorescence in response to heat shock at 33°C 

for 2 hr (data not shown). These doses were determined to be 5 mM for cycloheximide 

and 25 µg/mL for α-amanitin. Both drug stocks were dissolved in water. The starvation 
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recovery assay (Figure 3D,E) was set up as above in the quadruple transgenic mutant, 

with drugs added 2 hr before food addition and cultures washed three times with 10 mL 

virgin S-basal before plating. 

2.5.6 mRNA-Seq and associated analysis 

Worm cultures for LRB269 were set up using the hypochlorite treatment as 

described above, except in S-complete rather than virgin S-basal and scaled up to 20 mL 

per condition. Either ivermectin was added at 5 ng/mL or DMSO was added at 0.1%. 24 

hr after hypochlorite treatment, allowing for hatching and synchronization, HB101 was 

added at 25 mg/mL to the food tubes. Samples were collected at 1 hr and 24 hr after food 

addition. To collect the samples, worms were washed 3 times with 10 mL virgin S-basal 

then concentrated in 100 uL and frozen in liquid nitrogen. RNA was extracted with 

Trizol and chloroform. Libraries were prepared for sequencing using the NEBNext Ultra 

RNA Library Prep Kit for Illumina (E7530) with 250-400ng of starting RNA per library 

and 13 cycles of PCR. Libraries were sequenced using Illumina HiSeq 4000. Bowtie was 

used to map reads to the WS210 genome (Langmead et al., 2009).  Transcripts annotated 

in WS220 that were mapped to the WS210 genome coordinates were also included, as 

described previously (Maxwell et al., 2012). Mapping efficiencies ranged from 78-85% 

for all libraries. HTSeq was used to generate count tables for each library (Anders et al., 

2015). Count tables were analyzed for differential expression using the edgeR package in 

R (Robinson et al., 2010). Detected genes were considered those expressed at a level of at 
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least 1 count-per-million (CPM) in at least four libraries, reducing the number of genes 

included in the analysis to 18,190. The “calcNormFactors” function was used to 

normalize for RNA composition and the tagwise dispersion estimate was used for 

differential expression analysis. The exact test was used for pairwise comparisons of 

conditions. Differentially expressed genes were considered those with an FDR < 0.05 and 

with |log2 (fold change)| > 0.5. Principal component analysis was performed using all 

libraries and all genes used in differential expression analysis (18,190 genes). Counts-

per-million (CPM) values for each gene were mean-normalized across all libraries and 

log2 transformed prior to using the prcomp function in R. GO term analysis was 

performed using GOrilla (Eden et al., 2007; Eden et al., 2009). AmiGO 2 was accessed to 

download the genes in the metabolic process GO term (GO:0044710) and the larval 

development GO term (GO:0002164) (Ashburner et al., 2000; Carbon et al., 2009; The 

Gene Ontology, 2017). GEO accession number for the dataset is GSE114955. 

2.5.7 GFP::DAF-16 localization 

The qyIs288 [Pdaf-16::GFP::DAF-16, unc-119(+)] and qyIs289 [Pdaf-16::GFP::DAF-

16, unc-119(+)] reporters (Kaplan et al., 2015) were analyzed in a daf-16(mu86); unc-

119(ed4) mutant background. Standard genetic methods were used to cross daf-

28(tm2308) and ins-4, 5, 6(hpDf761) into this background as well. Cultures were set up 

using the hypochlorite treatment as described above. One day later HB101 was added at 

25 mg/mL. One hr or 24 hr after food addition 50 larvae per replicate were examined on 
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a Noble agar slide on a compound fluorescent microscope. For blocking translation, the 

assay was performed as described, except 5 mM cycloheximide was added 2 hr before 

food addition. 

2.5.8 Reporter gene analysis 

The mgIs40 [Pdaf-28::GFP] reporter (Li et al., 2003) was analyzed in a wild type 

genetic background. Strain was maintained on NGM agar plates with E. coli OP50 as 

food at 20°C. Eggs were prepared by standard hypochlorite treatment as described 

above. These eggs were used to set up a liquid culture consisting of virgin S-basal with a 

defined density of 1 worm/µl. Ivermectin was added at 10 ng/mL to the appropriate 

cultures. After 18 hr to allow for hatching, the E. coli HB101 was added at 25 mg/ml to 

the fed samples. 6 hr post food addition, the samples were washed three times with 10 

mL S-basal and then run through the COPAS BioSorter measuring GFP fluorescence. 

Analysis of the COPAS data was performed in R. Data points were removed if they were 

determined to be debris by size. Fluorescence signal was normalized by optical 

extinction. For imaging, the samples were prepared in the same way then paralyzed 

with 3.75 mM sodium azide and placed on a Noble agar slide. Images were taken on a 

compound fluorescent microscope.  

2.5.9 Fixation and Nile red staining 

Cultures of N2 wild type were setup as for a starvation recovery experiment as 

above, except instead of plating the worms after 24 hr the cultures were washed three 
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times with 10 mL virgin S-basal. Worms were concentrated in approximately 100 µL and 

frozen at -80°C. Fixation and staining protocol was modified from (Pino et al., 2013), 

using 1.7 mL Eppendorf tubes instead of 96-well plates and 200 µL solution additions 

instead of 150 µL. Images were taken on a compound fluorescent microscope. Fat 

droplets were quantified using the Analyze Particles function in Image J. Images were 

thresholded using negative controls to remove background. Minimum particle size was 

set as 1.3 mm2. 

2.5.10 ATP assay 

The Promega CellTiter-Glo Luminescent Cell Viability Assay kit was used to 

quantify ATP levels in N2 wild type. Cultures were setup as for a starvation recovery 

experiment as above, except instead of plating the worms after 24 hr the cultures were 

washed three times with 10 mL virgin S-basal. Worms were concentrated to 10 

worms/µL and 50 µL was used per well. Each biological replicate included three 

technical replicates. The protocol provided with the kit was followed. The media used 

was virgin S-basal, which was also used as a blank. 

2.5.11 Starvation survival 

N2 wild type animals were treated in hypochlorite solution and suspended in 

virgin S-basal or the appropriate media as described above. 100 µL aliquots were 

sampled on different days and placed around the edge of an OP50 lawn on NGM plates. 

Number of plated worms (Tp) was counted and the plates were incubated at 20°C. After 
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two days the number of animals that survived (Ts) was counted. Survival was calculated 

as Ts/Tp. Survival curves were obtained by fitting survival data for each trial with the 

function 

𝑆 = 100 −
100

1 + 𝑒( )/  
 

2.5.12 Quantitative image analysis of size 

N2 worms were treated in hypochlorite solution and suspended in virgin S-basal 

or the appropriate media as described above. At the 50% survival times determined 

from starvation survival experiments the worms were spun down at 3000 rpm for 1 

minute and pellets were transferred to OP50 seeded 10 cm NGM plates. Worms were 

allowed to recover for 48 hr at 20°C. Worms were then imaged and images were 

processed using the WormSizer plug-in for Fiji/ImageJ as described (Moore et al., 2013). 

2.5.13 Dauer recovery 

N2 worms were treated in hypochlorite solution as described above then 

resuspended in S-complete at a density of 5 worms/µL and 1 mg/mL HB101 in 25 mL 

Erlenmeyer flasks (Baugh et al., 2011). Flasks were placed on a shaker at 20°C for 7 days 

to form dauers. Cultures were spun down at 3000 rpm for 1 minute. Supernatant was 

aspirated and the appropriate media (LB, tryptone, etc.) was added, retaining a density 

of 5 worms/µL. Cultures were returned to shaker for three days. Approximately 75-100 

worms were placed on a depression slide and scored as dauer, L4, or adult for each 

measurement.  
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2.5.14 Late larval food perception 

LRB269 worms were treated in hypochlorite solution and suspended in 5 mL S-

complete as described above. 24 hr after hypochlorite treatment, HB101 was added at 25 

mg/mL. 42 hr after food addition the starvation cultures were spun down in 15 mL 

conical tubes and washed three to six times with 10 mL virgin S-basal before 

resuspension in 5 mL S-complete. DMSO or ivermectin was added to the appropriate 

tubes at 0.5% or 25 ng/mL, respectively. Tubes were returned to carousel at room 

temperature. Four days after washing, worms were spun down and placed on a Noble 

agar slide. Worms were viewed on a compound fluorescent microscope and scored for 

stage.  

2.5.15 Data analysis and statistics 

Data were handled in R and Excel. Graphs were plotted in the R packages 

ggplot2 or Vennerable or Excel. Statistical tests were performed in R or Excel. Starvation 

survival analysis was performed on 50% survival times (thalf), which were obtained as in 

(Kaplan et al., 2015), with unpaired t-tests performed where n = number of replicates. 
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3. Pervasive positive and negative feedback regulation of 
insulin-like signaling in Caenorhabditis elegans 

This chapter was modified from a manuscript of the same title published in Genetics 

(2019). The authors are Rebecca E. W. Kaplan*, Colin S. Maxwell*, Nicole Kurhanewicz Codd, 

and L. Ryan Baugh. *co-first authors 

3.1 Introduction 

Insulin-like signaling maintains homeostasis by responding to fluctuations in 

nutrient availability and altering gene expression. Work in C. elegans has shown that 

insulin-like signaling also allows developmental plasticity. For example, insulin-like 

signaling regulates whether larvae become reproductive or arrest as dauer larvae, a 

developmental diapause that occurs in unfavorable conditions (Hu, 2007). Insulin-like 

signaling also contributes to continuous variations in phenotype, for example in 

regulation of aging and growth rate (Murphy and Hu, 2013). However, it is unclear how 

signaling dynamics are regulated such that the pathway can maintain a phenotypic 

steady-state (homeostasis) or promote developmental plasticity, depending on 

conditions.  

Insulin-like signaling is regulated by feedback in diverse animals. Pancreatic -

cell-specific insulin receptor-knockout mice are poor at glucose sensing, have a 

diminished insulin secretory response, and tend to develop age-dependent diabetes 

(Otani et al., 2004). In addition, the full effect of glucose on pancreatic -cells grown in 
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vitro requires the insulin receptor (Assmann et al., 2009). FOXO transcription factors, 

effectors of insulin signaling, activate transcription of insulin receptors in Drosophila 

and mammalian cells (Puig and Tjian, 2005), suggesting a relatively direct, cell-

autonomous mechanism for feedback regulation. However, evidence for such direct 

feedback regulation has not been found in C. elegans (Kimura et al., 2011). 

Insulin-like signaling regulates the expression of insulin-like peptides in C. 

elegans, suggesting a relatively indirect, cell-nonautonomous mechanism for feedback 

regulation. The C. elegans genome encodes a family of 40 insulin-like peptides that can 

function as either agonists or antagonists of the only known insulin-like receptor daf-2 

(Pierce et al., 2001). Systematic analyses of insulin-like peptide expression and function 

suggest substantial functional specificity rather than global redundancy (Fernandes de 

Abreu et al., 2014; Ritter et al., 2013). daf-2/InsR signals through a conserved 

phosphoinositide 3-kinase (PI3K) pathway to antagonize the FOXO transcription factor 

daf-16 (Figure 15; Murphy and Hu, 2013). daf-16/FOXO represses transcription of the daf-

2 agonist ins-7, creating positive feedback (Murphy et al., 2003). This positive feedback 

results in "FOXO-to-FOXO" signaling, which has been proposed to coordinate the 

physiological state of different tissues in the animal (Alic et al., 2014; Murphy et al., 2007; 

Zhang et al., 2013). daf-16 also activates transcription of the daf-2 antagonist ins-18, again 

producing positive feedback (Matsunaga et al., 2012a; Murphy et al., 2003). Insulin-like 

peptide function has been reported to affect insulin-like peptide expression (Fernandes 
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de Abreu et al., 2014; Ritter et al., 2013), consistent with feedback regulation. To the best 

of our knowledge, negative feedback regulation has not been reported, despite the fact 

that homeostasis generally relies on it (Cannon, 1929). Furthermore, the extent of 

feedback regulation is unknown.  

 

Figure 15: A diagram of the C. elegans insulin-like signaling pathway. 

We sought to determine the extent of feedback regulation in insulin-like 

signaling in C. elegans. C. elegans larvae that hatch in the absence of food arrest 

development in the first larval stage ("L1 arrest" or "L1 diapause"), and insulin-like 

signaling regulates L1 arrest and development (Baugh, 2013). We performed a genetic 

analysis of gene expression, measuring expression of all 40 insulin-like peptides as well 

as components of the PI3K pathway in daf-2/InsR and daf-16/FOXO mutants, which have 

perturbed signaling activity. We analyzed larvae in L1 arrest and over time after 

feeding, as they transition from quiescence to growth. The rationale is to infer feedback 
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regulation by identifying genes that affect signaling activity and are themselves affected 

by signaling. We report extensive feedback, both positive and negative, acting relatively 

directly at the level of the PI3K pathway and also indirectly via regulation of peptide 

expression. This work suggests that feedback regulation of insulin-like signaling is 

pervasive and that this feedback functions to stabilize signaling activity during constant 

conditions while allowing rapid responses to new conditions. 

3.2 Results 

3.2.1 daf-2/InsR acts through daf-16/FOXO to affect gene expression 

We used the NanoString nCounter platform to measure expression of genes 

related to insulin-like signaling in fed and starved L1 larvae at high temporal resolution 

during the transition between developmental arrest and growth (Malkov et al., 2009). 

Total RNA was prepared from whole worms and hybridized to a codeset containing 

probes for all 40 insulin-like genes as well as components of the PI3K pathway and sod-3, 

a known DAF-16/FOXO target. In addition to wild type (WT), we analyzed mutations 

affecting daf-2/InsR and daf-16/FOXO to ascertain the effects of insulin-like signaling 

activity on expression. We used the reference allele of daf-2, e1370, as well as a stronger 

allele, e979 (Gems et al., 1998). We used a null allele of daf-16, mgDf47, as well as a daf-

16(mgDf47); daf-2(e1370) double mutant to analyze epistasis. Mutations affecting daf-2 are 

generally temperature sensitive, and insulin-like signaling responds to temperature. We 

therefore measured expression during L1 starvation at three different temperatures. We 
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also fed bacteria to starved L1 larvae of each of the five genotypes and measured gene 

expression over time during recovery from L1 arrest in a highly synchronous population 

(Figure 16A). This experimental design enabled us to measure the effects of temperature, 

nutrient availability, and insulin-like signaling activity on genes related to insulin-like 

signaling itself during a critical physiological state transition.  

 

Figure 16: daf-16/FOXO is epistatic to daf-2/InsR for expression of genes involved in 
insulin-like signaling. (A) A schematic of the experimental design with times and 
conditions sampled indicated. (B) A symmetric matrix of correlation coefficients for 
pairs of genotypes is presented as a heat map, with scale bar. Examination of individual 
gene expression patterns confirmed that daf-16 is epistatic to daf-2 in each instance with 
only a few relatively minor exceptions. 

daf-16/FOXO mediates the effects of daf-2/InsR on expression of genes involved in 

insulin-like signaling. daf-16 is required for canonical effects of daf-2, such as dauer 

formation and lifespan extension (Hu, 2007; Murphy and Hu, 2013) . However, daf-2 also 
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acts through other effector genes of the PI3K pathway, such as skn-1/Nrf (Tullet et al., 

2008), as well as other signaling pathways, such as RAS (Nanji et al., 2005). In addition, 

genome-wide expression analyses of daf-16 have mostly been performed in a daf-2 

mutant background (daf-2 vs. daf-16; daf-2) without analysis of WT and/or daf-16 single 

mutants (Tepper et al., 2013), making analysis of epistasis between daf-2 and daf-16 with 

gene expression as a phenotype impossible. Since epistasis was not analyzed, these 

studies could not determine whether daf-16 mediated all of the effects of daf-2 on gene 

expression or if other effectors made a significant contribution. A correlation matrix 

between genotypes over all conditions tested indicates that mutating daf-2 affected 

expression, with a stronger effect of the e979 allele than e1370, as expected (Figure 16B). 

daf-16 also had a clear effect, and it was epistatic to daf-2. That is, the expression profile 

of the double mutant is similar to that of the daf-16 single mutant but not daf-2. Statistical 

analysis of individual genes together with examination of expression patterns across 

genotypes generally corroborated the results of correlation analysis, failing to identify 

genes with significant effects of daf-2 not mediated by daf-16 in the vast majority of cases. 

Interesting potential exceptions include ins-6, 9 and 27 at 25°C during L1 starvation 

(Figure 17), though it should be noted that statistical significance of genotype at 

particular temperatures during L1 starvation was not assessed. These results show that 

daf-2 affects expression of genes involved in insulin-like signaling and that these effects 

are essentially mediated exclusively by daf-16, consistent with feedback regulation. 
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Figure 17: Insulin-like signaling and temperature regulate expression of the majority 
of insulin-like genes during L1 starvation. Transcript abundance (arbitrary units) is 
plotted during L1 starvation at three different temperatures in five different genotypes 
with various levels of insulin-like signaling activity. Of 28 reliably detected insulin-like 
genes, 25 were significantly affected by daf-16 and are plotted. 21 were significantly 
affected by temperature (all but ins-2, 9, 12, 16, 21, 29, 34). ins-10 was affected by 
temperature but not daf-16 and is not plotted here (see Tables 1, S1). Error bars reflect the 
SEM of two or three biological replicates. 
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3.2.2 daf-16/FOXO affects expression of multiple PI3K pathway genes 

We analyzed expression of several components of the PI3K pathway, as well as 

daf-2/InsR and its transcriptional effectors daf-16/FOXO and skn-1/Nrf (Lin et al., 1997; 

Ogg et al., 1997; Tullet et al., 2008). The known direct target of DAF-16, sod-3/SOD (Oh et 

al., 2006), was up-regulated in daf-2 mutants and down-regulated in the daf-16 mutant, 

with daf-16 epistatic to daf-2, in both starved and fed larvae (Figure 18, 19 and Table 4). 

The exemplary behavior of this positive control demonstrates the validity of our 

experimental design. Notably, daf-16 expression drops to background levels in the daf-16 

deletion mutant (Figure 18 and 19), as expected. We previously reported that daf-2 is up-

regulated during L1 arrest (Chen and Baugh, 2014). These results are consistent with 

that finding in that daf-2 expression decreases during recovery from L1 arrest, and we 

see here that daf-2 is actually repressed by daf-16 (Figure 18 and 19). Notably, the probe 

used for daf-2 should recognize all known isoforms. Given that daf-2 is up-regulated 

during starvation, when daf-16 is active, this result may be considered paradoxical. Our 

interpretation is that daf-2 expression is independently regulated by nutrient availability 

and daf-16 in opposing ways, illustrating regulatory complexity of the system. 

Nonetheless, since DAF-2 antagonizes DAF-16 activity via the PI3K pathway, these 

results indicate positive feedback between the only known insulin-like receptor and its 

FOXO transcriptional effector (Table 1). Likewise, age-1/PI3K, which transduces daf-2 

signaling activity, was repressed by daf-16, also suggesting positive feedback. However, 



 

69 

pdk-1/PDK, akt-1/Akt and akt-2/Akt, downstream components of the PI3K pathway, were 

each activated by daf-16, albeit with relatively complex dynamics, suggesting negative 

feedback. Likewise, daf-16 expression is reduced in daf-2 mutants (Figure 18), where 

DAF-16 activity is increased, suggesting daf-16 represses its own transcription to 

produce negative feedback (Table 4). skn-1/Nrf expression was also reduced in daf-2 

mutants and increased in daf-16 mutants, suggesting that insulin-like signaling 

positively regulates expression of both of its transcriptional effectors despite 

antagonizing their activity through phosphorylation. Based on statistical analysis, the 

effects of daf-16 mutation described here for each gene were consistent for fed and 

starved larvae, and whether comparing the effect of daf-16 in a wild-type or a daf-

2(e1370) background (see (Kaplan et al., 2019) for supplemental data). Regulation of each 

gene by daf-16 is therefore summarized as "activated," "repressed," or "not significant" in 

Table 4. However, akt-2 displayed complex expression dynamics in fed larvae that are 

not adequately summarized in this way (Figure 18, 19). In summary, daf-2/InsR signaling 

(which is assumed to represent insulin-like signaling) acts through daf-16/FOXO to 

regulate multiple critical components of the pathway itself, consistent with a 

combination of positive and negative cell-autonomous feedback regulation. 
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Figure 18: Insulin-like signaling regulates expression of genes comprising the insulin-
like signaling pathway. Transcript abundance (arbitrary units) is plotted over time 
during recovery from L1 starvation by feeding in five different genotypes with various 
levels of insulin-like signaling activity. In addition to daf-2/InsR and components of the 
PI3K pathway, the transcriptional effectors of signaling, daf-16/FOXO and skn-1/Nrf, are 
plotted as well as the known DAF-16 target sod-3. Note that daf-16 expression was not 
detected in daf-16 mutants. Each gene plotted was significantly affected by daf-16 (see 
Tables 4,5). Error bars reflect the SEM of two or three biological replicates. 
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Figure 19: Insulin-like signaling regulates expression of genes comprising the insulin-
like signaling pathway during L1 starvation. Transcript abundance (arbitrary units) is 
plotted during L1 starvation at three different temperatures in five different genotypes 
with various levels of insulin-like signaling activity. In addition to daf-2/InsR and 
components of the PI3K pathway, the transcriptional effectors of signaling, daf-16/FOXO 
and skn-1/Nrf, are plotted as well as the known DAF-16 target sod-3. Note that daf-16 
expression was not detected in daf-16 mutants. Each gene plotted was significantly 
affected by daf-16 (see Tables 4,5). Error bars reflect the SEM of two or three biological 
replicates. 

Table 4: Summary of genes regulated by daf-16/FOXO. The gene, whether it is 
activated or repressed by daf-16, putative function of the gene, whether regulation is 



 

72 

predicted to result in positive or negative feedback, and the number of occurrences of 
the DAF-16-binding element (DBE) and DAF-16-associated element (DAE) within 1,000 
bp upstream of the translation start is presented. Four total tests for regulation were 
considered (during L1 starvation at three different temperatures and during recovery 
over time after feeding, comparing daf-16(mgDf47) to WT and also daf-16(mgDf47); daf-
2(e1370) to daf-2(e1370)). Results are considered significant if the p-value is below 0.05 in 
any one test after correction for multiple testing. See supplementary information in 
(Kaplan et al., 2019) for complete statistical analysis. Insulin-like peptides are predicted 
to function as agonists or antagonists of daf-2/InsR based on published genetic or 
expression analysis (Chen and Baugh 2014 is cited separately for results based on genetic 
or expression analysis; all other citations are for genetic analysis), and positive or 
negative feedback is predicted based on putative function (agonist or antagonist) and 
whether the gene is positively or negatively regulated by daf-16. aPatel et al. (2008). 
bCornils et al. (2011). cLi et al. (2003). dPierce et al. (2001). eMichaelson et al. (2010). 
fKawano et al. (2006). gMatsunaga et al. (2012a). hMatsunaga et al. (2012b). iHung et al. 
(2014). jFernandes de Abreu et al. (2014). kChen and Baugh (2014) - genetics. lChen and 
Baugh (2014) - expression. 

Gene Regulation by 
daf-16 

Putative function Predicted 
feedback 

DBE 
count 

DAE 
count 

daf-2/InsR repressed insulin receptor positive 1 1 
age-1/PI3K repressed PI3K pathway positive 0 0 
pdk-1/PDK activated PI3K pathway negative 0 0 
akt-1/Akt activated PI3K pathway negative 0 0 
akt-2/Akt activated PI3K pathway negative 0 0 
skn-1/Nrf repressed insulin signaling effector NA 0 0 
daf-16/FOXO repressed insulin signaling effector negative 1 1 
sod-3/SOD activated known daf-16 target NA 2 0 
daf-28 repressed agonista,b,c,i,j,k,l positive 0 0 
ins-1 repressed antagonistb,d,i,j negative 1 0 
ins-3 repressed agoniste,i,j,l positive 0 0 
ins-4 repressed agonistc,i,j,k,l positive 0 2 
ins-5 activated agonistj,l negative 0 0 
ins-6 activated agonistb,c,i,j,k,l negative 0 0 
ins-9 repressed agonistk positive 0 0 
ins-11 repressed antagonistf,j,k negative 1 0 
ins-12 activated antagonistj positive 0 2 
ins-14 repressed agonistj positive 1 0 
ins-16 activated antagonistl positive 0 0 
ins-17 repressed antagonistg,l negative 0 0 
ins-18 repressed antagonistd,h,i,j,l negative 0 0 
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ins-20 activated antagonistj,l positive 0 0 
ins-21 repressed agonistj,l positive 0 1 
ins-22 repressed agonistj,l positive 0 0 
ins-24 activated unknown unknown 1 0 
ins-25 activated antagonistl positive 0 0 
ins-26 activated agonistj,l negative 0 0 
ins-27 activated agonistj,l negative 0 0 
ins-28 repressed agonistj,l positive 1 0 
ins-29 activated antagonistl positive 1 0 
ins-30 activated unknown unknown 1 1 
ins-33 activated agoniste,j,l negative 1 1 
ins-35 activated agonistj,l negative 1 0 

 

3.2.3 daf-16/FOXO affects expression of most insulin-like peptides 

Insulin-like genes display complex dynamics in response to different levels of 

insulin-like signaling activity. Our codeset contained probes for all 40 insulin-like genes, 

and we reliably detected expression for 28 of them (all but ins- 7, 8, 13, 15, 19, 23, 31, 32, 

36, 37, 38 and 39). Similar to what we saw with components of the PI3K pathway (Figure 

18, 19 and Table 4), daf-16 appears to function as an activator of some genes and a 

repressor of others (Figure 17, 20 and Table 4). For example, expression of daf-28, 

arguably the most studied insulin-like peptide in C. elegans (Chen and Baugh, 2014; 

Cornils et al., 2011; Fernandes de Abreu et al., 2014; Hung et al., 2014; Li et al., 2003; 

Patel et al., 2008a), was up-regulated in daf-16 mutants and down-regulated in daf-2 in 

starved and fed larvae (Figure 17, 20 and Table 4), suggesting it is repressed by daf-16. 

Statistical analysis of the effect of daf-16 on each gene's expression suggests that daf-16 

function as an activator or repressor is consistent between fed and starved conditions, as 
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for PI3K pathway genes (see (Kaplan et al., 2019) for supplemental data). There may be a 

couple of insulin-like genes (e.g., ins-29) whose expression gives the impression that 

regulation differs in fed and starved larvae (Figure 17, 20), but this interpretation is not 

supported by statistical analysis. Remarkably, all but three of the 28 reliably detected 

insulin-like genes were significantly affected by daf-16 (Table 4). Mutation of daf-16 

caused up-regulation of twelve insulin-like genes and down-regulation of thirteen, 

suggesting that daf-16 directly or indirectly regulates transcription of most insulin-like 

genes. 
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Figure 20: Insulin-like signaling regulates expression of the majority of insulin-like 
genes. Transcript abundance (arbitrary units) is plotted over time during recovery from 
L1 starvation by feeding in five different genotypes with various levels of insulin-like 
signaling activity. Of 28 reliably detected insulin-like genes, 25 were significantly 
affected by daf-16 (all but ins-2, -10 and -34; see Tables 4,5) and are plotted. Error bars 
reflect the SEM of two or three biological replicates. 

Inference of feedback as positive or negative is complicated by the fact that 

individual insulin-like peptides function as either agonists or antagonists of daf-2/InsR 

(Pierce et al., 2001). Biochemical data and structural modeling suggest that function as 
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an agonist or antagonist is a property of the peptide (Matsunaga et al., 2018), as opposed 

to the context in which it is expressed. To infer whether the net effect of feedback 

regulation is positive or negative with respect to insulin-like signaling activity (daf-

2/InsR activity), we took into account whether daf-16 appears to activate or repress the 

insulin-like gene and whether that gene encodes a putative agonist or antagonist. DAF-2 

antagonizes DAF-16 activity, and so daf-16 repression or activation of an agonist or 

antagonist, respectively, would hypothetically result in positive feedback. daf-16 

repression or activation of an antagonist or agonist, respectively, would hypothetically 

result in negative feedback. For example, daf-28 was originally identified on the basis of 

its constitutive dauer-formation phenotype. daf-28 is up-regulated in rich conditions and 

it promotes dauer bypass (reproductive development), similar to daf-2/InsR, consistent 

with daf-28 functioning as an agonist of daf-2 (Li et al., 2003). daf-16 repression of daf-28 

expression therefore suggests positive feedback in this case (Table 4). 

A number of studies have performed genetic analysis of insulin-like peptide 

function, determining whether individual insulin-like genes have similar or opposite 

loss-of-function phenotypes to daf-2, and thus whether they presumably function as 

agonists or antagonists, respectively (Chen and Baugh, 2014; Cornils et al., 2011; 

Fernandes de Abreu et al., 2014; Hung et al., 2014; Kawano et al., 2006; Li et al., 2003; 

Matsunaga et al., 2012a; Matsunaga et al., 2012b; Michaelson et al., 2010; Patel et al., 

2008a; Pierce et al., 2001). When we previously analyzed expression of insulin-like 
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peptides in starved and fed L1 larvae, we found remarkable concordance between 

function (agonist or antagonist) and expression (positive or negative effect of food, 

respectively) (Chen and Baugh, 2014). Out of thirteen insulin-like peptides consistently 

found to function as putative agonists or antagonists based on genetic analysis, we 

classified all thirteen the same way based on expression, while classifying eight 

additional peptides as well. This classification relied on separate time-series analyses of 

starved and fed larvae (Chen and Baugh, 2014), and inspection of the fed time series 

here did not reveal discrepancies between the two studies. We therefore included our 

previous putative functional classifications based on nutrient-dependent expression in 

Table 1, which tentatively assigns function to all but two of the 25 genes affected by daf-

16. As explained above, putative agonists repressed by daf-16, like daf-28, hypothetically 

result in positive feedback, since daf-2 signaling antagonizes daf-16. We identified seven 

genes like this in addition to daf-28. Conversely, activation of a putative antagonist 

should also produce positive feedback, which we infer in five cases, while activation of 

an agonist should produce negative feedback, which we infer in six cases. Finally, 

repression of a putative antagonist should produce negative feedback, which we infer in 

four cases. In summary, activation and repression of putative agonists and antagonists 

by daf-16 is common, with positive and negative feedback hypothetically resulting from 

each different regulatory combination in multiple instances. 



 

78 

3.2.4 Temperature affects insulin-like gene expression 

We analyzed expression of insulin-like genes at 15, 20 and 25°C during L1 

starvation. daf-2 mutants are generally temperature-sensitive (Gems et al., 1998), daf-16 is 

localized to the nucleus at high temperatures (Henderson and Johnson, 2001), and daf-2 

mutants are heat-resistant (Munoz and Riddle, 2003). These observations suggest that 

insulin-like signaling responds to temperature. We hypothesized that temperature 

sensitivity results at least in part from temperature-dependent regulation of insulin-like 

peptide expression. Consistent with daf-16 being active at elevated temperature, 

expression of its direct target sod-3 was positively affected by temperature (Figure 19 

and Table 5). In support of our hypothesis, temperature affected mRNA expression of 21 

out of 28 reliably detected insulin-like genes (Figure 17 and Table 5). daf-28 expression 

was lower at higher temperatures, consistent with its role in promoting dauer bypass (Li 

et al., 2003), and confirmed in a recent publication (O'Donnell et al., 2018). Expression of 

twelve insulin-like genes was lower at higher temperatures and nine were expressed 

more highly at higher temperatures. However, there is no apparent correlation between 

putative function as agonist or antagonist and positive or negative regulation in 

response to higher temperature. This observation suggests that temperature sensitivity 

of insulin-like signaling is not generally due to temperature-dependent regulation of 

insulin-like gene expression; though the functional consequences of altered expression 

likely varies among insulin-like genes (e.g., daf-28, a potent agonist that is negatively 
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regulated by temperature). Notably, although most insulin-like genes displayed 

significant temperature-dependent expression, the effect of temperature on expression 

was minor compared to nutrient availability. 

Table 5: Summary of genes whose expression is affected by temperature during L1 
starvation. The gene, the nominal p-value for the effect of temperature after controlling 
for genotype (not corrected for multiple testing), and whether the gene's expression is 
positively or negatively correlated with temperature are presented. Only those genes 
with a p-value below 0.05 after correction for multiple testing are included. 

Gene p-value Correlation with 
temperature 

pdk-1 1.5E-05 negative 
akt-1 1.8E-02 positive 
akt-2 3.1E-03 positive 
skn-1 3.1E-05 negative 
daf-16 2.5E-02 negative 
sod-3 3.2E-03 positive 
daf-28 2.2E-04 negative 
ins-1 6.3E-05 negative 
ins-3 4.0E-05 positive 
ins-4 6.8E-04 positive 
ins-5 6.3E-04 positive 
ins-6 1.9E-07 positive 
ins-10 1.7E-05 positive 
ins-11 8.6E-06 positive 
ins-14 1.0E-05 negative 
ins-17 1.6E-08 negative 
ins-18 7.0E-04 negative 
ins-20 2.2E-03 positive 
ins-22 2.2E-03 negative 
ins-24 6.6E-08 negative 
ins-25 2.3E-03 negative 
ins-26 2.3E-03 positive 
ins-27 1.3E-05 positive 
ins-28 6.1E-05 negative 
ins-30 1.0E-06 negative 
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ins-33 7.1E-03 negative 
ins-35 8.8E-12 negative 

 

3.2.5 Feedback mediates cross-regulation among insulin-like genes 

Reporter gene analysis validated the effect of daf-16/FOXO on daf-28 expression. 

We previously used quantitative RT-PCR to validate the nCounter approach to 

measuring insulin-like gene expression in C. elegans (Baugh et al., 2011), and we used 

transcriptional reporter genes to confirm positive regulation of several putative agonists 

in fed larvae, including daf-28 (Chen and Baugh, 2014). A different Pdaf-28::GFP 

transcriptional reporter gene (Li et al., 2003) again confirmed up-regulation in response 

to feeding (Figure 21A). Expression was evident but faint in anterior neurons and 

posterior intestine of starved L1 larvae, and it was brighter after being fed for 6 hr. 

Quantification of whole-animal fluorescence with the COPAS BioSorter provided robust 

statistical support for qualitative observations (Figure 21B). Critically, expression 

appeared elevated in daf-16 mutants compared to WT, in both starved and fed larvae 

(Figure 21A). However, we did not observe a difference in the anatomical expression 

pattern in daf-16 compared to WT. Quantification showed that the effect of daf-16 is 

statistically significant (Figure 21B). Note that the statistics for this analysis were 

performed on the means of individual biological replicates, as opposed to each 

individual in a replicate. Thus, statistical significance is due to reproducibility between 

trials despite relatively small effect sizes. The effect of food was larger than that of daf-
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16, as expected based on nCounter results (Figure 20). In addition, the effects of food and 

daf-16 are independent, suggesting that up-regulation of daf-28 in response to feeding is 

not simply due to inhibition of daf-16 leading to de-repression of daf-28. These results 

support the conclusion that daf-16 represses daf-28 transcription, consistent with 

feedback regulation. 

 

Figure 21: Insulin-like peptide function affects expression of insulin-like peptides.  
(A) Representative images of a Pdaf-28::GFP transcriptional reporter gene are presented 
for WT and various mutants in starved and fed (6 hr) L1 larvae, as indicated. Images 
were cropped and expression in anterior neurons and posterior gut is shown. (B, C) 
Quantitative analysis of Pdaf-28::GFP expression in whole worms using the COPAS 
BioSorter is presented. The grand average and standard deviation of three to seven 
biological replicates is plotted for starved (0 hr) and fed (6 hr) L1 larvae. *p < 0.05, **p < 
0.01, ***p < 0.001 (unpaired t-test on replicate means, n = 3 to 7). Note that the COPAS 
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BioSorter was recalibrated between experiments done for B and C, leading to different 
baseline values. 

Widespread feedback regulation of insulin-like signaling via transcriptional 

control of insulin-like peptides suggests that activity of individual insulin-like genes 

should affect expression of themselves. We analyzed expression of the Pdaf-28::GFP 

transcriptional reporter in insulin mutants to test this hypothesis. Pdaf-28::GFP transgene 

expression was significantly reduced during L1 arrest in a daf-28 mutant compared to 

WT (Figure 21A,B). This result suggests that positive feedback mediated by daf-16 

repression of daf-28, daf-28 agonism of daf-2/InsR, and daf-2 inhibition of daf-16 results in 

daf-28 effectively promoting its own expression.  

Widespread feedback regulation also suggests that activity of individual insulin-

like genes should affect expression of other insulin-like genes. daf-28, ins-4 and ins-6 

coordinately regulate dauer entry and exit (Cornils et al., 2011; Hung et al., 2014; Li et al., 

2003), and they redundantly promote L1 development in response to feeding (Chen and 

Baugh, 2014). ins-4, 5 and 6 are in a chromosomal cluster, so we analyzed a deletion 

allele that removes all three (Hung et al., 2014). Pdaf-28::GFP expression was 

significantly reduced in fed larvae of the ins-4, 5, 6 mutant compared to WT (Figure 

21A,B). Simultaneous disruption of ins-4, 5, 6 and daf-28 in a compound mutant 

significantly reduced Pdaf-28::GFP expression in both starved and fed L1 larvae (Figure 

21B). These results suggest that feedback regulation results in cross-regulation among 
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insulin-like peptides such that the function of one peptide affects the transcription of 

others. 

Analysis of the ins-4, 5, 6 deletion mutant revealed cross-regulation of daf-28 

transcription, but it did not identify an individual insulin-like gene responsible for cross-

regulation. Over-expression analysis (which circumvents genetic redundancy) of ins-4, 

ins-5 and ins-6 individually during L1 arrest and development revealed functional 

effects of ins-4 and ins-6 but not ins-5 (Chen and Baugh, 2014). We therefore 

hypothesized that loss of function of ins-4 or ins-6 alone could affect daf-28 expression. 

The ins-4, 5, 6 deletion mutant significantly reduced Pdaf-28::GFP expression in fed 

larvae (Figure 21C), as expected (Figure 21B). An ins-4 deletion mutant reduced Pdaf-

28::GFP expression in fed and starved L1 larvae, but this effect was not statistically 

significant. However, an ins-6 deletion mutant significantly reduced Pdaf-28::GFP 

expression in fed and starved larvae (Figure 21C). These results suggest that loss of ins-6 

function is the primary driver of the effect of the ins-4, 5, 6 deletion mutant on Pdaf-

28::GFP expression, though ins-4 may also contribute. In summary, ins-6 (a putative daf-

2/InsR agonist) positively regulates daf-28 expression via daf-2 inhibition of daf-16 and 

daf-16-mediated repression of daf-28 transcription.   

We sought to confirm that effects on transcriptional regulation revealed by 

analyses of mRNA and Pdaf-28::GFP expression translate to differences in DAF-28 

protein expression, as would be required for a functional FOXO-to-FOXO signaling 
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network. We therefore analyzed expression of a secreted, functional Pdaf-28::DAF-

28::GFP translational reporter (Kao et al., 2007) in WT and an ins-6 deletion mutant. 

Expression of this reporter was hardly visible in anterior neurons and posterior intestine 

during L1 arrest, but intestinal expression appeared brighter after feeding and dimmer 

in the ins-6 mutant compared to WT in fed and starved larvae (Figure 22A). Expression 

was too dim for whole-worm analysis on the BioSorter, so we performed quantitative 

image analysis of posterior intestinal expression. Image analysis revealed significantly 

lower translational reporter expression in the ins-6 mutant compared to WT in starved 

and fed larvae (Figure 22B), consistent with transcriptional reporter analysis (Figure 21). 

These results suggest that cross-regulation of daf-28 transcription by ins-6, and likely 

other insulin-like peptides, affects DAF-28 protein expression. In summary, reporter 

gene analysis suggests physiological significance of feedback regulation, consistent with 

function of individual insulin-like peptides affecting expression of themselves and 

others to produce an organismal FOXO-to-FOXO signaling network. 
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Figure 22: Insulin-like peptide function affects expression of insulin-like peptides.  
(A) Representative images of a Pdaf-28::DAF-28::GFP translational reporter gene are 
presented for WT and ins-6 in starved and fed (17 hr) larvae, as indicated. Images were 
cropped and expression in posterior gut is shown. Expression remained dim after being 
fed for 6 hr, so it was instead analyzed after being fed for 17 hr. (B) Quantitative image 
analysis of Pdaf-28::DAF-28::GFP expression in posterior gut is presented. Each circle 
indicates the measurement from a single worm. Three biological replicates of 24-35 
worms each were measured. ***p < 0.001 (linear mixed effects model). 

3.4 Discussion 

We determined the extent of feedback regulation of insulin-like signaling in C. 

elegans in starved and fed L1 larvae. We show that mRNA expression of nearly all 

detectable insulin-like genes is affected by insulin-like signaling activity, revealing 

pervasive feedback regulation. We also show that several components of the PI3K 

pathway, including daf-2/InsR and daf-16/FOXO, are affected by signaling activity. 

Together these results suggest that feedback occurs inter- and intra-cellularly (Figure 

23). Furthermore, we show that feedback is positive and negative at both levels of 

regulation. Finally, we demonstrate that feedback regulation results in auto- and cross-

regulation of insulin-like gene expression. 
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Figure 23: Pervasive feedback regulation of insulin-like signaling. daf-2/InsR 
antagonizes daf-16/FOXO via the PI3K pathway (Figure 15). daf-16 activates expression 
of three pathway components to produce negative feedback, and it represses expression 
of two components to produce positive feedback. daf-16 also represses its own 
expression, producing negative feedback, and it represses expression of skn-1/Nrf (not 
depicted). daf-16 represses expression of eight putative insulin-like peptide agonists of 
daf-2 and activates five putative antagonists, producing positive feedback in each case. 
daf-16 also activates six putative agonists and represses four putative antagonists, 
producing negative feedback. Food activates expression of agonists and represses 
expression of antagonists (by definition with corroboration from functional analysis 
(Chen and Baugh, 2014)), independent of daf-16 and insulin-like signaling. Nutrient 
availability also affects daf-2 expression independent of insulin-like signaling activity 
(not depicted). Dashed arrows reflect putative function of insulin-like peptides as 
agonists or antagonists of daf-2, reflecting cell-nonautonomous effects of daf-16 and 
nutrient availability. Inferred positive feedback is depicted in green and negative 
feedback in red. Numbers next to colored arrows indicate the number of genes 
represented by each arrow. 

We detected substantially more regulation of insulin-like genes by daf-16/FOXO 

than previously reported in genome-wide expression analyses. We also detected 

extensive effects of temperature on insulin-like gene expression. In contrast to other 

expression analyses, our analysis employed highly synchronous populations of larvae, 
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improving sensitivity. Sensitivity was also likely improved by focusing on proximal 

effects of nutrient availability, which has robust effects on insulin-like signaling. In 

addition, the nCounter assay conditions used are optimized for sensitivity and precision 

(Baugh et al., 2011), improving power to detect differential expression. We also analyzed 

the effects of daf-16 mutation in a WT background as well as a daf-2 mutant background, 

in fed and starved larvae, producing four independent opportunities to detect an effect 

of daf-16. Finally, we sampled extensively, not only with biological replicates, but also 

with three different temperatures during L1 arrest as well as nine time points after 

feeding. Taken together, these features likely explain why we detected such extensive 

effects. Nonetheless, expression of ins-7, a putative agonist that regulates aging in adults, 

was not reliably detected, consistent with our previous analysis of insulin-like gene 

expression using the nCounter platform throughout the lifecycle and in L1 larvae 

(Baugh et al., 2011; Chen and Baugh, 2014). We therefore cannot assess regulation of ins-

7 in L1 larvae, though it was the first example of positive feedback regulation and 

FOXO-to-FOXO signaling (Murphy et al., 2007; Murphy et al., 2003).  

Other nutrient-dependent pathways also regulate expression of insulin-like 

genes and PI3K pathway components. That is, insulin-like signaling does not account for 

all of the observed effects of nutrient availability on gene expression (Figure 23). For 

example, we show that daf-28 expression is up-regulated in response to feeding and that 

it is repressed by daf-16/FOXO. Since DAF-16 is nuclear and active during starvation and 
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is excluded from the nucleus in response to feeding (Henderson and Johnson, 2001), it is 

conceivable that up-regulation of daf-28 in response to feeding is due to inactivation of 

DAF-16 and de-repression of daf-28. However, this model predicts that daf-28 expression 

should be equivalent in starved and fed daf-16 mutant larvae, but it is not. To the 

contrary, induction of daf-28 in fed larvae occurs with similar magnitude in each 

genotype tested. This was true with mRNA expression analysis by nCounter as well as 

transcriptional reporter gene analysis. Despite numerous examples of daf-2 and daf-16 

affecting expression, the effects of nutrient availability are generally evident in all 

genotypes, indicating the influence of other nutrient-dependent pathways (Figure 23). 

Our results highlight the complexity of regulation of insulin-like signaling in C. 

elegans. Twenty-five of 28 reliably detected insulin-like genes were affected by insulin-

like signaling, suggesting they participate in feedback regulation. All patterns of 

regulation were observed for putative daf-2/InsR agonists and antagonists, supporting 

the conclusion that agonists and antagonists both contribute to positive and negative 

feedback regulation (Figure 23). In addition, daf-16 regulation appears to depend on 

developmental stage. ins-18, a putative antagonist, contributes to positive feedback via 

daf-16 activation in adults (Matsunaga et al., 2012a). However, our results suggest that 

daf-16 represses ins-18 in L1 larvae. Furthermore, ins-21, a putative agonist, is up-

regulated in daf-2 mutant L4 larvae, as if activated by daf-16 (Fernandes de Abreu et al., 

2014), while our results show it being repressed by daf-16. These results for ins-18 and 
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ins-21 suggest that whether daf-16 regulation is positive or negative, it is stage and 

possibly condition-specific, such that individual insulin-like genes may participate in 

positive or negative feedback depending on context. Our results also hint at the idea that 

the strength of insulin-like signaling could affect whether regulation is positive or 

negative. That is, ins-5, 9, 24, 26 and 30 each display a curious inversion in the effect of 

daf-2 activity at some time of recovery from L1 starvation, with the stronger daf-2(e979) 

allele displaying a weaker effect than daf-2(e1370). This result may reflect cross-

regulation by other signaling activities that remain to be identified.  

We provide evidence that daf-16/FOXO activity leads to activation and repression 

of genes involved in insulin-like signaling. However, we used genetic and not 

biochemical analysis, so we do not know if DAF-16 regulation is direct or indirect. DAF-

16 is thought to function primarily as an activator (Riedel et al., 2013; Schuster et al., 

2010), with repression ("class II" targets) occurring indirectly via its antagonism of the 

transcriptional activator PQM-1 (Tepper et al., 2013). DAF-16 is thought to bind the DBE 

motif to mediate activation of its direct targets, and PQM-1 is thought to bind the DAE 

motif to indirectly mediate repression (Tepper et al., 2013). We analyzed occurrences of 

the DBE and DAE motifs upstream of the genes we found to be daf-16-dependent, but no 

clear pattern with respect to activation or repression emerged (Table 4). However, this is 

a relatively small set of genes for motif analysis, and a role of pqm-1 in L1 larvae has not 

been investigated. Nonetheless, akt-1/Akt, akt-2/Akt, skn-1/Nrf and daf-16/FOXO were 
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each included on a list of 65 high-confidence direct DAF-16 targets (Schuster et al., 2010). 

We found each of these to be regulated by daf-16, with skn-1 and daf-16 being repressed, 

consistent with possible direct repression independent of PQM-1. Mechanistic details 

aside, this work reveals extensive positive and negative feedback regulation of insulin-

like signaling.  

Insulin-like peptide function regulates expression of insulin-like genes. We used 

reporter gene analysis to show that function of daf-28, a daf-2 agonist repressed by daf-16, 

affects its own transcription. Furthermore, we showed that another agonist, ins-6, cross-

regulates daf-28 transcription, with an effect on DAF-28 protein expression. These results 

are consistent with reports of insulin-like peptides affecting expression of other insulin-

like genes (Fernandes de Abreu et al., 2014; Ritter et al., 2013), though in this case we 

demonstrate an intermediary effect of daf-16/FOXO. Given that we found most insulin-

like genes to be regulated by insulin-like signaling, cross regulation among insulin-like 

peptides is likely common, giving rise to an organismal FOXO-to-FOXO signaling 

network. 

We believe the physiological significance of feedback regulation is to stabilize 

signaling activity in variable environments. Negative feedback supports homeostasis, 

returning the system to a stable steady state (Cannon, 1929). In contrast, positive 

feedback supports rapid responses and switch-like behavior (Ingolia and Murray, 2007). 

We speculate that by combining negative and positive feedback, the insulin-like 
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signaling system is able to maintain homeostasis at different set points of signaling 

activity. That is, in constant conditions negative feedback stabilizes signaling activity, 

but when conditions change (e.g., differences in nutrient availability) positive feedback 

allows signaling activity to respond rapidly and negative feedback helps it settle to a 

new steady state rather than displaying runaway dynamics. Notably, this combination 

of positive and negative regulation is seen intracellularly in regulation of PI3K pathway 

components as well as intercellularly in regulation of insulin-like genes. In addition, 

signaling occurs in the context of a multicellular animal, with tissues and organs that 

presumably vary in their energetic and metabolic demands. Consequently, FOXO-to-

FOXO signaling resulting from feedback may be relatively positive or negative in 

different anatomical regions, governed by the peptides involved, serving to coordinate 

the animal's physiology appropriately (Kaplan and Baugh, 2016; McMillen et al., 2002). 

In any case, the extent of feedback suggests that it is a very important means of 

regulation. We imagine that insulin-like signaling in other animals, as well as other 

endocrine signaling systems, are also rife with feedback, and that feedback is critical to 

system dynamics. 

3.5 Materials and Methods 

3.5.1 Nematode culture and sample collection 

The following C. elegans strains were used for gene expression analysis on the 

NanoString nCounter platform: N2 (wild type), PS5150 (daf-16(mgDf47)), CB1370 (daf-
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2(e1370)), DR1942 (daf-2(e979)), GR1309 (daf-16(mgDf47); daf-2(e1370)). Strains were 

maintained on NGM agar plates with E. coli OP50 as food at 15°C (DR1942) or 20°C (all 

others). Liquid culture was used to obtain sufficiently large populations for time-series 

analysis with microgram-quantities of total RNA. Larvae were washed from clean, 

starved plates with S-complete and used to inoculate liquid cultures (Lewis, 1995). A 

single 6 cm plate was typically used, except with CB1370 and DR1942, for which two 

and three plates were used, respectively. Liquid cultures were comprised of S-complete 

and 40 mg/ml E. coli HB101. These cultures were incubated at 180 rpm and 15°C for four 

days (with the exception of DR1942, which was incubated for five days), and eggs were 

prepared by standard hypochlorite treatment, yielding in excess of 100,000 eggs each. 

These eggs were used to set up another liquid culture again consisting of S-complete and 

40 mg/ml HB101 but with a defined density of 5,000 eggs/ml. These cultures were 

incubated at 180 rpm and 15°C for five days (N2, PS5150 and GR1309), six days (CB1370) 

or seven days (DR1942), and eggs were prepared by hypochlorite treatment with yields 

in excess of one million eggs per culture. These eggs were cultured in S-complete 

without food at a density of 5,000 eggs/ml at 180 rpm so they hatch and enter L1 arrest. 

For starved samples at 20°C and 25°C, they were cultured for 24 hr and collected, and 

for 15°C they were cultured for 48 hr. Fed samples were cultured for 24 hr at 20°C, and 

then 25 mg/ml HB101 was added to initiate recovery by feeding. Fed samples were 

collected at the time points indicated. Upon collection, larvae were quickly pelleted by 
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spinning at 3,000 rpm for 10 sec, washed with S-basal and spun three times, transferred 

by Pasteur pipet to a 1.5 ml plastic tube in 100 µl or less, and flash frozen in liquid 

nitrogen. Samples were collected in at least two but typically three independent 

biological replicates where the entire culture and collection process was repeated. 

3.5.2 RNA preparation and hybridization 

Total RNA was prepared using 1 ml TRIzol (Invitrogen) according to the 

manufacturer's instructions. 3 µg total RNA was used for hybridization by NanoString, 

Inc (Seattle, WA USA), as described (Chen and Baugh, 2014). The codeset used included 

the same probes for all insulin-like genes as in (Chen and Baugh, 2014) with the 

exception of ins-13, which was replaced here. The codeset also included probes for 

additional genes not included in (Chen and Baugh, 2014) (for a complete list of genes 

targeted see Supplementary Data File 2) as well as standard positive and negative 

control probes. 

3.5.3 Data analysis 

nCounter results were normalized in a two-step procedure. First, counts for 

positive control probes (for which transcripts were spiked into the hybridization at 

known copy numbers) were used to normalize the total number of counts across all 

samples. Second, the total number of counts for all targeted genes except daf-16 (the 

deletion mutant used did not produce signal above background) was normalized across 

all samples. Insulin genes with a normalized count of less than 5,000 were excluded 
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from further analysis because they displayed a cross-hybridization pattern indicating 

that they were not reliably detected. The complete normalized data set is available in 

(Kaplan et al., 2019).  

Statistical analysis was used to assess the effects of daf-16 (in fed and starved 

samples) and temperature (starved samples only). For the effect of daf-16 in fed samples, 

two tests were used: a non-parametric ANCOVA with the null hypothesis that locally 

weighted smoothing (loess) lines connecting the points of the daf-16 single mutant (or 

the daf-16; daf-2 double mutant) and wild type (or daf-2(e1370)) are overlapping. This test 

was implemented using the R package "sm" (Bowman and Azzalini, 1997). For the effect 

of daf-16 in starved samples, two tests were used: a bootstrap test was used with the null 

hypothesis that the daf-16 single mutant (or the daf-16; daf-2 double mutant) has the same 

mean expression level as wild type (or daf-2(e1370)) for all temperatures. The effect size 

of genotype is calculated within each temperature, so it controls for temperature. Ten 

thousand permutations of genotype were calculated to get the p-value. For the effect of 

temperature during starvation, a chi-squared goodness of fit test was used to ask 

whether temperature explained additional variance in gene expression after controlling 

for genotype. Benjamini-Hochberg was used to calculate the ‘q-value’ (Benjamini and 

Hochberg, 1995), and these q-values were used to identify genes affected by daf-16 or 

temperature at a false-discovery rate of 5%. See (Kaplan et al., 2019) for the complete 

results of statistical analysis. 
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3.5.4 Pdaf-28::GFP reporter gene analysis 

The mgIs40 [Pdaf-28::GFP] reporter (Li et al., 2003) was analyzed using the 

following genetic backgrounds and mutant alleles: wild type (N2), daf-16(mu86), daf-

28(tm2308), ins-4(tm3620), ins-6(tm2416) and ins-4, 5, 6(hpDf761). Strains were maintained 

on NGM agar plates with E. coli OP50 as food at 20°C. Eggs were prepared by standard 

hypochlorite treatment. These eggs were used to set up a liquid culture consisting of S-

basal without ethanol or cholesterol with a defined density of 1,000 eggs/ml. After 18 

hours to allow for hatching, E. coli HB101 was added at 25 mg/ml to the fed samples. Six 

hours post food addition, the samples were washed three times with 10 ml S-basal and 

then run through the COPAS BioSorter measuring GFP fluorescence. Analysis of the 

COPAS data was performed in R. Tukey fences were used to remove outliers. Data 

points were also removed if they were determined to be debris by size or lack of 

fluorescent signal. This cleanup left a total of almost 165,000 data points for the first set 

of experiments (Fig 4B) and approximately 95,500 data points for the second set of 

experiments (Fig 4C). Fluorescence data was normalized by optical extinction (EXT), a 

proxy for size. For the first set of experiments the Bartlett test of homogeneity of 

variances rejected the null hypothesis that the samples had equal variance. Therefore, 

unpaired t-tests with unequal variance were used to determine the significance of 

condition and genotype on mean normalized fluorescence. There were three biological 

replicates for the insulin-like peptide mutants and seven biological replicates for wild 
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type and daf-16 mutants. For the second set of experiments the Bartlett test of 

homogeneity of variances did not reject the null hypothesis that the samples had equal 

variance Therefore, unpaired t-tests with equal variance were used to determine the 

significance of condition and genotype on mean normalized fluorescence. There were 

three biological replicates for all genotypes. 

For imaging, the samples were prepared in the same way then paralyzed with 

3.75 mM sodium azide and placed on an agarose pad on a microscope slide. Images 

were taken on an AxioImager compound fluorescent microscope with an AxioCam 

camera (Zeiss). 

3.5.5 Pdaf-28::DAF-28::GFP reporter gene analysis 

The svIs69 [Pdaf-28::DAF-28::GFP] reporter (Kao et al., 2007) was analyzed using 

the following genetic backgrounds and mutant alleles: wild type (N2) and ins-6(tm2416). 

Strains were maintained on NGM agar plates with E. coli OP50 as food at 20°C. Eggs 

were prepared by standard hypochlorite treatment. These eggs were used to set up a 

liquid culture consisting of S-basal without ethanol or cholesterol with a defined density 

of 1,000 eggs/ml. After 24 hours to allow for hatching, E. coli HB101 was added at 25 

mg/ml to the fed samples. 17 hours post food addition, the samples were washed three 

times with 10 ml S-basal and then paralyzed with 3.75 mM sodium azide and placed on 

an agarose pad on a microscope slide. Images were taken on an AxioImager compound 

fluorescent microscope with an AxioCam camera (Zeiss). Expression was quantified 
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using the ‘Measure’ function in Image J. Images were thresholded to minimize 

background, using N2 to establish a threshold value that would minimize the effect of 

autofluorescence. Expression was quantified as the mean fluorescence multiplied by the 

area of fluorescence. There were three biological replicates performed with 24-35 worms 

per condition per replicate. Analysis of the data was performed in R. A linear mixed-

effect model was used to test for significance. 

3.5.6 Motif analysis 

FIMO from the MEME suite version 5.0.2 (Grant et al., 2011) was used to scan for 

occurrences of the DBE and DAE 1,000 bp upstream of the translational start site for 

each gene in Table 1. Default parameters were used, including a p-value cutoff of 10-4. 

Position-specific weight matrices for the DBE and DAE were from Tepper et al, 2013. 
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4. dbl-1/TGF-β and daf-12/NHR signaling mediate cell-
nonautonomous effects of daf-16/FOXO on starvation-
induced developmental arrest 

This chapter was modified from a manuscript of the same title published in PLOS 

Genetics (2015). The authors are Rebecca E. W. Kaplan*, Yutao Chen*, Brad T. Moore, James M. 

Jordan, Colin S. Maxwell, Adam J. Schindler, and L. Ryan Baugh. *co-first authors 

4.1 Introduction 

C. elegans L1-stage larvae must feed upon hatching in order to exit 

developmental arrest. Larvae in L1 arrest have increased stress resistance and can 

survive for weeks, initiating postembryonic development when food is available (Baugh, 

2013). C. elegans larvae can also arrest development during the dauer stage, an 

alternative to the third larval stage that forms in response to crowding, nutrient stress or 

high temperature (Hu, 2007). Unlike dauer formation, L1 arrest is an acute starvation 

response without an alternative developmental program, making it an excellent model 

for nutritional control of development.  

The insulin/insulin-like growth factor (IGF) signaling pathway is a key regulator 

of L1 arrest, mediating the systemic response to nutrient availability (Baugh and 

Sternberg, 2006; Fukuyama et al., 2006). In fed larvae, insulin-like peptides act through 

the insulin/IGF receptor DAF-2/InsR, activating a conserved PI3K cascade to repress 

function of the forkhead-type transcription factor DAF-16/FOXO (Kimura et al., 1997; 
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Lin et al., 1997; Morris et al., 1996; Ogg et al., 1997). In starved larvae, DAF-16/FOXO is 

active and promotes L1 arrest (Baugh and Sternberg, 2006). A variety of genome-wide 

gene expression analyses have been published for daf-16/FOXO, and a meta-analysis of 

them identified thousands of genes whose expression is positively or negatively affected 

by daf-16/FOXO activity (Tepper et al., 2013). This study also identified the transcription 

factor PQM-1 as a mediator of daf-16-dependent effects on gene expression. However, 

these experiments were done in young adult animals and with a daf-2/InsR mutant 

background to activate DAF-16/FOXO as opposed to starvation. DAF-16/FOXO target 

genes that promote L1 arrest are largely unknown. daf-16/FOXO activates the cyclin-

dependent kinase inhibitor cki-1/p27 and represses the developmental timing microRNA 

lin-4 (Baugh and Sternberg, 2006), but whether such regulation is direct is unclear.  

The insulin/IGF pathway is pleiotropic, serving as a key regulator in dauer 

formation, lifespan, associative learning, and stress resistance (Chen et al., 2013; Gottlieb 

and Ruvkun, 1994; Kenyon et al., 1993; Kimura et al., 1997; Murakami et al., 2005; Riddle 

et al., 1981; Scott et al., 2002).  daf-2/InsR and daf-16/FOXO affect lifespan and dauer 

formation cell-nonautonomously (Apfeld and Kenyon, 1998; Hung et al., 2014; Libina et 

al., 2003; Wolkow et al., 2000; Zhang et al., 2013); that is, daf-16/FOXO activity in limited 

tissues affects the phenotype of the entire organism. The insulin/IGF pathway is highly 

conserved, and it also affects lifespan cell-nonautonomously in Drosophila and mice 

(Bluher et al., 2003; Holzenberger et al., 2003; Hwangbo et al., 2004; Tatar et al., 2001). 
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daf-16/FOXO activity in one tissue has been shown to affect daf-16/FOXO activity in other 

tissues through feedback regulation, termed FOXO-to-FOXO signaling (Alic et al., 2014; 

Murphy et al., 2007; Murphy et al., 2003). Insulin/IGF receptor cell-nonautonomy could 

result from FOXO-to-FOXO signaling, since FOXO is still present in the affected tissues. 

However, FOXO cell-nonautonomy is inconsistent with FOXO-to-FOXO signaling 

because in this experimental scenario FOXO is not present in the affected tissues. 

Instead, FOXO cell-nonautonomy suggests FOXO regulates an additional signaling 

pathway to affect cells where it is not present.  

The daf-12/nuclear hormone receptor (NHR) signaling pathway is an attractive 

candidate for a signaling pathway mediating daf-16/FOXO cell-nonautonomy. daf-

12/NHR signaling is known to play a key role in coordinating a variety of systemic 

effects, including dauer formation, aging, and developmental timing (Antebi, 2013). The 

Rieske oxygenase DAF-36 and the cytochrome P450 DAF-9 are necessary for the 

production of dafachronic acid, which is a ligand for the nuclear hormone receptor DAF-

12 (Gerisch et al., 2001; Jia et al., 2002; Motola et al., 2006; Rottiers et al., 2006; Wollam et 

al., 2011). Ligand-bound DAF-12 promotes dauer bypass and reproductive 

development, and ligand-free DAF-12, together with its co-repressor DIN-1/SHARP, 

promotes dauer formation (Antebi et al., 2000; Ludewig et al., 2004). 

Another potential candidate for a signaling pathway mediating the effects of 

FOXO cell-nonautonomy is the Transforming Growth Factor-β (TGF-β) Sma/Mab 
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pathway. This pathway was first identified by mutations causing small body size and 

male tail abnormalities (Brenner, 1974; Padgett et al., 1998; Savage et al., 1996). Core 

pathway components include the TGF-β ligand DBL-1, the TGF-β receptor subunits 

DAF-4 and SMA-6, the SMADs SMA-2, SMA-3, and SMA-4, and the SMAD co-factor 

SMA-9 (Estevez et al., 1993; Krishna et al., 1999; Liang et al., 2003; Morita et al., 1999; 

Savage et al., 1996; Suzuki et al., 1999). The dbl-1/TGF-β pathway has also been shown to 

regulate reproductive aging, aversive olfactory learning, and mesodermal patterning 

(Foehr et al., 2006; Luo et al., 2009; Zhang and Zhang, 2012).  

Here we show that daf-16/FOXO promotes L1 arrest cell-nonautonomously. 

mRNA-seq reveals that daf-16/FOXO has overlapping but distinct effects on gene 

expression in starved L1 larvae compared to young adults with reduced insulin/IGF 

signaling. Our mRNA-seq analysis identified Sma/Mab TGF-β and daf-12/NHR 

pathways as candidate mediators of FOXO cell-nonautonomy. We show that daf-

16/FOXO promotes developmental arrest throughout the animal by inhibiting 

expression of Sma/Mab TGF-β and daf-12/NHR steroid hormone signaling pathway 

components. These pathways promote development in fed L1 larvae and in starved daf-

16/FOXO mutants, but their activation does not cause the early demise of daf-16/FOXO 

mutants during starvation. 
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4.2 Results 

4.2.1 daf-16/FOXO regulates L1 arrest cell-nonautonomously 

Loss of daf-16/FOXO reduces starvation survival during L1 arrest (Baugh and 

Sternberg, 2006; Munoz and Riddle, 2003). To determine if daf-16/FOXO expression in a 

specific tissue is sufficient to rescue starvation survival, tissue-specific promoters were 

used to express GFP-tagged DAF-16 in a daf-16null background (Libina et al., 2003; 

Schindler et al., 2014). Visible DAF-16::GFP expression patterns were restricted to the 

tissues targeted by each promoter. Expression from the native daf-16 promoter resulted 

in complete rescue of the starvation survival defect while expression from neuronal 

(Punc-119), intestinal (Pges-1), and epidermal (Pcol-12) promoters resulted in significant 

partial rescue (Figure 24A, Table 6). Additional transgenic lines with the same promoters 

provided comparable results (Figure 25). These data show that DAF-16::GFP expression 

in various individual tissues is sufficient to affect a whole-animal phenotype. Though it 

is plausible that individual tissues could have an additive effect on survival, we were 

unable to detect differences between single and double promoter rescues (Figure 25). 

These results suggest that daf-16 functions cell-nonautonomously during L1 arrest as it 

does for adult lifespan (Apfeld and Kenyon, 1998; Libina et al., 2003; Wolkow et al., 

2000; Zhang et al., 2013). 
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Figure 24: daf-16/FOXO regulates L1 arrest cell-nonautonomously. Tissue-specific 
DAF-16::GFP was assessed for rescue of daf-16null starvation phenotypes. (A) L1 
starvation survival is plotted over time for a single integrated high-copy array for each 
promoter. A logistic regression of mean survival from at least three biological replicates 
is shown. See S1 Table for statistical analysis. (B) The proportion of larvae with at least 
one M lineage division after seven days of starvation is plotted. Combined data from 
three to four independent transgenic lines and at least three biological replicates is 
plotted for each tissue-specific rescue. See S2 Table for statistical analysis and S2 Fig for 
allelic breakdown. (C) Differential interference contrast (DIC) image merged with GFP 
fluorescence image of wild type, daf-16null, and a representative tissue-specific daf-16 
rescue with the Phlh-8::GFP reporter after seven days of starvation, showing one, two 
and one M lineage cells, respectively. Scale bar: 20µm (D) The proportion of larvae with 
VB motor neuron differentiation after seven days of starvation is plotted for three 
biological replicates. (E) DIC merged with GFP of wild type, daf-16null, and a 
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representative tissue-specific daf-16 rescue with the Pdel-1::GFP reporter after seven 
days of starvation. Arrows point to pairs of differentiated VB motor neurons only 
detectable in daf-16null. Scale bar: 20µm (F) The average number of seam cell divisions, 
out of six possible, after three days of starvation is plotted for three biological replicates. 
(G) DIC merged with GFP and GFP alone of wild type, daf-16null, and a representative 
tissue-specific daf-16 rescue with the AJM-1::GFP reporter after three days of starvation. 
Arrows point to the posterior daughters of divided seam cells in daf-16null that have 
elongated to restore contact with one another after their anterior sisters fused with the 
hypodermal syncytium (see Figure 27 for the progression of seam cell development). 
Scale bar: 20µm (B, D, F) Error bars reflect standard error of the mean (SEM). **p < 0.01, 
*p < 0.05; unpaired t-test against daf-16null. (C, E, G) DAF-16::GFP expression is visible in 
the intestine of animals carrying the integrated Pges-1 rescue transgene. 

Table 6: Starvation survival analysis of Figure 24A. The average half-life of biological 
replicates is reported along with the standard error of the mean (SEM) and the results of 
a t-test comparing each genotype to wild type or daf-16null without correction for multiple 
testing. p-values below 0.05 are in bold. At least three biological replicates were included 
for each genotype. The goodness of fit statistic R2 is reported for each genotype. 

Genotype Half-
life 

SEM p-value (vs. 
wild type) 

p-value (vs. 
daf-16) 

R2 

wild type 10.5 0.58 N/A 3.8x10-6 0.966 
daf-16 4.7 1.01 3.8x10-6 N/A 0.996 
daf-16; Pdaf-16::DAF-16 10.8 1.15 0.681 6.7x10-5 0.961 
daf-16; Pges-1::DAF-16 9.1 0.76 0.013 5.0x10-5 0.972 
daf-16; Punc-119::DAF-16 7.2 1.34 0.002 0.014 0.986 
daf-16; Pcol-12::DAF-16 8.6 1.26 0.025 0.003 0.987 
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Figure 25: Starvation survival with tissue-specific daf-16/FOXO rescue. The proportion 
of larvae surviving after seven days of starvation is plotted. Combined data from three 
independent extrachromosomal array lines and two biological replicates is plotted for 
each tissue-specific rescue. Significant differences among alleles for a given promoter or 
promoter pair were not observed. **p < 0.01, *p < 0.05; unpaired t-test against daf-16null. 

daf-16 mutants inappropriately initiate somatic postembryonic development 

during starvation (Baugh and Sternberg, 2006). To determine if daf-16/FOXO regulates 

developmental arrest cell-nonautonomously, a variety of markers were examined in 

tissue-specific DAF-16::GFP rescue strains. The M cell is a mesoblast that undergoes a 

series of divisions to produce 18 cells during L1 development (Sulston and Horvitz, 

1977). The M cell lineage was visualized using a Phlh-8::GFP reporter (Harfe et al., 1998). 

The M cell of wild-type larvae did not divide during L1 arrest, though a significant 

proportion of daf-16null larvae had at least one M lineage division (Figure 24B). Expression 
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of DAF-16::GFP from the native promoter (Pdaf-16) resulted in complete rescue while 

expression from the intestinal (Pges-1), neuronal (Punc-119) and epidermal (Pcol-12) 

promoters resulted in significant partial rescue of the daf-16null phenotype. The muscle 

promoter (Pmyo-3) had no effect. Pairs of tissue-specific promoters also provided 

significant rescue but were not significantly different from rescue with single promoters, 

failing to provide evidence of additive effects (Table 7). There appeared to be variation 

between independent transgenic lines for each promoter and promoter pair, suggesting 

allele-specific effects can confound effects of promoter/site of expression (Figure 26). 

Rescue of the M cell lineage division defect by expression of DAF-16::GFP in other cells 

implies that daf-16/FOXO can function cell-nonautonomously during L1 arrest. 

Table 7: t-test results for Figure 24B. The p-values from unpaired t-tests of the 
displayed pairwise comparisons are shown without adjustment for multiple testing. p-
values less than 0.05 are in bold. 

 Rescue 2 

 
Punc-
119 + 

Pcol-12 

Pges-1 
+ Pcol-

12 

Punc-
119 + 
Pges-1 

Pmyo-3 
Pcol-

12 
Pges-1 

Punc-
119 

Pdaf-16 

 Rescue 
1 

no rescue 0.001 0.013 0.001 0.245 0.003 0.010 0.001 9.6x10-7 

Pdaf-16 0.003 0.008 0.005 
1.3x10-

12 
0.001 0.001 0.008 N/A 

Punc-119 0.276 N/A 0.402 4.5x10-7 0.521 0.302 N/A  

Pges-1 N/A 0.596 0.090 2.5x10-5 0.663 N/A   

Pcol-12 0.088 0.845 N/A 2.7x10-6 N/A    

Pmyo-3 N/A N/A N/A N/A    

Punc-119 
+ Pges-1 

N/A N/A N/A   

Pges-1 + 
Pcol-12 

N/A N/A     

Punc-119 
+ Pcol-12 

N/A      
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Figure 26: Allele-specific tissue-specific rescue of M cell division defect in daf-16null. 
The proportion of larvae with at least one M lineage division after seven days of 
starvation is plotted along with the SEM. Each bar represents an independent transgenic 
allele and three to six biological replicates. 

We investigated cells from different lineages with different developmental fates 

and behaviors to determine if the cell-nonautonomous effect of daf-16/FOXO extends to 

development of the entire animal. The intestinal rescue line had the strongest effect of 

the integrated lines tested, so we used it for these assays. P cells migrate ventrally and 

divide, and some of their descendants differentiate into the VB motor neurons near the 

L1 molt (Sulston and Horvitz, 1977). The Pdel-1::GFP reporter is expressed specifically in 

differentiated VB motor neurons in late L1 larvae (Winnier et al., 1999). Expression was 

not detectable in wild type during L1 arrest, but the reporter was active in a significant 
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proportion of daf-16null larvae, reflecting inappropriate VB differentiation (Figure 24D, E). 

Expression of DAF-16::GFP from the intestinal promoter suppressed inappropriate 

differentiation (Figure 24D, E). The lateral epidermal seam cells divide about five hours 

after hatching in fed larvae (Podbilewicz and White, 1994; Sulston and Horvitz, 1977). 

AJM-1::GFP marks the adherens junctions of the seam cells, enabling progression of 

seam cell development to be visualized during L1 development (Figure 27) AJM-1::GFP 

was used to determine if seam cells V1-6 divide in starved larvae (Gupta et al., 2003). 

daf-16null larvae had significantly more divisions than wild type when starved (Figure 

24F, G), as expected (Baugh and Sternberg, 2006). Intestinal expression of DAF-16::GFP 

suppressed the division of seam cells in otherwise daf-16null animals (Figure 24F, G). 

These results show that daf-16 can function cell-nonautonomously to promote 

developmental arrest in a variety of tissues throughout the body, consistent with 

systemic regulation.  
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Figure 27: Visualization of L1 seam cell development using AJM-1::GFP. Fed wild-
type L1 larvae expressing AJM-1::GFP are shown over developmental time focusing on a 
superficial focal plane to reveal seam cells (V1-6) on one side of the animal. (A) At the 
beginning of L1 development, V1-6 are visible in their undivided state with a distinct 
tapered shape. P cell membranes are also visible ventral to V1-6. (B) During mid-L1 
development seam cells divide. Here three of them have recently divided (arrowheads), 
producing a transient total of nine seam cells. (C) After division, the anterior daughter of 
each seam cell fuses with the hypodermal syncytium, losing its membrane and AJM-
1::GFP signal, and leaving the seam. Three fusing daughters are labeled with an asterisk. 
As a result, the remaining posterior daughters retain signal but are out of contact with 
one another. (D) The posterior daughters subsequently elongate and make contact with 
one another (arrows), reforming a seam and distinct appearance characterized by a 
rectangular shape and enlarged point of contact compared to the undivided seam cells 
in (A). Seam cells undergo an additional round of divisions near the L1 molt which is 
not shown here. 
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4.2.2 daf-16/FOXO cell-nonautonomy is unlikely to be mediated through 
insulin/IGF signaling 

Cell-nonautonomous function of daf-16/FOXO suggests that it regulates at least 

one additional signaling pathway. FOXO-to-FOXO signaling cannot account for daf-

16/FOXO cell-nonautonomy, since daf-16/FOXO is not available as an effector of 

insulin/IGF signaling in the affected cells. That is, when expressing daf-16/FOXO in 

specific tissues in a daf-16null background daf-16 is absent from the cells being assayed for 

division. However, feedback regulation of insulin/IGF signaling could nonetheless be 

responsible if an alternative effector were involved (i.e. "FOXO-to-effector X" signaling). 

Double mutant analysis of daf-2/InsR and daf-16/FOXO showed that daf-2/InsR was not 

epistatic to daf-16/FOXO for M cell division (Figure 28), arguing against this possibility. 

Insulin-like peptides ins-4, ins-6, and daf-28 function redundantly to promote L1 

development (Chen and Baugh, 2014). Simultaneous disruption of ins-4, ins-5, ins-6, and 

daf-28 along with daf-16/FOXO showed that these insulin-like peptides were also not 

epistatic to daf-16/FOXO (Figure 28). The daf-2 allele used is not null (null is lethal) and 

other insulin-like peptides could be involved, but these results suggest that the cell-

nonautonomous effects of daf-16/FOXO on M cell division are not mediated through 

insulin/IGF signaling.  
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Figure 28: Insulin/IGF signaling is unlikely to mediate cell-nonautonomous effects of 
daf-16/FOXO on developmental arrest.  The proportion of larvae with at least one M 
lineage division after seven days of starvation is plotted. Error bars reflect SEM of three-
seven biological replicates. **p ≤ 0.01; unpaired t-test against daf-16. 

4.2.3 mRNA-seq analysis of daf-16/FOXO during L1 arrest 

We used mRNA-seq for expression analysis during L1 arrest to identify 

candidate signaling molecules regulated by daf-16/FOXO activity. A variety of studies 

have investigated the effects of daf-16 on gene expression in the context of aging. These 

studies used fed daf-2/InsR adults as a background within which the effect of daf-16 

mutation was examined. We suspected that the effects of daf-16/FOXO on gene 

expression during L1 arrest were sufficiently different from its effects in young adult daf-

2/InsR mutants to warrant analysis of L1 arrest in a wild-type background. mRNA-seq 

analysis of wild type and daf-16null worms on the first day of L1 starvation identified 

1,353 genes with reduced expression and 558 genes with increased expression in the 

mutant with a false-discovery rate (FDR) of 5% (see (Kaplan et al., 2015) for 
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supplemental data). This analysis revealed widespread effects of DAF-16/FOXO on gene 

expression in starved L1 larvae, consistent with the phenotypic consequences of its 

disruption. Gene Ontology (GO) term enrichment analysis revealed a variety of effects 

on metabolic and immune system gene expression, with distinct patterns of enrichment 

for genes up- and down-regulated in the mutant and no overlapping terms between the 

two gene sets (Figure 29A, see (Kaplan et al., 2015) for supplemental data). Notably, the 

term "determination of adult lifespan" was prominently enriched among genes down-

regulated in the mutant, consistent with the known role of daf-16/FOXO in promoting 

lifespan. These results suggest that we effectively captured the effects of daf-16/FOXO on 

gene expression underlying the phenotypic consequences of its disruption during L1 

arrest. 



 

114 

 

Figure 29: mRNA-seq analysis reveals widespread transcriptional effects of daf-
16/FOXO during L1 arrest, including repression of dbl-1/TGF-β and daf-12/NHR 
pathway components. (A) GO term enrichments for "Biological Process" are plotted in 
semantic space by REVIGO. Bubble size corresponds to the number of genes for each 
term. Blue bubbles are for terms enriched among genes up-regulated in the mutant and 
green bubbles are for terms enriched among down-regulated genes. (B) Overlap 
between genes expressed higher and lower in daf-16null ("Up" and "Down", respectively) 
with those classified as Class I or Class II is plotted [9]. The universal set of genes 
considered includes only those analyzed in both studies (see S1 Dataset). (C) Average 
transcript abundance +/- SEM is plotted for candidate signaling molecules in wild type 
and daf-16null during L1 arrest. FPKM stands for fragments per kilobase per million. 

Our mRNA-seq analysis revealed similar but different effects of daf-16/FOXO on 

gene expression during L1 arrest compared to other contexts. A meta-analysis of 

multiple different genome-wide analyses of daf-16/FOXO-dependent gene expression in 

young adult animals with a daf-2/InsR mutant background has been published (Tepper 

et al., 2013). We compared the genes identified in our analysis to the "Class I" and "Class 

II" genes defined in the meta-analysis (Class I genes have reduced expression in the daf-
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16/FOXO mutant, as if activated by daf-16, and Class II genes have increased expression, 

as if repressed) to validate our mRNA-seq results. We found significant overlap between 

Class I genes and those with decreased expression in the daf-16/FOXO mutant during L1 

arrest ("Down"; Figure 29B; hypergeometric p-value = 2.8e-88). We also found significant 

overlap between Class II genes and those with increased expression in the daf-16/FOXO 

mutant during L1 arrest ("Up"; hypergeometric p-value = 5.3e-87). These observations 

corroborate our results in that there is significant overlap with the effects of activating 

daf-16/FOXO via starvation in L1 larvae compared to activating daf-16/FOXO with 

reduction of daf-2/InsR function in adults. However, because of differences in 

experimental design, this comparison also allowed us to determine the extent to which 

the genes affected by daf-16/FOXO activity depends on stage (L1 larvae vs. young 

adults) and condition (wild type vs. daf-2 mutant and starved vs. fed). Despite the 

significance of the overlap, the majority of the Up and Down genes we identified were 

not identified as Class II or Class I genes, respectively (Figure 29B). This result shows 

that daf-16/FOXO-dependent effects on gene expression are sensitive to stage and/or 

condition.  

We examined the Up and Down genes for candidate signaling molecules that 

could mediate cell-nonautonomous effects of daf-16/FOXO. dbl-1/TGF-β expression was 

increased 2.1-fold in the mutant (FDR = 0.8%; Figure 29C; see (Kaplan et al., 2015) for 

supplemental data), though other components of the Sma/Mab pathway were not 



 

116 

significantly affected. In addition, expression of the Rieske oxygenase daf-36 was 

increased 3.6-fold (FDR = 3%). DAF-36 is necessary to produce the ligand for DAF-

12/NHR, and daf-12/NHR expression was increased 1.7-fold (FDR = 11%), though only 

marginally significant. Other components of the daf-12/NHR pathway were not 

significantly affected. The NanoString nCounter platform was used to measure 

transcript abundance and validate the mRNA-seq results for dbl-1, daf-36, and daf-12. dbl-

1 and daf-12 were expressed significantly higher in daf-16null mutants (p < 0.005; Figure 

30). Although daf-36 showed a marginally significant increase in expression (p=0.04), it 

was below the limits of reliable detection for this assay so we performed qRT-PCR 

(Baugh et al., 2011). qRT-PCR of daf-36 showed an increase of 1.7-fold in the mutant 

(SEM = 0.32; p = 0.01). These results suggest daf-16/FOXO activity during L1 arrest leads 

to repression of dbl-1/TGF-β, daf-36 and daf-12/NHR. 

 

Figure 30: NanoString nCounter validation of candidate signaling genes identified 
with mRNA-seq. Transcript abundance during L1 arrest is plotted in arbitrary units for 
daf-36, daf-12 and dbl-1 for three temperatures and five genotypes. Counts for daf-36 are 
generally below what is deemed reliable for this assay with the mass of RNA used for 
hybridization [55], though the effect of daf-16null is marginally significant. daf-36 was also 
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analyzed in independent samples by qRT-PCR and found to be significantly affected by 
daf-16null (see text). p-values for daf-36, daf-12 and dbl-1 (unpaired t-test pooling all 
replicates and temperatures) comparing wild type to daf-16 were 0.04, 0.001 and 0.003, 
and comparing daf-2(e1370) to daf-16; daf-2(e1370) were 0.002, 0.001 and 0.006, 
respectively. 

Given the effect of daf-16/FOXO on the dbl-1/TGF-β and daf-36/oxygenase 

pathways, we hypothesized that the transcription factors SMA-9/co-SMAD, the 

downstream effector of dbl-1 signaling, and DAF-12/NHR may contribute to the 

differential expression of genes in the daf-16null mutant. We performed transcription 

factor binding motif enrichment analysis for DAF-16 (DBE motif; positive-control), 

SMA-9/co-SMAD (DBD-1 and DBD-2 motifs of the homolog Schnurri), and DAF-

12/NHR (M-2 motif) (Dai et al., 2000; Hochbaum et al., 2011; McLeay and Bailey, 2010). 

We also performed motif enrichment analysis for PQM-1 (DAE motif), a transcription 

factor known to be associated with both Class I and Class II genes but not implicated in 

young larvae (Tepper et al., 2013). As expected, we found enrichment for the DAF-16 

motif (DBE) in the Down genes (p = 9.4x10-6). We also found enrichment for the PQM-1 

motif (DAE) in both Up and Down genes (p = 3.1x10-47 and p = 1.0x10-7, respectively), 

suggesting a functional role of pqm-1 in L1 larvae. We failed to detect enrichment of the 

DAF-12/NHR motif in either set of genes. However, DAF-12/NHR may act on a small 

but functionally important set of genes, and DAF-16/FOXO is likely to regulate other 

genes that affect expression, both of which could limit our ability to detect enrichment of 

the DAF-12/NHR motif. We found enrichment of the SMA-9/co-SMAD motif (DBD-1) in 
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the Down genes (p = 0.023). SMA-9/SMAD has been shown to act as both a 

transcriptional activator and repressor (Liang et al., 2007), and this result suggests it 

actively represses a significant number of the Down genes. This result suggests that a 

subset of DAF-16-regulated genes are direct targets of the dbl-1/TGF-β signaling 

pathway. 

4.2.4 TGF-β and steroid hormone signaling are epistatic to daf-16/FOXO 
for developmental arrest 

We used genetic epistasis analysis to determine if the effects of daf-16/FOXO on 

gene expression identified by mRNA-seq are functionally significant in vivo. Specifically, 

we hypothesized that up-regulation of daf-12/NHR signaling in the daf-16null mutant 

contributes to its arrest-defective phenotype. Components of the pathway daf-

36/oxygenase, daf-9/CYP450, and daf-12/NHR were epistatic to daf-16/FOXO with respect 

to M cell division (Figure 31A, D). daf-12(m20) is a null allele for all but the B isoform, 

which is a short isoform containing the ligand-binding domain (LBD) but not the DNA-

binding domain (DBD). rh61rh411 is a null allele for all daf-12 isoforms. daf-12(rh273) 

contains a substitution in the LBD, which is hypothesized to interrupt ligand binding 

(Antebi et al., 2000). All three alleles suppressed the daf-16null arrest-defective phenotype. 

din-1/SHARP collaborates with ligand-free daf-12 as a co-repressor in promoting dauer 

formation (Ludewig et al., 2004). din-1 was dispensable for the daf-16null arrest-defective 

phenotype (Figure 31A), suggesting that ligand-bound daf-12/NHR promotes M cell 

division and that it is normally inhibited by daf-16/FOXO activity during starvation. 
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Figure 31: daf-12/NHR and dbl-1/TGF-β signaling pathways mediate cell-
nonautonomous effects of daf-16 on developmental arrest.  (A-C) The proportion of 
larvae with at least one M lineage division after seven days of starvation is plotted for 
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various genotypes and treatments. (B) Dimethyl sulfoxide (DMSO; solvent), dafachronic 
acid (DA). (D) DIC merged with GFP of daf-16; daf-36 and daf-16; dbl-1 with the Phlh-
8::GFP reporter after seven days of starvation.  Only one M lineage cell is visible in each 
case; compare Figure 24C. Scale bar: 20µm (E) The average number of divided seam cells 
after three days of starvation is plotted. (A-C, E) Error bars reflect SEM of three-seven 
biological replicates. *p < 0.05; **p ≤ 0.01; unpaired t-test against daf-16. (F) DIC merged 
with GFP and GFP alone of daf-16; daf-36 and daf-16; dbl-1 with AJM-1::GFP after three 
days of starvation. Arrowheads point to seam cells that have recently divided. Compare 
Figure 24G and Figure 27. Scale bar: 20µm 

Pharmacological manipulation of the daf-12/NHR pathway corroborated genetic 

analysis. Dafadine is a small molecule inhibitor of daf-9 (Luciani et al., 2011). Wild-type 

and daf-16null worms were exposed to dafadine or dafachronic acid during starvation. 

Dafachronic acid did not cause an arrest-defective phenotype, suggesting that the 

steroid hormone pathway is not sufficient to promote development. Dafadine 

suppressed M cell lineage divisions in daf-16null worms (Figure 31B), phenocopying daf-

9(m540). These results further support the conclusion that daf-16/FOXO activity inhibits 

daf-12/NHR signaling during L1 arrest, and that this inhibition is functionally significant. 

Exogenous dafachronic acid can rescue loss of daf-36 during L1 arrest and the 

timing of the dafachronic acid addition matters. When exogenous dafachronic acid was 

added to daf-16; daf-36 mutants during L1 starvation, the larvae showed a significant 

increase in worms with M cell divisions (Figure 32). This result is expected as daf-36 is 

involved in the production of dafachronic acid. However, if the dafachronic acid was 

added to the mothers of the L1 larvae, the larvae did not have significantly more divided 

M cells (Figure 32). Curiously, larval addition of dafachronic acid to daf-16; daf-36 
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mutants even increased the proportion of divided M cells above that of daf-16 mutants. 

For the phenotype of M cell divisions during L1 starvation, dafachronic acid appears to 

predominantly be required in the L1 larvae.  

 

Figure 32: Dafachronic acid promotes M cell divisions in L1 larvae. The proportion of 
larvae with at least one M lineage division after seven days of starvation is plotted for 
various genotypes and treatments. Dafachronic acid (DA). Error bars reflect SEM of 
three biological replicates. *p < 0.05; **p < 0.01, p < 0.001; unpaired t-test. 

Given the mRNA-seq results, we also hypothesized that up-regulation of dbl-

1/TGF-β signaling in the daf-16null mutant contributes to its arrest-defective phenotype. 

Mutations affecting dbl-1/TGF-β and its downstream effector sma-9/co-SMAD 

suppressed the daf-16null arrest-defective phenotype (Figure 31C, D). These results 

suggest that daf-16/FOXO also inhibits dbl-1/TGF-β signaling during L1 arrest, and that 

this inhibition has physiological consequences. 

daf-12/NHR and dbl-1/TGF-β signaling were also required for inappropriate seam 

cell divisions in starved daf-16null worms. Both daf-36 and dbl-1/TGF-β were epistatic to 

daf-16/FOXO for seam cell division (Figure 31E, F). Overall, these data suggest that daf-

16/FOXO activity leads to repression of both Sma/Mab TGF-β and daf-12/NHR signaling 



 

122 

during starvation to promote developmental arrest.  

4.2.5 TGF-β and steroid hormone signaling promote early larval 
development     

We hypothesized that daf-12/NHR and dbl-1/TGF-β signaling promote L1 

development in fed larvae, since they are required for the daf-16null arrest-defective 

phenotype, though such early larval function has not been shown. We used Phlh-8::GFP, 

AJM-1::GFP and molting to monitor the rate of L1 development in fed larvae with 

mutations in these pathways. dbl-1/TGF-β and sma-9/co-SMAD mutants clearly had 

delayed M cell lineage divisions (Figure 33A), consistent with our hypothesis. The daf-36 

mutant also had significantly fewer M cell divisions on average than wild type (Figure 

33B), suggesting that ligand-bound DAF-12 promotes L1 development. daf-12(rh273) and 

daf-12(rh274), which have a constitutive dauer-formation phenotype due to mutations in 

the LBD, also caused developmental delay (Figure 33B). These results suggest that 

ligand-free DAF-12 represses L1 development, analogous to its repression of 

reproductive development during dauer formation. However, the null alleles of daf-12 

had no effect (Figure 33C), which we believe is due to the opposing effects of ligand-

bound and -free forms of DAF-12. This interpretation is supported by the fact that these 

same alleles do not cause a constitutive dauer-formation phenotype (Antebi et al., 2000). 

The null allele for din-1, the co-repressor for ligand-free DAF-12, also had no effect on M 

cell lineage division rate, as expected based on our model and its role in regulation of 

dauer formation.  daf-9(m540) is a suspected hypomorph (Jia et al., 2002), and residual 
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activity appeared to be sufficient for normal developmental rate (Figure 33C). These 

results support the conclusion that daf-12/NHR and dbl-1/TGF-β signaling promote M 

cell lineage division in fed L1 larvae. 

 

Figure 33: daf-12/NHR and dbl-1/TGF-β signaling pathways promote L1 development 
in fed larvae. (A-C) The proportion of larvae with 0-4 M lineage divisions after 12 hours 
recovery from L1 arrest at 20°C is plotted. Error bars reflect SEM of at least three 
biological replicates. (A) dbl-1 and sma-9 mutants have a lower average number of 
divisions than wild type (p < 0.01; unpaired t-test). (B) daf-36, daf-12(rh273), and daf-
12(rh274) mutants have fewer average divisions than wild type (p < 0.05; unpaired t-
test). (C) daf-9hypomorph, daf-12null, and din-1 mutants are not significantly different from wild 
type. (D) The proportion of larvae with 0-6 seam cell divisions after six hours recovery 
from L1 arrest at 20°C is shown. dbl-1 and daf-36 mutants have fewer average seam cell 
divisions than wild type (p < 0.01; unpaired t-test). (E) Larvae scored for molting by 
observation of the presence or absence of L1-specific alae or a detached cuticle after 18 
hours recovery from L1 arrest at 20°C is shown. dbl-1 and daf-12 pathway mutants show 
delayed molting compared to wild type. *p < 0.05, **p < 0.01; unpaired t-test. 

Exogenous dafachronic acid can rescue the slow M lineage divisions of daf-36 
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mutants, but only if it is added maternally. We found that adding dafachronic acid to 

the mothers of the scored daf-36 mutant L1 larvae increased the average number of 

divisions such that they were significantly higher than daf-36 mutants without added 

dafachronic acid and not significantly different from wild type (Figure 34). daf-36 

mutants who were treated with dafachronic acid as L1 larvae, either before and during 

feeding or during feeding alone, were not significantly different from the untreated daf-

36 mutant control. Therefore it appears that for M cell divisions during development it is 

maternal exposure to dafachronic acid that can rescue daf-36 loss.  

 

Figure 34: Maternal dafachronic acid affects larval development. The proportion of 
larvae with 0-4 M lineage divisions after 12 hours recovery from L1 arrest at 20°C is 
plotted. Error bars reflect SEM of three biological replicates. daf-36 mutants with 
maternal exogenous dafachronic acid (DA) have a higher average number of divisions 
than daf-36 without DA (p < 0.05; unpaired t-test) and are not significantly different from 
wild type. daf-36 mutants with larval exogenous DA are not significantly different from 
daf-36 without DA.  

We assessed seam cell divisions and molting progression in fed larvae to 

broaden our developmental analysis, examining developmental events that occur before 

and after M cell division, respectively. daf-36 and dbl-1/TGF-β mutants had significantly 
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fewer seam cell divisions than wild type (Figure 33D). L1 larvae have a stage-specific 

cuticular ridge (alae) on their lateral midline that is absent from L2 larvae. The presence 

or absence of alae was scored, along with detached cuticles, to identify L1 or L2 larvae, 

and larvae undergoing the L1 molt, respectively. The L1 molt was significantly delayed 

in mutants of the daf-36 and dbl-1 pathways compared to wild type (Figure 33E). These 

data further support the conclusion that Sma/Mab TGF-β and daf-12/NHR signaling 

promote L1 development in fed larvae.  

4.2.6 TGF-β and steroid hormone signaling do not affect starvation 
survival 

Does initiation of post-embryonic development in daf-16null cause reduced 

starvation survival? dbl-1/TGF-β and sma-9/co-SMAD were not epistatic to daf-16/FOXO 

for starvation survival (Figure 35A; Table 8). Mutations affecting steroid hormone 

pathway components daf-36, daf-9, and daf-12/NHR also did not affect starvation 

survival in a wild-type or daf-16null background (Figure 35B; Table 8). din-1/SHARP and 

daf-12/NHR null alleles also had no effect on starvation survival in either background 

(Figure 35C; Table 8). Together these results suggest that dbl-1/TGF-β and daf-12/NHR 

signaling do not affect starvation survival, implying that development during starvation 

is not the cause of daf-16null starvation sensitivity. 
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Figure 35: daf-12/NHR and dbl-1/TGF-β signaling do not modify effects of daf-16null 
on starvation resistance. (A-C) L1 starvation survival is plotted over time. A logistic 
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regression of mean survival from at least three biological replicates is shown. All strains 
containing a daf-16 mutation have significantly lower survival than wild type and are 
not significantly different from daf-16, and none of the single mutants are significantly 
different than wild type (see Table 8 for statistical analysis). (A-B) All strains included 
the Phlh-8::GFP reporter in the background. 

Table 8: Starvation survival analysis of Figure 35. The average half-life of biological 
replicates is reported along with the standard error of the mean (SEM) and the results of 
a t-test comparing each genotype to wild type or daf-16null without correction for multiple 
testing. p-values below 0.05 are in bold. At least three biological replicates were included 
for each genotype. The goodness of fit statistic R2 is reported for each genotype. The first 
two groups of strains (Figure 35A,B) included the Phlh-8::GFP reporter in the 
background. The dbl-1/TGF-β mutant displayed a nominally significant (p = 0.049) 
reduction of survival compared to wild type. However, the variation among dbl-1 
replicates is exceptionally small and seems to have led to a spurious p-value. The sma-
9/co-SMAD mutant shows no effect (p = 0.72), supporting this conclusion. 

Genotype Half-life SEM p-value (vs. 
wild type) 

p-value (vs. 
daf-16) 

R2 

wild type 21.9 1.1 N/A 0.002 0.976 
dbl-1 18.8 0.2 0.049 0.002 0.945 
sma-9 22.3 0.7 0.720 0.001 0.970 
daf-16 11.5 1.1 0.002 N/A 0.988 
daf-16; dbl-1 9.7 1.3 0.002 0.355 0.976 
daf-16; sma-9 9.9 1.1 0.001 0.371 0.951 
wild type 21.2 0.8 N/A 0.002 0.980 
daf-36 20.1 1.0 0.298 0.004 0.965 
daf-9 24.9 0.5 0.060 3.2x10-4 0.985 
daf-12(rh273) 17.9 1.0 0.090 0.002 0.994 
daf-16 11.6 0.6 0.002 N/A 0.986 
daf-16; daf-36 13.2 0.9 0.003 0.263 0.959 
daf-16; daf-9 11.9 1.5 0.005 0.805 0.981 
daf-16; daf-12(rh273) 9.9 1.4 0.001 0.345 0.992 
wild type 21.4 2.0 N/A 0.011 0.974 
din-1 22.9 1.1 0.538 0.002 0.966 
daf-12(m20) 21.4 2.0 0.987 0.010 0.977 
daf-12(rh61rh411) 19.4 2.3 0.542 0.032 0.962 
daf-16 11.2 1.1 0.011 N/A 0.977 
daf-16; din-1 11.4 0.9 0.010 0.868 0.956 
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daf-16; daf-12(m20) 7.9 0.8 0.003 0.073 0.985 
daf-16; daf-
12(rh61rh411) 

12.6 1.3 0.020 0.451 0.911 

4.3 Discussion 

This work shows that daf-16/FOXO functions cell-nonautonomously to regulate 

C. elegans L1 arrest. A recent study corroborates this finding, highlighting the need to 

determine the molecular basis of cell-nonautonomous function (Fukuyama et al., 2015). 

The dbl-1/TGF-β and daf-12/NHR signaling pathways have not been reported to affect 

early larval development, but our results reveal that these pathways promote L1 

development in fed larvae. mRNA expression analysis together with genetic epistasis 

analysis suggest that daf-16/FOXO inhibits these pathways to promote developmental 

arrest. Taken together, this work shows that daf-16/FOXO promotes L1 arrest by 

inhibiting pathways that promote development (Figure 36).  
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Figure 36: daf-16/FOXO promotes developmental arrest by inhibiting daf-12/NHR and 
dbl-1/TGF-β signaling.  In our model, the insulin-like peptides INS-4, INS-6, DAF-28 
and possibly others are secreted from neurons and the intestine in L1 larvae in response 
to feeding. These peptides function as agonists of DAF-2/InsR, leading to the 
cytoplasmic localization and repression of DAF-16/FOXO via PI3K signaling in the 
intestine, neurons and epidermis. With DAF-16/FOXO repressed, dbl-1 Sma/Mab TGF-β 
and daf-12 steroid hormone pathways are activated to promote early larval 
development. DAF-12/NHR signaling is activated via production of its steroid ligand, 
dafachronic acid (ligand-bound DAF-12 is indicated by a red "L" in superscript). During 
starvation insulin/IGF signaling is dramatically reduced, allowing DAF-16/FOXO to 
enter the nucleus where it directly or indirectly represses dbl-1 Sma/Mab TGF-β and daf-
12 steroid hormone signaling. Inhibition of these pathways promotes developmental 
arrest cell-nonautonomously. In the absence of dafachronic acid, DAF-12/NHR along 
with its co-repressor DIN-1/SHARP antagonizes development (ligand-free DAF-12 is 
indicated by a red "O" in superscript). Notably, repression of primordial germ cell 
division involves insulin/IGF and PI3K signaling but does not depend on daf-16/FOXO. 
These downstream signaling pathways do not affect starvation survival, indicating that 
DAF-16/FOXO acts through different target genes to promote starvation resistance. 
Colored boxes reflect anatomical sites of action, with color corresponding to levels in the 
signaling network as opposed to sites. 
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Our results suggest that daf-16/FOXO can function in the intestine, nervous 

system or epidermis to promote starvation survival and developmental arrest. We 

analyzed four independent transgenic lines per tissue-specific rescue construct. 

Apparent allele-specific effects confounded our ability to distinguish tissue-specific 

effects on rescue. Variation in promoter strength may also obscure tissue-specific effects. 

These technical complications limit our ability to conclude whether daf-16/FOXO activity 

in one tissue is functionally more important than another. Though we could not 

statistically distinguish the effects of rescue in intestine, nervous system or epidermis, 

we clearly found that muscle rescue had no effect on starvation survival or 

developmental arrest. Expression in the intestine, nervous system or epidermis was 

sufficient to partially rescue daf-16null, but rescue was not complete, though it was 

complete when the native daf-16 promoter was used. We considered that additive effects 

of multiple tissues might explain this finding, but we did not observe a significant 

change in penetrance when pairs of promoters were used for rescue. Our starvation 

survival assay may have lacked sufficient dynamic range to observe this. Alternatively, 

and particularly with respect to developmental arrest, different components of a single 

pathway may be regulated by DAF-16/FOXO in different tissues such that regulation in 

any single tissue is sufficient to disrupt the pathway. Consistent with this interpretation, 

dbl-1/TGF-β is expressed in neurons while its receptor and downstream SMADs are 

expressed broadly (Krishna et al., 1999; Liang et al., 2003; Patterson et al., 1997; Suzuki et 
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al., 1999; Yoshida et al., 2001). Likewise, daf-36 is expressed in the intestine, daf-9/CYP450 

is expressed in the epidermis and XXX cells, and daf-12/NHR is expressed broadly 

(Antebi et al., 2000; Gerisch et al., 2001; Rottiers et al., 2006; Snow and Larsen, 2000). We 

speculate that DAF-16/FOXO functions in several of these tissues to inhibit these genes 

directly or indirectly. 

Anatomical sites of action for the insulin/IGF signaling pathway have been 

characterized for regulation of dauer formation, aging, reproductive aging, 

developmental arrest and starvation survival. These analyses have produced largely 

overlapping results, implicating primarily the intestine, nervous system and epidermis. 

Rescue of daf-2/InsR or age-1/PI3K suggested the nervous system as a key site of action in 

regulation of aging, but rescue of daf-16/FOXO in a daf-2/InsR mutant background 

suggested the intestine (Libina et al., 2003; Wolkow et al., 2000). However, because daf-2 

and age-1 antagonize daf-16, these two experimental designs should not be expected to 

produce the same results. Nonetheless, both studies actually found some effect in each 

site. In addition, a subsequent study found that epidermal rescue of daf-16/FOXO in a 

daf-2/InsR mutant background can also rescue lifespan (Zhang et al., 2013). Curiously, 

daf-16/FOXO expression in the intestine was originally found not to affect dauer 

formation while neural expression did (Libina et al., 2003), but more recently it was 

reported that daf-16/FOXO expression in the intestine determines dauer formation 

without contribution from neurons (Hung et al., 2014). It is unclear why there are such 
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discrepancies among these results, though specific experimental conditions, promoters, 

and in some cases limited numbers of transgenic alleles could contribute. Muscle 

expression of daf-16/FOXO was not found to affect lifespan or dauer formation in any of 

these studies, but it does affect reproductive aging (Luo et al., 2010). Overlapping but 

discordant results are also evident with respect to regulation of developmental arrest. 

For example, the daf-16/FOXO target mir-235, which robustly phenocopies daf-16null, was 

found to function in the epidermis and nervous system to promote developmental arrest 

in starved L1 larvae (Kasuga et al., 2013). In contrast, transgenic rescue of daf-18/PTEN, 

which is thought to act through daf-16/FOXO for arrest of somatic cells, highlighted the 

epidermis as the primary site of action but also showed that it can function cell-

autonomously as well (Fukuyama et al., 2015). Likewise, rescue of daf-16/FOXO in the 

context of starvation-induced post-dauer arrest also implicated the epidermis (Schindler 

et al., 2014). Though we found the epidermis to be an important site of daf-16/FOXO 

action in regulation of L1 arrest, our results also suggest that the nervous system and 

intestine are important. 

Neurons and intestine also appear to be important sites of action upstream of daf-

2/InsR and daf-16/FOXO. That is, the insulin-like peptides ins-4, ins-6, and daf-28 have 

been shown to be regulators of L1 arrest and dauer formation with expression in 

chemosensory and motor neurons as well as intestine (Chen and Baugh, 2014; Hung et 

al., 2014). As the organismal signaling network mediating nutritional control of dauer 
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formation, aging, and developmental arrest is characterized it is increasingly clear that it 

is complex, being distributed over several different tissues and likely involving feedback 

and crosstalk at a variety of levels. 

Our results reveal that dbl-1/TGF-β and daf-12/NHR signaling pathways are each 

required for the daf-16null arrest-defective phenotype. However, the dbl-1/TGF-β and daf-

12/NHR signaling pathways do not affect starvation survival, uncoupling control of 

development and starvation resistance, as seen with mir-235 (Kasuga et al., 2013). This 

finding is also consistent with previous work showing no effect of daf-12/NHR on 

starvation survival (Lee and Ashrafi, 2008). Such uncoupling suggests that daf-16/FOXO 

acts through different target genes to promote starvation resistance and developmental 

arrest, and that daf-16/FOXO mutants do not die rapidly during starvation as a result of 

inappropriate development.  

It has been suggested that DAF-16 functions as a transcriptional activator (Riedel 

et al., 2013; Schuster et al., 2010; Tepper et al., 2013), implying that repression of dbl-

1/TGF-β and daf-12/NHR signaling is indirect. Our mRNA-seq analysis presumably 

captures direct and indirect effects, but it identified 2.4 times more genes with decreased 

expression in daf-16null than with increased expression, consistent with daf-16/FOXO 

having more effect as an activator than a repressor. However, DAF-16/FOXO directly 

binds the promoter of daf-12/NHR as well as components of the dbl-1/TGF-β pathway, 

including the SMADs sma-2 and sma-3 and sma-9/co-SMAD, based on DamID analysis in 
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adults (Schuster et al., 2010). Likewise, modENCODE data for DAF-16 ChIP-seq in L3-

stage larvae suggests direct binding to daf-12/NHR and the upstream cytochrome P450 

daf-9 as well as the TGF-β Sma/Mab receptor subunits sma-6 and daf-4, and sma-2 and 

sma-3 (Niu et al., 2011; Tepper et al., 2013). In Drosophila, dFOXO directly binds the 

promoter of the TGF-β ligand dawdle and the daf-12/NHR homolog dHR96 (Alic et al., 

2011; Bai et al., 2013). These observations suggest that daf-16/FOXO regulation could 

actually be direct. daf-16/FOXO activates the microRNA mir-235 during L1 arrest 

(Kasuga et al., 2013), which could function as an intermediate if regulation is indirect. 

However, mir-235 is not expressed in and does not function in the intestine, a site of daf-

16/FOXO action based on our results. DAF-16/FOXO antagonizes the transcription factor 

PQM-1, which promotes expression of genes up-regulated in daf-16/FOXO mutants 

(Tepper et al., 2013), suggesting it too could function as an intermediate. Consistent with 

this possibility, we found significant enrichment of the PQM-1 binding site motif (DAE) 

among genes up- and down-regulated in daf-16null, suggesting PQM-1 contributes to 

gene regulation during L1 arrest. In addition, insulin/IGF signaling and the Rag-TORC1 

pathway crosstalk in regulation of L1 arrest (Fukuyama et al., 2015), providing an 

additional possibility for indirect effects. It is also important to note that the changes in 

expression observed for daf-36, daf-12, and dbl-1 in daf-16null were relatively small, 

suggesting that post-transcriptional mechanisms could also contribute to regulation.    

FOXO regulates TGF-β and NHR signaling in other contexts. daf-16/FOXO 
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functions upstream of daf-36/oxygenase, daf-9/CYP450, and daf-12/NHR in dauer 

formation (Fielenbach and Antebi, 2008; Riddle et al., 1981). daf-9 also functions 

downstream of daf-16/FOXO in progression through post-dauer developmental 

checkpoints, though daf-12/NHR was not implicated (Schindler et al., 2014). In addition, 

dbl-1/TGF-β and insulin/IGF signaling both participate in pathogen-associated olfactory 

learning (Chen et al., 2013; Zhang and Zhang, 2012). Regulation of TGF-β signaling by 

insulin/IGF signaling has not been reported in C. elegans or mammals, but dFOXO 

represses the TGF-β ligand dawdle in Drosophila, affecting lifespan (Bai et al., 2013). 

These observations suggest that FOXO regulation of TGF-β and steroid hormone 

signaling pathways is broadly significant and conserved among metazoa. 

4.4 Materials and Methods 

4.4.1 C. elegans growth conditions and strains 

Strains were maintained on agar plates containing standard nematode growth 

media (NGM) seeded with E. coli OP50 at 20°C. Strains containing the alleles daf-

12(rh273) and daf-12(rh274) were maintained at 15°C. The wild-type strain N2 (Bristol) 

and the following mutants and transgenes were used: daf-2(e979), daf-2(e1370), daf-

16(mgDf47), daf-16(mgDf50), daf-16(mu86), ins-4 ins-5 ins-6(hpDf761), daf-28(tm2308), daf-

36(k114), daf-9(m540), daf-9(dh6), daf-12(m20), daf-12(rh273), daf-12(rh274), daf-

12(rh61rh411), din-1(dh127), dbl-1(wk70), sma-9(wk55), ayIs7[Phlh-8::GFP], syIs78[Pajm-

1::AJM-1::GFP], wdIs3[Pdel-1::GFP], qyEx264[Pmyo-3::GFP::DAF-16], qyIs288[Pdaf-
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16::GFP::DAF-16], qyIs290[Pcol-12::GFP::DAF-16], qyIs292[Pges-1::GFP::DAF-16], 

qyIs294[Punc-119::GFP::DAF-16], dukEx88-90[Phlh-8::GFP +unc-119(+) + Pcol-12::DAF-

16::GFP], dukEx91,92,103[Phlh-8::GFP +unc-119(+) + Pges-1::DAF-16::GFP], dukEx93-

95[Phlh-8::GFP +unc-119(+) + Pcol-12::DAF-16::GFP + Pges-1::DAF-16::GFP], dukEx96-

98[Phlh-8::GFP +unc-119(+) + Punc-119::DAF-16::GFP + Pges-1::DAF-16::GFP], 

dukEx99[Phlh-8::GFP +unc-119(+)],dukEx100-102[Phlh-8::GFP +unc-119(+) + Pcol-12::DAF-

16::GFP + Punc-119::DAF-16::GFP], dukEx104-106[Phlh-8::GFP +unc-119(+) + Punc-

119::DAF-16::GFP], dukEx107-109[Phlh-8::GFP +unc-119(+) + Pdaf-16::DAF-16::GFP], and 

dukEx110-112[Phlh-8::GFP +unc-119(+) + Pmyo-3::DAF-16::GFP].  Standard genetic 

techniques were used to create different combinations of alleles.  

4.4.2 Hypochlorite treatment and L1 arrest assays 

Mixed-stage cultures on 10 cm NGM plates were washed from the plates using S-

basal and centrifuged. A hypochlorite solution (7:2:1 ddH2O, sodium hypochlorite 

(Sigma), 5 M KOH) was added to dissolve the animals. Worms were centrifuged after 

1.5-2 minutes in the hypochlorite solution and fresh solution was added. Total time in 

the hypochlorite solution was 8-10 minutes. Embryos were washed three times in S-

basal buffer (including 0.1% ethanol and 5 ng/µL cholesterol) before final suspension in 

5 mL S-basal at a density of 1.5 worms/µL. Embryos were cultured in a 16 mm glass tube 

on a tissue culture roller drum at approximately 25 rpm and 21-22°C.  
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For the M cell division and VB motor neuron differentiation assays during 

starvation, the larvae were starved for 7 days before 200 larvae per replicate were 

examined on a slide on a compound fluorescent microscope. For the dafadine and 

dafachronic acid experiments, 25 µM DMSO, 25 µM dafadine, or 50 nM Δ7-dafachronic 

acid was added to the final suspension in S-basal. For maternal exposure to dafachronic 

acid, 50 nM Δ7-dafachronic acid was added to the NGM plates on which the worms were 

grown prior to hypochlorite treatment. For the seam cell division assay during 

starvation, the larvae were starved for 3 days and the V1-6 cells on one side of the 

animal were scored for 60-70 larvae per replicate. 

4.4.3 mRNA-seq and associated analysis  

The data for wild type (N2) was published previously (GEO accession number 

GSE33023; "0 hr recovery") (Maxwell et al., 2012), and daf-16null data are first reported 

here. Two biological replicates were performed. Worms were cultured, RNA was 

prepared and sequencing and analysis were done as described (Maxwell et al., 2012). 

The only exceptions to this pertain to the software used to count reads aligning to genes. 

Briefly, liquid culture was used and total RNA was prepared with TRIzol (Invitrogen). 

Strain GR1307 [daf-16(mgDf50)] was used. mRNA was isolated by polyA-selection. 

Sequencing libraries were prepared using the Solid Total RNA-seq Kit using the Whole 

Transcriptome Protocol (Applied Biosystems). Twelve PCR cycles were used to amplify 

the libraries. Fifty base pair single-end reads were sequenced on the Solid 4 system 
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according to the manufacturer's protocols in the Genome Sequencing Shared Resource at 

Duke University. Sequencing reads were mapped using Bowtie v0.12.7 allowing two 

mismatches and requiring unique alignments (Langmead et al., 2009) and genome 

coordinates for WS210. The script htseq-count (Anders et al., 2015) was used to count 

reads mapping to genes defined using WS220 annotation that had been mapped to 

WS210 coordinates. Reads were counted using the options “-m union –s yes”. DESeq 

v1.20.0 was used to analyze differential gene expression (Anders and Huber, 2010). 

Cufflinks v2.1.1 was used to determine fragments per kilobase per million (FPKM; 

(Trapnell et al., 2010)). GO term enrichments were identified using GOrilla (Eden et al., 

2009). Enrichments were plotted in semantic space using REVIGO (Supek et al., 2011). 

See supplemental data in (Kaplan et al., 2015) for specific parameters used with GOrilla 

and REVIGO. GEO accession number for the daf-16null dataset is GSE69329. 

4.4.4 Motif Enrichment Analysis 

Enrichment for DBE (DAF-16) and DAE (PQM-1) (Tepper et al., 2013), SMAD 

DBD-1/DBD-2 (SMA-9) (Dai et al., 2000) and M-2 (DAF-12) (Hochbaum et al., 2011) 

motifs were calculated using the AME application of the MEME software package 

(McLeay and Bailey, 2010).  The primary sequences scanned were the 700 bp upstream 

of the most upstream translation start sites of the Up and Down genes (Fig 2B) from 

version WS220 of the C. elegans genome.  The background control promoter sequences 

(N=2350) was comprised of all genes well detected in the mRNA data (expression in 
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both WT and DAF-16 being in the top 75% percentile) and a having a strong lack of 

evidence of differential expression between wild-type and the DAF-16 mutant (adjusted 

p-value > 0.9).  For each motif the background model was set to uniform, and the 

remaining AME parameters were default. 

4.4.5 Nanostring nCounter mRNA expression analysis 

NanoString expression analysis was conducted as described with the following 

exceptions (Chen and Baugh, 2014). All five strains were cultured at 15°C since daf-2 

mutants are temperature sensitive. Worms were cultured in liquid at 180 rpm and 4-5 

worms/µL with 40 mg/ml HB101 as food. N2, daf-16(mgDf47), and daf-16(mgDf47); daf-

2(e1370) were bleached after 5 d culture as young gravid adults. daf-2(e1370) and daf-

2(e979) were bleached at 6 d and 7 d, respectively, as young gravid adults. For each 

strain, embryos were divided into three flasks of S-basal at 5 worms/µL and cultured at 

15°C, 20°C or 25°C at 180 rpm. Arrested L1 larvae were collected 24 hr after bleaching 

for 20°C and 25°C, and after 48 hr for 15°C. Larvae were washed, pelleted and flash 

frozen. Two or three biological replicates were included for each strain. Total RNA was 

prepared with TRIzol, and 3 µg was used for each hybridization. Data were first 

normalized by spike-in controls and then normalized by three internal control genes 

included as targets in the codeset (grld-1, rnf-5 and T16G12.6). Internal controls were 

identified from genome-wide time-series analysis of fed and starved L1 larvae by virtue 
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of moderate expression levels and invariant expression over time and between 

conditions (Baugh et al., 2009; Maxwell et al., 2012).  

4.4.6 qRT-PCR and analysis 

RNA was collected from N2 and daf-16(mgDf50) after 1 day of starvation in S-

basal. cDNA was synthesized from 1 µg of total RNA using oligonucleotide (dT) 

primers and SuperScript III Reverse Transcriptase (Thermo Fisher). qPCR was 

performed with Brilliant II QPCR Master Mix (Agilent) according to manufacturer’s 

protocol. The genes T16G12.6, rnf-5, and grld-1 were used as internal controls (also used 

as internal controls for NanoString analysis). Primers were PrimeTime qPCR primers 

from IDT as follows (in the order of forward, probe, reverse): daf-36, 

ATCACAGACTCATATTGCCCG, TGTCACGTACTACCCGTCCTCCAA, 

ACACATTTTCCAGTTTCTGCAC; T16G12.6, CACCACAGACACAAGAACACTA, 

AACCATACGGGACATCAGCCCTTG, CGGCCAAATTGAAGCGAATC; rnf-5, 

AACCACCACCGCAATCAT, ATGCACATTTGGTCCGCCGC, 

TCAACGGGAACAGACCATTC; grld-1, AAGCTGCAGGCGTTGTAA, 

TGGGAAGATGTAGAGAATGCCGCC, AAGAGCTCCGAGCAAGAATG. Three 

technical replicates were performed for each of three biological replicates. Standard 

curves were analyzed to determine reaction efficiency. daf-36 was normalized based on 

the internal controls and reaction efficiencies to calculate a fold-change between N2 and 

daf-16 null. An unpaired t-test was performed to determine significance.  
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4.4.7 Development assays 

Following hypochlorite treatment, cultures were synchronized by overnight 

passage in L1 arrest at a density of 1.5 worms/µL in 5 mL S-basal. For recovery and 

development, 2,000 arrested L1 larvae were plated per NGM OP50 plate and placed at 

20°C for 6 hours (AJM-1 marker assay), 12 hours (M cell marker assay), or 18 hours 

(molting progression assay). Larvae were then washed off the plate with S-basal, 

centrifuged, and mounted on an agarose pad. A compound fluorescent microscope was 

used to score cell divisions or cuticle structure in 200 worms (M cell assay) or 75 worms 

(seam cell and molting progression assays) per replicate.  

For maternal exposure to dafachronic acid, 50 nM Δ7-dafachronic acid was added 

to the NGM plates on which the worms were grown prior to hypochlorite treatment. For 

larval exposure to dafachronic acid, 50 nM Δ7-dafachronic acid was added to the final 

suspension in S-basal and/or to the NGM plates on which the larvae were recovered. 

4.4.8 Starvation survival 

Animals were treated in hypochlorite solution and suspended in S-basal as 

described above. 100 µL aliquots were sampled on different days and placed around the 

edge of an OP50 lawn on NGM plates. Number of plated worms (Tp) was counted and 

the plates were incubated at 20°C. After two days the number of animals that survived 

(Ts) was counted. Survival was calculated as Ts/Tp. 
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The daf-16 tissue-specific starvation survival experiments were done with an 

alternative protocol. Instead of S-basal, virgin S-basal (no ethanol or cholesterol) was 

used for both hypochlorite treatment and final suspension. Worms were suspended at 1 

worm/µL. For the integrated strains, 100 µL aliquots were sampled every two days and 

spontaneous movement in liquid was used to score survival. For the strains with an 

extrachromosomal array, the culture was centrifuged after seven days and the pelleted 

worms were placed on NGM plates. Worms expressing GFP were then scored as alive or 

dead based on spontaneous movement.  

4.4.9 Data analysis and statistics 

Data were handled in R and Excel. Graphs were plotted in the R package ggplot2 

or Excel. Statistical tests were performed in R or Excel. Starvation survival analysis was 

performed on 50% survival times (thalf), which were obtained by fitting survival data for 

each trial with the function 

 

𝑆 = 100 −
100

1 + 𝑒( )/  
 

 

which we have modified slightly from (Artyukhin et al., 2013). Goodness of fit is 

reported as R2 in Table 6 and Table 8. 
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5. Conclusions 

5.1 Perception of environmental polypeptides in the nematode C. 
elegans activates insulin/IGF signaling and alters lipid metabolism 

The effects of food perception versus ingestion on physiology have not been well 

characterized. In this work we begin to explore this question in the context of various 

developmental states in C. elegans. We found that perception of food is not sufficient to 

initiate development from the arrested L1 larval state, but it is sufficient to drive 

development from dauer arrest. What causes the difference in these two responses? One 

important difference to note is that since the dauer has a buccal plug blocking ingestion, 

in order to begin feeding it must initiate dauer exit and lose the buccal plug. Therefore, it 

makes sense that a dauer would initiate dauer exit in response to external food cues 

without requiring ingestion. The next question then becomes why does a significant 

portion of the dauers that initiate dauer exit in our experiment proceed to adulthood 

rather than enter L4 arrest? Larvae that are removed from food during the L3 stage 

arrest as L4 larvae (Schindler et al., 2014), and dauer is an alternate L3 form. 

Additionally, we looked at L4 larvae exposed to food without ingestion and found that a 

significant proportion were able to become fertile adults (Figure 13). Previous work 

showed that L4 larvae completely removed from food arrested as young adults without 

producing progeny (Schindler et al., 2014). This result was discrepant with other 

research showing that starved L4s arrest as adults with arrested germline growth and 
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one or more embryos in utero, termed Adult Reproductive Diapause (ARD) (Angelo and 

Van Gilst, 2009; Seidel and Kimble, 2011). Timing of the food removal is important, with 

earlier food removal causing more severe delays (Seidel and Kimble, 2011). Even with 

the earliest removal from food during the L4 stage, over 50% of the L4 larvae had begun 

oogenesis or contained embryos four days after food removal (Seidel and Kimble, 2011), 

while Schindler et al found that almost 100% of the L4 larvae were arrested as young 

adults prior to oogenesis four days after food removal. What can explain this 

discrepancy? After examination of the methods used in these studies I found that while 

both groups used washing to remove bacterial food, Schindler et al placed the L4 larvae 

in liquid culture following the wash but Seidel and Kimble returned the worms to 

plates. I hypothesize that the plates provide either some minimal nutrition or the 

perception of nutrients that allows the worms on the plates to advance further in 

reproductive development. My experiments with L4 larvae and food perception were 

conducted in liquid culture. Therefore, it is more appropriate to compare my result of 

food perception where L4 larvae become adults with embryos with the Schindler et al 

result where L4 starvation causes adults to arrest before oogenesis.  

It appears that in the cases of dauer recovery and starved L4 larvae that food 

perception can bypass arrest. I hypothesize that the critical differences between these 

two situations compared with L1 arrested larvae are the amount of nutrient stores in the 

animal and the closeness to a reproductive state. As part of their preparation to survive 
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without food for months, dauer larvae build up increased fat stores (Cassada and 

Russell, 1975). With their increased fat stores, at least some of the dauers induced to 

resume development by perception of food can reach reproduction even without 

ingesting additional food (Figure 11). This result could be better quantified with an 

experiment measuring brood size. As an alternate L3 form, dauer larvae are closer to 

reaching adulthood and reproduction than L1 larvae. The starved L4 larvae were 

previously well fed and are very close to reproduction relative to L1 larvae. On the other 

hand, arrested L1s who have never eaten only have what stores they received from their 

parent and have the entirety of postembryonic development to go through before 

reaching reproduction. It seems logical that dauers and L4 larvae would be more 

optimistic than arrested L1s in responding to the potential of food by resuming or 

maintaining development, respectively.  

I have proposed that the nutrient stores present in dauer and L4 larvae are 

important for allowing them to reach adulthood and/or reproduction in response to 

perception of food. In my previous experiments the dauer larvae had only been starved 

for a few days before being exposed to food cues while the L4 larvae were not starved at 

all. Dauer larvae can survive starvation for months, slowly depleting their nutrient 

stores. To test the importance of nutrient stores in response to food cues, the 

experiments with dauer larvae could be repeated using dauer larvae that had been 

starved for varying amounts of time. If nutrient stores are required for development in 
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response to food cues, the proportion of dauer larvae reaching adulthood would 

decrease as the length of starvation as a dauer larvae increased.  

One striking result that we did not explore further was the extreme extension of 

survival of arrested L1s in LB (Figure 12). The time point of 50% survival was increased 

an impressive 4.05-fold in LB compared to virgin S-basal (no ethanol or cholesterol) (45.3 

days versus 11.2 days). Tryptone also had a strong effect with an increase of 2.11-fold 

(23.7 days versus 11.2 days). For comparison, one of the most well-known mutants that 

extends L1 starvation survival, a partial loss of function daf-2 (e1370) mutant, extends L1 

starvation survival by about 2-fold (Baugh and Sternberg, 2006; Munoz and Riddle, 

2003). As for other compounds, ethanol, n-propanol, n-butanol, trehalose, glucose, and 

maltose extend L1 starvation survival by 2 to 3-fold (Castro et al., 2012; Hibshman et al., 

2017). Admittedly, LB and tryptone contain compounds that could provide some 

minimal nutrition, so these conditions are not strictly starvation. However, we observed 

that the L1 larvae remained arrested as if starved in both LB and tryptone. We saw an 

effect of LB and tryptone on GFP::DAF-16 localization, suggesting these conditions 

activate insulin-like signaling (Figure 12). Therefore the survival extension in these 

conditions is somewhat paradoxical as increased insulin-like signaling is generally 

associated with decreased survival in starvation. The GFP::DAF-16 localization studies 

were on the relatively very short timescale of 1 hr. I hypothesize that this localization 

change is probably short-lived and longer term studies would show no or much less 
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effect on GFP::DAF-16 localization. Future studies could combine these conditions with 

mutants in the insulin-like signaling pathway to determine if there is an interaction for 

the starvation survival phenotype. It would also be interesting to see if LB or tryptone 

have an effect on the arrest-defective phenotype of daf-16 mutants during L1 arrest. 

RNA-seq and/or metabolomics could give a broader view of the effects of LB and 

tryptone in arrested L1s. 

This work shows how perception of food alone can have significant effects on an 

organism. We identified polypeptides as a food cue in C. elegans. We also found broad 

metabolic effects in response to food perception without ingestion, including effects on 

lipid metabolism that could be visualized as an accumulation of lipid droplets. Insulin-

like signaling was activated in response to perceived food cues. However, perception of 

food without ingestion was not sufficient to initiate postembryonic development.  

5.2 Insulin-like signaling displays extensive positive and negative 
feedback regulation 

The complicated regulation of insulin-like signaling is in keeping with the many 

roles it plays in C. elegans, as well as in other species. There are many aspects of this 

complicated regulation which have not been explored. Here we focused on insulin-like 

signaling during L1 arrest, when low insulin-like signaling promotes starvation survival, 

and early larval development, when activated insulin-like signaling promotes 

development. We found evidence for extensive positive and negative feedback 
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involving most of the insulin-like peptides and components of the PI3K pathway. We 

propose that the positive feedback allows for quick responses to nutrient fluctuations 

while the negative feedback allows for the promotion of homeostasis and the settling at 

a new steady-state. 

This study uses reporter gene constructs to expand its examination of the 

transcriptional regulation of daf-28 specifically to support the broader claims about 

feedback regulation in insulin-like signaling. Since daf-28 is a ligand which can act cell-

nonautonomously, it would be beneficial to also study the secretion of daf-28 to show 

further functional effects of feedback. Previous research of secretion in C. elegans has 

used a coelomocyte uptake assay (Kao et al., 2007). This assay makes use of how 

coelomocytes continuously endocytose material from the body cavity such that a 

secreted reporter construct can be concentrated within them. We attempted to perform 

this secretion assay using the same Pdaf-28::DAF-28::GFP reporter as in our feedback 

assay. However, the reporter expression was too dim to be seen in coelomocytes of L1 

larvae. There was not enough accumulation of this dim reporter to be seen in the 

coelomocytes until the worms were adults, which is the stage assayed in previous 

publications. Perhaps this problem could be overcome with a brighter reporter 

construct.  

Optimizing the design of a reporter construct can be a complicated affair with 

many factors to consider. Recent research in C. elegans embryos showed that different 
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fluorescent proteins are optimal depending on context and experimental design 

(Heppert et al., 2016). Based on this research, I would propose testing the yellow 

fluorescent protein mYPet, the green fluorescent protein mNeonGreen, and/or the red 

fluorescent proteins mKate2 or TagRFP-T. This recent study found better signal-to-noise 

ratios for genes with low expression levels using a yellow fluorescent protein. The 

dimness of our current daf-28 reporter could be due to low expression levels, so I would 

propose testing the yellow fluorescent protein mYPet first. These experiments could be 

performed using the genome editing technique CRISPR/Cas9 to edit the native locus or 

using plasmid microinjection to create multicopy arrays. While tagging the native locus 

has the advantage of being more likely to approximate the normal activity of the protein, 

having multiple copies of the transgene might better combat the problem of reporter 

dimness. If a reporter of sufficient brightness can be produced, then it opens up the 

possibility of doing secretion assays in young larvae. In the context of our feedback 

work, we could cross the reporter into various mutants of insulin-like signaling, 

analogous to Figure 21, and examine the effects on daf-28 secretion. Such a reporter 

could also be useful for secretion experiments to expand our studies on food perception 

discussed above.  
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5.3 daf-16/FOXO promotes developmental arrest cell-
nonautonomously by repressing pathways that promote larval 
development 

The genetic pathways and mechanisms of gene regulation mediating nutritional 

control of development are incompletely understood. Here we identify two signaling 

pathways that promote larval development which are repressed by daf-16/FOXO during 

starvation to arrest development when nutritional sources are absent. This study helps 

to fill the gaps in our understanding of how development is coordinated throughout an 

organism in response to nutritional status.  

The regulation of developmental arrest seen in L1 larvae during starvation is 

complex and varies between cells. In our study we focused on the M cell and seam cell 

lineages as cells whose arrest is dependent on daf-16/FOXO. We were able to identify the 

dbl-1/TGF-β and daf-12/NHR pathways as downstream of insulin-like signaling and daf-

16/FOXO in this context. However, a recent study examining the neuronal Q cell lineage 

in L1 arrest found dbl-1/TGF-β working upstream of insulin-like signaling (Zheng et al., 

2018). In an additional twist, the abnormal Q cell divisions were independent of daf-

16/FOXO and instead required daf-18/PTEN lipid phosphatase activity, similar to the 

way daf-18/PTEN but not daf-16/FOXO is required for germline quiescence during L1 

arrest (Fukuyama et al., 2006). This difference illustrates the importance of context and 

how genetic pathways and their components can vary their interactions in different 

contexts.  
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While daf-16/FOXO regulates development cell-nonautonomously, one or more 

of its downstream effectors should regulate development cell-autonomously. This area 

of inquiry could be explored in future studies. The dbl-1/TGF-β and daf-12/NHR 

pathways that were identified as downstream of daf-16/FOXO in this context would be 

ideal candidates for cell-autonomous regulation of development. Our work identified 

sma-9/SMAD as a transcription factor effector of the dbl-1/TGF-β signaling pathway 

relevant to promoting early larval development. Experiments with the M lineage and 

seam cells could be performed to determine if sma-9 is regulating development cell-

autonomously. To test for cell-autonomy we would need to express sma-9 in a cell of 

interest in an otherwise sma-9 mutant background. The transgene to express sma-9 

specifically in the M lineage using the hlh-8 promoter already exists (Foehr et al., 2006). 

This transgene could be used to rescue sma-9 in the M cell lineage of a daf-16; sma-9 

double mutant and M cell divisions could be scored during L1 arrest (as in Figure 31). If 

sma-9 functions cell-autonomously in the M cell then the transgene will reverse the 

suppression of M cell divisions caused by sma-9 loss. Additionally the sma-9 rescue 

transgene could be crossed into a sma-9 mutant background and the rate of M cell 

division during L1 development could be measured (as in Figure 33). The seam cell 

specific promoter Pscm (Terns et al., 1997) could be used to drive sma-9 specifically in the 

seam cells to perform analogous experiments testing for cell-autonomy of sma-9 in the 

seam cells.  
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As the transcription factor at the end of the daf-12/NHR steroid hormone 

signaling pathway identified in our study, daf-12 is another candidate for cell-

autonomous regulation of development. daf-12 is a large, complex genetic locus, making 

it a more difficult gene than sma-9 to express in a mutant background. However, cosmid 

micro-injection could be used to create genetic mosaics, as has been previously done to 

rescue daf-12 in other contexts (Antebi et al., 2000; Snow and Larsen, 2000). The cell-

autonomy experiments done with sma-9 could be modified to work with daf-12 cosmid 

micro-injection. The wild-type daf-12 cosmid could be co-injected with a construct 

driving mCherry expression with the M cell specific promoter hlh-8 into both daf-16; daf-

12 double mutant and daf-12(rh273) mutant backgrounds containing the GFP M cell 

marker. The resulting worms would carry an unstable extrachromosomal array whose 

presence in the M cell lineage could be determined by the presence of mCherry. The daf-

16; daf-12 double mutant line would be scored for M cell divisions during L1 arrest while 

also noting whether or not mCherry is present in the M cell. Significantly more M cell 

divisions when mCherry, and therefore daf-12 rescue, is present would suggest that daf-

12 functions cell-autonomously in the M cell. The extrachromosomal array in the daf-

12(rh273) background could be used to score the rate of M cell divisions during L1 

development. If daf-12 functions cell-autonomously, the worms with mCherry present 

would show significantly more divisions than the worms without mCherry. Either the 

rh273 or rh274 allele needs to be used for this assay as only these alleles were found to 
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slow M cell development (Figure 33). Analogous experiments could also be performed 

in the seam cells by co-injecting the daf-12 cosmid with a construct driving mCherry 

with the seam cell promoter described above into backgrounds containing seam cells 

marked with GFP. These two sets of experiments with sma-9 and daf-12 would 

determine if either pathway identified in our previous study can control development 

cell-autonomously in the M cell and/or seam cell lineages.  

If sma-9 and/or daf-12 are identified as transcription factors acting cell-

autonomously to regulate development, then further experiments could investigate 

which targets of these transcription factors control developmental events such as cell 

division and fusion. Previous research can be examined to identify promising 

candidates. I would propose cki-1, lin-4, and eff-1 as initial candidates of interest, on 

which I will elaborate below. To further expand the list of candidates, RNA-seq could be 

performed on the daf-16; daf-12 and/or daf-16; sma-9 double mutants during starvation as 

L1 larvae. This data could then be compared with our RNA-seq data from daf-16 null 

mutants during L1 starvation to isolate the genes affected by daf-12 and/or sma-9 in a daf-

16 null background.  

Expression of the cyclin-dependent kinase inhibitor cki-1 in the seam cells is 

significantly repressed in daf-16 loss of function mutants during L1 arrest (Baugh and 

Sternberg, 2006). A key function of cki-1 is to inhibit the G1/S cell cycle transition to 

control postembryonic developmental progression (Hong et al., 1998). Therefore, daf-12 
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and/or sma-9 could be repressing cki-1 in the seam cells to promote cell division. A Pcki-

1::GFP reporter (Hong et al., 1998) could be crossed into a sma-9 and/or daf-12 mutant 

background with and without a daf-16 null allele. In a wild-type background the Pcki-

1::GFP reporter is expressed in starved L1 larvae, while it is repressed in a daf-16 null 

background. If daf-12 and/or sma-9 repress cki-1 downstream of daf-16, the loss of these 

transcription factors should rescue the reporter expression in the double mutant. 

Experiments with this reporter cannot determine if the effects of transcription factors are 

direct or indirect. To investigate if the effects are direct, we could examine the ChIP-Seq 

data from the modENCODE project which has data for both daf-12 and sma-9 (Celniker 

et al., 2009). Additionally we could scan cki-1 and its promoter for the binding motif of 

daf-12 and/or sma-9. daf-12 binding motifs have been determined (Shostak et al., 2004). 

Although sma-9 binding motifs have not been studied, the vertebrate homologs are 

known to bind at the κB-binding site (Liang et al., 2007; Oukka et al., 2002). 

lin-4 is a microRNA required to repress lin-14 in order for the transition from the 

L1 to L2 larval stages to occur (Ambros and Horvitz, 1987; Lee et al., 1993; Wightman et 

al., 1993). During normal development lin-4 expression is up-regulated during the mid-

L1 stage. Therefore I hypothesize that daf-12 and/or sma-9 could be activating lin-4 to 

promote development. In a pattern opposite that of cki-1, a Plin-4::YFP reporter is not 

expressed during L1 arrest in a wild-type background, but is expressed in a daf-16 null 

background (Baugh and Sternberg, 2006). Analogous to the experiments for the cki-1 
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reporter, the lin-4 reporter could be crossed into a sma-9 and/or daf-12 mutant 

background with and without a daf-16 null allele. If daf-12 and/or sma-9 activate lin-4, the 

expression of the Plin-4::YFP reporter would be suppressed in the double mutant 

background. In addition to or in lieu of these transgene experiments, qPCR of lin-4 could 

be performed in daf-16, daf-12, and/or sma-9 single mutants and the relevant double 

mutant strains during L1 starvation. If lin-4 is activated by daf-12 and/or sma-9, we 

would see low levels of lin-4 in all mutants except for daf-16. Either of these experimental 

setups have the limitation of not assessing whether or not the regulation is direct. I 

would propose to look for evidence of direct interaction in the same manner as for cki-1 

described above.  

We have used division of the seam cells to assess development in our studies. 

During the division of these seam cells the posterior daughter remains a seam cell while 

the anterior daughter fuses to the hypodermal syncytium hyp7 (Podbilewicz and White, 

1994). This cell fusion is another important developmental event that we could examine. 

The fusagen eff-1 is necessary and sufficient for epithelial cell fusions, including the 

fusions of the seam cell descendants (Mohler et al., 2002). Since eff-1 is sufficient to drive 

cell fusions, I hypothesize that eff-1 expression is very low or absent from seam cells in 

wild-type L1 larvae during starvation. Additionally since eff-1 is necessary for cell 

fusions, I hypothesize that eff-1 expression is relatively high in seam cells in daf-16 null 

L1 larvae during starvation. A Peff-1::GFP reporter could be used to test these 
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hypotheses by examining eff-1 expression in wild type and daf-16 null mutants during 

starvation as L1 larvae. If an increase in eff-1 expression is seen in daf-16 null mutants, 

then the daf-12 and/or sma-9 mutants could be crossed into the reporter strain with daf-16 

null to see if eff-1 expression is repressed in the double mutant. Repression of eff-1 

expression in the double mutant would suggest that daf-12 and/or sma-9 normally 

promote eff-1. modENCODE data and binding motif searches could be used to assess 

whether or not the regulation is direct.  

The additional experiments I have proposed here would allow us to further 

expand our understanding of the effectors operating downstream of insulin-like 

signaling to mediate systemic effects of nutrient stress. Specifically these experiments are 

focused on the terminal effectors of daf-16/FOXO in certain cells during L1 arrest. The 

well-conserved nature of insulin-like signaling and daf-16/FOXO will likely make these 

findings broadly applicable. FOXO is a tumor suppressor, as its absence causes cells to 

divide inappropriately. Increased knowledge of the pathways it regulates and what 

effectors are involved could provide new targets for cancer therapy.  

5.4 Summary and Future Outlook 

This dissertation examines the regulation of development in response to 

nutritional status in the nematode C. elegans. We began by studying how the perception 

of nutrients affects the worm, how metabolism changes in response, and some of the 

genes involved. As a major regulator of development and a pathway strongly affected 
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by nutrition, insulin-like signaling was a common thread throughout this dissertation. 

We found a complex set of feedback interactions between the components of insulin-like 

signaling during L1 arrest and early larval development. Finally, we identified two 

pathways downstream of insulin-like signaling that mediate cell-nonautonomous effects 

of daf-16/FOXO on inappropriate cell divisions during L1 arrest.  

As all organisms require nutrition and must respond appropriately to their 

nutritional status to thrive, study of this area is broadly valuable. We used the model 

system C. elegans for our studies and found involvement of well-conserved pathways 

that can be applied to other metazoa. There is still much that is unknown about how 

organisms sense nutrients and regulate their response to the presence or absence of said 

nutrients. I expect that this topic will be an active area of inquiry for many years to 

come. 
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Appendix A – PQM-1 in C. elegans L1 larvae 

A.1 Introduction 

The transcription factor PQM-1 has been identified as a transcriptional activator 

that binds to the DAF-16-associated element (DAE) to promote development 

downstream of insulin-like signaling in C. elegans (Tepper et al., 2013). This previous 

study focused on young adult or late larval worms and did not address PQM-1 activity 

in L1 larvae or starvation conditions. Insulin-like signaling is a key regulator of L1 arrest 

(Baugh and Sternberg, 2006; Fukuyama et al., 2006). Consistent with PQM-1 acting 

downstream of insulin-like signaling, our previous work suggested that PQM-1 

contributes to gene regulation during L1 arrest (Kaplan et al., 2015). Therefore, we were 

interested in further investigating the role of PQM-1 in L1 arrest and early larval 

development. 

A.2 Results and Discussion 

A.2.1 PQM-1 is localized in the nucleus during L1 arrest and becomes 
more diffuse with early larval feeding 

Previous work examined localization of PQM-1 in young adults with 

perturbations to insulin-like signaling and in response to heat stress (Tepper et al., 2013). 

Localization of PQM-1 was compared to localization of DAF-16 and in these conditions 

the two proteins appeared to localize to opposite subcellular compartments (nucleus vs. 

cytoplasm). While DAF-16 was mostly in the nucleus during heat stress, PQM-1 was 



 

160 

mostly in the cytoplasm. We wanted to examine PQM-1 localization in larvae in 

response to starvation and early feeding. The wgIs201 allele, an integrated PQM-1::GFP 

translational fusion, was used for this assay. PQM-1::GFP localization was categorized as 

diffuse (nucleus not distinct), intermediate, or nuclear (mostly distinct nuclei). We found 

PQM-1::GFP to be mostly nuclear in starvation conditions and more diffuse in fed 

conditions (Figure 37). This result was somewhat surprising given the reported behavior 

of PQM-1 during heat stress. It appears that PQM-1 responds differently to the stress of 

starvation than the stress of heat. Also, the stage of the worm could play a role, as the 

worms exposed to heat stress were adults while the worms exposed to starvation stress 

were L1 larvae.  

 

Figure 37: PQM-1 is nuclear during starvation and becomes less nuclear with early 
larval feeding. PQM-1::GFP localization is plotted for one biological replicate. 70-125 
worms were scored per time point.  
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A key point from the previous PQM-1 study was that DAF-16 and PQM-1 were 

anticorrelated in their subcellular localization (Tepper et al., 2013). However, in the 

context of L1 arrest and early larval feeding this finding was not observed. Both DAF-16 

and PQM-1 were mostly nuclear during L1 starvation and became more cytoplasmic in 

response to feeding (Kaplan et al., 2018). Additionally the previous study claimed that 

DAF-16 and PQM-1 were mutually antagonistic. They found that DAF-16::GFP was 

more nuclear in a pqm-1 loss of function mutant. While loss of daf-16 alone did not affect 

PQM-1::GFP localization, RNAi knockdown of daf-16 in a daf-2 background significantly 

shifted PQM-1::GFP towards the nucleus. Future studies in L1 arrest and early larval 

feeding could include analogous experiments.  

A.2.2 PQM-1 promotes early larval development 

Previous work found pqm-1 mutants to be slightly delayed in their development 

to adulthood (Tepper et al., 2013). We wanted to examine pqm-1 mutants specifically in 

early larval development. Divisions of the M cell lineage were used to monitor the rate 

of L1 development in fed larvae. Two alleles of pqm-1 were used. The pqm-1(ok485) allele 

is predicted to be a null mutant. The wgIs201 PQM-1::GFP allele is a multicopy construct, 

so we predicted it to be an overexpression allele. Although 9 hours of feeding produced 

a significant reduction in M lineage divisions in a daf-36 mutant (consistent with (Kaplan 

et al., 2015)), loss of pqm-1 did not show a significant effect (Figure 38). However, after 12 

hours of feeding the pqm-1(ok485) mutant had a significant reduction in M lineage 
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divisions compared to wild type. This finding suggests that PQM-1 contributes to early 

larval development, consistent with the previous finding that pqm-1 mutants are delayed 

in reaching adulthood. Overexpression of PQM-1 did not significantly affect M lineage 

divisions at 12 hours. Presumably it is more difficult to speed up development 

artificially than to hinder it with a mutation.  

 

Figure 38: pqm-1 promotes L1 development in fed larvae. (A-B) The proportion of 
larvae with 0-4 M lineage divisions after 9 or 12 hours recovery from L1 arrest at 20°C is 
plotted. Error bars reflect SEM of three biological replicates. (A) daf-36 mutants have a 
lower average number of divisions than wild type (p < 0.05; unpaired t-test). (B) pqm-
1(ok485) mutants have fewer average divisions than wild type (p < 0.001; unpaired t-
test). 

A.2.3 PQM-1 is epistatic to DAF-16/FOXO for developmental arrest 

Wild type C. elegans larvae arrest development upon hatching in starvation 

conditions. daf-16/FOXO mutants are defective for complete L1 arrest (Baugh and 

Sternberg, 2006). We hypothesized that if daf-16 antagonizes pqm-1 and pqm-1 promotes 

development, then pqm-1 could be epistatic to daf-16 for developmental arrest. We tested 

this hypothesis by visualization of divisions in the M cell lineage in different mutant 
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backgrounds. While wild type has no divisions of the M cell during starvation, daf-16 

mutants have a significant number of divisions (Figure 39). Loss of pqm-1 significantly 

suppressed the arrest-defective phenotype of the daf-16 mutant. This finding is 

consistent with the hypothesis that daf-16 normally promotes developmental arrest by 

inhibiting genes or proteins that promote development. However, overexpression of 

PQM-1::GFP did not significantly affect the daf-16 mutant phenotype.  

 

Figure 39: pqm-1 mediates effect of daf-16 on M cell divisions during L1 arrest. The 
proportion of larvae with at least one M lineage division following seven days of 
starvation is plotted. Error bars are SEM for three biological replicates. *p < 0.05; ***p < 
0.001; unpaired t-test. 

In the RNA-seq data from (Kaplan et al., 2015), pqm-1 expression was increased 

1.65-fold (p-value = 0.018, FDR = 16%) with marginal significance in a daf-16null mutant 

compared to wild type during L1 arrest (Figure 40). These data suggest that daf-16 
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contributes to transcriptional repression of pqm-1 during L1 arrest, consistent with loss 

of pqm-1 suppressing a daf-16 mutant phenotype.  

 

Figure 40: daf-16/FOXO affects expression of pqm-1. Average transcript abundance +/- 
SEM is plotted for pqm-1 in wild type and daf-16null during L1 arrest. FPKM stands for 
fragments per kilobase per million. This data was pulled from the RNA-seq data set in 
(Kaplan et al., 2015). 

A.2.4 PQM-1 affects starvation survival  

In our previous work we showed that double mutants with daf-16 and members 

of daf-12/NHR or dbl-1/TGF-β signaling suppressed the daf-16 mutant phenotype of 

divisions during L1 arrest, but did not affect the daf-16 mutant phenotype of shortened 

starvation survival (Kaplan et al., 2015). We were curious to see if the daf-16; pqm-1 

double mutant would continue to behave similarly to these other double mutants. 

Therefore, we tested both pqm-1 alleles singly and the double mutant and compared to 

wild type and a daf-16null mutant in a L1 starvation survival assay. The daf-16; pqm-1 

double mutant was not significantly different from the daf-16 mutant alone (Figure 41), 
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similar to results with daf-12/NHR and dbl-1/TGF-β signaling. Unlike mutants in these 

pathways, both pqm-1 alleles significantly affected L1 starvation survival on their own. 

Overexpression of PQM-1 or loss of PQM-1 shortens starvation survival, suggesting 

either too much or too little activity of PQM-1 is detrimental to survival. This pattern is 

different from the effect of PQM-1 on lifespan, where overexpression shortens lifespan 

compared to wild type but PQM-1 loss alone has no effect. However, loss of PQM-1 

significantly decreases the lifespan extension of a daf-2 partial loss of function mutant 

(Tepper et al., 2013).  

 

 

Figure 41: pqm-1 affects L1 starvation survival. L1 starvation survival is plotted over 
time for three biological replicates. Wild type is significantly different from all other 
strains (p < 0.01; unpaired t-test).  
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A.3 Conclusions 

This work shows that PQM-1 is active in L1 arrest and early larval development. 

In other words, we see evidence that PQM-1 can promote stress response genes and 

development genes. This finding is consistent with previous work showing that loss of 

pqm-1 decreases expression of genes upregulated by insulin-like signaling (genes 

associated with development) and genes downregulated by insulin-like signaling (genes 

associated with stress response) (Tepper et al., 2013). Since PQM-1 is a transcription 

factor, we would expect it to require some localization to the nucleus to be active. 

Therefore, PQM-1 being localized in the nucleus during L1 starvation is consistent with 

PQM-1 affecting starvation survival as well as our previous evidence of gene regulation 

during L1 arrest (Kaplan et al., 2015). The slow M lineage divisions in pqm-1 mutants 

during feeding as well as the epistasis with daf-16 for M lineage divisions during 

starvation support the conclusion that PQM-1 can promote development. Overall, 

context appears to be important in determining which role, pro-stress response or pro-

development, PQM-1 plays.  

A.4 Materials and Methods 

A.4.1. Strains 

Worms were maintained on agar plates containing standard nematode growth 

media (NGM) seeded with E. coli OP50 at 20°C. Standard genetic techniques were used 
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to make combinations of alleles. The wild-type strain N2 (Bristol) and the following 

mutant and transgenic strains were used: 

LRB210 daf-16(mgDf50); pqm-1(ok485); ayIs7(hlh-8::GFP) 

LRB199 ayIs7(hlh-8::GFP); wgIs201[pqm-1::TY1::EGFP::3XFLAG + unc-119(+)] 

LRB208 daf-16(mgDf50); ayIs7(hlh-8::GFP); wgIs201[pqm-1::TY1::EGFP::3XFLAG + 

unc-119(+)] 

LRB205 daf-16(mgDf50); pqm-1(ok485) 

LRB204 pqm-1(ok485); ayIs7(hlh-8::GFP) 

LRB137 ayIs7[Phlh-8::GFP]; daf-36(k114) 

RB711  pqm-1(ok485) 

OP201  unc-119(tm4063); wgls201[pqm-1::TY1::EGFP::3XFLAG + unc-119(+)] 

A.4.2 Hypochlorite treatment 

Mixed-stage cultures on 10 cm NGM plates were washed from the plates using S-

basal and centrifuged. A hypochlorite solution (7:2:1 ddH2O, sodium hypochlorite 

(Sigma), 5 M KOH) was added to dissolve the animals. Worms were centrifuged after 

1.5-2 minutes in the hypochlorite solution and fresh solution was added. Total time in 

the hypochlorite solution was 7-10 minutes. Embryos were washed three times in S-

basal buffer (including 0.1% ethanol and 5 ng/µL cholesterol) before final suspension in 

5 mL or 10 mL S-basal at a density of 1.5 worms/µL. Embryos were cultured in a 16 mm 
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or 25 mm glass tube on a tissue culture roller drum at approximately 25 rpm and 21-

22°C.  

A.4.3 M cell assays 

Following hypochlorite treatment, cultures were synchronized by overnight 

passage in L1 arrest at a density of 1.5 worms/µL in 5 mL S-basal. For recovery and 

development, 2,000 arrested L1 larvae were plated per NGM OP50 plate and placed at 

20°C for 9 or 12 hours. Larvae were then washed off the plate with S-basal, centrifuged, 

and mounted on an agarose pad. A compound fluorescent microscope was used to score 

cell divisions or cuticle structure in approximately 200 worms per replicate. 

For the M cell division assay during starvation, the larvae were starved for 7 

days before approximately 200 larvae per replicate were examined on a slide on a 

compound fluorescent microscope. 

A.4.4 Starvation survival 

Cultures were set up using hypochlorite treatment as described above, with 

washes and resuspension in virgin S-basal (no ethanol or cholesterol) instead of S-basal. 

100 µL aliquots were sampled on different days and placed around the edge of an OP50 

lawn on NGM plates. Number of plated worms (Tp) was counted and the plates were 

incubated at 20°C. After two days the number of animals that survived (Ts) was counted. 

Survival was calculated as Ts/Tp. Survival curves were obtained by fitting survival data 

for each trial with the function 
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𝑆 = 100 −
100

1 + 𝑒( )/  
 

A.4.5 PQM-1::GFP localization 

The wgls201[pqm-1::TY1::EGFP::3XFLAG + unc-119(+)] reporter was analyzed in a 

unc-119(ed4) mutant background. Cultures were set up using the hypochlorite treatment 

as described above with washes and resuspension in virgin S-basal (no ethanol or 

cholesterol). Cultures were either starved or fed. For fed cultures, 24 hours after 

hypochlorite treatment approximately 1000 L1 larvae were spun down and transferred 

to a 6 cm NGM plate spotted with OP50 E. coli. The starved cultures were scored 24 

hours after hypochlorite treatment and two days after hypochlorite treatment. The fed 

cultures were scored 30 minutes, one hour, and 24 hours after placement on food. PQM-

1::GFP localization was categorized as diffuse (nucleus not distinct), intermediate, or 

nuclear (mostly distinct nuclei). This categorization was different from that used in 

Chapter 2 for GFP::DAF-16. The cytoplasmic category, which required an absence of 

expression in the nucleus, was not included. 70 to 125 larvae per time point were 

examined on a Noble agar slide on a compound fluorescent microscope.  
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Appendix B – Screen for L1 arrest-defective mutants 

B.1 Introduction 

The developmental arrest of wild type C. elegans L1 larvae in starvation is well 

known. Understanding the pathways that regulate this developmental arrest can help 

reveal how nutritional status regulates development. Previous work has found that 

mutations in a variety of genes, including daf-16, daf-18, mir-235, aak-2, and cki-1, have 

arrest-defective phenotypes (Baugh, 2013). A traditional method of finding genes 

involved in a phenotype is to perform a forward genetic mutagenesis screen. Here we 

use EMS mutagenesis to look for mutants that cause a defect in L1 arrest, specifically in 

divisions of the M lineage.  

B.2 Results 

EMS mutagenesis was performed on worms containing the Phlh-8::GFP marker, 

which allows for visualization of the M cell lineage. The F2 progeny from this 

mutagenesis (the first generation that would have homozygous mutations) were 

hatched in liquid culture and tested for failure of L1 arrest as seen by division of the M 

cell. Any worms with a divided M cell were picked to a recovery plate. Unfortunately, 

most of the worms that were picked died as larvae or were sterile. Any viable lines were 

then tested for heritability of the phenotype by testing their progeny for inappropriate M 

cell divisions during L1 arrest. Five biological replicates of the EMS screen were 
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performed. Approximately 56,000 F1 worms were screened in total and only 4 viable 

lines were produced. None of these viable lines showed heritability of the phenotype. 

Results of the screen are summarized in Table 9.  

Table 9: Summary of EMS screen for L1 arrest defect mutants. Number of worms 
picked refers to worms that were identified as having more than 1 M cell and picked for 
attempted recovery. Number of viable lines refers to how many of those worms 
recovered and produced progeny. Number of heritable lines is how many of those 
worms produced progeny that also displayed more than 1 M cell during starvation in 
subsequent testing.  

Experiment 
number 

Number of F1 
worms screened 

Number of 
worms picked 

Number of 
viable lines 

Number of 
heritable lines 

RKE157 15,000 13 0 0 
RKE158 12,000 11 2 0 
RKE160 9,000 6 1 0 
RKE162 10,000 10 0 0 
RKE165 10,000 7 1 0 
Summary 56,000 47 4 0 

B.3 Conclusions 

We were unable to produce a viable mutant that showed heritability of an arrest-

defective phenotype. Recovery of larvae with a divided M cell seems to be a major 

hurdle, as only 8.5% of the picked worms were able to recover and produce viable lines. 

This finding is not necessarily unexpected, as many of the known mutants that cause an 

arrest-defective phenotype recover poorly from starvation (e.g. daf-16, daf-18, and aak-2) 

(Baugh and Sternberg, 2006; Fukuyama et al., 2006; Fukuyama et al., 2012; Munoz and 

Riddle, 2003). The lack of heritable lines is also not surprising due to the low number of 

viable lines. Many of the initial candidate mutants identified from screens result in 

spurious lines that are not heritable (Jorgensen and Mango, 2002). Additionally, even 
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wild type worms will extremely rarely have a division in the M lineage, such that when 

screening through tens of thousands of worms this rare wild type M lineage division 

could be seen and picked. This worm would then produce a viable, but not heritable, 

line. The desired mutants may also be unrecoverable due to being in essential genes.  

Overall, this screen was not successful at isolating mutations of interest. To 

address the problem of recovery, future attempts could screen for mutants at earlier 

starvation time points. Worms from earlier timepoints would be more likely to recover 

successfully. Earlier timepoints were not used in this screen because it was believed that 

penetrance of the phenotype would be higher at later timepoints. A clonal screen design 

could be another possible way to improve recovery. The heterozygous siblings of 

homozygous mutants with divisions in the M lineage would be more likely to be 

recovered successfully.  

B.4 Materials and Methods 

B.4.1 Strains 

Worms were maintained on agar plates containing standard nematode growth 

media (NGM) seeded with E. coli OP50 at 20°C. The strain PD4667 ayIs7[Phlh-8::GFP] 

was used.  

B.4.2 EMS Mutagenesis 

Plates with mostly L4 larvae were washed with S-basal media and collected in a 

15 mL conical tube. Worms were centrifuged at 3000 rpm for 1 min and then washed 
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twice with 10 mL S-basal before resuspension in 3 mL S-basal. In a chemical hood, 20 µL 

EMS was added to 1 mL S-basal in a 15 mL conical tube. The 3 mL of worms was added 

to the EMS tube. Final concentration of EMS was 50 mM. Worms were mixed well and 

the top of the tube was wrapped with parafilm before 4 hours of gentle rocking in the 

chemical hood at room temperature. Worms were centrifuged in the chemical hood for 1 

minute and washed 3 times with 3 mL S-basal. Worms were resuspended in a few drops 

of S-basal and transferred with a glass Pasteur pipette to a 6 cm OP50 seeded NGM 

plate. Worms were allowed to recover for 30 minutes to 1 hour at room temperature. 

Healthy looking late L4s or very young adults were picked to OP50 seeded NGM plates 

(2-4 worms per 6 cm plate or 8-10 worms per 10 cm plate). Typically 50-100 worms total 

were picked as P0s. These worms were allowed to recover and their progeny (F1s) were 

treated as below. 

B.4.3 Hypochlorite treatment and L1 arrest defect screen 

F1 worms from EMS treatment on 10 cm NGM plates were washed from the 

plates using S-basal. Three small aliquots were counted to estimate number of F1s before 

the worms were centrifuged. A hypochlorite solution (7:2:1 ddH2O, sodium hypochlorite 

(Sigma), 5 M KOH) was added to dissolve the animals. Worms were centrifuged after 

1.5-2 minutes in the hypochlorite solution and fresh solution was added. Total time in 

the hypochlorite solution was 7-10 minutes. Embryos were washed three times in S-

basal buffer (including 0.1% ethanol and 5 ng/µL cholesterol) before final suspension in 
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5 mL or 10 mL S-basal at a density of 1.5 worms/µL. Embryos were cultured in a 16 mm 

or 25 mm glass tube on a tissue culture roller drum at approximately 25 rpm and 21-

22°C.  

Between Day 5 and Day 8 following hypochlorite treatment, aliquots of worms 

were transferred to 15 mL conical tubes and centrifuged at 3000 rpm for 1 minute. Most 

of the supernatant was removed and the larvae were pipetted onto 10 cm NGM plates 

without any bacterial food present. The larvae were inspected under a dissection scope 

with a fluorescence filter for evidence of a divided M cell. Alive larvae with a divided M 

cell were then picked singly to 6 cm NGM plates with OP50 E. coli food to attempt 

recovery at 20°C. Any worms that recovered and produced progeny were then tested for 

heritability of a divided M cell during starvation. Hypochlorite treatment was 

performed as above and the larvae were starved for 7 days before 200 larvae were 

examined on a slide on a compound fluorescent microscope. 
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Appendix C – EMS and candidate screen for perception 

mutants 

C.1 Introduction 

L1 larvae that perceive food without ingestion are unable to recover following 24 

hours of this exposure (Kaplan et al., 2018). While insulin-like signaling was found to be 

involved, it alone could not explain the irreversible arrest. This phenotype has two 

characteristics that make it appealing in a screen for suppression mutants: it is nearly 

completely penetrant and suppression mutants should grow into reproductive animals 

while nonmutants should remain larvae, allowing for easy selection. We decided to 

perform a traditional EMS forward genetic screen in the quadruple mutant transgenic 

background used in our previous work. Additionally, we tested candidate mutants in 

pathways whose involvement seemed plausible.  

C.2 Results 

C.2.1 EMS screen 

EMS mutagenesis was performed on the quadruple mutant transgenic line avr-

14(vu47); glc-3(ok321) avr-15(vu227) glc-1(pk54); dukIs10[Pmyo-2::avr-15, Pmyo-2::mCherry, 

Phlh-8::GFP]. The quadruple mutant background is highly ivermectin resistant, while 

Pmyo-2::avr-15 sensitizes the pharynx to ivermectin (Dent et al., 2000; Kaplan et al., 2018). 

The Phlh-8::GFP marker allows for visualization of the M cell lineage to track 
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development. The F2 progeny from this mutagenesis (the first generation that would 

have homozygous mutations) were hatched in liquid culture with ivermectin and HB101 

was added 24 hours later. After one to three days of exposure to ivermectin and HB101 

the worms were tested for an ability to recover. Any viable lines were then tested for 

heritability of the phenotype by testing their progeny for an ability to recover from the 

same conditions.  

Four biological replicates of the EMS screen were performed. Approximately 

26,100 F1 worms were screened in total and 138 viable lines were produced. An initial 

testing of the viable lines found 54 heritable lines that were frozen as potential mutant 

lines. However, further examination of the lines started to expose problems. We 

expected the quadruple mutant background and high copy number rescue of avr-15 in 

the pharynx to prevent the issue of ivermectin resistant mutants resulting from the 

screen. However, we found that many of the identified heritable lines were actually 

growing during the exposure to ivermectin and HB101. Therefore these lines appear to 

be ivermectin resistant mutants, not mutants in perception that we were attempting to 

retrieve. The remaining heritable lines failed to recover upon a second testing. Results of 

the EMS screen are summarized in Table 10. 

Table 10: Summary of EMS screen for perception mutants. Number of worms picked 
refers to worms that were identified as recovering from exposure to ivermectin and 
HB101. Number of viable lines refers to how many of those worms recovered and 
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produced progeny. Number of heritable lines is how many of those worms produced 
progeny that also displayed the ability to recover from exposure to ivermectin and food.  

Experiment 
number 

Number of 
F1 worms 
screened 

Number of 
worms 
picked 

Number of 
viable lines 

Number of 
heritable lines 
– 1st pass 

Number of 
heritable lines 
– 2nd pass 

RKE240 7,200 113 44 35 0 
RKE247 4,400 25 17 16 0 
RKE301 7,800 106 52 2 0 
RKE303 6,700 143 25 1 0 
Summary 26,100 387 138 54 0 

C.2.2 Candidate screen 

The pathways examined during the candidate-based screen can be split into two 

groups. The first group consists of genes and drugs that came more or less directly from 

our own previous research into perception. This group consists of the genes dyf-2, daf-10, 

osm-6, che-3, osm-3, tax-4, ocr-2, daf-12, and daf-36 and the drugs dafadine, dafachronic 

acid, etomoxir, and perhexiline. The second group consists of genes and drugs that we 

arrived at through literature research. This group consists of the genes unc-31, ceh-17, 

plc-3, aak-2, and skn-1 and the drug rapamycin.  

Our previous work suggested that chemosensation was important for the 

irreversible arrest phenotype (Kaplan et al., 2018). Therefore we hypothesized that 

chemosensory mutants might suppress the phenotype. We tested several mutants that 

affect chemosensation, including: dyf-2, daf-10, osm-6, che-3, osm-3, tax-4, and ocr-2 

(Bargmann, 2006). None of these, including a double mutant of tax-4 and ocr-2, were able 

to significantly affect the irreversible arrest phenotype. We decided to test a double 

mutant of tax-4 and ocr-2 because they each encode part of two different ion channels 
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important for sensory transduction, cyclic nucleotide-gated (CNG) channels and 

transient receptor potential (TRP) channels respectively (Bargmann, 2006).   

Our previous GO term analysis and the appearance of lipid droplets in worms 

after exposure to food in the presence of ivermectin suggested that fatty acid beta 

oxidation may play a role in the irreversible arrest phenotype (Kaplan et al., 2018). 

Perhexiline and etomoxir inhibit beta oxidation of fatty acids by inhibiting carnitine 

palmitoyltransferase activity (Taylor et al., 2013; Wang et al., 2015). We tested both of 

these drugs for an effect on the irreversible arrest phenotype, but neither had a 

significant effect. 

daf-12/nuclear hormone receptor (NHR) signaling affects early larval 

development (Kaplan et al., 2015). From our previous mRNA-seq data, expression of daf-

36 was increased after 1 hour exposure to food in the presence of ivermectin (log2FC = 

2.2, FDR = 7.03E-13) (Kaplan et al., 2018). daf-36 and daf-9 are necessary for the 

production of dafachronic acid, the ligand for daf-12 (Gerisch et al., 2001; Jia et al., 2002; 

Motola et al., 2006; Rottiers et al., 2006; Wollam et al., 2011). daf-12 has also been reported 

to promote aerobic lipid metabolism (Wang et al., 2015), which would be consistent with 

the fatty acid beta oxidation GO term mentioned above. We tested null alleles for daf-36 

and daf-12, and neither had a significant effect on the irreversible arrest phenotype. 

Dafadine, a small molecule inhibitor of daf-9 (Luciani et al., 2011), also had no significant 

effect on the irreversible arrest phenotype. These mutants and dafadine all repress 
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activity of daf-12 signaling. We also tested addition of dafachronic acid, the ligand of daf-

12, to examine activation of the pathway. However, dafachronic acid addition also had 

no significant effect on the irreversible arrest phenotype.  

unc-31 is a gene which regulates dense-core vesicle release upstream of insulin-

like signaling, and loss of unc-31 significantly extends L1 starvation survival (Lee and 

Ashrafi, 2008). Due to its connection to neurosecretion, we tested unc-31 loss for an effect 

on irreversible arrest. No significant effect was found.  

In response to various stresses, C. elegans enters into a sleep-like state of 

behavioral quiescence. Various mutants, including ceh-17 and plc-3, are quiescence 

defective (Hill et al., 2014). We hypothesized that the irreversible arrest phenotype might 

be connected to this behavioral quiescence. However, ceh-17 and plc-3 mutants did not 

significantly affect the irreversible arrest phenotype.  

The target of rapamycin (TOR) pathway is well known to regulate growth in 

response to nutrients (Saxton and Sabatini, 2017). We tested rapamycin for an effect on 

the irreversible arrest phenotype, but no significant effect was seen. AMPK functions as 

a negative regulator of mTORC1 (Saxton and Sabatini, 2017). In C. elegans, aak-2 encodes 

an α-subunit of AMPK (Apfeld et al., 2004). We saw no significant effect of either loss or 

gain of function of aak-2 on the irreversible arrest phenotype.  

The transcription factor skn-1/Nrf mediates effects of dietary restriction on 

lifespan extension and progeny size in C. elegans (Bishop and Guarente, 2007; Hibshman 
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et al., 2016). The gain of function allele skn-1(lax188) decreases L1 starvation survival 

(Paek et al., 2012). This gain of function allele of skn-1 showed no significant effect on the 

irreversible arrest phenotype. 

C.3 Conclusions 

We were unable to identify any mutants or drugs, excepting α-amanitin and 

cycloheximide from our previous research, that significantly affected the irreversible 

arrest phenotype. The EMS screen appeared to identify potential ivermectin resistance 

mutants instead of mutants relating to food perception. The failure of any simple 

perturbation to suppress the irreversible arrest phenotype supports the conclusion that 

the response to food perception is complex and affects many pathways.  

C.4 Materials and Methods 

C.4.1. Strains and drugs 

Worms were maintained on agar plates containing standard nematode growth 

media (NGM) seeded with E. coli OP50 at 20°C. The mutant strain LRB269 avr-14(vu47); 

glc-3(ok321) avr-15(vu227) glc-1(pk54); dukIs10[Pmyo-2::avr-15, Pmyo-2::mCherry, Phlh-

8::GFP] was used for EMS mutagenesis. The following strains were used in the 

candidate mutant screen: 

IB16: ceh-17(np1) 

PS4886: plc-3(tm1340)/mIn1 [mIs14 dpy-10(e128)] 

SP1234: dyf-2(m160)  
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PR821: daf-10(p821)  

PR811: osm-6(p811)  

CB1124: che-3(e1124)  

PR802: osm-3(p802)  

CB169: unc-31(e169)  

PR678: tax-4(p678)   

CX4544: ocr-2(ak47)   

LRB347: tax-4(p678); ocr-2(ak47)   

SPC168: dvIs19 [Pgst-4::GFP::NLS]; skn-1(lax188) 

LRB250: ayIs7[Phlh-8::GFP]; daf-12(rh61rh411) 

LRB137: ayIs7[Phlh-8::GFP]; daf-36(k114) 

AGD467: uthEx490 [aak-2 (intron 1)::aak-2(aa1-aa321 T172D)::GFP + crtc-1p::crtc-

1::tdTomato + rol-6(su1006)] 

RB754: aak-2(ok524) 

The following drugs were tested as part of the candidate screen: perhexiline 

(Sigma), dafachronic acid (AdipoGen), dafadine (Sigma), etomoxir (Sigma), and 

rapamycin (LC Laboratories). The drugs were tested on strain LRB269. Perhexiline was 

dosed at 100 µM from a 10 mM stock in DMSO. Dafachronic acid was dosed at 50 nM 

and 500 nM from a 50 µM stock in DMSO. Dafadine was dosed at 25 µM from a 37.5 

mM stock in DMSO. Etomoxir was dosed at 100 µM from a 10 mM stock in water. 
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Rapamycin was dosed at 20 µM from a 50 mM stock in DMSO. Drugs were added to the 

culture tubes 1-2 hours before HB101 addition.  

C.4.2 EMS Mutagenesis 

Plates with mostly L4 larvae were washed with S-basal media and collected in a 

15 mL conical tube. Worms were centrifuged at 3000 rpm for 1 min and then washed 

twice with 10 mL S-basal before resuspension in 3 mL S-basal. In a chemical hood, 20 µL 

EMS was added to 1 mL S-basal in a 15 mL conical tube. The 3 mL of worms was added 

to the EMS tube. Final concentration of EMS was 50 mM. Worms were mixed well and 

the top of the tube was wrapped with parafilm before 4 hours of gentle rocking in the 

chemical hood at room temperature. Worms were centrifuged in the chemical hood for 1 

minute and washed 3 times with 3 mL S-basal. Worms were resuspended in a few drops 

of S-basal and transferred with a glass Pasteur pipette to a 6 cm OP50 seeded NGM 

plate. Worms were allowed to recover for 30 minutes to 1 hour at room temperature. 

Healthy looking late L4s or very young adults were picked to OP50 seeded NGM plates 

(2-4 worms per 6 cm plate or 8-10 worms per 10 cm plate). Typically 50-100 worms total 

were picked as P0s. These worms were allowed to recover and their progeny (F1s) were 

treated as below. 

C.4.3 Hypochlorite treatment and screen for perception mutants 

F1 worms from EMS treatment on 10 cm NGM plates were washed from the 

plates using S-basal. Three small aliquots were counted to estimate number of F1s before 
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the worms were centrifuged. A hypochlorite solution (7:2:1 ddH2O, sodium hypochlorite 

(Sigma), 5 M KOH) was added to dissolve the animals. Worms were centrifuged after 

1.5-2 minutes in the hypochlorite solution and fresh solution was added. Total time in 

the hypochlorite solution was 7-10 minutes. Embryos were washed three times in virgin 

S-basal buffer (no ethanol or cholesterol) before final suspension in 5 mL or 10 mL virgin 

S-basal at a density of 1 worm/µL. Ivermectin was added at 20 ng/mL. Embryos were 

cultured in a 16 mm or 25 mm glass tube on a tissue culture roller drum at 

approximately 25 rpm and 21-22°C. 24 hr after hypochlorite treatment, HB101 was 

added at 25 mg/mL along with ivermectin to maintain concentration. Aliquots were 

sampled at timepoints varying from 1 to 3 days after bacteria addition. These aliquots 

were spun down at 3000 rpm and worm pellets were plated on HB101 spotted NGM 

plates. The plates were incubated at 20°C. Plates were examined 1 to 4 days after plating 

and L3 or older worms were picked singly to 6 cm OP50 spotted NGM plates. Any lines 

that produced progeny were categorized as viable lines.  

Viable lines from the EMS screen and mutants from the candidate screen were 

treated in hypochlorite solution and suspended in virgin S-basal with DMSO or 

ivermectin as described above. Some candidate mutants showed resistance to ivermectin 

and required higher ivermectin doses to prevent feeding. The following mutants were 

dosed at 50 ng/mL ivermectin: dyf-2, daf-10, osm-6, che-3, tax-4, and ocr-2. The following 

mutant was dosed at 75 ng/mL ivermectin: osm-3. All other mutants were dosed at 10 
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ng/mL ivermectin. 24 hr after hypochlorite treatment, HB101 was added at 25 mg/mL 

100 µL aliquots were sampled 24 hr after HB101 addition and placed around the edge of 

a HB101 lawn on NGM plates. Number of plated worms (Tp) was counted and the plates 

were incubated at 20°C. After three days the number of animals that recovered to at least 

the L4 stage (TR) was counted. Recovery was calculated as TR/Tp. 

C.5 Acknowledgements  

I would like to thank my undergraduate mentee Megan Jiao for assistance with 

the screening of F2 progeny from the EMS screen.  

  



 

185 

References 

Alcedo, J., and Kenyon, C. (2004). Regulation of C. elegans longevity by specific 
gustatory and olfactory neurons. Neuron 41, 45-55. 

Alic, N., Andrews, T.D., Giannakou, M.E., Papatheodorou, I., Slack, C., Hoddinott, M.P., 
Cocheme, H.M., Schuster, E.F., Thornton, J.M., and Partridge, L. (2011). Genome-wide 
dFOXO targets and topology of the transcriptomic response to stress and insulin 
signalling. Molecular systems biology 7, 502. 

Alic, N., Tullet, J.M., Niccoli, T., Broughton, S., Hoddinott, M.P., Slack, C., Gems, D., and 
Partridge, L. (2014). Cell-nonautonomous effects of dFOXO/DAF-16 in aging. Cell 
reports 6, 608-616. 

Ambros, V., and Horvitz, H.R. (1987). The lin-14 locus of Caenorhabditis elegans 
controls the time of expression of specific postembryonic developmental events. Genes 
& development 1, 398-414. 

Anders, S., and Huber, W. (2010). Differential expression analysis for sequence count 
data. Genome biology 11, R106. 

Anders, S., Pyl, P.T., and Huber, W. (2015). HTSeq--a Python framework to work with 
high-throughput sequencing data. Bioinformatics 31, 166-169. 

Angelo, G., and Van Gilst, M.R. (2009). Starvation protects germline stem cells and 
extends reproductive longevity in C. elegans. Science 326, 954-958. 

Antebi, A. (2013). Steroid regulation of C. elegans diapause, developmental timing, and 
longevity. Current topics in developmental biology 105, 181-212. 

Antebi, A., Yeh, W.H., Tait, D., Hedgecock, E.M., and Riddle, D.L. (2000). daf-12 encodes 
a nuclear receptor that regulates the dauer diapause and developmental age in C. 
elegans. Genes & development 14, 1512-1527. 

Apfeld, J., and Kenyon, C. (1998). Cell nonautonomy of C. elegans daf-2 function in the 
regulation of diapause and life span. Cell 95, 199-210. 



 

186 

Apfeld, J., and Kenyon, C. (1999). Regulation of lifespan by sensory perception in 
Caenorhabditis elegans. Nature 402, 804-809. 

Apfeld, J., O'Connor, G., McDonagh, T., DiStefano, P.S., and Curtis, R. (2004). The AMP-
activated protein kinase AAK-2 links energy levels and insulin-like signals to lifespan in 
C. elegans. Genes & development 18, 3004-3009. 

Artyukhin, A.B., Schroeder, F.C., and Avery, L. (2013). Density dependence in 
Caenorhabditis larval starvation. Scientific reports 3, 2777. 

Ashburner, M., Ball, C.A., Blake, J.A., Botstein, D., Butler, H., Cherry, J.M., Davis, A.P., 
Dolinski, K., Dwight, S.S., Eppig, J.T., et al. (2000). Gene ontology: tool for the unification 
of biology. The Gene Ontology Consortium. Nature genetics 25, 25-29. 

Assmann, A., Ueki, K., Winnay, J.N., Kadowaki, T., and Kulkarni, R.N. (2009). Glucose 
effects on beta-cell growth and survival require activation of insulin receptors and 
insulin receptor substrate 2. Mol Cell Biol 29, 3219-3228. 

Avery, L., and Horvitz, H.R. (1990). Effects of starvation and neuroactive drugs on 
feeding in Caenorhabditis elegans. J Exp Zool 253, 263-270. 

Avery, L., and You, Y.J. (2012). C. elegans feeding. WormBook : the online review of C 
elegans biology, 1-23. 

Bai, H., Kang, P., Hernandez, A.M., and Tatar, M. (2013). Activin signaling targeted by 
insulin/dFOXO regulates aging and muscle proteostasis in Drosophila. PLoS genetics 9, 
e1003941. 

Bargmann, C.I. (2006). Chemosensation in C. elegans. WormBook : the online review of 
C elegans biology, 1-29. 

Baugh, L.R. (2013). To Grow or Not to Grow: Nutritional Control of Development 
During Caenorhabditis elegans L1 Arrest. Genetics 194, 539-555. 

Baugh, L.R., Demodena, J., and Sternberg, P.W. (2009). RNA Pol II accumulates at 
promoters of growth genes during developmental arrest. Science 324, 92-94. 



 

187 

Baugh, L.R., Kurhanewicz, N., and Sternberg, P.W. (2011). Sensitive and precise 
quantification of insulin-like mRNA expression in Caenorhabditis elegans. PloS one 6, 
e18086. 

Baugh, L.R., and Sternberg, P.W. (2006). DAF-16/FOXO regulates transcription of cki-
1/Cip/Kip and repression of lin-4 during C. elegans L1 arrest. Current biology : CB 16, 
780-785. 

Benjamini, Y., and Hochberg, Y. (1995). Controlling the false discovery rate: a practical 
and powerful approach to multiple testing. Journal of the Royal Statistical Society Series 
B 57, 289-300. 

Bishop, N.A., and Guarente, L. (2007). Two neurons mediate diet-restriction-induced 
longevity in C. elegans. Nature 447, 545-549. 

Bluher, M., Kahn, B.B., and Kahn, C.R. (2003). Extended longevity in mice lacking the 
insulin receptor in adipose tissue. Science 299, 572-574. 

Bowman, A.W., and Azzalini, A. (1997). Applied smoothing techniques for data analysis 
: the kernel approach with S-Plus illustrations.  R package 'sm': nonparametric 
smoothing methods (version 2.2-5.4). (Oxford New York: Clarendon Press ; Oxford 
University Press). 
 
Brenner, S. (1974). The genetics of Caenorhabditis elegans. Genetics 77, 71-94. 

Brogiolo, W., Stocker, H., Ikeya, T., Rintelen, F., Fernandez, R., and Hafen, E. (2001). An 
evolutionarily conserved function of the Drosophila insulin receptor and insulin-like 
peptides in growth control. Current biology : CB 11, 213-221. 

Brunet, A., Bonni, A., Zigmond, M.J., Lin, M.Z., Juo, P., Hu, L.S., Anderson, M.J., Arden, 
K.C., Blenis, J., and Greenberg, M.E. (1999). Akt promotes cell survival by 
phosphorylating and inhibiting a Forkhead transcription factor. Cell 96, 857-868. 

Cannon, W.B. (1929). Organization for physiological homeostasis. Physiological Reviews 
IX, 399-431. 



 

188 

Carbon, S., Ireland, A., Mungall, C.J., Shu, S., Marshall, B., Lewis, S., Ami, G.O.H., and 
Web Presence Working, G. (2009). AmiGO: online access to ontology and annotation 
data. Bioinformatics 25, 288-289. 

Cassada, R.C., and Russell, R.L. (1975). The dauerlarva, a post-embryonic developmental 
variant of the nematode Caenorhabditis elegans. Developmental biology 46, 326-342. 

Castro, P.V., Khare, S., Young, B.D., and Clarke, S.G. (2012). Caenorhabditis elegans 
battling starvation stress: low levels of ethanol prolong lifespan in L1 larvae. PloS one 7, 
e29984. 

Celniker, S.E., Dillon, L.A., Gerstein, M.B., Gunsalus, K.C., Henikoff, S., Karpen, G.H., 
Kellis, M., Lai, E.C., Lieb, J.D., MacAlpine, D.M., et al. (2009). Unlocking the secrets of the 
genome. Nature 459, 927-930. 

Chell, J.M., and Brand, A.H. (2010). Nutrition-responsive glia control exit of neural stem 
cells from quiescence. Cell 143, 1161-1173. 

Chen, C., Jack, J., and Garofalo, R.S. (1996). The Drosophila insulin receptor is required 
for normal growth. Endocrinology 137, 846-856. 

Chen, Y., and Baugh, L.R. (2014). Ins-4 and daf-28 function redundantly to regulate C. 
elegans L1 arrest. Developmental biology 394, 314-326. 

Chen, Z., Hendricks, M., Cornils, A., Maier, W., Alcedo, J., and Zhang, Y. (2013). Two 
insulin-like peptides antagonistically regulate aversive olfactory learning in C. elegans. 
Neuron 77, 572-585. 

Consortium, C.e.S. (1998). Genome sequence of the nematode C. elegans: a platform for 
investigating biology. Science 282, 2012-2018. 

Cornils, A., Gloeck, M., Chen, Z., Zhang, Y., and Alcedo, J. (2011). Specific insulin-like 
peptides encode sensory information to regulate distinct developmental processes. 
Development 138, 1183-1193. 

Cully, D.F., Vassilatis, D.K., Liu, K.K., Paress, P.S., Van der Ploeg, L.H., Schaeffer, J.M., 
and Arena, J.P. (1994). Cloning of an avermectin-sensitive glutamate-gated chloride 
channel from Caenorhabditis elegans. Nature 371, 707-711. 



 

189 

Dai, H., Hogan, C., Gopalakrishnan, B., Torres-Vazquez, J., Nguyen, M., Park, S., 
Raftery, L.A., Warrior, R., and Arora, K. (2000). The zinc finger protein schnurri acts as a 
Smad partner in mediating the transcriptional response to decapentaplegic. 
Developmental biology 227, 373-387. 

Dent, J.A., Davis, M.W., and Avery, L. (1997). avr-15 encodes a chloride channel subunit 
that mediates inhibitory glutamatergic neurotransmission and ivermectin sensitivity in 
Caenorhabditis elegans. EMBO J 16, 5867-5879. 

Dent, J.A., Smith, M.M., Vassilatis, D.K., and Avery, L. (2000). The genetics of ivermectin 
resistance in Caenorhabditis elegans. Proceedings of the National Academy of Sciences 
of the United States of America 97, 2674-2679. 

Eden, E., Lipson, D., Yogev, S., and Yakhini, Z. (2007). Discovering motifs in ranked lists 
of DNA sequences. PLoS Comput Biol 3, e39. 

Eden, E., Navon, R., Steinfeld, I., Lipson, D., and Yakhini, Z. (2009). GOrilla: a tool for 
discovery and visualization of enriched GO terms in ranked gene lists. BMC 
bioinformatics 10, 48. 

Estevez, M., Attisano, L., Wrana, J.L., Albert, P.S., Massague, J., and Riddle, D.L. (1993). 
The daf-4 gene encodes a bone morphogenetic protein receptor controlling C. elegans 
dauer larva development. Nature 365, 644-649. 

Felix, M.A., and Braendle, C. (2010). The natural history of Caenorhabditis elegans. 
Current biology : CB 20, R965-969. 

Fernandes de Abreu, D.A., Caballero, A., Fardel, P., Stroustrup, N., Chen, Z., Lee, K., 
Keyes, W.D., Nash, Z.M., Lopez-Moyado, I.F., Vaggi, F., et al. (2014). An insulin-to-
insulin regulatory network orchestrates phenotypic specificity in development and 
physiology. PLoS genetics 10, e1004225. 

Fielenbach, N., and Antebi, A. (2008). C. elegans dauer formation and the molecular 
basis of plasticity. Genes & development 22, 2149-2165. 

Foehr, M.L., Lindy, A.S., Fairbank, R.C., Amin, N.M., Xu, M., Yanowitz, J., Fire, A.Z., 
and Liu, J. (2006). An antagonistic role for the C. elegans Schnurri homolog SMA-9 in 



 

190 

modulating TGFbeta signaling during mesodermal patterning. Development 133, 2887-
2896. 

Fukuyama, M., Kontani, K., Katada, T., and Rougvie, A.E. (2015). The C. elegans 
Hypodermis Couples Progenitor Cell Quiescence to the Dietary State. Current biology : 
CB. 

Fukuyama, M., Rougvie, A.E., and Rothman, J.H. (2006). C. elegans DAF-18/PTEN 
mediates nutrient-dependent arrest of cell cycle and growth in the germline. Current 
biology : CB 16, 773-779. 

Fukuyama, M., Sakuma, K., Park, R., Kasuga, H., Nagaya, R., Atsumi, Y., Shimomura, 
Y., Takahashi, S., Kajiho, H., Rougvie, A., et al. (2012). C. elegans AMPKs promote 
survival and arrest germline development during nutrient stress. Biol Open 1, 929-936. 

Gems, D., Sutton, A.J., Sundermeyer, M.L., Albert, P.S., King, K.V., Edgley, M.L., Larsen, 
P.L., and Riddle, D.L. (1998). Two pleiotropic classes of daf-2 mutation affect larval 
arrest, adult behavior, reproduction and longevity in Caenorhabditis elegans. Genetics 
150, 129-155. 

Gerisch, B., Weitzel, C., Kober-Eisermann, C., Rottiers, V., and Antebi, A. (2001). A 
hormonal signaling pathway influencing C. elegans metabolism, reproductive 
development, and life span. Developmental cell 1, 841-851. 

Golden, J.W., and Riddle, D.L. (1982). A pheromone influences larval development in 
the nematode Caenorhabditis elegans. Science 218, 578-580. 

Goodman, M.B. (2006). Mechanosensation. WormBook : the online review of C elegans 
biology, 1-14. 

Gottlieb, S., and Ruvkun, G. (1994). daf-2, daf-16 and daf-23: genetically interacting 
genes controlling Dauer formation in Caenorhabditis elegans. Genetics 137, 107-120. 

Grant, C.E., Bailey, T.L., and Noble, W.S. (2011). FIMO: scanning for occurrences of a 
given motif. Bioinformatics 27, 1017-1018. 



 

191 

Gupta, B.P., Wang, M., and Sternberg, P.W. (2003). The C. elegans LIM homeobox gene 
lin-11 specifies multiple cell fates during vulval development. Development 130, 2589-
2601. 

Harfe, B.D., Vaz Gomes, A., Kenyon, C., Liu, J., Krause, M., and Fire, A. (1998). Analysis 
of a Caenorhabditis elegans Twist homolog identifies conserved and divergent aspects 
of mesodermal patterning. Genes & development 12, 2623-2635. 

Henderson, S.T., and Johnson, T.E. (2001). daf-16 integrates developmental and 
environmental inputs to mediate aging in the nematode Caenorhabditis elegans. Curr 
Biol 11, 1975-1980. 

Heppert, J.K., Dickinson, D.J., Pani, A.M., Higgins, C.D., Steward, A., Ahringer, J., Kuhn, 
J.R., and Goldstein, B. (2016). Comparative assessment of fluorescent proteins for in vivo 
imaging in an animal model system. Mol Biol Cell 27, 3385-3394. 

Hibshman, J.D., Doan, A.E., Moore, B.T., Kaplan, R.E., Hung, A., Webster, A.K., Bhatt, 
D.P., Chitrakar, R., Hirschey, M.D., and Baugh, L.R. (2017). daf-16/FoxO promotes 
gluconeogenesis and trehalose synthesis during starvation to support survival. eLife 6. 

Hibshman, J.D., Hung, A., and Baugh, L.R. (2016). Maternal Diet and Insulin-Like 
Signaling Control Intergenerational Plasticity of Progeny Size and Starvation Resistance. 
PLoS genetics 12, e1006396. 

Hill, A.J., Mansfield, R., Lopez, J.M., Raizen, D.M., and Van Buskirk, C. (2014). Cellular 
stress induces a protective sleep-like state in C. elegans. Current biology : CB 24, 2399-
2405. 

Hochbaum, D., Zhang, Y., Stuckenholz, C., Labhart, P., Alexiadis, V., Martin, R., 
Knolker, H.J., and Fisher, A.L. (2011). DAF-12 regulates a connected network of genes to 
ensure robust developmental decisions. PLoS genetics 7, e1002179. 

Holzenberger, M., Dupont, J., Ducos, B., Leneuve, P., Geloen, A., Even, P.C., Cervera, P., 
and Le Bouc, Y. (2003). IGF-1 receptor regulates lifespan and resistance to oxidative 
stress in mice. Nature 421, 182-187. 



 

192 

Hong, Y., Roy, R., and Ambros, V. (1998). Developmental regulation of a cyclin-
dependent kinase inhibitor controls postembryonic cell cycle progression in 
Caenorhabditis elegans. Development 125, 3585-3597. 

Horoszok, L., Raymond, V., Sattelle, D.B., and Wolstenholme, A.J. (2001). GLC-3: a novel 
fipronil and BIDN-sensitive, but picrotoxinin-insensitive, L-glutamate-gated chloride 
channel subunit from Caenorhabditis elegans. Br J Pharmacol 132, 1247-1254. 

Hu, P.J. (2007). Dauer. WormBook : the online review of C elegans biology, 1-19. 

Hung, W.L., Wang, Y., Chitturi, J., and Zhen, M. (2014). A Caenorhabditis elegans 
developmental decision requires insulin signaling-mediated neuron-intestine 
communication. Development 141, 1767-1779. 

Hwangbo, D.S., Gershman, B., Tu, M.P., Palmer, M., and Tatar, M. (2004). Drosophila 
dFOXO controls lifespan and regulates insulin signalling in brain and fat body. Nature 
429, 562-566. 

Ingolia, N.T., and Murray, A.W. (2007). Positive-feedback loops as a flexible biological 
module. Curr Biol 17, 668-677. 

Jia, K., Albert, P.S., and Riddle, D.L. (2002). DAF-9, a cytochrome P450 regulating C. 
elegans larval development and adult longevity. Development 129, 221-231. 

Jorgensen, E.M., and Mango, S.E. (2002). The art and design of genetic screens: 
caenorhabditis elegans. Nature reviews Genetics 3, 356-369. 

Kannan, K., and Fridell, Y.W. (2013). Functional implications of Drosophila insulin-like 
peptides in metabolism, aging, and dietary restriction. Frontiers in physiology 4, 288. 

Kao, G., Nordenson, C., Still, M., Ronnlund, A., Tuck, S., and Naredi, P. (2007). ASNA-1 
positively regulates insulin secretion in C. elegans and mammalian cells. Cell 128, 577-
587. 

Kaplan, R.E., and Baugh, L.R. (2016). L1 arrest, daf-16/FoxO and nonautonomous control 
of post-embryonic development. Worm 5, e1175196. 



 

193 

Kaplan, R.E., Chen, Y., Moore, B.T., Jordan, J.M., Maxwell, C.S., Schindler, A.J., and 
Baugh, L.R. (2015). dbl-1/TGF-beta and daf-12/NHR Signaling Mediate Cell-
Nonautonomous Effects of daf-16/FOXO on Starvation-Induced Developmental Arrest. 
PLoS genetics 11, e1005731. 

Kaplan, R.E.W., Maxwell, C.S., Codd, N.K., and Baugh, L.R. (2019). Pervasive Positive 
and Negative Feedback Regulation of Insulin-Like Signaling in Caenorhabditis elegans. 
Genetics 211, 349-361. 

Kaplan, R.E.W., Webster, A.K., Chitrakar, R., Dent, J.A., and Baugh, L.R. (2018). Food 
perception without ingestion leads to metabolic changes and irreversible developmental 
arrest in C. elegans. BMC Biol 16, 112. 

Kasuga, H., Fukuyama, M., Kitazawa, A., Kontani, K., and Katada, T. (2013). The 
microRNA miR-235 couples blast-cell quiescence to the nutritional state. Nature 497, 
503-506. 

Kawano, T., Nagatomo, R., Kimura, Y., Gengyo-Ando, K., and Mitani, S. (2006). 
Disruption of ins-11, a Caenorhabditis elegans insulin-like gene, and phenotypic 
analyses of the gene-disrupted animal. Bioscience, biotechnology, and biochemistry 70, 
3084-3087. 

Kenyon, C., Chang, J., Gensch, E., Rudner, A., and Tabtiang, R. (1993). A C. elegans 
mutant that lives twice as long as wild type. Nature 366, 461-464. 

Kimura, K.D., Riddle, D.L., and Ruvkun, G. (2011). The C. elegans DAF-2 insulin-like 
receptor is abundantly expressed in the nervous system and regulated by nutritional 
status. Cold Spring Harbor symposia on quantitative biology 76, 113-120. 

Kimura, K.D., Tissenbaum, H.A., Liu, Y., and Ruvkun, G. (1997). daf-2, an insulin 
receptor-like gene that regulates longevity and diapause in Caenorhabditis elegans. 
Science 277, 942-946. 

Krishna, S., Maduzia, L.L., and Padgett, R.W. (1999). Specificity of TGFbeta signaling is 
conferred by distinct type I receptors and their associated SMAD proteins in 
Caenorhabditis elegans. Development 126, 251-260. 



 

194 

Laing, S.T., Ivens, A., Butler, V., Ravikumar, S.P., Laing, R., Woods, D.J., and Gilleard, 
J.S. (2012). The transcriptional response of Caenorhabditis elegans to Ivermectin 
exposure identifies novel genes involved in the response to reduced food intake. PloS 
one 7, e31367. 

Langmead, B., Trapnell, C., Pop, M., and Salzberg, S.L. (2009). Ultrafast and memory-
efficient alignment of short DNA sequences to the human genome. Genome biology 10, 
R25. 

Lans, H., and Jansen, G. (2007). Multiple sensory G proteins in the olfactory, gustatory 
and nociceptive neurons modulate longevity in Caenorhabditis elegans. Developmental 
biology 303, 474-482. 

Lee, B.H., and Ashrafi, K. (2008). A TRPV channel modulates C. elegans neurosecretion, 
larval starvation survival, and adult lifespan. PLoS genetics 4, e1000213. 

Lee, R.C., Feinbaum, R.L., and Ambros, V. (1993). The C. elegans heterochronic gene lin-
4 encodes small RNAs with antisense complementarity to lin-14. Cell 75, 843-854. 

Lewis, J.A., and Fleming, John T. (1995). Basic Culture Methods. In Caenorhabditis 
elegans: Modern biological analysis of an organism, H.F. Epstein, and Shakes, D. C., ed. 
(San Diego: Academic Press), pp. 4-27. 

Li, W., Kennedy, S.G., and Ruvkun, G. (2003). daf-28 encodes a C. elegans insulin 
superfamily member that is regulated by environmental cues and acts in the DAF-2 
signaling pathway. Genes Dev 17, 844-858. 

Liang, J., Lints, R., Foehr, M.L., Tokarz, R., Yu, L., Emmons, S.W., Liu, J., and Savage-
Dunn, C. (2003). The Caenorhabditis elegans schnurri homolog sma-9 mediates stage- 
and cell type-specific responses to DBL-1 BMP-related signaling. Development 130, 
6453-6464. 

Liang, J., Yu, L., Yin, J., and Savage-Dunn, C. (2007). Transcriptional repressor and 
activator activities of SMA-9 contribute differentially to BMP-related signaling outputs. 
Developmental biology 305, 714-725. 



 

195 

Libert, S., Zwiener, J., Chu, X., Vanvoorhies, W., Roman, G., and Pletcher, S.D. (2007). 
Regulation of Drosophila life span by olfaction and food-derived odors. Science 315, 
1133-1137. 

Libina, N., Berman, J.R., and Kenyon, C. (2003). Tissue-specific activities of C. elegans 
DAF-16 in the regulation of lifespan. Cell 115, 489-502. 

Lin, K., Dorman, J.B., Rodan, A., and Kenyon, C. (1997). daf-16: An HNF-3/forkhead 
family member that can function to double the life-span of Caenorhabditis elegans. 
Science 278, 1319-1322. 

Link, C.D., Cypser, J.R., Johnson, C.J., and Johnson, T.E. (1999). Direct observation of 
stress response in Caenorhabditis elegans using a reporter transgene. Cell Stress 
Chaperones 4, 235-242. 

Lu, C., Lam, H.N., and Menon, R.K. (2005). New members of the insulin family: 
regulators of metabolism, growth and now ... reproduction. Pediatric research 57, 70R-
73R. 

Luciani, G.M., Magomedova, L., Puckrin, R., Urbanus, M.L., Wallace, I.M., Giaever, G., 
Nislow, C., Cummins, C.L., and Roy, P.J. (2011). Dafadine inhibits DAF-9 to promote 
dauer formation and longevity of Caenorhabditis elegans. Nature chemical biology 7, 
891-893. 

Ludewig, A.H., Kober-Eisermann, C., Weitzel, C., Bethke, A., Neubert, K., Gerisch, B., 
Hutter, H., and Antebi, A. (2004). A novel nuclear receptor/coregulator complex controls 
C. elegans lipid metabolism, larval development, and aging. Genes & development 18, 
2120-2133. 

Luo, S., Kleemann, G.A., Ashraf, J.M., Shaw, W.M., and Murphy, C.T. (2010). TGF-beta 
and insulin signaling regulate reproductive aging via oocyte and germline quality 
maintenance. Cell 143, 299-312. 

Luo, S., Shaw, W.M., Ashraf, J., and Murphy, C.T. (2009). TGF-beta Sma/Mab signaling 
mutations uncouple reproductive aging from somatic aging. PLoS genetics 5, e1000789. 



 

196 

Malkov, V.A., Serikawa, K.A., Balantac, N., Watters, J., Geiss, G., Mashadi-Hossein, A., 
and Fare, T. (2009). Multiplexed measurements of gene signatures in different analytes 
using the Nanostring nCounter Assay System. BMC Res Notes 2, 80. 

Matsunaga, Y., Gengyo-Ando, K., Mitani, S., Iwasaki, T., and Kawano, T. (2012a). 
Physiological function, expression pattern, and transcriptional regulation of a 
Caenorhabditis elegans insulin-like peptide, INS-18. Biochemical and biophysical 
research communications 423, 478-483. 

Matsunaga, Y., Matsukawa, T., Iwasaki, T., Nagata, K., and Kawano, T. (2018). 
Comparison of physiological functions of antagonistic insulin-like peptides, INS-23 and 
INS-18, in Caenorhabditis elegans. Bioscience, biotechnology, and biochemistry 82, 90-
96. 

Matsunaga, Y., Nakajima, K., Gengyo-Ando, K., Mitani, S., Iwasaki, T., and Kawano, T. 
(2012b). A Caenorhabditis elegans insulin-like peptide, INS-17: its physiological function 
and expression pattern. Bioscience, biotechnology, and biochemistry 76, 2168-2172. 

Maxwell, C.S., Antoshechkin, I., Kurhanewicz, N., Belsky, J.A., and Baugh, L.R. (2012). 
Nutritional control of mRNA isoform expression during developmental arrest and 
recovery in C. elegans. Genome research 22, 1920-1929. 

McColl, G., Rogers, A.N., Alavez, S., Hubbard, A.E., Melov, S., Link, C.D., Bush, A.I., 
Kapahi, P., and Lithgow, G.J. (2010). Insulin-like signaling determines survival during 
stress via posttranscriptional mechanisms in C. elegans. Cell metabolism 12, 260-272. 

McLeay, R.C., and Bailey, T.L. (2010). Motif Enrichment Analysis: a unified framework 
and an evaluation on ChIP data. BMC bioinformatics 11, 165. 

McMillen, D., Kopell, N., Hasty, J., and Collins, J.J. (2002). Synchronizing genetic 
relaxation oscillators by intercell signaling. Proceedings of the National Academy of 
Sciences of the United States of America 99, 679-684. 

Michaelson, D., Korta, D.Z., Capua, Y., and Hubbard, E.J. (2010). Insulin signaling 
promotes germline proliferation in C. elegans. Development 137, 671-680. 



 

197 

Mizoguchi, A., and Okamoto, N. (2013). Insulin-like and IGF-like peptides in the 
silkmoth Bombyx mori: discovery, structure, secretion, and function. Frontiers in 
physiology 4, 217. 

Mohler, W.A., Shemer, G., del Campo, J.J., Valansi, C., Opoku-Serebuoh, E., Scranton, V., 
Assaf, N., White, J.G., and Podbilewicz, B. (2002). The type I membrane protein EFF-1 is 
essential for developmental cell fusion. Developmental cell 2, 355-362. 

Moore, B.T., Jordan, J.M., and Baugh, L.R. (2013). WormSizer: high-throughput analysis 
of nematode size and shape. PloS one 8, e57142. 

Morita, K., Chow, K.L., and Ueno, N. (1999). Regulation of body length and male tail ray 
pattern formation of Caenorhabditis elegans by a member of TGF-beta family. 
Development 126, 1337-1347. 

Morris, J.Z., Tissenbaum, H.A., and Ruvkun, G. (1996). A phosphatidylinositol-3-OH 
kinase family member regulating longevity and diapause in Caenorhabditis elegans. 
Nature 382, 536-539. 

Motola, D.L., Cummins, C.L., Rottiers, V., Sharma, K.K., Li, T., Li, Y., Suino-Powell, K., 
Xu, H.E., Auchus, R.J., Antebi, A., et al. (2006). Identification of ligands for DAF-12 that 
govern dauer formation and reproduction in C. elegans. Cell 124, 1209-1223. 

Munoz, M.J., and Riddle, D.L. (2003). Positive selection of Caenorhabditis elegans 
mutants with increased stress resistance and longevity. Genetics 163, 171-180. 

Murakami, H., Bessinger, K., Hellmann, J., and Murakami, S. (2005). Aging-dependent 
and -independent modulation of associative learning behavior by insulin/insulin-like 
growth factor-1 signal in Caenorhabditis elegans. The Journal of neuroscience : the 
official journal of the Society for Neuroscience 25, 10894-10904. 

Murphy, C.T., and Hu, P.J. (2013). Insulin/insulin-like growth factor signaling in C. 
elegans. WormBook : the online review of C elegans biology, 1-43. 

Murphy, C.T., Lee, S.J., and Kenyon, C. (2007). Tissue entrainment by feedback 
regulation of insulin gene expression in the endoderm of Caenorhabditis elegans. 
Proceedings of the National Academy of Sciences of the United States of America 104, 
19046-19050. 



 

198 

Murphy, C.T., McCarroll, S.A., Bargmann, C.I., Fraser, A., Kamath, R.S., Ahringer, J., Li, 
H., and Kenyon, C. (2003). Genes that act downstream of DAF-16 to influence the 
lifespan of Caenorhabditis elegans. Nature 424, 277-283. 

Mylenko, M., Boland, S., Penkov, S., Sampaio, J.L., Lombardot, B., Vorkel, D., Verbavatz, 
J.M., and Kurzchalia, T.V. (2016). NAD+ Is a Food Component That Promotes Exit from 
Dauer Diapause in Caenorhabditis elegans. PloS one 11, e0167208. 

Nanji, M., Hopper, N.A., and Gems, D. (2005). LET-60 RAS modulates effects of 
insulin/IGF-1 signaling on development and aging in Caenorhabditis elegans. Aging cell 
4, 235-245. 

Niu, W., Lu, Z.J., Zhong, M., Sarov, M., Murray, J.I., Brdlik, C.M., Janette, J., Chen, C., 
Alves, P., Preston, E., et al. (2011). Diverse transcription factor binding features revealed 
by genome-wide ChIP-seq in C. elegans. Genome research 21, 245-254. 

O'Donnell, M.P., Chao, P.H., Kammenga, J.E., and Sengupta, P. (2018). Rictor/TORC2 
mediates gut-to-brain signaling in the regulation of phenotypic plasticity in C. elegans. 
PLoS genetics 14, e1007213. 

Ogg, S., Paradis, S., Gottlieb, S., Patterson, G.I., Lee, L., Tissenbaum, H.A., and Ruvkun, 
G. (1997). The Fork head transcription factor DAF-16 transduces insulin-like metabolic 
and longevity signals in C. elegans. Nature 389, 994-999. 

Ogg, S., and Ruvkun, G. (1998). The C. elegans PTEN homolog, DAF-18, acts in the 
insulin receptor-like metabolic signaling pathway. Mol Cell 2, 887-893. 

Oh, S.W., Mukhopadhyay, A., Dixit, B.L., Raha, T., Green, M.R., and Tissenbaum, H.A. 
(2006). Identification of direct DAF-16 targets controlling longevity, metabolism and 
diapause by chromatin immunoprecipitation. Nature genetics 38, 251-257. 

Otani, K., Kulkarni, R.N., Baldwin, A.C., Krutzfeldt, J., Ueki, K., Stoffel, M., Kahn, C.R., 
and Polonsky, K.S. (2004). Reduced beta-cell mass and altered glucose sensing impair 
insulin-secretory function in betaIRKO mice. Am J Physiol Endocrinol Metab 286, E41-
49. 



 

199 

Oukka, M., Kim, S.T., Lugo, G., Sun, J., Wu, L.C., and Glimcher, L.H. (2002). A 
mammalian homolog of Drosophila schnurri, KRC, regulates TNF receptor-driven 
responses and interacts with TRAF2. Mol Cell 9, 121-131. 

Padgett, R.W., Cho, S.H., and Evangelista, C. (1998). Smads are the central component in 
transforming growth factor-beta signaling. Pharmacology & therapeutics 78, 47-52. 

Paek, J., Lo, J.Y., Narasimhan, S.D., Nguyen, T.N., Glover-Cutter, K., Robida-Stubbs, S., 
Suzuki, T., Yamamoto, M., Blackwell, T.K., and Curran, S.P. (2012). Mitochondrial SKN-
1/Nrf mediates a conserved starvation response. Cell metabolism 16, 526-537. 

Paradis, S., Ailion, M., Toker, A., Thomas, J.H., and Ruvkun, G. (1999). A PDK1 homolog 
is necessary and sufficient to transduce AGE-1 PI3 kinase signals that regulate diapause 
in Caenorhabditis elegans. Genes & development 13, 1438-1452. 

Paradis, S., and Ruvkun, G. (1998). Caenorhabditis elegans Akt/PKB transduces insulin 
receptor-like signals from AGE-1 PI3 kinase to the DAF-16 transcription factor. Genes & 
development 12, 2488-2498. 

Patel, D.S., Fang, L.L., Svy, D.K., Ruvkun, G., and Li, W. (2008a). Genetic identification 
of HSD-1, a conserved steroidogenic enzyme that directs larval development in 
Caenorhabditis elegans. Development 135, 2239-2249. 

Patel, D.S., Garza-Garcia, A., Nanji, M., McElwee, J.J., Ackerman, D., Driscoll, P.C., and 
Gems, D. (2008b). Clustering of genetically defined allele classes in the Caenorhabditis 
elegans DAF-2 insulin/IGF-1 receptor. Genetics 178, 931-946. 

Patterson, G.I., Koweek, A., Wong, A., Liu, Y., and Ruvkun, G. (1997). The DAF-3 Smad 
protein antagonizes TGF-beta-related receptor signaling in the Caenorhabditis elegans 
dauer pathway. Genes & development 11, 2679-2690. 

Pierce, S.B., Costa, M., Wisotzkey, R., Devadhar, S., Homburger, S.A., Buchman, A.R., 
Ferguson, K.C., Heller, J., Platt, D.M., Pasquinelli, A.A., et al. (2001). Regulation of DAF-2 
receptor signaling by human insulin and ins-1, a member of the unusually large and 
diverse C. elegans insulin gene family. Genes Dev 15, 672-686. 

Pino, E.C., Webster, C.M., Carr, C.E., and Soukas, A.A. (2013). Biochemical and high 
throughput microscopic assessment of fat mass in Caenorhabditis elegans. J Vis Exp. 



 

200 

Podbilewicz, B., and White, J.G. (1994). Cell fusions in the developing epithelial of C. 
elegans. Developmental biology 161, 408-424. 

Poloz, Y., and Stambolic, V. (2015). Obesity and cancer, a case for insulin signaling. Cell 
Death Dis 6, e2037. 

Puig, O., Marr, M.T., Ruhf, M.L., and Tjian, R. (2003). Control of cell number by 
Drosophila FOXO: downstream and feedback regulation of the insulin receptor 
pathway. Genes & development 17, 2006-2020. 

Puig, O., and Tjian, R. (2005). Transcriptional feedback control of insulin receptor by 
dFOXO/FOXO1. Genes Dev 19, 2435-2446. 

Riddle, D.L., Swanson, M.M., and Albert, P.S. (1981). Interacting genes in nematode 
dauer larva formation. Nature 290, 668-671. 

Riedel, C.G., Dowen, R.H., Lourenco, G.F., Kirienko, N.V., Heimbucher, T., West, J.A., 
Bowman, S.K., Kingston, R.E., Dillin, A., Asara, J.M., et al. (2013). DAF-16 employs the 
chromatin remodeller SWI/SNF to promote stress resistance and longevity. Nature cell 
biology 15, 491-501. 

Riera, C.E., Tsaousidou, E., Halloran, J., Follett, P., Hahn, O., Pereira, M.M.A., Ruud, 
L.E., Alber, J., Tharp, K., Anderson, C.M., et al. (2017). The Sense of Smell Impacts 
Metabolic Health and Obesity. Cell metabolism 26, 198-211 e195. 

Ritter, A.D., Shen, Y., Fuxman Bass, J., Jeyaraj, S., Deplancke, B., Mukhopadhyay, A., Xu, 
J., Driscoll, M., Tissenbaum, H.A., and Walhout, A.J. (2013). Complex expression 
dynamics and robustness in C. elegans insulin networks. Genome research 23, 954-965. 

Robinson, M.D., McCarthy, D.J., and Smyth, G.K. (2010). edgeR: a Bioconductor package 
for differential expression analysis of digital gene expression data. Bioinformatics 26, 
139-140. 

Rottiers, V., Motola, D.L., Gerisch, B., Cummins, C.L., Nishiwaki, K., Mangelsdorf, D.J., 
and Antebi, A. (2006). Hormonal control of C. elegans dauer formation and life span by 
a Rieske-like oxygenase. Developmental cell 10, 473-482. 



 

201 

Sanford, T., Golomb, M., and Riddle, D.L. (1983). RNA polymerase II from wild type and 
alpha-amanitin-resistant strains of Caenorhabditis elegans. The Journal of biological 
chemistry 258, 12804-12809. 

Savage, C., Das, P., Finelli, A.L., Townsend, S.R., Sun, C.Y., Baird, S.E., and Padgett, 
R.W. (1996). Caenorhabditis elegans genes sma-2, sma-3, and sma-4 define a conserved 
family of transforming growth factor beta pathway components. Proceedings of the 
National Academy of Sciences of the United States of America 93, 790-794. 

Sawin, E.R., Ranganathan, R., and Horvitz, H.R. (2000). C. elegans locomotory rate is 
modulated by the environment through a dopaminergic pathway and by experience 
through a serotonergic pathway. Neuron 26, 619-631. 

Saxton, R.A., and Sabatini, D.M. (2017). mTOR Signaling in Growth, Metabolism, and 
Disease. Cell 169, 361-371. 

Schindler, A.J., Baugh, L.R., and Sherwood, D.R. (2014). Identification of late larval stage 
developmental checkpoints in Caenorhabditis elegans regulated by insulin/IGF and 
steroid hormone signaling pathways. PLoS genetics 10, e1004426. 

Schuster, E., McElwee, J.J., Tullet, J.M., Doonan, R., Matthijssens, F., Reece-Hoyes, J.S., 
Hope, I.A., Vanfleteren, J.R., Thornton, J.M., and Gems, D. (2010). DamID in C. elegans 
reveals longevity-associated targets of DAF-16/FoxO. Molecular systems biology 6, 399. 

Scott, B.A., Avidan, M.S., and Crowder, C.M. (2002). Regulation of hypoxic death in C. 
elegans by the insulin/IGF receptor homolog DAF-2. Science 296, 2388-2391. 

Seidel, H.S., and Kimble, J. (2011). The oogenic germline starvation response in C. 
elegans. PloS one 6, e28074. 

Shostak, Y., Van Gilst, M.R., Antebi, A., and Yamamoto, K.R. (2004). Identification of C. 
elegans DAF-12-binding sites, response elements, and target genes. Genes & 
development 18, 2529-2544. 

Sjostrom, L., Garellick, G., Krotkiewski, M., and Luyckx, A. (1980). Peripheral insulin in 
response to the sight and smell of food. Metabolism 29, 901-909. 



 

202 

Snow, M.I., and Larsen, P.L. (2000). Structure and expression of daf-12: a nuclear 
hormone receptor with three isoforms that are involved in development and aging in 
Caenorhabditis elegans. Biochimica et biophysica acta 1494, 104-116. 

Stadler, M., and Fire, A. (2013). Conserved translatome remodeling in nematode species 
executing a shared developmental transition. PLoS genetics 9, e1003739. 

Sulston, J.E., and Horvitz, H.R. (1977). Post-embryonic cell lineages of the nematode, 
Caenorhabditis elegans. Developmental biology 56, 110-156. 

Supek, F., Bosnjak, M., Skunca, N., and Smuc, T. (2011). REVIGO summarizes and 
visualizes long lists of gene ontology terms. PloS one 6, e21800. 

Suzuki, Y., Yandell, M.D., Roy, P.J., Krishna, S., Savage-Dunn, C., Ross, R.M., Padgett, 
R.W., and Wood, W.B. (1999). A BMP homolog acts as a dose-dependent regulator of 
body size and male tail patterning in Caenorhabditis elegans. Development 126, 241-250. 

Taguchi, A., and White, M.F. (2008). Insulin-like signaling, nutrient homeostasis, and life 
span. Annu Rev Physiol 70, 191-212. 

Tatar, M., Kopelman, A., Epstein, D., Tu, M.P., Yin, C.M., and Garofalo, R.S. (2001). A 
mutant Drosophila insulin receptor homolog that extends life-span and impairs 
neuroendocrine function. Science 292, 107-110. 

Taylor, C.M., Wang, Q., Rosa, B.A., Huang, S.C., Powell, K., Schedl, T., Pearce, E.J., 
Abubucker, S., and Mitreva, M. (2013). Discovery of anthelmintic drug targets and drugs 
using chokepoints in nematode metabolic pathways. PLoS Pathog 9, e1003505. 

Tepper, R.G., Ashraf, J., Kaletsky, R., Kleemann, G., Murphy, C.T., and Bussemaker, H.J. 
(2013). PQM-1 complements DAF-16 as a key transcriptional regulator of DAF-2-
mediated development and longevity. Cell 154, 676-690. 

Terns, R.M., Kroll-Conner, P., Zhu, J., Chung, S., and Rothman, J.H. (1997). A deficiency 
screen for zygotic loci required for establishment and patterning of the epidermis in 
Caenorhabditis elegans. Genetics 146, 185-206. 

The Gene Ontology, C. (2017). Expansion of the Gene Ontology knowledgebase and 
resources. Nucleic Acids Res 45, D331-D338. 



 

203 

Trapnell, C., Williams, B.A., Pertea, G., Mortazavi, A., Kwan, G., van Baren, M.J., 
Salzberg, S.L., Wold, B.J., and Pachter, L. (2010). Transcript assembly and quantification 
by RNA-Seq reveals unannotated transcripts and isoform switching during cell 
differentiation. Nature biotechnology 28, 511-515. 

Tullet, J.M., Hertweck, M., An, J.H., Baker, J., Hwang, J.Y., Liu, S., Oliveira, R.P., 
Baumeister, R., and Blackwell, T.K. (2008). Direct inhibition of the longevity-promoting 
factor SKN-1 by insulin-like signaling in C. elegans. Cell 132, 1025-1038. 

Vassilatis, D.K., Arena, J.P., Plasterk, R.H., Wilkinson, H.A., Schaeffer, J.M., Cully, D.F., 
and Van der Ploeg, L.H. (1997). Genetic and biochemical evidence for a novel 
avermectin-sensitive chloride channel in Caenorhabditis elegans. Isolation and 
characterization. The Journal of biological chemistry 272, 33167-33174. 

Wang, Z., Stoltzfus, J., You, Y.J., Ranjit, N., Tang, H., Xie, Y., Lok, J.B., Mangelsdorf, D.J., 
and Kliewer, S.A. (2015). The nuclear receptor DAF-12 regulates nutrient metabolism 
and reproductive growth in nematodes. PLoS genetics 11, e1005027. 

Weinkove, D., Halstead, J.R., Gems, D., and Divecha, N. (2006). Long-term starvation 
and ageing induce AGE-1/PI 3-kinase-dependent translocation of DAF-16/FOXO to the 
cytoplasm. BMC Biol 4, 1. 

Wightman, B., Ha, I., and Ruvkun, G. (1993). Posttranscriptional regulation of the 
heterochronic gene lin-14 by lin-4 mediates temporal pattern formation in C. elegans. 
Cell 75, 855-862. 

Winnier, A.R., Meir, J.Y., Ross, J.M., Tavernarakis, N., Driscoll, M., Ishihara, T., Katsura, 
I., and Miller, D.M., 3rd (1999). UNC-4/UNC-37-dependent repression of motor neuron-
specific genes controls synaptic choice in Caenorhabditis elegans. Genes & development 
13, 2774-2786. 

Wolkow, C.A., Kimura, K.D., Lee, M.S., and Ruvkun, G. (2000). Regulation of C. elegans 
life-span by insulinlike signaling in the nervous system. Science 290, 147-150. 

Wolkow, C.A., Munoz, M.J., Riddle, D.L., and Ruvkun, G. (2002). Insulin receptor 
substrate and p55 orthologous adaptor proteins function in the Caenorhabditis elegans 
daf-2/insulin-like signaling pathway. The Journal of biological chemistry 277, 49591-
49597. 



 

204 

Wollam, J., Magomedova, L., Magner, D.B., Shen, Y., Rottiers, V., Motola, D.L., 
Mangelsdorf, D.J., Cummins, C.L., and Antebi, A. (2011). The Rieske oxygenase DAF-36 
functions as a cholesterol 7-desaturase in steroidogenic pathways governing longevity. 
Aging cell 10, 879-884. 

Wu, Q., and Brown, M.R. (2006). Signaling and function of insulin-like peptides in 
insects. Annu Rev Entomol 51, 1-24. 

Yoshida, S., Morita, K., Mochii, M., and Ueno, N. (2001). Hypodermal expression of 
Caenorhabditis elegans TGF-beta type I receptor SMA-6 is essential for the growth and 
maintenance of body length. Developmental biology 240, 32-45. 

Zaslaver, A., Baugh, L.R., and Sternberg, P.W. (2011). Metazoan operons accelerate 
recovery from growth-arrested states. Cell 145, 981-992. 

Zhang, P., Judy, M., Lee, S.J., and Kenyon, C. (2013). Direct and indirect gene regulation 
by a life-extending FOXO protein in C. elegans: roles for GATA factors and lipid gene 
regulators. Cell metabolism 17, 85-100. 

Zhang, X., and Zhang, Y. (2012). DBL-1, a TGF-beta, is essential for Caenorhabditis 
elegans aversive olfactory learning. Proceedings of the National Academy of Sciences of 
the United States of America 109, 17081-17086. 

Zheng, S., Qu, Z., Zanetti, M., Lam, B., and Chin-Sang, I. (2018). C. elegans PTEN and 
AMPK block neuroblast divisions by inhibiting a BMP-insulin-PP2A-MAPK pathway. 
Development 145. 

 
  



 

205 

Biography 

Rebecca Whitehurst Kaplan graduated from the University of Virginia in 2010 

with a Bachelor of Science in Biology. She worked in the lab of Dr. Channing Der at the 

University of North Carolina from July 2010 to July 2013 before joining the University 

Program in Genetics and Genomics at Duke University in August of 2013. She was 

awarded a one semester fellowship from the Biology Department at Duke University for 

Spring 2019. Rebecca is an author on the following publications (* indicates co-first 

authorship):  

*Kaplan, R. E. W., *Maxwell, C.S., Codd, N. K., Baugh, L. R. (2019). "Pervasive 
Positive and Negative Feedback Regulation of Insulin-Like Signaling in 
Caenorhabditis elegans." Genetics 211(1): 349-361. 

 
Burton, N. O., Dwivedi, V. K., Burkhart, K. B., Kaplan, R. E. W., Baugh, L. R., 

Horvitz, H. R. (2018). "Neurohormonal signaling via a sulfotransferase 
antagonizes insulin-like signaling to regulate a Caenorhabditis elegans stress 
response." Nat Commun 9(1): 5152. 

 
Kaplan, R. E. W., Webster, A. K., Chitrakar, R., Dent, J. A., Baugh, L. R. (2018). 

“Food perception without ingestion leads to metabolic changes and irreversible 
developmental arrest in C. elegans.” BMC Biol 16: 112. 

 
*Shin, H., *Kaplan, R. E. W., Duong, T., Fakieh, R., Reiner, D. J. (2018). "Ral 

Signals through a MAP4 Kinase-p38 MAP Kinase Cascade in C. elegans Cell 
Fate Patterning." Cell Rep 24(10): 2669-2681 e2665. 

 
Hibshman, J. D., Doan, A. E., Moore, B.T., Kaplan, R. E. W., Hung, A., Webster, A. 

K., Bhatt, D. P., Chitrakar, R., Hirschey, M.D., Baugh, L. R. (2017). "daf-
16/FOXO promotes gluconeogenesis and trehalose synthesis during starvation 
to support survival." Elife 6. 

 



 

206 

Burton, N. O., Furuta, T., Webster, A. K., Kaplan, R. E. W., Baugh, L.R., Arur, S., 
Horvitz, H.R. (2017). "Insulin-like signalling to the maternal germline controls 
progeny response to osmotic stress." Nat Cell Biol 19(3): 252-257. 

 
Kaplan, R. E. W. and L. R. Baugh (2016). "L1 arrest, daf-16/FOXO and 

nonautonomous control of post-embryonic development." Worm 5(2): 
e1175196. 

 
*Kaplan, R. E. W., *Chen, Y., Moore, B. T., Jordan, J. M., Maxwell, C. S., Schindler, 

A. J., Baugh, L. R. (2015). "dbl-1/TGF-beta and daf-12/NHR Signaling Mediate 
Cell-Nonautonomous Effects of daf-16/FOXO on Starvation-Induced 
Developmental Arrest." PLoS Genet 11(12): e1005731. 

 
Martin, T. D., Chen, X., Kaplan, R. E. W., Saltiel, A.R., Walker, C.L., Reiner, D.J., 

Der, C.J. (2014).  “Ral and Rheb GTPase Activating Proteins Integrate mTOR 
and GTPase Signaling in Aging, Autophagy, and Tumor Cell Invasion.” 
Molecular Cell 53: 1-12. 


