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Abstract 

Animals must coordinate development with fluctuating nutrient availability. 

Nutrient availability governs post-embryonic development in Caenorhabditis elegans: 

larvae that hatch in the absence of food do not initiate post-embryonic development but 

enter “L1 arrest” (or “L1 diapause”) and can survive starvation for weeks, while rapidly 

resuming normal development once getting fed. Insulin-like signaling (IIS) has been 

shown to be a key regulator of L1 arrest and recovery. However, the C. elegans genome 

encodes 40 insulin-like peptides (ILPs), and it is unknown which peptides participate in 

nutritional control of L1 arrest and recovery. Work in other contexts has identified 

putative receptor agonists and antagonists, but the extent of specificity versus 

redundancy is unclear beyond this distinction.  

We measured mRNA expression dynamics with high temporal resolution for all 

40 ILPs during entry into and recovery from L1 arrest. Nutrient availability influences 

expression of the majority of ILPs, with variable dynamics suggesting complex 

regulation. We identified 13 candidate agonists and 8 candidate antagonists based on 

expression in response to nutrient availability. We selected ten candidate agonists (daf-

28, ins-3, ins-4, ins-5, ins-6, ins-7, ins-9, ins-26, ins-33 and ins-35) for further 

characterization in L1 stage larvae. We used destabilized reporter genes to determine 

spatial expression patterns. Expression of candidate agonists was largely overlapping in 

L1 stage larvae, suggesting a role of the intestine, chemosensory neurons ASI and ASJ, 
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and the interneuron PVT in systemic control of L1 development. Transcriptional 

regulation of candidate agonists was most significant in the intestine, as if nutrient 

uptake was a more important influence on transcription than sensory perception. 

Scanning the promoter region of these 40 ILPs, we found putative binding sites of PQM-

1, DAF-16, SKN-1, PHA-4 and GATA. A novel motif was also found to be over-

represented in ILPs. 

Phenotypic analysis of single and compound deletion mutants did not reveal 

effects on L1 recovery/developmental dynamics; simultaneous disruption of ins-4 and 

daf-28 extended survival of L1 arrest without enhancing thermal tolerance. 

Overexpression of ins-4, ins-6 or daf-28 shortened L1 survival. Simultaneous disruption 

of several ILPs showed a temperature-independent, transient dauer phenotype. These 

results revealed the relative redundancy and specificity among agonistic ILPs. 

TGF- β and steroid hormone (SH) signaling have been reported to control dauer 

formation along with IIS. Our preliminary results suggest they may also mediate the IIS 

control of L1 arrest and recovery: expression of several key components of TGF-β and 

SH signaling pathway genes are negatively regulated by DAF-16; loss-of-function of these 

genes partially represses daf-16 null phenotype in L1 arrest and causes a retardation in 

L1 development. 

 In summary, my dissertation study focused on the IIS pathway, characterized 

the dynamics and sites of ILPs expression in response to nutrient availability, revealed 
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the function of specific agonistic ILPs in L1 arrest, and suggested potential cross-

regulation among IIS, TGF-β signaling and SH signaling in controlling L1 arrest and 

recovery. These findings provide insights into how IIS governs post-embryonic 

development in response to nutrient availability.
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1. Introduction  

1.1 L1 arrest and recovery as a system to study the  nutritional 
control of development 

Nutrient availability is often fluctuating for wild animals. Appropriate allocating 

resources between development and survival is a real-world challenge that directly 

affects their fitness, thus has a great ecological and evolutionary significance. In 

addition, nutrition has broad impacts on animal development, physiology and even 

diseases. For example, failure of maintaining nutrient homeostasis causes diseases like 

obesity and diabetes, and caloric restriction has been shown to extend the life span from 

yeast to mammals (Everitt et al. 2010). 

The free-living nematode C. elegans has evolved great ability to tackle with food 

scarcity: in addition to well-studied dauer larvae, the newly hatched L1 larvae do not 

initiate post-embryonic development if no food is available and remain arrested at L1 

stage. Arrested L1s have no visible morphological modification but have enhanced 

stress resistance and can survive for up to six weeks, which equals twice as its normal 

life span (Baugh 2013, Fig. 1). Moreover, short-term arrested worms can resume 

development immediately once food becomes available. This arrest-recovery strategy, 

widely used as a standard protocol for synchronizing worms in research labs, actually 

provides an opportunity to study the regulatory mechanisms mediating nutritional 

control of development. 
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Insulin/Insulin-like growth factors Signaling (IIS) pathway has been revealed as a 

key regulator of L1 arrest (Baugh and Sternberg 2006). Mutation of the only known 

insulin-like receptor daf-2 results in constitutive L1 arrest in the presence of food (Baugh 

and Sternberg 2006, Vowels and Thomas 1992). Phosphoinositide 3-kinase acts 

downstream to antagonize the activity of daf-16/FOXO by regulating its phosphorylation 

and localization (Lin et al. 1997, Ogg et al. 1997). Mutation in daf-16 results in the L1 

arrest-defective phenotype in the absence of food (Baugh and Sternberg 2006). daf-16 

promotes arrest and survival by regulating transcription of numerous target genes 

(Murphy et al. 2003). IIS is a conserved pathway from nematode to human, regulating 

many growth and energy-homeostasis related aspects (Broughton and Partridge 2009). 

In particular, in C. elegans it has been shown to regulate dauer formation and exit, life 

span, stress resistance, fatty acid storage etc. in addition to L1 arrest and recovery 

(Murphy and Hu 2013).  

 

1.2 Previous studies on ILPs 

Great interest in the IIS pathway given its abovementioned function has led to 

detailed characterization of pathway components. However, the expression, function 

and regulatory mechanism of specific ligands of this pathway, namely the insulin-like 

peptides (ILPs) have not been well characterized. In human, the immediate response to 

increased blood glucose levels is the secretion of insulin from the dense-core vesicle in 
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pancreatic β-cells. Disruption of asna-1, an ATPase that is required for ILPs secretion in 

C. elegans, results in constitutive L1 arrest phenotype even with the presence of food, 

suggesting that secretion is also a mechanism of nutritional control in C. elegans (Kao et 

al. 2007), though transcriptional regulation is more likely to mediate long term 

responses. Furthermore, mutation of asna-1, unc-31 or ocr-2 that blocks ILPs from 

secretion increases starvation survival, suggesting that IIS in nervous system is still 

active during L1 arrest (Lee and Ashrafi 2008).  

The C. elegans genome encodes a surprisingly large family of 40 putative ILPs 

(WormBase WS230, Fig. 3). Though redundancy is very likely, there is evidence that 

these ILPs can function either to promote development (“agonists”) or arrest 

(“antagonists”) (Fig. 2): loss-of-function of daf-28 or ins-6 increases dauer formation rate 

and/or decreases dauer exit rate (Cornils et al. 2011); overexpression of ins-1 or ins-18 

increases dauer formation rate (Pierce et al. 2001); loss- of-function of ins-3 or ins-33  

reduces germ line proliferation (Michaelson et al. 2010); loss-of-function of ins-7 increases 

life span while over-expression reduces it (Murphy et al. 2003; Murphy et al. 2007); loss-

of-function of ins-11 suppresses the life span extension caused by ins-7 RNAi (Kawano et 

al. 2006); loss-of-function of ins-17 or ins-18 decreases dauer formation rate (Matsunaga, 

Nakajima et al. 2012; Matsunaga, Gengyo-Ando et al. 2012); loss-of-function of ins-10, 21, 

22, 23, 26, 33 or 35 will affect dauer formation etc. (Fernandes de Abreu et al. 2014). 

These studies suggest that specific ILPs control different developmental events. 
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Studies in other organisms also suggest the functional specificity as well as 

redundancy among insulin family ligands: in Drosophila, eight insulin-like peptides 

(DILPs) and one insulin receptor (DInR) were found. Functional redundancy and 

compensation among dilp2, dilp3 and dilp5 has been implicated in control of longevity 

(Kannan and Fridell 2013), and dilp8 functions to promote developmental arrest 

(Colombani et al. 2012) as an antagonist. In human there are ten members including 

insulin, two insulin-like growth factors (IGF1 and IGF2), three relaxins (RLN1, RLN2 

and RLN3) and four insulin-like peptides (INSL3, INSL4, INSL5 and INSL6). In 

particular, IGF1 and IGF2 both act through IGF1 receptor which promotes cell 

proliferation and inhibit cell apoptosis, and IGF1 is believed to be a major growth factor 

in adults while IGF2 in fetal (NCBI- Medical Subject Headings). 

Previous genome-wide expression analysis revealed that many ILPs were up- or 

down-regulated when nutrition conditions were switched. However, only 21 ILPs were 

measured in that study (Baugh et al. 2009). Our group then optimized the nCounter 

platform and successfully measured mRNA expression of all 40 ILPs throughout the C. 

elegans life cycle, and found that they are expressed in a variety of distinct temporal 

patterns (Baugh et al. 2011). A recent study delineates expression pattern of all 40 ILPs in 

19 tissues at all developmental stages (Ritter et al. 2013). Questions remain regarding 

ILPs expression regulated by nutrition and what anatomical sites are responsive; and 

since the worm will enter arrest if the IIS pathway is not activated, which ILP or ILPs 
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function to initiate post-embryonic development from arrest; and how the sensation of 

nutrient availability lead to a systemic decision on developmental and physiological. 

 

1.3 Previous studies on the interactions between II S, TGF-β and 
SH pathway 

IIS is a critical regulator of L1 arrest, and tissue-specific expression in the nervous 

system, intestine or epidermis of daf-2 or daf-16 can rescue their aging phenotypes, 

demonstrating cell-non-autonomous function in these tissues (Libina et al. 2003; 

Wolkow et al. 2000; Zhang et al. 2013), and suggesting the existence of downstream 

signaling of daf-16.  

daf-12 nuclear hormone receptor is well characterized  in C. elegans. Its signaling 

regulates dauer formation, and epistasis analysis shows that it acts downstream of daf-16 

(Hu 2007), and it is directly regulated by daf-16 (Alic et al. 2011). However, daf-12 SH 

signaling has not been reported to be involved in L1 arrest or early larval development. 

The Transforming Growth Factor-β (TGF-β) signaling is an important and 

conserved way of intercellular communication in eukaryotic animals. It affects animal 

development including embryonic patterning and organogenesis, as well as homeostasis 

in fully developed organisms (Gumienny and Savage-Dunn 2013). Alteration of TGF- β 

signaling causes a variety of human diseases (Wu and Hill 2009). There are 5 TGF-β 

ligands in C. elegans. Among them daf-7 and dbl-1 are the best characterized, though they 

function in different contexts.  



 

6 

daf-7 signaling also regulates dauer formation, and epistasis analysis shows that 

it acts in parallel of daf-16 and upstream of daf-12(Antebi et al., 2000; Snow and Larsen, 

2000). Previous studies show that daf-7 signaling interacts and promotes IIS activity via 

multiple mechanisms, i.e. daf-7 regulates longevity upstream of and via IIS pathway 

(Shaw et al., 2007); IIS pathway genes, including ins-7 and ins-18, are transcriptionally 

regulated by the daf-7 signaling (Liu et al. 2004);  daf-7 signaling also promotes secretion 

of DAF-28 (Park et al. 2012). However, it is unclear if daf-7 regulates L1 arrest or 

development, nor do we know if IIS or DAF-16 regulates daf-7 signaling as well. 

dbl-1 signaling regulates reproductive aging in parallel with IIS (Luo et al. 2010), 

in addition to its well-known function in regulating adult body size (Savage-Dunn et al. 

2003; Gumienny et al. 2013). Interaction with IIS pathway has been less reported, except 

that dbl-1 signaling regulates the expression of several ILPs (ins-7, ins-22 and ins-23) (Luo 

et al. 2010) and some known IIS target genes i.e. fat-6 and fat-7 (Liang et al. 2007). It has 

not been reported to regulate L1 arrest or development; however, we recently found that 

mutation of sma-9, the downstream effector of dbl-1, reduces L1 and L2 growth rate 

(Moore et al. 2013). 

To study daf-12 SH and TGF-β signaling as the putative downstream IIS pathway 

mediators is of particular interest not only because the downstream signaling of FOXO 

mediating cell-nonautonous effects has been predicted in C. elegans and D. melanogaster 

(Libina et al. 2003; Wolkow et al.  2000; Zhang et al. 2013; Demontis and Perrimon 2010; 
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Hwangbo et al. 2004; Lavery et al. 2007) but yet to be identified, but also because 

interaction between these developmentally and physiologically important signaling 

pathways are generally less understood in other model organisms. 
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Figure 1. Scheme of normal development, L1 arrest and recovery in C. elegans. 

Adapted from wormatlas.org.
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Figure 2. A simple model of IIS. Black and colored components are the active 

ones; grey components are the inactive/inhibited ones under each condition. 
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Figure 3. Genomic view of ILPs. Three types (α, β and γ) are classified by 

domain structure. 7 and 5 ILPs are found in clusters within 26kb and 13kb, respectively. 

Adapted from Pierce et al. 2001. 
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2. Expression analysis of ILPs in L1 arrest and recovery 

2.1 mRNA expression analysis during entry into and recovery 
from L1 arrest 

2.1.1 mRNA expression measured on nCounter Nanostring platform 

We used the nCounter platform to measure ILP mRNA expression during entry 

into and recovery from L1 arrest (Geiss et al. 2008). Total RNA prepared from whole 

worms was hybridized to a codeset containing probes for all 40 ILPs as well as daf-2, daf-

16 and the daf-16 target sod-3, as previously described (Baugh et al. 2011). For entry into 

L1 arrest, larvae were hatched with food and allowed to develop for approximately 6 hr, 

and then food was washed away (starvation time zero) to initiate starvation and 

developmental arrest. This approach is different from other studies of gene expression 

during L1 arrest, where larvae hatch without food (Baugh et al. 2009; Maxwell et al. 

2012; Stadler and Fire 2013; Maxwell et al. 2014), but it increases population synchrony 

during arrest entry, improving temporal resolution. For L1 arrest recovery, larvae were 

arrested by hatching without food for approximately 12 hr, and then synchronously 

recovered by feeding (recovery time zero). Twelve time points were collected over 12 hr 

for each time series, with dense sampling early to capture rapid changes in expression. 

Probes for daf-2/InsR, daf-16/FOXO and sod-3 were included for reference in the 

nCounter codeset. We previously reported that several components of the IIS pathway 

are up-regulated during L1 arrest, but microarray signal for daf-2 was too low for 

assessment (Baugh et al. 2009). The nCounter results show clear, significant up-
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regulation of daf-2 in starved L1 larvae (Fig. 4; Table 1). The insulin receptor is also up-

regulated during starvation in Drosophila and mammals, suggesting that feedback 

regulation via FOXO elevates sensitivity to signaling (Puig and Tjian 2005). Consistent 

with this model, we also see mild but significant up-regulation of daf-16 during L1 

arrest (Fig. 4; Table1). The superoxide-dismutase sod-3 is a direct target of daf-16 (Oh et 

al. 2006), and, as expected, it is clearly up-regulated in starved larvae and down-

regulated in fed larvae (Fig. 4). 

ILPs expression patterns are complex, varying over time and between conditions. 

Consistent with functioning as an agonist to promote dauer bypass (Li et al. 2003), daf-28 

is clearly up-regulated by feeding and down-regulated by starvation (Fig. 4). Several 

other genes are also up-regulated by feeding. However, whereas daf-28 up-regulation is 

early and persistent, others are early and transient (e.g., ins-4), gradual (e.g., ins-9) or late 

(e.g., ins-33). Consistent with functioning as an antagonist to promote dauer formation 

(Matsunaga, Nakajima et al. 2012), ins-17 is up-regulated by starvation and down-

regulated by feeding (Fig. 4). Another antagonist (Matsunaga, Gengyo-Ando et al. 2012), 

ins-18, is also up-regulated by starvation, but it is early and transient. In contrast, ins-11 

is up-regulated gradually during starvation. Despite variation in dynamics, these results 

reveal a correlation between nutrient-dependent expression and function, suggesting we 

can use the results of our expression analysis for functional predictions. 
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Figure 4. Comprehensive mRNA expression analysis of ILPs during L1 arrest 

and recovery reveals nutrient-dependent regulatory dynamics. The NanoString 

nCounter platform was used to measure transcript abundance (y-axis, arbitrary units) 

over time (x-axis, hours) in fed (green) and starved (red) conditions. Error bars reflect 

the standard deviation of three biological replicates. ins-13 is not included since the 

probe sequence used is not specific to that gene. The insulin-like receptor, daf-2, its 

effector, the FOXO transcription factor daf-16, and the daf-16 target sod-3 are also 

included for reference. 
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2.1.2 Classification of agonists and antagonists based on expression 
dynamics 

The majority of ILPs show dynamic, nutrient-dependent expression. We used 

two-way analysis of variance (ANOVA) to assess statistical significance of the effects of 

nutrition and time as well an interaction between the two (Table 1). Unfortunately, 

signal for 11 genes was deemed too low for reliable assessment. In addition, the 3' 

untranslated region of acdh-2 overlaps with ins-13, and we found that the abundant 

expression of acdh-2 dominates the ins-13 probe (data not shown), so these 12 genes were 

not subjected to ANOVA. Of the 28 ILPs we were able to obtain reliable data for, 23 

(82%) were significantly affected by nutrition (Pnutrition<10-4 with no correction for 

multiple testing). This result reveals a pervasive effect of nutrient availability on ILPs 

gene expression. Furthermore, 21 (75%) ILPs were significantly affected by time (Ptime<10-

4 with no correction for multiple testing), reflecting the temporal resolution of our data 

and the dynamic nature of IIS. The effects of nutrition and time are interdependent, and 

22 (79%) ILPs showed a significant interaction between the two factors (Pinteraction<10-4 

with no correction for multiple testing), indicating that the dynamics of their response to 

one condition differs from the other. 

We used the results of two-way ANOVA together with cluster analysis to 

classify ILPs as candidate agonists or antagonists. Our rationale is that agonists and 

antagonists are likely to be up-regulated in response to feeding and starvation, 
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respectively. We only clustered genes with a P-value for the nutrition by time interaction 

below 10-4. This requires a distinct temporal response to each condition (fed and 

starved). Two major patterns are evident after clustering: 1) genes up-regulated by 

feeding and down-regulated by starvation, including the prototypical agonist daf-28, and 

2) genes down-regulated by feeding and up-regulated by starvation, including the 

prototypical antagonist ins-17 (Fig. 5). We classified genes in each of these clusters as 

agonists or antagonists, respectively, resulting in 13 candidate agonists and 8 candidate 

antagonists. Visual inspection of the expression of each gene confirms its classification 

(Fig. 4). ins-12 has a complex expression pattern, and it did not cluster with either group, 

so we did not classify it despite a significant nutrition by time interaction. 

Our classification of candidate agonists and antagonists correctly assigned most genes of 

known function. In particular, of 12 known agonists, 10 were classified as such (Table 1). 

ins-7 is known to function as an agonist to promote aging (Murphy et al. 2003), but 

previous expression analysis suggests it is specific to L4 larvae and adults (Baugh et al. 

2011). Consistent with this interpretation, expression is too low to be reliably detected 

here so it was not classified. ins-14 has been shown to inhibit dauer entry (Fernandes de 

Abreu et al. 2014), though its expression is not differentially regulated in L1s. Of six 

known antagonists four were classified as such (ins-10, ins-11, ins-17 and ins-20). ins-18 is 

known to function as an antagonist (Matsunaga, Gengyo-Ando et al. 2012), and we 

previously found that it is up-regulated in L1 arrest and dauer formation (Baugh et al. 
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2011). ins-18 is more highly expressed in L1 arrest than recovery here, but it did not 

show a significant nutrition-by-time interaction in ANOVA, so it was not clustered or 

classified as an antagonist. ins-1 is also known to function as an antagonist (Cornils et al. 

2011), but its expression did not suggest antagonism here or in our previous expression 

analysis (Baugh et al. 2011). Alternatively, we could have clustered all genes found to be 

significant by two-way ANOVA (as opposed to only those with a significant nutrition 

by time interaction). That would have classified ins-18 as an antagonist, but it would 

have also classified other ILPs with less confidence. For example, ins-2 and ins-34 both 

decrease over time during recovery (Fig. 4), but this appears to be due to embryonic 

expression rather than up-regulation during starvation (Baugh et al. 2011). 
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Table 1. Two-way ANOVA for mRNA expression dynamics in fed and starved 

conditions. P-values for each factor (nutrient availability, time and their interaction) are 

reported. P-values considered significant (< 0.0001) are in bold. Genes with maximum 

transcript abundance less than 2,000 and ins-13 were excluded. 1 Patel et al. 2008; 2 

Cornils et al. 2011; 3 Li et al. 2003; 4 Pierce et al. 2001; 5 Michaelson et al. 2010; 6 Kawano 

et al. 2006; 7 Matsunaga, Nakajima et al. 2012; 8 Matsunaga, Gengyo-Ando et al. 2012; 9 

Hung et al. 2014; 10 Fernandes de Abreu et al. 2014; * 9 and 10 have opposite results. 

Genes Two-way ANOVA Prior Characterization 
Pnutrition Ptime Pinteraction 

daf-2 2.3E-18 8.1E-05 5.3E-22  
daf-16 1.7E-06 8.4E-08 2.0E-07  
sod-3 8.5E-06 7.3E-07 2.6E-21  
daf-28 5.8E-28 4.4E-03 6.5E-25 agonist, dauer1, 2, 3, 9, 10 
ins-1 1.1E-02 1.4E-09 5.1E-01 antagonist, dauer2, 4, 9, 10 
ins-2 5.0E-19 6.6E-04 1.3E-03  
ins-3 1.2E-07 1.5E-12 9.2E-06 agonist, germline proliferation5, dauer 9, 10 * 
ins-4 9.3E-02 1.9E-15 1.3E-22 agonist, dauer3, 9, 10 
ins-5 6.5E-09 1.5E-01 1.1E-19  
ins-6 1.4E-09 3.3E-15 6.8E-18 agonist, dauer2, 3, 9, 10 
ins-9 8.4E-22 1.1E-16 1.1E-23  
ins-10 5.2E-12 8.6E-07 4.4E-25 antagonist, dauer10 
ins-11 6.8E-25 1.0E-21 3.6E-23 antagonist, aging6; agonist, dauer10 
ins-12 3.3E-03 1.2E-05 1.5E-06  
ins-14 3.5E-11 3.4E-11 6.9E-02 agonist, dauer10 
ins-16 7.7E-25 1.2E-10 3.1E-14  
ins-17 1.6E-28 2.8E-06 2.2E-18 antagonist, dauer7 
ins-18 2.4E-13 1.0E-04 1.6E-01 antagonist, dauer4, 8, 9 
ins-20 3.0E-20 8.5E-08 5.4E-12 antagonist, stress resistence10 
ins-21 4.6E-12 2.1E-11 2.7E-07 agonist, dauer10 
ins-22 1.8E-15 9.4E-12 1.9E-05 agonist, dauer10 
ins-24 1.3E-15 2.5E-05 4.3E-12  
ins-25 4.9E-10 2.8E-03 3.1E-12  
ins-26 1.2E-01 1.3E-11 9.5E-12 agonist, dauer10 
ins-27 2.2E-08 6.4E-12 3.0E-08 agonist, dauer and stress resistence10 
ins-28 8.7E-11 4.7E-03 4.3E-08  
ins-29 6.5E-01 1.8E-08 1.1E-10  
ins-30 1.3E-34 2.2E-01 5.7E-03  
ins-33 6.7E-17 1.2E-17 7.5E-15 agonist, germline proliferation5, dauer10 
ins-34 1.3E-14 4.8E-02 6.3E-02  
ins-35 1.5E-15 7.2E-25 2.7E-23 agonist, dauer10 
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Figure 5. Clustering ILPs by mRNA expression dynamics reveals two major 

patterns of regulation. Genes that were reliably detected (max abundance greater than 

2,000) and displayed significantly different expression dynamics between fed and 

starved conditions (two-way ANOVA Pinteraction < 10-4, with no correction for multiple 

testing) were subjected to hierarchical clustering after log2 mean normalization. Yellow 

and blue reflect above and below average expression, respectively.  
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2.2 Destabilized reporter gene analysis during L1 a rrest and 
recovery 

2.2.1 Expression anatomy during L1 arrest and recovery 

We constructed destabilized YFP transcriptional reporter genes to complement 

temporal analysis of mRNA expression for ten candidate agonists. In addition to nine of 

the candidate agonists identified, we also included a reporter for ins-7 since it is known 

to function as an agonist, though in a different context (Murphy et al. 2003). We fused 

non-coding sequence upstream of each ILPs to YFP carrying the PEST sequence from 

mouse ornithine decarboxylase on its C-terminus for destabilization. We previously 

characterized this reporter protein in L1 arrest, confirming that it is uniformly 

destabilized throughout the animal and has a greatly reduced half-life compared to 

ordinary GFP-based reporters (Baugh et al. 2009). 

Reporter expression is consistent with neuroendocrine control of L1 arrest and 

recovery. In particular, six of ten reporters were expressed in the chemosensory neuron 

ASI, three of those were also expressed in chemosensory neuron ASJ and another in 

chemosensory neuron ASK (Table 2 and Fig. 6). In addition, reporters for ins-26 and ins-

35 were expressed in chemosensory neurons ASE and AWC. Chemosensory neuron 

function is known to affect L1 arrest survival and constitutive arrest of daf-2/InsR 

mutants (Vowels and Thomas 1992; Lee and Ashrafi 2008). Furthermore, daf-28 is known 

to be expressed in ASI and ASJ (Li et al. 2003), though not this early, and these neurons 

are also known to regulate dauer formation (Bargmann and Horvitz 1991). Our 
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expression analysis during L1 arrest and recovery further suggests that chemosensory 

neurons, ASI and ASJ in particular, contribute to regulation of L1 arrest. In addition, 

each of the reporters expressed in ASI was also expressed in the tail interneuron PVT 

(Table 2). This striking correlation suggests that PVT may provide neuroendocrine 

control of development like ASI, though it is not known to be sensory and no such 

function has been described. Reporter expression also suggests that the intestine may 

provide systemic control of L1 arrest and recovery. All ten reporter genes analyzed were 

expressed in the intestine (Fig. 6; Table 2). Intestinal expression was generally weak and 

often only visible in the posterior during L1 arrest, but it appeared brighter during 

recovery and expanded to anterior intestinal cells. Like the nervous system, the intestine 

is known to be an important site of action for the IIS pathway during aging and L1 arrest 

survival (Baugh 2013). However, the expression, secretion and function of ILPs has 

generally focused on neuronal cells (Li et al. 2003; Kao et al. 2007; Lee and Ashrafi 2008; 

Cornils et al. 2011). These results suggest that the intestine also provides endocrine 

control of L1 arrest and recovery, which would be analogous to mammals in that the 

pancreas is endodermal and the intestine is the sole endodermal organ in C. elegans. Our 

results are generally consistent with previous studies, in which head neurons and 

intestine are found to be sites where most ILPs are expressed in L1 stage larvae (Ritter et 

al. 2013). 
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Figure 6. Destabilized YFP reporter gene analysis reveals chemosensory 

neurons and intestine as primary sites of expression in L1 larvae. Representative 

images are shown for ten candidate agonists during L1 arrest and after 6 hr recovery. 

Different exposure times were used for different reporter genes, and brightness of 

individual images was adjusted to obtain uniform background. 
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Table 2. Expression anatomy of 10 candidate agonists in arrested and fed L1s. 

Destabilized YFP transcriptional reporters were analyzed. DiI or DiD staining was used 

to help identify amphid chemosensory neurons. 

L1 arrest 

 
Head 
Neurons 

Tail 
Neurons Intestine Other 

daf-28 ASI, ASJ PVT posterior (weak) head neurons 
ins-3 ASI, ASJ (major), URX PVT posterior (weak)  
ins-4 ASI (major), ASJ, URX PVT posterior (weak) tail cells 

ins-5 ASK (major), ASI, RID PVT whole, stronger 
in posterior tail cells; tail neurons 

ins-6 ASI PVT posterior (weak) 
head muscles; 
coelomocytes; head 
neurons; tail cells 

ins-7 RID  posterior (weak) head neurons 
ins-9   posterior (weak) head neurons 
ins-26 ASI, ASE, AWC PVT posterior tail cells 

ins-33   
posterior and 
anterior 

head muscles; head 
neurons; tail cells 

ins-35 ASE, AWC  
whole, stronger 
in anterior head neurons 

Fed 6 hours 

 
Head 
Neurons 

Tail 
Neurons Intestine Other 

daf-28 ASI, ASJ PVT whole, stronger 
in posterior head neurons 

ins-3 ASI, ASJ (major), URX PVT whole, stronger 
in posterior  

ins-4 ASI (major), ASJ, URX PVT posterior tail cells; hypodermis (rare) 

ins-5 ASK, ASI (major), RID PVT whole, stronger 
in posterior tail cells; tail neurons 

ins-6 ASI PVT posterior 
head muscles; 
coelomocytes; head 
neurons; tail cells 

ins-7 RID  
posterior and 
anterior head neurons; tail cells 

ins-9   posterior head neurons; tail cells 
ins-26 ASI, ASE, AWC PVT posterior tail cells 

ins-33   

whole, stronger 
in posterior and 
anterior 

head muscles; head 
neurons; tail cells 

ins-35 ASE, AWC  
whole, stronger 
in anterior head neurons 
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2.2.2 Site-specific expression dynamics of ILPs during L1 recovery 

Reporter gene analysis reveals nutritional control of transcription. By measuring 

mRNA steady-state levels, nCounter analysis cannot distinguish between regulation of 

transcription and transcript stability. Because we used promoter fusions, changes in 

reporter gene expression imply transcriptional regulation. Despite being candidate 

agonists, all ten reporters were expressed during L1 arrest (Fig. 6; Table 2). All ten were 

also expressed during L1 development, and the patterns of expression generally did not 

change within 6 hr, with the exception being expansion within the intestine. We used 

image analysis to quantify reporter gene expression. Of the six reporter genes expressed 

in ASI, three were significantly up-regulated after 6 hr recovery (Fig. 7A). In contrast, 

eight out of ten reporters were significantly up-regulated in the intestine, largely 

confirming the nCounter results (Fig. 7B). ins-33 is expressed relatively late during 

recovery, consistent with promoting germline proliferation (Michaelson et al. 2010), 

presumably accounting for the lack of up-regulation observed within 6 hr. However, it is 

unclear why the ins-35 reporter was not up-regulated, but it could be that the 

appropriate regulatory elements were not included in the construct. Lack of intestinal 

up-regulation of ins-33, ins-35 and other reporters not described here provide evidence 

that intestinal expression is a gene and condition-specific effect, as opposed to a 

property of the reporter construct used. We also examined reporter expression for ins-5 

and ins-6 during entry into starvation (Fig. 7B). Both reporters were significantly down-
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regulated in the intestine, confirming that the reporter protein is destabilized and 

showing both positive and negative transcriptional control in the intestine. 

The intestine appears to be the major site of transcriptional regulation of ILPs 

expression in response to nutrient availability. Even in the limited cases where up-

regulation was evident in ASI, intestinal up-regulation was substantially greater (Fig. 7). 

Multiple lines of evidence suggest that chemosensory neurons, ASI and ASJ in 

particular, regulate L1 arrest, presumably in response to environmental conditions 

(Baugh 2013). However, such regulation could occur at the level of ILPs translation, 

maturation or secretion. Indeed, transcriptional reporters for seven of ten candidate 

agonists were expressed in chemosensory neurons during L1 arrest, suggesting a pool of 

mRNA and possibly protein is available for direct regulation. 

2.2.3 Induction of ins-5  in intestine is IIS-independent 

The IIS pathway regulates transcription of individual ILPs, creating feedback and 

causing the state of the pathway to spread between tissues (FOXO-to-FOXO signaling) 

(Murphy et al. 2003; Murphy et al. 2007; Oliveira et al. 2009). It is therefore possible that 

up-regulation of ILPs expression in the intestine could result from increased peptide 

secretion from chemosensory or other neurons. To test this hypothesis, we examined 

intestinal ins-5 reporter expression during recovery in a daf-2 mutant but found no effect 

on induction (Fig. 7C). This result suggests that intestinal up-regulation of ins-5 does not  
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Figure 7. Quantitative reporter gene analysis demonstrates nutritional control 

of transcription and reveals the intestine as a major site of transcriptional regulation. 

A) Relative YFP fluorescence intensity in ASI chemosensory neurons is plotted for six 

candidate agonists expressed in ASI during L1 arrest and after 6 hr recovery. Two-tailed, 

unpaired t-tests were used to assess statistical significance (*P<0.05; ***P<0.01; no 

correction for multiple testing). B) Relative YFP fluorescence intensity in the intestine is 

plotted for ten candidate agonists during L1 arrest and over time during recovery 

(green). ins-5 and ins-6 reporters were also subjected to starvation during the mid-L1 

stage (red). One-way ANOVA was used to assess statistical significance (***P<0.01; no 

correction for multiple testing). C) Relative fluorescence in the intestine of an integrated 

ins-5 reporter gene is plotted for L1 arrest and 6 hr recovery in a wild-type and daf-

2(e1370) background. The daf-2 mutant was found to have no effect on expression levels. 

A-C) Intensity was normalized to L1 arrest values for each reporter. The average and 

standard error of the mean are plotted for three biological replicates; approximately 20 

animals were analyzed per replicate per time point. 
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depend on upstream IIS, consistent with an autonomous response of the intestine to 

feeding. 

 

2.3 Consensus binding sequences (motifs) analysis o f the ILPs 

2.3.1 Scanning of the candidate TFs binding sites 

Given the diversity of expression dynamics among ILPs, it is not known what 

TFs regulate the expression of them. It would be possible that agonists are regulated by 

one TF and antagonists regulated by another, making binary decision of growing or 

arrest. We tested this hypothesis by scanning the existence of known TF consensus 

binding sequences (motifs) within 700bp upstream of the ATG translation start site of 

the 40 ILPs using FIMO (Grant et al. 2011; http://meme.nbcr.net/meme/cgi-bin/fimo.cgi). 

The TFs we scanned include four known downstream effecter of IIS (Table 4): DAF-16 

and PQM-1 (Tepper et al. 2013), PHA-4 (Chen et al. 2008) and SKN-1 (Tullet et al. 2008), 

as well as GATA, whose binding sequence is required in trans for expression of many 

genes in intestine (Pauli et al. 2006), where 28/40 (70%) ILPs are expressed (Ritter et al. 

2013). 

We found 26 putative binding sequences for PQM-1, 28 for DAF-16, 44 for PHA-

4 and 19 for SKN-1 with a P-value threshold lower than 0.001. GATA putative binding 

sequence has higher P-value due to its shorter consensus sequence, so P<0.00262 was 

used as a threshold instead and 98 putative binding sequences were found. We further 
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categorized the occurrence of these motifs based on the putative function of the genes 

they lie upstream of: 13 predicted agonists (daf-28, ins-3, ins-4, ins-5, ins-6, ins-9, ins-21, 

ins-22, ins-26, ins-27, ins-28, ins-33 and ins-35) and 8 predicted antagonists (ins-10, ins-11, 

ins-16, ins-17, ins-20, ins-24, ins-25 and ins-29). We found that PHA-4 motifs are 

significantly depleted among agonists and GATA motifs are significantly depleted 

among antagonists (Table 3), while none of the motifs are significantly enriched among 

agonists or antagonists. 

 

 Table 3. DAE and GATA binding motifs are depleted in ILPs promoter 

region. We assume motifs are Poisson distributed, and Chi-square test was performed 

between agonists vs. non-agonists, or antagonists vs. non-antagonists group, 

respectively. 

 

 Agonists Antagonists ILPs All protein-coding  Note 

 13 8 40 20392   

PQM-1 11 4 26 15236   

DAF-16 8 4 28 19718   

PHA-4 9 12 44 27403 
Depleted in agonists, 

P=0.04  

SKN-1 4 5 19 11624   

GATA 38 10 98 49907 
Depleted in antagonists, 

P=0.03  
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Table 4. Position Weighted Matrix used for each motif. Nucleotide frequencies 

listed 5’ to 3’ from top to bottom. 

  A C G T 

PQM-1 

0.137 0.468 0.287 0.108 

0.097 0 0.178 0.725 

0.038 0 0 0.962 

0.984 0 0 0.016 

0.09 0.199 0 0.711 

0.036 0.862 0.102 0 

0.68 0 0.016 0.304 

DAF-16 

0.223 0.123 0.654 0 

0.124 0 0.028 0.848 

0.488 0.299 0.127 0.086 

0.963 0.037 0 0 

0.741 0 0.259 0 

0 0.863 0.036 0.101 

0.842 0 0 0.158 

PHA-4 

0 0 0 1 

0.167 0 0.833 0 

0 0 0 1 

0 0 0 1 

0 0 0.083 0.917 

0.083 0 0.917 0 

0 0.5 0 0.5 

SKN-1 

0.5 0 0 0.5 

0.5 0 0 0.5 

0 0 0 1 

0.5 0 0.5 0 

0 0 0 1 

0 1 0 0 

1 0 0 0 

0 0 0 1 

GATA 

0.5 0 0 0.5 

0 0 1 0 

1 0 0 0 

0 0 0 1 

1 0 0 0 

0.5 0 0 0.5 
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2.3.2 A novel motif discovered among the ILPs 

We want to identify the cis-elements that control expression of these ILPs. We 

used MEME (Bailey and Elkan, 1994; http://meme.nbcr.net/meme/cgi-bin/meme.cgi) and 

RSAT (Thomas-Chollier et al. 2011; http://rsat.ulb.ac.be/) to search for motifs that are 

over-represented in the 1kb upstream of the ATG translation start site of the 40 ILPs.  

The top-ranking motif found by both programs was the consensus sequence 

CTCCGCCC (Fig. 8), which is a novel motif. This motif occurs 49 times in 29 ILPs with 

P<0.00001 and false discovery rate <0.01 when scanned using FIMO, representing a 10-

fold enrichment over the rest of the genes in the genome (Chi-square test, P<0.001). 

Surprisingly, none of the DAF-16, PQM-1, PHA-4, SKN-1 or GATA motifs showed up in 

the MEME or RSAT unbiased motif discovery, suggesting false discovery from scanning 

with FIMO. 

 This motif is not significantly biased toward agonists or antagonists, nor toward 

α, β or γ type (data not shown). This motif has not been reported in C. elegans, and the 

top ranked results from surveys in the TF database JASPAR, TRANSFAC and UniProbe 

via TomTom (Gupta et al. 2007; http://meme.nbcr.net/meme/cgi-bin/tomtom.cgi) and 

STAMP (Mahony and Benos, 2007; http://www.benoslab.pitt.edu/stamp/) comparing it 

with known motifs include human Krueppel-Like Factor (KLF) family and human 

Specificity Protein family. Members in KLF family regulate diverse biological processes 

including cell proliferation, differentiation, growth, development, survival, and 
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responses to external stress (McConnell et al. 2010); members of the Specificity Protein 

family are also involved in many cellular processes, including cell differentiation and 

cell growth (Sankpal  et al. 2012). Though functionally relevant, we do not know if the 

new motif we found enriched in ILPs in C. elegans is really the homologous of KLF or SP 

binding sequence in C. elegans. Alternatively, this motif could simply result from gene 

duplication that included promoter region as well. Further investigation (i. e. point 

mutation of the motif) is needed to prove that this motif act in cis, and 

immunoprecipitation (IP) or yeast one hybrid experiment could be performed to identify 

the TF in C. elegans that act in trans to drive expression of ILPs. 
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Figure 8. Putative binding motif found in 1kb upstream of 40 ILPs. This motif 

was the top result for both MEME (top) and RSAT (bottom). 
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3. Phenotypic analysis of candidate agonistic ILP 
mutants 

3.1 ILPs in controlling starvation survival 

3.1.1 Disruption of ins-4  and daf-28  extends starvation survival 

Arrested L1s have no visible morphologic modifications, making it hard to 

characterize. Arrested L1s have extended life span than fed worms (up to 6 weeks vs. 3 

weeks) and mutation of daf-2 further extended it (Munoz and Riddle 2003, Baugh and 

Sternberg 2006); they also have elevated heat, oxidative, hypertonic and hypoxic stress 

resistance. (Honda and Honda 1999; Scott et al. 2002; Lamitina and Strange 2005, Munoz 

and Riddle 2003). It is supposed that arrested L1s achieve stress resistance by shutting 

down growth-related genes and expressing stress-related genes (Baugh et al. 2009). 

Accordingly, the daf-16 mutant, which fails to arrest and has ectopic cell divisions, also 

dies faster than wild-type (Baugh and Sternberg 2006). These results suggest basal 

agonistic signaling activity during L1 arrest, as if disruption of specific agonists could 

increase starvation survival.  

We reasoned that agonistic ILP mutants were likely to phenocopy, though to a 

lesser extent, daf-2 mutants in starvation survival. To test this hypothesis, we performed 

phenotypic analysis of deletion mutants disrupting function of each of the ten candidate 

agonists for which we also performed reporter gene analysis. We also analyzed a 

deletion mutant, hpDf761, which lacks ins-4, ins-5 and ins-6, which are in a 6 kb 

chromosomal cluster (Hung et al. 2014), as well as a variety of mutant combinations via 
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standard genetic cross. We found, as expected, that daf-2(e1370) and daf-16(mgDf50) 

mutants are starvation resistant and sensitive, respectively (Fig. 9, Table 5). However, 

deletion of each of the ten candidate agonists investigated had no effect on L1 arrest 

survival (Fig 9A, Table 5). In contrast, simultaneous disruption of ins-4 and daf-28 causes 

significant increase in survival, with median survival of 13.6 +/- 1.7 days compared to 

10.3 +/- 1.2 days for wild-type (Fig. 9C, Table 5). Further disruption of ins-5, ins-6 or ins-7 

in this background had no additional significant effect on survival (Fig. 9C, Table 5). 

Despite having been implicated in dauer formation while with no known function in L1 

stage larvae, daf-28 affects survival of L1 arrest, as indicated by the fact that disruption of 

ins-4, ins-5, ins-6 and ins-7 without disruption of daf-28 does not have a significant effect 

on starvation survival (Fig. 9B, Table 5); ins-5; daf-28 and ins-6; daf-28 did not have 

significant effect on survival, highlighting the significance of ins-4 as well. Epistasis 

analysis with daf-16/FOXO confirms that increased starvation survival depends on daf-16 

(Fig. 9C, Table 5), as expected for daf-2/InsR agonists. 
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Figure 9. Simultaneous disruption of ins-4 and daf-28 increases survival of L1 

arrest. A) L1 arrest survival is plotted over time (days) for deletions affecting each of ten 

candidate agonists as well as wild-type, daf-2(e1370) and daf-16(mgDf50). B) and C) L1 

arrest survival is plotted over time for various compound deletion mutants as well as 

the same controls from A. A-C) All strains have ayIs7 [Phlh-8::GFP] in the background. 

Survival was assessed in 5 mL virgin S-basal (no cholesterol or ethanol) at a density of 1 

worm/μL at 21°C in a 16 mm glass test tube. Approximately 100 larvae were scored per 

replicate per timepoint; animals capable of spontaneous movement were considered 

alive. A logistic regression of mean survival from at least three biological replicates is 

plotted. 
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Table 5. Summary of L1 starvation survival results in ILP mutants. Median 

survival was calculated using a logistic regression fit to each survival curve, and the 

average and SD across biological replicates are reported for each genotype. The number 

of biological replicates is also indicated (N). A two-tailed, unpaired t-test was used to 

compute P-values for each strain compared to wild-type except the ones labeled with * 

and #. P-values below 0.002 were considered significant, which corresponds to a 0.05 

experiment-wide false discovery rate. A single deletion allele (hpDf761) was used for 

deletion of ins-4, ins-5 and ins-6. N/A: not applicable; N.S.: not significant; * compared to 

ins-4; daf-28; # compared to daf-16. 

Genotype Average 50% survival days SD N P-value 

wild-type 10.3 1.2 16 N/A 

daf-2 13.1 1.2 4 <0.002 

daf-16 5.9 0.3 4 <0.0001 

daf-28 9.5 0.8 3 N.S. 

ins-3 7.4 2.4 3 N.S. 

ins-4 9.7 1.0 3 N.S. 

ins-5 10.6 2.3 3 N.S. 

ins-6 10.5 1.1 3 N.S. 

ins-7 9.8 0.9 3 N.S. 

ins-9 9.0 1.0 3 N.S. 

ins-26 10.2 1.8 3 N.S. 

ins-33 7.6 0.7 3 N.S. 

ins-35 7.9 0.6 3 N.S. 

ins-4; daf-28 13.6 1.7 6 <0.001 

ins-5; daf-28 11.7 0.5 3 N.S. 

ins-6; daf-28 9.6 0.9 5 N.S. 

ins-6; ins-7 9.8 0.8 3 N.S. 

ins-6; ins-7; daf-28 9.7 0.5 3 N.S. 

ins-4, 5, 6 12.4 0.5 3 N.S. 

ins-4, 5, 6; ins-7 12.4 1.3 3 N.S. 

ins-4, 5, 6; daf-28 14.7 2.1 6 <0.0001 N.S. * 

ins-4, 5, 6; ins-7; daf-28 14.0 1.7 5 <0.0001 N.S. * 

ins-4, 5, 6; daf-28; daf-16 6.4 0.3 3 <0.0001 N.S. # 
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3.1.2 Overexpression of ins-4, ins-6 or daf-28  reduces starvation 
survival 

To confirm that the extension of starvation survival in hpDf761; daf-28 is caused 

by the loss-of-function of these particular genes rather than other random mutations, and 

to further test if any one gene among these four can be sufficient to restore the mutant 

phenotype, we performed a rescue experiment using transgenic worms carrying Pins-

4::INS-4, Pins-5::INS-5, Pins-6::INS-6 or Pdaf-28::DAF-28, or a pool of all four genes in 

high-copy extra-chromosomal arrays. We hypothesized that overexpression of 

functional agonists reduces starvation survival. In particular, the transgenic worms 

(labeled by mCherry marker) overexpressing functional agonists will die faster than 

their non-transgenic siblings (mCherry-) during L1 arrest, as evidenced by decreasing 

frequency of mCherry+ worms among survivors over time during starvation (Fig. 10). 

We observed overexpression of ins-4, ins-6, daf-28 or all four genes will accelerate the 

death of transgenic worms, but not ins-5 or the negative control (digested gDNA was 

injected with markers). Notably, the control and ins-5 OE die as fast as their non-

transgenic background (hpDf761; daf-28) at Day 13 (~60%, Fig. 9C, Fig. 10A), which 

shows that co-injection markers (Pmyo-2::mCherry, Prpl-28::puroR::unc-54_UTR and 

digested gDNA) are not affecting starvation survival. Overexpressing either ins-4, ins-6 

or daf-28 is sufficient to repress the starvation resistant phenotype, to a similar level of a 

pool of 4 genes at ¼ dosage each (Fig. 10A and 10B), as if these three work 

interchangeably.  
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It is interesting that ins-6 does not extend survival when mutated, but it reduces 

survival when overexpressed. One possibility is that ins-6 expression level is already 

close to “null” during starvation, thus no phenotype can be observed when mutated; 

while it is capable of promoting growth, as well as death in starvation, when expressed 

in substantial amount. This idea is supported by the observation that ins-6 mRNA has 

the highest level of up-regulation (~17 fold) during L1 recovery (Fig. 4), though reporter 

gene analysis suggests it is nonetheless expressed during L1 arrest (Fig. 6, Fig. 7; Table 

2). Taken together, our results suggest daf-28, ins-4 and ins-6 function redundantly to 

influence survival of L1 arrest. This is consistent with these ILPs functioning as daf-

2/InsR agonists during L1 arrest, and the gene overexpression result of daf-28, ins-4, or 

ins-6 is also consistent with their reported function in promoting dauer exit (Kao et al. 

2007; Cornils et al. 2011). 
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Figure 10. Overexpression of ins-4, ins-6 or daf-28 causes arrest-defective 

phenotype. A) and B) Overexpression of ins-4, ins-6 or daf-28 shortens survival of L1 

arrest. A) L1 arrest survival is plotted over time (days) for transgenic worms 

overexpressing (OE) INS-4, INS-5, INS-6 or DAF-28, or a pool of 4 genes at ¼ dosage 

each; control: digested gDNA injected at the same concentration. ins-4, 5, 6[hpDf761]; daf-

28(tm2308) worms were injected for all these rescue strains. * Pinteraction < 0.05 by two-

factor ANOVA between ILP OE and control over days; *** Pinteraction < 0.01. B) The relative 

frequency of alive mCherry+ worms among all alive worms over days of starvation 

compared to Day 1. *** Ptime < 0.01 by one-factor ANOVA. C) Overexpression of ins-4 or 

ins-6 causes ectopic M-cell division during L1 arrest. Approximately 100 mCherry+ alive 

worms after 10 days of L1 arrest in S-basal were scored in each replicate. * P < 0.01 by 

non-paired t-test compare to control. A-C) Average and standard error of mean of 

survival rate, ratio or frequency of M-cell division from two biological replicates of two 

independent transgenic alleles (4 replicates total) for each gene and control are plotted. 

All strains have ayIs7[Phlh-8::GFP] in the background. 
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3.2 No novel ILPs that affecting dauer identified 

We hypothesized that agonistic ILPs promote L1 development in response to 

feeding. Accordingly, we analyzed the developmental progression of a variety of single 

and compound deletion mutants. The proportion of animals in each developmental 

stage was scored at a time and temperature when nearly all wild-type animals have 

become adults and nearly all daf-2(e1370) mutants have arrested as dauer larvae (Fig. 10). 

With the exception of the daf-28 mutant, none of the single mutants analyzed had a 

significant effect on developmental progression. daf-28(tm2308) is known to cause dauer 

formation (Patel et al. 2008), ins-6(tm2416) enhances this phenotype (Cornils et al. 2011), 

while ins-5(tm2560) represses it (Fernandes de Abreu et al. 2014). We confirmed these 

results in our own observation (Fig. 11; data not shown).  Unlike daf-2 mutants, the 

dauer phenotype of hpDf761; daf-28 compound mutants is not temperature-sensitive, as 

reported elsewhere (Hung, et al. 2014), and it is transient (data not shown). These results 

confirm published findings with respect to dauer formation, but they fail to uncover a 

gross effect on L1 development. 
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Figure 11. Stage Proportion of ILP mutants. Phenotypic analysis of candidate 

agonists confirms known dauer formation phenotypes but does not reveal gross effects 

on L1 development. The relative proportion of developmental stages after 44 hr recovery 

from L1 arrest at 25°C is plotted for a variety of single and compound deletion mutants. 

The average and SEM is plotted for at least three biological replicates. Approximately 

500 individuals were scored for each replicate. 
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3.3 Loss-of-function of ins-4, ins-5, ins-6, ins-7 and daf-28  
doesn’t affect M-cell division in L1 recovery 

We analyzed developmental progression through the L1 larval stage during 

recovery from L1 arrest using a quantitative assay that is sensitive to subtle effects on 

cell division rate. There is a single M cell in early L1 larvae and during L1 arrest, and the 

M cell and its descendants go through a series of cell divisions during the latter half of 

the L1 stage (Sulston and Horvitz 1977; Fig. 12). The number of M cells per animal thus 

provides a relatively precise means of monitoring L1 development. daf-2/InsR mutants 

develop slower than wild-type in the L2 larval stage (Ruaud et al. 2011), and we found a 

significant delay in the rate of M cell lineage divisions in daf-2(e1370) during the L1 stage 

(Fig. 13). However, none of the ILPs mutants analyzed displayed a delayed M lineage 

division phenotype, including simultaneous disruption of ins-4, ins-5, ins-6, ins-7 and 

daf-28, suggesting extensive functional overlap. 

 

Figure 12. Illustration of first four rounds of M-cell division in L1 stage. 
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Figure 13. Disruption of candidate agonists does not have detectable effects on 

cell division in L1 larvae. The proportion of larvae with 1, 2, 3-4, 5-8 and >8 M lineage 

cells after 10 hr recovery from L1 arrest at 25°C is plotted for a variety of single and 

compound deletion mutants. Approximately 200 larvae were scored per replicate. All 

strains have ayIs7 [Phlh-8::GFP] in the background. Average and SEM are plotted for at 

least three biological replicates. 
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3.4 Loss-of-function of ins-4, ins-5, ins-6, ins-7 and daf-28 
doesn’t affect body length extension in L1 recovery  

To complement analysis of cell division rate, we used quantitative imaging to 

analyze length during L1 arrest and after 10 hr recovery (Moore et al. 2013). None of the 

single mutants analyzed displayed reduced growth during recovery from L1 arrest (Fig. 

15). Furthermore, simultaneous disruption of ins-4, ins-5, ins-6, ins-7 and daf-28 also did 

not affect L1 growth rate (Fig. 14). However, daf-2(e1370) also did not display reduced 

growth rate (Fig. 14; Fig. 15), though sma-9(wk55) did (Fig. 15), as expected based on 

previous results (Moore et al. 2013). The fact that mutation of daf-2/InsR delayed M-cell 

lineage division without affecting growth rate suggests that regulation of cell division 

and growth can be uncoupled, as if IIS regulates developmental events such as cell 

division independent of growth. 
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Figure 14. Disruption of candidate agonists does not have detectable effects on 

cell division in L1 larvae. Body length is plotted for wild-type, daf-2(e1370) and a strain 

with 5 candidate agonists deleted during L1 arrest and after 10 hr recovery at 25°C. 50-

100 larvae were imaged per replicate per timepoint. Average and SEM are plotted for at 

least three biological replicates. 
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Figure 15. L1 growth rate is not affected by deletion of candidate agonists or 

daf-2/InsR. Body length was measured by quantitative image analysis during L1 arrest 

and after 10 hr recovery at 25°C. sma-9(wk55) is included as a control, revealing an effect 

on L1 growth rate. Approximately 20 individuals were analyzed per replicate. Average 

and SEM are plotted for at least three biological replicates. 

 

3.5 Thermo tolerance in arrested L1 larvae 

IIS regulates thermo tolerance, as the daf-2 mutant has increased thermo 

tolerance in adults and developing larvae (McColl et al. 2010; Munoz and Riddle 2002). 

We tested if mutation of daf-2 can further increase thermo tolerance in arrested L1 

larvae, which are more resistant to many other stresses (Honda 1999; Scott et al. 2002; 
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Lamitina et al. 2005), and if ins-4; daf-28 double mutant can be more heat resistant since it 

extends starvation survival in L1 arrest, phenocopying daf-2.  

Thermo tolerance in arrested L1s is increased in daf-2 mutant, but not in ins-4; 

daf-28 double mutant or ins-4, 5, 6; daf-28 quadruple mutant (Fig.16). It is surprising that 

these two ILP mutants extend starvation survival during L1 arrest, which appear to 

function by reducing IIS based on daf-16 epistasis analysis, do not enhance thermo 

tolerance like daf-2 mutant. It is possible that their effect on starvation survival is 

accumulative, thus still insignificant at the first one or two days, when the heat shock 

assay was performed. We could test at a later time, but then the starvation-induced 

death would be more prominent and make the result more complicated. 

 

 

Figure 16. Thermo tolerance in arrested L1 larvae is increased in daf-2 mutant, 

but not in ILP mutants. The average and SEM are plotted for at least three biological 

replicates, approximately 100 individuals were analyzed per replicate, and animals 

capable of spontaneous movement were considered alive. All strains have ayIs7 [Phlh-

8::GFP] in the background. *** P<0.01 by non-paired t-test compare to wild-type. N. S.: 

not significant. 
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3.6 Other L1 arrest / recovery assays tested 

During the process of developing quantitative, sensitive and reliable assays to 

measure possible subtle differences between wild-type and ILP mutants, many other 

assays or reporters had been tested, though most of them were not implemented or 

reported in the published work. Some assays / markers worth noting are: V-lineage 

division marked by Pscm::GFP reporter, Pdaf-16::DAF-16::GFP translational fusion 

reporter and COPAS BIOSORT. 

There are 6 pairs of V-lineage cells in early L1 larvae and during L1 arrest, and 

each of the V cells divide once during the latter half of the L1 stage (Sulston and Horvitz 

1977) (Fig. 17). V5 divides first, then V6, followed quickly by V4, V3, and V1 divides last. 

They all divide symmetrically, and simultaneously on both sides. Thus, the number of V 

cells per animal also provides a relatively precise way of monitoring L1 development, 

though it has more cells to score than M-lineage, and the anterior H0, H1, H2 (H1 and 

H2 divide roughly at the same time as V1, while H0 never divides) and posterior T cells 

can interfere with cell identification.  

The activity of DAF-16 is negatively regulated by IIS through cellular 

localization: stresses induce it to rapidly enter nucleus, where it is functioning as a TF, 

while it is inhibited from nucleus under favored conditions (Henderson et al. 2001). The 

translocation happens in response to environmental cues in minutes (data not shown), 

which can serve as a quick readout of IIS, prior to any reporter/assay that’s based on 
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gene transcription change or cell division events. However, most worms have DAF-16 

exit nuclear after 1-day arrest (Weinkove et al. 2006; data not shown) and the remaining 

nuclear localized DAF-16 gradually and spontaneously exit nuclear while mounting and 

imaging (data not shown). It has been reported fixing in 5% paraformaldehyde could 

help prevent that happening (Hung et al. 2014). Nevertheless, we found that fasting 

(feeding then remove the food) L1 worms induces DAF-16 nuclear localization in almost 

100% worms in 30 min (Fig. 18, top panel), and then they gradually exit nucleus in hours 

(Fig. 18, bottom 2 panels). These observations suggest that DAF-16 is only transiently 

activated under stress condition. 

The COPAS BIOSORT platform is designed to measure and sort objects ranging 

20–150 microns in diameter, which makes it capable of high-throughput analysis of C. 

elegans L1 larvae. It measures Time of Flight (as a proxy of body length), Extinction (as a 

proxy of optical density and body diameter) and three fluorescent channels (green, 

yellow and red) simultaneously, and measures thousands worms in minutes. However, 

the results (Time of Flight) can be largely affected by the sheath flow rate and sample 

flow rate (optimally ~10 worm/egg), by at least 10% by estimation. In addition, we have 

observed at least 5% day-to-day fluctuation under the same conditions. Overall, it seems 

to be high-throughput but relatively low accuracy, make it more suitable for measuring 

big differences in subpopulations (i.e. distinct and sort the 5% of population which has a 

> 5-fold GFP signal increase than others) than measuring small differences between 
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synchronized population (i.e. quantifying a ~10% size differences in 2 well-synchronized 

populations). WormSizer could serve the later purpose better with much better 

accuracy, though relatively lower throughput. 
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Figure 17. Illustration of V-lineage cell division during L1. Arrest L1s have 6 V-

cells (top panel), the cell division (usually V5) starts ~4 hr after L1 recovery (2nd panel), 

V2, V3, V4 and V6 divide almost simultaneously shortly after V5 (3rd panel) and V1 

divides last (bottom panel). JR667 carrying wIs51[scm::GFP] was imaged. 
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Figure 18. Illustration of DAF-16::GFP localization. TJ356 strain carrying 

zIs356[DAF-16::GFP] was imaged. 
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4. Cross-regulation of L1-arrest and recovery of IIS and 
TGF-β and SH signaling 

4.1 DAF-16 represses cell division during L1 arrest  cell non-
autonomously 

IIS regulates aging cell-non-autonomously (Apfeld and Kenyon 1998; Libina et 

al. 2003; Wolkow et al. 2000; Zhang et al. 2013). We tested if it also functions cell-non-

autonomously in regulating L1 arrest and recovery, using rescue strains of daf-16 in 

various tissues (nervous system, intestine and epidermis).  

In daf-16 mutant ~5% population has M-cell divided at least once within 3 days of 

arrest, while in wild-type the frequency is 0. Intestinal expression of DAF-16 (Pges-

1::DAF-16), as well as expression driven by its native promoter (Pdaf-16::DAF-16), 

rescues the daf-16 mutant phenotype of ectopic M-cell division. On the other hand, 

epidermal (Pcol-12::DAF-16) or neuronal (Punc-119::DAF-16) expression cannot (Fig. 19). 

It is surprising that only intestinal expression is sufficient to rescue the daf-16 phenotype 

since it is normally expressed everywhere, as previous studies showed that expression 

in nervous system, intestine or epidermis is sufficient to rescue its aging phenotype 

(Libina et al. 2003; Wolkow et al. 2000; Zhang et al. 2013). One possibility is that intestine 

is really the major site of IIS control of L1 arrest. Alternatively, it could be an artifact of 

our choice of promoter: for example, Pcol-12::DAF-16 and Punc-119::DAF-16 may not be 

sufficiently transcribed during L1 arrest. Frequency of worms with >1 M-cells after 4 or 7 
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days starvation were also scored, and the results are generally consistent with Day 3 

results. 

 

 

Figure 19. Tissue-specific rescue of daf-16 (mgDf50). Approximately 100 larvae 

were scored per time point per replicate. All strains have ayIs7 [Phlh-8::GFP] in the 

background. Average and SEM are plotted for at least three biological replicates. * 

P<0.05 by non-paired t-test compare to daf-16(mgDf50), *** P<0.01. 
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 4.2 TGF-β and SH signaling components are repressed by daf-
16 

The cell-non-autonomous function of IIS suggests signaling downstream of daf-

16. We used the nCounter platform to measure the mRNA abundance of many genes in 

wild-type, daf-2(e979) and daf-16(mgDf47) background during L1 arrest and recovery. 

Among these genes, we found that two SH pathway components, daf-36 and daf-12, and 

two TGF-β ligands, daf-7 and dbl-1 are positively regulated by IIS, as suggested by 

down-regulation of their expression in daf-2 mutant and/or up-regulated in daf-16 

mutant (Fig. 20). 

daf-12 is a nuclear hormone receptors that integrates signals from IIS and TGF-β 

for dauer decision, that is, either reproductive development or arrest at the dauer 

diapause (Antebi 2006). Epistasis analysis shows that it acts downstream of daf-16 (Hu et 

al 2007), and that it is directly regulated by DAF-16 (Alic et al. 2011). Upstream of daf-12 

there are daf-9 and daf-36 which are enzymes for steroid hormone production (Gerisch et 

al. 2001; Jia et al. 2002; Rottiers et al. 2006). The loss-of-function mutants of them form 

dauer constitutively (daf-c) that are daf-12 dependent (Rottiers and Antebi. 2006).  

daf-7 and dbl-1 are both TGF-β ligands. daf-7 signaling regulates dauer formation, 

and epistasis analysis shows that it acts in parallel of daf-16 and upstream of daf-12 

(Antebi et al., 2000; Snow and Larsen, 2000). dbl-1 signaling regulates reproductive aging 

in parallel with IIS (Luo et al. 2010), in addition to its well-known function in regulating 
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adult body size (Gumienny et al. 2013). We recently found that mutation of sma-9, the 

downstream effector of dbl-1, reduces L1 and L2 growth rate (Moore et al. 2013).  

The observation that these genes are promoted by daf-2/IIS and/or repressed by 

daf-16 during arrest are consistent with their function in promoting dauer bypass, 

growth and reproductive aging, and suggest that they mediate downstream signaling of 

IIS. 
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Figure 20. Expression of several TGF-β and SH pathway components are 

positively regulated by IIS during L1 recovery. The X-axis labels hours after L1 

recovery and Y-axis is arbitrary unit of mRNA abundance. The black curve represents 

wild-type, the red curve represents daf-2(e979) and the green curve represents daf-

16(mgDf47). Error bar stands for SD of 2 or 3 biological replicates.  
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4.3 TGF-β and SH signaling promotes M-cell division during L 1 
recovery 

Genetic epistasis analysis shows daf-12 SH pathway integrates signals from IIS 

and TGF-β pathway for dauer decision, and the output signaling promotes reproductive 

development, or dauer bypass. We hypothesize that they are also promoting L1 growth 

and development. We tested M-cell division during L1 development in two SH pathway 

mutants, daf-9(m540) and daf-36(k114) which are both daf-c, and two TGF-β pathway 

mutants, dbl-1(wk70) and sma-9(wk55). We found that in all four mutants the M-cell 

lineage divisions are retarded compared to wild-type (Fig. 21): after 12 hr recovery at 

20°C, wild-type has experienced 3.2 +/- 0.2 rounds of M-cell divisions, compare to daf-

9(m540) 2.2 +/- 0.1 (P=0.01, non-paired, 2-tail t-test), daf-36(k114) 2.1 +/- 0.2 (P<0.01), dbl-

1(wk70) 1.4 +/- 0.1 (P<0.01) and sma-9(wk55) 1.5 +/- 0.3 (P<0.01). 

This retardation could result from either late initiation, or longer division 

interval, or both. Nevertheless, these results suggest the SH and TGF-β dbl-1 pathway 

may promote L1 growth and development. Further experiments testing other cell 

lineages (i.e. V-lineage, P-lineage) or body length using WormSizer will help distinguish 

if that is a systematic effect on L1 growth and development, or specifically affecting the 

M-lineage only; further experiments testing additional pathway mutants (i.e. daf-12, daf-

7, tig-2 etc.) will help distinguish if daf-16 acts through these two canonical pathways, or 

only a pleiotropic effect of these particular genes. In particular, daf-9 and daf-36 may 

involve in production of other SHs that can signal through other nuclear hormone 
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receptors independent of daf-12. However, both daf-c alleles of daf-12 we tested (daf-

12(rh273) and daf-12(rh274)) failed to yield enough embryos for the assay due to the low 

fertility.  

 

Figure 21. M-cell division is retarded in daf-9, daf-36, dbl-1 and sma-9 mutants. 

The proportion of larvae with 1, 2, 3-4, 5-8 and >8 M lineage cells after 12 hr recovery 

from L1 arrest at 20°C is plotted for daf-9, daf-36, dbl-1 and sma-9 mutants. 

Approximately 200 larvae were scored per replicate. All strains have ayIs7 [Phlh-8::GFP] 

in the background. Average and SEM are plotted for at least three biological replicates. 
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4.4 TGF-β and SH signaling is epistatic to daf-16 in control ling 
cell division during L1 arrest 

Given the results in 4.1 through 4.3, we hypothesize that daf-16 promotes L1 

arrest by antagonizing SH and TGF-β pathways which otherwise promote L1 

development. We predict that SH and TGF-β pathway mutants would be epistatic to daf-

16, suppressing ectopic cell division phenotype in L1 arrest.  

We tested this in daf-9(rh50), daf-12(m20), daf-36(k114) and dbl-1(wk70) and their 

combination with daf-16(mgDf50). daf-16(mgDf50) has ~30% M-cell divided after 7 days 

of starvation while wild-type has <1%. We’ve found that ectopic cell division in daf-

16(mgDf50) is repressed in daf-36(kl14) and dbl-1(wk70) as predicted, but not in daf-9(rh50) 

or daf-12(m20) (Fig.22, top panel).  

daf-12(m20) is a dauer deficient (daf-d) allele and we are expecting an 

enhancement of daf-16(mgDf50) arrest-deficient phenotype. However, we did not see any 

enhancement after 7 days of starvation, as they almost die out at day 7. We have scored 

the M-cell number in the double mutant at day 4 and 7 of L1 arrest and it appears daf-

12(m20) is, surprisingly, marginally suppressing daf-16(mgDf50) (Fig. 22, P=0.02 for day 7 

and P=0.06 for day 4). It could be because the double mutant was depleted of energy and 

other resources thus no cell division could happen by then. 

Our preliminary results show that functional daf-36 and dbl-1 are required for 

ectopic M-cell division in arrested worms, though additional signaling mutants and 

developmental markers need to be tested to confirm that they act through canonical 
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pathways and that the regulation is systemic. We tried to make daf-12(rh274) (daf-c); daf-

16(mgDf50) double mutant but it is not viable. daf-9(rh50) is a hypomorphic allele, which 

could explain lack of repression of daf-16(mgDf50) M-cell phenotype, and daf-9(m540) 

daf-c allele should be tested instead.  
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Figure 22. daf-36 and dbl-1 repress ectopic M-cell division phenotype of daf-16. 

Worms were scored after 7 days (top) or 4 days (bottom) of starvation in S-basal. 

Approximately 100 larvae were scored per time point per replicate. All strains have 

ayIs7[Phlh-8::GFP] in the background. Average and SEM are plotted for at least three 

biological replicates. * P<0.05 by non-paired two-tail t-test compare to daf-16(mgDf50), *** 

P<0.01. 
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4.5 TGF-β and SH signaling is not epistatic to daf-16 in 
controlling starvation survival  

Given the results in 4.4, we further test if SH and TGF-β pathway mutants can 

rescue starvation-sensitive phenotype of daf-16 mutant, using the same single and 

double mutant strains. 

Interestingly, none of the daf-9(rh50), daf-36(k114) or dbl-1(wk70) can repress the 

starvation survival phenotype of daf-16(mgDf50), nor do these single mutants survive 

better than wild-type (Fig. 23, left panel). daf-12(m20) is a dauer deficient (daf-d) allele 

and we are expecting an enhancement of daf-16(mgDf50) arrest-deficient phenotype. The 

double mutant looks more sensitive to starvation than daf-16(mgDf50), and the daf-

12(m20) single mutant looks more sensitive than wild-type (Fig. 23, right panel), which is 

consistent with our prediction. 

The fact that neither daf-36 nor dbl-1 mutant can rescue starvation sensitive 

phenotype of daf-16 mutant suggests that, though worms with ectopic cell division 

usually die fast, death is not a direct result from M-cell division, as in double mutants 

fewer worms have ectopic cell division but they die at the same speed or even faster 

than daf-16 (Fig. 22, Fig. 23). 
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Figure 23. Starvation survival phenotype of daf-16 is not suppressed in SH or 

TGF-β mutants. Approximately 100 larvae were scored per time point per replicate. All 

strains have ayIs7[Phlh-8::GFP] in the background. Individuals that displayed 

spontaneous movement were considered alive. Average and SEM are plotted for at least 

three biological replicates.  
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4.6 Working model: DAF-16 inhibits cell division du ring L1 arrest 
by repressing SH and TGF- β pathway 

From the preliminary results, we hypothesize the following model:  

In wild-type, under normal condition with food, IIS pathway inactivates DAF-16. 

SH and TGF-β pathway, which are then less repressed by DAF-16, are promoting L1 

development, as evidenced that M-cell division is retarded in these two pathway 

mutants (Fig. 20; Fig. 23, left panel). 

In wild-type, under starvation condition, DAF-16 is actively suppressing the 

expression of SH and TGF-β pathway genes and inducing genes required for L1 arrest, 

starvation survival and stress resistance, thus the worm enters arrest and no cell division 

occurs (Baugh and Sternberg 2006; Fig. 23, middle panel).  

In daf-16 mutant, under starvation condition, worms fail to repress SH and TGF-

β pathway, causing ectopic M-cell division; they also fail to induce genes required for 

starvation survival, causing the worms die faster (Fig. 23, right panel). Further 

disruption of SH or TGF-β pathway blocks the ectopic M-cell division (Fig. 21), but still 

cannot induce these starvation resistant genes thus the worms die at the same rate (Fig. 

22).  

Although we have candidate genes and pathways downstream of daf-16 

promoting developmental arrest, no gene promoting starvation survival and starvation 

induced stress resistance downstream of daf-16 has been identified yet. It has been 

shown that the heat shock factor hsf-1 (Baugh and Sternberg 2006), the p53 ortholog cep-1 
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(Derry et al. 2001) and pcm-1/PCMT1 (Gomez et al. 2007) all reduce starvation survival 

when mutated, though it is unclear if they act downstream of daf-16. Genes promoting 

survival downstream of daf-16 would be of particular interesting, given the common 

genetic basis between starvation-induced stress resistance and lifespan via IIS, as 

suggested by previous studies (Munoz and Riddle 2003; Weinkove et al. 2006; Scott et al. 

2002). Since we have shown that function of daf-16 on promoting arrest and survival can 

be uncoupled, it is possible to extend the lifespan without sacrificing reproductive 

development by over-expressing these genes. An over-expression screen for rescuing 

daf-16 starvation sensitive phenotype, namely mutants that extend survival when 

overexpressed in daf-16 mutant background, can help identify such genes. 

Still, as abovementioned, more SH and TGF-β pathway mutants need to be 

tested to confirm that daf-16 signals through the two canonical pathways, and more 

developmental markers need to be tested to confirm that these two pathways regulate 

systemic L1 arrest and recovery rather than the M-lineage only.  

Moreover, although expression data shows that daf-16 represses SH and TGF-β 

pathway, we do not know if this repression is direct or there could be more 

intermediates involved. For example, pqm-1 is another key TF mediating IIS downstream 

of daf-2. pqm-1 mutually antagonizes with daf-16, and is an activator of many 

developmental genes, apparently accounting for indirect repression of developmental 

genes by DAF-16 (Tepper et al. 2013). It is possible that daf-16 represses SH and TGF-β 
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pathway indirectly by antagonizing pqm-1, which in turn directly promotes SH and 

TGF-β pathway. If that is the case, we predict that pqm-1 mutant will also be able to 

repress daf-16 ectopic M-cell division phenotype, and pqm-1 gain-of-function will have 

ectopic M-cell division during L1 arrest, which can be repressed by SH or TGF-β 

pathway mutants. Another possible mediator of DAF-16 repression is miR-235, a 

microRNA that can repress expression by pairing with complimentary sequences at 

mRNA 3’UTR of target genes. miR-235 is up-regulated by starvation and down-

regulated by feeding, and miR-235 mutant shows a similar ectopic M-cell division 

phenotype, while not affecting starvation survival (Kasuga et al. 2013). It is possible that 

miR-235 binds and represses SH and TGF-β pathway genes during starvation. A scan of 

potential miR-235 binding sites can test this hypothesis. Alternatively, miR-235 may 

represses other regulators, i.e. nhr-91, (Kasuga et al. 2013) that promote development, 

and thus indirectly represses SH and TGF-β pathway. Nevertheless, epistasis analysis 

between miR-235 mutant and SH and TGF-β pathway mutants will help determine if 

miR-235 is involved. 
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Figure 24. Model of daf-16 inhibits cell division during L1 arrest by repressing 

SH and TGF-β pathway. Black and colored components are the active ones, grey 

components are the inactivated/inhibited ones under each condition. 
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5. Materials and Methods 

5.1 C. elegans genetics 

Alleles used in this research include wild-type (N2); daf-28(tm2308); ins-3(rb1915); 

ins-4(tm3620); ins-5(tm2560); ins-6(tm2416); ins-7(tm2001); ins-9(tm3618); ins-26(tm1983); 

ins-33(tm2988); ins-35(ok3297); ins-4, ins-5, ins-6(hpDf761); daf-2(e1370); daf-2(e979); daf-

16(mgDf50); daf-16(mgDf47); daf-9(rh50); daf-9(m540); daf-36(k114); daf-12(rh274); daf-

12(m20); dbl-1(wk70); sma-9(wk55); unc-119(ed4); him-5(e1490); ayIs7[Phlh-8::GFP]; 

wIs51[Pscm::GFP]; zIs356[Pdaf-16::GFP]. Different allelic combinations were created using 

standard genetic techniques. Males were generated by crossing to him-5(e1490) or heat 

shock at 30°C for ~6 hr. 

 

5.2 RNA preparation and expression analysis 

Worm culture, RNA sample collection and nCounter analysis were performed as 

previously described (Baugh et al. 2009; Baugh et al. 2011). Cultures were synchronized 

by overnight passage through L1 arrest, then grown for 57 hr in liquid culture before 

using hypochlorite treatment to harvest young embryos (Baugh et al. 2009). For the fed 

time series, embryos were allowed to hatch in S-complete buffer so they enter L1 arrest, 

and 24 hr after hypochlorite treatment they were fed with 25 mg/mL E. coli HB101 in 

liquid culture. They were collected at the indicated time points thereafter and washed 

three times by centrifugation. For the starved time series, the same culture procedure 
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was followed, except embryos were cultured in S-complete plus 25 mg/mL E. coli HB101 

for 16 hr, so they hatched and initiated L1 development, then the HB101 was washed 

away three times by centrifugation and they were cultured in S-complete and collected 

at the indicated timepoints thereafter. TRIzol was used for RNA preparation. Transcript 

counts were first normalized by average positive control transcript counts of all three 

replicates, and 43 target gene transcript counts were further normalized by the sum of 

all 43 target gene transcript counts within each replicate. Two-way analysis of variance 

(ANOVA) between conditions (fed and starved) and time (0-12 hr) were performed on 

normalized transcript counts with JMP 8. Genes with a Pinteraction>0.0001 or maximum 

transcript abundance below 2000 were excluded from clustering. Normalized transcript 

counts of the remaining genes were log2 transformed and mean centered over both time 

series, then hierarchically clustered based on single linkage in Cluster 3.0, and visualized 

in Java TreeView 1.1.6r3. 

 

5.3 Destabilized YFP reporter gene analysis 

Transcriptional reporters of ILPs were constructed by fusing the promoter 

region, defined as the sequence upstream of the translational start site (5 kb maximum) 

of each gene, to YFP::PEST (Baugh et al. 2009). Plasmid pPDMM051 containing a wild-

type unc-119 gene was used as co-injection and selection marker. unc-119(ed4) worms 

were injected by standard microinjection protocol, and transgenic worms were screened 



 

70 

for rescue of uncoordinated phenotype. Consistent expression patterns were confirmed 

among independent transgenic alleles, and one was chosen for further analysis for each 

construct. Identification of amphid neurons was aided by DiI (Invitrogen, D-282) or DiD 

(Invitrogen, D-307) staining. YFP reporter strains were stained with 10 ng/μL DiI or DiD 

for 2-3 hours at room temperature, and then paralyzed with sodium azide and examined 

on a fluorescent compound microscope on an agarose pad. 

 

5.4 Quantitative imaging of YFP reporter genes 

Larvae were cultured in S-complete with 25 mg/mL E.coli HB101 at room 

temperature until gravid, embryos were collected by hypochlorite treatment, and they 

were resuspended at 5 eggs/μL at room temperature in S-complete. Embryos were 

cultured in S-complete without E.coli for 24 hr and then 25 mg/mL E.coli HB101 was 

applied (feeding), or in S-complete with 25 mg/μL E.coli HB101 for 24 hr and then E.coli 

was washed away three times by centrifugation in S-basal (starvation). Worms were 

scored at 0, 1.5, 3 and 6 hr after adding or removing food. Worms were paralyzed by 10 

mM sodium azide, mounted on agarose pads, and approximately 20 individuals were 

imaged at each time point on a compound fluorescence microscope with 100X oil 

immersion objective. Pixel intensity of the intestinal cells or ASI was quantified in 

ImageJ. The whole procedure was repeated three times to produce three biological 

replicates. 
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5.5 Phenotypic analysis of L1 recovery and developm ent 

2000 - 5000 embryos were plated on each of two 10 cm NGM plates seeded with 

E.coli OP50 and cultured at 20°C for 3 - 4 days (depending on the strain), and embryos 

were collected by hypochlorite treatment and resuspended at 1 egg/μL and cultured for 

24 hr in S-basal. 1000 arrested L1s were put on 10 cm NGM plate seeded with E.coli 

OP50. After culturing for a defined period of time at a defined temperature, worms were 

washed off the plate and examined. ayIs7[Phlh-8::GFP] was used to score the number of 

M lineage cells (Harfe et al. 1998). Worms were paralyzed with sodium azide, mounted 

and scored on an agarose pad. To measure body length, worms were instead put on a 

clean NGM plate, and pictures were taken on a stereomicroscope and analyzed as 

previously described (Moore et al. 2013). All assays were repeated at least three times. 

 

5.6 Phenotypic analysis of L1 arrest and starvation  survival 

For starvation survival assay on ILP mutants, 5000 embryos were suspended in 5 

mL virgin S-basal (not including EtOH or cholesterol) at 1 egg/μL in a 16 mm glass test 

tube. Test tubes were put on a carousel at a speed of 28 rpm at 21°C (RT). At each time 

point, 300 μL was removed and approximately 100 animals were examined on a slide 

under a dissecting microscope. Individuals that displayed spontaneous movement were 

considered alive. All assays were repeated at least three times. Replicates were averaged, 

and the median survival time of each curve was determined by fitting a curve with 
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logistic regression, as previously described (Artyukhin et al. 2013). An unpaired, two-

tailed t-test was performed to compare median survival times between each mutant 

strain and wild-type. 

For starvation survival assay on daf-16 and TGF-β and SH pathway mutants, 

regular S-basal (with 0.095% EtOH and 5ng/μL cholesterol) was used instead, which 

extends the maximum WT survival from ~3-weeks to ~6-weeks. 

For M-cell assay during L1 arrest on daf-16 and TGF-β and SH pathway mutants, 

regular S-basal (with 0.095% EtOH and 5ng/μL cholesterol) is required for any M-cell 

division. After certain time of arrest, worms were washed off and put on a plate, and 

only M-cell number in alive worms were counted. 

For thermo tolerance assay, embryos were collected by hypochlorite treatment 

and resuspended at 1 egg/μL and cultured in S-basal (not including EtOH or cholesterol) 

in a 16 mm glass test tube that put on a carousel at a speed of 28 rpm at 21°C for 24 hr. 

Worms were heat shocked at 35°C for 6 hr on a shaker shaking at 180 rpm, then 

allowed to recover at 21°C overnight. Animals capable of spontaneous movement were 

considered alive and approximately 100 larvae were scored per replicate.  

 

5.7 Construction and analysis of rescue strains 

The rescue constructs include 5’ intergenic region, the coding region and ~1kb 3’ 

intergenic region (Table S2). Constructs were PCR amplified and purified. Individual 
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rescue construct were injected at a final concentration of 45 ng/μL, or a pool of 4 genes at 

¼ dosage (11 ng/μL) each, or 45 ng/μL PvuII digested C. elegans genomic DNA 

equivalent for control. Co-injection markers include 1 ng/μL pCFJ90 [Pmyo-2::mCherry], 

45 ng/μL pBCN21-R4R3 [Prpl-28::puroR::unc-54_UTR] and additional 45 ng/μL PvuII 

digested C. elegans genomic DNA. Transgenic animals were generated by standard 

microinjection protocol, and ins-4, 5, 6[hpDf761]; daf-28(tm2308); ayIs7 [Phlh-8::GFP] 

worms were injected. Two independent transgenic alleles were selected for further 

analysis. 

For starvation survival assay, 5000 embryos were suspended in 5 mL virgin S-

basal (not including EtOH or cholesterol) at 1 egg/μL in a 16 mm glass test tube. Test 

tubes were put on a carousel at a speed of 28 rpm at 21°C (RT). At each time point, 

worms were examined on a slide on a compound fluorescent microscope. Individuals 

that displayed spontaneous movement were considered alive, and the alive mCherry+, 

alive mCherry- and dead worms were scored separately. The survival rates (total alive 

worms / total worms) over time is shown in Fig. 10A, and the relative frequency of alive 

mCherry+ worms among all alive worms compared to Day 1 frequency within the same 

strains from the same dataset as in Fig. 10A is shown in Fig. 10B. ~100 total alive worms 

were scored at each timepoint in each replicate. 

For M-cell assay during starvation, embryos were suspended in 3 mL S-basal 

(with 0.095% EtOH and 5ng/μL cholesterol) at 1 egg/μL in a 16 mm glass test tube. Test 
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tubes were put on a carousel at a speed of 28 rpm at 21°C (RT). Worms were starved for 

10 days before they were examined on a slide on a compound fluorescent microscope. 

Individuals that displayed spontaneous movement were considered alive, and the M-

cell number in ~100 alive mCherry+ worms was scored in each replicate. 

Average and SEM survival rate, ratio or M-cell frequency from two biological 

replicates of two independent transgenic alleles (4 replicates total) for each gene and 

control are plotted. 

 

5.8 Motif analysis 

We used FIMO (Grant et al. 2011; http://meme.nbcr.net/meme/cgi-bin/fimo.cgi) 

to scan for known TF consensus binding sequences (motifs) in 1kb upstream of the ATG 

translation start site of the 40 ILPs (WS220). The consensus binding sequences can be 

found at Tepper et al. 2013 (DAF-16 and PQM-1), Pauli et al. 2006 (GATA), Oliveira et al. 

2009 (SKN-1), Raharjo et al. 2010 (PHA-4). Background frequency is determined as A/T 

65.64%; C/G 34.36%, which is calculated from all protein coding genes 700 bp promoter 

region. A P-value threshold lower than 0.001 on the results was used for DAF-16, PQM-

1, SKN-1 and PHA-4; the lowest P-value, 0.00262, on the results, was used as a cut-off for 

GATA. We then categorized the occurrence of motifs by their known or predicted 

function, used Chi-square test assuming motifs are Poisson distributed, to test if they are 

significantly enriched or depleted.  
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We used MEME (Bailey and Elkan, 1994; http://meme.nbcr.net/meme/cgi-

bin/meme.cgi) and RSAT (Thomas-Chollier et al. 2011; http://rsat.ulb.ac.be/)  to search 

for motifs that are over-represented in the 1kb upstream of the ATG translation start site 

of the 40 ILPs (WS220). We used TomTom (Gupta et al. 2007; 

http://meme.nbcr.net/meme/cgi-bin/tomtom.cgi) and STAMP (Mahony and Benos, 2007; 

http://www.benoslab.pitt.edu/stamp/) to search the TF database JASPAR, TRANSFAC 

and UniProbe. The Positive Weighted Matrix used was provided by MEME. 
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6. Summary and Prospective 

My Ph. D. work helps answer the question of how an animal coordinates 

development with fluctuating food availability, and which signaling pathways are 

involved in determining resource allocation between growth and survival. The genes 

involved can function redundantly, and the regulatory network is complicated. We used 

conditional gene expression patterns as a proxy to identify candidates for detailed 

functional analysis, assuming that the genes of interest need to be precisely regulated. 

We classified agonists or antagonists of daf-2/InsR based on their expression dynamics in 

response to nutrition, and we also found that despite relatively complex expression 

patterns of the gene family throughout the lifecycle (Pierce et al. 2001; Ritter et al. 2013), 

candidate agonists are expressed in largely overlapping patterns during L1 arrest and 

recovery. This spatial expression analysis suggests a role of the chemosensory neurons 

ASI and ASJ, the interneuron PVT and the intestine in systemic control of L1 

development, and it revealed the intestine as the major site of transcriptional control of 

ILPs expression. 

This work reveals extensive functional redundancy among ILPs in nutritional 

control of L1 development. Comprehensive analysis of ILP expression during L1 arrest 

and recovery was used to focus analysis on the best candidates, quantitative assays 

capable of detecting relatively small phenotypic effects were used, and as many as five 

candidates were simultaneously disrupted. Nevertheless, cell division and growth rate 
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were not detectably affected by any combination of candidate genes tested. In contrast, 

we found that ins-4, ins-6 and daf-28 influence L1 arrest survival, such that simultaneous 

disruption of ins-4 and daf-28 increases survival, while overexpression of ins-4, ins-6 or 

daf-28 alone reduces survival. This result is consistent with their classification as 

candidate agonists based on expression, and it underscores their functional redundancy, 

which is somewhat expected given the unusually large size of the ILP family in C. 

elegans. It is possible that overlapping function confers robustness on nutritional control 

of larval development, which is critical to their fitness in the wild. 

It turned out to be quite successful using expression profile to make functional 

predictions. For example, we predicted ins-21, 22, 26, 27 and 35 to be agonists before 

they were recently shown functionally to act as agonists (Fernandes de Abreu et al. 

2014). Future work may include testing these agonists in their role of L1 arrest and 

recovery using established assays. On the other hand, antagonists are generally less 

understood, and our existing assays can be applied to test them with minimal 

modification.  For example, loss-of-function of antagonists are expected to be sensitive to 

starvation, and overexpression of antagonists are expected to cause retardation in L1 

development. Notably, there are no homology of glucagon signaling found in C. elegans, 

thus it is highly possible that the antagonistic ILPs function to balance the IIS. 

Multiple lines of evidence indicate the existence of signaling downstream of daf-

16/FOXO, which is less understood. Again our mRNA expression results suggested 
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candidate genes, which are confirmed by phenotypic analysis. The role of SH and TGF-β 

pathway components in L1 arrest and recovery is generally consistent with their role in 

dauer formation, growth and aging. Our preliminary results suggest that SH and TGF-β 

pathways are the possible mediators of signaling downstream of FOXO, responsible for 

its cell-nonautomous effects, and this regulation paradigm has not been reported in 

other systems. Our results further suggest that the role of DAF-16 in promoting arrest 

and promoting survival can be separated, which could potentially lead to the discovery 

of longevity promoting genes without sacrificing reproductive development.  

Admittedly, we still need to test more SH and TGF-β pathway mutants to confirm that 

they act through the canonical pathways, and we also need to test if they control 

developmental events other than M-cell division, by looking at mutant phenotype in 

other markers / assays.  

Overall, I used a combination of expression and function analysis to study the 

genes that regulate L1 arrest and recovery in response to nutrition. In particular, my 

work deepens our understanding the upstream signal (ILPs, the ligand) and the 

downstream signal (SH and TGF-β pathway) of IIS in the context of L1 arrest and 

recovery.  



 

79 

Appendix 1 List of Strains 

StrainStrainStrainStrain    GenotypeGenotypeGenotypeGenotype    CommentsCommentsCommentsComments    

LRB30 daf-16(mgDf50); wIs51[Pscm::GFP; unc-119(+)] 
use primers Ndaf-16(47)F and Ndaf-16(47)R for daf-16 genotyping; 
confirm GFP on slide 

LRB31 daf-16(mgDf50); ayIs7[Phlh-8::GFP] 
use primers Ndaf-16(47)F and Ndaf-16(47)R for daf-16 genotyping; 

confirm GFP on slide 

LRB43 ayIs7[Phlh-8::GFP]; him-5(e1490) confirm by him phenotype; confirm GFP on slide 

LRB44 daf-16(mgDf47); him-5(e1490) 
use primers Ndaf-16(47)F and Ndaf-16(47)R for daf-16 genotyping; 
confirm by him phenotype 

LRB57 
daf-16(mgDf47); unc-119(ed4); dukEx5[Pins-4::YFP::PEST_unc-
119(+)] 

use primers Ndaf-16(47)F and Ndaf-16(47)R for daf-16 genotyping; 
confirm GFP on slide 

LRB58 
daf-16(mgDf47); unc-119(ed4); dukEx1[Pins-5::YFP::PEST_unc-
119(+)] 

use primers Ndaf-16(47)F and Ndaf-16(47)R for daf-16 genotyping; 
confirm GFP on slide 

LRB59 
daf-16(mgDf47); unc-119(ed4); dukEx3[Pins-6::YFP::PEST_unc-
119(+)] 

use primers Ndaf-16(47)F and Ndaf-16(47)R for daf-16 genotyping; 
confirm GFP on slide 

LRB60 
daf-16(mgDf47); unc-119(ed4); dukEx7[Pins-7::YFP::PEST_unc-
119(+)] 

use primers Ndaf-16(47)F and Ndaf-16(47)R for daf-16 genotyping; 
confirm GFP on slide 

LRB61 unc-119(ed4); dukIs1[Pins-6 ::YFP::PEST_unc-119(+)] integrated reporter 

LRB62 unc-119(ed4); dukIs2[Pins-6 ::YFP::PEST_unc-119(+)] integrated reporter 

LRB63 unc-119(ed4); dukIs3[Pins-7 ::YFP::PEST_unc-119(+)] integrated reporter 

LRB64 unc-119(ed4); dukIs4[Pins-7 ::YFP::PEST_unc-119(+)] integrated reporter 

LRB65 unc-119(ed4); dukEx46[Pins-3::YFP::PEST_unc-119(+)] 
made using primers ins-3_L, ins-3_L_nested and ins-3_R_GFPanchor  

LRB66 unc-119(ed4); dukEx47[Pins-3::YFP::PEST_unc-119(+)] 

LRB67 unc-119(ed4); dukEx48[Pins-24::YFP::PEST]; pDMM051[unc-119(+)] 
made using primers ins-24_L, ins-24_nested and ins-24_R_GFPanchor  

LRB68 unc-119(ed4); dukEx49[Pins-24::YFP::PEST]; pDMM051[unc-119(+)] 

LRB69 unc-119(ed4); dukEx50[Pins-30::YFP::PEST]; pDMM051[unc-119(+)] 
made using primers ins-30_L, ins-30_nested and ins-30_R_GFPanchor  

LRB70 unc-119(ed4); dukEx51[Pins-30::YFP::PEST]; pDMM051[unc-119(+)] 

LRB71 unc-119(ed4); dukIs5[Pins-4::YFP::PEST_unc-119(+)] integrated reporter 

LRB72 unc-119(ed4); dukIs6[Pins-4::YFP::PEST_unc-119(+)] integrated reporter 

LRB73 unc-119(ed4); dukIs7[Pins-5::YFP::PEST_unc-119(+)] integrated reporter 

LRB74 unc-119(ed4); dukIs8[Pins-5::YFP::PEST_unc-119(+)] integrated reporter 

LRB75 unc-119(ed4); dukEx52[Pdaf-28::YFP::PEST_unc119(+)] 
made using primers Pdaf-28_F, Pdaf-28_Fn and Pdaf-28_R 

LRB76 unc-119(ed4); dukEx53[Pdaf-28::YFP::PEST_unc119(+)] 

LRB77 unc-119(ed4); dukEx54[Pins-36::YFP::PEST_unc119(+)] made using primers ins-36_L, ins-36_L_nested and ins-36_R_GFPanchor  

LRB78 unc-119(ed4); dukEx55[Pins-2::YFP::PEST_unc119(+)] 
made using primers ins-2_L, ins-2_L_nested and ins-2_R_GFPanchor  

LRB79 unc-119(ed4); dukEx56[Pins-2::YFP::PEST_unc119(+)] 

LRB80 unc-119(ed4); dukEx57[Pins-8::YFP::PEST_unc119(+)] 
made using primers ins-8_L, ins-8_L_nested and ins-8_R_GFPanchor  

LRB81 unc-119(ed4); dukEx58[Pins-8::YFP::PEST_unc119(+)] 

LRB88 ins-9(tm3618); ayIs7[Phlh-8::GFP] 
use primers Gins-9_F and Gins-9_R for ins-9 genotyping; confirm GFP on 
slide 

LRB89 ayls7[Phlh-8::GFP]; daf-28(tm2308) 
use primers Gdaf-28_F and Gdaf-28_R for daf-28 genotyping; confirm GFP 
on slide 

LRB90 ayls7[Phlh-8::GFP]; him-5(e1490) confirm by him phenotype; confirm GFP on slide 

LRB91 ins-7(tm2001); ayls7[Phlh-8::GFP] 
use primers Gins-7_F and Gins-7_R for ins-7 genotyping; confirm GFP on 
slide 

LRB92 daf-2(e1370); ayIs7[Phlh-8::GFP] confirm by daf-c phenotype; confirm GFP on slide 

LRB93 ins-3(ok2488) 
backcrossed 6x; use primers Gins-3_F, Grb1915_F and Gins-3_R for ins-3 
genotyping 

LRB94 ins-3(ok2488); ayIs7[Phlh-8::GFP] 
backcrossed 6x; use primers Gins-3_F, Grb1915_F and Gins-3_R for ins-3 
genotyping; confirm GFP on slide 

LRB95 ins-6(tm2416); daf-2(e1370); ayIs7[Phlh-8::GFP] 
use primers Gins-6_F and Gins-6_R for ins-6 genotyping; confirm by daf-c 
phenotype; confirm GFP on slide 
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Appendix 1 List of Strains Appendix 1 List of Strains Appendix 1 List of Strains Appendix 1 List of Strains continued    
StrainStrainStrainStrain    GenotypeGenotypeGenotypeGenotype    CommentsCommentsCommentsComments    

LRB96 daf-2(e1370); ayIs7[Phlh-8::GFP]; ins-7(tm2001) 
use primers Gins-7_F and Gins-7_R for ins-7 genotyping; confirm by daf-c 
phenotype; confirm GFP on slide 

LRB97 daf-2(e1370); ayIs7[Phlh-8::GFP]; daf-28(tm2308) 
use primers Gdaf-28_F and Gdaf-28_R for daf-28 genotyping; confirm by 
daf-c phenotype; confirm GFP on slide 

LRB99 ins-5(tm2560); daf-2(e1370); ayIs7[Phlh-8::GFP] 
use primers Gins-5_F and Gins-5_R for ins-5 genotyping; confirm by daf-c 
phenotype; confirm GFP on slide 

LRB100 daf-16(mgDf50); ayIs7[Phlh-8::GFP]; him-5(e1490) 
use primers Ndaf-16(47)F and Ndaf-16(47)R for daf-16 genotyping; 
confirm by him phenotype; confirm GFP on slide 

LRB101 daf-16(mgDf50); ayIs7[Phlh-8::GFP] 
use primers Ndaf-16(47)F and Ndaf-16(47)R for daf-16 genotyping; 
confirm GFP on slide 

LRB102 daf-16(mgDf50); him-5(e1490)  
use primers Ndaf-16(47)F and Ndaf-16(47)R for daf-16 genotyping; 
confirm by him phenotype 

LRB105 daf-16(mgDf50); ctIs43[Pdbl-1::GFP] 
use primers Ndaf-16(47)F and Ndaf-16(47)R for daf-16 genotyping; 
confirm GFP on slide 

LRB106 daf-16(mgDf50); dhIs59[Pdaf-9::GFP] 
use primers Ndaf-16(47)F and Ndaf-16(47)R for daf-16 genotyping; 
confirm GFP on slide 

LRB107 daf-16(mgDf50); ksIs2[Pdaf-7::GFP] 
use primers Ndaf-16(47)F and Ndaf-16(47)R for daf-16 genotyping; 
confirm GFP on slide 

LRB110 ins-6(tm2416); zIs356[Pdaf-16::GFP] 
use primers Gins-6_F and Gins-6_R for ins-6 genotyping; confirme GFP on 

slide 

LRB111 ins-5(tm2560); zIs356[Pdaf-16::GFP] 
use primers Gins-5_F and Gins-5_R for ins-5 genotyping; confirme GFP on 
slide 

LRB112 daf-2(e1370); zIs356[Pdaf-16::GFP] confirm by daf-c phenotype; confirm GFP on slide 

LRB113 ins-5(tm2560); ayIs7[Phlh-8::GFP]; dukeEx59[Pmyo-2::YFP] pPD132.102 [Pmyo-2::YFP] [1ng/ul] + puvII digested gDNA [110ng/ul] 
inject to LRB83 (not backcrossed enough) LRB114 ins-5(tm2560); ayIs7[Phlh-8::GFP]; dukeEx60[Pmyo-2::YFP] 

LRB115 ins-6(tm2416); ayIs7[Phlh-8::GFP]; dukeEx61[Pmyo-2::YFP] pPD132.102 [Pmyo-2::YFP] [1ng/ul] + puvII digested gDNA [110ng/ul] 
inject to LRB84 (not backcrossed enough) LRB116 ins-6(tm2416); ayIs7[Phlh-8::GFP]; dukeEx62[Pmyo-2::YFP] 

LRB117 ins-5(tm2560); ayIs7[Phlh-8::GFP]; dukeEx63[ins-5(+); Pmyo-2::YFP] 
pPD132.102 (Pmyo-2::YFP) [1ng/ul] + pvuII digested gDNA [60ng/ul] + 
Pins-5::ins-5 (PCR product) [50ng/ul] inject to LRB83 (not backcrossed 
enough) 

LRB118 ins-6(tm2416); ayIs7[Phlh-8::GFP]; dukeEx65[ins-6(+); Pmyo-2::YFP] pPD132.102 (Pmyo-2::YFP) [1ng/ul] + pvuII digested gDNA [60ng/ul] + 
Pins-6::ins-6 (PCR product) [50ng/ul] inject to LRB84 (not backcrossed 
enough) 

LRB119 ins-6(tm2416); ayIs7[Phlh-8::GFP]; dukeEx66[ins-6(+); Pmyo-2::YFP] 

LRB120 ins-6(tm2416); ayIs7[Phlh-8::GFP]; dukeEx67[ins-5(+); Pmyo-2::YFP] pPD132.102 (Pmyo-2::YFP) [1ng/ul] + pvuII digested gDNA [60ng/ul] + 
Pins-5::ins-5 (PCR product) [50ng/ul] inject to LRB84 (not backcrossed 
enough) 

LRB121 ins-6(tm2416); ayIs7[Phlh-8::GFP]; dukeEx68[ins-5(+); Pmyo-2::YFP] 

LRB122 
ins-6(tm2416); ayIs7[Phlh-8::GFP]; dukeEx69[Pins-5::ins-6; Pmyo-
2::YFP] 

pPD132.102 (Pmyo-2::YFP) [1ng/ul] + pvuII digested gDNA [60ng/ul] + 
Pins-5::ins-6 (PCR product) [50ng/ul] inject to LRB84 (not backcrossed 
enough) LRB123 

ins-6(tm2416); ayIs7[Phlh-8::GFP]; dukeEx70[Pins-5::ins-6; Pmyo-

2::YFP] 

LRB124 
ins-6(tm2416); ayIs7[Phlh-8::GFP]; dukeEx71[Pins-6::ins-5; Pmyo-
2::YFP] 

pPD132.102 (Pmyo-2::YFP) [1ng/ul] + pvuII digested gDNA [60ng/ul] + 
Pins-6::ins-5 (PCR product) [50ng/ul] inject to LRB84 (not backcrossed 
enough) LRB125 

ins-6(tm2416); ayIs7[Phlh-8::GFP]; dukeEx72[Pins-6::ins-5; Pmyo-
2::YFP] 

LRB126 ins-5(tm2560); ayIs7[Phlh-8::GFP]; dukeEx64[ins-5(+); Pmyo-2::YFP] 
pPD132.102 (Pmyo-2::YFP) [1ng/ul] + pvuII digested gDNA [60ng/ul] + 
Pins-5::ins-5 (PCR product) [50ng/ul] inject to LRB83 (not backcrossed 
enough) 

LRB127 unc-119(ed4); ayIs7[Phlh-8::GFP] confirm by unc phenotype; confirm GFP on slide 

LRB128 ins-6(tm2416); ayIs7[Phlh-8::GFP]; unc-119(ed4) 
use primers Gins-6_F and Gins-6_R for ins-6 genotyping; confirm GFP on 

slide; confirm by unc phenotype 

LRB129 ins-5(tm2560); wIs51[Pscm::GFP] 
use primers Gins-5_F and Gins-5_R for ins-5 genotyping; confirm GFP on 
slide (not backcrossed enough) 
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LRB130 ins-6(tm2416); wIs51[Pscm::GFP] 
use primers Gins-6_F and Gins-6_R for ins-6 genotyping; confirm GFP on 
slide (not backcrossed enough) 

LRB131 ins-5(tm2560); ayIs7[Phlh-8::GFP]; unc-119(ed4) 
use primers Gins-5_F and Gins-5_R for ins-5 genotyping; confirm GFP on 
slide; confirm by unc phenotype 

LRB132 daf-2(e1370); wIs51[Pscm::GFP] confirm by daf-c phenotype; confirm GFP on slide 

LRB133 ins-26(tm1983); ayIs7[Phlh-8::GFP] 
use primers Gins-26_F and Gins-26_R for ins-26 genotyping; confirm GFP 
on slide 

LRB134 ins-33(tm2988); ayIs7[Phlh-8::GFP] 
use primers Gins-33_F and Gins-33_R for ins-33 genotyping; confirm GFP 

on slide 

LRB135 ins-35(ok3297); ayIs7[Phlh-8::GFP] 
use primers Gins-35_F and Gins-35_R for ins-35 genotyping; confirm GFP 
on slide 

LRB138 ins-33(tm2988) 
backcrossed 6x; use primers Gins-33_F and Gins-33_R for ins-33 
genotyping 

LRB140 N2(JA); ayIs7[Phlh-8::GFP] N2(JA) = Wild type strain from Joy Alcedo Lab; confirm GFP on slide 

LRB141 N2(JA); ins-5(tm2560); ayIs7[Phlh-8::GFP] 
use primers Gins-5_F and Gins-5_R for ins-5 genotyping; confirm GFP on 
slide 

LRB142 N2(JA); ins-6(tm2416); ayIs7[Phlh-8::GFP] 
use primers Gins-6_F and Gins-6_R for ins-6 genotyping; confirm GFP on 
slide (not backcrossed enough) 

LRB149 ins-6(tm2008); ayIs7[Phlh-8::GFP] 
use primers Gins-6_2008_F and Gins-6_2008_R for ins-6 genotyping; 
confirm GFP on slide 

LRB150 daf-12(m20); daf-16(mgDf50), ayIs7[Phlh-8::GFP] 
use primers daf-12(m20)_L and daf-12(m20)_R for daf-12 genotyping; use 
primers Ndaf-16(47)F and Ndaf-16(47)R for daf-16 genotyping; confirm 
GFP on slide 

LRB151 daf-12(m20); ayIs7[Phlh-8::GFP] 
use primers daf-12(m20)_L and daf-12(m20)_R for daf-12 genotyping; 
confirm GFP on slide 

LRB152 ins-6(tm2416); wIs51[Pscm::GFP] 
backcrossed 6x; use primers Gins-6_F and Gins-6_R for ins-6 genotyping; 
confirm GFP on slide (not backcrossed enough) 

LRB153 ins-5(tm2560); wIs51[Pscm::GFP] 
backcrossed 6x; use primers Gins-5_F and Gins-5_R for ins-5 genotyping; 
confirm GFP on slide (not backcrossed enough) 

LRB154 N2(JA); wIs51[Pscm::GFP] N2(JA) = Wild type strain from Joy Alcedo Lab; confirm GFP on slide 

LRB155 ins-6(tm2416); ins-17(tm790); ayIs7[Phlh-8::GFP] 
use primers Gins-6_F and Gins-6_R for ins-6 genotyping; use primers 
Gins-17_F and Gins-17_R for ins-17 genotyping; confirm GFP on slide 

LRB156 ins-6(tm2416); daf-28(tm2308); ayIs7[Phlh-8::GFP] 
use primers Gins-6_F and Gins-6_R for ins-6 genotyping; use primers 
Gdaf-28_F and Gdaf-28_R for daf-28 genotyping; confirm GFP on slide 

LRB157 ins-6(tm2416); ins-7(tm2001); ayIs7[Phlh-8::GFP] 
use primers Gins-6_F and Gins-6_R for ins-6 genotyping; use primers 
Gins-7_F and Gins-7_R for ins-7 genotyping; confirm GFP on slide 

LRB158 ins-17(tm790); ayIs7[Phlh-8::GFP] 
use primers Gins-17_F and Gins-17_R for ins-17 genotyping; confirm GFP 
on slide 

LRB159 daf-16(mgDf50); daf-12(m20); ayIs7[Phlh-8::GFP] 

use primers daf-12(m20)_L and daf-12(m20)_R for daf-12 genotyping; use 

primers Ndaf-16(47)F and Ndaf-16(47)R for daf-16 genotyping; confirm 
GFP on slide 

LRB160 daf-12(m20); ayIs7[Phlh-8::GFP] 
use primers daf-12(m20)_L and daf-12(m20)_R for daf-12 genotyping; 
confirm GFP on slide 

LRB161 daf-9(rh50); ayIs7[Phlh-8::GFP] 
use primers daf-9(rh50)_L and daf-9(rh50)_R for daf-9 genotyping; confirm 
GFP on slide 

LRB163 dhIs26[Pdaf-12::GFP]; daf-16(mgDf50) 
use primers Ndaf-16(47)F and Ndaf-16(47)R for daf-16 genotyping; 
confirm GFP on slide 

LRB164 ins-6(tm2416); ins-7(tm2001); daf-28(tm2308); ayIs7[Phlh-8::GFP] 
use primers Gins-6_F and Gins-6_R for ins-6 genotyping; use primers 
Gins-7_F and Gins-7_R for ins-7 genotyping; use primers Gdaf-28_F and 
Gdaf-28_R for daf-28 genotyping; confirm GFP on slide 

LRB165 daf-12(rh274); ayIs7[Phlh-8::GFP] 
use primers daf-12(rh274)_L and daf-12(rh274)_R for daf-12 genotyping; 
confirm GFP on slide 
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LRB166 daf-36(k114); daf-16(mgDf50); ayIs7[Phlh-8::GFP] 
use primers daf-36F and daf-36R then MscI digestion for daf-36 
genotyping; use primers  for daf-16 genotyping; confirm GFP on slide 

LRB167 ins-6(tm2416); ayIs7[Phlh-8::GFP] backcrossed additional 4x from LRB142 

LRB172 daf-7(e1372); ayIs7[Phlh-8::GFP] confirm by daf-c phenotype;  confirm GFP on slide 

LRB175 daf-7(e1372); daf-16(mgDf50); ayIs7[Phlh-8::GFP] 
confirm by daf-c phenotype; use primers Ndaf-16(47)F and Ndaf-16(47)R 
for daf-16 genotyping; confirm GFP on slide 

LRB176 svIs69[daf-28::GFP;unc-4(+)]; daf-2(e1370) confirm by daf-c phenotype; confirm GFP on slide 

LRB177 tig-2(ok3416); daf-16(mgDf50); ayIs7[Phlh-8::GFP] 
use primers Gtig-2_F and Gtig-2_R for tig-2 genotyping; confirm GFP on 
slide 

LRB178 unc-119; dukIs7[Pins-5::YFP::PEST_unc-119(+)]; daf-2(e1370) LRB73 cross to daf-2; confirm by daf-c phenotype; confirm GFP on slide 

LRB182 qyIs293; daf-16(null); unc-119(ed4); ayIs7[Phlh-8::GFP] Verified by both GFP markers; daf-16(mgDf50) cross to daf-16(mu86) 
LRB183 qyIs291; daf-16(null); unc-119(ed4); ayIs7[Phlh-8::GFP] Verified by both GFP markers; daf-16(mgDf50) cross to daf-16(mu86) 
LRB184 qyIs290; daf-16(null); unc-119(ed4); ayIs7[Phlh-8::GFP] Verified by both GFP markers; daf-16(mgDf50) cross to daf-16(mu86) 
LRB185 qyIs288; daf-16(null); unc-119(ed4); ayIs7[Phlh-8::GFP] Verified by both GFP markers; daf-16(mgDf50) cross to daf-16(mu86) 
LRB186 qyEx264; daf-16(null); unc-119(ed4); ayIs7[Phlh-8::GFP] Verified by both GFP markers; daf-16(mgDf50) cross to daf-16(mu86) 

LRB190 
ins-4, ins-5, ins-6(hpDf761); ins-7(tm2001); daf-28(tm2308); 
ayIs7[Phlh-8::GFP] 

use primers Gins-4_F and Gins-4_R for hpDf761 genotyping; use primers 
Gins-7_F and Gins-7_R for ins-7 genotyping; use primers Gdaf-28_F and 
Gdaf-28_R for daf-28 genotyping; confirm GFP on slide 

LRB191 daf-9(m540); daf-16(mgDf50); ayIs7[Phlh-8::GFP] 
use primers Gdaf9m540_F and Gdaf9m540_R 
 for daf-9 genotyping; use primers Ndaf-16(47)F and Ndaf-16(47)R for daf-
16 genotyping; confirm GFP on slide 

LRB192 daf-9(m540); ayIs7[Phlh-8::GFP] 
use primers Gdaf9m540_F and Gdaf9m540_R 
  for daf-9 genotyping; confirm GFP on slide 

LRB193 daf-12(rh273); ayIs7[Phlh-8::GFP] 
use primers Gdaf12rh273_F, Gdaf12rh273G->A_F and Gdaf12rh273_R for 
daf-12 genotyping; confirm GFP on slide 

LRB194 daf-12(rh273); daf-16(mgDf50); ayIs7[Phlh-8::GFP] 

use primers Gdaf12rh273_F, Gdaf12rh273G->A_F and Gdaf12rh273_R for 

daf-12 genotyping; use primers Ndaf-16(47)F and Ndaf-16(47)R for daf-16 
genotyping; confirm GFP on slide 

LRB195 sma-9(wk55); ayIs7[Phlh-8::GFP] confirm by small phenotype; confirm GFP on slide 

LRB196 sma-9(wk55); daf-16(mgDf50); ayIs7[Phlh-8::GFP] 
confirm by small phenotype; use primers Ndaf-16(47)F and Ndaf-16(47)R 
for daf-16 genotyping; confirm GFP on slide 

LRB198 ins-4, ins-5, ins-6(hpDf761); ins-7(tm2001); ayIs7[Phlh-8::GFP] 
use primers Gins-4_F and Gins-4_R for hpDf761 genotyping; use primers 
Gins-7_F and Gins-7_R for ins-7 genotyping; confirm GFP on slide 

LRB200 mir-235(n4504); ayIs7[Phlh-8::GFP]; daf-36(k114) 
use primers Gmir-235_F and Gmir-235_R for mir-235 genotyping; use 
primers daf-36F and daf-36R then MscI digestion for daf-36 genotyping; 
confirm GFP on slide 

LRB201 ins-4, ins-5, ins-6(hpDf761); ayIs7[Phlh-8::GFP] 
use primers Gins-4_F and Gins-4_R for hpDf761 genotyping; confirm GFP 

on slide 

LRB202 mir-235(n4504); ayIs7[Phlh-8::GFP]; dbl-1(wk70) 
confirm by small phenotype; use primers Gmir-235_F and Gmir-235_R for 
mir-235 genotyping; confirm GFP on slide 

LRB203 mir-235(n4504); ayIs7[Phlh-8::GFP] 
use primers Gmir-235_F and Gmir-235_R for mir-235 genotyping; confirm 
GFP on slide 

LRB209 ins-4, ins-5, ins-6(hpDf761); ayIs7[Phlh-8::GFP]; daf-28(tm2308) 
use primers Gins-4_F and Gins-4_R for hpDf761 genotyping; use primers 
Gdaf-28_F and Gdaf-28_R for daf-28 genotyping; confirm GFP on slide 

LRB211 ins-4(tm3620); ayIs7[Phlh-8::GFP]; daf-28(tm2308) 
use primers Gins-4_F and Gins-4_R for ins-4 genotyping; use primers 
Gdaf-28_F and Gdaf-28_R for daf-28 genotyping; confirm GFP on slide 

LRB212 ins-5(tm2560); ayIs7[Phlh-8::GFP]; daf-28(tm2308) 
use primers Gins-5_F and Gins-5_R for ins-5 genotyping; use primers 
Gdaf-28_F and Gdaf-28_R for daf-28 genotyping; confirm GFP on slide 
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LRB215 
ins-4, ins-5, ins-6(hpDf761); ayIs7[Phlh-8::GFP]; daf-28(tm2308); 
dukEx73[Pins-4::ins-4 + Pmyo-2::mCherry+ + puromycin R+] 

Inject Pins-4::ins-4 (45ng/ul) + pvuII digested gDNA (45ng/ul) + [Pmyo-
2::mCherry+] (1ng/ul) + [puromycin R+] (30ng/ul) to ins-4, ins-5, ins-
6(hpDf761); ayIs7[Phlh-8::GFP]; daf-28(tm2308)  LRB216 

ins-4, ins-5, ins-6(hpDf761); ayIs7[Phlh-8::GFP]; daf-28(tm2308); 
dukEx74[Pins-4::ins-4 + Pmyo-2::mCherry+ + puromycin R+] 

LRB217 
ins-4, ins-5, ins-6(hpDf761); ayIs7[Phlh-8::GFP]; daf-28(tm2308); 
dukEx75[Pins-6::ins-6 + Pmyo-2::mCherry+ + puromycin R+] 

Inject Pins-6::ins-6 (45ng/ul) + pvuII digested gDNA (45ng/ul) + [Pmyo-

2::mCherry+] (1ng/ul) + [puromycin R+] (30ng/ul) to ins-4, ins-5, ins-
6(hpDf761); ayIs7[Phlh-8::GFP]; daf-28(tm2308)  LRB218 

ins-4, ins-5, ins-6(hpDf761); ayIs7[Phlh-8::GFP]; daf-28(tm2308); 
dukEx76[Pins-6::ins-6 + Pmyo-2::mCherry+ + puromycin R+] 

LRB219 
ins-4, ins-5, ins-6(hpDf761); ayIs7[Phlh-8::GFP]; daf-28(tm2308); 
dukEx77[Pdaf-28::daf-28+Pmyo-2::mCherry+ +  Puromycin R] 

Inject Pdaf-28::daf-28 (45ng/ul) + pvuII digested gDNA (45ng/ul) + [Pmyo-
2::mCherry+] (1ng/ul) + [puromycin R+] (30ng/ul) to ins-4, ins-5, ins-
6(hpDf761); ayIs7[Phlh-8::GFP]; daf-28(tm2308)  LRB220 

ins-4, ins-5, ins-6(hpDf761); ayIs7[Phlh-8::GFP]; daf-28(tm2308); 
dukEx78[Pdaf-28::daf-28+Pmyo-2::mCherry+ +  Puromycin R] 

LRB221 
ins-4, ins-5, ins-6(hpDf761); ayIs7[Phlh-8::GFP]; daf-28(tm2308); 
dukEx79[Pins-4::ins-4 + Pins-5::ins-5 + Pins-6::ins-6 + Pdaf-28::daf-28 

+ Pmyo-2::mCherry+ + puromycin R+] 
Inject Pins-4::ins-4 (11ng/ul) + Pins-5::ins-5 (45ng/ul) + Pins-6::ins-6 
(45ng/ul) + Pdaf-28::daf-28 (45ng/ul) + pvuII digested gDNA (45ng/ul) + 
[Pmyo-2::mCherry+] (1ng/ul) + [puromycin R+] (30ng/ul) to ins-4, ins-5, 
ins-6(hpDf761); ayIs7[Phlh-8::GFP]; daf-28(tm2308)  LRB222 

ins-4, ins-5, ins-6(hpDf761); ayIs7[Phlh-8::GFP]; daf-28(tm2308); 
dukEx80[Pins-4::ins-4 + Pins-5::ins-5 + Pins-6::ins-6 + Pdaf-28::daf-28 
+ Pmyo-2::mCherry+ + puromycin R+] 

LRB223 
ins-4, ins-5, ins-6(hpDf761); ayIs7[Phlh-8::GFP]; daf-28(tm2308); 
dukEx81[Pmyo-2::mCherry+ + puromycin R+] 

Inject pvuII digested gDNA (90ng/ul) + [Pmyo-2::mCherry+] (1ng/ul) + 
[puromycin R+] (30ng/ul) to ins-4, ins-5, ins-6(hpDf761); ayIs7[Phlh-
8::GFP]; daf-28(tm2308)  LRB224 

ins-4, ins-5, ins-6(hpDf761); ayIs7[Phlh-8::GFP]; daf-28(tm2308); 
dukEx82[Pmyo-2::mCherry+ + puromycin R+] 

LRB226 
ins-4, ins-5, ins-6(hpDf761); ayIs7[Phlh-8::GFP]; daf-28(tm2308); 
dukEx83[Pins-5::ins-5 + Pmyo-2::mCherry+ + puromycin R+] 

Inject Pins-5::ins-5 (45ng/ul) + pvuII digested gDNA (45ng/ul) + [Pmyo-
2::mCherry+] (1ng/ul) + [puromycin R+] (30ng/ul) to ins-4, ins-5, ins-
6(hpDf761); ayIs7[Phlh-8::GFP]; daf-28(tm2308)  LRB227 

ins-4, ins-5, ins-6(hpDf761); ayIs7[Phlh-8::GFP]; daf-28(tm2308); 
dukEx84[Pins-5::ins-5 + Pmyo-2::mCherry+ + puromycin R+] 

LRB228 
ins-4, ins-5, ins-6(hpDf761); daf-28(tm2308); daf-16(mgDf50); 
ayIs7[Phlh-8::GFP] 

use primers Gins-4_F and Gins-4_R for hpDf761 genotyping; use primers 
Gdaf-28_F and Gdaf-28_R for daf-28 genotyping; use primers Ndaf-
16(47)F and Ndaf-16(47)R for daf-16 genotyping; confirm GFP on slide 

 



 

84 

Appendix 2 List of primers 

OligoOligoOligoOligo    SequenSequenSequenSequencececece    CommentsCommentsCommentsComments    

Gdaf-28_F cacctcctctgtctcctctca 
for genotyping 

Gdaf-28_R cacggggaactcgaatttta 

Gins-3_F gccatcagggagtgaatgtt 

for ins-3(rb1915) genotyping Gins-3_R cgacgagattcatcccactt 

Grb1915_F gcctcaagagtccagaaacg 

Gins-4_F ttcatgtcgacaaccttcca 
for genotyping 

Gins-4_R ggcaatgtccatgtcctctt 

Gins-5_F tttgccacctgctttacctc 
for genotyping 

Gins-5_R atgggcagcagatttctttg 

Gins-6_F ccctcccaactggaaattagt 
for ins-6(tm2416) genotyping 

Gins-6_R tcgcaatgtcctttccttct 

Gins-7_F ctcgtcagggactcttctgg 
for genotyping 

Gins-7_R aatcggcttttgtcacacct 

Gins-9_F atgtgctatcagcgtgcaac 
for genotyping 

Gins-9_R acatgatcccaggtttttcg 

Gins-26_F gctcctctaactccagacgaa 
for genotyping 

Gins-26_R gttgtgctcatgctccgtta 

Gins-33_F gccgaaaaaccttgaaacaa 
for genotyping 

Gins-33_R accgagatacaccgctttga 

Gins-35_F ccaactggaaaacaccacaa 
for genotyping 

Gins-35_R caatttgtccatttgccgat 

Gins-1_F tgaaattcctggtctttttgg 
for genotyping 

Gins-1_R tatgaggtgtggctgtgtgg 

Gins-10_F ttaattttcgaaagtcacaattttt 
for genotyping 

Gins-10_R ataaaacggagcagcaggag 

Gins-11_F aaatgctctggcgactccta 
for genotyping 

Gins-11_R ggtgcagctcgctaacattt 

Gins-17_F ccagattccatcggaaaaga 
for genotyping 

Gins-17_R aatttcccgctgtcatctgt 

Gins-18_F gtccaccgacttttcatcgt 
for genotyping 

Gins-18_R ggaattttattgagaaggaaaatatga 

Gins-6_2008_F cgttagcttttcgcttttgg 
for ins-6(tm2008) genotyping 

Gins-6_2008_R gacattgaaggaccgaagga 

daf-12(m20)_L cacagttggtatgaaaaaagagtag 
for genotyping 

daf-12(m20)_R gaccttgtggtgactgctga 

Gmir-235_F tctacctggttcggtgacaatttc 
for genotyping 

Gmir-235_R gtaaccaaaccagacacctttctcc 
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Gdaf9m540_F tgtcacgctcaaaacattca 
for genotyping 

Gdaf9m540_R caagtgcctcctgaatcgtt 

Gdaf12rh273_F tatggatgttaccatgaggag 
for genotyping, WT amplified w/ F&R, 
mutant amplified w/ G->A_F&R 

Gdaf12rh273G->A_F tatggatgttaccatgaggaa 

Gdaf12rh273_R tccgttgattgattacctgttg 

Gtig-2_F tcagagctttagcggcaaat 
for genotyping 

Gtig-2_R aacaaatccgcgagctctt 

Gdaf-7_F aaagaagcgatattcttcagga 
for genotyping, WT amplified w/ F&R, 
mutant amplified w/ G->A_F&R 

Gdaf-7G->A_F aaagaagcgatattcttcagaa 

Gdaf-7_R accccttggactgtgcttc 

daf-12(rh274)_F tatggatgttaccatgagac 
for genotyping, WT amplified w/ F&R, 
mutant amplified w/ C->T_F&R 

daf-12(rh274)C->T_F tatggatgttaccatgagat 

daf-12(rh274)_R ctcgtcgaagaaaccgaaga 

daf-36F tccatcccaaacatgttgaa 
for genotyping; no datasheet 

daf-36R tctccgcatattacggctct 

Ndaf-9(rh50)_F caatcatcctaacatgtggtg 
for genotyping, WT amplified w/ F&R, 
mutant amplified w/ G->A_F&R 

daf-9(rh50)G->A_F caatcatcctaacatgtggta 

daf-9(rh50)_R gctgggataatctcggtgtt 

daf-16(47)F ttcaatgcaaggagcatttg 
for daf-16(mgDf47) genotyping 

daf-16(47)R cgcaagcgctacagtactca 

Ndaf-16(47)F catccatccatacacccaca 
for daf-16(mgDf47) genotyping 

Ndaf-16(47)R ggttgctgacgattcctgat 

RESins-4_F ggcgtgacggcaattcagataaataca 
for Pins-4::ins-4 rescue 

RESins-4_R tgaggtaaagcaggtggcaaatc 

RESins-5_F aaaaacagtcgtccaacaagccat 
for Pins-5::ins-5 rescue 

RESins-5_R gtctggaggcaacttcttgcccaagtttgg 

RESins-6_F tcatctacacacctaccgtca 
for Pins-6::ins-6 rescue 

RESins-6_R tgcggacccagaaaagaacaa 

RESdaf-28_F gaaattgccggaatcaccta 
for Pdaf-28::daf-28 rescue 

RESdaf-28_R tggaaagttaaaattgagattttgg 

Pdaf-28_F ccattggtaggatagttggttgc 

for Pdaf-28::YFP reporter Pdaf-28_Fn cttttagtggtgtgcccaggat 

Pdaf-28_R tctagagtcgaccaaggccttgagcttgcagttcatgttgag 

Pmyo-2::GFP_F ctagaggatccccagcttgc 
for Pmyo-2::GFP reporter 

Pmyo-2::GFP_R acagcggcccctattatttt 

QYFP_F1 tgaaggtgatgcaacatacgg 
for Q-PCR of YFP 

QYFP_R1 ctgggtatctggcgaagcat 

QYFP_F2 gactttttcaagagtgccatgc 
for Q-PCR of YFP 

QYFP_R2 caccttcaaacttgacttcagca 
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