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ABSTRACT 
 

Insulin-like signaling (ILS) regulates metabolism, growth, development and lifespan in 

both vertebrates and invertebrates.  In vertebrates, ILS is triggered not only by insulin but also by 

insulin-like growth factors (IGFs.)  IGF-specific modulation of ILS is partially conferred through 

IGF-binding proteins (IGFBPs).  In Drosophila, ILS is initiated by insulin-like peptides (ILPs) 

and is also modulated by an IGFBP homolog known as Imp-L2.  Specifically, Imp-L2 is 

upregulated when Drosophila larvae are starved and segregates the ILP in non-signaling 

complexes.  This mechanism prevents ILS-dependent nutrient utilization and prolongs the 

lifespan of larvae during starvation.  Interestingly, the nematode Caenorhabditis elegans, which 

possesses ILP and ILS, also prolongs its lifespan through decreased metabolism during periods 

of starvation or other chronic stresses (heat, crowding, etc.)  However, it is not known whether 

ILS in the worm is modulated by an Imp-L2-like protein.  To resolve this issue, studies were 

performed to determine whether an Imp-L2-like protein exists in C. elegans, and whether it 

prolongs lifespan during periods of stress.  Using the Imp-L2 amino acid sequence as a template, 

the zig-4, zig-3, and zig-2 genes were identified as possible Imp-L2 homologs in C. elegans.   

Next, RNAi techniques were used to assess the possible roles of the candidate gene products in 

dauer arrest, lifespan determination, and fat deposition.  RNAi against zig-4 significantly 

lowered dauer arrest frequency in daf-2 mutants compared to the control RNAi (P<0.05), while 

RNAi against zig-3 and zig-2 had no significant effects on dauer arrest.   RNAi against zig-4 also 

significantly shortened lifespan in wild-type and daf-2 mutants compared to the empty vector 

control RNAi (P<0.05), but these results were not consistent over several trials.  These data are 

consistent with zig-4 attenuating ILP-dependent ILS and with zig-4 possibly encoding an Imp-L2 

homolog in C. elegans. 
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INTRODUCTION 
 

The Insulin-like growth factor (IGF) signaling systems has important roles in regulating 

metabolism, growth, and lifespan in mammals.  Specifically, decreased IGF signaling, due to 

decreased feed intake (1) or mutations in the IGF-1 receptor (2), extends lifespan in mammals.  

Decreased IGF signaling during periods of stress also represses growth (2).  This decrease in IGF 

signaling allows organisms to preserve nutrients and persist when resources are scarce.  The 

invertebrates Drosophila melanogaster and Caenorhabditis elegans have Insulin-like peptide 

signaling systems (IIS) which are homologous to the mammalian Insulin/IGF systems.  Like 

mammals, these organisms can downregulate IIS to increase lifespan during periods of 

environmental stress.  In Drosophila, IIS is downregulated by increased production of an insulin-

like peptide (ILP) binding protein, which sequesters more ILPs in the inactive form (3).  In C . 

elegans, IIS is known to be controlled downstream of the insulin receptor via a forkhead 

transcription factor, DAF-16 (4).  However, it is unknown whether C. elegans modulates IIS 

upstream of its insulin receptor in response to environmental stresses. 

The purpose of this project was to ascertain whether stress resistance mechanisms in C. 

elegans involve the Insulin-like peptide signaling system (IIS), as they do in Drosophila.  

Specifically, the project looked to see if a binding protein homologous to Imp-L2 in Drosophila 

regulates IIS function in C. elegans.  It was hypothesized that if such a binding protein did exist, 

it would be homologous to Imp-L2 in Drosophila.  Furthermore, ablation of the gene encoding 

this binding protein would impair C. elegans survival when worms were subjected to stressful 

conditions.  Specifically, knocking down one or more of the zig genes with RNAi was expected 

to decrease dauer arrest, increase lifespan, and increase fat deposition in the worm.  If C. elegans 

IIS is regulated by an Imp-L2 homolog in this manner, C. elegans could be a powerful model to 
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study insulin/IGF signaling in mammals, as gene manipulation is more easily achieved in the 

worm than in Drosophila or in mice. 

BACKGROUND 
 
Insulin and IGF Signaling in Mammals:  Components, Functions, and Regulatory 
Mechanisms 
 

Insulin and the related peptides insulin-like growth factor (IGF) – I and IGF-II regulate 

multiple metabolic and growth processes in mammals.  Insulin, a protein hormone secreted by 

the β-cells of the endocrine pancreas, is crucial in carbohydrate metabolism and maintenance of 

normal blood glucose levels.  Specifically, insulin simultaneously stimulates the uptake and 

metabolism of glucose in white adipose tissue (WAT) and skeletal muscle.  Insulin also inhibits 

lipolysis and hepatic gluconeogenesis after a meal. (5)   On the other hand, IGF-I and IGF-II are 

important in regulating growth and development in mammals, both before and after birth.  One 

function of IGFs, in particular of plasma IGF-I, is to mediate a portion of the effects of growth 

hormone (GH) on growth.  Other parameters regulated by IGFs include placental development 

and function (6), bone ossification (7), preadipocyte differentiation (8), and epidermal 

development (9).      

In addition to IGFs, the mammalian IGF system consists of six IGF-binding proteins 

(IGFBPs), IGF-I and IGF-II receptors, and an acid labile subunit (ALS).  IGF-I is produced as an 

endocrine hormone by the liver, or as a paracrine/autocrine signal in extrahepatic tissues.  Eighty 

percent of all plasma IGF-I is in a ternary complex, in which IGF-I is bound by IGFBP3 and 

ALS (5).  Most of the remainder of IGF-I circulates as IGF-I:IGFBP complexes, leaving less 

than 5% of plasma IGF-I in free form (5)  IGF-I bound in the ternary complex is stable and 

inactive because it cannot cross capillary endothelium.  Hence, recruitment of IGF-I into binary 

and ternary complexes prevents rapid degradation of IGF-I in circulation and modulates IGF-1 
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activity (5).  Inactivation of IGFs by IGFBPs is also thought to prevent overactivation of the 

insulin receptor (IR).  IGFs circulate at a thousand-fold greater concentration than insulin and 

bind IR reasonably well, albeit with a 100-fold lower affinity than they bind IGF receptors (10).   

Insulin-like peptide Signaling in Drosophila:  Components, Functions, and Importance in 
Stress Resistance 
 

Drosophila melanogaster has an Insulin/Insulin-like growth factor signaling (IIS) system 

which is homologous to the mammalian Insulin/IGF system and is well-conserved within 

invertebrates.  In Drosophila, the IIS consists of seven insulin-like peptides (Dilp 1-7), one 

receptor (dInR), and Imp-L2, a protein which binds Dilp2 and is somewhat homologous to 

mammalian IGFBP7 (3).  The fly also contains Drosophila acid labile subunit (dALS), a 

mammalian ALS homolog which likewise binds Imp-L2 and Dilp2 in a ternary complex (11).  

Both Imp-2 and dALS are crucial in regulating IIS function and have a role in starvation 

resistance in Drosophila.  In wild-type Drosophila larvae, expression of impL2 and dALS is 

upregulated when the flies are starved (3).  Upregulation of these binding proteins sequesters 

more Dilp in the inactive form and thus downregulates IIS through dInR.  This mechanism 

allows the fly to conserve its nutrient stores and thus survive starvation (3).  In contrast, 

Drosophila larvae with ablated impL2 or dALS expression are unable to downregulate IIS when 

nutrients are limited (11).  Therefore, these larvae continue catabolizing nutrients at a rate 

appropriate for normal intake, exhaust their reserves, and die.  It is unknown whether binding 

proteins other than ImpL2 or dALS exist in Drosophila to modulate IIS activity.  

Importance of Insulin-like peptide Signaling in Stress Resistance in C. elegans, and Benefits 
of Using C. elegans as a Model to Study Insulin Signaling in Higher Organisms 
 

Like Drosophila, the nematode Caenorhabditis elegans contains IIS which regulates 

growth and development, lifespan, and reproduction.  The system consists of 30 Insulin-like 
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peptides (ILP), whose individual functions are unknown, an insulin receptor, DAF-2, and a 

transcription factor orthologous to human FOXO-1, DAF-16 (12).  Like Drosophila, C. elegans 

can survive adverse conditions, such as low nutrient availability, unfavorable temperature, and 

crowding, by downregulating IIS.  One way in which the developing worm survives stress is to 

enter the “dauer state.” (Figure 1, 13)  This is a state of very low metabolic activity which allows 

the worm to subsist until environmental conditions improve.  Specifically, instead of undergoing 

four developmental stages (L1-L4) before reaching adulthood, stressed larvae arrest in an 

alternative L3-like dauer stage. (14) Worms arrested in dauer are characterized by being short, 

dark, thin, and more motile when prodded with a pick (13).  

 
 

FIGURE 1: Life Cycle of the Nematode C. elegans.  Note the alternative L3 stage- the dauer 
state.  Adapted from Jorgensen and Mango (14). 

 
Dauer arrest is modulated by DAF-16, which inhibits the effects of insulin signaling 

downstream of the DAF-2 insulin receptor in stressed developing worms (Figure 2).  Adult 



5 

worms can also downregulate IIS when stressed, which increases lifespan and lipid storage in 

intestinal gut granules (16).  Likewise, mutations in daf-2 increase lifespan in stressed worms by 

decreasing DAF-2 signaling (17).  In contrast, ablation of daf-16 decreases dauer arrest, lifespan, 

and fat deposition in stressed worms by permitting more DAF-2 signaling to affect target tissues 

(16).  However, is it unknown whether insulin signaling in C. elegans is modulated upstream of 

the DAF-2 insulin receptor.  It is possible that IIS is modulated through a binding protein similar 

to ImpL2 in Drosophila and IGFBPs in mammals.  Such a binding protein would sequester ILP 

in an inactive reservoir to modulate IIS in response to detrimental environmental changes.  One 

would expect expression of such a binding protein to increase when the worm is stressed.  

Increased expression of the binding protein would inactivate more ILP, which would 

downregulate IIS to facilitate survival until environmental conditions improved.  

 

 
 
 
FIGURE 2: Proposed Mechanism for Dauer Arrest in C. elegans.   Nutrients activate insulin 
signaling through DAF-2 to inhibit DAF-16 and promote growth and reproduction.  Lack of 
nutrients and/or other environmental stresses inhibit insulin signaling through DAF-2 to allow 
DAF-16 to promote dauer arrest.  Increases in DAF-2 or DAF-16 signaling are indicated in 
green.  Adapted from Ashrafi (15).   
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   C. elegans is a powerful model to study IIS, for two reasons.  First, care, gene 

manipulation, and breeding of these worms are much easier than in mouse or Drosophila.  

Specifically, gene expression can be knocked down during the worm’s lifetime via RNA-

mediated gene inactivation (RNAi).  RNAi are dsRNA molecules which bind and inactivate 

complementary mRNA encoded by the gene of interest.  Therefore, RNAi allows inactivation of 

specific gene products without having to create genetic mutants. RNAi molecules can also cross 

cell membranes and affect all tissues synthesizing mRNAs (13).  This property of RNAi 

facilitates their introduction into the worm through consumption of E.coli bacteria containing an 

RNAi-encoding plasmid.  This method of gene knockdown is faster and simpler than creating 

and breeding genetic mutants.  C. elegans also shares many metabolic pathways and disease-

causing genes with higher organisms.  Twenty-five out of eighty-four human disease genes have 

C. elegans orthologs, and 43 of those genes appear to be similar to worm genes (13).  More 

importantly, effects of dietary restriction on lifespan and growth in C. elegans mirror those found 

in higher organisms (18).  In addition, genetic regulation and patterns of fat storage in C. elegans 

are homologous to those in mammals.  For example, insulin signaling in WAT, but not in 

muscle, contributes to fat content in both mammals (19) and in the worm (20) As such, 

investigating IIS in C. elegans could provide invaluable insight into the function of mammalian 

insulin and IGF signaling systems, as well as related pathologies, like obesity and the metabolic 

syndrome. 
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OBJECTIVE 
 
 The overall goal of this project was to identify the gene(s) in C. elegans which might 

encode an ILP binding protein similar to Imp-L2 in Drosophila and IGFBP in mammals.  The 

objective of the present experiments was to examine the effect of candidate gene knockdown on 

dauer formation, lifespan, and fat deposition in the worm. 

MATERIALS AND METHODS: 
  
Target Gene Selection and RNAi Sequencing 
 

Candidate genes encoding a possible Imp-L2 homolog in C. elegans were found by 

blasting the Imp-L2 amino acid sequence against the C. elegans protein database on 

www.wormbase.org.  

All RNAi constructs were selected from an RNAi library generated by Dr. Julie Ahringer 

and Kelly Liu.  The plasmids were extracted from E.coli HT115 clones using a Qiagen Qiaprep® 

Miniprep kit.  17 μL of plasmid was added to 1 μL of 8mM L4440 forward primer and was 

sequenced at Cornell University’s Biology Resource Center.  Once the RNAi plasmid sequences 

were confirmed, 1 μL of each plasmid was used to transform 50 μL each of fresh HT115 

competent cells.  250 μL of transformed cells in Luer Broth (LB) were grown overnight on 

LB/ampicillin/tetracycline plates at 37 °C.  Plates were stored at 4ºC, and bacteria were 

retransformed every month to maintain the integrity of RNAi plasmid expression.  

Worm Maintenance 
 

Wild-type N2 (2112) and daf-2(e1370) mutant worms were used in these experiments.  

Worms were obtained from the C. elegans Genetic Center at the University of Minnesota (Twin 

Cities).   Worm strains were maintained separately at 16°C on 60mm Nematode Growth Medium 
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(NGM) plates seeded with E.coli strain OP50.  Worms were transferred to fresh plates every 

three days to ensure the worms had adequate access nutrition to grow and reproduce optimally.   

Bacterial Transformation, Growth, and Induction of RNAi Expression 
 

For the dauer assays in daf-2 mutants and the lifespan assays in wild-type worms, 4 mL 

of sterile LB with 30 μL of 100 mg/mL tetracycline were inoculated with bacteria containing 

each RNAi construct.  Cultures were grown overnight at 37 °C and adjusted to a concentration of 

A600 = 0.3 at a 1:10 dilution.  150 μL of each culture were seeded onto 35mm RNAi plates with 

0.4 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG).  Inclusion of IPTG in the plates induced 

bacterial RNAi plasmid expression.   

For the lifespan assays in daf-2 mutants, the protocol was modified to ensure a) the 

concentration of bacteria on the plates was high enough and b) RNAi expression was not 

prematurely induced.  The capacity of HT115 cells to express RNAi plasmids decreases over 

time, so it was desirable to induce RNAi expression immediately before allowing parent worms 

to lay eggs.  Four mL of sterile LB with 30 μL of 15 mg/mL tetracycline and 30 μL of 100 

mg/mL carbenicillin were inoculated with RNAi-containing bacteria.  Cultures were grown 

overnight at 37 °C, adjusted to A600 = 0.08 at a 1:10 dilution.  Bacteria were then spun down and 

reconstituted in 20% of the original culture volume.  Then, 150 μL of each culture were seeded 

onto 35mm RNAi plates without IPTG, and 40 μL of 100mM IPTG was added to each plate 4 

hours before egg lay.   

For all experiments, three plates were seeded per RNAi vector per worm strain to ensure 

enough data were collected for statistical analyses.   
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Worm Manipulation Procedures: 
 
Dauer Assay 
 

For dauer assays, two daf-2(e1370) L4 worms were placed onto each plate and were 

incubated at 16 °C for 24 hours, or until there were 20-30 eggs/plate.  Parent worms were then 

picked off the plates, and the progeny were incubated at 23 °C for 3 days.  Progeny were scored 

after the incubation period.  Worms which were abnormally dark and thin were scored as 

“dauer,” and all other worms were scored as “developing.”  The percent of worms in dauer arrest 

was calculated per plate, and the average percent dauer arrest was calculated for each RNAi 

strain.  Statistical significance of the results was calculated using a 2-tailed Student’s t-test, and 

P<0.05 was considered significant. 

Lifespan Assay 
 

For lifespan assays in wild-type and daf-2 worms, two gravid adults were picked onto 

each plate and were incubated at 16 °C until there were 20-30 eggs/plate.  Parents were then 

picked off, and progeny were incubated at 16°C until day zero, when worms reached young 

adulthood but had not yet begun to lay eggs (indicated as day zero on survival plots.) On day 

zero, 50 μL of 100mg/mL Floxuridine (FUDR) was diluted to 2.5 mg/mL in 2 mL of milliQ 

water.  Then, 100 μL of dilute FUDR was added to each plate to prevent DNA replication and 

therefore egg laying in the progeny.  N2 worms were incubated at 25 °C, and daf-2 worms were 

incubated at 23 °C.  Lifespan of each worm was measured as time to death from day zero.  

Lifespan curves were created, and statistical analysis was performed using the Kaplan-Meier 

analysis, in SPSS v.4.0 software.  P<0.05 was considered as statistically significant.   In 

performing the analyses, worms which died due to unnatural causes (dried on the sides of the 

plate, suffocated in the agar) were “censored,” or excluded from the analyses.   
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Nile Red Fat Stain 
 

For the fat stain assays, the egg lay and incubation protocols used in the lifespan assays 

were followed through day zero.  The plates were kept in the dark as much as possible to prevent 

degradation of the Nile Red dye.  On day two after FUDR addition, 10 worms per RNAi 

construct per strain were mounted on 2% agarose pads and immobilized with 6 μL of 25mmol 

sodium azide in M9 buffer.  Worms were viewed at 40X with oil using phase contrast 

microscopy and fluorescent microscopy.  Phase contrast and fluorescence images were taken of 

each worm, using an exposure time of 0.060 seconds, in OpenLab Version 4.0.4 (© Improvision, 

2002).  The intensity of the fluorescent signal in the first two intestinal cells was quantified using 

Image J software (http://rsb.info.nih.gov/j/).  The signal in the entire GI tract was not quantified 

because the developing germ line could have obscured the Nile Red signal in the lower intestinal 

tract.  The average signal intensity and percent area of signal were calculated per RNAi construct 

per worm strain.  The percent area of the signal was supposed to indicate fat dispersion within 

the intestinal cells.  Within a worm strain, the results of each RNAi construct were compared to 

the L4440 empty vector control.  Across worm strains, results of a given RNAi construct were 

compared to ensure there was a difference in fat deposition between wild-type and daf-2 worms.  

Statistical significance of all results was calculated using a 2-tailed Student’s t-test.  P<0.05 was 

considered significant. 

 
 
 
 
 
 
 
 
 
 



11 

RESULTS 
 
Selection of Possible Imp-L2 Homolog- Encoding Genes and their Corresponding RNAi 
Constructs 
 

The first objective of this project was to find candidate genes encoding a possible an Imp-

L2 homolog in C. elegans.  It was assumed that such a homolog would have a large degree of 

similarity to Imp-L2 itself, both in its amino acid sequence and in its structural motifs.  From the 

BLAST results, three candidate genes were chosen which had the greatest sequence alignment 

with Imp-L2 and contained the most Immunoglobulin-like domains (21, 22, 23).  Such domains, 

characterized by disulfide bridges between two beta-sheets, are common in Imp-L2 and 

mammalian IGFs (24).  Candidate gene products also contained Leucine-Rich Repeats.  These 

motifs form concave horseshoe structures on the protein surface and are associated with protein-

protein interactions (25).  Thus, binding proteins typically have these Leucine-Rich Repeats.  

The three candidate genes selected were:  zig-4, zig-3, and zig-2, with zig-4 having the highest 

degree of sequence and structural similarity to Imp-L2.   

To compare the effects of zig-4, -3, and -2 knockdown on insulin signaling, three control 

RNAis were selected.  L4440 was the empty plasmid vector control.  RNAi against daf-2, the 

insulin receptor gene, was the positive control.  Knockdown of this gene was expected to 

decrease insulin signaling and thus increase dauer arrest, lifespan, and fat deposition.  RNAi 

against daf-16, the IIS-inhibiting transcription factor, was the negative control.  Knockdown on 

this gene was expected to increase insulin signaling and thus decrease dauer arrest, lifespan, and 

fat deposition.  
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Dauer Assays 

For these assays, daf-2(e1370) mutants were used.  daf-2 mutant worms have a 

temperature-sensitive missense mutation in the insulin receptor (26).  As such, daf-2 mutants 

show increasing DAF-2 inactivation at increasing temperatures.  Between 22°C and 23°C, daf-2 

mutants are sensitized to environmental stresses, and a baseline proportion of these worms will 

arrest in dauer (17).  Under this sensitized condition, further inhibition or enhancement of insulin 

signaling via candidate gene knockdown can be more easily achieved and observed.  

Additionally, an L4 egg lay was performed in the dauer assays.  The purpose of 

performing an L4 egg lay was to ensure parent worms ingested enough bacteria for the RNAi to 

get into the germ line and thus into the progeny.  Because dauer arrest occurs only in developing 

worms, the progeny needed to hatch with the RNAi in their system for the RNAi to influence 

dauer arrest.   

In the first two assays, the developing worms were incubated at 22.5°C, the minimum 

temperature needed to inactivate the insulin receptor in the daf-2 mutants.  Data for these trials 

are provided in Tables A.1 and A.2 in the Appendix (A.1).  At 22.5°C, neither the positive 

control (RNAi against daf-2) nor the negative control (RNAi against daf-16) showed significant 

differences in dauer arrest frequency compared to the empty vector control.  RNAi against zig-4,-

3, and -2 likewise did not significantly change dauer arrest frequency compared to worms fed 

L440 RNAi.  Additionally, the dauer arrest frequency in the empty vector control was 

abnormally low.  At least 20-25% of empty control worms were expected to arrest in dauer, but 

in both trials only 2-3% of these worms arrested in dauer.    

These results suggested that differences in dauer arrest would become more obvious at a 

slightly higher temperature, due to increased DAF-2 inactivation.  To test this hypothesis, a trial 
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was done with daf-2 worms incubated at 23 °C on NGM plates seeded with E.coli (Figure 3). 

These conditions were supposed to simulate those endured by daf-2 worms incubated on empty 

control vector L4440 at 23°C.  Worms were scored for dauer arrest at 48, 60 and 72 hours after 

hatching to verify the optimum time for scoring dauer arrest at the higher temperature.   

Change in Dauer Arrest Trial in daf-2(e1370) Worms Incubated 
at 23 °C on NGM Plates
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FIGURE 3: Change in Dauer Arrest Frequency in daf-2(e1370) Worms over 48, 60, and 72 
hours incubation at 23°C.  The percent of worms in dauer increased almost linearly over the 
duration of the trial.  Dauer arrest reached a maximum of roughly 40% in worms incubated for 
72 hours (3 days)  
  

As shown in Figure 3, dauer arrest was markedly increased compared to worms incubated 

on L4440 RNAi at 22.5 °C (Tables A.1 and A.2).  Since dauer arrest was highest at t=72 hours, it 

was decided that scoring worms after 3 days of incubation at 23 °C would facilitate comparison 

of dauer arrest frequency across RNAi strains.  Numerical data for this assay are provided in 

Table A.3 in the Appendix.   

Because baseline dauer arrest increased in worms incubated at 23ºC, the next dauer assay 

in daf-2 mutants was performed at 23 °C (Figure 4).  In these assays, the percent dauer for 

worms incubated on L4440 RNAi was not as high as that achieved in the trial on NGM plates 

(Table A.3) but was higher than dauer percentages achieved at 22.5°C (Tables A.1 and A.2).   

48 60 72 
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RNAi against daf-2 significantly (P<0.05) increased dauer arrest, while RNAi against daf-16 

significantly (P<0.05) decreased dauer arrest (Figure 4).  RNAi against zig-4 tended to decrease 

dauer arrest compared to the empty vector control (P= 0.09), but the difference was not 

statistically significant.   In contrast, RNAi against zig-3 and -2 did not appear to significantly 

affect dauer arrest compared to the empty vector control.  Numerical data for this assay are 

provided in Table A.4 in the Appendix (A.2).   

 

Average Dauer Arrest in daf-2(e1370) Worms 
Incubated at 23 Degrees C
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FIGURE 4: Effect of gene knockdown in developing worms incubated at 23°C for 3 days after 
hatching.  daf-2 knockdown significantly increased dauer formation, and daf-16 knockdown 
significantly decreased dauer formation (P<0.05).  zig-4 decreased dauer arrest frequency 
compared to the empty vector control, but these results fell short of statistical significance 
(P=0.09).    
                    

Data from Figure 4 suggested knockdown of zig-4 had a tendency to reduce dauer 

formation.  To confirm whether or not RNAi against zig-4 could significantly decrease dauer 

arrest, the 23°C dauer assay was repeated, with worms being scored after three days of 

incubation (Figure 5).  This time, dauer arrest frequency in the empty vector control remained 

lower than expected, although the positive and negative control worms had significantly higher 

and lower % dauer, respectively.  RNAi against zig-4 significantly reduced dauer arrest 

Data are shown with + 1 S.E. 

P=0.09 
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frequency compared to the empty vector control, while RNAi against zig-3 and zig-2 had no 

significant effect on dauer arrest.  However, the standard deviation between the dauer arrest 

frequencies on the individual zig-4 plates was larger than the mean dauer arrest for all of those 

plates (Table A.5).  Overall, these data were consistent with those in the first dauer assay at 

23°C.  Furthermore, they suggested a possible role of zig-4 in modulating insulin signaling in 

stressed worms.  Numerical data for this assay are provided in Table A.5 in the Appendix (A.2).  
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FIGURE 5: Effect of gene knockdown in developing worms incubated at 23°C for 3 days after 
hatching, repeat trial.  daf-2 knockdown significantly increased dauer formation, and daf-16 
knockdown significantly decreased dauer formation (P<0.05).  zig-4 significantly decreased 
dauer arrest frequency compared to the empty vector control (P<0.05). 
 

 Although incubation at 23 °C increased the percent of worms in dauer in the empty 

vector control, dauer arrest was less than that seen in the NGM trial (~40% after 72 hours 

incubation.)  To see if dauer arrest in the empty control could be increased further with increased 

incubation time, worms for all RNAi constructs were scored at either 3, 4, or 5 days after 

hatching (Figures 6A and 6B).  This experiment was performed twice.  The complete set of 

P<0.05 

Data are shown with + 1 S.E. 
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numerical data for these assays can be found in Tables A.6 and A.7 in the Appendix (A.3-A.4).  

Figures 6A and 6B correspond to data in Table A.7. 

In these trials, RNAi against daf-16 prevented all worms from arresting in dauer, while 

RNAi against daf-2 arrested all worms in dauer after 5 days of incubation (Figure 6B).  These 

results indicated the positive and negative controls worked regardless of the incubation time.  

RNAi against zig-4 significantly decreased dauer arrest frequency compared to the empty vector 

control (P<0.05) in worms scored after 3 days incubation at 23°C (Figure 6A).   RNAi against 

zig-4 also decreased dauer arrest in worms scored after 4 and 5 days incubation at 23°C, but 

these results were not statistically significant (Figure 6B).  In contrast, RNAi against zig-3 and 

zig-2 did not significantly affect dauer arrest in worms scored after 3, 4, or 5 days incubation.  

Additionally, the dauer arrest frequency for worms fed zig-4 RNAi remained relatively constant 

as incubation time increased, while dauer arrest in worms fed zig-3 and zig-2 RNAi doubled 

(Figure 6B).  Taken together, these data suggested zig-4 knockdown alone resulted in a small but 

significant increase in IIS.   

Interestingly, the percent dauer generally increased from day 3 to day 5 for worms on the 

empty vector control.  However, dauer arrest frequency remained lower than expected for the 

empty control, with the maximum observed percent dauer being 20.73% after 5 days of 

incubation (Table A.7).  
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Average % Dauer for daf-2(e1370) Worms after 3 Days 
Incubation at 23 Degrees C 
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FIGURE 6A:  Effects of candidate gene knockdown on dauer arrest in daf-2 mutants scored after 
3 days incubation at 23°C.  RNAi against daf-2 significantly increased dauer formation 
compared to the empty vector L4440 (P<0.05.)  RNAi against daf-16 significantly decreased 
dauer formation compared to the empty vector L4440 (P<0.05).  RNAi against zig-4 significantly 
decreased dauer formation compared to the empty vector control (P<0.05.)  RNAi against zig-3 
and zig-2 had no effect on dauer formation. 
 
 

P<0.05 

Data are shown with + 1 S.E. 
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Change in Dauer Arrest Frequency in daf-2(e13 70) Worms 
Incubated at 23 Degrees C for 3, 4, and 5 Days
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FIGURE 6B: Increase in dauer arrest frequency with increasing incubation time in daf-2 
mutants.  The proportion of worms arrested in dauer increased over time for all worms, except 
those with daf-16 knockdown, which did not arrest in dauer.  zig-4 knockdown significantly 
decreased dauer arrest compared to the empty vector control (P<0.05) only in worms incubated 
at 23°C for 3 days (indicated by “      ” ).  Dauer arrest remained lower in zig-4 knockdown 
worms incubated at 23°C for 4 and 5 days, but these results were not statistically significant. 
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Lifespan Assays 
 
 Data from the dauer assays suggested significant effects of zig-4 knockdown on insulin 

signaling in developing worms.  Lifespan is another variable that is affected by IIS in C. elegans.  

Decreased IIS prolongs lifespan while increased IIS shortens lifespan.  Therefore, we assessed 

the effect of zig-4, -3, and -2  knockdown on lifespan in adult worms.  As an initial step, two 

lifespan assays were performed in N2 worms incubated at 25°C to see if target gene knockdown 

had any obvious effects on insulin signaling.   

In the first lifespan assay (Figure 7), RNAi against daf-2 and against daf-16 significantly 

increased and decreased lifespan, respectively (P<0.05).  However, RNAi against zig genes did 

not significantly affect lifespan (Table 1).  These results were inconsistent with the dauer assay 

results, which showed that zig-4 knockdown significantly decreased dauer arrest, presumably 

through increasing insulin signaling.   
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FIGURE 7:  Effect of candidate gene knockdown on lifespan in wild-type worms incubated at 
25°C.  RNAi against daf-2 and daf-16 significantly increased and decreased lifespan compared to 
the empty vector L4440, respectively (P<0.05).  RNAi against zig-4 decreased lifespan compared 
to the empty vector control, but these results were not statistically significant.  RNAi against zig-
3 and zig-2 did not affect lifespan significantly.   
 
 

TABLE 1: 
 

Effect of zig-4, -3, and -2 Knockdown in Lifespan in  
Wild-Type Worms Incubated at 25°C 

RNAi Mean Lifespan (days) N % Censored P-Value: Log-Rank % Change in 
Lifespan 

L4440 16.341 44 0 NA NA 
daf-2 24.574 54 0 0.000 +50.382 
daf-16 9.857 49 0 0.000 -39.680 
zig-4 16.125 64 0 0.239 -1.322 
zig-3 17.059 68 0 0.733 +4.394 
zig-2 16.571 49 0 0.536 +1.388 

 

Effect of zig-4, -3, and -2 Knockdown on Lifespan in 
Wild-Type Worms Incubated at 25°C: Survival Plot 

 Lifespan (days)  

N2 L440 
N2 daf-2 
N2 daf-16 
N2 zig-4 
N2 zig-3 
N2 zig-2 
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The lifespan assay was repeated in wild-type worms incubated at 25°C (Figure 8).  

Again, RNAi against daf-2 and against daf-16 significantly increased and decreased lifespan, 

respectively (P<0.05). In contrast with the first lifespan assay, zig-4 knockdown alone 

significantly decreased lifespan compared to the empty vector control (P<0.05).  Interestingly, 

zig-3 knockdown significantly prolonged lifespan (P<0.05) (Table 2). zig-2 knockdown did not 

affect lifespan.  These results suggested zig-4 was important in IIS downregulation to increase 

lifespan in stressed worms.  Furthermore, these results were consistent with the dauer assay 

results, in which zig-4 knockdown significantly decreased dauer arrest frequency, presumably 

through permitting excessive IIS activity.  As expected, RNAi against daf-2 and against daf-16 

significantly increased and decreased lifespan, respectively, in both 25°C dauer assays. 
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FIGURE 8:  Effect of candidate gene knockdown on lifespan in wild-type worms incubated at 
25°C, repeat assay.  RNAi against daf-2 and daf-16 significantly increased and decreased 
lifespan compared to the empty vector L4440, respectively (P<0.05).  RNAi against zig-4 
significantly decreased lifespan compared to the empty vector control (P<0.05).  RNAi against 
zig-3 significantly increased lifespan compared to the empty vector control (P<0.05).  RNAi 
against zig-2 did not affect lifespan significantly.  Worms listed as “censored” died of unnatural 
causes, like drying on the edge of the plate or suffocating in the agar. 
 

TABLE 2: 
 

Effect of zig-4, -3, and -2 Knockdown in Lifespan in  
Wild-TypeWorms Incubated at 25°C: Repeat Assay 

RNAi Mean Lifespan (days) N % Censored P-Value: Log-Rank % Change in 
Lifespan 

L4440 17.600 50 0 NA NA 
daf-2 27.967 61 0 0.000 +58.903 
daf-16 9.710 62 0 0.000 -44.830 
zig-4 15.771 38 7.9 0.001 -10.392 
zig-3 18.667 60 5.0 0.007 +6.063 
zig-2 17.579 57 0 0.575 -0.119 

 

Effect of zig-4, -3, and -2 Knockdown on Lifespan in Wild-
Type Worms Incubated at 25°C, Repeat Assay: Survival Plot 

 Lifespan (days)  

N2 L440 
N2 daf-2 
N2 daf-16 
N2 zig-4 
N2 zig-3 
N2 zig-2 
N2 zig-4 censored 
N2 zig-3 censored  
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To obtain additional evidence that zig-4 was affecting lifespan in an IIS-dependent 

manner, the lifespan assays were repeated in daf-2 mutants incubated at 23°C (Figure 9).  The 

purpose of using the mutant strain was to amplify possible effects of target gene knockdown on 

insulin signaling parameters. 

In the first lifespan assay in daf-2 mutants, knockdown of daf-2 and daf-16 significantly 

lengthened and shortened lifespan, respectively (P<0.05).  zig-4 knockdown tended to reduce 

lifespan (P<0.10), whereas zig-3 and zig-2 knockdown had no effects on lifespan (Table 3).  

These lifespans somewhat mimicked those found in the first lifespan assay in wild-type worms 

(Table 1, Figure 5).  Overall lifespan of the daf-2 worms was almost double the overall lifespan 

of the wild-type worms, regardless of RNAi treatment.   
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FIGURE 9: Effect of candidate gene knockdown on lifespan in daf-2 mutants incubated at 23°C.  
RNAi against daf-16 significantly decreased lifespan compared to the empty vector L4440 
(P<0.05).  RNAi against daf-2 significantly decreased lifespan compared to the empty vector 
control (P<0.05).  RNAi against zig-4 decreased lifespan compared to the empty vector control, 
but these results were not statistically significant.  RNAi against zig-3 and zig-2 had no 
significant effect on lifespan. Worms listed as “censored” died of unnatural causes, like drying 
on the edge of the plate or suffocating in the agar. 
 
 

     TABLE 3:  
 

Effect of zig-4, -3, and -2 Knockdown on Lifespan  
in daf-2(e1370) Worms Incubated at 23°C 

RNAi Mean Lifespan (days) N % Censored P-Value: Log-
Rank 

% Change in 
Lifespan 

L4440 37.189 53 0 NA 0.0 
daf-2 47.750 22 9.1 0.000 +28.398 
daf-16 11.456 114 0 0.000 -69.195 
zig-4 33.327 49 0 0.104 -10.385 
zig-3 39.623 106 0.9 0.356 +6.545 
zig-2 37.314 51 0 0.916 +0.336 

Strain 
 
daf-2 L440 
daf-2 daf-2 
daf-2 daf-16 
daf-2 zig-4 
daf-2 zig-3 
daf-2 zig-2 
daf-2 zig-4 censored 
daf-2 zig-3 censored 

 Lifespan (days)  

Effect of zig-4, -3, and -2 Knockdown on Lifespan in 
daf-2(e1370) Worms Incubated at 23°C: Survival Plot 
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The lifespan assay was repeated in daf-2 mutants to confirm the effect of zig-4 

knockdown on reducing lifespan in these mutants (Figure 10).  Knockdown of daf-16 

significantly shortened lifespan compared to the empty vector L4440 (P<0.05).  However, 

knockdown of daf-2 did not significantly shorten lifespan compared to the empty vector control 

(Table 4).  zig-4 and zig-2 knockdown significantly decreased lifespan in comparison to worms 

incubated on L4440 RNAi (P<0.05).  In fact, RNAi against zig-2 actually decreased lifespan 

more than RNAi against zig-4 (Table 4).  RNAi against zig-4 only decreased lifespan by three 

percent compared to the empty vector control (Table 4).  RNAi against zig-3 increased lifespan 

slightly, but these results were statistically insignificant. 
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FIGURE 10:  Effect of candidate gene knockdown on lifespan in daf-2 mutants incubated at 
23°C, repeat.  RNAi against daf-16 significantly decreased lifespan compared to the empty 
vector L4440 (P<0.05).  Unlike in previous trials, RNAi against daf-2 did not significantly 
decrease lifespan compared to the empty vector control.  RNAi against zig-4 and zig-2 
significantly decreased lifespan compared to the empty vector control (P<0.05), although the 
difference in lifespan between worms on zig-4 RNAi and worms on L4440 RNAi was small.  
RNAi against zig-3 increased lifespan compared to the empty vector control, but these results 
were not statistically significant.   

  TABLE 4: 
 

Effect of zig-4, -3, and -2 Knockdown on Lifespan  
in daf-2(e1370) Worms Incubated at 23°C: Repeat 

RNAi Mean Lifespan (days) N % Censored P-Value: Log-Rank % Change in 
Lifespan 

L440 42.246 122 0 NA 0.0 
daf-2 43.086 70 0 0.384 +1.980 
daf-16 12.273 55 0 0 -70.949 
zig-4 41.032 126 0 0.030 -2.874 
zig-3 44.253 83 0 0.159 +4.751 
zig-2 37.398 83 0 0.000 -11.476 

Effect of zig-4, -3, and -2 Knockdown on Lifespan in daf-2(e1370) 
Worms Incubated at 23°C, Repeat : Survival Plot 

 Lifespan (days)  
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Nile Red Fat Stain 
 
 The purpose of performing a fat stain was to see whether RNAi against zig-4, -3, and -2 

affected fat deposition in stressed worms.  Increased fat deposition is a phenotype associated 

with decreased IIS in worms (27).  All worms were incubated on RNAi plates with Nile Red 

until day 2 of adulthood.  Worms were then viewed under a fluorescence microscope, 

photographed, and the fat content in the first two intestinal cells was quantified by measuring the 

intensity of the fluorescent signal.  Data from this fat stain were inconclusive, and the 

experiments were terminated when recent data suggested that Nile Red stains lysosome-like 

structures, not intestinal fat granules, in C. elegans (28).   

DISCUSSION 
 
 The objective of this study was to identify gene(s) in C. elegans which potentially 

encoded an ILP binding protein homologous to Imp-L2 in Drosophila.  RNAi-mediated 

knockdown of the gene encoding the hypothetical binding protein was expected to increase IIS 

and therefore decrease dauer arrest, lifespan, and fat deposition in the worm. 

   Dauer assays in daf-2 mutants demonstrated that RNAi against zig-4 significantly 

decreased dauer formation, compared to the empty control (Figures 5, 6A, and 6B).  

Interestingly, while zig-4 knockdown decreased dauer arrest compared to the empty control, it 

did not eliminate dauer arrest like daf-16 knockdown.  These results suggest that if zig-4 encoded 

an Imp-L2 homolog, such a homolog would be a modulating, but not dominating, influence in 

insulin signaling.   

One challenge associated with the dauer assays was the scoring of worms on L4440 

RNAi.  These worms were clearly developmentally stunted; they were shorter and thinner than 

3-day old worms incubated at 16°C.  However, they were not as thin and dark as would be 
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expected for a fully arrested dauer worm.  In scoring worms incubated on L4440 RNAi, only 

fully arrested worms were scored as “dauer,” and all other worms were scored as “developing.”  

This conservative scoring approach was used consistently in all dauer assays and may account 

for the lower-than-expected dauer percentages in the empty vector control.  Some sources 

suggest that dauer-arrested larvae do not show pharyngeal pumping, which is a feeding behavior 

associated with an active metabolism (29). Others suggest pharyngeal constriction is a key 

indicator of dauer arrest (30).  To ensure consistency of scoring across several dauer assays, only 

worm morphology, not behavior, was considered in scoring for dauer formation.  Recent data 

suggest that dauer arrest is a stepwise process which occurs over six distinct stages in the 

developing worm (Figure 11).  It is possible that some of the worms incubated on L4440 had not 

progressed past Stage 2 or 3 after three days of incubation at 23°C, since 23°C was the minimum 

temperature required to induce dauer arrest in daf-2 mutants (17).  Incubation for 4 and 5 days 

presumably allowed more worms on the empty control vector to proceed to at least Stage 4, such 

that displayed dauer morphology (Figure 6B).  Further work should be done to compare the 

effects of  zig-4, -3, and -2 knockdown in worms incubated for 3 days at increasing temperatures 

(for example, at 23°C, 24°C, and 25°C).   It is likely that one would see dauer arrest increase at 

higher incubation temperatures in all daf-2 mutants, regardless of RNAi treatment.  
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Stage 1 , t = 12 hrs.  Stage 2 , t = 24 hrs. Stage 3 , t = 36 hrs. 

  

Stage 4 , t = 48 hrs.  Stage 5 , t = 60 hrs. Stage 6, t = 72 hrs. 

 

FIGURE 11:  Stepwise dauer arrest in stressed C. elegans larvae.  Dauer arrest begins 12 hours 
after hatching, but worms do not manifest dauer-like morphology (thin, dark body) until 48 hours 
after hatching (Stage 4).  Worms are fully arrested in dauer 72 hours after hatching (Stage 6).  
Full dauer arrest was designated in this paper as a change from diffuse to granular fat deposition 
in the intestine.  Adapted from Jeong et al (31).  
 
 Another issue encountered with the dauer assay was that in some cases, RNAi against 

zig-3 and zig-2 also decreased dauer arrest frequency compared to the empty vector control, 

although these results were not statistically significant (Figures 4 and 5).  In one instance, 

knockdown of zig-4, -3, and -2 reduced dauer arrest frequency almost equally (Figure 5).  It is 

possible that results for zig-3 and zig-2 were not significant in this trial because the variances for 

the zig-3 and zig-2 data were too large.  On the other hand, the variance for the zig-4 data was 

larger than the mean dauer arrest, but the results were still statistically significant.  This anomaly 

was likely due to a higher dauer arrest percentage on one of the zig-4 plates compared to the 

percentages on the other two zig-4  plates.  The higher dauer arrest on that plate could have 

resulted from insufficient zig-4 RNAi expression in the E.coli.  
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These dauer assays should be repeated to see if these effects of zig-3 and zig-2 

knockdown are consistent across several assays.  An analysis of variance, such as an ANOVA, 

should be performed on data from future dauer assays to ensure differences in variance do not 

influence the statistical significance of the results. If zig-4, zig-3, and zig-2 consistently reduced 

dauer frequency in comparison to the empty vector control, such results might suggest 

redundancy of zig-4, zig-3, and zig-2 functions in C. elegans.  This redundancy could be further 

supported if simultaneous knockdown of zig-4, -3, and -2 inhibited dauer arrest more than 

individual knockdown of each gene.  If simultaneous zig gene knockdown inhibited dauer arrest 

in this manner, these results might also suggest a synergistic effect of the genes on insulin 

signaling in C. elegans. 

The advantages of performing dauer assays to study insulin signaling are that they are 

quantitative and independent of other behaviors (13).  Hence, it made sense to first test the 

effects of target gene knockdown on insulin signaling using such a clear-cut, readily analyzable 

method.   Since dauer assays were useful in studying candidate genes in developing worms, an 

alternative method was needed to study these genes in adult worms.  Lifespan assays in wild-

type and daf-2 mutant worms were performed for this purpose.  Of the target genes, zig-4 

knockdown alone significantly reduced lifespan in wild-type and daf-2 worms (Figures 7-10).  

Zig-2 knockdown significantly reduced lifespan once in daf-2 worms (Figure 10) but did not 

reduce lifespan in other assays (Figures 7-9).  Zig-3 knockdown significantly increased lifespan 

once in wild-type worms (Figure 8) but did not significantly affect lifespan in other assays 

(Figures 7, 9, 10).   

A challenge encountered in the lifespan assays was the slower reproduction rate of daf-2 

mutants compared to that of wild-type worms.  This decrease in fecundity at optimal 
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temperatures has been documented in daf-2 mutants, and is attributed to an evolutionary tradeoff 

between maximizing reproduction and maximizing somatic cell survival in the face of decreased 

insulin signaling (32).  Lifespan in daf-2(e1370) worms (Figures 9 and 10) was consistently 

almost twice that in wild-type worms (Figures 7 and 8), regardless of RNAi treatment.  

Specifically, mean lifespan in daf-2 worms treated with L4440 RNAi ranged from 37-39 days 

(Tables 3 and 4).  These results were consistent with previous experimentation, suggesting the 

mean lifespan for daf-2 mutants at 22.5°C was 41 days in the absence of RNAi-mediated gene 

knockdown (32).  This increase in lifespan paralleled the decrease in fecundity and was also 

indicative of sub-optimal insulin signaling in the daf-2 worms. 

The Nile Red assay attempted to measure the effects of zig-4, -3, and -2 knockdown on 

fat deposition.  Increased IIS is associated with decreased fat deposition in gut granules, and vice 

versa (16).  Specifically, increased IIS increases catabolism of fatty acids to provide energy for 

growth, motility, and reproduction. As such, intestinal fat deposition was expected to be greater 

in the daf-2 mutants compared to the wild-type worms, due to decreased nutrient catabolism and 

increased lipid synthesis (27).  Likewise, fat content was expected to be decreased in worms with 

knocked-down zig-4, compared to worms incubated on the empty vector L4440.  The fat stain 

did not show any conclusive differences in fat deposition between worm strains or between 

RNAi treatments, and the assays were terminated when recent literature showed that Nile Red 

does not stain fat.  Rourke et al. demonstrated that Nile Red stained acidic, lysosome-like 

compartments in intestinal cells (28). Furthermore, Nile Red staining did not increase with 

increased fat deposition in daf-2 mutants compared to wild-type worms (28).  Additionally, 

although daf-16 mutants showed an increased Nile Red signal, lipid biochemistry showed no 

differences in fat storage between these mutants and wild-type worms (28).  Rourke, et al. did 
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suggest that Oil Red O, another lipophilic dye, stained intestinal fat granules (28).  Future 

experimentation should measure the effects of zig-4, -3, and -2 knockdown on fat deposition in 

wild-type and daf-2 worms, using Oil Red O as the fat stain.   

CONCLUSION 
 

Results from dauer assays in daf-2 mutants and lifespan assays in wild-type and daf-2 

mutant worms suggest zig-4 encodes an Imp-L2 homolog in C. elegans.  Knockdown of this 

gene would decrease binding protein production, increase the amount of free ILP available to 

bind to the daf-2 receptor, and thus increase insulin signaling. Further experimentation should 

first confirm the lifespan assay results in wild-type and daf-2 worms.  The effects of zig-4, -3, 

and -2 knockdowns on fat deposition in N2 and daf-2 worms incubated at 23°C should also be 

assessed with Oil Red O.  If zig-4 knockdown consistently increases insulin signaling parameters 

in the worm, zig-4 expression should be quantified and compared between unstressed and 

stressed worms.  Assuming this possible binding protein is regulated like Imp-L2 in Drosophila. 

Zig-4 expression should increase in stressed worms.  If zig-4 expression was shown to increase in 

stressed worms, further research should isolate and characterize the gene product, in terms of its 

tertiary structure and its binding affinity for ILP.  For example, a radioimmunoassay could be 

used to determine to what extent the zig-4 gene product binds each of the ILPs.  Alternatively, a 

Förster resonance energy transfer (FRET) assay could elucidate whether the zig-4 gene product 

is associated with any of the ILPs (33); in a FRET assay, target protein(s) are tagged with a 

fluorescent chromophore, which appears different colors if the protein is free or bound.    

Interestingly, Bérnard et al. recently showed zig-4 and zig-3 to be important in maintaining 

proper axon position in the ventral nerve cord of C. elegans (34).  zig-2 is also thought to be 

involved in axonal development and maintenance, although further data are needed to confirm 
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this hypothesis (35).  Whether these functions of the zig genes are related to their possible 

function as ILP binding proteins is unknown.  Corbo et al. recently demonstrated that IGFBP 

levels were decreased in human lateral sclerosis patients compared to healthy patients (36).  

Furthermore, IGF-1 bioavailability was directly correlated with severity of neurodegeneration in 

the lateral sclerosis patients (36).  Perhaps the zig gene products likewise function to maintain 

neural integrity in C. elegans by attenuating IIS.  If zig gene products were shown to bind ILPs, 

further investigation should be done to determine how the interaction between zig proteins and 

ILPs affects neuronal integrity.  If the neural system in the worm is regulated by IIS-dependent 

mechanisms, C. elegans could not only be a powerful model for metabolic disorders in higher 

organisms, but for neurodegenerative diseases as well.   
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A.1 

APPENDIX 
 

        TABLE A.1: 
 

Effects of zig-4,-3,and -2 Knockdowns on Dauer Arrest Frequency 
in daf-2(e1370) Worms 22.5 °C

RNAi Average % Dauer Standard Deviation P-Value 
L4440 2.15 2.413110027 NA 
daf-2 12.56 9.022809984 0.2530116 
daf-16 0 0 0.2627541 
zig-4 2.97 1.430524379 0.7304585 
zig-3 2.24 1.980967777 0.9757863 
zig-2 12 1.20428402 0.0090929 

         
            
 
 
 
                  TABLE A.2:  
 

Effects of zig-4,-3,and -2 Knockdowns on Dauer Arrest Frequency 
in daf-2(e1370) Worms 22.5 °C, Repeat Trial

RNAi Average % Dauer Standard Deviation P-Value 
L4440 2.843 2.535 NA 
daf-2 7.9 0.463 0.098 
daf-16 0 0 0.191 
zig-4 3.843 0.316 0.605 
zig-3 2.257 2.523 0.385 
zig-2 7.663 7.346 0.426 

         
          
 
 
 
 

      TABLE A.3:  
 

Dauer Arrest Trial in daf-2(e1370) Worms 
Incubated at 23 °C on NGM Plates

Time after Hatching 
(Hours) 

Average % Dauer 

48  14.6 
60 28.8 
72 38.2 

 
  



A.2 

 
TABLE A.4  

 
Average Dauer Arrest in daf-2(e1370) Worms Incubated at 23°C 

RNAi Average % Dauer Standard Deviation P-Value 
L4440 15.800 6.160  
daf-2 36.240 11.509 0.030 
daf-16 0 0 0.034 
zig-4 7.910 1.480 0.093 
zig-3 8.070 5.022 0.190 
zig-2 9.120 2.927 0.197 
 

 
 
 
 
 
TABLE A.5: 
 

Average Dauer Arrest in daf-2(e1370) Worms Incubated at 23°C- Repeat 
RNAi Average % Dauer Standard Deviation P-Value 
L4440 7.62 1.922  
daf-2 27.42 1.251 0.002 
daf-16 0 0 0.021 
zig-4 2.95 3.554 0.039 
zig-3 2.02 2.153 0.122 
zig-2 3.69 1.758 0.190 
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  TABLE A.6: 
 

Effects of zig-4,-3,and -2 Knockdowns on Dauer Arrest Frequency 
in daf-2(e1370) Worms Incubated for 3, 4, and 5 Days at 23 °C 

RNAi Incubation 
(days) 

Average % Dauer Standard Deviation P-Value* 

L4440 3 10.711 4.468 NA 
4 5.107 4.799 NA 
5 20.727 4.444 NA 

daf-2 3 78.944 11.370 0.015 
4 71.032 4.181 0.000 
5 100 0 0.001 

daf-16 3 0 0 0.053 
4 0 0 0.207 
5 0 0 0.015 

zig-4 3 1.754 3.039 0.062 
4 4.183 3.644 0.862 
5 1.418 2.457 0.021 

zig-3 3 8.474 4.529 0.112 
4 0 0 0.207 
5 11.018 4.707 0.010 

zig-2 3 8.944 2.485 0.392 
4 5.417 5.052 0.955 
5 6.667 5.774 0.012 
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TABLE A.7: 
 

Effects of zig-4,-3,and -2 Knockdowns on Dauer Arrest Frequency 
in daf-2(e1370) Worms Incubated for 3, 4, and 5 Days at 23 °C, Repeat Assay

RNAi Incubation 
(days) 

Average % Dauer Standard Deviation P-Value* 

L4440 3 13.582 2.098  
4 13.761 3.825  
5 15.030 5.519  

daf-2 3 52.458 7.006 0.016 
4 83.550 7.547 0.002 
5 100 0 0.001 

daf-16 3 0 0 0.008 
4 0 0 0.025 
5 0 0 0.042 

zig-4 3 4.725 0.815 0.027 
4 4.220 1.564 0.078 
5 7.209 1.989 0.126 

zig-3 3 10.790 3.874 0.337 
4 8.794 2.892 0.256 
5 18.287 6.227 0.312 

zig-2 3 10.069 2.168 0.266 
4 9.376 2.034 0.270 
5 22.708 1.482 0.168 

*Note: P-values calculated by comparing dauer arrest percentages for RNAi strain against those 
of empty vector control L4440 for a given incubation length. 
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