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Caenorhabditis elegans optionally enter into a dauer diapause phase that results 

in a prolonged life in a semi-dormant state. Entry into and recovery from dauer diapause 

includes many physical changes in body structure, physiology, and gene expression. 

Entry into dauer diapause is regulated by several signaling pathways including 

transforming growth factor (TGF-β). Autophagy plays an important role in dauer 

formation and recover. During dauer transformation autophagy is up-regulated and may 

play a role in remodeling the molecular structure for long term survival during dauer 

diapause. This research helps determine the role of autophagy in dauer development and 

recovery mediated through the TGF-β signaling pathway. This research also determines 

in which tissue autophagy is necessary for dauer formation and recovery through TGF-β 
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signaling. This research is shedding light on the function of autophagy in the TGF-β 

signaling pathway, both processes of which have been linked to tumorigenesis, heart 

disease and cancer.



 

DEDICATION 

Thank you to my children, for whom this research and degree was earned.



viii 

Analysis of the Role of Autophagy in Dauer Formation and Dauer Recovery Regulated 

by TGF-β Signaling Pathway in Caenorhabditis elegans 

I. Specific Aims .................................................................................................................. 1 

II. Background .................................................................................................................... 3 

Dauer Formation ........................................................................................................... 3 

TGF- β signaling pathway ............................................................................................ 9 

Autophagy ................................................................................................................... 11 

Significance ................................................................................................................. 13 

III. Data and Analyses ....................................................................................................... 14 

IV. Discussion ................................................................................................................... 26 

Bibliography ..................................................................................................................... 31 

 



ix 

LIST OF TABLES 

Table 1. SDS Resistance ............................................................................................... 15 

Table 2. SDS Resistance ............................................................................................... 17 

 



x 

 LIST OF FIGURES  

Figure 1. Depiction of L2 and dauer noses. ..................................................................... 5 

Figure 2. Sensory cilia and head neurons. ........................................................................ 7 

Figure 3. Reproductive development and Dauer signaling. ............................................. 8 

Figure 4. The Dauer TGF-β-related pathway. ................................................................ 10 

Figure 5. The Dauer recovery of daf-7;atg-18. .............................................................. 15 

Figure 6. The Dauer Resistance Assay Summary Chart. ............................................... 18 

Figure 7. The Dauer Recovery Native Rescue Trial A and B. ....................................... 20 

Figure 8. The Dauer recovery Neuronal Rescue Trial A and B. .................................... 21 

Figure 9. The Dauer Recovery Body Wall Rescue. ....................................................... 22 

Figure 10. The Dauer Recovery Intestinal Rescue Trail A and B. ................................... 23 

Figure 11. The Dauer Recovery Hypodermis Rescue. ..................................................... 24 

Figure 12. Transgenic Rescue Summary Graph. .............................................................. 25 

Figure 13. Model of the role of autophagy in the TGF-β signaling pathway. .................. 29 

 



1 

I. SPECIFIC AIMS 

The objective of this research is to determine the role of autophagy in Dauer 

Formation regulated by TGF-β Signaling Pathway in C. elegans : 

Research Aim 1: To determine if autophagy is required for dauer formation and 

dauer recovery of daf-7 mutant C. elegans. 

Experiment 1.A: To create a line of daf-7;atg-18 double mutants 

Experiment 1.B: To test the SDS resistance of daf-7;atg-18 double mutant dauer 

larvae 

Experiment 1.C: To examine recovery of daf-7;atg-18 double mutant dauer 

larvae 

Rational: Worms deficient in both the TGF-β signaling pathway and in 

autophagy have been shown to have increased sensitivity to SDS treatment in 

experiments using daf-7 worms and RNAi knockdown of autophagy genes.1 We expect 

daf-7;atg-18 double mutants will also show increased sensitivity to SDS treatment as the 

atg-18 mutation inhibits autophagic activity. In addition, our unpublished studies have 

shown that worms deficient in both the insulin/IGF signaling pathway and autophagy 

have shown reduced resistance to SDS and an inability to recover from dauer formation 

(Minnerly and Jia, unpublished data). The insulin/IGF pathway and the TGF-β signaling 

pathway work in synergy to propagate signals for dauer decision.2 We postulate that atg-

18 mutations block recovery of daf-7 mutant dauer larvae.
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Research Aim 2: To determine if the atg-18 gene functions cell non-

autonomously and determine in which tissue autophagy is necessary for dauer formation 

and recovery of daf-7 mutants. 

Experiment 2.A: To create daf-7;atg-18 transgenic strains with atg-18 rescued in 

specific tissues (atg-18 natively-expressed, neuronal, intestines, body wall muscles, 

hypodermis). 

Experiment 2.B: To test the SDS resistance of daf-7;atg-18 transgenic dauer 

larvae 

Experiment 2.C: To examine recovery of daf-7;atg-18 transgenic dauer larvae 

Rational: daf-7;atg-18 double mutant worms are unable to recover from dauer 

stage, similar to what we observed for daf-2;atg-18 mutant worms (Minnerly and Jia, 

unpublished data). The rescue of autophagy in daf-7;atg-18 animals using a native atg-18 

promoter results in the restoration of the daf-7;atg-18 double mutant to the daf-7 

phenotype; this results in increased SDS resistance and a full recovery from dauer to a 

reproductive adult life cycle. For each specific promoter of atg-18 in individual tissues, 

we examined the resulting phenotype compared to the daf-7 phenotype to determine in 

which tissue autophagy plays a role in SDS resistance and recovery from dauer. If 

restoration of autophagy in a specific tissue rescues dauer formation and recovery, yet 

restoration of autophagy in a different tissue does not rescue the daf-7 phenotype, then 

autophagy functions cell non-autonomously. The tissue specific rescue shows individual 

tissues in which autophagy plays an intrinsic part in dauer development and recovery 

mediated through the TGF-β signaling pathway.
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II. BACKGROUND 

Dauer Formation 

C. elegans is a good model organism for studying animal development due to its 

easy genetic amenability, relatively short life cycle, and malleable developmental cycle. 

The C. elegans life cycle consists of embryogenesis, four larval stages and an adult 

reproductive stage. The cycle from embryogenesis to adult stage last 3-4 days under 

normal growth conditions. C. elegans also have an alternate dauer stage that can be 

likened to hibernation or torpor in other animals in which a lowered metabolism and 

extended survival state are traded for delayed reproduction. The optional entry into a 

dauer stage is advantageous for studying development under stressful environmental 

conditions, as well as studying metabolism and aging. C. elegans dauer decision infers 

morphological changes in body structure, as well as changes in life span and metabolism. 

C. elegans is a useful model for studying the way in which environmental signal 

transduction translates into morphological changes and developmental growth. Studying 

the underlying signal transduction and gene expression in the endocrine-like signaling 

system will allow us to further understand the genetics and signaling pathways important 

in life span and metabolism. Many pathways and genes controlling development in 

C.elegans are conserved through eukaryotes and humans. As the entire C. elegans 

genome has been sequenced, we can use the C. elegans as a model organism and infer 

similarities in other organisms through homologous genes. The process of dauer 

formation in C. elegans has 
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been shown to be regulated by the TGF-β signaling pathway, Insulin/IGF signaling 

pathway and cGMP signaling. 4 

Dauer formation is a developmentally arrested larval stage in which state C. 

elegans can survive up to six months.3 There are three known environmental cues that 

trigger the decision to go into dauer diapause and signal the organism to undergo 

morphological changes. These cues include increased pheromone levels, limited food 

availability and increased temperature.5 C. elegans use sensory mechanisms to detect 

environmental stimulus such as temperature and chemosensory mechanisms to detect 

environmental chemicals. Changes in temperature can modulate the timing of the growth 

cycle. Moderate decreases in temperature slows the growth and reproductive cycle, while 

moderate increases in temperature increase the speed of the life cycle and reproductive 

cycle. Another environmental cue that can trigger morphological changes is pheromone 

levels. In order to sense population density, C. elegans constitutively secrete pheromone 

into the environment. Concentrated pheromone levels acts as quorum sensing for 

population density. High pheromone levels will trigger a decision for the C. elegans to 

enter into dauer diapause. Another environmental signal triggering morphological and 

physiological changes is availability of food. When sensing food supply, C. elegans use 

olfactory receptors to sense odorants, possibly through bacterial metabolites, in the 

environment to determine not only the direction of the food but also the abundance of 

food.6,7 Upon sensing undesirable environmental cues in L1 larval stage, the C. elegans 

development will deviate at the L2 stage from the reproductive life cycle, to dauer arrest. 

The entry into dauer formation is marked by a cuticle forming over the mouth of the 

worm (figure 1) and the cessation of pharyngeal pumping.8 The body will undergo radial 
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constriction and elongation. A thickened cuticle forms over the body, sealing the body 

and orifices, and cuticular threads called alae will form on the body to assist in rapid 

movement. The worm will not take in any food during dauer diapause. During this time 

the worm will use the fat stores in the body for energy through glycolysis and 

fermentative metabolism. Despite the semi-dormant state of dauer formation, the worm 

continues to express several thousand genes necessary for survival.2 

 

Figure 1. Depiction of L2 and dauer noses. 
A. Illustration of external structures associated with anterior sensilla in the L2 and dauer 
nose. B & D. Scanning electron micrographs of L2 nose with lips containing IL2 sensory 
endings. C & E. Scanning electron micrograph of dauer nose showing closure of the lips 
and retraction of the papillae (the small rounded protuberance). B-E. (Adapted from 
Albert and Riddle, 1983.) A indicates openings of amphidial channels in the L2 and dauer 
noses in B, C, E. Arrowheads indicate everted papillae in L2 nose in D.7 

The neural network in C. elegans is integral in sensing the environment and 

allowing the worm to respond to environmental cues. Throughout the life cycle the worm 

remodels the chemoreceptors and sensory receptors in the neural network to respond to 

cues that are appropriate for the developmental stage.4 The C. elegans neural network 

consists of amphid neurons in the head projecting ciliated dendrites of the chemosensory 

neurons through an amphid channel to openings at the side of the mouth. There are 
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sensory neuronal dendrites extending to lips on the mouth (figures 1 and 2). The neurons 

are bundled bilaterally in the amphidial channels and lead to a neural collar in the head 

(figure 2). These neurons act in an endocrine-like signaling system. The C. elegans 

sensory neurons and signaling pathways within these neurons are important in dauer 

signaling and development. The cGMP signaling most likely works upstream of the TGF-

β and insulin/IGF-1 signaling. G-protein coupled receptors (GPCRs) first encounter the 

environmental stimulus on the extended cilia and transduce the signal through the cGMP 

pathway to the TGF-β and insulin/IGF-1 signaling pathways2 (figure 3). Research 

indicates that any disruption in the cilliary structure, the GPCRs, or cGMP signaling 

results in a dauer constitutive (Daf-c) phenotype that is partially suppressed by daf-5 or 

daf-16 dauer defective (Daf-d) mutations.2 Research has shown that neurotransmission, 

which uses TGF-β and insulin/IGF-1 signaling are important for dauer decision and these 

pathways converge on nuclear hormone receptor/DAF-12.2 Research has shown that two 

amphid sensory neurons in the head are critical for continued development to the adult 

reproductive stage, the ASI and the ASH neurons.2 In particular, the ASI neuron is 

important in signaling reproductive development in the TGF-β signaling pathway and 

when these neurons are removed the worm constitutively becomes dauer. The 

chemoreceptors expressed in these neurons are partially overlapping, and a given neuron 

type can express multiple chemoreceptors. The chemoreceptors also share downstream 

signaling transduction components. These unique features allow a neuron to respond to 

structurally unrelated odorants. The molecular cross-talk and parallel processing of the 

signals ensure an entry into dauer diapause when any of the adverse conditions are 

present.2 Entry into the dauer diapause causes remodeling of the nervous system and has 
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dramatic effects on the expression of olfactory receptor genes in the ASI chemosensory 

neurons. The expression of chemoreceptors on the ASI and ASH neurons are regulated 

by the DAF genes in the TGF-β signaling pathway.2 The TGF-β signaling pathway 

allows a chemosensory plasticity allowing for the worm to remodel the expression of 

neural receptors in response to environmental cues. 

 

Figure 2. Sensory cilia and head neurons. 
Sensory cilia and head neuron diagram with ASI and ASH neuron identified with 
downstream signaling pathways, and so-far identified receptors (adapted from 
http://www.wormatlas.org). Cilliary endings encounter environmental stimuli and begin 
transducing signals to the neural receptors in the C. elegans head.7 
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Figure 3. Reproductive development and Dauer signaling. 
Reproductive development and Dauer signaling pathway via cGMP, Insulin, and TGF-β 
(Modified from Nicole Fielenbach and Adam Antebi. 2008)2. As depicted the cGMP 
transduction pathway is indicated to be upstream of the Insulin, and TGF-β signaling 
pathways. On encounter of favorable environmental signals, the cGMP channels may 
transduce a signal directly or indirectly resulting in production of insulin and TGF-
β/DAF-7, which then activate the IIS and TGF-β pathways to depress dauer formation 
and signal reproductive growth through the DAF-16/FOXO and DAF-8/14 activity 
respectfully. DAF-8/14 enter the nucleus to depress the DAF-3/Smad and DAF-5/Sno-ski 
activity in the TGF-β pathway, or DAF-16 stays in the cytosol in the IIS pathway, allow 
reproductive growth through direct or indirect regulation of hormone synthesis which 
produce ligands for DAF-12/NHR. 
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TGF- β signaling pathway 

The regulation of entry into the dauer stage is controlled through the TGF-β 

signaling pathway, insulin/IGF signaling pathway and cGMP signaling. The TGF-β 

signaling pathway in C. elegans, which is similarly conserved through eukaryotes and 

humans, includes a ligand/receptor signaling pathway regulating gene expression. In C. 

elegans multiple DAF genes have been identified as members of the TGF-β family of 

genes. These DAF genes have been shown to regulate dauer formation (Figure 4). In 

normal conditions the DAF genes promote continuous non-dauer development.9 Under 

dauer formation conditions the DAF genes are repressed and dauer signaling pathway is 

instituted, resulting in dauer formation. Defects in the genes in the TGF-β signaling 

pathway have been shown to result in either dauer constitutive strains (Daf-c) or dauer 

defective strains (Daf-d). Daf-c strains will form dauer under favorable conditions and 

Daf-d mutants will not form dauer under any conditions. 

The daf-7 gene encodes a TGF-β ligand. daf-7 is expressed in the ASI neurons 

under normal conditions and conversely, expression is repressed under unfavorable 

environmental conditions. In the TGF-β signaling pathway daf-1 and daf-4 encode for 

type 1 and type 2 TGF-β receptors, while daf-8, and daf-14 encode for R-smad protein. A 

mutation in any of these genes disable the TGF-β signaling pathway resulting in C. 

elegans with a Daf-c mutation. daf-4 type II receptors are expressed widely in all stages 

of development and is the only type II receptor in C. elegans. daf-1 type I receptor is 

expressed widely primarily in the nervous system.9 A mutation in daf-7 results in a 

temperature dependent dauer constitutive phenotype. The daf-7 mutant will enter the 
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dauer phase at 25 degrees Celsius and yet will recover from dauer and result in an egg 

laying adult when placed at 15 degrees Celsius. 

There are three DAF genes that function down stream in the TGF-β signaling 

pathway that result in Daf-d mutants. These genes, daf-3, daf-5, and daf-12, encode for 

transcription factors and act down stream of DAF-1 and DAF-4. Mutations in any of the 

daf-3, daf-5, and daf-12 will suppress the dauer constitutive mutation of the Daf-c 

mutants in the TGF- β signaling pathway.9 While these Daf-d mutations can suppress the 

mutation cause by the Daf-c genes in the TGF-β signaling pathway, daf-12 can also 

suppress mutations in other Daf-c pathways suggesting daf-12 may have a role in 

integrating signals from multiple dauer signaling pathways.9 

 

Figure 4. The Dauer TGF-β-related pathway. 
DAF-7 promotes continuous, non-Dauer development. The DAF-7 signal is transduced 
by DAF-1 type I receptor, DAF-4 type II receptor, and DAF-8 and DAF-14 Smads. 
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These components, when activated, inhibit the functions of DAF-3 Smad and DAF-5 
Sno/Ski, which promote Dauer development. BRA-1 is a negative regulator of DAF-1. 
Cathy Savage-Dunn, Department of Biology, Queens College, City University of New 
York, Flushing, NY 11367 USA8 

Autophagy 

Autophagy is a lysosomal degradation pathway used in eukaryotes to remove and 

recycle unnecessary and damaged cellular components such as proteins, organelles, and 

mRNA as well as many other cellular components. The break down of cellular 

components allows the cell to conserve necessary molecular building blocks and maintain 

cell energy levels during starvation conditions. Autophagy has also been shown to 

mobilize stored fats in starvation conditions.10 Autophagy plays multiple roles in 

development, survival, and adaptive response to environmental cues as well as many 

other house keeping functions of the cell.11 Abnormalities in the autophagy pathway have 

been linked to neurodegeneration, premature aging, and developmental defects in many 

organisms.12 

In C. elegans autophagy is present throughout all stages of development. 

Autophagy genes have been shown to be required for the maintenance of a normal 

lifespan in C. elegans.13 Decreased autophagy has been linked with shorter life span.12 

Research has shown that under starvation conditions there is an increase in the 

transcription of autophagy genes in C. elegans.12 Under starvation conditions the worm 

begins the catabolic processing of using stored fats for energy.14 Autophagy may also 

play a role in remodeling the cellular components in dauer formation and may be 

necessary for complete dauer formation, long term survival and recovery from dauer to 

the reproductive adult phase. 
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Research in the insulin/IGF pathway has indicated that while autophagy may not 

be necessary for initiation of dauer formation, autophagy could be important for complete 

dauer formation1. Our preliminary research on dauer recovery mediated by the 

insulin/IGF pathway indicates that autophagy is required for recovery from dauer stage 

(Minnerly and Jia, unpublished data). Research using the daf-2 mutation in the 

insulin/IGF pathway and bec-1 (autophagy deficient) RNAi treatment show that mutants 

can begin dauer formation without autophagy present but do not complete dauer 

formation. The treated worms showed less radial constriction and less elongation of the 

pharynx and body. The mutant worms treated with bec-1 RNAi did not survive SDS 

treatment.1 The daf-2 mutants treated with bec-1 RNAi also had less fat storage, failed to 

form dauer alae and died with in a few days when incubated at increased temperatures.1 

This research indicates that autophagy may be critical for survival in animals with 

mutations in the insulin/IGF pathway.1 Experiments with daf-2;atg-18 mutant animals 

deficient in both the insulin/IGF pathway and autophagy also show reduced fat storage, 

reduced survival in SDS treatment and the inability to recover to reproductive growth 

from the dauer phase (Minnerly and Jia, unpublished data). In the insulin/IGF pathway, 

research has shown that the expression of an insulin-like peptide, INS-6, shifts from the 

ASI neurons to the ASJ neurons during dauer recovery.15 It could be possible that the 

absence of autophagy in the neurons could allow the expression of the insulin-like 

peptide in the ASI neurons, contributing to the inhibition of dauer recovery, as dauer 

formation is the programmed formation unless favorable environmental signals trigger 

the suppression of insulin-like peptides in the ASI neuron. Our preliminary data indicates 

that the native rescue of autophagy in daf-2;atg-18 worm rescues the daf-2 phenotype. 
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The restoration of autophagy in the double mutant also restores the worms ability to 

recover from dauer stage to the reproductive adult stage after SDS treatment. Also, 

current preliminary data using daf-2;atg-18 double mutant indicates that the tissue 

specific rescue of autophagy in either the intestines or neurons alone can restore complete 

dauer formation, as indicated through SDS resistance. Preliminary data also indicates the 

rescue of autophagy in specific tissues restores the ability to recovery to the adult 

reproductive stage from dauer diapause (Minnerly and Jia, unpublished data). 

The mechanism of dauer formation and recovery in the insulin/IGF pathway as 

regulated with autophagy is expected to be similar to the mechanism in the TGF-β 

signaling pathway. The insulin/IGF pathway and TGF-β signaling pathway are expected 

to work synergistically to regulate development.10 In this research with dauer formation 

and recovery as regulated by the TGF-β signaling pathway, we expect to see similar 

results as in the insulin/IGF pathway with rescue of SDS resistant dauer formation and 

recovery to reproductive stage with the return of autophagic activity. 

Significance 

An advantage of working with C. elegans is the entire genome has been 

sequenced. The TGF-β signaling pathway and autophagy mechanisms are well conserved 

across the animal phyla.16,17 Abnormalities in the TGF-β signaling pathway and 

autophagy have been implicated in many diseases in humans such as cancer and 

neurodegeneration.18,19 Research into the role of autophagy in the TGF-β signaling 

pathway, in conjunction with understanding the synergistic role of the insulin/IGF 

pathway, will help elucidate the role of these two pathways in regulating growth and 

metabolism, and in pathogenesis of human diseases.



14 

III. DATA AND ANALYSES 

Research Aim 1: To determine if atg-18 is required for the formation and 

recovery of daf-7 mutant dauer larvae 

Experimental Design: This experiment utilizes C. elegans with established 

mutations in atg-18 and daf-7. Both single mutants are in the N2 background. C. elegans 

with single mutations were mated together with a routine breeding strategy to construct 

the daf-7;atg-18 mutant strain. The genotype is determined with PCR. The SDS 

resistance protocol is used to examine dauer morphogenesis of daf-7;atg-18 dauer larvae 

with daf-7 and daf-2;atg-18 mutants as positive and negative controls. The worms are 

observed for 4 days post SDS treatment to determine recovery from dauer larvae to 

reproductive adult stage at 15 °C. The worms are considered recovered from dauer when 

they begin pharyngeal pumping and increasing the body size as seen through the 

microscope at 10X. 

Results: Results using the SDS resistance assay show the daf-7;atg-18 double 

mutants have increased sensitivity to SDS treatment. These results indicate that the 

double mutants are not able to fully resist the harsh chemical indicating incomplete dauer 

formation. Under dauer program the C. elegans forms a thick cuticle and seals the buccal 

cavity to resist harsh environmental conditions. Without the atg-18 gene the daf-7 

mutants show reduced ability to completely transform into the dauer stage (Table 1).
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Table 1. SDS Resistance 

Genotype SDS resistance 

daf-7 98% (n = 166) 

daf-7;atg-18 65% (n = 102) 

daf-2;atg-18 74% (n = 23) 

 

Dauer recovery assay shows that the daf-7;atg-18 double mutants do not recover 

from dauer formation after SDS treatment (Figure 5). These results are similar to the 

 

Figure 5. The Dauer recovery of daf-7;atg-18. 
Dauer recovery of daf-7;atg-18. daf-7;atg-18 double mutants are unable to recover to 
adult from dauer larvae. These results are similar to C. elegans with mutations in the 
insulin/IGF pathway and autophagy (daf-2;atg-18). 

Results of the SDS resistance and SDS recovery experiments with the daf-2;atg-18 

mutants. These results indicate that autophagy deficiency in the TGF-β signaling 

pathway, using the daf-7 mutation, results in the inability to recover from dauer stage to 
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the breeding adult stage of the C. elegans life cycle. These results are similar to the 

results noted with autophagy deficiency in the insulin/IGF pathway. These results 

indicate that autophagy is necessary for complete dauer formation and recovery regulated 

by the TGF-β pathway. 

Research Aim 2: To determine if the atg-18 gene functions cell non-

autonomously and determine in which tissue autophagy is necessary for dauer formation 

and recovery of daf-7 mutant dauer larvae. 

Experimental Design: This experiment utilizes C. elegans with double mutations, 

daf-7;atg-18, and carrying atg-18 rescue plasmids that drive the expression of the atg-18 

gene under either the native promoter to rescue the activity of atg-18 in all tissues, or 

tissue specific promoters to drive the expressions of atg-18 in individual tissues. A 

transgenic marker (roller) for identifying the worms expressing the atg-18 transgene is 

injected with the rescue plasmid. Tissue specific expression of atg-18 is examined in the 

intestine (Pges-1::atg-18), neurons (Punc-119::atg-18), body wall muscles (Pmyo-

3::atg-18), hypodermis (Pdpy-7::atg-18), as well as native tissues (Patg-18::atg-18). 

Two or three lines of each strain of worms with the roller transgenic marker are 

established for two generations. Once we established stable transgenic lines the SDS 

resistance assay is performed to evaluate the effect of the rescue of atg-18 in each tissue. 

The dauer recovery assay is then performed with recovery examined for 4 days at 15 °C 

to evaluate in which tissues autophagy is necessary for dauer recovery. 

Results: Results utilizing the SDS resistance assay show an increase in the 

resistance in the transgenic double mutants with the native promoter of atg-18 (Patg-18) 

(Table 2). This indicates that the native plasmid promoter successfully restores ATG-18 
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function. These results also indicate that the plasmid injection into the double mutant 

successfully restores the actions of autophagy and restores the double mutant to the daf-7 

phenotype. The results from the SDS resistance assay using the tissue specific rescue 

varied by tissue. The results shows that neuronal expression of atg-18 (Punc-119::atg-18) 

increases the resistance of daf-7;atg-18 mutants to SDS as effectively as the natively 

expressed atg-18 (Patg-18::atg-18) (Table 2). 

Table 2. SDS Resistance 

 

These results indicate that a rescue of autophagy in the neuronal tissue alone 

restores the C. elegans ability to transform into the dauer stage. These results indicate 

autophagy in the neuronal tissue is necessary for dauer formation mediated through the 

TGF-β pathway. The results also show expression of atg-18 in either the muscle (Pmyo-

3), the intestines (Pges-1), and the hypodermis (Pdpy-7) alone does not infer a return to 

the daf-7 phenotype. (Table 2) These result indicate that restoring functional autophagy 

in either the muscle, intestinal, or hypodermis tissues alone cannot restore the ability of 

the organism to fully undergo the morphological and physiological changes needed to 

Strains SDS)resistance
daf$7 98%)))(n)=)166)
daf$7;atg$18 65%)))(n)=)102)
daf$7;atg$18+(Patg$18::atg$18) 85%)))(n)=)264)
daf$7;atg$18+(Punc$119::atg$18) 88%))(n)=)656)
daf$7;atg$18+(Pmyo$3::atg$18) 67%))(n)=)380)
daf$7;atg$18+(Pges$1::atg$18) 63%))(n)=)368)
daf$7;atg$18+(Pdpy$7::atg$18) 62%))(n)=)322)
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undergo a complete dauer formation. Thus functional autophagy in the neuronal tissues is 

important for complete dauer formation regulated by the TGF-β signaling pathway. We 

can see from Table 2 the Resistance Summary Figure (Figure 6) that the resistance to 

SDS is reduced but not complete. This show us that the autophagy plays in important part 

in SDS resistance, but may not be the only predictor of complete dauer formation. The 

variability in the results could be due to the different sample number of C. elegans in 

each experiment, which would slightly reduce the overall concentration of SDS. The 

higher number of worms also could act to shield some of the worms from the full SDS 

treatment, causing a variability in the results. 

 

Figure 6. The Dauer Resistance Assay Summary Chart. 
Dauer Resistance in daf-7, daf-7;atg-18 and daf-7;atg-18(Pges-1::atg-18), daf-7;atg-
18(Pmyo-3::atg-18), daf-7;atg-18(Pdpy-7::atg-18). The summary graph shows that the 
resistance is reduced in the daf-7;atg-18 as well as the transgenic worms with the muscle, 
intestine tissue and body wall rescue alone. The SDS resistance is slightly recovered in 
the transgenic worms with autophagy rescued in the native tissue and the neurons. 
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In the following experiments we used the double mutants with rescue plasmids in 

the dauer recovery assay. As indicated in Research Aim I, the return of global autophagy 

in daf-7;atg-18 double mutants restores the C. elegans to the daf-7 phenotype. The 

double mutants injected with the construct Patg-18::atg-18 are able to recover to the 

reproductive adults stage similar to the daf-7 single mutants. (Figure 7, two independent 

trials). The results for daf-7;atg-18 (Punc-119::atg-18) rescue for autophagy solely in the 

neurons also showed complete recovery to the daf-7 phenotype to the adult reproductive 

stage. (Figure 8, two independent trials). These results indicate that autophagy in the 

neurons alone is important for the signaling of morphological changes for dauer recovery 

in the TGF-β signaling pathway. Results for the daf-7;atg-18(Pges-1::atg-18), daf-7;atg-

18(Pmyo-3::atg-18), daf-7;atg-18(Pdpy-7::atg-18) utilizing the dauer recovery assay 

show little recovery inferred by restoring autophagy in either the intestine, body wall 

muscle tissues or hypodermis alone. (Figure 9, 10, and 11, two independent trials for each 

rescue plasmid). These results indicate that autophagy in the intestine, body wall muscle 

tissues or hypodermis alone is not essential in the TGF-β signaling pathway for dauer 

recovery. 
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Figure 7. The Dauer Recovery Native Rescue Trial A and B. 
Dauer recovery native rescue in trials A and B show native rescue returns C. elegans to 
daf-7 phenotype in three transgenic rescue lines 4, 7, and 16. 
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Figure 8. The Dauer recovery Neuronal Rescue Trial A and B. 
Dauer recovery native rescue in trials A and B show native rescue returns C. elegans to 
daf-7 phenotype in three transgenic rescue lines 3, 6, and 9. 
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Figure 9. The Dauer Recovery Body Wall Rescue. 
Dauer recovery body wall muscle in the rescue of autophagy in the body wall muscle 
alone did not return the C. elegans to the daf-7 phenotype. 
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Figure 10. The Dauer Recovery Intestinal Rescue Trail A and B. 
Dauer recovery intestine rescue in trial A and B of rescue of autophagy in the intestine 
tissue alone did not return the C. elegans to the daf-7 phenotype. 
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Figure 11. The Dauer Recovery Hypodermis Rescue. 
Dauer recovery hypodermis rescue trial A and B in the rescue of autophagy in the 
hypodermis tissue alone did not return the C. elegans to the daf-7 phenotype. 
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Figure 12. Transgenic Rescue Summary Graph. 
The dauer recovery summary graph shows the native transgene and neuronal transgene 
restores the C. elegans phenotype to the daf-7 phenotype background, but the body wall, 
muscle and intestinal transgenes do not restore the phenotype to the daf-7 background.
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IV. DISCUSSION 

C. elegans has proved to be a useful model to study genes and development. We 

were able to create a strain of C. elegans with double mutations and we were able to 

restore functional autophagy in a single tissue at a time in the double mutants using tissue 

specific constructs. Using these models we were able to study the role of autophagy in 

dauer formation and recovery as regulated through the TGF-β signaling pathway in a 

single tissue at a time. We were also able to determine that the atg-18 gene functions cell 

non-autonomously. This work has shown that in the TGF-β signaling pathway for dauer 

transformation and recovery, autophagy in neuronal tissue plays an important role for 

complete dauer formation and an essential role in dauer recovery to the reproductive 

adult life cycle. 

In previous experiments with daf-2;atg-18 double mutants with autophagy 

rescued in specific tissues, unpublished results indicate that autophagy in either the 

neurons or the intestines is necessary for complete dauer formation and recovery 

(Minnerly and Jia, unpublished data) and to a lesser extent autophagy is important in the 

body wall. As DAF-7 is solely expressed in ASI neurons controlling dauer formation in 

the TGF-β signaling pathway, we expected that autophagy in neurons would also be 

necessary for dauer formation and recovery of daf-7;atg-18 mutant dauer larvae, similar 

to the results with daf-2;atg-18 double mutants. Our results confirmed this hypothesis. It 

is interesting to see that the rescue of autophagy in the intestines are not important for 
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dauer formation and recovery mediated through the TGF-β pathway, as is the case in the 

Insulin/IGF pathway. Since the 
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Insulin/IGF signaling pathway in intestinal cells is involved in dauer formation and dauer 

recovery, it is reasonable that autophagy in the intestine is also necessary in the 

insulin/IGF signaling pathway, but not in the TGF-β signaling pathway that primarily 

acts in neurons. 

The results in the SDS resistance assay have shown that the C. elegans resistance 

to SDS is reduced without functional autophagy, but not fully disabled. This could be due 

autophagy playing an important, but not essential, role in complete dauer formation in the 

TGF-β signaling pathway. This could be due to the synergistic role of dauer formation 

signaling in the insulin/IGF signaling pathway.20 These two pathways work together and 

our results may indicate that the signaling for dauer formation may still be working at a 

reduced capacity through the Insulin/IGF signaling pathway. The results from the 

Insulin/IGF signaling pathway are similar in that the dauer formation is reduced but not 

nullified with a mutation in only one pathway. These results showing a reduced ability to 

form dauer, together with the previous results of studies in the insulin/IGF signaling 

indicate that model of insulin/IGF signaling pathway and the TGF-β signaling pathway 

working in parallel for signaling for complete dauer formation. 

This research has shown that autophagy in neuronal tissue is important for full 

dauer formation and necessary for dauer recovery in the TGF-β signaling pathway. 

Previous research has shown that the C. elegans development signaling pathway allows a 

chemosensory plasticity allowing for the worm to remodel the expression of neural 

receptors in response to environmental cues.2 This research could indicate that autophagy 

plays an essential role in the remodeling necessary for the signaling in the neurons for the 
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TGF-β signaling pathway. My proposed model indicates autophagy in the neural tissues 

plays an essential role in dauer formation and reproductive development (Figure 13). 

 

Figure 13. Model of the role of autophagy in the TGF-β signaling pathway. 
The possible model of the role of autophagy in dauer development and reproductive 
growth through signaling in the TGF-β signaling pathway. 

Autophagy breaks down unused and unnecessary components and recycles the 

molecules for use in building new proteins. These functions may facilitate remodeling in 

the neural receptors or neural receptor ligands. In further understanding which neural 

receptors are necessary for signaling the transformation into dauer diapause and recovery 

from dauer diapause, it will be helpful to study the role of autophagy in the TGF-β 

signaling pathway in single neural receptors types. To further elucidate the role of 

autophagy in specific neural receptors and their role in dauer transformation, similar 

research methods can be used to rescue autophagy in daf-7;atg-18 double mutants in 

single neural receptor types. In addition, autophagy functions to release exogenous fatty 

acids and this function may aid in the dauer recovery and survival. Previous research has 

shown that addition of exogenous fatty acids can promote recovery of daf-2 mutant dauer 

through a chemosensory mechanism.21 It could be that the exogenous fatty acids 

produced by autophagy during the catabolic process are essential to dauer recovery. 

Experiments supplementing the daf-7;atg-18 double mutants with exogenous fatty acids 

could be planned in the future to test this hypothesis for the role of autophagy in dauer 

formation and recovery. Future experiments with autophagy in the daf-7;atg-18 double 

mutants can build on this research to further expand our knowledge of the role of 

daf$7& atg$18& Dauer&entry&and&dauer&recovery&
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autophagy in the developmental signaling mediated through the TGF-β signaling 

pathway.
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