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ABSTRACT

Genetic studies on diversity and plasticity of nictation behavior 

in C. elegans

Daehan Lee

Dept. of Biological Sciences

The Graduate School

Seoul National University

Animal behavior is the most complex phenotypes arising from the interaction of 

genes and environment through biological systems and exhibits significantly higher 

phenotypic diversity and plasticity than other traits. For the successful execution of 

behavior, the entire biological system must develop properly and function accurately. 

This overall process involves some regulatory mechanisms programmed in the 

genome, and some of these regulatory mechanisms work robustly without being 

greatly affected by the environment, while some regulatory mechanisms are sensitive

to the given condition and contribute to behavioral plasticity. Also, the genetic 

variation among different individuals produces heritable behavior variation.

In this study, I performed genetic analysis on nictation behavior, a hitchhiking 

behavior of C. elegans, to reduce the genetic diversity and environmental plasticity of 
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behavior to gene level. Specifically, I analyzed the heritable variation of nictation

behavior among wild isolates of C. elegans sampled from all over the world. Using 

quantitative genetic techniques, I identified a single genetic locus which underlies 

behavioral variation between N2 strain from Bristol and CB4856 strain from Hawaii. 

Genetic analysis of the locus revealed that small RNAs might serve as potential 

regulators of the nictation behavior variation. Additional genetic analysis between 

two strains showed that the neuropeptide receptor gene which had been artificially 

selected in the laboratory is involved in regulation of nictation behavior.

I also investigated the plasticity of nictation behavior according to environmental 

cues and related regulatory signaling pathways. Feeding pathogenic bacteria and 

nematode pheromone treatment can lead to quantitative differences in nictation

behavior, which is mediated by TGF-β signaling pathway and cGMP signaling 

pathway.

In summary, genetic approach on nictation behavior successfully analyzed the 

genetic basis of behavioral variation and plasticity at the gene level. These findings 

suggest a molecular mechanism of behavior adaptation and evolution in nature.

Keywords: C. elegans, genetics, nictation, phoresy, variation, diversity, plasticity, 

signaling pathway, adaptation

Student Number: 2010-23117



iii

TABLE OF CONTENTS

Abstract ........................................................................................................................ i

Table of Contents ....................................................................................................iii

List of Figures ........................................................................................................... v

List of Tables ..........................................................................................................viii

Introduction .............................................................................................................. 1

1. Life cycle of C. elegans in natural habitat ....................................................2

2. Phoretic strategy for dispersal and survival of C. elegans ............................4

3. Previous studies on nictation behavior ............................................................. 6

4. From genes to behavior ...............................................................................7

5. Behavior diversity and plasticity at the gene-environment interface .............. 9

Materials and Methods ......................................................................................... 11

Results and Discussions ......................................................................................... 24

Part I. Genetic basis of heritable variation in nictation behavior of C. elegans

1. Natural variation of nictation behavior and phoretic dispersal......................26



iv

2. Domestication effect on nictation behavior in laboratory N2 strain................... 41

Part II. Genetic basis of environmental plasticity in nictation behavior

1. Regulation of nictation behavior by TGF-β signaling ..................................79

2. Rescue of nictation defect of TGF-β mutant by pheromone treatment and 

downregulation of cGMP signaling ...................................................................... 87

Reference ............................................................................................................... 105

Abstract in Korean ................................................................................................ 113



v

LIST OF FIGURES

Figure 1. Nictation fraction of 12 divergent wild isolates ............................................. 46

Figure 2. Histogram of normalized nictation fraction of 186 N2xCB4856 recombinant

inbred advanced intercross lines (RIAILs) ................................................................... 47

Figure 3. nict-1 QTL mapping....................................................................................... 48

Figure 4. Nictation fraction of RIAILs by genotype at nict-1 QTL peak......................... 49

Figure 5. Fine mapping of the nict-1 QTL ..................................................................... 50

Figure 6. Dominance test of nict-1 QTL........................................................................ 51

Figure 7. Genomic features of NIL-narrowed 73 kb nict-1 QTL interval........................ 52

Figure 8. Relative mRNA expression of 4 protein-coding genes in nict-1 QTL.............. 53

Figure 9. Genetic analysis for candidate genes in nict-1 QTL ........................................ 54

Figure 10. Involvement of Piwi Argonaute PRG-1 in regulation of nictation behavior ... 55

Figure 11. Model for the effect of piRNA variations on gene expression regulation in NIL 

strain ............................................................................................................................ 56

Figure 12. Volcano plot for global gene expression landscape. ...................................... 57

Figure 13. Heat map of the two-way hierarchical clustering .......................................... 58

Figure 14. Diagram of nict-1 QTL regulated DEG......................................................... 59

Figure 15. Gene expression regulation by Piwi Argonaute PRG-1 ................................. 60

Figure 16. Fitness effect of nict-1 QTL on reproduction ................................................ 61

Figure 17. Experimental scheme of transmission competition assay............................... 62

Figure 18. Fitness effect of nict-1 QTL on phoretic dispersal ....................................... 63



vi

Figure 19. Correlation study between reproduction and nictation................................... 64

Figure 20. Nictation fraction of chromosome substitute strains (CSSs) .......................... 65

Figure 21. Nictation fraction of npr-1 introgressed near isogenic lines........................... 66

Figure 22. Nictation fraction of npr-1(ky13), flp-18(gk3063), flp-21(ok889) .................. 67

Figure 23. Diagram of the DAF-7/TGF-β signaling pathway ....................................... 90

Figure 24. Regulation of nictation behavior by canonical DAF-7/TGF-β signaling 

pathway ........................................................................................................................ 91

Figure 25. Regulation of nictation behavior by neuroendocrinal DAF-7/TGF-β signaling 

in RIM/RIC interneuron................................................................................................ 93

Figure 26. Experimental scheme of nictation assay on non-pathogenic OP50-fed dauers 

and pathogenic PA14-fed dauers ................................................................................... 95

Figure 27. Effect of feeding pathogenic PA14 on nictation ............................................ 96

Figure 28. Model for regulation of nictation behavior by TGF-β signaling pathway....... 97

Figure 29. daf-7 suppressor screening scheme ............................................................... 98

Figure 30. daf-7 suppressor screening result ................................................................ 99

Figure 31. Effect of pheromone treatment in daf-7(ok3125) mutant ........................... 100

Figure 32. Volcano plot for gene expression analysis between pheromone-treated and 

non-treated daf-7(ok3125) ......................................................................................... 101

Figure 33. Volume plot for gene expression analysis between pheromone-treated and 

non-treated daf-7(ok3125)........................................................................................... 102

Figure 34. GO analysis (Biological process) on DEGs between pheromone-treated and 

non-treated daf-7(ok3125)........................................................................................... 103



vii

Figure 35. GO analysis (Molecular function) on DEGs between pheromone-treated and 

non-treated daf-7(ok3125)........................................................................................... 104



viii

LIST OF TABLES

Table 1. The list of polymorphisms in nict-1 QTL between N2 and CB4856 genome .... 68

Table 2. The list of piRNA variation in nict-1 QTL between N2 and CB4856 genome... 73

Table 3. The list of nict-1 QTL regulated differentially expressed genes ...................... 74

Table 4. Correlation study between nictation and reproduction in 11 wild isolates ......... 76

Table 5. Relative fitness calculation of N2 and CB4856 nict-1 QTL.............................. 77



1 

 

 

 

 

 

 

Introduction 
 

 

  



2 

 

1. Life cycle of C. elegans in natural habitat 

 

A free-living nematode named Caenorhabditis elegans has been introduced 

as a model organism in the field of genetics due to its advantages such as small size, 

transparent body, short generation, and hermaphroditism (Brenner, 1974). Based on 

the genetic approach, C. elegans has significantly contributed to the progress in the 

field of cell biology, developmental biology, and neuroscience (Check, 2002; Marx, 

2002). Most studies have been conducted in an artificial environment with single 

reference N2 strain from Bristol, feeding artificially selected E. coli which was 

easily supplied from laboratory. However, the ecology and evolution of this species 

have been studied only recently (Frézal and Félix, 2015). C. elegans was formerly 

known as soil nematode but recent studies revealed that C. elegans inhabits mainly 

from rotten fruits and plants, and interact with other species such as fungi, mite, and 

snail, as well as the bacteria they feed (Félix and Braendle, 2010). According to 

these studies, C. elegans population in natural habitat colonizes plant material such 

as rotten fruits, and the population grows explosively by multiplying 300 times in 
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3-4 days. When all the food is consumed, the population collapses and the 

nematodes that escape from depleted habitat repeat this process in newly arrived 

habitat (Frézal and Félix, 2015). During the onset of colonization as well as in 

collapsing population, a special larva called dauer is frequently found (Félix and 

Duveau, 2012). Upon confronting exhausted condition with high population density, 

the wild C. elegans population produces stress-resistant dauer larvae, which can 

survive in harsh conditions without food for months (Cassada and Russell, 1975; 

Golden and Riddle, 1984). Dauer displays stage-specific properties in metabolism 

and physiology, and remodeling of the nervous system also occurs (Hu, 2007; 

Schroeder et al., 2013; Wolkow and Hall, 2011). When dauer arrives to favorable 

habitat, it recovers from dauer diapause and resume its reproductive life cycle. 

A group of researchers conducted genetic studies related to dauer 

development to identify genetic factors that regulate this process. In this process, it 

has been found that signaling pathways that are well conserved in humans, such as 

insulin-like signaling, TGF-β and nuclear hormone pathway, regulate and mediate 

alternative dauer development (Hu, 2007). These signaling pathways have been 
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found to be also involved in lifespan control and reproduction (Dorman et al., 1995; 

Shaw et al., 2007). In addition, through neurogenetics, various neurons have been 

involved in environmental perception, information integration, and related 

neuroendocrinal signaling (Bargmann and Horvitz, 1991; Greer et al., 2008; Ren et 

al., 1996a; Thomas et al., 1993). In contrast to the laboratory environment, C. 

elegans survive in highly fluctuating environment, and they are likely to have 

alternating reproductive and alternative life cycle through these pathways and 

regulatory mechanisms. 

 

2. Phoretic strategy for dispersal and survival of C. elegans 

 

Ecological studies of C. elegans have found that their natural habitats have 

a patch-like structure (Frézal and Félix, 2015). In other words, the food rich plants 

are dispersed in a given area, and the distances to nematodes with limited mobility 

act as a physical barrier. Interestingly, the nematode is known to overcome this 

physical barrier through hitchhiking. Hitchhiking, also known as phoresy, is widely 
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known as a sort of commensalism, in which small animals are associated with larger, 

more mobile animals facilitating transfer to the desired location. Many nematode 

species have been isolated in association with various animals in nature such as 

isopod, millipede, snail, and slug (Kiontke and Sudhaus, 2006). Phoretic 

Caenorhabditis species display hitchhiking behavior called nictation, which can 

promote such interspecific association. Interestingly, nictation behaviors are stage-

specific behaviors that are only expressed during the dauer stage (Cassada and 

Russell, 1975). Nictation is a unique behavior where dauer stands and waves their 

heads and bodies on the surface of a three-dimensional structure, and this nictation 

behavior facilitates dauer to attach to another animal (Lee et al., 2012). In nature, 

more dramatic group nictation has also been reported, a phenomenon where 

hundreds or more of dauers are grouped together to form massive pillars that can 

be observed with the naked eye (Félix and Duveau, 2012). 

To summarize, to colonize patch-structured habitats in nature, C. elegans 

produces dauer larvae when resources are exhausted from a particular patch, and 

these dauers hitchhike to other animals through nictation behavior. Phoretic 
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dispersal helps dauer to migrate to new patches, and then recover to survive and 

reproduce. 

 

3. Previous studies on nictation behavior 

 

The nictation behavior promoting phoretic dispersal was reported in the 

1970s (Cassada and Russell, 1975), but genetic, molecular, and neurological studies 

were rarely conducted. This is because an assay for analyzing nictation, a three-

dimensional behavior, has not been established. From previous work, a micro-dirt 

chip assay that mimics the surface of the natural habitat has been established and 

opened a way to quantitatively analyze this behavior (Lee et al., 2015). Applying 

micro-dirt chip assay combined with a variety of mutation studies, optogentics, and 

neuronal ablation, the neuronal basis of nictation behavior has been established 

showing IL2 neurons are essential for nictation behavior (Lee et al., 2012). In 

addition, this previous work demonstrated that only nictating dauer can be 

transmitted to new habitat through hitchhiking to Drosophila melanogaster as a 
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carrier. Another previous study revealed that IL2 neurons are remodeled during 

dauer development, and this remodeling is required for the proper action of 

nictation (Schroeder et al., 2013). 

 

4. From genes to behavior 

 

Behavior is a complex trait among the phenotypes of life. In particular, the 

problem summarized as 'from genes to behavior' raises the essential question of 

how action at the gene level leads to behavior. Behavioral genetics pioneered by 

Seymour Benzer has explored the genetic basis of behavior accompanied by a 

complex function of the nervous system. One famous example is the genetic study 

of the foraging behavior of Drosophila larvae. Drosophila larvae can be divided 

into rover and sitter; the former more actively travel around the food patch, and the 

latter more dwell in it, and rover and sitter constitute a population with a ratio of 

70% to 30% in the wild (Sokolowski, 2001). Variation of foraging behavior arises 

from polymorphism of a single gene foraging, and genetic mapping revealed that 
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foraging is cyclic guanosine monophosphate (cGMP)-dependent kinase (PKG) 

(Osborne et al., 1997). In C. elegans, genetic studies on social behavior have also 

produced interesting results. In general, wild C. elegans isolates display social 

feeding pattern where worms clump together in bacteria lawn, while laboratory N2 

strain exhibits solitary feeding pattern. Like foraging behavior variation in 

Drosophila larva, social feeding pattern variation of C. elegans is also largely 

associated with a polymorphism in a single gene called npr-1, a homolog of the 

neuropeptide receptor gene (de Bono and Bargmann, 1998). Further neurogenetic 

studies have shown that polymorphism in npr-1 modulates the activity of hub RMG 

interneuron to regulate social behavior, which is considered to be a successful 

example of multilevel explanation from genes to behavior (Macosko et al., 2009). 

Behavioral genetic studies in Drosophila and C. elegans have presented many 

concrete and successful research results on the fundamental question of whether 

complex biological traits of behavior can be reduced to single gene level and are 

currently being actively researched. In particular, C. elegans is the first animal of 

which neural circuit is fully identified, which enables neurogenetic studies in single 
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neuron levels providing an integrated understanding of behavior. 

 

5. Behavior diversity and plasticity at the gene-environment 

interface 

 

 Behavioral diversity arises from the gene-environment interface where a 

biological system confronts an ever-changing natural niche, and multiple genes are 

systemically involved in such dynamic interactions (Bendesky and Bargmann, 

2011). Dissecting genetic contribution to behavioral variation has been a 

challenging problem in the field of behavior genetics. The quantitative genetic 

approach, which is based on the progress of genome analysis technology, has 

contributed greatly to the reductive approach and analysis of genetic and 

environmental factors of behavioral variation. Quantitative genetic studies using C. 

elegans have also successfully elucidated the molecular basis of the natural 

variation underlying a variety of behavior traits including gas sensory behavior, 

pathogen avoidance, mating behavior and food foraging behavior (Bendesky et al., 
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2012; Bendesky et al., 2011; Chang et al., 2011; McGrath et al., 2009; Noble et al., 

2015). Precisely, more than 500 wild strains have been isolated from different areas 

of the world, providing a basis of the genomic data library for natural variations. 

Recombinant inbred lines (RIL) made from intercross of two different wild isolates 

facilitates quantitative trait loci (QTL) mapping with high resolution (Andersen et 

al., 2015), and generation of near isogenic lines (NILs) help further fine mapping 

of RIL-determined QTL. 

 In addition to the genetic diversity of behavior, the environmental plasticity 

of behavior has also been actively studied in C. elegans. Environmental stimuli such 

as heat, gas, odorants, pheromone, food, mechanical stimuli, light, and even 

magnetic field can influence behavior output of a worm (Bretscher et al., 2011; 

Edison, 2009; Hedgecock and Russell, 1975; L'Etoile and Bargmann, 2000; Vidal-

Gadea et al., 2015; Ward et al., 2008; Zhang et al., 2005). These studies emphasize 

complex and adaptive behavior responses arise from the dynamic interaction 

between organism and its surrounding. 
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C. elegans strains and culture. Worms were cultured at 15-20°C under standard 

culture conditions (Brenner, 1974).  

Dauer induction and nictation assays. Ten to twenty L4 larvae or young adults 

were transferred to synthetic pheromone plates seeded with E. coli OP50 at 25ºC 

for dauer induction (Lee et al., 2015; Lee et al., 2012). Synthetic pheromone plates 

contain agar (10 g/L), agarose (7 g/L), NaCl (2 g/L), KH2PO4 (4 g/L), K2HPO4 (0.5 

g/L), Cholesterol (8 mg/L), and synthetic pheromone-ascaroside 1, 2, 3 (0.5 mg/L 

each) (Butcher et al., 2007; Jeong et al., 2005). After four days, dauers were 

morphologically identified by their dark intestine and radially constricted body. 

Dauers (n>30) were collected by glass capillary using M9 buffer and mounted on 

micro-dirt chip. Micro-dirt chip was made by pouring 3.5% agar solution onto 

PDMS mold (Lee et al., 2015). Solidified agar micro-dirt chip was detached from 

PDMS mold and dried for 90 min at 37ºC. After 10 to 30 min, when dauers were 

actively moving, nictation was quantified as a fraction of nictating dauers among 

moving dauers. Quiescent dauers were excluded from analysis. 

Quantitative genetic analysis. The nictation fractions of 186 recombinant inbred 
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advanced intercross line (RIAIL) strains from an advanced intercross between N2 

and CB4856 were scored as described above. The phenotype data and genotype 

data were entered into R and scaled to have a mean of zero and a variance of

 one for linkage analysis. QTL were detected by calculating logarithm of odds

 (LOD) scores for each marker and each trait as described previously (Anders

en et al., 2015). Confidence intervals were defined as the regions contained w

ithin a 1.5 LOD drop from the maximum LOD score. 

Brood size assays. Twenty young adults of each strain were transferred to 10 cm 

agar NGM plates seeded with OP50 and allowed to lay eggs. After 1 to 2 hours, 

adult animals were removed and fewer than 100 eggs were grown at 20ºC. After 2 

to 3 days, 10 L4 larvae or young adults were singled and transferred to 55 mm NGM 

lite agar plates seeded with OP50 at 25ºC. Animals were transferred to new plates 

for three times with 24-hour intervals. The number of offspring on each plate was 

counted manually after two days from the transfer. 

Transmission competition assays. Ten synchronized young adults each from 

CB4856 and LJ1213 (nict-1 N2>CB4856) were placed together on a single 
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pheromone plate, where dauers were induced by the same method as described 

above. After four days, when hundreds of dauers were observed, more than 20 

dauers were singly collected by glass capillary and subjected to genotyping SNP at 

15,696,457 (haw64888) in nict-1 QTL. After that step, medical gauze was mounted 

on the pheromone plate as a platform to assist nictation of the remaining dauer 

larvae. The plate with nictating dauers and a new plate with OP50 food were placed 

within a small plastic box with 1 to 2 cm interval. Four to six terrestrial isopods, 

collected from Seoul National University campus, were also placed in the box. I let 

the isopods move freely for 24 hrs. I genotyped nict-1 QTL of transferred worms in 

the same way as described above. 

Near Isogenic Lines (NILs) construction. LJ1203 (nict-1 CB4856>N2) [snuIR3] 

IV was made from QX4, a RIAIL with the CB4856 nict-1 QTL interval on an 

otherwise N2 chromosome IV. QX4 was backcrossed to the N2 parent six times 

while selecting for the CB4856 nict-1 QTL by SNP genotyping. LJ1204 (nict-1 

N2>CB4856) [snuIR4] IV was made from QX162, a RIAIL with the N2 nict-1 QTL 

interval in an otherwise CB4856 chromosome IV. QX162 was backcrossed to the 
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CB4856 parent six times while selecting the N2 nict-1 QTL by SNP genotyping. To 

genotype the nict-1 QTL interval determined by linkage mapping (15.57 to 16.01 

Mb), I used a DraI restriction fragment length polymorphism (RFLP) to genotype 

a SNP at 15,570,359 (left, marker haw64768) and 16,004,711 (right, marker 

haw65532) (Davis et al., 2005). Other NILs were generated by backcrossing 

LJ1204 to CB4856 further. Precise introgression breakpoints of each NILs were 

determined by genotyping SNP markers at the position described below. 

LJ1205 (nict-1 N2>CB4856) [snuIR5] IV: (left) 15,363,068 (haw64325) and 15,399,910 

(haw64411), (right) 15,721,883(haw64913) and 15,731,721(CE4-211) 

LJ1206 (nict-1 N2>CB4856) [snuIR6] IV: (left) 15,363,068 (haw64325) and 15,399,910 

(haw64411), (right) 15,570,359 (haw64768) and 15632637 (CE4-210) 

LJ1207 (nict-1 N2>CB4856) [snuIR7] IV: (left) 15,731,721 (CE4-211) and 15,769,804 

(haw64984), (right) 15,874,012 (haw65181) and 15,907,604 (haw65266) 

LJ1209 (nict-1 N2>CB4856) [snuIR9] IV: (left) 15,363,068 (haw64325) and 15,399,910 

(haw64411), (right) 15,731,721 (CE4-211) and 15,769,804 (haw64984) 

LJ1210 (nict-1 N2>CB4856) [snuIR10] IV: (left) 15,363,068 (haw64325) and 15,399,910 
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(haw64411), (right) 15,787,240 (haw65037) and 15,812,722 (haw65069) 

LJ1211 (nict-1 N2>CB4856) [snuIR11] IV: (left) 15,714,544 (cewivar00695185) and 

15,718,040 (cewivar00695189), (right) 15,874,012 (haw65181) and 15,907,604 

(haw65266) 

LJ1212 (nict-1 N2>CB4856) [snuIR12] IV: (left) 15,363,068 (haw64325) and 15,399,910 

(haw64411), (right) 15,645,536 (haw64838) and 15,646,308 (haw64840) 

LJ1213 (nict-1 N2>CB4856) [snuIR13] IV: (left) 15,644,563 (cewivar00215554) and 

15,645,536 (haw64838), (right) 15,787,240 (haw65037) and 15,812,722 (haw65069) 

LJ1215 (nict-1 N2>CB4856) [snuIR15] IV: (left) 15,589,708 (haw64785) and 15,641,444 

(haw64835), (right) 15,731,721 (CE4-211) and 15,769,804 (haw64984) 

CRISPR/Cas9 site-directed mutagenesis. Purified Cas9 protein and two 

Y105C5A.1272 targeting sgRNAs (targeting sequence 5’-CATTTATGACGAGAA 

CATTGAGG-3’ and 5’-GTCGATGCGAAGTACTTCCCTGG-3’) were purchased 

from Toolgen, Inc. Cas9 protein was resuspended with 20 mM HEPES-KOH, pH 

7.5, 150 mM KCl, 1 mM DTT, and 10% glycerol to 8μg/μL. Each sgRNA was 

resuspended with RNase-free D.W to 5μg/μL. Then Cas9 protein and two sgRNA 
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mixtures were mixed at 1:1 volume ratio with sur-5::GFP injection marker (100 

ng/μL) and NEBuffer 3 (1x). After incubating the mixture at 37℃ for 10 min, the 

RNP complex was directly injected into a gonad of the LJ1213 young adult animal. 

GFP-positive F1 progenies were singled out and subjected to single worm lysis after 

laying enough number of eggs. The deletion was detected by single-worm PCR 

using 5’-AGAGGAGAATGCACGAGGAA-3’ and 5’-TGCTTCCTCATCTACCA 

GCA-3’ primers. F2 homozygotes were segregated by using the same method. 

RNA-sequencing. 30~40 young adults of N2, CB4856, snuIR3 and snuIR13 were 

placed on pheromone plate for overnight until hundreds of eggs were laid. Adults 

were eliminated and embryos were cultured at 25℃ for 30 hrs. Clumped L2d 

larvae were collected by glass capillary with D.W. Trizol was used for RNA 

isolation. RNA of three independent biological replicates were sequenced and 

analyzed. 

Quantitative PCR. Mixed stage worms cultured at 25℃ on NGM were collected. 

RNA was isolated by Trizol treatment and reverse transcribed by TOPscript cDNA 

Synthesis kit. To exclude detection of other gene overlapped in the same region 
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with sense and anti-sense manner, quantitative PCR was performed by transcript-

specific primers. RNA of three independent biological replicates were analyzed. 

 

Strains and primers 

Wild isolates 

CB4856 (Hawaii, USA)   CX11314 (San Marino, USA) 

DL238 (Hawaii, USA)    ED3017 (Edinburgh, Scotland) 

EG4725 (Amares, Portugal)  JT11398 (Lake Forest Park, USA) 

JU258 (Madeira, Portugal)  JU775 (Lisbon, Portugal) 

LKC34 (Antananarivo, Madagascar) MY16, MY23 (Münster, Germany) 

N2 (Bristol, England) 

RIAILs  

QX2 QX3 QX4 QX5 QX6 QX8 QX9 QX10 QX11 QX12 

QX13  QX14 QX15 QX16 QX17 QX19 QX20 QX22 QX24 QX25 

QX26 QX27  QX29 QX32 QX33 QX34 QX36 QX37 QX38 QX39 

QX40 QX41 QX42  QX43 QX44 QX45 QX47 QX48 QX49 QX51 
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QX52 QX53 QX54 QX55  QX56 QX57 QX58 QX59 QX60 QX61 

QX62 QX63 QX64 QX65 QX66  QX67 QX68 QX69 QX70 QX71 

QX72 QX73 QX74 QX75 QX76 QX77  QX78 QX79 QX80 QX81 

QX82 QX83 QX84 QX85 QX86 QX87 QX88  QX90 QX92 QX93 

QX94 QX95 QX96 QX97 QX99 QX100 QX102 QX103 QX104 QX106 

QX107 QX108 QX109 QX110 QX111 QX112 QX113 QX114 QX115 QX116 

QX117 QX118 QX120 QX121 QX122 QX124 QX125 QX127 QX128 QX129 

QX131 QX134 QX137 QX138 QX140 QX147 QX148 QX153 QX154 QX156 

QX157 QX158 QX159 QX160 QX161 QX162 QX163 QX164 QX165 QX166 

QX169 QX170 QX171 QX172 QX173 QX174 QX175 QX176 QX178 QX180 

QX181 QX182 QX183 QX184 QX185 QX186 QX187 QX188 QX189 QX190 

QX191 QX192 QX193 QX195 QX196 QX197 QX198 QX200 QX201 QX202 

QX203 QX204 QX205 QX206 QX207 QX212 QX213 QX216 QX217 QX218 

QX219 QX220 QX221 QX224 QX225 QX226 QX227 QX229 QX230 QX231 

QX232 QX234 QX235 QX236 QX237 QX239 

NILs 
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LJ1203 (nict-1 CB4856>N2) [snuIR3] IV 

LJ1204 (nict-1 N2>CB4856) [snuIR4] IV 

LJ1205 (nict-1 N2>CB4856) [snuIR5] IV  

LJ1206 (nict-1 N2>CB4856) [snuIR6] IV 

LJ1207 (nict-1 N2>CB4856) [snuIR7] IV  

LJ1209 (nict-1 N2>CB4856) [snuIR9] IV 

LJ1210 (nict-1 N2>CB4856) [snuIR10] IV  

LJ1211 (nict-1 N2>CB4856) [snuIR11] IV 

LJ1212 (nict-1 N2>CB4856) [snuIR12] IV  

LJ1213 (nict-1 N2>CB4856) [snuIR13] IV 

LJ1215 (nict-1 N2>CB4856) [snuIR15] IV 

CSSs 

WE5236 (I, CB4856>N2) I  GN67 (II, CB4856>N2) II 

GN68 (III, CB4856>N2) III  GN69 (IV, CB4856>N2) IV 

GN70 (V, CB4856>N2) V  GN231 (X, CB4856>N2) X 
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Mutants and transgenic animals 

Y105C5A.1272 (tm6979) IV, Y105C5A.15 (tm1161) IV, (nict-1 N2>CB4856) 

[snuIR13] IV; Y105C5A.1272 (snu33) IV, CX4148 npr-1(ky13) X, VC2016 flp-

18(gk3063) X, RB982 flp-21(ok889) V, CB1372 daf-7(e1372) III, RB2302 daf-

7(ok3125) III, DR40 daf-1(m40) IV, CB1364 daf-4(e1364) III, CB1393 daf-

8(e1393) I, DR77 daf-14(m77) IV, GIP411 daf-8(sa233) I; daf-14(m77) IV, GR1311 

daf-3(mgDf90) X, KQ251 daf-1(m40) IV; ftEX69[pegl-3::daf-1::GFP + odr-

1::dsRED], KQ252 daf-1(m40) IV; ftEX70[pbbs-1::daf-1::GFP + odr-

1::dsRED], KQ280 daf-1(m40) IV; ftEX98[pdaf-1::daf-1::GFP + odr-1::dsRED], 

KQ380 daf-1(m40) IV; ftEX205 [ptdc-1::daf-1::GFP + odr-1::dsRED] 

 

Genotyping primers 

15,363,068  CCGTACCTCGGAAGTTGAAA  AAGAGCCATAACACATGAGCTG  

15,399,910  ATGGTGGTTTTCAAGAGTTTTCA GCTGGAATCAATTAAGAAATTACAAA 

15,570,359  TGACCGAAAATGAAAAATTCG TCCCTTACTCACCCTGTCACTT 

15,570,612  TGACCGAAAATGAAAAATTCG TCCCTTACTCACCCTGTCACTT 
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15,589,708  TGCGGTAAAGTCGAATTTTTA  AAAAGCAATGCTGATGATGC 

15,632,637  ATCGGATGTTTCAGCTTGTGG  ATACGGAGGATTTTGCATGTCC 

15,641,444  AGGCGAATGACTCATGCTTT  AGCCAAAATGCCCACTACAC 

15,644,563  CATTGGCTGGTCCCACTC  AAATGTTGGCCTTGTTGAAAA 

15,645,536  TTTTCAACAAGGCCAACATTT  AATGATCCGCAACTTTTTCG 

15,646,308  TGGTATTGTAGAAAATAAAAAGTTCCA AAAGGGTGAGTACGCAATGG 

15,696,457  TCGAAAATTCTAAAACCGAACT AAAACGGAAGGACATGTTGTG 

15,714,544  GCCCCATCGAAACAGTAGAA  CGTGGGAAAACACACACTGA 

15,718,040  CAACCAATATCACGCTGTCG  CGCCACGCAGTTTCTTATTT 

15,721,883  TTCATGATGTTCATTTATTTTTGGA TTTCTGTCACAGCCAAGTTCA 

15,731,721  ACCATTCTTTCAGATTGTTCCT  CAATACTGATGAAAACTGTTTGA 

15,769,804  TCACCACTGGTTTTCACTTCA  AAAAAGTGTGAATTCGTTTTGGA  

15,787,240  TTTCAAATGTGCTTTGCTAATGA     AAATTTTGAAACAGGAACAAAAA 

15,812,722  AAAATCAGAATTTGAACTGTTTTGG ATCGAAAATTTACAGTTTCACATTA 

15,874,012  GCTCCGCTGAGCACTAAAGA  TGAAGGATGCGATACTCTCTCTC 
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15,907,604  AGCATTTCTCACGCGCAG  TTTTGCTGTTTCGAATCAAACA 

16,003,539  ATCTTTGAAGCAGCGGACAT       TTGAAAGTTTACAAGTCAAGCACA 
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PART I 

 

Genetic basis of heritable variation in 

nictation behavior of C. elegans 
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1. Natural variation of nictation behavior and phoretic dispersal 

 

Species dispersal has been an important topic in evolutionary biology since 

Charles Darwin’s era. He was fascinated by how one species facilitates the 

migration of another species. For example, he described a phoretic interaction 

between ducks and freshwater snails after observing just-hatched snails attached to 

a duck’s foot, suggesting a dispersal mechanism for the wide-range distribution of 

snails (Darwin, 1859). Since that time, numerous reports of phoresy have 

accumulated (Badets and Preez, 2014; Bartlow et al., 2016; Eng et al., 2005; 

Magsig-Castillo et al., 2010), but the genetic basis of these interactions remains 

elusive. To address this question using an example from nature, I investigated the 

association between the stress-resistant, long-lived dauer larvae (Cassada and 

Russell, 1975) of the nematode C. elegans and terrestrial isopods (Frézal and Félix, 

2015). Interspecific association and phoretic dispersal of dauer larvae are conserved 

among Caenorhabditis species (Kiontke and Sudhaus, 2006), and this interaction is 

facilitated by a dauer-specific phoretic behavior called nictation where dauer larvae 
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lift and wave their bodies presumably to increase interactions with more mobile 

species (Lee et al., 2012). 

 

Natural variation of nictation behavior and mapping of nict-1 QTL 

 

Natural variants are known to contribute to phenotypic differences in wild 

populations, which can be subjected to natural selection (Bendesky and Bargmann, 

2011). In this study, I examined natural variation in the nictation behavior of 12 

divergent C. elegans wild isolates (Fig. 1), utilizing a previously established 

quantitative assay to measure nictation behavior (Lee et al., 2015; Lee et al., 2012). 

I observed significant differences among the strains (p<0.001). I could not see any 

obvious correlation between nictation value of wild isolates and their worldwide 

distributions. I focused on two strains (N2 from Bristol, England and CB4856 from 

Hawaii, USA) in which recombinant inbred lines can facilitate linkage mapping 

approaches (Rockman and Kruglyak, 2009). I found that the CB4856 strain nictated 
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significantly and reproducibly less than the N2 strain (Fig. 1). 

I sought the genetic causes underlying this difference in nictation behavior 

by measuring nictation of 186 recombinant inbred advanced intercross lines 

(RIAILs) derived from a cross between N2 and CB4856 (Fig. 2). Linkage mapping 

revealed a single significant quantitative trait locus (QTL), which I named nict-1, 

on the right arm of chromosome IV (Fig. 3). Recombinant strains with the N2 nict-

1 QTL interval exhibited a higher nictation ratio compared to those strains with the 

CB4856 interval (Fig. 4), consistent with the parental difference. 

 

Fine mapping of piRNA-rich nict-1 QTL 

 

 To validate and narrow the nict-1 QTL, I generated near-isogenic lines 

(NILs) by crossing the nict-1 QTL genomic region from N2 into the CB4856 

genetic background and the reciprocal cross. The phenotypes of these NIL strains 

confirmed the QTL effect in both genetic backgrounds with the N2 nict-1 interval 
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promoting higher nictation than the CB4856 nict-1 interval (Fig. 5). Heterozygous 

progeny of CB4856 and nict-1 QTL introgressed strain exhibited intermediate 

nictation ratios between two, suggesting that the locus acts in a quantitative dose-

sensitive manner (Fig. 6). By generating recombinants across the confirmed nict-1 

region, I created eight additional NILs containing smaller N2 genomic regions in 

the CB4856 background. The differences in nictation behaviors of these NILs 

narrowed the nict-1 QTL to a 73 kb region, which contains four protein-coding 

genes, three pseudogenes, five non-coding RNA genes, and 289 annotated Piwi-

interacting small RNA genes (piRNAs) (Ruby et al., 2006) (Fig. 7).  

Using characterized variation between the two parental strains (Andersen 

et al., 2012; Cook et al., 2016), I found that only one protein-coding gene, 

Y105C5A.1272, encoded a putative serine-to-glycine variant that could alter gene 

function (Table 1). Additionally, I found that the N2 strain expresses this gene 

whereas the CB4856 strain does not (Fig. 8). I tested a deletion allele isolated in the 

N2 genetic background, and this mutant strain had a decreased nictation ratio (Fig. 

9a). To verify that the nictation effect is caused by mutation of Y105C5A.1272 and 
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not linked variation from the mutagenized deletion strain background, I made a 

targeted loss-of-function allele using the CRISPR/Cas9 genome-editing system 

(Cho et al., 2013). This allele did not have a decreased nictation ratio (Fig. 9b), 

suggesting that the previously observed effect of the deletion allele might be 

independent of Y105C5A.1272. Next, I tested the expression of the other three 

protein-coding genes in the interval (Fig. 7) and found that, in addition to 

Y105C5A.1272, only Y105C5A.15 had a detectable expression difference between 

the parental strains and nict-1 NILs (Fig. 8). To test whether this gene expression 

difference could cause the nictation effect, I tested a deletion allele of Y105C5A.15 

in the N2 background and found that it does not have an effect on nictation (Fig. 

9a), suggesting that none of the four protein-coding genes play a role in nictation 

differences between the N2 and CB4856 strains.  

Because of the diverse functions and genomic locations associated with 

21U piRNAs, I wanted to generally perturb piRNA functions using loss-of-function 

mutants of prg-1, which encodes the Piwi Argonaute required for all piRNA 

regulation (Wang and Reinke, 2008). This mutant strain exhibited nictation at the 
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same level as the CB4856 nict-1 NIL (LJ1203) (Fig. 10), implicating piRNAs in 

specific control of this phoretic behavior. These small RNA genes regulate the 

expression of transposons and also endogenous genes (Bagijn et al., 2012b). Of the 

289 annotated Piwi-interaction small RNA (piRNA) genes in NIL-narrowed nict-1 

QTL, four genes harbor variants within the 21 nucleotides of the putative transcript 

and 17 genes have variation within 50 bp of the start of the gene that could alter 

expression (Table 2). These variants in piRNA genes can influence gene expression 

of the strains (Fig. 11), and which potentially exert a significant effect on the 

variation of nictation among the strains. 

 

piRNA-rich nict-1 QTL effect on global gene expression profile 

 

In parallel with linkage mapping, I analyzed the expression profiles on the 

genome scale to interpret the biological differences of different genetic 

backgrounds. Polymorphisms between N2 and CB4856 are previously reported to 
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influence dynamic expression profiles of the strains (Francesconi and Lehner, 2014; 

Rockman et al., 2010). I performed transcriptome analysis with RNA prepared from 

animals at the intermediate L2d stage, a developmental stage adequate to evaluate 

the effect of genomic variants on gene expression during dauer development. 127 

genes were up-regulated and 234 genes down-regulated in CB4856 compared to N2 

(fold change > 2, Fig. 12). Of interest, I observed a 3.5-fold lower expression of 

prg-1 in CB4856 compared to N2. This result demonstrates that the two divergent 

strains have differential expression level of a core Argonaute protein required for 

the function of piRNA pathway, in addition to qualitative variations in 21U-RNA 

sequences. The expression level of rrf-2, a gene encoding a homolog of RNA-

directed RNA polymerase (RdRP), also differed between N2 and CB4856. The 

expression level of rrf-2 is highest around the dauer stage according to 

modENCODE dataset (Gerstein et al., 2010), implying that the functionally obscure 

rrf-2 gene may be involved in regulatory processes during alternative development 

of the dauer larva. In summary, our results suggest polymorphisms in genome of 

two divergent strains do not affect the function and expression of protein coding 
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genes only, but also small RNAs including 21U-RNAs and regulators for their 

biogenesis and processing. 

I next defined specific effects of piRNA-rich nict-1 QTL on global gene 

expression by analyzing transcriptomes of snuIR3 (nict-1 CB4856>N2) and 

snuIR13 (nict-1 N2>CB4856) strains. Hierarchical clustering of 519 differentially 

expressed genes revealed that N2 and CB4856 are clustered together with snuIR3 

and snuIR13, respectively (Fig. 13). Similarly to a partial contribution of nict-1 

QTL on nictation variation, the effect of nict-1 QTL on gene expression was also 

restricted to small subsets of genes. Compared to 361 differentially expressed genes 

between N2 and CB4856, only 26 genes were differentially expressed in N2 vs 

snuIR3 (nict-1 CB4856<N2) comparison, and only 18 genes were differentially 

expressed between CB4856 vs snuIR13 (nict-1 N2<CB4856) (fold change > 2, Fig. 

14a, Table 3). Among them, only F57G8.7 and F59C6.18 genes show inverse 

correlation between N2 nict-1 effect and CB4856 nict-1 effect (Fig. 14b). F57G8.7 

is on chromosome V and F59C6.18 is on chromosome I. This result supports that 

nict-1 QTL could act as a trans-eQTL in dauer development. Indeed, the nict-1 QTL 
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co-localizes with a previously described trans-eQTL hotspot, and F57G8.7 was also 

detected as a distant eQTL mapped to the same region (Francesconi and Lehner, 

2014; Rockman et al., 2010). These two genes are conserved only in nematodes, 

suggesting a regulatory role on a phylum-specific trait such as dauer development 

and nictation. 

The piRNA pathway is well known for playing a key role in the 

maintenance of normal fertility by repressing transposon activity in germline, and 

its effect can be transgenerationally inherited by secondary 22G-RNA and a special 

Argonaute protein (Weick and Miska, 2014). Besides mobile elements, endogenous 

protein coding genes can also be targeted by piRNAs and in turn silenced by 

amplified 22G-RNA (Bagijn et al., 2012a; Wang et al., 2014). Interestingly, the first 

two of three trans-eQTL hotspots discovered in the C. elegans genome co-localize 

with two piRNA clusters in Chromosome IV (Rockman et al., 2010; Ruby et al., 

2006). Indeed, I observed expression of nict-1 QTL regulated F57G8.7 and 

F59C6.18 genes are also modulated by Piwi Argonaute gene prg-1 (Fig. 15). 

However, there has not been any report showing that the piRNA pathway could 
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modulate the behavior of an organism. Complex interaction of variations among 

small RNAs and small RNA pathway components can dynamically influence gene 

regulatory network, exerting significant effects on the physiology and behavior of 

an organism. Our results clearly identify the first behavioral trait QTL, which co-

localizes with a functionally unknown Chr IV trans-eQTL hotspot and piRNA-rich 

region. Because the expression and function of PRG-1 have been reported only in 

the germline (Weick and Miska, 2014), the presence of a germline-to-soma 

signaling for behavioral regulation and transgenerational effect by transmission of 

parental small RNAs remain to be explored. 

 

Fitness effect of nict-1 QTL 

 

 The nict-1 QTL likely contributes to different fitness consequences for wild 

C. elegans strains. While generating NIL strains, I observed that the brood sizes of 

these strains were significantly different from their respective parental genetic 

backgrounds (Fig. 16). The brood size of nict-1 from N2 crossed into the CB4856 
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background (LJ1213) was lower than that of the N2 parent, and the brood size of 

nict-1 from CB4856 crossed into the N2 background (LJ1203) was higher than 

CB4856. Therefore, the nict-1 QTL likely confers a trade-off between nictation and 

reproduction with the N2 version promoting nictation but inhibiting offspring 

production.  

Variation in nictation behavior of C. elegans is hypothesized to relate to 

differences in association with its hosts and in the outcomes of nematode dispersal. 

Natural populations of C. elegans exhibit local genetic diversity (Barriere and Felix, 

2005), suggesting that intra-specific competition occurs among wild strains in the 

natural environment. To examine how quantitative variation in nictation behavior 

relates to the dispersal of C. elegans in such a context, I developed a transmission 

competition assay to quantitatively analyze isopod phoresy (Fig. 17). To mimic this 

natural phoretic interaction, I introduced terrestrial isopods as a vehicle for C. 

elegans to hitchhike to a more favorable environment. Isopods were previously 

reported as a natural carrier of C. elegans (Félix and Braendle, 2010; Kiontke and 

Sudhaus, 2006), and dauers can readily attach to them. I found that nematodes were 
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transported to a new plate containing ample bacterial food only in the presence of 

terrestrial isopods, suggesting that this natural phoretic interaction can be 

recapitulated in the laboratory. Precisely, the frequency of phoresy was significantly 

higher than previous report which used fruit flies as carriers (Lee et al., 2012), 

suggesting that property of vehicle affects efficiency of the phoretic interaction. 

Additionally, I found that dauers harboring the N2 nict-1 region were 

transferred by isopods to the new environment more than dauers with the CB4856 

nict-1 region (Fig. 18). This result indicates that the N2 nict-1 QTL not only causes 

increased nictation behavior but also facilitates the phoretic interaction of dauer 

larvae with isopods, showing for the first time that a specific locus regulates 

phoretic dispersal. Furthermore, given the potential intraspecific competition in the 

natural environment, our results demonstrate that the nict-1 QTL could control the 

ability of strains to colonize new bacteria-rich environments.  

I propose that the nict-1 QTL controls a hitchhiking behavior and phoretic 

dispersal, as well as a trade-off between dispersal and reproduction, two traits 

necessary for the survival and evolution of the C. elegans species. To check whether 
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anti-correlation of nictation and reproduction is a common phenomenon, I analyzed 

the correlation between the nictation value of wild isolates and their brood size, 

which has been investigated by other group (Lee et al., 2016). As a result of analysis 

of 11 wild strains, there was no correlation between the reproduction rate of wild 

isolates and their nictation ratio (Fig. 19, Table 4, R2 = 0.00002), suggesting the 

trade-off effect of nict-1 QTL is specific to this locus. Since the piRNA pathway is 

known to play an important role in the germline maintenance (Weick and Miska, 

2014), piRNA variants in nict-1 QTL are potential candidates influencing not only 

the nictation but also the reproduction. However, it is unclear whether the same 

piRNA variant affects both nictation and reproduction, or different but strongly 

linked piRNAs exert their respective effects. 

The fitness of a particular genotype ultimately depends on its reproductive 

success. Two of the most important variables are the survival rate and reproduction 

rate, determining the relative fitness value among different genotypes. Natural 

habitats of C. elegans have an interrupted patch-structure, so escape from the 

collapsed habitat means survival of the nematodes. In other words, the dispersal 
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rate through the phoresy contributes greatly to the survival rate of the strains. 

Interestingly, the N2 nict-1 genotype promotes nictation to increase phoretic 

dispersal efficiency, thereby increasing the survival rate, while also causing a 

negative effect on reproduction, thereby decreasing the reproduction rate. The 

transmission competition assay shows this fitness trade-off effect dramatically at a 

quantitative level. In the original pheromone plate, same number of P0 L4 larvae of 

two genotypes (CB4856 and LJ1213) constitute a population. Because of higher 

reproduction rate of CB4856 genotype, CB4856 F1 progeny constitutes almost 80% 

of F1 population (Fig. 18). However, 20% of LJ1213 F1 dauers show much higher 

phoretic dispersal to destination plate, offsetting lower reproduction rate of the 

genotype. As a consequence, I could observe a nearly same number of recovered 

F1 L4 larvae of two genotypes, which result almost same relative fitness value 

between two genotypes (Table 5). This study suggests the relative fitness of nict-1 

genotype depends on environmental condition, where dauer-promoting condition 

increases the fitness of N2 genotype while reproductive rich condition increases the 

fitness of CB4856 genotype. 
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Behavioral diversity arises from the gene-environment interface where a 

biological system confronts an ever-changing natural niche, and multiple genes are 

systemically involved in such dynamic interactions (Bendesky and Bargmann, 

2011). My study provides strong evidence that nictation behavior is controlled by 

differences in regulatory small RNAs, which because of a large number of 

distributed effects could allow for robust environmental adaptations and 

transgenerational effects (Weick and Miska, 2014). This proposed mechanism of 

behavioral control facilitates future studies of this phoretic interaction and its 

precise genetic causes. 
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2. Domestication effect on nictation behavior in laboratory N2 strain 

 

 In parallel with QTL mapping through RIAIL panels, I investigated genetic 

basis of nictation variation between N2 and CB4856 strains through analyzing 

chromosome substitute strains (CSSs). In CSSs panels, each chromosome is 

substituted from N2 to CB4856, facilitating mapping of QTL with chromosome 

scale. I performed nictation assay on 6 CSSs to evaluate chromosomal effect of 

each single CB4856 chromosome on nictation behavior of N2 strain. My results 

demonstrates not only chromosome IV which contains nict-1 QTL, but also other 

autosomes also contribute the difference of nictation behavior between N2 and 

CB4856 (Fig. 20), consistent with partial contribution of nict-1 QTL for nictation 

variation between N2 and CB4856. Surprisingly, X chromosome of CB4856 

displays opposite effect from the autosomes. CB4856 shows lower nictation than 

N2, but CB4856-X chromosome substitute strain exhibits significantly higher 

nictation level than N2. This results demonstrate nictation variation between N2 

and CB4856 does not arises from simple linear summation of negative CB4856 



42 

 

genome effect on nictation, indicating complex genetic interaction between 

nictation regulating loci. 

 

Lab evolved npr-1 locus in X chromosome underlies nictation variation 

 

 In the process of analyzing the genetic basis of the effect of replacing the 

X chromosome of N2 with CB4856, I noted that X chromosome contains npr-1 

locus, which has a significant effect on the behavioral variation between N2 and 

CB4856. While wild isolates of C. elegans share NPR-1 215F allele, N2 contains a 

unique neomorphic gain-of-function 215V allele, which is suspected to be emerged 

and selected during laboratory culture (Sterken et al., 2015). As described above, 

the N2 specific polymorphism of npr-1 locus causes the N2 strain to exhibit a 

solitary pattern, unlike the other wild isolates showing the social feeding pattern, 

and the change in the response pattern to gas and pheromone are involved (Macosko 

et al., 2009). I explored the possibility that npr-1 locus may influence nictation 

behavior as well. 
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 To evaluate N2 and CB4856 npr-1 locus, I tested near isogenic strains of 

which npr-1 locus is introgressed into both N2 and CB4856 background. Indeed, 

QG1 (npr-1 CB4856>N2) and CX11400 (npr-1 N2>CB4856) exhibited difference 

in nictation fraction compared to their parent N2 and CB4856 strains (Fig. 21). Next, 

I directly tested npr-1(ky13) mutant which phenocopies npr-1 version of CB4856. 

Direct investigation of npr-1(ky13) mutant revealed that NPR-1 is indeed involved 

in regulation of nictation behavior (Fig. 22). NPR-1 is a neuropeptide receptor 

protein which binds with neuropeptide ligands and transduces signals to 

downstream through regulating G-protein activity. Two FMRFamide-related 

peptides, FLP-18 and FLP-21, are known to bind to NPR-1 and regulate its activity 

and behavioral outputs (Rogers et al., 2003), and I investigated whether these 

neuropeptides also regulates nictation behavior. As a result, I proved only FLP-21 

is involved in regulation of nictation behavior (Fig. 22). 

One of the advantages of using C. elegans as a model organisms is that it 

can be frozen semi-permanently in special conditions and it can be melted whenever 

needed. This is a great advantage in genetics research because de novo mutations 
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can continue to accumulate in the genome at every subsequent generation. However, 

the N2 strain collected in Bristol, England, in 1951, was retained by researchers in 

the laboratory until the technology was developed in 1969. In this process, a 

significant amount of de novo mutations occurred, some of which received the 

artificial selection. In particular, the wild type exhibits a burrowing phenotype that 

penetrates into the medium. The N2 variant suppresses this phenotype. It is 

presumed that the npr-1 variant of N2 will be selected today because of the greater 

likelihood that the worms on the surface of the medium will pass through rather 

than the insects dwelling in the medium. This artificial selection led to the 

domestication of the small nematode in a more comfortable way to raise it in the 

laboratory, resulting in multifaceted changes in the various physiology and behavior 

of the nematode. The nictation, presumed to play a major role in the survival and 

migration of nematodes in the wild, was not selected under laboratory conditions, 

and consequently the knockdown reduction effect of npr-1 appears to have been 

tolerated. My findings provide interesting examples of animal domestication 
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involving a variety of changes, including differences in genetic and behavioral 

consequences for the animal. 
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Figure 1. Nictation fraction of 12 divergent wild isolates. From left, CB4856, 

EG4725, ED3017, JT11398, N2, JU258, JU775, DL238, LKC34, CX11314, 

MY16, and MY23. In collaboration with H. Yang. 
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Figure 2. Histogram of normalized nictation fraction of 186 N2xCB4856 

recombinant inbred advanced intercross lines (RIAILs). 
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Figure 3.  nict-1 QTL mapping. Linkage mapping of nictation fraction from 

RIAIL population and detection of nict-1 locus (red triangle). LOD, log of the 

odds ratio. 
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Figure 4. Nictation fraction of RIAILs by genotype at nict-1 QTL peak. Each 

dot represents normalized nictation fraction of each RIAIL (RIAILs with N2 

marker (orange) and CB4856 marker (blue)). 
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Figure 5. Fine mapping of the nict-1 QTL. (a) Genotypes of near isogenic lines (NILs) 

represented by orange (N2) and blue (CB4856) colored bars. Solid lines denote the 

confidence interval from genetic mapping experiments. Dotted lines denote the narrowed 

genetic interval. (b) Nictation fractions of NILs.  
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Figure 6. Dominance test of nict-1 QTL. Nictation fraction of CB4856 (left), 

snuIR13 (nict-1 N2<CB4856) (right), and F1 heterozygotes from two strain 

(middle).   
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Figure 7. Genomic features of NIL-narrowed 73 kb nict-1 QTL interval. 

Protein-coding genes on top are colored orange (Higher expression in N2 nict-1 

QTL), blue (Higher expression in CB4856 nict-1 QTL), or gray (no expression 

difference between the QTL genotypes). Blue dots denote predicted functional 

effects. The locations of piRNAs and other genomics features (tRNAs, snoRNAs, 

etc.) are shown in gray in the middle and bottom rows. In collaboration with M. 

Zamanian.  
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Figure 8. Relative mRNA expression of 4 protein-coding genes in nict-1 QTL. 

Y105C5A.1272 gene was almost not detected in CB4856 and LJ1203 (nict-1 

CB4856>N2), implying variants in CB4856 nict-1 QTL abolish its expression. In 

opposite, expression of Y105C5A.15 gene increased in CB4856 and LJ1203, 

suggesting variants in CB4856 nict-1 QTL upregulate its expression. Expression 

of Y105C5A.1268 gene is affected by genetic background, not genotype of its 

residing nict-1 QTL. No expression difference among strains for Y105C5A.26 

gene. 
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Figure 9. Genetic analysis for candidate genes in nict-1 QTL. (a) Normalized 

nictation percent of N2. LJ1203 and mutant with deletion in putative transcription 

factor Y105C5A.15 gene and unannotated Y105C5A.1272 gene in the nict-1 

interval. (b) Normalized nictation percent of CB4856, LJ1213 and .1272 

CRISPR/Cas9 mutant. 
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Figure 10. Involvement of Piwi Argonaute PRG-1 in regulation of nictation 

behavior. Nictation fractions of N2, LJ1203 (nict-1 CB4856>N2), the Piwi 

homolog deletion mutant prg-1(n4357). 
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Figure 11. Model for the effect of piRNA variations on gene expression 

regulation in NIL strain. Genetic variations in both piRNA genes in nict-1 QTL 

and their endogenous target sites can potentially change gene expression profile 

of near-isogenic line. Novel CB4856 targets (purple) can be silenced by N2-

derived piRNAs (orange) in LJ1213 strain, while some of the original targets (blue) 

become no more silenced. 
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Figure 12. Volcano plot for global gene expression landscape. Each dot 

represents gene expression difference between N2 and CB4856. Green, down-

regulated in CB4856. Red, up-regulated in CB4856. The blue and red dotted line 

denote the threshold for fold change > 2 and P < 0.05, respectively. 
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Figure 13. Heat map of the two-way hierarchical clustering. 519 differentially 

expressed genes satisfying with fold change > 2, using Z-score for log2 based 

normalized value. 
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Figure 14. Diagram of nict-1 QTL regulated DEG. (a) Number of 

differentially expressed genes among parents and NILs. Top, the comparison 

between N2 (control) and CB4856. Middle, comparison between N2 (control) and 

LJ1203 (nict-1 CB4856<N2). Down, comparison between CB4856 (control) and 

LJ1203 (nict-1 N2<CB4856). (b) Diagram for groups of genes regulated by N2 

nict-1 QTL in the CB4856 background (blue) and by CB4856 nict-1 QTL in N2 

background (orange). 
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Figure 15. Gene expression regulation by Piwi Argonaute PRG-1. Relative 

mRNA expression level of the F57G8.7 and F59C6.18 gene, two genes which are 

significantly and oppositely regulated by N2 and CB4856 nict-1 QTL, in N2, 

snuIR3 (nict-1 CB4856>N2), and prg-1(n4357). prg-1 mutation derepressed 

expression of both genes, supporting a hypothesis that variations in piRNA 

pathway can result in differences in gene expression. Error bars, s.e.m 
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Figure 16. Fitness effect of nict-1 QTL on reproduction. Brood size of N2 and 

CB4856 parents, and two NIL strains LJ1203 and LJ1213. The Tukey boxplots 

are colored based on the nict-1 genotype. 
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Figure 17. Experimental scheme of transmission competition assay. 

Transmission assay chambers contain two nematode culture plates. The “origin” 

plate contains dauer animals and is covered with medical gauze to facilitate 

nictation. The “destination” plate is placed 1-2 cm away with no nematodes on 

this plate. Terrestrial isopods are added to the chamber and allowed to roam freely 

for 24 hours. Nematodes depend on the isopods for transfer to the “destination” 

plate from the “origin” plate. 
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Figure 18. Fitness effect of nict-1 QTL on phoretic dispersal. N2 nict-1 QTL 

allele frequency before (origin) and after transmission competition assays 

(destination). 
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Figure 19. Correlation study between reproduction and nictation. Nictation 

fraction and brood size of 11 strains (AB1, CB4853, CB4856, CB4857, GXW1, 

JU258, JU393, MY1, MY16, N2, PB303) were compared. No correlation was 

detected from the analysis, suggesting the trade-off effect of nict-1 QTL is specific. 
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Figure 20. Nictation fraction of chromosome substitute strains (CSSs). Strain 

name and genotype of CSSs are labeled below. Red, N2 chromosome. Blue, 

CB4856 chromosome. 
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Figure 21. Nictation fraction of npr-1 introgressed near isogenic lines. 

Nictation fraction of N2 and QG1 (npr-1 CB4856>N2), CB4856 and CX11400 

(npr-1 N2>CB4856) are compared to evaluate npr-1 locus effect on nictation. 
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Figure 22. Nictation fraction of npr-1(ky13), flp-18(gk3063), flp-21(ok889). 

Nictation fraction of npr-1(ky13) explains increased nictation behavior of 

CB4856-X chromosome substitute strain. Among known ligand of NPR-1, only 

FLP-21 is involved in nictation behavior. In collaboration with H. Yang. 
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Table 1. Polymorphisms in nict-1 QTL between N2 and CB4856 genome. This table 

presents N2-CB4856 polymorphisms in nict-1 QTL, potentially affecting expression and 

function of protein-coding genes in the region. 

 

 

  

Position Ref Alt Effect Gene name AA_change Prot_position

15645536 T C 3_prime_UTR_variant Y105C5A.13a

15645536 T C 3_prime_UTR_variant Y105C5A.13b

15645536 T C upstream_gene_variant Y105C5A.12

15645536 T C upstream_gene_variant Y105C5A.1272

15645536 T C downstream_gene_variant Y105C5A.1268

15645843 G A upstream_gene_variant Y105C5A.12

15645843 G A upstream_gene_variant Y105C5A.1272

15645843 G A downstream_gene_variant Y105C5A.13a

15645843 G A downstream_gene_variant Y105C5A.1268

15645843 G A downstream_gene_variant Y105C5A.13b

15646308 T C upstream_gene_variant Y105C5A.12

15646308 T C upstream_gene_variant Y105C5A.1272

15646308 T C downstream_gene_variant Y105C5A.13a

15646308 T C downstream_gene_variant Y105C5A.13b

15646308 T C intron_variant Y105C5A.1268

15647052 G A synonymous_variant Y105C5A.1272 p.Gln6Gln 18/228

15647052 G A upstream_gene_variant Y105C5A.1268

15647052 G A downstream_gene_variant Y105C5A.13a

15647052 G A downstream_gene_variant Y105C5A.13b

15647261 G A synonymous_variant Y105C5A.1272 p.Gln59Gln 177/228

15647261 G A upstream_gene_variant Y105C5A.1268

15647261 G A downstream_gene_variant Y105C5A.13a

15647261 G A downstream_gene_variant Y105C5A.13b

15647262 A G missense_variant Y105C5A.1272 p.Ser60Gly 178/228

15647262 A G upstream_gene_variant Y105C5A.1268

15647262 A G downstream_gene_variant Y105C5A.13a

15647262 A G downstream_gene_variant Y105C5A.13b

15647744 A G upstream_gene_variant Y105C5A.1268

15647744 A G downstream_gene_variant Y105C5A.13a

15647744 A G downstream_gene_variant Y105C5A.1272
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15647262 A G missense_variant Y105C5A.1272 p.Ser60Gly 178/228

15647262 A G upstream_gene_variant Y105C5A.1268

15647262 A G downstream_gene_variant Y105C5A.13a

15647262 A G downstream_gene_variant Y105C5A.13b

15647744 A G upstream_gene_variant Y105C5A.1268

15647744 A G downstream_gene_variant Y105C5A.13a

15647744 A G downstream_gene_variant Y105C5A.1272

15647744 A G downstream_gene_variant Y105C5A.13b

15648198 G A upstream_gene_variant Y105C5A.1268

15648198 G A downstream_gene_variant Y105C5A.13a

15648198 G A downstream_gene_variant Y105C5A.1272

15648198 G A downstream_gene_variant Y105C5A.13b

15648306 T A upstream_gene_variant Y105C5A.1268

15648306 T A downstream_gene_variant Y105C5A.13a

15648306 T A downstream_gene_variant Y105C5A.1272

15648306 T A downstream_gene_variant Y105C5A.13b

15648803 C T upstream_gene_variant Y105C5A.1268

15648803 C T downstream_gene_variant Y105C5A.13a

15648803 C T downstream_gene_variant Y105C5A.1272

15648803 C T downstream_gene_variant Y105C5A.13b

15649394 T C upstream_gene_variant Y105C5A.1268

15649394 T C downstream_gene_variant Y105C5A.13a

15649394 T C downstream_gene_variant Y105C5A.1272

15649394 T C downstream_gene_variant Y105C5A.13b

15649410 A G upstream_gene_variant Y105C5A.1268

15649410 A G downstream_gene_variant Y105C5A.13a

15649410 A G downstream_gene_variant Y105C5A.1272

15649410 A G downstream_gene_variant Y105C5A.13b

15649767 G A upstream_gene_variant Y105C5A.1268

15649767 G A downstream_gene_variant Y105C5A.13a

15649767 G A downstream_gene_variant Y105C5A.1272

15649767 G A downstream_gene_variant Y105C5A.13b

15650042 G T upstream_gene_variant Y105C5A.1268

15650042 G T downstream_gene_variant Y105C5A.13a

15650042 G T downstream_gene_variant Y105C5A.1272

15650042 G T downstream_gene_variant Y105C5A.13b



70 

 

 

  

15650456 A G upstream_gene_variant Y105C5A.1268

15650456 A G downstream_gene_variant Y105C5A.13a

15650456 A G downstream_gene_variant Y105C5A.1272

15650456 A G downstream_gene_variant Y105C5A.13b

15651130 T A upstream_gene_variant Y105C5A.1268

15651130 T A downstream_gene_variant Y105C5A.1272

15651131 A T upstream_gene_variant Y105C5A.1268

15651131 A T downstream_gene_variant Y105C5A.1272

15651221 T C upstream_gene_variant Y105C5A.1268

15651221 T C downstream_gene_variant Y105C5A.1272

15651359 C T upstream_gene_variant Y105C5A.1268

15651359 C T downstream_gene_variant Y105C5A.1272

15651570 C G downstream_gene_variant Y105C5A.1272

15651595 T C downstream_gene_variant Y105C5A.1272

15651874 C T downstream_gene_variant Y105C5A.1272

15677049 A C downstream_gene_variant Y105C5A.26

15677574 A G downstream_gene_variant Y105C5A.26

15677611 A T downstream_gene_variant Y105C5A.26

15677990 G T downstream_gene_variant Y105C5A.26

15678040 T G downstream_gene_variant Y105C5A.26

15678791 A T downstream_gene_variant Y105C5A.26

15682106 T C upstream_gene_variant Y105C5A.26

15682351 C T upstream_gene_variant Y105C5A.26

15682708 T C upstream_gene_variant Y105C5A.26

15683717 C T upstream_gene_variant Y105C5A.26

15684136 A T upstream_gene_variant Y105C5A.26

15685274 C T upstream_gene_variant Y105C5A.26

15685301 C A upstream_gene_variant Y105C5A.26

15685930 T A upstream_gene_variant Y105C5A.26

15685935 G A upstream_gene_variant Y105C5A.26

15685936 A T upstream_gene_variant Y105C5A.26

15685955 T G upstream_gene_variant Y105C5A.26

15685956 T A upstream_gene_variant Y105C5A.26

15706207 C A,T upstream_gene_variant Y105C5A.15b
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15706207 C A,T upstream_gene_variant Y105C5A.15b

15706207 C A,T upstream_gene_variant Y105C5A.15b

15706207 C A,T upstream_gene_variant Y105C5A.15a

15706207 C A,T upstream_gene_variant Y105C5A.15a

15706356 T C upstream_gene_variant Y105C5A.15b

15706356 T C upstream_gene_variant Y105C5A.15a

15706367 A T upstream_gene_variant Y105C5A.15b

15706367 A T upstream_gene_variant Y105C5A.15a

15706395 A T upstream_gene_variant Y105C5A.15b

15706395 A T upstream_gene_variant Y105C5A.15a

15706405 C T upstream_gene_variant Y105C5A.15b

15706405 C T upstream_gene_variant Y105C5A.15a

15706670 A G upstream_gene_variant Y105C5A.15b

15706670 A G upstream_gene_variant Y105C5A.15a

15707509 C T upstream_gene_variant Y105C5A.15b

15707509 C T upstream_gene_variant Y105C5A.15a

15707528 C T upstream_gene_variant Y105C5A.15b

15707528 C T upstream_gene_variant Y105C5A.15a

15707863 A G upstream_gene_variant Y105C5A.15b

15707863 A G upstream_gene_variant Y105C5A.15a

15707868 G A upstream_gene_variant Y105C5A.15b

15707868 G A upstream_gene_variant Y105C5A.15a

15708008 G A,C upstream_gene_variant Y105C5A.15b

15708008 G A,C upstream_gene_variant Y105C5A.15b

15708008 G A,C upstream_gene_variant Y105C5A.15a

15708008 G A,C upstream_gene_variant Y105C5A.15a

15708271 C T upstream_gene_variant Y105C5A.15b

15708271 C T upstream_gene_variant Y105C5A.15a

15708949 G A upstream_gene_variant Y105C5A.15b

15708949 G A upstream_gene_variant Y105C5A.15a

15708957 T G upstream_gene_variant Y105C5A.15b

15708957 T G upstream_gene_variant Y105C5A.15a

15710356 C T upstream_gene_variant Y105C5A.15b

15710356 C T upstream_gene_variant Y105C5A.15a
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15710452 G A upstream_gene_variant Y105C5A.15b

15710452 G A upstream_gene_variant Y105C5A.15a

15710534 A G upstream_gene_variant Y105C5A.15b

15710534 A G upstream_gene_variant Y105C5A.15a

15710561 C T upstream_gene_variant Y105C5A.15b

15710561 C T upstream_gene_variant Y105C5A.15a

15711168 G T intron_variant Y105C5A.15b

15711168 G T intron_variant Y105C5A.15a

15712563 C A intron_variant Y105C5A.15b

15712563 C A intron_variant Y105C5A.15a

15712992 C G synonymous_variant Y105C5A.15b p.Ser67Ser 201/2298

15712992 C G synonymous_variant Y105C5A.15a p.Ser67Ser 201/2289

15717765 G T intron_variant Y105C5A.15b

15717765 G T intron_variant Y105C5A.15a

15719259 T C synonymous_variant Y105C5A.15b p.Ile382Ile 1146/2298

15719259 T C synonymous_variant Y105C5A.15a p.Ile379Ile 1137/2289

15719622 A T intron_variant Y105C5A.15b

15719622 A T intron_variant Y105C5A.15a
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Table 2. piRNA variation in nict-1 QTL between N2 and CB4856 genome. This table 

presents N2-CB4856 polymorphisms in nict-1 QTL, potentially affecting expression and 

target sequence of 21U RNA genes in the region. 

 

 

 

 

 

 

 

Start End Strand piRNA name Variant Type

15645569 15645589 + Y105C5A.1082 Upstream

15650061 15650081 + Y105C5A.523 Upstream

15654835 15654855 - Y105C5A.804 Coding

15656284 15656304 + Y105C5A.386 Upstream

15666814 15666834 - Y105C5A.825 Coding

15667393 15667413 - Y105C5A.227 Upstream

15672842 15672862 + Y105C5A.679 Upstream

15672845 15672865 + Y105C5A.1051 Upstream

15673823 15673843 + Y105C5A.454 Coding

15677505 15677525 - Y105C5A.1025 Upstream

15678016 15678036 + Y105C5A.119 Upstream

15682108 15682128 + Y105C5A.1197 Upstream

15682109 15682129 + Y105C5A.553 Upstream

15688109 15688129 - Y105C5A.1265 Upstream

15688112 15688132 - Y105C5A.258 Upstream

15688113 15688133 - Y105C5A.836 Upstream

15706203 15706223 - Y105C5A.1097 Coding

15707487 15707507 - Y105C5A.750 Upstream

15707821 15707841 - Y105C5A.481 Upstream

15707826 15707846 - Y105C5A.580 Upstream
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Table 3. nict-1 QTL regulated differentially expressed genes (DEGs) 

(A) DEGs from comparison of N2 and LJ1203 (nict-1 CB4856>N2 

 

 

 

  

Gene name Description Fold change P-value

T23G11.12 small nucleolar RNA T23G11.12 -2.171789 0.044273715

fat-7 Delta(9)-fatty-acid desaturase fat-7 3.862729 0.000277211

F35H10.3 Uncharacterized protein 2.472731 0.035011816

F09F7.6 Uncharacterized protein -2.189928 0.024071002

F59C12.4 Uncharacterized protein 2.083176 0.014481356

Y42A5A.3 Uncharacterized protein -2.092138 0.033477408

E04D5.5 Uncharacterized protein 2.208718 0.022953821

catp-3 Cation transporting ATPase -2.293222 0.034870422

F15E6.3 Uncharacterized protein -2.675031 0.047463008

T27F6.8 Uncharacterized protein -2.019948 0.049863004

C06B3.6 Uncharacterized protein -2.896756 0.008998605

C50F7.5 Uncharacterized protein -3.578802 0.01474717

capa-1 CAPA (insect neuropeptide) related -2.005383 0.023163034

F57G8.7 Uncharacterized protein -2.757050 0.039120656

F59C6.18 Uncharacterized protein -2.572523 0.039065244

flp-17 FMRF-Like Peptide -33.774343 0.002193764

fipr-24 FIP (Fungus-Induced Protein) Related -3.259162 0.022188945

frpr-5 FMRFamide Peptide Receptor family -3.195134 0.010965618

ins-11 B-chain-like peptide -2.021056 0.04231538

C45G9.8 Uncharacterized protein -2.124254 0.040062958

stip-1 Septin and tuftelin-interacting protein 1 homolog 2.077360 0.000321821

Y110A7A.15 Uncharacterized protein 2.716698 0.0187065

fipr-22 FIP (Fungus-Induced Protein) Related -2.902822 0.042851972

EEED8.3 Uncharacterized protein 2.061919 0.02224732

C01A2.1 Uncharacterized protein -2.412378 0.004512543

puf-5 Pumilio domain-containing protein 5 2.902497 0.045631179
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(B) DEGs from comparison of CB4856 and LJ1213 (nict-1 N2>CB4856). 

 

 

  

Gene name Description Fold change P-value

Y49G5A.1 Uncharacterized protein 2.260932 0.003167091

F47B8.16 Unclassified non-coding RNA F47B8.16 -2.043422 0.03997381

F59C6.18 Uncharacterized protein 3.364189 0.000740319

Y48E1B.8 Uncharacterized protein -2.117052 0.01488509

F47B8.13 Uncharacterized protein -2.716714 0.007888029

F57G8.7 Uncharacterized protein 2.272088 0.015485495

F47B8.18 Uncharacterized protein -2.620101 0.007234202

F47B8.14 Uncharacterized protein -2.720960 0.011272433

fip-1 Fungus-induced protein 1 2.280982 0.009072633

bli-6 BLIstered cuticle -2.786930 0.002218529

col-38 COLlagen -2.102940 0.008181104

Y53G8AL.4 Non-coding transcript of protein-coding gene Y53G8AL.4c -4.000955 0.007662058

msp-56 Major sperm protein 10/36/56/76 -2.118666 0.000364016

bli-2 BLIstered cuticle -2.086214 0.016460106

msp-40 Major sperm protein -2.511455 0.004213485

F58A4.2 Uncharacterized protein -2.153717 0.004327814

ZK228.10 Uncharacterized protein 2.000353 0.00692999

his-8 Histone H2B 2 -2.199037 0.000983738
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Table 4. Correlation study between nictation and reproduction in 11 wild isolates 

 

 

  

Strain Nictation ratio Brood size

AB1 0.256585747 173.8

CB4853 0.41368655 139.5

CB4856 0.102954308 146.5

CB4857 0.331598298 141.7

GXW1 0.204445332 170.2

JU258 0.225037418 152.7

JU393 0.20031119 162.7

MY1 0.183361168 79.3

MY16 0.376538848 207.1

N2 0.214393498 245.8

PB303 0.136559036 209.1
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Table 5. Relative fitness calculation of N2 and CB4856 nict-1 QTL. 

 

 

  

nict-1  genotype N2 CB4856

Relative reproduction rate 0.25549 1

Relative dispersal frequency (relative survival rate) 1 0.26784

Relative fitness 0.95389 1
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PART II 

 

Genetic basis of environmental plasticity 

in nictation behavior 
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1. Regulation of nictation behavior by TGF-β signaling 

 

Signaling pathway mediates developmental and physiological changes in 

response to extracellular and intercellular information in a multicellular organism. 

Core signaling pathways are well conserved in C. elegans, including MAP kinase, 

Notch, Wnt, insulin, and transforming growth beta (TGF-β) signaling (Greenwald, 

2005). Among these conserved signaling pathways, I focused on TGF-β signaling 

because TGF-β signaling plays a crucial role in developmental plasticity of dauer 

induction (Ren et al., 1996b) as well as in proper function of various behaviors 

including egg laying, CO2 response, mating behavior, and pathogen avoidance 

(Greer et al., 2008; Hallem and Sternberg, 2008; Meisel et al., 2014; White and 

Jorgensen, 2012). I hypothesized that TGF-β signaling, which underlies the 

regulation of both dauer development and various behaviors, can be a potential 

regulator of nictation behavior as well. In this study, I show that neuroendocrinal 

DAF-7/TGF-β is not only required for the proper performance of nictation behavior, 
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but also for the behavioral response to environmental change such as quality of 

bacterial food. 

 

3.1 Canonical DAF-7/TGF-β regulates nictation behavior 

 

 TGF-β signaling is a conserved signaling pathway that plays a crucial role 

in animal physiology and development. TGF-β ligands transduce signals through 

the downstream signal cascade consisting of transmembrane Ser/Thr protein kinase 

receptors, Smads, and transcription co-factors (Massagué and Chen, 2000). Core 

components of canonical TGF-β signaling are well conserved in C. elegans 

including TGF-β ligand DAF-7, type I receptor DAF-1, type II receptor DAF-4, R-

Smads DAF-8/DAF-14, and Co-Smad DAF-3 (Fig. 23) (Savage-Dunn, 2005). To 

investigate whether canonical DAF-7/TGF-β signaling pathway regulates nictation 

behavior, I tested mutants for downstream signaling components as well as daf-7 

mutants. I observed mutations in TGF-β signaling genes exhibited a lower nictation 

ratio than N2 wild type (Fig. 24A). Null deletion allele of daf-7(ok3125) exhibited 
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a stronger effect on nictation than the reduction-of-function allele with a point 

mutation, daf-7(e1372), which is consistent with a previous report (Meisel et al., 

2014). Mutations in either daf-8 or daf-14 only conferred a mild effect on nictation. 

Both daf-8 and daf-14 encodes R-Smad DAF-8 and DAF-14, which have been 

suggested to be functionally redundant (Inoue and Thomas, 2000). To investigate 

the functional redundancy of daf-8 and daf-14 in the regulation of nictation 

behavior, I tested daf-8(sa233); daf-14(m77) double mutants. Indeed, the double 

mutants exhibited a significantly reduced nictation ratio (Fig. 24A). Interestingly, 

the type II receptor mutant daf-4(e1364) showed a mild decrease in nictation ratio 

compared to the type I receptor mutant daf-1(m40), suggesting that type I receptors 

play a major role in the regulation of nictation. This result is consistent with the 

previous report that type I receptor could function in the absence of type II receptors 

(Gunther et al., 2000). Notably, both the initiation index and the average duration 

of nictation behavior were decreased in daf-1(m40) and daf-8(sa233); daf-14(m77) 

mutants (Fig. 24B,C), suggesting that TGF-β signaling pathway is required for both 

initiation and maintenance of nictation behavior. 
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 Activation of daf-7 TGF-β signaling results in the nuclear localization of 

R-Smads DAF-8 and DAF-14 proteins, where they are supposed to inhibit the Co-

Smad DAF-3 protein (Fig. 23) (Savage-Dunn, 2005). It has been reported that 

mutation in daf-3 can suppress the mutant phenotypes of upstream TGF signaling 

components (Thomas et al., 1993). However, daf-3(mgDf90) null mutation did not 

enhance nictation ratio of wild type N2 any further (Fig. 24D), suggesting that there 

may be additional regulatory factors involved in the regulation of nictation behavior. 

 

TGF-β signaling acts in RIM/RIC interneuron 

 

 Expression analysis of the components of the TGF-β signaling pathway has 

revealed the neuroendocrinal nature of the signaling. Similar to mammalian 

neurohormone, DAF-7/TGF-β ligands are synthesized and secreted from sensory 

amphid neurons (Kim et al., 2002; Ren et al., 1996b; Schackwitz et al., 1996) and 

regulate development and physiology of the whole body (Gunther et al., 2000). 

Since nictation behavior is regulated by neuronal function (Lee et al., 2012), I 
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focused on the TGF-β signaling in the nervous system. I performed neuron-specific 

rescue experiments on type I receptor mutant daf-1(m40). Expression of daf-1::GFP 

cDNA driven by either its native daf-1 promoter or the RIM/RIC neuron-expressing 

promoter rescued the nictation defect of daf-1(m40) mutant dauers (Fig. 25) 

suggesting that RIM/RIC neurons are the sites of TGF-β signaling for nictation. The 

pan-neuronal and the pan-amphid promoters could not rescue the mutant phenotype, 

indicating that the proper and accurate expression and function of type I receptors 

is required for regulation of nictation behavior. 

 Interestingly, RIM/RIC neurons are also the site of action of daf-1 for 

regulation of dauer formation, feeding rate and fat storage (Greer et al., 2008). It 

suggests that TGF-β ligands released from sensory neurons are received by a subset 

of interneurons, where environmental information must be integrated and relayed 

to downstream targets. My result demonstrates that RIM/RIC hub interneurons for 

neuroendocrinal TGF-β signaling play a key role in the environmental plasticity of 

nictation behavior. 
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DAF-7/TGF-β is required for PA14 induced nictation enhancement 

 

TGF-β signaling pathway is previously reported to regulate pathogen 

avoidance behavior against Pseudomonas aeruginosa, a common Gram-negative 

bacteria in the natural environment that often shows opportunistic pathogenicity to 

animal hosts including humans (Lyczak et al., 2000). Feeding pathogenic 

Pseudomonas aeruginosa PA14 strain leads worm to death, and secondary bacterial 

metabolites from PA14 can induce avoidance behavior of worms, which is mediated 

by the enhancement of neuroendocrinal TGF-β signaling (Kim et al., 2002). Since 

nictation behavior is also regulated by TGF-β signaling, I sought the potential effect 

of PA14 treatment on nictation (Fig. 26). Indeed, PA14-fed dauers showed a higher 

nictation ratio compared to non-pathogenic E. coli OP50-fed dauers (Fig. 27A). 

Specifically, feeding of PA14 increased both the initiation index and the average 

duration of nictation behavior (Fig. 27B,C). In other words, upon feeding with 

pathogenic PA14 bacteria, worms performed nictation more often and longer. 
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To test whether TGF-β signaling is required for PA14-induced nictation 

enhancement, I fed OP50 and PA14 to daf-7(ok3125) mutant animals in which 

DAF-7/TGF-β signal is deficient. Unlike wild-type N2 strain, daf-7(ok3125) 

mutant dauers did not show nictation enhancement upon PA14 feeding (Fig. 27A). 

This result indicates that DAF-7/TGF-β is required for PA14-induced nictation 

enhancement. Precisely, the initiation index of daf-7(ok3125) mutants fed with 

OP50 and PA14 did not show any significant difference from each other (Fig. 27B). 

While the daf-7(ok3125) mutation also lowered the average duration of nictation 

behavior, PA14-fed daf-7(ok3125) mutant dauers still showed a higher average 

duration than OP50-fed daf-7(ok3125) animals. Therefore, I propose that the 

contribution of DAF-7/TGFβ signaling in the enhancement of nictation by PA14 

feeding is mostly due to its effect on the nictation initiation. Also, there may be 

other signaling pathway(s) that regulates the duration enhancement of nictation 

behavior in response to PA14 (Fig. 27C). 

In wild habitat of C. elegans, more than 100 species of Pseudomonas have 

been isolated, and many of them turned out to be detrimental to the nematode by 
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suppressing its growth and development (Samuel et al., 2016). Thus, my result 

demonstrates that feeding pathogenic bacteria enhances the hitchhiking behavior of 

C. elegans, which helps worms to leave from a habitat with bad quality food. Given 

that natural habitat of C. elegans shows a patch-like structure rather than a 

continuous area (Frézal and Félix, 2015), the environmental plasticity of nictation 

behavior might play an important role in maximizing survival of the species. It is 

remarkable that same signaling pathway regulates different behaviors, avoidance 

and hitchhiking, in responses to pathogenic bacteria. It is conceivable that worms 

efficiently utilize the same signaling pathway for regulation of different behaviors 

to achieve the same goal, leaving from the pathogenic habitat. 

 In summary, my study revealed the involvement of canonical DAF-7/TGF-

β signaling and its neuroendocrinal circuit in the regulation of nictation behavior 

(Fig. 28). Genetic analysis of the effect of pathogenic bacteria feeding suggests that 

DAF-7/TGF-β signaling plays an important role in adapting to natural habitat 

through behavioral control. 
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2. Rescue of nictation defect of TGF-β mutant by pheromone treatment 

and downregulation of cGMP signaling 

 

 Previous studies on TGF-β signaling raise additional questions about how 

this signaling regulates the development of behavior. The signaling pathway plays 

a role in conveying information and requires downstream effectors to bring about 

physiological changes. To identify these factors, I performed traditional forward 

genetics. I screened for suppressor mutation of nictation-defective daf-7(ok3125) 

mutation after EMS treatment (Fig. 29). As a result, I isolated three mutant strains, 

which rescue nictation defect of daf-7(ok3125) (Fig. 30). Interestingly, I found two 

of three mutants have missense mutation at 383rd amino acid of the tax-4 gene. tax-

4 encodes cyclic nucleotide-gated channel subunit orthologous to the human rod 

photoreceptor cGMP-gated channel CNGA1 gene. tax-4 regulates various sensory 

function including thermosensation and chemosensation (Komatsu et al., 1996). 

Also, cGMP signaling is known to act in upstream of TGF-β signaling in dauer 

development and pathogen avoidance (Meisel et al., 2014; Murakami et al., 2001). 

Thus, it was unexpected result because my screening scheme targets downstream 
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of TGF-β signaling. My result suggests additional sensory signaling acts in parallel 

with TGF-β signaling for regulation of nictation behavior. In recent years, reports 

have emerged that microbiomes affect the neuronal system and behavior through 

the gut-brain axis (Kiraly et al., 2016). My findings are expected to provide insight 

into the molecular mechanisms by which what we eat can lead to changes in 

behavior. 

 To explore environmental cue which influences nictation behavior 

independent of TGF-β signaling, I investigated pheromone treatment effect on daf-

7(ok3125) null mutant. I observed an enhancement of nictation by treating synthetic 

pheromone to daf-7(ok3125) mutant (Fig. 31). This result indicates pheromone can 

rescue nictation defect via another regulatory pathway independent of TGF-β 

signaling. To figure out such regulators, I performed expression analysis on the 

effect of pheromone treatment on daf-7(ok3125) in dauer inducing condition. As a 

result, 1,077 differentially expressed genes (DEGs) with two-fold change are 

detected between the control group and pheromone-treated group (Fig. 32, 33). As 

a result of Gene Ontology (GO) analysis, many DEGs are involved in the 
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development process (Biological process category GO, Fig. 34), and also 

characterized as cyclic compound and nucleotide binding protein (Molecular 

function category GO, Fig. 35). In addition, I observed expression of a tax-2 gene, 

which also encodes a subunit of cGMP-gated channel and forms a complex with 

TAX-4, is decreased in pheromone-treated daf-7(ok3125) group, which is 

consistent with previous higher nictation ratio of daf-7; tax-4 double mutant. 

 In summary, my study revealed that sensory cGMP signaling regulates 

nictation behavior in parallel with TGF-β signaling. cGMP signaling might play an 

important role to mediate environmental changes such as pheromone sensation into 

behavior response like development of nictation behavior.  
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Figure 23. Diagram of the DAF-7/TGF-β signaling pathway. Illustrated by D. 

S. Lim. 
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Figure 24. Regulation of nictation behavior by canonical DAF-7/TGF-β signaling 

pathway. (A) Diagram of the DAF-7/TGF-β signaling pathway. (B) Nictation ratio of 

TGF-β signaling mutants daf-7(e1372), daf-7(ok3125), daf-1(m40), daf-4(e1364), daf-

8(e1393), daf-14(m77), daf-8(sa233); daf-14(m77). (C) Initiation index of TGF-β 
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signaling mutants. (D) Average nictation duration of TGF-β signaling mutants. (E) 

Nictation ratio of Co-Smad mutant daf-3(mgDf90). Bonferroni’s multiple-comparison 

post-test. *P < 0.05, **P < 0.01 and ***P < 0.001. Error bars, s.e.m. 
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Figure 25. Regulation of nictation behavior by neuroendocrinal DAF-7/TGF-β 

signaling in RIM/RIC interneuron. Rescue experiment on nictation defect of daf-

1(m40) mutant. daf-1::GFP cDNA was expressed by egl-3 (pan-neuron), bbs-1 (pan-

amphid), daf-1 (native), and tdc-1 (RIM/RIC interneuron) promoter in daf-1(m40) 

mutant. Nictation ratio was measured to determine the rescue effect of each 

transgenic animal. Statistical significance was determined by one-way ANOVA and 
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Bonferroni’s multiple-comparison post-test. *P < 0.05, **P < 0.01 and ***P < 0.001. 

NS, not significant. Error bars, s.e.m. 
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Figure 26. Experimental scheme of nictation assay on non-pathogenic OP50-

fed dauers and pathogenic PA14-fed dauers. 
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Figure 27. Effect of feeding pathogenic PA14 on nictation. (A) Nictation ratio 

of OP50 or PA14 fed N2 and daf-7(ok3125). (B) Initiation index of OP50 or PA14 

fed N2 and daf-7(ok3125). (C) Average nictation duration of OP50 or PA14 fed 

N2 and daf-7(ok3125). Statistical significance was determined by one-way 

ANOVA and Bonferroni’s multiple-comparison post-test. *P < 0.05, **P < 0.01 

and ***P < 0.001. NS, not significant. Error bars, s.e.m. 
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Figure 28. Model for regulation of nictation behavior by TGF-β signaling pathway. 
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Figure 29. daf-7 suppressor screening scheme. By forward genetic approach, I 

sought suppressor mutant for nictation-defective daf-7(ok3125) mutant. After 

treating mutagen EMS, I isolated mutants displaying rescue phenotype for nictation. 
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Figure 30. daf-7 suppressor screening result. Nictation fraction of EMS treated 

F3 dauer population. 3-13-30 strain was isolated for suppressor mutant of daf-

7(ok3125). 

 



100 

 

 

 

Figure 31. Effect of pheromone treatment in daf-7(ok3125) mutant. Pheromone 

treatment enhances nictation behavior of daf-7(ok3125) mutant, suggesting 

pheromone effect on nictation is regulated by TGF-β independent manner. 
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Figure 32. Volcano plot for gene expression analysis between pheromone 

treated (plus) and non-treated (minus) daf-7(ok3125). 1,077 differentially 

expressed genes are presented as a single dot. Yellow, positive correlation. Blue, 

negative correlation. Gray, no correlation. 
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Figure 33. Volume plot for gene expression analysis between pheromone treated 

(plus) and non-treated (minus) daf-7(ok3125). 1,077 differentially expressed 

genes are presented as a single dot. Blue, fold change >= 2 and raw p-value < 0.05. 

Sky blue, only fold change >= 2. 
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Figure 34. GO analysis (Biological process) on DEGs between pheromone 

treated (plus) and non-treated (minus) daf-7(ok3125). GO terms of 1,077 

differentially expressed genes are analyzed in biological process category. 
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Figure 35. GO analysis (Molecular function) on DEGs between pheromone 

treated (plus) and non-treated (minus) daf-7(ok3125). GO terms of 1,077 

differentially expressed genes are analyzed in molecular function category. 
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국문초록 

 

닉테이션 행동의 다양성과 가소성에 대한 유전학적 연구 

 

이대한 

서울대학교 생명과학부 

 

동물의 행동은 생물 시스템을 통해 유전자와 환경이 상호작용하여 창

출해내는 표현형 중에 가장 복잡한 형질이라 할 수 있으며, 다른 형질

들에 비해 상당히 높은 표현형적 다양성과 가소성을 나타낸다. 특정한 

행동의 정상적인 발현을 위해서는 개체를 구성하는 전체 요소들과 그것

들이 결합하여 이루는 시스템 전체가 정상적으로 발생하고 정확하게 기

능하여야 한다. 이와 같은 총체적인 과정에는 유전체에 프로그램 되어 

있는 수많은 조절 기작들이 참여하고 있으며, 이들 중 일부 조절 기작

은 환경에 큰 영향을 받지 않고 강건하게 작동하는 한편 어떤 조절 기

작은 환경에 민감하게 반응하여 개체가 외부적 변화에 따른 가소성을 

나타내는데 기여한다. 여기에 더해 각 개체가 담고 있는 고유한 유전정

보들의 다양성은 같은 환경과 자극에도 개체마다 고유한 행동 발현의 

다양성을 나타내는 원인이 된다.  

본 연구는 행동유전학 분야의 핵심 주제인 행동의 유전적 다양성과 
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환경적 가소성을 유전자 수준으로 환원하여 분석하기 위해 닉테이션이

라는 예쁜꼬마선충의 편승(便乘) 행동의 다양성과 가소성을 분석하였다. 

구체적으로는 세계 각지에서 채집된 예쁜꼬마선충이 나타내는 닉테이션 

행동의 유전적 다양성을 양적 유전기법을 적용하여 분석하였고, 영국 

브리스톨 품종과 미국 하와이에서 채집된 야생형 사이에 관찰되는 닉테

이션 행동의 차이를 조절하는 단일 유전자 좌를 확인할 수 있었다. 이

에 대한 단일 유전자 수준의 분석을 진행한 결과 소형 리보핵산(small 

RNA)이 닉테이션 행동 다양성의 잠재적인 조절자 역할을 할 가능성을 

확인할 수 있었다. 이 밖에도 두 품종 사이의 추가적인 유전적 분석을 

통해 실험실에서 인위 선택된 신경펩티드 수용체 유전자가 닉테이션 행

동을 조절하고 있음을 발견할 수 있었다. 

본 연구는 환경에 따른 닉테이션 행동의 가소성과 이를 조절하는 신

호전달체계에 대한 심층적 분석도 진행하였다. 다양한 환경적 자극 중

에서 병원성 박테리아의 섭식과 선충 페로몬 처리가 닉테이션 행동의 

양적인 차이를 이끌어낼 수 있음을 확인하였고, 이와 관련된 TGF-β 신

호전달체계와 cGMP 신호전달체계의 역할과 작용기작을 규명하였다. 

종합하자면, 닉테이션 행동에 대한 본 연구는 행동이라는 복잡한 생

물학적 현상이 지닌 다양성과 가소성이라는 특성을 유전적 기법을 통해 

유전자 수준에서 성공적으로 분석하였으며, 동물 종이 서식 환경에서 

적응하고 진화하는 행동 메커니즘의 유전적 기반을 분자 수준에서 규명

하였다는 점에서 큰 의의가 있다. 
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