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ABSTRACT 

 The nematode C. briggsae, a relative of C. elegans, is a widely used animal model 

for comparative studies to understand evolution of gene function and developmental 

mechanisms. To investigate differences in the mechanism of reproductive system 

development, genetic screens were conducted in our laboratory to isolate C. 

briggsae mutant strains that display abnormal vulva and vulva-uterine connection. The 

screens yielded at least seven genes whose loss of function results in a multivulva 

phenotype and 13 genes that result in egg-laying defective and protruding vulva 

phenotypes. Molecular cloning experiments were carried out to determine the identities of 

these genes, leading to the identification of five C. elegans orthologs that function at 

different steps of vulval development process. Three of these, Cbr-lin-1, Cbr-lin-31 and 

Cbr-pry-1, encode components of Ras and Wnt pathways. The remaining genes are 

uncloned and include novel regulators of C. briggsae vulval development. Our 

comparative study of vulval development in C. briggsae and C. elegans has revealed 

differences in three homologous processes – inter-VPC distance, fate specification and 

anchor cell migration. Together these studies demonstrate that despite the overall 

similarity in vulval cell numbers and morphology between the two Caenorhabditis 

species, the underlying genetic programs include both conserved and divergent functional 

components. Additionally, this work highlights key resources such as mapping tools, 

mutant strains and CRISPR genome editing technology that have been developed to 

facilitate the use of C. briggsae in a comparative and individual context. 

 



Ph.D. Thesis-D. S. Peraiyur Premkumar  McMaster University-Biology 

 

iv 
 

ACKNOWLEDGEMENTS 

 I would first like to thank my family for all their support during the course of my 

Ph.D. My father and mother have played a big role in becoming the person I am today. 

My mother especially, she instilled in my mind, and by her actions, that education is 

freedom and with it, anything is possible (The world is your oyster). Through my parents, 

I have learnt to step out of my comfort zone and that education is a liberating force that 

allows one to think clearly and look far ahead. To this day with their phone calls, they 

have always reminded me to try my very best and never give up.  

 To my brother, Rajesh, thank you. You have been my rock and my inspiration 

through my crusade for higher education. From far away, you have helped me with my 

endless application process in India six years ago. Even in Canada, every step of my life 

has started with your presence. I am grateful for all your support and I hope I continue to 

make you proud. To my sister-in-law Radhika, thank you for your encouragement and for 

putting up with my absence for all these years. Lastly, to my awesome niece Riya, while 

you are currently too young to realize this, your videos and baby talk over the phone have 

always made my day and I will treasure you always.  

 As William James once said, “Wherever you are, it is your friends who make your 

world”. A lot of my friends (Sharmila Sathiasothy, Marisa Isaacs, Jessica Knox, Phil 

Carrella , Sangeena Salam, May Yeo, Lynn Kennedy, Divya Bajoria, Akhila Prakash) 

have been pivotal for finishing this degree. Marisa Isaacs, who kidnapped me to her home 

during Christmas, so that I would not have to spend it alone and made me a part of her 

family. Sharmila Sathiasothy has been my constant companion and confidante. Through 



Ph.D. Thesis-D. S. Peraiyur Premkumar  McMaster University-Biology 

 

v 
 

our ritualistic phone calls, she has always motivated me to go after what I want and has 

been a comforting presence through all my ups and downs. Sangeena Salam, my 

roommate and who has been like family for the last few years. Jessica Knox and Phil 

Carella for their unwavering support and encouragement during my periods of writer’s 

block and for our innumerable coffee and tea sessions. Also Divya Bajoria, we started our 

Bachelors, Masters and Ph.D. together and this year we are completing it once again 

together.  

 For research assistance and much needed guidance during my early years in 

McMaster, I am extremely grateful to Bavithra Thillainathan and Phil Cumbo.  Phil 

Carella, Katelyn Link and Sara Nolte have been really awesome and I am thankful for all 

their assistance and time during the final stages of my thesis editing and preparation. I am 

also thankful to my lab mates and friends Ayush, Scott, Sangeena, Justin, Cory and Romy 

who have helped me out on every occasion despite my endless questions and complaints.  

A special shout-out to the undergraduate students Jaeyoung Kim, Ria Oommenn and 

Nayasta Kusdaya for all their assistance in changing this work to a story, 

 Finally, I would like to express my gratitude for the support of my supervisor Dr. 

Bhagwati Gupta, my committee members-Dr. Andre Bedard and Dr. Juliet Daniel who 

have showed confidence in me and for all their help given in shaping my work and thesis. 

I am especially grateful to Dr. Gupta who has always been available for my questions and 

also for encouraging me to explore the other facets of science.  

Thank you all. 

 



Ph.D. Thesis-D. S. Peraiyur Premkumar  McMaster University-Biology 

 

vi 
 

TABLE OF CONTENTS 
 

Title Page i 

Descriptive Note ii 

Abstract iii 

Acknowledgements iv-v 

Table of Contents vi-x 

List of Figures xi-xii 

List of Tables xiii-xiv 

List of Abbreviations xv-xvi 

 

CHAPTER 1: INTRODUCTION ........................................................................................ 1 

1.1 Overview ................................................................................................................... 1 

1.2 Formation of organs .................................................................................................. 2 

1.2.1 Organogenesis: Insight into conserved signaling pathways and genes ............. 3 

1.3 Comparative studies: Conserved and divergent developmental mechanisms .......... 5 

1.4 Nematodes as model organisms to investigate evo-devo mechanisms ..................... 7 

1.4.1 Caenorhabditis elegans isolate N2 .................................................................... 9 

1.4.2 Caenorhabditis briggsae in comparison to C. elegans .................................... 10 

1.5 C. elegans reproductive system .............................................................................. 13 

1.5.1 Components of the reproductive system.......................................................... 13 

1.5.2 Formation of the vulva and vulva-uterine connection ..................................... 14 

1.5.2.1 Cellular events ............................................................................................. 14 

1.5.2.2 Molecular mechanisms ................................................................................ 19 

1.6 Signaling pathways involved in vulval development ............................................. 22 

1.6.1 Wnt signaling ................................................................................................... 27 

1.6.2 RAS/MAPK signaling ..................................................................................... 31 



Ph.D. Thesis-D. S. Peraiyur Premkumar  McMaster University-Biology 

 

vii 
 

1.6.2.1 Components of RAS/MAPK pathway ......................................................... 33 

1.6.2.2 Downstream targets ..................................................................................... 34 

1.6.2.3 Regulators of the Ras pathway .................................................................... 35 

1.6.2.3.1 Positive regulators of RAS/MAPK signaling .............................................. 36 

1.6.2.3.2 Negative regulators of RAS/MAPK signaling ............................................ 38 

1.6.2.4 Chromatin mediated regulation .................................................................... 39 

1.6.3 Notch signaling ................................................................................................ 41 

1.7 Reproductive system development in C. briggsae ................................................. 45 

1.7.1 Developmental processes and similarities and differences from C. elegans ... 45 

1.8 Genetic dissection of vulval development in C. briggsae ...................................... 48 

1.9 Summary of intent ................................................................................................... 50 

 

CHAPTER 2: MATERIALS AND METHODS ............................................................... 53 

2.1 Strains and culture conditions ................................................................................. 53 

2.2 Genetic screens ....................................................................................................... 54 

2.3 Mapping .................................................................................................................. 55 

2.4 Complementation .................................................................................................... 56 

2.5 Serotonin and fluoxetine drug assays ..................................................................... 56 

2.6 Heat shock experiment ............................................................................................ 57 

2.7 Egl penetrance assay ............................................................................................... 57 

2.8 Muv penetrance assay ............................................................................................. 57 

2.9 Generation of sgRNA constructs ............................................................................ 58 

2.10 Sequencing .............................................................................................................. 59 

2.11 Generation of transgenic strains .............................................................................. 59 

2.12 Microscopy ............................................................................................................. 60 

2.13 Ablation experiments .............................................................................................. 61 

2.14 Statistical analysis ................................................................................................... 62 

2.15 U0126 assays .......................................................................................................... 62 

2.16 Quantitative RT-PCR assays ................................................................................... 62 



Ph.D. Thesis-D. S. Peraiyur Premkumar  McMaster University-Biology 

 

viii 
 

CHAPTER 3: GENETIC CONTROL OF VULVAL DEVELOPMENT IN 

CAENORHABDITIS BRIGGSAE ....................................................................................... 64 

Introduction 66 

Results 70 

Class 1 mutants have defects in egg-laying components other than the vulva  

and utse 

71 

Class 2 mutants have defects in nuclear migration and include Cbr-unc-84 71 

Class 3 mutants exhibit reduced VPC induction 72 

Overexpression of lin-3 suppresses the VPC induction defect in a subset of 

class  3 mutants 

73 

Class 3 mutations bh20 and bh23 are alleles of Cbr-lin-39 74 

Pn.p cells lack competence and are irregularly placed in Cbr-lin-39 mutants 75 

bh20 is epistatic to Cbr-pry-1(sy5353) 75 

Class 4 mutations affect vulval invagination and morphology 75 

Cbr-lin-11 mutations disrupt vulva and utse morphogenesis 77 

Discussion 77 

Acknowledgements 80 

Supporting information 83-86 

 

CHAPTER 4: MUTATIONS IN CAENORHABDITIS BRIGGSAE IDENTIFY NEW 

GENES IMPORTANT FOR LIMITING THE RESPONSE TO EGF SIGNALING 

DURING VULVAL DEVELOPMENT ............................................................................ 87 

Introduction 89  

Results 93  

A genetic screen for Multivulva mutants in C. briggsae identifies alleles of  

seven  genes 

93  

Ectopic vulval cells in C. briggsae Muv mutants can adopt primary as well as  

secondary vulval cell fates 

94  

Genetic mapping and a streamlined approach for gene mapping in C. briggsae 95  

Mutations in three C. elegans Muv gene orthologs also confer a Muv 

phenotype 

96  



Ph.D. Thesis-D. S. Peraiyur Premkumar  McMaster University-Biology 

 

ix 
 

The Muv phenotype of C. briggsae mutants is gonad independent 96  

The Muv phenotype of new C. briggsae mutants is dependent on MEK 96  

The Muv phenotype of some new C. briggsae mutants does not result from  

increased transcript abundance of lin-3/EGF 

99  

Discussion 99  

Acknowledgements 101  

Supporting information 104-109  

 

CHAPTER 5: GENOME EDITING IN CAENORHABDITIS BRIGGSAE USING THE 

CRISPR/CAS9 SYSTEM ................................................................................................ 110 

Introduction 114  

Results 115  

Discussion 119  

Acknowledgements 120  

Supporting information 123-128  

 

CHAPTER 6: DISCUSSION AND FUTURE DIRECTIONS ........................................ 129 

6.1. Genes involved in P-cell migration ....................................................................... 130 

6.2. Genes affecting cell proliferation .......................................................................... 131 

6.2.1. Vulvaless genes ............................................................................................. 131 

6.2.2. Multivulva genes ........................................................................................... 132 

6.2.3. Identification of conserved C. elegans orthologs in C. briggsae .................. 132 

6.2.4. New genes that function in an EGF dependent manner ................................ 134 

6.3. Genes affecting vulval morphology ...................................................................... 136 

6.4. Genetic variations underlying a robust system ..................................................... 136 

6.5. Phenotypic spectrum of mutants obtained in different nematode species ............ 140 

6.6. Concluding remarks .............................................................................................. 142 

6.7. Future directions ................................................................................................... 143 

 



Ph.D. Thesis-D. S. Peraiyur Premkumar  McMaster University-Biology 

 

x 
 

APPENDIX ...................................................................................................................... 146 

REFERENCES ................................................................................................................ 156 

 



Ph.D. Thesis-D. S. Peraiyur Premkumar  McMaster University-Biology 

 

xi 
 

LIST OF FIGURES 

Chapter 1:   

Figure 1 Specification of invariant cell fate pattern (3°3°2°1°2°3°) 

among the vulval precursor cells (VPCs) through Ras, Wnt and 

Notch signaling pathways in C. elegans. 

17 

Figure 2 Overview of conserved Wnt, Ras/MAPK and Notch signaling 

pathways and the core pathway homologs in C. elegans 

24-26 

Figure 3 Percent identity between the Wnt orthologs in C. elegans and 

C. briggsae  

30 

Figure 4 Percent identity between the Ras pathway orthologs in C. 

elegans and C. briggsae 

32 

Figure 5 Interaction of Ras and Notch signaling pathways during vulval 

development  

43 

Figure 6 Percent identity between the Notch pathway orthologs in C. 

elegans and C. briggsae 

44 

Figure 7 Vulval development from L3 to mid L4 stage in C. briggsae. 46 

Figure 8 Vulval morphology of C. elegans and C. briggsae 47 

 

Chapter 2:   

N/A   

Chapter 3:   

Figure 1 Egg-laying responses of class 1 mutants 72 

Figure 2 Nuclear migration defects in class 2 mutants and molecular 

analysis of Cbr-unc-84 

72 

Figure 3 Vulva phenotypes of class 2 and 3 mutants 73 

Figure 4 Effect of lin-3 overexpression on VPC induction in class 3 

mutants 

75 

Figure 5 Genomic organization and mutant phenotypes of lin-39 76 



Ph.D. Thesis-D. S. Peraiyur Premkumar  McMaster University-Biology 

 

xii 
 

Figure 6 Vulval morphology defects in class 4 mutants 77 

Figure 7 Genomic organization of Cbr-lin-11 and mutant phenotypes 78 

Figure 8  Vulval development in C. briggsae and the proposed roles of 

genes described in this study 

79 

Chapter 4:   

Figure 1 Wild-type vulval development in C. elegans and C. briggsae. 90 

Figure 2 C. briggsae Muv mutants exhibit ectopic development of 

primary and secondary vulval cells 

95 

Figure 3 Genetic linkage map of C. briggsae Muv genes described in 

this study 

96 

Figure 4 A streamlined genetic mapping method allows for efficient 

genetic mapping and gene identification of Cbr-lin-1 

97 

Figure 5 Genetic mutations associated with Cbr-lin-31 and Cbr-pry-

1 are identified from the set of C. briggsae Muv mutants 

98 

Figure 6 The Muv phenotype associated with C. briggsae mutants is 

gonad-independent 

99 

Figure 7 The Muv phenotype of four new C. briggsae mutants is 

dependent on MEK. 

99 

Figure 8  The abundance of lin-3/EGF transcripts in C. briggsae and C. 

elegans Muv mutants determined by qRT-PCR 

100 

Chapter 5:   

N/A   

Chapter 6:   

N/A   

Chapter 7:   

N/A   

Appendix   

Figure 1 Expression of nhr-67 in C. briggsae at L3 and early L4 stages 151 



Ph.D. Thesis-D. S. Peraiyur Premkumar  McMaster University-Biology 

 

xiii 
 

LIST OF TABLES 

Chapter 1:   

N/A   

Chapter 2:   

N/A   

Chapter 3:   

Table 1 Results of complementation experiments 69 

Table 2 Linkage mapping of Cbr-lin-11 using phenotypic markers 69 

Table 3 Linkage mapping of mutations by BSA and SNP-chip techniques 70 

Table 4 Overview of C. briggsae egg-laying defective mutants 71 

Table 5 Vulval induction pattern in Class 2 and 3 mutants 73 

Table 6 Vulval cell lineage analysis of class 3 and 4 mutants 74 

Table 7 Effect of cell ablations on VPC fates in class 3 mutants 74 

Table 8 Vulval morphology defects in class 4 mutants 77 

Table 9 Expression of vulval cell fate markers in Cbr-lin-11 mutants 78 

Chapter 4:   

Table 1 An overview of C. briggsae Muv mutants described in this study 91 

Table 2 The Muv phenotype of Cbr-lin(gu102) and Cbr-lin(gu167) is 

temperature sensitive 

91 

Table 3 Vulval defects in Muv animals derived from homozygous and 

heterozygous mothers 

94 

Table 4 Analysis of the VPC induction pattern in Muv mutants 94 

Chapter 5:   

Table 1 Phenotypes of transgenic animals generated using the 

CRISPR/Cas9 technique 

117 

Table 2 Alleles generated by the CRISPR/Cas9 approach 118 



Ph.D. Thesis-D. S. Peraiyur Premkumar  McMaster University-Biology 

 

xiv 
 

Table 3 Genome editing events detected using CRISPR-mediated HR 119 

Chapter 6:   

N/A   

Chapter 7:   

Table A1 Main components and targets of Ras, Wnt and Notch signaling 

pathways in C. elegans and C. briggsae. 

153 



Ph.D. Thesis-D. S. Peraiyur Premkumar  McMaster University-Biology 

 

xv 
 

LIST OF ABBREVIATIONS 

 

AC Anchor cell 

APC Adenomatous polyposis coli 

BMP Bone morphogenetic protein 

Cbr Caenorhabditis briggsae 

Cel Caenorhabditis elegans 

CK1 Casein kinase I 

CRISPR Clustered, regularly interspaced, short palindromic repeats 

CSL CBF1/Suppressor of Hairless/LAG-1 

Dpy Dumpy 

DSD Developmental system drift 

DSL Drosophila (Delta, Serrate) and C. elegans (LAG-2) 

EGF Epidermal growthfactor 

Egl Egg-laying defective 

EMS Ethyl methyl sulfonate 

Evo-Devo Evolution and Development 

FGF Fibroblast growth factor 

Fz Frizzled 

GEF Guanine nucleotide exchange factor 

GRB-2 Growth factor Receptor-Bound protein-2 

GSK-3 Glycogen synthase kinase-3 

GTP Guanosine Triphosphate 

HR Homologous recombination 

Hyp Hypodermis 

ivp Inappropriate vulval cell proliferation 

LEF Lymphoid enhancer-binding factor 

LINC Linker of nucleoskeleton and cytoskeleton 

MAPK Mitogen-activated protein kinase 

MEK Mitogen-activated protein kinase kinase 

Muv Multivulva 

NHEJ Non-homologous end joining 

PAM Protospacer adjacent motif 

Ppa Pristionchus pacificus 

PLZF Promyelocytic leukaemia zinc finger protein 

Pvl Protruding vulva 

sg Single guide 

Shh Sonic hedgehog 

SNP Single nucleotide polymorphism 

Sog short gastrulation 

ssODN single stranded oligonucleotides 

synMuv Synthetic Multivulva 



Ph.D. Thesis-D. S. Peraiyur Premkumar  McMaster University-Biology 

 

xvi 
 

TALEN Transcription activator-like effector nuclease 

TCF T-cell factor 

Unc Uncoordinated 

Utse Uterine seam cell 

VC Ventral cord 

VPC Vulval precursor cell 

VU Ventral uterine 

Vul Vulvaless 

ZFN Zinc finger nuclease 

ZPA Zone of polarizing activity 



Ph.D. Thesis-D. S. Peraiyur Premkumar  McMaster University-Biology 

 

1 
 

CHAPTER 1: INTRODUCTION 

1.1 Overview  

 

The formation of organized structures such as tissues and organs is a striking feature 

of multicellular organisms. The morphogenesis of these structures is tightly linked to the 

organization of individual cells during early stages of development. Given the diverse and 

complex nature of development within the animal kingdom, the study of morphogenesis 

can be extremely difficult. Remarkably, underneath most of this morphological diversity 

lies a common set of genetic and cellular mechanisms. However, exactly how the 

information is processed for cells to organize and form a specific structure in individual 

organisms still remains an open area of investigation. 

The use of model organisms has greatly enhanced our understanding of organ 

formation. Analysis of mutant animals defective in a particular behavior can provide 

insight into the components of the organ system and shed light on the genetic programs 

underlying cell fate specificity. This thesis focuses on the development of the egg laying 

organ (vulva) in the nematode Caenorhabditis briggsae (C. briggsae). Taking a forward 

genetics approach, I investigated the genetic components required for vulval 

development. Additionally, the studies described herein sets the background for future 

comparative studies with Caenorhabditis elegans (C. elegans), a well-established model 

nematode, to understand how developmental processes change during evolution. 
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1.2 Formation of organs 

Most multicellular organisms begin their life as a single celled zygote. The single cell 

divides and differentiates to form tissues and organs and ultimately results in the 

formation of a living organism capable of performing specialized tasks. With nearly 8 

million animal species on earth (Mora et al., 2011), it is amazing how cells process 

genomic information to form distinct structures such as organs in different animal species. 

Organogenesis in multicellular animals mostly occurs after gastrulation through the 

formation of the three germ layers; ectoderm, endoderm and mesoderm (Gilbert, 1997; 

Solnica-Krezel and Sepich, 2012). Organs are comprised of various cell types and tissues 

derived from the different germ layers. This process involves the interaction, proliferation 

and differentiation of cells, and importantly, also requires their organization into distinct 

patterns for proper organ development. These myriad cellular processes are regulated by 

multiple signaling pathways to ensure precise control of cell fate and behavior. 

Alterations in any of these cellular or molecular mechanisms can lead to embryonic 

defects, congenital abnormalities and structural deficiencies. Due to this intrinsic 

complexity, organogenesis poses one of the greatest challenges in developmental biology. 

Nevertheless, the study of organogenesis holds the key to gaining insight into genes 

controlling cellular organization, development of new strategies to improve health care 

management and the differences leading up to evolutionary change (Langer and Vacanti, 

1993; Whitsett et al., 2004; Zorn and Wells, 2009; Egeblad et al., 2010; Carroll et al., 

2013; Fahed et al., 2013).  
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1.2.1 Organogenesis: Insight into conserved signaling pathways and genes 

 Previous studies of organogenesis have identified conserved genes and signaling 

pathways that spatiotemporally regulate a number of biological processes and have 

improved our understanding of organ development and function in humans and other 

organisms. For instance, developmental studies on tooth structure have identified a 

conserved signaling center involving Bone morphogenetic protein (BMP) and Fibroblast 

growth factor (FGF) signaling that is also expressed in the organizing centers of the 

embryo, notochord and limb buds (Roelink et al., 1995; Tickle, 1995; Thesleff, 1996). 

Organogenesis study of the mammalian renal system provided the biological basis for 

examining molecular events underlying induction and differentiation in kidneys with 

healthy and impaired function  (Saxen and Sariola, 1987).  

 Further developmental studies using representative model systems like Drosophila 

melanogaster (D. melanogaster) have revealed that major components of intercellular 

signaling pathways also have vertebrate counterparts, e.g. the short gastrulation (sog) 

gene is the D. melanogaster homolog of vertebrate chordin which interacts with the 

transforming growth factor beta (TGF-β) family of signaling proteins to specify the 

dorsoventral axis in embryos (Francois et al., 1994). Other signaling proteins include 

Sonic hedgehog (Shh), a homolog of the D. melanogaster Hedgehog signaling protein 

that is expressed in the growing vertebrate limb bud at the Zone of Polarizing Activity 

(ZPA) as a morphogen. Comparative studies have identified that changes in Shh signaling 

could be a major driver in evolutionary diversification of vertebrate limbs (Tickle and 

Barker, 2013; Lopez-Rios et al., 2014). In C. elegans, a number of mutagenesis studies 
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centered on the identification of genes required for vulval development have identified a 

signaling network formed by the Epiderminal growth factor (EGF), Wnt, and Notch 

pathways, resulting in an invariant fate pattern among the ventral epithelial precursor 

cells (Trent et al., 1983; Ferguson and Horvitz, 1985; Sternberg and Horvitz, 1986; 

Eisenmann, 2005; Greenwald, 2005; Sundaram, 2006).  

 Hox genes are another prime example of conserved genes in metazoans. They were 

first identified in D. melanogaster, when mutations resulted in homeotic transformation 

causing a body part or organ to be transformed into another type, e.g. antennaae 

transformed into legs or halteres instead of wings (Lappin et al., 2006).  Hox genes 

function as regulatory transcription factors and are responsible for specifying segmental 

identity along the anterior-posterior axis (Lewis, 1978; Nüsslein-Volhard and Wieschaus, 

1980; McGinnis et al., 1984). Their relative positioning on the chromosomes reflects their 

anterior-posterior patterning along the organism’s body and variations in copy number or 

spatiotemporal expression correlates with differences in body plan (McGinnis and 

Krumlauf, 1992; Gellon and McGinnis, 1998). These Homeobox-containing genes are 

fundamental components of the genetic toolkit responsible for development in all animals 

and with their discovery in evolutionary distant species, comparative studies involving 

evolution and development (evo-devo) became prominent (McGinnis et al., 1984; Carroll 

et al., 2013; Heffer and Pick, 2013). 
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1.3  Comparative studies: Conserved and divergent developmental mechanisms 

Beginning just over a century ago, the approach of model organism-based 

developmental studies has enhanced our understanding of metazoan development 

immeasurably. By acting as a representative for a larger group of species, model 

organisms have provided a fundamental architecture to understand how the components 

of a biological system form and function. With progressing genomic technologies and 

scientific methods, the number of model organisms has vastly increased and comparative 

studies have grown to become a powerful approach in examining developmental 

diversity. They can facilitate a better understanding of the underlying genetic framework 

of a given structure and help us understand how modifications to these frameworks 

evolve to give rise to new structures or novel phenotypes in related species. For example,  

functional comparisons of the Ultrabithorax orthologs have resulted in the identification 

of a conserved domain that is present in insects, but absent in other arthropods, which is 

responsible for the diversification of thoracic and abdominal segments in insects (Galant 

and Carroll, 2002). Another example is the HoxC8 gene in vertebrates (Belting et al., 

1998; Cohn and Tickle, 1999). Temporal shifts in expression and divergence of a cis-

regulatory element in Hoxc8 is associated with differences in axial morphology between 

chickens and mice (Belting et al., 1998).  In snakes, the absence of Sonic HedgeHog 

(Shh) expression along with the expansion of HOXB5 and HOXC8 expression domains 

accounts for the extended thorax and absence of limbs (Cohn and Tickle, 1999). Other 

prominent instances of large scale morphological variation between species determined 

by comparative studies include differences in the number of repeated parts (segmentation) 
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in arthropods, diversification of homologous structures as in limb development between 

vertebrate lineages, and evolution of new characteristics such as butterfly wing spots, 

hair, and antlers in mammals (True and Haag, 2001; Carroll et al., 2013). 

On the other hand, underlying developmental mechanisms often diverge over time 

without phenotypic change, a process known as ‘Developmental System Drift’ (DSD). 

This is often manifested in highly conserved features like body patterning (True and 

Haag, 2001). In the nematodes C. elegans and Pristionchus pacificus, the lin-39 Hox gene 

controls vulval cell fate specification in the central body region of the worm (Clark et al., 

1993; Sommer et al., 1998).  In P. pacificus, the vulval cells of lin-39 mutants undergo 

programmed cell death, while in C. elegans, lin-39 vulval cells fuse to the hypodermis 

(Clark et al., 1993; Sommer et al., 1998).  In both cases, loss of LIN-39 function gives 

rise to a non-vulval fate resulting in a vulvaless phenotype, but the cell fate decisions 

between these two species have diverged (Clark et al., 1993; Eizinger, 1997; Sommer et 

al., 1998). Signaling mechanisms also differ between these two species. In C. elegans, the 

vulval cell fate is induced mainly by EGF/LIN-3 signal from the anchor cell (AC) along 

with Wnt signaling, whereas Wnt signaling plays a predominant role during vulval 

induction in P. pacificus (Sternberg, 2005; Zheng et al., 2005; Tian et al., 2008).  

Furthermore, analysis of a neomorphic allele of P. pacificus lin-17 where the receptor has 

acquired an additional domain for regulatory linkage provides evidence of a novel aspect 

of Wnt signaling that is different from C. elegans (Wang and Sommer, 2011). This 

observation reveals the modular nature of proteins which could potentially rewire 

signaling mechanisms (Dueber et al., 2003; Howard et al., 2003; Park et al., 2003; 
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Bhattacharyya et al., 2006; Wang and Sommer, 2011). Genome sequence comparisons to 

resolve the phylogenetic relationships among the Caenorhabditis nematodes suggest that 

the hermaphroditic mode of reproduction evolved independently in C. elegans and C. 

briggsae – the two closely related species that look morphologically identical (Kiontke et 

al., 2004). C. briggae lacks an ortholog of fog-2, a gene responsible for hermaphrodite 

spermatogenesis in C. elegans (Nayak et al., 2005), and RNAi experiments have revealed 

functional differences among the fem genes that are responsible for masculinization of the 

germline (Stothard and Pilgrim, 2003).  

Comparative studies also aid in the identification of regulatory elements (Bergmann et 

al., 2004). Phylogenetic footprinting enabled the identification of conserved cis-

regulatory sequences responsible for expression in specific vulval cell types in C. elegans 

and C. briggsae, providing tools for expression analysis and mutational analysis (Kirouac 

and Sternberg, 2003).   

1.4 Nematodes as model organisms to investigate evo-devo mechanisms 

Nematodes are attractive model systems for comparative evo-devo studies given their 

prevalence in nature (from the tropics to the polar region) and amenability to genetic 

manipulation. They offer great potential to gain an understanding in the fields of ecology, 

evolution, genetics, development, aging, and behavior. They provide several experimental 

advantages, including ease of maintenance, short generation time, and large brood size, 

facilitating the study of numerous biological processes that are difficult to study in other 
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model systems or humans. The prototypical model of the Caenorhabditis genus that has 

been studied in great detail is C. elegans (Brenner, 1974). 

Comparative studies involving different nematode species and C. elegans have 

identified several differences in gene expression, cell lineages, and morphogenetic 

processes such as gonadogenesis and vulval development. For instance, the adult C. 

elegans hermaphrodite contains exactly 959 somatic cells, with the lineage of every cell 

during embryonic and post-embryonic development completely traced (Sulston and 

Horvitz, 1977). On comparison of this cell lineage map with nematodes like  Panagrellus 

redivivus,  several cell lineage transformations with respect to polarity reversal, cell fate 

switch, and division number can be observed (Sulston and Horvitz, 1977; Rudel and 

Sommer, 2003; Wanninger, 2015). Thus, differences in cell lineage could be used to 

explain variations in morphological structures. Nematodes also display substantial 

variation during gonad development. The gonads in males across species are always 

monodelphic (one-armed), while the gonads in females or hermaphrodites can be mono or 

didelphic (two-armed)  (Chitwood and Chitwood, 1974). C. elegans has two gonadal 

arms developing from four progenitor cells, Z1-Z4. However, in nematodes, such as 

Oscheius guentheri, Panagrellus redivivus, Panagrolaimus sp. PS1579, and 

Mesorhabditis sp. PS1179, the Z4 lineage is shortened by programmed cell death (Félix 

and Sternberg, 1996). This results in a monodelphic gonadal structure (Félix and 

Sternberg, 1996). Monodelphy has evolved repeatedly in these nematodes and in all these 

species the events are preceded by an asymmetric division in timing between the gonadal 

cells Z1 and Z4 (Félix and Sternberg, 1996). Another example of how natural genetic 
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variation influences nematode development is in vulval development. Nematodes can 

display a wide range of variations with respect to vulval positioning (central versus 

posterior) and composition (number of vulval precursor cells) (Sommer and Sternberg, 

1996). These variations are attributed to changes in the number of gonadal arms, gonad 

migration and cell signaling events. Given the wide range of variation in developmental 

processes, combined with the knowledge from C. elegans, nematodes form an ideal 

system for studies involving evolution and development 

1.4.1 Caenorhabditis elegans isolate N2 

C. elegans was first introduced as a model organism in 1973 by Sydney Brenner to 

study eukaryotic development and the nervous system (Brenner, 1973, 1974). It has a 

hermaphroditic mode of reproduction and a short life cycle (Brenner, 1974; Riddle et al., 

1997). It takes three days to progress from egg to adult, moving through four larval stages 

(L1 to L4) (Brenner, 1974; Byerly et al., 1976; Riddle et al., 1997). Each hermaphrodite 

is capable of laying up to 300 eggs under self-fertilization, and substantially more if 

mating occurs with males (Brenner, 1974; Byerly et al., 1976). The small size (1mm) and 

transparency of the nematode body, alongside the constancy of cell number and position 

from one individual to another are unique properties that have enhanced studies in this 

organism (Riddle et al., 1997). These initial studies, combined with the nematode’s 

genetic tractability in forward and reverse genetic analyses have enabled researchers to 

elucidate the fine details of the cellular events in C. elegans development. 
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1.4.2 Caenorhabditis briggsae in comparison to C. elegans 

Over the last decade, focus has shifted from C. elegans to several other nematode 

species like Pristionchus sp., Oscheius sp., and Caenorhabditis briggsae (C. briggsae) to 

further understand how genetic networks and signaling mechanisms function and evolve 

(Dichtel et al., 2001a; Dichtel-Danjoy and Félix, 2004; Hong and Sommer, 2006). In the 

studies described below, we use Caenorhabditis briggsae (C. briggsae) isolate AF16, a 

close relative of C. elegans, as a genetic system to investigate various processes during 

vulval development.  

C. briggsae is a hermaphroditic nematode that diverged from C. elegans 

approximately 30 million years ago (MYA) (Cutter, 2008). Both nematode species share 

almost identical morphology and a similar ecological niche, growing within rotten fruits, 

stems, and in invertebrate carriers, with the exception that C. briggsae can thrive in 

higher temperatures (up to 28°C) (Félix and Duveau, 2012). Studies sampling natural 

populations of C. elegans and C. briggsae have shown that C. elegans has a low global 

diversity whereas C. briggsae has a clear pattern of population differentiation between 

tropical and temperate clades (Barrière and Félix, 2005; Cutter et al., 2006; Dolgin et al., 

2008). Several other reports have identified differences between C. elegans and C. 

briggsae developmental processes. Some examples include the vulval development 

process, RNAi uptake, embryonic patterning, and excretory system anatomy (Wang and 

Chamberlin, 2002; Félix, 2007; Lin et al., 2009; McEwan et al., 2012). With the release 

of its sequenced genome in 2003 and subsequent RNA-seq analysis in 2012, C. briggsae 

has become a popular species for comparative analysis with C. elegans and for 
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deciphering mechanisms of development involving gene evolution and function (Stein et 

al., 2003; Uyar et al., 2012). 

The genomes of C. elegans and C. briggsae are similar in organization and size, with 

both nematodes containing six chromosomes that total a size of 100.3 MB and 104 MB, 

respectively (Stein et al., 2003). Almost 60% of C. briggsae genes have clear orthologs in 

C. elegans (Stein et al., 2003; Uyar et al., 2012). The remaining genes are species-

specific or have multiple orthologs in C. elegans and other species (Stein et al., 2003; 

Strange, 2006). Among the 1105 operons detected, approximately 51% are conserved in 

C. elegans, while the rest are divergent or C. briggsae-specific (Stein et al., 2003; Uyar et 

al., 2012). Additionally, there is limited conservation of genes with alternative splice 

forms (Uyar et al., 2012). Alternative splicing plays a major role in species specificity by 

regulating and diversifying gene function (Blencowe, 2006). The limited conservation of 

alternative splice forms still needs to be validated by comparing transcriptomes of 

nematodes at different developmental stages and in varying environmental conditions 

(Uyar et al., 2012). Functional conservation among many genes has also been highlighted 

through rescue experiments between the two species. However, this does not indicate that 

all genes will function or be expressed in a similar manner in both of the nematode 

species (Krause et al., 1994; Verster et al., 2014).  

In the last decade, alongside the release of the C. briggsae genome, recombination 

maps were generated using SNPs, indels, and mutations to improve mapping and gene 

identification with forward genetic screens (Stein et al., 2003; Baird and Chamberlin, 

2006; Hillier et al., 2007; Koboldt et al., 2010; Ross et al., 2011). More recently, 
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additional resources have become available that include a C. briggsae RNAi library of 

genes that exhibit 1:1 orthology to C. elegans and a fosmid-based transgene resource that 

allows for examination of protein function, cell lineage tracing, and gene expression 

profiling (Sarov et al., 2006, 2012; Zhao et al., 2010; Verster et al., 2014).  

In addition to the above resources, new genome editing technologies involving the use 

of nucleases with transcription activator-like effector nucleases (TALENs) and RNA-

guided Clustered, Regularly Interspaced, Short Palindromic Repeats (CRISPR) to 

engineer double stranded breaks at specific locations in the genomes (Dickinson et al., 

2013, 2015; Wei et al., 2014; Witte et al., 2015) have allowed for the  creation of targeted 

mutants in C. briggsae. In the case of CRISPR, a single guide RNA (sgRNA) expressed 

from a U6 RNA polymerase III promoter and a DNA endonuclease (Cas9) specifically 

target genomic sequences preceding a Protospacer Adjacent Motif (PAM) 3’NGG site to 

cause double strand breaks. The breaks are repaired by an error-prone non-homologous 

end joining (NHEJ) mechanism (Frøkjær-Jensen, 2013). While the CRISPR protocol has 

been well established in C. elegans (Friedland et al., 2013), its use in other nematodes is 

just beginning. Witte et al., 2015 have reported successful adoption of CRISPR in 

Pristionchus sp. Chapter 5 in this thesis reports a working CRISPR method in C. briggsae 

that I, along with other members of the Gupta lab, have developed and used to generate 

mutant alleles of several genes. The CRISPR approach provides a powerful tool to study 

the function of desired genes involved in vulval development in C. briggsae.    
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1.5 C. elegans reproductive system 

1.5.1 Components of the reproductive system 

 The hermaphrodite vulva is one the best studied organ systems in C. elegans. 

Several features make vulval development an attractive paradigm for study. For one, it is 

a reproductive organ necessary for mating and egg-laying. The vulva is comprised of 22 

cells that are derived from seven different cell types following an invariant lineage 

(Sulston and Horvitz, 1977; Sternberg and Horvitz, 1986; Sharma-Kishore et al., 1999). 

The organ develops at approximately 28 hours post-L1 larval stage at a precise location in 

the mid-body region of the worm (Sulston and Horvitz, 1977; Sternberg and Horvitz, 

1986). The developmental patterning of this organ requires a network of genes and 

signaling pathways including Ras, Wnt, and Notch that control the generation, migration, 

competence, induction, interaction, proliferation, and differentiation/fate specification of 

cells during morphogenesis (Greenwald et al., 1983; Sternberg and Horvitz, 1986; 

Sternberg and Han, 1998; Fay and Han, 2000; Eisenmann, 2005; Greenwald, 2005; Cui et 

al., 2006a, 2006b).   

 To initiate egg-laying, the vulva requires a functional connection with the gonad, 

uterine and vulval muscles, as well as two classes of motor neurons; the ventral cord (VC) 

motor neurons and hermaphroditic-specific motor neurons (White et al., 1986; Li and 

Chalfie, 1990).  Together, these tissues comprise the egg-laying system. The anchor cell 

(AC) in the somatic gonad plays a major role in vulval morphogenesis and ultimately 

connects the uterus to the vulva through the formation of the uterine seam cell (Utse) 

(Newman and Sternberg, 1996). Fertilized eggs are passed to the outside environment 
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through the vulva with the aid of the vulval and uterine muscles, which control the vulval 

opening and contraction of the uterus (White et al., 1986; Li and Chalfie, 1990). Muscle 

activity is controlled by the motor neurons, which form a neuropil (White et al., 1986). 

The development of this reproductive system follows a series of conserved events that is 

comparable in C. briggsae (Gupta and Sternberg, 2003; Félix, 2004, 2007; Seetharaman 

et al., 2010; Pénigault and Félix, 2011b; Sharanya et al., 2012, 2015). 

1.5.2 Formation of the vulva and vulva-uterine connection  

1.5.2.1 Cellular events 

  In C. elegans, vulval fate is initiated with the migration of 12 epidemal P-cells 

from a ventrolateral position into the ventral cord (Sulston and Horvitz, 1977). Once cell 

migration is complete, division occurs.  The posterior daughter cells of P3-P8 form the 

vulval precursor cells VPCs (P3.p-P8.p) and together, they establish the precise pattern of 

VPC fates (3°-3°-2°-1°-2°-3°) (Figure1) (Sternberg and Horvitz, 1986; Sternberg, 2005). 

The posterior daughters of P1.p, P2.p, and P9.p-P11.p fuse with the hypodermis (hyp7) in 

the L1 stage (Sulston and Horvitz, 1977). P12.p divides to form two cells – P12.pa 

undergoes programmed cell death, while P12.pp forms the preanal hypodermis (hyp12) 

(Sulston and Horvitz, 1977).  

Early work by Sulston and White (1980) showed that the gonad plays a crucial role in 

the formation of the vulva. The removal of the gonad (by ablating gonad precursors 

during the L1 stage) resulted in vulvaless animals due to VPC daughter cell fusion to the 

surrounding syncytium. Subsequent work by Kimble (1981) showed that a specialized 
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gonadal cell, anchor cell (AC), is the key regulator of VPC induction. The AC is formed 

during the L2/L3 stage through the interaction of two gonadal cells, Z1.ppp and Z4.aaa, 

which become the AC and a ventral uterine (VU) cell (Hirsh et al., 1976; Kimble and 

Hirsh, 1979; Kimble, 1981; Seydoux and Greenwald, 1989). During the L3 larval stage, 

the AC induces P6.p to acquire a 1° fate, while P5.p and P7.p adopt a 2° fate through 

lateral signaling (Figure 1) (Sternberg and Horvitz, 1986; Greenwald, 2005; Sternberg, 

2005). VPCs that do not receive the inductive signal (P3.p, P4.p and P8.p) acquire a non-

vulval 3° fate (Figure 1) (Sulston and Horvitz, 1977; Kimble, 1981; Sternberg and 

Horvitz, 1986; Sternberg, 2005). The 3° VPCs divide once to generate two daughter cells 

that fuse to the hyp7 in the L3 stage (Figure 1) (Sulston and Horvitz, 1977; Kimble, 1981; 

Sternberg and Horvitz, 1986; Sternberg, 2005). The P3.p occasionally fuses to hyp7 

during the L2 stage before it has a chance to divide, a fate that is termed “Fused” (F) or 4
o
 

fate (Sulston and Horvitz, 1977; Kimble, 1981; Sternberg and Horvitz, 1986; Sternberg, 

2005).  

After induction by the AC, the 1° VPC P6.p undergoes three rounds of cell  division 

in a TTTT lineage (where T is transverse axis of cell division) to generate eight progeny 

(P6.pxxx) that generate two differentiated cell types in adults – vulE and vulF in a 

mirrored symmetric pattern (Sternberg and Horvitz, 1986; Wang and Sternberg, 2000; 

Sternberg, 2005). The 2° VPCs P5.p and P7.p also undergo three rounds of cell  division, 

each in a NTLL lineage (where N - no division, T – transverse and L – longitudinal axis) 

in opposite orientations, producing seven progeny cells (P5.pxxx and P7.pxxx) that 

differentiate to produce five cell types (vulA, vulB1, vulB2, vulC and vulD) (Sternberg 
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and Horvitz, 1986; Sharma-Kishore et al., 1999; Sternberg, 2005). The division patterns 

of 2
o
 VPCs P5.p and P7.p  are due to the action of the Wnt signaling pathway that 

changes the polarity of P7.p cells (Deshpande et al., 2005).  
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Figure 1. Specification of invariant cell fate pattern (3°3°2°1°2°3°) among the vulval 

precursor cells (VPCs) through Ras, Wnt and Notch signaling pathways in C. elegans.  

Among the 12 P cells, 6 (P3.p-P8.p) form the Vulval competence group. The VPC (P6.p) 

closest to the anchor cell acquires 1° cell fate generating vulE and vulF cells, while the 

two adjacent VPCs (P5.p and P7.p) acquire the 2° fate through lateral Notch signaling 

generating five vulval cell types-vulA, vulB1, vulB2, vulC and vulD. VPCs (P3.p, P4.p 

and P8.p) further away from the AC induced signal acquire the  non-vulval fate and fuse 

with the syncytial hypodermis. Here P3.p can acquire a Fused “F” or tertiary “3o ” fate by 

fusing to the hypodermis (hyp7) either in L2 stage or L3 stage respectively. The other 

VPCs (P5.p-P7.p) divide further in the L3 and L4 stage to develop into the 22 cell vulval 

structure. 
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After competence and commitment to adopt a vulval fate, the great granddaughter 

Pn.pxxx cells derived from P5.p-P7.p invaginate inward to form the vulval structure in 

the L4 larval stage (Sternberg and Horvitz, 1986; Sternberg, 2005). This invagination 

results in the formation of a lumen below the AC and between the vulval cells (Shemer et 

al., 2000; Sherwood and Sternberg, 2003). The vulval cells further extend processes and 

selectively fuse to form seven doughnut-shaped vulval toroids (vul A to vulF) (Sharma-

Kishore et al., 1999; Shemer et al., 2000). The toroid formation is regulated by 

protrusions of cell membranes and fusions that occur between the sister cells of their 

contralateral halves (Sternberg and Horvitz, 1986; Sharma-Kishore et al., 1999; Shemer 

et al., 2000; Sternberg, 2005).  

Besides its indispensable role in vulva formation, the AC is also necessary for 

establishing a functional connection between the vulva and the uterus. This process 

involves induction of VU cell grand progeny to become π cells. Subsequently, a 

multinucleated uterine seam cell (utse), a syncytium in the form of a thin membrane 

separating the vulval and uterine lumen, is formed by the fusion of π grand progeny with 

the AC (Newman and Sternberg, 1996; Gupta et al., 2012b). This is followed by the 

attachment of the vulval muscles that control the vulval opening by contact with the 

vulval cells and uterus (Sharma-Kishore et al., 1999). The final stage of development is 

vulval eversion, where the vulva turns inside out to form a slit (Sharma-Kishore et al., 

1999).  
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1.5.2.2 Molecular mechanisms  

 

The specification of the AC is mediated by the LIN-12/Notch signaling pathway. The 

interaction between the somatic gonadal cells Z1.ppp and Z4.aaa, mediated by the DSL 

[Drosophila (Delta, Serrate) and C. elegans (LAG-2) family] ligand LAG-2 and its 

receptor LIN-12, results in one of the cells adopting the AC fate (Greenwald et al., 1983; 

Seydoux and Greenwald, 1989; Lambie and Kimble, 1991; Wilkinson and Greenwald, 

1995). The cell expressing lag-2 becomes the AC, while the other cell expressing lin-12 

becomes the ventral uterine (VU) cell (Greenwald et al., 1983; Seydoux and Greenwald, 

1989; Lambie and Kimble, 1991; Wilkinson and Greenwald, 1995). First identified in D. 

melanogaster, the Notch protein family is highly conserved (Poulson, 1937, 1940) 

comprising multiple epidermal growth factor (EGF) like motifs and LIN-12/Notch repeats 

(LNR) (Wharton et al., 1985; Seydoux and Greenwald, 1989).  

 During the L1 stage, components of the LINC (linker of nucleoskeleton and 

cytoskeleton) complex, comprised of KASH and SUN domain proteins unc-83 and unc-

84 in the nuclear envelope, function to control the nuclear migration of the P-cells into the 

ventral cord (Malone et al., 1999; Starr et al., 2001; Tapley and Starr, 2013). Soon after 

arriving in the ventral cord, P-cells divide once. The anterior daughters (Pn.a, n = 1-12) 

take on the neural fate whereas the posterior daughters (Pn.p) commit to an epidermal fate 

(Sulston and Horvitz, 1977).  The P(3-8).p cells (VPCs) remain unfused, unlike the 

remaining Pn.p cells that fuse to the hypodermis (Sternberg and Horvitz, 1986). This 

fusion event is blocked in the P(3-8).p cells through the action of lin-39, which represses 

the fusogen eff-1 (Shemer and Podbilewicz, 2002). In the absence of the lin-39 Hox gene 
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VPCs fuse with the surrounding hypodermal syncytium hyp7, resulting in a vulvaless 

phenotype (Clark et al., 1993). 

 Genetic studies have revealed a requirement for three evolutionarily conserved 

signal transduction pathways during vulval development, termed inductive signaling 

(mediated by LIN-3/EGF-LET-23/EGFR-RAS-60/RAS-MPK-1/MAPK), lateral signaling 

(mediated by DSL ligands and receptor LIN-12/Notch) and Wnt signaling (Eisenmann, 

2005; Greenwald, 2005; Sundaram, 2006). Wnt signaling maintains the competence of 

the six VPCs (P3.p to P8.p) through L2 alongside the LIN-3/EGF cascade in the L3 stage 

(Eisenmann et al., 1998; Myers and Greenwald, 2007). Subsequently the P5.p-P7.p cells 

are induced by a graded lin-3/EGF signal generated by the AC (Sternberg and Horvitz, 

1986; Katz et al., 1995). The VPC (P6.p) closest to the AC receives most of the inductive 

signal and acquires 1° cell fate (Sternberg and Horvitz, 1986; Sternberg, 2005). 

Activation of the LIN-3 induced Ras pathway in C. elegans causes the upregulation of 

DSL ligands and downregulation of LIN-12/Notch receptor in P6.p resulting in a 1° cell 

fate (Sternberg and Horvitz, 1989; Berset et al., 2001; Shaye and Greenwald, 2002; Yoo 

et al., 2004a). The DSL ligands in P6.p in turn activate LIN-12 in P5.p and P7.p resulting 

in the inhibition of the Ras pathway and the adoption of  a 2° fate (Figure 4) (Sternberg 

and Horvitz, 1989; Berset et al., 2001; Shaye and Greenwald, 2002; Yoo et al., 2004a). 

The components of these three pathways and their mechanism of action are summarized 

in section 1.6. 

Several genes have been identified that regulate the fates of the seven different vulval 

cell types (Vul A, VulB1, VulB2, VulC, VulD, VulE and VulF) downstream of the three 



Ph.D. Thesis-D. S. Peraiyur Premkumar  McMaster University-Biology 

 

21 
 

signaling pathways. The LIM homeodomain transcription factor lin-11 is a key regulator 

of vulval morphogenesis and functions at L3 and L4 stages to pattern the 1° and 2° vulval 

cell fate lineages (Gupta and Sternberg, 2002; Gupta, 2003).  lin-29 (Zinc finger family) 

is another gene expressed in all progeny from P5.p-P7.p during the L3 and L4 stages 

(Bettinger et al., 1997). It also regulates lin-11 expression in 2° lineage cells during L4 

stage (Bettinger et al., 1997). Other genes that function specifically in the vulval progeny 

cells include egl-38 (PAX2/5/8-like family) and lin-3 (EGF ligand), which are expressed 

in vulF cells (Chang et al., 1999; Inoue et al., 2005), and cog-1 (Nkx6.1 transcription 

factor family) which is expressed initially in vulE and vulF cells in the L3 stage and in 

2° lineage cells during L4 stage (Palmer, 2002). From C. briggsae genetic screens, we 

have identified seven vulval morphogenesis genes including Cbr-lin-11 (described in 

Chapter 3). 

In wild-type animals, the vulva is connected to the uterus through a thin membrane 

termed utse. Formation of utse begins at the L3 stage, with the AC inducing six VU 

granddaughters to adopt π cell fates. (Newman et al., 1995, 2000; Verghese et al., 2011). 

The present model for π cell generation and utse differentiation proposes that LIN-

12/NOTCH receptor activation by the DSL ligand LAG-2 activates lin-11 and egl-13 

(SOX2 family) in π precursors (Gupta et al., 2012b). The NHR family member NHR-67 

and evi1 proto-oncogene homolog EGL-43 function at multiple stages to specify π cell 

fate in VU progeny (Hwang et al., 2007; Rimann and Hajnal, 2007; Verghese et al., 

2011). Among other possible mechanisms, both these genes have also been shown to 

regulate lin-12 signaling (Hwang et al., 2007; Rimann and Hajnal, 2007). The enhancers 
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of lin-11 and egl-13 contain binding sites for LIN-12 target LAG-1 (Su(H)/CBF family) 

and another proto-oncogene FOS-1, suggesting that lin-11 and egl-13 are in part directly 

regulated by LIN-12/Notch signaling specification (Oommen and Newman, 2007; Marri 

and Gupta, 2009).  

The π cells divide during L3 lethargus and generate 12 π grand progeny cells. Of 

these, eight cells fuse together to form utse. A channel is established between the uterus 

and the vulva, breaking the utse when the first egg is laid from the hermaphrodite 

(Newman et al., 1996). Mutations in egl-13 and lin-11 cause a failure of utse formation 

due to defects in the differentiation of π cells  (Newman et al., 1995, 1999; Hanna-Rose 

and Han, 1999; Cinar et al., 2003; Gupta et al., 2012a).  

1.6 Signaling pathways involved in vulval development  

Mutations in genes required for vulval development can cause one of the three 

phenotypes: failure of VPC induction (termed Vulvaless or Vul), inappropriate induction 

of P3.p, P4p and P8.p (termed Multivulva or Muv), or failure of VPC progeny to 

differentiate correctly (termed Protruding vulva or Pvl). All of these defects may 

compromise the mutant animal’s ability to lay eggs. This results in the accumulation of 

fertilized eggs inside the uterus (termed egg-laying defective or Egl phenotype), which 

may hatch and ultimately devour the mother (Trent et al., 1983; Ferguson and Horvitz, 

1989). In a Vul animal, VPCs that normally generate the vulva fail to get induced. 

Instead, they fuse to hyp7 (Horvitz and Sulston, 1980; Ferguson and Horvitz, 1985). In a 

Muv animal, VPCs that normally fuse to the hypodermis divide further to form vulva-like 
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protrusions (Ferguson and Horvitz, 1985). These pseudo-vulvae arise due to abnormal 

and uncontrolled cell division (Ferguson and Horvitz, 1985, 1989). In C. elegans, studies 

based on these mutant phenotypes have resulted in the identification of genes involved in 

at least three different conserved signaling pathways- EGF-receptor /LET-23 and Ras/ 

LET-60; LIN-12 /Notch, and Wnt (Figure 2) (Greenwald et al., 1983; Ferguson and 

Horvitz, 1985, 1989; Sternberg and Han, 1998; Eisenmann and Kim, 2000; Fay and Han, 

2000; Chen and Greenwald, 2004; Cui et al., 2006a; Fay and Yochem, 2007).  The 

orchestration of these signaling components results in the precise patterning of vulval 

cells and their fate specification.  
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Figure 2. Overview of conserved Wnt (A), Ras/MAPK (B) and Notch (C) signaling 

pathways and the core pathway homologs in C. elegans. 
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1.6.1 Wnt signaling 

The Wnt pathway is an evolutionarily conserved signal cascade involved in a wide 

range of developmental processes including cell fate specification, polarity, 

differentiation, migration, stem cell maintenance, and tissue regeneration during 

metazoan development. Due to its wide spread role in development, alterations in Wnt 

signaling is often associated with a range of human pathologies including cancer, limb 

deformities and degenerative diseases  (Polakis, 2000; Nusse, 2005; Clevers and Nusse, 

2012). 

Canonical Wnt signaling acts through β-catenin. Wnt signaling is initiated when a 

Wnt ligand binds to the receptor complex comprised of the seven-transmembrane protein 

Frizzled (Fz) and the lipoprotein receptor family co-receptor LRP5/6/Arrow (Bhanot et 

al., 1996; Wehrli et al., 2000). The destruction complex comprising of Adenomatous 

Polyposis Coli (APC) (Hart et al., 1998), glycogen synthase kinase (GSK3β) (Yost et al., 

1996), casein kinase 1 (CK1)  (Amit et al., 2002; Liu et al., 2002) and the Axin scaffold 

protein (Kishida et al., 1998) is then recruited to the plasma membrane. Binding of Axin 

to the cytoplasmic tail of LRP5/6 and Dsh to Fz stabilizes β-catenin and prevents its 

degradation, allowing it to accumulate (Mao et al., 2001; Wong et al., 2003). β-catenin 

translocates to the nucleus where it interacts with TCF/LEF family transcription factors to 

activate Wnt target genes (Takemaru, 2000; Nusse, 2005). 

 In the absence of a Wnt ligand, β-catenin undergoes ubiquitination and is rapidly 

degraded by the proteasome resulting in the repression of Wnt target genes (Cavallo et 

al., 1998; Clevers and Nusse, 2012). 
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In C. elegans, there are five Wnt ligands (lin-44, egl-20, mom-2, cwn-1, cwn-2), four 

Wnt receptors (Frizzled family members lin-17, mom-5, mig-1, cfz-2) and three 

Dishevelled proteins (mig-5, dsh-1, dsh-2) (Sawa and Korswagen, 2013). Key differences 

to the traditional Wnt pathway include the presence of four β-catenins (bar-1, sys-1, wrm-

1 and hmp-2) that regulate different processes in contrast to the single β-catenin in 

Drosophila and vertebrates (Cadigan and Nusse, 1997; Clevers and Nusse, 2012). 

 In C. elegans, Wnt signaling is involved in numerous developmental processes such 

as neuronal differentiation, male hook formation, fate specification of the hypodermal 

P12.p cell, and vulval development (Sawa and Korswagen, 2013). During vulval 

development, Wnt signaling  is required for maintaining VPC competence through 

upregulation of the Hox gene lin-39 in the L2 and L3 stages (Eisenmann et al., 1998; 

Myers and Greenwald, 2007). cwn-1 and egl-20 are the main Wnt ligands involved in 

maintaining VPC competence in the L2 stage (Myers and Greenwald, 2007). bar-1/ β-

catenin  prevents inappropriate fusion of the VPCs to hyp7 by regulating the lin-39 Hox 

gene (Eisenmann et al., 1998; Gleason et al., 2002, 2006). Ras signaling also acts 

alongside Wnt in the L2 and L3 stage to regulate VPC competence (Myers and 

Greenwald, 2007).  

Wnt signaling also regulates VPC induction. The pry-1(mu38) mutant exhibits a 

multivulva phenotype due to hyperactivation of Wnt signaling (Gleason et al., 2002) with 

all ectopic VPCs adopting a 2
o
 cell fate (Seetharaman et al., 2010). A similar phenotype 

has been observed in bar-1/ β-catenin overactivation mutants (Gleason et al., 2002). 

These phenotypes are not suppressed by Ras pathway mutants (Gleason et al., 2002; 
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Eisenmann, 2005), although it remains to be  seen if complete elimination of inductive 

signaling (e.g., by gonad ablation) will have any impact. The Wnt receptor lin-17 

(Frizzled) may also play a redundant role in 1
o
 lineage cell (VulE and VulF) distinction 

along with the Ras pathway (Wang and Sternberg, 2000). Thus, the Wnt signaling 

pathway is important for VPC competence and vulval induction. 

Wnt signaling is also necessary to orient the cell lineage pattern in 2
o
 VPCs to give 

rise to a symmetrical vulval invagination. This process is regulated by the lin-17(Frizzled) 

and lin-18(Ryk) Wnt receptors through pop-1, which acts in the P7.p lineage (NTLL) to 

specify a polarity opposite to that of the P5.p lineage (LLTN) (Deshpande et al., 2005).  

Figure 3 depicts the percent identity between the main Wnt pathway components of 

C. elegans and C. briggsae based on UniProtKB and WormBase BlastP results (See table 

A1 for percent identity). Sequence comparison of these genes reveals that their percent 

identity is similar to the genome wide median identity 80% (mean, 75%; SD, 18%) 

estimated for all orthologs in C. elegans and C. briggsae (Stein et al., 2003). 
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Figure 3. Percent identity between the Wnt pathway orthologs in C. elegans and C. 

briggsae  (based on UnitProtKB results). Genome wide median and mean is highlighted 

as dotted and hyphenated line.
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1.6.2 RAS/MAPK signaling 

The RAS protein, belonging to the GTP-binding protein family, was first identified as 

a viral oncogene in Harvey murine sarcoma virus and Kirsten murine sarcoma virus when 

it induced tumor transformations (Cox and Der, 2010). Due to its role in tumorigenesis, it 

has been extensively studied in a number of model systems, including C. elegans, to 

identify its upstream and downstream pathway components. The culmination of these 

studies has helped determine how mitogenic signals from outside the cell cause aberrant 

alterations in tumor cells (Malumbres and Barbacid, 2003). Along with its role in cell 

proliferation, this evolutionarily conserved signal cascade is responsible for many cellular 

functions, which include apoptosis, migration, growth and differentiation (Malumbres and 

Barbacid, 2003; Sundaram, 2006).  In C. elegans, along with vulval development, the Ras 

pathway is involved in various development processes such as axon guidance, P12.p 

specification, excretory duct cell fate, germline meiosis, uterine and spicule development 

(Brenner, 1973; Fixsen et al., 1985; Chamberlin and Sternberg, 1994; Church et al., 1995; 

Yochem et al., 1997; Jiang and Sternberg, 1998; Chang et al., 1999; Bülow et al., 2004). 

Figure 4 shows minimum sequence conservation of major Ras pathway orthologs in 

C. briggsae and C. elegans based on UniProtKB and WormBase BlastP results (See table 

A1 for percent identity). The percent identity for most of the Ras pathway genes is  

similar to the genome wide median identity for orthologs between C. elegans and C. 

briggsae (Stein et al., 2003). 
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Figure 4. Minimum percent identity between the Ras pathway orthologs in C. elegans 

and C. briggsae (based on UnitProtKB and WormBase BlastP results). Genome wide 

median and mean is highlighted as dotted line and hyphenated line. 
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1.6.2.1 Components of RAS/MAPK pathway 

C. elegans let-60 encodes the RAS protein (Han and Sternberg, 1990). It is activated 

in response to the binding of LIN-3/EGF signal to LET-23/EGFR in the receiving VPCs 

(Sundaram et al., 1996; Sternberg, 2005; Sundaram, 2005). Activation of LET-23 by the 

ligand on the cell membrane induces a conformational change in the cytoplasmic portion 

of the receptor causing it to dimerize and autophosphorylate tyrosine residues at its C-

terminal (Lesa and Sternberg, 1997). In turn, the phosphotyrosine residues are recognized 

by the GRB-2-like (Growth factor Receptor-Bound protein 2) adaptor protein SEM-5 

with its Src homology domains (SH2 and SH3) (Clark et al., 1992). The SH2 domain of 

the SEM-5 adaptor molecule binds to the receptor, while the two SH3 domains activate 

the guanine nucleotide exchange factor (GEF) SOS-1 by binding to proline rich 

sequences, thus activating RAS (Clark et al., 1992). In this way, the domains mediate the 

association between the cytosol and the cell membrane. RAS acts as a binary switch, 

converting from a  RAS-GDP (inactive state) to a RAS-GTP (active state) (Chang et al., 

2000). Activated LET-60/RAS then turns on the kinase activity of LIN-45/RAF (Han et 

al., 1993). This cascade results in RAF phosphorylating MEK-2 (MAPK kinase), which 

in turn phosphorylates MPK-1 (MAP kinase) (Lackner et al., 1994; Kornfeld et al., 

1995). Phosphorylation of MPK-1 by MEK-2 results in its translocation to the nucleus 

where it phosphorylates transcription factors like LIN-1 and LIN-31 to influence 

downstream responses. (Miller et al., 1993; Beitel et al., 1995).  
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1.6.2.2 Downstream targets 

LIN-1 belongs to the E26 (ETS) family of transcription factors that transcriptionally 

activate and repress vulval induction genes (Beitel et al., 1995). LIN-31 is a Winged 

Helix (WH) transcription factor that can also positively and negatively regulate vulval 

development (Miller et al., 1993). LIN-1 and LIN-31 interacts directly to form a repressor 

complex which inhibits vulval induction (Jacobs et al., 1998; Tan et al., 1998). During 

vulval induction, MPK-1 phosphorylates the C-terminus of LIN-1, converting it into a 

transcriptional activator that promotes vulval development by activating the downstream 

target lin-39 (Wagmaister et al., 2006).  

The lin-39 Hox gene is the C. elegans ortholog of Drosophila – sex combs reduced 

(scr) that specifies cell fates in the central body region of the worm (Clark et al., 1993; 

Maloof and Kenyon, 1998). During the L1 stage, this Hox gene is required to maintain 

VPC competence and avoid the “F” fate by repressing EFF-1 (Shemer and Podbilewicz, 

2002) . During the L2 stage, this competence is regulated through LIN-39 by the BAR-1 

(β-Catenin)-mediated canonical Wnt signaling pathway (Eisenmann et al., 1998; Gleason 

et al., 2006). In the L3 stage, LIN-39 acts downstream of the LIN-3-Ras signal to mediate 

vulval development (Eisenmann et al., 1998). Mutations affecting lin-39 give rise to a 

vulvaless phenotype, as VPCs fuse to hyp7 because they lack competence to respond to 

inductive signal (Clark et al., 1993; Eisenmann and Kim, 2000). 

Other downstream targets of MPK-1 include the BTB/ Zinc finger protein EOR-1, an 

ortholog of human PLZF, and a novel nuclear protein EOR-2, which both positively 

regulate vulval development (Howard and Sundaram, 2002; Rocheleau et al., 2002; 
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Sundaram, 2006). eor-1 and eor-2  were identified in a forward genetic screen for Ras 

pathway components in C. elegans (Rocheleau et al., 2002). Mutations in either of these 

genes suppress the multivulva phenotype of let-60/Ras and mpk-1/mapk (Howard and 

Sundaram, 2002; Rocheleau et al., 2002; Sundaram, 2006). lin-25 and sur-2  also function 

downstream of MPK-1 redundantly with EOR-1 and EOR-2 (Singh and Han, 1995; Tuck 

and Greenwald, 1995; Nilsson et al., 1998; Howard and Sundaram, 2002). SUR-2 is a 

mediator subunit and LIN-25 is another novel nuclear protein (Singh and Han, 1995; 

Tuck and Greenwald, 1995; Nilsson et al., 1998).  Both lin-25 and sur-2 function together 

in vulval development and a loss of function in either gene causes strong vulvaless 

phenotypes (Singh and Han, 1995; Tuck and Greenwald, 1995). 

1.6.2.3 Regulators of the Ras pathway 

The RAS pathway functions by integrating its core components with those from other 

signaling pathways and is subject to regulation at every step (Sundaram, 2006). Genetic 

screens for enhancer and suppressor mutations have identified several genes that regulate 

EGF signaling (Moghal, 2003). These types of modifier screens are important because 

mutations in the regulators alone often have little to no impact on vulval development 

(Moghal, 2003). However, in the background of a weak hypomorphic allele of core 

component components like let-60, lin-45 or mpk-1, they can result in strong vulvaless or 

multivulva phenotypes (Moghal, 2003). 
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1.6.2.3.1 Positive regulators of RAS/MAPK signaling 

 

A number of positive acting modulators have been identified which include scaffold 

proteins KSR-1, KSR-2 (Kinase Suppressor of Ras), and SUR-8 (Suppressor Of Clear 

homolog). These positive regulators act between Ras,/Raf  and other regulatory proteins 

like CDF-1 and SUR-6, which enhance signaling through the MAPK cascade (Sieburth et 

al., 1998; Ohmachi et al., 2002; Kao et al., 2004; Yoder et al., 2004; Rocheleau et al., 

2005; Sundaram, 2006).  

The importance of scaffolds to regulate and provide specificity to MAPK signaling 

was discovered through studies on the Ste5p scaffold in yeast (Elion, 2001). Ste5p 

selectively binds MAP kinases in response to pheromone stimuli to activate the mating 

pathway (Elion, 2001). One well known scaffold protein is KSR, which associates with 

RAF, MEK, ERK (Denouel-Galy et al., 1998). In C. elegans, two KSR isoforms have 

been identified, KSR-1 and KSR-2, which positively regulate vulval development 

(Ohmachi et al., 2002). The  ksr-1 and ksr-2 genes are individually required for specific 

Ras-dependent processes like sex myoblast migration (ksr-1) and germline meiotic 

progression (ksr-2) (Ohmachi et al., 2002).  However, both proteins are necessary for 

most processes controlled by Ras, such as the development of the excretory system, 

hermaphrodite vulva, and male spicules (Ohmachi et al., 2002). Single ksr-1 or ksr-2 

mutants do not affect vulval development, but double mutants of ksr-2;ksr-1 display a 

strong vulvaless phenotype that is associated with reduced levels of phosporylated MPK-

1 (Ohmachi et al., 2002). Thus, they function redundantly to promote the activation and 
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maintenance of RAF/MEK/ERK kinase cascade during vulval development (Ohmachi et 

al., 2002). 

SUR-8 contains multiple leucine-rich repeats (LRR) similar to yeast adenylate 

cyclases, a downstream target of Ras (Kataoka et al., 1985; Sieburth et al., 1998). 

Reduction of sur-8 function suppresses activated let-60/ ras, but does not suppress lin-45 

gain of function mutation, indicating that sur-8 is upstream of lin-45 (Sieburth et al., 

1998). Studies with SHOC-2, the human homolog of SUR-8, have shown that it functions 

as a scaffold by forming a ternary complex with Ras and Raf to enhance ERK activation 

(Li et al., 2000). Overexpression of shoc-2 results in increased duration of EGF-

dependent ERK activation (Leon et al., 2014).  

Studies in Drosophila and mammalian cells have shown that Protein Phosphatase 2A 

(PP2A) can influence the Ras pathway both positively and negatively. SUR-6 is a C. 

elegans homolog of the regulatory B subunit of PP2A and is a positive regulator of Ras-

mediated vulval development that was identified in suppressor screen of let-60/Ras (Kao 

et al., 2004). It acts upstream of Raf activation and functions along with LET-92/PP2A-c 

to remove inhibitory phosphates on KSR1/2 or LIN-45/Raf (Kao et al., 2004). 

Other positive regulators of Ras include CDF-1, a cation diffusion facilitator and 

SUR-7, a divergent CDF family member, which regulate the transport of heavy metal 

ions like Zinc (Bruinsma et al., 2002; Yoder et al., 2004). 
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1.6.2.3.2 Negative regulators of RAS/MAPK signaling 

 

 Genetic screens have also identified a number of genes that negatively regulate 

Ras signaling. Many were identified in genetic screens using lin-3/egf and let-23/egfr 

mutant strains. Two such genes are sli-1 and sli-3 (Jongeward et al., 1995; Gupta et al., 

2006). SLI-1, an E3 Ubiquitin ligase and Cbl homolog, promotes LET-23/EGFR 

degradation through ubiquitination (Jongeward et al., 1995). sli-3 is currently uncloned 

but genetic studies have shown that sli-3 acts either downstream or in parallel to lin-1 and 

sur-2 (Gupta et al., 2006).   

Another negative regulator of Ras is UNC-101, which encodes one of the medium 

chains of the AP-1 clathrin-associated protein complex that promotes LET-23 endocytic 

recycling (Lee et al., 1994; Shim et al., 2000).  These genes were identified through 

suppressor screens in a hypermorphic let-23/egfr background (Lee et al., 1994; 

Jongeward et al., 1995).  

AGEF-1 , a homolog of yeast Sec7p and the mammalian Arf GEFs, is also a negative 

regulator that functions to regulate LET-23/EGFR localization (Skorobogata et al., 2014).  

Loss of function of AGEF-1 causes increased LET-23 localization in the VPCs 

(Skorobogata et al., 2014). AGEF-1 likely functions together with UNC-101 to negatively 

regulate signaling (Skorobogata et al., 2014).  Other negative regulators which function 

near or at the level of LET-23 include ARK-1 (Ack-related tyrosine kinase) and  RAB-7 

(GTPase) (Hopper et al., 2000; Skorobogata and Rocheleau, 2012).  
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One of the well characterized negative regulators of RAS/MAPK signaling in C. 

elegans is the GTPase activating protein (GAP) GAP-1 that stimulates LET-60 GTP 

hydrolysis (Hajnal et al., 1997). In C. elegans, there are three GAP proteins; GAP-1 

which is similar to GAPs from Drosophila and vertebrates, GAP-2 which is similar to 

SynGAP family of RasGAPs, and the p120 RasGAP family member GAP-3 (Gaul et al., 

1992; Maekawa et al., 1994; Hajnal et al., 1997; Hayashizaki et al., 1998). Loss of 

function mutations in gap-1 and gap-3 can suppress the vulvaless phenotype in let-60 

(Hajnal et al., 1997; Stetak et al., 2008), while the role of GAP-2 in vulval development   

is still unclear (Stetak et al., 2008).  

Additional proteins that negatively regulate RAS/MAPK signaling have been 

identified. These include the G-protein coupled receptor SRA-13, its Gα target GPA-5, 

PAR-1 kinase, MPK-1-binding protein LST-1 and the MAP kinase phosphatase LIP-1 

(Berset et al., 2001; Müller et al., 2001; Battu, 2003; Kao et al., 2004; Yoo et al., 2004b).  

1.6.2.4 Chromatin mediated regulation 

The Synthetic Multivulva (synMuv) class of genes implicates the chromatin structure 

as a mechanism for regulating LIN-3/EGF signaling. Based on genetic interactions, these 

genes have been placed into three classes - A, B and C (Ferguson and Horvitz, 1989; Cui 

et al., 2006a). Normally, single synMuv gene mutants appear normal, but simultaneous 

disruption of two genes from different synMuv classes causes the Muv phenotype 

(Ferguson and Horvitz, 1989; Clark et al., 1994; Cui et al., 2006a). The exception to this 

is the lin-15 gene that produces two transcripts (lin-15A and lin-15B) from a single 

promoter (Ferguson et al., 1987; Clark et al., 1994; Huang et al., 1994). The lin-15 



Ph.D. Thesis-D. S. Peraiyur Premkumar  McMaster University-Biology 

 

40 
 

mutations that affect both transcripts cause the Muv phenotype (Clark et al., 1994; Huang 

et al., 1994). 

Class A includes six synMuv genes, of which many are novel. The mechanism by 

which these genes inhibit vulval development is not well understood. Class B synMuv is 

the largest class comprising of at least 25 genes, which include efl-1 (C. elegans E2F 

ortholog) and lin-35 (C. elegans pRB ortholog) (Lu and Horvitz, 1998b; Ceol and 

Horvitz, 2001). Other class B genes include components of the NuRD (nucleosome 

remodeling and histone deacetylase) complex as well as SET domain proteins that are 

mainly involved in transcriptional repression associated with  cell proliferation, transgene 

silencing, larval development and pharyngeal morphogenesis (Lu and Horvitz, 1998a; 

Romagnolo et al., 2002; Unhavaithaya et al., 2002; Bender et al., 2004; Cui et al., 2006a; 

Vastenhouw et al., 2006; Andersen and Horvitz, 2007). Class C genes belong to different 

families, some of which encode components of the TIP60 histone acetyltransferase HAT 

complex. They function redundantly with Class B genes and may be required to 

negatively regulate vulval development (Ceol and Horvitz, 2004).  

The SynMuv genes function by repressing LIN-3 during vulval development (Cui et 

al., 2006a). In wild type animals lin-3 is specifically restricted certain tissues, namely the 

pharynx, anchor cell, gonad and tail. However, in synMuv double mutants lin-3 is 

ectopically expressed in low levels throughout the animal resulting in abnormal activation 

of the signal cascade (Cui et al., 2006a; Saffer et al., 2011a). SynMuv genes function in 

the hyp7 syncytium and throughout the animal to keep LIN-3 repressed, but their site of 

action in repressing LIN-3 is not completely clear (Saffer et al., 2011b). The 
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identification of a dominant synMuv A mutation in the lin-3 promoter has led to the 

proposal that LIN-3 is the key target of synMuv A genes (Saffer et al., 2011b). In 

comparison, class B gene products likely repress lin-3 by preventing somatic to germline 

transformation (Wang et al., 2005; Saffer et al., 2011b). 

1.6.3 Notch signaling 

The Notch pathway is an evolutionarily conserved intercellular signalling cascade 

critical for embryonic and post-embryonic developmental processes in all multicellular 

organisms. Notch signalling influences mechanisms such as cell fate decisions in 

response to developmental signals, cell proliferation and apoptosis. The function of Notch 

signaling in development was first demonstrated in Drosophila, where a partial loss of 

function in the notch gene resulted in a dominant notched wing phenotype (Morgan, 

1917). Its role in human development was recognized only in the late twentieth century 

when mutations in notch genes were associated with leukemia and several developmental 

disorders (Ellisen et al., 1991).  

In C. elegans, LIN-12/NOTCH signaling facilitates cell-cell communication during 

the development of the vulva and vulva-uterine connection. During late L2 stage, it 

functions in the AC-VU decision process to generate the AC and in later stages is 

involved in the formation of the uterine-vulval connection regulated by nhr-67 (tailless 

homolog of NHR family) and egl-43 (evi1 family) (Seydoux and Greenwald, 1989; 

Verghese et al., 2011; Gupta et al., 2012b). LIN-12 signaling in vulval cells confers a 2° 

fate on P5.p and P7.p VPCs following the specification of the 1° fate of P6.p (Greenwald 

et al., 1983; Seydoux and Greenwald, 1989; Greenwald, 2005). The P6.p cell produces 
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DSL ligand LAG-2  that binds to and activates the LIN-12 receptor on neighboring P5.p 

and P7.p cells (Berset et al., 2001; Chen and Greenwald, 2004; Greenwald, 2005; 

Sternberg, 2005) (Figure 5). The activated LIN-12 receptor is internalized and cleaved by 

SEL-12 Presenilin (gamma-secretase) to produce an intracellular LIN-12 fragment that 

interacts with CSL (CBF1/Suppressor of Hairless/LAG-1) proteins- LAG-1 and SEL-8 

(Drosophila Mastermind family) to regulate target genes (Lambie and Kimble, 1991; Tax 

et al., 1997; Doyle et al., 2000). The components of the LIN-12/Notch signaling pathway 

include a MAP kinase phosphatase LIP-1 that antagonizes MPK-1 activity in 2° lineage 

cells thereby inhibiting these cells from taking on a 1° fate (Figure 5) (Berset et al., 

2001).  The down regulation of LIN-12 in the P6.p VPC by endocytosis and lysosomal 

degradation results in the adoption of a 1° fate (Shaye and Greenwald, 2002). 

The core components and downstream genes of Notch signaling pathway in C. 

elegans have clear C. briggsae orthologs based on UniProtKB and WormBase BlastP 

results (See table A1 for percent identity).  Sequence analysis of lin-12/Notch pathway 

genes in C. briggsae has revealed that the percent identities for almost all Notch pathway 

component orthologs are considerably lower than the median percent identity across the 

genome (median, 59%) (Figure 6) suggesting a greater divergence (Stein et al., 2003).
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Figure  5. Interaction of Ras and Notch signaling pathways during vulval development  

Activation of the EGF induced Ras signal cascade in P6.p triggers the DSL ligands and 

causes downregulation of LIN-12 Notch receptors resulting in 1
o 
cell fate. Activation of 

LIN-12 receptors causes the lateral inhibition of 1
o 
cell fate in P5.p and P7.p through LIP-

1. 
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Figure  6. Percent identity among the Notch pathway genes orthologs in C. elegans and 

C. briggsae (based on UnitProtKB results). Genome wide median and mean is 

highlighted as dotted and hyphenated line. 
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1.7 Reproductive system development in C. briggsae 

1.7.1 Developmental processes and similarities and differences from C. elegans 

The egg-laying system in C. briggsae is largely identical to C. elegans (Figure 7). The 

vulva is located in the centre body region and several characteristics like anchor cell 

position, P cell migration, vulval cell number, and cell fusion are similar between the two 

species. The vulva is formed by the progeny of 6 Pn.p cells [P(3-8).p] that adopt a 2°1°2° 

fate pattern from the divisions of the three innermost P(5-7).p cells.  

Initially, P3.p was not included as part of the VPC equivalence group, as the cell did 

not appear to adopt an induced fate following the ablation of other VPCs (Delattre and 

Félix, 2001b). However, subsequent studies involving C. briggsae Muv mutants showed 

that P3.p can be induced to adopt a vulval fate, suggesting that P3.p is indeed a VPC 

(Seetharaman et al., 2010; Sharanya et al., 2015).  

It has been reported that the P3.p division frequency differs between C. elegans and 

C. briggsae. In the wild C. briggsae isolate AF16, P3.p was found to be induced in 

approximately 15% of the animals, whereas the same cell was induced in 50% of the C. 

elegans animals examined (Delattre and Félix, 2001b; Sharanya et al., 2012). In addition, 

the morphology of the uterine vulval connection (utse), which  connects the uterus and 

vulva, is thicker in C. briggsae (Figure 8) (Gupta and Sternberg, 2003). Differences in 

brood size, sheath-contraction rate, and reproductive efficiency between the two species 

have also been noted (Eisenmann et al., 1998; Miller et al., 2004; Félix, 2007; Pénigault 

and Félix, 2011a).    
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Figure 7. Vulval development from L3 to mid L4 stage in C. briggsae.  

Differential Interference Contrast (DIC) images from A to D showcase the VPCs P5.p-

P7.p dividing three times to form the 22-cell stage vulva.  AC is the anchor cell and the 

Pn.px, Pn.pxx and Pn.pxxx represent the daughter, granddaughter and great 

granddaughter cells of the VPC. 
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Figure 8. Vulval morphology of C. elegans and C. briggsae.  At mid L4 larval stage, the 

VPCs( P5.p-P7.p) divide and form the 22-cell vulva (Christmas tree-like appearance). 

The arrow (yellow) indicates the utse connecting the uterus and vulva.
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1.8 Genetic dissection of vulval development in C. briggsae 

Genetic studies of Ras, Wnt and Notch components in C. briggsae have demonstrated 

conserved roles in promoting vulval fates.  

Gonad ablation and LIN-3/EGF overexpression experiments have provided evidence 

that Cel-lin-3 can induce 1
o 

and 2
o 

vulval fates in C. briggsae, and that VPCs fuse to the 

hypodermis in the absence of the AC (Félix, 2007; Sharanya et al., 2012). This pattern 

was observed in comparable studies performed in C. elegans (Myers and Greenwald, 

2007). Heat shock experiments precisely timed the VPC response to the inductive signal 

in C. briggsae. The VPCs respond to the inductive Cel-LIN-3 signal from 20-28 hours 

post L1 stage and the highest response is seen at 24 hours, with the animals displaying 

increased Muv penetrance (Sharanya et al., 2012). Thus, the LIN-3/EGF signal induces 

vulval development in C. briggsae.  

The function of the lin-12/Notch signaling pathway in anchor cell formation and 2° 

cell fate specification also appears to be conserved in C. briggsae (Félix, 2007). RNAi 

knock down of Cbr-lin-12 results in the development of multiple anchor cells, with all 

AC-djacent cells acquiring 1
o
 cell fates (Félix, 2007). This suggests that Cbr-lin-12 is 

needed for cell-cell communication during this process.  

The canonical Wnt signaling pathway is involved in VPC competence and cell 

proliferation in C. briggsae (Seetharaman et al., 2010).  Genetic studies involving Axin 

homolog Cbr-pry-1 have revealed its function in a canonical Wnt pathway upstream of 

Cbr-bar-1 and Cbr-pop-1, where it regulates the downstream target gene Cbr-lin-39 
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(Seetharaman et al., 2010). Cbr-pry-1 hypomorphs exhibit a multivulva phenotype due to 

the constitutive activation of Wnt signaling in all VPCs (Seetharaman et al., 2010). 

Examination of VPC fate pattern indicated that ectopic VPCs adopt a 2
o 

fate. This ectopic 

fate specification is independent of gonad-derived signals and LIN-12/Notch since pry-1 

mutants lacking gonad and lin-12 signal still show ectopic 2
o
 lineage cells (Gleason et al., 

2002; Seetharaman et al., 2010). Thus, activated Wnt signaling can confer 2
o  

cell fate on 

VPCs. Additional experiments showed that the role of Wnt signaling in VPC fate is 

conserved between C. elegans and C. briggsae (Seetharaman et al., 2010).  

Analyses of the vulval genes in C. briggsae have also revealed differences in 

function. Examination of the Notch receptor glp-1 showed that its role in vulval 

development has diverged (Rudel and Kimble, 2002). In C. briggsae, glp-1  RNAi causes 

the Muv phenotype, however C. elegans glp-1 alleles show no effect on vulval 

development (Rudel and Kimble, 2002). Similar RNAi experiments with lin-12 in C. 

briggsae have demonstrated that loss of lin-12 causes L1 larval arrest, while no such 

phenotype is seen in C. elegans (Rudel and Kimble, 2002). In other instances involving 

signal variation, slight overexpression of lin-3 can cause the adjacent cells to acquire 

1
o
cell fate in C. briggsae, however the adjacent cells still acquired the 2

o
 cell fate in C. 

elegans (Félix, 2007). Thus, lateral inhibition is easily overcome in C. briggsae (Félix, 

2007). In another example, treatment of worms with EGF pathway inhibitors completely 

inhibits VPC induction in C. elegans, but only partially eliminated induction in wild type 

C. briggsae and EGF pathway mutants (Zitnik, 2014). These observations reveal subtle 

variations in the roles of these signaling pathways during the mechanism of vulva 
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formation between C. elegans and C. briggsae. Together, these studies demonstrate that 

although some information is available on the function of genes and pathways in vulval 

development in C. briggsae, it is very limited. Significantly more work will be required to 

gain a comprehensive, functional understanding of signaling pathways and regulatory 

networks controlling vulval development in C. briggsae.  

1.9 Summary of intent 

Although vulval development is conserved between C. elegans and C. briggsae, 

several subtle differences at the cellular and genetic level drive this biological process in 

each nematode species. This study aims to uncover the unique and shared features of this 

pathway through the genetic characterization of C. briggsae vulval mutants. The 

objectives of this thesis were to (i) identify and characterize the genes and genetic 

networks driving the vulval development process in C. briggsae (ii) investigate the 

similarities and differences in developmental mechanisms between the two nematode 

species C. elegans and C. briggsae, and (iii) develop an efficient CRISPR-based 

genome editing method to generate targeted C. briggsae vulval mutants.  

To isolate genes required for vulval development in C. briggsae, forward genetic 

screens were undertaken in our lab. This study, described in Chapter 3, reports the 

identification of 19 mutants representing 13 genes, including 3 that are orthologs of 

Caenorhabditis elegans unc-84 (SUN domain), lin-39 (Dfd/Scr-related homeobox), and 

lin-11 (LIM homeobox). This is the first report of a large collection of vulva mutants in 

this species. By analyzing the C. briggsae vulva mutants, I discovered developmental 
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systems drift (DSD) in three homologous processes. As described in Section 1.3 of 

Chapter 1, DSD is the process where developmental mechanisms diverge with time 

without any change in the phenotypic outcome (True and Haag, 2001). One of the DSD 

processes involves inter-VPC distance. Specifically, the distance between P5.p and P6.p. 

in lin-39 mutants is lower in C. briggsae than in C. elegans. Second, lin-39 does not 

interact with pry-1 to enhance the small nuclear size phenotype of posterior Pn.p cells in 

C. briggsae as it does in C. elegans. And third, unlike Cel-lin-11 mutants Cbr-lin-11 

animals do not exhibit a defect in anchor cell migration (Chapter 3).  

 Next, in collaboration with Dr. Helen Chamberlin’s lab (Ohio State University), I 

assisted in the identification and mapping of seven vulval development genes, defining a 

new gene class ‘ivp’ (inappropriate vulval cell proliferation). Once again, it is the first 

report of a large number of genes that function to limit cell proliferation. Loss of function 

in these genes causes inappropriate division of VPCs and results in a Muv phenotype. The 

molecular identities of three of these Muv genes include orthologs of lin-1 (ETS), lin-31 

(Winged-Helix) of the EGF-Ras pathway, and pry-1 (Axin) of the Wnt pathway. The 

remaining four genes are EGF dependent and reside in regions of the genome that lack 

orthologs of known C. elegans Muv genes. As such, these Muv genes may represent 

novel regulators of C. briggsae vulval development (Chapter 4).  

 In addition to characterizing the roles of Vul, Pvl and Muv genes, I also 

contributed to the development of the CRISPR/cas9 system in C. briggsae to generate 

targeted mutations in genes of interest. This technology is based on protocols and 

reagents developed in the C. elegans system. In this study, through NHEJ, several C. 
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briggsae mutants (Cbr-unc-22, Cbr-dpy-1, Cbr-unc-119, and Cbr-bar-1) were generated. 

The results show that while the CRISPR approach works in C. briggsae, it appears less 

efficient in directing homologous recombination based events compared to C. elegans. In 

this work, my contribution was in donor vector design, generation of reporter constructs, 

and generating PCR amplicons for the Cbr-lin-17 and Cbr-dpy-1 genes to determine their 

efficiency in genome editing (Chapter 5). 

 In summary, the results described in this thesis indicate that despite the 

developmental and morphological similarity in wildtype vulval development between C. 

elegans and C. briggsae, the underlying genetic programs that govern this development 

include both conserved and divergent components. Also, the use of emerging genome 

editing technologies such as CRISPR, along with forward genetics and approaches like 

RNAi knock down will add strength to comparative studies using these nematodes 

(Dickinson et al., 2013; Verster et al., 2014). These powerful tools will not only 

revolutionize comparative studies, but also enable the study of C. briggsae in an 

individual context. Additionally, they can lead to the identification of new pathway 

components and regulatory networks that are not present in C. elegans. 
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CHAPTER 2: MATERIALS AND METHODS 

2.1 Strains and culture conditions 

C. briggsae strains were cultured under standard conditions used for C. elegans 

(Brenner, 1974; Wood, 1988). All experiments were performed at 20°C, unless otherwise 

noted.  The wild-type C. briggsae strain used was AF16, and the polymorphism genetic 

mapping strain used was HK104. The ‘Cbr’ prefix denotes the C. briggae orthologs of 

known C. elegans genes. 

The mutants in this study include 

Egl mutants: Cbr-egl(bh21), Cbr-egl(bh6), Cbr- egl(bh21), Cbr-egl(sy5395), Cbr-

lin(bh7), Cbr-lin(bh13), Cbr-lin(bh14), Cbr-lin(bh25), Cbr-lin(sy5197), Cbr-lin(sy5212), 

Cbr-lin-11(sy5336), Cbr-lin-11(sy5368), Cbr-lin-39(bh20), Cbr-lin-39(bh23) , Cbr-

lin(sy5425), Cbr-lin(sy5426), Cbr-unc(sy5505), Cbr-unc-84(sy5506), Cbr-egl-

13lin(bh26). 

Muv mutants: Cbr-pry-1(sy5353), Cbr-pry-1(gu137), Cbr-ivp-1(gu163), Cbr-lin-

31(sy5342), Cbr-lin-31(sy5344), Cbr-lin-31(gu138), Cbr-lin-31(gu168), Cbr-lin-

1(gu198), Cbr-lin-1(sa993), Cbr-lin-1(bh9), Cbr-ivp-2(gu167), Cbr-ivp-3(sy5216), Cbr-

ivp-3(sy5392), Cbr-ivp-4(gu102) and Cbr-ivp-4(gu168). 

Mutants generated in the CRISPR study: DY503 Cbr-unc-22(bh29), DY504 Cbr-dpy-

1(bh30), DY530 Cbr-bar-1(bh31), DY544 Cbr-unc-119(bh34) and DY545 Cbr-unc-

119(bh35). 
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The C. briggsae markers and mapping strains used in genetic experiments: 

 Cbr-sma(sy5330), Cbr-sma-6(sy5148), Cbr-unc-4(sy5341), Cbr-dpy-1(sy5022), Cbr-daf-

4(sa973), Cbr-unc-22(s1270), Cbr-unc-22(gu205) , Cbr-dpy(sy5027), Cbr-unc(sa997) V , 

Cbr-unc(sy5329),Cbr-unc(sy5077). bhEx166[Cel-daf-6::YFP+Cel-myo-

2::GFP], mfIs5[Cbr-egl-17::GFP + Cel-myo-2::GFP](Félix, 2007),mfIs8[Cbr-zmp-

1::GFP + Cel-myo-2::GFP], bhEx31[pRH51(hs::lin-3)+myo-2::GFP], 

 bhEx78[pGF50(lin-11)+myo-2::GFP],bhEx117[mec-7::GFP+myo-2::GFP],  

bhEx123[C07H6 + myo-2::GFP],  bhEx124[C07H6 + myo-2::GFP],bhEx132[F44F12 + 

myo-2::GFP],  bhEx134[F44F12 + myo-2::GFP],  bhEx139[pSL38(unc-84) + myo-

2::GFP], bhEx141[pSL38(unc-84) + myo-2::GFP], bhEx142[pSL38(unc-84) + myo-

2::GFP], bhEx148[pGF50(lin-11) + myo-2::GFP], bhEx152[pSL38(unc-84) + myo-

2::GFP].  

The C. elegans strains include N2 (wild type), Cel-lin-31(n301)  (Ferguson and Horvitz, 

1985), Cel-lin-1(e1777) (Ferguson and Horvitz, 1985), Cel-lin-15AB(n309) (Ferguson 

and Horvitz, 1985), Cel-lin-11(n389)  (Ferguson and Horvitz, 1985) and  transgenes 

include  ayIs4[Cel-dpy-20(+) + Cel-egl-17::gfp] (Burdine et al., 1998), bhEx53[Cel-unc-

119(+) + pGLC9 (Cel-daf-6::YFP+Cel-myo-2::GFP)] (Seetharaman et al., 2010). 

 2.2 Genetic screens 

Ethyl methyl sulfonate (EMS) mutagenesis was performed by soaking AF16 animals in a 

25 mM M9 buffer solution of EMS for up to 4 hours (Brenner, 1974). The worms were 
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then washed four times with M9 solution and transferred onto standard nematode growth 

media (NGM) plates (Brenner, 1974). 

For the Egl screen, animals exhibiting Egl phenotype were screened for in the F2 

generation. From four independent F2 screens (in the range of 100,000-125,000 haploid 

genome sets in total), 39 independent Egl clones were isolated. This study focused on 19 

mutations residing in 13 genes. For the Muv study, animals exhibiting Muv phenotype 

were isolated in the F2 generation and their progeny were evaluated. The lines exhibiting 

a heritable phenotype were retained for further study. Each strain was outcrossed at least 

three times before initiating genetic experiments. The 13 Muv strains were recovered by 

screening the offspring of approximately 40000 F1 animals (80000 mutagenized 

gametes). The additional mutation, sa993, was kindly provided by Takao Inoue (National 

University of Singapore). 

2.3 Mapping  

Mutations were mapped to linkage groups by several genetic mapping techniques. 

For polymorphism based mapping, the mutants were mapped to specific chromosomes by 

single worm and bulk segregant methods using indels and SNPs (Koboldt et al., 2010). In 

addition, a 12X oligo microarray chip containing 4500 SNPs was used to map mutations 

(Flibotte et al., 2009). Linkage of the Egl mutations were tested with several phenotypic 

markers as listed in www.briggsae.org . For genetic introgression, hermaphrodites from the 

AF16 derived Muv strain was crossed to HK104 males. The selected F1 progeny 

hermaphrodites were allowed to self-cross and the resulting F2 Muv animals were 

http://www.briggsae.org/
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allowed to grow to establish round 1 backcross line. The round 1 line was further crossed 

to HK104 males to repeat the same process for a minimum of 5 rounds. Genomic DNA 

recovered after the 5 rounds will then be genotyped using a series of polymorphisms or 

phenotypic markers to establish and narrow the physical location of the mutation 

2.4 Complementation  

Complementation tests were performed between two vulval mutants (m1 and m2) 

by crossing m1/+ heterozygote males to m2/m2 hermaphrodites. The crosses were done 

using visible recessive (e.g., Dpy or Unc) or gfp-based markers to identify the cross 

progeny.  In the F2 generation, the vulval phenotype of L4 worms or the Egl/Muv 

phenotype of adult worms was scored under Nomarski optics. Based on these findings, 

the mutations have been placed into various complementation grsoups. 

2.5 Serotonin and fluoxetine drug assays 

Drug assays were carried out using Serotonin and fluoxetine to analyze the 

pharmacological response of the Class 1 Egl  mutants. Serotonin (35 mM) and fluoxetine 

(1 mg/mL) solutions were prepared in M9 buffer freshly on the day of the experiment. In 

a 96-well microtiter plate, 50 µL of drug was added in individual wells with appropriate 

controls. A day before the assay, L4 animals were picked and allowed to grow for 18-24 

hr. They were then placed individually into drug and M9 containing wells. After 1 hr at 

room temperature, the number of eggs laid by each worm was counted to assess the effect 

of the drug on egg laying behavior. All assays were repeated a minimum of three times.  
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2.6 Heat shock experiment 

For this experiment, L1 animals of the bhEx31 strain grown on standard NG agar 

plates were heat shocked in a water bath. Various heat shock conditions were tested by 

fixing the temperature at 37° and varying the duration of the exposure. The effects of two 

different types of pulses were examined. A single long pulse (between 0:30 hour and 1:30 

hour) and multiple short pulses (either consisting of four 30 minute pulses each separated 

by 1 hour rest period or two 1 hour pulses separated by 1 hour rest period), were tested. 

37°C was chosen for all subsequent analysis after initial experiments. Once the heat shock 

treatment was complete, the animals were shifted 20°C. The vulval phenotype with 

respect to induction and morphology was examined at L4 by Nomarski. All of the heat 

shock experiments were done by Carle Ching. 

2.7 Egl penetrance assay 

In 6-well nematode growth agar plates, L4 animals were placed individually and 

observed over a 3-day period. The Egl phenotype was classified into 3 categories as Egl 

(no laid eggs, “bag of worms” appearance), semi-Egl (few eggs initially but eventually 

formed “bag of worms”), and non-Egl (no defect, phenotypically wild type). 

2.8 Muv penetrance assay 

The Muv penetrance was calculated by scoring adult worms at plate-level using a 

stereomicroscope, as well as in L4 animals using Nomarski optics. Adult animals 

exhibiting two or more protrusion were scored as Muv and those with a single protrusion 
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as Pvl . The Pvl animals were included in the non-Muv category.   For gu102 and gu167 

mutants, the Muv penetrance was calculated for temperatures 15 °C, 20 °C and 25 °C to 

test for temperature sensitivity.  

2.9 Generation of sgRNA constructs 

For the generation of the sgRNA constructs, gene sequences were first identified 

from Wormbase. The exons were searched for the target sgRNA following the form 

G/A(N)19NGG using ZiFiT Targeter Version 4.2software (Sander et al., 2007) and 

optimized using the scoring algorithm by (Doench et al., 2014; Xie et al., 2014)  or the 

presence of a 3’ GG motif at positions 19 and 20 of the NGG  site (Farboud and Meyer, 

2015). Constructs were generated using either two-step overlap-extension PCR on a 

pU6::Cbr-unc-119_sgRNA template  (Friedland et al., 2013) or Q5 site-directed 

mutagenesis on a pU6::Cbr-lin-10_sgRNA template (Paix et al., 2014) using the NEB Q5 

site-directed mutagenesis kit (E0554). Substitution at the target site was confirmed by 

AclI digestion. Donor templates were made with different sized homology arms using 

single stranded oligonucleotides (ssODN) (primers), PCR amplicons or plasmids 

containing fluorescent reporters (GFP and dsRED). The ssODNs were designed to insert 

a 22bp sequence containing a NcoI target site with homology arms of 75 and 49bp 

overlapping the sgRNA site (Paix et al., 2014). PCR amplicons having 30-40bp short 

homology arms were generated to insert   GFP (864 bp) and dsRED (830 bp) sequences 

into the gene of interest. The donor vector myo-2::dsRED::unc-54 3’UTR with 1Kb 
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homology arms flanking the target site was  designed to insert a myo-2::dsRED reporter 

using Gibson Assembly Cloning Kit NEB catalog #E5510. 

2.10 Sequencing 

The primers and mutations associated with each identified gene are tabulated and 

listed in chapter 3, 4 and 5. The sequencing associated with ‘gu’ alleles was done by 

Helen Chamberlin lab members.  

2.11 Generation of transgenic strains 

By injecting DNA into the gonads of young adult hermaphrodites with injection 

mixes containing myo-2 as transformation pharyngeal markers, transgenic worms were 

generated. The injections were done using a Zeiss Axiovert 200 microscope and 

Eppendorf FemtoJet. The microinjection technique was followed as described in Mello et 

al., 1991. 

For rescue experiments in the Egl study, transgenic worms were generated by 

injecting pSL38 (4ng/ µL)(Mcgee et al., 2006), C. elegans cosmids C07H6 (20 ng/µL) 

and F44F12 (0.7 ng/µL), pGF50 (20 ng/µL) (Freyd, 1991). Transgenic animals were 

further examined for the rescue of P-cell, vulval induction, invagination and Egl defects.  

bhEx31 transgenic animals carry the pRH51 plasmid, which contains the EGF domain of 

lin-3 under the control of the hsp16-41 promoter (pPD49.83). This heat shock experiment 

was done by Carle Ching.  
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Transgenic strain for the Muv study was generated by injecting the daf-6::YFP 

plasmid pGLC6 (100 ng/µL) (Seetharaman et al., 2010). 

For the CRISPR/cas9 study, the injection mixes were prepared containing myo-

2::GFP (10 ng/µL), pU6::sgRNA (100 ng/µL) (customized for each gene) and Peft-

3::Cas9-SV40NLS::tbb-2 3’UTR (100 ng/µL). Linear sgRNAs were injected at 60 ng/µL 

and 100 ng/µL. Mutants were detected either by plate level screening at F2 generation or 

by PCR screening of F1 and F1 mutant progeny with primers spanning the sgRNA site. 

These experiments except for linear sgRNA injections were done by Elizabeth Culp and 

Cory Richman. 

2.12 Microscopy  

The fates of each VPC were examined in L3 and L4 stages animals mounted on 

agar pads using Zeiss Axioimager D1 and Nikon Eclipse 80i microscopes. 1M sodium 

azide (1M) was used to anaesthetize the worms. 

Based on the number of cells observed in hyp7, the fate was noted. If the VPC 

fused to the hyp7 without dividing, it was assigned a Fused (F) fate. If the VPC divided 

once and fused with hyp7, it was assigned a tertiary (3°) fate. If the VPC was induced to 

give rise to more than 4 vulval progeny, it was assigned an Induced (I) fate. 

In sy5353 and sy5353;bh20 mutants, a few Pn.p cells appeared small and with a cell fate 

similar to P12.pa (Seetharaman et al., 2010). These were termed as “small” cells. 
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In Muv animals, more than 3 VPCs get induced resulting in an induction score >3. 

The fates of Muv animals were observed using primary and secondary cell fate 

fluorescent markers at mid and late L4 stage. Cbr-egl-17::GFP is a secondary cell fate 

marker expressing in Vul C and Vul D cells. Cbr-zmp-1::GFP and Cel- daf-6::YFP are 

primary cell markers expressing in VulE , VulF and VulA , VulE cells respectively. GFP 

analysis was done using a Zeiss Axioplan microscope equipped with the GFP filter 

HQ485LP (Chroma Technology), a power source (Optiquip 1500) and a 200 W OSRAM 

Mercury bulb. 

The inter-VPC distances in lin-39 mutants of C. elegans and C. briggsae was 

measured by calculating the distances among the 5 VPC pairs (P3.p-P4.p, P4.p-P5.p, 

P5.p-P6.p, P6.p-P7.p, P7.p-P8.p) in mid-to-late L2 stage animals using Nikon NIS 

Elements software. 

2.13 Ablation experiments 

Animals were first anaesthetized with 1–10  mM sodium azide. Cells of interest 

were then ablated using a class IIb laser system (Photonic Instruments Inc.) attached to a 

Nikon Eclipse 80i Nomarski fluorescence microscope. (Avery  and Horvitz 1987)
 
. For 

the Egl study, P6.p was ablated at L2 stage to examine the fate of the neighbouring VPCs. 

For the Muv study, the gonad precursors (Z1 to Z4) were ablated during the L1 stage. 

Once the ablation was complete, the worms were recovered from the slides and allowed 

to grow in OP50 containing NG plates. Vulval phenotypes of the ablated worms were 
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examined for both experiments using Nomarski optics at either L4 or adult stage. The 

ablations for the Muv study were done by Jaeyoung Kim. 

2.14 Statistical analysis 

InStat 2.0 (GraphPad) Software was used for statistical analysis. For the 

unpaired t-tests, the tailed P values were calculated and values less than 0.05 were 

measured as statistically significant. 

2.15 U0126 assays 

A 10 mM U0126 solution dissolved in DMSO was diluted with 1X M9, with 

150 μl of the solution spread on NGM plates on day one. The solution was left overnight 

at room temperature to be absorbed into the agar with final concentration of 10 μM and 

30 μM. On day two, three drops of OP50 E. coli were was added to the centre of each 

plate, and allowed to dry overnight. The next day, approximately 20 L1 worms were 

added to each plate. From here forth, the plates were maintained at 20
o
C. After three 

days, the adult worms were scored for the Muv phenotype. This experiment was done by 

Dr. Helen Chamberlin lab. 

2.16 Quantitative RT-PCR assays 

C. elegans, mutagenesis studies involving the egg-laying system have identified a 

signaling network RNA was extracted from Late L2 and early L3 cultures of C. briggsae 

wild type (AF16), Cbr-lin(sy5216), Cbr-lin(gu102), Cbr-lin(gu167), Cbr-lin(gu163), Cbr-

lin-31(sy5342), Cbr-lin-1(gu198), C. elegans N2, Cel-lin-15AB(n309) using a TRIzol 
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based method. The developmental stage of the animals in culture was confirmed by 

observing the size of the gonad and the AC. All samples were DNase treated (Ambion 

Turbo DNA-free AM1907). cDNA were prepared using Protoscript AMV first strand 

cDNA synthesis kit- #E6500S. Reaction mixes for qRT-PCR for the reference and target 

genes were prepared using LuminoCt SYBR Green qPCR ReadyMix- L6544. Primers 

GL909/GL910 was used for amplifying lin-3 fragment in C. elegans, while for C. 

briggsae primers GL911/GL912 were used. The reference genes were Cbr-pmp-3 and 

CBG22375 in C. briggsae and Cel-pmp-3 and Y45F10d.4 in C. elegans.  Cel-pmp-3 and 

Cbr-pmp-3 were used in the final analyses Data were generated and analyzed using 

BioRad CFX manager software 3.1.  



Ph.D. Thesis-D. S. Peraiyur Premkumar  McMaster University-Biology 

 

64 
 

CHAPTER 3: GENETIC CONTROL OF VULVAL DEVELOPMENT IN 

CAENORHABDITIS BRIGGSAE 

Preface:  

This chapter includes the following article in its originally published format: 

“Genetic control of vulval development in Caenorhabditis briggsae”, by Devika 

Sharanya, Bavithra Thillainathan, Sujatha Marri, Nagagireesh Bojanala, Jon Taylor,  

Stephane Flibotte, Donald G. Moerman, Robert H. Waterston and Bhagwati P. Gupta. 

(G3 (Bethesda). 2012 Dec;2(12):1625-41. doi: 10.1534/g3.112.004598). This is an open-

access article distributed under the terms of the Creative Commons Attribution Unported 

License, which permits unrestricted use, distribution, and reproduction in any medium, 

provided the original work is properly cited. 

In this study, mutagenesis screens were undertaken to study the genes and the 

genetic pathways underlying the egg laying system in C. briggsae. In this work, we have 

isolated 39 Egl mutants and have characterized 19 mutants. The 19 C. briggsae mutants 

define 13 genes whose loss of function results in an Egl phenotype due to defects in 

neuronal or muscular components of the egg laying system, failed P-cell migration, 

reduced VPC induction and errors in cell division axes, anchor cell migration and 

invagination. Among the 13 genes, three C. briggsae genes unc-84 (SUN domain), lin-39 

(Dfd/Scr-related homeobox), and lin-11 (LIM homeobox) have been identified to be 

orthologous and functionally conserved with C. elegans.  Additionally, DSD has been 

identified in three processes where the orthologous genes lin-11 and lin-39 display 



Ph.D. Thesis-D. S. Peraiyur Premkumar  McMaster University-Biology 

 

65 
 

different phenotypes with respect to VPC spacing, P7.p fate transformation and uterine 

vulval connection formation.  

Contributions: 

I performed most of the experiments for this paper with assistance from Bavithra 

Thillainathan (Figures 1, 2, 3, 5, 6, 7A, 7C and tables1, 3, 4, 5, 8 and SNP chip-based 

genetic mapping). The mutagenesis screens and mutant isolation were done by Bhagwati 

Gupta along with Shahla Gharib and Takao Inoue. The cell lineage analysis of mutants 

was done by Nagagireesh Bojanala and Bhagwati Gupta (Table 7, Figure 7B). The cell 

fate analysis data in Table 9 was provided by Sujatha Marri. Don Moerman lab (Jon 

Taylor and Stephane Flibotte) and Robert H. Waterston performed the SNP-chip mapping 

of mutants (part of Table 3 and Supplementary Figure S2). Bhagwati Gupta and Carly 

Ching did the heat shock experiment involving LIN-3 overexpression (Figure 4). 

Bhagwati Gupta and I wrote the paper.  
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CHAPTER 4: MUTATIONS IN CAENORHABDITIS BRIGGSAE IDENTIFY NEW 

GENES IMPORTANT FOR LIMITING THE RESPONSE TO EGF SIGNALING 

DURING VULVAL DEVELOPMENT  

Preface: 

This chapter includes the following article in its originally published format: 

“Mutations in Caenorhabditis briggsae identify new genes important for limiting the 

response to EGF signaling during vulval development” by Devika Sharanya, Cambree J. 

Fillis, Jaeyoung Kim, Edward M. Zitnik Jr., Kelly A. Ward, Molly E. Gallagher, Helen 

M. Chamberlin, and Bhagwati P. Gupta (Evolution & Development, 17: 34–48. 

doi: 10.1111/ede.12105). This article is available online open access under the terms of 

the Creative Commons Licenses which permits use, distribution and reproduction in any 

medium, provided the original work is properly cited. 

This study describes seven new C. briggsae Muv genes that inhibit appropriate 

division of vulval precursors.  Three of the Muv genes include orthologs of Cel-lin-1, 

Cel-lin-31 of the EGF-Ras pathway and Cel-pry-1of the Wnt pathway. The remaining 

four genes lack orthologs of known C. elegans Muv genes. We have determined that 

these four genes are dependent on the EGF pathway kinase MEK. Based on their Cbr-lin-

3 levels, it is likely Cbr-ivp-2(gu167) acts upstream of Cbr-lin-3/EGF, while the 

remaining three influence the pathway either downstream or parallel to EGF. A new cost 

effective genetic mapping method by introgression has also been reported to map 

mutations and improve gene identification in C. briggsae alongside technologies like 

whole genome sequencing and SNP-chip assays.  
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Contributions: 

This work was done in collaboration between Dr. Bhagwati Gupta lab at 

McMaster University and Dr. Helen Chamberlin lab at Ohio State University. 

Mutagenesis screens were done independently in both labs.  I generated data for Figures 

2, 6, 8 and Tables 1, 2, 3, 4. Mapping experiments along with data for tables 3 and 4 were 

generated with assistance from Bavithra Thillainathan. Jaeyoung Kim performed all the 

ablation experiments. Dr. Helen Chamberlin and members in her lab Cambree J. Fillis, 

Edward M. Zitnik Jr., Kelly A. Ward, and Molly E. contributed to the genetic and 

molecular analysis of gu alleles (gu138, gu162 and gu137) described in Tables 1, 2; 

Figures 4, 5, 7; and Supplementary Tables 1, 2, 3, 4. I contributed to the writing of the 

manuscript along with Dr. Helen Chamberlin and Dr. Bhagwati Gupta.
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CHAPTER 5: GENOME EDITING IN CAENORHABDITIS BRIGGSAE USING 

THE CRISPR/CAS9 SYSTEM 

Preface: 

This chapter consists of the manuscript in preparation for publication entitled 

“Genome Editing in Caenorhabditis briggsae using the CRISPR/Cas9 System” by 

Elizabeth Culp, Cory Richman, Devika Sharanya and Bhagwati P Gupta 

(doi: http://dx.doi.org/10.1101/021121  ). This article has been made available in the 

preprint server bioRxiv, an online archive and distribution service for unpublished 

preprints until it is ready for publication. 

This study describes how CRISPR/cas9 system can be used to generate targeted 

mutations in C. briggsae and the various limitations in the methodology. We show that 

CRISPR/Cas9 works in C. briggsae resulting in the generation of loss of function mutants 

for genes Cbr-unc-22, Cbr-unc-119, Cbr-bar-1 and Cbr-dpy-1 through NHEJ. As in C. 

elegans, the presence of sgRNA with 3’GG motif adjacent to the PAM site improved the 

efficiency of targeted mutations and interestingly the frequency of insertion events was 

higher in C. briggsae compared to C. elegans. A PCR-based screening approach has also 

been established to increase screening sensitivity for mutants like Cbr-vit-2 which have 

no obvious phenotypes. Some limitations have been identified with respect of sgRNA 

design and targeted mutagenesis with homology directed repair.  
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Contributions: 

The CRIPSR protocol was earlier developed in the Gupta lab by Cory Richman 

who generated mutant alleles for Cbr-unc-22 and Cbr-dpy-1. Subsequently, Elizabeth 

Culp performed experiments involving donor vectors, single stranded oligonucleotides 

(ssODN) with restriction enzyme sites, PCR screening, 3’GG motif sgRNAs along with 

microinjections for Cbr-bar-1, Cbr-unc-119, Cbr-lin-2, Cbr-lin-7, Cbr-lin-10, Cbr-lin-17, 

Cbr-lin-18 and Cbr-vit-2. I provided technical guidance and generated the expression 

plasmid for the donor vector for Cbr-bar-1 and data for ssODN for Cbr-lin-17 along with 

the microinjections. The manuscript was written by Elizabeth Culp and Bhagwati Gupta, 

with inputs from myself, Cory Richman and Ayush Ranawade. 
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CHAPTER 6: DISCUSSION AND FUTURE DIRECTIONS 

 

 

 The work described in this thesis focuses on the identification of genes involved 

in vulval development in C. briggsae, with an emphasis on comparative evo-devo 

analysis using C. elegans. The mutants used in my work were previously isolated in 

forward genetic screens performed in the Gupta lab. Among the 20 genes examined in 

this thesis, 17 are involved in processes that affect VPC number, cell proliferation and 

vulval morphology. Rescue experiments and molecular analyses have revealed that six of 

these genes are orthologs of C. elegans unc-84, lin-39, lin-11, pry-1, lin-1, and lin-31. 

The molecular identity of the remaining genes (14) is unknown and, based on the 

mapping data, may include novel genes. In my study of Multivulva mutants (Chapter 4), 

the identity of four uncloned genes could not be predicted from C. elegans based on 

genetic and molecular studies. Altogether, the work in this thesis reports the largest 

collection of genes involved in vulval development isolated through forward genetic 

screens in C. briggsae. The genetic analysis of mutants has provided evidence that the 

development of the reproductive system in C. briggsae utilizes both conserved and 

divergent processes. Additionally, my thesis has generated useful biological and technical 

resources in the form of mutants in addition to new mapping protocols and a CRISPR-

based platform for targeted mutagenesis in C. briggsae (Chapter 5). The genes discussed 

below are based upon their sequential involvement doing the vulval development process. 
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6.1. Genes involved in P-cell migration 

 Nuclear migration is central to many cellular processes like fertilization, cell 

polarity, differentiation, migration and cell organization during organ development (Starr, 

2009; Starr and Fridolfsson, 2010). Mutations in UNC-83 (KASH domain) and UNC-84 

(SUN domain) that disrupt nuclear migration in  hyp7 and P-cells were first isolated in C. 

elegans genetic screens aimed at identifying lineage mutants (Horvitz and Sulston, 1980; 

Ferguson and Horvitz, 1985). Since a subset of P-cells give rise to VPCs, lack of nuclear 

migration in these mutants leads to vulval abnormalities (Malone et al., 1999). 

Additionally, P-cells contribute to neuronal lineages, therefore the migration defects in 

unc-83 and unc-84 mutants are due to the disruption of neuronal and muscular systems 

(Malone et al., 1999).  

 Similar to C. elegans unc-83 and unc-84 mutants, we observed defects in P-cell 

and hyp7 nuclear migration in two C. briggsae class 2 mutant strains-Cbr-unc-84(sy5506) 

and Cbr-unc(sy5505) (Chapter 3). These animals were uncoordinated and often lacked the 

vulva, leading to an Egl phenotype. Transgene rescue analysis revealed that the SUN 

domain protein UNC-84 is functionally conserved between C. elegans and C. briggsae, as 

Cel-UNC-84 expression in Cbr-unc-84 mutants rescued the Egl phenotype. In contrast, 

the phenotype of sy5505 was not rescued by C. elegans unc-84. It is possible that Cbr-

unc(sy5505) defines a new locus on chromosome 5, e.g., Cbr-unc-83, but this possibility 

needs to be tested by further rescue and allele sequencing experiments. It is interesting to 

note that unlike C. elegans unc-83 mutants, Cbr-unc(sy5505) animals do not display hyp7 

migration defects. The future identification of the causal mutation in Cbr-unc(sy5505) 
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will reveal if it is indeed an allele of Cbr-unc-83 or if it represents a novel gene that has 

acquired new function in C. briggsae. Furthermore, it would allow us to study similarities 

and differences in nuclear migration process between the two species.  

6.2. Genes affecting cell proliferation 

6.2.1. Vulvaless genes 

 My work has resulted in the identification of three class 3 mutants Cbr-lin(bh7), 

Cbr-lin(bh14), and Cbr-lin-39, whose loss of function result in VPC competence and 

induction defects. In one case, i.e., Cbr-lin-39, I have shown that uninduced VPCs fuse to 

the surrounding hypodermal syncytium prior to receiving an inductive signal, as judged 

by the expression of a cell junction associated marker DLG-1 (MAGUK family). 

Previous work in our lab has demonstrated that Cbr-lin-39 is a downstream target of the 

Cbr-bar-1-Cbr-pop-1-mediated canonical Wnt signaling pathway required to regulate 

VPC competence and fate specification (Seetharaman et al., 2010), similar to what has 

been observed in C. elegans (Eisenmann et al., 1998). 

 Despite the conserved role of lin-39 in regulating VPC competence, Cbr-lin-39 

mutants exhibit slight phenotypic differences compared to C. elegans lin-39 animals. The 

Pn.p spacing defect is more severe in Cbr-lin-39 alleles, especially between the P5.p and 

P6.p pair. When the interaction between Cbr-lin-39 and Cbr-pry-1 was examined to 

determine if overactivation of Wnt signal can bypass Cbr-lin-39 activity, there was no 

change in small nucleus phenotype-like fate on the posterior side between the single and 

double mutant, despite the reduction in induction level. It is likely Cbr-lin-39 is not 
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involved in preventing fate transformation in the posterior VPCs by Wnt overactivation 

(Seetharaman et al., 2010). Also, immunostaining with MH27 antibody and anti-LIN-39 

antibody has revealed that there is a higher posterior competence in C. briggsae AF16 

compared to C. elegans N2 (Pénigault and Félix, 2011b). This contrast in competence is 

further supported by differences in P3.p division frequency and the observation that LIN-

39 levels are lower in C. briggsae compared to C. elegans (Delattre and Félix, 2001a; 

Pénigault and Félix, 2011a). This competence variation in P3.p is likely caused by the 

long range Wnt signals CWN-1 and EGL-20, which establish a concentration gradient 

from the posterior region to P3.p (Pénigault and Félix, 2011b). 

 It is not clear how the Cbr-lin(bh7) and Cbr-lin(bh14) genes function in regulating 

VPC competence. However, since the VPCs fuse to the hyp7 without dividing, it is likely 

that the genes responsible are components of a novel pathway, or function with the 

conserved Wnt pathway to converge on LIN-39 in regulating competence (Eisenmann et 

al., 1998). Future studies aimed at identifying their molecular identities will enable us to 

design experiments to investigate these possibilities.   

6.2.2. Multivulva genes 

6.2.3. Identification of conserved C. elegans orthologs in C. briggsae 

 Chapter 4 describes the identification and characterization of new Muv genes in 

C. briggsae whose loss of function results in excessive cell proliferation. This study has 

revealed three conserved orthologs of C. elegans lin-1, lin-31 and pry-1. The role of pry-1 

in both C. elegans and C. briggsae was investigated previously in the Gupta lab 
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(Seetharaman et al., 2010), therefore I focused on the analysis of Cbr-lin-1 and Cbr-lin-

31. 

 My work has shown that loss of Cbr-lin-31 gene function results in a Muv 

phenotype and that ectopic VPC induction is independent of the gonad derived signal. 

Previous studies in C. elegans have shown that lin-31 is required for VPC fate 

specification and that VPCs in lin-31 mutants are induced to adopt anyone of the three 

possible fates (1
o
, 2

o 
or 3

o
). However, these experiments were based on cell lineage 

analysis rather than lineage-specific molecular markers (Miller et al., 1993). Using two 

different GFP-based 1
o
 and 2

o
 cell fate markers, I have shown for the first time that 

ectopically induced VPCs in both C. briggsae and C. elegans lin-31 mutants acquire a 2
o
 

cell fate. In the future it will be interesting to investigate the interaction of LIN-31 with 

LIN-12/Notch signaling, which is also involved in conferring 2
o
 fates on VPCs 

(Sternberg, 1988; Chen and Greenwald, 2004).  

 In collaboration with the Chamberlin lab, I have characterized three alleles of 

Cbr-lin-1 (bh9, sa993 and gu198). Cbr-lin-1 mutant hermaphrodites exhibit both Muv 

and Pvl phenotypes on plate level. Upon examination under Nomarski, I found that the 

Pvl phenotype is due to multiple VPCs inducing to form a single protrusion, indicative of 

a Muv phenotype. The analysis of cell fates in Cbr-lin-1 mutants revealed that ectopic 

VPCs adopt both 1
o
 and 2

o
 cell fates. In no case did we find adjacent ectopic 1

o
 cells, 

indicating that the lateral signal is functional in the VPCs. A similar phenotype was also 

observed in C. elegans lin-1 mutants. Overall, the role of LIN-1 in vulval development 

appears to be conserved between C. elegans and C. briggsae.  
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6.2.4. New genes that function in an EGF dependent manner 

 In addition to known EGF signaling pathway components Cbr-lin-1, Cbr-lin-31 

and Cbr-pry-1, the genetic screen performed in collaboration with the Chamberlin lab 

(Ohio State University) yielded four new genes that do not have any obvious candidates 

in C. elegans based on mapping and phenotypic studies (Cbr-ivp-1, Cbr-ivp-2, Cbr-ivp-3, 

Cbr-ivp-4). In these C. briggsae mutants, VPC fate specification occurs independent of 

the gonadal signal. However, when compared to wildtype control animals, we find that 

some animals exhibit patterns where three or less VPCs are induced, indicating some 

dependency on the gonadal derived EGF signal despite displaying a Muv phenotype. 

For instance, when the gonad was ablated in Cbr-lin-1(gu198) the resulting vulval 

phenotype looked similar to the intact mutant strain, except in rare cases where P7.p did 

not fully divide. Similarly, two animals had reduced induction after gonad ablation in 

Cbr-lin-1(sa993), however in this case P6.p remained undivided. Further, Muv 

penetrance was also reduced in gu167 gonad ablated animals. In gu102, sy5216 and 

gu163 animals, we find that there is no difference in the Muv penetrance between ablated 

and intact animals, indicating that these mutants can bypass the requirement for the gonad 

signal.  

Their dependency on EGF signaling is further demonstrated in an experiment 

carried out by the Chamberlin lab in which the Muv penetrance was reduced with the 

U0126 EGF-inhibitor. However, it is interesting to note that Muv penetrance is not 

completely suppressed even at high concentrations of U0126 (30 µM). Studies with Cel-

let-60(n1046) have shown that the Muv phenotype caused by constitutive activation of 
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Ras is completely eliminated with 10 µM of U0126 (Zitnik, 2014).  Further tests with 

increasing doses of U0126 have also shown that VPC induction in P5.p, P6.p and P7.p is 

not completely suppressed in wild type C. briggsae, indicating that EGF pathway is more 

robust to perturbations than C. elegans (Zitnik, 2014). Altogether, these results imply that 

EGF-dependent and independent signaling pathways contribute to vulval development in 

C. briggsae (Zitnik, 2014).  

 In addition, 2
o 

cell fate expression was also observed more frequently among the 

ectopic VPCs in the four Muv mutants described in this thesis. These observations 

suggest that these Muv genes may play an important role in regulating notch signaling. 

This possibility could be tested by suppressing Notch signaling in these mutants to 

determine if this can suppress excessive VPC induction.  

 In summary, these four genes are likely to represent novel regulators of cell 

proliferation in C. briggsae.  At present the molecular identity of these genes is unknown, 

which precludes us from making a definitive statement about their possible mechanism of 

action. If these genes lack orthologs in C. elegans then their role in C. briggsae vulva 

development could indicate novel function after the divergence of two species from the 

common gonochoristic ancestor (Kiontke et al., 2004). Alternatively if the genes are 

conserved in C elegans, then these variations could be due to evolution of gene function 

and regulation or gene network regulators.  
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6.3. Genes affecting vulval morphology 

 One of the larger category of mutants described in this thesis (chapter 3) have 

normal vulval induction but show defects in processes such as vulval invagination, 

vulval-uterine connection, anchor cell migration, and vulval cell division axes. These 

mutations give rise to a protruding vulva phenotype and are Egl. 

 We described two alleles of Cbr-lin-11 that display egg laying defects similar to 

those seen in C. elegans lin-11 mutants. These animals possess the correct number of 

VPCs, but exhibit altered division axes and abnormal vulval cell differentiation indicating 

that Cbr-lin-11 plays a pivotal role in vulval morphogenesis as in C. elegans (Ferguson et 

al., 1987; Gupta and Sternberg, 2002; Gupta, 2003). Transgene rescue experiments have 

shown that Cbr-lin-11 mutants can be rescued by Cel-lin-11, demonstrating that Cel-lin-

11 is functionally similar to Cbr-lin-11 in the C. briggsae egg-laying system. 

Interestingly, AC migration defects present in Cel-lin-11 mutants were not observed in 

two different Cbr-lin-11 mutants. This may suggest subtle differences in lin-11 function 

between the two species. Thus, the recovery of Cbr-lin-11 alleles in our forward genetic 

screens provides a unique opportunity to explore its functional conservation and 

divergence in C. briggsae.  

6.4. Genetic variations underlying a robust system 

 Vulval development studies performed in other nematode species have revealed 

extensive differences in various steps of the developmental process (True and Haag, 

2001; Kiontke et al., 2007; Milloz et al., 2008). These variations could be the result of 
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stochastic noise, environmental and genetic changes, which in turn could be a basis for 

new adaptations in the long term (Waddington C. H., 1942; Kiontke et al., 2007; Félix 

and Wagner, 2008; Félix and Barkoulas, 2012). In such a system, cryptic variations could 

accumulate even with an invariant outcome (Félix, 2007; Braendle and Felix, 2009).  

 Several cell fate deviations have been observed upon anchor cell ablation, heat 

shock, and starvation in a number of different nematode species (Félix, 2007; Braendle 

and Félix, 2008; Félix and Barkoulas, 2012). For example, anchor cell ablation at early 

L3 stage caused P6.p to predominantly adopt 1
o
 cell fates in C. elegans and 2

o
 cell fates in 

C. briggsae (Félix, 2007). Also, the examination of VPC fates in C. elegans and C. 

briggsae following a period of starvation demonstrated deviations from the 2
o
-1

o
-2

o 

invariant fate pattern, as the vulva was centered mostly on P5.p in C. elegans N2, the 

vulva was centered on P7.p in C. briggase AF16 (Félix, 2007). Another study using C. 

elegans and C. briggsae animals has shown that orthologous genes can have different 

RNAi phenotypes, indicating that the underlying molecular function of the genes has 

diverged (Adrian et al., 2014). 

 In our study, we have also observed several instances of DSD. Among the lin-39 

mutants in both nematode species, we find greater variability in VPC spacing in Cbr-lin-

39 mutants compared to Cel-lin-39. The significance of inter-VPC differences in lin-39 is 

not well understood, however it should be mentioned that spatial patterning of VPCs is 

important for vulval positioning by ensuring that P6.p is located closest to the AC. 
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  Subtle differences in lin-11 function were also observed. As mentioned in section 

6.3, the AC migration defect observed in Cel-lin-11 mutants is absent in both Cbr-lin-11 

mutants. It is likely that LIN-11 function has diverged in C. briggsae compared to C. 

elegans. Further comparative analysis of new C. briggsae lin-11 mutants with similar 

base changes as in C. elegans could confirm if the functions have diverged between these 

two species.  

 Another example of variation in these two phenotypically similar species is the 

isolation of four new C. briggsae Muv genes that lack orthologs in the C. elegans 

genome. It is possible that these are novel regulators of cell proliferation whose functions 

have diverged in C. briggsae.  

 The phenotypic differences described above could be in part attributed to DSD 

either through acquisition of new mechanisms or evolution of independent 

hermaphroditic lineages. More work involving gene identification along with comparison 

with gonochoristic species could explain the source of novelty. These examples provide 

ample evidence of evolutionary changes in cellular and molecular processes in C. 

briggsae. However, it should be noted that these differences do not lead to an obvious 

change in the position of vulval centering, vulval progeny number, vulval invagination 

and overall morphology. Such cryptic variations in genes can only be uncovered when the 

system is perturbed. 

 Outside of the Caenorhabditis genus, in species like Oscheius, variations have 

been found with respect to vulval competence group, cell fate specification, and VPC 
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induction (Delattre and Félix, 2001a; Dichtel et al., 2001a, 2001b; Dichtel-Danjoy and 

Félix, 2004). In Oscheius sp. CEW1, the VPC group lacks P3.p, containing only P4.p-P8p 

(Félix and Sternberg, 1997; Dichtel-Danjoy and Félix, 2004). In this species the spatial 

pattern of vulval precursor fates is specified by the anchor cell and requires two 

successive rounds of inductions  (Félix and Sternberg, 1997; Dichtel-Danjoy and Félix, 

2004). The 2
o
 and 3

o
 cells have similar cell lineages. Each generate four progenies, with 

the vulva forming from the P(5,7).p VPC progeny. The progeny of the remaining VPCs 

(P4.p and P8.p) fuse with the surrounding hypodermis  (Louvet-Vallée et al., 2003). It has 

also been shown that the anchor cell can induce vulval cell divisions independently 

without specifying VPC fates (Dichtel et al., 2001b), a phenomenon not observed in C. 

elegans and C. briggsae.  

 In a more distantly related nematode species such as P. pacificus, significant 

alterations have occurred in the vulval development process (Wang and Sommer, 2011). 

The VPC group in this nematode consists of P3.p-P8.p, however unlike C. elegans and C. 

briggsae where uninduced Pn.p cells fuse with surrounding hypodermal syncytium, the 

uninduced Pn.p cells in P. pacificus undergo programmed cell death (Sommer and 

Sternberg, 1996; Sommer et al., 1998). Furthermore, vulval induction in this species 

requires continuous interaction with multiple cells in the gonad (Sommer et al., 1998; 

Sigrist and Sommer, 1999). Ablation studies have identified a novel cell interaction 

among the VPCs. Specifically, P8.p provides an inhibitory signal along with mesoblast to 

determine the competence of P5.p and P7.p (Jungblut et al., 2001). Overall, these results 
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suggest that signaling pathways underlying cell competence and cell-cell interactions 

have diverged in this species.  

 Additional evidence for differences in signaling pathways governing vulval 

development comes from the analysis of Wnt pathway components. In C. elegans and C. 

briggsae Wnt signaling acts in regulate the competence of vulval precursors, but Wnt 

signaling in P. pacificus functions to repress vulval cell fates (Sigrist and Sommer, 1999; 

Tian et al., 2008; Wang and Sommer, 2011). Specifically, mutants of Wnt pathway genes 

in P. pacificus cause a Muv phenotype independent of the gonad-derived signal (Tian et 

al., 2008; Wang and Sommer, 2011). Furthermore, the frizzled receptor Ppa-LIN-17 plays 

a novel role in sequestering Wnt ligand Ppa-EGL-20 to restrict excessive vulval induction 

(Wang and Sommer, 2011).  While these findings are exciting, they also raise questions 

about the divergence of Wnt signaling in P. pacificus. In this context it is worth pointing 

out that the role of Wnt signaling in C. briggsae vulval development is conserved when 

compared to C. elegans (Sharanya et al., 2012, 2015). Whether the pathway is conserved 

in Caenorhabditis species and diverged in distant non-Caenorhabditis nematodes remains 

to be determined.    

6.5. Phenotypic spectrum of mutants obtained in different nematode species 

 Comparisons of mutant phenotypes among Caenorhabditis species (C. elegans 

and C. briggsae) and non-Caenorhabditis nematodes like O. tipulae and P. pacifcus have 

revealed differences that may be attributed to genetic backgrounds, developmental 
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changes or pleiotropic effects of the genes involved (Eizinger et al., 1999; Dichtel et al., 

2001a; Louvet-Vallée et al., 2003).  

 In Oscheius sp. CEW1 screens, vulval induction mutants were rare, but a high 

number of cell division mutants were obtained, revealing that vulva cell cycle regulation 

and fate specification may be uncoupled (Dichtel et al., 2001b; Louvet-Vallée et al., 

2003). In the distantly related nematode P. pacificus, several Vul and Muv mutants have 

been isolated, however they differ in cell fate specification mechanisms and phenotypic 

range in comparison to C. elegans and C. briggsae (Sommer and Sternberg, 1996; 

Eizinger et al., 1999). 

 In C. elegans, initial genetic screens yielded several mutations that lead to Egl, 

Vul and Muv phenotypes (Trent et al., 1983; Ferguson and Horvitz, 1985; Ferguson et 

al., 1987). Cell lineage studies revealed cell competence, induction and cell fate 

transformation defects in these mutants (Ferguson et al., 1987). In C. briggsae, no 

induction mutants were recovered in spite of the fact that LIN-3/EGF-LET-23/EGFR-

LET-60/RAS pathway is highly conserved (Section1.6, Figure 3). However, we did 

recover several mutants showing defects in cell competence, cell invagination and 

morphogenesis. Molecular cloning of C. briggsae vulval genes has resulted in the 

identification of C. elegans orthologs, namely lin-39, pry-1, lin-31, lin-1, unc-84 and lin-

11. The remaining uncloned genes include several that act to restrict vulval proliferation 

and others that control cell differentiation and morphogenesis. In cases such as Cbr-ivp-

3(sy5216), the map location does not reveal an obvious C. elegans ortholog involved in 

vulval development, raising the possibility that these novel genes may have acquired new 
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function in C. briggsae. Future studies involving molecular cloning as well as a targeted 

approach of the CRISPR genome editing technique (Chapter 5) should help us uncover 

functional similarities and differences in the vulval development process in C. briggsae 

and C. elegans. 

6.6. Concluding remarks  

 The nematode C. briggsae, a close relative of C. elegans, is a leading animal 

model to investigate evolutionary changes in gene function and signaling pathways. The 

findings of this thesis highlight the important roles of several conserved and novel genes 

involved in vulval development. In some cases, genes interact with conserved signaling 

pathways like Ras, Wnt and Notch but in other cases their mechanism of action appears 

divergent and remains to be characterized. Overall, this thesis reports the genetic analysis 

of 13 Egl genes, including orthologs of C. elegans unc-84 (SUN domain), lin-

39 (Dfd/Scr-related homeobox), and lin-11 (LIM-homeobox). Additionally, we have 

discovered differences in homologous processes indicating developmental system drift. 

Further, we have isolated alleles of seven C. briggsae multivulva genes that function to 

inhibit inappropriate cell proliferation. Two of these Muv genes have been cloned and 

found to be orthologs of lin-1 (ETS) and lin-31 (Winged-Helix) that act downstream of 

the EGF-Ras pathway. The pry-1 (Axin) Muv gene, previously described by Seetharaman 

et al. 2010, is a component of the Wnt pathway. The remaining four Muv genes are likely 

novel regulators of cell proliferation in C. briggsae. Lastly, we have demonstrated that the 

CRISPR/cas9 system can be used to create targeted mutations in the C. briggsae genome 
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thereby accelerating the comparative study of vulval development in nematodes. The 

exciting discoveries from this study have helped lay the basis for future genetic studies in 

C. briggsae, while also providing a unique platform to investigate genetic changes that 

shape developmental diversity among living organisms. 

6.7. Future directions 

 

 My work has made significant contributions to understanding the genetic basis of 

vulval formation in C. briggsae and serves as an important platform to make new 

discoveries in the future. While we have characterized the phenotypes and molecular 

identities of many genes, more work is needed to ascertain their exact role during 

development. For example, the identity of many of the Vul genes still needs to be 

resolved by mapping and whole genome sequencing. For the Cbr-lin(bh7) and Cbr-

lin(bh14) Vul genes exhibiting reduced cell proliferation, epistasis experiments can be 

carried out with available C. briggsae Wnt pathway mutants to determine if they play a 

role in the pathway. Expression analysis using different fluorescent markers specific for 

vulval cells will also facilitate a better understanding of gene function. Additionally, there 

is a need to determine the identification of novel multivulva genes in C. briggsae and 

their tumor suppressor-like role in regulating cell proliferation.  

 My preliminary work involving the Muv mutants has resulted in the identification 

of a few putative candidates through whole genome sequencing. This includes 

CBG03376, a RNase H-like domain gene, that is a good candidate for Cbr-ivp-3.  This 

gene contains and encodes for the C. elegans ortholog Y67D8C.3. Previous work on C. 
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elegans Y67D8C.3 demonstrated a role in reproduction and growth (Maeda et al., 2001; 

Sönnichsen et al., 2005). However, the results are not well established and significantly 

more work is need to understand if Y67D8C.3 plays a role in vulval development. Future 

work may include careful analysis of the mutant phenotypes of CBG03376 in C. briggsae 

and Y67D8C.3 in C. elegans. This could be done by RNAi as well as generating new 

alleles using the CRISPR technique. Additional work may involve phenotypic rescue 

using wild-type copy of the genes. The CRISPR alleles will allow us to complement the 

RNAi data, and determine the precise role of Y67D8C.3/CBG03376 in vulval 

development.  

 To investigate how Y67D8C.3/CBG03376 regulates cell proliferation, one 

approach may involve screening for protein-protein interactions. Identification of 

interacting proteins by a yeast 2 hybrid assay approach (Walhout et al., 2000; Walhout 

and Vidal, 2001) may provide valuable information about their molecular function and 

also lead up to discovery of new proteins involved in vulval development process in C. 

briggsae. 

 The other area of future investigation is to generate targeted vulval mutants in C. 

briggsae using CRISPR technology. Several genes of the three conserved signaling 

pathways (EGF, Wnt and Notch) such as lin-3(EGF), lin-17(Frizzled), lin-18(Ryk), lin-

12(Notch) remain to be characterized in C. briggsae. Adapting the CRISPR technology 

would provide a powerful tool to generate genetic resources for C. briggsae. This could 

include generating knockout mutants for genes with visible and no obvious phenotypes, 

introducing fluorescent knock ins to improve genetic screening strategies and using 



Ph.D. Thesis-D. S. Peraiyur Premkumar  McMaster University-Biology 

 

145 
 

homologous recombination (HR) to generate gene fusions which would allow for in vivo 

observations (e.g., Muv, Pvl and Egl genes). In addition, the development of these 

resources will facilitate comparative studies with C. elegans enabling a better 

understanding of the robustness and flexibility of genetic and molecular mechanisms 

during vulval development. 
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APPENDIX 

 

Transgenic lines were created by microparticle bombardment in Cbr-unc-119(st20000) 

using the protocol described. The outlined procedure below has been adapted with 

protocols used in Sarov, Seydoux and Waterston labs.  

Preparation of worms for one bombardment session 

For all bombardment sessions, use nematode growth media (NGM) plates with 

concentrated OP50. 

1. Start with two small (6cm) NGM plates and continue to propagate till 12-15 plates of 

young adult Cbr-unc-119(st20000) is obtained. 

2. On the day of bombardment or a day before, collect all the worms by washing the 

plates with M9 or sterile water. Resuspend the collected worms in a 15ml tube with 

M9 or sterile water to make a total of 10 ml.  

3. Using a 5ml pipette, take 2ml of worms and add them to the surface of a dry one week 

post bacterial spreading enriched peptone plate (10cm). Add them drop wise starting 

at the center and then spiraling around until you reach the edge of the plate. Repeat 

until all worms are plated. The goal is to have five plates (10cm) of worms for each 

fosmid.  

4. Leave the covers off the plates to evaporate the liquid. This should take no more than 

15min. 
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For our purpose the BioRad Biolistic PDS-1000/He particle delivery system (with Hepta 

adaptor) at Mount Sinai Hospital was used for bombardments. 

Preparation of the gold particles and DNA for bombardment 

1. Before preparing the gold particles, use the small petri plates (6cm) to immerse the 

macrocarriers, stopping screens and rupture disks (mock and test) in 100% ethanol for 

sterilization. Leave them to dry by leaning them sideways on the petri plate cover. 

2. Then weigh 30mg of 1 µM gold beads (BioRad) in the balance and transfer into a 

siliconized 1.5ml eppendorf tube. 

3. Wash the gold beads in 1ml of 70% ethanol. Vortex for five minutes and soak for 15 

minutes. Then pellet by centrifuging for 20-25seconds and remove supernatant 

4. Add 1ml of sterile water. Vortex for one minute and soak for one minute. Again pellet 

by centrifuging for 20-25seconds and remove supernatant. Repeat this step two more 

times to get a well suspended solution. 

5. Finally, resuspend the gold particles in 500 µL of sterile 50% glycerol. This bead 

stock can be used for two weeks (or more and should be stored at 4C). 

6. If the bombardment is being planned the same day, vortex the mix continuously for 

five minutes. Pipette immediately 100 µL of bead suspension into three siliconized 

eppendorf tubes. Take care to keep the gold beads in suspension.  

7. For each of three tubes, then add in order while vortexing on medium speed: 
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 30 µL fosmid DNA (Starting concentration should be atleast 1µg/µL),  

 100 µL 2.5M Calcium chloride (CaCl2) and 

 40 µL 0.1M spermidine,  

8. Vortex for two more minutes once the spermidine has been added. Then soak the 

mixture for one minute. Pellet again by centrifuging for 20-25seconds and remove 

supernatant. 

9. To the pellet, add 280 µL 70% ethanol. Flick tube to mix. Pellet and remove 

supernatant. 

10. Add 280 µL of 100% ethanol. Flick tube to mix. Pellet and remove supernatant. Add 

100 µL 100% ethanol and resuspend by gently flicking tube. This is your prepped 

DNA. On the middle of each microcarrier, pipet 11 µL of prepped DNA.  

11. Allow the macrocarriers to dry using a vacuum set up. Turn on the WC faucet in the 

Dennis lab. Connect the tube to the vacuum equipment. Make sure to close the tap of 

the vacuum holder and let it run till you hear a hissing sound. The gold particles will 

take a few minutes to dry. 

12. In the bombardment room (Room 886), before placing the macrocarrier in the target 

plate, open the tap to release vacuum. 

Setting up the bombardment chamber 
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1. Wipe down the bombardment chamber and chamber door with 70% ethanol. Open the 

helium tank valve and check to make sure the He tank pressure is >2200psi).  

2. Using the two regulators, main pressure valve and secondary regulator adjust the 

setting as outlined below. 

 TO OPEN  

Open the main pressure valve >2200psi and then check if the secondary regulator is open. 

Open clockwise till you feel resistance and psi is over 2200.  Make sure the secondary 

regulator is open always.  

 TO CLOSE: 

Close main pressure value and then leave the secondary regulator open. Press the vacuum 

button and continuously fire till the psi is 0. Only then switch of the machine. Wipe the 

machine before you leave 

3. Open the pressure valve has been set to open, place the rupture disk into the rupture 

disk retaining cap. 

4. Screw the holder into the machine. Use the torque to tighten the holder. 

5. Place the stopping screen into the target plate shelf. 

6. Place the macrocarrier (Gold particles should be in the centre and should be dry at this 

point) into the macrocarrier holder exactly in the centre. 
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7. Slide the macrocarrier launch assembly in and close the door. (The apparatus has to 

slide in completely. Keep an eye on the side in which you are sliding otherwise the 

door cannot be closed).  

8. For turning on the machine, Press the power button in the motor below. Then press 

the power in the heptaadapter. There are 3 options in the middle button- Vac, Vent 

and Hold. Press vacuum button till it reaches to 27 In. of Hg. Once it reaches 27 In. of 

Hg press hold. Then press the fire button and hold until disk ruptures. At this point, 

the pressure gauge on top will read 1200psi. Once this is done, release vacuum by 

pressing vent button. Open door now. Unscrew retaining cap and discard rupture disk. 

9. Repeat the same procedure for all the five plates that have been prepared for the 

fosmid bombardment.  

Transgenic lines and expression analysis 

 Three fosmid clones (C. briggsae nhr-67, egl-43, eor-1) were chosen based on 

their role in vulval morphogenesis in C. elegans studies  (Howard and Sundaram, 2002; 

Rocheleau et al., 2002; Fernandes and Sternberg, 2007; Hwang et al., 2007; Rimann and 

Hajnal, 2007; Verghese et al., 2011) and were used to streamline the bombardment 

protocol and to obtain transgenic lines for expression analysis.  

 After bombardment, three integrated lines were obtained for Cbr-nhr-67, two 2 

lines (1 stable and 1 integrated) for Cbr-eor-1 and one stable line for Cbr-egl-43. Using 
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GFP fluorsence microscopy, the expression of the tagged protein was observed during 

vulval development for all the three genes.  

 In C. elegans, tailess homolog nhr-67 plays a major role during uterus 

development (Verghese et al., 2011) and functions to regulate patterning of cell fates in 

several vulval cells (Fernandes and Sternberg, 2007). In C. briggsae, nhr-67 is expressed 

in the gonadal precursor cells that form the ventral uterus AC and VU from late L2 stage. 

This expression disappears at mid L4 when the AC is fused with the uterine seam cell 

(utse). This expression pattern in C. briggsae  during uterus patterning is similar to C. 

elegans nhr-67. 

 

Figure 1. Expression of nhr-67 in C. briggsae at L3 (A and C) and early L4 stages (B and 

D). A and B are DIC images, while C and D are GFP fluorescent images. The yellow 

arrow highlights the anchor cell in while the asterisk shows the ventral uterine cells (VU). 

In C. elegans, eor-1 expression is present in the all P-cells, precursors to the VPCs and in 

their descendants, anchor cell and ventral cord neurons. In contrast, no expression is 
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observed in anchor cell, ventral cord neurons or VPCs for Cbr-eor-1. For Cbr-egl-43 

gene, diffused expression was observed in the uterus around late L4 stage in a few of the 

animals. However this expression needs to be validated as only one transgenic line was 

obtained for this gene. 
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Table A1.  Main components and targets of Ras, Wnt and Notch signaling pathways in C. 

elegans and C. briggsae. The percent of amino acid identity is based on UnitProtKB 

results and WormBase BlastP results. 

                                                      Ras pathway 

Gene Description Percent identity 

lin-3 EGF family Inductive signal 73% 

let-23 RTK for lin-3, induces vulval devlopment 

through let-60/Ras 

69% 

sem-5 RTK-binding adaptor. Contains a Src 

homology (SH) domain 2 and 3-containing 

protein 

90% 

sos-1 Guanine nucleotide exchange factor 72% 

let-60 Ras, Small GTPase 99% 

lin-45 Raf homolog. Serine/threonine kinase. Binds 

Ras-GTP, phosphorylates MEK-2 

90% 

mek-2 Phosphorylates MPK-1 96% 

mpk-1 Serine/Threonine kinase 81% 

ksr-1 Scaffold for Raf/MEK/MPK 76% 

ksr-2 Scaffold for Raf/MEK/MPK 57% 

lin-1 ETS domain transcription factor. Target of 

MPK-1 

73% 

lin-31 WH transcription factor. Target of MPK-1 80% 

lin-39 HOX transcription factor 81% 

 

                                                    Notch pathway 

Gene Description Percent identity 

   

lag-2 DSL ligand 62% 

apx-1 DSL ligand  52% 

dsl-1 DSL ligand 51%  

osm-11 DOS ligand 86% 

lin-12 Notch receptor 59% 

glp-1 Notch receptot 51% 
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lag-1 Transcription factor, CSL family (mammalian 

CBF1 and Drosophila Su(H) as well as LAG-

1) 

69% 

lip-1 Mitogen-activated protein (MAP) kinase 

phosphatase. Negatively regulates MPK-1 

91%  

lst-1 Negative regulator. Novel MPK-1 binding 

protein 

50% 

lst-2 Negative regulator. Zinc finger transcription 

factor 

82% 

lst-3 Negative regulator. SAF-A/B, Acinus and 

PIAS domain protein 

40% 

lst-4 Negative regulator. SNX9 family of sorting 

nexins 

70% 

 

                                                      Wnt pathway 

Gene Description Percent identity 

mom-2 Wnt ligands 85% 

lin-44 Wnt ligands 93% 

egl-20 Wnt ligands 91% 

cwn-1 Wnt ligands 90% 

cwn-2 Wnt ligands 97% 

mom-5 Frizzled receptor. G protein-coupled receptor 

protein family 

92% 

lin-17 Frizzled receptor. G protein-coupled receptor 

protein family 

92% 

mig-1 Frizzled receptor. G protein-coupled receptor 

protein family 

85% 

cfz-2 Frizzled receptor. G protein-coupled receptor 

protein family 

87% 

lin-18 Ryk/Derailed family of tyrosine kinase-

related receptors 

87% 

mig-5 Wnt signaling effector protein-Dishevelled 84% 

dsh-1 Wnt signaling effector protein-Dishevelled 72% 

dsh-2 Wnt signaling effector protein-Dishevelled 58% 

kin-19 Destruction complex CK1 α 94% 

gsk-3 Destruction complex GSK3β 96% 

pry-1 Destruction complex Axin 68% 
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axl-1 Destruction complex Axin 83% 

apr-1 Destruction complex APC 77% 

bar-1 Transcriptional activator. β-Catenin 80% 

pop-1 TCF/LEF family of transcription factors 60% 
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