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Abstract 

Comparative study of homologous structures in closely related species allows 

the identification of changes in gene regulatory mechanisms and their impact on the 

evolution of developmental processes. Nematodes, the invertebrate roundworms, are 

well suited for such studies, especially Caenorhabditis briggsae and its famous cousin 

C. elegans. These two worms diverged from a common ancestor roughly 30 million 

years ago yet appear morphologically almost identical. My Ph.D. thesis has focused on 

a set of nuclear factors in C. briggsae that negatively regulate cell proliferation to 

generate the hermaphrodite-specific mating and egg-laying organ, i.e., vulva. To this 

end, I have taken a two-pronged approach: one, developing resources to facilitate 

genetic and genomic studies in this species, and two, characterizing the roles of a novel 

class of genes and known repressors of vulval development. My work has uncovered 

substantial differences in the underlying genetic networks that regulate vulva formation 

in C. briggsae and C. elegans. 
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Chapter 1. Introduction  

1.1. Developmental evolution 

All forms of life have evolved from a common ancestor (Ashraf & Sarfraz, 

2016). The primary impetus behind evolution is the survival of the species, enabling 

them to become adapted to its environment and ensuring successful reproduction. Key 

mechanisms instrumental in driving the evolutionary process include natural selection, 

speciation, gene flow, genetic drift, and biased mutations (Ashraf & Sarfraz, 2016). 

These mechanisms collectively contribute to the intricate and multifaceted nature of 

evolutionary transformations observed in living organisms. Evolutionary 

developmental biology (also known as "evo-devo") is one of the most researched areas 

in evolutionary biology and deals with modifications occurring at the embryonic levels 

and explores their impact on evolutionary changes throughout various stages of the life 

cycle. The field of evolutionary biology has expanded over the past few years, as 

reviewed by Hall, (2012).  

Organisms undergo evolutionary changes in gene functions and pathways, 

which can result in significant phenotypic alterations or the conservation of certain 

traits. The use of model organisms has proven indispensable in investigating both 

conserved and divergent features across various species, thereby enhancing our 

knowledge and understanding of evolutionary processes. These model organisms serve 

as representatives for broader species groups and are selected based on factors such as 

convenience, ease of use, maintenance, and the availability of resources relevant to the 

specific processes under study. As genomic and bioinformatic technologies continue to 

advance, the repertoire of model organisms is expanding, facilitating further 
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comparative studies to explore morphological diversity and conservation. Some 

commonly utilized model organisms include flies, mice, nematodes, frogs, and fish. 

Each plays a crucial role in advancing our insights into the principles of evolution and 

developmental biology. Through these comparative analyses, we gain profound 

insights into the underlying genetic framework of specific structures, enabling a 

comprehensive understanding of how modifications to these frameworks drive the 

emergence of new structures, or phenotypes in related species, or even the evolution of 

a new species. Consequently, model organism based developmental studies stand as 

powerful tools, enriching our understanding of the intricate mechanisms that govern the 

diverse forms and functions of life. 

Such comparative studies have been instrumental in elucidating the roles of 

genes and pathways in driving morphological variations across diverse organisms. 

Noteworthy examples include mutation in the ephrin-B3 protein, resulting in the loss 

of its function, which enabled birds to acquire the ability to fly (Hamison et al., 2021). 

Similarly, the absence of the hedgehog family of genes (Shh, Dhh, and Ihh) in reptiles 

has been identified as the underlying cause of limblessness (Xia et al., 2019). Homeotic 

genes, represented by the Hox gene family, stand as highly conserved genes encoding 

transcription factors crucial for body patterning and are one of the key contributors for 

the diversity seen in body forms, symmetries, and developmental axis across various 

organisms (reviewed in Hrycaj & Wellik, 2016; reviewed in Hajirnis & Mishra, 2021). 

Furthermore, the variation in color patterns observed in butterflies is attributed to 

different alleles of the WntA Wnt-family ligands (Martin & Courtier-Orgogozo, 2017). 

Moreover, certain morphological changes in animals have been attributed to 
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modifications in cis-regulatory elements. For instance, alterations in the cis-regulators 

of the Ubx and Antp Hox genes have led to changes in the arrangement of arthropod 

legs (reviewed in Gaunt & Paul, 2012). Additionally, the absence of an upstream 

regulatory sequence for the Pitx1 gene has been associated with reduced pelvic size in 

fish. Meanwhile, differences in the regulatory region of the Prx1 gene have been 

implicated in the evolution of bat wings (reviewed in Gaunt & Paul, 2012). These 

discoveries highlight the critical role of comparative studies in unraveling the genetic 

basis of morphological diversity and evolutionary adaptations in the natural world.  

The above examples highlight the molecular changes that contribute to 

developmental and morphological diversity. It is clear from these studies that regulatory 

changes have profound impact on gene expression and gene function. However, there 

are other examples where despite changes in the underlying genetic and molecular 

mechanisms, there is no observable change at the morphological level. This 

phenomenon is termed developmental system drift (DSD).  Recent studies have shown 

that DSD is widespread and prevalent across species and phenotypes (reviewed in True 

& Haag, 2001). For example, in chordates, there are variations in the pathways 

regulating the neural tube formation. Additionally, developmental patterns and timing 

of limb development in vertebrates have also been found to undergo DSD.  Likewise, 

the sex determination pathway has also shown evidence of DSD (reviewed in True & 

Haag, 2001). Furthermore, DSD is observed in gut formation in nematodes, along with 

other biological processes (reviewed in Sommer & Bumbarger, 2012). Collectively, 

these findings underscore the significance of DSD as a pervasive and versatile 

phenomenon, impacting a wide range of biological processes and organisms.  
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1.2. Nematodes as models to study developmental evolution 

The phylum Nematoda consists of a diverse group of metazoans that are widely 

distributed across terrestrial and aquatic habitats and exist as free-living or parasitic 

organisms. Nematodes comprise the most extensive phylum in the animal kingdom, 

with an estimated 1-10 million species, of which 25,000 to 27,000 species been reported 

(Hugot et al., 2001; Lee, 2002). These organisms offer exceptional potential to gain 

profound insights across various biological disciplines, including evolution, 

development, physiology, behaviour, genetics, and ecology. Nematodes of the genus 

Caenorhabditis are an ideal system to study genes, genetic interactions, and 

evolutionary conserved signaling pathways. The most well studied organism of this 

group is Caenorhabditis elegans (Brenner, 1974).  

C. elegans is a valuable genetic model system to study basic functions and 

interactions due to the ease by which genes can be modified and functionally assayed. 

C. elegans was first used to study the eukaryotic nervous system (Brenner, 1974). Since 

then, it has been routinely used to investigate the genetic basis of behavior, 

development, aging, and other biological characteristics (Meneely et al., 2019). Several 

features of C. elegans have enhanced its usage as a prominent model system. These 

include a short life cycle, cost-effective cultivation requirements, compact size of 1mm, 

transparency, and the simplicity of genetic modification and functional testing in a 

laboratory setting.  

Besides C. elegans, several other nematode species are also available for 

comparative genetic and evolutionary studies (reviewed in Sommers & Bumbarger, 
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2012). Even though these nematodes have a simple and conserved body plan, there are 

significant variations in the molecular and genetic mechanisms regulating processes 

such as embryogenesis, gonad formation, reproductive organ (vulva) development, and 

sex determination (reviewed in Sommers & Bumbarger, 2012; reviewed in Haag et al., 

2018).  

Studies on the vulval system in Rhabditidae nematodes have shown that while 

the overall morphology is similar, there are conserved and divergent features 

contributing to this phenotypic similarity (Sommer et al., 1994; Sommer & Sternberg, 

1995). In all species, the vulva is formed from posterior daughters of the P lineage (for 

details on vulva formation in C. elegans, see Section 1.3). Specifically, even though 

the vulva consists of cells that have been derived from three specific cells (P5.p, P6.p, 

and P7.p), the number of cells belonging to the vulval equivalence group varies among 

different species (Sommer et al. 1994; Sommer & Sternberg, 1995). These three 

specified cells undergo no more than three rounds of division, leading to the generation 

of 16 to 22 cells, dependent on the species, (for example, 16 for Oscheius, 20 for 

Pelodera, 20 Pristionchus and for 22 for Caenorhabditis) that undergo morphological 

rearrangements to form the vulval structure (Sommer et al.,1994; Sommer & Sternberg 

1995; Sommer & Sternberg, 1996). The position of the vulva also varies based on 

whether the female has one or two gonadal arms. Specifically, for monodelphic (one-

armed gonad) species, the vulva is located in the posterior ventral region of the worm 

resulting from migration of the VPCs from the central region. This trait has evolved 

independently multiple times within this genus (reviewed in Haag et al., 2018). There 

are also changes reported in the mechanisms of vulval induction in these species. For 
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example, in C. elegans, the vulva formation begins when the gonadal anchor cell 

secretes a signal in the form of the EGF ligand LIN-3 (discussed in Section 1.3). 

However, species with a posterior vulva are not dependent on this inductive signal 

(reviewed in Sommer, 2005; reviewed in Haag et al., 2018). The number of steps in the 

vulval induction process also varies. The one-step process (one signal is sufficient) 

observed in C. elegans, is an uncommon pattern among nematodes; instead, it 

represents a highly specialized trait. In other species, this is a two-step process (two 

signals are required), again with variations in the type of signalling cells. For example, 

in Oscheius tipulae and Rhabditella axei, both the signals come from the anchor cell. 

In Panagrolamius sp PS1732, first signal comes from the gonad, and second from the 

AC. In Panagrellus redivivus, both signals from the gonad (reviewed in Sommer et al., 

2005; Kiontke et al., 2007; reviewed in Haag et al., 2018). Whereas the Wnt signaling 

pathway plays a positive role in vulva formation in C. elegans, it functions negatively 

in Pristionchus pacificus (Eisenmann et al., 1998; Zheng et al., 2005). Furthermore, the 

non-induced cells are fused to the hypodermal cell in C. elegans but undergo 

programmed cell death (PCD) in P. pacificus (Sommer & Sternberg 1996; Sommer et 

al., 1998). Thus, the nematode vulva is one of the best studied systems to understand 

evolution, cell-fate specification, morphogenesis, and DSD (reviewed in True & Haag 

2001; reviewed in Sommer & Bumbarger, 2012). 

Another example of variation seen in nematodes is gonad development 

(reviewed in Sommer, 2005).  Males of all species have a one-armed gonad 

(monodelphic), whereas females and hermaphrodites, can either be monodelphic or 

didelphic (two-armed gonad) (Chitwood & Chitwood, 1974). In the satellite organism 
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C. elegans, the gonad in the hermaphrodite is didelphic arising from the two somatic 

precursor cells: Z1 (anterior arm) and Z4 (posterior arm). However, females of other 

nematodes such as Panagrellus redivivus, Oscheius guentheri, Mesorhabditis sp. 

PS1179 Cephalobus sp PS1197, Panagrolamimus sp PS1579 have a monodelphic 

gonad, caused due to PCD of one of the somatic precursor cells - Z4 (Félix & Sternberg, 

1996; reviewed in Haag et al., 2018). Thus, PCD of a single cell has a major effect on 

the overall nematode morphology.  

Despite variations in the underlying signaling pathways and genetic 

mechanisms as discussed above, the overall morphological characteristics are 

conserved among these nematode species (Sommer et al., 1994; Sommer & Sternberg, 

1995; reviewed in Sommer & Bumbarger, 2012). Such conservation in morphology 

highlights the remarkable developmental and evolutionary stability in the structures, 

even amidst differences in the underlying cellular and genetic processes. These studies 

further underscore the significance of DSD and make nematodes an attractive model 

system for studying developmental evolution. 

 

1.2.1. Caenorhabditis briggsae as a model for comparative studies 

 As mentioned above, C. elegans and a small set Caenorhabditis species have 

been commonly used in evolutionary and comparative studies (reviewed in Sommer &  

Bumbarger, 2012). The set includes C. briggsae, a species that diverged from C. 

elegans roughly 30 million years ago (Cutter, 2008). As one of the earliest nematodes 

employed in comparative genetic and genomic investigations, C. briggsae has served 

as an invaluable model, contributing significantly to our understanding of fundamental 
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biological processes. Its versatility in laboratory manipulation, ease of cultivation 

(Gupta et al., 2007), coupled with the availability of its genome sequence (Stein et al., 

2003), enables for comprehensive comparative studies. Furthermore, many resources 

are available for the species, as mentioned below, which enhance its suitability for 

biological research. The wealth of data, resources, and distinctive characteristics of C. 

briggsae collectively facilitate and validate its utilization in my Ph.D. thesis work that 

has involved comparative studies with its well-established cousin, C. elegans. 

The two Caenorhabditis species exhibit remarkable similarities in terms of 

anatomical, developmental, and behavioral characteristics. C. briggsae is 

morphologically almost identical to C. elegans and has similar developmental timing 

and hermaphroditic reproductive system. They both take approximately three days to 

become reproductively active, are easy to grow, culture, and maintain in labs. They 

possess comparable genome sizes and number of protein-coding genes (Gupta et al., 

2007). Both C. elegans and C. briggsae thrive in nutrient and bacteria-rich organic 

matter like compost and rotten fruits (Kiontke & Sudhaus, 2006; Félix & Duveau, 

2012). Moreover, these nematode species exhibit common features such as gut 

microbiomes (Dirkson et al., 2016), food preferences (Schulenberg et al., 2017), and 

vector carriers (Kiontke & Sudhaus, 2006).  

In addition to the conserved features, C. elegans and C. briggsae also exhibit 

differences in certain phenotypic structures, developmental pathways, and other 

physiological processes. For instance, the excretory pore is positioned more anteriorly 

in C. briggsae compared to C. elegans (Wang & Chamberlin, 2002). The arrangement 

of bursal rays on the male tail also differs, with rays 3 and 4 fused in C. briggsae and 
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rays 8 and 9 fused in C. elegans (Fitch & Emmons, 1995; Fitch, 1997; Baird, 2005). C. 

briggsae is also more slender than C. elegans (Jhaveri & Gupta., 2023b).  

Additionally, C. elegans and C. briggsae exhibit variations in the underlying 

genetic processes and signaling pathways that regulate formation of conserved 

structures. Few examples are mentioned in Section 1.3.5. Other differences include, (1) 

ability to uptake environmental dsRNA (Winston et al., 2007), (2) viruses that uniquely 

infect each species (Félix et al., 2011; Franz 2012; Frézal et al., 2019), and (3) telomeric 

small RNAs (Frenk et al., 2019). It is also worth noting that hermaphroditism has 

evolved independently in the two species (Kiontke et al., 2004). Although both are 

androdioecious, the genes and mechanisms involved in sex determination pathway 

show significant differences (Stohard & Pilgrim, 2003). Finally, C. briggsae lacks the 

ability to form dauer at high temperatures (Inoue et al., 2007), and shows differences 

in their response to stress (Jhaveri & Gupta, 2023b). 

There are differences in the genome organization as well. C. elegans has a 

higher number of introns per gene compared to C. briggsae (Gupta et al., 2007). Only 

40% of operons are conserved between C. elegans and C. briggsae. (Jhaveri et al., 

2022). Additionally, there are differences in the genes that undergo trans-splicing 

between the two species (Jhaveri et al., 2022). Furthermore, about 60% of the genes in 

C. briggsae have clear orthologs in C. elegans (Gupta et al., 2007; Stein et al., 2003; 

Uyar et al., 2012), while the remainder are species-specific. Studies have also 

highlighted rapid evolution of many transcription factor genes (Haerty et al., 2008.) 
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1.2.2. Resources for C. briggsae to facilitate comparative studies 

Comparative studies of C. elegans and C. briggsae offer substantial benefits for 

advancing evolutionary and comparative investigations. To undertake such studies, it 

is essential to create a multitude of resources. Some of the resources available for C. 

briggsae are listed below. 

¶ The commonly used reference strain, AF16, has a fully sequenced genome and 

highly fragmented chromosome-level genome assembly (Stein et al., 2003; 

Hillier et al., 2007; Ross et al., 2011).  

¶ Genome annotation has been significantly improved using different techniques 

like transcriptomics (Uyar et al., 2011) and trans-spliced exon coupled RNA 

end determination (TEC-RED) (Jhaveri et al., 2022). TEC-RED has also helped 

identify trans-spliced genes, operons, and paralogs adding to the growing 

understanding of C. briggsaeôs genome organization and structure. This work 

has been carried out by me and another colleague and has been described in 

detail in Chapter 3.  

¶ There is also proteome dataset available for embryonic and larval stages, which 

has demonstrated differences in the category of proteins that are essential for 

each of these stages (An et al., 2017). Additionally, the study by Grün et al., 

(2014) has generated transcript and proteome datasets at various stages and 

highlighed conservation of changes at transcript and protein levels that occur 

during development between C. elegans and C. briggsae. 

¶ Along with the AF16, there are chromosome-level reference genomes available 

for two additional C. briggsae reference strains ï QX1410 and VX34 (Stevens 
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et al., 2022). Consequently, Moya et al., (2023) improved the protein-coding 

gene models for the QX1410 genome.  

¶ Many recombinant inbred lines have been generated that are valuable in 

mapping different phenotypes. Ross et al., (2011) used recombinant inbred lines 

to explain the developmental delay phenotype and show mitochondrial genome 

polymorphism in C. briggsae. Additionally, Bi et al., (2015) has generated 

integrated GFP marker lines. In another study, Koboldt et al., (2010) identified 

over 30,000 polymorphisms which have been used by various groups to map 

various phenotypic mutants isolated in forward genetic screens (for example, 

see Seetharaman et al., 2010; Guo et al., 2013; Sharanya et al., 2015; Jhaveri & 

Gupta, 2023a). Furthermore, an RNAi library targeting 1,333 genes was 

generated by Verster et al., (2014) as a tool to further explore C. briggsae as a 

genetic system. 

¶ Resources are also available for mapping and cloning genes. For example, a 

SNP-based microarray is available for genetic mapping (Zhao et al., 2010). 

Another cost-effective mapping protocol has been developed by Devika et al., 

(2015). Both these techniques rely on polymorphisms established by Koboldt et 

al., (2010) for mapping and cloning genes. 

¶ In the past decade, various approaches have been employed to identify genes 

with phenotypic functions in C. briggsae. For example, a forward genetic screen 

by Sharanaya et al., (2015) has led to the identification of a genetic pathway for 

vulval development in C. briggsae. In addition to the traditional techniques, 

cutting-edge gene editing techniques have emerged as powerful tools to 
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investigate gene functions. Among these, transcription activator-like effector 

nucleases (TALEN) and clustered regularly interspaced short palindromic 

repeats (CRISPR) have gained significant attention and have been successfully 

utilized to create specific desired mutations in C. briggsae genes (for example, 

see Wei et al., 2014; Culp et al., 2020). The CRISPR technique, reported earlier 

by our lab (Culp et al., 2020) involved a plasmid-based approach to generate C. 

briggsae mutant alleles of several genes. Chapter 4 of my thesis describes the 

application of CRISPR-based gene editing to create C. briggsae mutant alleles 

in genes of interest. The approach is based on direct injections of sgRNA and 

Cas9 protein, along with co-injection markers into the syncytial gonads of 

young adult C. briggsae wild-type AF16 hermaphrodites.  

¶ Additionally, a number of wild-type isolates of C. briggsae have been collected 

from various regions worldwide, including the U.S.A., China, India, Japan, 

France, Iceland, and Kenya (Cutter et al., 2006; Félix & Duveau, 2012; Crombie 

et al., 2019) 

¶ There is also a rich collection of mutants belonging to various classes like Sma, 

Dpy, Rol, Bli, and Lin that were generated from forward genetics screens using 

EMS mutagenesis protocol (www.briggsae.org) (Gupta et al. in preparation).  

¶ Other resources are aimed towards understanding the morphological and 

physiological characteristics of this species. Some of the work include studies 

on dauer formation, thermotaxis behavior, and fecundity (Inoue et al., 2007; 

Prasad et al., 2011; Stegman et al., 2012). My work, detailed in Chapter 2, 
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focusses on characterization of C. briggsae, and studying its morphological and 

physiological traits, including size, lipid content, and response to stress.  

 

1.3. Vulva as a model for comparative studies 

The egg-laying system of hermaphroditic nematodes comprises the somatic 

gonad and the egg-laying apparatus that consists of the vulva, vulva-uterine connection, 

a set of neurons, and uterine muscles (Li & Chalfie, 1990; Lints & Hall, 2009a; Lints 

& Hall, 2009b). The detailed steps of vulva formation are described below. Among 

other components, anchor cell (AC) plays a crucial role in establishing a connection 

between the vulva and uterus in the form of a uterine seam cell (utse) (Newman & 

Sternberg, 1996). Muscles and neurons regulate the opening of the vulva, thereby 

facilitating a timely deposition of eggs into the exterior environment. Eight vulval 

muscles control the opening of the vulva and a similar number of uterine muscles help 

to propel the eggs out of the uterus (Li & Chalfie, 1990). There are eight motor neurons 

that provide a direct motor response to the vulval cells (White et al., 1986; Li & Chalfie, 

1990). 

 

1.3.1. Vulva formation in C. elegans 

The vulval development of C. elegans is one of the best studied systems to 

investigate molecular mechanisms governing cell-fate determination during 

organogenesis. In both C. elegans and C. briggsae, the vulva is a simple structure 

composed of 22 differentiated cells that fuse selectively to form seven different cell 

types. The cells are derived from three induced VPCs. The vulval progeny form a tube-
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like structure that connects the interior of the worm to the exterior environment thus 

acting as a passageway to lay eggs, and mate (Sternberg, 2005). In wild-type C. elegans 

and C. briggsae isolates (N2 and AF16 strains, respectively), the process of vulva 

formation begins around 28 - 32 hours after the L1 stage. The process takes roughly 10 

- 12 hours, with a functional vulva being formed at roughly 42 - 44 hours post L1 stage. 

The entire process in C. elegans is regulated by genes and three major signaling 

pathways that govern induction, specification, migration, and rearrangement of cells to 

form the functional organ required for egg laying (Sternberg, 2005). In C. elegans, the 

process of vulva formation occurs as follows. 

 

1.3.1.1. Generation of VPCs and establishment of the vulval competence group 

The description in this section is based on studies carried out in C. elegans. 

Comparative studies in C. briggsae have revealed similarities in many of the processes 

but experimental details are not fully worked out. The vulva in C. elegans is formed 

from cells of the posterior daughters of the P lineage. When embryos hatch, P cells are 

present as two rows of epidermal cells in the mid-ventral region of the body - (P1/2, 

P3/4, P5/6, P7/8, P9/10, P11/12) (Sulston & Horvitz, 1997). After arriving in the ventral 

region during mid-L1 stage, the two rows merge to form a single row of 12 ventral 

hypodermal cells that further divide along the anterior-posterior axis to give rise to 

anterior and posterior daughters termed Pn.a and Pn.p respectively. Pn.a cells give rise 

to neuroblast cells while Pn.p  cells give rise to the vulva (Sulston & Horvitz, 1977;). 

Of the 12 Pn.p cells, P1.p, P2.p, P9.p, P10.p and P11.p fuse with the surrounding 

hypodermal 7 (hyp7) syncytium cell (Sulston & Horvitz, 1977). P12.p adopts a unique 
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fate. One of its daughters, P12.pa, fuses with hyp10, the other one, P12.pp, undergoes 

PCD (Sulston & Horvitz, 1977). The unfused cells, P3.p ï P8.p form the vulval 

equivalence group and are termed vulval precursor cells (VPCs) (Sulston & White, 

1980). Fusion of these cells to the hyp7 is prevented by repressing the activity of a 

fusogen gene eff-1, which is regulated by the homeobox gene lin-39 (Shemer & 

Podbilewicz, 2002). The VPCs remain arrested in the G1 phase until the third larval 

(L3) stage. (Sulston & Horvitz, 1977; Euling & Ambros, 1996; Hong et al., 1998). The 

competence of VPCs is maintained by Wnt signaling pathway until they receive an 

inductive signal (Eisenmann et al., 1998; Gleason et al., 2002; Gleason et al., 2006; 

Myers & Greenwald, 2007). 

 

1.3.1.2. Cell-fate specification, proliferation, and formation of the vulva 

Although all six VPCs (P3.p ï P8.p) can form the vulva, under normal 

circumstances, only P5.p ï P7.p cells participate in the process. This cell-fate 

specification is brought about by an inductive signal in the form of EGF ligand LIN-3 

which is secreted by the AC that lies dorsal to the VPCs (Kimble, 1981; Hill & 

Sternberg, 1992). The P6.p cell receives this signal by the LET-23 receptor (EGFR) 

present on its basolateral membrane (Simske et al., 1996), thereby activating the MAPK 

cascade pathway in P6.p leading to its primary fate (Sternberg & Horvitz, 1986; Aorian 

et al., 1990; Sternberg, 2005). P6.p sends out a lateral signal to P5.p and P7.p in the 

form of LIN-12 ligand that is received by Notch receptors present on apical surfaces of 

P5.p and P7.p causing them to adopt a secondary fate (Greenwald, 1997; Sternberg & 

Horvitz, 1989, Chen & Greenwald 2004). The remaining VPCs, namely P3.p, P4.p, and 
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P8.p, do not receive any inductive (LIN-3) or lateral (LAG-2) signal, and as a result, 

adopt tertiary fate in which they divide once and subsequently fuse with the hyp7 cell 

(Kimble, 1981; Sulston & White, 1980).  

After cell-fate specification has occurred via the MAPK, Notch, and Wnt 

pathways, the cells overcome their G1 arrest and begin proliferation. P6.p divides three 

times to give rise to eight progenies, that give rise to two types of cells. ï vulE and vulF. 

P5.p and P7.p divide three times to give rise to seven progenies each, giving rise to five 

types of cells ï vulA, vulB1, vulB2, vulC, and vulD. The orientation of the P7.p 

progenies is then reversed by the action of various Wnt signals (Inoue et al. 2004; 

Deshpande et al., 2005; Gleason et al., 2006; Green et al., 2008).  

The differentiated cell types (A, B1, B2, C, D, E, and F) thus formed, undergo 

migration, morphological changes, and selective fusions to form seven concentric 

toroids that are stacked on top of each other to form a tube-like structure that gives rise 

to the functional vulva (Sharma-Kishore et al., 1999; Sternberg, 2005). In the final 

stage, the vulval tube thus formed turns upside down to form the functional egg laying 

organ, vulva (Sternberg, 2005; Gupta et al., 2012). 

 

1.3.2. Vulval mutants 

As described previously, the process of vulva formation entails a series of 

distinct cellular events, including cell-fate specification, induction, proliferation, and 

rearrangement to establish a functional organ. Any aberration in these steps can result 

in an abnormal vulva formation, giving rise to various phenotypes. 

Under aberrant conditions, P5.p ï P7.p can fail to undergo induction, and 
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instead fuse with the surrounding hyp7 cell. This fusion event leads to a limited number 

of cells available for vulva formation, resulting in the absence of a vulva in these 

organisms, thus giving rise to the "vulvaless" (Vul) phenotype (Horvitz & Sulston, 

1980; Ferguson & Horvitz, 1985). Conversely, when the non-induced VPCs (P3.p, 

P4.p, and P8.p), instead of fusing with hyp7, adopt the vulval cell-fate and undergo 

excessive proliferation, an abundance of cells is observed. These proliferative structures 

appear on the ventral side of the worm, resulting in the "multivulva" (Muv) phenotype. 

These pseudovulvae are non-functional (Ferguson & Horvitz, 1985; Ferguson & 

Horvitz, 1989). As detailed in Chapters 4 and 5 of this thesis, my investigations focus 

on genes that, when lost or disrupted, give rise to the Muv phenotype. Vul and Muv 

mutants typically result from dysregulation of signaling pathways that control VPC fate 

specification (Sternberg, 2005).  

Furthermore, aberrations in the cell-fate determination process can lead to cells 

adopting incorrect cell fates, resulting in abnormal vulval morphology and the 

consequent manifestation of the "protruding vulva" (Pvl) phenotype. Additionally, 

defects in cell migration and morphological rearrangements of the progenies of VPCs 

can also contribute to the development of an abnormal vulval structure, ultimately 

giving rise to the Pvl phenotype. These observed defects significantly hinder the proper 

laying of eggs in the environment, leading to the "egg laying defective" (Egl) 

phenotype. In this condition, eggs may eventually hatch inside the mother (Trent et al., 

1983; Ferguson & Horvitz, 1989). 
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1.3.3. Evolutionarily conserved signalling pathways involved in vulval 

development  

VPC determination is regulated by three major pathways, Ras, Notch, and Wnt 

signalling. Together these pathways coordinate cell-fate specification for vulval 

development. These pathways have been characterised and studied in detail and are 

summarised below.  

 

1.3.3.1. Receptor Tyrosine Kinase signalling pathway 

Receptor Tyrosine Kinase (RTK) signaling pathways are involved in regulating 

various processes such as cellular growth, differentiation, and proliferation (reviewed 

in Gimple & Wang 2020). Mutations in this pathway have been linked to various 

diseases including cancer (reviewed in Gimple & Wang 2020). In C. elegans, the 

MAPK pathway is involved in various biological processes including vulval 

development, germline development, and aging (reviewed in Sundaram, 2013).  

In the context of vulva formation, the Ras pathway is activated when the EGF 

ligand LIN-3 (secreted from the anchor cell) binds to its receptor tyrosine kinase (LET-

23) present on the surface of the P6.p (Sundaram & Han,1996; Sternberg, 2005; 

Sundaram, 2005). Upon ligand binding, a conformational change occurs in LET-23, 

leading to its dimerization and phosphorylation in the C terminal region. The 

phosphorylated residues serve as binding sites for the adaptor molecule SEM-5. Further 

downstream, SEM-5 recruits the Guanine Nucleotide Exchange Factor SOS-1, which 

plays a critical role in activating the RAS protein LET-60. Once activated, LET-60 

binds to the kinase LIN-45, leading to its phosphorylation and activation. This event 
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initiates a signaling cascade, where the activated LIN-45 phosphorylates and activates 

MEK-2, which, in turn, phosphorylates and activates MPK-1. Activated MPK-1 

translocates to the nucleus, where it phosphorylates various transcription factors, 

leading to their activation or inactivation, based on the cell type (reviewed in Sundaram, 

2005).  For vulva formation, one of the downstream targets of MPK-1 is the complex 

formed by transcription factors LIN-1 and LIN-31 (encoding ETS and winged Helix 

transcription factors respectively) (Jacobs et al., 1998; Tan et al., 1998). Upon 

phosphorylation by MPK-1, LIN-31 undergoes a conformational change that disrupts 

its existing complex, leading to its activation. This further activates lin-39, a crucial 

regulator involved in promoting vulval development (Tan et al., 1998; Wagmaister et 

al., 2006).  

Another target of the Ras pathway is the DSL ligand, LAG-2 (Chen & 

Greenwald, 2004). This ligand binds to the Notch receptor LIN-12 present on P5.p and 

P7.p cells, thereby activating the Notch pathway causing these cells to adopt the 

secondary fate (Berset et al., 2001; Chen & Greenwald, 2004; Greenwald, 2005; 

Sternberg, 2005). In conjunction with activation of the Ras pathway, there is concurrent 

downregulation of the Notch pathway receptor LIN-12 on P6.p cells. The combined 

action of these two events results in the adoption of the primary cell fate by P6.p.  The 

core components of the Ras pathway and their homologs in humans are shown in Table 

1.1.  

 

1.3.3.2. Notch pathway 

  The Notch pathway, also an evolutionary conserved pathway is important in 
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development and maintaining homeostasis. This pathway involves inter cellular 

signaling interactions and plays a role in regulating cellular proliferation, 

differentiation, and apoptosis (reviewed in Zhou et al., 2022). Dysregulation of the 

pathway has been linked to several diseases including Alagille syndrome, cardiac 

disorders, and liver diseases (reviewed in Penton et al., 2012; reviewed in Zhou et al., 

2022). In C. elegans along with its role in vulval development, the pathway also 

regulates oogenesis (Nadarjan et al., 2009), behavior (Singh et al., 2011), and tubular 

morphogenesis (Rasmussen et al., 2008).  The core pathway in C. elegans and the 

corresponding homologs in the mammalian system are shown in Table 1.2.  

During vulval development, this pathway is activated in P5.p and P7.p when the 

ligand binds to the Notch receptor LIN-12 present on these cells (Greenwald et al., 

1983; Chen & Greenwald 2004; Greenwald 2005). This ligand receptor interaction 

initiates a series of proteolytic events causing release of the intracellular domain of the 

receptor. This intracellular domain translocates to the nucleus, where it interacts with 

CSL proteins and acts as a transcriptional co-activator to regulate target genes (Doyle 

et al., 2000; reviewed in Greenwald & Kovall, 2013). 

One of the downstream targets of this pathway is LIP-1. Upregulating the 

activity of LIP-1 in the secondary cells is required to inactivate the MAP kinase in these 

cells. As a result, the Ras pathway is inhibited in these cells, preventing them from 

adopting the primary cell fate (Berset et al., 2001).  

 

1.3.3.3. Wnt pathway 

  Wnt signaling pathway has known to regulate different processes such as cell 
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migration, cell proliferation, and differentiation (reviewed in Sawa & Korswagon, 

2013).  In humans, dysregulation of this pathway is associated with various diseases 

including obesity, cancer, and type II diabetes (reviewed in Clevers & Nusse 2013).  In 

C. elegans, the Wnt proteins regulate various cellular processes including vulval cell- 

fate specification, Q neuroblast migration, orientation of polarity, and neural 

asymmetry (reviewed Eisenmann 2005; reviewed in Sawa & Korswagon 2013).  

The Wnt signaling pathway is activated upon the binding of Wnt ligands to their 

Frizzled receptors located on the cell surface. This interaction initiates a conformational 

change in the cytoplasmic domain of the receptor, facilitating the recruitment of the 

destruction complex. This recruitment inhibits the degradation of ɓ-catenin, leading to 

its accumulation within the cell. Consequently, ɓ-catenin translocates to the nucleus, 

where it interacts with TCF family transcription factors to modulate the expression of 

target genes (reviewed in Sawa & Korswagon, 2013). The core components of the 

canonical Wnt pathway in C. elegans, and their counterparts in the mammalian system 

are shown in Table 1.3. 

The Wnt signaling pathway plays crucial roles during multiple stages of vulval 

development. During the L2 stage, its function is vital in preventing the VPCs from 

fusing with hyp7, and this regulation involves the modulation of the Hox gene lin-39 

(Eisenmann et al., 1998; Myers & Greenwald, 2007). Furthermore, the Wnt pathway 

collaborates with the other two signaling pathways (Ras and Notch) to specify cell-fate 

during vulval development (Gleason et al., 2002; Gleason et al., 2006). It also plays a 

significant role in conferring the primary cell lineage, along with the Ras pathway 

(Wang &  Sternberg, 2000). Additionally, this pathway is required for the establishment 
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of proper polarity in the daughter cells of P7.p, facilitating the formation of a 

symmetrical vulval structure (Inoue et al., 2004; Deshpande et al., 2005; Gleason et al., 

2006; Green et al., 2008).  

 

1.3.4. Regulators of vulval development 

In addition to the core signaling pathway components, several regulators 

participate in the formation of the vulva. There regulators are categorized into two main 

classes based on their functions: positive regulators, which promote cell growth, and 

negative regulators, which inhibit cell growth. To date, numerous regulators have been 

identified through genetic screens that function through one or more of the three 

pathways (Ras, Notch, and Wnt) to ensure precise and coordinated cellular processes 

during vulval development. These regulators play essential roles in fine-tuning the 

signaling pathways, ensuring precise control and proper development.  

 

1.3.4.1. Positive and negative regulators  

The positive regulators that function through the Ras pathway include, KSR-1, 

KSR-2, LIN-2, LIN-7, and LIN-10 (reviewed in Sundaram, 2013). These regulators 

function independently or as part of a complex, and act at different stages of the 

signaling pathway. For example, LIN-2, LIN-7, and LIN-10 form a complex essential 

for the localization of the LET-23 receptor to the basolateral membrane of the VPCs 

(Kaech et al. 1998). ERM-1 functions redundantly to control the same process, but 

operates independently (Haag et al., 2014). Likewise, some positive regulators of the 

Notch pathway include SEL-5, EMB-4, EGO-1, and CSR-1 (reviewed in Greenwald &  
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Kovall 2013).  Another positive regulator, BRE-5, functions as a glycosphingolipid 

biosynthesis enzyme (Katic et al., 2005). Cell surface and secreted proteins (LGR5 &  

R-spondin) have shown to enhance Wnt signal (Binnerts et al., 2007; reviewed in 

Cruicat & Niehrs 2013). 

Several negative regulators of the three signaling pathways have been identified 

(reviewed in Sternberg et al., 1995; reviewed in Greenwald & Kovall, 2013; reviewed 

in Sundaram, 2013). These include ARK-1 and RAB-7 that function to inhibit 

endocytosis and proteasomal degradation of the LET-23 receptor through distinct 

mechanisms (Hopper et al., 2000; Skorobogata & Rocheleau, 2012). SUR-5 and GAP-

1 negatively regulate LET-60 and MPK-1 respectively (Gu et al., 1998; Hanjal et al., 

1997). SEL-10 is a negative regulator of the Notch pathway and mediates the ubiquitin-

mediated degradation of the receptor LIN-12 (Hubbard et al., 1997). A genetic screen 

by Deng et al. (2019) has identified five kinases that negatively regulate LIN-12. Some 

proteins that exert a negative impact on the Wnt pathway include Wnt inhibitory 

proteins, Dickkopf proteins, and WNT modifying enzymes like Notrum and TIKI 

(reviewed in Cruicat & Niehrs 2013). 

 

1.3.4.2. Synthetic Multivulva genes as negative regulators 

Synthetic Multivulva (synMuv) genes are studied extensively in C. elegans. The 

two major synMuv gene classes are class A and class B. Mutations in any class A genes 

in combination with class B give rise to the Muv phenotype, hence the term ñsyntheticò 

(Ferguson &  Horvitz 1989; reviewed in Fay &  Yochem, 2007). There is also a class C 

of synMuv genes that act redundantly with class A and class B to regulate vulval 
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development. In many ways, class C genes are similar to class B (Andersen et al., 

2008), however mutations in this class give rise to a weak Muv phenotype on their own 

(Ceol &  Horvitz, 2004). The different classes compensate each other by providing 

similar activity (network compensation) rather than enzymatic substitution, as the genes 

in different classes exhibit no sequence similarity.  

Class A genes encode novel nuclear proteins that repress expression of lin-3 

through transcriptional regulation (Davison et al., 2005; Davison et al., 2011). This 

class includes lin-8, lin-38, lin-15A, lin-56, smo-1, and uba-2 (reviewed in Fay & 

Yochem., 2007).  

Class B genes encode nuclear proteins that function as chromatin modifiers 

which suppress transcription by recruiting repressive cofactors to gene promoters, 

nucleosome remodeling, and deacetylase activities (Cui et al., 2006; reviewed in 

Sadavisam & DeCaprio, 2013). They function as part of chromatin modulating 

complexes like dREAM/MuvB, NuRD, and HP1. This class consists of approximately 

25 genes including lin-35 (homolog of Retinoblastoma, Rb), lin-9, lin-52, lin-53, lin-

54, dpl-1, had-1, mep-1, and met-2 (reviewed in Fay & Yochem, 2007). These genes 

belong to three distinct complexes: DREAM complex (which contains the Rb), SUMO-

mediated Mec complex, and synMuvB heterochromatin complex (Wu et al., 2012). 

Along with vulval development, class B genes are also involved in other processes like 

cell cycle regulation, RNA interference (RNAi), and maintaining the expression of the 

germline genes. They also restrict both the expression of P granules to germline cells 

and the notch ligand, lag-2, to the distal tip cell of the gonad. (Boxem & van den 

Heuvel, 2002; Poulin et al., 2005; Wang et al., 2005; Petrella et al., 2011)). Loss-of-
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function mutations in class B genes cause enhanced RNAi, mis-expression of P 

granules in somatic cells, mis-expression of lag-2 in intestinal and epidermal cells and 

up-regulation of germline genes (Wang et al., 2005; Poulin et al., 2005; Petrella et al., 

2011). Regulation of gene expression by such chromatin remodelers is required for cells 

to adopt and maintain specific fates.  This is particularly important for the distinction 

between somatic and germline cells. Maintaining specific identity of these cells is 

essential for proper cell proliferation and propagation of species and is brought about 

by the repressive action of synMuv genes that prevent the expression of germline 

specific genes in somatic cells and soma specific genes in germline cells. Inhibiting the 

activity of synMuv genes cause ectopic expression of germline genes in somatic cells 

leading to Muv phenotype (Unhavaithaya et al., 2002; Wang et al., 2005). It is 

important to note that some of the class B single mutants can cause a weak Muv at 

higher temperatures and may also in parallel with other class B genes (Andersen et al., 

2008).  

Overall, the study of these different classes of synMuv genes has revealed that 

there is genetic redundancy in the process of vulval development and this redundancy 

is sometimes large and sometimes minor. This might explain while certain 

combinations of mutants have a much stronger Muv phenotype than others. 

synMuv genes act to repress lin-3/EGF expression (Fay & Han, 2000; Cui et 

al., 2006;). Removal of this suppression causes mis- and over-expression of LIN-

3/EGF, activating Ras signaling in the uninduced VPCs (P3.p, P4.p, and P8.p) causing 

them to adopt the vulval cell fate resulting in the Muv phenotype (Saffer et al., 2011).  
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While the synMuv system has been studied extensively in C. elegans, there is 

no knowledge about their function and extent of conservation beyond C. elegans. 

Chapter 4 of my thesis is focussed on investigating the synMuv system in C. briggsae, 

while concurrently comparing it with the well-characterized system in C. elegans. By 

examining the synMuv system in both species, I aim to gain valuable insights into the 

potential similarities and divergences in the regulatory pathways governing vulval 

development, shedding light on the evolutionary aspects of this crucial developmental 

process. 

 

1.3.5. Vulval development in C. briggsae: similarities and differences from C. 

elegans 

As mentioned above, the vulval morphology and the steps of vulval 

morphogenetic changes in C. briggsae are nearly identical to C. elegans As a 

component of the reproductive system, vulva is connected to the uterus and its opening 

and closing are regulated by interconnected muscles and neurons. Casual observations 

show that these components along with somatic gonad and germline are very similar to 

C. elegans. However, a closer examination has revealed variations in the arrangement 

of eggs within the uterus and the capacity of the uterus to hold eggs. Additionally, the 

thickness of the utse differs between the two species (Gupta & Sternberg, 2003).  

The process of vulva formation in C. briggsae is identical to that of C. elegans, 

and involves the same steps as mentioned in Section 1.3 for C. elegans. Comparative 

genetic studies, performed by our lab and Marie-Anne Félix lab, have shown conserved 

roles of the three signaling pathways (Ras, Notch, and Wnt) (Félix, 2007; Seetharamam 



Ph.D Thesis - Nikita Sudhir Jhaveri; McMaster University ï Biology  

27 

 

et al., 2010; Sharanaya et al., 2012; Sharanaya et al., 2015). Despite the external vulval 

morphology being identical, and the shared involvement of common pathways and 

regulatory elements, differences have been observed in the underlying molecular 

pathways between these two species. For example, our lab has previously shown 

differences in the pry-1 mutant phenotype between C. elegans and C. briggsae 

(Seetharamam et al., 2010). The work has demonstrated that the function of pry-1 

differs between the two species, although the WNT pathway is conserved.  Some of the 

additional examples include the following. 

 

1.3.5.1. Differences in the competence of P3.p  

Although P3.p is considered part of the vulval equivalence group, its behavior 

is not uniform. It has the potential to adopt either the tertiary or the fusion fate. In the 

case of the tertiary fate, P3.p undergoes a single division, and both daughter cells 

subsequently fuse with hyp7. If it adopts the fusion fate, it fuses with hyp7 without 

undergoing any divisions (Delattre & Félix, 2001). The frequency of division differs 

between C. elegans and C. briggsae. In C. elegans, the division frequency among wild 

isolates ranges from 15% to 58%, whereas in C. briggsae isolates, it is lower, spanning 

from 0% to 15% (Delattre& Félix, 2001). Additionally, in the absence of other VPCs 

(P4.p ï P8.p), P3.p can adopt a vulval cell fate in 50% of the animals in C. elegans, 

whereas such adoption never occurs in C. briggsae (Delattre & Félix, 2001). However, 

it is worth mentioning that P3.p adopts induced fate in C. briggsae Muv mutants 

(Sharanaya et al., 2015). 
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1.3.5.2. Differences in the function of the Ras pathway  

The Ras pathway plays a conserved role in regulating vulval development in 

both C. elegans and C. briggsae. However, the VPCs in C. briggsae exhibit greater 

sensitivity to subtle alterations in this pathway compared to C. elegans. This sensitivity 

is evident when observing the effects of weak overexpression of lin-3. In C. briggsae, 

such over-expression induces the adoption of primary cell fate by P5.p and P7.p. 

Conversely, a similar increase in C. elegans fails to prompt P5.p and P7.p to shift their 

fates from secondary to primary (Félix, 2007). Moreover, it appears that the Ras 

pathway may not be as important in C. briggsae as it is in C. elegans. This is supported 

by experiments showing that when the activity of the Ras pathway is abolished in C. 

elegans, no vulva is formed. In contrast, in C. briggsae, some vulval tissue can still be 

observed even under such pathway inhibition (Mahalak et al., 2017). These findings 

suggest subtle yet significant differences in the regulatory mechanisms of the Ras 

pathway between the two nematode species. 

 

1.3.5.3. Differences in the function of the Notch pathway  

Previous studies have revealed distinct functional divergences between the 

Notch receptors LIN-12 and GLP-1 in C. elegans and C. briggsae. In C. elegans, the 

loss of glp-1 through RNAi does not lead to any discernible phenotypic defects. A 

comparable loss in C. briggsae causes the Muv phenotype (Rudel & Kimble, 2001). 

Similarly, loss of lin-12 leads to larval lethality in C. briggsae, but not in C. elegans 

(Rudel & Kimble, 2002). Furthermore, there are two lin-12 like genes in C. briggsae 

compared to one in C. elegans (Rudel & Kimble, 2001; Rudel & Kimble, 2002). 
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1.3.5.4. Differences in the function of negative regulators  

In previous work conducted by our lab in collaboration with Dr. Chamberlin, a 

forward genetics screen was carried out to identify genes that regulate vulva formation 

in C. briggsae. The screen identified seven genes, with four of them categorised into 

the Inappropriate Vulval Cell proliferation (ñivpò) class of genes (Sharanaya et al., 

2015; Chamberlin et al., 2020). During subsequent molecular analysis, three of these 

genes were found to correspond to known genes, while the fourth gene remain 

uncharacterised ï designated as Cbr-ivp-3. Further analysis on these genes in C. briggse 

revealed that these genes regulate the expression of LIN-3 and function through the Ras 

pathway, loss of which causes the Muv phenotype (Sharanaya et al., 2015). 

Interestingly, when the orthologs of these genes were mutated in C. elegans, no Muv 

phenotype was observed (except for gon-14), indicating that the functions of these 

genes in vulval development have diverged between the two species (Chamberlin et al., 

2020).  The focus of my work described in Chapter 5 is centered around the 

characterization of the Cbr-ivp-3 gene in C. briggsae and exploring its role in other 

biological processes, along with vulval development.  

These investigations show that while the vulval morphology is conserved 

between C. elegans and C. briggsae, there exist notable variations in the underlying 

genetic processes and pathways. Although our current understanding has provided 

insights into the roles of genes and signaling pathways in C. briggsae's vulval 

development, significant gaps in knowledge remain. Our understanding of these 

processes in C. briggsae is limited, necessitating further research to understand the 
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evolution of underlying genes and genetic mechanisms. Such work will elucidate how 

these mechanisms have diverged from those of C. elegans while preserving the 

characteristic morphology of the egg-laying organ. 

 

1.4. Objective of my Ph.D. thesis  

As mentioned above, the overall process of vulva formation and its morphology 

is conserved between C. elegans and C. briggsae, but there are subtle differences at the 

genetic and pathway levels. Thus, to understand more about these differences, the 

overall goal of my Ph.D. is to study the evolution of transcriptional repressors that 

are involved in vulva formation in C. briggsae. To this end, I have taken a two-

pronged approach. (1) Developing resources to facilitate genetic and genomic studies 

in this species. (2) Characterizing the roles of a novel class of genes and a set of known 

repressors of vulval development. 

 

1.5. Chapters organization 

My thesis consists of six chapters, four of which describe results in the following two 

broad areas. The other two chapters are introduction (Chapter 1) and conclusion and 

future directions (Chapter 6).  

¶ Develop resources to establish C. briggsae as an experimental system for 

comparative and evolutionary studies (Chapters 2 and 3). 

¶ Investigate mechanisms of VPC induction and vulval cell proliferation 

(Chapters 4 and 5). 
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The Chapter 2 focuses on characterization of C. briggsae as a model system. I 

carried out a study comparing various phenotypic traits with the well-established C. 

elegans wild-type isolate N2. For this purpose, the C. briggsae wild-type isolate AF16 

served as a primary focus, while other C. briggsae isolates, namely HK104, VX34, and 

QX1410, were utilized to delve into specific traits. The significant outcomes of this 

study unveiled that C. briggsae isolates exhibit a more slender morphology compared 

to N2 and display distinct behavioral responses to diverse stressors. Notably, this is the 

first study to report the divergent responses of C. elegans and C. briggsae to different 

kinds of environmental stress. Our findings reveal that C. briggsae possesses inherent 

resilience to heat stress, yet it shows heightened sensitivity towards oxidative and 

osmotic stressors. These responses underscore the subtle yet significant differences that 

exist between these two morphologically similar species. This work has been deposited 

on bioRxiv. 

 Chapter 3 deals with genome annotation of C. briggsae. With the objective of 

enhancing the available resources for C. briggsae, we employed the trans-spliced exon 

coupled RNA end Determination (TEC-RED) technique to refine its genome 

annotation. This is a joint project carried out with another graduate student, and we are 

co-first authors on the manuscript described in Chapter 3. Through this process, we 

successfully improved the annotation of a substantial number of genes. Furthermore, 

we conducted a comprehensive analysis of the operon structures in C. briggsae and 

compared it to the known operon structures in C. elegans. Our investigation revealed 

that roughly 40% of the operons were conserved between the two species, although the 

functions of these operons remained consistent. Additionally, our study identified 362 
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paralogous genes, 52 novel exons and 14 uniquely trans-spliced genes in C. briggsae.  

This investigation significantly contributes to our knowledge of trans-spliced genes in 

C. briggsae, enhances gene models, and operon models, and provides valuable insights 

into the conservation and divergence of genomic features with C. elegans. This work 

has been published in the journal G3: Genes|Genomes|Genetics. 

 The Chapter 4 presents my research on the synMuv system in C. briggsae and 

offers novel insights into its evolutionary dynamics between closely related nematode 

species C. elegans. Until now, research on the synMuv system has been exclusively 

conducted in C. elegans. My study is the first to explore this system in C. briggsae. In 

collaboration with Dr. Helen Chamberlin at Ohio State University, I generated CRISPR 

based mutant alleles for class A and class B genes in C. briggsae. The study revealed 

evidence of rapid evolutionary changes within the class A genes. Notably, the highly 

conserved class B gene, lin-35, displayed functional divergence between C. elegans 

and C. briggsae. Moreover, our findings demonstrated that class A genes do not 

function along with class B genes for vulva formation in C. briggsae. These results shed 

light on the evolutionary dynamics of a class of negative regulators governing cell 

proliferation.  

 In Chapter 5, I have described the characterization of three novel genes 

involved in vulval development in C. briggsae: Cbr-lin(bh1), Cbr-lin(bh3), and Cbr-

ivp-3. The findings on Cbr-lin(bh1) and Cbr-lin(bh3) have been published in 

microPublication Biology. Specifically, we focused on determining their linkage 

group along with Muv penetrance and VPC induction pattern. Our data suggested that 

Cbr-lin(bh1) is present on Chromosome I and Cbr-lin(bh3) on chromosome III. While 
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the Muv penetrance of Cbr-lin(bh1) increased with an increase in temperature, the 

penetrance of Cbr-lin(bh3) was unaffected by temperature changes. We also showed 

that the ectopically induced VPCs adopted only secondary fate in Cbr-lin(bh1), but 

both, primary and secondary fates in the Cbr-lin(bh3). My work on Cbr-ivp-3(syb5286) 

focused on understating the regulation of genes by Cbr-ivp-3 for which I carried out a 

transcriptome analysis. This analysis revealed that along with its role in vulval 

development, the gene is involved in regulating other biological processes including 

stress and aging. In summary, my discoveries serve as a foundation for gaining deeper 

insights into their involvement in vulval development and identifying the specific genes 

they may represent. This paves the way for future investigations and a more 

comprehensive understanding of their functional significance. 
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List of figures  

 
Figure 1.1. Taxanomy and phylogeny of the phylum Nematoda 

A. Taxanomical classification of the genus Caenorhabditis. B. A highly simplified 

phylogenetic tree of the phylum Nematoda adapted from Haag et al., (2018).  
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Figure 1.2. Phylogeny tree of Caenorhabditis species 

The Elegans super-group is divided into Elegans species group and Japonica species 

group. The Elegans species group consists of 14 species. Apart from C. japonica, there 

are other members of the Japonica group that have been omitted for simplification. The 

figure is adapted from Stevens et al., (2019).   
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Figure 1.3. Vulval development stages in C. briggsae AF16 

The process of vulva formation begins at the L3 stage. The VPCs P5.p, P6.,p and P7.p 

divide three times going from one-celled Ą two-celled Ą four-celled Ą eight-celled 

(P6.p) and seven-celled (P5.p and for P7.p), thus giving rise to 22 cells. These cells then 
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undergo morphological rearrangements and selective fusions to form the functional 

vulva.  

AC represents the anchor cell. 
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Figure 1.4. VPC fate specification 

The 22 vulval cells arise from three precursor cells - P5.p, P6.p and P7.p that acquire 

unique cell fates by receiving inductive signals from Ras, Notch and Wnt pathways. 

P6.p progenies undertake primary cell fate (giving rise to 8 cells), P5.p and P7.p 

progenies undertake secondary cell fate (giving rise to 7 cells each). P3.p, P4.p and P8.p 

progenies undertake tertiary cell fate in which they divide once and fuse with hyp7. 

P1.p ï P2.p, P9.p ï P11.p fuse with hyp7. P12.pa fuses with hyp10 and P12pp 

undergoes PCD. The figure has been generated using BioRender software.  
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Figure 1.5. Interactions between Ras and Notch pathways during vulval 

development 

Binding of the EGF ligand LIN-3 (secreted by the anchor cell) to LET-23 receptor on 

P6.p activates the Ras pathway leading to production of DSL ligand LAG-2, and 

downregulation of Notch pathway in P6.p, thereby conferring it a primary fate. LAG-2 

then binds to the LIN-12 Notch receptor on P5.p and P7.p activating Notch pathway 

and downregulating Ras pathway in these cells, conferring them secondary fate. Figure 

has been created using BioRender software.   



Ph.D Thesis - Nikita Sudhir Jhaveri; McMaster University ï Biology  

40 

 

List of tables  

1.1. Core components of the Ras pathway in C. elegans and their homologs in 

vertebrates 

The table lists the core components of the Ras pathway and their homologs in 

vertebrates. The entire list has been reviewed in Sundaram et al., (2013). 

Component C. elegans Vertebrates 

Ligand LIN-3 EGF, TGF-alpha and 

others 

Receptor LET-23 EGFR 

Adaptor molecule SEM-5 GRB2 

Guanine nucleotide exchange 

factor 

SOS-1 SOS 

Ras LET-60 K-RAS, H-RAS, N-RAS 

Scaffold KSR-1, KSR-2 KSR1, KSR2 

Raf LIN-45 A-RAF, B-RAF, C-RAF 

MEK MEK-2 MEK1, MEK2 

ERK MPK-1 ERK1, ERK2 

ETS factor LIN-1 ELK1 and others 

Co-activator SUR-2 SUR2 
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1.2. Core components of the Notch pathway in C. elegans and their homologs in 

vertebrates 

The table has been adapted from the review article by Kovall & Greenwald, (2012). 

Component C. elegans Vertebrates 

Ligand DSL-1, LAG-2, APX-1, 

ARG-1 

DLL1, DLL3, Dll4, JAG1, JAG2 

Receptor LIN-12, GLP-1 NOTCH1, NOTCH2, NOTCH3, 

NOTCH4 

Metalloproteinases SUP-17, ADM-4 ADAM10, ADAM17 

Gamma Secretase HOP-1, SEL-12, APH-1, 

APH-2, PEN-2 

PRESENILIN1, PRESENILIN2, 

NICASTRIN, APH1, PEN2 

Co-activator SEL-8 MAM  

CSL factor (DNA binding 

ability) 

LAG-1 CBF 
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1.3. Core components of the Wnt pathway in C. elegans and their homologs in 

vertebrates 

Table has been adapted from Sawa & Korswagon, (2012). 

Components C. elegans Vertebrates 

Ligand MOM-2, LIN-44, EGL-

20, CWN-1, CWN-2 

19 different ligands in 

humans 

Receptor MOM-5, LIN-17, MIG-1, 

CFZ-2, CAM-1, LIN-18 

10 different family 

members 

Destruction complex BAR-1, APR-1, KIN-19, 

GSK-3, PRY-1 

Beta catenin, APC, CKI, 

GSK3, AXIN 

Nuclear components POP-1, UNC-37 TCF, Groucho 
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Chapter 2. Comparative study of thermal tolerance and other 

physiological characteristics in C. briggsae and C. elegans 

 

2.1. Preface 

This chapter includes the following article ñComparative study of thermal 

tolerance and other physiological characteristics in C.  briggsae and C. elegansò by 

Nikita Jhaveri and Bhagwati Gupta that has been deposited on bioRxiv 

(https://doi.org/10.1101/2023.08.03.551855). The copyright holder for this preprint is 

the author, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

made available under a CC-BY-NC-ND 4.0 International license. 

This study describes characterization of the most commonly used C. briggsae 

wild-type isolate AF16, and its comparison to the satellite model organism, C. 

elegans (N2 strain). The results showed that AF16, and three other C. briggsae wild 

isolates are more slender and show variations in body length and lipid content 

compared to N2. All the C. briggsae isolates could survive temperatures at which 

N2 was dead. Interestingly, N2 was more resistant to oxidative and osmotic stress 

compared to AF16. This is the first study to highlight differences in stress response 

between the two nematode species. Additionally, the results presented have helped 

better characterise C. briggsae as a model system for comparative and evolutionary 

studies. 

 

Contributions 

I carried out all the experiments and created the figures and tables. Dr. 

https://doi.org/10.1101/2023.08.03.551855
http://creativecommons.org/licenses/by-nc-nd/4.0/
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Bhagwati Gupta and I wrote the manuscript.  
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2.2. Jhaveri and Gupta (2023) - bioRxiv 

 

Comparative study of thermal tolerance and other physiological characteristics 

in C.  briggsae and C. elegans  

Nikita Jhaveri and Bhagwati P. Gupta* 
  

Department of Biology, McMaster University, Hamilton, ON L8S 4K1, Canada   

*Author for correspondence: Bhagwati P. Gupta (guptab@mcmaster.ca)  

Key words: C. briggsae, nematode, genetics, comparative study, evolution, 

reproduction, heat tolerance, thermal resistance, environmental stress  

Running title: Thermal tolerance of C. briggsae 
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Abstract 

The nematode Caenorhabditis briggsae (C. briggsae) is routinely used in 

genetic and evolutionary studies involving its well-known cousin C. elegans. The 

two species are morphologically almost identical, but they exhibit significant 

developmental, genetic, and genomic differences. The AF16 isolate of C. briggsae 

is an established reference strain. We used additional wild isolates from tropical and 

temperate regions to perform a comparative study of phenotypic characters. The 

analysis revealed both intra (between C. briggsae isolates) and inter (compared to 

C. elegans N2) species variability in dimensions and opacity. Our data also showed 

that C. briggsae isolates prefer higher temperatures for growth, reproduction, and 

survival compared to C. elegans N2. The preference for higher temperature further 

translated into higher tolerance for heat stress, as evident from survival at 

temperatures that are lethal to N2. Interestingly, we found that while C. briggsae is 

more resistant to heat, it shows greater sensitivity to other forms of stress, namely 

oxidative, and osmotic, compared to C. elegans. The heat resistance of C. briggsae 

was correlated with efficient upregulation of the cytosolic chaperon hsp-16.2. 

Overall, this work reveals significant differences in stress sensitivities between C. 

elegans and C. briggsae.   
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Introduction  

Nematodes of the Caenorhabditis genus are used extensively for the in vivo 

study of biological processes and comparative analysis of gene function. In 

particular, the nematode Caenorhabditis elegans (C. elegans) is an established 

model system for biological research. Since its first use by Sydney Brenner (Brenner, 

1974) C. elegans has been one of the few chosen organisms to study the genetic basis 

of animal development, behavior, and physiology (Meneely et al., 2019). Many 

features of C. elegans have contributed to its value as a leading animal model 

including a short life cycle, inexpensive culture condition, small footprint, 

transparency, fewer cells, and the ease by which genes can be modified and 

functionally assayed in the laboratory.  

Comparative and evolutionary studies in nematodes have typically involved 

C. elegans and a small set of Caenorhabditis species, including C. briggsae (for 

review see Sommer and Bumbarger, 2012). C. briggsae was first isolated by 

Margaret Briggs at Stanford University in Palo Alto, California (Briggs, 1946), who 

studied the life cycle of animals and also reported living bacteria serving as a food 

source. Dougherty and Nigon, (1949) recognized the potential of C. briggsae for 

comparative physiology and genetic studies. In fact, Sydney Brenner had initially 

intended to use C. briggsae as his system of choice (Félix, 2008). C. elegans and C. 

briggsae diverged from a common ancestor approximately 30 million years ago 

(Cutter, 2008). Both are androdiecious although their hermaphroditic lifestyle has 

evolved separately (Kiontke et al., 2004). Similar to C. elegans, C. briggsae offers 

many experimental advantages including the ease of cultivation and genetic 
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manipulations in the laboratory (Gupta et al., 2007). The two species also share other 

features such as gut microbiomes (Dirksen et al., 2016), food preferences 

(Schulenburg and Félix, 2017), and vector carriers (Kiontke and Sudhaus, 2006). 

Available genetic and genomic resources  for C. briggsae include a fully sequenced 

genome (Stein et al., 2003), chromosome-level assembly  (Hillier et al., 2007; Ross 

et al., 2011) more than 30,000 polymorphisms (Koboldt et al., 2010) that allow 

mapping of mutants isolated in forward genetic screens (for example, see (Guo et 

al., 2013;  Seetharaman et al., 2010; Sharanya et al., 2015; Jhaveri and Gupta, 2023), 

operons and 5ô  sequence tags (Jhaveri et al., 2022), mutant strains (Gupta et al. in 

preparation), wild isolates  collected from places around the world (Cutter et al., 

2006; Félix and Duveau, 2012; Crombie et al., 2019), recombinant inbred lines 

(Ross et al., 2011; Stevens et al., 2022), proteome analysis  (An et al., 2017) similar 

to that conducted in C. elegans (Grün et al., 2014; Tabuse et al., 2005)  and an RNAi 

library covering 1,333 genes (Verster et al., 2014). Morphological and behavioral 

studies of C. briggsae have revealed that while the species is very similar to C. 

elegans, there are significant differences such as excretory duct placement (Wang &  

Chamberlin, 2002), male tail ray pattern (Fitch and Emmons, 1995; Fitch, 1997) and 

thermal sensitivity (Prasad et al., 2011; Petrella, 2014; Begasse et al., 2015).   

In this study, we have further investigated the traits of C. briggsae using 

multiple isolates from tropical (AF16 and QX34) and temperate (HK104 and 

VX1410) regions. Our results showed that while AF16 is significantly smaller and 

thinner when compared to C. elegans N2, this was not the case for other C. briggsae 

isolates, suggesting significant variation in dimension across isolates and between 



Ph.D Thesis - Nikita Sudhir Jhaveri; McMaster University ï Biology  

49 

 

species. Likewise, the transparency of animals was variable depending on the isolate. 

We examined spontaneous males in unmated AF16 hermaphrodite cultures and 

found a higher frequency compared to N2, which indicated differences in non-

disjunction rates between the two strains. A major finding of this work is that C. 

briggsae shows higher resistance to heat stress compared to C. elegans and prefers 

elevated temperatures for growth and reproduction. Interestingly, the animals 

showed greater sensitivity to two other forms of stress namely osmotic and oxidative 

stress. The heat tolerance phenotype of C. briggsae is likely dependent on the 

cytosolic chaperon hsp-16.2 since temperature pulses caused a massive increase in 

hsp-16.2 expression with levels showing more dynamic changes compared to C. 

elegans. Overall, the findings presented in this study demonstrate significant 

differences between the two species and provide useful data to investigate the 

molecular genetic basis of thermal response in C. briggsae.  
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Materials and methods 

Strains and culture conditions  

C. briggsae wild isolates: AF16, HK104, VX34, and QX1410. C. elegans: 

N2. The C. briggsae AF16 has been extensively used as a reference strain (Baird 

and Chamberlin 2006). Worms were grown at 200C on NG-Agar plates using 

standard culture conditions (Brenner, 1974) except where specified. The plates were 

seeded with Escherichia coli bacteria (OP50) that served as a food source for worms 

(Stiernagle, 2006).   

For Nomarski imaging, worms were mounted on glass slides containing a 

thin agar pad (2% noble agar). The animals were placed in a drop of M9 buffer that 

included 5 mM Sodium Azide anesthetic (Yochem, 2006) and examined under the 

upright Zeiss Zeiss Axioimager D1 and Nikon Eclipse 80i microscopes. Images 

were captured using Nikon Eclipse 80i and Zeiss Zen 3.0 software.  

 

Size and movement characteristics  

Length and width of anesthetized day-1 adults were measured using Zeiss 

Zen 3.0 software. For this, animals were mounted on glass slides and examined 

under the Nomarski microscope.  Movement in day-1 adults was analyzed using the 

tracks in thin overnight grown bacterial lawns on agar plates. Each worm was 

allowed to move for 30 seconds, and amplitude was measured.  

 

Frequency of males  

To quantify the frequency of males, 4 - 5 L4 hermaphrodites were kept at 
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150C, 200C, and 250C.  The worms were allowed to grow till adulthood and lay eggs 

for one day. Mothers were then removed from the plate. The offspring were screened 

for males and the male frequency was determined.   

 

Opacity measurements  

Opacity, or optical density, of day-1 animals was measured by capturing 

images using a Nomarski microscope and analyzing those using Image J 

(https://imagej.nih.gov/ij///index.html). Lipids were quantified by the Oil Red O 

staining method as described previously (Ranawade et al., 2018). Among the 

techniques used to measure fat levels in C. elegans, Oil Red O staining has shown 

to be the true representation of stored fat content, and positively correlates with the 

levels of triglycerides (Yen et al., 2010).  

 

Developmental time analysis  

To measure the time required to reach young adults, 4 - 5 gravid 

hermaphrodites were allowed to lay eggs on a plate for five hours. Mothers were 

then removed from the plate. The progenies were observed for when they became 

young adults. Readings were taken every hour after they reached mid L4 stage and 

were stopped when 80% of the population turned young adults.   

 

Life span and related physiological characteristics  

Life span analysis was carried out as previously described (Amrit et al., 

2014). Briefly, 30 - 40 L4 animals were transferred to fresh OP50 plates and kept at 
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150C, 200C and 280C. The worms were scored every day for survivability. One of 

the challenges with C. briggsae lifespan assay was the tendency of animals to 

frequently escape the bacterial lawn and commit suicide (most frequent at 150C and 

much less at higher temperatures). The cloned worms were moved to fresh plates 

every day till day eight (around the time they stop laying eggs). Worms that escaped, 

burrowed into the agar, had a bag of worm phenotype or any other morphological 

defects like bursting of the intestine or protruding vulva were censored and not 

included in the analysis.   

Body bending and pharyngeal pumping analysis was carried out for day-1 

adult hermaphrodites. Body bending was analyzed by measuring the number of 

sinusoidal waves the worm made in one minute (one wave corresponds to one body 

bend) on a OP50 seeded plate. If the worm stopped moving before one minute, the 

reading was discarded. For pharyngeal pumping, individual worms were counted for 

the number of times the pharyngeal contraction took place in 30 seconds.   

 

Reproductive span and brood size  

Reproductive span and brood size were measured by transferring L4 worms 

onto individual plates. The worms were moved to new plates everyday till they 

stopped laying eggs. For reproductive span, the number of days till the worm stopped 

laying eggs was counted. For brood size, the progenies were scored on each plate 

and the total number was calculated for each worm.   

 

Stress assays  
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Heat stress (HS): For heat stress, day-1 animals were exposed to temperatures 

from 310C - 410C with an interval of 10C for two hours. Worms were allowed to 

recover for 24 hours and scored based on movement into three categories: Alive - 

moving actively and responding to touch, Barely alive - not moving or barely 

moving, response to touch is not as good as alive worms, and Dead - not moving and 

not responding to touch. After recovery, it was observed that animals exposed to 

lower temperatures still had intact bodies but pulsed at higher temperatures had 

disintegrated. Other C. briggsae isolates and mutant cultures were subjected to heat 

stress at 370C for two hours and scored in the same way.  

Osmotic stress: Osmotic stress was carried out by exposing day-1 worms to 

hypertonic conditions.  NGM agar plates containing varying amounts of sodium 

chloride (300 and 400mM and 500mM) were made. These plates were seeded with 

OP50 and stored at 40C for no more than a week. The plates were sealed with 

parafilm to maintain consistency. 30 - 40 day-1 animals were placed on test plates 

and scored for survival after 24 hours. Based on the response to touch, the worms 

were placed into three categories as mentioned in the HS assay.   

Oxidative stress: Oxidative stress was assayed by exposing day-1 worms to 

200 mM Paraquat (methyl viologen) solution. The assay was carried out in a 24 well 

plate format where 35 - 50 day 1 worms were added in two wells for each strain. 

Worms were screened every hour for survivability up to four hours. Animals that 

didn't move in response to touch and had rod-like appearance were counted as dead.  

 

qRT-PCR  
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Day-1 AF16 and N2 worms were exposed to HS at 370C for one hour. RNA 

was collected after a recovery period of 1, 6 and 24 hours. For controls, worms were 

collected at similar time points without exposure to HS. RNA extraction, DNase 

treatment and cDNA synthesis were carried out following the protocols mentioned 

in Ranawade et al. (2018). Levels of the transcription factor hsf-1 and heat shock 

chaperon protein (hsp) hsp-16.2 were determined by qPCR. pmp-3 and iscu-1 were 

used as housekeeping genes for C. elegans and C. briggsae respectively. The primer 

pairs used for qPCR are mentioned in Supplementary table 1. 

  

Statistical analysis  

Lifespan graphs and data analysis were carried out using SigmaPlot 14. All 

other graphs and statistical analyses were performed using GraphPad Prism 9.5.1. 

RT-qPCR data was analyzed using CFX Maestro 3.1 software (Bio-Rad, Canada; 

https://www.bio-rad.com/en-ca/product/cfx maestro-software-for-cfx-real-time-

pcr-instruments).   
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Results  

As part of the systematic characterization of C. briggsae as a genetic system, 

we examined the morphology and other characteristics of the species. Four different 

wild isolates from different geographical regions (AF16 and QX1410 - tropical, 

HK104 and VX34 - temperate) were used to investigate and quantify different traits.   

 

C. briggsae is morphologically similar to C. elegans but shows subtle differences  

The measurements of length and width of C. elegans N2 and four C. briggsae 

isolates revealed two facts: one, length is highly variable and, two, C. briggsae is 

slenderer (Figure 1A; Supplementary figure 1A; Supplementary table 2). The VX34 

and HK104 isolates were largest and smallest, respectively. The length per unit 

width of strains ranged from 17.1 to 19.7 with VX34 having the highest value that 

was significantly different from N2 (p < 0.0001) (inset in Figure 1A).   

[FIGURE 1 and legend]  

Casual observations of AF16 and N2 animal tracks on solid agar culture 

plates hinted at some differences in movement characteristics. To examine this 

further, we quantified the sinusoidal wave pattern and found that AF16 day-1 adults 

had a comparatively shorter amplitude (Supplementary figure 2A). However, the 

amplitude per unit length of both species was comparable, suggesting that both 

species have a similar sinusoidal wave pattern of movement (Supplementary figure 

2B).  

Nigon and Dougherty had reported earlier that C. elegans and C. briggsae 

produce more males spontaneously at higher temperatures due to meiotic non-
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disjunction of sex chromosome (Nigon and Dougherty, 1949). During routine 

culturing of C. briggsae AF16, we observed a higher incidence of males compared 

to C. elegans N2. To follow up on this, males were quantified in the F1 progeny of 

unmated hermaphrodites that were grown at 150C, 200C and 250C. The results 

revealed roughly 2 - 3-fold more males in AF16 compared to N2 (Figure 1B). The 

frequency was highest at 250C, likely due to increased non-disjunction. No N2 males 

were recovered at 150C. We also observed more males in C. briggsae isolates - 

HK104, VX34 and QX1410 (data not shown). It is worth mentioning that C. 

briggsae males persisted in cultures even after brief starvation and could be 

propagated by chunking.   

Among other observations, it was noted that C. briggsae AF16 animals are 

comparatively more transparent than C. elegans N2. Measurements of opacity 

confirmed that it was indeed the case. Thus, C. elegans N2 was significantly darker 

than C. briggsae AF16 and HK104 animals (Figure 1C). However, opacities of 

VX34 and QX1410 isolates were comparable to C. elegans N2, suggesting 

variability in the trait. To examine if the opacity would correlate with lipid levels, 

we performed Oil Red O staining in AF16 and HK104 isolates and observed less 

lipids in both compared to N2 (Figure 1D). Further investigations of the relationship 

between lipids and transparency involved making use of C. elegans mutants, daf-2 

(e1370) and pry-1 (gk3682), that have high and low lipid contents, respectively 

(OôRourke et al., 2009; Ranawade et al., 2018). The data showed that both mutant 

stains are opaquer than N2 (Supplementary figure 3), leading us to conclude that 

while lipids may affect opacity, other factors also contribute to differences in body 
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color.   

 

C. briggsae grows, survives, and reproduces at higher temperature better than C. 

elegans  

Both C. elegans and C. briggsae thrive in organic rich matter namely 

compost and rotting fruits. (Kiontke and Sudhaus, 2006). Even though they are 

found in similar environments, the two species differ in their seasonal abundances 

with C. briggsae preferring higher temperature conditions. (Félix and Duveau, 

2012). To investigate the temperature trait further, we looked at various 

characteristics of N2 and AF16 strains grown at different temperatures.  

The examination of time to reach adulthood revealed striking differences 

wherein at 150C C. briggsae AF16 took 15.8% longer time than C. elegans to reach 

sexual maturity (112.70 +/- 1.15 hours and 97.33 +/- 1.15 hours respectively; p < 

0.0001) but 16.8% shorter time at 250C (42.47 +/- 1.36 hours and 51.33 +/- 1.15 

hours respectively; p < 0.01) (Figure 2A). At 200C, growth rates did not show a 

significant difference (67.33 +/- 2.51 hours for C. briggsae and 70.33 +/- 1.52 hours 

for C. elegans; Figure 2A). The differences in developmental timings were also 

evident in temporal analysis of animals reaching adulthood (Figures 2B, C, D).   

[FIGURE 2 and legend]  

Similar to the growth rates, brood size and reproductive span of animals were 

also affected by temperature. Specifically, the brood size of N2 was higher than that 

of AF16 at 150C but comparable at 200C. At 280C, N2 was sterile whereas AF16 

produced progeny (Figures 2E, F, G, H, I, J). The mean reproductive spans are listed 
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in Table 1, which show an inverse relationship with temperature. It is interesting to 

note that while the brood size of AF16 was significantly lower than N2 at 150C, the 

reproductive span was comparable at this temperature (Figures 2E, H and Table 1).   

We also examined the survivability of nematodes by growing them at different 

temperatures. The data is presented in Figures 2K, L, M, and Table 2. Earlier, C. 

briggsae AF16 animals were reported to live longer than C. elegans N2 at 200C 

(Mallick et al., 2020). We observed similar results. Despite differences in the lifespan, 

the physiological markers of aging, i.e., pharyngeal pumping and body bending 

frequencies, were similar in both species (Figure 2L, Supplementary figure 4, and 

Table 2). Lifespan studies were also carried out at two additional temperatures, one at 

a lower end (150C) and the other at a higher end (280C). The data showed that C. 

briggsae has a significantly longer lifespan than C. elegans at 280C but comparable at 

150C (Figures 2K, M; Table 2). Taken together, these results show that aging 

characteristics of C. elegans N2 and C.  briggsae AF16 differ from growth rate and 

brood size traits when reared at different temperatures.   

 

C. briggsae has higher thermal resistance than C. elegans but is comparatively 

more sensitive to other forms of stress  

The experiments described above show that C. briggsae is better adapted to 

higher temperatures. To investigate this further, we examined the resistance of C. 

briggsae to acute heat treatments. For this N2 and AF16 were exposed to 

temperatures ranging from 320C to 410C for two hours. Examination of animals after 

heat pulses showed that while some were moving actively, others were barely 
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mobile, or appeared dead (Figure 3A). It was observed that AF16 is more tolerant to 

higher temperatures than N2 and can survive heat shocks up to 390C (Figure 3A). 

At 370C, there is a clear difference between the two species; while AF16 is mostly 

alive (>90%), more than 65% of N2 animals are either barely alive or dead. We 

tested three other C. briggsae isolates (HK104, VX34 and QX1410) and observed a 

similar heat resistant response (Figure 3B). There was also a clear difference in the 

movement characteristics of two species following heat treatment with C.  briggsae 

appearing more active and healthier than C. elegans (Figures 3C, D).   

We also examined treated animals under the Nomarski microscope, which 

showed differences in internal organs. For example, pharyngeal bulb and intestinal 

structures had less well-defined outlines (Figures 3E, F and insets); although the 

basis of such changes, e.g., due to tissue damage or altered membrane composition, 

remains to be investigated.  

[FIGURE 3 and legend] 

Since the heat shock response is known to activate expression of a battery of 

chaperons to protect proteins from misfolding (Jovic et al. 2017), we investigated 

whether expression dynamics of two major factors, the heat shock factor 1 (hsf-1) 

and the cytosolic heat shock protein 16.2 (hsp-16.2), would correlate with heat 

tolerance of the two species. To this end, animals were subjected to 1 hour heat shock 

at 370C, following which hsf-1 and hsp-16.2 levels were measured at different time 

points. The results showed differences in hsp-16.2 activation. Whereas in C. elegans, 

the fold changes were roughly 2,500x, 500x, and 10x after recovery periods of 1 hr, 

6 hr, and 24 hr; respectively, the corresponding increases in C. briggsae were 4600x, 
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125x, and 1x (Figures3G, H, I). These results show that hsp-16.2 is robustly 

activated in both species following the heat shock. Furthermore, the levels are almost 

twice as high in C. briggsae compared to C. elegans at 1 hr time point; and show a 

faster decline in C. briggsae (Figure 3J, inset). Unlike hsp-16.2, hsf-1 transcription 

was not greatly affected, i.e., no change after 1 hr, less than 1.5x increase after 6 hrs, 

and very little change after 24 hrs (Figure 3K). These results show that while heat 

shock genes were activated in both species, hsp-16.2 exhibits a greater 

transcriptional change in C. briggsae following heat stress.  

In addition to hsp-16.2 and hsf-1, we looked for other factors that may 

contribute to heat resistance of C. briggsae. This was done using a collection of 

mutants isolated earlier from forward genetic screens in our lab and other labs 

(Gupta et al., in preparation; www.briggsae.org). Specifically, 15 strains exhibiting 

a range of phenotypes (Unc, Sma, Bli, Dpy, and Lin) were selected. The animals 

were subjected to a 2 hr heat shock at 370C and survival was measured after 24 hr 

of recovery (Supplementary Figure 5). The Cbr-lin-11(sy5336) adults showed 

sensitivity to heat stress that was attributed to their egg-laying defective (Egl) 

phenotype since L4 worms were comparable to controls. A similar result was 

obtained for Cbr-unc(sy5010), although in this case L4 animals were weakly 

sensitive. The Cbr-unc(sy5077) adults showed high sensitivity to heat stress, most 

likely due to animals being severely uncoordinated and unhealthy (data not shown). 

Overall, we did not find any obvious candidate affecting the heat resistance of 

animals. Since most of the mutants used in this study remain uncharacterized, a firm 

conclusion about the role of these genes, including any potential genetic 
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redundancies, cannot be made.  

In addition to heat, we also examined the responses of C. briggsae and C. 

elegans to two other stresses, i.e., oxidative stress and osmotic stress. Interestingly, 

C. briggsae showed increased sensitivity to both these chemicals. Thus, after 4 hours 

of paraquat exposure (for oxidative stress), fewer AF16 and HK104 animals were 

alive compared to N2 (Figure 4A). A similar trend was observed following 24 hours 

of NaCl exposure (for osmotic stress) (Figure 4B). Thus, C. briggsae is not resistant 

to all forms of stress, suggesting that higher thermal tolerance is a specific response 

of this species.  

[FIGURE 4 and legend]  
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Discussion  

This study focused on morphological and physiological characteristics of C. 

briggsae temperate and tropical isolates and their comparisons with the established 

C. elegans wild-type laboratory strain N2. Our results extend the findings on 

similarities and differences between the two species. Specifically, we found that 

while C. briggsae isolates were comparatively thinner than C. elegans N2, the 

animals exhibited greater variability in length, similar to that reported for C. elegans 

wild isolates (McCulloch and Gems, 2003). Variations in size have also been 

reported for other nematodes. C. inopinata adults are roughly 1.5x longer than C. 

elegans however, interestingly, their dauers are comparatively smaller 

(Hammerschmith et al., 2022). Another study by Flemming et al. (2000) showed 

that the length of Rhabditida species varies by six-fold. Studies in C. elegans have 

shown that body size is affected by both genetic and environmental factors (e.g., see 

Van Voorhies, 1996; Kammenga et al., 2007; Gumienny and Savage-Dunn, 2013; 

Maulana et al., 2022). Genetic factors include genes such as the sma (small) class 

that belong to the TGFɓ signaling (Gumienny and Savage-Dunn, 2013) and tra-

3/Calpain 5 (Kammenga et al., 2007).  

We also observed differences in the opacity of C. briggsae isolates and 

investigated its relationship to lipid content. Lipid measurements in wild strains and 

C. elegans mutants daf-2 and pry-1 with high and low lipids, respectively, suggested 

that lipids are not the sole determinants of opacity, raising the possibility that factors 

such as cuticle composition may also be involved (Supplementary figure 3). Among 

other characteristics, we found a higher frequency of spontaneous males (2 - 3 folds) 
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in AF16 compared to N2. Considering that C. elegans wild strains exhibit significant 

differences in the proportion of males (Anderson et al., 2010), these data suggest 

that non-disjunction frequency varies greatly among species and isolates. Whether 

such differences result from altered expression of any of the known genes linked to 

male production (Hodgkin et al., 1979; Lim et al., 2021) remains to be investigated. 

A related observation was that unlike C. elegans N2 where the frequency of males 

rapidly declines in actively growing cultures, C. briggsae males persist even after 

starvation and repeated transfers of cultures. This may be due to C. briggsae males 

being more efficient in mating. In agreement with this, (Garcia et al., 2007) had 

shown earlier that C. briggsae males are better at mating with young, 1-day old adult 

hermaphrodites than C. elegans males. We also quantified the sinusoidal movement 

of animals on culture plates, which revealed that while the absolute amplitude of 

AF16 is comparatively shorter, the amplitude per unit length is similar to N2 

(Supplementary figure 2).   

The above results add to the existing body of work on morphological features 

of C. briggsae and their differences from C. elegans. These include anterior 

placement of excretory duct (Wang and Chamberlin, 2002) altered arrangements of 

bursal rays in male tail (Fitch and Emmons, 1995; Fitch, 1997) reduced competence 

of P3.p vulval precursor cell (Delattre and Félix, 2001), lack of systemic RNAi 

(Winston et al., 2007), and susceptibility towards viral infections (Félix et al., 2011; 

Franz et al., 2012; Frézal et al., 2019). Experiments involving physiological 

responses have also uncovered some changes in C. briggsae, such as the faster 

electrotaxis speed in a microfluidic channel (Rezai et al., 2011) and lack of dauers 
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at high temperature (Inoue et al., 2007). Other non-physical differences include 

alterations in signaling pathways (Félix, 2007; Hoyos et al., 2011; Mahalak et al., 

2017) and telomeric small RNAs (Frenk et al., 2019).  

A major finding of our work is that C. briggsae grows, survives, and 

reproduces better than C.  elegans at higher temperatures. We found that growth 

rates of AF16 animals to be faster at 250C compared to N2 but slower at 150C 

(roughly 16% - time difference for each). A similar trend was observed for the brood 

size, suggesting that AF16 is better adapted to a warmer climate. Consistent with 

these data, a previous work had reported the fecundity of C. briggsae isolates at 

different temperatures and showed that both temperate and tropical isolates 

reproduced robustly when grown between 200C and 280C (Prasad et al., 2011). 

Studies in C. elegans have shown the effect of temperature on brood size. McMullen 

et al. (2012) examined the egg laying of N2 animals and showed that at 280C, the 

average number of eggs laid was reduced significantly whereas no eggs were laid at 

300C. This phenomenon is not unique to N2, as other C. elegans isolates exhibited 

similar characteristics (Petrella, 2014). Another study by Poullet et al. (2015) 

reported intra and inter species thermal plasticity in spermatogenesis, oogenesis, 

mitosis, and meiosis. These findings together with data presented here advance our 

understanding of the effect of temperature on growth, reproduction, and brood size 

of Caenorhabditis species.   

Lifespan of C. elegans and C. briggsae isolates from different geographical 

locations has been reported (Gems and Riddle, 2000; Joyner-Matos et al., 2009; 

Yujin et al., 2016). It is interesting to note that a correlation between lifespan and 
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region of isolation was observed for C. briggsae but not for C. elegans (Joyner-

Matos et al., 2009; Yujin et al., 2016). Specifically, C. briggsae strains from 

temperate regions were shown to have a longer lifespan than those from equatorial 

and tropical regions. Our analysis reveals that while C. briggsae AF16 has a longer 

lifespan at 200C and 280C, it is comparable to N2 at 150C. To further investigate the 

thermal responses of C. briggsae, we performed acute treatments at high 

temperatures. The results revealed that AF16 and other isolates are more resistant to 

heat stress than C. elegans N2. Interestingly, C. briggsae showed greater sensitivities 

to oxidative and osmotic stress, suggesting the resistance to heat stress is a specific 

characteristic of this species. While the underlying basis of differences in stress 

responses between the two species is currently unknown, factors such as cuticle 

composition, lipids, and heat shock chaperons may be involved. A recent study 

showed the role of permeability determining (PD) collagens in maintaining cuticle 

structure, such that their loss leads to enhanced sensitivity to paraquat, levamisole 

and ivermectin (Sandhu et al., 2021). We have observed significant differences in 

the expression of collagen genes between C. briggsae and C. elegans adults (van den 

Berg et al., in preparation). Other cellular components could play roles as well, e.g., 

Lamitina et al., (2006) reported the involvement of glycerol phosphate 

dehydrogenases in protecting C. elegans against osmotic stress. Thus, expression 

differences in these and other genes between the two species may contribute to 

variations in responses to temperature stress.   

Lipids and fatty acids are known to affect sensitivity of animals to 

environmental stress (see review by Los and Murata, 2004). Horikawa and 
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Sakamoto (2009) reported earlier that fatty acids regulate heat, oxidative, and 

osmotic stress in C. elegans. Specifically, when animals were exposed to high 

temperatures, a reversible change in the fatty acid composition of the plasma 

membrane was observed. This change involved an increase in saturated fatty acids 

and a decrease in unsaturated fatty acids (Horikawa and Sakamoto, 2009; Chauve et 

al., 2021), thus conferring resistance to high temperatures. In an opposing trend, 

unsaturated fatty acids were shown to play a role in oxidative stress response, such 

that a decrease in their levels causes sensitivity to oxidative stress. It is conceivable 

that the proportion of saturated to unsaturated fatty acid may differ between the two 

species, thereby causing changes in their stress tolerance. Future studies on fatty acid 

composition are needed to investigate this possibility.  

In addition to lipid and cuticle compositions, heat shock proteins such as the 

transcription factor HSF-1 and various chaperons (HSPs) are also differentially 

regulated to affect stress responses of animals (Higuchi-Sanabria et al., 2018). 

Experiments have shown that exposure to a variety of stresses cause significant 

changes in the expression and subcellular localization of heat shock proteins thereby 

enabling animals to endure the stressful conditions (Labbadia and Morimoto, 2015). 

The levels of hsp-70 and hsp-16.11 increase after exposure to HS and gradually 

decline to normal levels by 8 hours into recovery (Labbadia and Morimoto, 2015). 

Our findings align with the above data showing hsp-16.2 levels rising initially to 

more than two thousand folds in C.  elegans (2,579x) and about four and a half 

thousand in C. briggsae (4,608x) following exposure to heat stress that gradually 

declined afterwards. It is conceivable that a greater increase in hsp-16.2 may confer 
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better protection on C. briggsae. In this regard, it is worth mentioning that hsp-16.2 

levels in C. elegans are reported to correlate with beneficial effects, i.e., more hsp-

16.2 means better protection against stress and increased longevity of animals 

(Walker et al., 2001; Cypser et al., 2013; Mendenhall et al., 2017; Burnaevskiy et 

al., 2019).  

Interestingly, while C. briggsae showed a much higher increase in hsp-16.2 

expression, it also exhibited a steeper decline with levels going back to normal after 

24 hours. In contrast, expression dynamics in C. elegans were much shallower and 

levels remained significantly high after 24 hours (~10x). It remains to be 

investigated whether the above differences in hsp-16.2 expression are  intrinsic 

characteristics of these two Caenorhabditis species, i.e., chaperon expression levels 

and  dynamics in C. elegans following heat treatment will differ from C. briggsae 

regardless of the temperature tested, or be dependent on the condition of the assay, 

i.e., expression trends in both  species will be similar at lower temperatures that donôt 

affect C. elegans viability. Unlike hsp 16.2, the levels of heat-shock transcription 

factor, hsf-1, were not greatly affected. This is not unexpected since hsf-1 is mostly 

regulated post-translationally following heat stress (Higuchi Sanabria et al., 2018). 

It was shown that HSF-1 is nuclear localized, leading to gene expression changes to 

confer protection against heat stress (Morton and Lamitina, 2013).  

Overall, our work has uncovered differences in thermal resistance between 

C. briggsae and C. elegans. We found that both temperate and tropical isolates of C. 

briggsae show similar resistance to heat pulses suggesting that a higher heat 

tolerance is an inherent trait of this species.  Interestingly, C. briggsae showed 
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greater sensitivities to osmotic and oxidative stress. These findings indicate changes 

in gene function and pathways in these two species, which confer resistance to 

specific forms of stress. Further characterization of C. briggsae and its comparison 

to C. elegans hold promise to uncover evolutionary changes in genetic and molecular 

mechanisms of stress response signaling in animals.   
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List of f igures 

 

Figure 1: Size, male generation, opacity, and lipid analysis of C. briggsae and 

C. elegans isolates 

A. Length and width of day-1 hermaphrodites of each strain. The inset graph shows 

ratios of length to width for each isolate. The isolates are - N: N2; A: AF16, H: 

HK104, V: QX1410, and V: VX34. N2-VX34 is the only comparison that is 

statistically significant. n = 10 to 17 worms for each strain in a total of two batches. 

All measurements are in micrometers (µm). B. Male generation frequency of AF16 
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and N2 at 150C, 200C and 250C. For AF16: 150C vs 200C: ns; 200C vs 250C: **; 

150C vs 250C: **. For N2: 150C vs 200C: *; 200C vs 250C: *, 150C vs 250C: **. The 

assay was repeated twice for each strain and temperature condition. C: Opacity (as 

a measurement of brightness of pixels) of AF16, HK104, VX34, QX1410 and N2 

day-1 hermaphrodites. The assay was carried out in triplicates with n = 20 to 30 for 

each strain. D: Lipid staining using Oil Red O technique for AF16, HK104 and N2 

day-1 animals. The assay was carried out in triplicates with n = 20 to 30 for each 

strain. A-D. Data is represented as mean ± SD. Statistical tests used: B. One-way 

ANOVA with Tukeyôs multiple comparisons test. A, C, D. One-way ANOVA with 

Dunnettôs multiple comparisons test. Statistically significant values are indicated by 

asterisk (*): * p < 0.05; ** p < 0.01; **** p < 0.0001; ns, not significant.  
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Figure 2: Developmental time, brood size and life span of AF16 and N2 at 

various temperatures 

A. Time taken by 80% of AF16 and N2 population to reach young adults at 150C, 

200C and 250C. n = 109 to 159 in a total of three batches for both species and each 

temperature condition. B-D. Temporal analysis at 150C (B), 200C (C) and 250C (D). 

E-G. Reproductive spans of AF16 and N2 at 150C (E), 200C (F), and 280C (G). H-

J. Brood size of AF16 and N2 hermaphrodites at 150C (H), 200C (I), and 280C (J). 

For E-J, 8-10 worms were measured for each temperature and each strain in a total 
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of two batches. K-M. Life span of AF16 and N2 at 150C (K), 200C (L), and 280C 

(M). n = 2 batches of pooled worms, with minimum 20 worms scored in each batch 

for each strain and temperature condition. A-D and H-J: Data is represented as mean 

± SD. Statistical tests used: A, H-J: unpaired t test. E-G, K-M: Kaplan-Meier Log 

Rank (Mantel-Cox) test. Statistically significant values are indicated by asterisk (*): 

* p < 0.05; ** p < 0.01; **** p < 0.0001; ns, not significant.  
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Figure 3: Effect of different heat stress conditions on AF16 and N2 

A. Day-1 wild type C. elegans (N2) and C. briggsae (AF16) adults were exposed to 

a range of temperatures for 2 hours for heat stress. B. C. briggsae isolates HK104, 

VX34 and QX1410 were exposed to heat stress at 37C for 2 hours. For A, B, the 

assay was repeated at least twice for each strain and temperature condition (n = 30 

to 40 worms in each batch). C. Day-1 N2 animals after a recovery period of 24 hours 

following heat shock at 37C for 2 hours. D. Day-1 AF16 animals after a recovery 

period of 24 hours following heat shock at 37C for 2 hours. E. N2 day-1 adult F. 

AF16 day-1 adult. The 20x magnified images of E and F are shown in e and f, 

respectively. G-I. Relative normalized expression of hsp-16.2 in heat shocked 

worms of AF16 and N2 after a recovery period of 1, 6 and 24 hours, respectively. J. 

the graph shows fold change in expression of hsp-16.2 for AF16 and N2. The inset 

shows ratios of relative expression at each recovery time point. K. Relative 

normalized expression of hsf-1 in heat shocked worms of AF16 and N2 after a 
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recovery period of 1, 6 and 24 hours. For G-I, K , the qPCR analysis was repeated 

three times for each recovery period and each strain. Data is represented as mean ± 

SEM. Statistical tests used: A, B. Chi-square test. G-I, K: t-test. Statistically 

significant values are indicated by asterisk (*): * p < 0.05; ** p < 0.01; ns, not 

significant.  
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Figure 4: Effect of oxidative and osmotic stress on AF16, H104 and N2 

A. Day-1 worms were treated with 200mM PQ for 4 hours. Survival was measured 

after each hour.  n = 112 - 141 in a total of 2 batches (2 wells per batch) for all strains. 

B. Day-1 AF16, HK104, and N2 animals were exposed to 300mM, 400mM and 

500mM NaCl and survivability was measured after 24 hours. n = 37 to 78 in a total 

of 2 batches for all strains. A. Data is represented as mean ± SD. Statistical tests 

used: A. Chi-square test. B. Two-way ANOVA with Tukeyôs post hoc test. 

Statistically significant values are indicated by asterisk (*). * p < 0.05; ** p < 0.01; 

*** p < 0.001; **** p < 0.0001; ns, not significant.  
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List of tables  

Table 1. Reproductive span of AF16 and N2 animals at different temperatures. Each 

assay was conducted in two batches. n represents the total number of animals from 

combined batches. NA, not applicable (animals are sterile). See figure legends for 

details of statistical analyses.  

Genotype  Temperature Mean lifespan ± 

standard error 

Median  

lifespan 

Reproductive 

span  

n  p value 

N2  150C  8.18 ± 0.37  8  11  11 0.233  

AF16  15 0C  8.80 ± 0.29  9  11  10 

N2  200C  6.89 ± 0.35  7  9  9 0.604  

AF16  200C  7.13 ± 0.48  7  10  8 

N2  280C  NA  NA  NA  NA <0.001  

AF16  280C  3 ± 0.00  3  3  8 

 

 



 

 

Table 2. Lifespan analysis of AF16 and N2 animals grown at different temperatures. 

Each assay was conducted in two batches. ónô represents the total number of animals 

from combined batches. See figure legends for details of statistical analyses.  

Genotype  Temperature Mean lifespan ± 

standard error 

Median   

lifespan 

Maximum 

life span  

n  p value 

N2  150C  28.31 ± 1.16  26  41  42 0.161  

AF16  150C  27.4 ± 0.92  26  40  40 

N2  200C  16.03 ± 0.39  16  22  40 0.002  

AF16  200C  17.97 ± 0.80  17  26  57 

N2  280C  5.05 ± 0.04  5  6  92 <0.001  

AF16  280C  8.16 ± 0.14  8  11  118 
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Supplementary Figures  

  
Supplementary figure 1. Measurements of day-1 adults of AF16, HK104 and 

N2 males 

 Length and width of males are plotted. n = 10 animals for each strain, combined 

from two batches. Data is represented as mean ± standard deviation. All 

measurements are in micrometers. One-way ANOVA using Dunnettôs multiple 

comparison test was used to analyze data. The differences for length and width 

between N2 and each of the C. briggsae isolates were calculated and found to be 

significant (p < 0.0001 in each case). 
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Supplementary figure 2. Movement analysis of AF16 and N2 

A. Amplitude of AF16 and N2 day-1 adults was measured. AF16 has a shorter 

amplitude compared to N2. B. There is no significant difference in the amplitude per 

unit length between AF16 and N2. Four worms (10 waves per worm) were measured 

for each strain in a total of two batches. A, B. Data is represented as mean ± SD. 

Statistical analysis was done using the student's unpaired t test. Significant values are 

indicated by asterisk (*). *: (p < 0.05). ns, not significant. 
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Supplementary figure 3. Opacity of N2, daf-2(e1370) and pry-1(gk3682) 

Day-1 animals of N2, daf-2(e1370) and pry-1(gk3682) were measured for opacity. 

One-way ANOVA using Dunnettôs multiple comparison test shows significant 

differences between N2 and daf-(e1370), and N2 and pry-1(gk3682). n = 17 to 27 

animals in a total of 3 batches for all strains. Data is represented as mean ± SD. 

Statistically significant values are indicated by asterisk (*). ** * (p < 0.001); **** (p 

< 0.0001).  
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Supplementary figure 4. Body bending and pharyngeal pumping of AF16, 

HK104 and N2 at 20 0C 

A. Day-1 animals of N2, AF16 and HK104 were analyzed for their body bends per 

minute. There is no significant difference between N2 and both C. briggsae strains. B. 

Pharyngeal pumping of AF16, HK104 and N2 revealed no significant difference (ns) 

between N2 and AF16, and N2 and HK104. n = 20 - 30 animals in a total of 3 batches 

for all strains. A, B. Data is represented as mean ± SD. Statistical analysis was carried 

out using one-way ANOVA using Dunnettôs multiple comparison test. ns, not 

significant.  
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Supplementary figure 5. Heat stress to C. briggsae mutants 

C. briggsae mutants belonging to unc, sma, bli and lin category were exposed to heat 

stress at 370C for 2 hours. Based on their response to touch, the animals were classified 

into 3 categories after a 24 hour recovery period (see methods for detailed explanation 

about each category). While the 2x outcrossed Cbr-unc-29(sy5440) strain showed 

sensitivity to heat stress, the 4x strain was comparable to controls. In two cases, Cbr-

unc(sy5010) and Cbr-lin-11(sy5336), L4 stage larvae were also tested. The Cbr-

unc(sy5077) animals are severely Unc and appear unhealthy, which likely affected their 

response to heat treatment. n = 47 - 152 worms collected from two to four batches for 

each of the strain. Statistical analysis was carried out using the chi-square test. *: (p < 

0.05), **: (p < 0.01), ****: (p < 0.0001). Only those strains showing values 

significantly different from the AF16 control are indicated by stars.  
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Supplementary tables  

Supplementary table 1. Primers used in qPCR experiments. 

Gene  Oligo name  Direction  5ô to 3ô sequence 

Cel-pmp-3  GL747  Forward  CTTAGAGTCAAGGGTCGCAGTGGAG 

Cel-pmp-3  GL748  Reverse  ACTGTATCGGCACCAAGGAAACTGG 

Cel-hsf-1  GL1631  Forward  ATGCAGCCAGGATTGTCGAA 

Cel-hsf-1  GL1632  Reverse  GCACGTTTTGAGTTGGGTCC 

Cel-hsp-16.2  GL1647  Forward  GTCCAGCTCAACGTTCCGT 

Cel-hsp-16.2  GL1648  Reverse  TCTCAGAAGACTCAGATGGAGAGAT 

Cbr-iscu-1  GL1406  Forward  GTGCCGACGTTCTTGTCGTTT 

Cbr-iscu-1  GL1407  Reverse  GTGCCGACGTTCTTGTCGTTT 

Cbr-hsf-1  GL1797  Forward  TCATCTGGAGTTCAGTCATCCGTG 

Cbr-hsf-1  GL1798  Reverse  CTTCTCTCTCATCGAACGCATCTCG 

Cbr-hsp-16.2  GL1701  Forward  CCGTCCAAGACCATTCTCTGT 

Cbr-hsp-16.2  GL1702  Reverse  ACTGGGAGACGTTGAGGTTG 
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Supplementary table 2. Mean length and width of Caenorhabditis isolates.  All 

values are in micrometers (µm). n, total number of animals combined from two 

batches. SD, Standard deviation.  

Strain Length  Width  n 

Average  SD  Average  SD 

N2 hermaphrodite  1051.34  81.40  61.54  2.58  10 

N2 male  968.20  20.27  49.91  3.03  10 

AF16 hermaphrodite  961.40  21.38  55.24  1.43  10 

AF16 male  795.70  40.64  38.50  2.61  10 

HK104 hermaphrodite  934.6  47.37  52.65  3.58  10 

HK104 male  842.2  43.91  41.16  1.908  10 

VX34 hermaphrodite  1076  93.15  54.55  2.079  13 

QX1410 hermaphrodite  1023  94.23  55.67  3.55  16 

 

 

  



Ph.D Thesis - Nikita Sudhir Jhaveri; McMaster University ï Biology  

99 

 

Chapter 3. Genome annotation of Caenorhabditis briggsae by TEC-

RED identifies new exons, paralogs, and conserved and novel 

operons 

 

3.1. Preface 

This chapter includes the published article ñGenome annotation of 

Caenorhabditis briggsae by TEC-RED identifies new exons, paralogs, and conserved 

and novel operonsò by Nikita Jhaveri 1, Wouter van den Berg1, Byung Joon Hwang, 

Hans-Michael Muller, Paul W. Sternberg, and Bhagwati P. Gupta. (G3: Genes, 

Genomes, Genetics, 12(7). https://doi.org/10.1093/g3journal/jkac101). This is an open 

access article distributed under the terms of the Creative Commons CC BY license, 

which permits unrestricted use, distribution, and reproduction in any medium, provided 

the original work is properly cited. 

1 Equal co-authors 

 

In this study, we used the technique of Trans-spliced exon coupled RNA end 

determination (TEC-RED) to improve the genome annotation of the commonly used C. 

briggsae wild isolate AF16. Our study is the first of its kind to use the bioinformatic 

technique TEC-RED to identify new exons, operons, and paralogs in the nematode C. 

briggsae.  This technique also provided improved ORFs for known exons. Specifically, 

we were able to identify 4,252 genes that were trans-spliced either by Spliced leader 1 

(SL1) or SL2 in C. briggsae. Of these, 94.8% had single transcripts whereas 5.2% 

showed evidence for multiple isoforms. We also identified 14 genes that were only 

https://doi.org/10.1093/g3journal/jkac101
https://creativecommons.org/licenses/
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trans-spliced in C. briggsae, but their C. elegans orthologs lacked evidence of splicing. 

We also put together operon models in C. briggsae. Conservation analysis with C. 

elegans operon models showed that only 40% operons were fully conserved between 

the two, hinting towards evolution of operons. We also found evidence for paralogous 

genes.  

Our work is particularly important since work on genome annotation for C. 

briggsae is overshadowed by the more well-known nematode C. elegans. Therefore, 

we were able to make a significant contribution to a species that has emerged as a model 

organism for comparative studies. 

 

Contributions 

I and Wouter van den Berg performed the analysis using Perl. Both of us worked 

on the figures and tables together. I, Wouter van den Berg, and Dr. Bhagwati Gupta 

wrote the manuscript. All three of us addressed the reviewersô comments and submitted 

the final version to G3: Genes, Genomes, Genetics. 
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3.2. Jhaveri, van den Berg, Hwang, Muller, Sternberg, and Gupta (2022) ï G3 

Genes|Genomes|Genetics 
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