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Abstract 

 
 In nature, organisms are presented with ever-changing environmental stimuli that can be 
beneficial or detrimental. Distinguishing the critically important environmental cues from the 
insignificant ones is integral to the survival of the organism. These cues may be based on 
chemical communication, secreted from other organisms, both the same and different species, 
present in the same area. Chapter One of this thesis discusses chemical communication, 
specifically in Caenorhabditis elegans, throughout development, mating, and foraging for novel 
food sources. It also extends the description of chemical communication to include a wide 
variety of organisms from bacteria to vertebrates in various applications.  

In Chapter Two, we discuss the importance of insulin-like signaling in determining the 
reproductive duration of adult C. elegans. We show that the expression of an insulin-like peptide, 
INS-6, is downregulated in the presence of crowding and is mediated by ascaroside pheromones. 
The addition of synthetic ascarosides, as well as mutations that disrupt ins-6, increase the 
reproductive span of C. elegans. In Chapter Three, we analyze expression changes of the TGF-b-
like ligand, DAF-7, in ASJ. Based on previous work that showed daf-7 is expressed in ASJ upon 
exposure to Pseudomonas aeruginosa, we expanded the bacterial substrates that produce this 
phenotype, focusing in on a nonpathogenic Gram-positive bacterium Bacillus subtilis. We also 
show that wild isolates of C. elegans vary in their expression of daf-7 in ASJ, even on E. coli, 
which produces no daf-7 in laboratory wild-type strains. The induction of daf-7 in ASJ by B. 
subtilis is modulated by population density-dependent cues, through the canonical ascaroside 
pheromones and daf-22-independent pheromones. The expression of daf-7 in ASJ is also 
sensitive to secreted natural products from Pristionchus pacificus, a predator of C. elegans. In 
Chapter Four, I present ideas for expanding on the findings within these two projects. 
Specifically, I focus on the chemical identification of the modulators of daf-7 and the global 
transcriptional responses in ASI and ASJ upon elevated population density.  
 
 
Thesis supervisor: Dennis H. Kim 
Title: Visiting Professor 
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Overview 
 
 Sensing and interacting with the external environment is paramount to an organism’s 

survival as it communicates information such as the presence of food or danger. Sensation 

through secreted chemical compounds has evolved to evoke a response in another organism or 

conversely, to which an organism has evolved to respond to. Inter-organismal chemical 

communication is a widely used means of conveying information such as density, stress, 

predators, and mates in a variety of organisms ranging from bacteria to mammals. The types of 

secreted or volatile compounds that are produced vary between organisms, but the result is the 

same: eliciting a response in the recipient. Caenorhabditis elegans is a prime model for 

understanding how secreted small molecules, or pheromones, play a role in the development of 

the organism and many adult behaviors. Specifically, this roundworm nematode has documented 

pathways for the biosynthesis of ascaroside pheromone compounds, as well as many 

characterized behaviors relevant to said pheromones. Using C. elegans has the select advantage 

of the stress-resistant dauer diapause, which is induced, in part, with high concentrations of 

pheromone. Here, I will review the known ascarosides and what behaviors have been attributed 

to them. Then, I will cover the natural ecology of C. elegans, in terms of their microbial 

cohabitants as well as other microscopic nematodes. And lastly, I will return to chemical 

communication in select diverse species from bacteria through mammals.  

 

Pheromone Biosynthesis Occurs Through the daf-22 Pathway  

 C. elegans has always been an intriguing organism, at least in part because of its long-

lived, alternative stress-resistant larval stage (Androwski, Flatt, & Schroeder, 2017). There has 

been much work investigating the genetic and chemical determinants which cause the entry into 
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the dauer diapause state. In general, conditions of low food availability, high population density, 

and high temperature are conducive to the formation of dauers (Albert & Riddle, 1988). Here, 

the chemical messengers of high population density are of particular interest due to their role in a 

wide variety of phenotypes outside of the dauer pathway.  

 Dauer entry is mediated by decreased signaling through the DAF-2 insulin and DAF-7 

TGF-b pathways (Albert & Riddle, 1988; Riddle, Swanson, & Albert, 1981). These dauer-

inducing conditions may be met through lack of food or through crowding. Crowding can be 

mimicked through the application of liquid supernatant from nematode cultures (J. W. Golden & 

Riddle, 1982), and more recent studies have identified the actual chemical compounds 

responsible to be glycolipids, known as ascarosides due to their ascarylose sugar backbone 

(Jeong et al., 2005). In particular, ascr #2, ascr #3, ascr #5, and ascr #8 create an environment 

that induces dauer entry during development (Butcher, Fujita, Schroeder, & Clardy, 2007; 

Butcher et al., 2009).  

 The dideoxy ascarylose sugar is present in organisms other than C. elegans. In particular, 

it is produced by bacteria such as Yersenia with a well-studied biosynthetic pathway (Thorson, 

Lo, Ploux, He, & Liu, 1994). The first ascarosides were actually found in Ascaris spp. which 

gave the animals a characteristically high fat content that burned like a candle when dried (Flury, 

1912). Unfortunately, it is not currently known how ascarylose is produced in C. elegans, but it 

is indeed produced by nematodes grown in axenic media without bacteria (Srinivasan et al., 

2012). The genome of C. elegans contains a number of homologues of these bacterial ascarylose 

biosynthetic genes as well, which indicates that it is actively being synthesized by the animal 

itself (von Reuss et al., 2012).  
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In 1985, it was shown that daf-22 mutants will not enter dauer without the addition of 

exogenous pheromone. These daf-22 mutants do not produce any pheromone of their own, as 

measured through bioactivity of secreted medium and organic extracts of the animals themselves 

(James W. Golden & Riddle, 1985). It was later confirmed that short-term cultures of both daf-

22 and dhs-28 mutant nematodes are devoid of the short-chain ascaroside peaks as measured by 

LCMS (Butcher et al., 2009). Interestingly, the long-chain ascaroside precursors that accumulate 

in these mutants have an extremely low amount of dauer-inducing activity. If the cultures are 

allowed to grow for extensive amounts of time, about 20 days, the potency of the cultured 

medium is on par with that of wild-type cultures, despite containing no short-chain ascarosides in 

the mutant strains (Butcher et al., 2009).  

The DAF-22 enzyme is a thiolase homologous to the mammalian SCPx, a peroxisomal 3-

ketoacyl-CoA thiolase that mediates fatty acid b-oxidation and processing of bile acids (Butcher 

et al., 2009). DHS-28 is a b-hydroxyacyl-CoA dehydrogenase that is homologous to the 

dehydrogenase domain of a mammalian protein that acts upstream of SCPx (Butcher et al., 

2009). The expression of daf-22 occurs in the intestine, hypodermis, and body wall muscle 

throughout development. Using a GFP-DAF-22 fusion protein shows that the intracellular 

location is within the peroxisome, which is in agreement with the homologous mammalian SCPx 

(Butcher et al., 2009). Genetic rescue within the intestine restores the ability of animals to 

produce dauer-inducing short-chain ascaroside pheromones (Butcher et al., 2009).  

MS/MS-based ascaroside screening helped put the genes responsible for this fatty acid b-

oxidation into a pathway: acox-1 ® maoc-1 ® dhs-28 ® daf-22 (Joo et al., 2010; von Reuss et 

al., 2012). The catalytic steps follow the canonical flow of desaturation, hydration, dehydration, 

and finally cleavage (Fig. 1). The mutants of the corresponding genes accumulate the appropriate  
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Figure 1: The DAF-22 
Biosynthetic Pathway 
A depiction of the peroxisomal 
beta-oxidation pathway of DAF-22. 
The enzymes and their 
corresponding chemical 
modifications are comprised of 
identical colors.  



 17 

constituents, i.e. acox-1 mutants accumulate high amounts of saturated products, allowing the 

genetic pathway to be deciphered (von Reuss et al., 2012).  

The relative concentrations of each ascaroside differ, with ascr#3 being the most 

abundant. Of the four main dauer-inducing pheromone components, ascr#5 is the only one with 

w linkage as compared to the others with w - 1 linkage of the ascarylose sugar (von Reuss et al., 

2012). However, because this nuance exists, it was possible to see that the modification of side-

chain oxygenation precedes the peroxisomal b-oxidation due to the accumulation of long-chain 

ascarosides with the oxygenation characteristic of ascr#5 (von Reuss et al., 2012). 

The secretion system used for the ascarosides is not well characterized. However, 

comparing the metabolome of secreted products in the medium with the metabolome of 

nematode pellets shows that highly polar ascarosides, as well as saturated ascarosides, are 

retained within the body. The largest difference between secreted and retained products is with 

ascr#3 which is roughly 5-fold lower in the body (von Reuss et al., 2012).  

  Ascarosides can also be further modified after their chain shortening has occurred, 

further diversifying the possible molecular library. Indole ascarosides and p-hydroxybenzoyl 

ascarosides can be produced through the addition of amino acid side chains onto the sugar 

moiety (von Reuss et al., 2012). Adding short-chain ascarosides and specific labeled amino acids 

to daf-22 mutant animals results in ascaroside compounds with the various indole or p-

hydroxybenzoyl ascarosides (von Reuss et al., 2012).  
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Physiological and Behavioral Effects of Pheromones 

Role of Pheromone Signaling Throughout C. elegans Development 

In favorable conditions of food abundance, moderate temperatures, and suitable 

population density, C. elegans proceed through the larval stages L1 through L4 and then into  

adulthood within a matter of days. Unfavorable conditions such as high density lead to C. 

elegans larvae opting for an alternative L3 stage, dauer, which use fat stores as energy for up to 

months. However, this state is plastic and development proceeds as per usual upon the 

introduction of ideal conditions of food, population density, and temperature (Cassada & Russell, 

1975; Riddle, Blumenthal, Meyer, & Priess, 1997). These dauers withstand stress due to their 

thick cuticle and cessation of feeding. As such, they are insensitive to SDS concentrations (1%) 

that would otherwise kill other animals (Cassada & Russell, 1975). As previously mentioned, 

entry into dauer relies on decreased signaling through insulin and TGF-b pathways (Fig. 2) 

(Albert & Riddle, 1988).  

One of the most prominent roles of C. elegans crowding, and thus pheromone, is in the 

induction of the dauer diapause larval state (J. W. Golden & Riddle, 1982). The first pheromone 

component to be identified was ascr#1 through activity-guided fractionation of the supernatant 

from C. elegans liquid cultures (Jeong et al., 2005). Although it was the first molecule identified, 

ascr#1 does not result in the strongest dauer induction phenotype. Rather, it is quite weak 

(Butcher et al., 2007; Gallo & Riddle, 2009; Jeong et al., 2005). Following work by Butcher et 

al. showed that ascr#2, ascr#3, and ascr#5 possess stronger effects which act synergistically for 

dauer induction (Butcher et al., 2007; Butcher, Ragains, Kim, & Clardy, 2008). NMR 

spectroscopy-based comparative metabolomics isolated a new component of the pheromone: 

ascr#8, which contains a p-aminobenzoic acid moiety (Pungaliya et al., 2009). Although these 
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Figure 2: The Many Roles of Chemical Communication and Ascaroside Signaling. 
C. elegans participate in chemical communication within their various developmental stages 
and through interactions with their external environment. Predators and microbes produce and 
secrete compounds that C. elegans are sensitive to. In addition, C. elegans signal upon 
themselves to result in dauer induction in high population density, hermaphrodite repulsion, 
and mate attraction, all through ascaroside signaling.  
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compounds were identified for their role in dauer induction, they simultaneously possess activity 

in regulating adult phenotypes (Fig. 2).  

 The p-aminobenzoic acid moiety on ascr#8 represents only one potential modification to 

the ascaroside structure. More recent work has shown that a whole array of ascarosides modified 

with indoles (icas#3, icas#9), alcohol side chains (ascr#6.1, ascr#6.2), saturated side chains 

(ascr#10), p-hydroxybenzoyl (hbas#3), and (E)-2-methyl-2-butenyl (mbas#3) groups exist, as 

well as many others that have yet to be characterized (Artyukhin et al., 2018; Srinivasan et al., 

2012; von Reuss et al., 2012). While these specific compounds are not as potent in dauers as the 

previously mentioned list, they play a role in a wide spectrum of adult physiological behaviors.  

 Interestingly, pheromones that are not dependent on the canonical daf-22 pathway also 

play a role in larval behaviors. In particular, a glycerophosphoethanolamide produced from 

ethanol or acetic acid results in the aggregation of L1 larvae after two days of starvation 

(Artyukhin, Yim, Cheong Cheong, & Avery, 2015). This is in contrast to the behavior upon 

initial starvation, where larvae cease development and disperse in the hopes of finding food 

(Artyukhin et al., 2015).  

Role of Pheromone Signaling in Hermaphrodite Repulsion 

 Beyond the laboratory, C. elegans exist in rotting fruit, decaying plant matter, and 

compost heaps throughout the world (Schulenburg & Félix, 2017). Sampling from these 

ecological hotspots for C. elegans and other Caenorhabditis species has revealed a plethora of 

wild isolates of C. elegans. The laboratory wild-type hermaphrodite adult C. elegans strain will 

equally disperse throughout a typical plate. In contrast to the laboratory nematodes, the majority 

of these wild isolate strains of C. elegans localize to the thick border of the E. coli lawn and 

cluster in groups of other nematodes (de Bono & Bargmann, 1998; Hodgkin & Doniach, 1997). 
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Through a forward genetic screen for highly aggregating mutants, de Bono and Bargmann 

uncovered the gene responsible for this aggregation and bordering phenotype: npr-1 (de Bono & 

Bargmann, 1998). NPR-1 is a neuropeptide Y receptor homolog, and the responsible mutation 

exists at the 215th amino acid within the polypeptide (de Bono & Bargmann, 1998).  

 Wild-type hermaphrodite adults are repelled by high concentrations of ascr#2, ascr#3, 

and ascr#5, the main components of the dauer pheromone coincidentally (Fig. 2). This blend of 

ascarosides leads to the dispersal of nematodes across the lawn of E. coli. In contrast, npr-1 

mutant hermaphrodite laboratory adults are attracted to lower concentrations of these specific 

ascarosides (Macosko et al., 2009). This positive attraction to self-produced pheromone creates a 

positive feedback where clustering increases the effective local concentration of the pheromone, 

further recruiting more nematodes. Surprisingly, wild isolate hermaphrodite adults are neither 

repulsed nor attracted by the same concentrations of ascarosides (Srinivasan et al., 2012).  

 As previously discussed, modified ascarosides beyond the basic ascr#2, ascr#3, ascr#5 

exist. Interestingly, the addition of an indole moiety onto ascr#3 results in the attraction of a 

hermaphrodite adult (Srinivasan et al., 2012). At low physiological concentrations of both ascr#3 

and icas#3 (the indole-bound form of ascr#3) hermaphrodites are attracted. But as the 

concentration of both increases, they are repelled from the compounds (Srinivasan et al., 2012). 

This points to not only molecular specificity but also a concentration dependence for behaviors.  

Role of Pheromone Signaling in Mating 

 Arguably the most well-known function of pheromones in the animal kingdom is for the 

attraction of potential mates in the large space of nature that they occupy, as it is difficult to 

otherwise interact over long distances. C. elegans are particularly attuned to this pheromone 

signaling due to their extensive number of GPCRs, with over 1300 predicted chemosensory 
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GPCRs (Thomas & Robertson, 2008; Troemel, Chou, Dwyer, Colbert, & Bargmann, 1995). This 

expansion of GPCRs bestows C. elegans with an extremely sensitive sense of smell for suitable 

nutrition, competition, or mates (Fig. 2). In this section, the ability of nematodes to find mates 

based on these chemical cues will be discussed. 

 C. elegans exist in two sexes: male and hermaphrodite. Because the hermaphrodites are 

able to self-reproduce, they are not driven to find a mate to pass on their genetic material to the 

next generation. However, males cannot produce self-progeny and are thus forced to find a mate 

to pass on their genes. Given this dichotomy between the two sexes, it logically follows that 

males have their own means to attract and simultaneously locate hermaphrodites.  

The ascaroside profile of males and hermaphrodite C. elegans differ dramatically, 

suggestive of a tightly sex-regulated metabolism. Ascr#3 dominates the exometabolome of 

hermaphrodite cultures, while male cultures are mainly comprised of ascr#10, the 

correspondingly saturated form of ascr#3 (Izrayelit et al., 2012). These predominant components 

of the respective pheromone blends provide a physiological molecular mechanism of attraction. 

Ascr#3 repels hermaphrodites, but attracts males. In contrast, ascr#10 attracts hermaphrodites 

very strongly. Synergistically, these two compounds allow males and hermaphrodites to find 

each other to mate (Izrayelit et al., 2012). Not only is this a very clean example of the chemical 

communication producing physiological phenotypes, but it also shows that sex-specific 

differences in the metabolome exist, at least for this one particular metabolite. This is yet another 

role for ascr#3, beyond the dauer entry and hermaphrodite repulsion, further showing how 

chemical communication is highly engrained within the C. elegans life cycle.   
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The Natural Ecology of C. elegans 

 Development within the laboratory setting typically entails growing on agar plates with 

an abundance of E. coli OP50 as the sole food source in moderate temperatures around 20°C. 

The natural environmental habitat is actually quite different from the standard laboratory growth 

conditions. A representative habitat is a humid temperate area with rotting fruit and stems 

(Schulenburg & Félix, 2017). Many C. elegans actually are closely associated with human-

inhabited areas because of the high amounts of decaying plant matter and compost that people 

generate. These particular environments lend themselves to a rapid boom-and-bust life cycle, 

resulting in large population sizes (Schulenburg & Félix, 2017). This rapid expansion exhausts 

the food resources and creates competition, driving the population into producing more dauer 

larvae from the young animals. These dauers move synchronously in a movement called 

nictation, which builds a three-dimensional structure of dauer larvae. These nictating animals are 

then able to catch onto vector animals to be transported to a new environment (Lee et al., 2012). 

Because the natural environment that C. elegans exist in represents such diversity, the various 

intricacies will be expanded upon in the following sections.  

The Varieties of Microbial Cohabitants  

  E. coli OP50, a uracil auxotrophic strain, was chosen to be the food source based on 

convenience at the time of domestication of C. elegans, rather than in an attempt to mimic the 

actual microbial ecology in nature (Brenner, 1974). Instead of a monoxenic food source, C. 

elegans isolated from the wild actually include bacteria from g-Proteobacteria, 

Enterobacteriaceae, Pseudomonaceae, Xanthomonadaceae, many a-Proteobacteria, Firmicutes, 

Actinobacteria (Fig. 2) (Dirksen et al., 2016; Samuel, Rowedder, Braendle, Félix, & Ruvkun, 

2016; Schulenburg & Félix, 2017). The bacteria do not necessarily have to be nutritive for C. 
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elegans either. They can be pathogenic, commensal, or parasitic to their animal host. Another 

layer of complexity is added when the fast population growth and mutation rates of bacteria are 

factored in, producing an even more dynamic environment that C. elegans thrives in 

(Schulenburg & Félix, 2017).  

 In the wild, C. elegans must be able to mount defenses to pathogenic bacteria in order to 

survive. Samuel et al. isolated 565 culturable bacteria from C. elegans from the wild to further 

characterize them. These bacteria can be found on the cuticle or within the body of the animal. 

They then individually tested each of the 565 natural bacteria for their ability to induce various 

stress reporters: hsp-4 for endoplasmic reticulum stress, hsp-6 for mitochondrial stress, irg-1 for 

bacterial virulence, pmk-1 for pathogenicity. Almost a quarter of the strains tested activated one 

or more of these reporters, some even extremely strongly (Samuel et al., 2016). As compared to 

the laboratory environment, C. elegans must constantly be protecting itself and likely has these 

transcriptional profiles enacting various defenses to keep it alive. C. elegans tend to be found 

proliferating in fruits with a simpler microbiome, specifically those enriched in 

Acetobacteriaceae (Schulenburg & Félix, 2017; F. Zhang et al., 2017). Within the 565 taxa 

tested, a fraction of them provided sufficient nutrition to C. elegans to allow development to 

proceed, while the others did not allow development either due to pathogenicity or insufficient 

nourishment.  

 While C. elegans are exposed to a multitude of bacteria, the internal associated microbes 

may be similar or different to the external environment. Both Dirksen et al. and Berg et al. 

looked at the assembly of the microbiome within the nematode, as compared to the provided 

bacteria on the plate (Berg et al., 2016; Dirksen et al., 2016). While the composition is 

temperature sensitive, the main components of the internal microbiome included 
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Enterobacteriaceae, Pseudomonaceae, and Xanthomonadaceae, as well as Sphingobacteriaceae 

and Rhizobiaceae to a lesser degree (Berg et al., 2016; Dirksen et al., 2016; Schulenburg & 

Félix, 2017). Even though these genera were consistently found, there was no single bacterial 

strain that was found in all animals. The internal relative composition of bacteria also differed 

from the external composition of bacteria, suggesting that the internal environment creates 

amenable conditions for specific genera, while preventing the proliferation of others 

(Schulenburg & Félix, 2017).  

 In addition to the less harmful bacteria, many pathogenic microbes exist in the natural 

ecology as well. These are not solely bacterial in nature, but rather include viruses, fungi, 

microsporidia, and oomycetes (Schulenburg & Félix, 2017). However, prior to the discovery of 

these natural pathogens, C. elegans in the laboratory were subjected to many human disease-

oriented bacterial pathogens. These include Pseudomonas aeruginosa, Bacillus thuringiensis, 

and Serratia marcescens. Studying these bacterial pathogens in a nematode model revealed 

conserved infection pathways and elucidated behaviors that C. elegans exhibit to protect itself 

(Meisel, Panda, Mahanti, Schroeder, & Kim, 2014; Schulenburg & Ewbank, 2007; Schulenburg 

& Félix, 2017; Y. Zhang, 2008). One of these pathogens, P. aeruginosa, is well-studied and will 

be covered more in Chapter 3 of this thesis. C. elegans are particularly adept at recognizing P. 

aeruginosa infection through secreted secondary metabolites resulting in neuroendocrine 

signaling in C. elegans through the TGF-b pathway leading to an avoidance phenotype (Meisel 

et al., 2014). In addition to this, the neuropeptide Y receptor npr-1 is also involved with this 

avoidance phenotype, through changes in its ambient oxygen preference (Reddy, Andersen, 

Kruglyak, & Kim, 2009). Internally during the infection, there are multiple pathways that get 

activated to protect the animal: the p38 MAPK cascade, GATA transcription factor ELT-2, 
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insulin-like signaling, and the hypoxia response pathway (Evans, Chen, & Tan, 2008; Kawli & 

Tan, 2008; Kim et al., 2002; Kirienko et al., 2013; Shapira et al., 2006).  

Interspecific Competition of Nematodes  

 The natural environment of C. elegans contains not only many types of microbes but also 

other macroscopic competitors and predators. The current knowledge of these competitors and 

predators is limited. Within the same compost heaps, other Caenorhabditis species can be found, 

such as C. briggsae (in samplings from France) and C. remanei (in samplings from Germany). 

The preferred temperatures for the two species C. elegans and C. briggsae differ, with the latter 

dominating in summer and early fall and the former in late fall. These inclinations to specific 

temperatures are also reflected by developmental speed within the laboratory setting at the 

relevant temperatures (Félix & Duveau, 2012). Interestingly, C. briggsae and C. remanei are not 

typically found in the same samplings, but they are each found together with C. elegans. Other 

non-Caenorhabditis animals can also be found in the same samplings with C. elegans. These 

genera include Oscheius, Pristionchus, Panagrellus, Panagrolaimus, Mesorhabditis, and other 

rhabditids. They all similarly feed on live bacteria, amoebas, slime molds, ciliates (Félix & 

Duveau, 2012).  

 The interactions between these various species are particularly interesting. 

Caenorhabditis species will mate with opposite sex individuals from closely related species. As 

the hybrids are typically sterile or inviable, this act of mating wastes resources (i.e. gametes, 

energy to produce mating behaviors, developing the embryo) produced by both species’ 

individuals. Further, there are cases of reproductive poisoning, where the self-progeny that could 

have been produced after mating are no longer viable. Effectively, this acts as a form of 

population control among the competing species (Schulenburg & Félix, 2017; Ting et al., 2014). 
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A more dramatic interaction takes place between Pristionchus pacificus and C. elegans, where P. 

pacificus exists in one of two forms: microbivorous stenostomatous or carnivorous 

eurystomatous. These dimorphic mouths are different developmental trajectories for larvae, 

depending on the surrounding conditions of food availability and competition. In non-ideal 

conditions, the population trends towards a eurystomatous mouth-form, rather than 

stenostomatous. With the wider mouth and large teeth, eurystomatous P. pacificus are well-

equipped to bite other nematodes. In fact, it has been well documented that P. pacificus will only 

attack other species of nematodes, as well as deceased P. pacificus, but never live P. pacificus 

(Lightfoot et al., 2019; Serobyan Vahan, Ragsdale Erik J., & Sommer Ralf J., 2014). This self-

non-self recognition is possible through the use of the SELF-1 peptide that is synthesized in the 

epidermis. This SELF-1 peptide has a hypervariable region, which proves to be indispensable for 

the self-signaling capability (Lightfoot et al., 2019).  

 

Effects of Population Density, Chemical Communication, and Pheromone Signaling in 

Diverse Species  

 Chemical communication relays the state of an individual to another, either of the same 

or different species. A pheromone, in the broadest sense, is a chemical compound released to 

elicit a specific response within individuals at a physiological concentration (Johansson & Jones, 

2007; Karlson & Lüscher, 1959; Wyatt, 2017). These cues can elicit responses in a recipient in 

an intended manner or unknowingly as in with kairomones (Tollrian, 1993). The origin of 

pheromones is from two possible routes. First, the producer of the pheromone may already 

synthesize a compound that denotes it is a male or female, for example. As the opposite sex 

begins to detect it as a sex-specific compound, the producer may begin to produce more of it, as 
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it is evolutionarily selected for. The cycle is completed when the recipient becomes more 

sensitive to this compound. The second mode is through chemical mimicry of an attractant. As 

an organism begins producing something similar to an attractant like food, the receiver organism 

will be attracted to the molecule and opt to mate with the producer. Over an evolutionary time, 

this molecule will be fine-tuned to much more closely resemble the attractant molecule (Wyatt, 

2017). Examples of these responses include quorum sensing (QS), mating, and predation 

(Bassler, Wright, & Silverman, 1994; Johansson & Jones, 2007; Smadja & Butlin, 2009). 

Specifically in predation and mating, these chemical cues serve as a signal to provide 

directionality to the recipient to know that they are following the prey or potential mate 

accurately. In fact, the first formally isolated pheromone was from the Bombyx mori silk moth in 

1959. The pheromone isolated from female moths was shown to orient the male to 

correspondingly change their flight patterns to find the female moth (Kennedy & Marsh, 1974). 

The pheromones that are used for mating are especially interesting because they serve multiple 

roles: species recognition, mate recognition, and mate assessment (Johansson & Jones, 2007). 

The compounds involved in these various roles may or may not be overlapping, however, the 

relative concentrations or mixtures of these pheromones ultimately influence the impact for the 

various roles. In the following sub-sections, diverse taxa will be reviewed for their use of 

chemical signaling between individuals. 

Population Density in Bacterial Species  

 Although unicellular, bacteria function within larger populations either in biofilms or 

individually as planktonic, almost in a unified manner. These coordinated efforts are orchestrated 

by quorum sensing (QS) through secreted molecules into the media or even volatile molecules in 

the air (Groenhagen et al., 2013). These secreted molecules, in turn, will activate specific genes 
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either in another recipient cell or even in itself, as these molecules are autoinducers (Bareia, 

Pollak, & Eldar, 2018; Whiteley, Diggle, & Greenberg, 2017). One advantage of having quorum 

sensing is the ability to adjust and adapt to changing external conditions. Quorum sensing can 

result in the uptake of foreign DNA through natural competence, developmental processes such 

as sporulation, or even in the production of antimicrobials to help the species outcompete other 

species. From a human health perspective, quorum sensing may also result in gut colonization 

and higher pathogenic states of microbes such as P. aeruginosa, Vibrio cholerae, and Firmicutes 

as well (Whiteley et al., 2017).  

 The first evidence pointing toward quorum sensing comes from the natural competence 

of Streptococcus pneumoniae and bioluminescence in two Vibrio species in the 1960s and 1970s 

(Whiteley et al., 2017). Subsequent work in the 1980s identified the gene clusters involved in the 

luminescence of Vibrio fischeri – luxI and luxR (J. Engebrecht & Silverman, 1984; Joanne 

Engebrecht, Nealson, & Silverman, 1983). Further, the actual molecule that was responsible was 

isolated: N-3-oxohexanoyl-L-homoserine lactone (Eberhard et al., 1981; Whiteley et al., 2017). 

These Vibrio bacteria were also able to sense the presence of autoinducers produced by other 

marine bacterial species (Schauder, Shokat, Surette, & Bassler, 2001). The sensing of 

autoinducers, whether AI-1 for intraspecies or AI-2 for interspecies, shows how dynamic the 

environment is and how bacteria have evolved to be informed by the diversity present.  

 Quorum sensing occurs in both Gram-positive and Gram-negative bacteria through 

differing mechanisms. There are currently three different types of QS, two of which have been 

introduced previously: AI-1 and AI-2. The acyl-homoserine lactones (AHL) signals are only in 

Gram-negatives, but AI-2 type molecules can be found in both Gram-negative and Gram-

positive bacteria (Li & Tian, 2012). The third class is small peptides in Gram-positive bacteria, 
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ranging from Bacillus subtilis to Streptococcus pneumoniae (Comella & Grossman, 2005; 

Kleerebezem, Quadri, Kuipers, & Vos, 1997; Lyon & Novick, 2004; Waters & Bassler, 2005). 

Two example of these small peptides are a modified 10-amino-acid peptide in B. subtilis, ComX, 

and an unmodified pentapeptide CSF, competence and sporulation stimulating factor (Lazazzera, 

Kurtser, McQuade, & Grossman, 1999; Lazazzera, Solomon, & Grossman, 1997; Magnuson, 

Solomon, & Grossman, 1994; Schneider, Palmer, & Grossman, 2002). ComX increases in 

concentration with the density of cells and is also involved in the regulation of CSF synthesis and 

the production of surfactin (Lazazzera et al., 1999; Magnuson et al., 1994; Nakano et al., 1991; 

Schneider et al., 2002). CSF has the ability of inducing genetic competence with exogenous 

addition at low cell densities and also stimulates sporulation under certain conditions (Lazazzera 

et al., 1999). 

 The nature of the quorum-sensing molecule is that it can also signal upon the producer 

cell after secretion. Because this is the case, there have to be mechanisms that create a different 

response than if it were signaling among the population. It has been shown that this 

differentiation occurs through a calculation between the local effect and the average 

concentration of the molecule in the environment (Bareia et al., 2018). This differs for each 

molecule, as the rate of secretion, degradation, and diffusion all vary.  

 Within a population, the receivers can respond to varying degrees, creating the potential 

for cheaters. In this sense, cheaters can benefit from the production of a secreted enzyme if they 

do not produce it but others do. This occurs in P. aeruginosa, which relies on secreted proteases 

to survive. When QS mutants are cultured in isolation, they fail to grow. However, QS mutants 

actually have a fitness advantage when co-cultured with wild-type cells because they do not need 

to waste resources synthesizing these proteases (Whiteley et al., 2017). Allowing the cheaters to 
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thrive in the population is beneficial for the species, as the cheaters in nature also contain the 

same genes as the true responders. If the cheaters are able to thrive, the species is still propagated 

through them (Whiteley et al., 2017).  This highlights the importance of being able to interpret 

the external conditions and formulate a plan to put the species at a survival advantage. 

Population Density and Pheromones in Fungal Species 

 The phenomenon that is quorum sensing is not limited to solely bacterial microbes; 

unicellular eukaryotes have also been shown to have QS. Two of the most well-studied fungi, 

Saccharomyces cerevisiae and Candida albicans, have their own respective systems in place 

(Avbelj, Zupan, & Raspor, 2016; Polke & Jacobsen, 2017). Recently, it has also been shown that 

the fungal pathogen Fusarium oxysporum also produces an autocrine pheromone indicative of a 

QS system (Vitale, Pietro, & Turrà, 2019). The finding that these three species have QS suggests 

that it may be a larger phenomenon as well. 

 C. albicans is one of the largest contributors to nosocomial infections in North American 

and European hospitals (Décanis, Tazi, Correia, Vilanova, & Rouabhia, 2011). It is dimorphic 

with a yeast and hyphal form. The yeast cellular form evades the immune system, while the 

hyphal form effectively invades tissues. It was the first fungus demonstrated to have QS. The QS 

molecule responsible for preventing the cell to filamentous growth transition was shown to be 

farnesol (Polke & Jacobsen, 2017). Farnesol is a byproduct of ergosterol synthesis, a component 

in the cell-membrane fluidity machinery. It is continuously produced and excreted at higher 

levels as the density of cells increase. As of yet, there has been no receptor for farnesol identified 

(Décanis et al., 2011; Polke & Jacobsen, 2017). In high concentrations of farnesol, C. albicans 

prevents hyphal formation, which renders the population avirulent. This is in contrast to many 

bacterial populations which typically become virulent at high densities. However, this 
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mechanism of QS in C. albicans may create a selective advantage in two distinct manners. First, 

it can disperse from biofilms to colonize new regions of the body, as the yeast cellular form 

evades the immune system. Second, in complex microhabitats with many bacteria, the hyphae 

are easily broken enzymatically by competitors, rendering the cell weakened. Preventing the 

hyphal shift therefore protects the cell from this vulnerable state (Polke & Jacobsen, 2017). A 

second QS molecule, tyrosol, has also been identified for its ability to promote cell growth and 

hyphal formation at low density (Avbelj et al., 2016; Chen, Fujita, Feng, Clardy, & Fink, 2004). 

Together, they seem to both affect the development and morphogenesis of C. albicans with 

respect to the population density.  

 S. cerevisiae, the common baker’s yeast, is an ideal genetic model for studies within the 

laboratory. Three QS molecules have also been identified in this species: 2-phenylethanol and 

tryptophol, and tyrosol (Avbelj et al., 2016; Chen & Fink, 2006; Chen et al., 2004). Both 2-

phenylethanol and tryptophol are synthesized from phenylalanine and tryptophan, respectively, 

and are produced under low nitrogen conditions and specific cellular densities. The nitrogen 

sensitivity, and correspondingly production of these aromatic alcohols, is inversely proportional 

to ammonium sulfate concentrations, especially below 50 µM (Chen & Fink, 2006). While all 

three of these compounds have not been shown to individually elicit any phenotypes in the 

recipient cells, the addition of both 2-phenylethanol and tryptophol in nitrogen-depleted media 

result in more vigorous filamentous growth of the yeast (Avbelj et al., 2016).  

 Beyond quorum sensing, yeast cells respond to secreted molecules through pheromones 

as well. S. cerevisiae exists in two haploid mating types (a and a) or as a diploid a/a, each with 

differing genetic makeup, specifically at the MAT locus (Hanson & Wolfe, 2017). In the context 

of mating, the a-factor pheromone is expressed by a cells. This a-factor is sensed by a cells, 



 33 

which prevents mitotic proliferation and instead results in the formation of a shmoo mating 

projection towards the a-factor. The result of a successful mating is a diploid a/a cell generated 

from the two haploid precursors. A similar phenomenon occurs with an a-factor produced by a 

cells (Bender & Sprague, 1986). Both of these secreted factors are polypeptide based, rather than 

small molecules that the previous QS molecules have been.  

 Fusarium oxysporum, a unisexual plant pathogenic fungus, is yet another example of 

pheromone signaling in the fungal kingdom. F. oxysporum cells are responsive to chemically 

synthesized a and a factor pheromones (Vitale et al., 2019). It was unexpected for these cells to 

respond because they are unisexual and do not have the mating types that S. cerevisiae possess. 

They do, however, have the ste2 and ste3 genes, which code for the Ste2 and Ste3 GPCRs 

involved in S. cerevisiae mating (Vitale et al., 2019). It is not known if the reason why they 

respond to the signals of other species is through a vestigial pathway or if there is a physiological 

benefit to it. However, it underscores the prominence of intra- and interspecies chemical 

communication within the fungal communities.  

Chemical Communication in Invertebrate Species 

 As previously mentioned, the first isolated pheromone was from an invertebrate species, 

Bombyx mori. Since then, there have been other invertebrate species in which chemical 

communication has been found. Drosophila species typically associate their attractive mating 

cues with their similarly attractive food cues. The pheromones of Drosophila melanogaster exist 

as contact-based or volatile molecules named cuticular hydrocarbons (CH) (Farine, Ferveur, & 

Everaerts, 2012; Ferveur, 2005). While the vast majority of these CH compounds are contact-

based, a few are volatile: cis-vaccenyl-acetate (both volatile and contact-based), phenylacetic 

acid, and phenylacetaldehyde (Kohl, Huoviala, & Jefferis, 2015). cis-vaccenyl-acetate, or cVA, 
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is synthesized in the ejaculatory bulb of males and is transferred to females after copulation. cVA 

can act as a strong female attractant when deposited onto food by potentiating the attractive 

effects of ketones and aldehydes derived from food. Conversely, it also acts as a repellent to 

males, preventing further mating for the female as well as preventing two males from engaging 

in copulation inappropriately (Farine et al., 2012; Ferveur, 2005). The males will mark their 

patch of food through the use of these pheromones, which then designates it as their territory 

(Farine et al., 2012).  

 Drosophila species modulate their CH composition depending on environmental 

conditions such as temperature and humidity. In environments that prevent excessive water loss, 

CHs exist in longer chain-lengths (Ferveur, 2005). These CHs not only act as pheromone cues 

but also act as a line of defense against desiccation as a result of the nonpolar nature of the CHs 

(Rouault, Marican, Wicker-Thomas, & Jallon, 2004). Relatedly, Drosophila pseudoobscura in 

the Mojave Desert produces a blend of mostly C27 and C29 methylalkanes, but within one 

generation of breeding in the laboratory, the produced methylalkanes composition ratio of 

C27:C29 is modified, changing from 4 into 1. After several generations, the methylalkanes 

significantly decreased in concentration, with alkadienes composing the remainder of the CH 

blend (Ferveur, 2005).  

 The pheromone compositions of D. melanogaster are sexually specific with females 

producing dienes and males producing monoenes. As expected, the specific molecules serve as 

attractants to the other sex, in order to facilitate mating (Farine et al., 2012). Socialization of 

animals results in a varied body CH composition, which differentially affects male and female 

animals. This socialization-induced changes in CH composition can occur early or late in 

adulthood, suggesting that it is a highly plastic and responsive pathway (Farine et al., 2012).  
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 Another example of chemical communication within the insect community is the 

induction of queen and worker honeybees. Within an isogenic population, the distinction of a 

queen is through exposure to royal jelly (Kamakura, 2011). The active component of royal jelly, 

royalactin, induces differentiation of honeybee queens from larvae, with concomitant increases 

in body size and ovary development (Kamakura, 2011). It also results in an expedited 

developmental period for these queens. Surprisingly, administration of royalactin to D. 

melanogaster is able to speed up the developmental rate of these animals as well, with increases 

in their body size and lifespan (Kamakura, 2011). Royalactin represents a very specific type of 

insect chemical communication. Rather than with a small molecule or cuticular hydrocarbon, this 

royal jelly compound is a large protein synthesized by worker bees. It is secreted and elicits a 

response in the queen bee, allowing her development to proceed at a much more rapid rate 

(Buttstedt, Moritz, & Erler, 2014).  

Pheromones in Mammalian Systems  

 The majority of pheromone and inter-animal chemical communication studies have 

focused on invertebrates and excluded mammalian systems. Within recent years, there have been 

more efforts to understand how mammals communicate with each other through secreted 

molecules. Preliminary studies for mammalian pheromones have been based on a subtractive 

approach between male and female animals. Because a vast majority of male pheromones would 

presumably be under the control of androgen hormones, castration was the method of choice to 

eliminate the production of these pheromones. One example compares the head skin of male 

goats for the presence of a volatile pheromone, captured by head caps (Murata et al., 2014). GC-

MS identified which compounds are present with or without castration, and these molecules were 

followed up with a gonadotropin-releasing hormone (GnRH)-based bioassay, which results in the 
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secretion of luteinizing hormone (LH). These bioassay experiments demonstrated that many 

ethyl-branched compounds are responsible, with 4-ethyloctanal being the most active (Murata et 

al., 2014).  

 Mus musculus, the common mouse model, produces an involatile male-specific 

pheromone which serves as an attractant and induces the formation of memories (Roberts et al., 

2010). Female mice prefer locations where they encounter male-soiled materials, either in the 

past or present. Female mice are also attracted to volatile compounds originating from male urine 

(Moncho-Bogani, Lanuza, Hernández, Novejarque, & Martı ́nez-Garcı ́a, 2002). Through 

fractionation, the 18.9 kDa protein darcin was isolated, which binds a majority of the male-

specific 2-sec-butyl 4,5 dihydrothiazole in mouse urine (Roberts et al., 2010). This binding 

interaction propagates the volatile scent and allows it to persist, allowing further attraction, while 

the darcin protein alone did not lead to attraction. However, the combination of the thiazole 

compound with the darcin allows activation of the vomeronasal organ, a highly specialized 

olfactory organ. The vomeronasal organ contains specific GPCRs that have projections onto the 

accessory olfactory bulb and is directly linked to the limbic brain systems (Silva & Antunes, 

2017). This results in the female remembering the exact location where she detected the 

pheromone and will be able to recognize the male that had originally produced this pheromone.  

 While there has been progress within the field of mammals demonstrating the existence 

of pheromones, it has yet to be shown in Homo sapiens, which also lack a vomeronasal organ 

(Silva & Antunes, 2017). It is tantalizing to think of the possibility of pheromones though. In 

particular, one possible example is the response of human babies to lactating mothers, to orient 

their mouths towards the areola gland for feeding (Wyatt, 2017). The responsible molecule for 
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this re-orientation of the baby’s face has yet to be shown, if it will ever be. But it offers a 

potential space that has yet to be explored.  

Concluding Remarks 

 The diversity of chemical signaling between organisms represents an ever-expanding 

domain of research that has many fascinating questions to be answered. While it is true that 

much of the current knowledge for chemical communication is derived from invertebrate or 

microbial sources, there is a small precedent for this phenomenon occurring in higher organisms. 

The fact that pheromones or density-signaling cues in these organisms govern a wide variety of 

physiological behaviors stresses the importance of this type of research. It can have substantial 

impacts on human health, whether it is from understanding how to prevent virulence in 

pathogenic bacteria or how to regulate the overpopulation of insect pests. It can also provide a 

better ecological context for how we study biology. In the laboratory, we isolate so many 

conditions to modify one specific variable within the perfect controlled setting. However, in 

nature, there are so many interactions that we cannot account for in the laboratory. These 

interactions can strengthen or weaken the effects that we are seeing in the laboratory. Better 

understanding how these inter-organismal interactions occur can help us begin to comprehend 

and appreciate the true interplay of biology in nature.  

  In this thesis, I examine the role of density-dependence in the regulation of C. elegans 

adult behavioral phenotypes through small molecule signaling. In Chapter Two, I describe the 

modulation of a C. elegans insulin-like peptide, INS-6, and how its expression dictates the 

duration of egg laying in older hermaphrodite adults. We describe how the expression pattern of 

ins-6 is in a specific pair of bilaterally symmetric chemosensory neurons, ASI. We further show 

that the expression of ins-6 is highly sensitive to ascaroside pheromone signaling, and thus 
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population density. We discuss a novel role for pheromone signaling in the duration of egg 

laying. In Chapter Three, I explore the expression of a TGF-b-like ligand DAF-7 in the ASJ 

chemosensory neurons. Specifically, I investigate the variation in wild isolate C. elegans for their 

ability to express daf-7 in ASJ on an ordinary bacterial diet of Escherichia coli OP50, a 

phenotype that the standard laboratory wild-type strain is unable to perform. I also examine the 

role of microbial food sources in the induction of daf-7 in ASJ. We show that the nonpathogenic 

Gram-positive bacterium Bacillus subtilis is able to induce daf-7 in ASJ, a phenotype previously 

only shown to occur when C. elegans are placed on pathogenic P. aeruginosa (Meisel et al., 

2014). Our results suggest that this phenotype differs from P. aeruginosa-dependent daf-7 

induction in that it is population density dependent with both ascaroside and non-ascaroside 

based pheromones. Finally, I show that secreted small molecules from another nematode, 

Pristionchus pacificus, is able to suppress the expression of daf-7 in ASJ. Lastly, in Chapter 

Four, I discuss various future directions for more fully understanding the role of pheromones in 

adult nematode physiology, as well as the importance of microbial diet on physiology.  
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Abstract 

The developmental trajectory of Caenorhabditis elegans larvae can be altered by 

unfavorable environmental conditions, such as starvation, elevated temperature, and crowding, 

resulting in larval animals entering an alternative stress-resistant state of dauer diapause. Here, 

we show that individual adult C. elegans also respond to increased population density signaled 

by ascaroside pheromones by altering their reproductive output. We observe that specific 

ascarosides downregulate the expression of the insulin peptide INS-6 from the ASI 

chemosensory neurons, resulting in diminished neuroendocrine insulin signaling that extends the 

reproductive period. Our data suggest that C. elegans populations can delay the completion of 

reproductive egg-laying to enable the development of progeny under more favorable conditions. 

 

One Sentence Summary 

Reproductive span of C. elegans is extended by increased population density through modulation 

of insulin signaling. 
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Introduction 

Caenorhabditis elegans lives in a natural environment of decaying matter with a diverse 

community of microbes (Schulenburg & Félix, 2017). Under adverse conditions such as 

diminished bacterial food supply, elevated temperature, and increased crowding, early larval 

stage C. elegans can follow an alternative developmental pathway leading to dauer diapause, a 

state characterized by extensive anatomical and metabolic remodeling and resistance to stress 

(Golden & Riddle, 1982; Hu, 2007). Genetic analysis of dauer formation of C. elegans has 

identified a role for evolutionarily conserved endocrine signaling pathways in mediating entry 

into dauer diapause, including a critical role for the DAF-2/insulin-like receptor signaling 

pathway (Albert & Riddle, 1988; Fielenbach & Antebi, 2008; Kimura, Tissenbaum, Liu, & 

Ruvkun, 1997; Ruvkun, 1998). Metabolomic and genetic analysis of the density-dependent 

signaling among larvae led to the identification of a family of small molecules, specifically the 

ascarosides ascr#2, ascr#3, ascr#5, and ascr#8, which can act as the pheromone signal that is 

required for dauer entry (Butcher, Fujita, Schroeder, & Clardy, 2007; Golden & Riddle, 1982; 

Jeong et al., 2005; F. Kaplan et al., 2011; Pungaliya et al., 2009; von Reuss et al., 2012). 

Environmental and endogenous cues can act on sensory neurons of C. elegans to 

modulate the expression of neuropeptide ligands that control organismal physiology. For 

example, multiple cues, including dauer-inducing pheromone, act to modulate the expression of 

DAF-7, a TGF-b-like ligand (Hilbert & Kim, 2017; Kim et al., 2009; Meisel, Panda, Mahanti, 

Schroeder, & Kim, 2014). In particular, the dynamic expression of insulin genes, which encode 

approximately 40 insulin-like peptides in C. elegans, influences a multitude of phenotypes 

including dauer entry and exit, lifespan, stress resistance, and reproductive span through the 

DAF-2/insulin-like receptor (Abreu et al., 2014; Pierce et al., 2001). These insulin-like peptides 
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have pleiotropic effects amongst these phenotypes and exhibit significant crosstalk between 

peptides (Abreu et al., 2014; R. E. W. Kaplan, Maxwell, Codd, & Baugh, 2019). INS-6, one of 

these 40 insulin-like peptides, regulates dauer exit and olfactory learning (Chen et al., 2013; 

Cornils, Gloeck, Chen, Zhang, & Alcedo, 2011). ins-6 is expressed throughout larval 

development in the ASI chemosensory neurons. Upon dauer-inducing conditions, ins-6 ceases 

expression in ASI and begins expression in ASJ as a dauer, where ins-6 promotes dauer exit 

(Cornils et al., 2011).  

 

Results 

Whereas the effects of dauer-inducing ascarosides on early-stage developmental larvae 

have been understood in the context of entry into dauer diapause (Butcher et al., 2007; Golden & 

Riddle, 1982; Viney & Harvey, 2017), ascarosides have also been shown to have additional post-

dauer effects on C. elegans adults, including roles in mediating mate attraction and regulating 

lifespan, partially through insulin-like signaling (Izrayelit et al., 2012; Ludewig et al., 2013; 

Macosko et al., 2009; Maures et al., 2014; Shi, Runnels, & Murphy, 2017; Srinivasan et al., 

2008). We wondered how conditions of increased population density, which trigger entry into 

dauer diapause for developing larvae, might affect animals post-larval development. We 

observed that increased population density resulted in a down-regulation of ins-6 expression 

from the ASI neuron pair in adults (Fig. 1A-D). Diminished fluorescence intensity was observed 

from the ASI neurons of transgenic animals carrying an ins-6p::GFP transcriptional reporter 

(Fig. 1E). Because of the known activities of ascarosides in signaling population density during 

larval development (Cornils et al., 2011; Ludewig et al., 2017), we hypothesized that the  
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Figure 1. Neuronal insulin expression is regulated by a population density-dependent 
ascaroside signal in reproductive adult C. elegans. (A-D) Representative images showing 
animal density and ins-6 expression pattern. Brightfield microscopy for 1mL lawn (A) and 20 µL 
lawn (C), where n = 100 animals for both. Representative DIC images at 100X magnification 
with ins-6p::gfp and DiI lipophilic chemosensory neuron stain for 1 mL lawn (B) and 20 µL 
lawn (D). Arrowhead denotes the ASI neuron. Scale bar for (A,C) 1 mm. Scale bar for (B,D) 5 
µm. (E) Quantification of fluorescence of ins-6p::gfp in the ASI neurons of age-matched Day 1 
adult hermaphrodites. **** p<0.0001 as determined by ordinary one-way ANOVA followed by 
Sidak’s multiple comparison test. Error bars represent SD. (F) Expression of ins-6 in wild type 
animals and daf-22 (ok693) mutants defective in ascaroside biosynthesis. Five animals per plate. 
**** p<0.0001, *** p<0.001 as determined by ordinary one-way ANOVA followed by Tukey’s 
multiple comparison test. Error bars represent SD. (G) The effect of secreted daf-22-dependent 
molecules on dampening ins-6 expression. **** p<0.0001, *** p<0.001 as determined by 
ordinary one-way ANOVA followed by Dunnett’s multiple comparison test. Error bars represent 
SD. n.s., not significant.  
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observed density-dependent effects on post-dauer hermaphrodite animals might similarly be 

mediated by ascarosides.  

Ascarosides are synthesized through a pathway terminating with the C. elegans homolog 

of the mammalian peroxisomal 3-ketoacyl-CoA thiolase SCPx, DAF-22. We observed that daf-

22(ok693) mutant animals, which are devoid of short-chain ascarosides, exhibited increased 

expression of ins-6, which was unaffected by the density of daf-22 mutant animals (Fig. 1F). 

Whereas we anticipated that the observed effect of the daf-22 mutation was due to the abrogation 

of a density-dependent signal, we also considered the possibility that the dynamics of ins-6 

expression might be altered in daf-22 mutant animals. To address this possibility, we incubated 

10 wild-type or daf-22 mutant animals on a 20 µL lawn of E. coli for 6 hours to “condition” the 

plates by enabling secreted molecules to accumulate on the plates, followed by removal of the 

animals. Then, one wild-type animal carrying the ins-6p::gfp trangene was placed onto each 

conditioned lawn (Fig. 1G). We confirmed that conditioning plates with wild-type animals, but 

not daf-22 mutant animals, caused diminished expression of ins-6 in the ASI neurons.  

Next, we directly examined the ability of ascr#2, ascr#3, ascr#5, and ascr#8, to affect ins-

6 expression, and we observed that the addition of an equimolar mixture of these ascarosides 

abrogated ins-6 expression from the ASI neurons of adult hermaphrodite animals (Fig. 2A-C). 

The ascaroside compounds may act individually, additively, or synergistically. Therefore, the 

individual components were tested for their ability to suppress ins-6 expression (Fig. 2D). 

Interestingly, ascr#2, ascr#3, and ascr#8 repressed ins-6 strongly, whereas ascr#5 exhibited less 

potent effects on ins-6 expression. Ascr#2, ascr#3, and ascr#8 each produced a strong dose-

response curve for ins-6 expression, with strong effects observed on ins-6 expression when the 

tested ascarosides were in the 20 nM –400 nM range (Fig. 2E-G), within the physiological range  
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Figure 2: Small molecule ascaroside pheromone compounds inhibit ins-6 expression. (A-B) 
Representative image of animals treated with ethanol (A) or 1.5 µM ascaroside blend (B). Scale 
bar indicates 50 µm. Arrowhead denotes the ASI neuron. (C) Fluorescence values with the 
addition of synthesized C. elegans pheromone. **** p<0.0001 as determined by Welch’s T-test. 
Error bars represent SD. (D) Evaluation of individual C. elegans hermaphrodite ascaroside 
chemical identities at 1.5 µM. ** p=0.001, **** p<0.0001 as determined by ordinary one-way 
ANOVA followed by Dunnett’s multiple comparison test. Error bars represent SD. (E-G) 
Fluorescence values in response to individual ascaroside treatment in a dose-dependent manner. 
Ascr#5 was not included due to its inefficacy in (B). ** p<0.01, *** p<0.001, **** p<0.0001 as 
determined by ordinary one-way ANOVA followed by Dunnett’s multiple comparison test. Error 
bars represent SD. 
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in which the density-dependent secretion of ascarosides have been shown to promote dauer entry 

in larvae (Butcher, Ragains, Kim, & Clardy, 2008). 

The DAF-2/Insulin-like Receptor signaling pathway functions in a diverse range of 

processes through the regulation of the Forkhead transcription factor DAF-16 (Pierce et al., 

2001). In particular, daf-2 mutants are long-lived and also exhibit delayed reproductive aging, 

with concomitant increased reproductive span and perdurance of robust germ cells (Dillin, 

Crawford, & Kenyon, 2002; Garigan et al., 2002; Kimura et al., 1997; Larsen, Albert, & Riddle, 

1995; Luo, Kleemann, Ashraf, Shaw, & Murphy, 2010; Pierce et al., 2001; Templeman et al., 

2018; Tissenbaum & Ruvkun, 1998). We reasoned that increasing reproductive span in the 

setting of increased population density might represent an adaptive response that could delay 

egg-laying in the presence of increased competition for resources. We confirmed that daf-

2(e1368) and daf-2(e1370) mutants exhibited increased progeny production at late time points, 

extending after egg-laying had ceased in wild type animals (Fig. 3A-B). Although phenotypes 

resulting from single insulin gene mutations are generally far weaker than what is observed for 

mutations in daf-2, we observed that the ins-6 (tm2416) mutant, which carries a deletion of the 

ins-6 gene, also exhibited an extended reproductive period, consistent with the activity of INS-6 

as a DAF-2 agonist (Fig. 3C-E). The increased reproductive span of the ins-6 (tm2416) mutant 

was rescued by the introduction of a genomic ins-6p::ins-6 transgene (Fig. 3D-E). Moreover, we 

confirmed that addition of dauer pheromone (mix of ascr #2, ascr #3, ascr #5) to wild-type 

animals could also extend reproductive span (Fig. 3F).  
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Figure 3: Diminished insulin signaling promoted by ins-6 extends reproductive span of C. 
elegans adults. (A) Progeny production at daily timepoints of daf-2 insulin receptor mutants, 
where n³12. Green shading highlights the time daf-2 mutants continue egg laying beyond wild-
type. Error bars represent SD. (B) daf-2 mutants for extended egg-laying phenotypes, beyond 
day 3 adulthood. Animals grown at 16°C for 72 hours, then transferred to 20°C for 72 hours. 
*p=0.016, **p=0.001, **** p<0.0001 as determined by ordinary one-way ANOVA followed by 
Sidak’s multiple comparison test. Error bars represent SD. (C) Schematic of the egg-lay 
extension assay for (D, E). (D-E) Amount of progeny animals continue to produce between 115-
120 hours post-egg-lay (D) and beyond 120 hour post-egg-lay (E). tm2416 is a 316 bp deletion 
in the first exon of ins-6. ***p<0.001, ****p<0.0001 as determined by ordinary one-way 
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ANOVA followed by Tukey’s multiple comparison test. Error bars represent SD. (F) 
Assessment of persistent egg-laying phenotypes beyond 120 hours post-egg-lay with the addition 
of pheromone. *p=0.02 as determined by Welch’s T-test. Error bars represent SD.  
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Discussion 

Our data suggest that population density can influence the reproduction of individuals 

within a population, acting through the modulation of neuroendocrine insulin signaling. In an 

adaptation of parental investment theory, the species as a whole attempts to maximize their 

progeny’s chances of success by holding out for better conditions in the future, rather than 

modifying progeny size (Geography, Coleman, & Gross). Better conditions may come in the 

form of reduced competition, improved sustenance, or overall decreased environmental stress. 

An extended window of reproduction may enable gravid hermaphrodites to lay eggs over a wider 

range, providing a selective advantage in environments where progeny may face increased 

competition for resources. A prior study showed that pheromone activates the GnRH 

reproductive neurons in mice (Boehm, Zou, & Buck, 2005), and our data underscore how 

individual reproduction, in a simple but social animal, may be influenced by population-

dependent environmental cues. 
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Materials and Methods 

Nematode strains  

Nematode strains were grown on nematode growth medium (NGM) plates seeded with live E. 

coli OP50 (Brenner, 1974). Alleles and transgenes used were as follows: CF1588 daf-16(mu86), 

daf-2(e1370), muIs84[sod-3p::gfp + rol-6(su1006)]; HT1701 unc-119(ed3), wwEx65[ins-

6p::gfp; unc-119(+)]; N2; RB859 daf-22(ok693); QZ81 ins-6(tm2416); ZC239 ins-6(tm2416), 

yxEx175[ins-6p::ins-6::ins-6 3’UTR; ofm-1p::gfp]; ZD1022 daf-16(mu86) 6x backcrossed;  

ZD1153 daf-2(e1368) 6x backcrossed; ZD1155 daf-2(e1370) 6x backcrossed; ZD2539 daf-

22(ok693), wwEx65[ins-6p::gfp; unc-119(+)]. Nematodes were provided by the Caenorhabditis 

Genetics Center, except for QZ81 and ZC239, which were kindly provided by Dr. Yun Zhang 

and described in (Chen et al., 2013, p. 6). Strains were maintained at 20°C.  

 

Measurement of gene expression in the ASI neurons 

For the isolation of synchronous populations of nematodes for GFP quantification, adults were 

placed in hypochlorite solution to release eggs and the progeny allowed to hatch and arrest as L1 

larvae in M9 media overnight. Animals were transferred to various lawn sizes (seeded the 

previous day and grown at room temperature) at the L4 larval stage and incubated overnight at 

20°C for 16 h. Figure 1B has various amounts of animals. All other experiments were performed 

with 5 L4 animals per plate. Animals were then mounted on agar pads on glass slides (Corning), 

anesthetized in sodium azide (50 mM), and imaged at 40X using a Zeiss Axioimager Z1 

microscope. 15-20 animals were imaged for each condition or strain. For quantification, 

maximum intensity values of GFP inside the ASI neuron were calculated via FIJI (Schindelin et 
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al., 2012; “Scicrunch | Resource Report (RRID:SCR_002285),” n.d.). Light microscopy images 

of the lawns (Figure 1) were taken on a Zeiss SteREO Discovery.V12 at 10X. 

 

Lipophilic dye filling was achieved with 100 animals treated as above in 200 µL M9 with DiI 

stain (Life Technologies) (1 µg/mL) in dimethyl formamide for 3 hours. The nematodes were 

then allowed to destain for 1 h on a standard NGM plate seeded with OP50. Animals were then 

anesthetized as above and imaged at 100X on a Zeiss LSM 800 with the same settings for both 

images. 

 

Preincubation experiments involved placing 10 L4 stage animals on a 20 µL lawn of E. coli for 6 

h, removing them, and placing a single HT1701 L4 stage larva on each plate. The animals were 

then incubated for 16 h at 20°C and imaged as above.  

 

Synthetic ascarosides ascr#2, ascr#3, ascr#5, and ascr#8 (Pungaliya et al., 2009) were added to a 

final concentration of 1.5 µM of each ascaroside on 3.5 cm SKA plate (1 g/L peptone more than 

standard NGM plates). 250 µL E. coli OP50 was 20x concentrated and then seeded after the 

pheromone solution had dried off of the plate. Five L4 animals were then placed on for the GFP 

induction assays. Serial dilutions were performed in 10% ethanol prior to adding onto plates. 

 

Egg-laying, brood size, and egg-lay extension assays 

For the isolation of synchronous populations of nematodes for all egg lay assays, 10 adults were 

egg laid for 1 h at 20°C on lawns of E. coli OP50. For brood size over time assays, nematodes 

were singled onto their own plate every 24 h starting from the L4 stage. For the assay involving 
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daf-2 and daf-16 alleles, all genotypes were grown at 16°C from egg for 72 h (L4 larval stage), 

then transferred onto their own plate and placed at 20°C, where daf-2 retains activity beyond 

temperature sensitive period (Tissenbaum & Ruvkun, 1998). For egg-lay extension assays, 

nematodes were grown at 20°C for 72 h after egg lay, then singled as day 1 adults for 43 h at 

20°C. Finally, they were transferred to new plates for 5 h at 20°C, then transferred to new plates 

at 20°C. Progeny were counted two days after active egg lay. For the pheromone addition assay, 

equimolar (final concentration 1.5 µM) ascr#2, ascr#3, ascr#5 were added to NGM plates prior 

to seeding with 250 µL 5x concentrated E. coli OP50. 10 N2 adults laid eggs for an directly onto 

these pheromone prepared plates. The progeny were incubated at 20°C for 72 h, then transferred 

to new plates with 250 µL 5x concentrated E. coli OP50 and 1.5 µM equimolar ascr#2, ascr#3, 

ascr#5 as individuals for the next 43 h. Finally, they were used for the egg lay assay on standard 

NGM plates. 

 

For all experiments, the significance of differences between conditions was evaluated with t- test 

statistics or nonparametric tests as appropriate with Prism 7 (GraphPad). 
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Chapter Three 

 

 

 

 

 

 

 

Neuroendocrine signaling in C. elegans is regulated in a bacteria- and population density-

dependent manner   
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Abstract 

 Natural habitats represent a rich diversity of nutrition, dangers, and competition. The 

ability to dynamically interpret these divergent signals allows an organism to survive and thrive. 

DAF-7/TGF-b signaling in the ASJ chemosensory neuron integrates some of these cues and 

works to protect Caenorhabditis elegans in the presence of pathogenic Pseudomonas aeruginosa 

PA14. Here, we show that daf-7 is also induced in ASJ upon exposure to the nonpathogenic 

Gram-positive Bacillus subtilis without the avoidance response associated with PA14. Further, 

this expression of daf-7 is inversely dependent on the population density of nematodes, conveyed 

through both DAF-22-dependent and DAF-22-independent small molecules. daf-7 expression in 

ASJ is also responsive to pheromone small molecules secreted by Pristionchus pacificus. Our 

results show that C. elegans integrate multiple cues from bacteria, competitors, and predators 

into the expression of a neuropeptide DAF-7.  
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Introduction 

 The ability to sort through the constant bombardment of sensory experiences and 

formulate the appropriate response is paramount to an animal’s survival. Negative stimuli, such 

as an aversive odor or a loud explosion, result in physical behaviors such as a grimace or 

jumping from surprise. On the other hand, positive stimuli, like beautiful and fragrant flowers, 

will lead to attraction. While these reactions to stimuli may occur unknowingly, the brain is 

constantly performing rapid calculations to process these sensations, weighing the benefits and 

costs of every input. 

 Caenorhabditis elegans is a simple roundworm with 302 neurons in the hermaphrodite 

adult. Even with such a limited number of neurons, C. elegans have the ability to avoid 

pathogenic bacteria (Meisel, Panda, Mahanti, Schroeder, & Kim, 2014; Reddy, Andersen, 

Kruglyak, & Kim, 2009), learn to recognize these pathogenic bacteria in the future (Moore, 

Kaletsky, & Murphy, 2019), and also associate specific volatiles with different conditions such 

as temperature (Bargmann, Hartwieg, & Horvitz, 1993; Bettinger & McIntire, 2004; Law, 

Nuttley, & van der Kooy, 2004). Despite possessing a small number of neurons, C. elegans 

contain an extremely expanded set of GPCRs, predicted to be around 1000 (Fredriksson & 

Schiöth, 2005). Individual chemosensory neurons have been characterized for their abilities to 

sense specific environmental cues. The ASE gustatory neurons sense salts and water-soluble 

attractants. AWA, AWB, and AWC sense volatile odors. URX, AQR, and PQR sense the 

concentration of oxygen. Many chemosensory neurons (ADF, ASG, ASI, ASJ, and ASK) 

regulate the physiology of the body as a whole through the sensation of various environmental 

features such as food and crowding (Bargmann, 2006). C. elegans represents an excellent model 

for the concurrent neuronal integration of multiple sensory cues.  
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The natural environment of C. elegans contains a variety of microbial food sources, as 

well as both intraspecific and interspecific competition (Schulenburg & Félix, 2017). To survive, 

individuals must accurately assess the potential pathogenic risk of various microbes, while 

simultaneously weighing the threat of intraspecific competition from other C. elegans in addition 

to interspecific competition. Bacteria such as Serratia marcescens and Pseudomonas aeruginosa 

may initially be attractive based on their volatiles but become pathogenic over time (Meisel et 

al., 2014; Pradel et al., 2007). For P. aeruginosa PA14 in particular, the assessment of 

pathogenicity and avoidance of PA14 occurs over a short amount of time and relies on the 

expression of a TGF-b-like ligand, DAF-7, to be expressed from a pair of chemosensory 

neurons, ASJ (Meisel et al., 2014). Given the appropriate amount of nutrition from E. coli OP50, 

healthy C. elegans express daf-7 exclusively in ASI from L1 larvae through adulthood, 

eventually decreasing expression after old animals have ceased progeny production (Fletcher & 

Kim, 2017). In addition to age and pathogens, the levels of larval daf-7 are sensitive to the 

presence of ascaroside pheromones as well. In the presence of dauer-inducing concentrations of 

ascarosides, daf-7 expression in ASI is diminished (Kim et al., 2009). However, in the case of 

PA14 exposure, adult C. elegans upregulate daf-7 expression in ASI while also beginning 

transcription in ASJ within minutes of sensing the presence of PA14, an expression pattern never 

described previously (Meisel et al., 2014). This expression of daf-7 in ASJ was shown to be 

dependent on secondary metabolites from PA14: phenazine-1-carboxamide and pyochelin 

(Meisel et al., 2014). The expression of daf-7 in ASJ modulates aerotaxis behavior through the 

RIM/RIC neurons, which in turn promotes avoidance from PA14.  

Given that DAF-7 is such a dynamically regulated secreted neuroendocrine signal 

through microbes as well as small molecule pheromone signaling in C. elegans, we speculated 



 77 

that there may be other regulators of its expression. Specifically, the microbial cues and genetic 

backgrounds associated with inducing daf-7 in ASJ may further elucidate the regulatory elements 

of daf-7 and its ability to integrate various signals. Here, we show that daf-7 in ASJ is dependent 

on the genetic background from wild isolate C. elegans, sensitive to various microbial food 

sources, and is regulated by the presence of both daf-22-dependent and daf-22-independent 

secreted small molecules.  

 

Results  

Natural isolates of C. elegans vary in daf-7 expression 

 In the wild, C. elegans can be found in rotting stems and fruit throughout temperate 

climates (Schulenburg & Félix, 2017). Because these environmental restrictions can be found 

throughout the world, samplings of rotting plant material have yielded a variety of natural C. 

elegans isolates whose physiology differs from the wild-type N2 (de Bono & Bargmann, 1998; 

Félix & Duveau, 2012; Hodgkin & Doniach, 1997; Schulenburg & Félix, 2017). Each of these 

natural isolates has a distinct genetic background, peppered with both coding and noncoding 

SNPs (Cook, Zdraljevic, Roberts, & Andersen, 2017). Within these natural ecological habitats, 

many microbial cohabitants can be found. Because it has been shown that daf-7 is induced in 

ASJ by PA14, it raises the possibility that these other ecologically relevant bacteria may 

similarly induce daf-7 in ASJ. Indeed, it seems that various E. coli strains are unable to induce 

daf-7 in ASJ, but many other bacteria, such as Serratia marcescens and Bacillus subtilis, are able 

to induce daf-7 (Fig. 1A). S. marcescens is a known pathogen of C. elegans, and its secreted 

natural products are capable of inciting an avoidance response in C. elegans (Pradel et al., 2007).  
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Figure 1: daf-7 expression in 
ASJ is affected by genetic 
background and 
environmental influences. 
(A) Fluorescence values of 
daf-7p::gfp expression in ASJ 
of adult hermaphrodites on 
various bacterial substrates. 
Error bars represent SD. n=12 
animals for all conditions.  
(B-D) Fluorescence values of 
wild isolate C. elegans on 
various bacteria, such as E. 
coli OP50 (B), Serratia 
marcescens (C), Bacillus 
subtilis PY79 (D). Error bars 
represent SD. n=12 for all. 1, 
2, and 3 represent the day that 
each experiment was done on.  
(E) JU397 has highly dynamic 
daf-7 expression changes in 
ASJ on B. subtilis. Error bars 
represent SD. n=10.  
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Surprisingly, B. subtilis, a non-pathogenic Gram-positive bacterium, also induces daf-7 in ASJ. 

As the expression of daf-7 in ASJ of hermaphrodites has been thought of as a pathogenic 

response leading to avoidance, it is intriguing to think of the rationale as to why B. subtilis has 

this effect on C. elegans.  

 As various Bacillus species do appear in nature with C. elegans, we were curious to know 

if this daf-7 signal was seen throughout the wild strains of C. elegans. We generated numerous  

wild isolate strains containing the daf-7p::gfp integrated transgene and analyzed their daf-7 

expression in ASJ on the laboratory food source E. coli OP50, S. marcescens, and B. subtilis  

 (Fig. 1B-D). The overall trend suggests that certain wild isolates express daf-7 more highly in 

ASJ, regardless of the identity of the bacteria present. Throughout the data, C. elegans express 

more daf-7 in ASJ on both S. marcescens and B. subtilis, when compared to OP50. Out of the  

tested natural isolates, JU397 was selected for further analysis, owing to its highly dynamic 

expression changes on B. subtilis, compared to OP50 (Fig. 1E). JU397 was recovered from a 

rural garden in Hermanville, France, and is one of many samplings from the French region. 

  

Non-pathogenic B. subtilis and other Bacillus spp. induce daf-7 in a state-specific manner 

 Studies of the interaction between B. subtilis and C. elegans have demonstrated a positive 

commensal relationship, whether that is in lifespan or health after heat stress, typically mediated 

through biofilm formation or the production of nitric oxide (Donato et al., 2017; Gusarov et al., 

2013; Hoang, Gerardo, & Morran, 2019; Smolentseva et al., 2017). We were interested to see if 

B. subtilis also induced an avoidance response, similar to how PA14 and S. marcescens are able 

to. The fraction of animals avoiding B. subtilis were dramatically lower than on PA14 (Fig. 2A). 

However, the animals counted as avoiding B. subtilis were still in close proximity to the lawn,  
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Figure 2: Cell walls of vegetative Bacillus spp. induce daf-7 expression in ASJ. 
(A) Avoidance response of C. elegans on P. aeruginosa and B. subtilis. For each plate, 
n=30 animals. Error bars=SD. (B) Vegetative B. subtilis cells, not spores, are responsible 
for the expression of daf-7 in ASJ. Quantification of fluorescence intensity of daf-7p::gfp. 
Spores were produced by incubating cultures at 80°C for 20 min and plating on peptone-
free plates. Vegetative cells were grown on media supplemented with 0.5 mM arginine and 
2% glucose. Error bars=SD, n=10. (C) Effect of increasing concentration (left to right) of 
B. subtilis on daf-7. Error bar = SD, n=10. (D) Addition of B. subtilis culture supernatant 
to OP50. Quantification of fluorescence from daf-7p::gfp in ASJ. Error bars=SD, n=10. 
(E) Quantification of daf-7 fluorescence from volatiles from B. subtilis. Duo plate=lid 
seeded with B. subtilis. Error bars=SD, n=10. (F) Fractionation of vegetative B. subtilis 
cells to identify general responsible intracellular location for daf-7 induction. Crude 
fractionation placed on lawns of OP50. Error bars=SD, n=10. (G) Addition of purified B. 
subtilis peptidoglycan (1 mg) to OP50. Error bars=SD, n=15. (H) Fluorescence values of 
daf-7p::gfp with various wall teichoic acid mutants. Error bars=SD, n=20. (I) Fluorescence 
values of daf-7p::gfp on other Bacillus spp. Error bars=SD, n=15.  
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suggestive of an exploratory roaming behavior rather than avoidance. In contrast, animals on 

PA14 can be found as far as 1 cm away or more from the edges of the bacterial lawn.  

 B. subtilis exists in two forms: as a vegetative, actively diving cell and as a metabolically 

inactive spore (Errington, 1993; Koo et al., 2017). The heat-stable nature of spores allows the 

isolation of spores within the culture through exposing the culture to 80°C for 20 minutes 

(Gusarov et al., 2013). This temperature results in the lysis of vegetative cells, and the only intact 

cells are spores. Similarly, enriching for vegetative cells can be accomplished through the 

addition of 2% glucose and 0.5 mM arginine into the SKA medium to promote active and 

healthy cell division (Gusarov et al., 2013). Combining these two methods allows us to discern 

which of the two developmental forms induces daf-7 in ASJ. Vegetative cells, but not spores, are 

able to induce daf-7 in ASJ (Fig. 2B). Because vegetative cells are responsible for this 

phenotype, bacterial cultures were concentrated and seeded just prior to the addition of animals, 

rather than growing bacteria as a lawn prior to the addition of C. elegans. This allows more 

nutrition, and therefore vegetative cells, to be present throughout the incubation with C. elegans. 

As more bacteria are present (i.e. concentrated more heavily), the expression of daf-7 in ASJ 

increases, which suggests that C. elegans are sensing some metabolite that B. subtilis produces 

constitutively (Fig. 2C). In the case of P. aeruginosa, the metabolite was found in the 

supernatant (Meisel et al., 2014). The supernatant of B. subtilis was tested for activity in 

inducing daf-7 in ASJ (Fig. 2D). When the supernatant was placed on E. coli OP50, there was no 

induction of daf-7 seen, suggesting that it may be a cell-bound or an internal cue, rather than 

secreted. Another possibility is that it is gaseous, given that nitric oxide has previously been 

shown to have an effect. To this end, we seeded B. subtilis on the lid and E. coli OP50 on the 

lawn with animals, allowing any volatiles to be distributed without coming in contact with the 
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animals. The expression of daf-7 in ASJ was unaffected by any such gaseous or volatile 

components produced by B. subtilis (Fig. 2E).  

 To further isolate and identify the active component of the bacteria, vegetative B. subtilis 

cells were lysed and crudely fractionated to cell wall and cell membrane components (pellet) and 

cytosolic components (supernatant). These fractions were placed onto lawns of E. coli OP50. 

The cell wall components showed an increased level of daf-7 in ASJ, compared to the buffer 

control (Fig. 2F). Because B. subtilis is Gram-positive, the first compound we wanted to try was 

peptidoglycan, as it is a major component of the cell wall. However, the addition of 

peptidoglycan purified by Sigma was not sufficient to induce daf-7 in ASJ (Fig. 2G). This held 

true for both laboratory purified peptidoglycan and synthetic peptidoglycan (data not shown). 

Another major component of the cell wall is teichoic acids (Bhavsar, Erdman, Schertzer, & 

Brown, 2004). We tested mutants in the teichoic acid biosynthetic pathway (tagA and tagO), 

which result in cells devoid of teichoic acids. A deletion in tagO disrupts the first step in teichoic 

acid biosynthesis but cells remain viable (D’Elia, Millar, Beveridge, & Brown, 2006). TagA is 

the enzyme involved in the first committed step in making wall teichoic acids (Zhang, Ginsberg, 

Yuan, & Walker, 2006). However, both of these mutants could successfully induce daf-7 in ASJ 

to the same degree as wild type, suggesting that teichoic acids are not involved in the induction 

either (Fig. 2H).  

 Unfortunately, we were not able to identify the specific component within the cell wall of 

vegetative B. subtilis that induces daf-7 in ASJ. However, we wanted to see if this B. subtilis – C. 

elegans interaction was restricted to solely B. subtilis or if other species also were able to induce 

daf-7 in ASJ. We tested Bacillus megaterium and Bacillus simplex in the same daf-7 induction 

assay and found that both of the species were able to induce daf-7 in ASJ (Fig. 2I). This may 
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suggest that the molecule responsible is conserved through the Bacillus genera, but it is not 

peptidoglycan or wall teichoic acids. 

 

daf-7 in ASJ is regulated by population density through ascaroside signaling 

 Previous reports have shown that daf-7 in the ASI neurons of larvae is suppressed in the 

presence of ascarosides, leading to dauer entry (Kim et al., 2009). If the levels of daf-7 are 

sensitive to population density in the ASI neurons, it may also hold true for the expression of 

daf-7 in ASJ. As a rough approximation of population density, we placed increasing numbers of 

animals on the same sized lawn and measured the expression of daf-7 in ASJ (Fig. 3A). As more 

animals are present, the expression of daf-7 in ASJ decreases, suggestive of a similar 

phenomenon as previously described in ASI. This population density-sensitivity is true in both 

the laboratory wild-type strain N2 and the wild isolate JU397. To rule out the possibility that daf-

7 is not regulated by the absolute number of animals, but rather by the relative number of 

animals per area, we physically entrapped the animals on a 250 µL lawn to an area with the same 

diameter as a 2.5 µL lawn of B. subtilis using a washer (Fig. 3B).  With this physical entrapment, 

the level of daf-7 expression in ASJ is the same as a 2.5 µL lawn, suggestive of density, rather 

than absolute number of animals, being the responsible factor. The difference in expression of 

daf-7 in ASJ in various densities was also verified using FISH (Fig. 3C). 

In the context of dauer, population density is conveyed through ascaroside signaling 

(Gallo & Riddle, 2009; Srinivasan et al., 2008; von Reuss et al., 2012). We wanted to test if this 

same ascaroside signaling is involved in the density-dependence of daf-7 expression. Indeed, the 

expression of daf-7 decreases in the presence of the dauer-inducing pheromones (ascr#2, ascr#3, 

ascr#5, ascr#8) (Fig. 3D). The individual ascarosides are also able to decrease the expression of  
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Figure 3: Population density, mediated by ascarosides, suppresses daf-7 
expression in ASJ. 
(A) Increasing numbers of worms (left to right) on a 20 µL lawn of B. subtilis. 
Error bars=SD, n=10. (B) Restriction of physical area diminishes daf-7 signal 
in ASJ. **** p<0.0001 as determined by ordinary one-way ANOVA followed 
by Sidak’s multiple comparison test. Error bars=SD, n=15. (C) Quantification 
of the maximum intensity of daf-7 smFISH signal of a population in high 
density or low density. Error bars=SD, n=11. (D) Exposure to ascaroside 
pheromones (1.5 µM), individually and grouped. Error bars=SD, n=12. (E) 
Ascr#2 and ascr#3 activity over various concentrations. Error bars=SD, n=10. 
(F) Genetic ablation of the ASK neuron. Error bars=SD, n=12.  
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daf-7 in ASJ, except for ascr#5 (Fig. 3D). Ascr#2 and ascr#3 also suppress the expression of daf-

7 in ASJ in a dose-dependent manner over the physiological concentration range that induces 

dauers (Fig. 3E) (Butcher, Ragains, Kim, & Clardy, 2008). Because of the high degree of 

similarity between the sensitivity of daf-7 in ASI and ASJ to density signals, we thought that the 

ASK chemosensory neuron would also mediate this ascaroside signal to dampen daf-7 

expression (Kim et al., 2009). Using a genetic ablation of the ASK neuron shows that the 

population density cue is not dependent on ASK (Fig. 3F).  

 

The regulation of daf-7 occurs through both daf-22-dependent and daf-22-independent 

secreted molecules  

 As previously discussed in Chapter 2, DAF-22 is the terminal enzyme in the ascaroside 

biosynthetic pathway (Ludewig & Schroeder, 2013). The two popularly used alleles of daf-22, 

m130 and ok693, are both devoid of short-chain ascaroside molecules (Butcher et al., 2008). The 

differences in expression of daf-7 in ASJ in various densities, even within these two mutant 

backgrounds suggest that the density-dependent signal is independent of ascaroside signaling, 

potentially hinting at other previously unidentified signaling molecules (Fig. 4A). To mitigate 

any concerns regarding transgene expression in the mutant background, we preconditioned 20 

µL lawns of B. subtilis with 10 wild-type or daf-22 mutant animals and removed them before 

adding a single daf-7p::gfp reporter animals (Fig. 4B). The expression of daf-7 in these wild-type 

animals is diminished in both the wild-type and daf-22 conditioned plates, suggesting that there 

is indeed a secreted molecule that is daf-22-independent that regulates the expression of daf-7 in 

ASJ, potentially as strongly as ascarosides do.  
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Figure 4: daf-22-
independent 
molecule(s) relays 
population density.  
(A) Fluorescence 
intensity of daf-
7p::gfp in ASJ in 
daf-22 mutants. 
m130 is a missense 
mutation, ok693 is a 
deletion; both are 
devoid of short-chain 
ascarosides. Error 
bars=SD, n=20. (B) 
Preconditioning of 
20 µL lawns of B. 
subtilis with wild 
type or daf-
22(ok693) mutants. 
Error bars=SD, 
n=12. (C) 
Fractionation of daf-
22 metabolome on 
250 µL B. subtilis 
lawns. Fractions 
were in 100% EtOH, 
diluted 100x for 
experiment. Error 
bars=SD, n=5. (D) 
Further dilution of 
fractions of interest 
from (C). Error 
bars=SD, n=5. (E) 
Fluorescence 
intensity of daf-
7p::gfp in ASI from 
the fraction of Fx. 37 
and Fx. 24. Error 
bars=SD, n=20. (F) 
Fluorescence 
intensity of further 
fractionation of Fx. 
37. Error bars=SD, 
n=5.  
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 The secreted nature of this proposed density-signaling molecule allows us to examine the 

exometabolome of daf-22 C. elegans to identify the molecule of interest. Fractionation of the 

daf-22 exometabolome specifically for small molecules allows us to use the daf-7p::gfp bioassay 

to identify the active fraction and thus, the compound of interest. The addition of these fractions 

identified a broad peak in 100x dilution, with further dilution identifying fraction 37 as having 

the strongest daf-7 suppressive activity (Fig. 4C, D). Interestingly, this fraction 37 only has this 

effect on daf-7 in ASJ, but not in ASI, which may suggest a cell-specific difference in receptor 

expression and signal transduction pathways for this signal (Fig. 4E). Fraction 24 was used in 

this experiment as a negative control, as it was processed similarly to fraction 37, but does not 

have the same suppressive activity for daf-7 in ASJ. Further subfractionation of the compounds 

around fraction 37 pinpoints a specific fraction (Fig. 4F). Unfortunately, we were unable to 

identify the chemical identity of the active component within this fraction based on technical 

limits, as described by our collaborators in the Schroeder lab at Cornell. However, the successful 

purification of biologically active components is extremely tantalizing for further study. 

 

Secreted natural products from Pristionchus pacificus regulates daf-7 expression in ASJ 

 The natural habitat of C. elegans not only has a multitude of bacterial cohabitants, but it 

also contains various nematodes that live with it (Schulenburg & Félix, 2017). Interspecies 

chemical communication may exist given that so many different species are intimately present 

within these small habitats. We wanted to test if daf-7 was responsive to the secreted products of 

other nematode species, particularly Caenorhabditis briggsae and Pristionchus pacificus. C. 

briggsae is a microbivorous nematode, while P. pacificus is dimorphic with a microbivorous 

form and a predatory, carnivorous form that feeds on C. elegans as well.  
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We placed 10 C. elegans, C. briggsae, or P. pacificus animals on a 20 µL lawn for 6 

hours, allowing them to secrete compounds onto the B. subtilis lawn. After removal of these 

animals, one daf-7p::gfp transgenic animals was placed onto each lawn. The secreted products of 

all three species dampened the expression of daf-7 in ASJ, but not in ASI (Fig. 5A-B). P. 

pacificus either produced a lot more of the compounds from Caenorhabditis spp. or synthesize 

different but much more active chemicals, as the suppression of daf-7 in ASJ dwarves the 

abilities of C. elegans and C. briggsae. These compounds produced by P. pacificus are also able 

to diminish the daf-7 in ASJ signal of the wild isolate strain JU397 in the same method of 

preconditioning assay (Fig. 5C).  

 In a similar fashion to the daf-22-independent secreted pheromone, the P. pacificus 

exometabolome can be fractionated to identify the compound of interest. First, we verified that 

the P. pacificus total exometabolome extract was able to recapitulate the phenotype seen with the 

preincubation experiments (Fig. 5D). Indeed, the extract retained the previously described 

activity. Fractionation revealed broad activity throughout the exometabolome (Fig. 5E). Given 

that the strongest activity was seen around fractions 61-75, these were fractionated further to 

produce the subfractions in Fig. 5F. Again, there is a broad peak of activity, which still remains 

even with further dilution. While we were not able to identify the chemical identity of the 

responsible molecule(s) in these assays either, for similar reasons as the daf-22 exometabolome, 

it highlights the fact that a biologically active chemical factor is present within these fractions.  

 While the expression of daf-7 in ASJ has been induced, thus far, by B. subtilis, the 

phenotype was originally described in the context of P. aeruginosa PA14 (Meisel et al., 2014). 

We were interested to know if P. pacificus was able to suppress the daf-7 expression in ASJ 

driven by P. aeruginosa. To this end, PA14 lawns were conditioned with wild-type N2 or P.  
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  Figure 5: Interspecific chemical communication from Pristionchus pacificus 

suppresses daf-7 expression in ASJ.  
(A-B) Preconditioning 20 µL lawns of B. subtilis with C. elegans wild-type N2, wild-
type C. briggsae, or wild-type P. pacificus. Quantification of fluorescence of daf-7p::gfp 
in ASI (A) or ASJ (B). Error bars=SD, n=15. (C) Quantification of daf-7p::gfp in wild 
isolate JU397 from preconditioning 20 µL lawns of B. subtilis. Error bars=SD, n=15. (D) 
Fluorescence intensity of daf-7p::gfp with P. pacificus total exometabolome extract. 
Error bars=SD, n=10. (E) Quantification of daf-7p::gfp with fractions of total P. 
pacificus exometabolome. Error bars=SD, n=5. (F) Quantification of daf-7p::gfp with 
further subfractions of P. pacificus exometabolome fx-61-75. Error bars=SD, n=5. (G) 
Quantification of daf-7p::gfp fluorescence intensity from P. aeruginosa preincubated 
with various nematodes. Error bars=SD, n=15.  
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pacificus, then replaced with daf-7p::gfp reporter animals. P. pacificus was unable to stifle the 

daf-7 expression in ASJ driven by PA14, potentially suggesting a difference in the regulation of 

PA14 and B. subtilis – induced daf-7. This could also suggest a hierarchy of requirements for the 

induction of daf-7 in ASJ.  

 

Discussion 

 DAF-7 is an integrator of many different environmental and internal cues, from nutritious 

food to pathogens to the sex and age of the animal (Fletcher & Kim, 2017; Hilbert & Kim, 2017; 

Hu, 2007; Meisel et al., 2014). The work here presents a novel layer of regulation for daf-7: new 

microbial influences, effects of population density both through ascarosides and daf-22-

independent molecules, and importance of interspecies communication. While the chemical 

identity for various effector molecules is lacking, it demonstrates a provocative principle that 

population density and microbial diet can modulate adult physiology. Population density in C. 

elegans is almost exclusively thought of in the context of larval animals, whether that be L1 

arrest or dauer diapause. However, here we show the importance of the plasticity of daf-7 

expression as an adult.  

 Although we tested various new microbes for their ability to induce daf-7 in ASJ, the list 

was neither extensive nor exhaustive. As more information builds up the actual biome that C. 

elegans live in, more ecologically relevant bacteria can be tested for their ability to induce daf-7 

in ASJ. There is also the possibility that E. coli OP50 and C. elegans have evolved in the 

laboratory together to reduce or eliminate the expression of daf-7 in ASJ, as many of the wild 

strains actually present some expression of daf-7. This is particularly interesting, especially from 
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the perspective of how the wild-type laboratory strain N2 actually differs significantly from the 

wild isolates.  

 Figuring out what exactly B. subtilis produces that induces daf-7 in ASJ will offer insight 

into the importance of these Bacillus species to C. elegans. This will further help understand the 

requirements for daf-7 expression, particularly because B. subtilis is relatively benign to C. 

elegans. Perhaps the recognition of B. subtilis metabolites had evolved for protection from more 

pathogenic Bacillus species that C. elegans encounter in the wild, rather than for this 

nonpathogenic lab strain. What’s more interesting is that daf-7 is induced in ASJ by both Gram-

positive and Gram-negative bacteria, which is suggestive of different receptors mediating the 

various responses yet integrating into the same readout. With P. aeruginosa, the molecules 

responsible were the secondary metabolites and iron chelators pyochelin and phenazine-1-

carboxamide. However, these metabolites are not found within the B. subtilis secreted molecules.  

 As more work progresses on daf-22-independent secreted molecules, it will be 

fascinating to think about the physiological phenotypes that they can regulate. Beyond the 

canonical dauer-signaling pheromones, there are so many more behaviors that can be modulated 

by these compounds. With this DAF-7 work, we are only scratching the surface of how these 

daf-22-independent molecules can regulate neuroendocrine signaling in C. elegans. With the 

expanded set of GPCRs in the C. elegans genome, the possibilities for daf-22-independent 

molecules are seemingly endless.  

 Beyond solely C. elegans, this work highlights the importance of interspecies 

communication, passively listening in to the chemical communication of other species to protect 

oneself or take advantage of this ability. Utilizing C. elegans and P. pacificus to study a 

predator-prey relationship allows examination on a genetic and chemical basis as to how threats 
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are perceived, what responses are mounted, and how the predator adapts to these changes. Rather 

than an observational, ecological perspective for predator-prey relationships, this C. elegans – P. 

pacificus system can be perturbed on a molecular level through the use of genetic mutants. The 

work here in this chapter presents a foundation with which to build a better understanding of 

environmental factors on neuroendocrine signaling.  
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Materials and Methods 

Nematode strains  
Nematode strains were grown on nematode growth medium (NGM) plates seeded with live E. 

coli OP50 (Brenner, 1974). Alleles and transgenes used were as follows: FK181 ksIs2[daf-

7p::gfp; rol-6(su1006)]; N2; RB859 daf-22(ok693); RS2333 Pristionchus pacificus wild type; 

ZD1072 ksIs2[daf-7p::gfp; rol-6(su1006)], daf-22(m130); ZD1632 ksIs2[daf-7p::gfp; rol-

6(su1006)] 8x backcrossed to JU397; ZD2016 daf-22(ok693), ksIs2[daf-7p::gfp; rol-6(su1006)]; 

ZD2167 ksIs2, qrIs2[sra-9p::mcasp-1]. The wild isolates with ksIs2 are listed in the table below. 

Nematodes were provided by the Caenorhabditis Genetics Center. Strains were maintained at 

20°C. For assays that require synchronized populations, strains were egg-prepped in alkaline 

bleach solution and arrested overnight in M9 buffer as L1s. 

 

Strain Name Wild Isolate, Number of Backcrosses to Wild 

ZD710 Hawaiian CB4856, 6x 

ZD838 JU1088, 8x 

ZD840 MY16, 8x 

ZD1028 JU394, 8x 

ZD1073 ED3017, 8x 

ZD1075 RC301, 8x 

ZD1096 JU258, 8x 

ZD1097 ED3040, 8x 

ZD1119 CB4854, 8x 
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ZD1186 JU1401, 8x 

ZD1187 MY1, 8x 

ZD1188 PX174, 8x 

ZD1189 MY14, 8x 

ZD1190 KR314, 8x 

 

daf-7p::gfp induction assays and bacterial strains 

Initial daf-7p::gfp induction assays and avoidance assays (Fig. 1, Fig. 2A-B) were done as 

described previously (Meisel et al., 2014). Briefly, 7 µL from a 2 mL LB overnight culture of 

each bacteria were seeded on 3.5 cm SKA plates and incubated at 37°C overnight, followed by 

one day at room temperature. After this initial growth, 30 synchronized L4s were placed on each 

lawn and placed at 25°C for 16 hours. For avoidance, animals were counted as in the lawn or 

outside of the lawn after 16 hours. For induction, animals were mounted on agar pads on glass 

slides (Corning), anesthetized in sodium azide (50 mM), and imaged at 40X using a Zeiss 

Axioimager Z1 microscope. 15-20 animals were imaged for each condition or strain. For 

quantification, maximum intensity values of GFP inside the ASI neuron were calculated via FIJI 

(Schindelin et al., 2012; “Scicrunch | Resource Report (RRID:SCR_002285),” n.d.). All other 

experiments (after Fig. 2B) were performed with 5 synchronized L4 animals per plate with 

freshly concentrated (20x) B. subtilis PY79 and incubated at 20°C for 16 hours. Fractions or 

synthetic ascarosides were added to a final concentration of 1.5 µM (for ascr) to 3.5 cm SKA 

plates, dried, then 250 µL 20x B. subtilis was added. A few hours later, 5 FK181 L4s were 

placed on, followed by 20°C incubation for 16 hours (Pungaliya et al., 2009).  
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The bacteria used were Escherichia coli OP50, HB101, DH5a, Pseudomonas aeruginosa PA14, 

Serratia marcescens DB10, Bacillus subtilis PY79, Bacillus subtilis JH642 (AG174), MMH519 

(AG174 trpC2 pheA1 tagO::cat), MMH521 AG174 trpC2 pheA1 tagA::cat) Bacillus simplex 

DA1885, Bacillus megaterium DA1880, Comamonas sp. DA1877, Enterococcus faecalis 

OG1RF, and Staphylococcus aureus NCTC8325. B. subtilis spores were produced by heating an 

overnight LB culture at 80°C for 20 minutes, followed by 100x concentration with M9 salts and 

14 µL seeded on 3.5 cm peptone-free plates to prevent spore germination.  

 

Supernatant experiments were performed with 20 uL from an overnight culture of B. subtilis, 

passed through a 0.2 µm filter, on top of a 7 uL lawn of OP50 that was incubated previously as 

above. Scent experiments were performed with 500 µL SKA on lid of plates, seeded with 7 µL 

overnight culture at the same time the plate bottom was seeded with 7 µL overnight culture 

OP50. Nematodes were placed on the plate bottom with OP50.  

 

Lysis experiments were completed using 500 mL of early log-phase cells (OD = 0.388), 

chemically lysed with lysozyme, then mechanically lysed with a Microfluidizer LM20 3 times 

(Bach & Bramkamp, 2014). Out of a final resuspension volume of 100 µL for the pellet, 10 µL 

were used on the plate.  

 

Preconditioning experiments were performed by placing 10 mature larvae (L4s for C. elegans 

and C. briggsae or L3s for P. pacificus) on 20 µL lawns of 20x concentrated B. subtilis for 6 

hours, then replaced by 1 FK181 L4. For the PA14 preconditioning, it was similarly performed 

except with the previously prepared PA14 lawn, rather than B. subtilis.  



 96 

 

Purified peptidoglycan (Sigma) was resuspended in distilled water at 50 µg/µL. The equivalent 

of 1 mg of peptidoglycan was added to the OP50 lawns, prepared as above, prior to the addition 

of 5 synchronized FK181 L4s.  

 

Single-molecule fluorescence in situ hybridization 

smFISH was performed as previously described (Raj, van den Bogaard, Rifkin, van 

Oudenaarden, & Tyagi, 2008). Briefly, C. elegans were fixed in 4% formaldehyde for 45 min at 

room temperature, then washed with PBS. Animals were then resuspended in 70% EtOH and 

incubated overnight at 4°C.  Fixed animals were then transferred into hybridization solution with 

the smFISH probe and incubated overnight at 30°C. daf-7 probes were constructed by pooling 25 

unique DNA oligos that tile the coding regions deleted in daf-7(ok3125) mutants and coupling 

them to Cy5 dye (Meisel et al., 2014). Images were acquired with a Nikon Eclipse Ti Inverted 

Microscope outfitted with a Princeton Instruments PIXIS 1024 camera. Data were analyzed via 

FIJI.  

 

Biochemical identification of daf-22-independent molecule and P. pacificus-secreted 

molecule 

P. pacificus RS2333 (or C. elegans daf-22(m130)) liquid culture supernatant (3L) was 

lyophilized to a fine powder and extracted with 3L of a 95:5 mixture of ethanol and water for 

16 h with stirring. The exo-metabolome extract was then concentrated in vacuo, loaded onto 

8 g of ethyl acetate-washed Celite and fractionated using a Teledyne ISCO CombiFlash 

system over a RediSep and GOLD 100 g HP C18 reverse-phase column using a water (0.1% 
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acetic acid)-acetonitrile solvent gradient, starting with 10 min of 100% water, followed by a 

linear increase of methanol content up to 100% at 60 min, which was maintained up to 

100.7 min, thereby producing 70 fractions, which were prepared for analysis by UHPLC-

HRMS. 
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Summary and Conclusions 

The studies in this thesis further demonstrate the importance of population density within 

the context of physiology and neuroendocrine signaling of C. elegans. Not only is population 

density a critical factor in the decision to enter into dauer diapause, but it is also a critical 

regulator of physiology in reproductive adults. Through investigating two neuroendocrine 

signaling pathways, the TGF-b-like ligand DAF-7 and insulin/IGF-like ligand INS-6, we were 

able to demonstrate the effects of population density in adult hermaphrodite C. elegans. ASI and 

ASJ, the two chemosensory neurons that much of the work in this thesis have revolved around, 

are critical relay points and integrators for external environmental cues. Examples of these cues 

include food availability, type of food, and population density. We have shown that ascaroside-

based pheromones diminish ins-6 expression in ASI of adults. Similar to daf-2 mutants, ins-6 

mutants have an increased period of progeny production. This mutant phenotype can be 

mimicked through the administration of synthetic ascaroside pheromones. We have also shown 

the dynamic nature of daf-7 expression, specifically in the chemosensory neuron ASJ. daf-7 is 

expressed in ASJ when animals are exposed to B. subtilis and other Bacillus species. The 

expression of daf-7 is induced by the vegetative cells of B. subtilis, but not the spores. daf-7 also 

integrates population density cues by decreasing the expression of daf-7 in ASJ in conditions of 

high density. Density, in the case of daf-7 expression, is conveyed through both ascaroside and 

daf-22-independent secreted molecules, as well as interspecies chemical communication from 

Caenorhabditis briggsae and Pristionchus pacificus.  

Future studies of daf-7 and insulin-like peptide expression in the nervous system of C. 

elegans, some of which are mentioned below, may prove helpful in further understanding the 

prioritization and internal ranking of C. elegans adults in terms of progeny production, feeding, 
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and foraging. New findings from these studies may even allow us to comprehend the 

mechanisms through which animals can sense their environment and what the transcriptional 

program is in response to it. We can also gain insight into the expansive library of secreted small 

molecules that C. elegans produce, either constitutively or under specific conditions. These small 

molecules can have a whole host of functions that have yet to be uncovered.  

 

Regulation of context-dependent ins-6 and daf-7 expression in ASI and ASJ, respectively 

 Our work on the insulin-like peptide INS-6 and the TGF-b-like ligand DAF-7 have 

highlighted the dynamic nature of their expression, with respect to its environment. However, we 

have not completely revealed how the signal is transduced from external cue to changes in the 

expression of ins-6 or daf-7 in ASI and ASJ. We have only shown that these external cues are 

sufficient to elicit the response of varied transcriptional responses in ins-6 and daf-7. To better 

understand how other insulin-like peptides or other neuroendocrine ligands are regulated, 

elucidating the pathway by which the external cue is sensed is essential. 

 First, the various external cues must be identified: the microbial cue from B. subtilis, the 

daf-22-independent molecule, and the P. pacificus secreted molecule (if it does indeed differ 

from the daf-22-independent molecule). Understanding what B. subtilis produces can broaden 

the knowledge base for what bacterial metabolites C. elegans are able to sense, as well as what 

the animals recognize as a potential threat, since daf-7 in ASJ is typically associated with an 

avoidance behavior (Hilbert & Kim, 2017; Meisel, Panda, Mahanti, Schroeder, & Kim, 2014). It 

can also serve as a launching point for more studies of Gram-positive bacteria and their 

interactions with C. elegans. As B. subtilis is generally thought of as a beneficial bacterium for 

C. elegans with respect to lifespan, understanding the nature of the molecular cue here may aid 
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in understanding how C. elegans weighs the benefits and hazards of each microbe (Gusarov et 

al., 2013). These bacterial metabolites can potentially be identified through forward genetic 

screens in B. subtilis for mutants that no longer induce daf-7 in the ASJ neurons of C. elegans. 

However, if the recognized substrate is indeed located in the cell wall, it may have a critical role 

in the growth, development, or survival of the vegetative cell and may thus be difficult to 

identify through a forward genetic screen with viable cells. In place of a traditional transposon-

based screen, a genome-wide CRISPR interference method can be employed. CRISPRi allows 

perturbation of essential genes transiently in an inducible manner, and can thus titrate the amount 

of the metabolite in question (Peters et al., 2016).  

daf-7 expression not only depends on the microbial cue, but it also responds to population 

density. Identifying the small molecule population density cues can add to the already known 

repertoire of ascaroside-based pheromones. Because I have already identified various fractions 

with activity, it seems as though the most straightforward approach is to proceed with further 

fractionation and more sensitive NMR or mass spectrometry to identify the candidate molecules. 

Unfortunately, we have reached the limit of our collaborators’ capabilities, but in the future, as 

technology evolves, more sensitive measures may be employed to successfully identify the 

molecule.  

Because C. elegans possess at least 1000 predicted GPCRs, it is highly likely that the 

microbial and density-dependent signals are sensed through GPCRs, likely through their own 

specialized receptors (Fredriksson & Schiöth, 2005). For ins-6, in particular, there may be hints 

as to which GPCRs are relevant, particularly in the chemosensation of ascr#2, ascr#3, ascr#5 and 

ascr#8 in the context of dauer entry. Although there is some promiscuity between the receptor – 

ligand relationship, the current known pairings are as follow: ascr#2 is paired with daf-37, daf-38 
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(dauers), srbc-64, srbc-66 (mate attraction); ascr#3 with daf-37, daf-38 (dauers), srbc-64, srbc-

66 (mate attraction); ascr#5 with srg-36, srg-37, weakly with srbc-64, srbc-66; ascr#8 with srbc-

64, srbc-66, weakly with srg-36, srg-37 (Ludewig & Schroeder, 2013). Further exploring the 

relationship between the individual ascarosides, with respect to ins-6 expression in adults can 

shed light on gene regulation and potential continuity throughout different phenotypes and 

developmental stages. While the expression of daf-7 in ASJ is indeed affected by the same 

ascarosides as ins-6, it is also affected by the presence of daf-22-independent secreted molecules. 

This represents a novel territory, where cognate GPCRs or receptors have not yet been identified. 

However, the first receptor-ligand relationship to be identified can thus be even more rewarding 

because of this unexplored terrain.  

 The identification of these receptors can be done through a forward genetic screen. The 

nature of most screens is centered around a highly dense condition, facilitating screening 

purposes. This workflow is actually beneficial for studying mutants that lack receptors for 

sensing the actual population density and thus express daf-7 or ins-6 quite highly. However, 

there have been many forward genetic screens within our lab for various mutants that prevent, 

hinder, or fracture the signaling components involved downstream of GPCRs when C. elegans 

are placed on P. aeruginosa PA14. To date, we have not yet characterized any GPCRs for this 

phenotype, suggesting that a forward genetic screen should be taken with caution, as it may not 

yield the desired receptor mutants. Because the output of the screen is solely the expression of 

daf-7 in ASJ, there may be a high degree of overlap between a B. subtilis and a P. aeruginosa 

screen, resulting in downstreatm signaling component mutants again with no newly uncovered 

GPCRs.  
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There is active work in the lab on how downstream intracellular components result in 

daf-7 induction upon PA14 exposure. These studies have been based on the mutants from the 

aforementioned forward genetic screen. However, it remains unclear if the same cGMP and 

calcium-based pathways will be critical for the B. subtilis signal. Employing a GCaMP5 reporter, 

which fluoresces with calcium, can tell us if the population density signals are being sensed from 

the specific neuron itself, ASI or ASJ, and if calcium is the basis of the signal propagation 

(Akerboom et al., 2012; Meisel et al., 2014).  

 

Cell-specific transcriptomic profiling of ASI and ASJ of adults in highly dense populations 

 There exists a rich history of studies on the effects of population density on the 

physiology of larval animals (Androwski, Flatt, & Schroeder, 2017; Butcher, Fujita, Schroeder, 

& Clardy, 2007; Cassada & Russell, 1975; Hu, 2007; Riddle, Blumenthal, Meyer, & Priess, 

1997). However, the number of studies concerning the effects of population density on adults do 

not come close to the amount of research on dauers (Izrayelit et al., 2012; Ludewig et al., 2013; 

Ludewig & Schroeder, 2013). Many of these studies are framed around pheromones used for 

mating, rather than looking at the overall physiology of the animals, with the exception of the 

research on lifespan extension with pheromone signaling. Combined with the data presented 

here, examining the neuronal gene expression changes in adults upon exposure to high density 

can elucidate unknown effects that pheromone signaling causes in neurons.  

 Because DAF-7 and INS-6 are only two examples of neuroendocrine signaling, we 

expect to see many more changes in similar signaling ligands when placed in different 

environmental crowding conditions. The recent advances in next generation sequencing 

technologies allow us to easily analyze either single cell types or individual cells themselves, 
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particularly in C. elegans (Gracida & Calarco, 2017; Kaletsky et al., 2016; Spencer et al., 2014). 

Another graduate student in the lab has begun work on generating strains that can be used for 

ASI or ASJ specific cell type sequencing. With these reagents, we will be able to see exactly 

what the transcriptional changes are upon exposure to highly dense conditions, both in an acute 

or prolonged scenario.  

 The transcriptional changes may contain similarities to the gene expression of dauers 

because there is a significant overlap of genes used between longevity and dauer entry (Kimura, 

Tissenbaum, Liu, & Ruvkun, 1997; Larsen, Albert, & Riddle, 1995; Tissenbaum & Ruvkun, 

1998). However, because of the exploratory nature of sequencing, there may be serendipitous 

findings. Looking beyond generalized crowding, the administration of solely daf-22-independent 

molecules may elicit a completely different transcriptional program than ascaroside molecules. 

Similarly, the genes expressed in the presence of P. pacificus may be drastically divergent, 

relative to high density of N2 wild-type C. elegans or even daf-22 mutant C. elegans. With 

single cell-type sequencing, we would be able to individually see the changes of each gene 

expressed in either ASI or ASJ in these very different contexts dictated by the secreted small 

molecules. 

 Returning back to the differential expression of daf-7 in ASJ of C. elegans wild isolates 

provides yet another potential example for transcriptional differences in ASJ. In this case, rather 

than changes in the external environment eliciting varied transcriptional profiles, the genetic 

background of the strain would presumably affect which genes are expressed in ASJ. It is 

unknown if the differences that arise are due to the existence of different GPCRs in the cilia of 

ASJ neurons of wild isolates or if other neurons synapse onto ASJ in wild isolates. However, the 

single cell type sequencing can show if the differences in daf-7 expression in ASJ are the only 
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changes or if there are broader transcriptional alterations. The data gathered from these 

experiments can also be viewed from an evolutionary perspective. We can then ask questions 

such as: do certain geographical regions favor certain genes, are there splicing differences 

between the wild isolates, how are highly expressed genes changed in these various strains.  

 

Expanding the scope of insulin-like peptides for reproductive span phenotypes  

 The genome of C. elegans contains genes encoding 40 insulin-like peptides, from ins-1 to 

ins-39 and daf-28 (Hua et al., 2003; Pierce et al., 2001). We have only analyzed one specific 

insulin-like peptide, INS-6, for its ability to extend the duration of egg laying in C. elegans. 

However, as there has been research concerning the extensive feedback and interactions between 

the various insulin-like peptides, systematically analyzing each insulin-like peptide for its ability 

to extend egg laying can be fruitful (Abreu et al., 2014). Individually, these insulin-like peptides 

have distinct functional niches, with no specific insulin-like peptide being a stronger agonist or 

antagonist than others for all phenotypes, making it difficult to predict which individual insulin-

like peptide will be the most effective in this reproductive span extension phenomenon.  

 In addition to analyzing the individual gene mutations, it is possible to combinatorically 

create double mutants for even greater effects in reproductive span extension, rivaling the effects 

seen in a daf-2 mutant animal. There are multiple rationales that can provide a basis for choosing 

the combinations. Two of these possibilities will be discussed. First, based on the work shown 

here as well as previous findings, the expression of insulin-like peptides is sensitive to 

pheromone exposure. Using transcriptional reporters for each of the 40 insulin-like peptides can 

yield a list of genes that truly respond to pheromone exposure, and would thus be sensitive to 

density. Beyond that, the groupings can be stratified for insulin-like peptides that decrease in 
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expression in the presence of pheromone, which could potentially provide a mechanistic 

explanation of the increased reproductive span upon pheromone treatment. In this case, rather 

than just a single insulin-like peptide mutant, there could potentially be an even more dramatic 

reduction in insulin signaling due to the second (or more) mutant. Second, known agonists of 

daf-2 IGF/insulin-like receptor in other phenotypes, such as dauer entry and L1 arrest, can be 

combined (Abreu et al., 2014; Kaplan, Maxwell, Codd, & Baugh, 2019). By combining the two 

(or more) agonist mutants, there may be synergistic effects with progressively diminished insulin 

signaling, thus leading to an even later delay of egg laying than the single mutant. However, 

given that a 1:1 correlation between various phenotypic strengths does not exist, it may not make 

sense to base the pairings off other developmental stages and phenotypes.  

 Better understanding the relationship between all of these various insulin-like peptides 

and the insulin receptor DAF-2 can offer insight to insulin signaling at large. It can expose the 

importance of why C. elegans has so many distinct genes encoding these peptides. It may also 

lead to new possibilities for insulin as a treatment for diabetes in humans, as only one of these 

insulin-like peptides is homologous to human insulin (Blüher et al., 2002; Hua et al., 2003). 

Idealistically, there is the potential for modified insulin-like peptide deliverables, based on these 

other insulin-like peptides in C. elegans, that may work more effectively in the human body, 

degrade much more slowly, or are targeted more efficiently.  
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