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Abstract 

The first line of defense against pathogens is the phylogenetically ancient innate 

immune system. This system consists of physical barriers and conserved signaling 

pathways are activated upon infection to produce effector molecules that mount a 

microbicidal response.  Recently, C. elegans has been established as a model organism for 

the study of innate immunity due to C. elegans genetic tractability and origins predating 

the evolution of adaptive immunity. Conserved defense pathways essential for 

mammalian innate immunity have been identified in C. elegans. However, most 

receptors critical for the activation of the defense signaling pathways in C. elegans remain 

unknown. The goal of this work was to study CED-1 and its potential role as a cell-

surface signaling receptor essential for C. elegans immune response. 

In this study, we performed a full-genome microarray analysis and discovered 

that CED-1 functions to activate the expression of pqn/abu unfolded protein response 

(UPR) genes. The unfolded protein response has been implicated in the normal 

physiology of immune defense and in several disorders including diabetes, cancer, and 

neurodegenerative disease. Here we show that ced-1 and pqn/abu genes are required for 

the survival of C. elegans exposed to live S. enterica. We also show that the 

overexpression of pqn/abu genes confers protection to pathogen-mediated killing. Taken 

together, these results indicate that the apoptotic receptor CED-1 and a network of 
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PQN/ABU proteins involved in a non-canonical UPR response are required for proper 

defense to pathogen infection in Caenorhabditis elegans. 
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1. Introduction 

1.1 Introduction to Caenorhabditis elegans 

Caenorhabditis elegans is a eukaryotic, soil dwelling nematode approximately 1 

mm in length that lives in temperate environments and feeds on microbes. C. elegans has 

an unsegmented, bilaterally symmetrical, cylinder shaped body that contains two 

concentric tubes separated by a fluid filled pseuodocoloem [1]. The outer tube consists of 

the cuticle, hypodermis, excretory system, neurons, and muscles. The inner tube consists 

of the pharynx, intestine, and gonad. Internal hydrostatic pressure maintains the body 

shape of the worm and is regulated by an osmoregulatory system.  

C. elegans have two sexual forms: hermaphrodite, which has two X 

chromosomes, and male, which has one X chromosome and represents approximately 

0.02% of the population [2]. The hermaphrodite has two ovaries, two gonad arms, and a 

single uterus. Whereas, the male has a single-armed gonad, a vas deferens, and a 

posterior tail specialized for mating [3]. The hermaphrodites are able to self-fertilize and 

the males are able to cross-fertilize the hermaphrodites which lay approximately 300 

eggs during their lifetime [4]. These eggs develop into 959 somatic cells in the adult 

hermaphrodite and 1031 somatic cells in the adult male [5].   
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C. elegans have a short lifecycle and can go from egg to gravid adult in 3.5 days at 

20 degrees Celsius. Upon hatching, the worm develops through 4 larval stages 

transitioned by molting before reaching adulthood. Under normal conditions, the 

nematode lives approximately 2-3 weeks but during harsh circumstances, can enter an 

alternative lifestage that extends the lifespan. This lifestage is called the dauer larval 

stage and can last up to three months [6].  

The C. elegans genome consists of approximately 97 megabases and codes for 

over 19,000 genes. The genome is information rich with approximately 25.5% of its bases 

coding for proteins and is organized into 5 autosomes and one pair of sex chromosomes 

[7].    

1.2 Advantages of C. elegans as a model system 

One of the greatest advantages of using C. elegans as a model system is its 

extreme genetic tractability. C. elegans was the first multicellular organism to be 

sequenced and the second eukaryote to be sequenced after yeast [8]. The genome is 

efficiently mutated by chemical mutagens, ionizing radiation, and transposons. The 

resulting mutations are most commonly recessive, loss-of-function, but dominant 

mutations and gain-of-function mutations are also possible [1]. Isogenic populations are 

easily created and maintained through hermaphrodite self-fertilization. Cross-

fertilization is also possible with the utilization of males and allows for the combination 
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of different genetic backgrounds. Additionally, RNA interference (RNAi), which was 

identified in the nematode, is an effective tool for silencing C. elegans gene expression [9]. 

Transcriptional knockdowns are efficiently performed by feeding the nematode E. coli 

expressing double stranded DNA identical to a segment of the gene targeted for 

silencing. Because of the effectiveness of the RNAi technique, bacterial libraries have 

been created containing clones that individually knockdown every gene in the C. elegans 

genome.      

Another advantage to using C. elegans as a model system is the transparency of 

the nematode body which allows for unparalleled in vivo study. In the 1980’s, John 

Sulston utilized this unique property and characterized C. elegans’ complete cell lineage. 

The fate of every cell can be traced through each division from the fertilized oocyte to 

individual adult somatic cell [10]. Similarly, genes tagged with GFP can be visualized in 

individual cells throughout the live worm.  

C. elegans also have many characteristics that are well suited for the logistics of 

laboratory research. Worms have a rapid generation time and can be maintained in 

laboratories using simple growth conditions that are cost and space efficient. C. elegans 

are also the only multicellular organism that can be viably frozen. These features made 

possible the development of a centralized storage facility of nematode strains, the 

Caenorhabditis Research Centre (CGC), which distributes nematode stocks to academic 
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researchers upon request. Similarly, C. elegans has a freely accessible centralized 

database titled Wormbase.    

1.3 Bacterial infection of C. elegans 

Since the initial studies using C. elegans by Sydney Brenner almost 40 years ago, 

the nematode has provided important discoveries in the fields of developmental and 

neurobiology [11, 12]. In nature, C. elegans are soil-dwelling microbivores, continuously 

exposed to a large array of bacterial pathogens. Because of the natural environment of 

the worm, scientists hypothesized that C. elegans could be a valuable model system for 

study of bacterial pathogenesis. Subsequently, in 1999 Tan et. al. showed that 

Pseudomonas aeruginosa utilizes conserved virulence factors to kill C. elegans and thereby, 

established C. elegans as a viable model system for microbial studies [13]. Soon after, 

numerous pathogens were additionally found to infect C. elegans using conserved 

virulence factors including Gram-positive and Gram-negative bacteria [14-18]. 

Currently, there are five individual observed methods of lethally infecting the worm: 

infection with colonization (most human pathogens), persistent infection (S. enterica, E. 

faecalis, and S. marcescens), colonization (natural C. elegans pathogens) biofilm formation 

(Y. pseudotuberculosis and Y. pestis), and toxin-mediated killing (P. aeruginosa, S. pyogenes 

and E. faecium) [19].  
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There most prominent readout used to address immune function in C. elegans is 

the killing assay.  In this assay, the lifespan of mutant nematodes vs. wild-type are 

assayed when exposed to a pathogen. Immune function is measured by the decreased 

lifespan of the immunocompromised worm compared to wild-type. More recently 

colonization assays have been added to additionally measure immune function.  In these 

analyses, bacteria expressing GFP are fed to the nematodes for a set amount of time 

followed by non-GFP expressing bacteria. Increased colonization of bacteria in a mutant 

nematode compared to wild-type is measured by persistent GFP expression which 

indicates decreased immune function. In all immunity assays, bacteria can be 

standardized using colony forming units/ml, which measures the number of viable 

bacterial cells in a sample per ml. 

1.4 Innate immunity in C. elegans 

1.4.1 Physical defenses of C. elegans 

Because C. elegans lives in the soil and feeds on microbes, the worm is constantly 

exposed to pathogens and has developed an innate immune system for defense. The 

surfaces of the worm exposed to live bacteria are at the highest risk for infection and 

utilize physical barriers for protection [16]. A collagenous, extracellular cuticle secreted 

from the hypodermis covers the outerlayer and the pharynx of the worm and is 
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impermeable to pathogens . Ruptures in the cuticle are infrequent and kill the worm by 

causing a reduction in internal hydrostatic pressure. At the posterior end of the pharynx, 

C. elegans has a cuticular grinder that physically disrupts bacteria and pumps the 

nonviable remains into the intestine for nutrient absorption.  

Some pathogens are able to overcome the physical defenses of the nematode and 

successfully infect the worm. C. elegans have six coelomocytes cells that act as scavenger 

receptors which endocytose fluid in the pseudocoelom and are thought to represent a 

primitive immune system. However, unlike Drosophila, C. elegans do not have specific 

cells able to phagocytose bacteria. Instead, bacterial infections are subsequently attacked 

by C. elegans inducible innate immune response utilizing conserved signaling pathways. 

1.4.2 Known immunity pathways in C. elegans  

1.4.2.1 The programmed cell death (PCD) pathway 

The programmed cell death (PCD) pathway was the first conserved immunity 

signaling pathway discovered in C. elegans. The pathway was identified when it was 

found that S. enterica infection induces cell death in the germline of the nematode [20]. 

Reverse genetic studies were subsequently preformed utilizing mutants in the PCD 

pathway and concluded that the CED-9/CED-4/CED-3 pathway, homologous to the 

BCL2/APAF-1/CASPASE pathway in mammals, is required for the S. enterica induced 
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germline cell death. Furthermore, the PCD mutants were more susceptible to S. enterica 

mediated killing indicating that cell death in the nematode germline provides a means 

of protection against infection by S. enterica. Later studies found that the Salmonella 

induced PCD response is downstream of the MAP kinase signaling pathway and is 

induced by lipopolysaccharide (LPS) [21].   

1.4.2.2 The toll-like receptor pathway 

The Toll signaling pathway was also characterized in C. elegans using a reverse 

genetics technique [22]. Animals mutant in genes coding for homologues in the 

mammalian Toll pathway were studied and found not to be hypersusceptible to 

pathogen infection as compared to E. coli. This data combined with the lack of a NF-κβ-

like transcription factors in the nematode led to the belief that the Toll pathway was not 

eliciting a humoral immune response in C. elegans as it is in mammals and Drosophila. 

It was later found that E. coli can infect the worm and is not an accurate non-

pathogenic control for immunity studies [23-25]. Subsequent work in our lab showed 

that the Toll pathway regulates a defense response to S. enterica-mediated infection [26]. 

Specifically, TOL-1 is required to prevent pharyngeal colonization by Salmonella by 

signaling the upregulation of abf-2, a defensin-like gene, and hsp-16.41, a heat-shock 

gene, both expressed in the pharynx. This work marked the discovery of the first 

transmembrane receptor involved in C. elegans immunity.  
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1.4.2.3 The MAP kinase pathway 

A forward genetic screen identified a homologous p38 MAPK signaling pathway 

in C. elegans. Genetic mutants were screened for susceptibility to P. aeruginosa and 

mutants in the MAP3K gene nsy-1 and the MAP2K gene sek-1 were identified [27]. These 

genes are found upstream of the well characterized PMK-1/p38MAPK pathway 

previously known to be involved in determining the developmental asymmetry of AWC 

olfactory neurons [28]. Subsequent studies identified the SARM homologue TIR-1 as an 

upstream regulator when RNAi of tir-1 subsequently reduced activation of PMK-1 and 

increased susceptibility to P. aeruginosa [29, 30]. RNAi of tir-1 also increased 

susceptibility to fungal pathogens and the MAPK pathway was later shown to regulate 

the antifungal peptide NLP-31. The upstream receptor activating this pathway is still 

unknown. 

1.4.2.4 The insulin-like signaling pathway 

 C. elegans mutant in the gene daf-2, a tyrosine kinase insulin receptor, or 

mutant in the gene age-1, a downstream interactor of daf-2, are long-lived and resistant to 

Gram-positive and Gram-negative infections [31]. DAF-2 is a negative regulator of the 

forkhead transcription factor DAF-16, which is known to regulate antimicrobial genes 

including lysozyme genes, saposin genes, and thaumatin genes [32]. DAF-16 also 

regulates stress response genes including metallothioneins, superoxidase dismutase, 
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glutathione-s-transferase, catalase, and heat-shock proteins, most likely contributing to 

the long lived phenotype of the daf-2 mutant. Interestingly, lys-8 is also regulated by the 

TGF-β defense response indicating a potential interaction of these two pathways [33].  

1.4.2.5 The TGF-β pathway 

The C. elegans TGF-β pathway has been previously shown to regulate 

development, specifically the regulation of dauer entry, the determination of body-size, 

the development of the male copulatory tail structure, and the guidance of axons [34-36]. 

The ligand DBL-1 activates the TGF-β pathway through interaction with SMA-6 and 

DAF-4 receptors to regulate male tail and body size development. The activated SMA-6 

receptor signals through cytoplasmic factors called Smads, including SMA-2, SMA-3, 

and SMA-4, which translocate to the nucleus and regulate transcription of effector 

molecules [37, 38]. Microarray studies found many members of the TGF-β pathway 

upregulated by S. marcescens [39]. Subsequent studies utilizing mutants confirmed the 

role of the TGF-β pathway in immunity, specifically in the defense response to Gram-

negative bacteria. 

1.4.2.6 The heat shock pathway 

The most recent immunity pathway identified in C. elegans is the heat shock 

pathway. Fever is a conserved, ancient immune response utilized by the body to combat 
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microbial infections but until recently, the mechanism of protection remained minimally 

investigated [40]. Subsequent studies in our lab have identified a heat-shock pathway in 

C. elegans mediated by HSF-1, that upregulates expression of small and 90 kDa heat 

shock proteins (HSPs) to increase resistance to P. aeruginosa [41]. This pathway is 

independent of the MAP kinase pathway but interacts with the insulin-like signaling 

pathway [42]. 

1.5 Introduction to thesis research 

The first line of defense against pathogens is the phylogenetically ancient innate 

immune system. Activation of the innate immune system upon pathogen recognition 

triggers intracellular signals that result in a rapid and definitive microbicidal response to 

invading microorganisms [43]. Currently only one transmembrane receptor, TOL-1, has 

been identified that initiates a C. elegans immune signaling defense pathway [26]. The 

goal of this work was to identify a novel immunity transmembrane receptor and defense 

signaling pathway in C. elegans. We specifically focused on CED-1 and its potential role 

as a cell-surface signaling receptor that regulates an essential innate immunity signaling 

pathway in C. elegans. 

In this study, we performed a full-genome microarray analysis and discovered 

that CED-1 functions to activate the expression of pqn/abu unfolded protein response 

(UPR) genes. Here we show that ced-1 and pqn/abu genes are required for the survival of 
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C. elegans exposed to live S. enterica. We also show that the overexpression of pqn/abu 

genes confers protection to pathogen-mediated killing. Taken together, these results 

indicate that the apoptotic receptor CED-1 and a network of PQN/ABU proteins 

involved in a non-canonical UPR response are required for proper defense to pathogen 

infection in Caenorhabditis elegans. 
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2. Identification of an innate immunity pathway 
regulated by the apoptotic receptor CED-1 

 

2.1 Introduction 

2.1.1 Salmonella enterica infection in C. elegans 

Salmonella enterica is a rod shaped, flagellated, Gram-negative 

enteropathogenic bacterium capable of causing a range of infections from mild 

enteritis to life-threatening, systemic infection [44]. The extent of disease is 

dependent on the infecting serovar. Salmonella can infect a large variety of 

organisms ranging from C. elegans to mammals. 

Salmonella infects using a type III secretion system which injects bacterial 

virulence factors into the host cells using a mechanism that is not well understood. 

The type III secretion system is encoded in two discrete regions titled Salmonella 

pathogenicity islands (SPI) 1 and 2 [45]. There is some cross-talk between these two 

regions, however, overall their encoded systems function independently and are 

active during separate stages of Salmonella infection. The SPI-1 system functions in 

the intestinal lumen and the SPI-2 system functions in the host cell.  

Previous work in our lab has shown that Salmonella enterica serovar 

[46]pharynx [21]. This infection involves both known and novel virulence factors 

including HilA, HilD, InvH, SptP, RhuM, Spi-4-F, PipA, VsdA, RepC, Sb25, RfaL, 
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GmA, LeuO, CstA, and RecC. More recently it was found that the PhoP regulon, 

SPI-1, SPI-, and spvR are required for persistant intestinal infection in the nematode 

[46]. Additionally, our lab found that the virulence factor sptP encoded on SPI-1 

inhibits the conserved p38 MAPK signaling pathway. 

2.1.2 Escherichia coli infection in C. elegans 

Escherichia coli is a Gram-negative, facultative anaerobic bacterium. 

Currently there are over 700 serovars of E. coli that can be distinguished based on 

antigens. E. coli infects using specific virulence factors including adhesins, invasins, 

and toxins and causes three types of infections in mammals: urinary tract infections 

(UTI), neonatal meningitis, and gastroenteritis [47]. 

In the laboratory, C. elegans are fed and maintained on the E. coli strain 

OP50. Until recently, this strain was considered nonpathogenic and was used as a 

control in C. elegans immunity studies. However, current studies have found that 

the E. coli strain OP50 is indeed pathogenic [23-25]. When grown on nutrient rich 

agar, the OP50 strain infects and kills C. elegans. Similarly, the E. coli strain OP50 is 

able to infect and persistently colonize the intestine and pharynx of 

immunocompromised and aged nematodes [25, 26, 42]. The virulence factors of 

these infections have yet to be identified. 
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2.1.3 Background on CED-1 

CED-1 is an 1111 amino acid transmembrane protein which consists of an 

888 aa extracellular domain, a 22 aa transmembrane domain, and a 181 aa cytosolic 

domain [48]. The extracellular region contains 16 EGF-like repeats and the cytosolic 

region contains a NPXY domain, a Src homology 2 (SH2) binding motif, and a 

YXXL domain, phosphotyrosine-binding (PTB) motif. The extracellular, egf-like 

repeats are made of eight cysteines and provide the ligand binding specificity. The 

NPXY and YXXL domains can be phosphorylated and are required for proper CED-

1 function [48].  

CED-1 functions in engulfment downstream of the programmed cell death 

pathway [49]. Engulfment of apoptotic corpses occurs in the pharynx during 

development and is involved with axon guidance [50]. In the adult nematode, 

engulfment occurs in the germline, where interestingly, programmed cell death is a 

defense response against S. enterica [20].  

The engulfment process specifically contains two parallel activation 

pathways that converge at CED-10 [51]. The two pathways are the CED-1, CED-6, 

CED-7 pathway and the CED-2, CED-5, CED-12 pathway [52]. Mutants in either 

pathway only reduce engulfment; double mutants spanning both pathways are 

required for complete loss. CED-1 is a transmembrane receptor able to recognize 

apoptotic cells through a proposed “death” ligand exported by CED-7 [49]. When 
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activated, CED-1 is phosphorylated and is thought to subsequently bind to CED-6 

and induce engulfment.  

The Drosophila homologue of ced-1 is draper. Draper is involved with the 

phagocytosis of Drosophila glial cells [53]. Recently, Six-microns-under (SIMU) has 

been discovered as a receptor upstream of Draper, participating in the recognition 

and engulfment of apoptotic cells [54]. Upon activation, Shark, a non-receptor 

tyrosine kinase, binds to Draper at the intracellular domain immunoreceptor 

tyrosine-based activation motif (ITAM) and is essential for glial phagocytosis [55]. 

The Src family kinase (SFK) Src42A can increase the association with Shark and the 

activation of the Draper pathway.  

CD91 is thought to be the mammalian homologue of CED-1, containing the 

NPXY and YXXL cytosolic domains critical for CED-1’s signaling [56]. Subsequent 

in vitro assays have shown CD91 is able to bind CED-6 through its NPXY domain 

[57].  Also, CD91 has engulfment capabilities able to recognize and initiate uptake of 

apoptotic cells similar to the ability of CED-1. CD91 is a multifunctional receptor on 

antigen presenting cells. Its main role in immunity is that of a heat shock receptor 

able to bind and internalize antigen-carrying, heat shock proteins [58]. Once 

internalized, the antigen is processed and represented to activate a T cell response 

and trigger the innate immune system. Immediately before the transmembrane 
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domain, CD91 contains one cluster of EGF-like repeats, similar to CED-1, but these 

repeats are not the ligand binding domain of CD91 [59]. 

2.2 Results 

2.2.1 ced-1 animals are immunocompromised 

To study the role of CED-1 in C. elegans defense response, we first examined 

whether ced-1(e1735) mutants were susceptible to S. enterica-mediated killing. As 

shown in Figure 1, ced-1(e1735) loss-of-function mutants [60, 61]died more quickly 

than wild-type animals when feeding on S. enterica strain 1344. The time for 50% of 

the nematodes to die (TD50) when fed at 25°C on live S. enterica was 5.09 + 0.17 days 

for wild-type animals compared to 3.47 + 0.31 days for ced-1(e1735) mutants, which 

represents a reduction of 32%.  
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Figure 1: ced-1(e1735) animals are susceptible to S. enterica mediated 

killing 

Wild-type and ced-1(e1735) animals were exposed to live S. enterica: P 

< 0.0001. 

 

ced-1(e1735) animals also exhibited a 27% reduced lifespan when grown on 

live E. coli strain OP50 (Figure 2). The short lifespan exhibited by ced-1(e1735) 

animals fed live E. coli is consistent with the observations that proliferating E. coli is 

a cause of death in C. elegans [23], E. coli grown on rich media kills C. elegans [24], 

and immunocompromised animals are killed and persistently colonized by E. coli 

[25, 26, 42].  
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Figure 2: ced-1(e1735) animals are susceptible to E. coli mediated killing 

Wild-type and ced-1(e1735) animals were exposed to live E. coli: P < 

0.0001.  

 

To ensure that the difference in mortality between ced-1(e1735) and wild-

type animals was not caused by a reduction in the overall health of the mutant, we 

exposed ced-1(e1735) and wild-type animals to both heat-killed S. enterica and heat-

killed E. coli. When ced-1(e1735) mutants were grown on dead S. enterica or dead E. 

coli, they exhibited a lifespan comparable to that of wild-type animals (Figures 3A 

and 3B). Thus, ced-1(e1735) mutants are killed by live but not dead bacteria, 

indicating that they are immunocompromised. 
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Figure 3: ced-1(e1735) animals are not more susceptible to heat-killed S. 

enterica and heat-killed E. coli  

(A) Wild-type and ced-1(e1735) animals were exposed to heat-killed S. 

enterica: P > 0.1. (B) Wild-type and ced-1(e1735) animals were exposed to 

heat-killed E. coli: P > 0.1. 
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We confirmed that CED-1 is required for C. elegans survival on live bacteria 

by exposing two additional ced-1 mutants to S. enterica and E. coli and comparing 

their lifespan to that of wild-type animals (Figures 4A and 4B). The enhanced 

susceptibility to live S. enterica and live E. coli of ced-1(n691) and ced-1(n2089) 

mutants, which carry frameshift and missense mutations respectively [61], confirms 

that CED-1 is required for the defense response to live bacteria. Furthermore, these 

results make it unlikely that the enhanced susceptibility of ced-1 animals is caused 

by secondary mutations or the effect of a particular allele on a process unrelated to 

CED-1 function.  
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Figure 4: ced-1(n691) and ced-1(n2089) are susceptible to both S. enterica 

and E. coli mediated killing. 

(E) Wild-type, ced-1(n691) and ced-1(n2089) animals were exposed to live S. 

enterica: ced-1(n691) P < 0.0001, ced-1(n2089) P < 0.0001. (F) Wild-type, ced-

1(n691), and ced-1(n2089) animals were exposed to live E. coli: ced-1(n691) P < 

0.0001, ced-1(n2089) P < 0.0001. For each condition 110-140 animals were 

used, with the exception of ced-1(n2089) where 35 animals were used. P 

values are relative to wild-type animals.  
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2.2.2 pqn/abu unfolded protein response genes are CED-1 
regulated 

 

To determine the mechanism underlying the CED-1-mediated defense to 

live bacteria, we utilized gene expression microarrays and statistical analyses to 

find clusters of genes commonly upregulated or downregulated in ced-1(e1735) 

mutants relative to wild-type animals grown on live E. coli. Interestingly, the two-

way cluster analysis identified a family of 10 pqn/abu genes in a 17 gene cluster of 

transcripts which were similarly downregulated in ced-1(e1735) mutants (Table 1).  
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Table 1.  Cluster of C. elegans CED-1 regulated genes. 

ORF 

Name Gene Name 

Expression in 

Wild-type 

(WT) 

Expression in 

ced-1 (lf) 

Mutant (C) 

Fold 

Difference 

WT/C 

D2096.6 D2096.6 1492.22 + 149.65 81.67 + 35.23 18.27 

ZK1067.7 pqn-95 4087.87 + 316.15 172.50 + 62.85 23.70 

F35A5.3 abu-10 1248.88 + 371.91 62.96 + 3.86 21.44 

 AC3.3/ 

 AC3.4 

abu-1/ 

pqn-2 

1655.47 + 331.13 60.20 + 16.15 27.49 

 W02A2.3 pqn-74 2374.52 + 483.42 89.93 + 17.52 26.40 

 C03A7.8/   

 C03A7.14 

abu-7/ 

abu-8 

4137.28 + 1144.27 101.25 + 41.58 40.86 

 C03A7.7 abu-6 3501.07 + 974.25 87.78 + 44.75 39.89 

 F41E6.11 F41E6.11 1118.84 + 168.85 71.95 + 1.48 15.55 

W08E12.4/  

 W08E12.5 

W08E12.4/ 

W08E12.5 

2934.21 + 313.82 238.26 + 245.54 12.32 

 Y47D3B.6 Y47D3B.6 2602.44 + 411.67 107.46 + 18.78 24.22 

 R09B5.5 pqn-54 1145.01 + 316.23 41.05 + 1.96 27.89 

 T01D1.6 abu-11 1372.46 + 273.74 65.21 + 9.69 21.05 

 T05B4.3 phat-4 1654.16 + 140.24 68.66 + 0.14 24.10 

 F20B10.3 F20B10.3 632.81 + 132.49 46.21 + 11.39 13.69 

 ZK662.2 ZK662.2 2173.22 + 170.18 123.65 + 46.22 17.58 

 C03A7.14 abu-8 4242.83 + 1060.59 89.41 + 36.81 47.45 

 C03A7.4 pqn-5 4765.04 + 906.42 85.26 + 43.12 55.89 

  

Shown are the mean ± error of expression levels in wild-type (n = 2) and ced-

1(e1735) (n = 2) animals. Eggs were placed in S basal to hatch overnight, 

causing growth arrest in L1. Synchronized L1 wild-type and ced-1(e1735) 

animals were grown on E. coli at 25°C for 26 hours and RNA was isolated. 

Expression data were normalized and cluster of CED-1 regulated genes was 

performed as described in Materials and Methods. 
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The pqn (prion-like glutamine[Q]/asparagine[N]-rich domain-bearing 

protein) genes constitute a 79-member family characterized by prion-like 

glutamine/asparagine-rich amino acid sequences. Eleven genes in the pqn family 

have been further classified as abu (activated in blocked unfolded protein response) 

[62]. The abu genes were found to be upregulated upon ER stress in an xbp-1 

mutant, which is defective in the canonical UPR [62]. In addition, the abu genes are 

believed to encode UPR proteins, either functioning in a pathway parallel to the 

canonical UPR or in the ER associated degradation of misfolded proteins [62]. 

Further studies revealed that nine of the pqn/abu genes residing in the CED-

1-regulated cluster are also grouped together in mountain 29 of the C. elegans three-

dimensional topographical expression map [63]. Since this gene expression map 

correlates gene regulation among different growth conditions, developmental 

stages, and mutant backgrounds, pqn/abu genes in mountain 29 have a high 

probability to be regulated by CED-1. In addition, we confirmed the microarray 

results showing that pqn/ abu genes are downregulated in ced-1(e1735) mutants by 

performing reverse transcription polymerase chain reaction (RT-PCR) analysis on 

abu-1, abu-6, abu-7, abu-8, abu-11, pqn-5, and pqn-54, all of which are likely to be co-

regulated as they are part of mountain 29 (Figures 5A and 5B).  
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Figure 5: CED-1 regulates pqn/abu unfolded protein response genes 

(A) Wild-type (lanes 1–4) and ced-1(e1735) (lanes 1’-4’) cDNAs were stepwise 10-fold 

serially diluted. PCR was performed using gene specific primers and expression 

levels of act-1, a housekeeping gene, was used to confirm cDNA equalization. (B) 

Wild-type and ced-1(e1735) cDNAs were 10-fold serially diluted and the 1:1,000 

dilutions were used. PCR was performed using gene specific primers and 

expression levels of act-1, a housekeeping gene, was used to confirm cDNA 

equalization. abu-7 and abu-8 mRNA are 93.4% identical and abu-6 and abu-7 mRNA 

are 98.3% identical; although one primer set was used to amplify all four 

transcripts, the two groups could be differentiated by size. (A-B) L1 stage animals 

fed E. coli were grown to L4 stage. RNA was then isolated, RT-PCR was performed, 

and PCR products were run on a gel and stained with ethidium bromide. RT-PCR 

was performed in duplicate from independent RNA isolations, and similar results 

were achieved. 
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We also performed quantitative RT-PCR (qRT-PCR) to provide another 

independent confirmation that pqn/abu genes are downregulated in ced-1(e1735) 

animals. Figure 6 shows that abu-1 and pqn-54 are downregulated 3.3 and 2.6 fold, 

respectively, in ced-1(e1735) mutants.  

 

Figure 6: ced-1 regulates abu-1 and pqn-54 unfolded protein response 

genes. 

Quantitative reverse transcription–PCR analysis of abu-1 and pqn-54 

expression in ced-1(e1735) relative to wild-type nematodes grown on E. coli 

to L4 stage. Data were analyzed by relative quantitation using the 

comparative cycle threshold method and normalization to actin. Student’s 

exact t-test indicates that differences between wild type and ced-1(e1735) are 

significantly different; n=3; bars correspond to mean±s.d. 
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CED-1 requirement for proper abu gene expression was further confirmed 

by comparing the GFP intensities of abu-1::gfp(ZcEx8) and ced-1(e1735);abu-

1::gfp(ZcEx8) animals (Figure 7).  

 

 

Figure 7: Expression of abu-1::gfp is reduced in a ced-1 mutant  

GFP expression of L4 stage abu-1::gfp(zcEx8) animals and ced-1(e1735);abu-

1::gfp(zcEx8) animals was analyzed using max green channel intensity 

calculated by ImageJ 1.37v freeware. Student’s exact t-test indicates that 

differences between abu-1::gfp(zcEx8) and ced-1(e1735);abu-1::gfp(zcEx8) are 

significantly different; n=15; bars correspond to mean±s.d. 

 

The results shown in Figures 5-7 confirm that CED-1 is required for the 

proper expression of pqn/abu genes and suggest that these UPR genes may be 

required for C. elegans survival on live bacteria. The transcriptional profiling of 
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wild-type and ced-1(e1735) animals grown on live S. enterica also indicated that 

pqn/abu genes are upregulated by CED-1 (Table 2), suggesting that pqn/abu genes 

may be involved in CED-1-mediated protection against potentially pathogenic 

bacteria. 

Table 2. pqn/abu genes upregulated by CED-1 on E. coli are also upregulated on 

S. enterica 

ORF Name  

Gene 

Name  

Expression in 

Wild type (WT)  

Expression in 

ced-1(lf) 

Mutant (C)  

Fold 

Difference 

WT/C 

 D2096.6   D2096.6  173.1487 + 73.21  59.56 + 1.53  2.91 

ZK1067.7  pqn-95  678.70 + 342.70  145.76 + 60.05  4.66 

F35A5.3  abu-10  223.38 + 123.22  55.95 + 0.46  3.99 

AC3.3/ 

AC3.4 

 abu-1/ 

 pqn-2  237.71 + 133.03  46.76 + 0.77  5.08 

 W02A2.3  pqn-74  410.05 + 72.96  76.60 + 5.27  5.35 

C03A7.8/ 

C03A7.14 

 abu-7/ 

 abu-8  

895.03 + 475.6 

  

82.31 + 3.87 

  

10.87 

 

 C03A7.7  abu-6  755.30 + 388.86  68.58 + 2.28  11.01 

F41E6.11  F41E6.11  166.26 + 69.42  62.41 + 4.30  2.66 

W08E12.4/

W08E12.5 

 W08E12.4/ 

W08E12.5  440.56 + 223.47  76.00 + 14.75  

 

5.80 

Y47D3B.6  Y47D3B.6  376.03 + 198.82  104.42 + 28.46  3.60 

 R09B5.5  pqn-54  167.54 + 92.07  42.37 + 3.67  3.95 

 T01D1.6  abu-11  180.74 + 88.95  55.19 + 0.46  3.28 

 T05B4.3  phat-4 

 696.68 + 210.93  

200.35 + 

167.55   3.48 

F20B10.3  F20B10.3  60.98 + 12.67  37.07 + 1.06  1.64 

ZK662.2  ZK662.2  327.85 + 159.19  139.46 + 85.89  2.35 

C03A7.14  abu-8  864.92 + 493.74  71.64 + 9.73  12.07 

 C03A7.4   pqn-5   1148.18 + 649.31   67.36 + 6.41   17.04 

 

Shown are the mean ± error of expression levels in wild-type (n = 2) and ced-

1(e1735) (n = 2) animals. Eggs were placed in S basal to hatch overnight, 

causing growth arrest in L1. Synchronized L1 wild-type and ced-1(e1735) 

animals were grown on S. enterica at 25°C for 26 hours and RNA was 
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isolated. Expression data were normalized and cluster of CED-1 regulated 

genes was performed as described in Materials and Methods. 

2.3 Discussion 

CED-1 has been extensively characterized as a receptor involved in the 

recognition and engulfment of apoptotic corpses [61]. Here we show that animals 

with mutated ced-1 are immunocompromised, thus suggesting a potential 

regulatory role for CED-1 in C. elegans immunity. We performed a microarray 

analysis comparing the transcriptional regulation of wild-type vs. ced-1(e1735) 

mutants and found that a family of pqn/abu genes are regulated by CED-1 and 

subsequently, we confirmed this regulation. 

As previously mentioned pqn genes constitute a 79-member gene family 

characterized by prion-like glutamine/asparagine-rich amino acid sequences. 

Eleven genes in the pqn family have been further classified as abu (activated in 

blocked unfolded protein response) [62]. The abu genes were found to be 

upregulated upon ER stress in an xbp-1 mutant, which is defective in the canonical 

UPR. The CED-1 regulation of these genes suggests a potential role for PQN/ABU 

proteins as immunity effector molecules in C. elegans defense response [62].  
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3. pqn/abu genes expressed in a CED-1 dependent 
manner are required for C. elegans defense to live 
bacteria 
 

3.1 Introduction  

3.1.1 The unfolded protein response (UPR) 

In the endoplasmic reticulum (ER), secreted and transmembrane proteins 

are properly folded and posttranslationally modified [64, 65]. Multiple signaling 

pathways, together referred to as the unfolded protein response (UPR) (figure 8), 

maintain the homeostasis of the collective folding process in this organelle. The 

UPR monitors protein folding rates in the ER lumen and upon accumulation of 

unfolded proteins (ER stress), the UPR attenuates mRNA translation, induces 

transcription of UPR genes, and activates ER associated degradation (ERAD) [66]. 

After prolonged ER stress, the cell undergoes apoptosis [67, 68]. Currently, three 

conserved UPR signal transducers are known: inositol requiring kinase 1 (IRE 1) 

[69], proteinkinase-like ER kinase (PERK) [70], and activating transcription factor 6 

(ATF6) [71, 72]. 

IRE1 was the first protein identified in the UPR. It is a transmembrane 

glycoprotein containing kinase and RNase activities in its cytoplasmic domain. 

During times of ER stress, IRE1 homodimerizes and subsequently trans-

autophosphorylates to activate its RNase activity [73]. Once active, IRE1 splices the 
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transcription factor XBP-1 which initiates transcription of a variety of UPR 

dependent genes [74]. The IRE1 pathway is conserved in all eukaryotes, whereas 

the two other known UPR pathways, PERK and ATF6, are not conserved in lower 

eukaryotes.  

PERK is also a protein kinase and upon recognition of accumulated 

unfolded proteins in the ER, PERK dimerizes and autophosphorylates [75]. This 

leads to the activation of eIF2α kinase which decreases transcriptional levels in the 

ER by inhibiting the formation of translation initiation complexes and thereby, 

reduces the recognition of AUG start codons [76-78]. Reversely, eIf2α also increases 

transcription of mRNA less dependent on the translation initiation complex which 

includes the transcription factor ATF4 and approximately 1/3 of all UPR dependent 

genes [79]. 

The final known UPR signal transducer is ATF6, activating transcription 

factor six. In times of ER stress, ATF6 is recruited to the golgi complex where it is 

cleaved by two proteases:  site-1 protease (S1P) and site-2 protease (S2P) [80, 81]. 

The subsequent fractions ATF6α and ATF6β translocate to the nucleus and bind to 

the cAMP responsive element (CRE), the ER stress responsive element (ERSE-1), 

and the CAAT binding factor (CBF) to initiate transcription of UPR dependent 

genes [71, 72]. 
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The master regulator of the UPR is the protein chaperone BIP, which binds 

the UPR signal transducers IRE1, PERK, and ATF6 in an inactive, monomeric state 

during times of minimal ER stress [82]. Accumulated unfolded proteins initiate the 

UPR by binding to BIP, forcing BIP to release the UPR signal transducers which 

then are able convert to their dimerized active states [83]. Upon reduction of 

unfolded proteins, BIP returns to binding the UPR signal transducers and 

subsequently discontinues the UPR. 

Finally, if a protein fails to be properly folded, it undergoes ER associated 

degradation (ERAD) [84]. The malfolded protein is recognized in the ER and is 

retrotransported back to the cytosol facilitated by the AAA-ATPase Cdc48/p97 [85]. 

Once in the cytosol, the protein is ubiquitinated by E2 ubiquitin-conjugating 

enzymes and E3 ligases and is subsequently degraded in the 26S proteasome [86]. 
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Figure 8: Diagram of the unfolded protein response 

The unfolded protein response consists of three conserved signal 

transducers: inositol requiring kinase 1 (IRE 1), proteinkinase-like ER 

kinase (PERK), and activating transcription factor 6 (ATF6). The master 

regulator of the UPR is the protein chaperone BIP, which binds the UPR 

signal transducers in an inactive, monomeric state during times of 

minimal ER stress. 

 

 

3.1.2 Previous work on pqn/abu unfolded protein response 
genes  

 

In C. elegans, all three UPR pathways are present. However, in C. elegans the 

PERK and ATF6 homologous pathways act synergistically to compliment the 

nematode IRE-1 pathway [87]. In addition, the IRE-1 pathway controls the 
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regulation of many UPR dependent genes, similar to the regulatory function of the 

IRE1 pathway in yeast. 

The C. elegans, abu genes were identified in a mutant in xbp-1, a transcription 

factor in the IRE-1 pathway [62]. Wild-type and xbp-1 mutant worms were exposed 

to tunicamycin, an ER stress inducing glycosylation inhibitor and 19 genes were 

induced to higher levels in the xbp-1 mutant animals [62]. Of the 19 upregulated 

genes, 9 encode highly structurally similar novel proteins with a short COOH-

terminal cytoplasmic domain, a potential transmembrane domain, and a 

hydrophobic NH2-terminal signal sequence. This protein structure is predicted to 

have a glutamine/asparagine (Q/N)-rich ‘prion’ domain as determined by the 

algorithm of Michelitsch and Weissman and are termed pqn genes [62]. These nine 

genes were given the additional term abu having been discovered activated in the 

blocked unfolded protein response. Two additional pqn genes that are more 

structurally distant from the original nine, lacking a potential transmembrane 

domain, were similarly upregulated in the xbp-1 mutant and, therefore, also given 

the term abu.  

Subsequently, a representative gene, abu-1, was utilized for further 

characterization of the family. A reporter strain showed abu-1 is expressed in the 

nematode pharynx and is additionally expressed in the intestine during times of ER 

stress. Interestingly, further testing found that xbp-1 mutants and animals with 
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ablated abu-1 can tolerate 48 hour treatments with cadmium, a known ER stressor 

[62]; however, xbp-1 mutants with abu-1 knocked down via RNAi have over a 50% 

death rate when exposed to cadmium for 48 hours [62]. Similarly, knockdown of 

abu-1 on nematodes with double mutations in xbp-1 and sel-1, a member of the 

ERAD pathway, also decreased survival percentages when the animals were 

exposed to cadmium [62]. Together, these results indicate that abu family genes may 

code for a backup, noncanonicl UPR pathway that aids in nematode survival under 

conditions of ER stress. 

3.2 Results 

3.2.1 pqn/abu genes are required for C. elegans immunity 

To test the hypothesis that pqn/abu genes function in the C. elegans immunity 

to pathogenic bacteria, we first compared S. enterica killing of wild-type nematodes 

to that of nematodes in which abu-1/7/8/11 and pqn-5/54 gene expression was 

abrogated by RNAi. As shown in Figures 9A and 9B, pqn/abu RNAi increased 

nematode susceptibility to S. enterica-mediated killing. Importantly, RNAi reduction 

of pqn/abu gene expression did not affect nematode lifespan on killed S. enterica 

(Figures 10A and 10B); similar results were obtained using live and killed E. coli 

(Figure 11A-B and 12A-B). Taken together, these results indicate that these pqn/abu 

genes are required for proper C. elegans immunity to pathogenic bacteria. 
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Figure 9: pqn/abu genes expressed in a CED-1 dependent manner are 

required for C. elegans survival on live S. enterica 

(A) Wild-type animals grown on dsRNA for vector control or dsRNA for abu 

genes were exposed to live S. enterica: abu-11 RNAi P < 0.0001, abu-8 RNAi P = 

0.0032, abu-7 RNAi P < 0.0001, abu-1 RNAi P = 0.0459. (B) Wild-type animals grown 

on dsRNA for vector control or dsRNA for pqn genes were exposed to live S. 

enterica: pqn-54 RNAi P = 0.0056, pqn-5 RNAi P < 0.0001. For each condition, 90-140 

animals were used. P values are relative to wild-type animals fed dsRNA for vector 

control. 
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Figure 10: pqn/abu genes expressed in a CED-1 dependent manner are not 

required for C. elegans lifespan on heat-killed S. enterica 

(A) Wild-type animals grown on dsRNA for vector control or dsRNA for abu 

genes were exposed to heat-killed S. enterica: abu-11 RNAi P > 0.1, abu-8 

RNAi P > 0.1, abu-7 RNAi P > 0.1, abu-1 RNAi P > 0.1. (B) Wild-type animals 

grown on dsRNA for vector control or dsRNA for pqn candidate genes were 

exposed to heat-killed S. enterica: pqn-54 RNAi P > 0.1, pqn-5 RNAi P > 0.1.  

For each condition, 90-140 animals were used. P values are relative to wild-

type animals fed dsRNA for vector control. 
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Figure 11: pqn/abu genes expressed in a CED-1 dependent manner are 

required for C. elegans survival on live E. coli 

(A) Wild-type animals grown on dsRNA for vector control or dsRNA for abu 

genes were exposed to live E. coli: abu-11 RNAi P < 0.0001, abu-8 RNAi P < 

0.0001, abu-7 RNAi P < 0.0001, abu-1 RNAi P < 0.0001. (B) Wild-type animals 

grown on dsRNA for vector control or dsRNA for pqn genes were exposed 

to live E. coli: pqn-54 RNAi P < 0.0001, pqn-5 RNAi P < 0.0001. For each 

condition, 90-140 animals were used. P values are relative to wild-type 

animals fed dsRNA for vector control. 
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Figure 12: pqn/abu genes expressed in a CED-1 dependent manner are not 

required for C. elegans lifespan on heat-killed E.coli 

(A) Wild-type animals grown on dsRNA for vector control or dsRNA for abu 

genes were exposed to heat-killed E. coli: abu-11 RNAi P > 0.1, abu-8 RNAi P 

> 0.1, abu-7 RNAi P > 0.1, abu-1 RNAi P > 0.1. (B) Wild-type animals grown 

on dsRNA for vector control or dsRNA for pqn candidate genes were 

exposed to heat-killed E. coli: pqn-54 RNAi P = 0.067, pqn-5 RNAi P > 0.1.  

For each condition, 90-140 animals were used. P values are relative to wild-

type animals fed dsRNA for vector control. 
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Given the high sequence similarity among pqn/abu genes, the occurrence of 

cross-RNAi was likely. To identify potential off-target cross-reactions, the BLAT 

algorithm was used [88]. In C. elegans, cross-RNAi is known to occur when a target 

mRNA shares at least 95% identity, over a span of 40 or more nucleotides, to the 

dsRNA encoded by the RNAi construct [89]. Indeed, the abu-1, abu-7, abu-8, pqn-5 

and pqn-54 RNAi constructs appear to simultaneously target as many as 17 other 

pqn/abu genes (Table 3). Our analysis revealed no potential off-target cross-reactions 

for the abu-11 RNAi construct (Table 3). However, based on the sequence similarity 

among pqn/abu genes, we cannot rule out the possibility that abu-11 RNAi caused 

cross-RNAi effects which our BLAT analysis was not capable of predicting. On the 

other hand, since several PQN and ABU proteins may interact, it is possible that 

they function in a cooperative network that requires each member to be properly 

expressed, such that perturbing expression of a single member causes the function 

of the cooperative network to be impaired. 
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Table 3.  Analysis of potential RNAi off-target cross-reactions     

         

RNAi construct Cross-reacting abu/pqn genes      

abu-1   

abu-2, abu-3, abu-4, abu-5, abu-6, abu-7, abu-8, abu-9,  

pqn-2, pqn-5, pqn-57, pqn-71, pqn-78, pqn-79, pqn-90, pqn-91 

abu-7   

abu-1, abu-2, abu-3, abu-4, abu-6, abu-8, abu-9, abu-10, pqn-2,  

pqn-5, pqn-54, pqn-57, pqn-71, pqn-78, pqn-90, pqn-91 

abu-8   

abu-1, abu-3, abu-4, abu-6, abu-7, abu-9, pqn-2, pqn-5, pqn-54,  

pqn-57, pqn-71, pqn-76, pqn-78, pqn-79, pqn-90, pqn-91, pqn-95 

 

abu-11   None per this analysis    

pqn-5   

abu-1, abu-2, abu-3, abu-4, abu-5, abu-6, abu-7, abu-8, abu-9,  

pqn-2, pqn-54, pqn-57, pqn-71, pqn-78, pqn-90, pqn-91, pqn-95 

 

pqn-54     abu-1, abu-6, abu-7, abu-8, abu-9, pqn-5, pqn-57 

         

         

To identify potential off-target cross-reactions, the BLAT algorithm was used.   

In C. elegans, cross-RNAi is known to occur when a target mRNA shares at least 95% identity,  

over a span of 40 or more nucleotides, to the dsRNA encoded by the RNAi construct.  
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 If a network of PQN/ABU proteins, involved in the UPR, is required 

for proper immunity to live bacteria and downregulation of a single member of the 

network can impair function, then the overexpression of a single member may 

enhance the function of the network. To test this, we next investigated whether the 

overexpression of ABU proteins confers resistance to pathogenic bacteria. 

Specifically, we compared S. enterica-mediated killing of control animals and 

animals overexpressing ABU-1 or ABU-11. Consistent with the idea that UPR 

proteins protect C. elegans from bacterial infection, animals overexpressing ABU-1 

or ABU-11 were significantly more resistant to live S. enterica than control animals 

(Figures 13A and 13B).  
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Figure 13: Overexpression of abu-1 or abu-11 extends C. elegans lifespan 

on live bacteria 

(A) Wild-type and abu-1::gfp(zcEx8) animals were exposed to live S. enterica: 

P = 0.0005. (B) geEx106[rol-6(su1006)] and geEx104[rol-6(su1006) abu-11(+)] 

animals were exposed to live S. enterica: P = 0.0373. For each condition, 60-

105 animals were used. 
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However, when fed heat-killed S. enterica, all transgenic animals 

overexpressing ABU proteins exhibited a lifespan comparable to that of control 

animals (Figures 14A and 14B). Taken together, these results indicate that the 

PQN/ABU proteins are required for C. elegans immunity to live bacteria and that 

they may be important components of the CED-1-mediated immune response. 
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Figure 14: Overexpression of abu-1 and abu-11 does not extend C. elegans 

lifespan on heat-killed S. enterica 

(A) Wild-type and abu-1::gfp(zcEx8) animals were exposed to heat-killed S. 

enterica: P > 0.1. (B) geEx106[rol-6(su1006)] and geEx104[rol-6(su1006) abu-

11(+)] animals were exposed to heat-killed S. enterica: P > 0.1. For each 

condition, 60-105 animals were used.  
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3.2.2 CED-1 and pqn/abu genes protect the pharynx of C. 
elegans form S. enterica. 

 

The results described above implicate CED-1 in the regulation of the 

expression of genes encoding PQN/ABU proteins required for proper immune 

response to live bacteria. Interestingly, various pqn/abu genes have a reported strong 

expression in the pharynx [62], which constitutes one of the first physiological 

barriers against pathogens in C. elegans. In addition, it has recently been reported 

that the pharyngeal tissue can be invaded by S. enterica [26]. More specifically, 

animals lacking TOL-1-mediated immunity exhibited a significant pharyngeal 

colonization, which is not observed in other immunocompromised animals such as 

pmk-1(km25) and dbl-1(nk3) mutants. Thus, we sought to determine whether CED-1 

and the network of PQN/ABU proteins described here also play a role in preventing 

S. enterica colonization of the pharynx.  

We examined the profile of bacterial accumulation in the pharyngeal tissue 

by feeding nematodes S. enterica expressing green fluorescent protein (GFP) and 

following the accumulation of bacteria by direct observation under the fluorescence 

microscope as described [21, 26]. ced-1(e1735) nematodes exhibited significantly 

more pharyngeal colonization than that observed in wild-type nematodes (Figure 

15 and Figure 16). Intact S. enterica cells are observed in the pharyngeal tissue where 

abu-1 is known to be expressed [62] (Comparison of Figures 17B and 17D, and 
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Figures 17E, 17F). By 48 hours, over 50% of the ced-1(e1735) nematodes exhibited 

infected pharynxes (Figure 15).  

 

Figure 15: abu-1 and abu-11 protect against pharyngeal colonization by S. 

enterica 

The percentage of nematodes with infected pharynxes when fed S. enterica 

expressing GFP for 48 hours was determined for wild-type and ced-1(e1735) 

animals exposed to dsRNA for vector control and wild-type animals 

exposed to dsRNA targeting abu-1 and abu-11. Bars correspond to mean + 

standard deviation.  
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Figure 16: S. enterica::GFP colonization of the pharynx of ced-1(e1735) 

animals 

(A) Confocal image showing the terminal bulb of the pharynx of a ced-

1(e1735) animal infected with S. enterica cells expressing GFP. 

(B) Transmission image showing that the lumen of the terminal bulb 

remains intact. (C) C. elgans diagram was modified from wormatlas.org. 
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Figure 17: S. enterica invades ced-1(e1735) animals in the pharyngeal tissue 

where abu-1 is expressed 

(A-D) Confocal images show the pharynx of wild-type (A-B) and ced-

1(e1735) (C-D) animals infected for 48 hours with S. enterica expressing GFP. 

In the merged images (B and D), the terminal bulb of the pharynx is 

indicated with arrows. (E) Confocal image of the terminal bulb of an abu-

1::gfp(zcEx8) animal showing pharyngeal expression of ABU-1::GFP.  (F) 

Confocal image of the infected terminal bulb of a ced-1(e1735) animal fed S. 

enterica expressing GFP for 48 hours.  
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The S. enterica colonization does not appear to be a consequence of 

pharyngeal defects in ced-1(e1735) animals, since the pumping rates of ced-1(e1735) 

and wild-type animals are not perceptibly different and there is no visible S. enterica 

colonization during early infection (data not shown). Consistent with the idea that a 

lack of CED-1 does not affect the general physiology of the pharynx, the expression 

levels of pharyngeal genes in ced-1(e1735) animals are not significantly different 

from expression levels observed in wild-type animals (Table 4). In addition, the 

pharyngeal colonization of ced-1(e1735) animals is comparable to that of abu-1 RNAi 

and abu-11 RNAi animals, which greatly contrasts to the limited pharyngeal 

colonization observed in wild-type nematodes grown on control RNAi plates 

(Figure 15). The increased pharyngeal colonization of S. enterica observed in ced-

1(e1735) and abu RNAi nematodes is distinct since it is observed in tol-1(nr2033) 

mutants but not in other immunocompromised animals such as pmk-1(km25) and 

dbl-1(nk3) mutants [26]. 
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Table 4. Expression levels of pharyngeal genes: ced-1(e1735) vs. wild-type on E. coli     
         

    Expression in  

Expression in  

ced-1(lf)  

Fold 

Difference 

ORF Name   Gene Name   Wild type (WT)   Mutant (C)    WT/C 

Y48B6A.4  eat-2  42.08 + 0.85  44.88 + 0.12  0.94 

D2013.5  eat-3    77.97 + 12.38  80.41 + 2.42  0.97 

ZK512.6  eat-4  36.10 + 2.47  39.35 + 0.43  0.92 

ZK512.6  eat-4  32.40 + 4.08  29.02 + 1.29  1.12 

F13G3.8  eat-5  37.36 + 1.78  35.29 + 3.86  1.06 

B0365.3  eat-6  185.42 + 17.09  179.29 + 7.18  1.03 

B0365.3  eat-6  3962.39 + 131.35  3495.12 + 634.26  1.13 

B0365.3  eat-6  1874.01 + 47.71    1682.24 + 321.80  1.11 

F55A8.2  eat-7    1052 + 40.18  786.59 + 75.57  1.34 

F55A8.2  eat-7  355.23 + 5.47  301.46 + 26.00  1.18 

F13G3.8  eat-12  419.44 + 34.52  191.54 + 34.38  2.19 

F13G3.8  eat-12  88.89 + 6.67  59.42 + 7.97  1.50 

C16C2.2  eat-16  132.56 + 18.52  132.05 + 7.65  1.00 

Y105E8A.7  eat-18  256.80 + 23.30  103.21 + 21.63  2.49 

Y105E8A.7  eat-18  57.51 + 4.40  38.09 + 2.31  1.51 

Y105E8A.7  eat-18  41.29 + 2.44  33.46 + 1.49  1.23 

H30A04.1  eat-20  472.58 + 93.93  176.59 + 27.08  2.68 

H30A04.1   eat-20   154.37 + 17.06   77.26 + 4.69   2.68 
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 Our results suggest that decreased expression of UPR proteins in ced-

1(e1735) nematodes facilitates S. enterica colonization of the pharyngeal tissue. To further 

investigate the potential role of UPR proteins in mediating protection to S. enterica 

colonization, we studied whether ABU-1 and ABU-11 overexpression can provide 

protection against S. enterica colonization. We found that, relative to control nematodes, 

pharyngeal colonization is lower in nematodes overexpressing ABU-11 (Figure 18). 

These results suggest that UPR proteins are crucial for protection against S. enterica 

colonization of the pharyngeal tissue. 

 

 

Figure 18: Overexpression of abu-11 reduces pharyngeal colonization by S. 

enterica 

The percentage of nematodes with infected pharynxes when fed S. enterica 

expressing GFP for 48 hours was determined for geEx106[rol-6(su1006)] and 

geEx104[rol-6(su1006) abu-11(+)] animals. Bars correspond to mean + standard 

deviation.  
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The increased susceptibility of pqn/abu RNAi animals, together with the 

microarray and RT-PCR data, indicate that PQN/ABU proteins are required for the CED-

1-mediated protection to bacteria. To confirm that PQN/ABU proteins are part of a CED-

1-dependent immunity, we performed S. enterica killing assays using RNAi to abrogate 

the expression of pqn/abu genes in a ced-1(e1735) background. As would be expected if 

PQN/ABU proteins and CED-1 are part of the same pathway, we observed no additive 

effect of pqn/abu RNAi ablation on ced-1(e1735) mutants (Figures 19A and 19B). 

Furthermore, we did not observe any increased pharyngeal colonization when abu-1 and 

abu-11 expression was abrogated by RNAi in a ced-1(e1735) background (Figure 20); abu-

1 overexpression rescues the enhanced susceptibility to S. enterica of ced-1(e1735) 

mutants (Figure 21). Taken together, these results support the hypothesis that UPR 

proteins are part of a CED-1-dependent immunity to live bacteria.   
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Figure 19: Knockdown of pqn/abu genes on a ced-1(e1735) background does not 

increase susceptibility to S. enterica mediated killing 

(A) Wild-type animals grown on dsRNA for vector control and ced-1(e1735) 

animals grown on dsRNA for vector control or dsRNA for abu genes were 

exposed to live S. enterica: wild type;vector P < 0.0001, ced-1;abu-11 RNAi P > 0.1, 

ced-1;abu-8 RNAi P > 0.1, ced-1;abu-7 RNAi P > 0.1, ced-1;abu-1 RNAi P > 0.1. 74-

140 animals were used. P values are relative to ced-1(e1735) animals fed dsRNA 

for vector control. (B) Wild-type animals grown on dsRNA for vector control and 

ced-1(e1735) animals grown on dsRNA for vector control or dsRNA for pqn genes 

were exposed to live S. enterica: wild-type; vector P < 0.0001, ced-1;pqn-54 RNAi P 

> 0.1, ced-1;pqn-5 RNAi P > 0.1. 74-149 animals were used. P values are relative to 

ced-1(e1735) animals fed dsRNA for vector control.  
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Figure 20: Knockdown of abu-1 and abu-11 on a ced-1(e1735) background does 

not increase pharyngeal colonization by S. enterica 

The percentage of nematodes with infected pharynxes when fed S. enterica 

expressing GFP for 48 hours was determined for wild-type and ced-1(e1735) 

animals grown on dsRNA for control and ced-1(e1735) animals grown dsRNA 

targeting abu-1 and abu-11 candidate genes. Bars correspond to mean + standard 

deviation.  
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Figure 21: Overexpression of abu-1 rescues the increased susceptibility to S. 

enterica by ced-1(e1735) animals 

Wild-type, ced-1(e1735), and ced-1(e1735);abu-1::gfp(zcEx8) animals were exposed 

to live S. enterica: wild-type P < 0.0001, ced-1(e1735);abu-1::gfp(zcEx8) P > 0.1. 174-

179 animals were used. P values are relative to ced-1(e1735) animals. 

 

3.3 Discussion 

Previously, we showed that ced-1(e1735) mutant worms are 

immunocompromised and that pqn/abu unfolded protein response genes are regulated 

by CED-1. Here we sought to determine if the CED-1 regulated pqn/abu genes have a 

role in immunity. By utilizing RNAi and exposing the nematodes to live and dead 

pathogens, we found that pqn/abu genes are involved in the nematode defense response 
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to live bacteria. Moreover, overexpression of candidate pqn/abu genes extends C. elegans 

lifespan on live pathogens and overexpression of abu-1 is sufficient to rescue the 

immunocompromised phenotype of the ced-1(e1735) mutant. Finally, we identified that 

pqn/abu genes provide defense against pathogens by protecting against pharyngeal 

colonization. Together, these results indicate that pqn/abu genes, regulated in a CED-1 

dependent manner, code for immunity effector proteins that aid in the nematode 

defense response against pharyngeal infection.  

Overlapping results from prior studies raise questions regarding the regulation 

of this novel pathway. It has previously been shown that pqn/abu genes are regulated by 

SIR-2.1 [90]. By utilizing epistatic techniques, we hope to better characterize these 

converging pathways. Similarly, earlier work from our lab shows that the TOL-1 

pathway also protects against pharyngeal colonization [26]. We hope to identify if this 

pharyngeal protection is independent from that provided by the CED-1 pathway. 

Finally, the role of engulfment has been well characterized in mammalian innate 

immunity [91-93]. In the invertebrate model organism, drosophila, engulfment has also 

been shown to aid in bacterial defense [94-97]. In C. elegans, engulfment is only known to 

occur in the larval stages of development and in the adult germline [98]. Therefore, a 

role for the process of engulfment in nematode immunity is unlikely but nonetheless, 

worth investigating. We previously showed that the ced-1(e1735) mutants are 
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immunocompromised due to a reduction in pqn/abu gene expression; whether a 

reduction in the engulfment process affects immune defense needs to be further studied.   

4. Investigation of potential relationships between the 
CED-1 regulated pqn/abu pathway and known immunity 
pathways 

 

4.1 Introduction 

4.1.1 SIR-2.1 regulation of pqn/abu genes 

SIR2 proteins are conserved NAD+-dependent protein deacetylases that are 

activated by metabolic cellular changes [99]. Overexpression of Sir2 homologs in S. 

cerevisiae, D. melanogaster, and C. elegans extends lifespan [100]. In C. elegans, this lifespan 

extension is through the SIR-2.1 regulation of the forkhead transcription factor daf-16 

[101].  

Subsequent studies found an additional pathway regulated by SIR-2.1 in C. 

elegans able to extend lifespan on live pathogens [90]. The work originally aimed to 

identify the gene regulation by the life extending, plant-derived, polyphenolic 

compound resveratrol, which was previously believed to activate the SIR-2.1 catalytic 

domain [102]. The study confirmed the ability of resveratrol to extend lifespan but 

challenged the original belief that resveratrol activates SIR-2.1. Instead, researchers 

identified that resveratrol blocks a novel pathway regulated by SIR-2.1 consisting of 
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pqn/abu unfolded protein response genes [90]. Under normal conditions, SIR-2.1 

represses transcriptional expression of pqn/abu genes. Exposure to resveratrol blocks the 

SIR-2.1 transcriptional repression and allows for the production of PQN/ABU effector 

proteins which the study shows are able to extend lifespan on live E. coli [90]. Lifespan 

extension by resveratrol is dose-dependent, but this result is confounded by the 

compound’s antibiotic properties.   

4.1.2 TOL-1 regulation of nematode pharyngeal immunity 
effectors 

 

Toll-like receptors (TLRs) regulate conserved innate immune pathways in 

mammals and insects [103-106]. It was previously believed that TOL-1, the sole C. elegans 

Toll-like receptor, was not involved in the nematode humoral immune response [107]. 

This idea was founded by the lack of a C. elegans NF-қβ homologue and by scientists’ 

inability to find defense effector genes regulated by TOL-1. Subsequent work from our 

lab recently disproved this misconception. 

It was previously shown that tol-1(nr2033) mutants are more susceptible to S. 

marcescens and E. coli mediated killing [22, 108]. Interestinly, TOL-1 mediates an 

avoidance behavior against S. marcescens. Because of this avoidance behavior and 

because E. coli was previously considered nonpathogenic to the nematode, these 

increased death rates were not attributed to having altered immunity. More recently, E. 
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coli has been identified as able to persistently colonize and kill C. elegans, thus reviving 

the hypothesis that TOL-1 may regulate a nematode defense pathway [20-23]. 

 To further investigate this theory, researchers in our lab tested the lifespan of tol-

1(nr2033) mutants on S. enterica. S. enterica persistently infects and kills similar to S. 

marcescens but does not elicit the avoidance behavior by the tol-1(nr2033) mutant similar 

to S. marcescens [26]. Mutant animals in the tol-1 pathway were found to be more 

susceptible S. enterica mediated killing. This death, however, was not found to be caused 

by a persistent infection in the intestine of the nematode characteristic of S. enterica 

pathogenesis, but was caused by a persistent infection in the pharynx [26]. Candidate 

Tol-1 mediated effector proteins ABF-2, an insect-like defensin, and HSP-16.41, a heat-

shock protein, were identified based on their pharyngeal expression and proven role in 

antimicrobial defense. Subsequent quantitative reverse transcriptase-PCR confirmed the 

TOL-1 regulation of abf-2 and hsp-16.41 genes [26]. Finally, exposure to additional 

pathogens identified that TOL-1 does not provide a broad-spectrum defense, as tol-

1(nr2033) mutants were not found to have an increased death rate compared to wild-

type when exposed to Gram-positive E. faecalis and S. pneumoniae, or Gram-negative p. 

aeruginosa [26].     
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4.1.3 Previous studies on the role of phagocytic receptors 
containing multiple EGF-like repeats in innate immunity 
 

The highly conserved process of phagocytosis, the uptake of matter by cells, 

evolved before the arrival of multicellular organisms. A new family of phagocytic 

receptors, including a novel pathogen recognition receptor (PRR), has been identified 

and contain EGF-like repeats in their ligand binding domains [109]. These proteins have 

been well characterized in D. melanogaster and have orthologs in mammals and C. 

elegans.  

The first and currently only PRR in this family is Eater, a type I membrane 

protein that contains 32 EGF-like repeats in its extracellular domain [97]. Eater was 

originally identified in a RNAi screen looking for potential targets for Serpent, a 

drosophila GATA transcription factor that is required for bacterial phagocytosis. Further 

studies later characterized Eater as a PRR able to bind a broad range of microbes and 

signal their uptake by macrophages [97]. 

Also able to signal the phagocytosis of bacteria in Drosophila is the EFG-like 

receptor Nimrod C1 [94]. The gene nimrod c1 is a member of a family cluster of 10 

structurally similar nimrod genes. Nimrod is a 90 kDa transmembrane protein containing 

10 EGF-like repeats in its extracellular domain [94]. Studies have identified that Nimrod 

is a phagocytic receptor and potential adhesion molecule but still haven’t found a role 

for the receptor in pathogen recognition.  
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The last characterized member of the EGF-like receptor family in Drosophila is 

Draper. Draper is required for the process of engulfment, which is the phagocytosis of 

apoptotic corpses [95]. The receptor is expressed on the surface of glial cells and 

macrophages in D. melanogaster [55]. Upon activation, Shark, a non-receptor tyrosine 

kinase, binds to Draper at the intracellular domain immunoreceptor tyrosine-based 

activation motif (ITAM) and is essential for glial phagocytosis [55]. The Src family kinase 

(SFK) Src42A can increase the association with Shark and the activation of the Draper 

pathway. It has recently been found that Draper is involved with axon pruning but a 

role in bacterial phagocytosis has not been identified. 

Draper is the ortholog of C. elegans CED-1 and mammalian CD91, all essential 

receptors for the engulfment of apoptotic corpses. Recently, CED-1 has additionally been 

found involved in axon pruning, a known role of Draper [50]. All three proteins have 

NPXY domains on their cytosolic regions which are essential for their signaling. The 

EGF-like repeats provide the ligand binding domain for CED-1 and Draper but not for 

CD91 [48]. 

4.2 Results 

4.2.1 CED-1 and SIR-2.1 regulation of pqn/abu genes are likely 
independent 
 

Both SIR-2.1 and CED-1 are known to regulate pqn/abu genes. Here we attempt to 

better characterize the converging pathways through epistatic analysis. We have shown 
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that CED-1 upregulates pqn/abu gene expression which extend nematode lifespan on live 

pathogens. It is known that SIR-2.1 downregulates pqn/abu gene expression which 

decreases nematode lifespan on live pathogens [90]. However, SIR-2.1 also upregulates 

daf-16 expression which nonspecifically extends the nematode lifespan and provided a 

confounding element to our analysis [101]. 

Assuming the most rudimentary of explanations, we hypothesized three 

regulatory pathways: 1) CED-1 and SIR-2.1 independently regulate pqn/abu genes, 2) 

CED-1 blocks the SIR-2.1 down-regulation of pqn/abu genes, and 3) SIR-2.1 blocks CED-1 

up-regulation of pqn/abu genes. Here we created a double mutant animal containing 

mutations in both ced-1 and sir-2.1 to analyze potential epistatic effects and test our 

hypotheses. The sir-2.1(ok434) mutant animal was slightly more susceptible to S. enterica 

mediated killing due to a combination of increased expression of pqn/abu genes and 

decreased expression of daf-16. The ced-1(e1735) mutant was highly susceptible to S. 

enterica mediated killing as a result of decreased pqn/abu expression. The sir-

2.1(ok434);ced-1(e1735) double mutant is extremely susceptible to S. enterica mediated 

killing, significantly more so than the ced-1(e1735) and sir-2.1(ok434) single mutant 

(figure 22). This phenotype eliminates the hypothesis that SIR-2.1 blocks the CED-1 

upregulation of pqn/abu genes because the double mutant phenotype does not resemble 

the sir2.1(ok434) phenotype. However, these results do not further resolve pqn/abu 

regulation due to the confounding effects of the down-regulation of daf-16 expression. 
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Figure 22: The ced-1;sir-2.1 double mutant is highly susceptible to S. enterica 

mediated killing, more so than the ced-1 and the sir-2.1 individual mutant. 

 

 To better determine pqn/abu regulation, we performed reverse-

transcriptase PCR on pqn-54 using RNA isolated from wild-type, ced-1(e1735), sir-

2.1(ok434), and ced-1(e1735);sir2.1(ok434) animals (figure 23). Amplification of pqn-54 was 

equal between samples isolated from ced-1(e1735) and ced-1(e1735);sir-2.1(ok434) 

suggesting CED-1 blocks the down-regulation by SIR-2.1. However, the pqn-54 

amplification product from the sir2.1(ok434) sample was not greater than that from wild-

type as would be expected. For this experiment, we isolated RNA during the Larval 4 

stage of development. However, in the original work identifying pqn/abu regulation by 

SIR2-1, RNA was isolated during the young adult stage. The specific developmental 
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regulation suggests that pqn/abu genes are independently regulated by CED-1 and SIR2-

1 and are most likely regulated through a more complex means than we originally 

hypothesized. Further studies are needed to better define these pathways. 

 

Figure 23:  pqn/abu genes are independently regulated by CED-1 and SIR-2.1 

Wild-type, ced-1(e1735), sir-2.1(ok434), and ced-1(e1735);sir-2.1 cDNAs were 10-fold 

serially diluted and the 1:1,000 dilutions were used. PCR was performed using 

pqn-54 gene specific primers and expression levels of act-1, a housekeeping gene, 

was used to confirm cDNA equalization. 

           

4.2.2 TOL-1 and CED-1 regulate individual immunity pathways 

The C. elegans TOL-1 and CED-1 innate immunity pathways both provide 

defense against pharyngeal infection by S. enterica [26, 110]. Similarly, mutants in both 

pathways are more susceptible to S. enterica and E. coli mediated killing [26, 110]. 
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Because of these overlapping phenotypes, it is possible that the two pathways may 

converge.  

To test this hypothesis, we examined the expression levels of the TOL-1 

regulated effector genes abf-2 and hsp-16.41 in our ced-1 vs. wild-type microarray data 

analysis. The TOL-1 regulation of abf-2 and hsp-16.41 effector genes was identified by 

RT-pcr using RNA samples isolated from larval stage 4 animals exposed to live S. 

enterica [26]. We, therefore, analyzed our expression data from samples of ced-1(e1735) 

mutant and wild-type animals under the same conditions.  

We first looked at abf-2 expression levels. Antibacterial factor 2, ABF-2, is a 

pharyngeally expressed insect-like defensin known to have antibacterial properties. 

Previous work showed that TOL-1 upregulates abf-2 almost two fold. However, our 

microarray analysis shows no significant difference between abf-2 expression in ced-

1(e1735) and wild-type animals thus suggesting the CED-1 and TOL-1 pathways may be 

independent (table 5). 

We next looked at expression of hsp-16.41. Heat shock protein 16.41 is a 

pharyngeally expressed heat shock protein known to have induced expression by 

environmental stresses and is believed to temporarily prevent unfolded proteins from 

aggregating. TOL-1 is known to upregulate hsp-16.41 approximately 1.8 fold [26]. 

Interestingly, our microarray data shows that hsp-16.41 is upregulated 1.9 fold in the ced-

1(e1735) mutant animal compared to its expression in wild-type (table 5). This suggests 
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that CED-1 may be down-regulating hsp-16.41, which is the opposite regulation of hsp-

16.41 that occurs by TOL-1. However, this may likely be a stress induced response 

caused by the obstructed UPR in ced-1 mutants. In fact, all members of the hsp16 family 

are found to be upregulated in the ced-1 mutant, supporting this hypothesis (table 6). 

 

Table 5.  Expression of TOL-1 regulated genes in a ced-1 background 

 

 

ORF Name 

 

 

Gene Name 

Expression in 

Wild-type (WT) 

Expression in 

ced-1 (lf) 

 Mutant (C) 

Fold 

Difference 

C/WT 

C50F2.10 abf-2 24.06 + 0.45 25.49 + 1.19 1.06 

Y46H3A.2 hsp-16.41 211.19 + 106.86 403.75 + 59.78 1.91 

 

Shown are the mean ± error of expression levels in wild-type (n = 2) and ced-

1(e1735) (n = 2) animals. Eggs were placed in S basal to hatch overnight, causing 

growth arrest in L1. Synchronized L1 wild-type and ced-1(e1735) animals were 

grown on S. enterica at 25°C for 26 hours and RNA was isolated. Expression data 

were normalized and cluster of CED-1 regulated genes was performed as 

described in Materials and Methods. 

 

Table 6.  Expression of hsp-16 genes in a ced-1(e1735) background 

 

 

ORF Name 

 

 

Gene Name 

 

Expression in 

Wild-type (WT) 

Expression in 

ced-1 (lf) 

 Mutant (C) 

Fold 

Difference 

C/WT 

T27E4.8/ 

T27E4.2 

hsp-16.1/ 

hsp-16.11 

 

342.33 + 31.50 

 

550.46 + 107.84 

 

1.61 

Y46H3A.3 hsp-16.2 242.58 + 43.18 399.80 + 99.59 1.65 

Y46H3A.2 hsp-16.41 211.19 + 106.86 403.75 + 59.78 1.91 

T27E4.3/ 

T27E4.9 

 

hsp-16.49 

 

781.43 + 85.63 

 

1305.25 + 331.21 

 

1.67 

 

Shown are the mean ± error of expression levels in wild-type (n = 2) and ced-

1(e1735) (n = 2) animals. Eggs were placed in S basal to hatch overnight, causing 

growth arrest in L1. Synchronized L1 wild-type and ced-1(e1735) animals were 

grown on S. enterica at 25°C for 26 hours and RNA was isolated. Expression data 

were normalized and cluster of CED-1 regulated genes was performed as 

described in Materials and Methods. 
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Together, these results indicate that CED-1 does not regulate the TOL-1-

dependent immunity effector genes and suggests that the CED-1 and TOL-1 immunity 

pathways are independent.  

4.2.3 The regulation of pqn/abu genes by CED-1 is distinct 
from engulfment 
 

CED-1, a member of the EGF- receptor family, currently only has a known role in 

the engulfment process of apoptotic corpses . Here we show that CED-1 regulates 

pqn/abu genes to mediate C. elegans immunity [45-46]. Because of the known role of 

several EGF receptors in the phagocytosis of bacteria during the immune response in 

Drosophila, we wanted to test if the role of CED-1 in engulfment was additionally 

involved in the novel role for CED-1 in immunity in C. elegans [90-93].  

Currently, there are two known parallel engulfment pathways in C. elegans that 

converge at CED-10. The CED-1 regulated pathway consists of CED-1, CED-6, and CED-

7 and the parallel pathway consists of CED-2, CED-5, and CED-12 with the activating 

receptor yet to be identified [48-49]. Because we know that CED-1 is specifically 

involved with the prevention of pharyngeal colonization by S. enterica we thought to test 

the pharyngeal colonization rates of animals with mutations in the genes in the CED-1 

engulfment pathway (figure 24). We next tested the pharyngeal rates of S. enterica in 

mutants in the opposing parallel engulfment pathway (figure 24). In both instances, no 

engulfment mutant other than ced-1(e1735), showed increased pharyngeal colonization 
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by S. enterica suggesting that the canonical engulfment pathway is not involved in the 

novel role for CED-1 in immunity.  

 

 

Figure 24: Engulfment does not protect against pharyngeal colonization by S. 

enterica. 

 

The percentage of nematodes with infected pharynxes when fed S. enterica 

expressing GFP for 48 hours was determined for wild-type and engulfment 

mutant animals. 

 

 

We next questioned whether the novel pqn/abu CED-1 pathway is involved in 

engulfment. To test this, we compared the quantity of cell corpses when exposed to E. 

coli and S. enterica in animals with RNAi ablated abu-1 and abu-11 gene expression 
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(figure 25). Knockdown of either abu-1 or abu-11, as compared to vector control, had no 

effect on the rate of engulfment when exposed to either E. coli or S. enterica. This 

suggests that the PQN/ABU immunity pathway regulated by CED-1 does not involve 

the process of engulfment.  

 

Figure 25: pqn/abu genes are not involved in the process of engulfment 

Cell corpses in young adult nematodes fed E. coli OP50 for 24 hours were 

counted in wild-type animals exposed to dsRNA for vector control and wild-

type animals exposed to dsRNA targeting abu-1 and abu-11 

 

4.3 Discussion 

We have shown that the CED-1 regulation of pqn/abu genes is a novel immunity 

pathway in C. elegans. However, this pathway has overlapping characteristics with 

known immunity pathways, namely the SIR2.1 pathway, the TOL-1 pathway, and the 
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EGF-like receptor induced phagocytosis pathway [26, 90, 109]. In this chapter we 

attempt to resolve these potential convergences. 

We first showed that SIR-2.1 regulates pqn/abu gene expression during a different 

developmental stage than CED-1 indicating the two pathways are likely independent. 

We next utilized microarray analyses and showed that the CED-1 and TOL-1 pathways 

prevent pharyngeal colonization of S. enterica by regulating different immunity effector 

genes. Lastly, we found that the novel PQN/ABU immunity pathway regulated by CED-

1 does not involve the role of engulfment. 

5. Discussion 

5.1 Introduction 

5.1.1 The unfolded protein response in immunity 

Recently, there have been many implications for the unfolded protein response 

in immunity [111]. In mammals, the transition from a B cell to a plasma cell highlights 

this emergent finding. B cells serve as antigen presenting cells (APCs) which function to 

engulf, breakdown, and represent pathogens [112, 113]. This process recruits CD4+T-

helper lymphocytes, which bind and activate B cells, thereby initiating a pathogen 

specific immune response, which includes the terminal differentiation of B cells into 

antibody secreting plasma cells [114]. This differentiation allows for the transformation 

of the B cell into an effective antibody factory by preparing for a substantial increase in 
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synthesis of secreted proteins. The conversion is characterized by an expansion of the 

ER, an enlargement of the golgi complex, and an upregulation of UPR genes, which 

together accommodate the augmented synthesis of nascent immunologic peptides [115]. 

Studies have found that the UPR protein XBP1 is required for the transition from B cells 

to plasma cells and that an overexpression of XBP1 in B cells increases protein synthesis 

[116].  

Beyond the canonical UPR pathways, chaperones, proteins essential for 

sequestering and repairing malfolded proteins, are also known mediators of the 

mammalian immune response [117] [40]. Chaperones are associated with proteasome 

function, thereby helping to create antigenic peptides for B cell representation. 

Chaperones have also been implicated in antigenic cross-presentation. Additionally, 

chaperones are potent mediators of the mammalian innate immunity, able to activate 

signaling in essential defense pathways in response to infection [118]. 

Studies on immunity in Drosophila and C. elegans have shown the role of 

chaperones in the defense response is conserved [41, 42, 119, 120]. However, a role for 

the canonical UPR in invertebrate immunity has yet to be identified.   

5.1.2 The regulation of programmed cell death by the 
unfolded protein response 
 

Extended expression of the three UPR signaling pathways during times of ER 

stress eventually induces programmed cell death [67, 68]. Currently, scientists have 
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identified the UPR activation of the pro-apoptotic molecules C/EBP homologous protein, 

CHOP, and c-Jun N-terminal kinase, JNK [121-123]. These proteins induce pro-apoptotic 

signals, including members of the BCL2 family, that lead to the final execution phase of 

cell death [124, 125].  

CHOP, also referred to as growth-arrest and DNA-damage inducible gene 153 

(GADD153), is transcriptionally induced by all three UPR signaling pathways [126]. 

However, the PERK pathway is essential for the complete upregulation of CHOP 

expression [127]. Currently, CHOP is known to induce apoptosis through the regulation 

of BCL2, GADD34, endoplasmic reticulum oxidoreductin 1 (ERO1α), and tribbles-

related protein 3 (TRB3) [128]. Although CHOP predominantly induces apoptosis 

through the upregulation of genes, in the case of BCL2, CHOP is known to repress gene 

expression, which allows for an excess of proapoptotic BCL2 proteins to accumulate and 

subsequently activate, thereby initiating cell death [129-131]. 

JNK is activated by the IRE1 pathway of the UPR. JNK phosphorylates BCL2 

localized to the ER which prevents the inhibition of proapoptotic BH3-only proteins and 

induces calcium fluxes in the ER [132, 133]. JNK also phoshphorylates Bim, which 

releases Bim from an inhibitory state and is able to induce proapoptotic signals [134].  

In addition to the canonical UPR pathways, heat shock proteins (HSPs) are also 

known to regulate apoptosis. Reduced expression of HSP27, HSP60, HSP70 or HSP90 

sensitizes the cell to apoptotic stimuli [135-139]. Alternatively, overexpression of HSP16, 
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HSP27, HSP60 and HSP90 inhibits cell death [140-143]. HSPs can modulate apoptosis 

through interactions with proteins in the cell death pathway, commonly at the 

mitochondria, allowing HSPs to enhance or block intrinsic apoptotic signaling.  

5.2 Discussion of Results 

This work identified a novel immunity pathway consisting of pqn/abu genes 

regulated by the apoptotic receptor CED-1. We showed this pathway provides defense 

against S. enterica and E. coli mediated killing but does not affect lifespan in non-

infectious conditions. Furthermore, we found that overexpression of pqn/abu genes 

confers protection against pharyngeal colonization by S. enterica and is able to rescue the 

immunocompromised phenotype of the ced-1 mutant. These results indicate that the 

unfolded protein response, regulated in a CED-1-dependent manner, is required for C. 

elegans to mount a successful immune response to live pathogens. 

In C. elegans, a defense response requires the upregulation of an abundance of 

immunity effectors genes. A system of chaperones is required for this response, 

presumably to relieve the ER stress caused by the increased protein synthesis [41, 42]. 

Given that upregulation of pqn/abu genes is a known backup response for the XBP-1 

pathway during times of ER stress, our work provides the first suggestion for the role of 

the canonical UPR in C. elegans immunity.    

Extended expression of the UPR is known to activate programmed cell death [67, 

68]. Our work provides a novel association between the cell death pathway and the UPR 
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that could potentially mediate this response. Previously, our lab showed that S. enterica 

infection elicits germline apoptosis through the CED pathway that confers immune 

protection. It will be interesting to see if CED-1 is involved with this protection. 

Accordingly, future studies are necessary to determine whether extended CED-1 

mediated expression of pqn/abu genes increases cell death. 

Interestingly, ced-1 mutants have decreased levels of cell death. Our microarray 

studies found that hsp-16 family genes, including hsp-16.2, are upregulated in a ced-1 

background (Table 6). The mammalian homologue Hsp16.2 is known to be upregulated 

during times of ER stress and its overexpression has been found to inhibit cell death 

[140, 141]. Therefore, we are interested in determining if the diminished cell death in the 

ced-1 mutant is the function of HSP-16.2.  

Our work initially set out to identify a CED-1 mediated bacterial defense 

pathway. The regulation of UPR genes by CED-1 was an unexpected and exciting 

discovery that greatly broadens the potential impact of our work. Our findings suggest 

that the UPR, regulated in a CED-1 dependent manner, is necessary to mount a 

successful immune response by maintaining ER homeostasis during times of increased 

protein synthesis (Figure 26). Accordingly, these results could potentially be significant 

for all humoral immune responses and may not be limited to bacterial defense. In 

addition, we identified a new connection between the UPR and the cell death pathway 

which also has significance for broad immune function. Cell death and the UPR are both 
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implicated in the defense pathways for a wide range of disorders including 

neurodegenerative disease, diabetes, and cancer. Consequently, we are excited to begin 

future studies that will expand upon on our initial findings to better determine the 

relevance of our work for mammalian immunity.    

 

 

Figure 26: Model of CED-1 function by Lamitina and Cherry. 

Dev Cell. 2008 Jul; 15(1):3-4 

During pathogen infection, CED-1 upregulates expression of pqn/abu unfolded 

protein response genes which help facilitate protein folding of secreted 

antimicrobial peptides that are required for a proper defense response. 
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5.3 Future Studies 

5.3.1 Activation of the CED-1 defense pathway 

Here we identified a novel immunity pathway consisting of unfolded protein 

response genes upregulated upon infection by the receptor CED-1. Future directions for 

this work include identifying an activation ligand for this pathway. Likely candidates 

include the ligands for the mammalian homologue of CED-1, CD91. CD91 is a common 

receptor for heat shock proteins [144]. Current known ligands are Grp94, Hsp70, Hsp60, 

and calreticulin. C. elegans has homologues for each candidate ligand [118]. Pharyngeal 

S. enterica colonization assays using animals with knocked down expression of potential 

ligands compared to vector will be performed to identify the activator of the CED-1 

pathway. 

5.3.2 Role of the canonical unfolded protein response in 
immunity 
 

The canonical UPR has been previously implicated in mammalian immunity [66]. 

Here we present the first work that suggests this role may be conserved. In the future, it 

is necessary to further investigate the role of canonical UPR pathways in C. elegans 

immunity to validate this theory.  

To begin, we first will greater characterize the role of the non-canonical UPR abu 

genes in immunity. Our work identified that ABU proteins involved with the UPR are 

also involved with bacterial defense. However, we did not determine whether the ABU’s 



 

78 

role in the UPR is the cause for their function in immunity. To better address this 

question, we will perform a C. elegans killing assay on live S. enterica with and without 

cadmium, a known ER stressor, using animals with ablated pqn/abu gene expression. 

Assuming that the role of ABU proteins in immunity is due to their function in the UPR, 

we expect animals with ablated abu expression to die faster when exposed to S. enterica 

and cadmium than when exposed to S. enterica alone.  

Subsequently, we will focus our studies on the canonical IRE-1/XBP pathway. 

The abu genes were originally identified as upregulated in an XBP-1 mutant in 

conditions of ER stress. We hypothesize that the XBP-1 pathway is involved with the 

immune response and that during an infection the canonical UPR pathway becomes 

overextended, thereby signaling for the upregulation of abu genes to help relieve ER 

stress. To test this theory, we will perform killing assays on live S. enterica using xbp-1 

and ire-1 mutants compared to wild-type and expect the UPR mutants to die faster. To 

ensure this result is not caused by decreased fitness, we will repeat the assay using heat-

killed S. enterica expecting all the animals to die at the same rate. 

Lastly, we will better identify which pathogens the UPR, and more specifically 

the ABU proteins, defend against. To do this we will perform killing assays using Gram-

negative, Gram-positive, and fungal pathogens. We are interested to determine if the 

CED-1 pathway offers a broad role in immunity or if it is confined to defense against to 
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S. enterica and E. coli, Gram-negative bacteria, or even potentially just pharyngeal 

invaders.  

5.3.3 Crosstalk between apoptosis and the unfolded protein 
response 
 

We identified a novel association between the programmed cell death pathway 

and the unfolded protein response. Given that extended expression of the UPR is known 

to activate PCD [68], we are interested to learn if extended ABU function can initiate 

apoptosis. To test this, we will perform cell corpse assays to count apoptotic corpses in 

transgenic animals overexpressing abu-11 compared to wild-type animals. 

Additionally, nematodes with mutant ced-1 are known to have decreased cell 

death [145]. Interestingly, our microarray analysis found an upregulation of hsp-16 genes 

in ced-1 mutants (Table 6). Overexpression of HSP16.2 has been previously shown to 

prevent apoptotic cell death. This inhibition occurs through the ability of Hsp16.2 to 

stabilize the mitochondrial membrane, activate Hsp90, stabilize lipid rafts, and activate 

the PI-3kinase/Akt cytoprotective pathway [140, 141]. We are interested to learn if a loss 

of ced-1 inhibits cell death through Hsp-16.2 activity. To test this, we first need to 

perform qRT-PCR for hsp-16.2 on RNA isolated from wild-type and ced-1 mutant 

animals to confirm that hsp-16.2 is indeed overexpressed in a ced-1 background. Next, we 

will contact the Link lab at the University of Colorado and request their hsp-16.2 

overexpression strain driven by the myo-3 promoter. We will count pharyngeal cell 
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corpses in these transgenics to see if apoptosis is decreased. Finally, we will knockdown 

hsp-16.2 expression in a ced-1 background and determine if this rescues the cell death 

phenotype. 

5.4 Concluding Remarks 

Here we show that the apoptotic receptor CED-1 and a network of PQN/ABU 

proteins involved in the UPR response are required for proper defense to pathogen 

infection in Caenorhabditis elegans. We also show that ced-1 and pqn/abu genes are 

required for the survival of C. elegans exposed to live S. enterica and that overexpression 

of pqn/abu genes confers protection to pathogen-mediated killing. These results confirm 

that unfolded protein response genes, regulated in a CED-1-dependent manner, are 

involved in the C. elegans immune response to live bacteria. These findings provide 

support for the hypothesis that the UPR is required to mount an immune response and 

also provide a novel relationship between the programmed cell death pathway and ER 

stress. The potential relevance of this work on mammalian immunity is promising and 

future studies on the UPR and the programmed cell death pathway are necessary to 

determine this significance. 

6. Materials and Methods 

6.1 Bacterial and nematode strains 
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The Escherichia coli OP50 [146] and Salmonella enterica serovar Typhimurium 1344 

[147] strains were used. C. elegans N2 Bristol, ced-1(e1735), ced-1(n691), and ced-1(n2089) 

strains were obtained from the Caenorhabditis elegans Genetics Center. The abu-

1::gfp(ZcEx8) strain [62] was generously provided by the Ron laboratory. The abu-11 

extrachromosomal array line geEx104[(rol-6su1006)abu-11(+)] and the strain geEx106[(rol-

6su1006)] [90] were generously provided by the Guarente laboratory. The abu-

1::gfp(ZcEx8) transgenics were outcrossed four times to our N2 strain, which was used as 

control. geEx106[(rol-6su1006)] was used as a control for geEx104[(rol-6su1006)abu-11(+)].  

6.2 Growth conditions 

Nematodes were maintained on nematode growth medium (NGM, minimal 

medium containing NaCl, agar, peptone, cholesterol, CaCl2, MgSO4, and potassium 

phosphate [146]) containing a lawn of Escherichia coli OP50 at 20 °C. Synchronous 

populations were acquired by placing gravid adults on NGM plates containing 

Escherichia coli OP50 for 5 hours at 20 °C. The gravid adults were removed, leaving the 

eggs to hatch and develop into 1 day old hermaphroditic adults at 20 °C for use in the 

different assays. 

6.3 C. elegans killing assay 

For all bacterial strains, individual bacterial colonies were inoculated into LB and 

grown overnight on a rotary wheel at 37 °C. 20 μl of culture were plated onto a 3.5 cm 
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plate containing modified NGM (3.5% peptone instead of 2.5%). One day old adult 

hermaphroditic nematodes were transferred to lawns of the various bacteria and 

transferred daily to a fresh lawn until progeny were no longer produced. All 

experiments were performed at 25 °C. Animals were considered dead upon failure to 

respond to touch and animals missing from the agar plate were censored on day of loss.  

6.4 C. elegans lifespan assay on killed bacteria 

Synchronized young adult animals were collected using M9 solution and were 

washed in antibiotic for 3 hours. Animals grown on E. coli OP50 were washed in M9 

with 100 μg/ml ampicillin and animals grown on E. coli HT115(DE3) were washed in M9 

with 50 μg/ml kanamycin. 

 Bacteria was grown as previously described, concentrated 1:10, and then 

heat-killed at 100 °C for 1 hour. Bacterial death was confirmed by failure to grow on LB 

plates at 37 °C overnight. 100 μl of the concentrated, killed bacteria was plated onto a 3.5 

cm plate containing modified NGM with appropriate antibiotic. Animals grown on E. 

coli OP50 were put on modified NGM with 100 μg/ml ampicillin and animals grown on 

E. coli HT115(DE3) were put on modified NGM with 50 μg/ml kanamycin. Killing assays 

were performed as described above. 
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6.5 Pharyngeal colonization assay 

For pharyngeal colonization microscopy, 20 μl of S. enterica expressing GFP 

grown in 3 ml LB with kanamycin 50 μg/ml were plated onto a 3.5 cm plate of modified 

NGM containing kanamycin 50 μg/ml. The plates were incubated at 37°C overnight. 

One day old adult nematodes were transferred to S. enterica expressing GFP strain smo22 

[148] and incubated for two days with daily transfers to a new lawn of pathogen. After 

48 hours, the nematodes were moved to a lawn of E. coli OP50. This enables the 

identification of nematodes with infected pharynxes and excludes the fluorescence from 

the background lawns. Nematodes were monitored for infected pharynxes using a Leica 

MZ FLIII fluorescence stereomicroscope. An infected pharynx was defined as the 

presence of GFP in the terminal bulb visible at 10x magnification. All experiments were 

performed at 25°C. 

6.6 Confocal microscopy 

Nematodes were anesthetized in 1% sodium aside on an agar pad (2% agarose) 

and examined using a Leica TCS SL confocal microscope with Leica Confocal software 

version 2.61 Build 1537 (Leica Microsystems Heidelberg GMbH). Confocal images were 

imported into Adobe Photoshop for processing, including size adjustments, layering 

and brightness contrast.  
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6.7 RNAi 

We used the RNA interference technique to generate loss-of-function RNAi 

phenotypes by feeding nematodes with E. coli expressing double-stranded RNA that is 

homologous to a target gene [149, 150]. The E. coli strain HT115(DE3) harboring the 

appropriate vectors was grown in LB broth containing 100 μg/ml ampicillin and 10 

μg/ml tetracycline at 37 °C overnight. Bacteria were plated onto NGM plates containing 

100 μg/ml ampicillin and 10 mM isopropyl β-D-thiogalactoside and were allowed to 

grow overnight at 37 °C. 

L4 nematodes were placed on RNAi-expressing lawns of bacteria and allowed to 

grow to gravid adults. These gravid adults laying eggs were then transferred to new 

RNAi-expressing lawns of bacteria for 5 hours and then removed. The eggs were 

allowed to develop into young adults at 20°C on plates containing E. coli strain HT115 

harboring a vector control or the appropriate RNAi vectors. Animals were then 

transferred to plates containing E. coli OP50 or S. enterica 1344, according to the 

experimental conditions described for each specific assay. Bacteria strains expressing 

double-stranded RNA to inactivate the C. elegans genes were obtained from 

Wellcome/Cancer Research (Cambridge, U.K) and Open Biosystems (Huntsville, AL). 

The identity of clones was confirmed by sequencing. 
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6.8 RNA isolation, reverse-transcriptase PCR, and quantitative real-
time PCR 
 

N2 and ced-1(e1735) strains were grown to gravid adults and treated with 

alkaline hypochlorite [151] to isolate eggs. Eggs were placed in S basal to hatch 

overnight, causing growth arrest in L1. Synchronized nematodes were then grown on 

NGM plates with Escherichia coli OP50 or Salmonella enterica SL1344 at 25 °C for 26 hours. 

Nematodes were harvested and freeze-thawed 3 times in liquid nitrogen before total 

RNA was extracted using TRIzol reagent (Invitrogen). 

For reverse transcriptase PCR, poly(A)+ RNA was isolated using the oligotex 

mRNA kit (Qiagen). We used the oligo-dT method from the SuperScript First-Strand 

Synthesis System (Invitrogen) with 50 nanograms of poly(A)+ RNA isolated as described 

above to generate a cDNA template. PCR was performed by amplifying from the cDNA 

using primers listed in Table S4. cDNA samples were 10-fold serially diluted four times. 

30 cycles were used for PCR of act-1 control primers. 40 cycles were used for PCR of 

candidate genes.  

qRT-PCR was conducted using the Applied Biosystems Taqman One-Step Real-

time PCR protocol using SYBR Green fluorescence (Applied Biosystems) on an Applied 

Biosystems StepOnePlus Real-Time PCR System. Independent RNA preparations were 

measured at least twice and normalized to the housekeeping genes act-1, act-3 ,and act-4 
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(pan-actin). Gene expression in ced-1(e1735) was compared to wild type using the 

comparative Ct method and normalization to actin was used. 

6.9 Microarray analyses 

Nematodes were grown and infected essentially as described above. Briefly, N2 

and ced-1(e1735) strains were grown to gravid adults and eggs were isolated and placed 

in S basal to hatch overnight. Synchronized nematodes were then grown on NGM plates 

with Escherichia coli OP50 or Salmonella enterica SL1344 at 25 °C for 26 hours. Total RNA 

was obtained as described above. cDNA was generated and hybridized to Affymetrix C. 

elegans Genome Array following the manufacturer’s instructions. Detailed protocols are 

available on the Duke Microarray Facility Web site 

(http://microarray.genome.duke.edu/). GeneSpring Software 9.0 (Agilent Technologies) 

was used to perform normalization and cluster analysis. The microarray data from four 

hybridizations were subjected to the Robust Multichip Averaging (RMA) Algorithm 

using GeneSpring Software 9.0. The microarray data was clustered using the standard 

correlation algorithm (GeneSpring Software 9.0). 

6.10 Cell corpse assay 

 To quantify the number of apoptotic germ cells, animals were stained with SYTO 

12 (Molecular Probes) as previously described  [152]. In brief, worms were incubated in 

50 μM SYTO 12 for 3-4 h at room temperature and then seeded on bacterial lawns to 
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reduce the amount of stained bacteria in the gut. After 20-30 min, more than 20 animals 

were mounted in a drop of M9 salt solution containing 30 mM NaN3 and observed by 

using a Leica MZ FLIII fluorescence stereomicroscope. Only animals that were brightly 

and equally stained were scored. 

6.11 GFP fluorescence analysis 

 For GFP fluorescence microscopy, 20 μl of E. coli OP50 was plated on modified 

NGM plates and grown at 37° overnight. Eggs were isolated from N2 and ced-1(e1735) 

strains by alkaline hypochlorite treatment [151] and were grown on the OP50 plates at 

20° until the animals reached the L4 stage (approximately 36 hours).   

 Animals were anesthetized using a M9 salt solution containing 30 mM NaN3 and 

visualized using a Leica MZ FLIII fluorescence stereomicroscope. Images were taken of 

more than 15 worms per condition and max green channel fluorescence was analyzed 

with ImageJ 1.37v freeware. Intensities were averaged and a t-test was performed using 

GraphPad Prism 4. 
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