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ABSTRACT OF THE THESIS  

 

Regulation of the Intracellular Pathogen Response by pals Gene Pairs in C. elegans 

 

by  

 

Theresa Bui  

 

Master of Science in Biology  

 

University of California San Diego, 2020 

 

Professor Emily Ruth Troemel, Chair 

 

 

The innate immune system is critical in protecting against foreign invaders and can be 

activated by detection of microbe-associated molecules, as well as detection of the consequences 

of pathogen infection. In the nematode C. elegans, the molecularly diverse intracellular 

pathogens of microsporidia and virus can induce a common host transcriptional response called 



 xi 

the Intracellular Pathogen Response (IPR). The IPR can also be induced by proteotoxic stress, 

which is often a consequence of intracellular infection. In parallel, the IPR is regulated by 

antagonistic paralogs in C. elegans called pals-22 and pals-25. The wild-type function of pals-22 

is to repress IPR gene expression and increase thermotolerance and pathogen resistance, while 

the wild-type function of pals-25 is to activate these phenotypes, acting downstream of pals-22. 

To investigate how pals genes control the IPR, I further characterized the role of pals-22/pals-25, 

as well as two additional pals pairs: pals-17/pals-20 and pals-23/pals-24. First, I investigated the 

role of pals-22 and pals-25 in mediating the induction of IPR genes upon proteotoxic stress. 

Next, I characterized pals-17 as another negative regulator of IPR genes and found that pals-17 

may work with an antagonistic paralog pals-20 as an activator. Finally, I knocked out another 

pals gene pair, pals-23 and pals-24, and found that they do not regulate expression of a GFP 

reporter for the IPR gene pals-5. Altogether, these findings demonstrate general principles of 

host gene regulation by antagonistic paralogs, which control expression of genes that promote 

resistance against natural intracellular pathogens and tolerance of proteotoxic stress. 
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INTRODUCTION 

The purpose of a coordinated immune response is to defend against pathogen infection, 

without damaging the host [1]. Evolutionarily, the innate immune system developed as the first 

line of defense, and the adaptive immune system developed later as a memory-based defense to 

protect against repeated infection [2]. The innate immune system in vertebrates and insects 

provides defense using both non-professional immune cells (e.g. epithelial or neuronal cells) as 

well as professional immune cells (e.g. macrophage-like hemocytes in Drosophila) [3, 4]. The 

canonical adaptive immune system found in vertebrates involves T-cells, B-cells, and antibodies, 

and is missing from invertebrates, which are thought to rely almost entirely on innate immunity, 

although they have different memory-based systems for immunity [4, 5]. Upon the initial 

encounter with a foreign pathogen, the innate immune response is critical for providing 

protection for the host [4]. The innate immune system is recognized as the first line of defense in 

both vertebrates and invertebrates, but there is still much to be learned about innate immunity 

particularly in invertebrates, which have defended against microbial infection for hundreds of 

millions of years and are less well-studied than vertebrates. In particular, there is relatively little 

known about mechanisms of defense in the nematode Caenorhabditis elegans. Although C. 

elegans has extensive experimental tools available and has been a model for studies of 

neurobiology and developmental biology for more than 50 years, it is only in the last 20 years 

that it has been the subject of immunity studies [6].  

C. elegans appears to rely entirely on non-professional immune cells for defense against 

infection, as professional immune cells have yet to be identified in this organism [7]. Thus, C. 

elegans provides a unique opportunity to dissect mechanisms of defense in non-professional 

immune cells in a whole organism context, without the confounding effects of professional 
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immune cells or a canonical adaptive immune system. Although C. elegans lacks canonical 

adaptive immune cells and major histocompatibility complex (MHC) recombination, it does 

learn to avoid pathogens, and in fact demonstrates transgenerational avoidance of pathogens [8]. 

This learned avoidance thus represents a form of adaptive immunity executed by behavioral 

responses. The non-professional immune cells important for both innate and learned immunity in 

C. elegans include neurons, epidermal cells, and intestinal epithelial cells. Several signaling 

pathways have been shown to be critical for mediating immune responses in these cells, 

including the conserved PMK-1 p38 MAPK pathway, which acts through bZIP transcription 

factors to induce expression of antimicrobials that promote defense against bacterial and fungal 

pathogens [6]. However, little is known about how pathogens are sensed to trigger this response, 

as C. elegans lacks most pattern-recognition receptors (PRRs) found in other metazoans, and its 

sole Toll-like receptor appears to be dispensable for most immune responses [6]. Surveillance 

immunity has emerged as a major mode of defense pathway activation in C. elegans, wherein 

pathogens are sensed by their effects on the host, rather than through specific microbe-associated 

molecular patterns sensed by PRRs [9–11]. This form of immunity is also called effector-

triggered immunity and is well-characterized in plants, and increasingly has been described in 

animals as well [12]. 

One of the few conserved PRRs in the C. elegans genome is dicer-related helicase 1 

(DRH-1), which belongs to the retinoic acid-inducible gene I (RIG-I)-like receptor gene family 

[13]. RIG-I-like receptors in mammals are cytosolic receptors that detect viral replication 

products, like double-stranded RNA and 5’ triphosphorylated RNA to trigger an antiviral 

interferon response [14]. Upon viral RNA recognition, RIG-I recruits mitochondrial activators of 

virus signaling (MAVS) proteins, which then causes a signaling cascade to activate transcription 



 3 

of interferon via the transcription factor IRF3 [15]. Interestingly, the C. elegans DRH-1 receptor 

mediates antiviral immunity in C. elegans, including defense against infection by lab-introduced 

viruses, as well as infection by its natural intestinal RNA virus, the Orsay virus [16]. However, 

C. elegans lacks MAVS, IRF3, and interferon, and instead activates an antiviral RNA 

interference (RNAi) response downstream of DRH-1. Thus, while DRH-1/RIG-I-like receptors 

are conserved from mammals to C. elegans in detecting viral RNA, the pathways downstream of 

these receptors have been rewired to induce RNAi in C. elegans, instead of an interferon 

response as in mammals [17].  

An additional role for DRH-1 in activating a transcriptional response to infection in C. 

elegans was recently demonstrated. Specifically, studies from the Troemel lab in collaboration 

with Dave Wang’s lab demonstrated that DRH-1 is required for the induction of a distinct 

transcriptional response to intracellular infections called the Intracellular Pathogen Response 

(IPR), which includes a set of genes distinct from those induced by extracellular infections [18]. 

This induction is independent of RNAi factors like the dsRNA binding protein RDE-4, which 

work together with DRH-1 to mediate antiviral RNAi [17, 18]. Thus, the role for DRH-1 in 

activating the IPR appears to be distinct from its previous role in activating RNAi. The IPR 

includes about ~100 genes induced in common by the Orsay virus and the molecularly distinct 

natural pathogen Nematocida parisii, which is a species in the Microsporidia phylum of fungal-

related obligate intracellular pathogens [19, 20]. Microsporidia are the most common cause for 

infection of C. elegans and related nematodes in the wild [21, 22]. What Orsay virus and N. 

parisii have in common is that they are both natural intracellular pathogens of the C. elegans 

intestine [21, 23]. While the exact function of IPR genes is not clear, a functional role in 
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promoting thermotolerance has been demonstrated for several components of a multi-subunit 

cullin-RING ligase that are transcriptionally upregulated as part of the IPR [24, 25].  

Another group of IPR genes includes members of the pals gene family [24, 26]. In C. 

elegans, the pals genes comprise an expanded gene family of unknown biochemical function that 

consists of 39 members; all pals genes contain a common ALS2CR12 signature, which is found 

in only one homolog each in mice and humans [26, 27]. Approximately 26 of the 39 pals genes 

are induced as part of the IPR and these are part of a phylogenetic clade called the ‘induced’ pals 

clade [24, 28]. The function of the induced pals genes is not yet clear, but the pals-5 gene is very 

highly induced upon infection and thus a pals-5p::Green Fluorescent Protein (GFP) reporter 

strain provides a useful readout for IPR induction [19]. The second clade of pals genes are not 

regulated by infection, and these are termed ‘uninduced’ pals genes [24].  

Recently, two of these uninduced pals genes, pals-22 and pals-25, have been shown to 

act as an “ON/OFF” switch for expression of pals-5, as well as other IPR genes. Forward genetic 

screens using pals-5p::GFP identified these uninduced pals genes, which exist in an operon and 

function as antagonistic regulators of the IPR [24, 28]. Specifically, pals-22 was identified as a 

negative regulator of the IPR and it functions upstream of pals-25, which was identified as an 

activator of the IPR [24, 28]. Interestingly, co-immunoprecipitation mass spectrometry studies 

demonstrated that PALS-22 and PALS-25 proteins are found in a complex together indicating 

that they not only interact genetically but also physically [25]. The upregulated IPR gene 

expression found in pals-22 mutants is accompanied by a broad rewiring of physiology, 

including increased resistance against intracellular infection, increased thermotolerance, reduced 

levels of polyglutamine protein aggregation and increased RNAi efficacy, but slowed growth and 

shortened lifespan [24, 26, 28]. All of these phenotypes observed in pals-22 mutants are 
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suppressed in pals-22/pals-25 double mutants, indicating that they act as antagonistic paralogs to 

regulate IPR gene expression and phenotypes [28].  

The induction of the IPR genes is not limited to intracellular infection but has been seen 

after perturbation of the ubiquitin-proteasome system as well [19]. Indeed, an initial simple 

model for the common induction of IPR genes by N. parisii and the Orsay virus was that they 

were sensed via their effects on proteostasis, as both of these intracellular pathogens have been 

shown to elicit proteotoxic stress in C. elegans [19, 24]. However, work with DRH-1 

demonstrated that IPR induction by proteotoxic stress can occur independently of viral/DRH-1-

mediated induction, as the proteasome inhibitor bortezomib still induces IPR gene expression in 

drh-1 mutants [18]. Thus, there are multiple pathways for inducing the IPR, including 

virus/DRH-1 acting in parallel to proteotoxic stress. Indeed, pals-22/pals-25 also appear to 

regulate the IPR independently of proteotoxic stress, as bortezomib will still induce IPR genes in 

pals-22/pals-25 double mutants [28]. 

Here I further explore the role of pals-22/pals-25 in potentially mediating response to 

proteotoxic stress. In previous studies, the regulation of IPR gene expression by the ubiquitin-

proteasome system was examined by two distinct approaches: the first approach involved genetic 

or pharmacological inhibition of the proteasome, while the second method involved knocking 

down expression of ubiquitin itself, which is the substrate used by ubiquitin ligases to target 

proteins for ubiquitylation [19, 28]. Given that polyubiquitylation leads to degradation by the 

proteasome, the first approach should lead to an accumulation of polyubiquitylated proteins, 

while the second approach should lead to a broad loss of ubiquitylated proteins. In both cases, 

these treatments have been shown to induce IPR gene expression. The first approach was also 

used to demonstrate parallel induction of the IPR by treating pals-22/pals-25 mutants with 20 
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µM bortezomib, a proteasome inhibitor, for 4 hours. Here, I investigated whether lower doses or 

shorter treatments with bortezomib might reveal a role for pals-22/pals-25 in proteotoxic stress-

mediated induction of the IPR. I also investigated treatment with ubq-1(RNAi) in pals-22/pals-25 

mutants. Here, I found that the IPR can still be induced by these different types and degrees of 

proteotoxic stress independently of pals-22 and pals-25, indicating other factors are mediating 

IPR induction by these triggers.  

In addition to the analysis of pals-22/pals-25, I also characterized additional uninduced 

pals genes that either were identified through a forward genetic screen—pals-17 and pals-20—or 

organized in an operon—pals-23 and pals-24. These pals genes were knocked-out with 

CRISPR/Cas9, and I characterized their phenotypes. From these studies, I found a role for pals-

17/pals-20 acting like antagonistic paralogs regulating the IPR and possibly pathogen resistance, 

while I did not find a role for pals-23/pals-24 in regulation of the IPR. Altogether, these studies 

provide new insight on genetic regulators of innate immunity against intracellular pathogens and 

perturbations in proteostasis in vivo. 
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CHAPTER 1: DEEPER ANALYSIS OF PALS-22 AND PALS-25 DOES NOT FIND A 

ROLE IN SENSING PROTEOTOXIC STRESS 

 

pals-22 and pals-25 are not required for IPR induction by various types and doses of 

proteotoxic stress 

A model for IPR activation based on published work indicates that proteotoxic stress 

activates the IPR in parallel to pals-22 and pals-25. In these previous studies, proteotoxic stress 

was induced by treating animals for 4 hours with 20 µM concentration of bortezomib, a drug that 

blocks the proteasome [28]. However, preliminary studies with other forms of proteotoxic stress, 

including the proteasome-blocking drug MG-132 and RNAi against ubq-1/ubiquitin, had 

suggested that pals-22 and pals-25 might mediate induction of the IPR by these types of 

proteotoxic stress (Reddy, Dror, and Troemel, unpublished). Based on these previous 

observations, we hypothesized that subtler forms of proteotoxic stress may require pals-22 and 

pals-25 to upregulate pals-5::GFP, and that pals-22/pals-25 act redundantly with other pathways 

at higher concentrations of bortezomib. Thus, I tested the role of pals-22/pals-25 in IPR 

induction as mediated by proteotoxic stress caused by lower doses and earlier time points of 

bortezomib treatment, as well as by ubq-1(RNAi), as described below.  

First, I tested lower concentrations of bortezomib to determine whether they would 

induce pals-5p::GFP or pals-5p::Nanoluciferase (NanoLuc) in pals-22(jy1) pals-25(jy11) 

mutants. For pals-5p::GFP, I observed robust expression of pals-5p::GFP in both wild type and 

pals-22(jy1) pals-25(jy11) double mutants at 0.2 µM, 2 µM as well as 20 µM bortezomib after 4 

hours. These results indicate that pals-22/pals-25 are not required for IPR induction upon lower 

concentrations of bortezomib. Surprisingly, I saw that pals-22(jy1) pals-25(jy11) double mutants 
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had slightly higher pals-5p::GFP expression than wild-type animals (Figure 1A, Table 1), 

suggesting that wild-type pals-22/pals-25 repress induction of the IPR by bortezomib. To 

confirm these results more objectively and quantitatively, I next used a luciferase assay with a 

pals-5p::NanoLuc strain, which has a single-copy insertion of pals-5 promoter driven 

nanoluciferase, and thus is not subject to transgene silencing like the multi-copy jyIs8[pals-

5p::GFP] strain. Similar to the results with pals-5p::GFP, I found that even at lower 

concentrations of bortezomib, both wild type and pals-22(jy1) pals-25(jy11) double mutants 

induced pals-5p::NanoLuc compared to the DMSO control. Again, I found that pals-22(jy1) 

pals-25(jy11) double mutants had slightly higher induction than wild-type animals, with 

significant differences at 2 µM and 20 µM bortezomib (Figure 1B, Table 2), suggesting that pals-

22/pals-25 loss-of-function mutations repress induction of the IPR by bortezomib.  

Next, I investigated the effects of 20 µM bortezomib at shorter time-points than the 4-

hour time point analyzed previously. In particular, I measured induction at 30 minutes and 2 

hours, as well as 4 hours after treatment with bortezomib. At both earlier time points, I found that 

wild type and pals-22(jy1) pals-25(jy11) double mutants had robust induction of pals-

5p::NanoLuc compared to the DMSO control (Figure 1C). Again, this result suggests that subtler 

doses of proteotoxic stress by bortezomib do not require pals-22/pals-25 to activate the IPR. 

Furthermore, because induction appeared slightly higher in pals-22(jy1) pals-25(jy11) double 

mutants, induction of the IPR by bortezomib may be inhibited by wild-type PALS-22 and PALS-

25. 

To elicit a different type of proteotoxic stress, I next used RNAi against ubq-1, a gene 

that codes for ubiquitin. Previous published studies have shown that ubq-1(RNAi) upregulates 

pals-5p::GFP in wild type worms [19]. In addition, preliminary unpublished work from the lab 
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had suggested that ubq-1(RNAi) failed to induce GFP in early isolates of pals-22(jy1) pals-

25(jy11) double mutants1, but it had not been investigated carefully, and not with back-crossed 

strains. Therefore, I analyzed pals-5p::GFP expression in pals-22(jy1) pals-25(jy11) 

backcrossed mutants and quantified induction caused by ubq-1(RNAi). Here I observed 

upregulation of pals-5p::GFP expression in wild type and pals-22(jy1) pals-25(jy11) double 

mutants with ubq-1(RNAi) treatment compared to the control RNAi L4440. Again, I saw that 

pals-22(jy1) pals-25(jy11) double mutants had higher expression of pals-5p::GFP compared to 

wild type, suggesting that not only are pals-22/pals-25 not required for sensing proteotoxic 

stress, but the absence of these genes leads to higher induction of the IPR by proteotoxic stress.  

In summary, I found that pals-22 and pals-25 are not required to induce the IPR by 

various types and doses of proteotoxic stress, further supporting the model that proteotoxic stress 

activates the IPR in parallel to the pals-22/pals-25 regulatory pathway. Furthermore, I found that 

loss of pals-22/pals-25 appears to cause increased response to proteotoxic stress, suggesting that 

one or both of these genes repress the induction of pals-5 expression by proteotoxic stress. 

                                                
1 Kirthi Reddy, Notebook #2, Pages 44-47 
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Figure 1. Proteotoxic stress from different doses of proteasomal inhibition and downregulation of ubq-1 
induced the IPR in pals-22 pals-25 mutants. (A) Percentage of animals with pals-5p::GFP expression, binned as 
bright, moderate, dim, or none. All worm strains have a jyIs8 background, which contains pals-5p::GFP and myo-
2p::mCherry. Animals were treated with DMSO control or 0.2 µM, 2 µM, or 20 µM bortezomib in DMSO. Data 
were collected at 4 hours of incubation. n=100 animals from one replicate. (B) Fold change in RLU, which is the 
luminescent activity as a result of nanoluciferase expression, from worm lysate of pals-5p::NanoLuc and pals-
5p::NanoLuc; pals-22(jy1) pals-25(jy11). Bortezomib treatments 0.2 µM, 2 µM, and 20 µM were normalized to the 
DMSO control. Data were collected after 4 hours of incubation. n=100 animals from three independent replicates. 
(C) Fold change in RLU from worm lysate of pals-5p::NanoLuc and pals-5p::NanoLuc; pals-22(jy1) pals-25(jy11) 
that were treated with 20 µM of bortezomib at different time points. The treated replicates were normalized to 
untreated replicates. Data were collected after 30 minutes, 2 hours, and 4 hours of incubation. n=100 animals from 
three independent replicates. (D) Percentage of animals contains pals-5p::GFP expression, binned as bright, 
moderate, dim, or none. All worm strains have a jyIs8 background, which expresses pals-5p::GFP and myo-
2p::mCherry. pals-5p::GFP expression in animals treated with L4440 control RNAi or ubq-1(RNAi). Data were 
collected at 72 hours of incubation. n=100 animals from one replicate. (B, C) The mean ± standard deviation signal 
of the population is indicated. Statistical analysis was performed using two-way ANOVA and Tukey's multiple 
comparisons test. All comparisons were non-significant (ns) unless indicated as * p<0.05, **** p < 0.0001.  
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Table 1. pals-22 and pals-25 are not required for IPR induction by varying doses of bortezomib. Corresponds 
with Figure 1A. Table bins pals-5p::GFP expression as bright, moderate, dim, or none after RNA interference. All 
worm strains have a jyIs8 background, which expresses pals-5p::GFP and myo-2p::mCherry. pals-
5p::GFP expression in animals treated with DMSO control or 0.2 µM, 2 µM, or 20 µM bortezomib in DMSO. Data 
were collected at 4 hours of incubation. n=100 animals from one replicate.  

 
 
Table 2. pals-22 and pals-25 are not required for IPR induction by ubq-1(RNAi). Corresponds with Figure 1B. 
Table bins pals-5p::GFP expression as bright, moderate, dim, or none after RNA interference. All worm strains 
have a jyIs8 background, which contains pals-5p::GFP and myo-2p::mCherry. pals-5p::GFP expression in animals 
treated with Control RNAi or ubq-1(RNAi). Data were collected at 4 hours of incubation. n=100 animals from one 
replicate.  
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CHAPTER 2: ANALYSIS OF PALS-17 AND PALS-20 INDICATES THEY HAVE 

REGULATORY ROLES IN THE INTRACELLULAR PATHOGEN RESPONSE 

 

pals-17 is a negative regulator of IPR gene expression and pathogen resistance 

Vladimir Lažetić, a postdoctoral fellow in the lab, performed a forward genetic screen in 

a pals-22(jy1) pals-25(jy11) double mutant background to isolate new negative regulators of the 

IPR. From this screen, he identified four new mutants with the alleles (jy74, jy75, jy76, and 

jy77). These mutants all have constitutive expression of the pals-5p::GFP, they complement 

each other’s pals-5p::GFP phenotypes, and they have constitutive upregulation of endogenous 

mRNA for pals-5 using qRT-PCR (unpublished). Here, I characterized resistance of these 

mutants to N. parisii infection in comparison to wild-type, pals-22(jy1) mutants, and pals-22(jy1) 

pals-25(jy11) double mutants at 3- and 30-hours post-inoculation (hpi). At 3 hpi, I measured the 

number of sporoplasms, which are intracellular parasite cells at the earliest stage that can be 

detected in the host intestine. I found that the jy74, jy75, and jy76 alleles had lower numbers of 

sporoplasms, and thus were more resistant than wild-type and pals-22(jy1) pals-25(jy11), but less 

resistant than pals-22(jy1). In contrast, the jy77 allele had similar number of sporoplasms 

compared to wild-type and pals-22(jy1) pals-25(jy11) (Figure 2A). Also, at 30 hpi, I 

preliminarily found lower levels of meronts after FISH-staining in the jy74, jy75, and jy76 

mutants compared to wild type and to pals-22(jy1) pals-25(jy11), indicating higher resistance at 

later stage infection, although this remains to be quantified (Figure 2B). Altogether, these results 

indicate that the jy74, jy75, and jy76 mutants have increased pathogen resistance to N. parisii.  

In order to identify the causative alleles in these mutant strains, Vladimir performed 

whole-genome sequencing and used Galaxy to identify nucleotide variants (unpublished). 
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Interestingly, in the jy74 mutant allele Vladimir found a point mutation (G to A) at the 325th 

nucleotide of pals-17, which is another pals gene that is uninduced upon infection, similarly to 

pals-22 and pals-25. Therefore, I performed experiments together with Vladimir to determine 

whether pals-17 was responsible for the IPR phenotypes observed in the jy74 mutant. First, we 

performed fosmid rescue of pals-17. Here, Vladimir injected jy74 mutants with a fosmid 

containing wild-type pals-17, and I isolated transgenic animals based on the red co-injection 

marker, to determine whether pals-5p::GFP levels were repressed in these animals. From this 

analysis I found that transgenic animals containing the pals-17 fosmid had lower pals-5p::GFP 

expression compared to the non-transgenic siblings, indicating that wild type pals-17 can rescue 

the phenotype observed in jy74 (Figure 3).  

Next, we used pals-17(RNAi) to determine whether pals-17 downregulation would lead to 

increased pals-5p::GFP expression. In the first set of experiments, we performed pals-17(RNAi) 

in pals-22(jy1) pals-25(jy11) mutants, which was the background of the forward genetic screen 

that isolated jy74. Here, we found that pals-17(RNAi) caused upregulation of pals-5p::GFP 

expression (Figure 4A). To determine whether pals-17 caused the same phenotype in wild-type 

animals, we performed the same analysis in jyIs8 and found that pals-17(RNAi) also upregulated 

pals-5p::GFP (Figure 4C). Altogether, these results indicate that the mutation in pals-17 is 

causative of the phenotype observed in the jy74. Furthermore, pals-17 appears to be a negative 

regulator of the IPR in the presence or absence of pals-22/pals-25.  

To further confirm our results indicating pals-17 is a negative regulator of the IPR, and to 

determine its null phenotype, we used the CRISPR-Cas9 system to delete pals-17 from the 

genome. First, I designed sgRNAs to generate a ~5300 bp deletion in pals-17 (Figure 5A). With 

these sgRNAs together with dpy-10 co-CRISPR sgRNAs, Vladimir then injected jyIs8[pals-
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5p::GFP] animals (P0’s), which were then grown at 23°C for approximately 3-4 days to allow 

for F1 progeny production. I then individually selected F1 animals based on either the dpy-10 co-

CRISPR phenotype (heterozygotes are roller (Rol), and homozygotes are Dumpy (Dpy)) and the 

pals-5p::GFP green phenotype (indicating pals-17 is knocked-out), or just the green phenotype. 

Of the F1 animals that had green and/or Dpy/Rol phenotypes, I selected a single F1 animal or 

three F2 animals from F1’s that constitutively express pals-5p::GFP and genotyped them by 

PCR (Figure 5C). Two sets of primers were used for PCR: forward external and reverse external 

to show a 477-nucleotide long DNA segment for pals-17 mutants, and a forward internal and 

reverse external to amplify a 717-nucleotide long DNA segment for wild type. From three 

potential homozygotes for the pals-17 deletion mutations, I cleaned the PCR products and sent 

them for sequencing. I obtained three sequence-confirmed lines that had high-quality sequence 

across the expected junction (Figure 5D, see methods). However, when I PCR-genotyped fresh 

DNA that I isolated from F3’s that were Dpy and green, lines 1 and 3 did not show their 477 and 

717 nucleotide PCR bands, and line 2 was growth-arrested and died (Figure 5F). To reisolate 

pals-17 mutants, the progeny of the single picked F1s, which were previously chosen based on 

their green phenotype, were chunked onto fresh plates because they were starved (Figure 5C). 

After one day, 10 worms from the mixed generation of starved worms were picked into a PCR 

tube and genotyped. After identifying potential homozygotes on the DNA gel, it was sequence 

confirmed and isolated as line 4 (Figure 5E). When line 4 was genotyped again with fresh DNA 

from F4/F5’s, it had also lost its indicative pals-17 deletion DNA segment (Figure 5F). The three 

viable lines were genotyped with three different primer sets that flanked pals-17; however, the 

desired DNA segment was not seen on the gel after the first few generations. While 

CRISPR/Cas9 can occasionally be challenging, the level of difficulties we faced here may 
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indicate this region is subject to rearrangements or instability in the chromosome. However, 

there was still the constitutive expression of pals-5p::GFP in this strain and a lack of a wild type 

pals-17 band, thus indicating that pals-17 is still non-functional. Therefore, we used this strain in 

experiments below.  

 

pals-20 is likely an activator of IPR gene expression, acting genetically downstream of pals-

17 

Despite our difficulties in obtaining a confirmed pals-17 null mutant strain, the 

experiments above strongly support the model that pals-17 is a negative regulator of the IPR, and 

regulates pathogen resistance to N. parisii, just like pals-22. Therefore, we next wanted to 

determine if there was a similar pals gene acting downstream of pals-17 as a positive regulator of 

the IPR, like pals-25. Because pals-17 and pals-20 are next to each other in the genome like 

pals-22 and pals-25, pals-20 was an attractive candidate to investigate as an activator. Therefore, 

we used RNAi against pals-20 in two different pals-17 mutant backgrounds and assessed the 

effects on pals-5p::GFP. In the pals-17(jy74) strain from the forward genetic screen, we found 

that pals-20(RNAi) partially suppressed the constitutive expression pals-5p::GFP compared to 

control RNAi (Figure 6A). To confirm this result in a second pals-17 mutant background, I used 

a pals-17 CRISPR mutant because it still had the constitutive expression of pals-5p::GFP and 

still lacked the wild type pals-17 band upon genotyping. As in the pals-17(jy74) background, I 

found that pals-20(RNAi) partially suppressed the pals-5p::GFP compared to control RNAi 

(Figure 6B and 6C). In summary, pals-17 and pals-20 appear to be another pair of antagonistic 

paralogs that regulate the IPR, like pals-22 and pals-25. pals-17 is a negative regulator and pals-
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20 is an activator of the IPR, as indicated by the pals-5p::GFP readout. Future directions to 

confirm our pals-20 result include generating pals-20 null mutants by CRISPR/Cas9. 

 

 

Figure 2. Newly isolated mutations in the pals-22 pals-25 mutant background confer increased resistance to 
N. parisii infection. For all experiments, the control worm strains— wild-type, pals-22 mutants, and pals-22 pals-25 
mutants—and mutant alleles (jy74, jy75, jy76, and jy77) were infected with N. parisii and FISH stained to visualize 
N. parisii in the intestine. (A) Box plot comparison of the number of sporoplasms per animal from each worm strain 
3-hpi. Data collected from n=300 animals from three independent replicates. Statistical analysis was performed 
using Kruskal–Wallis test and Dunn's multiple comparison test. ns p>0.5 and **** p<0.0001. (B) Representative 
fluorescent microscopy images of N. parisii-infected worms 30-hours post-infection. Red FISH probe was used to 
visualize N. parisii. Images obtained by Differential Interference Contrast (DIC) microscopy with mCherry 
fluorescence overlay. Scale bar, 200 µm.  
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Figure 3. Wild-type pals-17 suppresses pals-5p::GFP expression in jy74. Fluorescent microscopy images in 
animals without (left) and with (right) the extrachromosomal array (WRM9625aB02). pals-17(jy74) has a jyIs8 
background that contains pals-5p::GFP and myo-2p::mCherry. The injected fosmid contains pals-17 and myo-
3p::mCherry as an identifiable co-injection marker. GFP channel (left) and DIC with mCherry and GFP overlay 
(right) at 10x magnification (top) and 40x magnification (bottom). 
 
 

 
Figure 4. pals-17(RNAi) activates expression of pals-5p::GFP. Fluorescent microscopy images of pals-
5p::GFP expression after L4440 control RNAi or pals-17(RNAi) in (A) pals-22 pals-25 mutant and (B) wild type. 
Images obtained DIC microscopy with GFP fluorescence overlay. Scale bar, 200 µm. 
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Figure 5. CRISPR knockouts of pals-17. (A) The gene coding structures of pals-20 (pink) and pals-17 (blue). pals-
17 knockouts were designed to have a ~5300 bp deletion. For pals-20, we designed sgRNAs to generate two-point 
mutations but these have not yet been made. (B) Schematic on the isolation of the pals-17 knockouts after injection 
of wild-type animals. The mutants were selected based on co-injection marker dpy(-) phenotype and the pals-5p::GFP 
green fluorescent phenotype. Foundation of schematic was created with BioRender.com. (C) Schematic for the re-
isolation of the pals-17 knockouts after injection of wild-type animals. The mutants are selected based on green 
fluorescent phenotype only. Foundation of schematic was created with BioRender.com. (D) DNA gels of the dpy(-) 
and green fluorescent animals genotyped from (B). pals-17 deletion was sequence confirmed in three lines. (E) DNA 
gels of the starved, green fluorescent animals genotyped from (C). pals-17 deletion was sequence confirmed in one 
line. (F) Reconfirmation DNA gel with starved F3/F4 animal populations from sequence confirmed line. No lines 
could not be genotyped with two pals-17 primer sets. For (D) and (E), wild type should have no band with the external 
forward and reverse primers (left) and ~700 bp band with the internal forward and external reverse primers (right); 
and pals-17 knockouts should have a ~470 bp band with the external forward and reverse primers (left) and no bands 
with the internal forward and external reverse primers (right). For (F top), wild type should have a 1641 bp band with 
the external forward and reverse primers, and pals-17 knockouts should have a ~470 bp band with the external forward 
and reverse primers. For (F bottom), wild type should have 1904 bp with the external forward and reverse primers, 
and pals-17 knockouts should have a ~600 bp band with the external forward and reverse primers.  
 



 19 

 
Figure 6. pals-20(RNAi) suppresses pals-5p::GFP expression in pals-17(jy74) and pals-17 CRISPR mutants. 
(A) Fluorescent microscopy images of pals-5p::GFP expression in pals-17(jy74) mutants treated with L4440 control 
RNAi or pals-20(RNAi). Scale bar, 200 µm. (B) 10x magnified images of pals-5p::GFP expression in pals-17 
CRISPR mutants treated with L4440 control RNAi or pals-20(RNAi). Scale bar, 200 µm. (C) 40x magnified images 
of pals-5p::GFP expression in pals-17 knockout mutants treated with L4440 control RNAi or pals-20(RNAi). Scale 
bar, 50 µm. Images obtained DIC microscopy with mCherry and GFP fluorescence overlay.  
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CHAPTER 3: ANALYSIS OF PALS-23 AND PALS-24 DOES NOT SHOW A ROLE IN 

REGULATION OF THE INTRACELLULAR PATHOGEN RESPONSE 

 

pals-23 and pals-24 are not required for regulating the IPR gene pals-5  

Previous studies have found that pals-25 suppresses the phenotypes observed in pals-22 

mutants; however, none of the pals-25 mutations that were isolated from a forward genetic 

screen in a pals-22 mutant background were predicted null mutants. They either had point 

mutations that caused single amino acid changes, caused by small in-frame deletions, or were 

premature STOP codons late in the pals-25 sequence [28]. Through co-immunoprecipitation and 

mass spectrometry, previous studies have shown that PALS-22 and PALS-25 physically interact 

in a complex but PALS-22 has several other binding partners, including PALS-23; thus, we 

considered whether there may be proteins that could substitute for PALS-25 in this complex 

when PALS-25 is absent [25]. If the mutated PALS-25 in these strains were still able to bind in 

this complex, then it would block the potential substitute for PALS-25, and a complete deletion 

of pals-25 would not have phenotype that could be identified in a pals-5p::GFP screen. Here, we 

investigated the phenotype of a pals-22 pals-25 mutant with a complete deletion of pals-25 to 

see if the constitutive pals-5p::GFP expression is still suppressed. We characterized a complete 

deletion in two different pals-22 backgrounds, pals-22(jy1), which has a premature stop codon, 

and pals-22(jy3), which has a splice site mutation. In pals-22(jy1), we generated two lines with 

the pals-25 deletion mutant alleles: jy152 and jy153. In pals-22(jy3), we generated three lines 

with the pals-25 deletion mutant alleles: jy154, jy155, jy156. I backcrossed pals-22(jy3) pals-

25(jy154) into a pals-22(jy3); jyIs8 background, then the pals-5p::GFP expression was analyzed. 

I found that even with a full deletion of pals-25, there was still no upregulation of pals-5p::GFP, 
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indicating that the pals-22 mutant phenotype is suppressed by a pals-25 null mutant. Therefore, 

the model that a mutated PALS-25 protein can block other PALS proteins from substituting for 

its function in a complex that activates the IPR is likely incorrect. 

As mentioned above, two uninduced pals gene pairs, pals-22/pals-25 and pals-17/pals-

20, were identified as regulators of pals-5p::GFP. Therefore, we wanted to investigate whether 

additional pals gene pairs that are not induced by intracellular infection might regulate the IPR as 

well. pals-23 and pals-24 were attractive candidates because they are located next to pals-22 and 

pals-25 in the genome and are also transcribed as an operon. One possibility we considered was 

that pals-24 would be a negative regulator because it is upstream in the operon similar to pals-

22, and that pals-23 could be an activator because it is downstream in the operon similar to pals-

25. Furthermore, previous studies have found that PALS-23 and PALS-22 physically interact in 

a complex; thus, we also considered that PALS-23 might act as an antagonist to PALS-22 like 

PALS-25 [25]. 

To investigate pals-23 and pals-24 as regulators of the IPR and their interaction with 

pals-22 and pals-25, we used RNAi in wild type, pals-22(jy1) mutants, and pals-22(jy1) pals-

25(jy11) double mutants. Here, we used control RNAi L4440 as the negative control and pnp-

1(RNAi) as a positive control. pnp-1, a gene that codes for purine nucleoside phosphorylase, has 

been identified as a negative regulator that is independent of the pals-22 pals-25 pathway (Tecle, 

unpublished). In wild-type animals, I saw a slight increase in pals-5p::GFP expression after 

pals-23(RNAi) and pals-24(RNAi) compared to control RNA (Figure 7, Table 3). In the pals-

22(jy1) pals-25(jy11) mutants, again I observed slight increases in pals-5p::GFP expression after 

pals-23(RNAi) and pals-24(RNAi) compared to control RNAi (Figure 7, Table 3). These results 
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suggest that pals-23 and pals-24 have only minor effects on pals-5::GFP expression in the 

presence and absence of pals-22 and pals-25.  

Although I saw minor effects of pals-23(RNAi) and pals-24(RNAi) in wild type and pals-

22(jy1) pals-25(jy11) double mutants, I wanted to investigate the possibility that pals-23 acts as 

an antagonist of pals-22(jy1) mutants, given that previous studies indicated that PALS-22 and 

PALS-23 proteins physically interact [25]. In pals-22(jy1) mutants, I did not see suppression of 

constitutive expression of pals-5p::GFP after pals-23(RNAi) or pals-24(RNAi). Similar to 

analysis in wild-type and pals-22(jy1) pals-25(jy11) double mutant backgrounds, I saw that pals-

23(RNAi) and pals-24(RNAi) treatments increased pals-5p::GFP compared to controls, and may 

also cause additive effects (Figure 7, Table 3). Altogether, my analysis with RNAi did not reveal 

a strong role for pals-23 and pals-24 in the regulation pals-5p::GFP. 

Because RNAi is not always efficient at interfering with gene function, we next generated 

mutations in pals-23 and pals-24 using CRISPR/Cas9. Here, Vladimir and I worked together to 

generate pals-23(jy157), pals-24(jy158), and pals-23 pals-24(jy160) mutants in the pals-22 pals-

25(jy80) deletion background. (Figure 8A). pals-23(jy157) mutants have a 1567 bp deletion; 

pals-24(jy158) mutants have an A to T change for a STOP codon and AG to TC change for the 

PvuI restriction enzyme site; pals-23 pals-24(jy160) mutants have a 5875 bp deletion (Figure 

8A). These worms were isolated by a similar process as previously described for pals-17 (Figure 

8B). Here I found that none of the mutants (pals-23, pals-24, or pals-23 pals-24) had increased 

pals-5p::GFP expression in comparison to wild-type animals, as shown with microscopy images 

and signal quantification with COPAS Biosort worm sorter (Figure 8C). Specifically, we found 

no significant differences in green fluorescence normalized to the length in the wild type and the 
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pals-23 and pals-24 mutant strains (Figure 8C and 8D). In summary, these results suggest that 

pals-23 and pals-24 do not regulate expression of pals-5. 

 

Figure 7. Knockdown of pals-23 and pals-24 cause a minor increase in pals-5p::GFP expression. Table bins 
pals-5p::GFP expression as bright, moderate, dim, or none after RNA interference. All worm strains have a jyIs8 
background, which expresses pals-5p::GFP and myo-2p::mCherry. pals-5p::GFP expression in animals treated with 
L4440 control RNAi, positive control pnp-1(RNAi), pals-23(RNAi), or pals-24(RNAi). Data were collected at 74 
hours of incubation. n=100 animals from one replicate.  
 
Table 3. Knockdown of pals-23 and pals-24 cause a minor increase in pals-5p::GFP expression. Corresponds 
with Figure 7. Table bins pals-5p::GFP expression as bright, moderate, dim, or none after RNA interference. All 
worm strains have a jyIs8 background, which expresses pals-5p::GFP and myo-2p::mCherry. pals-
5p::GFP expression in animals treated with L4440 control RNAi, positive control pnp-1(RNAi), pals-23(RNAi), or 
pals-24(RNAi). Data were collected at 74 hours of incubation. n=100 animals from one replicate.  
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Figure 8. pals-23, pals-24, and pals-23 pals-24 knockout mutants do not have upregulated pals-5p::GFP 
expression in pals-22 pals-25(jy80) deletion background. (A) The gene coding structures of pals-24 
(pink) and pals-24 (blue). Sequence confirmed alleles are indicated. jy158 is two base pair (bp) substitutions in the 
first exon of pals-24. jy157 is a 1567 bp deletion of pals-23. jy160 is a 5875 bp deletion of pals-24 and pals-23. (B) 
Schematic on the isolation of the CRISPR knockouts after injecting mixture in pals-22 pals-25(jy80) mutants. 
Foundation of schematic was created with BioRender.com. (C) Fluorescent microscopy images of the knockout 
mutants compared to wild type and positive control pals-22(jy1). 10x magnification with a worm population at all 
life stages. Images obtained by DIC microscopy with GFP fluorescence overlay. Scale bar, 200 µm. (D) Scatter plot 
comparison of the Green fluorescence/Length of Animal at 30 hours-post incubation. Each dot on the graph 
represents a single animal. The mean ± standard deviation signal of the population is indicated by the black bar. 
Data collected n>934 animals from three independent replicates. Statistical analysis was performed using Kruskal–
Wallis test and Dunn's multiple comparison test. ns p>0.5 and **** p<0.0001. 
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DISCUSSION 

Innate immune cells can be activated by both biotic and abiotic stimuli to initiate 

protective responses against infection [29]. In the nematode C. elegans, intracellular infection 

and proteotoxic stress can both activate the transcription of IPR genes, which are associated with 

host defense. However, the way these stimuli are sensed to initiate the innate immune response is 

still unknown. Here, I found that activation of the IPR by proteotoxic stress does not require the 

genes pals-22 and pals-25, although these two genes can act as an ON/OFF switch for the IPR. 

Aside from pals-22 and pals-25, I also analyzed two other pals gene pairs and assessed their role 

in IPR induction with pals-5 as the genetic reporter. I found that pals-17 and pals-20 regulate the 

pals-5p::GFP similarly to pals-22/pals-25; whereas, pals-23 and pals-24 do not (Figure 9). 

The pals genes are part of an expanded gene family in C. elegans that presumably arose 

through repeated gene duplication over evolutionary time. Gene duplication has a major 

evolutionary role in generating paralogous genes to introduce genetic novelty that may change 

physiological activity (i.e. immunity pathways) to promote immunity diversifications [30]. As a 

result, gene family analysis and understanding of biological significance in specific species may 

give us insight on evolutionary pressures that enabled gene duplication to be retained. For 

example, resistance (R) genes in plants serve as sensors for effectors from pathogens of diverse 

kingdoms and activate a defense response [31]. R genes are highly polymorphic and expanded in 

plants, likely due to the constant evolutionary pressures on plants by co-evolving pathogens [32]. 

Because plants are sessile and dependent on the innate immune system without professional 

immune cells, they may have expanded the R genes to mount robust defenses against pathogens 

[31]. Some R genes exist as antagonistic pairs and have an “ON/OFF” function. For example, in 

Arabidopsis thaliana, the gene pair RRS1/RPS4 have antagonistic roles, in which RRS1 acts as 
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an inhibitor and RPS4 acts as an activator of the response to pathogens [33]. Interestingly, C. 

elegans genes pals-22 and pals-25 have a similar “ON/OFF” function to regulate the IPR, in 

which pals-22 acts as an inhibitor and pals-25 acts as an activator [28]. pals-22 and pals-25 are 

part of the pals gene family, which is expanded to 39 different genes in C. elegans [26]. Most of 

the pals genes are still uncharacterized but proposed to be involved in immune defense [26]. 

Similar to plants, C. elegans are dependent on the innate immune system without professional 

immune cells; thus, we hypothesize that the pals gene family may have diversified to defend 

against stressors and pathogens found in the environment. Although this antagonistic control is 

shared between pals genes and R genes, how pals genes sense and regulate “effectors” from 

diverse pathogens has not yet been defined.  

In previous studies, pals-22 and pals-25 were found to regulate expression of IPR genes, 

which include some ubiquitin ligase components that promote proteostasis capacity [24, 28]. 

pals-22 and pals-25 have been suspected of sensing proteotoxic stress, which can be induced by 

intracellular infections, as well as chemical or genetic disruptions in the ubiquitin-proteasome 

system. After perturbing the ubiquitin-proteasome system in wild type and pals-22 pals-25 

mutants, we found that pals-22 and pals-25 are not required to induce the IPR by different 

dosages and types of proteotoxic stress. My results suggest the pals-22/pals-25 pathway may be 

inhibiting the induction of the IPR after proteotoxic stress. Because these results indicate that 

pals-22 and pals-25 are not required, there are other factors that are sensing proteotoxic stress 

and regulating the IPR in parallel to pals-22/pals-25. It is possible that C. elegans has expanded 

the pals gene family to sense proteotoxic stress through redundant pathways to improve fitness 

[34].  
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Such parallel pathways could include another uninduced gene pair pals-17/pals-20, 

because we have strong support for the model that pals-17 is a negative regulator of the IPR, 

including on RNAi, mutant analysis and fosmid rescue. Preliminary analysis based on RNAi 

suggests that pals-20 is an activator of the IPR, although this needs to be confirmed with mutant 

analysis of pals-20. Indeed, we designed sgRNA for CRISPR knock-outs of pals-20 (see 

Methods), which should be made as part of future directions. If pals-20 does function as an 

activator downstream of pals-17, then pals-17 and pals-20 function like pals-22 and pals-25, 

respectively. pals-17/pals-20 could function in parallel to pals-22/pals-25 regulatory pathway or 

downstream of the pals-22/pals-25 regulatory pathway. Analyses of the endogenous mRNA 

levels and protein interaction and further characterization of pals-17 and pals-17 pals-20 mutants 

would be the focus of future studies. C. elegans may have developed functionally redundant 

pathways to compensate for mutations in its ability to cope with common perturbations in the 

systems, which could be proteostasis in this case.  

To test if other uninduced closely positioned pals genes play the role of antagonistic IPR 

regulators, we investigated the pals-23/pals-24 gene pair. Surprisingly, despite its genome 

organization and the protein-protein interaction between PALS-22 and PALS-23, I found that 

knockdown and knockout of pals-23 and pals-24 do not upregulate pals-5p::GFP [25]. Based on 

pals-5 as a readout, this suggests that pals-23 and pals-24 are not involved in IPR regulation; 

however, pals-5 is only one of approximately 100 IPR genes. There is a possibility that pals-

23/pals-24 regulate another IPR gene or genes that are independent of the IPR. The pals genes 

are rapidly changing in C. elegans, and pals-23/pals-24 may still be regulating the pals-5p::GFP 

and ultimately the IPR in Hawaiian isolates, which lack functional pals-22/pals-25. Furthermore, 

based on PALS-23 and PALS-22 protein interaction, another possibility is that PALS-23 is 
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involved in regulating a subset of genes that PALS-22 negatively regulates but PALS-25 does 

not. From previous studies, RNAseq analysis has shown that PALS-22 negatively regulates 

2,756 genes, and only 702 of those genes are positively regulated by PALS-25 [28]. Thus, some 

of the remaining 2,054 genes could be regulated by PALS-23. For future studies, RNAseq of the 

knockout mutants will allow a better understanding of the genetic profiles of pals-23 and pals-24 

and whether they are involved in the IPR regulation or have some other functions.  

Gene duplication is a known mechanism by which evolutionary diversity could be 

achieved. Upon gene duplication, one or both of the paralogs need to evolve distinct function in 

order to be retained in the genome [30, 34]. Our studies have allowed us to gain a deeper insight 

into the expanded pals gene family in C. elegans. We have found pals gene pairs that do and do 

not act redundantly to pals-22/pals-25, highlighting that not all uninduced pals genes act the 

same way; thus, we hypothesize that pals gene pairs have specialized functions in regulating 

innate immunity. Although pals genes are phylogenetically related and some are even similarly 

organized in the genome, they hold diverse roles in immunity, which includes acting as negative 

regulators, positive regulators, and potentially other specialized functions. However, the way in 

which these uninduced pals genes sense triggers to activate IPR gene expression, as well as the 

function of induced pals genes, remains to be discovered. The expansion of genes involved in 

immunity has been observed in other organisms, such as the R genes in plants. In the 

Caenorhabditis genus, the pals genes have expanded most dramatically in C. elegans to 39 

genes, whereas there is only a single pals gene in the human and mouse genome. The pals gene 

has expanded to a smaller degree in other Caenorhabditis species, such as C. brenneri and C. 

briggsae, which both only have 8 pals genes [26]. This expansion likely reflects the underlying 

pathogen/host arms race between C. elegans and its intracellular pathogens. The struggle for 
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power between pathogens and hosts may act as the universal evolutionary drive towards 

diversification of innate immune mechanisms, which can occur in a species-specific manner.  

 

Figure 9. Model for pals-22/pals-25 and pals-17/pals-20 regulation of the Intracellular Pathogen Response.  
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MATERIALS AND METHODS 

Strains 

C. elegans were maintained on 6 cm Nematode Growth Media (NGM) plates, seeded 

with streptomycin-resistant E. coli OP50-1 bacteria [35]. Strains were usually maintained at 

20°C; however, 16°C was occasionally used to slow down growth, and 23°C was used to speed 

up growth during the CRISPR-Cas9 deletions and substitution process. Each strain was 

backcrossed at least three times before analysis. A complete list of strains and corresponding 

experiments can be found in Table 4. 

 

Synchronizing Animals 

Gravid adults were bleached to obtain synchronized populations of starved worms in the 

first larval stage (L1) [35]. Starved L1’s in M9 buffer were counted on glass coverslips to 

determine the number of worms per ul. L1’s in M9 buffer were then pipetted onto NGM plates 

seeded with streptomycin-resistant E. coli OP50-1 bacteria for bortezomib and pals-23/pals-24 

experiments, or NGM + 5mM Isopropyl β- d-1-thiogalactopyranoside (IPTG) plates seeded with 

RNA interference (RNAi) bacteria in the HT115 bacterial strain for RNAi experiments [35, 36]. 

Animals were then grown at 20° C for all experiments. 

 

RNA Interference (RNAi) 

RNAi was induced by feeding the worms dsRNA [36]. Clones from the Ahringer or 

Vidal libraries were streaked onto LB agar + carbenicillin plates and grown overnight at 37°C. 

The plates were stored at 4° C for up to 2 months. A single colony was picked into each 3ml-5ml 

of LB + 50mg/ml ampicillin and grown overnight at 37°C. Overnight cultures of RNAi clones in 
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the HT115 bacterial strain were seeded onto NGM + 5mM IPTG plates and incubated at 25°C 

for 1-3 days to grow a bacteria lawn. Synchronized populations of starved L1’s were then plated 

and grown at 20°C to be analyzed at various time points. For all RNAi experiments, L4440 

RNAi clone was the negative control, unc-22(RNAi) clone was the positive control for plate 

efficacy because it leads to a twitching phenotype, and pnp-1(RNAi) clones was the positive 

controls for increased pals-5p::GFP expression.  

 

Quantification Of pals-5p::GFP Expression 

Dissecting microscope 

Worms were scored at different time points based on the brightness of GFP expression. 

Wild type was the negative control and pals-22(jy1) mutants were the positive control. For each 

treatment, we binned two replicates of 50 worms into bright, moderate, dim, and none. 

Subjective GFP scoring was performed as a preliminary analysis before performing the 

Nanoluciferase assay or COPAS Biosort worm sorter as a “non-subjective” alternative to GFP 

scoring.  

COPAS Biosorter 

After 30 hours, the anesthetized worms were pipetted in a 96-well plate. Pathogen load 

was measured with the COPAS Biosort worm sorter machine (Union Biometrica). There was one 

‘wash well’ between each strain to minimize contamination and clogging. Pathogen load was 

measured with the COPAS Biosort worm sorter machine (Union Biometrica).  

 

Nanoluciferase Assay 
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The NanoLuc assay with a ‘scaled-up’ grinding protocol was performed [37]. 

Specifically, worms were washed off the plates with M9 buffer containing 0.1% of the detergent 

Tween-20 into a 1.5 ml microtube. Tubes were then centrifuged at 2,500 xg for 1 minute and the 

supernatant was aspirated. Then, the worms were rewashed with M9 buffer, centrifuged, and 

aspirated to remove any remaining bacteria. The remaining M9 buffer was replaced with lysis 

buffer containing a protease inhibitor. The worms were centrifuged and supernatant was 

aspirated. Then, more lysis buffer containing protease inhibitor was added, centrifuged, and 

aspirated to 50 µl to transfer into wells. In an opaque white 96-well plate, worms in lysis buffer 

and silicon carbide beads were added to the wells. The plates were then sealed with sealing tape 

(BioRad, Cat# MSB1001) and vortexed 5 minutes. Then, the plate was spun down with the 

Thermo Scientific Sorvall ST 8R at 3,000 xg for 1 minute. In new wells, 50 µl worm lysate and 

25 µl of NanoGlo Reagent + Furimazine (NanoGlo kit, Promega) were added and incubated for 

10 minutes on the orbital shaker (BH 4000) at room temperature. Bioluminescent signal was 

measured in Relative Luminescent Units (RLU) with a BMG Novostar Plate Reader, using a top 

plate reading. 

 

Microscopy 

2% agarose pads on glass slides were prepared for imaging on the Zeiss AxioImager M1. 

5 µl of 100 mM levamisole was pipetted onto the pad to anesthetize the animals. Worms were 

picked with minimal bacteria into the droplet of levamisole. For experiments imaging pals-

5p::GFP in CRISPR knockouts and RNAi experiments, we imaged mixed-staged populations. 

For pals-5::GFP and myo-3p::mCherry in rescue experiments, we imaged non-transgenic 

siblings and transgenic siblings at similar larval stages. For the red N. parisii FISH probe signal, 
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we imaged the worms 30 hours post-infection. For pals-5::GFP and myo-3p::mCherry in rescue 

experiments, we imaged non-transgenic siblings and transgenic siblings at similar larval stages. 

 

N. parisii Pathogen Load. 

Infection  

N. parisii spores stocks were prepared as described [38]. For pathogen load, we top-

plated a mixture of starved synchronized L1’s, OP50 bacteria, 5 x 105 N. parisii spores, and 

ddH2O onto 6 cm unseeded NGM plates. The worms were then incubated at 25° C for either 3 

hours or 30 hours. After the infection period, the worms were washed off the plate with the M9 

buffer containing 0.1% of the detergent Tween-20 and PBS buffer with 0.1% of the detergent 

Tween-20 to remove any debris. Then the worms were fixed with paraformaldehyde and stained 

with N. parisii-specific FISH probes (MicroB CF610) conjugated to the red fluorophore Cal 

Fluor 610 (Biosearch Technologies).  

Sporoplasm counting  

At 3 hours, worms were fixed with paraformaldehyde and stored in PBS buffer with 0.1% 

of the detergent Tween-20. Prior to counting, the worms were pipetted onto a glass slide. L1’s 

usually clump after centrifugation, so the clumps were separated with two eyelash brushes. Once 

approximately 100 worms had been added on a slide, a cover slip was added, and the number of 

sporoplasms per worm was counted on the Zeiss AxioImager M1 microscope. 

Worm sorter 

At 30 hours, the fixed worms were usually in the fourth larval stage L4 and infected with 

N. parisii meronts and spores. The fixed worms and M9 buffer were pipetted into a 96-well 
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plate. There was one wash well between each strain to minimize contamination and clogging. 

The pathogen load was measured with the COPAS Biosorter machine (Union Biometrica).  

 

Bortezomib Treatment for Proteasomal Inhibition 

Worms were treated with Bortezomib at varying concentrations (see below) in DMSO or 

with DMSO vehicle control by top plating onto L4 staged worms on the 3.5 cm NGM plates. 

Plates were dried for 20 minutes in the laminar flow hood. The plates were then incubated at 20° 

C for 4 hours before harvesting. For the dose-response curve, 20 µM, 2 µM, 0.2 µM bortezomib, 

or vehicle control was analyzed by GFP throughout 72 hours or with Nanoluc at 4 hours. For the 

differing time points, 20 µM bortezomib or vehicle control was analyzed by GFP or NanoLuc at 

30 minutes, 2 hours, or 4 hours. 

 

CRISPR-Cas9 Deletions Of pals Genes 

The co-conversion strategy was used to generate deletion mutants with dpy-10(-) as the 

selective co-injection marker [39].  

To delete pals-25, sgRNAs were used to target the pals-25 upstream region 

(AACCCTGTAAAGCTACAGTA) and downstream region (GCCCTTGTATGCTGATCCTC) 

[28]. These CRISPR RNAs (crRNA) were synthesized (IDT), annealed with tracrRNA (IDT), 

mixed with purified Cas9 protein (QB3 MacroLab), and then injected into gonads of pals-22(jy1) 

and pals-22(jy3) mutants. Dpy or Rol F1 worms were selected and then genotyped for deletions 

in the pals-25 region. The F2 worms were then genotyped again to confirm homozygotes. For 

pals-25, the primer set used to genotype consists of external forward 

(ATAATCGTTTGTCGCCCACCTC), internal forward (GATGCGATCTTTCGGGTGATAC), 
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and external reverse primers (CATGACAACTGGGAGGACTGA). A complete list of primers 

and cycling conditions can be found in Table 5. In the pals-22(jy1) background, two mutant 

alleles were isolated: jy152 and jy153. In the pals-22(jy3) background, three mutant alleles were 

isolated: jy154, jy155, jy156. Mutant allele jy154 was backcrossed three times with jy3; jyIs8 

mutant to assess pals-5::GFP. A complete list of primers and cycling conditions can be found in 

Table 5. 

To delete pals-17, sgRNAs were designed to target the pals-17 upstream region 

(TCTAGTGAAAAGTCTATCAG) and downstream region (CTAGTCTTGCATGAAGACCT). 

These crRNAs were synthesized (IDT), annealed with tracrRNA (IDT), mixed with purified 

Cas9 protein (QB3 MacroLab), and then injected into gonads of wild type jyIs8. F1 worms were 

selected based on pals-5p::GFP and dpy-10(-) phenotypes or pals-5p::GFP phenotype. For 

worms selected based on pals-5p::GFP and dpy-10(-) phenotypes, F1 or F2 were genotyped for 

deletions in the pals-17 region. For worms selected based on pals-5p::GFP phenotype, starved 

F2/F3 were genotyped for deletions in the pals-17 region. To genotype, two sets of three primers 

were used. The first set consists of external forward (CTTGCGACCTCCTCAATGTTC), 

internal forward (GGGAACATTTGGAGCAGGAAC), and external reverse 

(GGTGCGAATACTCAAGTGACGTA) primers. The second set consists of external forward 

(CAAAACAAAGCAGTGAGCACCC), internal forward (GGGAACATTTGGAGCAGGAAC), 

and external reverse (GACGATTGTACAGCCGACTGAA) primers. The PCR product of 

potential lines; lines 1, 2, and 3 were isolated from pals-5p::GFP and dpy-10(-) phenotypes and 

line 4 were isolated from pals-5p::GFP. All the CRISPR knockout lines were either lethal or lost 

their indicative pals-17 band on the DNA gel. A complete list of primers and cycling conditions 

can be found in Table 5. 
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For pals-23 and pals-23 pals-24 deletions, sgRNAs were designed to target the pals-24 

upstream region (ACTGCTCGAAAAAATGACGA), the pals-23 upstream region 

(CCATGAACTGCTGTTCTCGA), and the pals-23 downstream region 

(GGAACTTGAAGGAAAGAAGT). crRNAs were synthesized (IDT), annealed with tracrRNA 

(IDT), mixed with purified Cas9 protein (QB3 MacroLab), and then injected into gonads of pals-

22 pals-25 (jy80) mutants. Dpy or Rol F1 worms were selected and then genotyped for deletions 

in the pals-23 and pals-23 pals-24 region. The F2 worms were then genotyped again to confirm 

homozygotes. For pals-23, the primer set used to genotype consists of external forward 

(GGTGAACACCGATGGCATTCAT), internal forward 

(GGATTTCATCGCAGTCTGCACAC), and external reverse primers 

(AAGGGAGTCTTGCGGAATGTGA). For pals-23 pals-24, the primer set used to genotype 

consists of external forward (TTCCGGGCCTCCAGATTTATG) and external reverse primers 

(AAGGGAGTCTTGCGGAATGTGA). The jy157 and jy160 mutants were crossed into the jyIs8 

background to see pals-5p::GFP expression. A complete list of primers and cycling conditions 

can be found in Table 5. 

 

CRISPR-Cas9 Substitution for Early Truncation Of pals Genes 

The co-conversion strategy was used to generate substitution mutants with dpy-10(-) as 

the selective co-injection marker [39].  

For pals-20 substitution, we designed to the pals-20 upstream region sgRNA 

(CCATGCAGTTATCGAAAGTG) and a repair template 

(CTCATGTTGTGTAGAGATGTATCTTCACAGTTCCATGCAGTTATCGAAAGCTAGCAA

GGAATCGTAAATATCTTGCAGAGTATAAACACGTTGGTGAGTAAAGGG) was designed 
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to cause two bp substitutions for an early stop and new NheI splice site. Once we inject and 

genotype, the primer set to genotype will consist of external forward 

(CGAGAGACACTAGAAAGGGAGAG) and external reverse primers 

(CTCTGTGATCTGCTGCAACAAG) with NheI. This CRISPR substitution has not been 

performed yet. A complete list of primers and cycling conditions can be found in Table 5.  

For pals-24 substitution, we designed to the pals-24 upstream region sgRNA 

(ACTGCTCGAAAAAATGACGA) and a repair template 

(TTATTTCCTTGTGATAATTTATGTTTCAGCACACAGCTATGACTGCTCGATAAAATG

ACGATCGTTTGTGCTCTGTTTGTTCTTGTTGTAAATATGTATAGTTTTAGATGCTC) 

was designed to cause two base-pair (bp) substitutions for an early stop and new PvuI splice site. 

These crRNAs were synthesized (IDT), annealed with tracrRNA (IDT), mixed with purified 

Cas9 protein (QB3 MacroLab), and then injected with the repair template into gonads of pals-22 

pals-25 (jy80) mutants. Dpy or Rol F1 worms were selected and then genotyped for substitutions 

in the pals-24 region. The F2 worms were then genotyped again to confirm homozygotes. The 

primer set used to genotype consists of external forward (TTCCGGGCCTCCAGATTTATG) 

and external reverse primers (GCTTGTTCCGTCTCCATCATC) with PvuI-HF (New England 

BioLabs, Cat#R3150S). The jy158 mutants were crossed into the jyIs8 background to see pals-

5p::GFP expression. A complete list of primers and cycling conditions can be found in Table 5. 

 

Rescue of pals-17 mutants with a pals-17(+)-containing fosmid 

Bacteria containing WRM0626aB02 fosmid were grown on LB plates with 

chloramphenicol and sequence confirmed for wild-type pals-17. Injection mixture containing 30 

ng/µl of WRM0626aB02 fosmid and 20 ng/µl of pCFJ104 plasmid, which contains myo-
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3p::mCherry as the co-injection marker, were prepared. The injection mixture was passed 

through a Costar filter and frozen at -20°C. The pals-17(jy74) mutants were injected with 

injection mixture and single plated onto 3.5 cm plates as P0 animals. They were then grown at 

23°C to have progeny. Per P0 plate, we picked a pool of F1 siblings to propagate the worms 

expressing myo-3p::mCherry. We isolated one strain that had a high transmission rate of myo-

3p::mCherry and saw decreased pals-5::GFP after pals-17 rescue.  

 

Table 4. List of worm strains used for all experiments. 
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Table 5. List of primers and cycling conditions used for genotyping CRISPR knockouts.  

 
 

 

This thesis is coauthored with Theresa Bui, Vladimir Lažetić, and Dr. Emily Ruth 

Troemel. The thesis author was the primary author of this material. 
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