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ABSTRACT 

High-Throughput Assay for Quantifying Transgenerational Epigenetic 

Inheritance in C. elegans  

Sarah AlHarbi 

This thesis describes my work to develop methods and assays to study transgenerational 

inheritance in the widely used genetic model organism Caenorhabditis elegans (C. 

elegans). In the first chapter, I describe a novel method that uses an exogenous histamine-

selective chloride channel (HisCl1) for negative selection in transgenesis. C. elegans 

transgenesis is a core technique used by most laboratories and often requires 

distinguishing between rare animals with a single-copy transgene inserted into the 

genome from more frequent animals that carry multiple copies of the transgene in extra-

chromosomal arrays. I demonstrate that histamine-selection induces rapid and 

irreversible paralysis in only array animals thus allowing quick identification of the desired 

transgenic animals. 

In the second chapter, I develop a high-throughput assay for quantifying 

transgenerational epigenetic inheritance of endogenous gene silencing. Small RNA -

mediated gene silencing leads to an increased incidence of males in the population which 

can be inherited for four to six generations. I identify a fluorescent marker that specifically 

fluoresces in males and show that I can use a large-particle particle sorter to quantify the 

frequency of males in a population. This automated system will allow me to follow 
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inheritance patterns over at least ten generations in various mutant backgrounds in 

parallel to determine the genetic basis and the rules of epigenetic inheritance.  
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Chapter 1: A Novel Negative Selection Marker for C. elegans Transgenesis 

Introduction 

Transgenesis is a powerful tool that can be used to modify the genome of an 

organism. Transgenesis is commonly used to introduce an exogenous gene into the host 

organism and has been utilized to genetically manipulate many organisms such as 

Saccharomyces cerevisiae (yeast) and Drosophila melanogaster (flies). DNA 

transformation in yeast depends on homologous recombination through highly 

recombinant DNA ends and their homologous sequences (Hinnen et al., 1978). 

Transgenesis in yeast has been used to increase their metabolism (Nevoigt, 2008) and 

optimize the expression of many eukaryotic genes that are beneficial for 

pharmacological or commercial needs, such as insulin (Kim et al., 2014). In flies, 

transgenesis via P element transposons became a milestone technique for stable 

integration of foreign DNA (Rubin and Spradling, 1982). P-elements are transposons that 

can move genes within the genome in a cut-and-paste mechanism, and P-elements have 

been co-opted to carry transgenes for transgenesis and used for gene silencing and 

inducible gene expression, for example (Bachmann and Knust, 2008).  

Similarly, in Caenorhabditis elegans, transgenesis has been used to gain insight 

into various cellular biology and gene function mechanisms, such as the discovery of 

RNA interference (RNAi) (Fire et al., 1998). Transgenes are generally introduced into 

worms via direct microinjections of DNA into the gonad of hermaphrodites. Injected 
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DNA forms a repetitive extrachromosomal array containing 80-300 copies through a 

combination of non-homologous end-joining and homologous recombination (Mello et 

al., 1991; Stinchcomb et al., 1985). The resulting extrachromosomal array does not 

integrate into endogenous chromosomes. Extrachromosomal arrays are mitotically 

unstable and vary in their level of inheritance. Cloning and hybridization analysis 

demonstrates the instability of these arrays and a rate of loss of 5% per cell division, 

resulting in 50% of the C. elegans progeny carrying the array (Stinchcomb et al., 1985). 

Transgenes in an array are typically expressed in somatic cells but silenced in the 

germline (Kelly and Fire, 1998). 

With the growing field of systems biology, improved transgenesis can be useful 

for high-throughput approaches such as sequencing and proteomics. Identifying animals 

with genetic modifications within the mixed progeny can be difficult. This is due to the 

presence of the rescue marker both on the extrachromosomal array and in the genome 

as a result of genomic insertions, making it difficult to distinguish. However, the 

availability of positive and negative selection markers allows for identifying and 

selecting for and against the arrays. Positive selection markers allow animals to survive 

by gaining a selective advantage, such as antibiotic resistance genes and phenotypic 

rescue of genetic mutants (Nance and Frøkjær-Jensen, 2019). In C. elegans, puromycin 

(Semple et al., 2010), neomycin (Giordano-Santini et al., 2010), and hygromycin 

(Radman et al., 2013) are commonly used antibiotic resistance markers. Antibiotic 

resistance genes are incorporated into the animal, followed by placing the animals onto 
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agar media containing the antibiotic of interest, allowing only transgenic animals to 

survive. Negative selection, or counterselection, markers only allow animals that have 

lost a specific gene to survive. While there are several positive selection methods to 

select for array animals, there are limited ways to select against and remove array 

animals. In genome editing technologies, such as Mos1 transposon-mediated Single 

Copy Insertion (MosSCI) (Frøkjær-Jensen et al., 2008), negative selection markers are 

commonly used to select for animals that have lost the extra-chromosomal array yet 

contain the genomic edit of interest. Negative selection strategies in C. elegans 

transgenesis include looking for the absence of a fluorescent marker or inducing the 

expression of a toxin. The most common negative selection method involves exogenous 

heat-shock expression of peel-1 (Frøkjær-Jensen et al., 2012; McDiarmid et al., 2020; 

Seidel et al., 2011). peel-1 is an endogenous toxin expressed in C. elegans spermatocytes 

that is normally quelled in embryonic cells by its antidote, zeel-1 (Seidel et al., 2011). 

peel-1 expression at stages where its antidote is not present results in cell death. The 

discovery of the peel-1-zeel-1 mechanism motivates the use of this system as a negative 

selection marker to select against animals with arrays (Frøkjær-Jensen et al., 2012). 

peel-1 is often co-injected under a heat-shock inducible promoter which kills animals 

with the arrays upon transient temperature elevation.  While this system is useful, it 

possesses several limitations when used to select against extrachromosomal arrays. 

peel-1 can be toxic to animals even in the absence of heat-shock (Frøkjær-Jensen et al., 

2012). It also takes several hours to a full day for the toxin to take effect, requiring next-

day screening. This is due to peel-1 targeting various cell types at several developmental 
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cell stages (Seidel et al., 2011). Additionally, false positives or ‘escapers,’ where animals 

do not directly die from the peel-1 toxin after heat-shock, are common (McDiarmid et 

al., 2020; Seidel et al., 2011). For these reasons, more efficient negative selection 

markers would facilitate and allow high-throughput transgenesis. 

Histamine channels are endogenous to many animals where histamine is used as 

either an immune system signaling molecule or an inhibitory neurotransmitter (Haas et 

al., 2008). However, C. elegans does not synthesize or use histamine as a 

neurotransmitter and wild-type animals are unaffected by histamine treatment (Pokala 

et al., 2014). Due to its modest toxicity and affordability, Pokala et al (2014) used a 

method for inducible neuron silencing by activating a histamine-gated chloride channel 

(HisCl1) in C. elegans. They found that animals expressing this exogenous histamine 

channel exhibited behavioral changes, including paralysis, upon histamine treatment. 

Although this channel is predominantly used as a tool to silence neurons, adapting it as 

an alternative negative selection marker is advantageous due to the animal’s rapid 

response and low cost of histamine. However, the channel Pokala et al. (2014) 

developed was tagged with a GFP marker, which often overlaps with other fluorescent 

markers typically used in microinjections. For these reasons, this study aimed to 

optimize and test the use of untagged histamine channels as efficient negative selection 

markers for C. elegans transgenesis.  
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Objective 

The primary aims of this chapter are to: 

1. Identify an efficient promoter by testing three different promoters expressed in 

different tissue types (muscular, ubiquitous, neuronal). 

2. Determine the optimal histamine treatment concentration to induce rapid, non-

recoverable paralysis. 

3. Compare the success rate of MosSCI insertions using peel-1 and histamine as 

negative selection markers.  
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Results 

I have been a part of preparing a manuscript that has been published in 

MicroPublication Biology, included in the appendix. For this thesis, I have rephrased and 

expanded the publication contents and included the figures.  

A pan-neuronal promoter is efficient for HisCl1 expression. Initially, I set out to test the 

efficiency of different promoters expressing the histamine channel of interest and 

determine the optimal histamine treatment concentration to induce paralysis. To find 

the most efficient promoter, I selected promoters expressed in different tissues: a pan-

muscular promoter (Pmlc-2 - pSEM223)(El Mouridi et al., 2020), a ribosomal promoter 

(Prpl-3 - pCFJ694), and a pan-neuronal promoter (Psnt-1 - pCFJ284) (Nonet et al., 1993). 

I also generated the ce-HisCl1 gene (T716) via gene synthesis. I generated the expression 

plasmids via multi-site LR-Gateway reactions (ThermoFisher) to combine each of the 

promoters with the ce-HisCl1 gene (T716), an rpl-3 3’UTR (pCFJ727), and a plasmid 

backbone (pCFJ2213). All plasmids generated were verified via restriction digestion.  

 As a positive control, we used the vector described in Pokala et al. (2014) with 

the gfp tagged HisCl1 under the control of the pan-neuronal tag-168 promoter 

(pNP403). I generated four transgenic lines expressing each of the four plasmids.  The 

promoter (tag-168) was described as being pan-neuronal but we observed expression in 

neurons, intestine, as well as muscles (Figure 1). I added a fluorescent co-injection 
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marker (pSEM233) into all injection mixtures; thus, I validated all microinjections by 

visually assessing the marker’s presence. 

Figure 1. Extrachromosomal array expression of pNP403. Scale bar 20 um. GFP is 
expressed in the nerve ring, ventral nerve cord, part of the intestine, commissures, the 
stomato-intestinal muscle, and the anal depressor muscle.  
 

I tested the four independent transgenic lines under two conditions: fed and 

starved worms at six different histamine concentrations (0.1 mM, 1 mM, 2.5 mM, 5 mM, 

10 mM, and 25 mM) and five different time-points (5 mins, 15 mins, 45 mins, 2 hrs, and 

24 hrs) (Figure 2). At low histamine concentrations (0.1 mM to 5 mM), I observed few 

paralyzed animals; however, I observed more frequent paralysis at higher 

concentrations (10 mM to 25 mM). Also, animals were desensitized from paralysis at 

lower concentrations after 2 hours, but the paralysis was irreversible at higher 

concentrations. I found paralysis to be the strongest and most consistent under pan-

neuronal promoter expression of the HisCl1 using Psnt-1 (Figure 2D). 

HisCl1 is a successful negative selection marker for transgene insertion. To test the 

efficiency of the negative selection marker HisCl1 in transgene insertions, I injected 40 
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animals with a MosSCI targeting vector (Frøkjær-Jensen et al., 2008) and a fluorescent 

marker. 

 

Figure 2. Dose-response curves showing paralysis after exposure to different 
concentrations of histamine, as shown in different colors. Each column represents a 
different expression promoter (A: primarily neuronal expression by Pokala et al. 
(2014),B: pan-muscular expression, C: putative ubiquitous expression (ribosomal 
promoter), D: pan-neuronal expression). Top panels: animals fed with OP50 bacteria. 
Bottom panels: starved animals, which is the condition that injections are typically 
screened for transgene insertions. 
 

I placed the injected animals individually on an NGM plate and found that 14 of these 

plates contained successful injections based on unc-119 rescue (Maduro and Pilgrim, 

1995). All plates with rescued animals were able to generate F2 lines, indicating that 

plasmid expressing the histamine channel did not inhibit transgenesis efficiency. To test 

whether negative histamine selection via this channel could be used to screen for 
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insertions, I selected ten plates from the F2 lines and added histamine directly to the 

plates to screen for MosSCI insertions. I used two different common experimental 

approaches to propagate worms, picking a few worms or "chunking" many worms, and 

obtained similar results: nine of the ten plates contained only the desired transgene 

insertion, and one plate had a mixed population with a transgene insertion and array 

animals (Figure 3, Table 1). 

Figure 3. Schematic diagram of the MosSCI insertion process using histamine and HisCl1 

as a negative selection marker. 

HisCl1 is a more efficient selection marker than peel-1. I also compared HisCl1 selection 

with the currently used peel-1 negative selection method for generating MosSCI 

insertions. As previously mentioned, the toxicity of peel-1 and the escaper frequency 

proves to be an ongoing drawback with peel-1 selection marker. When I scored injection 

plates for MosSCI insertion, peel-1 plates showed an apparent toxicity of 56% between 

F1 and F2 generations (quantified as plates that did not give stable F2 lines from 

transgenic F1 animals), whereas the histamine marker did not show apparent toxicity 

(Table 1). Most importantly, the histamine selection had a 100% success rate for 
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insertions, compared to 25% with peel-1. Moreover, four out of four plates with peel-1 

contained escapers; whereas, only one out of four plates with the histamine marker had 

escapers (Table 1). 

Table 1. comparison between HisCl1 and peel-1 selection. 
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Conclusion 

 The growing number of genetic engineering methods (e.g., CRISPR/Cas9) 

highlights the need for faster and more precise screening methods for which this negative 

selection marker could be used. The results in this study confirm that the use of an 

untagged histamine-gated ion channel could be a useful negative selection marker. This 

is supported by the rapid paralysis, the non-toxicity of the marker, and the lack of 

escapers. In addition, histamine is a cheap and safe chemical. This marker’s success could 

be attributed to the fact that the expression of HisCl1 has no effect on the animal and 

that the animal does not have an endogenous histamine system. While the results 

indicate that the expression of HisCl1 is relatively successful under a wide selection of 

different promoters of different tissue types (muscular, ubiquitous, and neuronal), the 

pan-neuronal promoter snt-1 was the most efficient. This efficiency is indicated by the 

rapid response to histamine and by the lack of recovery over time. The system was 

optimized by testing a wide range of concentrations and exposure time-points. It appears 

from the results that the most effective concentration was at 25 mM with starved 

animals. Animals exposed to this concentration of treatment were paralyzed in less than 

5 minutes. 

 Finally, our results indicate that this untagged histamine-HisCl1 system is optimal 

for identifying animals with single-copy transgene insertions in a population. Particularly, 

genomic insertion techniques, such as MosSCI and CRISPR/Cas9 (Dickinson et al., 2013; 

Frøkjær-Jensen et al., 2012), could benefit from the higher insertion rate, more robust 
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selection, and low toxicity of this marker. I expect that the untagged histamine-HisCl1 

system will be useful for the wide C. elegans community as a cheaper and more effective 

negative selection tool for transgenesis. 
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Methods 

 

Microinjections. The protocol for DNA injection into C. elegans gonads was followed 

from Mello et al. (1991). Extrachromosomal arrays were constructed with a final 

concentration of 100 ng/µL DNA. Depending on the injection mixture’s contents, 

Invitrogen 1 Kb Plus DNA Ladder (cat. No. 10787018) was added to achieve the required 

final concentration of 100 ng/µL. The microinjection setup consisted of a Zeiss Axio 

Vert.A1 inverted microscope (cat. no. 491237-0001-000), a Sutter Instrument Model P-

97 micropipette puller, and 10 cm borosilicate glass micropipettes (cat. no. BF100-58-

10).  

Plate Preparation. To generate Nematode Growth Media (NGM) plates with histamine 

(NGM-HA), 500 µL histamine Gold Biotechnology (cat. no. H-110-100) dissolved in Mili-Q 

water was added directly to E. coli OP50 seeded plates (Brenner, 1974). Several 

different stock solutions of histamine with different concentrations were used (0.2 mM, 

20 mM, 50 mM, 100 mM, 200 mM, 500 mM).  

Fluorescence Microscopy. Fluorescent imaging was done using an upright fluorescence 

microscope (LECIA DM2500 LED) with a monochrome LECIA DFC7000 GT camera. 

Transformation. DNA was transformed into homemade OneShot Top10 cells (cat. no. 

C404003) according to the following: A mixture of 2 µL of DNA and 50 ul competent cells 

were placed on ice for 30 minutes, followed by heat-shock treatment for 45 seconds at 

42˚C. 400 µL of super optimal broth with catabolite repression (SOC) medium was added 
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to the mixture and incubated at 37˚C at 650 rpm for 1 hour. Cells were spread on a 

culture plate containing Luria Broth (LB) with an antibiotic (carbenicillin or kanamycin). 

Plasmid DNA was isolated with a high-quality miniprep kit (Invitrogen PureLink™ HQ 

Mini Plasmid DNA Purification Kit (cat. no K210001)) after colonies were grown in 5 mL 

of LB and antibiotic media for 12-16 hours. 

Plasmid Construction. Expression plasmids were generated via multi-site LR Gateway 

reactions (ThermoFisher). The LR reactions consisted of three ENTR plasmids, the first 

containing a promoter, the second a gene of interest, and the third a 3’UTR element. 

These plasmids were simultaneously cloned into a destination backbone to obtain an 

expression vector in a recombination reaction mediated by LR Clonase II Plus enzyme 

(ThermoFisher, cat. no. 12538200). A mixture containing 1 µL of LR Clonase II Plus and 1 

µL of each plasmid was incubated at 25˚C for 10 hours, followed by transformation and 

insert confirmation using restriction digestion. The ce-HisCl1 transgene was generated 

by gene synthesis (Twist Biosciences, CA, USA). To increase gene expression, two introns 

were included in ce-HisCl1 (Aljohani et al., 2020).  

Plasmid confirmation. All plasmids used for experiments were validated using 

restriction digestion. The digestion mixture had a final volume of 20 µL containing 1 µg 

of the plasmid of interest, 2 µL of CutSmart buffer, 0.5 - 1 ul of restriction enzymes, and 

Milli-Q water to reach the final volume. The mixture was incubated for 1 hour at 37°C 

for complete digestion, followed by electrophoresis in a 1% agarose gel stained using 

ethidium bromide. 
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Heat-shock protocol. Heat-shock was induced by placing plates in an incubator at 37˚C 

for 2 hours. The animals were subsequently transferred to 25˚C and screened for 

insertions the day after heat-shock treatment. 

Histamine Treatment. We obtained a dose-response curve by injecting wild-type (N2) 

animals and generating three different lines for each plasmid by selecting for HygroR 

resistance. The injection mixes contained 10 ng/µL selection plasmid (Ptag-

168::HisCl1::SL2::GFP, Pmlc-2::ce-HisCl1, Prpl-3::ce-HisCl1, and Psnt-1::ce-HisCl1), 10 

ng/µL pSEM233 (Pmlc-1::TagRFP-T), 10 ng/µL pCFJ782 (HydroR selection), and 70 ng/µL 

GeneRuler 1kb Plus DNA Ladder (ThermoFisher SM1331) for a final concentration of 100 

ng/µL. For each of the lines mentioned above containing different promoters, animals 

were tested for histamine-induced paralysis in both fed and starved conditions. For the 

fed condition, animals were placed on NGM plates with OP50 and histamine. Each 

NGM-HA plate contained 15 transgenic animals, with a 500 ul histamine added to reach 

one of the six tested concentrations. A timer was started immediately after adding the 

animals, and paralyzed worms were quantified at five different time-points (5 mins, 15 

mins, 45 mins, 2 hours, and 24 hours). We performed a technical replicate for each 

condition, and we used wild-type animals as a negative control.  

MosSCI Insertions. Mos-1 mediated single-copy insertions (MosSCI) were done 

according to the protocol by Frøkjær- Jensen et al. (2008). Testing Psnt-1::ce-HisCl1 as a 

negative selection marker involved two experiments. In the first, a transgene (Psmu-

1::gfp) was inserted while using the histamine plasmid as a negative selection marker. 
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EG6699 animals (containing a mos1 transposon and the unc-119 mutation) were 

injected with a mix containing 25 ng/µL MosSCI targeting vector (pCFJ1805, Psmu-

1::gfp), 25 ng/µL fluorescent co-injection marker (pSEM233, Pmlc-1::TagRFP-T), 20 

ng/µL Mos1 transposase (pCFJ1532, Psmu-1:Mos1 transposase), 10 ng/μL histamine 

channel as a negative selection marker (pSEM238, Psnt-1::ce-HisCl1), and 20 ng/μl DNA 

ladder (GeneRuler 1kb Plus DNA Ladder, ThermoFisher SM1331) for a final DNA 

concentration of 100 ng/μL. In the second experiment, the efficiency of the two 

negative selection markers Psnt-1::ce-HisCl1 and Phsp::peel-1 were directly compared. 

MosSCI insertions were performed by injecting a mix containing 25 ng/μL MosSCI 

targeting vector (pCFJ1805, Psmu-1::gfp), 10 ng/μL fluorescent co-injection marker 

(pSEM233, Pmlc-1::TagRFP-T), 20 ng/μL of Mos1 transposase (pCFJ1532, Psmu-1:Mos1 

transposase), 20 ng/μL negative selection marker (pMA122, hsp::peel-1 or pSEM238, 

Psnt- 1::ce-HisCl1), and 25 ng/μL stuffer DNA (GeneRuler 1kb Plus DNA Ladder, 

ThermoFisher SM1331) for a final DNA concentration of 100 ng/μL. In both experiments, 

plates were left to starve at 25˚C for 8 days after injection. MosSCI insertions were 

confirmed by rescued animals lacking the co-injection marker but expressing the 

germline GFP. 
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Chapter 2: A High throughput Assay for Quantifying Transgenerational 

Inheritance 

Introduction 

 Conventional models of inheritance often describe DNA as the single source of 

transfer of information between generations. However, it has become apparent that 

this relay of information is not limited to the genome sequence but, in some cases, 

extends to other components such as RNA, proteins, and metabolites (Perez and Lehner, 

2019). Non-DNA-based inheritance can either be chromatin-associated (such as histone 

modifications and DNA methylation), cytoplasmic (e.g., small RNAs) or genome-

independent (microbiome transfer) (Skinner, 2009). These types of non-DNA-based 

inheritance are difficult to study in humans, but the evidence is becoming strong in 

short-lived animals, such as mice, flies, and worms (Perez and Lehner, 2019). With the 

mounting evidence of this type of information transfer, the term ‘transgenerational 

inheritance’ has been coined to explain the relay of epigenetic information transfer from 

one generation to the next, incurring variation in the progeny with no change in the 

DNA sequence. 

A study of coral reef fish (Acanthochromis polyacanthus) gives evidence of 

‘transgenerational acclimation,’ a type of non-DNA-based inheritance where stressful 

environmental conditions experienced by one generation affects the survival of their 

progeny in similar environments (Veilleux et al., 2015). Although the mechanism 
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underlying this transgenerational acclimation is unknown, it was proposed that DNA 

methylation allows for the rapid adaptation between the generations. Understanding 

the parental generation’s contribution to their progenies’ rapid acclimation may be 

important for conservation efforts with the changing environmental conditions. 

Transgenerational inheritance extends to several different species, including mammals, 

where overnutrition or undernutrition in parents can disturb their progeny’s glucose 

metabolism (Rando and Simmons, 2015).  

 C. elegans is a convenient genetic model for understanding transgenerational 

inheritance due to their short generation time (three days) and the availability of 

efficient methods to transiently silence genes and perform genetic screens. Under 

standard conditions, C. elegans display variation between genetically identical progeny, 

even in the absence of stress or environmental changes (Alcazar et al., 2008). For 

example, Vastenhouw et. al. (2006) showed that gfp transgene can be silenced by RNAi 

via feeding bacteria that express dsRNA homologous to the gfp. Knockdown of the gfp 

reporter is not confined to one generation but can last more than 80 generations, even 

in the absence of RNAi. Another study done by Alcazar et al. (2008) presents 

transgenerational gene silencing of a conditional-lethal gain-of-function oma-1(zu405) 

allele. Silencing of oma-1(zu405) by dsRNA injection suppresses lethality, producing 

viable progeny. Interestingly, gene silencing of oma-1(zu405) is limited to three to four 

generations after injection.  
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 Similarly, another type of small RNAs called 21U-RNAs or piwi-interacting RNAs 

(piRNAs) are endogenous to many species such as mammals, flies, and worms where 

they are known for their role in silencing transposons (Batista et al., 2008; Weick and 

Miska, 2014). C. elegans piRNAs are required for germline gene maintenance (Wang and 

Reinke, 2008). Silencing by targeting these piRNAs result in post-transcriptional, 

transcriptional and transgenerational gene silencing. In C. elegans, piRNAs-mediated 

silencing starts by piRNAs binding to Argonaute protein (PRG-1), which are then guided 

to complementary mRNA. RNA-dependent RNA polymerases (RdRPs) are recruited to 

produce secondary siRNAs (22G RNAs) of the target mRNA. These 22G RNAs recruit 

some Argonauts to degrade complementary mRNA and also inhibit transcription by 

depositing repressive chromatin marks H3K9me3 and H3K27me3 to the target locus 

(Mao et al., 2015; Perez and Lehner, 2019). Interestingly, these modifications are 

heritable across several generations, even when the piRNA pathway is abrogated in the 

progeny (Ashe et al., 2012). 

 Genetic screens have been used to establish which proteins that direct gene-

silencing are involved in transgenerational inheritance (Buckley et al., 2012). Heritable 

RNAi defective 1 (HRDE-1) is a nuclear Argonaute tasked with carrying small RNAs into 

the nucleus for gene silencing. HRDE-1 promotes heritable silencing by engaging the 

nuclear RNAi pathway, directing H3K9me3 and H3K27me3 to the target genomic locus 

(Buckley et al., 2012). Although HRDE-1 is not necessary for gene silencing in general, it’s 

crucial for heritable silencing, specifically, showing that C. elegans possesses 



30 
 

endogenous machinery for transgenerational inheritance (Ashe et al., 2012; Perez and 

Lehner, 2019). 

 Several factors currently limit studies of transgenerational inheritance in C. 

elegans. First, silencing is stochastic, and it is, therefore, necessary to screen a large 

number of animals across generations. These assays are time-consuming and difficult to 

multiplex (e.g., testing many different genetic mutants or environmental conditions). A 

high-throughput assay would allow simultaneous testing via automatic sorting and 

screening. One of the main components of the assay I am developing is the COPAS Flow 

cytometer (a worm sorter), which can automatically quantify fluorescence and sort 

animals based on user-selected criteria, for example the presence of a fluorescent 

marker or based on animal developmental stage. Second, transgenerational inheritance 

is difficult to measure and quantify. There are limited assays for transgenerational 

inheritance, mainly via silencing oma-1(zu405) or germline-expressed gfp. The oma-

1(zu405) assay involves silencing a dominant gain-of-function allele in an unnatural 

developmental process. After consecutive generations, oma-1(zu405) animals become 

sick. Vastenhouw el. al.,(2006) used worms with a gfp transgene and exposed them to 

an anti-gfp dsRNA, allowing for visual inspection of the fluorophore. Using exogenous 

genes greatly limits the generalizability of the data produced, as we cannot assume that 

endogenous genes behave in the same manner (Zhang et al., 2018). Although there is 

notable progress in uncovering the mechanisms underlying transgenerational 
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inheritance in C. elegans, many technical challenges and experimental difficulties limit 

experiments. 

 A recent publication by Houri-Zeevi et al. (2020) purports to have determined a 

set of rules that govern transgenerational inheritance, notwithstanding that there are 

very few deterministic rules in biology. Here, I propose to develop a high-throughput 

assay exploiting a male-specific marker to study the transgenerational inheritance of 

silencing endogenous genes which increase the frequency of males in the population. 

The assay will be used to examine and dissect transgenerational inheritance as a 

biological phenomenon and also test the validity of the rules proposed by Houri-Zeevi et 

al. (2020). For our purposes, him-5 and him-8 were chosen as markers for 

transgenerational inheritance. Both him-5 and him-8 are necessary for chromosome 

recombination and segregation (Meneely et al., 2012; Phillips et al., 2005). him-5 and 

him-8 loss-of-function mutations produce a high-frequency of males (X0, lacking an X 

chromosome), whereas hermaphrodites (XX, two X chromosomes) normally 

predominate the population (0.1% versus 99.9%%, respectively). These genes are 

germline genes and generally germline genes do not respond to RNAi-mediated 

silencing very well (Timmons et al., 2014). Our laboratory has developed a piRNA-based 

method to silence him-5 and him-8 and demonstrated silencing for up to four and six 

generations, respectively (Priyadarshini et al., manuscript in review). Males can be 

identified visually based on morphology but quantification of males in the population 

over many generations is time-consuming and difficult to scale. Here, I describe my 
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preliminary efforts in developing a high-throughput method to quantify male frequency 

based on a male-specific fluorescent marker using the COPAS worm sorter. 

 
Objective 

The main purposes of this chapter are as follows: 

1. Identify a male-specific fluorescence marker.  

2. Generate a bright line with the male-specific marker for COPAS worm sorting.  

3. Integrate the male-specific marker into the worm’s genome and use it as a 

tracker for transgenerational inheritance.  
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Results and Future Experiments 

Male-specific Marker Expression. I tested two male promoters expressing a mScarlet 

fluorophore, Pfipr-17 (T1164) and Pclec-137 (T1165).  The promoters were selected 

based on their predicted expression in the vas deferens (Ebbing et al., 2018). Two 

transgenic lines were generated with either reporter. Only Pfipr-17 successfully 

expressed the fluorescence signal exclusively in males. Hermaphrodites with a Pfipr-

17::mScarlet plasmid showed no fluorescence (Figure 4). 

Figure 4. Expression pattern of Pfipr-17::mScarlet, red fluorescence viewing through an 

imaging microscope. (A) Hermaphrodite animals showing no red fluorescence 

throughout the body. (B) Male animals showing red fluorescent expression in the vas 

deferens. 

COPAS Worm Sorter was successful in detecting the marker. The male-specific marker 

produced fluorescent signal detectable by the Worm Sorter, observable as a high red 

peak at one end of the worm. The location is consistent with where the signal was 

expected, as the marker expresses in the vas deferens near the tail. The green peak 

indicates the pharyngeal GFP. The Worm Sorter was successful in distinguishing and 

A.  Hermaphrodite 

B.  Male 
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quantifying males in the population. We can observe this by seeing the difference in the 

signals produced and detected between hermaphrodites and males (Figure 5). 

 

 

 

 

 

 

 

Figure 5. Worm Sorter hermaphrodite and male signals. (A) A hermaphrodite detected 

by the Worm Sorter lacking the red fluorescence. (B) A male detected by the Worm 

Sorter with the red fluorescence in the location predicted by expressing the marker in 

the vas deferens. 

Integrating the Male Specific Marker into The Worms Genome. The ben-1 locus 

normally makes worms sensitive to benomyl any indel in this locus revokes this benomyl 

sensitivity (Chalfie and Thomson, 1982; DriscoU et al., 1989).I used a ben-1 integration 

fragment, a part of a target genomic sequence for guiding the insertion. This benomyl 

insensitivity will be used as a positive selection marker for successful array integration. 

We opted for an array insertion instead of a single copy-insertion to obtain a brighter 

marker. I injected the male-specific marker, selection marker (pharynx GFP), 

integrations fragment, and Neomycin resistance gene into wildtype worms and 

A. Hermaphrodite 

B. Male  
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produced a stable line. Next, I plan to inject Cas9 protein with sgRNA for the ben-1 locus 

and the integration fragment into the same strain mentioned above to initiate the 

integration process. 

Confirming Integration. In order to distinguish array lines from an array genomic 

integration line, I will monitor the segregation patterns of the progeny. 

Extrachromosomal arrays are mitotically unstable and vary in inheritance. 100% 

transmission of the co-injected pharyngal marker on non-selective media would indicate 

a genomic integration. Methods like PCR would not be feasible given the variable size of 

the array and its repetitive nature. 

Generating positive and negative controls for the assay. Developing and testing the 

following controls for the high-throughput assay: positive control (wildtype), negative 

control (hrde-1, PRG-1). I will use wildtype animals as a positive control for the high-

throughput assay. For example, I will compare mutants with this positive control to 

determine if their mutation is involved in transgenerational inheritance. This will be 

followed by further investigation to identify the specific genes required for 

transgenerational inheritance. 

I plan to generate hrde-1 mutants and PRG-1 mutants with the male specific marker 

integrated as negative controls, as hrde-1 is a nuclear Argonaut necessary for 

transgenerational inheritance (Buckley et al., 2012). We know that silencing will occur 

but will not be inherited in this mutant. The second negative control I plan to generate is 

a PRG-1 mutant with the male specific marker. I expect that silencing will not happen as 
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this Argonaut protein is necessary for the function of piRNAs (Batista et al., 2008), so 

inheritance will not occur. 

 I plan to continue the next part of my work, including male-marker integration 

and confirmation, in my PhD studies under the mentorship of Dr. Christian Frøkjær-

Jensen in the Synthetic Genome Biology Lab.  
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Methods 

Promoter Identification. To streamline the process of identifying males, two male-

specific promoters that are expressed exclusively in the vas deferens, Pfipr-17 and Pclec-

137 were selected (Ebbing et al., 2018). An injection plasmid was developed via gene 

synthesis (Twist) where an mScarlet fluorescent marker was juxtaposed to these 

promoters. 

Marker Integration. To achieve consistent fluorescence of the marker of interest, it is 

best to ensure proper integration into the genome. These two steps were followed to 

integrate the plasmids into the genome: 

1. The first injection mix containing 15 ng/µl pSAH1 (male-specific marker, Pfipr-

17_mScarlet_rps-1UTR), 15 ng/µl pCFJ594 (Neomycin resistance), 2 ng/µl T1166_C 

(Integration fragment), 2 ng/µl pPD118.33 GFP injection marker in the pharynx 

(pmyo-2 GFP) and 66 ng/µL GeneRuler 1kb Plus DNA Ladder (ThermoFisher 

SM1331). The integration fragment directs the integration of this plasmid in the 

ben-1 locus, ensuring benomyl resistance, as a positive selection marker for the 

following Cas9 integration. Animals were placed on Neomycin-NGM plates to allow 

only transgenic animals to live. 

2. The second injection mix containing 10 ng/µl Cas9 protein, 20 ng/µl sgRNA 

(trRNA annealed to crCFJ2) and 6µl H2O, where Cas9 will perform the cleavage. The 

sgRNA was engineered to bind to the ben-1 locus in the genome and make incisions 
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both in the array (integration fragment) and the genome. This will be followed by 

the cell attempting a repair mechanism, which will result in integrating the array at 

the ben-1 locus. Animals were placed on Benomyl-NGM plates right after injecting. 

The next day plates were screened, and wildtype-like animals were picked into new 

Benomyl-NGM plates to generate a clonal line.  

Confirming Integration. Wildtype-like animals expressing pharynx GFP on Benomyl plate 

were visually singled on non-selective NGM plates and screened after three days for 

progeny expressing GFP. If 100% of the progeny contain the pharynx GFP, I can ensure 

proper array integration into the genome. Suppose less than 100% of the progeny 

contain GFP. In that case, pharynx GFP expression could be attributed to the 

extrachromosomal array. This is likely due to poor array integration where benomyl 

resistance comes from an indel in the ben-1 locus. 
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APPENDICES 

 
Appendix A: Software used in this study 

Table 2. Software used in this study 

 

Appendix B: Plasmids in this study  
 

Table 4. Plasmids generated in this study 

 

Software Usage 

Biorender.com Schematic diagrams 

GraphPad Prism 8 Graphs 

Zotero Citations 

Affinity Designer Figures 

Plasmids Description  

pSEM236 (Hist) Pmlc-2::ce-HisCl1::rpl-3 3′ UTR  

pSEM237 (Hist) Prpl-3::ce-HisCl1::rpl-3 3′ UTR  

pSEM238 (Hist) Psnt-1::ce-HisCl1::rpl-3 3′ UTR  

pSAH1 (MSM) Pfipr-17_mScarlet_rps-1UTR 

pSAH2 (MSM) Pclec-137_mScarlet_rps-1UTR 
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Table 3. Plasmids used in this study 

 

Plasmids Description  

pNP403  Ptag-168::HisCl1::sl2::unc-54 3′ UTR (Pokala et al.) 

pSEM233 (GFP) Pmlc-1::tagRFP-T::cbr-tbb-2 3′ UTR  

pCFJ1532 (Transposase) Psmu-1::mosase(PATC)::smu-1 3′ UTR  

pCFJ1805 (MosSCI 
targeting vector) 

Psmu-1::gfp  

pMA122 (peel-1) Phsp-16.41:peel-1:tbb-2UTR 

pCFJ782 (HygroR) Selection Hygromycin resistance 

pSEM231 (GFP) Pmlc-1::GFP::tbb-2 3’ UTR 

pCFJ594 (Neo)  Selection Neomycin resistance  

T1166_C (Integration 
fragment) 

Ben-1 repair template 



 

A histamine-gated channel is an efficient negative selection marker for
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Figure 1. The histamine-gated chloride channel HisCl1 effectively paralyzes transgenic array animals: A-D. Dose-
response relationship and time-course for the paralysis of transgenic animals with HisCl1 expressed from the indicated
promoters in response to increasing histamine concentrations and longer exposure. Ptag-168 primarily drives expression
in the nervous system. Pmlc-2 is pan-muscular (El Mouridi et al., 2020), Prpl-3 is a strong ribosomal promoter (likely
ubiquitously expressed), and Psnt-1 is widely expressed in the nervous system (Nonet et al., 1993). Top panels: fed
animals on OP50 bacteria. Bottom panels: starved L1 animals. Quantification: Four plates with 15 transgenic animals
were scored by eye for paralysis for each promoter and condition (concentration and time-point) in two technical
replicates. E. Schematic showing the use of histamine selection to identify Mos1-mediated Single-Copy transgene
Insertions (MosSCI) (Frøkjær-Jensen et al., 2008) using a red marker to identify arrays (Pmlc-1::tagRFP-T), and a plasmid
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expressing histamine (Psnt-1::ce-HisCl1) as a negative selection marker. Insertions were identified from starved plates
with histamine or by "chunking" onto plates with histamine. F. Quantification of relative toxicity of histamine and
hsp::peel-1 selection. We used the frequency of stable F2 rescued lines relative to the number of plates with F1 rescue as a
proxy for toxicity. G. Quantification of the MosSCI insertion frequency and the frequency of plates with "escapers"
(moving animals with fluorescent array markers).

Description
Gene edits are often recovered at high frequency at the population level but only infrequently in individual animals. For
example, a single injected C. elegans has on the order of 10,000 F2 progeny, but only a small fraction of these animals
will carry the desired genetic modification. Thus, a key challenge for efficient transgenesis is developing methods to
easily identify these rare individuals in a sea of wild-type animals. Therefore, positive and negative (or counter-) selection
markers play an essential role in gene editing. Positive selection markers confer an advantage to the organism, e.g., the
phenotypic rescue of mutant phenotypes or antibiotic resistance. In C. elegans, commonly used phenotypic rescue markers
include lin-15 (Clark et al., 1994), pha-1(ts) (Granato et al., 1994), and unc-119 (Maduro and Pilgrim, 1995) or the
antibiotic resistance markers hygroR (Radman et al., 2013), NeoR (Giordano-Santini et al., 2010), PuroR (Semple et al.,
2010), and BsrR (Kim et al., 2014). In contrast, negative selection markers can be used to avoid false-positive animals that
carry positive selection markers but no genetic modification. Such selection is particularly important for transgenic
methods based on plasmid injection because extra-chromosomal arrays are often formed and propagated as an
intermediate step. For example, targeted insertion of transgenes by MosSCI (Frøkjær-Jensen et al., 2008) and CRISPR
(Dickinson et al., 2013) or random transgene insertion by miniMos transposition (Frøkjær-Jensen et al., 2014) all initially
establish array lines and subsequently identify edits in animals that have lost the array. Only a few negative selection
markers are commonly used. Fluorescent co-injection markers can be used to identify array animals but do not exert
selective pressure and require visual screening on a fluorescence microscope. An alternative negative selection strategy
relies on inducible expression of a toxin, peel-1, to kill animals with arrays (Frøkjær-Jensen et al., 2012; McDiarmid et al.,
2020; Seidel et al., 2011). peel-1 based selection is easily scaled to large populations (i.e., many individual plates) by
simple heat-shock. However, the selection has several drawbacks. First, peel-1 is toxic in the absence of heat-shock, which
reduces the efficiency of establishing transgenic array animals (Frøkjær-Jensen et al., 2012). Second, the selection is
relatively slow because it takes several hours for the toxin to kill animals, and screening is best done the day after heat-
shock. Third, and more frustrating, peel-1 selection is often not fully penetrant, and heat-shocked plates frequently contain
false positive “escapers”, i.e., array animals that are not killed by the toxin. Therefore, it would be beneficial to have
additional negative selection methods to complement or substitute for peel-1 based selection.

Here, we describe an efficient negative selection method based on the addition of histamine to plates. Histamine is
inexpensive and has modest toxicity allowing routine use in the laboratory. In many animals, histamine is used as a
signaling molecule in the immune system. In D. melanogaster, endogenous histamine functions as a neurotransmitter by
binding to inhibitory histamine-gated chloride channels (HisCl1). Pokala et al. (2014) used the lack of endogenous
histamine signaling in C. elegans to develop a method for inducible silencing of neurons by cell-specific expression of
HisCl1. In this system, animals with pan-neuronal expression of HisCl1 are fully paralyzed by exogenous addition of
histamine. Including HisCl1 in arrays could, therefore, possibly be used as a negative selection strategy. There is some
precedence for using histamine for selection: positive hygromycin selection has been combined with negative histamine
selection (“HyHis-Cl”). This approach was used to delete a gene by CRISPR and subsequently excise the selection
cassette with Cre recombinase, although the authors provided few experimental details (e.g., drug concentration or
selection protocol) (Abiusi et al., 2017).

Motivated by these studies, we generated reagents and tested histamine paralysis under conditions compatible with extra-
chromosomal arrays and standard protocols for transgene insertion. First, we optimized HisCl1 expression for C. elegans
(ce-HisCl1) and generated expression constructs that lack a fluorescent co-expression marker. pNP403 (Ptag-
168::HisCl1::sl2::gfp), used by Pokala et al. (2014), co-expresses gfp in neurons, the intestine, and some muscles, which
interferes with easy screening for transgenes with gfp tags. We expressed the optimized ce-HisCl1 under a pan-muscular
promoter (Pmlc-2) (El Mouridi et al., 2020), a pan-neuronal promoter (Psnt-1) (Nonet et al., 1993), and a strong ribosomal
promoter (Prpl-3). Second, for histamine selection to be practical, we would ideally add histamine directly to starved
plates (the easiest stage to screen for transgene insertions), and the paralysis should be non-reversible. We performed
dose-response experiments by adding 500 ml histamine directly to plates with transgenic animals on food (OP50 bacteria)
(Figure 1A-D, top) or to plates with starved transgenic animals (Figure 1A-D, bottom). We generated three independent
transgenic array lines for each of the four promoters and tested six different histamine concentrations (0.1 mM, 1 mM, 2.5
mM, 5 mM, 10 mM, and 25 mM) with short (5, 15, and 45 min) or long (2 and 24 hours) exposure times. We observed
infrequent paralysis at low histamine concentrations (0.1 to 5 mM) but penetrant paralysis at higher concentrations (10 to
25 mM) using all four promoters (Figure 1 A–D). Codon-optimization modestly improved the constructs but we observed
limited effects from expression in muscles, possibly because ectopic chloride channel expression is not enough to
depolarize the relatively large muscle cells. Intermediate histamine concentrations (e.g., 5 mM) were sensitive to
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differences between fed and starved plates. In contrast, higher histamine concentrations (10 to 25 mM) resulted in rapid,
non-reversible paralysis both on and off food (Figure 1 A-D).

We tested a simple selection scheme with Psnt-1::ce-HisCl1 (pSEM238) as a negative selection marker to generate single-
copy transgene insertions (Figure 1 E). First, we injected 40 animals (EG6699: ttTi5605 II, unc-119(ed3) III) with a mix
of the target vector (Psmu-1::gfp), a fluorescent co-injection marker (Pmlc-1::TagRFP-T) (El Mouridi et al., 2020), and
Psnt-1::ce-HisCl1. We placed a single injected animal on individual NGM plates and recovered 14 plates with stable
extra-chromosomal lines based on Unc-119 rescue (Figure 1 F-G). Notably, all plates with F1 rescued animals gave stable
F2 lines, suggesting that inclusion of the histamine selection plasmid did not reduce transgenesis efficiency. From these F2
lines, we selected ten plates for testing the negative histamine selection. We added 500 ml of histamine (500 mM) to ten
starved plates and screened for putative MosSCI insertions using two approaches (in both cases blinded to the
fluorescence of transgenic animals). We either picked three non-paralyzed animals directly from the starved plate with
histamine after 15 minutes or chunked a small part of the plate to a new plate with food and histamine (Figure 1E). Both
approaches gave identical results: we were able to isolate MosSCI insertions from all ten plates, and only one plate had a
mix of moving animals with insertions and arrays. In a second experiment, we directly compared the efficiency of
histamine relative to hsp::peel-1 selection (Figure 1F-G). As previously observed (Frøkjær-Jensen et al., 2012), inclusion
of peel-1 appears to be moderately toxic with a reduced frequency of stable array formation (56% of plates with F1 rescue
did not give stable F2 lines) (Figure 1F). Furthermore, we observed a higher MosSCI frequency (100% versus 25%) and a
lower frequency of false positive escapers (25% versus 100%) when using histamine compared to peel-1 selection (Figure
1G).

Here, we have demonstrated that histamine is useful for identifying single-copy transgene insertions, but we imagine that
histamine can also be used in other experiments, such as genetic suppressor screens (Joseph et al., 2018) or for CRISPR-
based selections (McDiarmid et al., 2020). In sum, these results demonstrate that histamine is a cheap and effective
chemical that can be used to select against array animals.

Methods
Request a detailed protocol

Molecular biology

All plasmids were generated using three-fragment multisite Gateway reactions (ThermoFisher) and validated by
restriction digest. ce-HisCl1 was optimized for expression in C. elegans by including two early introns (from ama-1)
which has been shown to increase gene expression (Aljohani et al., 2020). We also minimized the ribosomal binding site
energy but did not codon-optimize the ce-HisCl1 transgene. ce-HisCl1 was generated by gene synthesis (Twist
Biosciences, CA, USA) in a [1-2] Gateway Entry vector.

NGM plates with histamine (NGM-HA)

We maintained animals on Nematode Growth Media (NGM) plates seeded with Escherichia coli OP50 using standard
techniques (Brenner, 1974). We made selective plates by adding histamine directly to NGM plates by pipetting 500 ml of
histamine solutions in Milli-Q water (Gold Biotechnology, cat. no. H-110-100) directly onto the bacterial lawn. We
assumed that NGM plates contained approximately 10 mL solution and used 500 mM, 200 mM, 100 mM, 50 mM, 20
mM, and 0.2 mM histamine stock solutions. We recommend adding 500 ml of a 500 mM histamine solution to a standard
6 cm NGM plate for routine selection against arrays. Histamine selection costs less than $0.25 per plate.

Dose-response curve for histamine paralysis

We generated injection mixes consisting of 10 ng/µl selection plasmid (Ptag-168::HisCl1::SL2::GFP, Pmlc-2::ce-HisCl1,
Prpl-3::ce-HisCl1, or Psnt-1::ce-HisCl1), 10 ng/µl pSEM233 (Pmlc-1::TagRFP-T), 10 ng/µl pCFJ782 (Hygromycin
selection), and 70 ng/ml GeneRuler 1kb Plus DNA Ladder (ThermoFisher SM1331) for a final concentration of 100 ng/µl.
We injected wild-type (N2) animals and generated three independent lines for each histamine plasmid by selecting for
hygromycin resistance. We tested three independent lines of each promoter for histamine-induced paralysis under two
conditions: fed and starved. Fed worms were transferred from a plate with OP50 to histamine plates, whereas starved
worms were taken from a freshly starved plate with L1 animals. We transferred 15 transgenic animals to NGM-HA plates
with 25 mM, 10 mM, 5 mM, 2.5 mM, 1 mM, and 0.1 mM final histamine concentrations and started a timer. We counted
paralyzed worms at five different time-points during 24 hours (5 min, 15 min, 45 min, 120 min (2 hours), 1440 min (24
hours)). We performed two technical replicates of the experiments on different days and used wild-type worms as a
negative control (we observed no paralysis at any histamine concentration or duration of exposure). The time-course
graphs were produced using GraphPad Prism 8 software for macOS.

MosSCI insertion

Experiment 1: We generated Psmu-1::gfp MosSCI insertions to test the efficiency of Psnt-1::ce-HisCl1 as a negative
selection marker. The injection mix contained 25 ng/µl MosSCI targeting vector (pCFJ1805, Psmu-1::gfp), 25 ng/µl
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fluorescent co-injection marker (pSEM233, Pmlc-1::TagRFP-T), 20 ng/µl of an optimized Mos1 transposase (pCFJ1532,
Psmu-1:Mos1 transposase), 10 ng/µl negative selection marker (pSEM238, Psnt-1::ce-HisCl1), and 20 ng/µl stuffer DNA
(GeneRuler 1kb Plus DNA Ladder, ThermoFisher SM1331) for a final DNA concentration of 100 ng/µl.

Experiment 2: We generated Psmu-1::gfp MosSCI insertions to compare the efficiency of Psnt-1::ce-HisCl1 relative to
hsp::peel-1 negative selection. The injection mix contained 25 ng/µl MosSCI targeting vector (pCFJ1805, Psmu-1::gfp),
10 ng/µl fluorescent co-injection marker (pSEM233, Pmlc-1::TagRFP-T), 20 ng/µl of an optimized Mos1 transposase
(pCFJ1532, Psmu-1:Mos1 transposase), 20 ng/µl negative selection marker (pMA122, hsp::peel-1 or pSEM238, Psnt-
1::ce-HisCl1), and 25 ng/µl stuffer DNA (GeneRuler 1kb Plus DNA Ladder, ThermoFisher SM1331) for a final DNA
concentration of 100 ng/µl.

Software

Graphs were produced using GraphPad Prism 8 software for macOS and the schematic was created with Biorender.com.

Reagents
pNP403 Ptag-168::HisCl1::sl2::unc-54 3′ UTR (Pokala et al.)

pSEM236 Pmlc-2::ce-HisCl1::rpl-3 3′ UTR (Addgene #159797)

pSEM237 Prpl-3::ce-HisCl1::rpl-3 3′ UTR (Addgene #159796)

pSEM238 Psnt-1::ce-HisCl1::rpl-3 3′ UTR (Addgene #161515)

pSEM233 Pmlc-1::tagRFP-T::cbr-tbb-2 3′ UTR (Addgene #159899)

pCFJ1532 Psmu-1::mosase(PATC)::smu-1 3′ UTR (Addgene # 159807)

All pSEM vectors are available at Addgene, but we recommend using pSEM238.

Annotated plasmid sequences are available at www.wormbuilder.org and https://addgene.org/Christian_Froekjaer-Jensen/
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