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ABSTRACT 

Understanding the Genetic Basis for piRNA Silencing in the Soma and 
Germline of Caenorhabditis elegans 

Yuli Peng 

 

C. elegans is a commonly used genetic model organism due to the ease of genetic 

screens, transgenesis, and microscopy. Here, I describe methods that improve 

transgenesis in C. elegans and the development of a genetic screen to identify genes 

involved in the piRNA pathway. Transgenesis is commonly used for most laboratories 

that utilize C. elegans and improvements are therefore likely to facilitate research across 

many research areas. In the first chapter, I characterized a pan-muscular promoter that 

drives fluorophore expression to help identify C. elegans transgenesis. This promoter is 

an improved co-injection marker as it drives bright fluorescence with low toxicity and 

high efficiency.  

In the second chapter, I study piRNAs which are a large class of non-coding RNA that 

play important roles in protecting the genome from transposable elements in most 

animals. The study of piRNAs has mostly focused on their function in the germline, but 

recent evidence suggests functions in somatic cells such as neurons. To identify genes 

involved in the piRNA pathway in C. elegans, I performed a chemical genetic screen. I 

identified one mutant with a somatic phenotype and six mutants with a germline 

phenotype. I have focused on the germline and sequenced two strains and identified 

candidate genes involved in the piRNA pathway. Future work will focus on validating 

and identifying the remaining mutants.  
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Chapter 1  

Characterizing an improved fluorescent co-injection marker to select 

for single copy insertion in Caenorhabditis elegans  

1.1 Introduction   

1.1.1 C. elegans as model organism  

Caenorhabditis elegans is a free-living nematode that is 1mm long which feeds on 

bacteria, including Escherichia coli (E. coli). C. elegans exists as two sexes, either a self-

fertilizing hermaphrodite that produces both sperm and eggs, or a male that only produces 

sperm. Wild type N2 C. elegans has a short life cycle with only 3 days from larva to adult 

at 20°C. These properties make C. elegans easy to culture and maintain. Remarkably, 

with little variation, each animal has 302 neurons, each with a name, located at the same 

position, and with an assigned function (sensory, motor, interneuron, etc.). Moreover, the 

small size and lack of pigmentation make C. elegans ideal for microscopy. The 

expression of fluorescent proteins can be detected directly in living animals. The 

complete C. elegans genome has been sequenced and annotated since 1998 (The C. 

elegans Sequencing Consortium 1998), bringing much convenience to genetic studies in 

C. elegans. In addition, the study and comparison of the human genomes and C. elegans 

have shown that 83% of human proteins have homologues in C. elegans (Lai, Chou, 
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Ch'ang, Liu, & Lin, 2000). Such similarities have allowed the study of human pathologies 

in the nematode such as myopathies, Alzheimer's disease or Parkinson's disease (Link, 

1995; van Ham et al., 2008). 

1.1.2 Injection markers 

It is relatively easy to generate transgenic C. elegans. Microinjection is an efficient and 

simple strategy to genetically modify C. elegans by injecting DNA into their gonads. 

Transgenes get incorporated into the nuclei of germ cells and form heritable extra-

chromosomal arrays (Mello, Kramer, Stinchcomb, & Ambros, 1991). To identify 

transgenic worms after injection, positive selection markers (e.g., cbr-unc-119, NeoR, 

HygroR) (Giordano-Santini et al., 2010; Maduro & Pilgrim, 1995; Radman, Greiss, & 

Chin, 2013) and negative selection markers (e.g., peel-1 toxin) (Frokjaer-Jensen, Davis, 

Ailion, & Jorgensen, 2012) are used. Arrays are repetitive with many copies, so they are 

often over-expressed, they are stochastically lost during somatic cell division, and they 

are frequently silenced in the germline. Overall, arrays are generally unstable in 

expression. For these reasons, we often want to insert a single-copy transgene into a well-

defined location in the genome that is stable and behaves similar to a gene that engages 

similar regulation machinery to endogenous genes (Frokjaer-Jensen et al., 2008). 

However, when we insert a positive selection marker into the genome, then we have a 

rescue marker on both the array and in the genome, meaning that both array animals and 

inserted animals are phenotypically rescued. To distinguish between the two situations, 

we can include a marker on the array that is not inserted into the genome. Fluorescent 

markers can be used for this purpose as both positive and negative selection. As a 
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positive marker, fluorophore indicates worms with desired arrays to help propagate 

transgenic animals. As a negative marker, fluorophores that are not inserted indicate the 

presence of arrays, meaning that it might not be an inserted animal. So, only rescued 

animals but no fluorescent marker contain an insertion. Insertions occur at low frequency 

and it is, therefore, time-consuming to screen for non-fluorescent rescued animals.  

An alternative selection method relies on killing array animals. PEEL-1 is a sperm 

delivered toxin that is normally counteracted by its antidote ZEEL-1 in embryos (Seidel 

et al., 2011). If peel-1 is expressed at later life stages, it causes cell death and is lethal to 

worms. Thus peel-1 can be used as a negative selection marker for arrays (Frokjaer-

Jensen et al., 2012). To induce toxicity, peel-1 is driven by a heat-shock promoter (Phsp-

16.41) and worms with arrays containing the peel-1 transgene die after heat shock (Seidel 

et al., 2011), which is convenient in selecting single-copy insertions. However, peel-1 is 

toxic and lowers the number of transgenic animals after injection (F1 progeny produced 

after microinjection of hermaphrodites) (Frokjaer-Jensen et al., 2012). Furthermore, for 

unknown reasons heat shock induction of peel-1 does not kill all transgenic animals and 

is highly variable between laboratories. 

A combination of three red fluorescent markers is commonly used in addition to peel-1 

selection in microinjections. The fluorescence is expressed in neurons (Prab-3), body-

wall muscle (Pmyo-3), and pharynx (Pmyo-2). Of these three markers, Pmyo-2 is the most 

important promoter to drive fluorophore expression due to its early embryonic expression 

and high brightness. But Pmyo-2 driven fluorophore is toxic at high concentration 

possibly due to its effect on myo-2 gene expression, which enables microfilament motor 
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activity.  As Pmyo-2 driven fluorophore cannot always be used at high concentrations, it 

is less likely to be incorporated into the array resulting in false positives. As one single 

marker is not enough in preventing false positives (Frokjaer-Jensen et al., 2008), all three 

markers are required, making the injection mix somewhat complicated. 

As none of the negative co-injection markers currently in use are ideal, we set out to find 

a single improved marker that is bright, easy to identify, non-toxic and prevents the 

isolation of false-positive strains. I performed these experiments in collaboration with Dr. 

Sonia El Mouridi and the results were published in El Mouridi, Peng, and Frøkjær-Jensen 

(El Mouridi, Peng, & Frokjaer-Jensen, 2020) (see Appendix C). I participated in 

preparing the figures and text for the manuscript and here I formulate the experiments 

and results in my own words.  

 

1.2 Results 

We focused on promoters from genes specifically expressed in muscles. We used RNA-

seq expression data (Gerstein et al., 2010) to select two putative muscle-specific myosin 

light chain genes, mlc-1 and mlc-2, that are expressed at high levels with 523 Fragments 

Per Kilobase Million reads (FPKM) and 1176 FPKM in young adults, respectively 

(Figure 1.1). We also selected a commonly used promoter from the gene unc-54 encoding 

a muscle myosin class II heavy chain (MHC B). unc-54 has a lower expression level with 

213 FPKM in young adult stage. We amplified their promoters (Punc-54, Pmlc-1, Pmlc-

2) and assembled fluorescent expression constructs by gateway cloning (Appendix A). 
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Pmlc-1 contained the first six amino acids of mlc-1 since the gene has an early splice site 

and the first intron may contain enhancer elements. 

 

Figure 1.1 FPKM data of mlc-1(A), mlc-2(B), unc-54(C) at young adult stage from selected 

modENCODE libraries (wormbase.org) 
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1.2.1 Promoter expression patterns and fluorescence levels 

To test the expression pattern and compare the expression level of the promoters, we 

produced transgenes with a codon-optimized gfp (Redemann et al., 2011) by LR gateway 

cloning while keeping all other elements identical. We injected each of these three 

plasmids to generate single-copy insertions by Mos1-mediated Single Copy transgene 

Insertion (MosSCI). In this technique, transgenes are inserted by Mos1 transposon 

mediated double-strand break followed by homologous DNA repair (Frokjaer-Jensen et 

al., 2008). As the plasmids we used have homologous arms with the ttTi5605 Mos1 site, 

single-copy transgenes were inserted at ttTi5605 sites to generate three MosSCI strains. 

We immobilized transgenic worms with M9 solution containing sodium-azide and 

quantified green fluorescent protein (GFP) expression using fluorescence microscope 

under 20x magnification. GFP expression was observed in the body wall, stomato-

intestinal, and anal depressor muscles in all three strains (Figure 1.2 A-C). As previously 

described (Okkema, Harrison, Plunger, Aryana, & Fire, 1993), Punc-54 did not drive 

GFP expression in pharyngeal (Figure 1.2 A) and vulval muscles (Figure 1.2 B). 
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Figure 1.2 Using a pan-muscular promoter for single-copy transgene selection: A-C. Characterization 
of the fluorescence expression pattern from MosSCI insertions of transgenes with Punc-54::gfp, Pmlc-
2::gfp, or Pmlc-1::gfp. We acquired images at 20x magnification from immobilized young adult animals. 
Scale bar = 20 microns. A. Expression in the head region. All transgenes were expressed in head muscles, 
but only Pmlc-1 and Pmlc-2 were expressed in pharyngeal muscles (indicated by white arrowheads). B. In 
the vulval region, all promoters expressed GFP in body wall muscles. Only Pmlc-1 and Pmlc-2 were 
expressed in vulval muscles. C. In the tail region, all promoters expressed GFP in body wall muscles, 
stomato-intestinal and anal depressor muscles, D. Quantification of GFP expression in young adult animals 
by flow cytometry (Copas) in MosSCI strains expressing Punc-54::gfp, Pmlc-2::gfp and Pmlc-1::gfp. One-
way ANOVA with Sidak's multiple comparison test (N2 (N= 293), Punc-54 (N=277), Pmlc-1 (N = 301), 
Pmlc-2 (N=346)). E. Screen for transgene copy number. PCR primers were designed to amplify (1) the 
vector backbone which is commonly duplicated for dual inserts (950 bp), (2) the transgene promoters (1.5 
kb for Pmlc-2 and 1.0 kb for Pmlc-1), (3) the gfp fluorophore (344 bp), (4) the gfp and promoter junctions 
(1.8 kb for Pmlc-2 and 945 bp for Pmlc-1), and (5) the junction between gfp and 3' UTR (1.4 kb). Green 
boxes indicate expected bands, and red boxes indicate controls with no expected PCR amplification. The 
band in lane 3 from wildtype DNA is likely due to minor contamination. No dual or "complex" inserts were 
detected. F. Transgenes were tested for toxicity by injection at increasing concentrations in ten animals 
(2.5, 10, or 25 ng/uL) using Pmlc-1 or Pmyo-2 with an mCherry fluorescent marker. G. Picture at 40x 
magnification of a Psmu- 1:gfp MosSCI insertion used to test Pmlc-1 driven fluorophore as a single co-
injection marker. As expected, GFP was expressed strongly in the germline and less in somatic cells (not 
shown). Scale bar = 20 microns.  
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We also quantified GFP expression in young adults from a mixed population of each 

strain using a Copas large-particle flow cytometer ("worm sorter"). Worms are too large 

for conventional flow cytometry, so a specialized worm sorter can be used for high 

throughput manipulation and screening of C. elegans. We imaged a mixed population of 

transgenic animals but only quantified the fluorescence of young adult worms based on 

“time of flight” which corresponds to an animal's length. In the fluorescent measurements 

from the worm sorter, we saw no fluorescence in the N2 wildtype negative control 

(Figure 1.3 A). In Pmlc-1 and Pmlc-2 strains, we observed peaks of fluorescence in the 

head of the worm, but not in Punc-54 strain, which we interpret as pharyngeal expression 

(Figure 1.3 B-D). We measured the peak fluorescence to compare expression levels. The 

Pmlc-1 strain exhibited the highest expression level, a little higher than Pmlc-2 and much 

higher than Punc-54 (Figure 1.2 D). Sometimes, targeted insertions result in two copies 

of the transgene being inserted (Frokjaer-Jensen et al., 2008), which would lead to 

inappropriately measuring 2x the fluorescence. To validate that all insertions contained 

only a single copy of the transgene, we performed PCR designed to detect multi-copy 

insertions by amplifying part of the vector backbone. We only detected single copy 

insertions in the Pmlc-1 and Pmlc-2 strains (Figure 1.2 E) and the higher expression was 

therefore not caused by aberrant transgene insertions. 
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Figure 1.3 Worm length and fluorescence of MosSCI strains (X-axis = Time of flight. Y-axis = GFP 

Signal) : Red: N2 Yellow: Strain inserted with Punc-54::gfp::cbr-tbb-2 UTR Blue: Strain inserted with 

Pmlc-2::gfp::cbr-tbb-2 UTR Green: Strain inserted with Pmlc-1::gfp::cbr-tbb-2 UTR 

 

1.2.2 High concentrations Pmlc-1 driven fluorophore is not toxic 

Markers are incorporated into extra-chromosomal arrays in proportion to their 

concentration in the injection mix (Mello et al., 1991). The toxicity of some fluorescence 

co-injection markers does not allow us to use them in high concentration, thus some 

injected worms may lack fluorescence, making it hard to select against all transgenic 

worms. So, to prevent false negative animals, we ideally want to inject markers at high 

concentration. We, therefore, quantified the toxicity of Pmlc-1 driven fluorophore 

compared to Pmyo-2 driven fluorophore to allow injections at high concentration. We 
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used Pmlc-1::mCherry and Pmyo-2::mCherry transgenes as co-injection markers, and 

compared their toxicity at different concentrations (2.5 ng/ul, 10 ng/ul, and 25 ng/ul). To 

quantify toxicity, we injected P0 worms, and counted the number of transgenic F1 

animals and the number of stable F2 lines as a proxy for toxicity (Figure 1.2F). At low 

concentrations (2.5 ng/ul and 10 ng/ul), both Pmlc-1::mCherry and Pmyo-2::mCherry 

showed no apparent toxicity. But at high concentration (25 ng/ul), we obtained a lower 

number of F1 transgenics and stable lines for Pmyo-2 compared to Pmlc-1. This result 

indicated toxicity of Pmyo-2 driven fluorophore at high concentration, but no (or low) 

toxicity of Pmlc-1 driven fluorophore. 

 

1.2.3 Pmlc-1 driven fluorophore is efficient in preventing false positive 

To ensure that Pmlc-1 driven fluorophore is efficient enough to replace three fluorescent 

markers, we tested the marker at a high concentration (25 ng/ul). As a test, we inserted a 

germline-expressed transgene Psmu-1::gfp (Spike, Shaw, & Herman, 2001) by MosSCI. 

We used cbr-unc-119 as a positive selection marker, and the Pmlc-1::tagRFP-T transgene 

as a visual negative selection marker in addition to Phsp-16.41:peel-1 (both are only in 

the extra-chromosomal arrays). We injected ten worms, with six plates showing red (with 

extra-chromosomal arrays) in the next two or three generations. We heat shocked the 

plates to kill transgenic worms with Peel-1 and found 4 plates with normally moving 

worms (with cbr-unc-119 gene) but without visible red fluorescence under dissection 

fluorescence microscope. To exclude false positives, we picked one single worm from 

each of the four plates and verified their germline expression from a single-copy insertion 
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in the next generation (Figure 1.2 G). We observed GFP germline expression in all 4 

lines, and no red fluorescence was seen at high magnification. These results demonstrate 

that the Pmlc-1 driven fluorophore as co-injection marker can be efficiently used to select 

against false positive. 

Transgene insertion relies on homology-based repair. To prevent crosstalk between the 

co-injection marker and the transgene with the repair machinery, we generated a set of 

green (gfp and mNeonGreen) and red (mCherry and TagRFP-T) fluorophores with Pmlc-

1 that either express in cytoplasm or in nucleus to allow the insertion of commonly used 

fluorophores (Appendix A). 

 

1.3 Conclusion 

In this project, we characterized the mlc-1 and mlc-2 promoters and quantified their 

ability to drive GFP expression in muscle cells. We also demonstrated that Pmlc-1 driven 

fluorophore alone can work as a fluorescent co-injection marker at high concentration to 

identify single-copy insertions without a high number of false positives. The high 

expression and minimal toxicity of Pmlc-1 driven fluorophore provides convenience for 

making injection mixes and for generating transgenic worms. Expression constructs with 

different fluorophores and different expression locations allows the mlc-1 promoter to 

work with various transgenes. 

Furthermore, Pmlc-1 driven fluorophore can be used for many other experiments where 

pan-muscular expression is needed, such as for optogenetic expression e.g., Kerr et al., 
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(2000) or for isolating muscle cells, e.g., Serizay et al., (2020). Pmlc-2 driven fluorophore 

has slightly lower expression level but can be used when Pmlc-1 might disturb the 

experiment. 

 

Chapter 2 

Forward genetic screen for genes in the C. elegans piRNA pathway  

2.1 Introduction 

2.1.1 The piRNA pathway in C. elegans 

Piwi-interacting RNAs (piRNAs) are an important class of non-coding RNA in both 

vertebrates and invertebrates and is the most diverse class of regulatory RNAs (Weick & 

Miska, 2014). piRNAs interact with P-element–induced wimpy testis (PIWI) Argonaute 

proteins to silence their target genes by complementary base-pairing following a 

permissive pairing rule in germ cells (Bagijn et al., 2012; Zhang et al., 2018). In C. 

elegans, piRNAs are also known as 21U-RNAs due to their length (21 nucleotides) and a 

uridine at their 5’ end (Ruby et al., 2006). Most of the 16,000 C. elegans piRNAs are 

expressed as individual transcriptional units from two clusters on chromosome IV (Ruby 

et al., 2006), and they act in trans to regulate endogenous targets (Bagijn et al., 2012). In 

C. elegans, the biogenesis of piRNA precursor requires PRDE-1 (piRNA silencing-

defective) (Weick & Miska, 2014). piRNAs act in complex with PRG-1(Piwi Related 

Gene) which is required for the accumulation and function of piRNA (Batista et al., 

2008). In the C. elegans piRNA pathway, first, PRDE-1 triggers transcription of a piRNA 
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precursor (Weick & Miska, 2014). Second, PRG-1 interacts with these piRNA 

precursors, leading to the maturation of the piRNA (21U RNA). Third, the base-pairing 

of the PRG-1/piRNA complex with a target gene triggers RNA-dependent RNA 

polymerases (RdRP)-dependent generation of secondary 22G-RNAs. These small 

interfering RNAs are incorporated into downstream worm-specific Argonaute (WAGO) 

protein that mediates gene silencing (Figure 2.1; (Mani & Juliano, 2013; Weick & Miska, 

2014). The piRNA pathway silences genes at both the transcriptional level (via small-

RNA directed chromatin modifications) and the posttranscriptional level (via mRNA 

degradation) (Toth, Pezic, Stuwe, & Webster, 2016; Weick & Miska, 2014). prg-1 

mutants are viable and superficially healthy but the loss of piRNAs cause gradual loss of 

fertility and complete sterility after many generations (Simon et al., 2014). 

 

Figure 2.1 piRNA pathway in C. elegans 
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In most studies, piRNAs were found to work exclusively in germline, and the level of 

piRNAs or PRG-1 are extremely low in somatic cells (Das et al., 2008). But recently, 

experiments have shown the involvement of piRNA pathway in somatic tissues, 

especially neurons (Kim, 2019). In C. elegans, loss of the piRNA pathway enhanced 

axon regeneration after neuronal damage in adult animals (Kim et al., 2018). Also, Junho 

Lee et al. (2017) found that piRNAs regulate nictation behavior, where dauer stage 

nematodes stand on the tail with their head swaying in the air (Cassada & Russell, 1975; 

Lee et al., 2017). These findings suggest that despite the low level of piRNAs and PIWI 

proteins in somatic cells under normal laboratory conditions, piRNAs may play a role in 

somatic cells under certain conditions. 

 

2.1.2 Genetic screens in C. elegans 

To identify new regulators or regulatory pathways for C. elegans piRNAs in both 

germline and somatic cells, we can either try to discover novel genes that are involved in 

this process (forward genetics), or change the function of candidate genes to determine if 

they are involved in this process (reverse genetics). 

RNA interference (RNAi) screens and ethyl methane sulfate (EMS) screens are two 

common ways of performing genetic screens in C. elegans (Sin, Michels, & Nollen, 

2014). It is possible to perform genome-wide RNAi screens, but it is technically 

challenging and resource-intensive. More importantly, the RNAi pathway uses some of 

the components of the piRNA pathway and that may lead to confounding effects. For 

these reasons, we decided not to use RNAi for screening. 
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EMS is the most commonly used chemical for C. elegans mutagenesis due to its 

relatively low toxicity and high efficiency (Jorgensen & Mango, 2002). EMS is a potent 

mutagen with a rate of 2.5x10-3 mutations/gene/genome(Kutscher & Shaham, 2014). 

EMS is an alkylating agent and most often adds an ethyl group to guanine which results 

in G/C to A/T transitions and therefore frequently generates STOP codons (e.g., CGA to 

TGA)(Kutscher & Shaham, 2014). Mutations induced by EMS are, therefore, frequently 

strong mutations leading to loss of function or null alleles. When treated with EMS, 

oocytes and sperms in hermaphrodites harbor mutations, leading to F1 progeny that are 

heterozygous for mutations. Using standard concentration (50 mM) of EMS, a typical 

screen of 12,000 haploid genomes will result in six mutations in an average size gene 

(Jorgensen & Mango, 2002). After EMS treatment and two generations of growth, some 

homozygous F2 worms are expected to show phenotypes of interest. The challenge of 

conducting a successful genetic screen is therefore to identify interesting phenotypes to 

screen for. After identifying a possible mutant, F2 worms are then followed to validate 

that the mutation is transmittable to the next generations. 

Due to the efficiency of EMS, mutant animals with the desired phenotype contains EMS-

induced mutations in their genome unrelated to the phenotype (background mutations). 

Background mutations make it challenging to identify the causal mutation. To determine 

the relative position of the causal mutation, mutants can be outcrossed several times with 

the original strain to reduce the number of mutations and to enrich for mutations that are 

linked to the causal mutation (Sarin et al., 2010). As the generation time of C. elegans is 

short, and it has a relatively small genome, it is possible to outcross and determine causal 

mutations by whole genome sequencing. 
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2.1.3 Purpose 

In this project, we want to perform an EMS screen to identify genes that regulate piRNA 

function in either soma or germline. We expect to identify some known genes (e.g., prg-1 

and prde-1) and hope to also identify novel genes that function in the piRNA pathway. If 

known genes are identified, we have validated the genetic screen that we developed; if 

we identify unknown genes then we will validate and explore their function in future 

work. 

 

2.2 Methods 

2.2.1 Strain generation 

Our lab has developed a method to silence genes using exogenous piRNAs (Priyadarshini 

et al., 2021 unpublished observations). Therefore, we set out to make transgenic strains 

where silencing of a fluorescent marker is the read-out for piRNA function. To do the 

screen, we first constructed a new strain CFJ97 [kstSi36[Peft-3::ce-gfp; cbr-unc-119(+)] 

II; unc-119 (ed3) III; kstEx31[ce-gfp piRNA + Peft-3::TagRFP-T+ HygroR]] from CFJ42 

[kstSi42[unc-119(p1, spc2)(-)] II; unc-119(ed3) III] (Figure 2.2). After transgene 

injection, the strain expresses GFP under the eft-3 promoter in both soma and germline. 

The strain also contains an extrachromosomal array with synthetic piRNAs targeting gfp. 

Since piRNAs are normally only active in the germline, the GFP is only silenced in the 

germline. The array is further identified by tagRFP expressed in all somatic cells and the 
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array is maintained by antibiotic (hygromycin) resistance (Appendix A). Finally, we 

included a piRNA targeting a gene that increases the frequency of males in the population 

(him-5) to facilitate outcrossing after mutagenesis. When we view these transgenic 

animals on a microscope with a filter that allows both green and red light, each individual 

worm looks yellow (green and red) in somatic cells and there is no fluorescence in the 

germline.  

We grew animals at 20°C on nematode growth media (NGM) plates with E. coli OP50 as 

the food source and added hygromycin (Gold biochem Cat#:H-270-1) to select for 

animals with the extrachromosomal array. 

 

Figure 2.2 Strain (CFJ97) construction for EMS screen 

 

2.2.2 Pilot EMS screen 
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We followed the standard EMS treatment protocol (Brenner, 1974) using a concentration 

of 50 mM EMS. We mutagenized a total of 210 P0 worms and picked these to 30 plates. 

From these plates, we picked 1300 F1 (corresponding to 2600 haploid genomes screened) 

to 500 plates.  

 

2.2.3 Mutant outcross 

Two genetic crossing schemes can be applied to any mutants isolated in the screen. In 

one method, we picked mutants with homozygous phenotype (GFP fluorescence in the 

germline for every worm) which is relatively easy to follow in crosses. In this case, we 

mated three fluorescent mutant hermaphrodites (P0 generation) with ten male CFJ97 (the 

un-mutagenized starting strain). In the F1 generation the mutation will be heterozygous. 

In the next generation (F2) the mutation will be "re-homozygozed" and the mutant 

animals are identified as homozygous based on germline GFP fluorescence. We picked 

one homozygous F2 derived from each of the five F1 plates, expanded the population, 

isolated genomic DNA, and sent this for whole-genome Illumina sequencing (Figure 

2.3A). In the second case, strains are hard to be identified as homozygous due to 

incomplete penetrance. In this case, we mated three fluorescent mutant hermaphrodites 

(P0 generation) with ten male CFJ97. In the F2 generation, we identified homozygous F2 

based on certain proportion of germline GFP fluorescence. Then we use this F2 as the 

new P0 to mate for another round. Five rounds of crosses were performed. The fifth F2 

was expanded, isolated genomic DNA and sent for whole-genome sequencing (Figure 

2.3B). 
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Figure 2.3 Two schemes of outcross: A. One time cross with five F2 identified B. Five times cross with 
one F2 identified each time 

 

2.2.4 Genomic DNA (gDNA) extraction and sequencing 

All gDNA extraction were done using a Qiagen DNeasy Blood & Tissue Kit (Cat. No. 

69504) and eluted by Qiagen Endotoxin-free TE buffer (Lot No. 145034563) because the 

elution buffer from the kit contains EDTA which is not compatible with sequencing. The 

gDNAs were sent to a commerical DNA sequencing facility (Novogene) for whole 

genome sequencing. Whole genome sequencing was done by Illumina sequencing with 

350 insert size and around 20x the C. elegans genome. 
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2.2.5 Identification of causal mutations via mapping-by-sequencing analysis 

Mate-pairs sequencing reads coming from mutant gDNA was mapped to the C. elegans 

genome version ce11 using bwa mem algorithm (Li, 2013) and processed using Picard 

(Broad Institute 2019) to remove duplicated reads. Subsequently, the original alignment 

was processed in accordance with Broad Institute best-practices pipeline for variant 

calling using the GATK software (Poplin et al., 2017), i. e., realignment of reads around 

indels, recalibration of base qualities on mapped reads, and variant calling using the 

HaplotypeCaller algorithm. The resultant variants were then compared to those seen in 

the parental strain (CFJ42), and their allele frequencies were computed and plotted in R 

(R Core Team 2020) using the ggplot2 (Wickman 2016) library. Finally, all the variants 

seen in mutants (as well as those unique to this strain) were analyzed with snpEff 

(Cingolani et al., 2012) to identify C. elegans genes that were affected by them. 

 

2.2.6 Identification of putative candidates  

We also used a candidate gene approach based on the full list of genes involved in the 

RNAi pathway (Billi, Fischer, & Kim, 2014) and we checked for missense mutations not 

present in the parental strain using igv (Robinson et al., 2011). 

 

2.3 Results 
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After we treated CFJ97 with EMS following the standard protocol, we picked 

approximately 400 F2 with unusual phenotypes. We discarded worms that were so 

unhealthy that they could not be propagated. From the remaining mutant animals, we 

identified one strain with no visible GFP expression, one strain with low somatic GFP 

expression, and six strains with germline GFP expression. 

 

2.3.1 A strain with no GFP expression was unrelated to piRNA silencing 

We identified one strain with no green fluorescence in either soma or germline. This lack 

of fluorescence could be a result of strong silencing or a mutation in the gfp transgene. To 

distinguish between these possibilities, we grew worms on non-hygromycin plates to 

allow loss of the extrachromosomal array containing the silencing piRNAs. Mutant 

animals with no array (based on the lack of red fluorescence from the co-injection 

marker) did not recover GFP expression after several generations. Therefore, the lack of 

GFP was most likely caused by a mutation in gfp and we did not further characterize this 

mutant.  

 

2.3.2 Characterization of strains with dim somatic GFP expression 

Our screen identified several strains with low green fluorescence in somatic cells. For all 

these strains, we were unable to homozygoze the phenotype. In the population, a small 

fraction of young worms had low somatic GFP fluorescence compared to the original 

strain CFJ97. However, when we picked a single dim animal, the animal gave no 
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progeny. But when we singled a “normal phenotype” worm, this animal segregated 

progeny with low green fluorescence, suggesting that the phenotype was only partially 

penetrant. 

Additionally, the reduced GFP expression became unstable after a few generations with a 

gradually smaller proportion of animals with low green expression. For some strains 

(CFJ117, CFJ122 and CFJ126), we found that they developed germline GFP expression 

after several generations (Figure 2.4D-F). Finally, one strain (CFJ118) had persistently 

low somatic GFP expression (Figure 2.4 A-C). However, this strain had very low 

viability and we were unable to maintain the strain for genetic crosses necessary to 

identify the causal mutation. 

 

2.3.3 Identification of six strains with germline GFP de-repression  

Three strains with germline expression developed from the low somatic GFP phenotype 

(see above); we singled these animals and isolated homozygous animals with persistent 

germline GFP expression. In addition, we also identified three strains (CFJ110, CFJ114, 

CFJ119) with germline GFP expression from F2 animals in the screen (Figure 2.4G-I). 

For the remainder of the project, we decided to focus on identifying the causal mutations 

in these six strains with germline expression. 

 

2.3.4 Some strains showed partially penetrant GFP expression in germline 
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Three mutant strains with germline expression strains were initially isolated based on low 

somatic GFP. Similar to the somatic phenotype, these strains also gradually lost germline 

GFP expression.  The strains had persistent germline GFP expression for the first two 

generations after being singled, but a large proportion of the worms lost their germline 

GFP expression after several generations. piRNAs are involved in transgenerational 

inheritance and these complex inheritance patterns and partial penetrance are possibly 

caused by non-Mendelian inheritance mechanisms.  

 

Figure 2.4 Fluorescent image of mutants: Red fluorescence: tagRFP expressed in somatic cells, 
indicating the existence of extrachromosomal arrays. Green fluorescence: GFP expressed in all cells, with 
GFP silenced in the germline by piRNAs. A. L3 CFJ97 B. Young adult CFJ97 C. Young CFJ118 with low 
GFP expression D-I. Strains with germline GFP expression D. CFJ117 E. CFJ122 F. CFJ126 G. CFJ110 
H. CFJ114 I. CFJ119 

 

2.3.5 Candidate genes from whole genome sequencing 
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We outcrossed the strain CFJ114 and performed whole genome sequencing to identify 

causal mutations. We expected to identify a cluster of linked single-nucleotide 

polymorphisms (SNPs) centered on the causal mutation (Doitsidou, Poole, Sarin, 

Bigelow, & Hobert, 2010) but that was unexpectedly not the case. This was possibly 

caused by not isolating enough variants of the outcrossed strains for analysis, or the 

outcross was not good enough to confirm they were homozygous. Instead, we inspected 

candidate genes in the RNAi pathway (Billi et al., 2014) and found mutations in two 

genes involved in the RNAi pathway.  

The first mutation was at exon 7 from Guanine (G) to Adenine (A) in wago-11 (Figure 

2.5A-B). wago-11 is predicted as a pseudogene with unknown function, but it might be a 

real gene involved in piRNA function. 

The second mutation mapped to rrf-1, an RdRP and was mutated in intron 8 from G to A 

(Figure 2.5C-D). RRF-1 is responsible for RdRP activity which is downstream of PRG-1 

and piRNA complex (Aoki, Moriguchi, Yoshioka, Okawa, & Tabara, 2007). Although 

rrf-1 is a strong candidate for involvment in the piRNA pathway, a single base pair 

mutation in an intron far from the splice junction is highly unlikely to cause a loss of 

function phenotype.  

To validate the real causal mutation, we are going to rescue the phenotypes by gene 

rescue in the mutant strain to see if germline GFP is re-silenced.  
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Figure 2.5 Mutations found in wago-11 and rrf-1 in CFJ114 (Upper: CFJ42 used for CFJ97 
construction; Lower: mutant strain; Green bar shows the position of mutation): A-B. wago-11 C-D. rrf-1 

 

We also outcrossed a second mutant strain with persistent germline GFP expression, 

CFJ110. Similar to CFJ114, we could not find a cluster of linked SNPs centered on the 

causal mutation (Doitsidou et al., 2010), and we inspected candidate genes in the RNAi 

pathway (Billi et al., 2014). We only found a mutation at exon5 of hrde-1 from G to A 

(Figure 2.6 A-B). hrde-1, known as Heritable RNAi Deficient-1, encodes inheritance 

Argonaute HRDE-1. HRDE-1 is expressed in male and female germline and it binds to 

22G RNA to mediate transgenerational germline silencing in nucleus (Bagijn et al., 2012; 
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Buckley et al., 2012). This nucleotide substitution leads to the mutation of threonine 

(Thr) to isoleucine (Ile) at the PIWI domain which has the function of RNase H 

endonuclease that can cleave RNA (Figure 2.6C; (Wei, Wu, Chen, Chen, & Xie, 2012). 

Considering that the mutation is in a functional domain, it is possible that this is the 

causal mutation of GFP germline expression in CFJ110. 

 

Figure 2.6 Mutation found in hrde-1 in CFJ110: A-B. G to A mutation in hrde-1 (Upper: CFJ42 used for 
CFJ97 construction; Lower: mutant strain; Green bar shows the position of mutation) C. Position of 
mutation shown in protein domain of HRDE-1 compared to DNA sequence. 

 

2.4 Conclusion and Discussion 

In this project, we constructed a strain CFJ97 and carried out an EMS screen to screen for 

piRNA regulators. We identified a total of six strains with germline GFP expression in 

the presence of piRNAs targeting GFP suggesting that the piRNA pathway is non-
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functional. We have begun characterizing these strains by outcrossing to eliminate non-

causal background mutations and to validate persistent germline GFP expression. In 

preliminary experiments, we outcrossed two strains and sent the strains for whole-

genome sequencing. Our out-crossing strategy did not allow us to identify the causal 

mutations, but we identified candidate genes wago-11, rrf-1 and hrde-1 that we plan to 

characterize further. We will use these results to optimize our strategy for identifying 

mutations, for example by using a highly polymorphic strains ("the Hawaiian strain") to 

identify mutations in order to identify mutations that are not known piRNA regulators. 

In summary, we have validated that the genetic screen can identify mutations that cause 

germline de-silencing. We have identified six independent mutations which we will 

characterize further. To validate causal mutations, we can utilize several methods. We 

can use RNAi or CRISPR to knockdown or knockout each candidate gene, or we can 

cross the mutant strains to known genetic mutants and see if these desilence GFP in the 

germline. 

Although we do not know the causal mutations in any of the strains, we did not identify 

mutations in the two genes known to be required for the piRNA pathway (prg-1 and 

prde-1) (Batista et al., 2008; Weick et al., 2014). This suggests that the genetic screen is 

far from saturation. We plan to modify the screen and focus on germline silencing with 

the goal of comprehensively identifying all genes in the piRNA pathway.  
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APPENDICES 

Appendix A Plasmids used in chapter1 

Plasmid Description 

Promoters used for gateway cloning 

pCFJ2113 Pmlc-1 (w ATG) 

pCFJ2114 Pmlc-2 (w ATG) 

pCFJ512 Punc-54 (no ATG) 

Plasmids used to generate MosSCI insertion strains 

pSEM218 Punc-54::gfp::cbr-tbb-2 UTR 

pSEM219 Pmlc-2::gfp::cbr-tbb-2 UTR 

pSEM220 Pmlc-1::gfp::cbr-tbb-2 UTR 

Plasmids used for toxicity assays 

pSEM235  Pmlc-1::mCherry  

pCFJ90  Pmyo-2::mCherry  
Co-injection markers with other fluoreophores  

pSEM228 Pmlc-1::mNeonGreen(2xNLS)::cbr-tbb-2 UTR  

pSEM229 Pmlc-1::mNeonGreen::cbr-tbb-2 UTR  
pSEM230 Pmlc-1::GFP(2xNLS):: cbr-tbb-2 UTR  
pSEM231 Pmlc-1::GFP::cbr-tbb-2 UTR 

pSEM232 Pmlc-1::TagRFP-T(2xNLS)::cbr-tbb-2 UTR 

pSEM233 Pmlc-1::TagRFP-T::cbr-tbb-2 UTR 

pSEM234 Pmlc-1::mCherry(2xNLS)::cbr-tbb-2 UTR 

 

Appendix B Strain and Plasmids used for CFJ97 construction 

 Name Features 

Strain CFJ42 kstSi42[unc-119(p1, spc2)(-)] II; unc-119(ed3)III 
Plasmids pCFJ2560 pEXP(5605, unc-119) Peft-3:gfp(PATCs,900bps) tbb-2 3’ UTR 

 pCFJ1922 pEXP(5605, unc-119) Peft-3:TagRFP-T (syntrons, NLS(2) 

tbb-2 3’ UTR 

 pCFJ782 Hygromycin resistance 

 T342 21ur-1224_mod_ceGFP 

 T288 21ur-1224_mod_him-5 
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Abstract

Figure 1. Using a pan-muscular promoter for single-copy transgene selection: A-C. Characterization of the
fluorescence expression pattern from MosSCI insertions of transgenes with Punc-54::gfp, Pmlc-2::gfp, or Pmlc-1::gfp. We
acquired images at 20x magnification from immobilized young adult animals. Scale bar = 20 microns. A. Expression in
the head region. All transgenes were expressed in head muscles, but only Pmlc-1 and Pmlc-2 were expressed in
pharyngeal muscles (indicated by white arrowheads). B. In the vulval region, all promoters expressed GFP in body wall
muscles. Only Pmlc-1 and Pmlc-2 were expressed in vulval muscles. C. In the tail region, all promoters expressed GFP in
body wall muscles, stomato-intestinal and anal depressor muscles, D. Quantification of GFP expression in young adult
animals by flow cytometry (Copas) in MosSCI strains expressing Punc-54::gfp, Pmlc-2::gfp and Pmlc-1::gfp. One-way
ANOVA with Sidak's multiple comparison test (N2 (N= 293), Punc-54 (N=277), Pmlc-1 (N = 301), Pmlc-2 (N=346)). E.
Screen for transgene copy number. PCR primers were designed to amplify (1) the vector backbone which is commonly
duplicated for dual inserts (950 bp), (2) the transgene promoters (1.5 kb for Pmlc-2 and 1.0 kb for Pmlc-1), (3) the gfp
fluorophore (344 bp), (4) the gfp and promoter junctions (1.8 kb for Pmlc-2 and 945 bp for Pmlc-1), and (5) the junction
between gfp and 3' UTR (1.4 kb). Green boxes indicate expected bands, and red boxes indicate controls with no expected
PCR amplification. The band in lane 3 from wildtype DNA is likely due to minor contamination. No dual or "complex"
inserts were detected. F. Transgenes were tested for toxicity by injection at increasing concentrations in ten animals (2.5,
10, or 25 ng/uL) using Pmlc-1 or Pmyo-2 with an mCherry fluorescent marker. G. Picture at 40x magnification of a Psmu-
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1:gfp MosSCI insertion used to test Pmlc-1 as a single co-injection marker. As expected, GFP was expressed strongly in
the germline and less in somatic cells (not shown). Scale bar = 20 microns.

Description
Fluorescent markers are useful for identifying transgenic C. elegans after injection. In some cases, fluorophores are used
to identify transgenics and to propagate animals with extra-chromosomal or integrated arrays (e.g., sur-5::gfp) (Gu et al.
1998). In other cases, fluorescent markers are used as visual markers to identify and later select against array animals.
Such negative selection is used generate single-copy transgene insertions by plasmid injection, e.g., Mos1-mediated
single-copy insertion (MosSCI)(Frøkjær-Jensen et al. 2008) or CRISPR/Cas9 (Dickinson et al. 2013). These methods
generate targeted double-strand breaks, and transgenes are inserted by homologous recombination into specific locations.
Selection schemes that rely on positive (e.g., cbr-unc-119, NeoR, HygroR)(Maduro and Pilgrim 1995; Giordano-Santini et
al. 2010; Radman et al. 2013) and negative (e.g., fluorophores or the peel-1 toxin) (Frøkjær-Jensen et al. 2012) selection
markers are frequently used to identify single-copy insertions. Negative peel-1 selection is under control of a heat-shock
promoter (Phsp-16.41); after heat-shock, animals with arrays or dual insertions with the peel-1 transgene rapidly die
(Seidel et al. 2011). peel-1 is convenient, but this selection has two significant drawbacks: the transgene is toxic in the
absence of heat shock, resulting in fewer F1 progeny (Frøkjær-Jensen et al. 2012), and the induced lethality is often not
fully penetrant resulting in false positives. Regardless of whether the peel-1 selection is used, we have advocated for the
inclusion of all three red fluorescent markers expressed in neurons (Prab-3), body-wall muscle (Pmyo-3), and pharynx
(Pmyo-2) because a single or even two markers were inefficient at avoiding false positives. These three selection markers
are widely used and have been requested more than 300 times each from Addgene. However, adding three fluorescent
markers to every injection mix is increasingly inconvenient as the mixes also contain plasmids encoding enzymes (Mos1
transposase or Cas9), sgRNAs, repair templates, and sometimes additional markers. Pharyngeal expression of the Pmyo-2
fluorophore is the easiest to identify on a fluorescence dissection microscope due to early embryonic expression and
brightness, but the transgene is frequently toxic and is therefore not commonly injected at high concentrations. For these
reasons, we sought to identify an improved co-injection marker. An ideal marker would be bright, non-toxic, expressed in
a clearly identifiable tissue, and only require a single marker in the injection mix. Here we demonstrate that fluorescent
transgenes containing the pan-muscular promoter from myosin light chain 1 (mlc-1) fulfill these criteria. The mlc-1 and
the related mlc-2 promoter may also be generally useful to identify all (body wall, pharynx, vulval, stomato-intestinal, and
anal depressor) muscles or for robust expression of transgenes (e.g., optogenetic sensors).

We focused on promoters from genes expected to have muscle-specific expression and manually checked their relative
expression levels based on RNA-seq from the ModENCODE project (Gerstein et al. 2010). We identified two putative
muscle-specific myosin light chain genes, mlc-1 and mlc-2, that are highly expressed from a single divergent locus. RNA
expression levels based on Fragments Per Kilobase Million reads (FPKM) are comparatively high for these two genes in
young adults, with 500 FPKM (mlc-1) and 1159 FPKM (mlc-2) compared to 230 FPKM (unc-54), 14 FPKM (myo-2), and
29 FPKM (myo-3). We selected unc-54, mlc-1, and mlc-2 as candidates and amplified 1.9 kb, 1.3 kb, and 1.2 kb
promoters, respectively. Due to an early splice site (immediately after the start codon), Pmlc-1 also included the first six
amino acids of mlc-1. To quantify the relative expression level of the three promoters, we generated otherwise identical
transgenes with a codon-optimized gfp under each promoter’s control and made single-copy insertions at the ttTi5605 site
using MosSCI. All promoters drove GFP expression in the body wall, stomato-intestinal, and anal depressor muscles
(Figure 1A-C). However, only Punc-54 was not expressed in pharyngeal (Figure 1A) and vulval muscles (Figure 1B) in
agreement with previous promoter analysis (Okkema et al. 1993). Using a Copas large-particle flow cytometer, we
quantified GFP expression in young adults from a mixed population of the MosSCI strains and found that Pmlc-1:gfp
resulted in the highest expression, with approximately two-fold more expression than Punc-54 (Figure 1D). The
fluorescence signal matched our subjective visual impression from transgenic animals carrying extra-chromosomal arrays.
We verified that the Pmlc-1 and Pmlc-2 strains harbored only single transgene insertions (Figure 1E), excluding the
possibility that transgene copy-number caused the observed difference in fluorescence.

Co-injection markers are incorporated into extra-chromosomal arrays in proportion to their concentration in the injection
mix (Mello et al. 1991). Higher concentrations thus make it less likely to generate array animals lacking the fluorescent
marker, which is essential to avoid false positives (i.e., rescued animals with no single-copy transgene inserted).
Therefore, we quantified the toxicity of Pmlc-1::mCherry and Pmyo-2::mCherry transgenes when used as co-injection
markers at increasing concentrations (2.5 ng/ul, 10 ng/ul, and 25 ng/ul). We quantified the number of injected P0 animals
that gave F1 transgenic animals and stable F2 transgenic lines (Figure 1F). We did not observe apparent toxicity from
either promoter at low concentrations (2.5 ng/ul and 10 ng/ul). At high concentration (25 ng/ul), we observed a reduction
in plates with rescued F1s and fewer stable lines for Pmyo-2, suggesting some toxicity. In contrast, even at high
concentrations, Pmlc-1 did not show any apparent toxicity.

Our goal was to use a single, bright co-injection marker to generate MosSCI insertions, and the lack of toxicity allowed us
to test Pmlc-1 at high concentration (25 ng/ul). We inserted a germline-expressed Psmu-1::gfp transgene (Spike et al.
2001) by MosSCI using cbr-unc-119 as the positive selection and a Pmlc-1::tagRFP-T transgene as the visual negative
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selection marker (in addition to Phsp-16.41:peel-1). We injected ten animals and recovered six plates with extra-
chromosomal arrays in the F2 or F3 generation. We heat-shocked these plates and identified four plates with rescued
animals (i.e., animals with normal movement) but with no visible red fluorescence on a dissection fluorescence
microscope. To rule out false positives, we picked a single worm from each plate and checked for stable germline
expression from a transgene insert in the next generation (Figure 1G). All four independent lines expressed GFP in the
germline and we observed no tagRFP expression from the fluorescent co-injection marker at high magnification. These
results indicate that we could use a single fluorescence marker to select against false positives. Homologous repair relies
on unique sequences in the extra-chromosomal array. Therefore, we have generated a set of green (gfp and mNeonGreen)
and red (mCherry and TagRFP-T) Pmlc-1 fluorescent markers with cytoplasmic and nuclear expression to avoid cross-talk
with the repair machinery.

Here, we describe two promoters from mlc-1 and mlc-2 that can drive bright fluorescent expression in all muscles. We
have used mlc-1 to generate co-injection markers that are non-toxic at high concentrations. The use of a single fluorescent
co-injection marker solves a minor inconvenience when generating MosSCI injection mixes and would, presumably, also
be useful for other methods that rely on similar selection schemes. More generally, mlc-1 and mlc-2 promoters should be
generally useful when a bright pan-muscle expression is desired, e.g., for transgene rescue, for expressing optogenetic
effectors (e.g., Kerr et al. 2000), or for isolating cells or nuclei from all muscles (e.g., Serizay et al. 2020). Pmlc-2 is
expressed at slightly lower levels but may be preferable in the cases where the first six amino acids of mlc-1 might perturb
experiments. To facilitate the use of these reagents, we have deposited fluorescent transgenes and Gateway-compatible
promoter vectors at Addgene for distribution.

Methods
Request a detailed protocol

Reagents

Co-injection markers available at Addgene

pSEM228 – Pmlc-1::mNeonGreen(2xNLS)::cbr-tbb-2 UTR (Addgene #159895)

pSEM229 – Pmlc-1::mNeonGreen::cbr-tbb-2 UTR (Addgene #159896)

pSEM230 – Pmlc-1::GFP(2xNLS):: cbr-tbb-2 UTR (Addgene # 159794)

pSEM231 – Pmlc-1::GFP::cbr-tbb-2 UTR (Addgene #159897)

pSEM232 – Pmlc-1::TagRFP-T(2xNLS)::cbr-tbb-2 UTR (Addgene #159898)

pSEM233 – Pmlc-1::TagRFP-T::cbr-tbb-2 UTR (Addgene #159899)

pSEM234 – Pmlc-1::mCherry(2xNLS)::cbr-tbb-2 UTR (Addgene # 159795)

pSEM235 – Pmlc-1::mCherry::cbr-tbb-2 UTR (Addgene #159900)

pCFJ2113 – [4-1] – Promoter – Pmlc-1 (w ATG) (Addgene #159888)

pSEM223 – [4-1] – Promoter – Pmlc-2 (no start) (Addgene #159889)

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

Molecular biology

We generated all co-injection markers by three-fragment multisite Gateway reactions (Invitrogen Cat #12538200). The
pENTR[4-1] vectors were made by amplifying the promoters and assembled by BP Gateway reaction (Invitrogen Cat
#11789013) into a custom pDONR4-1 vector (pCFJ1509). All PCRs were done using high fidelity Phusion polymerase
(F530S) and validated by Sanger sequencing.

Promoter quantification

Transgenes with Pmlc-1, Pmlc-2, or Punc-54 fused to a codon-optimized gfp were inserted by MosSCI into the EG4322
(ttTi5605 ; unc-119(ed3)) strain following standard protocols. The injection mixes were composed of 25 ng/ul repair
template, 20 ng/ul pCFJ104 (Pmyo-3::mCherry), 20 ng/ul pGH8 (Prab-3::mCherry), 5 ng/ul pCFJ90 (Pmyo-2::mCherry),
20 ng/ul pMA122 (peel-1::HS), 20 ng/ul pNP403 (histamine selection), 20 ng/ul pCFJ1532 (Psmu-1:Mos1 transposase).
After injection, we singled each worm onto a standard NGM plate seeded with HB101 and placed animals at 25º Celsius.
Starved plates with unc-119 rescued animals were placed for one hour at 37º Celsius (heat-shock) and “chunked” to a new
NGM plate. Twenty-four hours later, we picked a single worm with unc-119 rescue and without visible fluorescence from
co-injection markers to generate a stable line. Once a line was generated, we placed worms onto standard NGM plates
seeded with OP50 and grew at 25º Celsius.

Plasmids used to generate MosSCI insertion strains
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pSEM218 – Punc-54::gfp::cbr-tbb-2 UTR

pSEM219 – Pmlc-2::gfp::cbr-tbb-2 UTR

pSEM220 – Pmlc-1::gfp::cbr-tbb-2 UTR

MosSCI strains

CFJ62: kstSi26[Punc-54 | gfp | cbr-tbb-2 3′ UTR] II; unc-119(ed3) III

CFJ63: kstSi27[Pmlc-2 | gfp | cbr-tbb-2 3′ UTR] II; unc-119(ed3) III

CFJ64: kstSi28[Pmlc-1 | gfp | cbr-tbb-2 3′ UTR] II; unc-119(ed3) III

To test if a single co-injection marker was sufficient to select for MosSCI insertions, we used the same strategy but with a
germline-expressed transgene and a modified injection mix. The mix consisted of 25 ng/ul pCFJ1805 (Psmu-1::gfp) for
germline expression, 25 ng/ul pSEM233 (Pmlc-1::TagRFP-T), 20 ng/ul pMA122 (peel-1 ::HS), 20 ng/ul pCFJ1532
(Psmu-1:Mos1 transposase), GeneRuler 1kb plus DNA ladder (ThermoFisher SM1331) for a final concentration of 100
ng/ul.

Fluorescence quantification

We placed six worms onto NGM plate seeded with OP50 (four plates per strain) and placed animals at 25º Celsius. After
five days, worms were washed off growth plates with M9 and washed twice to remove bacteria. We quantified
fluorescence using a Copas flow cytometer (Union Biometrica). A mixed population was analyzed, but we only quantified
the fluorescence of young adult worms (based on “time of flight,” i.e., animal length).

Transgene toxicity analysis

Transgenic worms were generated by injection into N2 (wild type) worms. The injection mixes were composed of Pmlc-1
or Pmyo-2 fused to mCherry at different concentrations (2.5 ng/ul ; 10 ng/ul ; 25 ng/ul) and GeneRuler 1kb plus DNA
ladder (ThermoFisher SM1331) for a final concentration of 100 ng/ul. Ten worms were injected per condition, singled
onto NGM plates seeded with OP50, and placed at 25º Celsius. 48 hours after, we determined the number of plates with
transgenic F1s and several days later determined if the plates had stable arrays lines in the F2 or F3 generation.

Plasmids used for toxicity assays

pSEM235 – Pmlc-1::mCherry

pCFJ90 – Pmyo-2::mCherry

Microscopy

We imaged animals on a Leica DM2500 microscope equipped with a Leica DFC7000 GT camera at 20X. Worms were
immobilized using an M9 solution containing 50 mM of sodium-azide and mounted on 2% agarose pads. We analyzed the
fluorescence signal using ImageJ and Affinity designer software.
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