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ABSTRACT 

 

CRISPR-based genome editing methods in model organisms are evolving at an 

extraordinary speed. Whereas the generation of deletion or missense mutants is quite 

straightforward, the production of endogenous fluorescent reporters is still inefficient. 

The use of plasmids with selection markers is an effective methodology, but often 

requires laborious and complicated cloning steps. We have established a cloning-free 

ribonucleoprotein-driven Nested CRISPR method that robustly produces endogenous 

fluorescent reporters. This methodology is based on the division of the GFP and 

mCherry sequences in three fragments. In the first step we use ssDNA donors (≤200 

bp) to insert 5’ and 3’ fragments in the place of interest. In the second step, we use 

these sequences as homology regions for Homologous Directed Repair (HDR) with a 

dsDNA donor (PCR product, ≈700 bp) including the middle fragment, thus completing 

the fluorescent protein sequence. This method is advantageous because the first step 

with ssDNA donors is known to be very efficient, and the second step, uses universal 

reagents, including validated PCR products and crRNAs, to create fluorescent reporters 

reaching reliable editing efficiencies as high as 40%. We have also used Nested CRISPR 

in a non-essential gene to produce a deletion mutant in the first step and a 

transcriptional reporter in the second step. 

In the search of modifications to optimize the method, we tested synthetic sgRNAs, 

but we did not observe a significant increase in the efficacy compared to 

independently adding tracrRNA and crRNA to the injection mix. Finally, we discuss the 

utility of Nested CRISPR for targeted insertion of long DNA fragments in other systems 

and prospects of this method in the future. 
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INTRODUCTION 

 

The advent of CRISPR/Cas9 has allowed genetic engineering to progress at an 

unprecedented level. Naturally employed by bacteria as a defense mechanism, the 

Cas9 nuclease has been engineered to introduce blunt double-strand breaks (DSB) in 

target DNA when guided by an RNA duplex comprised of a generic trans-activating 

crRNA (tracrRNA) and a sequence specific CRISPR RNA (crRNA) (Mojica et al. 2005; 

Jinek et al. 2012). This cut is only made at sites complementary to the 20-nucleotide 

guide sequence within the crRNA in the presence of a downstream protospacer 

adjacent motif (PAM) site comprised of the bases 5’-NGG-3’ (in the case of S. Pyogenes 

Cas9). Thus, the ease of use and specificity of the technique has made it an attractive 

tool for genome editing in cellular systems and model organisms. 

In the nematode Caenorhabditis elegans, gene editing is achieved via injection of a mix 

containing crRNA, tracrRNA, and Cas9 into the gonads. These components can be 

expressed from plasmids or added as independent molecules (commercially available) 

that form ribonucleoprotein complexes (RNPs) (Cho et al. 2013; Frokjaer-Jensen 2013; 

Waaijers et al. 2013). In the absence of a repair template, the non-homologous end 

joining (NHEJ) pathway is initiated, leaving behind deletions or small indels that are 

useful for generating non-specific mutations (Chen et al. 2013). However, when a 

repair template, in the form of a single-stranded oligonucleotide (ssODN) or double-

stranded DNA with homology arms, is added into the mix, the homology-directed 

repair (HDR) pathway is initiated, allowing precise changes such as point mutations 

and defined deletions or insertions to be introduced into the genome (Paix et al. 

2014). 

Simultaneous editing of the dpy-10 locus leads to dumpy or roller phenotypes that 

facilitates rapid visual screening of genome-editing events, being commonly used as a 

positive control and co-marker (Kim et al. 2014; Arribere et al. 2014). A subset of dpy-

10 co-edited F1s would then be heterozygous for the edit of interest. One of the 

advantages of C. elegans is that it is hermaphroditic, and thus, self-fertilization will 

lead to ¼ of the F2 animals being homozygous for the desired edit. Coupled with the 

fast life cycle of this nematode (3-4 days at 20°C), producing the desired mutation 

takes only 10 to 15 days. 
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Despite the rate at which the optimization of the technique is progressing, it is not 

without limitations. These include variable efficiency of the sgRNA (Briner et al. 2014; 

Farboud and Meyer 2015; Liu et al. 2018), and potential off-target mutagenesis (Ran et 

al. 2013). In the case of insertions, another limiting factor is the length of commercially 

available ssODNs, which are commonly synthesized with a maximum length of 200 bp. 

In C. elegans, the homology arms need to be 35-45 bp long and therefore the 

maximum length of the new fragment that can be inserted by CRISPR with ssODNs is 

about 100- 130 bp (Paix et al. 2014). 

Insertions of this size are relatively easy to perform. However, the challenge currently 

lies in inserting larger fragments of DNA, such as the integration of fluorescent 

reporters into endogenous loci or gene replacements. Even though it has been 

demonstrated that this can be achieved by using targeting vectors with long homology 

arms (Dickinson et al. 2013; Schwartz and Jorgensen 2016; McDiarmid et al. 2018), 

plasmid construction usually involves cumbersome cloning steps. An alternative option 

is to use a PCR product with 35-bp flanking sites that are homologous to the insertion 

site as a repair template (Paix et al. 2015). However, in our hands, and in the 

experience of other colleagues, the efficiency of this method is very low (Dokshin et al. 

2018). 

In order to overcome this challenge, we developed a Nested CRISPR protocol that can 

consistently generate protein::EGFP or protein::mCherry fusions without the need for 

cloning. It involves the insertion of the fluorescent protein of interest in two steps. The 

first step involves a ≈120-bp in-frame insertion, at the N-terminus or C-terminus of the 

target gene, consisting of the joint 5’ and 3’ ends of EGFP or mCherry using an ssODN 

as a repair template. This fragment contains a new PAM site and protospacer 

sequence that, in a second step, allow the in-frame insertion of the remaining 

sequence of about 700 bp, depending on the number and length of introns included in 

the donor, using a universal PCR product as a repair template. We demonstrate that 

the high editing efficiency in the first step is not limiting (≈15-69%), and that the 

remaining larger fragment can be inserted in the second step with ≈7-40% of 

efficiency. As a result, we present data for EGFP and/or mCherry integration across five 

genes, including seven protein fusions and one transcriptional reporter, demonstrating 

the efficacy of the Nested CRISPR method.  
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RESULTS 

 

Endogenous translational fluorescent reporters by Nested CRISPR 

 

We were interested in making an endogenous fluorescent reporter for prpf-4. At that 

time, the most straightforward method was the use of CRISPR/Cas9 ribonucleoprotein 

complexes and a PCR product with 35 bp homology arms as donor (Paix et al. 2015). 

We obtained a single positive event after four experiments consisting of 72 injections 

and 366 PCRs (0.3% of efficacy). We used the same methodology for five more genes, 

but we failed to generate other reporters after many injections. Thus, we decided to 

investigate an alternative cloning-free method to generate endogenous fluorescent 

reporters in C. elegans. Since the targeted insertion of long double-stranded DNA 

(dsDNA) templates was much more difficult than genome editing with small (≤200 nt) 

single-stranded DNA, we reasoned that a nested approach that always uses the same, 

previously validated, dsDNA and crRNA to insert the longer fragment would be an 

efficient method to produce endogenous EGFP and mCherry reporters. Thus, we 

designed a pipeline to produce homozygous translational reporters in five generations 

(approximately three weeks in C. elegans) (Figure 1). This pipeline works as follows: in 

the case of the Enhanced Green Fluorescent Protein (EGFP), we divide the 866 nt of 

the EGFP sequence, including three introns, in three sequences of 58 nt + 752 nt + 56 

nt that are designated as fragments 1, 2 and 3 respectively (Figure 2A). Using a crRNA 

specific for the targeted gene, we can insert the block of sequences 1 and 3 in-frame in 

the place of interest by using single stranded oligodeoxynucleotides (ssODNs) as 

donors (Table S1, S2). As positive control, we use the co-CRISPR strategy (Kim et al. 

2014; Arribere et al. 2014). Thus, only plates with the presence of dpy-10-edited 

worms, either dumpy or roller animals, are screened for insertions by PCR (Figure 1). 

Once we have homozygous animals for the 1-3 block, we sequence the insertion to 

ensure that the 1-3 fragment is in frame. We detected a right sequence in 62% of the 

cases (13 out of 21) and therefore we recommend to sequence three positives (Table 

1). 

Then, we use sequences of EGFP 1 and 3 as homology regions to insert the remaining 

EGFP sequence by using a EGFP 1-3 specific crRNA and a PCR product amplified from 
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the pJJR82 EGFP plasmid (Figure 2B, Table S3). Importantly, the injection mix in this 

second step is universal, using the same crRNA and PCR product, increasing 

reproducibility and reducing costs (Table S3). Scoring of positives in the progeny can 

be visual if the fluorescence signal and the stereoscope, or microscope, are adequate. 

Otherwise, it is necessary to perform a PCR-based screen among animals, individuals 

or pools, from dpy-10 edited plates.  

We first applied the Nested CRISPR pipeline to prpf-4 to produce an EGFP reporter. In 

the first step, we injected 13 animals and genotyped 24 F1 worms obtaining 26% of 

positives. In the second step, we injected 23 animals and genotyped 32 F1 worms 

obtaining 40% of positives. Whereas in the past we spent months to generate one 

strain, following the Nested CRISPR pipeline we obtained 13 lines for prpf-4::EGFP in 

three weeks (Figure 2C). Thus, we decided to validate and consolidate this 

methodology. Then we generated a prpf-4::mCherry reporter with similar efficiency 

(Figure 2B, 2C) (Table 1). Next, we made endogenous EGFP and mCherry reporters for 

other genes, gtbp-1 and pgl-1, that were previously used to test CRISPR/Cas9 methods 

(Paix et al., 2015; 2016). Efficacies ranged from 12% to 70% in the first step, and from 

7% to 37% in the second step (Figure 3) (Table 1). Finally, we attempted to create a 

translational reporter for ubh-4, a gene that had not previously been edited by CRISPR. 

We obtained a 53% of efficacy in the first step, and 10% in the second step.  

As stated above, a Nested CRISPR universal mix can be used for all Step 2 injections to 

increase the reproducibility of Homologous Directed Repair (HDR) efficiency. Still, we 

observed variability in the efficiency of step 2 (Figure 3B) that could be due to local 

chromatin structure or other factors that we do not yet understand. Still, the relevant 

point is that, differently from the past, we succeeded to produce several lines in all our 

attempts to generate endogenous fluorescent reporters.  

 

 

Nested CRISPR pipeline to generate a deletion mutant and a transcriptional reporter  

 

In our experience, removing the whole ORF of a given gene by CRISPR using two 

crRNAs at the 5’ and 3’ ends (Chen et al. 2014) works very well with the addition to the 
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injection mix of an ssODN as repair template, producing mutants with a precise 

deletion. 

We reasoned that in the case of non-essential genes, which are about 80-85% of the C. 

elegans genome (Kemphues 2005), our Nested CRISPR method could be used to 

produce both a deletion mutant and a transcriptional reporter in the same pipeline 

(Figure 4). We tested this approach in the gene K12C11.3, which encodes a non-

essential copper transporter. First, we made a 1339 bp deletion that removes most of 

the K12C11.3 coding sequence. We used two crRNAs to cut just after the initiation 

codon and right before the stop codon, and an ssODN donor containing the mCherry 1-

3 fragment with two 35 bp homology arms (with homology upstream of the initiation 

codon, and downstream of the stop codon). In this first step we obtained 37% of 

positive events after the PCR screen. In the second step, we injected 35 animals and 

produced three transcriptional reporters for K12C11.3 (8% of efficacy) (Table 1). 

Therefore, nested CRISPR is an advantageous option when generating deletion 

mutants of non-essential genes as the knockout obtained is already primed for the 

generation of a transcriptional reporter. 

 

Synthetic sgRNAs are functional 

 

In the use of RNPs for CRISPR, researchers have been using crRNA:tracrRNA duplexes 

that are bought separately and subsequently mixed 1:1 later to make RNPs with Cas9. 

Recently, synthetic sgRNAs become commercially available (IDT). This new synthetic 

sgRNA consists of a single RNA oligonucleotide containing both the target-specific 

crRNA and the universal tracrRNA. Synthetic sgRNAs contain chemical modifications 

that may improve the stability and we wondered if they would increase the efficacy of 

CRISPR in C. elegans. We found that synthetic sgRNAs work correctly but we did not 

observe a clear improvement in the efficacy (Table 1). However, synthetic sgRNAs 

consumes less volume in the injection mix compared to adding crRNA and tracrRNA 

independently, and this could be convenient in cases and/or systems where final 

volume of the mix is critical. 
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DISCUSSION 

 

CRISPR technology is evolving rapidly and such speed does not facilitate the 

consolidation of protocols through reproducibility in distinct laboratories. Thus, an 

efficacy of 16% to insert two loxP sites to produce conditional KOs in mice (Yang et al. 

2013), has recently been proved to be actually close to 1% by the mice community 

(Gurumurthy et al. 2018). In C. elegans, the CRISPR-based insertion of fluorescent tags 

using PCR products with 35 bp homology arms as donors does not seem to be as 

efficient as originally reported (Paix et al. 2015). Such discrepancy has formally been 

mentioned for the first time in a recent publication (Dokshin et al. 2018). These 

inconsistencies between efficacies are probably due to factors that are still unknown 

because of the speed at which the field is progressing. Some labs use in-house purified 

Cas9 whereas other labs use commercial Cas9, and each lab has different equipment 

to perform microinjections in the worm germline. These differences are a source of 

variability. Unfortunately, differently from the mice community, there is no 

coordinated effort to determine the real efficiency of the different techniques in C. 

elegans.  

CRISPR/Cas9 reagents are now commercially available and the cost is affordable for 

most labs. Thus, the use of common reagents should help to unifying the outcome of 

CRISPR methods. However, the way to perform microinjection in C. elegans varies 

from lab to lab, and from person to person, and this could also be source of variability 

in the amount of Cas9 injected in the germline. Since high concentration of Cas9 

appears to be toxic (Dokshin et al. 2018), microinjection could be considered a critical 

point. In fact, there is quite variability in the efficacy among worms injected in the 

same experiment by the same person. 

 

Present and future of Nested CRISPR 

This Nested CRISPR approach has several advantages (Table 2) and has changed our 

experimental life in terms of generating endogenous reporters. While we previously 

spent months performing CRISPR experiments attempting to generate reporters of six 

distinct genes and being successful only once, following the Nested CRISPR method we 

have succeeded in all eleven attempts to make endogenous fluorescent reporters 
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(Table 1). Other researchers should reproduce our success rate with Nested CRISPR 

since all the elements that we use are commercially available, and the reagents and 

conditions for the second step are universal. This methodology is feasible for 

researchers with limited knowledge of molecular cloning and will facilitate the 

production of endogenous reporters to study the real expression of a given gene. 

Therefore, expression patterns inferred from extrachromosomal reporters or 

molecular constructs inserted randomly in the genome, and often as multicopy, should 

be revised and validated. 

We have used the co-CRISPR system as a marker of valid injections. However, we have 

not found a strict correlation between positives and plates with a high number of dpy-

10 edited animals (Figure S1). Alternatively, other co-injection markers as 

extrachromosomal plasmids harboring fluorescent reporters, antibiotic resistance 

genes, or dominant alleles can be used (Norris et al. 2015; Prior et al. 2017; Dokshin et 

al. 2018). However, the use of plasmids could be a source of variability (mutations, 

distinct DNA preparations, etc.) between labs that can be bypassed by using the same 

crRNA for dpy-10. Still, to date, it is impossible to predict which injected animals will 

produce more positives. 

Since the structure of the guide RNA can influence the activity of Cas9 (Lim et al. 2016), 

we tested synthetic sgRNA for some injections and we did not observe an 

improvement compared to injecting tracrRNA and crRNA separately. A positive aspect 

of synthetic sgRNAs is that the volume of the injection mix can be reduced and a 

potential competition between two crRNAs for the tracrRNA can be avoided.  

We also tried universal GFP and mCherry megamers (long ssDNA) plus two small 

ssODNs as homology bridges to induce in vivo assembly of linear DNAs (Paix et al. 

2016), but we only obtained partial insertions. Although the price of megamers is still 

high and the synthesis of long ssDNA can present difficulties, the use of megamers in 

CRISPR should be explored and evaluated in the future (Quadros et al. 2017). 

The race to develop more efficient and reliable CRISPR methodologies has not 

stopped. C. elegans researchers have found several factors that can influence the 

efficacy of CRISPR. As examples, the orientation of the ssDNA repair seems to 

influence the efficiency of insertion (Katic, Xu, & Ciosk, 2015), certain nucleotides 

before the PAM sequence could be more convenient for Cas9 cutting (Farboud and 
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Meyer 2015), and new variants of Cas9 protein may be more specific and efficient (Bell 

et al. 2016). Despite these, the insertion of long DNA fragments has a limited 

efficiency. Recently, two studies have proposed modifications in dsDNA templates to 

improve efficacy of genome editing. These studies suggest the use of 5’ modifications 

in the dsDNA donors and the use of hybrid PCR products with 120 bp of ssDNA 

overhangs (Ghanta et al. 2018; Dokshin et al. 2018). These alternatives are attractive 

but can be costly, particularly for large-scale projects. Thus, the generation of hybrid 

PCR products requires long primers (140 nt) that may need to be optimized whereas 

the PCR for the second step in Nested CRISPR is already optimized and the product can 

be reused for several experiments. In any case, these studies and ours are open to the 

community and will certainly help different labs in finding the convenient methodology 

that suits their expertise and resources. In fact, a coordinated effort from the C. 

elegans community is necessary to compare distinct approaches for inserting long DNA 

fragments by CRISPR. Meanwhile, the onset of different but efficient CRISPR 

methodologies will facilitate the widespread generation of endogenous reporters that 

will step up many research projects. 

 

Nested CRISPR is scalable 

We used Nested CRISPR to generate a deletion mutant and a transcriptional reporter 

in the same pipeline. This is a strategy that could be considered for large-scale projects 

because at the time that a collection of deletion mutants is made, these strains are 

ready for a universal second step that generate transcriptional reporters. 

Conveniently, the number, length, and sequences of introns can be modified in the 

second step. This is relevant because the number and length of introns can influence 

the transcriptional rate, and the sequence of these introns can influence germline 

silencing (Frokjaer-Jensen 2013; Heyn et al. 2015). Thus, we found the modular and 

flexible nature of the second step of Nested CRISPR of great value.  

The fact that we used homozygous animals with the 1-3 fragment in our deletion plus 

transcriptional reporter pipeline is a handicap for essential genes (approximately 20% 

of genes) whose deletions need to be maintained as heterozygous strains. Still, 

considering the high efficiency of genome editing with ssDNA in the first step, Nested 
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CRISPR in a single injection might be possible, but further experimentation will be 

required to assess its feasibility. 

Recently, a scalable strategy to create mutants in C. elegans has been suggested. Such 

strategy relies in the insertion of an ssODN with STOP codons in the three different 

reading frames (Wang et al. 2018). This is a smart approach but, beside the concern of 

having some residual translation due to an inefficient Non-sense Mediated Decay 

(NMD), using Nested CRISPR results in a deletion mutant strain ready to later produce 

a fluorescent reporter. 

 

Universality of Nested CRISPR 

The efficacy of Nested CRISPR relies in the use of a universal and reliable step to insert 

long fragments of DNA. Perhaps, the insertion of a long piece of DNA in a genomic 

region that has previously been edited (step 1) could be facilitated. It is known that 

chromatin state influences CRISPR-Cas9 editing efficiencies (Verkuijl and Rots 2018) 

and it is possible that the first cut makes the chromatin more accessible or sensitive for 

an subsequent cut. It any case, the cut required for the first step of Nested CRIPSR 

indicates that the chromatin in that region is accessible for Cas9 to perform the second 

and more limiting step. 

The mechanisms of CRISPR/Cas9 genome-editing in distinct organisms seem to be very 

similar and therefore, any technical advance in C. elegans could be applied to other 

models. In the case of Nested CRISPR, the need for five generations to obtain 

homozygous animals could be a handicap in other animals with longer life cycles. Still, 

if somebody plans to make a deletion mutant for a given gene, it will make sense to 

make it ready for a second step that allows the generation of an endogenous 

fluorescent reporter. As previously mentioned, there is room for the optimization of 

Nested CRISPR. In principle, Nested CRISPR can be possibly carried out in a single step 

either through two sequential cuts by Cas9 or using two distinct nucleases (e.g. Cas9 

and Cpf1).  
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MATERIALS AND METHODS 

 

Strains 

We used the Bristol N2 strain as wild type background and worms were maintained on 

Nematode Growth Medium (NGM) plates seeded with E. coli OP50 bacteria (Stiernagle 

2006). All strains generated in this study are listed in Table S4. 

 

crRNA and ssODN design 

The 20-nucleotide guide sequences were selected with the help of CCTop (Stemmer et 

al. 2015) or Benchling (www.benchling.com), which are CRISPR/Cas9 target predictors. 

The crRNAs were ordered as 2 nmol products from IDT (www.idtdna.com) and were 

resuspended in 20 µl of nuclease-free duplex buffer to yield a stock concentration of 

100 µM. Once the cut site had been determined, ssODN donors were designed in such 

a way that the EGFP 1-3 or mCherry 1-3 sequences were inserted in-frame 

immediately before the stop codon of the gene of interest (pgl-1 and prpf-4), or within 

a few amino acids before the stop codon (gtbp-1 and ubh-4), depending on the 

availability of a PAM sequence. The canonical design is as follows: a 35- to 45-bp left 

homology arm extending towards the cut site at or before the stop codon, followed by 

the EGFP 1-3 or mCherry 1-3 sequence, followed by a 35- to 45-bp right homology arm 

extending towards the 3’ UTR. The exact lengths of the homology arms depend on the 

distance of the insertion from the cut site and must account for the adjustment of 

nucleotides to ensure that the EGFP or mCherry 1-3 fragment is inserted in-frame. In 

the case of transcriptional reporters (K12C11.3), two crRNAs were designed to cut 

within the gene of interest, leaving behind a few amino acids after the start codon and 

before the stop codon. However, nucleotides encoding for these excess amino acids 

were not included in the ssODN repair template, thus generating mCherry 1-3 

insertions that are immediately flanked by the start and stop codons. ssODNs were 

ordered as 4 nmol ultramers from IDT and were resuspended in 40 µl of nuclease-free 

duplex buffer to yield a stock concentration of 100 µM. The sequences of crRNAs and 

ssODN donors used in all EGFP 1-3 or mCherry 1-3 injections are shown in Table S1 

and Table S2. 
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Preparation of EGFP or mCherry PCR product repair template 

The plasmids pJJR82 and pJJR83 were gifts from Mike Boxem (Addgene plasmids 

#75027 and #75028, respectively). These plasmids contain sequences for the EGFP and 

mCherry fluorophores respectively, which are codon-optimized for C. elegans. Primers 

were designed to allow the amplification of the complete sequence of EGFP or 

mCherry using the Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific). 

Primers and PCR conditions for these universal steps are specified in the 

supplementary materials (Figure S2). 5 µl of PCR product were run on a 2% agarose gel 

to verify correct amplification of the fragments. The amplicon lengths for EGFP and 

mCherry are 865 bp and 855 bp, respectively. Eight to twelve 50-μl reactions were 

then purified with the MinElute PCR purification kit (QIAGEN). The yield achieved was 

usually around 800 – 1200 ng/μL. 

 

Preparation of mix 

The individual components were mixed in the following order: the tracrRNA, dpy-10 

crRNA, target gene crRNA (or in the case of step 2, EGFP 1-3 or mCherry 1-3 crRNA), 

and Cas9 (IDT, cat. no. 1081058) were combined and incubated at 37°C for 10 minutes. 

Cas9 was added to the mix at distinct concentrations, from 0.25 to 1.64 ng/µl (Table 

1). The dpy-10 repair template and target gene ssODN (in the case of step 1) or 

EGFP/mCherry PCR product (in the case of step 2) were added, and the volume 

brought up to the required amount with nuclease-free H2O. In our experience, it is 

possible to prepare 5-μl injection mixes to avoid wasting excess reagents. The mixture 

was then centrifuged at 13,000 rpm for 2 minutes to settle particulate matter and was 

kept on ice prior to loading the capillary needles. Fresh injection mixes were normally 

prepared in this study. However, we observed that excess mix can be stored at -20°C 

and reused for future injections for a period of at least 4 months. The recommended 

concentrations for each component of the injection mix are specified in the 

supplementary materials (Figure S3). 

 

Microinjection 

Approximately 1 μl of the injection mix was loaded on Eppendorf Femtotips 

Microinjection Capillary Tips (Eppendorf) using Eppendorf Microloader Pipette Tips 
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(Eppendorf). Approximately 15 to 20 young adult hermaphrodites were immobilized in 

2% agar pads with halocarbon oil and were injected with the corresponding 

transformation mix using the XenoWorks Microinjection System (Sutter Instrument) 

and the Nikon eclipse Ti-s inverted microscope with Nomarski optics. Injected worms 

were recovered in M9 buffer and were individually separated onto NGM plates. The 

plates were incubated at 20°C for 4 days or at 25°C for 3 days. 

 

Screening 

F1 rollers and dumpys were individually transferred onto NGM plates and were left to 

lay F2 progeny. Single-worm or pooled (2-3 individuals) PCR was then performed on F1 

worms. Primers were designed for each target gene and amplicon size shifts on 2% 

agarose gel were indicative of insertion events. If the PCR product was of the correct 

size, eight wild-type appearing F2 progeny were individually transferred onto NGM 

plates to isolate homozygous individuals. PCR products for homozygous animals were 

then purified using the QIAquick PCR purification kit (QIAGEN) and underwent Sanger 

Sequencing to verify the correctness of the insertion. In step 2 insertions, visual 

screening can be performed through fluorescence microscopy, in addition to 

genotyping by single-worm PCR. Green (EGFP) or red (mCherry) fluorescence were 

indicative of complete, in-frame insertion events. A list of external primers used for 

genotyping are shown in Table S5. 
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FIGURES 

 

 

 

Figure 1. Nested CRISPR pipeline 

Young adult animals are injected in the germline with a mix containing Cas9, tracrRNA, crRNA and 
ssODN repair template for the fluorescent protein of interest (EGFP in this example), and a marker of 
CRISPR efficiency (crRNA and ssODN for dpy-10(cn64) in our case as in Arribere et al, 2014). Injected 
animals are singled-out in NGM plates. After 3-4 days, animals from plates with positives for the CRIPSR 
marker (jackpot plates) are singled out in NGM plates and genotyped for the insertion of interest once 
they laid progeny. The progeny of F1 animals positive for the insertion is singled out to obtain F2 
homozygous animals, and insertions verified by Sanger sequencing. Bands in gel and sequencing peaks 
are illustrative. In the second step, F3 young adults with the insertion of fragment 1 and 3 in frame are 
injected with a universal mix containing Cas9, tracrRNA, crRNA for fragment 1-3, dsDNA (PCR product of 
the fluorophore of interest) as repair template, and CRISPR marker. The fluorescence could be observed 
in F4 positive animals. Otherwise, a PCR screen for positives among F4 animals from jackpot plates is 
required. F4 animals heterozygous for the insertion will give rise to F5 homozygotes for the translational 
reporter of interest.  
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Figure 2. Translational endogenous reporters by Nested CRISPR 
(A) Scheme of molecular events to generate a translational fluorescent reporter (GFP in this case) by 
Nested CRISPR. A gene-specific crRNA (crRNA 1) is required to assemble Cas9 RNP complexes that cut at 
the 5’ or 3’ end of the gene. Along with these RNPs, the injection mix contains an ssODN with two 
homology arms of 35-45 bp (depending on the distance from the cut site) that is inserted in the place of 
interest by homologous recombination. In the second step, RNPs contain a universal crRNA (crRNA 2) 
that cut the gfp 1-3 specific targeted sequence or protospacer. Then a universal dsDNA molecule, 
resulting from PCR amplification of GFP, is used as repair template to generate a translational reporter. 
(B) Details of sequences and homology regions of EGFP and mCherry for the universal Step 2. The 
nucleotides at the bottom represent the sequences of fragments 1-3 for EGFP and mCherry after Step 1. 
Solid lines correspond to the 20-nt guide sequence and nucleotides in red represent the PAM sequence. 
Targeted sequences in EGFP and mCherry result from the fusion of native fragments 1 and 3, without 
the need to change any nucleotide. The red vertical bar represents the cut site. At the top is the 
sequence of the dsDNA repair template with homology with fragments 1-3. Primer annealing sites for 
PCR amplification of EGFP and mCherry are labeled with dashed lines. Parallelograms mark homology 
regions. (C) Representative pictures of prpf-4::mCherry and prpf-4::EGFP translational reporters 
generated by Nested CRISPR. Scale bars equivalent to 100 µm. 
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Figure 3. Efficiency of Nested CRISPR experiments 

(A) Horizontal bar plot representing the efficiency of each experiment, as described in Table 1. N/A = not 
applicable. (B) Graph showing the distribution of efficacy values represented in the previous panel. 
Violin plot (in blue) illustrates the kernel probability density of each step’s efficiencies. Red and green 
dots represent efficiencies (% of positives) of each attempt to introduce mCherry or EGFP, respectively. 
Black lines represent the mean efficiency in each step. 
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Figure 4. Deletions and transcriptional endogenous reporters by Nested CRISPR 

Scheme of molecular events to generate a deletion and a transcriptional fluorescent reporter (GFP in 
this case) by Nested CRISPR. Two gene-specific crRNA (crRNA 1a and crRNA 1b) and a ssODN donor are 
required to produce a deletion of the gene and an in-frame insertion of fragment 1-3. In the second 
step, RNPs contain a universal crRNA (crRNA 2) that cut the gfp 1-3 specific targeted sequence. Then a 
universal dsDNA molecule, resulting from PCR amplification of GFP, is used as repair template to 
generate a transcriptional reporter. 
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TABLES 
 

Experiment 

Plates with 

dpy-10 edits/ 

injected worms 

PositivesA/worms 

screened (%) 

In-frame 

sequencesD 

Cas9 

concentration 

(ng/μl) 

prpf-4 GFP Step 1 1/13 6/23 (26.09) 2 of 2 1500 

prpf-4 GFP Step 2 7/23 13/32 (40.63) 13 of 13 1640 

prpf-4 GFP Step 2 syn-sgRNA 4/20 2/24 (8.33) 2 of 2 250 

prpf-4 mCherry Step 1 6/12 3/23 (13.04) 2 of 3 250 

prpf-4 mCherry Step 2 11/28 16/43 (37.21) 16 of 16 250 

prpf-4 mCherry Step 2 syn-sgRNA  7/28 26/108 (24.07) 3 of 3 250 

gtbp-1 GFP Step 1 9/14 3/24 (12.50)B 1 of 3 1000 

gtbp-1 GFP Step 2 9/24 10/46 (21.74) 10 of 10 250 

gtbp-1 GFP Step 2 syn-sgRNA 4/13 3/34 (8.82) 3 of 3 250 

gtbp-1 mCherry Step 1 6/15 22/32 (68.75) 1 of 3 250 

gtbp-1  mCherry Step 2 7/18 7/62 (11.29) 7 of 7 250 

pgl-1 GFP Step 1 5/24 7/25 (28.00)C 1 of 1 1000 

pgl-1 GFP Step 2 5/16 1/13 (7.69) 1 of 1 250 

pgl-1 mCherry Step 1 3/13 24/45 (53.33) 2 of 5 250 

pgl-1 mCherry Step 2 4/18 14/39 (35.89) 7 of 14 250 

K12C11.3p mCherry Step 1 7/37 21/56 (37.50) 3 of 3 250 

K12C11.3p mCherry Step 2 4/14 3/35 (8.57) 3 of 3 250 

ubh-4 GFP Step 1 2/8 8/15 (53.30)C 1 of 1 500 

ubh-4 GFP Step 2 9/27 4/39 (10.26) 4 of 4 250 

 

Table 1. Summary of Nested CRISPR experiments 
 
A Based on PCR genotyping (amplicons of the correct size are considered positives regardless of whether 
or not the insertion is in-frame). 
B Pools of 2-3 worms. 
C Pools of 2 worms. 
D In-frame sequences represent the fraction of worms that are confirmed by Sanger sequencing (Step 1) 
or by visual screening (Step 2) over the number of positives by PCR genotyping. 
syn-sgRNA indicates synthetic sgRNA instead of tracrRNa + crRNA independently. 
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All ingredients are commercially available (except for universal EGFP or mCherry PCR 

products which can be easily prepared). 

The homogeneity of the reagents allows inter-laboratory comparative analysis of CRISPR 

efficiency. 

The second step utilizes the same reagents and conditions in all cases. Thus, it is reliable 

and the difficulty of inserting long dsDNA fragments is bypassed. 

Given the universality of the second step, it is scalable to genome-wide projects. 

Different EGFP/mCherry variants can be used, with distinct introns that may influence 

expression levels and silencing of exogenous DNA. 

The fluorescent protein PCR product repair templates amplified with high-fidelity 

polymerase are universal, thus avoiding multiple PCRs with expensive polymerases. 

An insertion in the first step indicates an accessible chromatin environment for a cut in the 

second step. 

 

Table 2. Advantages of the NESTED CRISPR method 
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SUPPLEMENTARY MATERIAL 

 

 

Target gene Sequence (5’ to 3’) Cut site location 

Distance of 

insertion from 

cut site 

prpf-4 TGGGAAATGTATTATTTGAT C-ter 3 bp 

gtbp-1 CCACGAGGTGGTATGCGCAG C-ter 1 bp 

pgl-1 GGGGGTCGTGGTGGACGCGG C-ter 10 bp 

ubh-4 TTTTCTCTTCAATTCAAGCT C-ter 0 bp 

K12C11.3 GCTATTTTTTCTTCGGATCT C-ter 9 bp 

K12C11.3 GAGCCATCGTAGACGTGTTA N-ter 8 bp 

 

Table S1. List of crRNAs used for Nested CRISPR Step 1 
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Allele ssODN repair template (5’ to 3’) 

gtbp-1::EGFP 1-3 

(sense) 

CGGTTCGGGTGGTGCTCCACGAGGTGGTATGCGCTCCAAGGGAGA

GGAGCTCTTCACCGGAGTCGTCCCAATCCTCGTCGAGCTCGACGGA

GTCAAGGAGTTCGTCACCGCTGCCGGAATCACCCACGGAATGGAC

GAGCTCTACAAGAGCGGTTTCCAAAATGCGGGACAAAATTAGAAG  

pgl-1::EGFP 1-3 

(sense) 

CGTGGACGTGGTGGTTACGGGGGTCGTGGTGGACGTGGCGGCTTTT

CCAAGGGAGAGGAGCTCTTCACCGGAGTCGTCCCAATCCTCGTCGA

GCTCGACGGAGTCAAGGAGTTCGTCACCGCTGCCGGAATCACCCA

CGGAATGGACGAGCTCTACAAGTAAACTCCAACTATTGAATGTTTA

ATTTGTTTTTTAAG 

prpf-4::EGFP 1-3 

(antisense) 

TTAGAGATCACCGAAAAAATTTGGGAAATGTATTACTTGTAGAGCT

CGTCCATTCCGTGGGTGATTCCGGCAGCGGTGACGAACTCCTTGAC

TCCGTCGAGCTCGACGAGGATTGGGACGACTCCGGTGAAGAGCTC

CTCTCCCTTGGACTTGATAGGTATGGTGAAGAATGGGTGTTTGAGA

GCCT 

ubh-4::EGFP1-3 

(sense) 

AAGAAAAATCCAAGCTGAATACAGACATAACCAAGTCCAAGGGAG

AGGAGCTCTTCACCGGAGTCGTCCCAATCCTCGTCGAGCTCGACGG

AGTCAAGGAGTTCGTCACCGCTGCCGGAATCACCCACGGAATGGA

CGAGCTCTACAAGCTTGAATTGAAGAGAAAACAATAGATATTGCAT

TCT 

gtbp-1::mCherry 1-3 

(sense) 

CGGTTCGGGTGGTGCTCCACGAGGTGGTATGCGCTCCAAGGGAGA

GGAGGACAACATGGCCATCATCAAGGAGTTCATGCGTTTCAAGGCC

GAGGGACGTCACTCCACCGGAGGAATGGACGAGCTCTACAAGAGC

GGTTTCCAAAATGCGGGACAAAATTAGAAG  

pgl-1::mCherry 1-3 

(sense) 

CGTGGACGTGGTGGTTACGGGGGTCGTGGTGGACGTGGCGGCTTTT

CCAAGGGAGAGGAGGACAACATGGCCATCATCAAGGAGTTCATGC

GTTTCAAGGCCGAGGGACGTCACTCCACCGGAGGAATGGACGAGC

TCTACAAGTAAACTCCAACTATTGAATGTTTAATTTGTTTTTTAAG 

prpf-4::mCherry 1-3 

(antisense) 

TTAGAGATCACCGAAAAAATTTGGGAAATGTATTACTTGTAGAGCT

CGTCCATTCCTCCGGTGGAGTGACGTCCCTCGGCCTTGAAACGCAT

GAACTCCTTGATGATGGCCATGTTGTCCTCCTCTCCCTTGGACTTGA

TAGGTATGGTGAAGAATGGGTGTTTGAGAGCCT 

K12C11.3p::mCherry 1-3 

(sense) 

GCCTGACTATACTTATTTTTTATGAGCAGAAAATGTCCAAGGGAGAG

GAGGACAACATGGCCATCATCAAGGAGTTCATGCGTTTCAAGGCCG

AGGGACGTCACTCCACCGGAGGAATGGACGAGCTCTACAAGTGAA

TCGATCGATAATGTTTATATAATTTTTGTTT 

 

Table S2. List of ssODNs used for Nested CRISPR Step 1 
Red and green nucleotides represent EGFP 1-3 and mCherry 1-3 sequences, respectively. Nucleotides in 
blue and bold represent start and stop codons, respectively; and underscored nucleotides represent 
silent mutations. 
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Reagent Sequence (5’ to 3’) 

EGFP Step 2 crRNA CGTCGAGCTCGACGGAGTCA 

mCherry Step 2 crRNA GTTCATGCGTTTCAAGGCCG 

EGFP 1-3 block 

TCCAAGGGAGAGGAGCTCTTCACCGGAGTCGTCCCAATCCTCGT

CGAGCTCGACGGAGTCAAGGAGTTCGTCACCGCTGCCGGAATC

ACCCACGGAATGGACGAGCTCTACAAG 

mCherry 1-3 block 

TCCAAGGGAGAGGAGGACAACATGGCCATCATCAAGGAGTTCA

TGCGTTTCAAGGCCGAGGGACGTCACTCCACCGGAGGAATGGA

CGAGCTCTACAAG 

Fwd primer to amplify 

EGFP 1-2-3 
CCAAGGGAGAGGAGCTCTTCA 

Rev primer to amplify 

EGFP 1-2-3 
CTTGTAGAGCTCGTCCATTC 

Fwd primer to amplify 

mCherry 1-2-3 
TCCAAGGGAGAGGAGGACAA 

Rev primer to amplify 

mCherry 1-2-3 
CTTGTAGAGCTCGTCCATTC 

Internal Fwd primer to 

genotype EGFP Step 2 
CATGCCAGAGGGATACGTCC 

Internal Rev primer to 

genotype mCherry Step 2 
TTGGGTTCCCTCGTATGGAC 

dpy-10 co-CRISPR crRNA GCTACCATAGGCACCACGAG 

 

Table S3. List of Nested CRISPR Universal Sequences 

Nucleotides in bold represent PAM sequences. 
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Experiment Strain Genotype 

prpf-4 EGFP Step 1 CER352 prpf-4(cer40[prpf-4::egfp1-3]) I 

prpf-4 EGFP Step 2 CER372 prpf-4(cer54[prpf-4::egfp]) I 

prpf-4 EGFP Step 2 (synthetic sgRNA) CER402 prpf-4(cer82[prpf-4::egfp]) I 

prpf-4 mCherry Step 1 CER383 prpf-4(cer62[prpf-4::mCherry1-3]) I 

prpf-4 mCherry Step 2 CER398 prpf-4(cer80[prpf-4::mCherry]) I 

prpf-4 mCherry Step 2 (synthetic sgRNA) CER404 prpf-4(cer84[prpf-4::mCherry]) I 

gtbp-1 EGFP Step 1 CER371 gtbp-1(cer53[gtbp-1::egfp1-3]) IV 

gtbp-1 EGFP Step 2 CER408 gtbp-1(cer88[gtbp-1::egfp]) IV 

gtbp-1 EGFP Step 2 (synthetic sgRNA) CER410 gtbp-1(cer90[gtbp-1::egfp]) IV 

gtbp-1 mCherry Step 1 CER380 gtbp-1(cer59[gtbp-1::egfp1-3]) IV 

gtbp-1 mCherry Step 2 CER409 gtbp-1(cer66[gtbp-1::egfp]) IV 

pgl-1 EGFP Step 1 CER376 pgl-1(cer57[pgl-1::egfp1-3]) IV 

pgl-1 EGFP Step 2 CER418 pgl-1(cer96[pgl-1::egfp]) IV 

pgl-1 mCherry Step 1 CER381 pgl-1(cer60[pgl-1::mCherry1-3]) IV 

pgl-1 mCherry Step 2 CER414 pgl-1(cer70[pgl-1::mCherry]) IV 

K12C11.3 mCherry Step 1 CER396 K12C11.3(cer69[K12C11.3p::mCherry1-3]) I 

K12C11.3 mCherry Step 2 CER406 K12C11.3(cer86[K12C11.3p::mCherry]) I 

ubh-4 EGFP Step 1 CER378 ubh-4(cer67[ubh-4::egfp1-3) II 

ubh-4 EGFP Step 2 CER395 ubh-4(cer68[ubh-4::egfp]) II 

 

Table S4. List of generated strains 
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Gene 

Sequence (5' to 3') 

Forward Reverse 

gtbp-1 AGCTCAGGCTGAATCGGAAA ACAAGAAGGAAAAAGGAGAACGGA 

pgl-1 AGGAAACCACAGTTGCTGACA AATGTGCGTAAAACGTGTAAGT 

prpf-4 GGCAGAGGACATGAAGATCCA GGTTCGTCCTGGGAACATGA 

ubh-4 CGTCACAATTATACTCCG CAAAAACAATCAAGAACCC 

K12C11.3 CTTTGAGCGGAGTGTCGTTG AAGTTCATTGGAGCGCGTTT 

 

Table S5. List of external primers for genotyping 
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Figure S1: Correlation between the number of dpy-10 edits and successful edits in 
the target locus (*based on bands of the correct size after screening by PCR). 
Each point represents an injected P0 worm giving rise to dpy-10 edited F1 progeny. There is a moderate 
positive correlation between the number of dpy-10 edited progeny and the number of successful edits 
in both step 1 and step 2 experiments, with step 1 experiments having a slightly higher correlation. This 
demonstrates that a high number of dpy-10 edits does not necessarily correspond to higher editing 
efficiencies in the target locus. 
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Figure S2. Reagents and conditions for generation of universal PCR product repair 
template for Nested CRISPR Step 2. 
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Figure S3. Standard composition of injection mixes for Nested CRISPR Steps 
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