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Abstract

CRISPR/Cas9 genome editing methods are used to reveal functions of genes and molecular

mechanisms underlying biological processes in many species, including nematodes. In evolutionary

biology, the nematode Pristionchus pacificus is a satellite model and has been used to understand

interesting phenomena such as phenotypic plasticity and self-recognition. In P pacificus,

CRISPR/Cas9-mediated mutations are induced by microinjecting a guide RNA (gRNA) and Cas9

protein into the gonads. However, mutant screening is laborious and time-consuming due to the

absence of visual markers. In this study, we established a Co-CRISPR strategy by using a dominant

roller marker in P. pacificus. We found that heterozygous mutations in Ppa-pri-1 induced the roller

phenotype, which can be used as an injection marker. After the co-injection of Ppa-pri-1 gRNA, target

gRNA, and the Cas9 protein, roller progeny and their siblings were examined using the Heteroduplex

Mobility Assay and DNA sequencing. We found that some of the roller and non-roller siblings had

mutations at the target site. We used varying Cas9 concentrations and found that a higher concentration

of Cas9 did not increase genome-editing events. The Co-CRISPR strategy promotes the screening for

genome-editing events and will facilitate the development of new genome-editing methods in P,

pacificus.
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Introduction

Technologies involving site-specific alteration of genomes have been developing rapidly and have

enabled us to understand the function and expression of genes. Genome editing methods such as Zinc-

finger nuclease, TALEN, and CRISPR/Cas9 systems have been used in a wide range of model and

non-model species (Gaj etal. 2013). The CRISPR/Cas9 system is a part of the adaptive immune system

in bacteria and archaea (Wiedenheft et al. 2012). It is composed of an RNA-guided DNA endonuclease

(Cas9) and a guide RNA (gRNA, a complex of crRNA and tracrRNA) with a 20-bp target specific

sequence (Jinek et al. 2012). The gRNA directs the Cas9 to the target sequence, and Cas9 induces

double-strand breaks in DNA at the target site. The double-strand breaks are repaired by Non-

Homologous End Joining (NHEJ) or Homology-Directed Repair mechanism (HDR) (Hsu et al. 2014).

The NHEJ repair mechanism results in insertions and deletions (indels) while the HDR mechanism

can induce Single Nucleotide Polymorphism (SNPs) or insert exogenous genes with the help of a

repair template. The HDR mechanism has been used to knock-in genes of interest, such as genes

encoding fluorescent proteins, within the genome of target animals (Jinek et al. 2012, 2013; Cong et

al. 2013; Mali et al. 2013).

In Caenorhabditis elegans, the CRISPR/Cas9 system has been used for gene knock-out and knock-



in experiments (Cho et al. 2013; Tzur et al. 2013; Chiu et al. 2013; Chen et al. 2013; Dickinson et al.

2013; Lo et al. 2013). When using the CRISPR/Cas9 system for genome editing, plasmids expressing

gRNA and Cas9 or an in-vitro assembled gRNA-Cas9 complex (Ribonucleoprotein complex, RNP

complex) are injected into the gonads of adult animals via microinjection. To check mutations at the

target sites, Sanger sequencing or high resolution melting analysis are used for all F1 progeny (Wittwer,

2009; Vossen et al. 2009; Cho et al. 2013; Samarut et al. 2016). Thus, generating mutants via the

CRISPR/Cas9 system is a time-consuming and costly process. Recently, a Co-CRISPR strategy has

been utilized to screen genome-edited animals (Arribere et al. 2014; Kim et al. 2014). In this method,

a gRNA, as an injection marker, is co-injected with a gRNA as the gene of interest. For the Co-CRISPR

marker, genes such as Cel-rol-6, Cel-unc-58, and Cel-dpy-10 have been used, as they exhibit obvious

morphological or behavioral phenotypes in heterozygous mutants (Brenner, 1974; Park & Horvitz,

1986; Levy et al. 1993). These F1 mutants often have mutations in the target locus. Therefore, the Co-

CRISPR strategy is a powerful way to screen genome-edited events in C. elegans (Arribere et al. 2014;

Kim et al. 2014).

In evolutionary biology, the diplogastrid nematode Pristionchus pacificus has been established as a

satellite model organism for comparison with C. elegans (Sommer et al. 1996, 2015). P. pacificus is a

self-fertilizing hermaphrodite and can be cultured on Escherichia coli OP50 with a 4-day life cycle

(Sommer et al. 1996). A wide range of biological discoveries in the fields of evolution, development,



neurobiology, and genomics have been revealed using P. pacificus (Eizinger & Sommer, 1997;

Dieterich et al., 2008; Hong et al. 2008; Bento et al. 2010; Bose et al. 2012; Bumbarger et al. 2013;

Ragsdale et al. 2013; Wilecki et al. 2015). Various genetic tools have been developed, including whole

genome sequencing (Dieterich et al. 2008), genetic transformation (Schlager et al. 2009), and

microparticle bombardment (Namai and Sugimoto 2018). Gene inactivation using the CRISPR/Cas9

system has also been established in P. pacificus (Witte et al. 2015). Microinjection of gRNA-Cas9

complex (RNP complex) into the gonads induces mutagenesis in F1 animals. This powerful genome-

editing method has been widely used in P. pacificus to understand the mechanisms of various

phenomena such as phenotypic plasticity, feeding behavior, self-recognition, sensory system, and

evolution (Mayer et al. 2015; Serobyan et al. 2016; Okumura et al. 2017; Moreno et al. 2019;

Sieriebriennikov et al. 2017; Falcke et al. 2018; Namdeo et al. 2018; Lightfoot et al. 2019). However,

because of the lack of injection markers in P. pacificus, it is difficult and time-consuming to find the

target mutants or knock-in alleles. Therefore, establishing a Co-CRISPR strategy in P. pacificus to

screen for CRISPR-mediated mutations easily is an urgent requirement.

Here, using Ppa-pri-1 as a Co-CRISPR injection marker, we established the Co-CRISPR strategy in

P. pacificus. We demonstrated that CRISPR-induced mutations in Ppa-pri-1, encoding cuticle collagen,

led to a dominant roller phenotype. We found that some of the roller mutants and their siblings also

had mutations in the target locus. We propose that this strategy will improve the screening efficiency



of CRISPR-mediated mutants in P. pacificus.

Materials and Methods

Worm Strain

All experiments were performed using the P. pacificus laboratory wild-type strain PS312 (Sommer et

al. 1996; Sommer and Sternberg, 1996). P. pacificus was maintained at 20 °C on NGM agar plates

with Escherichia coli OP50 as described previously (Sommer and Sternberg, 1996).

Preparation of injection mix

To identify P. pacificus orthologs of Cel-tax-2 and Cel-tax-4, we conducted BLAST searches against

the P. pacificus reference genome (version El Paco, www.pristionchus.org). Ppa-tax-2 (UMM-S13-

30.6 mRNA-1) and Ppa-tax-4 (UMA-S50-12.70 mRNA-1) were closely related to Cel-tax-2 and Cel-

tax-4. We designed the CRISPR target sequences using CHOP-CHOP (http://chopchop.cbu.uib.no/).

The sequences of the gene-specific part of the crRNA were as follows:

Ppa-pri-1: 5°-AGAGTCCGTCGTCAATACCC-3’

Ppa-tax-2: 5’>-CGTGAACAGCTGCGTATACT-3’

Ppa-tax-4: 5’>-CGCTCACTCTTACTACGATT-3’

All tractrRNA and crRNA were synthesized by Integrated DNA Technologies (IDT). To make gRNA,
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we mixed tractrRNA (100 uM) and crRNA (100 pM) in a 1:1 molar ratio. The mixture was incubated

at 95 °C for 5 min and then at room temperature for 5 min. The gRNAs were stored at -80 °C. To make

an RNP complex, a gRNA (Ppa-tax-2, Ppa-tax-4 or Ppa-prl-1) and Cas9 protein (IDT, 10 mg/ml)

were mixed in a 2:1 molar ratio and incubated at 37 °C for 10 min. The target gRNAs (Ppa-tax-2 or

Ppa-tax-4) and the marker gRNA (Ppa-pri-1) were mixed with the Cas9 protein separately, and the

two RNP complexes were combined to make the injection mix and diluted with nuclease-free water.

The details of the amount of the co-injection mix and the concentration of Cas9 are given in Table 1.

A repair template for Ppa-pri-1 was synthesized as single-stranded DNA by Eurofins Genomics. To

avoid double-strand breaks, the repair template had silent mutations. We mixed the repair template at

a final concentration of 500 nM in the injection mix. The sequence of the repair template of Ppa-pri-

1 was as follows:

5’-AGAGACGTCATCGTTCTTGGCAAGACTTCTCGCCGAGTACGCTGCCAGTATCCAGGA

GAGGAACCCTCGAACACTGGATATCCTGGTGATTTCCCTACCC-3’

Microinjection and screening for roller F1 progeny

Injection mixtures were microinjected into the gonads of adult worms. Injected worms (P0O) were

placed individually on NGM plates. After about 24 hours, PO worms were discarded. After 3-4 days,

F1s were screened for the roller phenotype.



Screening for mutations by Heteroduplex Mobility Assay

Roller Fl1s and their non-roller siblings were transferred to 96-well plates with worm lysis buffer (10

mM Tris, 50 mM KCIL, 2.5 mM MgClz * 6H20, 0.45% Nonidet P-40, 0.45% Tween20 adjusted pH to

8.3 with HCI). Proteinase K (Takara, 9034) was added to the lysis buffer (6 pl of proteinase K to 1 ml

lysis buffer). Using the lysate as a template, the regions, including the CRISPR-Cas9 target sites, were

PCR-amplified with a high-fidelity DNA polymerase such as KOD One (TOYOBO, KMM-101).

PCR products were 150-250-bp long and the target sites were located at the center of the PCR products.

The following primers were used for PCR amplification:

Ppa-tax-2 Forward Primer: 5’-TTTTCGGCTTTGTTTCTTGAATG-3’

Ppa-tax-2 Reverse Primer: 5’-CTGGTCTTGTGATCTGGAATTG-3’

Ppa-tax-4 Forward Primer: 5’-ATCCAAATTCGATGATTTCCAG-3’

Ppa-tax-4 Reverse Primer: 5’-TGCTTTGATAAAATGCTATTCCC-3’

The PCR products were diluted 3-5-fold with Tris-EDTA Buffer (TE) or water, denatured at 95 °C for

5 min, and reannealed by cooling the products to 4 °C at the speed of 0.1 °C/sec. The solution was

analyzed using a microchip electrophoresis MultiNA (Shimazu, MCE-202) with the DNA-500

Separation Buffer and in the premix mode. Base pair fragments that were 500-600 bp long containing

the target sites were amplified for Sanger sequencing (Eurofins Genomics). The following primers



were used for PCR amplification:

Ppa-pri-1 Forward Primer: 5’~-ATGAAGGTCCATACGGGAGC-3’

Ppa-pri-1 Reverse Primer: 5’-CTCCAGTGGGACAATAGAAGCAAG-3’

Ppa-tax-2 Forward Primer: 5°-GTATTGCCTCATTGTCAGAGATTAGAGTGAC-3’

Ppa-tax-2 Reverse Primer: 5’-CACTTTCTCACAGAGTAGTCCTTCCCTATC-3’

Ppa-tax-4 Forward Primer: 5’-TAATCATCATTCACTGGAACGCG-3’

Ppa-tax-4 Reverse Prime: 5’-CCGACGTTACCTGAACGGAAAG-3’

The following primers were used to read the sequences:

Ppa-pri-1 Primer: 5’-CTCTCTCATTGCTTGCATGGTTCTC-3’

Ppa-tax-2 Primer: 5’-AGGTGAGATTATCGAGTCTGTTC-3’

Ppa-tax-4 Primer: 5°-TCGGATACGTGGGTTTACGGAG-3’

Statistical analysis

The Prism software package GraphPad Software 7 was used to carry out statistical analyses.

Information about statistical tests, P-values, and n-numbers are provided in the legend of Figure 3.

Results and discussion

Heterozygous mutants of Ppa-prl-1 exhibit a roller phenotype
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To establish the Co-CRISPR method in P. pacificus (Fig. 1), we selected behavioral or morphological

dominant genes that can be easily used for screening of heterozygous F1 progeny. Previous studies

reported that Arginine to Cysteine mutation (R65C) in the homologous residue in Cel-rol-6, Cel-sqt-

1, and Ppa-pri-1 encoding collagen, induced a dominant roller phenotype in C. elegans and P.

pacificus (Kramer & Johnson, 1993; Kenning et al. 2004; Schlager et al. 2009). To examine whether

this point mutation caused the dominant roller phenotype by CRISPR/Cas9 genome editing in P,

pacificus, we designed crRNA for Ppa-prl-1 and a repair template containing the point mutation (Fig.

2a). From 17 injected PO worms, we obtained 204 F1 worms, and from three PO worms, six of them

showed the roller phenotype (Fig. 2b, ¢). We examined the DNA sequence of Ppa-pri-1 locus in three

roller F1 progeny. One of the worms had the R65C mutation induced by the repair template (Fig. 2a,

#1). Unexpectedly, the roller phenotype was also observed in worms with indels (Fig. 2a, #2, #3).

These results indicate that heterozygous mutants of Ppa-pri-1 showed the roller phenotype and the

repair template for Ppa-prl-1 was not necessary to induce the roller phenotype in P. pacificus.

Co-CRISPR knockout and screening for mutations using microchip electrophoresis

Ppa-prl-1 may be used as a potential Co-CRISPR marker because CRISPR-mediated mutations in

Ppa-prl-1 caused the dominant roller phenotype. To address this opportunity for a visual indicator, we

co-injected the Ppa-pril-1 gRNA with the gRNA for Ppa-tax-2 or Ppa-tax-4 (¢cGMP-gated channels)

11



(Table 2). Since the roller phenotype was induced without the repair template of Ppa-pri-1 (Fig. 2),

we injected both with and without the repair template for Ppa-pri-1 (Table 2). To identify CRISPR-

mediated mutations in Ppa-tax-2, we used Heteroduplex Mobility Assay (HMA) performed by

microchip electrophoresis (Fig. 3a) (Ansai & Kinoshita, 2014). Mutations were confirmed by Sanger

sequencing. We tried five conditions of the injection mix and found four mutations in Ppa-tax-2 out

of 11 roller F1s (Table 2). This result suggested that two different gRNA injected simultaneously can

induce mutations in both Ppa-pri-1 and the target locus in P. pacificus. To identify more mutations in

the target locus, we also examined the non-roller siblings of the roller F1s and found that 19 out of

283 (6.7%) F1s had mutations in Ppa-tax-2 target site (Fig. 3b, c¢) (Table 2, 3). The rate of the genome-

editing event in Ppa-tax-2 in non-roller siblings was less than that of the roller Fls. Similar results

were obtained for Ppa-tax-4 (Table 2, 3), suggesting that the Co-CRISPR strategy can be applied to

other gene loci and Ppa-pri-1 can be utilized as a co-injection marker. We also found that the PO

animals that produced a higher number of rollers tended to produce a higher number of mutations in

the target loci (Fig. 3d). Our results revealed that when rollers have the target mutations, the probability

that non-roller siblings have also the target mutations increases (Table 3). These results suggest that

multiple rollers in a brood have a higher chance having the target mutations and non-rollers that have

roller siblings with the target mutations are also good candidates to screen the target mutations.
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Cas9 concentration affects the efficiency of genome editing events

Previous studies have shown that the Cas9-RNP complex can be toxic at high concentrations and the

high RNP concentration interferes with the efficiency of on-target genome editing in C. elegans

(Dokshin et al. 2018). Therefore, we tried different Cas9 concentrations (0.25 pg/ul + 0.5 pg/ul + 0.62

pg/ul) in P. pacificus (Table 2). A single injection of 0.62 pg/pl Cas9 and the repair template produced

the highest number of roller F1s, however, the average of the total number of F1s was decreased when

0.62 pg/ul Cas9 was injected (Fig. 3e). The Cas9 concentration did not affect the number of rollers

per injected animals, but the injection of the lower concentrations of Cas9 tended to induce the largest

number of mutations in Ppa-tax-2 and Ppa-tax4 (Table 3). These results suggest that the high Cas9

concentration could be toxic for P. pacificus and the 0.25 pg/ul Cas9 protein was enough to perform

the Co-CRISPR strategy.

Conclusion

The CRISPR/Cas9 genome editing methods have changed biological research but finding successful

genome-editing events is still time-consuming and laborious. To overcome this difficulty, we

established the Co-CRISPR strategy in P. pacificus using Ppa-prl-1 as the dominant co-injection

marker. This method can be used to make CRISPR-knockout mutants for various genes. Other

injection markers located on other chromosomes may be necessary to choose more suitable markers

13



for different target genes. The Co-CRISPR strategy promotes the easy screening of genome-edited

worms to facilitate future studies using the model P. pacificus.

Figure Legends

Fig. 1 Method of Co-CRISPR

Schematic representation of the Co-CRISPR method in P. pacificus. Pre-assembled gRNA of the

dominant co-injection marker Ppa-pri-1/Cas9 complexes are co-injected with pre-assembled a target

gRNA-Cas9 complexes. Then, roller Fls and their siblings are isolated and screened for indels by

Heteroduplex Mobility Assay (HMA) and Sanger sequencing. Orange worms indicate heterozygous

mutants of the target gene.

Fig. 2 Mutations in Ppa-prl-1 induce the roller phenotype

a: DNA Sequences of wild type, the repair template, and roller mutants in Ppa-pri-1. The sequence of

the repair template was altered for avoiding double-strand breaks. Red and blue boxes indicate

Protospacer Adjacent Motif (PAM) and the Cas9 target site of the gRNA, respectively. Deletions (-)

and insertions (+) are indicated to the right of each mutated sequence. Small letters indicate insertions.

b, c: Image of wild type (b) and Ppa-pri-1 mutant (c) with the roller phenotype.
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Fig. 3 Co-CRISPR mutagenesis in Ppa-tax-2 and Ppa-tax-4

a: The Heteroduplex Mobility Assay (HMA). The region including the mutated locus is amplified by

PCR. The denatured and annealed PCR products of heterozygous mutants form a heteroduplex and

the differences in their mobility can be detected by the microchip electrophoresis.

b: The representative result of HMA in the wild type, an F1 roller, and non-roller siblings injected with

a mixture containing 0.25 pg/ul Cas9 protein without a repair template. While the PCR product of the

wild type gives a clear single band, the PCR products of the F1 roller and the non-roller siblings form

a heteroduplex and result in multiple bands.

c: The target sequence of Ppa-tax-2 locus in the roller and the non-roller siblings. Red and blue boxes

indicate PAM and the target site of the gRNA, respectively. The number of deletions (-) is indicated

to the right of each mutated sequence.

d: Scatter plot of the number of rollers born from the same mother vs the number of Ppa-tax-2 or Ppa-

tax-4 mutants born from the same mother. Y-axis indicates the sum of the mutants in the target loci in

rollers and non-roller siblings.

e: The number of total F1s derived from PO injected with the different Cas9 concentrations. Data of

Ppa-tax-2 and Ppa-tax-4 were merged. 0.25 pg/ul, n=84; 0.5 pg/ul, n=74; 0.62 pg/ul, n=79. Error

bars are SEM. One-way ANOVA, Tukey’s multiple comparison tests. *p < 5.0 X 1072, ***¥p < 1,0 X

10#; n.s, not significant.
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Table 1 Composition of the co-injection mix

Table 2 Summary of the Co-CRISPR method of Ppa-prl-1 and Ppa-tax-2 or Ppa-tax-4

Table 3 Individual results of PO animals that produced rollers

We numbered PO animals that produced rollers for each Cas9 condition.
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Table 1

Ppa-tax-2 or Ppa-tax-4 Ppa-pri-1
Cas9 concentration | 10 mg/ml Cas9 gRNA 10 mg/ml Cas9 gRNA 10 uM Nuclease free
(kg/ul) (M) (W) (K1) (u1) Repair template (ul) [  water (ul)
0.25 0.25 0.61 0.25 0.61 1 to 20 pl
0.5 0.5 1.22 0.5 1.22 to 20 pl
0.62 0.62 1.51 0.62 1.51 1 to 20 pl




Table 2

Cas9 concentration  Repair  Number of  Injected animals Mutant F1/ Mutant F1/
Locus (Mg/ul) template  injection yielding roller F1 roller roller F1 non-roller siblings

Ppa-tax-2 0.25 - 34 3 5 2/5 (40%) 19/166 (11.4%)
Ppa-tax-2 0.5 - 31 1 1 0/1 (0%) 0/47 (0%)
Ppa-tax-2 0.62 - 39 0 0 - -
Ppa-tax-2 0.25 + 9 2 2 0/2 (0%) 0/56 (0%)
Ppa-tax-2 0.62 + 5 2 3 2/3 (66.7%) 0/14 (0%)
Ppa-tax-4 0.25 - 41 4 7 2/7(28.6%) 15/143 (10.5%)
Ppa-tax-4 0.5 - 43 2 3 0/3 (0%) 7/104 (6.7%)
Ppa-tax-4 0.62 - 19 1 1 0/1 (0%) 3/73 (4.1%)
Ppa-tax-4 0.62 + 16 2 11 10/11(91%) 8/51 (15.7%)




Table 3

Cas9 concentration Repair PO Mutant F1/ Mutant F1/
Locus (ng/ul) template  number Total F1 F1 roller roller F1 non-roller siblings
@) 69 2 1/2 (50%) 12/67(17.9%)
Ppa-tax-2 0.25 - @ 47 2 0/2 (0%) 0/45 (0%)
® 55 1 1/1(100%) 7/54 (13.0%)
Ppa-tax-2 0.5 - @ 48 1 0/1 (0%) 0/47 (0%)
@® 36 1 0/1 (0%) 0/35 (0%)
Ppa-tax-2 0.25 * @ 22 1 0/1 (0%) 0/21 (0%)
@) 2 1 1/1 (100%) 0/1 (0%)
Ppa-tax-2 0.62 +
@ 15 2 112 (50%) 0/13 (0%)
@ 78 3 2/3 (66.7%) 14/75 (18.7%)
@ 3 1 0/1 (0%) 1/2 (50%)
Ppa-tax-4 0.25 - ® 47 1 0/1 (0%) 0/46 (0%)
®@ 22 2 0/2 (0%) 0/20 (0%)
@ 73 2 0/2 (0%) 7171(9.9%)
Ppa-tax-4 0.5 - @ 34 1 01 (0%) 0/33 (0%)
Ppa-tax-4 0.62 - @ 74 1 0/1 (0%) 3/73 (4.1%)
@ 43 10 10/10 (100%) 6/33 (18.1%)
Ppa-tax-4 0.62 * @ 19 1 0/1 (0%) 2/18 (11.1%)




