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Iterative editing of multiple genes using CRISPR/Cas9 in C. elegans

Longjun Pul23, Lars Nilsson!2:3, Changchun Chen!+2:3, Jing Wangl’z’3§
IDepartment of Molecular Biology, Umed University, Umed, Sweden

2Ume& Centre for Molecular Medicine, Ume& University, Umed, Sweden
3Wallenberg Centre for Molecular Medicine, Umed University, Umed, Sweden
8$To whom correspondence should be addressed: jing.wang@umu.se

Abstract

Certain sets of genes are derived from gene duplication and share substantial sequence similarity in C. elegans, presenting a
significant challenge in determining the specific roles of each gene and their collective impact on cellular processes. Here, we
show that a collection of genes can be disrupted in a single animal via multiple rounds of CRISPR/Cas9 mediated genome
editing. We found that up to three genes can be simultaneously disrupted in a single editing event with high efficiency. Our
approach offers an opportunity to explore the genetic interaction and molecular underpinning of gene clusters with redundant
function.
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Figure 1. CRISPR-based method for multiple gene disruption in C. elegans:
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(A) The average editing efficiency when one gene was targeted across 20 independent trials. One dot in the plot represents
editing efficiency of one independent gene editing experiment. In this and the following figure panels, error bars indicate
standard error of the mean (SEM). (B) The efficiency of obtaining F1 animals that were either heterozygous (het) or putatively
homozygous (homo) of the edited gene based on PCR-based genotyping. (C) Strategy of examining if the putative F1
homozygotes were potentially null. (D) Two genes npr-1 and odr-10 were independently targeted. 8 putative homozygous F1
animals were kept for further analysis. 12 F2 offspring were picked from each F1 homozygotes, and F3 animals were assayed
for aggregation (npr-1) or the response to 1:2000 diluted volatile odor diacetyl (odr-10). (E) Chemotaxis index to 1:2000
diluted diacetyl of animals with indicated genotypes WT (N2) and odr-10(yum2055). *** = p< 0.001. t test. (F) Representative
images of bordering and aggregation phenotypes with indicated genotypes WT (N2), npr-1(ad609), and npr-1(yum1034). (G)
Bordering and aggregation phenotypes with indicated genotypes WT (N2), npr-1(ad609), and npr-1(yum1034). n=5 assays.
*#** p<0.001; ns = not significant. ANOVA with Tukey’s correction. (H) The frequency of obtaining F1 animals that contain
editing events in both genes (double editing) and the frequency of obtaining F1 animals that were heterozygous for both genes
(double het) when two genes were simultaneously targeted. (I) The frequency of obtaining F1 animals that contain editing
events in all three genes (triple editing) and the frequency of obtaining F1 animals that were heterozygous for all three genes
(triple het) when three genes were simultaneously targeted. (J) The frequency of obtaining F1 animals that contain editing
events in all four genes (quadruple editing) and the frequency of obtaining F1 animals that were heterozygous for all four
genes (quadruple het) when four genes were simultaneously targeted. (K) The efficiency of obtaining F1 animals that contain
editing events in all three genes (triple editing) in five consecutive rounds of genome editing. ns = not significant. ANOVA
with Tukey’s correction. (L) The efficiency of obtaining F1 animals that were heterozygous for all three genes (triple
heterozygotes) when three genes were simultaneously targeted. ns = not significant. ANOVA with Tukey’s correction.

Description

Gene duplication and redundancy often pose challenges in attributing phenotypic effects to individual genes and discerning
their contributions to biological processes of interest (Ritter, et al., 2013; Ewen-Campen, et al., 2017). Commonly used
approaches such as forward genetic screens often fail to identify the genes with redundant functions. To this end, we explored
the possibility of disrupting many genes in a single animal with multiple rounds of CRISPR/Cas9 mediated genome editing.
We utilized the previously outlined strategy to disrupt the genes by integrating a single strand DNA oligo (ssODN) via
homologous recombination (Dokshin, et al., 2018; Ghanta & Mello, 2020). To ensure the proper gene disruption, the
integration of ssODN involved not only the insertion of in-frame stop codons but also the removal of 14 or 16 bases of coding
sequence (Table 2 and 3). It also introduced a unique restriction enzyme cutting site for genotyping. We first sought to
determine how many genes could be simultaneously disrupted in a single injection. A collection of GPCR genes were selected
for the evaluation (Table 2 and 3). When one gene was targeted, we kept 16 transgenic F1 rollers for the downstream analysis.
Overall, the editing efficiency was consistently high across 20 independent trials, exhibiting an average efficiency of 80%
(Figure 1A). Similar to the earlier observations (Dokshin, et al., 2018), we obtained both F1 heterozygotes and putative F1
homozygotes (Figure 1B). As previously indicated (Dokshin, et al., 2018), it is likely that certain F1 homozygotes were trans-
heterozygous, carrying two distinct types of insertions or a combination of an insertion and a deletion that removed the
binding site of genotyping primers. Under our experimental conditions, we had an average efficiency of 52% in generating F1
heterozygotes, while the frequency of obtaining F1 homozygotes accounted for 28% in the total of 20 gene editing events
(Figure 1B). To evaluated if the gene function was eliminated in the putative F1 homozygotes, we targeted at two genes npr-1
and odr-10 since their null mutants exhibit clear and robust phenotypes (de Bono & Bargmann, 1998; Sengupta, et al., 1996).
In each gene disruption, we retained 8 putative F1 homozygotes, and singled 12 F2s from each F1 homozygotes. Aggregation
and chemotaxis assays were performed at F3 stage (Figure 1C). In both cases, no F3 offspring displayed either wild type or
heterozygous phenotypes (Figure 1D-G), suggesting that the putative F1 homozygotes are likely to be null mutants. However,
opting for F1 heterozygotes is always advantageous in order to maintain a clear genotype of strains, particularly in cases where
precise genome editing is required such as generating point mutations or inserting epitope tags (Dokshin, et al., 2018).

When two genes were targeted simultaneously, we preserved 24 F1 rollers for subsequent analysis after each injection. In a
total of 20 independent editing events, the efficiency of concurrent editing for both genes remained consistently high, with an
average efficiency of 60% (Figure 1H). We also successfully recovered F1 animals that were heterozygous for both targeted
genes in all our injections, exhibiting an average efficiency of 22% (Figure 1H). The simultaneous editing of three genes
occurred less frequent but remained achievable, with an average efficiency of 43% (Figure 1I). Picking 24 transgenic F1
animals proved sufficient to obtain the triple mutants in each of our attempts (Figure 1I). In particularly, F1 animals containing
the heterozygous form of all three targeted genes were obtained in all 20 trials, with an average efficiency of 13% (Figure 1I).
Genome editing efficiency decreased substantially when four genes were simultaneously targeted in a single injection. We
hardly recovered any quadruple mutants in all our attempts if less than 32 F1s were picked. In particular, the efficiency of
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obtaining F1 animals that were heterozygous for all four genes was very low in a total of 7 editing events (Figure 1J).
Therefore, using our strategy, it is possible to pursue the editing of up to three genes with relatively high efficiency.

Under certain circumstances it is desirable to disrupt more than 3 genes in a single animal, which means that multiple rounds
of gene editing are needed. We wondered if the repetitive gene editing would attenuate the efficiency of editing process. To
probe this, we performed gene editing repeatedly in the same strain, with three genes targeted in each round of editing. We
conducted three independent genome editing experiments in parallel, targeting a total of 45 genes with the aim of disrupting 15
genes in each animal (Table 2 and 3). Again, 24 F1 rollers were retained in each round of injection. In all three independent
trials, we successfully achieved simultaneous editing of three genes in each of the five consecutive rounds of injections (Figure
1K). Importantly, we did not observe any noticeable reduction of editing efficiency for isolating F1 animals with triple editing
or triple heterozygotes throughout the experiments (Figure 1K and L). These data suggest that repetitive genome editing in the
same strain of C. elegans does not significantly affect the editing efficiency. We anticipate that this approach can be used to
disrupt the redundant genes or a set of genes within a specific family in C. elegans.

Methods
C. elegans maintenance

C. elegans strains were maintained under standard conditions (Brenner, 1974). The Bristol N2 were used as wild type. Strains
used in this study were listed in Table 1.

CRISPR-based gene editing

The strategy involved the homology-directed integration of the single strand DNA oligo (ssODN) (Dokshin, et al., 2018). The
optimized ribonucleoprotein complexes containing Cas9 protein (IDT, #1081059), predesigned crRNA
(https://eu.idtdna.com/site/order/designtool/index/CRISPR_PREDESIGN) and tractrRNA (IDT, #1072534) were mixed with
ssODN donor template (synthesized by IDT) and a roller co-injection marker (pRF4::rol-6(su1006)) (Mello & Fire, 1995), and
injected into the gonad of C. elegans. The predesigned crRNAs targeted at the earliest possible exon, or the common exons if
different splicing isoforms exist (Table 3). The rol-6 marker plasmid was prepared with midi-prep kit (QIAGEN, Cat.
No0.12143). The ssODN templates contained two 35-base homology arms flanking the targeted PAM sites. Between the
homology arms, two in-frame stop codons were included. A unique restriction enzyme cutting site was also built in for
genotyping. The insertion of ssODN introduced the stop codons and restriction enzyme sequence into the targeting site while
simultaneously generated frameshift. The F1 roller animals were picked and genotyped for the integration of ssODN. Most of
the genotyping primers amplified the fragments between 400 bp and 1000 bp surrounding the ssODN insertion sites.
Restriction enzyme digestion of PCR products would generate two fragments of different sizes in the homozygous animals,
three bands in the heterozygotes and only one band in the wild type. For many genotyping primers, longAMP Taq polymerase
(NEB, M0323L) worked much better for the amplification. The injection mixtures for the disruption of different number of
genes were prepared as the following:

i) One gene (Dokshin, et al., 2018):

1) 0.5 pl Cas9 (10 mg/ml from IDT)

2) 5 pl tracrRNA (0.4 mg/ml in IDT duplex buffer)

3) 2.8 pl crRNA (0.4 mg/ml in IDTE pH7.5)

4) Thoroughly mix these three components and incubate the mixture at 37°C for 10 to 15 minutes.
5) 2.2 pl ssODN (1 mg/ml in nuclease free HyO)

6) 2 pl rol-6 co-injection marker (600 ng/pl in nuclease free H,0O).

7) Use nuclease free HyO to bring the volume to 20 pl.

8) Spin at 14 000 rpm for 10 minutes at room temperature, transfer 17 pl of the mixture to a new tube for the injection.
ii) Two genes:

1) 0.5 pl Cas9 (10 mg/ml from IDT)

2) 6 pl tracrRNA (0.4 mg/ml in IDT duplex buffer)

3) 2 pl of each crRNA (0.4 mg/ml in IDTE pH7.5)

4) Thoroughly mix these three components and incubate the mixture at 37°C for 10 to 15 minutes.
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5) 2.5 pl of each ssODN (1 mg/ml in nuclease free H,O)
6) 2 pl rol-6 co-injection marker (600 ng/pl in nuclease free H,0).
7) Use nuclease free HyO to bring the volume to 20 pl.
8) Spin at 14 000 rpm for 10 minutes at room temperature, transfer 17 pl of the mixture to a new tube for the injection.
iii) Three genes:
1) 0.5 pl Cas9 (10 mg/ml from IDT)
2) 6 pl tracrRNA (0.4 mg/ml in IDT duplex buffer)
3) 1.9 pl of each crRNA (0.4 mg/ml in IDTE pH7.5)
4) Thoroughly mix these three components and incubate the mixture at 37°C for 10 to 15 minutes.
5) 2.1 pl of each ssODN (1 mg/ml in nuclease free H,O)
6) 2 pl rol-6 co-injection marker (600 ng/pl in nuclease free H,O).
7) Spin at 14 000 rpm for 10 minutes at room temperature, transfer 17 pl of the mixture to a new tube for the injection.
iv) Four genes:
1) 0.5 pl Cas9 (10 mg/ml from IDT)
2) 6 pl tracrRNA (0.4 mg/ml in IDT duplex buffer)
3) 1.7 pl of each crRNA (0.4 mg/ml in IDTE pH7.5)
4) Thoroughly mix these three components and incubate the mixture at 37°C for 10 to 15 minutes.
5) 1.9 pl of each ssODN (1 mg/ml in nuclease free H,O)
6) 2 pl rol-6 co-injection marker (600 ng/pl in nuclease free HyO).
7) Spin at 14 000 rpm for 10 minutes at room temperature, transfer 17 pl of the mixture to a new tube for the injection.
Behavioral assays

Aggregation and bordering were assayed as described previously (Laurent, et al., 2015; de Bono & Bargmann, 1998) with
minor alterations. L4 animals were picked to a fresh plate 24h before assay. Assay plates were seeded with a 1-cm diameter
OP50 lawn two days earlier. Sixty day-one adults were picked to one assay plate, and bordering and aggregation scored 2h
later. Chemotaxis assays were performed as previously described (Yoshida, et al., 2012). Low concentration of diacetyl was
prepared by diluting it with pure ethanol (1:2000). 1 pl of diluted diacetyl was placed on two spots at one side of the 9 cm
assay plates, and 1 pl of ethanol was added on two spots on the other side. 1 pl of NaN3(1M) was also added to those spots.
About 150 synchronized day one adults were used in each assay, and were allowed to roam for 1 hour. The assay plates were
stored at 4°C before counting. The chemotaxis indices were calculated as (the number of worms in the attractant area — the
number of worms in the control area) / the total number of worms on the plate.

Reagents
Table 1. Strains used in this study

Strain Genotype Source
N2 Wild type CGC
DA609 |npr-1(ad609) X CGC

This

CHS1173 | odr-10(yum2055) X study
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This
CHS1057 |npr-1(yum1034) X study
CHS1695 | srh-185(yum2493) srh-186(yum2494) srh-187(yum2495) V ;l;?lgy
srh-185(yum2493) srh-186(yum2494) srh-187(yum2495) srh-190(yum2496) srh-192(yum2497) srh- This
CHS1696
193(yum2498) Vv study
CHS1697 srh-195(yum2500) II; srh-185(yum2493) srh-186(yum2494) srh-187(yum2495) srh-190(yum2496) srh- | This
192(yum2497) srh-193(yum2498) srh-194(yum2499) srh-199(yum2501) V study
srh-195(yum2500) 1I; srh-185(yum2493) srh-186(yum2494) srh-187(yum2495) srh-190(yum2496) srh- This
CHS1698 | 192(yum2497) srh-193(yum2498) srh-194(yum2499) srh-199(yum2501) srh-200(yum2502) srh- stud
201(yum2503) srh-203(yum2504) V Y
srh-195(yum2500) 1I; srh-185(yum2493) srh-186(yum2494) srh-187(yum2495) srh-190(yum2496) srh- This
CHS1699 | 192(yum2497) srh-193(yum2498) srh-194(yum2499) srh-199(yum2501) srh-200(yum2502) srh- stud
201(yum2503) srh-203(yum2504) srh-206(yum2506) srh-207(yum2507) srh-208(yum2508) V Y
CHS1700 | srh-166(yum2716) srh-167(yum2717) srh-169(yum2718) V ;Egy
srh-146(yum2719) srh-147(yum2720) srh-148(yum2721) srh-166(yum2716) srh-167(yum2717) srh- This
CHS1701
169(yum2718) V study
CHS1702 srh-146(yum2719) srh-147(yum2720) srh-148(yum2721) srh-149(yum2722) srh-154(yum2723) srh- This
159(yum2724) srh-166(yum2716) srh-167(yum2717) srh-169(yum2718) V study
srh-146(yum2719) srh-147(yum2720) srh-148(yum2721) srh-149(yum2722) srh-154(yum2723) srh- This
CHS1703|159(yum2724) srh-166(yum2716) srh-167(yum2717) srh-169(yum2718) srh-174(yum2729) srh- stud
177(yum2730) srh-178(yum2731) V Y
srh-146(yum2719) srh-147(yum2720) srh-148(yum2721) srh-149(yum2722) srh-154(yum2723) srh- Thi
CHS1704 | 159(yum2724) srh-166(yum2716) srh-167(yum2717) srh-169(yum2718) srh-174(yum2729) srh- stU(;
177(yum2730) srh-178(yum2731) srh-179(yum2732) srh-180(yum2733) srh-183(yum2736) V y
CHS1705 | srh-288(yum2617) srh-289(yum2618) srh-290(yum2619) V ;l;?lgy
srh-288(yum2617) srh-289(yum2618) srh-290(yum2619) srh-291(yum2622) srh-292(yum2623) srh- This
CHS1706
293(yum2624) V study
CHS1707 srh-286(yum2620) srh-287(yum2621) srh-288(yum2617) srh-289(yum2618) srh-290(yum2619) srh- This
291(yum2622) srh-292(yum2623) srh-293(yum2624) srh-295(yum2625) V study
srh-297(yum2627) II; srh-286(yum2620) srh-287(yum2621) srh-288(yum2617) srh-289(yum2618) srh- This
CHS1708 | 290(yum2619) srh-291(yum2622) srh-292(yum2623) srh-293(yum2624) srh-295(yum2625) srh- stud
296(yum2626) srh-300(yum2630) V Y
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srh-297(yum2627) I1; srh-286(yum2620) srh-287(yum2621) srh-288(yum2617) srh-289(yum2618) srh-
CHS1709 | 290(yum2619) srh-291(yum2622) srh-292(yum2623) srh-293(yum2624) srh-295(yum2625) srh-
296(yum2626) srh-298(yum2628) srh-299(yum2629) srh-300(yum2630) srh-304(yum2633) V

This
study

Table 2. ssODNs used for genome editing in this study

Gene |ssODN

sth- | TCGAGTCACCCTATATTTTACTACCAGCTATGGCTtaagaattctaal TTTAGACCAG
185 |TTTTCGGTCGATTGCCAGGAGCAG

sth- |CATTGAGTTTATTTATTATTCCATTTATTATGTGGtaaaagctttaaTTCCATTGGGAATTTTCCAATATATTGCTAT
186 AAGT

sth- |TAATTTTATTTGATTACTCTCTTGGAATTCTCACTtaaaagctttaaTACCGTACCTT
187 |GCAGGATTTCCGGTCGGGTTACTC

sth- | TCGATTATTCACTAAATTTTTTATCATGCCCATTTtaaaagctttaaTAGCTGGCTATCCACTTGGAATTTTTAAATA
190 CTTC

srh-

192 TAAAATACACCAGTATGCCTCTGGACTATCTAACAtaaaagctttaaTTGGTGCCTgtaagttctgaaaaaatatttgttta

sth- |CAGTTCCGTTTTTGCTCATTCCGAAAGGCGCGGGAtaaaagctttaaCACAATATACA
193 GACGTCCCTTTAGTTTATCAAACA

sth- | TAGCAGTTCCATTTTTGCTTATTCCGAAAGCTGCGtaaaagctttaalGTCTAAATAT
194 |ACAGATATTTCTTTGGCATATCAA

sth- [CGTTGAGCCTACTCACCGCACCGTTTGTCCTGGTTtaatctagataaACCCGCTTGGC
195 |TTATCAAAATACACAAATGTTCCG

sth- |TATCACCTTTTGCTGCGGGCTTTCCACTTGGTCTGtaaaagctttaaTGTCAGTTGTT
199 |GCACAGTCAATATATTTTATAATA

sth- | TTACCATAATGACGATTCCATTTATTTTAGCACCAtaaaagctttaaCACTTGGAGTG
200 CTTAGACTTTTTGGAGTTCCTACA

sth- | TCACAATACCATTCATTTTGGCTCCAGGACTTGCTtaaaagctttaaTTTACAAGTAT
201 |TTTAACGTTCCGTTTATGATTCAA

sth- [CGGGGTTTTCGCTTGGCTTGGCAAAATATCTGAGTtaaaagctttaaCAGCGTTGACA
203 [GCGGTCTATTGTTTTGGACgtagg

sth- | TACCTGCCTGCGCCGTATATCCACTTGGAGTACTAtaagaattctaal TCAACTGTTT
166 |TTCAAGCCTACGTAGGGGTTTCCC

sth- |CGGTGATTTTATTCTTTGAAGAACGATATCACAAGtaagaattctaaGGTCAAGCGGA
167 |AGAAAAAGTTTCTCAAGAAAATGT
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srh-
169

CAATTCCGGTGTTAACACTACCAATTTGCTCCGGTtaaaagctttaaCAGTAGTCTTA
GGTATTCCTACAAACATTCTAACG

srh-
146

ATTTTAGTCTGTTAACTATGCCAGTATTGCATTTAtaaggatcctaaATCCGCTCGGT
ATTCTCTCATTTTTTGGAGTTCCA

srh-
147

TGAGAAAATGGTATCGTTTATTATTTGCAACATTAtaaggatcctaaTAACATTTCCC
GTTCCCGTATATTTGTCTCTTCCG

srh-
148

TATATATGCCAGTCGCGCTGGTACCAGTTTGTGCTtaaggatcctaal TCTTAAACGA
TTCGGGGTTCCTAGTTTGGCGCAA

srh-
149

CTATGCCAGTTTTACACTTACCTGTTTGCGGAGGCtaaggatcctaaTAGCATTACTT
GGAGTTCCAACTTCATTGCAAACC

srh-
154

GCTTACTTTCATTTTTTGGGGTTCCAAGCTCGTTGtaaggatcctaa TCTGTTCACTAGCAGgtiggticttaagaatgatg

srh-
159

TCATTATGCCAGTGCTACATTTGCCTGTTTGTGGAtaaggatcctaaCTTACTTTCAT
TTTTCGGCGTTCCAGTCTTATTGC

srh-
174

GAGCAATCGTGGATTTTTATCTGAGCTTCATTTCAtaaaagctttaaTACCCGTTTGC
TCTGGATATCCATTGGGCTTCTCG

srh-
177

TTTTGTTTTTTGAGGATCGACATCATAGACTGGT CtaagaattctaaAGAAGAATTGG
AAACGAGTTTTGTATATTTTCAGT

srh-
178

CCCTGCTTCTGGGGATCCCAACAAGTGTCCAGGTTtaagaattctaaGTTTGTTGGGG
TCATCGGTGTGACTATTATGTTAT

srh-
179

GTGCGACTTTGGACGTATTTTTTAGCTTTCTCGCGtaaaagctttaal GCCCGGTTGC
TCGGGGTATCCATTAGGAATCTCT

srh-
180

CAATATATACACTTGGATTTGGTCAAGTCATAGGGtaagaattctaaAGGCTTATATT
GGGTACAGTGTAGTTGGAGgtaat

srh-
183

CTTCTCCCGTACTAAATTTGCCGGCATGTTCTGGA taagaattctaaTAACGAAACTT
GGGGTTCCTACAGCGATTCAGTTG

srh-
288

TAATCATGAGTTTCTTTGCTCAGCCATTCCTTTCTtaaaagctttaaTCCCAATGGGA
GTTTTGCATTGTATTGGAGTGGAT

srh-
289

TCTTTGCCCAACCATTCATCAGTGCTCCGTTTACTtaaaagctttaaI TTTGCATCGT
ATTGGAGTGGAGACTGACCTTTTA

srh-
290

AGCAACCATTTATATGTATGCCTGTTCTAGCAGGA taaaagctttaaTGAAATGGTTG
AACGTGGAGACGGGGGTCATGGTG

srh-
291

GCTGGCGCTACACTCGGTATCCATTTTTAACCCTGtaaaagctttaaTACTTGCCTCT
ACCGCATCATATCTGGAGATCCCA
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srh-
292

CAGTGAAATGGAGTCTATTTGATGTACACCTATGGtaaaagctttaaIGTTCTTGAGT
TTCTTCGTTCAACCATTGGCATTT

srh-
293

TGGCTCAGCCATTTTTCTGTACACCGACCATGGCTtaaaagctttaal TCTGAGTTTA
ATTGGCGTGCCTAATGATCTTCTG

srh-
286

TCGGAATGCTCGAGAATCGTTACTTTCAAATCTTCtaagaattctaaATGGCGGTACT
TTCGCTATCCATTTCTTTTTATCA

srh-
287

TAGCTGGATTCCCGCTGGGGCTCTGGAGCTGGCTGtaaaagctttaalTCGTGATGTTT
CTTGGATTTACCACTGCTTTTTgt

srh-
295

GCTATGCTGGTTACCTTTTAGGAATTTTAAACT TTtaagaattctaaATGCTCAAATT
TTAGCAATAAGAGCTGTTTTTATG

srh-
296

CCTTGGATATATTACTGAGCTTACTTGCTCAACCAtaaaagctttaaGTTTCTAGCAG
GATTTCCGTTAGGCATTCTGAAGT

srh-
297

TCTTAGACATTTCCATTAGCCTGCTCGCCCAGCCTtaaaagctttaaGGTATTTGCTG
GATATCAATTAGGGATTTTGAGCT

srh-
300

CCGCTTCCTTGGATTTATCCATAAGCTTGCTTGCTtaatctagataaCACCGGCGTTT
GCCGGGTTTTCACTTGGTATTTGG

srh-
298

TTTCTCTAGGAGTGCTGAAATGGGTTGGAATACCTtaaaagctttaal GGTGATCTCGACAATTTTTATGCgtgagtt

cttg

srh-
299

CAATTACTCTATTCATGCAACCGTATTACTGTACTtaaaagctttaaTCTCACTTGGT
CTCTGGAGTTGGACAAGTGTTCCC

srh-
304

TTTGCTCTCCAGCTTTTGCTGGGTTTCCCCTTGGA taagaattctaaAAAAGGGATCC
CCATGGATGTTTTGGTTGTATGTG

srh-
206

TCATGTTCTTCGACAATTCTGTGACACTTTTGGGTtaaaagctttaaCAACTAGGCTG
GCCGGATATTCGCTTGGATTATTG

srh-
207

CTGTAACAGTGCTAGGTATTCCGTTTGTGTTGGCTtaagaattctaaT TTCACTTGGA
TTGCTGCAATACTCGAATTACTCA

srh-
208

TGATGGCATTAGACTATTCGGTGACTGTAGTGGGTtaaaagctttaaCAACTAGGATA
GCTGGGTTTTCGCTCGGATTGTTG

Table 3. Genome editing related material used in this study

Gene

crRNA Genotyping forward Genotyping reverse

srh-
185

GCTATGGCTGGAACTTCA |[CGTTTCAACAAAGTCCAC GTATACCTTGAAAACTGC

AT TCGGTTCTATC AAGCACCG
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sth- [ATTATGTGGCCAATTATG |ACTAACATTTAGTCATGAA ACCATATAGAGAATTGCA

186 |GG TTCAAGCGCG GCCGAGTAGT

sth- [AGGTACGGTAGCAGGAGC |AGGCAATTAGAAGTAGCA TTACCAAAACTGTCTGAC

187 |AC TTAAATTGTGCA GAAAAATTTCGA

sth- [ATGCCCATTTATTTTGAT TATGTTTTTTCCCGTCAC TCGAGACTACTGATATTA

190 |AC TCGGTTCTAC TCATGCCTGGA

sth- [CTATCTAACAAGTATAGT |AATGAACTACTCATGTAT AAATTTGCAACCTGTAAA

192 |TA TGCAAAAGCCA TCTACGCACC

sth- [GTATATTGTGATACACCA |TCGGAAACAATAATTGTC GCTAATAGTAAGGAACAT

193 [AG AGTTTCCTTCTT TGGGCGATCAA

sth- [AAAGCTGCGGGGTATCCA |GAAAATTAAACTCAAAGG GCTAACTCTAGGAACATG

194 |CT AATAGCGCCAGT GAAGTCAGTATC

sth- [GTCCTGGTTAATGAAGGT |TTGTTAAACTGCCCCACA ATGTAGGTTTTCGCAGTA

195 |GC AATGGTTTTC CTCCTATAGTG

sth- [CTTGGTCTGCTTCGTCTC |ACCTACTTTTCATCTGCT TTGTAGTGCATGTGTCTG

199 |AC GACATTATGACG TTCTGGAAC

sth- [ACTCCAAGTGGAAAACCC |ATGAATTTTTCTTGTCAT GAAGAACTATTACGTGAT

200 |[GC CCTGACGTTGG TTGCCACCAG

sth- [GGACTTGCTGGGTATTCA |GTATTCCACAAGAAGATT TTTGCATTATTGGTGAAG

201 (CT ATTTTGGCTCTCC GTTTTTGGAGTT

sth- [GTCAACGCTGGCACGATA |TCTCCTCAATTTCTAGCA CGGATATTTTTCCTTAGG

203 |AA ATCTCTATGCA AATCGGCATC

sth- [TTGGAGTACTAACGATGC |TCAACTTCCCTTTGCTAA TATACTTAAGATGAAAAA

166 |TT TTTCACTTGTC TGCGCCCTGTG

sth- [TCCGCTTGACCTTTGCAC |AGAAATGTGCACCGAAAC ATTGACAGAATGAAAAAG

167 |[GT TTTCAGTTAC CCAGTACGGG

sth- [AAGACTACTGCGAGCCCA |GCAAACCAAAGTTGATTG GAAAGTGGGAGCAACGAA

169 |AG AATCAGTTTAGC TGTTGAAG

sth- [TTGCATTTACCTATTTGC |TATGCACAATTTACTTCA ATGTACAAAGTAAGGTAG

146 |GG GTTATGTGCTCC ACATCGCTTGC

sth- [TGCAACATTACACTATGC |CAACAAACCATCAATCAA GGTTTCATACACAGGTAC

147 |TC AACCGAGCTAG GCTTTTATTTCA

sth- [GTTTGTGCTGGCTATACA |CCATAGAACTGTTACTGA CACAATATTCCGACATGT

148 |CT TAGCACAAGG AAAGCTGTGAAA
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sth- |AGTAATGCTAGAACGCCG [CCCAGTTCTGATTTCTAA GGTCTTGTGACCGTGAAT
149 [AG AGTGCACAIT CAATCGATA

sth- |AGCTCGTTGCAAGTTTAT [CAGATGACATAAACTATG GAAGCAAAAAGTATATGG
154 |GT CCCATTGTTACC GAGCAGGGTA

sth- |ATGAAAGTAAGCCAAGCG [TCTCAAGTTTTTCTCAGT CCCGAATTGCATCAACAG
159 [(GA GATAGCTGCTAC TTGAGATATAAG

sth- |CAAACGGGTAAAGTGAGC [CAGCACCGATCGAAAACA GCTATGAAAGTTGCAGAA
174 |AC TATGTATGAG AACGCGTAAT

sth- |AGACTGGTCTATAGGTCC |[GTGTAAAAACCACAATAA CTCCATCTTTCATTAGGA
177 [AA TAAAGCCCAGCA GTATCTGACGG

slr7h8- ggCCAACAAACGAGATAC TTTTGGCTCCGACACTTTCTACTCC |TCGGTCCAAGCCCGTAAAACTTAG
sth- |CAACCGGGCAAAGTTAGG [CCATGGCATCCTCTCAAC GCATCACGTAACTCAGAG
179 [AC ATTGACTATG CAATAGTGTAA

sth- |ATATAAGCCTGAACTTCT |[GAAACTGACATTTTCTAT AACCATTCTTATGGTACA
180 |GT GCAACAACTCTT ATAGTGGCGG

sth- |AGTTTCGTTAGAACCCCT |TCATGTTATTTATTGAGG GTCGGTATAGGAAATGTA
183 [AA AGGCAAATGCG AGTGAGATTGTG

sth- |CCCATTGGGAACCCTACA |[CATATAGCGTATTGCTTT ACATTGGAAGAAACGCGT
288 |[AA CGGAACAAGTG TGACTACG

sth- |TCCGTTTACTGGGTTCCC |[GACACGTAACATAAGAAC AGACAGGCATCACTGAGT
289 |AA AAACGGCTAA TGATAAGGTTA

sth- |AACCATTTCATCACACCC |[GAACTCATGGGAGCACCT CGCTCTACCGAAATAGCC
290 (AT TGTTTTTG CAAATTTTTC

sth- |TTAACCCTGAACTACCTA |[AAAGTATCTGGGGCTGCT ATACACCATGACTAATGT
291 |AT AACAATATGA TGATAGAGCTCC

sth- |ACACCTATGGTCATCACT |TTGTAGGAAAAATCCTTG GAATAACGAATGTAGCGC
292 |AA TCTCGCATTCC CAGCATGTA

sth- |ACCATGGCTGCTTTCCCA |[TCCATTTCCTTCATGGTA GCCAGGATCTGTCCTCAT
293 |CT TCCTCTATCATC CACTAATAAC

sth- |AGTACCGCCATTGACTCT [CCGGAACCTATTAAAGGG CGATAGGGTATAGAACTA
286 |GT ATTTTGTATAACA TTTTCGCATCGC

sth- |AGCTGGCTGGAAGTGGAC [AATATTGGTCGATTGGGG GCGTAACTCTGTTCGGGG
287 |AC TCAACTTGTC ATCATAAAATA
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sth- [ATTTGAGCATCCGTAGGC |ACTTTAAATTCCTACCGA TCGGATCAATAATACACA
295 |[AC AATCTTTCTCACA ACAATTCGATAGAT
sth- [CTGCTAGAAACGGAGAGC |ATTTTCTCCGATTTGTCA GGGGTAGTGTAGTACTGC
296 |AC CTCGATGCTTC TGTAAAATTACT
sth- [CAGCAAATACCGGAGCAC |AACAAGAAAAAGCCCATA AATGAGCCAGTGTTCTCT
297 |AT GTTACTTCCTTC CATTATTTTTCAT
sth- [AACGCCGGTGTGCACATG |TCCCTTTTACATACTGTT ATCATGCAGTATTTTGGC
300 [AA AGCAATCAGGTT AGGGACTC
sth- [TGGAATACCTACGGAGGT |GTGATCCCCAGGTCTACT GAAATTTTCAAAGTCGGC
298 |GC CTATTATTTGC CCAAAATAGGC
sth- [ACCAAGTGAGAGCCCAGC |GCAGAGCCGTCGTGTTAC CAGTAGGCAATTGCAAGA
299 (AT ATACAATTAG ATGTGATTTGC
sth- [TTCCCCTTGGAATAGTGC |TATGCAAGGTTACTTCGT GGCTAAAGCTTAGATTTA
304 |[AA TCAAGCCTC AGCTACGGCT
sth- [AGCCTAGTTGCCAATATA |ATAATCACGACTCCTGCC GCATTGGATAACGCATGT
206 |[AA ATAAACTCG CCTCAATTAT
sth- [GTGTTGGCTACTAAGTTA |GCAGTCTCACTTTTTGGA
207 |ac TTCAGTTGAC TTGCGTGAAGGGTCATGTCTTCAAC
sth- [ATCCTAGTTGCTAGTACA |GCCTAACTTCAACTACTA GCCCAATCCTACCTTAAA
208 |[TA CGATTCACCTC GATATCCTGC
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