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The clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) is a powerful tool widely used for genome editing in various organisms, including plants. It introduces and facilitates the study of rare genetic mutations in a short time and is a potent tool to assist in plant molecular breeding. Radish (Raphanus sativus L.) is an important Brassicaceae vegetable cultivated and consumed worldwide. However, the application of the CRISPR/Cas9 system is limited by the absence of an efficient transformation system in radish. This study aimed to establish a CRISPR/Cas9 system in radish employing the Agrobacterium-mediated genetic transformation system reported recently. For this purpose, we performed genome editing using the CRISPR/Cas9 system targeting the GLABRA1 (GL1) orthologs, RsGL1a and RsGL1b, that induces leaf trichome formation in radish. A Cas9/single guide RNA (sgRNA) vector with a common sgRNA corresponding to RsGL1a and RsGL1b was transferred. A total of eight T0 plants were analyzed, of which six (editing efficiency 75%) had a mutated RsGL1a, five (62.5%) had a mutated RsGL1b, and five showed mutations in both RsGL1a and RsGL1b. Most mutations in T0 plants were short (<3 bp) deletions or insertions, causing frameshift mutations that might produce non-functional proteins. Chimeric mutations were detected in several T0 generation plants. In the T1 generation, the hairless phenotype was observed only in plants with knockout mutations in both RsGL1a and RsGL1b. The majority of mutant alleles in T0 plants, with the exception of the chimeric mutant plants detected, were stably inherited in the T1 generation. In conclusion, we successfully knocked out RsGL1a and RsGL1b using the CRISPR/Cas9 system and demonstrated that both RsGL1a and RsGL1b independently contribute to the induction of leaf trichome formation in radish. In this study, genome-edited plants without T-DNA, which are useful as breeding material, were obtained. The findings prove the feasibility of genome editing in radish using a CRISPR/Cas9 system that could accelerate its molecular breeding to improve agronomically desirable traits.




Keywords: CRISPR/Cas9, single guide RNA (sgRNA), gene editing, Raphanus sativus L., RsGL1a, RsGL1b, trichome, molecular breeding



Introduction

Radish (Raphanus sativus L.), characterized by enlarged hypocotyls and taproots, belongs to the Brassicaceae family and is an important vegetable cultivated and consumed worldwide. The edible parts of radish including the roots, leaves, and sprouts, are of high nutritional value (Hara et al., 2011; Banihani, 2017). Therefore, the genetics and genomics of radish have been the subject of extensive research interest. Rapid advances in sequencing technologies have enabled the sequencing of whole genomes of five cultivated radish varieties and the development of an open-source genome database (Kitashiba et al., 2014; Mitsui et al., 2015; Xiaohui et al., 2015; Jeong et al., 2016; Shirasawa et al., 2020), which facilitates the genetic researches in radish. Mitsui et al. (2015) showed that the R. sativus originates from a divergence of the Brassica rapa and has a triplicated genome compared to Arabidopsis thaliana. Given its close relatedness with other Brassica crops (Chen et al., 2011) and A. thaliana, it is expected that the availability of genetic information and experimental techniques from these crops could be extended to the development of molecular breeding and gene function analysis in radish.

The clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) system, derived from the immune system of bacteria and archaea (Gasiunas et al., 2012; Jinek et al., 2012), is composed of the Cas9 endonuclease and a synthetic single-guide RNA (sgRNA), which directs the Cas9 protein to the targeted genomic DNA (gDNA) sequence preceding the protospacer-associated motif (PAM). CRISPR/Cas9 has gained tremendous popularity for targeted mutagenesis in transformable eukaryotic species (Cardi et al., 2017). CRISPR/Cas9 recognizes and cleaves the 20-mer target sequence and the 5’-NGG-3’ (PAM) sequence and frequently introduces one or two base insertions or deletions (in/del) during the repair of these cleavages, resulting in frameshift mutations to produce gene knockouts (Ran et al., 2013). Genome editing with CRISPR/Cas9 has been widely applied to many plant species (Cardi et al., 2017; Mohd Saad et al., 2021; Tian et al, 2021; Liu et al., 2022). Furthermore, it has also been used to assess the gene function in many plant species owing to its simplicity and easy accessibility. However, in radish, although several gene functions and their effects on traits, such as root color (Lai et al., 2020) and root shape (Gancheva et al., 2016), have been speculated, most of the functions of the genes have not been validated because of the difficulty of producing gene knockouts. Moreover, genome editing by CRISPR/Cas9 in radish was limited by the unavailability of an efficient transformation system and the difficulties to introduce the CRISPR/Cas9 gene and sgRNA. Recently, we have successfully established a highly efficient method for Agrobacterium-mediated genetic transformation in radish (Muto et al., 2021). The method enabled the successful and efficient transformation of radish hypocotyl explants, suggesting its potential to accelerate genome editing and gene function analysis in radish.

The leaf hairs (trichomes) extend from the epidermis of aerial tissues of plants and serve as a physical barrier against biotic (Kariyat et al., 2018) and abiotic (Wu and Kao, 2009; Bickford, 2016; Escobar-Bravo et al., 2018) stress. In A. thaliana, the leaf trichome has been explored as an excellent model system to study plant differentiation at a single-cell level (Kryvych et al., 2008; Kryvych et al., 2011). Furthermore, trichomes can be visually assessed, and the presence/absence of the trichomes can be used to measure gene knockout efficiency, making it a suitable model to investigate the efficiency of genome editing (Stuttmann et al., 2021). It has also been reported that trichomes play an important role in imparting textures to vegetables (Kawakatsu et al., 2017); therefore, understanding the genetic mechanism of trichome development in radish can lead to the breeding of radishes with suitable edible leaves. GLABRA1 (GL1), a member of the R2R3 MYB transcription factor family (Oppenheimer et al., 1991), is known to control the presence of leaf hair in Brassicaceae plants (Bloomer et al., 2012; Li et al., 2013; Kawakatsu et al., 2017). GL1 and the bHLH transcription factor GLABRA3 (GL3) form a transcriptional activator complex that regulates the transcription of GLABRA2 (GL2) and induces leaf hair formation (Wang and Chen, 2008). In radish, two GL1 orthologs—RsGL1a and RsGL1b—have been predicted to induce leaf hair formation (Li et al., 2013). Therefore, we hypothesized that using these two genes as targets could provide insights into the efficiency of the CRISPR/Cas9 system in radish.

In this study, we aimed to explore the potential of the CRISPR/Cas9 system in radish. For this purpose, we performed the CRISPR/Cas9-mediated genome editing of RsGL1a and RsGL1b. To the best of our knowledge, this study, for the first time, demonstrates the knockout of RsGL1a and RsGL1b using the CRISPR/Cas9 system targeting the two genes simultaneously. It shows that the knockout genes obtained in the T0 generation were inherited and displayed the desired phenotype in the T1 generation. These results provide evidence for the potential of the CRISPR/Cas9 system to accelerate molecular breeding and gene function analysis in radish.



Materials and methods


Target sequences selection and sgRNA design

The workflow of transformation and genome editing in radish is shown in Figure 1A. gDNA of the radish cultivar ‘Pirabikku’ (R. sativus L. var. sativus) was extracted using the NucleoSpin Plant II kit (MACHEREY-NAGEL GmbH & Co. KG, Germany). Sequence information for RsGL1a (Accession Number AB747346.1) and RsGL1b (Accession Number AB747347.1) were obtained from NCBI (https://www.ncbi.nlm.nih.gov/) to design PCR primers (Supplementary Table 1).To amplify RsGL1a and RsGL1b, PCR was performed using Blend Taq (TOYOBO, Japan) and the following PCR conditions: 95°C for 2 min, followed by 35 cycles of 30 s at 95°C, 30 s at 60°C, and 30 s at 72°C. The PCR products obtained were cloned into the TArget Clone vector (TOYOBO, Japan). The vector and PCR products were ligated using the DNA Ligation Kit Ver.1 (TaKaRa, Japan). The ligated plasmid was transferred into Escherichia coli DH5α cells, amplified, and purified using QIAprep Spin Miniprep Kit (QIAGEN, Netherlands). To determine the nucleotide sequences of RsGL1a and RsGL1b, the purified plasmid was Sanger sequenced using the universal primer M13 (5’-GAGCGGATAACAATTTCACACAGG -3’). The protein sequences of RsGL1a and RsGL1b were predicted, and protein domain analysis was performed using PROSITE (https://prosite.expasy.org/) (Figure 1B).




Figure 1 | CRISPR/Cas9-mediated genome editing targeting leaf trichome formation genes RsGL1a and RsGL1b in radish. (A) The workflow of transformation and genome editing in radish. (B) Schematic presentation of the domain structures and location of the target sequences of RsGL1a and RsGL1b. Figures consisting of boxes and lines show RsGL1a and RsGL1b genes. Boxes indicate exons, lines indicate introns, blue lines indicate common target sequences + PAM sequence, and red lines indicate DNA binding domains. (C) The schematic view of the constructed pZH_gGL1_Cas9 vector. AtU6-P, Arabidopsis thaliana Ubiquitin 6 gene promoter; sgRNA, single guide RNA; PcUbi-P, Petroselinum crispum Ubiquitin gene promoter; FFCas9, Cas9 gene used by Fauser et al., 2014; Pea3A-T, pea RBCS3A (pea3A) terminator from Pisum sativum; 35S-P, cauliflower mosaic virus (CaMV) 35S promoter; hpt, hygromycin phosphotransferase gene; hpt-T, hpt terminator.





Vector construction

A binary vector was constructed using restriction enzymes and ligation following the method described in the previous studies (Ito et al., 2015; Mikami et al., 2015; Nakajima et al., 2017). The single guide RNA (sgRNA) cloning vector (pUC19_AtU6_ccdB_oligo) and the binary vector (pZH_gYSA_FFCas9) were obtained from Dr. Makasi Endo from The National Agriculture and Food Research Organization (Tsukuba, Japan). In pZH_gYSA_FFCas9A, the neomycin phosphotransferase II (nptII) cassette of the vector originally described in Ito et al. was replaced with a hygromycin phosphotransferase (hpt) cassette (Mikami et al., 2015). The common target sequence of RsGL1a and RsGL1b: 18-mer + BbsI site (5’- ATTG GAATACAAGAAAGGGTTA -3’) and sthe complementary oligo + BbsI site (5’- AAAC TAACCCTTTCTTGTATTC -3’) were incubated at 95°C for 5 min, and then at 25°C for 20 min for annealing. The annealed oligos were ligated to the BbsI site of the sgRNA-scaffold of the cloning vector (pUC19_AtU6_ccdB_oligo) and the ligated plasmid was transferred into E. coli DH5α cells. Double screening (100mg/L ampicillin selection and survival selection) detected clones in which ccdB gene was replaced with the GL1 target sequence. For the screened candidates, sequencing was performed using the AtU6 primer nearby the target sequence (5’- TGTTTATACAGCTTACATTTTCTTGAACCGTAGCT -3’) to confirm the 18-mer insert. The constructed sgRNA vector and the binary vector (pZH_gYSA_FFCas9) with the Cas9 gene and hygromycin phosphotransferase (hpt) were digested with I-SceI. Then, the sgRNA cassette was ligated into the binary vector and transferred into E. coli DH5α, selected with 100 mg/L streptomycin. The positive colonies were cultured, and plasmid DNAs were purified. The completed pZH_gGL1_Cas9 vector was digested with EcoRI to confirm that the sgRNA cassette was in the same direction as that of the Cas9 cassette. pZH_gGL1_Cas9 vector (Figure 1C) was then transferred into Agrobacterium tumefaciens strain GV3101 via electroporation (Mersereau et al., 1990). Although the 35S promoter from Cauliflower Mosaic Virus is used for plant-specific gene expression, it also works in bacteria including Agrobacterium (Jacob et al., 2002; Muto et al., 2021). The plasmid-transformed Agrobacterium was cultured in YEP medium containing 50 mg/L hygromycin on the agar plate, and a few colonies were cultured in the liquid YEP medium containing 50 mg/L hygromycin and stored at −80°C as glycerol stock.



Detection of plant transformation and restorer of fertility gene

The Raphanus transformation was carried out following the procedure described in our previous study (Muto et al., 2021). Transformed plants were selected with 10 mg/L hygromycin. To verify the introduction of T-DNA, gDNA of the regenerated plants was extracted, and PCR was performed using Hpt_F and Hpt_R primers (Supplementary Table 1) derived from the sequence of hpt using the Quick Taq HS DyeMix (TOYOBO, Japan). The PCR conditions were as follows: 95°C for 2 min, followed by 25 cycles of 30 s at 95°C, 30 s at 60°C, and 30 s at 72°C. The mitochondrial male sterility gene, orf138, and the nuclear restorer of fertility gene (Rf gene) orf687 are present in radish (Yasumoto et al., 2008). The radish cv. ‘Pirabikku’ with Rf-type orf687 produces pollen (Muto et al., 2021); therefore, we screened for Rf-type orf687 in this study using the PCR-Restriction Fragment Length Polymorphism (RFLP) assay. The PCR was performed using the orf687_F and orf687_R primers (Supplementary Table 1), and the PCR products were digested with SspI. The T0 plants with T-DNA containing the Cas9 gene and Rf-type orf687 were used for further experiments. The flowering and pollen formation in these selected transgenic plants were confirmed to ensure fertility.



Confirmation of CRISPR/Cas9-mediated mutation in T0 plants

A total of eight transgenic T0 plants were analyzed to confirm the CRISPR/Cas9-mediated mutations. Reportedly, in Brassica napus, the mutant gene from the regenerating plants are maintained in only a small portion of the mature plants (Okuzaki et al., 2018). To confirm the mutation of RsGL1a and RsGL1b in mature plants, we extracted gDNA from the upper leaf of the flowering plant and performed PCR using RsGL1a_PCR_F, RsGL1a_PCR_R, RsGL1b_PCR_F, and RsGL1b_PCR_R primers (Supplementary Table 1). The PCR conditions were as follows: 95°C for 2 min, followed by 35 cycles of 30 s at 95°C, 30 s at 60°C, and 30 s at 72°C. The PCR products were then used for direct sequencing using the RsGL1a_seq and RsGL1b_seq primers (Supplementary Table 1). Chromatograms and nucleotide sequences (text data) were obtained. The chromatograms with a single peak and the nucleotide sequence identical to the wild-type allele were defined as “Wild-type” (no mutation). The multi-peaks near the target sequence in the chromatograms were defined as “Heterogeneous”. The chromatograms with a single peak and a nucleotide sequence other than the wild-type allele were defined as “Homogeneous” (Table 1). The exact allele sequences of the five plants with mutations in both RsGL1a and RsGL1b were obtained. The PCR products of the RsGL1a and RsGL1b were cloned into DH5α and sequenced according to the method previously described. The nucleotide sequences were aligned using NCBI BLAST (Table 2). Subsequently, the self-pollinated seeds of plants with mutations in both RsGL1a and RsGL1b were collected.


Table 1 | Detection of mutations in RsGL1a and RsGL1b of T0 generation plants.




Table 2 | Alignment analysis of RsGL1a and RsGL1b in T0 generation plants.





Off-target analysis

The sgRNA (5’-GAATACAAGAAAGGGTTA-3’) corresponding to RsGL1a and RsGL1b were analyzed using CRISPR RGEN Tools (http://www.rgenome.net/cas-offinder/). Off-target analysis was performed on Raphanus sativus (Rs1.0, genome assembly from cultivar WK10039) as a reference, and a gene with a single nucleotide mismatch (5’-GAATACAAGAAAGGTTTATGG-3’) was detected. This gene was a Raphanus ortholog gene of Arabidopsis AtMYB23 (Kirik et al., 2001; Kirik et al., 2005). To evaluate the possibility of this gene being modified with the CRISPR/Cas9, primers were designed to amplify the region around an off-target sequence of this RsMYB23-like gene (RsMYB23_F and RsMYB23_R; Supplementary Table 1). The PCR products of the eight transgenic T0 plants were obtained. Nucleotide sequences were obtained from the PCR products by direct sequencing to confirm the mutations using sequence primer (RsMYB23_SEQ; Supplementary Table 1).



Confirmation of CRISPR/Cas9-mediated mutation in T1 plants

Leaf trichomes of T1 plants were visually observed, and the number of hairy and hairless plants was counted. (Table 3). Two progenies with hairy and hairless phenotypes were randomly selected at T1 generation, and gDNA was extracted from each progeny. The PCR of the target region was performed as in the T0 analysis. Homogeneous/Heterogeneous mutation was detected in the chromatograms with direct Sanger sequencing of the PCR products of either RsGL1a and RsGL1b, and inheritance of the mutations observed at T0 generation to T1 generation was verified by the basecalls. If there were multiple peaks near the target sequence, each DNA molecule was cloned into E.coli and an individual sequence was identified. Furthermore, as T1 plants are considered to be anchored to two genes (RsGL1a and RsGL1b), a minimum of four clones were analyzed to detect alleles from both genes (Tables 4A, B).


Table 3 | Observation of trichome formation in T1 generation plants.




Table 4A | Alignment analysis of RsGL1a in hairless and hairy phenotypes of T1 generation plants.




Table 4B | Alignment analysis of RsGL1b in hairless and hairy phenotypes of T1 generation plants.





Evaluation of trichome structure

The plants evaluated for trichomes were grown in a growth chamber, under the same conditions as those for the transformation, at 25°C under long-day conditions (16 h Light/8 h Dark) at a light intensity of 60 μmol m-2 s-1. The trichomes on the frontside and backside of the leaves of the T1 plants were observed visually. Leaves of plants with different densities of trichomes were photographed under a fluorescent stereomicroscope (Leica M165 FC) (Figure 2).




Figure 2 | Phenotypes of trichome formation in T1 generation plants. (A–D) hairy plants; (E–H) hairless plants. (A, E) The adaxial surface of leaves, (B, F) petioles, and meristems. (C, G) Enlarged views of adaxial surface of leaves. (D, H) Enlarged views of abaxial surface of leaves. The scale bars in (A, B, E, F) are 10 mm, and in (C, D, G, H) 1 mm are shown.






Results


Sequencing of target genes and determination of target sequences

The nucleotide sequences of the RsGL1a and RsGL1b are shown with the deduced protein sequences in Supplementary Figure 1. These gene sequences were submitted in DDBJ (https://www.ddbj.nig.ac.jp/index-e.html) for RsGL1a (Accession Number LC719984) and RsGL1b (Accession Number LC719985).

The identity of the ‘Pirabikku’ nucleotide sequences RsGL1a and RsGL1b with that of Ra38 DH line source, another Raphanus variety, was 1216/1307 (93%) and 1174/1311 (90%), respectively. The protein domain analysis identified two Myb DNA-binding domains for both RsGL1a and RsGL1b, suggesting the association of both genes in trichome formation as transcription factors. The 18-mer + PAM (5’-GAATACAAGAAAGGGTTA TGG -3’) sequence (21-mer) common to both genes located upstream of the Myb DNA-binding domain in the first exon of both genes were selected as target sequences (Figure 1B).



Production of RsGL1 edited T0 plants

In the eight T0 plants, the chromatograms of RsGL1a and RsGL1b sequences, obtained through direct sequencing, were analyzed (Table 2). Six of these plants had mutations in RsGL1a (editing efficiency 75%), two of which were homogeneous, whereas five plants had mutations in RsGL1b (editing efficiency 62.5%), and none were homogeneous. Double mutations were detected in five of the eight plants (editing efficiency 62.5%). The PCR products of RsGL1a and RsGL1b of the T0 plants with double mutations were cloned into E. coli and eight colonies from each PCR product were sequenced (Table 2). All mutations occurred at positions two or three bases upstream of the PAM sequence. Analysis of RsGL1a detected no wild-type alleles in any T0 plants. Most in/del were short (<3 bp) and caused frameshift mutations that might abolish protein function. The only deletion of 3 bp in plant #3 did not cause a frameshift mutation, indicating this deletion might not affect the gene function. We expected the following genotypes: homogenous (two alleles having the same mutation); heterogenous (only one allele is mutated); biallelic (two alleles having different mutations); chimeric (two or more different alleles are present in the sequence chromatogram), or wild-type. In T0 plants, the RsGL1a in #5, RsGL1b in #6, and both RsGL1a and RsGL1b in #3 were identified to have three or more different alleles, indicating that they have chimeric mutations. The RsGL1a of T0 plant #6 was identified to harbor a homogenous mutation both by direct sequencing and clone sequencing However, the RsGL1a of T0 plant #3, which was shown to have a homogeneous mutation by direct sequencing, had three different alleles. These cloning results were further confirmed by detecting the PCR products for heterogenous double-stranded DNA using T7 endonuclease I (T7EI; New England Biolabs, Ipswich, MA, USA) assay (Supplementary Figure 2). These results indicate that direct sequencing might miss minor alleles. Direct sequencing of T0 plants demonstrated that the editing efficiency did not differ significantly between RsGL1a and RsGL1b (75% vs. 62.5%), recognized by the same target sequence to induce genome editing. “The wild-type RsGL1a was not detected in any plant upon the analysis of the cloned sequences of individual alleles; however, the wild-type RsGL1b was detected in plants #3, #4, and #6.”This result showed that the ability of CRISPR/Cas9 to edit wild-type alleles differs even when targeting the same target sequences of paralogous genes. Off-target analysis on eight transgenic plants did not detect off-target mutations by direct sequencing (Supplementary Figure 3).



Analysis of T1 generation plants with double mutation of RsGL1a and RsGL1b

The self-pollinated seeds from four T0 plants with double mutations (one with <10 self-pollinated seeds were not used) were collected for phenotypic evaluation. The leaf trichome formation in the T1 generation plants was observed visually, and the numbers of hairless and hairy plants were counted (Table 3). Hairless phenotypes were obtained in the progenies of all four T0 plants, wherein the hairy phenotype was not observed in plants #4 and #5. T-DNA negatives (null-segregant) were obtained for each T1 plant (Supplementary Table 2), and T1 plant #5 was both hairless and T-DNA negative. Visual and microscopic observation revealed considerable differences in trichome formation between hairless and hairy plants. The trichome density on the adaxial and abaxial surfaces of the leaves also showed marked differences (Figure 2). Two hairless and hairy progenies of each T1 plant (except for #5) were randomly selected. Allele analysis of RsGL1a and RsGL1b in hairless and hairy phenotypes of T1 generation plants is shown in Tables 4A, B. In hairless plants, all RsGL1a and RsGL1b were mutated, causing frameshifts, and there were no functional RsGL1 genes. In contrast, hairy plants had either RsGL1a, RsGL1b, or both with functional wild-type allele(s). Among the 14 T1 generation plants, 5 plants (#4–6, #4–4, #4–9, #5–1, and #5–2) had the allelic composition of RsGL1a and RsGL1b as detected in T0 plants. The T1 progenies of plant #5 inherited both RsGL1a and RsGL1b, #4 inherited RsGL1b, and #6 inherited RsGL1a detected in their respective T0 plants (
  Tables 4A, B). The progenies of T0 plant #3 had a significantly lower inheritance of alleles (
  Tables 4A, B).




Discussion

Mutations detected in this study were predominantly short (<3 bp) in/del, which might lead to frameshift mutations affecting the amino acid sequence downstream of the target sequence. In contrast, base substitutions were very few compared to in/del induced by the CRISPR/Cas9 system in radish. Concordant with our findings, several other studies conducted on other dicotyledonous plants, such as Brassica napus (Yang et al., 2017), Arabidopsis (Feng et al., 2014), and tomato (Zhang et al., 2020), have shown that most mutations induced by the CRISPR/cas9 system are insertion, deletion, or complex type which might cause frameshift mutations.

The majority of the mutant alleles in RsGL1a and RsGL1b in T1 plants were also detected in T0 plants (Tables 2 and Tables 4A, B), suggesting that the mutant alleles in T0 plants were stably inherited in T1 plants. However, the mutant alleles in RsGL1a and RsGL1b in T0 plant #3 were not stably inherited. This result could be attributed to the chimera mutation in T0 generation, as observed in some Brassica species such as B. napus (10–100%, Yang et al., 2017) and B. campestris (56%, Xiong et al., 2019) and B. oleracea (Lawrenson et al., 2015), suggesting that the novel editing might have occurred during plant regeneration, which uses hypocotyl or cotyledonary petiole as explants that undergo Agrobacterium infection during the transformation (Cao et al., 2006; Dun et al., 2011; Muto et al., 2021). Chimeric mutations in the T0 generation might obstruct the prediction of the original alleles to be inherited; however, it may increase the diversity of mutant alleles in the T1 generation. In summary, we concluded that the mutation pattern introduced by CRISPR/Cas9 in radish is similar to that in other previously reported Brassica plants.

As shown in Tables 4A, B, T1 plants #3–3 and #3–18 with three or more alleles in RsGL1a or RsGL1b had the wild-type allele and retained T-DNA. This result suggests that Cas9 was active during the reproduction stage from T0 to T1 generations and mutated the wild-type allele to generate new alleles in the T1 generation. Interestingly, the binary vector used in this study has the promoter::Cas9::terminator and promoter::sgRNA suitable for the floral dip method in A. thaliana (Fauser et al., 2014), which might have mutated the wild-type allele in the next generation of propagation as reported in A. thaliana.

Li et al. (2013) reported that the expression of RsGL1a in radish contributes to trichome formation. In this study, we obtained hairy T1 plants in which RsGL1a was knocked out and RsGL1b was functional (#3–18, #4–4, #4–9, #6–3, and #6–4). These results showed that a single knockout of either RsGL1a or RsGL1b did not affect trichome formation; however, double knockout plants produced hairless leaves, suggesting that these two alleles contribute to trichome formation independently. Furthermore, the identification of “double knockout” T1 plants indicates that neither RsGL1a nor RsGL1b is essential for the basic growth performance of the plant (Figure 2F). Therefore, these plants can be used for breeding hairless radishes. However, further investigations are needed to validate the effects of the “double knockout” on the tolerance to several stresses, yield, and edible quality of radish.

In conclusion, we successfully performed genome editing using the CRISPR/Cas9 system targeting the genes associated with leaf trichome formation in radish. We showed that although the radish genome has two to three redundantparalogs, efficient genome editing can be achieved using a single sgRNA specific for the modification of multiple paralogs simultaneously. This study showed that genome-edited radish without T-DNA (null-segregant) could be obtained. This radish is useful as a novel breeding material because it might not be treated as a transgenic plant. The findings demonstrated that the CRISPR/Cas9 system is a highly efficient tool for genome editing in radish. However, limited varieties of radishes can be genetically transformed (Muto et al., 2021). Moreover, whether the wild-type allele in F1 plants can be edited by crossing the mutated ‘Pirabikku’ plants obtained in this study with other radish varieties should be investigated in the future. We believe the CRISPR/Cas9 mediated targeted gene mutagenesis can contribute to the efficient elucidation of gene function mechanisms and assist in the acceleration of molecular breeding of novel radish varieties.



Data availability statement

The original contributions presented in the study are publicly available. This data can be found here: DDBJ, LC719984 & LC719985.



Author contributions

NM performed all the experiments, analyzed the data, created the Figures and Tables, and wrote the manuscript. TM conceived the study, participated in its design, and helped to draft the manuscript. All authors have read and approved the final manuscript.



Funding

This study was supported by grants from the Tokyo NODAI General Director Project of Tokyo University of Agriculture (46406790). This work was also supported by the JST SPRING (grant number JPMJSP2122).



Acknowledgments

We would like to thank Dr. Masaki Endo and Dr. Seiichi Toki from NARO, Japan for providing the vectors pZKAtU6gRNA_FFCas9_NPTII and pUC19_AtU6_ccdB_oligo, respectively. We would like to thank Editage (www.editage.com) for English language editing.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.951660/full#supplementary-material



References

 Banihani, S. A. (2017). Radish (Raphanus sativus) and diabetes. Nutrients 9 (9), 1014. doi: 10.3390/nu9091014

 Bickford, C. P. (2016). Ecophysiology of leaf trichomes. Funct. Plant Biol. 43 (9), 807–814. doi: 10.1071/FP16095

 Bloomer, R. H., Juenger, T. E., and Symonds, V. V. (2012). Natural variation in GL1 and its effects on trichome density in Arabidopsis thaliana. Mol. Ecol. 21, 3501–3515. doi: 10.1111/j.1365-294X.2012.05630.x

 Cao, J. S., Yu, X. L., Ye, W. Z., Lu, G., and Xiang, X. (2006). Functional analysis of a novel male fertility CYP86MF gene in Chinese cabbage (Brassica campestris l. ssp. chinensis makino). Plant Cell Rep. 24 (12), 715–723. doi: 10.1007/s00299-005-0020-6

 Cardi, T., D’Agostino, N., and Tripodi, P. (2017). Genetic transformation and genomic resources for next-generation precise genome engineering in vegetable crops. Front. Plant Sci. 8. doi: 10.3389/fpls.2017.00241

 Chen, S., Nelson, M. N., Chèvre, A.-M., Jenczewski, E., Li, Z., Mason, A. S., et al. (2011). Trigenomic bridges for brassica improvement. Crit. Rev. Plant Sci. 30 (6), 524–547. doi: 10.1080/07352689.2011.615700

 Dun, X., Zhou, Z., Xia, S., Wen, J., Yi, B., Shen, J., et al. (2011). BnaC.Tic40, a plastid inner membrane translocon originating from Brassica oleracea, is essential for tapetal function and microspore development in Brassica napus. Plant J. 68 (3), 532–545. doi: 10.1111/j.1365-313x.2011.04708.x

 Escobar-Bravo, R., Ruijgrok, J., Kim, H. K., Grosser, K., Van Dam, N. M., Klinkhamer, P. G. L., et al. (2018). Light intensity-mediated induction of trichome-associated allelochemicals increases resistance against thrips in tomato. Plant Cell Physiol. 59 (12), 2462–2475. doi: 10.1093/pcp/pcy166

 Fauser, F., Schiml, S., and Puchta, H. (2014). Both CRISPR/Cas-based nucleases and nickases can be used efficiently for genome engineering in Arabidopsis thaliana. Plant J. 79, 348–359. doi: 10.1111/tpj.12554

 Feng, Z., Mao, Y., Xu, N., Zhang, B., Wei, P., Yang, D., et al. (2014). Multigeneration analysis reveals the inheritance, specificity, and patterns of CRISPR/Cas-induced gene modifications in arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 111 (12), 4632–4637. doi: 10.1073/pnas.1400822111

 Gancheva, M. S., Dodueva, I. E., Lebedeva, M. A., Tvorogova, V. E., Tkachenko, A. A., and Lutova, L. A. (2016). Identification, expression, and functional analysis of CLE genes in radish (Raphanus sativus l.) storage root. BMC Plant Biol. 16, 7. doi: 10.1186/s12870-015-0687-y

 Gasiunas, G., Barrangou, R., Horvath, P., and Siksnys, V. (2012). Cas9-crRNA ribonucleoprotein complex mediates specific DNA cleavage for adaptive immunity in bacteria. Proc. Natl. Acad. Sci. U. S. A. 109 (39), E2579–E2586. doi: 10.1073/pnas.1208507109

 Hara, M., Torazawa, D., Asai, T., and Takahashi, I. (2011). Variations in the soluble sugar and organic acid contents in radish (Raphanus sativus l.) cultivars. Int. J. Food Sci. Technol. 46, 2387–2392. doi: 10.1111/j.1365-2621.2011.02761.x

 Ito, Y., Nishizawa-Yokoi, A., Endo, M., Mikami, M., and Toki, S. (2015). CRISPR/Cas9-mediated mutagenesis of the RIN locus that regulates tomato fruit ripening. Biochem. Biophys. Res. Commun. 467 (1), 76–82. doi: 10.1016/j.bbrc.2015.09.117

 Jacob, D., Lewin, A., Meister, B., and Appel, B. (2002). Plant-specific promoter sequences carry elements that are recognised by the eubacterial transcription machinery. Transgenic Res. 11 (3), 291–303. doi: 10.1023/a:1015620016472

 Jeong, Y. M., Kim, N., Ahn, B. O., Oh, M., Chung, W. H., Chung, H., et al. (2016). Elucidating the triplicated ancestral genome structure of radish based on chromosome-level comparison with the Brassica genomes. Theor. Appl. Genet. 129, 1357–1372. doi: 10.1007/s00122-016-2708-0

 Jinek, M., Chylinski, K., Fonfara, I., Hauer, M., Doudna, J. A., and Charpentier, E. (2012). A programmable dual-RNA-guided DNA endonuclease in adaptive bacterial immunity. Science 337, 816–821. doi: 10.1126/science.1225829

 Kariyat, R. R., Hardison, S. B., Ryan, A. B., Stephenson, A. G., De Moraes, C. M., and Mescher, M. C. (2018). Leaf trichomes affect caterpillar feeding in an instar-specific manner. Commun. Integr. Biol. 11 (3), 1–6. doi: 10.1080/19420889.2018.1486653

 Kawakatsu, Y., Nakayama, H., Kaminoyama, K., Igarashi, K., Yasugi, M., Kudoh, H., et al. (2017). A GLABRA1 ortholog on LG A9 controls trichome number in the Japanese leafy vegetables mizuna and mibuna (Brassica rapa l. subsp. nipposinica l. h. bailey): evidence from QTL analysis. J. Plant Res. 130 (3), 539–550. doi: 10.1007/s10265-017-0917-5

 Kirik, V., Lee, M. M., Wester, K., Herrmann, U., Zheng, Z., Oppenheimer, D., et al. (2005). Functional diversification of MYB23 and GL1 genes in trichome morphogenesis and initiation. Development 132 (7), 1477–1485. doi: 10.1242/dev.01708

 Kirik, V., Schnittger, A., Radchuk, V., Adler, K., Hülskamp, M., and Bäumlein, H. (2001). Ectopic expression of the arabidopsis AtMYB23 gene induces differentiation of trichome cells. Dev. Biol. 235 (2), 366–377. doi: 10.1006/dbio.2001.0287

 Kitashiba, H., Li, F., Hirakawa, H., Kawanabe, T., Zou, Z., Hasegawa, Y., et al. (2014). Draft sequences of the radish (Raphanus sativus l.) genome. DNA Res. 21, 481–490. doi: 10.1093/dnares/dsu014

 Kryvych, S., Kleessen, S., Ebert, B., Kersten, B., and Fisahn, J. (2011). Proteomics – the key to understanding systems biology of arabidopsis trichomes. Phytochemistry 72 (10), 1061–1070. doi: 10.1016/j.phytochem.2010.09.003

 Kryvych, S., Nikiforova, V., Herzog, M., Perazza, D., and Fisahn, J. (2008). Gene expression profiling of the different stages of Arabidopsis thaliana trichome development on the single cell level. Plant Physiol. Biochem. 46 (2), 160–173. doi: 10.1016/j.plaphy.2007.11.001

 Lai, B., Cheng, Y., Liu, H., Wang, Q., Wang, Q., Wang, C., et al. (2020). Differential anthocyanin accumulation in radish taproot: importance of RsMYB1 gene structure. Plant Cell Rep. 39, 217–226. doi: 10.1007/s00299-019-02485-z

 Lawrenson, T., Shorinola, O., Stacey, N., Li, C., Ostergaard, L., Patron, N., et al. (2015). Induction of targeted, heritable mutations in barley and brassica oleracea using RNA-guided Cas9 nuclease. Genome Biol. 16, 258. doi: 10.1186/s13059-015-0826-7

 Liu, Y., Zhang, C., Wang, X., Li, X., and You, C. (2022). CRISPR/Cas9 technology and its application in horticultural crops. Hortic. Plant J. 8(4), 395–407 doi: 10.1016/j.hpj.2022.04.007

 Li, F., Zou, Z., Yong, H. Y., Kitashiba, H., and Nishio, T. (2013). Nucleotide sequence variation of GLABRA1 contributing to phenotypic variation of leaf hairiness in brassicaceae vegetables. Theor. Appl. Genet. 126, 1227–1236. doi: 10.1007/s00122-013-2049-1

 Mersereau, M., Pazour, G. J., and Das, A. (1990). Efficient transformation of Agrobacterium tumefaciens by electroporation. Gene 90, 149–151. doi: 10.1016/0378-1119(90)90452-w

 Mikami, M., Toki, S., and Endo, M. (2015). Comparison of CRISPR/Cas9 expression constructs for efficient targeted mutagenesis in rice. Plant Mol. Biol. 88, 561–572. doi: 10.1007/s11103-015-0342-x

 Mitsui, Y., Shimomura, M., Komatsu, K., Namiki, N., Shibata-Hatta, M., Imai, M., et al. (2015). The radish genome and comprehensive gene expression profile of tuberous root formation and development. Sci. Rep. 5, 10835. doi: 10.1038/srep10835

 Mohd Saad, N. S., Severn-Ellis, A. A., Pradhan, A., Edwards, D., and Batley, J. (2021). Genomics armed with diversity leads the way in brassica improvement in a changing global environment. Front. Genet. 12 (110). doi: 10.3389/fgene.2021.600789

 Muto, N., Komatsu, K., and Matsumoto, T. (2021). Efficient Agrobacterium-mediated genetic transformation method using hypocotyl explants of radish (Raphanus sativus l.). Plant Biotechnol. (Tokyo). 38, 457–461. doi: 10.5511/plantbiotechnology.21.1021b

 Nakajima, I., Ban, Y., Azuma, A., Onoue, N., Moriguchi, T., Yamamoto, T., et al. (2017). CRISPR/Cas9-mediated targeted mutagenesis in grape. PloS One 12, e0177966. doi: 10.1371/journal.pone.0177966

 Okuzaki, A., Ogawa, T., Koizuka, C., Kaneko, K., Inaba, M., Imamura, J., et al. (2018). CRISPR/Cas9-mediated genome editing of the fatty acid desaturase 2 gene in Brassica napus. Plant Physiol. Biochem. 131, 63–69. doi: 10.1016/j.plaphy.2018.04.025

 Oppenheimer, D. G., Herman, P. L., Sivakumaran, S., Esch, J., and Marks, M. D. (1991). A myb gene required for leaf trichome differentiation in arabidopsis is expressed in stipules. Cell 67, 483–493. doi: 10.1016/0092-8674(91)90523-2

 Ran, F. A., Hsu, P. D., Wright, J., Agarwala, V., Scott, D. A., and Zhang, F. (2013). Genome engineering using the CRISPR-Cas9 system. Nat. Protoc. 8, 2281–2308. doi: 10.1038/nprot.2013.143

 Shirasawa, K., Hirakawa, H., Fukino, N., Kitashiba, H., and Isobe, S. (2020). Genome sequence and analysis of a Japanese radish (Raphanus sativus) cultivar named “Sakurajima daikon” possessing giant root. DNA Res. 27, 1–6. doi: 10.1093/dnares/dsaa010

 Stuttmann, J., Barthel, K., Martin, P., Ordon, J., Erickson, J. L., Herr, R., et al. (2021). Highly efficient multiplex editing: one-shot generation of 8× Nicotiana benthamiana and 12× arabidopsis mutants. Plant J. 106, 8–22. doi: 10.1111/tpj.15197

 Tian, S.-W., Xing, S.-N., and Xu, Y. (2021). Advances in CRISPR/Cas9-mediated genome editing on vegetable crops. In Vitro Cell. Dev. Biol. - Plant. 57, 672–682 doi: 10.1007/s11627-021-10187-z

 Wang, S., and Chen, J.-G. (2008). Arabidopsis transient expression analysis reveals that activation of GLABRA2 may require concurrent binding of GLABRA1 and GLABRA3 to the promoter of GLABRA2. Plant Cell Physiol. 49 (12), 1792–1804. doi: 10.1093/pcp/pcn159

 Wu, T.-C., and Kao, W.-Y. (2009). The function of trichomes of an amphibious fern, Marsilea quadrifolia. Am. Fern J. 99 (4), 323–332. doi: 10.1640/0002-8444-99.4.323

 Xiaohui, Z., Zhen, Y., Shiyong, M., Yang, Q., Xinhua, Y., Xiaohua, C., et al. (2015). A de novo genome of a Chinese radish cultivar. Hortic. Plant J. 1 (3), 155–164. doi: 10.16420/j.issn.2095-9885.2016-0028

 Xiong, X., Liu, W., Jiang, J., Xu, L., Huang, L., and Cao, J. (2019). Efficient genome editing of brassica campestris based on the CRISPR/Cas9 system. Mol. Genet. Genomics 294 (5), 1251–1261. doi: 10.1007/s00438-019-01564-w

 Yang, H., Wu, J. J., Tang, T., Liu, K. D., and Dai, C. (2017). CRISPR/Cas9-mediated genome editing efficiently creates specific mutations at multiple loci using one sgRNA in Brassica napus. Sci. Rep. 7 (1), 7489–7489. doi: 10.1038/s41598-017-07871-9

 Yasumoto, K., Matsumoto, Y., Terachi, T., and Yamagishi, H. (2008). Restricted distribution of orf687 as the pollen fertility restorer gene for ogura male sterility in Japanese wild radish. Breed. Sci. 58, 177–182. doi: 10.1270/jsbbs.58.177

 Zhang, N., Roberts, H. M., Van Eck, J., and Martin, G. B. (2020). Generation and molecular characterization of CRISPR/Cas9-induced mutations in 63 immunity-associated genes in tomato reveals specificity and a range of gene modifications. Front. Plant Sci. 11 (10). doi: 10.3389/fpls.2020.00010



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Muto and Matsumoto. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls.2022.951660_cover.jpg
& frontiers | Frontiers in Plant Science

CRISPR/Cas9-mediated genome
editing of RsGL1a and RsGL1b in
radish (Raphanus sativus L.)





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        CRISPR/Cas9-mediated genome editing of RsGL1a and RsGL1b in radish (Raphanus sativus L.)

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Target sequences selection and sgRNA design

          



          		

            Vector construction

          



          		

            Detection of plant transformation and restorer of fertility gene

          



          		

            Confirmation of CRISPR/Cas9-mediated mutation in T0 plants

          



          		

            Off-target analysis

          



          		

            Confirmation of CRISPR/Cas9-mediated mutation in T1 plants

          



          		

            Evaluation of trichome structure

          



        



        



        		

          Results

        

          		

            Sequencing of target genes and determination of target sequences

          



          		

            Production of RsGL1 edited T0 plants

          



          		

            Analysis of T1 generation plants with double mutation of RsGL1a and RsGL1b

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table4a.jpg
T, plant No.

#3-4
#3-16

#3-3

#3-18
#4-6
#4-7

#4-4

#4-9
#5-1

#5-2

#6-1
#6-2
#6-3
#6-4

Phenotype

Hairless
Hairless

Hairy

Hairy
Hairless

Hairless
Hairy

Hairy

Hairless
Hairless

Hairless
Hairless
Hairy
Hairy

Mutation

wT

14 del

33 del

7 del

T del

WT

T in

Gin

2 del, 32 in
Ain

Ain

Ain

TT del
Ain

GG del
Ain

TT del

2 del, 1 sub
2 del, 1 sub
Ain

Ain

Ain

Ain

Ain

RsGL1a

AGGAATACAAGAAAGGGTTATGGACA
AGGAATACAA————— CA
AGGAATACAAG<————>
AGGAATACAAGACGAC——ACA
AGGAATACAAGAAAGG-TTATGGACA
AGGAATACAAGAAAGGGTTATGGACA
AGGAATACAAGAAAGGGTTTATGGACA
AGGAATACAAGAAAGGGGTTATGGACA
AGGAATACAAGAAAG<>TTATGGACA
AGGAATACAAGAAAGGGATTATGGACA
AGGAATACAAGAAAGGGATTATGGACA
AGGAATACAAGAAAGGGATTATGGACA
AGGAATACAAGAAAGGG-ATGGACA
AGGAATACAAGAAAGGGATTATGGACA
AGGAATACAAGAAAG-TTATGGACA
AGGAATACAAGAAAGGGATTATGGACA
AGGAATACAAGAAAGGG-ATGGACA
AGGAATACGAGAAAA-TTATGGACA
AGGAATACGAGAAAA-TTATGGACA
AGGAATACAAGAAAGGGATTATGGACA
AGGAATACAAGAAAGGGATTATGGACA
AGGAATACAAGAAAGGGATTATGGACA
AGGAATACAAGAAAGGGATTATGGACA
AGGAATACAAGAAAGGGATTATGGACA

Clones/Total

3/5
2/5
3/4
1/4
1/7
4/7
1/7
17

3/4
1/4
3/4
1/4

3/4
1/4
3/5
2/5

Detected in T, T-DNA

No +
No
No +
No
No #
Yes
No
No
Yes +
Yes =
Yes +
No
Yes =
Yes
Yes +
Yes +
Yes
Yes +
Yes
Yes +
Yes +
Yes +
Yes +

WT, Wild Type; in, insertion; del, deletion; sub, substitution. PAM sequences are underlined. Insertions are shown in red font. Deletions are shown using hyphens. Substitutions are shown
in bold font. In/del greater than 3-bp are shown using angle brackets and hyphens. *Splice mutation.





OEBPS/Images/fpls-13-951660-g001.jpg
Sequencing of target genes and Cas9/sgRNA vector

determination of target sequences esnstrustion Vector transfer inte Transformation

Agrobacterium tumefaciens of Radish

7 > °

\ Sequencing and observation of Sequencing of target
trichomes of T, plants sequences from T, plants

RsGL1a

3

RsGL1b

—— DNAbindingdomain —— Common target sequence + PAM

—— —  5.GAATACAAGAAAGGGTTATGG -3
PAM

AtU6-P PcUbi-P Pea3A-T 35S-P hpt-T

T





OEBPS/Images/table2.jpg
Ty plant Mutation RsGL1a Clones/ Mutation RsGLI1b Clones/

No. total total
WT AGGAATACAAGAAAGGGTTATGGACA WT AAGAATACAAGAAAGGGTTATGGACA
#2 AT in AGGAATACAAGAAAGGGATTTATGGACA 7/8 Tin AAGAATACAAGAAAGGGTTTATGGACA 7/8
3 del AGGAATACAAGAAAGGG—TGGACA 18  Cin AAGAATACAAGAAAGGGCTTATGGACA 18
#3 T in AGGAATACAAGAAAGGGTTTATGGACA 6/8 WT AAGAATACAAGAAAGGGTTATGGACA 2/8
Ain AGGAATACAAGAAAGGGATTATGGACA 1/8 Ain AAGAATACAAGAAAGGGATTATGGACA 4/8
5 del AGGAATACAAGAAAGGG—-GACA 1/8 Tin AAGAATACAAGAAAGGGTTTATGGACA /8
Cin AAGAATACAAGAAAGGGCTTATGGACA 1/8
5in AAGAATACAAGAAAGGGAAGGGTTATGGACA 18
T sub AAGAATACAAGAAAGGTTTATGGACA 18
#4 Ain AGGAATACAAGAAAGGGATTATGGACA 5/8  WT AAGAATACAAGAAAGGGTTATGGACA 6/8
GG del AGGAATACAAGAAAG-TTATGGACA 38 Gdel AAGAATACAAGAAAGG-TTATGGACA 2/8
#5 TT del AGGAATACAAGAAAGGG-ATGGACA 4/8  Ain AAGAATACAAGAAAGGGATTATGGACA 4/8
2del, 1 sub AGGAATACGAGAAAA-TTATGGACA 3/8 18del, 22 in <————— STTATGGACA 4/8
Tin AGGAATACAAGAAAGGGTTTATGGACA 18
#6 Ain AGGAATACAAGAAAGGGATTATGGACA 88  WT AAGAATACAAGAAAGGGTTATGGACA 1/8
Tin AAGAATACAAGAAAGGGTTTATGGACA 6/8
70 del P STTATGGACA 18

WT, Wild Type; in, insertion; del, deletion; sub, substitution. PAM sequences are underlined. Insertions are shown in red font. Deletions are shown using hyphens. Substitutions are shown
in bold font. In/del greater than 3-bp are shown using angle brackets and hyphens.





OEBPS/Images/table3.jpg
Ty plant No. originated

#3
#4
#5
#6

Hairy

17
10
0

19

Hairless

17





OEBPS/Images/logo.jpg
, frontiers
in Plant Science





OEBPS/Images/fpls-13-951660-g002.jpg





OEBPS/Images/table4b.jpg
T, plant No.

#3-4

#3-16
#3-3

#3-18
#4-6
#4-7
#4-4
#4-9
#5-1

#5-2
#6-1

#6-2

#6-3
#6-4

Phenotype

Hairless

Hairless

Hairy
Hairy
Hairless
Hairless
Hairy
Hairy
Hairless

Hairless

Hairless
Hairless

Hairy
Hairy

Mutation

wWT
Tin
T del
Tin
WT
Ain
WT
Tin
TT del
G del
G del
WT
G del
WT
G del
Ain
18 del, 22in
Ain
Tin
14 del
Tin
14 del
T sub
T sub

RsGLI1b

AAGAATACAAGAAAGGGTTATGGACA
AAGAATACAAGAAAGGGTTTATGGACA
AAGAATACAAGAAAGGG-TATGGACA
AAGAATACAAGAAAGGGTTTATGGACA
AAGAATACAAGAAAGGGTTATGGACA
AAGAATACAAGAAAGGGATTATGGACA
AAGAATACAAGAAAGGGTTATGGACA
AAGAATACAAGAAAGGGTTTATGGACA
AAGAATACAAGAAAGGG-ATGGACA
AAGAATACAAGAAAGG-TTATGGACA
AAGAATACAAGAAAGG-TTATGGACA
AAGAATACAAGAAAGGGTTATGGACA
AAGAATACAAGAAAGG-TTATGGACA
AAGAATACAAGAAAGGGTTATGGACA
AAGAATACAAGAAAGG-TTATGGACA
AAGAATACAAGAAAGGGATTATGGACA
P STTATGGACA
AAGAATACAAGAAAGGGATTATGGACA
AAGAATACAAGAAAGGGTTTATGGACA

AA————— GTTATGGACA
AAGAATACAAGAAAGGGTTTATGGACA
AA————~ GTTATGGACA

AAGAATACAAGAAAGGTTTATGGACA
AAGAATACAAGAAAGGTTTATGGACA

Clones/Total

2/4
2/4

3/4
1/4
2/4
1/4
1/4

3/6
3/6
1/4
3/4
3/6
3/6

3/7
4/7
3/4
1/4

Detected in T, T-DNA

Yes +
No
Yes +
Yes b
Yes
Yes +
Yes
No
Yes -
Yes +
Yes -
Yes
Yes +
Yes
Yes +
Yes
Yes +
Yes +
No
Yes +
No
No +
No +

WT, Wild Type; in, insertion; del, deletion; sub, substitution. PAM sequences are underlined. Insertions are shown in red font. Deletions are shown using hyphens. Substitutions are shown
in bold font. In/del greater than 3-bp are shown using angle brackets and hyphens.





OEBPS/Images/table1.jpg
T, plant No.

#1
#2
#3
#4
#5
#6
#7
#8
Editing efficiency

RsGLIa

Wild type
Heterogeneous
Homogeneous
Heterogeneous
Heterogeneous
Homogeneous
Heterogeneous
Wild type
6/8 (75%)

Mutation types

RsGL1b

Wild type
Heterogeneous
Heterogeneous
Heterogeneous
Heterogeneous
Heterogeneous
Wild type
Wild type

5/8 (62.5%)

Double mutations

Yes
Yes
Yes
Yes
Yes

5/8 (62.5%)





