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Our study examined the mutation efficiency of the CRISPR/Cas9 method for tryptophan aminotransferase BnaTAA1 genes involved in the auxin biosynthesis pathway. We made nine CRISPR/Cas9 constructs with various promoters driving the expression of a Cas9 from Staphylococcus aureus (SaCas9) or a plant-codon-optimized Streptococcus pyogenes Cas9 (pcoCas9). We developed a fast and efficient system for evaluating the variety and frequency of mutations caused by each construct using Brassica napus hairy roots. We showed that pcoCas9 is more efficient in mutating the targeted loci than SaCas9 and the presence of the NLS signal enhanced the chance of mutagenesis by 25%. The mutations were studied further in regenerated lines, and we determined the BnaTAA1 gene expression and heritability of the gene modifications in transgenic plants. Hairy root transformation combined with CRISPR/Cas9-mediated gene editing represents a fast and straightforward system for studying target gene function in the important oilseed crop B. napus.
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Introduction

The infection of Agrobacterium strains harboring a hairy root-inducing (Ri) plasmid causes an abnormal rooting on its plant hosts. After an agrobacterial infection at wounded sites, a T-DNA from the Ri plasmid is transferred to the host cells and stably integrated into the plant genome. Subsequently, the expression of T-DNA genes leads to the induction of hairy roots (Christey, 2001). The development of hairy roots is controlled mainly by root oncogenic loci (rol) genes (White et al., 1985; Cardarelli et al., 1987). Ri plasmids are classified according to the types of the T-DNA-encoded opine induced in hairy roots: cucumopine, mannopine, and agropine. For the latter, Ri plasmids carry two T-DNA regions, right and left T-DNA (TR-DNA and TL-DNA, respectively), which can independently integrate into the plant genome. For cucumopine and mannopine types, the T-DNA consists of a single region (Gelvin, 1990). The virulence (vir) region of the Ri plasmids contains numerous genes involved in the processing and transfer of the T-DNA from the bacteria to the plant cells (Gelvin, 2003). Agrobacterial strains carrying both Ri plasmid and artificial binary vector have been widely used for delivering foreign DNA into plant cells. Hairy root cultures have gained increasing attention as a system for the production of both recombinant proteins and valuable secondary metabolites with medicinal applications (Georgiev et al., 2012; Gutierrez-Valdes et al., 2020) or to investigate phytoremediation processes, i.e., using plants to clean up contaminated environments (Agostini et al., 2013).

Hairy root transformation has been recently discovered as an efficient tool for studying gene function using Clustered Regularly Interspaced Short Palindromic Repeats (CRISPRs)/CRISPR-associated protein 9 (Cas9)-mediated gene editing in a wide range of plant taxa (reviewed in Kiryushkin et al., 2022). This bacterial system has been exploited to develop a powerful RNA-guided genome editing tool in various species. The mechanism resides in the employment of Cas9 endonuclease directed by a guide RNA (gRNA) to a specific sequence in the genome. A Cas9-gRNA complex binds and cuts the targeted DNA creating a double-strand break (DSB). Subsequently, the cell’s endogenous mechanisms repair the DSB, eventually introducing mutations into the target site (Deltcheva et al., 2011; Jinek et al., 2012; Doudna and Charpentier, 2014).

The CRISPR/Cas9 system has been employed to generate mutants in various crops, including rapeseed (Brassica napus). Since B. napus is allotetraploid species (2n = 38, AACC) formed by hybridization between B. rapa (2n = 20, AA) and B. oleracea (2n = 18, CC), it is necessary to mutate homeologs from both subgenomes to alter a trait of interest. Targeted genetic mutations were introduced to improve rapeseed agronomic traits such as grain composition, plant architecture, or disease resistance (reviewed in Gocal, 2021). Most studies rely on traditional A. tumefaciens-based transformation of explants followed by regeneration of transgenic plants. An alternative protocol of rapeseed protoplast transfection with CRISPR/Cas9 vectors has been recently used, showing the protoplast regeneration as the main bottleneck of this approach (Lin et al., 2018; Li et al., 2021).

To avoid the lengthy explant transformation and regeneration process, we exploited hairy root cultures to study the gene-editing efficiency of various CRISPR/Cas9 vectors designed to target the auxin biosynthetic gene TRYPTOPHAN AMINOTRANSFERASE (BnaTAA1). Furthermore, we regenerated T0 mutant plants from hairy root lines to study BnaTAA1 gene expression and heritability of the gene modifications. Finally, we produced transgene-free and target gene-edited plants in the T1 generation.



Materials and methods


Plant material

For the transformation experiments, seeds of three B. napus cultivars (DH12075, Westar, and Topas DH4079) were sterilized with 20% bleach and cultivated in vitro on 50% Murashige and Skoog (MS) medium (Duchefa) with 5 g/L sucrose at 21°C (16-h photoperiod) in a growth chamber. Plants growing in the soil were cultivated in a greenhouse with similar temperature and light conditions.



BnaAnng22030D cloning and phylogenetic analysis

The genomic sequence corresponding to the BnaAnng22030D gene and its surroundings was amplified using specific primers (Supplementary Table 1) and PrimeSTAR GXL DNA Polymerase (Takara). The polymerase chain reaction (PCR) product was cloned and sequenced. Its sequence was deposited in the GenBank database (OM687491).

Multiple alignments of protein sequences were performed using Muscle software (Edgar, 2004), and phylogenetic analysis was carried out using the neighbor-joining method with the SeaView program (Gouy et al., 2010). Bootstrap values were calculated from 1,000 replications. The resulting phylogenetic tree was drawn and edited using FigTree v.1.4.4.1



CRISPR/Cas9 vector construction

The two guide RNAs (gRNA) targeting the coding sequences of BnaTAA1 genes BnaC02g19980D and BnaA02g14990D were designed for two Cas9 nucleases (Staphylococcus aureus SaCas9 and plant-codon-optimized Streptococcus pyogenes Cas9, pcoCas9 [GenBank ID: KF264451]) using CRISPR-P v2.0 online tool2 (Lei et al., 2014; Ding et al., 2016; Liu et al., 2017). For plasmid construction, a modular cloning system was employed using MoClo Tool Kit and MoClo Plant Parts kit (Addgene, Supplementary Tables 2, 3; Weber et al., 2011; Werner et al., 2012; Engler et al., 2014). Plasmids were assembled according to the recommended long MoClo protocol.3 A total of eight combinations of long (1.3 kb) and short (0.4 kb) versions of the 35S promoter from the Cauliflower mosaic virus and the two Cas9 nucleases were generated (Figure 1). A ninth construct containing the Arabidopsis RbcS2B promoter driving the expression of SaCas9 was included. Each plasmid comprises a plant kanamycin resistance gene, a gene expressing GFP to facilitate the screening process, and the two respective gRNA cassettes (Figure 1). The intermediate constructs for gRNA were prepared as universal plasmids containing an AtU6-26 promoter, followed by two Esp3I sites for gRNA insertion instead of a counter-selective LacZ gene and a scaffold gRNA sequence. Specific guides were synthesized as oligonucleotides with added Esp3I sites, which enable scarless insertion, annealed by boiling and slow cooling, and used for standard assembly protocol with the prepared universal plasmids (details in Supplementary Table 2). Plasmids were sequenced before their use.
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FIGURE 1
Design of the CRISPR/Cas9 constructs. (A) Structure of the BnaA02g14990D (BnaA02.TAA1) and BnaC02g19980D (BnaC02.TAA1) genes with exons (gray boxes). The structure is identical for both genes. The colored arrowheads indicate the targeted position of the two gRNAs for pcoCas9 (blue) and SaCas9 (green). The PAM sequence is bolded. (B) Design of the nine CRISPR/Cas9 constructs. The T-DNA is composed in cis of a Kanamycin selective marker, the Cas9 cassette (promoter, Cas9 coding sequence, 35S terminator), the GFP cassette (promoter, GFP cds, 35S terminator), and the guide cassette (AtU6 promoter, gRNA, RNA scaffold). The types of promoters, Cas9, and guides are color-coded: pcoCas9 in blue, SaCas9 in green, NLS signal in dark green, short 35S promoter in red, long 35S promoter in yellow, double 35S promoter in orange, RBCS2B in purple, gRNA-RNA scaffold for pcoCas9 in blue, gRNA-RNA scaffold for SaCas9 in green.




Plant transformation (hairy root cultures)

Hairy root cultures were obtained by transforming B. napus plants with the Ti-less plasmid Agrobacterium tumefaciens C58C1 strain carrying a hairy-root-inducing plasmid pRiA4b (Petit et al., 1983). The transformation assay was optimized with Agrobacterium containing only the Ri plasmid (root lines are designated as wild-type hairy roots). For CRISPR/Cas9 analysis, each construct was electroporated into Agrobacterium. A selected bacterial clone was verified by PCR analysis with construct-specific primers (Supplementary Table 1). For plant transformation, an Agrobacterium suspension was grown for 18 h in Luria-Broth medium at 28°C and injected with an insulin syringe into the hypocotyl of 18-day-old seedlings cultivated in vitro. After 2–4 cultivation weeks, hairy roots emerging from the inoculation sites were excised and placed on a solid MS medium, including Gamborg B5 vitamins (MS + B5, Duchefa) and 30 g/L sucrose, supplemented with ticarcillin (500 mg/L) and cefotaxime (200 mg/L) to eliminate bacteria growth. In case of transformation with a CRISPR/Cas9 construct, kanamycin (25 mg/L) was added to the medium. Hairy roots were grown in petri dishes at 24°C in the dark and transferred to fresh MS + B5 media after 4–5 cultivation weeks. The concentration of ticarcillin and cefotaxime was decreased during each transfer. After 3–4 months, the roots were maintained on solid MS containing cefotaxime (100 mg/L) only. To support the growth of mutated lines in the auxin biosynthesis BnaTAA1 genes, we added a low concentration (0.25 mg/L) of indole-3-butyric acid (IBA) into the media. The transformation efficiency was calculated as the percentage of plants with emerging hairy roots out of the total number of injected plants, assessed 1 month after the injection of the agrobacterial suspension. The data were collected from three independent replicates with 18–24 plants per cultivar per replicate.



Genomic DNA extraction (hairy roots, leaves, and pistils)

Hairy roots were collected from petri dishes, and remnants of solid media were carefully removed. Young leaves were sampled before the flowering stem emerged. For unpollinated pistils, the oldest flower buds were emasculated 1 day before the flower opening. On the next day, the pistils were sampled. Tissues were ground in liquid nitrogen, and genomic DNA was isolated by the conventional cetyltrimethylammonium bromide (CTAB) method (Allen et al., 2006).



Analysis of gene editing in hairy roots

Then, one to three roots per independent transformant and 13–20 transformants per construct (16–30 transformed hairy roots per construct) were analyzed. The BnaTAA1 genes were amplified by PCR to analyze the mutations mediated by CRISPR/Cas9, using Phusion High-Fidelity DNA polymerase (New England Biolabs) and gene-specific primers discriminating between BnaA02.TAA1 and BnaC02.TAA1 (Supplementary Table 1) and sequenced. The online tool TIDE4 was used for chromatogram decoding (Brinkman et al., 2014). The TIDE results were confirmed manually. For the more complex mutations, amplified fragments were subcloned into the pGEM-T-Easy Vector (Promega), and 6–10 clones of each amplicon were sequenced. The type and length of the indels (insertion/deletion) were recorded.



Regeneration of hairy root clones

Optimization of hairy root regeneration was carried out by transferring ten independent wild-type hairy root clones to MS + B5 solid media with 30 g/L sucrose supplemented with cytokinin 6-benzylaminopurine (BAP, 5 mg/L) and various concentrations of auxin, 1-naphthaleneacetic acid (NAA, 0 – 8 mg/L), and indole-3-butyric acid (IBA, 0 – 8 mg/L). Roots were grown at 21°C (16-h photoperiod) and transferred to fresh media every 3–4 weeks. The evaluation of the regeneration efficiency was performed after 3 months (Supplementary Figure 3). The excised shoots were cultivated on a shoot elongation medium (MS + B5 with 20 g/L sucrose supplemented with 0.5 mg/L BAP and 0.03 mg/L gibberellic acid). After 3–4 weeks, they were transferred to the root induction medium (RIM; MS + B5 with 10 g/L sucrose). The influence of the gelling agent (phytagel) concentration in RIM and the addition of IBA were studied (Supplementary Figure 3). Rooted plants were transferred to the soil. The optimized protocol (BAP 5 mg/L and NAA 8 mg/L in regeneration medium and 0.3% phytagel with 0.5 mg/L IBA in RIM) was used to regenerate CRISPR/Cas9 transformants. Genomic DNA isolated from T0 regenerant leaves was used for mutation genotyping and detection of CRISPR/Cas9 transgene, Ri T-DNA (TL and TR), and virC genes (oligo information in Supplementary Table 1).



Embryo rescue, T1 seedlings screening, plant phenotyping

To speed up the workflow with the selection of T1 plants, immature T1 seeds (21–28 days after pollination) containing torpedo stage embryos or older were embryo rescued, bypassing the maturation and dormancy phase. Siliques were collected and surface-sterilized with 70% ethanol. Under sterile conditions, the siliques were slit-opened, and the immature seeds were carefully collected without damaging the seed coat. The seeds were germinated on 50% MS plates in the growth chamber. Seedlings were transferred to a hydroponic culture system to allow root tip fluorescence screening. Genomic DNA isolated from T1 GFP-negative seedlings was used to detect CRISPR/Cas9 transgene and Ri T-DNA (TL and TR). The transgene-free plants were used for mutation genotyping (BnaA02.TAA1 and BnaC02.TAA1 were screened for one or both loci; 35 loci in total) (oligo information in Supplementary Table 1). T1 transgene-free mutant plants were grown in soil side-by-side with DH12075 cultivars in the greenhouse at 21°C (16-h photoperiod), flowers were self-pollinated, and the plants were monitored for phenotypes. The primary inflorescence stem length was measured at maturity (end of flowering) from the position of first (oldest) silique to the shoot apex. The number of developed siliques on the primary inflorescence stem was counted on three plants per genotype. Significance of difference was analyzed with a Student’s t-test (p < 0.05).



RNA analysis

Total RNAs were extracted from unpollinated pistils using TRIzol reagent (Invitrogen) following the manufacturer’s protocol. RNA isolates were treated with RQ1 RNase-Free DNase (Promega) to remove the traces of contaminant DNA. To obtain the 3′ ends of the BnaTAA1 transcripts, we performed reverse transcription using M-MLV Reverse Transcriptase (Promega) on 2 μg of template RNA with an oligo-dT primer. The 5′ ends of BnaTAA1 transcripts were detected using FirstChoice RLM-RACE Kit (Invitrogen) with 5 μg of the template RNA according to the manufacturer’s instructions. Primers used for subsequent cDNA amplification are listed in Supplementary Table 1. PCR products were cloned and sequenced. The cDNA sequences of BnaA02.TAA1 and BnaC02.TAA1 genes are available from GenBank under the accession numbers OM687489 and OM687490, respectively. Primers recognizing 5′UTR and 3′UTR of both BnaTAA1 genes (Supplementary Table 1) were used to study alternative splicing in pistils of T0 regenerant mutant plants.

For real-time quantitative polymerase chain reaction (RT-qPCR) analysis, cDNA synthesis was performed on 1.5 μg of RNA from pistils of T1 mutant plants using M-MLV Reverse Transcriptase (Promega). PCR was performed using the FastStart Essential DNA Green Master (Roche) on a Lightcycler 96 (Roche). The efficiency of each primer pair (Supplementary Table 1) was assessed by constructing a standard curve through five serial dilutions. A final melt-curve step was included post-PCR to confirm the absence of any non-specific amplification. The experiment consisted of three independent biological replicates with three technical replicates for each parallel group. The suitability of reference genes (ACT7 [LOC106426760, LOC106384924, LOC106441419]; EF1A [LOC111197859, LOC106400771, LOC106419721, LOC106385889], and TBP2 [LOC106361251, LOC106360359]) was evaluated using mathematical methods implemented in BestKeeper (Pfaffl et al., 2004), geNorm (Vandesompele et al., 2002), and NormFinder (Andersen et al., 2004). TATA-box-binding protein 2 (TBP2), the most reliable reference gene, was used in the subsequent analyses. Relative gene expression was determined using the method described by Pfaffl (2001). The expression levels were evaluated by one-way ANOVA followed by Dunnett’s test.



Off-target analysis

The potential off-target sites were predicted using CRISPR-P v2.0 online tool. The top-ranking sites were selected for analysis. The genomic DNA sequences surrounding the potential off-target sites were amplified by PCR using specific primers (Supplementary Table 1) and PrimeSTAR GXL DNA Polymerase (Takara). PCR products were analyzed by sequencing.



Accession numbers

The accession numbers are as follows: BnaA02.TAA1 cDNA OM687489; BnaC02.TAA1 cDNA OM687490; BnaAnng22030D genomic sequence OM687491.




Results


Selection of CRISPR/Cas9 constructs to target BnaTAA1 genes for mutagenesis

We targeted B. napus BnaTAA1 genes for mutagenesis to study auxin biosynthesis in oilseed rape. A BLAST search against the B. napus genome (B. napus v4.1, Genoscope) was performed using the Arabidopsis thaliana TAA1 (At1g70560) coding sequence as a query to identify the BnaTAA1 loci. We identified four genes (BnaA02g14990D, BnaAnng22030D, BnaC02g19980D, and BnaC06g43720D) with 82 to 86% nucleotide sequence identity to AtTAA1 and five genes (BnaA09g31180D, BnaA09g31200D, BnaC05g18610D, BnaA01g14030D, and BnaC01g16530D) representing TAA-related 1 (TAR1) and TAR2 (Supplementary Figure 1).

Proteins encoded by BnaA02g14990D (BnaA02.TAA1) and BnaC02g19980D (BnaC02.TAA1) share 98% amino acid identity, and both genes are expressed during seed development (PRJNA311067, GEO: GSE77637, Wan et al., 2017). BnaAnng22030D codes for a partial TAA1 protein with predicted premature stop codon in exon III. We confirmed the occurrence of this stop codon by amplifying and sequencing the corresponding genomic locus (GenBank, OM687491). On the other hand, a gene prediction tool (Keller et al., 2011) suggested the presence of an alternative spliced variant, enabling reading frame preservation. The predicted protein from the altered coding sequence shares 90% amino acid similarity with BnaA02.TAA1 and BnaC02.TAA1 over the full length of the sequences. Phylogenetic analysis shows that BnaAnng22030D represents a paralog of the BnaTAA1 family (Supplementary Figure 1). BnaAnng22030D and BnaC06g43720D are expressed at very low levels in oilseed rape compared to BnaA02.TAA1 and BnaC02.TAA1 (Brassica Expression Database, Chao et al., 2020).

Because plant transformation, mutant selection, and plant regeneration are laborious and time-consuming protocols, especially in crops, we compared the mutagenesis effectiveness of pcoCas9 and SaCas9 proteins on the rapeseed genome. The pcoCas9 (plant-codon optimized Cas9), derived from Streptococcus pyogenes Cas9 (SpCas9), was optimized for plant genomes and contains the potato IV2 intron (Li et al., 2013). The SaCas9 gene is about 1 kb shorter than pcoCas9. Its sequence has also been codon-optimized for A. thaliana (Steinert et al., 2015). Furthermore, SaCas9 may be more effective for gene editing in Arabidopsis than SpCa9 (Wolter et al., 2018). Both pcoCas9 and SaCas9 require specific gRNA sequence due to their secondary structure and, therefore, recognize different protospacer adjacent motifs (PAM), NNGRRT for SaCas9, and NGG for pcoCas9, which provide variability in targets, specificity (reduced off-target mutations of SaCas9), and efficiency (Kaya et al., 2016). Using CRISPR-P v2 online tool, we designed two sets of two guides (1) targeting identical sequences in BnaA02.TAA1 and BnaC02.TAA1 to mutagenize both loci with one set of guides (all gRNAs have 100% homology to the target sequences) and (2) enabling the creation of a large deletion between the two targeted loci (Figure 1 and Supplementary Table 1). The target sequence of SaCas9 guide2 in paralogous genes, BnaAnng22030D and BnaC06g43720D, contains a single SNP localized 9-bp upstream of the PAM sequence, consistent with a high off-target score of 0.722 calculated by CRISPR-P v2.0 (Table 1).


TABLE 1    Detection of mutations at potential CRISPR/Cas9 off-target sites in the T0 plants.
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We generated nine CRISPR/Cas9 constructs (Figure 1 and Supplementary Tables 2, 3), combining three promoters (long and short versions of p35S and pRBCS2B), with or without the SV40 nuclear targeting signal and with either pcoCas9 or SaCas9. The constructs are generated using a modular cloning system allowing the quick guides’ insertion into the constructs. In addition, each construct contains a green fluorescent (GFP) reporter to monitor the presence of the CRISPR/Cas9 transgene in plant tissues. These nine constructs were then transformed into B. napus using a hairy root transformation system.



An efficient protocol for hairy root induction in Brassica napus

To develop a robust hairy root transformation system in B. napus, we tested three cultivars, namely, DH12075, Topas DH4079, and Westar, for their transformation efficiency by an injection-based method. Hypocotyls of 18-day-old seedlings were injected with a suspension of Agrobacterium containing the virulence Ri plasmid only. The first calli and hairy roots were detected 2 weeks after injection. The overall transformation efficiency (number of seedlings with emerging hairy roots over the number of injected seedlings) was calculated 1 month after the injection (Supplementary Figure 2). DH12075 has the highest transformation efficiency (97%), followed by Westar (84%) and Topas (42%), a cultivar recalcitrant to petiole-based transformation.

Because of its high transformation efficiency, the DH12075 cultivar was transformed with the CRISPR/Cas9 constructs to mutate the BnaTAA1 genes. Roots emerging from the callus (1–3 per plant) were cut and transferred to a solid medium containing a selective agent (kanamycin, 25 mg/L). The GFP reporter in the CRISPR/Cas9 T-DNA eased the selection of transgenic roots by monitoring the presence of GFP fluorescence in the hairy roots. In total, 211 hairy root lines growing on kanamycin and expressing GFP were selected for further analysis.



Evaluation of the mutagenesis efficiency of the CRISPR/Cas9 constructs in hairy roots

We analyzed 1–3 roots per independent transformant and 13–20 transformants per construct (16–30 transformed hairy roots per construct were analyzed) for the presence of a mutation in any of the four loci without determining the transgene copy number. All constructs were able to induce mutation with variable efficiency (Figure 2 and Supplementary Table 4). The data show that pcoCas9 (all promoters, NLS or not) is more efficient in mutating the targeted loci than SaCas9 (all promoters, NLS or not), with 83.05% of mutated loci versus 47.98%. We observed a slight efficiency increase with the long 35S promoter (67.29% mutated loci, compared to 58.7% for short 35S promoter). The presence of the NLS signal enhanced the chance of mutagenesis by 25% (75.82% with NLS-Cas9 versus 50.53% with Cas9). The best construct based on the mutagenesis efficiency in this experiment is NLS-pcoCas9, with 96.95% of mutated loci with less influence on the promoter choice.
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FIGURE 2
Table summarizing the mutagenesis efficiency of the CRISPR/Cas9 constructs for gRNA loci in BnaA02.TAA1 (guide1 and guide2) and BnaC02.TAA1 (guide1 and guide2). The mutagenesis efficiency is calculated as the percentage of the type of mutation on the total loci per construct (16–30 independent hairy root lines per construct). Data are pulled for a comparison of efficiency. The percentages of the type of alleles per loci (WT, mutated loci) and types of mutations (homozygote, bi-allele, heterozygote, chimera) over the total number of (mutated) loci are counted. Homozygote: the two alleles of a locus have an identical mutation. Bi-allele: the two alleles of a locus have different mutations. Heterozygote: only one allele is mutated. Chimera: more than two mutations per locus. Supporting data are shown in Supplementary Table 4.


A total of four categories of mutations were identified: homozygote mutation when both alleles have the same mutation, bi-allele mutation when the two alleles have a different mutation, heterozygote mutation when only one allele is mutated, and chimera when more than two types of mutations were identified at the analyzed locus. However, because each cell of a hairy root may have a different type of mutation, what we classified as heterozygote mutation may well be a mixture of homozygous and wild-type loci. The distribution of the mutation categories among the mutated loci is variable. Homozygote mutation is mainly observed with pcoCas9 (32.7% with NLS-pcoCas9). All SaCas9 constructs preferentially generated heterozygote mutant loci (31.03% for RBCS2 promoter, and 39.17 and 61.67% for 35S promoters, depending on the presence or absence of NLS, respectively). Additionally, in the most efficient constructs (NLS-pcoCas9), the majority of the loci are mutated as chimera alleles (47.8%) (Figure 2).

Then, we looked at the size of the indels (insertion and deletion) induced by the activity of the Cas9 proteins. Because each locus may have more than two types of alleles (e.g., chimera), the distribution of the indel size among the constructs was calculated over the total number of alleles rather than loci. Most of the mutations were + 1-base insertion for all constructs, ranging from 55.14% of the mutated alleles for pLong35S:NLS-pcoCas9 to 81.08% of the mutated alleles for pShort35S:NLS-SaCas9. Nuclear pcoCas9 proteins were the most effective for deleting two or more bases, with 30.83% of the mutated alleles for pShort35S:NLS-pcoCas9 and 30.84% for pLong35S:NLS-pcoCas9 (Figure 3A).
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FIGURE 3
Size of the indels and effects of large deletions. (A) Frequency of CRISPR/Cas9-induced mutations for each construct in relation to the size of the indel: insertion of one base (dark blue), insertion of 2 or more bases (yellow), deletion of 1 base (gray), and deletion of two or more bases (orange). The frequency is calculated as the number of mutated loci in the given category over the total mutated loci with the analyzed construct. (B) Mutations in BnaA02.TAA1 induced by pcoCas9 constructs detected in hairy root lines compared to the wild-type sequence. The gRNA target site is highlighted in gray, the PAM sequence is bolded. The complete deletion of the sequence between the two gRNA loci and specific combinations of mutations at exon II and exon III (4 or 1-base deletion with 1-base insertion) are indicated in orange color. (C) Protein sequence alignment of TAA1. Comparison of A. thaliana ortholog (AtTAA1) with wild-type allele of BnaA02.TAA1 and deduced amino acids from CRISPR/Cas9 mutants with a sequence deletion between the two guides loci or two specific combinations of mutations (–4/ + 1, –1/ + 1) enabling ORF restoration. Dots and dashes represent identical and deleted nucleotides, respectively. The alliinase domain in AtTAA1 is highlighted in gray, and the phosphorylation site at T101 is boxed.


We noticed that large deletions (> 100 bp) occurred between the two gRNA target loci in 7 out of 211 analyzed hairy root lines, corresponding to 6.9% (6/87) and 0.8% (1/124) efficiency for pcoCas9 and SaCas9 constructs, respectively. Complete deletion of the sequence between the two targeted loci, creating the loss of partial sequences of exon II and exon III, and the whole intron II, was identified three times for BnaA02.TAA1 with pcoCas9 constructs. The coding sequence of BnaA02.TAA1 was reduced to 903 bp instead of 1 146 bp, resulting in the deletion of 81 amino acids in the middle of the protein (Figures 3B,C).

Most of the indel for BnaA02.TAA1 was a + 1-base insertion in the 5′ targeted locus (exon II), leading to an ORF shift. A premature stop codon occurs 255 (or 267) bases downstream to the insertion depending on the presence (or not) of a second + 1-base insertion at the second locus in exon III. In some transformants, the mutation in exon II (-1 or -4-base deletion) is compensated by + 1-base insertion in exon III. In such a case, the protein sequence between the two loci is aberrant but restored after the second mutation (Figures 3B,C). The protein domain in BnaA02.TAA1 affected by a large deletion or aberrant sequence between the two targeted loci is the alliinase domain, responsible for the aminotransferase activity of TAA1 protein. The phosphorylation site at threonine 101 controlling the on–off switch of TAA1 enzymatic activity (Wang et al., 2020) is missing in these mutant proteins. Thus, such proteins may be valuable to study the functional activity of BnaTAA1 in vivo.

In BnaC02.TAA1, a + 1-base insertion at the 5′ targeted locus led to an ORF shift and a premature stop codon upstream to the second target locus. In such a case, the type of mutation at the second locus did not influence the resulted ORF sequence. An altered protein sequence resulted from a combined mutation in exon II and exon III (-9-base deletion/-3-base deletion) with missing three amino acids (IKEL > M) in position AA69 and one amino acid (FIE > FE) at AA149.

Considering the mutagenesis efficiency, the type, and size of the mutation, we concluded that nuclear targeted Cas9 proteins are the most efficient, with a preference for pcoCas9. The long 35S promoter slightly improved the mutagenesis occurrence. We observed that both pcoCas9 and SaCas9 favor a + 1-base insertion over the other indels, resulting in ORF shift and premature stop codon.



Optimization of hairy roots regeneration and regeneration of CRISPR/Cas9 BnaTAA1 mutants

The regeneration of plants is a highly variable process depending on the species and even ecotypes and cultivars. Thus, we developed a regeneration protocol for the B. napus DH12075 cultivar by modifying a previously published method for Brassica spp. (Christey and Sinclair, 1992). Increasing the auxin (1-naphthaleneacetic acid, NAA) level to 8 mg/L in the regeneration medium enhanced almost two times the regeneration capacity of the DH12075 cultivar (Supplementary Figure 3A). The rooting of the shoots was improved by adding auxin (0.5 mg/L Indole-3-butyric acid, IBA) into the root induction medium (RIM) or by increasing the concentration of gelling agents (Supplementary Figure 3B). Only one of ten DH12075 wild-type hairy root lines did not regenerate. The optimized protocol (6-benzylaminopurine, BAP 5 mg/L and NAA 8 mg/L in the regeneration medium, and 0.3% phytagel with 0.5 mg/L IBA in RIM) was successfully used for regenerating plants from hairy root cultures of Topas, a variety referred to as being recalcitrant to transformation and plant regeneration.

Selected hairy root clones carrying a targeted mutation in BnaTAA1 genes and non-mutated root lines were regenerated using the optimized protocol. In total, 125 T0 plants originating from 71 hairy root lines (1–2 regenerant(s) per line, all constructs included) were screened for the presence of the Cas9 transgene and Ri T-DNA (TL and TR regions) in the plant genome. The Cas9 transgene and TL-DNA were detected in genomic DNA extracted from leaves of all regenerants. A total of ninety-seven plants (77.6%) carried the TR region of T-DNA. The absence of Agrobacteria contamination was confirmed by the absence of the virC locus in extracted DNA. The same genotyping profile was detected in DNA extracted from unpollinated pistils of selected plants.

Furthermore, we studied the frequency of additional mutagenesis during the regeneration process in both pcoCas9 and SaCas9 lines. We focused on homozygous loci (either mutated or wild type). In 2 out of 22 analyzed loci (9.1%), new mutations were detected in plants regenerated from hairy root clones possessing pcoCas9 constructs. One of these new mutations was detected in a wild-type locus in the original hairy root clone. A similar result (13.6%, 3/22) was observed for regenerants derived from hairy roots with SaCas9 cassettes with no new mutation detected in wild-type loci (Supplementary Table 5). The same (stable or new) mutations were detected in leaves and unpollinated pistils, suggesting that the additional mutagenesis event (+ 1-base insertion or short deletions ranging from −1 bp to −10 bp) occurred in the early stages of the regeneration process.

Regenerants exhibited an altered phenotype, including extensive root growth, curled leaves, and dwarfism (Supplementary Figure 4). Fertile flowers could set seeds, although the seed production was reduced compared to wild-type plants.



Off-target mutagenesis is limited to homeolog loci

Using the CRISPR-P v2.0 web tool, we identified the loci in the oilseed rape genome predicted to be most likely off-targets of the four gRNAs, and the top-ranking sites were selected for analysis (Table 1). We amplified regions surrounding the off-target sites from selected T0 plants showing the highest mutation rate in BnaA02.TAA1 and BnaC02.TAA1 genes (mutation detected in all four loci, preferentially homozygous mutations). For SaGuide1 and SaGuide2 analysis, genomic DNA of 15 edited plants (3 plants per each SaCas9 construct, i.e., pShort35S:SaCas9, pLong35S:SaCas9, pShort35S:NLS-SaCas9, pLong35S:NLS-SaCas9, and pRbcS2B:NLS-SaCas9) was extracted from leaves, and potential off-target regions were amplified and sequenced. For pcoGuide1 and pcoGuide2 analysis, 12 edited plants (3 plants per each pcoCas9 construct, i.e., pShort35S:pcoCas9, pLong35S:pcoCas9, pShort35S:NLS-pcoCas9, and pLong35S:NLS-pcoCas9) were tested.

The sequence of the amplified predicted off-target site for pcoGuide1 on chromosome A09 was divergent from the gRNA sequence. This discrepancy may result from genomic sequence differences between the cultivar used for transformation (DH12075) and the reference genome (Darmor-bzh) used for in silico analysis. Therefore, the “real” off-score is not known but probably lower than the 0.554 off-score provided by CRISPR-P v2.0.

Besides the intergenic regions, where no mutations were found in putative off-target sites, two gene loci (BnaAnng22030D and BnaC06g43720D) were predicted for off-target editing by gRNAs of both Cas9. These genes represent paralogs of the BnaTAA1 family (Supplementary Figure 1). As expected from a predicted low off-score, no mutations were detected in the SaGuide1 putative off-target site in BnaAnng22030D and BnaC06g43720D genes. The target sequence of SaGuide2 in these two paralogs contains only one SNP localized 9-bp upstream of the PAM sequence, and a high off-score was predicted for these loci. Indeed, we detected mutations in 5 and 3 of the 15 tested plants in BnaAnng22030D and BnaC06g43720D, respectively (Table 1). Both heterozygous and homozygous mutations (mostly + 1-base insertion and one -4-base deletion) were identified. As for pcoGuide2 off-targets, we identified a heterozygous + 1-base insertion in the BnaC06g43720D locus in one plant (out of 12 tested), although the computed off-score for this locus was slightly lower than for intergenic regions where no mutation was detected. Even though no off-target editing was predicted in BnaAnng22030D for pcoGuide2, we sequenced this region in all tested plants to complete the off-target study of paralogous genes. No mutation was detected.



BnaTAA1 transcripts analysis confirmed a downregulation of BnaTAA1 in the mutant T0 regenerants

We monitored BnaA02.TAA1 and BnaC02.TAA1 expression by qPCR in unpollinated pistils of transgenic T0 regenerant plants (Figure 4). As a control, we used a T0 regenerant derived from wild-type hairy roots (no CRISPR/Cas9 construct was used for transformation). As expected, no transcript level reduction was detected in a plant regenerated from hairy roots containing the CRISPR/Cas9 transgene but no mutation in the BnaTAA1 genes. The absence of additional mutations arising during the regeneration process of such a plant was verified by sequencing the BnaTAA1 genes in pistils. However, the analysis of two plants regenerated from hairy root lines with an active CRISPR/Cas9 transgene (specific mutations are highlighted in Figure 4A revealed a reduced total BnaTAA1 expression to less than 10% of the control level (6.3 and 5% for lines expressing pcoCas9 and SaCas9 constructs, respectively) (Figure 4B).
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FIGURE 4
Expression analysis of BnaTAA1 genes. (A) Schematic representation of the indel influence on the coding regions in selected mutant lines. Exons are in yellow and introns in gray. The premature stop codon is highlighted. (B) RT-qPCR analysis of BnaTAA1 genes in selected T0 regenerated plants. wt, regenerant derived from wild-type hairy roots considered as a control. 0MUT, regenerant with no mutation in BnaTAA1 genes. Reg1 and Reg2, T0 BnaTAA1 mutant plants. The data represent mean ± SD (n = 3) of normalized and rescaled expression levels. Significantly different expression levels are indicated by asterisks (one-way ANOVA; Dunnett’s test; p < 0.0001). (C) Amplification of the coding regions of BnaA02.TAA1 and BnaC02.TAA1 and partial 5′ and 3′ UTRs by RT-PCR in pistils of T0 regenerants. No alternative splicing of CRISPR/Cas9-targeted exons was detected in non-mutated regenerant (0MUT) or mutant plants (Reg1 and Reg2). NC, negative control of PCR.


In human cell lines, novel transcript variants have been detected in CRISPR/Cas9-edited cells. Alternative mRNA splicing was associated with targeted exons, as the indel-containing exon was excluded from mRNA in ∼30% of the studied clones (Tuladhar et al., 2019). We employed the rapid amplification of cDNA ends (RACE) technique to determine the 5′ and 3′ UTRs of BnaA02.TAA1 and BnaC02.TAA1 genes. From these sequences, we designed primers to amplify the whole coding regions of BnaA02.TAA1 and BnaC02.TAA1 and partial 5′ and 3′ UTRs. No alternative splicing of targeted exons (exon II, 307 bp; and exon III, 290 bp) in CRISPR/Cas9-edited plants was detected (Figure 4C). The BnaTAA1 expression level in the edited plants was consistent with the qPCR results.



Effects of indels in BnaTAA1 genes on T1 plant phenotypes

The rol genes encoded on the T-DNA of the Ri plasmid are integrated into the plant genome and are crucial for hairy root formation. However, their presence in regenerated plants correlates with altered growth characteristics called Ri phenotype (Supplementary Figure 4). Another aspect that must be considered is the presence of the Cas9 transgene in the genome. Obtaining modified plants free of the Cas9 transgene ensures no additional genome editing. The insertion of the Ri T-DNA and the Cas9 transgenes may be independent or linked. Therefore, a segregation analysis of T1 progeny identified T-DNA-free mutant plants.

T0 plants from selected transgenic lines were selfed to produce seeds. At first, we screened the roots of T1 seedlings for the absence of a fluorescence signal, as all CRISPR/Cas9 constructs contain a GFP reporter. PCR verified the absence of Cas9 transgene in GFP-negative seedlings with primers designed to amplify the Cas9 gene (Supplementary Figure 4 and Supplementary Table 1). The Cas9-free plants were further genotyped for the absence of TL- and TR-DNA of the Ri plasmid. Cas9-free regenerants were subjected to BnaTAA1 analysis. No additional mutations were detected in T1 progeny compared to the T0 plants (35 loci tested).

In Arabidopsis, disruption of TAA1 alone does not cause dramatic developmental phenotypes, but inactivation of TAA1 and TAR2 homolog leads to the defects in root and flower development (Stepanova et al., 2008). Homozygous single-nucleotide insertion in BnaC02.TAA1 gene and homozygous large deletion in BnaA02.TAA1 in T1 mutant plants (Figure 5A) led to the BnaTAA1 transcripts level reduction as observed by RT-PCR (Figure 5B). We observed a more compacted inflorescence in the main stem with more floral buds in mutant T1 plants. A few of those buds do not fully develop and senesce before reaching maturity, which was not observed in the primary wild-type inflorescence (Figure 5C). The reduced number of developed flower buds resulted in a significantly reduced number of fully developed siliques on the primary inflorescence (21 ± 2 in the BnaTAA1 mutants compared to 27 ± 2 in wild-type DH12075) (Supplementary Figure 4A). The reduced number of produced siliques is not the consequent of a shorter inflorescence (Supplementary Figure 4B). We noticed that the developed siliques in the BnaTAA1 mutant may appear shorter and thinner than the wild-type plants (Figure 5D). However, we did not observe any significant difference in the number of seeds per silique, nor in the silique length (not shown).
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FIGURE 5
Phenotypes of BnaTAA1 double mutants. (A) Morphology of T1 plants, free of Ri T-DNA and Cas9 transgene, carrying the homozygous mutations in BnaA02.TAA1 and BnaC02.TAA1 at the same age as the wild-type Brassica napus DH12075 (scale bar = 5 cm). (B) Homozygous indels lead to a reduced BnaTAA1 expression detected by RT-PCR in pistils of T1 mutant plants M1 and M2. (C) Inflorescence meristem (top view) of mutants compared to the wild-type plant. Arrowheads indicate senescent flower buds. (D) Mature green siliques of mutants compared to the wild-type plant (scale bar = 1 cm).





Discussion

The hairy root transformation system as a tool for CRISPR/Cas9-based genome editing has been established recently for various species (reviewed in Kiryushkin et al., 2022). Among Brassica crops, B. carinata hairy roots were successfully edited using a CRISPR/Cas9 system (Kirchner et al., 2017). As B. napus is a tetraploid species, mutating homeologs from both subgenomes is necessary due to functional genetic redundancy. Thus, an optimization of CRISPR/Cas9 constructs is essential, as the gene-editing efficiency depends on the selection of the Cas9 protein or guide RNAs (Steinert et al., 2015; Bortesi et al., 2016). Moreover, the efficiency of the CRISPR/Cas9 system also depends on the promoter driving the Cas9 expression. Plant-derived promoters can be as effective as the widely used Cauliflower mosaic virus 35S promoter (Yan et al., 2015; Zhang et al., 2017). The choice of the promoter depends on the plant transformation methods (Yan et al., 2015). While a plant promoter driving Cas9 expression in germline cells would be preferred in Arabidopsis, where floral dip transformation is the method of choice (Wang et al., 2015; Mao et al., 2016), ubiquitous promoters such as p35S or pUBIQUITIN are favored in crop breeding where a strong Cas9 expression in the vegetative tissues is necessary for transformation protocols using plant regeneration. Similarly, the presence of a nuclear localization signal (SV40) may affect the efficiency of the whole system (Grützner et al., 2021). Hairy root transformation represents a fast and straightforward system for such evaluation, as, within approximately 2 months after transformation, it is possible to evaluate the most effective gene-editing construct (Supplementary Figure 5).

In our study, we performed the bioinformatic analysis of the amplified and sequenced targeted loci using TIDE (tracking of indels by decomposition) combined with the cloning of fragments with complex mutations to evaluate the frequencies and types of different mutations accurately. Alternatively, other methods to distinguish between wild-type and mutated loci can be used, such as restriction fragment length polymorphism (RFLP) technique, high-resolution melting analysis (HRMA), or T7EI assays based on nuclease cleaving heteroduplex DNA fragments (Lomov et al., 2019).

We showed that the CRISPR/Cas9 constructs simultaneously mutated paralogous genes within the BnaTAA1 gene family. We detected mutations in BnaAnng22030D and BnaC06g43720D paralogs in a significant portion of plants using a gRNA with one SNP in a target sequence. These genes are expressed at a very low level in oilseed rape plants (Brassica Expression Database, Chao et al., 2020), and their function can be investigated in plants with BnaA02.TAA1/BnaC02.TAA1 loss-of-function mutants. As various combinations of mutated paralogs within the BnaTAA1 gene family were achieved, the quantitative involvement of BnaTAA1 copies in the auxin biosynthesis can be studied in B. napus.

Using a pair of gRNAs encoded in a single CRISPR array, two DSBs flanking the target DNA may result in the excision of the genomic DNA fragment. Such large deletion can lead to either a frameshift in coding sequence and premature stop codon or the ORF restoration forming a chimeric transcript variant. Transcripts carrying premature stop codon are usually degraded by nonsense-mediated mRNA decay (NMD) pathway (Lykke-Andersen and Jensen, 2015), as we detected for the transcripts with single bp mutation where the transcript abundance dropped under 10% compared to the control. Deletion preserving the reading frame may yield a protein with altered amino acid composition and shed light on the biological function of such protein. In our design, the deletion between two gRNAs target sites encompasses the phosphorylation site at threonine 101 in the alliinase domain controlling the TAA1 enzymatic activity (Wang et al., 2020). We achieved such mutations with pcoCas9 constructs showing higher efficiency in deletion of ≥ 2 bases compared to the SaCas9 vectors. Among pcoCas9 constructs, pcoCas9-NLS induced homozygous mutations with the highest efficiency (∼30% of the mutated loci).

The CRISPR/Cas9 constructs with the highest efficiency of targeted mutagenesis can be used for traditional A. tumefaciens-based transformation of explants followed by regeneration of transgenic plants. Alternatively, the so-called composite plants consisting of wild-type shoots and transgenic hairy roots can be generated. This technique works efficiently for many plant species, including those recalcitrant to transformation (Taylor et al., 2006). The system allows for “in root” study of gene disruption in the context of a whole plant, similar to the studies with grafted plants. The injection-based method used for B. napus transformation is an excellent choice for such studies as fully developed hairy roots emerging from the inoculation site can sustain plant growth after removing the original roots.

Another option is the regeneration of the existing hairy root lines with defined and desired mutations. We optimized the hairy root regeneration protocol for B. napus cultivar DH12075. In some hairy root lines, the shoots appeared within the first month of cultivation on regeneration media. In other lines, it took 2–3 months to regenerate shoots. Shoots were cultivated on shoot elongation and root induction media, and the rooted regenerated plants were subsequently transferred to the soil and cultivated for 3–5 months to produce immature seeds. An embryo rescue of 21–28 days after pollination seeds containing torpedo stage embryos or older was performed to germinate T1 plantlets, saving otherwise necessary weeks for seed maturation and dormancy. In total, it is possible to obtain transgene-free T1 plants with desired mutations roughly 1 year after agrobacterial transformation (Supplementary Figure 4).

The taa1 single mutants in Arabidopsis display mild auxin-deficient phenotypes (Stepanova et al., 2008) that correspond to our observations in B. napus. We detected flower and silique development defects in plants with reduced BnaA02.TAA1/BnaC02.TAA1 transcripts level caused by CRISPR/Cas9-induced mutations. A set of plants with various mutations in the BnaTAA1 family will serve as a tool for understanding genotype–phenotype correlations.



Conclusion

In conclusion, we successfully applied CRISPR/Cas9 system to generate and evaluate gene editing in the rapeseed BnaTAA1 target genes using hairy root transformation. We demonstrated that gRNAs designed on conserved sequences could simultaneously induce mutations at multiple loci, which are stable and heritable from hairy roots to regenerated plants. Constructs expressing two gRNAs for targeted genes enabled both single base-pair indels and deletion of the whole sequence between the two target sites.
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GGCCAGTAATAGGCAAAGTCATGGAT
TAAACTATCAAAAAGTTGCAAGG
CAAGTGACAAAAGAGTTGCATGG
GACGTAACCAACACGATGAAAGG
AACGTCAACAACTCGATGAAAGG
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Mutation rate
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The off-score was predicted using the CRISPR-P v2.0 tool against the Darmor-bzh reference genome. The PAM motif is highlighted in bold, mismatched bases in red color. MMs, number
of mismatches. Mutation rate, number of plants with mutation/number of tested plants.





